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ensuring harvested produce is not damaged by rodent infestations.
d. The need for anticoagulant rodenticide products to be formulated as powders, gels,

liquids, pellets, grains or pastes;
The feedback has been that the most common formulation used was generally a solid
formulation like wax blocks due to their ease of deployment in bait stations.

e. The likelihood of compliance with post-application sanitisation instruction (eg the
timely collection of poisoned rodent carcasses, and the appropriate disposal of
carcasses);

The likelihood of compliance is high. Compliance with label instructions is a requirement under
Quality Assurance schemes such as FreshCare®. Under such quality assurance plans the majority
of growers would have a pest management plan which would address management of
potential rodent infestations. For example, for Freshcare accreditation these plans would
be audited each year. The plans require timely collection of poisoned rodent carcasses,
and the appropriate disposal of carcases as indicated on labels. With regards to rodents
FreshCare® places specific emphasis on their control a requirement for significant number
of closed bait/feeding stations per packing and storage shed, the checking for carcases and
amounts of bait consumed.
In addition, a number of growers contract rodent control around packhouses and storage
sheds to professionally accredited pest control companies. It is assumed that these
companies would have the appropriate state licenses, be regulated, abide by industry
codes of practice and staff would have received all required training.

f. The label instructions, particularly the adequacy of instructions to prevent inadvertent
exposure to the product;

Product labels are clear in terms of carrying safety warnings and use instructions. This involves
users of the anticoagulant rodenticides managing worker exposure, public health and
environmental safety when deploying these products by placing baits into cages/boxes,
using appropriate PPE and involving regular checking and disposal of rodent carcases.

g. Critical uses for anticoagulant rodenticide products, particularly in primary production;
and,

Access to anticoagulant rodenticide products is considered critical. As growers would have
little to no ability to be manage rodent infestations and comply with food safety standards
or QA schemes requirements.
Regards,
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About Growcom   
Growcom is the peak representative body for the fruit, vegetable and nut growing industries in 
Queensland, providing a range of advocacy, research and industry development services.   
We are the only organisation in Australia to deliver services across the entire horticulture industry to 
businesses and organisations of all commodities, sizes and regions, as well as to associated 
industries in the supply chain. We are constantly in contact with growers and other horticultural 
business operators. As a result, we are well aware of the outlook, expectations and practical needs 
of our industry.   
Growcom was established in 1923 as a statutory body to represent and provide services to the fruit 
and vegetable growing industry. As a voluntary organisation since 2003, we now have grower 
members throughout Queensland and across Australia, and work alongside other 
industry organisations, local producer associations and corporate members. To provide services and 
networks to growers, Growcom has about 30 staff located in Brisbane, Bundaberg, Townsville, and 
Toowoomba. We are a member of a number of state and national industry organisations and use 
these networks to promote our members’ interests and to work on issues of common interest.   

Growcom, as the peak representative body for the fruit, vegetable and nut growing industries, 
represents the second largest and fastest growing agricultural sector in Queensland. And as a state, 
we deliver approximately one third of all horticultural value of production nationally.   

In response to the APVMA’s reconsideration of use patterns for anticoagulant rodenticide products, 
we would like to offer the following.   

Use of anticoagulant rodenticides in horticulture  
Many horticultural producers face issue with rodent management. The management of rodents in 
horticulture is done to prevent crop loss and to protect worker safety. Although cases are 
infrequent, rodents are known to carry and spread the bacterial disease, Leptospirosis. During 
seasons of drought, this is less of an issue, but it has been a constant health concern particularly for 
horticulture workers in the tropical north of Queensland. The banana industry has been noted as 
having a strong link to workers contracting Leptospirosis as the rodents enter the banana bunches 
and workers come in contact with the urine from the rats when they harvest the bunches. In the 
early 2000’s Growcom did a lot of work with Animal Control Technologies to achieve an off-label 
permit for the industry to manage Rattus rattus in bananas with zinc phosphide (not subject to this 
review). This is the only rodenticide that is available to the industry for use in crop.  

There are a small number of other permits allowing the berry industry to use actives such 
as colecalciferol and zinc phosphide in crop.  



The macadamia and pineapple industries also have limited in crop use of coumatetralyl such that it is 
placed in the outer rows of the crop, or 1 metre inside the block respectively.  
  
Whilst rodents can be found in crop, and need to be managed there, it is also critical to manage 
them in grassy headlands where they breed and also around and in farm buildings. In any 
management strategy, the use of bait stations is mandatory. Apart from the exception noted above 
for coumatetralyl, none of the first or second generation anticoagulants under review are authorized 
to be used in crop. For use in horticulture, their registrations are specifically for use in Agricultural / 
farm buildings / structures; or Land around buildings.  
  
Infopest has provided the following information which denotes the number of registered products 
for each of the uses in Table 1.  
  
Anticoagulent rodenticide active 
ingredient  

Agricultural / farm buildings / 
structures   
no. of prods  

Land around buildings  
no. of prods  

warfarin   1  -  
coumatetralyl  6  5  
diphacinone  1  -  
brodifacoum  20  11  
bromadiolone  9  9  
difenacoum  -  2  
difethialone  1  -  
flocoumafen  3  3  
Bromadiolone + difenacoum  -  2  
  
  
  
The need for anticoagulant rodenticide products to be used in or around buildings  
As part of an integrated pest management strategy for rodents, it is most effective if rodenticides 
are applied before populations are large. This is a proactive measure and when used in conjunction 
with population monitoring, habitat manipulation and weed control, it suppresses the rodents from 
breeding rather than having to rely on killing them when they are already in large numbers. With the 
crop as a food source, buildings on farm provide a harbour for rats and mice to hide and breed, thus 
making it important to bait in and around these structures as part of the IPM strategy, creating a 
whole of farm approach to rodent management. Keeping rodents away from areas used frequently 
by workers also limits the spread of such diseases as Leptospirosis and assists with hygiene 
management.  
  
  
The likelihood of compliance with post-application sanitisation instruction   
With the exception of coumatetralyl, secondary poisoning of predatory animals is an issue amongst 
the listed products and label instructions advise to look for rodent carcasses to burn or bury them. 
Farm hygiene practices require as a matter of best practice that dead rodents are not left about the 
farm. Growers are also aware of the possibility of secondary poisoning occurring to farm pets such 
as cats or dogs. The encouragement of owls to the property also forms part of the rodent IPM 
strategy. Compliance is a requirement under Quality Assurance schemes such as FreshCare®. The 
majority of growers would have a pest management plan for their QA accreditation which 
would be audited each year. These plans require that worker exposure, public health and 
environmental safety is managed with respect to handling and placement of baits as well as 
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Consultation on use patterns for anticoagulant rodenticide products 

Thank you for the opportunity to provide input to this consultation on behalf of Avocados Australia Limited.  
Avocados Australia Limited is the representative industry body for the Australian avocado industry. We 
provide a range of services to our members and the broader industry to foster growth and development. We 
are a “not for profit” member-based organisation with members comprising avocado growers, associated 
businesses and industry people. 

Avocados Australia Limited works with all parts of the supply chain, from production through to the 
consumer. By working together we seek to continually improve our growers’ ability to provide a healthy, 
profitable and safe product for all consumers.  

We note the key issues that APVMA is considering in relation to this consultation: 
1. Products considered anticoagulant rodenticides have been prioritised for reconsideration on the
basis of concerns for worker exposure, public health and environmental safety.
2. The use of products in domestic premises, animal production facilities and food production
facilities is currently allowed.
3. International jurisdictions (including the United States Environmental Protection Agency and the
European Chemicals Agency) have taken action to limit access to these products by non-professional
users, and to restrict the product formulations available and the situations in which these products
may be used.
4. The APVMA is consulting with the states and territories and relevant holders regarding the
registered particulars and conditions of use for anticoagulant rodenticide products. This does not
include the intentional misuse of the products, not in accordance with the label instructions

Avocados Australia Limited provides the following comments for your consideration.  

Rodents are a major challenge for avocado growers and packers.  Many growers suffer significant rodent 
damage to crops, machinery and infrastructure.  Ongoing access to effective rodent management tools is 
therefore imperative.  Below is our response to the specific questions listed in the consultation paper. 

a) The need for anticoagulant rodenticide products to be used in home garden or domestic settings;
b) The need for anticoagulant rodenticide products to be used in residential or suburban settings, for

example, for public health or public sanitation programs;

We recommend that anticoagulant rodenticides be removed from general public use where there is 
higher chance of "off target" impact and danger to human health.   

c) The need for anticoagulant rodenticide products to be used in or around buildings, including those
used to house livestock, or in or around on-farm buildings (including homesteads).
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There is a very high need for use of anticoagulant rodenticides on farms around buildings, homes, pump 
sheds and machinery sheds.  It is critical to have effective rodent management solution around pack-
sheds where fresh avocados are being packed for human consumption. 
 
d) The need for anticoagulant rodenticide products to be formulated as powders, gels, liquids, pellets, 

grains or pastes 

In the avocado industry, anticoagulant rodenticides are used in various forms with the most common 
being wax blocks. 
 
e) The likelihood of compliance with post-application sanitisation instruction (eg the timely collection 

of poisoned rodent carcasses, and the appropriate disposal of carcasses) 
f) The label instructions, particularly the adequacy of instructions to prevent inadvertent exposure to 

the product 

It is not expected that there would be any challenges with instructions for use or post-application 
compliance.  As part of food safety certification, and WHS requirements, avocado growers have 
procedures in place to manage risks.  If simple directions for use are clearly identified on the label, these 
would be followed.  Post-application instructions may include collecting carcasses with gloves, bagging 
and disposing using an approved method such as skip bin, burning or burying. 

g) Critical uses for anticoagulant rodenticide products, particularly in primary production  

Anticoagulants are crucial for the control of rodents which are a significant problem for many avocado 
growers and packers.  They can cause major crop losses in orchards and damage to machinery and 
equipment including irrigation lines and controllers, electrical cables and computer equipment.  Effective 
control of rodents is needed in all areas of commercial avocado production businesses - in orchards, in 
machinery sheds, storage sheds, pump housed and domestic dwellings.   

 

Regards 

 

John Tyas 

Chief Executive Officer 

 





 
 

Contacts         July 2020 

ADF:        Director Policy Strategy, Australian Dairy Farmers 

 

DA:   Policy Lead Animal health & Welfare, Dairy Australia 

 

                                

 
 
 
 
Australian Dairy Industry 
Represented by Australian Dairy Farmers                     
and Dairy Australia 
 
 
 
Response to: 
Consultation on use patterns for anticoagulant 
rodenticide product





 
 

Consultation on use patterns for anticoagulant rodenticide products – Dairy industry response 3 

 

Human health and Work 
Health and Safety 

Dairy farms are workplaces for approximately 24,000 
people in Australia, and farmers must provide safe 
environments for employees, minimising the zoonotic risk 
from both directly from rodents and indirectly from other 
animals (cattle, cats, dogs) on farm. Salmonella spp. 
infection either direct or via other animals, and 
Leptospirosis via direct infection are considered important 
work health and safety risks.  

Damage to infrastructure  At the most basic, dairies have large electronic 
infrastructure to draw the milk from the cow’s udders 
(typically 20+ cows at once), pump it to a milk storage area, 
rapidly cool and then store the milk in refrigerated vats to 
wait for pick up by milk tankers. Other electrical equipment 
required in or near dairies may include grain augers and 
roller mills, motors to power rotary platforms, computer 
systems, wash system control panels, fridges and freezers 
(for storing veterinary medicines and colostrum), hot water 
systems required for effectively cleansing milk lines, electric 
fence systems, pumps for washing equipment and yards 
and effluent and irrigation, tractors and other machinery, 
solar panels, automatic cow monitoring systems, automatic 
(robotic) calf feeding systems and computers, all of which 
are vulnerable to damage from rodents. 

Cattle health and welfare Dairy cattle are susceptible to diseases spread by rodents 
via excrement (e.g. Salmonella spp. infection/salmonellosis) 
and to diseases caused by exposure to the carcass 
(botulism).  

Salmonellosis can spread throughout a herd, which are at 
particular risk during periods of increased stress such as 
calving. Salmonellosis causes severe, acute diarrhoea and 
a sudden drop in milk production and can result in 
significant morbidity in affected herds. Mortality from 
salmonellosis may be as high as 75% in untreated 
animals.2 Calves are particularly susceptible to 
salmonellosis outbreaks due to group housing and shared 
feeding facilities.  

Botulism on dairy farms is mostly commonly caused by the 
contamination of conserved forages by the carcasses of 
animals, including rodents. Large outbreaks occur when the 
silage is chopped or mixed with other feeds, spreading the 
spores throughout the feed. Very large outbreaks have 
been seen on Australian dairy farms, with reports of 
individual farms experiencing the deaths of over 100 cattle.  

                                                
2 Parkinson, T.J., Vermunt, J.J., Malmo, J. and Laven, R. (2019). Diseases of cattle in Australasia. 
Massey University Press, Auckland, New Zealand. 
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Managing rodents on dairy farms 
Rodenticides are typically accessed by dairy farmers though rural retailers (CRT stores, MG 
Trading etc.). Retailers report that the most popular rodenticide used on dairy farms is 
bromadiolone (Bromakil®, Bromakil P®) in the form of blocks for bait stations (also available 
in grain, “drink” and pellets). Coumatetralyl (Racumin®) provided as sachets are also 
available and used by dairy farmers. 

Anecdotally, while many farmers use cats for control in some areas of the farm, most use 
rodenticide in areas where food safety is paramount. Cats are not a suitable substitute in 
these areas of a dairy farm.  

As we do not have access to any systematic data on rodenticide usage on Australian dairy 
farms, some short case studies were completed to provide examples of rodenticide usage 
patterns, provided in Appendix 1.  

Common themes from the famer interviews include a history of damage to electrical wiring in 
dairy caused by rodents, some incurring major costs. The financial burden of damage to 
silage and hay is harder to define, however can be significant in drought years with high 
fodder costs. Current solutions, mostly utilising bait stations (sometimes in combination with 
cats) are low-cost and effective if maintained. 

Existing control measures for rodenticides in the dairy industry  
To supply milk for human consumption in Australia, dairy farms must be licenced/authorised 
and comply with the requirements of an approved HACCP-based food safety program to 
ensure dairy products are safe for consumers. A mandatory requirement specifically involves 
managing the food safety risks posed by rodents and rodenticides. The national standards 
are set at a federal level by Food Standards Australia and New Zealand (FSANZ) and are 
implemented at a state level by State Regulatory Authorities (SRAs). The SRAs are 
responsible for licencing/authorising dairy businesses and ensuring compliance with food 
safety requirements through the supply chain, including dairy farms, transporters, processors 
and in some states, retailers.   

Depending on the state, audits at a farm level are completed by the SRA directly or by 
accredited third-party auditors.  

The requirements under accredited food safety programs relate to controlling the risks 
associated with the contamination or spoilage of milk, including:3 

- managing residues risks to milk, including from agricultural and veterinary chemicals, 
stockfeed and pest control 

- milk cooling 
- animal health and treatment records 
- cleaning and sanitising 
- water quality  
- competency of the workforce.  

 
The number of farms under each SRA and food safety audit requirements are outlined in 
Table 2 below. 
 

                                                
3 Dairy Food Safety Victoria (2013) Technical information note: Managing farm food safety risks. 
Retrieved from https://www.dairysafe.vic.gov.au/publications-media/regulations-and-
resources/technical-information-notes/production-milk/233-managing-farm-food-safety-risks-1/file 
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A further example of how this is implemented in practice by Australia’s largest milk 
processor, Saputo Dairy Australia, which operates across Victoria, South Australia, New 
South Wales and Tasmania is outlined below. In their food safety program, ‘Simply Safe’, 
Saputo Dairy Australia clearly outline the requirements for controlling rodents and 
rodenticides: 

Section 7 – Farm Environment  
PREMISES 
Requirements: 

1. Buildings must be designed, constructed and maintained to prevent 
contamination of milk: 

i. Lights must be constructed and located to prevent contamination 
of milk. 

ii. Milk room must be dust and pest proof if milk vat/s have a swing 
lid. 

iii. There must be a roof over vats with a top-opening inspection 
hatch. 

2. Vat openings, including breathers are to be protected from dust and pest 
entry. 

3. Dairy surrounds must not attract pests and must be maintained in a clean and 
tidy manner free from rubbish, disused items and animals. 

PEST MANAGEMENT 
Requirements: 

1. Milking area, milk room and dairy surrounds must be free from undesirable 
animals and pests. 

2. Pest control records must be kept for all pest control products used. 

3. Baits must not be placed above animal feed, in the feed storage area or in the 
milk room. 

Note: 
1. Cow fly repellent is a pesticide. 

2. Surface fly sprays are pesticides. 

3. Pests include (but are not limited to) birds, rodents, insects and arachnids. 

Records must include: 
1. Date of use / type of pest / pesticide used / rate of application / area treated / 

who treated. 

Note: A map of the area treated with application sites marked and the date, product 
and person responsible would comply. Refer to the Agricultural Chemical Use 
Record Sheet. 
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Traceability is a key consideration for food safety programs of processors and milk 
transporters. Each on-farm milk collection is sampled and uniquely identified by the milk 
tanker operator according to standard operating procedures. This allows for efficient 
traceback if any residues are detected later in the process. Inhibitory substance (e.g. 
antibiotics, detergent chemicals etc) residue screening is performed routinely at a farm, 
tanker and factory milk silo level. 

Additionally, the Australian Milk Residue Analysis survey involves approximately 1000 raw 
milk samples, taken from a representative number of farms in each dairying region in 
Australia, being tested for residues of a pre-determined list of antimicrobials, anthelminthics, 
other animal treatments, feed and environmental contaminants. The AMRA survey is 
overseen by the Federal Department of Agriculture, Water and the Environment (DAWE) 
and coordinated by Dairy Food Safety Victoria. The aggregated results from all inhibitory 
substance testing conducted by milk processors is also published in the annual Australian 
Milk Residue Analysis survey report (AMRA). In the last survey, no samples were found to 
be above Australian MRL.   

While the active ingredients in rodenticides are not specifically included in the residue 
testing, the Australian dairy sector exhibits highly effective regulatory controls and a culture 
of reporting ensures that dairy farmers understand and take action to mitigate risk of 
residues in milk, and the direct and indirect risk improper use may pose to their own 
businesses and the broader industry.  
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16 July 2020 
 
Chemical Review 
Office of the Chief Regulatory Scientist 
Australian Pesticides and Veterinary Medicines Authority 
GPO Box 3262 
SYDNEY  NSW  2001  
 
Via email: chemicalreview@apvma.gov.au 
 
 
 
 
Dear Sir/Madam 
 
Re: Submission on Consultation on Use Patterns for Anticoagulant Rodenticide Products 
 
Cattle Council of Australia (Cattle Council) is the peak industry organisation representing and promoting the 
needs of Australia’s grass-fed cattle producers through consultation with, and providing policy advice to, 
key industry organisations, relevant Federal Government Departments and other bodies regarding issues of 
national and international importance. 
 
Established in 1979, Cattle Council’s direct reach to producers, either by state farming organisation 
membership, associate membership, or direct individual membership, equates to more than 15,000 levy 
paying cattle producers and accounts for the majority of Australia’s beef cattle herd. 
 
Cattle Council welcomes the opportunity to provide a comment on the Consultation on Use Patterns for 
Anticoagulant Rodenticide Products. We provide this submission without prejudice to any additional 
submission from our members or individual producers. 
 
Background 

The following comments are made in relation to the Australian Pesticide and Veterinary Medicines 
Authority (APVMA) request for submissions (per APVMA Gazette No. 7, 7th April 2020) on use patterns of 
anticoagulant rodenticide products, and specifically on CONSIDERATIONS 5 (c) 5 (e), 5 (f) and 5 (g). 
 
Using the APVMA PubCRIS search engine an analysis of the registrations of the three First Generation 
Anticoagulant Rodenticides (FGARs) listed (warfarin, coumatetralyl and diphacinone) shows 18 
registrations, for a total of 13 branded products. 
 
The five Second Generation Anticoagulant Rodenticides (SGARs) listed (brodifacoum, bromadiolone, 
difenacoum, difethialone and flocoumafen) show a total of 186 registrations with 160 branded products. 
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General Comments and Recommendations 

An examination of the label directions of in excess of 44 branded products currently listed on the APVMA 
PubCRIS search engine revealed concerning variations in content for the “General Instructions”, 
“Precautions”, “Protection”, and “Storage and Disposal” sections of the various labels. 
 
Whilst some of this variation could be attributed to the changing label requirements over many years (some 
products were registered many years ago by the National Registration Authority, the predecessor to the 
APVMA), more recent registrations also reveal inconsistencies. 
 
Recommendation: Older labels should be reviewed as a matter of urgency, and either approval withdrawn, 
or the registrant advised to submit a new updated label consistent with current requirements for approval. 
Advice on carcase disposal is sometimes located in “Protection”, sometimes in “Storage and Disposal”, 
sometimes in “General Instructions” and sometimes is not present at all. Some labels carry instructions to 
burn or bury carcases, some suggest burn or bury with a warning not to place carcases in rubbish bins whilst 
other labels advised carcases should be wrapped and placed in rubbish bins. 
  
Recommendation: Consistent carcase disposal advice must be included on all labels for all FGARs and 
SGARs (bury or burn, do not place in rubbish bins), and should be included in the “Protections” section.  
  
Recommendation: All labels should be evaluated for advice/instructions on carcase disposal and labels not 
currently providing any advice on carcase disposal should be suspended pending updating by the registrant.  
 
Recommendation: The “Storage and Disposal” section should be restricted to advice on storage and 
disposal of product and containers/wrapping to avoid carcase disposal being overlooked.  
 
Some “Precautions” carry little advice. Animal warnings frequently under the heading “Protection of 
Livestock, Wildlife, Crustaceans, Fish and Environment” list pigs, poultry, dogs, cats, birds and wildlife but 
do not mention other livestock, yet the ingestion of either the rodenticide, or poisoned carcases poses very 
real health and trade risks to the Australian beef and sheepmeat export industries. 
  
Recommendation: Warnings should include references to cattle and sheep as well as pigs and poultry when 
discussing “livestock”.  
 
“General Instructions” / “Instructions for Use” vary considerably on placement instructions. 
 
Recommendation: Greater emphasis should be placed on access prevention by non-target animals. 
 
Specific Comments 

5 c): The need for anticoagulant rodenticide products to be used in or around buildings, including those used 
to house livestock, or in or around on-farm buildings (including homesteads). 
 
The use of anticoagulants is an essential part of biosecurity risk management (control of rats and mice) on 
farms and feedlots in and around grain storage areas, haysheds, and feedmills. These products must remain 
available for production and storage of grain and livestock fodder. 
 
5 e): The likelihood of compliance with post-application sanitisation instruction (e.g. the timely collection of 
poisoned rodent carcasses, and the appropriate disposal of carcasses). 
 
In some circumstances, the detection of carcases and subsequent disposal can be quite difficult, and it is 
not unusual to find desiccated carcases when grain storage areas / hay sheds are emptied. As noted below, 
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Introduction 
 
The use of rodenticides is an essential component of managing rodents in the Australian feed manufacturing sector. 
Rodenticides are used in combination with the design and construction of buildings, hygiene of the environment, 
monitoring of rodent populations and activities, storage of possible food and bedding sources and the use of non-
chemical solutions. The feed manufacturing sector utilises all of these mitigation steps with one outcome in mind – 
minimise wastage and contamination as a result of rodents.  
 
The submission provides the feed manufacturers views in relation to the matters outlined in the APVMA’s guidance 
document as provided on the APVMA’s website. 
 
SFMCA represents 115 feed manufacturers that produce approximately 85% of all manufactured feed sold in Australia. 
Our members feed: 

• 98% of poultry 
• 85% of pigs 
• 80% of fish 
• 60% of dairy cattle 
• 45% of beef cattle, sheep and goats 
• The vast majority of horses, lab animals and zoo animals. 

 
 

Considerations 
 

A. The need for anticoagulant rodenticide products to be used in 
home garden or domestic settings 

 
Anticoagulant rodenticide products have been used in domestic situations for many years with minimal negative 
effects. These products form the frontline of rodent controls in a domestic situation. We would see the removal of 
these products as a backward step in the control of rodents in the household. 
These products need to be easily available and not just available via pest control professionals. 
 
 

B. The need for anticoagulant rodenticide products to be used in 
residential or suburban settings, for example, for public health or 
public sanitation programs 

 
The feed manufacturing sector believes that anticoagulant rodenticide products form an essential part in the control 
of rodents in residential and suburban settings, especially in and around waste collection areas and bins. It is 
important to note that the use of these products needs to have very defined protocols for their use in order to 
prevent contamination with food, etc in a storage or cooking facility. The use of protective housing guards are 
essential to ensure contamination or spread of rodenticides is minimised. 
These use and sale of rodenticides and guards need to be easily available and not just available via pest control 
professionals. 
 
 



5 

C. The need for anticoagulant rodenticide products to be used in or 
around buildings, including those used to house livestock, or in or 
around on-farm buildings (including homesteads) 

 
N.B.:  
From a feed manufacturers perspective we have answered this situation substituting building used to house livestock 
with buildings used to manufacture feed.  
 
Rodents are one of the biggest causes of feed downgrade in Australia. They carry numerous diseases that can 
contaminate the feed being manufactured and stored.  Rodents also consume the feed and the packaging containing 
the feed, creating waste and losses to the feed sector due to lost sales and need for repackaging or dumping to 
landfill. Rodents also cause incredible damage to machinery, infrastructure, and power and water supply via the 
nesting habits and the way they eat through rubber and electrical insulation around wiring. 
 
Rodents also attract other animals that consume the rodents as a feed source. Animals like foxes, dogs, cats, wild 
carnivorous birds frequent feed buildings as a result of rodent infestations. These animals also assist with the 
contamination of feed and spread of disease. 
 
It is also important to note that individual feed manufacturing businesses work with professional pest controllers to 
achieve maximum control of rodents. However, they do not necessarily utilise the pest controller’s services to renew 
baits as they become empty. Feed manufacturers’ undertake these tasks as part of the FeedSafe program1 and to 
reduce costs. So there needs to be a balance in the use of these products. 
 
 

D. The need for anticoagulant rodenticide products to be formulated 
as powders, gels, liquids, pellets, grains or pastes 

 
It is important to have the baits so they are fit-for-purpose. This entails having the bait in a form so it is best utilised in 
various forms to match the site, the station being used, etc. Therefore the different forms are required to be supplied 
so that effective controls can be maintained. 
 
 

E. The likelihood of compliance with post-application sanitisation 
instruction (e.g. the timely collection of poisoned rodent 
carcasses, and the appropriate disposal of carcasses) 

 
85% of the feed sold in Australia come from SFMCA members. These members also apply strict practices to meet the 
standards set in the FeedSafe program1. FeedSafe has, since its inception, had standards incorporating rodent 
controls. To meet these controls, the feed manufacturers utilise professional pest management contractors and/or 
staff to maintain and record the necessary information required for an effective control program. The removal of 
carcasses is part of this process as is the removal of old baits and their disposal – in line with manufacturers’ 
instructions and in a manner that doesn’t allow for the contamination of water and feed sources. 
 
 
 

 
1 The SFMCA operates FeedSafe® as the Quality Assurance Accreditation Program for the Australian stock feed industry. 
All full (active manufacturer) members of the SFMCA are be required to comply with FeedSafe® to retain their Association membership. The central 
aspect of FeedSafe® is a Code of Good Manufacturing Practice (GMP), which has been developed in conjunction with the Chief Veterinary Officers 
within each State, and the final document has Primary Industries Ministerial Council endorsement. 
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F. The label instructions, particularly the adequacy of instructions to 
prevent inadvertent exposure to the product 

 
Feed manufacturers’ find the labelling (including safety data sheets - SDS) of the rodenticides as effective, providing 
enough detail that enable them, as the user, to use the product in a safe manner, therefore minimising the risk of 
rodenticide contamination. 
 
It is important to note that everything required for the use of the product is provided either on the label or the SDS. 
Combine these two sources of information and the various state WHS legislation and our industry has an extremely 
safe and well balanced approach to the use of these products. 
 
 

G. Critical uses for anticoagulant rodenticide products, particularly in 
primary production 

 
Feed manufacturers find that the control of rodents without anticoagulant rodenticide products is an uphill battle 
where costs increase at an exponential rate. Rodenticides are an essential component to have in the armory against 
infestations. Or members go one step further in saying, the control of rodents cannot be achieved without these 
products. Remove these products and we have lost the war! 
 
 

H. Other relevant matters related to the use of anticoagulant 
rodenticide products 

 
Nothing more to include than already mentioned. 
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Chemical Review 
Office of the Chief Regulatory Scientist 
Australian Pesticides and Veterinary Medicines Authority 
GPO Box 3262, Sydney NSW 2001, Australia 
Telephone: +61 2 6770 2400 
Email: chemicalreview@apvma.gov.au 
 
 
Thank you for the opportunity for Grain Producers Australia (GPA) to provide a response to the 
consultation on use patterns for anti-coagulant rodenticide products. 
 
GPA is a foundation member of the National Mouse Group (formerly National Mouse Management 
Working Group). The role of the National Mouse Group is to provide support and advice to the CSIRO’s 
Rodent Management team, focusing on in paddock surveillance, monitoring and control options. 
 
GPA represents are broad scale crop producers and as such our members don’t use the products 
that are the subject of the review to control rodents in crops. However, whilst not a focus of the on-
farm control of rodents the use of registered products containing the following active constituents as 
included within the APVMA consultation provide an option for rodent control within areas of farming 
enterprises. Use of the products described is limited to around dwellings, sheds and grain storage 
areas. The active constituents within the consultation are: 

First-generation anticoagulant rodenticides (FGARs): 

• warfarin 
• coumatetralyl 
• diphacinone 

Second-generation anticoagulant rodenticides (SGARs): 

• brodifacoum 
• bromadiolone 
• difenacoum 
• difethialone 
• flocoumafen 

The products listed are cautiously used on farms with strict adherence to the label instructions. 
 
GPA supports Australia’s science based regulatory framework for agricultural pesticides registration 
and use. Australian farmers undertake a high level of training for general pesticides and additional 
training for the purchase and use of Schedule 7 poisons, such as the rodenticide zinc phosphide.  
 
Therefore, GPA has a high level of confidence that farmers and other professional pesticide users are 
able to understand the label instructions and manage the risks of using registered products containing 
the active ingredients included within this consultation.  
 
GPA notes and supports acknowledgement of the Australian Pork Ltd, Industry rodenticide stewardship 
plan 2019 1. It was developed by the Pork industry to provide clear information about how to implement 
a whole of farm integrated approach to managing rodents. The stewardship plan provides guidance on 
prevention and hygiene, monitoring, non-chemical solutions, chemical solutions-baiting and ongoing 
monitoring.  
 
The plan clearly outlines the role the careful use of anti-coagulant rodenticide products has on farms. 
 
GPA would like to provide the following brief comments regarding the questions the APVMA have raised 
within their consultation outline. 
 

	
1	http://australianpork.com.au/wp-content/uploads/2019/08/Industry-Rodenticide-Stewardship-Plan-
2019.pdf	



	 	

 
a. The need for anticoagulant rodenticide products to be used in home garden or domestic 

settings; 
 

Applicable so far as houses and gardens on a farm are often close to livestock and grain 
storage areas and therefore if control of vermin is being undertaken it may necessarily involve 
the use of the products within the house/home garden areas. However, further comments will 
be included in the answer to c. below. 

 
b. The need for anticoagulant rodenticide products to be used in residential or suburban 
settings, for example, for public health or public sanitation programs; 
 

GPA would recommend that the APVMA separate any examination of the use of 
anticoagulant rodenticides within residential or suburban settings versus public health and 
sanitation programs.  
 
Public health and public sanitation programs will be undertaken by professionals trained in 
the safe use, monitoring and disposal of pesticides.  

 
c. The need for anticoagulant rodenticide products to be used in or around buildings, 
including those used to house livestock, or in or around on-farm buildings (including 
homesteads); 
 

The control of rodents on a farm will necessarily involve undertaking monitoring and control 
around buildings, including homes. This will be done cautiously as farmers, required to be 
trained in the use of pesticides, will be well aware of the risks that must be managed when 
using the products close to animals and potentially family members and workers. 
 
Careful risk management will be undertaken to determine which product (or relevant active 
constituent) is most appropriate for on farm use around buildings. Taking into consideration 
the level of risk to the farm animals present on the farm, previous bait refusal by the pests 
and advice from pest management professionals where applicable. 

 
d. The need for anticoagulant rodenticide products to be formulated as powders, gels, liquids, 
pellets, grains or pastes; 
 

The use of different product formulations is done to meet the needs of different facilities and 
application situations. Different formulations are also used to counter any bait refusal that 
monitoring or previous control attempts may have illustrated. 

 
e. The likelihood of compliance with post-application sanitisation instruction (e.g the timely 
collection of poisoned rodent carcasses, and the appropriate disposal of carcasses); 
 

Due to the extensive and ongoing pesticide use training Australian farmers undertake to keep 
up to date with regulatory requirements they are well placed to recognise the need to 
appropriately handle post application instructions. 
 
GPA would recommend the APVMA consider undertaking research to determine whether 
members of the general public, able to purchase the products through chain hardware stores, 
have the required level of training and awareness. If members of the general public are to 
continue to be able to access the products for use in domestic residential environments then 
questions should be asked regarding whether there is any process in place to ensure they are 
able to understand the need to correctly follow all label instructions including the post 
application sanitation instructions. 

 
f. The label instructions, particularly the adequacy of instructions to prevent inadvertent 
exposure to the product; 

GPA is generally comfortable with the format and information required by the APVMA. GPA 
has been very supportive of the work APVMA has done in providing web based access to 
pdfs of registered labels. Ensuring up to date MSDS are accessible also improves the 
provision of information to users. 
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26 June 2020 

 
To: 
Chemical Review 
Office of the Chief Regulatory Scientist 
Australian Pesticides and Veterinary Medicines Authority 
GPO Box 3262 
Sydney NSW 2001 
 
Via Email: chemicalreview@apvma.gov.au 
 
RE: Consultation on use patterns for anticoagulant rodenticide products 
 
To whom it may concern 
 
We write in response to the Australian Pesticides and Veterinary Medicines Authority (APVMA) consultation 
on use patterns for anticoagulant rodenticide products. 
 

1. Organisations involved in this submission 
 
This submission is presented on behalf of the following organisations: 
 
Australian Fodder Industry Association (AFIA) 
 
The Australian Fodder Industry Association (AFIA) is the peak body for the Australian fodder industry, 
connecting all sectors of the supply chain from seed to feed.  Since AFIA was established in 1996, our network 
of members, sponsors and supporters has functioned to help the Australian fodder industry grow. 
 
AFIA is a not-for-profit member-based Association with over 300 members nationally representing both the 
domestic and the export sectors of the Australian fodder industry.  AFIA’s key programs are centred on: 

1. Advocacy and promotion. 
2. Information and resources. 
3. Events and networking. 

 
AFIA’s Vision 
 
To support a profitable, sustainable, competitive and innovative Australian fodder industry. 
 
AFIA’s Mission 
 
To provide leadership and vision to the Australian fodder industry, engaging with all sectors of the fodder 
industry value chain to deliver a favourable environment for members to do business in today and into the 
future. 
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Grain Trade Australia (GTA) 
 
Grain Trade Australia (GTA) is a national association and is the focal point for the commercial grains industry 
within Australia. The role of GTA is to provide a framework across Industry to facilitate and promote the trade 
of grain.  GTA facilitates trade and works to provide an efficient, equitable and open trading environment by 
providing leadership, advocacy and commercial support services to the Australian grain value chain. GTA 
Members are responsible for over 95% of all grain storage and freight movements made each year in Australia. 
Over 95% of the grain contracts executed in Australia each year refer to GTA Grain Trading Standards and/or 
Trade Rules.  
 
GTA has established the Australian Grains Industry Code of Practice.  All GTA Members are required to adhere 
to the Code of Practice.   GTA Members are drawn from all sectors of the grain value chain from production to 
domestic end users and exporters.  GTA has over 260 organisations as Members.  Their businesses range from 
regional family businesses to large national and international trading/storage and handling companies who are 
involved in grain trading activities, grain storage, processing grain for human consumption and stock feed 
milling. A list of GTA Members is attached. 
 
The National Working Party on Grain Protection (NWPGP) 
 
The NWPGP: 
 

• Is the industry body responsible for providing management and leadership to industry in the 
areas of post-harvest storage, chemical use, market requirements and chemical regulations.  

• Is facilitated by Grain Trade Australia. 
• Has members across the entire grain supply chain. 
• Hosts an annual forum providing participants with the latest research and developments, in the 

area of post-harvest storage and hygiene, chemical usage and outturn tolerances, international 
and domestic market requirements, and regulations. 

• Co-ordinates and provides government with industry views on chemicals in use on grain and 
associated products. 

• For further details, refer to http://www.graintrade.org.au/nwpgp   
 
Within that context, the above organisations provide the following submission in relation to the grain and hay 
industries on the review of the use of anticoagulant rodenticide products. No comment is made on the use of 
rodenticide products in other locations such as on-farm as it is assumed grower groups will provide input, 
however if required further advice can be provided. 
 
 

2. General Requirement for the use of rodenticide products 
 
Rodenticides are used by stakeholders all along the supply chain, both pre farm-gate and post the farm-gate.  
Other than on-farm, locations of use include but are not limited to: 
 

• Storage and Handling Company storage sites 
• Grain/hay processing sites 
• Grain/hay exporting sites (Registered Establishments) such as container or bulk port terminal facilities 

 
The use of rodenticide products occurs for a number of reasons and includes: 
 

• Managing mouse plagues when numbers build up in particular regions.  
o Hence their use is generally sporadic over time. 
o When required to be used, the level of use can be very high depending on the extent of the 

mouse plague. 
• General hygiene around storage infrastructure 

o To keep numbers at a low level as part of good hygiene; 
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o To maintain good house-keeping practices, for a commodity that is to be provided for 
human and/or animal consumption; and 

o To prevent damage to infrastructure and grain/hay product. 
• To meet industry requirements which stipulate a number of management practices involved in 

mouse/rodent control, including: 
o Codes of Practice for the management of grain/hay, which stipulate practices such as good 

hygiene.  
o Trading Standards for domestic and/or export product, which specify limits on live and/or 

dead rodents, excreta and vermin body parts such as hair. For example, a nil tolerance of 
these contaminants in grain. 

o Domestic and Export customer Standards that stipulate limits on a range of parameters 
associated with the presence of rodents as listed above, including objectionable odour. 

• To meet requirements of the Department of Agriculture, Water and Environment (AWE) 
requirements for exported product, including: 

o To be registered as a Registered Establishment: 
 Appropriate hygiene and pest control measures are to be maintained. This includes 

a documented procedure outlining the location of bait stations (requiring 
photographs), records of monitoring and frequency of monitoring, records of 
vermin found and removed. 

 It is the responsibility of the occupier to maintain the establishment in a hygienic 
condition and have documented systems to manage hygiene, pest control and 
waste, and to present goods and transport units that are fit for export. 

o For export premises to be certified as a Registered Establishment, whereby all premises 
must have a range of rodent control measures before loading of a consignment may 
commence, such as 

 Flowpath free of contaminants before loading may commence; and 
 Ensuring any vermin and/or their waste cannot cross-contaminate the goods. 

o To meet quarantine requirements in the Export Control Act 2020 for all prescribed 
commodities in every consignment to be loaded, such as: 

 Inspection to ensure any tolerances specified in the importing country are adhered 
to; and 

 Ensure empty containers or bulk vessel holds do not contain contaminants, pests or 
residues that may infest or contaminate the goods to be loaded. This includes a nil 
tolerance for vermin including rodents, in any single 0.5kg sample of hay/straw or 
2.25L of grain no more than 7 rodent and vermin droppings.  

o To meet importing country government quarantine requirements which may have specific 
limits such as hay/straw for China which has a nil tolerance for rodent and vermin 
droppings.  
 

In summary, based on the range of considerations as outlined above, rodenticides are a substantial and 
important part of the operation of premises for the grain/hay sector operating at a range of locations along 
the supply chain.  
 
It is the Respondents strong view that without ready access to rodenticides for control of live rodents, the 
standards as outlined for rodents and their body parts would be difficult if not impossible to meet in 
consignments both domestically and for export.  
 
 

3. Rodenticides Used 
 
The grain/hay industry only uses rodenticide products that are legally permitted to be used, that is, those 
registered by the APVMA. These include a number of first and second generation anticoagulant rodenticides as 
outlined in the consultation paper. Anticoagulant rodenticides are an essential part of company pest control 
programs. 
 
While a number of rodenticides are available only some are frequently used: 
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• Around facilities, gels, pastes, liquids and larger blocks are most frequently used as they less likely to 
be spread by rodents, which limits the potential contamination of grains and other feed / food stuffs.   

• Powders, pellets and grains are more likely to be spread by rodents, with a higher potential for 
contamination and are therefore not as frequently used. 

• Within a storage facility, non-toxic methods such as traps are generally used. 
 
Industry applies those rodenticides in two ways: 
 
Internal Staff 

• Internal company staff whose role is to comply with all legal and company requirements for 
rodenticide use. 

• Staff have defined roles and are trained to comply with legal requirements and company policies on 
pest control. In many instances Safe Works instructions are documented on their use, including 
MSDS forms. 

• This method is often used given the remote location of these facilities and the relative lack of suitable 
external pest control companies to service these locations. 

• Generally, staff have a range of activities to perform and vermin control forms part of their routine 
activities at the facility. 

• In times of large pest numbers, being on-site has the advantage of immediate action to manage 
vermin, including identification that vermin numbers may be building to the point where additional 
action may be required. 

 
 
External Pest Control Companies 

• External pest control companies specialising in vermin control.  
• Those companies are responsible for all aspects of vermin control, including complying with label 

directions, laying of rodenticide, removing vermin and record keeping. 
• This method is chosen for a range of reasons, including ease of use, availability of companies in 

immediate area and the lack of need for internal staff to be trained on all aspects of vermin control. 
• This method would have limitations where vermin numbers are large requiring frequent visits. In that 

scenario, costs may be prohibitive and company staff may be available to visit the facility in the 
timeframes required to meet legal requirements outlined on the label directions. 

 
 
 

4. Management Practices 
 
The grain/hay industry recognises the regulatory requirements for the use of rodenticide products in Australia. 
This includes a range of measures as outlined by Commonwealth and State/Territory Governments such as: 
  

• Only obtaining and using products as registered by the APVMA. 
• Complying with all label directions for each product. This includes: 

o The requirement that any visible rodent carcases are picked up and disposed of.  This is 
written into company Safe Work Instructions.  

o The label instructions are seen to be detailed enough for the proper use of these products. 
There is no requirement for gloves to be worn on the product label, however Safety Data 
Sheets for anticoagulant rodenticides typically mention the requirement for gloves (rubber / 
waterproof) to be worn. 

• Comply with all AWE instructions for Registered Establishments such as: 
• “Rodenticides, fumigants, fungicides, insecticides or other toxic substances must be stored in a 

manner that will prevent contamination of prescribed goods or anything that may come into 
contact with them”. 
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The failure of rodent control in Export Registered Establishments or in other premises that supply the domestic 
in the past has led to consignment rejection, involving significant financial penalties and loss of reputation. 
From an export viewpoint, this has resulted in: 
 

• Re-direction of cargo. 
• Suspension of exporters for a period of time, requiring to assess the preparation 

facilities/Registered Establishment before re-commencement of trade.  
• Failure to comply with market requirements (government or commercial contractual) could 

ultimately lead to suspension of an export market costing hundreds of millions to the Australian 
economy.  

 
The grain/hay industry and its participants face an inability to control a risk that has the potential to severely 
damage the industry and its reputation and will result in cost pressures that may lead to hardship and 
participants leaving the industry. Therefore, the grain/hay industry would not support any significant 
restrictions on the availability or use of rodenticide products for the stakeholders that use those products at 
various locations along the supply chain.  
 
We would however welcome dialogue with the APVMA to develop additional extension material that may 
assist industry to adhere to legal requirements and/or improve the use of those products to better manage 
any workplace health and safety issues. 
   
Thank you for your consideration of this submission. 
 
Yours sincerely, 
 

 
 

 
Chair, National Working Party on Grain Protection 
On behalf of Australian Fodder Industry Association and Grain Trade Australia 
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Dear Chief Regulatory Scientist,
I have found 2 beautiful possums dead in my backyard in the last 3 months and
one several months prior (two of these were carrying Joeys). I live in 

They normally find safe haven in the rafters of my shed.. but sadly now seem to
return here to die painfully. (see attached photos)

When the 3rd event happened on Saturday 20th of June..I realised that something
was very seriously amiss. I fear that Brushtail Possums may now have been made
locally extinct in my neighbourhood.
Seaforth Veterinary Hospital confirmed that bleeding from the nostrils indicated
rat poison ingestion and the Manly Daily Newspaper subsequently interviewed
Rachel Jackson, Head Nurse there
who confirmed that there had been other recent incidents of wildlife poisoning

(see article below from the on-line story dated June 25th 2020).
I hope firm action can be taken to take these anti coagulant products off the
market -which have been taking their toll on a range of wildlife for many years.
Surely the fact that they are wiping out vulnerable owl species should have
prompted a ban years ago https://www.abc.net.au/news/2017-12-06/boobook-
owls-victims-of-rat-poison-study-finds/9227944
Regards

https://aus01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.abc.net.au%2Fnews%2F2017-12-06%2Fboobook-owls-victims-of-rat-poison-study-finds%2F9227944&data=01%7C01%7Cchemicalreview%40apvma.gov.au%7C7a171aef145a4c48d80a08d81ae656a9%7Cdafd8e97d9be460bbc057ce7b13a1113%7C0&sdata=wt18f3ZEKfzb4ltaTjCIeGMinS7fC4V0Q0R9MhVP7x4%3D&reserved=0
https://aus01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.abc.net.au%2Fnews%2F2017-12-06%2Fboobook-owls-victims-of-rat-poison-study-finds%2F9227944&data=01%7C01%7Cchemicalreview%40apvma.gov.au%7C7a171aef145a4c48d80a08d81ae656a9%7Cdafd8e97d9be460bbc057ce7b13a1113%7C0&sdata=wt18f3ZEKfzb4ltaTjCIeGMinS7fC4V0Q0R9MhVP7x4%3D&reserved=0















species listed under the EPBC Act interacting with bait boxes and a number of non-target
wildlife species entering bait boxes and presumably consuming bait. Cumulatively, this
body of research suggests that the current usage pattern of ARs in Australia is having a
substantial detrimental impact on native wildlife, including iconic species which are
protected under state and federal legislation. I am equally concerned about widespread
impacts on all carnivorous and omnivorous species and the effects that apparently
common and widespread exposure is having on food webs across the country. I urge the
APVMA to take this information about SGAR impacts on wildlife into account when making
decisions about potential new regulations.

I am also particularly concerned about the potential for human exposure through
consumption of contaminated wildlife. This concern is discussed in depth in two of the
three attached papers. It has come to my attention through conversations with staff at the
WA Housing Authority that public housing which makes up much of the housing in many
remote Aboriginal communities is consistently baited with SGARs by pest control
contractors. The use of SGARs in areas where goannas and other predatory wildlife are
harvested for human consumption presents a serious potential risk to human health.
Sublethal exposure to SGARs is not benign and has the potential to exacerbate existing
health conditions prevalent in remote Aboriginal communities. I am presently planning
research to investigate AR exposure in commonly-eaten reptile species in areas adjacent to
remote Aboriginal communities and believe that the use of SGARs in or near such
communities should not be allowed unless it can be convincingly demonstrated that the
practice is safe.

On the basis of my own research, my knowledge of international literature, and
professional experience in large-scale rodent control, I make the following suggestions
relating to the future regulation and management of the use of ARs in Australia:

At minimum, the use of SGARs should be restricted to licensed pesticide applicators.
This is consistent with existing regulations in the United States and Canada.
However, studies in the US following restriction of SGARs to licensed pesticide
applicators have not shown a decrease in exposure in predatory birds. As a
consequence, more serious restrictions on SGARs up to and including a complete
ban on their use should be considered.
 Outdoor use of SGARs should not be allowed. Bait boxes are ineffective at excluding
a wide range of non-target fauna and the use of bait boxes outside of buildings likely
contributes to substantial contamination of the food web.
If SGARs are to continue to be used in Australia, there should be a government-run
program to monitor exposure in key sentinel wildlife species to assess the efficacy of
new regulations at reducing exposure in non-target wildlife. The Campaign for
Responsible Rodenticide Use in the UK is an industry-funded scheme which could
serve as a potential model for such a program.
SGARs should not be used in areas where traditional harvest and consumption of
goannas and other carnivorous wildlife occurs. We have recently demonstrated



exposure in carnivorous reptiles in the Perth metropolitan area and there is no
evidence that dynamics of exposure are likely to be different in other areas. This is a
potentially serious public health issue that needs to be addressed urgently.
SGARs play an important role in eradicating introduced rodent populations from
island ecosystems and are one of few effective tools for doing so. When
appropriately used, their initial cost in non-target exposure is outweighed by long
term benefits of permanent removal of rodents from island ecosystems. SGARs
should remain available for appropriately-planned island eradication programs
overseen by experienced professionals.
Comprehensive nationwide testing of resistance to ARs is needed in introduced and
native rodent species targeted for control by rodenticides. This will help to
determine areas where FGARs are a suitable alternative to SGARs. If resistance to
FGARs is detected, products containing cholecalciferol or salt and corn gluten meal
or mechanical trapping can be used to control resistant individuals.
Resources should be allocated to the investigation of illegal agricultural use of
SGARs. I receive regular anecdotal reports from members of the public about illegal
usage of SGARs in both sugar cane operations in Queensland and vineyards in the
Margaret River region of Western Australia. None have been willing to provide
information about the individuals or locations involved because of close personal or
family relationships but these reports consistently emphasize that the illegal use of
SGARs in these areas is widespread and culturally ingrained.
Changes in labelling of SGARs are warranted but unlikely to achieve practical
reductions in the documented negative impacts of SGARs on wildlife. In my
experience, compliance with label instructions is substantially less common than
noncompliance by private individuals and professional pest controllers alike. For
example, I asked a city council to take down a document posted online which
suggested that residents use a variety of non-compliant baiting techniques when
applying SGARs that they provide to their residents. The city council refused to
remove or alter the document because the information had been provided to them
by a professional contractor and they assured me it was sound advice. The
document was only removed from their website when I informed the APVMA of the
problem.

I sincerely appreciate the APVMA's decision to review the use and regulation of ARs in
Australia and the opportunity to provide comment on this topic. Please do not hesitate to
contact me with follow up questions regarding my research or for updates on ongoing
projects related to ARs. My mobile phone number is 

Sincerely,
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liver, which subsequently disrupts normal blood clotting in vertebrates
(Park et al., 1984). ARs are often divided into first generation anticoag
ulant rodenticides (FGARs) and second generation anticoagulant roden
ticides (SGARs) based on their chemical structure and when they were
first synthesized. Unlike FGARS, SGARs are often lethalwith a single feed
and are substantially more persistent in liver tissue (Erickson and
Urban, 2004).

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

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

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

2. Methods

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

2.1. Specimen collection

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

2.2. Rodenticide analysis

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

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

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

2.4. Exposure thresholds

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

The Rodenticide Registrants Task Force suggested that a 0.7 mg/kg
liver concentration of brodifacoum was likely to be toxic based largely
on captive studies of Barn Owls (Kaukeinen et al., 2000), however this
threshold estimatemay be too high, as environmental conditions affect
ingwild birdsmay increase their susceptibility to ARs relative to captive
birds (Mendenhall and Pank, 1980). Dowding et al. (1999) estimated a
lethal liver concentration for brodifacoumof 0.5mg/kgusing29 individ
uals from 10 species of birds. Numerous studies have reported thresh
olds of 0.2 mg/kg (Albert et al., 2010; Christensen et al., 2012; Hughes
et al., 2013; Langford et al., 2013; López Perea et al., 2015; Stansley
et al., 2014; Walker et al., 2008) and 0.1 mg/kg (Albert et al., 2010;

Christensen et al., 2012; Langford et al., 2013; Ruiz Suárez et al., 2014;
Shore et al., 2016; Stansley et al., 2014; Walker et al., 2008, 2011) as in
dices of lower limits at which lethal AR toxicity was likely to occur in
predatory birds. These estimates were based on two studies examining
wild barn owls: Newton et al. (1999, 1998) respectively. I also included
a threshold of 0.01 mg/kg as this is the lowest published record of le
thal SGAR toxicity in a predatory bird species (Stone et al., 1999).
Boobook liver concentrations were compared against these thresh
olds (0.7 mg/kg, 0.5 mg/kg, 0.2 mg/kg, 0.1 mg/kg, and 0.01 mg/kg)
to facilitate a comprehensive understanding of overall potential im
pacts of ARs across all sampled individuals.

2.5. Spatial analysis

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

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

3. Results

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

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

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

Warfarin 0.001 0.002 94 (8.1)
Coumatetralyl 0.001 0.002 93 (7.6)
Bromadiolone 0.005 0.010 96 (9.5)
Difenacoum 0.005 0.010 96 (11.2)
Flocoumafen 0.005 0.010 103 (11.4)
Brodifacoum 0.005 0.010 92 (8.8)
Difethialone 0.005 0.010 91 (14.6)
Pindone 0.005 0.010 36 (13.5)
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ARs were detected in 72.6% of all boobook liver samples (Table 2)
with a mean summed AR exposure of 0.310 mg/kg (SE 0.069246735)
(Table 3). Approximately 17.8% of boobook livers contained greater
than the suspected lethal threshold of 0.5 mg/kg total ARs (Fig. 1)
with 13.7% above the more conservative limit of 0.7 mg/kg. Seven of
the ten boobooks with AR liver concentrations above 0.7 mg/kg appear
to have died directly of AR poisoning and the other three showed signs
of poisoning described by Murray (2017) despite other apparent prox
imate causes of death. More than half of the boobooks tested had liver
concentrations above 0.1 mg/kg (Fig. 1) and would likely have experi
enced at least some degree of coagulopathy (Rattner et al., 2014a).
The majority of boobooks (65.8%) were exposed at a level above
0.01 mg/kg the lowest observed lethal threshold in an owl (Fig. 1).

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

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

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

4. Discussion

The overall proportion of boobooks with detectable AR exposure
(72.6%) and the proportion of boobooks exposed to two or more roden
ticides (38.4%) was high but within the range of estimates generated by
studies in Europe and North America (Table 3). Mean total AR concen
tration in boobooks (0.310 mg/kg) was substantially higher than any
other available published estimate with the exception of Red Kites
(Milvus milvus) (0.413 mg/kg) in Denmark (Christensen et al., 2012).

The extremely highmean exposure in boobooksmay result frommulti
ple causes. A large proportion of sampleswere obtained from urban and
peri urban areas where exposure is likely to be more prevalent. This
was also the case in several other studies documenting high exposure
rates and liver concentrations (López Perea et al., 2015; Murray, 2017;
Stansley et al., 2014). As a consequence, the sample of boobooks used
in this study is probably not representative of Australia as a whole but
may provide a useful estimate for other large human population centres
elsewhere. Circadian activity patterns may also increase boobooks' risk
of AR exposure relative to some other raptor species. Nocturnal species
have been noted to have higher liver AR concentrations than diurnal
species (Ruiz Suárez et al., 2014; Sánchez Barbudo et al., 2012). If
owls using highly populated landscapes are at greater risk than other
bird species, future evaluation of Powerful Owls which use urban and
peri urban areas and are listed as vulnerable in Victoria may be war
ranted. Southwest populations of Masked Owls (Tyto novaehollandiae)
and Barking Owls (Ninox connivens), both of which are listed as P3 pri
ority fauna (poorly known but thought to be possibly threatened) in
Western Australia, may also be susceptible to AR poisoning in areas
where developed habitats are encroaching on their remaining ranges.

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

4.1. Individual rodenticides

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

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

Coumatetralyl Warfarin Pindone Difenacoum Brodifacoum Bromadiolone Difethialone Flocoumafen Total

Percent exposed 0.000 2.740 0.000 15.068 72.603 31.507 8.219 2.740 72.603
Mean exposure (mg/kg) 0.000 0.000 0.000 0.004 0.260 0.019 0.015 0.011 0.310
Standard error 0.000 0.000 0.000 0.002 0.064 0.005 0.011 0.011 0.069
Maximum concentration (mg/kg) 0.000 0.002 0.000 0.097 4.002 0.214 0.775 0.818 4.002
Minimum concentration (mg/kg) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total detected (mg/kg) 0.000 0.003 0.000 0.287 18.994 1.421 1.063 0.834 22.606
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Eagles (Aquila audax) and Little Eagles (Hieraaetus morphnoides))
(Olsen et al., 2006) or scavenge rabbit carcasses (Whistling Kites
(Haliastur sphenurus)) (Fuentes et al., 2005) and are at greater risk of
secondary exposure.

Failure to detect coumatetralyl in any samples and the detection
of warfarin at extremely low concentration in only two samples de
spite commercial availability to the public suggests that their rela
tively short half life in liver tissue (Fisher et al., 2003) probably
reduces the incidence and severity of secondary exposure and pre
cludes bioaccumulation and biomagnification. This result is consis
tent with absence or low concentration and prevalence of FGARs
relative to SGARs in other wildlife species since SGARs came into
widespread use (Albert et al., 2010; Fourel et al., 2018; Murray,
2017; Ruiz Suárez et al., 2014).

The detection of brodifacoum at rates an order of magnitude higher
than all other ARs combined is probably attributable to a combination of
its greater duration of persistence in liver tissue (Horak et al., 2018),
more prevalent use, and incorporation into a greater number of com
mercially available rodenticide bait products. This is particularly
concerning because captive studies suggest that brodifacoum is more
likely to cause secondary toxicity in birds than any other tested ARs
due to its high toxicity and long liver retention time (Erickson and
Urban, 2004). Bromadiolone and difenacoum respectively, were the
nextmost commonly detected in samples (Table 2). This is probably be
cause, together with brodifacoum, they comprise the three SGARs com
monly available in WA at retail stores. At present, brodifacoum,
bromadiolone, and difenacoumprobably pose the greatest threat of sec
ondary poisoning to non target wildlife of all ARs in use.

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

Species Location n
individuals

%
exposed

% multiple
exposure

% N0.1
mg/kg

% N0.2
mg/kg

Mean exposure
(mg/kg) (SE)

Source

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

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

Great Horned Owl Canada 123 0.016 Thomas et al., 2011
Red-tailed Hawk (Buteo jamaicensis) Canada 58 0.005 Thomas et al., 2011
Golden eagle (Aquila chrysaetos) Norway 16 73.3 31.3 25 6.3 0.051 Langford et al., 2013
Eagle owl (Bubo bubo) Norway 8 62.5 25 37.5 12.5 0.087 Langford et al., 2013
Osprey (Pandion haliaetus) Norway 3 0 0 0 0 0 Langford et al., 2013
Peregrine falcon (Falco peregrinus) Norway 2 0 0 0 0 0 Langford et al., 2013
Gryfalcon (Falco rusticolus) Norway 1 0 0 0 0 0 Langford et al., 2013
Red-tailed Hawk (Buteo jamaicensis) USA 37 97 78 Murray, 2017
Barred Owl (Strix varia) USA 24 88 42 Murray, 2017
Great Horned Owl (Bubo virginianus) USA 17 100 71 Murray, 2017
Eastern Screech-Owl (Megascops asio) USA 16 100 69 Murray, 2017
Red-tailed Hawk (Buteo jamaicensis) USA 105 81 15 47 25 0.117 Stansley et al., 2014
Great Horned Owl (Bubo virginianus) USA 22 82 18 36 9 0.07 Stansley et al., 2014
Eurasian Sparrowhawk (Accipiter nisus) Spain (Canary Islands) 14 85.7 0.0577 Ruiz-Suárez et al., 2014
Long-eared Owl (Asio otus) Spain (Canary Islands) 23 73.9 0.1322 Ruiz-Suárez et al., 2014
Common Buzzard (Buteo buteo) Spain (Canary Islands) 9 26.3 0.0368 Ruiz-Suárez et al., 2014
Barbary Falcon (Falco pelegrinoides) Spain (Canary Islands) 16 31.2 0.0915 Ruiz-Suárez et al., 2014
Kestrel (Falco tinnunculus) Spain (Canary Islands) 21 66.6 0.219 Ruiz-Suárez et al., 2014
Barn Owl (Tyto alba) Spain (Canary Islands) 21 76.2 0.1344 Ruiz-Suárez et al., 2014
All Species Spain (Canary Islands) 104 63.5 34.8 Ruiz-Suárez et al., 2014
Scops Owl (Otus scops) Spain (Majorca Island) 26 57.7 0 0.0134 López-Perea et al., 2015
Barn Owl (Tyto alba) Spain (Majorca Island) 19 84.2 57.9 0.2337 López-Perea et al., 2015
Scops Owl (Otus scops) Spain (Catalonia) 7 14.3 0 0.1584 López-Perea et al., 2015
Barn Owl (Tyto alba) Spain (Catalonia) 22 54.5 13.6 0.1178 López-Perea et al., 2015
Tawny Owl (Strix aluco) Spain (Catalonia) 27 77.8 29.6 0.0952 López-Perea et al., 2015
Eagle Owl (Bubo bubo) Spain (Catalonia) 14 100 64.3 0.2896 López-Perea et al., 2015
Long-eared Owl (Asio otus) Spain (Catalonia) 12 58.3 0 0.0111 López-Perea et al., 2015
Little Owl (Athene noctua) Spain (Catalonia) 7 71.4 28.6 0.1972 López-Perea et al., 2015
Common buzzard (Buteo buteo) Spain (Catalonia) 56 64.3 26.8 0.1253 López-Perea et al., 2015
Barn owl (Tyto alba) Denmark 80 94 37.4 13.7 0.1141 Christensen et al., 2012
Buzzard (Buteo buteo) Denmark 141 94 20.6 5.7 0.0745 Christensen et al., 2012
Eagle owl (Bubo bubo) Denmark 10 100 70 70 0.1931 Christensen et al., 2012
Kestrel (Falco tinnunculus) Denmark 66 89 27.2 13.6 0.099 Christensen et al., 2012
Little owl (Athene noctua) Denmark 9 100 33.3 22.2 0.1186 Christensen et al., 2012
Long-eared owl (Asio otus) Denmark 38 95 0 0 0.0194 Christensen et al., 2012
Marsh harrier (Circus aeruginosus) Denmark 3 100 0 0 0.0123 Christensen et al., 2012
Red kite (Milvus milvus) Denmark 3 100 0 66.7 0.413 Christensen et al., 2012
Rough-legged Buzzard (Buteo lagopus) Denmark 31 84 12.9 0 0.0408 Christensen et al., 2012
Short-eared owl (Asio flammeus) Denmark 5 100 0 0 0.015 Christensen et al., 2012
Tawny owl (Strix aluco) Denmark 44 93 20.5 9.1 0.0784 Christensen et al., 2012
All Species Denmark 430 73 Christensen et al., 2012
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The detection of flocoumafen and difethialone which are not read
ily available to the public due to sale in bulk quantities but are used by
pest control professionals indicates that at least some proportion of
wildlife exposure is directly related to commercial pest control activi
ties. Flocoumafen was the most prevalent rodenticide detected in liver
tissue of one boobook, which died shortly after admission to a wildlife
care centre and showed physiological signs of AR poisoning (pale mot
tled liver, subcutaneous haemorrhage, and large quantities of blood in
the abdominal cavity). These findings have potentially serious implica
tions for legislation attempting to curtail non target exposure by limit
ing public access to SGARs. In the United States, legislation restricting
the use of SGARs to licensed professionals went into effect in 2011
(Bradbury, 2008). However, a subsequent study found an increase in
AR exposure in four predatory bird species in Massachusetts, USA fol
lowing the ban (86% of 161 birds from 2006 to 2010 compared to 96%
of 94 birds exposed from 2012 to 2106) perhaps due to an increased
use of professional rodent control services (Murray, 2017). My findings
provide additional evidence that use of ARs byprofessional pesticide ap
plicators does contribute, at least to some degree, to poisoning of non
target raptors. However, the impacts of this source relative to private
use are difficult to assess because other SGARs which are available to
the public particularly brodifacoum and bromadiolone are in com
mon use by professional pesticide applicators in WA. Taken together,
these results cast doubt on whether regulations restricting sale of

SGARs from private use will be sufficient to reduce widespread expo
sure and toxicity in predatory birds.

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

Fig. 1. Percentages of Southern Boobooks (n= 73) inWestern Australia exposed to rodenticides stratified by total rodenticide liver concentration (mg/kg) thresholds indicating potential
outcomes.

Fig. 2. Percentages of Southern Boobooks (n = 73) exposed to multiple anticoagulant
rodenticides in Western Australia.

Fig. 3. Mean total anticoagulant rodenticide concentration (mg/kg) in liver tissue of
Southern Boobooks (n = 71) in Western Australia by season.
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Exposure tomultiple rodenticides (38.4%)was relatively common in
sampled boobooks but not as frequent as in some other predatory bird
species (Christensen et al., 2012; Murray, 2017; Walker et al., 2011).
The relatively high rate of multiple exposures and the presence of de
tectable levels of up to five different ARs in liver tissue suggests cumula
tive exposure frommultiple prey items over an extended period of time.
This hypothesis is supported by the finding that livers of adult raptors in
Denmark contained multiple rodenticides more frequently than those
of juveniles (Christensen et al., 2012). The prevalence of multiple expo
sures in boobooks is particularly concerning because laboratory studies
on rats determined that warfarin sensitivity is increased after sub lethal
exposure to brodifacoum (Mosterd and Thijssen, 1991). If ARs have a
synergistic effect rather than a purely additive effect, raptors may be
negatively impacted at a lower threshold when exposed to more than
one AR, leading to underestimates of negative impacts on non target
wildlife.

4.2. Rodenticide thresholds

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

Exposure at potentially dangerous but not necessarily lethal levels
was also high relative to most published studies examining rodenticide
exposure in wild raptors found dead or moribund. The proportion of
boobooks exposed at levels above 0.2 mg/kg (35.6%) was higher than
all other reported estimates except for in Barn Owls (Tyto alba)
(57.9%) and Eagle Owls (Bubo bubo) (64.3%) in Spain (López Perea
et al., 2015) and Red Kites (Milvus milvus) (66.7%) in Denmark
(Christensen et al., 2012). In all three species, the sample size was
small (n b 20). The percentage of boobooks with total AR liver concen
trations above 0.1 mg/kg (50.7%) was substantially greater than all pre
viously reported species except for Red tailed Hawks in New Jersey,
USA (47%) (Stansley et al., 2014). At minimum, a threshold of
0.1 mg/kg should be considered potentially dangerous. In a laboratory

study using Eastern Screech Owls (Megascops asio), diphacinone con
centrations of ≥0.1 mg/kg in liver tissuewere associatedwith coagulop
athy (Rattner et al., 2014a). Coagulopathy is likely more dangerous to
wild birds due to greater amounts of movement and injuries associated
with capturing prey and may have synergistic interactions with envi
ronmental stressors which increase the chance of mortality (Erickson
and Urban, 2004). SGARs are also more toxic than diphacinone and
can logically be expected to have at least as great of an impact at the
same threshold.

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

4.3. Spatial correlations

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

The three top ranked models for boobook AR exposure used habitat
data at the scale of an average home range. Foraging behaviour likely
explains the closer correlation of AR exposure and habitat type at the
spatial scale of an average boobook home range relative to other spatial
scales. The vast majority of foraging occurs within an animal's home
range and its exposure to ARs can be expected to relate most closely
to the proportions of habitat types likely to be sources of contamination
of its prey base at this spatial scale. Boobooks have relatively small home
ranges in comparison to other Australian owl species (Kavanagh and
Murray, 1996; Soderquist and Gibbons, 2007). If risk of rodenticide ex
posure is related to developed area at the scale of an animal's home
range, species with larger home ranges may be exposed over a broader
portion of the landscape. This hypothesis is supported by the finding

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

Model Estimate Std.
error

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

Mid developed 2.1439 0.6876 3.118 0.00182 751.43 0.08675021
Mid agriculture 2.4505 0.9844 2.489 0.0128 754.28 0.05158204
Mid native vegetation 2.5139 0.9584 2.623 0.00871 754.35 0.05081192
Big agriculture 3.0121 1.1147 2.702 0.00689 754.51 0.04870524
Small developed 1.5092 0.6822 2.212 0.027 754.53 0.04854103
Big developed 1.7553 0.7547 2.326 0.02 754.83 0.04473145
Small agriculture 1.6016 1.0237 1.565 0.118 756.27 0.02641717
Small native vegetation 1.364 0.9249 1.475 0.14 756.59 0.02232542
Big native vegetation 1.9017 1.066 1.784 0.0744 756.8 0.01968855
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that in bobcats a species with a much larger home range than
boobooks the concentration but not the presence of ARs in liver tissue
correlated with the proportion of developed habitat within their home
range (Riley et al., 2007). Taken in combination, these results suggest
that species with large home ranges are likely to be at risk of some de
gree of AR exposure if their home range encompasses even small
areas of developed habitat. As a consequence, encroachment of human
structures into large areas of natural habitat may have an impact on
predatory species with large home ranges that is disproportionate to
the area of habitat lost through development.

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

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

The negative correlation between total AR exposure and the propor
tion of agricultural area within simulated home ranges was somewhat
surprising, as rodenticides are known to be used in agricultural settings.
AR exposure inwildlife has been attributed to agricultural application of

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

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

4.4. Seasonal differences

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

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

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

4.5. Rodenticide in fledglings

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

Nest successmay also be impacted in the early stages of nesting. Em
bryo toxicity has been observed in domestic chicken eggs injected with
the anticoagulant rodenticide flocoumafen (Khalifa et al., 1992). It is
also possible that exposure to anticoagulant rodenticides could impact

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

5. Conclusion

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

Anticoagulant rodenticides (ARs) are used worldwide in the man
agement of introduced commensal rodents and their associated threats
to crops, infrastructure, and human health (Bradbury, 2008). Baiting
with ARs is also the most frequently used method of eradicating ro
dents from islands and fenced areas for the purpose of preserving or
reintroducing native biodiversity (Hoare and Hare, 2006). These roden
ticides function by indirectly blocking recycling of vitamin K, which is a
critical component in normal blood clotting in vertebrates (Park et al.,
1984). ARs are often divided into first and second generation anticoag
ulant rodenticides based on when they were first synthesized and dif
ferences in chemical structure. Second generation anticoagulant
rodenticides (SGARs) generally have higher acute toxicities than first
generation anticoagulant rodenticides (FGARs) (Thomas et al., 2011).
SGARS are also lethal after a single feed, unlike FGARswhich require ro
dents to feed on them for multiple consecutive days in order to achieve
a lethal effect (Erickson and Urban, 2004). During this time, rodents can
continue to feed and accumulate higher concentrations of ARs
(Bradbury, 2008).

Retention time can vary dramatically between rodenticides but is
generally highest in second generation anticoagulant rodenticides. For
example, in birds, the United States EPA estimates liver retention
times of 35 days for the FGAR warfarin and liver retention times of
248 days and 217 days for the SGARs bromodiolone and brodifacoum,
respectively (Erickson and Urban, 2004). This long duration of
SGAR persistence in liver tissues allows bioaccumulation and
biomagnification in predatory species (Martínez Padilla et al., 2016).
The threat of secondary toxicity is exacerbated by behavioural changes
induced in species which directly consume poisoned bait. Pre lethal ef
fects of ARs include reduced escape response and atypical movement in
wood mice (Apodemus sylvaticus) and bank voles (Clethrionomys
glareolus) (Brakes and Smith, 2005) as well as altered activity cycles
and a startle response that shifted from bolting to freezingwhen threat
ened in brown rats (Rattus norvegicus) (Cox and Smith, 1992). Second
ary toxicity has been demonstrated in the laboratory in awide variety of
species (reviewed in Joermann, 1998) and toxicity in strict carnivores
which are unlikely to eat poisoned bait is well documented in wild an
imals (reviewed in Laakso et al., 2010). One study even found anticoag
ulant rodenticide contamination in four of four mountain lions (Puma
concolor) sampled, with the deaths of two of the individuals directly at
tributable to acute anticoagulant intoxication (Riley et al., 2007). Lethal
intoxication of an apex predator suggests substantialmovement of anti
coagulant rodenticides through several trophic levels and is clearly a

cause for concern. Consequently, secondary poisoning of wildlife has
been identified as a meaningful threat at the population level in several
species (Nogeire et al., 2015; Thomas et al., 2011).

The vast majority of both laboratory and field studies of non target
AR poisoning have been conducted in North America, Europe and New
Zealand, but few studies have investigated secondary poisoning ofwild
life in Australia, where at present, this problem is notwidely recognised.
The need for additional research into non target impacts of anticoagu
lant rodenticides in Australia was identified as early as 1991 and such
research was characterised as “required urgently” (Twigg et al., 1991).
With some common predatory bird species experiencing unexplained
range wide declines (BirdLife Australia, 2015) and a suite of carnivorous
dasyurid marsupials that are already threatened by disease and intro
duced carnivores (Burbidge and McKenzie, 1989; Woinarski et al.,
2015), there is an urgent imperative to understand the role of rodenti
cide in the decline of susceptible wildlife species in Australia.

2. Aims

The aims of this study are to review the existing evidence for the im
pacts of anti coagulant rodenticides on native Australianwildlife and to
highlight knowledge gaps and contextualise non target mortality in
Australia relative to other parts of the world where more comprehen
sive literature exists. We also sought to document the ARs currently
used in Australia and to clarify the differences in legislation governing
rodenticide use between Australia and a selection of other developed
nations. Additionally, we highlight global literaturewhich suggests seri
ous knowledge gaps regarding potentially dangerous impacts of antico
agulant rodenticides on non target wildlife and indigenous people in
Australia and other nations with diverse reptile faunas.

3. Methods

Literature included in this reviewwas obtained by searchingWeb of
Science and Scopus databases for all articles containing the keyword
“Australia” in combination with the following keywords: rodenticide,
anticoagulant, brodifacoum, bromadiolone, coumatetralyl, difenacoum,
diphacinone, difethialone, flocoumafen, pindone, andwarfarin. Only ar
ticles containing information about the use, wildlife impacts, human ex
posure and regulation of anticoagulant rodenticides in Australia were
retained. References within these papers were searched to locate addi
tional sources of information including PhD theses and government re
ports. We excluded agricultural bait development trials using baits
which did not contain active ingredients, modelling of baiting regimes,
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therapeutic use of anticoagulants, lab toxicity trials unrelated to native
Australian wildlife, government fact sheets, and other studies that did
not directly involve the application of anticoagulant rodenticides or
their impacts in Australia. Sources were assigned to seven categories
based on their primary topic (Table 1).

In the course of the review, major knowledge gaps relating to inter
actions between anticoagulant rodenticides and reptiles became appar
ent. To address these gaps and explore potential impacts in Australia, it
was necessary to search world literature relating to reptiles and AR.We
followed the same search protocol using the keywords reptile, snake,
and lizard in combinationwith the following keywords: rodenticide, an
ticoagulant, brodifacoum, bromadiolone, coumatetralyl, difenacoum,
diphacinone, difethialone, flocoumafen, pindone, andwarfarin. Only lit
erature relating to exposure and impacts of ARs on reptiles was exam
ined. All searches were conducted in December 2017 and January 2018.

4. Results and discussion

4.1. Literature survey

We located a total of 45 publications relating to the use, impacts, and
regulation of anticoagulant rodenticides in Australia (Table 1). Themost
common category of literature included 14 resources comprising 30% of
all available publications and related to the documentation of island
eradications of rabbits or rodents undertaken for conservationmanage
ment. While eleven resources related primarily to AR impacts on non
target wildlife, none directly tested rodenticide exposure in a large
number of individuals andmanywere reports of opportunistic observa
tions. One publication, categorised as relating to rodenticide impacts on
native wildlife, included only speculative mentions of potential poison
ing (Olsen, 1996). Eight resources focused on developing AR based
methods for control of rodents, rabbits and pigs, primarily in agricul
tural settings. Only five studies related to laboratory testing of toxicity
of ARs to non target Australian wildlife. One tested the toxicity of the
FGAR pindone to five Australian bird species (Martin et al., 1994). The
other four studies tested toxicity of pindone (Jolly et al., 1994) and the
SGAR brodifacoum in brushtail possums (Trichosurus vulpecula)
(Eason et al., 2017; Littin et al., 2002) and brodifacoum in red necked
wallaby (Macropus rufogriseus) (Godfrey, 1984) for the purpose of de
veloping control protocols for these species in New Zealand where
they are introduced pests. While toxicity literature from elsewhere in
the world is likely to be useful in evaluating the risk of ARs to many
Australian taxa, a lack of information on the toxicity of ARs to reptiles
andmarsupial carnivores preventsmeaningful assessment of thepoten
tial risks posed to these groups.

4.2. Anticoagulant exposure of non target wildlife in Australia

We found fifteen sources which described suspected or confirmed
cases of anticoagulant rodenticide poisoning in 37 Australian wildlife
species (Table 2). Additional cases of poisoning in carnivorous birds
held in rehabilitation facilities as a consequence of encountering poi
soned rodents while in care have also been reported in a Tasmanian
Wedge tailed Eagle (Aquila audax fleayi), a Grey Goshawk (Accipiter

novaehollandiae), and a Tasmanian Masked Owl (Tyto novaehollandiae
castanops) (Mooney, 2017) but these records were not included in
Table 2 because the poisonings occurred in captivity. Records ofwild an
imal poisonings occurred across the Australian Canberra Territory, the
territory of Norfolk Island and all Australian states except for South
Australia. One FGAR (pindone) and two SGARs (brodifacoum and
bromadiolone) were implicated in the poisonings. Five mammal spe
cies, 31 bird species and one reptile species were represented in the re
cords (Table 2). Three species recorded as being poisoned are listed as
vulnerable (Boodie (Bettongia lesueur), Tasmanian Masked Owl (Tyto
novaehollandiae castanops), and Northern Giant Petrel (Macronectes
halli)) and two species are listed as endangered (Norfolk Island
Boobooks (Ninox novaeseelandiae undulata) and Southern Giant Petrel
(Macronectes giganteus)). Additionally, another paper raised concern
over the role that ARs might play in the decline of the Eastern Quoll
(Dasyurus viverrinus), a dasyurid marsupial which is listed as endan
gered (Fancourt, 2016). Further research has been suggested to deter
mine risk levels in this species but no empirical data are available on
incidence of secondary toxicity or exposure rates (Fancourt, 2016).
Out of the fifteen reports of wildlife poisoning, twelve were definitively
related to large deployments of bait by government agencies or
broadacre farmers for the purposes of island eradications, agricultural
rodent control, or rabbit control (Table 2). Only two of the sources spe
cifically implicated small scale private use of rodenticides in the poison
ing of wildlife (Mooney, 2017; Reece et al., 1985). Such use is largely
unregulated and unmonitored and occurs in a large proportion of
inhabited locations (Mooney, 2017).

In addition to accounts of wildlife poisoning, we also located pub
lished accounts suggesting population level effects of rodenticide toxic
ity on carnivorous birds in Australia. Olsen (1996) listed the use of
rodenticides in areas of palm cultivation as a potential contributing fac
tor in the decline of Norfolk Island Boobooks (Ninox novaeseelandiae
undulata × novaeseelandiae). Young and Lai (1997) observed a correla
tion between declines in owl abundance and the use of “Klerat®”a
brodifacoum based rodenticide in sugar cane fields in north Queens
land and documented one confirmed and several suspected cases of
brodifacoum poisoning in owls (James, 1997). A subsequent report
noted three additional cases of owls in Queensland testing positive for
brodifacoum residues (0.007 mg/kg, b0.005 mg/kg, and 0.17 mg/kg)
in the 1990s and two museum specimens of Southern Boobooks
(Ninox novaeseelandiae) with rodenticide poisoning listed as their
cause of death in the collection notes (Thomas and Kutt, 1997). One of
the two specimens, while alive showed symptoms of AR poisoning in
cluding “bleeding from the nasal passages; loss of muscle co
ordination; lethargy including drooping head and eyes; and generally
poor and dirty condition” (Thomas and Kutt, 1997). The report
reviewed several other factors which could potentially have impacted
owl populations in the area and came to the conclusion that there was
“significant potential for secondary poisoning of owls to occur in
Queensland sugarcane as a result of the use of Klerat®” (Thomas and
Kutt, 1997). Crop Care Australia later deregistered Klerat® for use in
sugar cane fields over concerns relating to secondary poisoning
(Twigg et al., 1999).

An unpublished PhD dissertation examined dynamics of secondary
poisoning of avian predators associated with sugar cane fields in
Queensland and concluded that the coumatetralyl based product used
to control rats did not pose a threat to predatory birds (Ward, 2008).
This conclusion was based largely on the low relative use of canefields
for foraging by predatory birds, the low concentration of coumatetralyl
in rats captured outside of canefields, and the low toxicity and persis
tence of coumatetralyl relative to second generation anticoagulant ro
denticides (Ward, 2008). Unfortunately, no predatory birds in the
treated areaswere directly tested for rodenticide exposure. A lack of de
tection of coumatetralyl in Southern Boobooks in Western Australia as
part of an ongoing study supports the low probability of secondary tox
icity in raptors.

Table 1
Numbers and categories of publications relating to anticoagulant rodenticides in Australia.

Study type Number of publications

Island eradications 14
Non-target wildlife impacts 11
Agricultural/feral control trials 8
Captive study 5
Human exposure 4
Pindone reviews 2
Pet exposure 1
Total 45
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Table 2
Accounts of non-target AR toxicity in Australian wildlife. *Authors do not specify how poisoning was verified.

Species Number Rodenticide Certainty State/Territory Source Likely
Exposure
Type

Deitary Category Reference

Reptiles
King's skink (Egernia kingii) 8 Brodifacoum Physical symptoms Western

Australia
Island rat
eradication

Primary Omnivore Bettink, 2015

Birds
Norfolk Island Boobook
(Ninox novaeseelandiae
undulata)

N/A Brodifacoum Suspected Norfolk Island Unspecified rat
control
program

Secondary Carnivore Debus, 2012

Straw-necked Ibis
(Threskiornis spinicollis)

1 Bromadiolone Physical symptoms New South
Wales

Agricultural
mouse control
trial

Secondary Invertivore/carnivore Saunders, 1983

Barking Owl (Ninox connivens) 1 Unknown Physical symptoms Queensland Unknown Secondary Carnivore Thomas and Kutt,
1997

Barn Owl (Tyto alba) 1 Brodifacoum Liver analysis
(unknown
concentration)

Queensland Agricultural rat
control

Secondary Carnivore Thomas and Kutt,
1997

Lesser Sooty Owl (Tyto
multipunctata)

2 Brodifacoum Liver analysis (0.007
and b 0.005 mg/kg)

Queensland Agricultural rat
control

Secondary Carnivore Thomas and Kutt,
1997

Masked Owl (Tyto
novaehollandiae)

1 Brodifacoum Liver analysis (0.17
mg/kg)

Queensland Agricultural rat
control

Secondary Carnivore Thomas and Kutt,
1997

Southern Boobook (Ninox
novaeseelandiae)

1 Unknown Museum record Queensland Unknown Secondary Carnivore Thomas and Kutt,
1997

Brahminy Kite (Haliastur
indus)

2 Pindone Suspected Western
Australia

Island rat
eradication

Secondary Carnivore Martin et al., 1994

Brown Falcon (Falco berigora) 1 Unknown Physical symptoms Tasmania Private rodent
control

Secondary Carnivore Mooney, 2017

Brown Goshawk (Accipiter
fasciatus)

2 Unknown Physical symptoms Tasmania Private rodent
control

Secondary Carnivore Mooney, 2017

Collared Sparrowhawk
(Accipiter cirrocephalus)

1 Unknown Physical symptoms Tasmania Private rodent
control

Secondary Carnivore Mooney, 2017

Grey Goshawk
(Accipiter novaehollandiae)

5 Unknown Physical symptoms Tasmania Private rodent
control

Secondary Carnivore Mooney, 2017

Tasmanian Masked Owl (Tyto
novaehollandiae castanops)

12 Unknown Physical symptoms Tasmania Private rodent
control

Secondary Carnivore Mooney, 2017

Tasmanian Boobook (Ninox
novaeseelandiae leucopsis)

6 Unknown Physical symptoms Tasmania Private rodent
control

Secondary Carnivore Mooney, 2017

Little Eagle (Hieraaetus
morphnoides)

N/A Pindone Suspected ACT Rabbit control Secondary Carnivore Olsen et al., 2013

Wedge-tailed Eagle (Aquila
audax)

N/A Pindone Suspected ACT Rabbit control Secondary Carnivore Olsen et al., 2013

Whistling Kite (Haliastur
sphenurus)

N/A Pindone Suspected ACT Rabbit control Secondary Carnivore Olsen et al., 2013

Buff-banded Rail (Gallirallus
philippensis)

5 Brodifacoum Physical symptoms Western
Australia

Island rat
eradication

Primary Invertivore Palmer, 2014

Silver Gull (Larus
novaehollandiae)

7 Brodifacoum Physical symptoms Western
Australia

Island rat
eradication

Both Invertivore/carnivore Palmer, 2014

Pacific Golden Plover (Pluvialis
fulva)

1 Brodifacoum Suspected Western
Australia

Island rabbit
eradication

Both Invertivore Palmer, 2014

Ruddy Turnstone (Arenaria
interpres)

28 Brodifacoum Physical symptoms Western
Australia

Island rat
eradication

Secondary Invertivore Palmer, 2014

Buff-banded Rail
(Gallirallus philippensis)

2 Brodifacoum Suspected New South
Wales

Island rabbit
eradication

Not
specified

Omnivore Priddel et al., 2000

Pied Currawong (Strepera
graculina)

1 Brodifacoum Suspected New South
Wales

Island rabbit
eradication

Not
specified

Omnivore Priddel et al., 2000

Little Raven (Corvus mellori) 1 Bromadiolone Physical symptoms Victoria Residential
rodent control

Not
specified

Omnivore Reece et al., 1985

Purple Swamphen
(Porphyrio porphyrio
melanotus)

1 Bromadiolone Physical symptoms Victoria Residential
rodent control

Not
specified

Omnivore Reece et al., 1985

Brown Skua
(Stercorarius antarcticus
lonnbergi)

512 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Secondary Carnivore Tasmania Parks and
Wildlife Service,
2014

Kelp Gull (Larus dominicus) 988 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Primary Invertivore/carnivore Tasmania Parks and
Wildlife Service,
2014

Northern Giant Petrel
(Macronectes giganteus)

693 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Secondary Carnivore Tasmania Parks and
Wildlife Service,
2014

Pacific Black Duck (Anas
superciliosa superciliosa) and
Mallard
(A. platyrhynchos
platyrhynchos)

157 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Primary Omnivore Tasmania Parks and
Wildlife Service,
2014

(continued on next page)
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Pindone has been implicated as a factor driving the decline of Little
Eagle (Hieraaetus morphnoides) numbers in and around Canberra
(Olsen et al., 2013). Breeding pairs of Little Eagles disappeared from
areas baited with pindone while pairs in areas baited with 1080 or not
baited at all persisted (Olsen et al., 2013). The high susceptibility of
Wedge tailed Eagles to pindone in laboratory tests (Martin et al.,
1994) lends credibility to the hypothesis that pindone could be respon
sible. Unfortunately, no direct testing of Little Eagles suspected of poi
soning was conducted to confirm pindone exposure and rule out
other ARs from residential and commercial sources.

Recently, a study in Tasmania examined probable rodenticide poi
soning in predatory birds. Six species (Table 2) showed signs of antico
agulant rodenticide poisoning when dissected (Mooney, 2017) but the
rodenticides responsible were not determined or quantified. As part of
this study, thirteen predatory bird species were ranked by risk of roden
ticide exposure according to four natural history parameters: relative
metabolic speed, dietary habits influencing consumption of contami
nated tissues, relative preference for rodents, and willingness to forage
near anthropogenic structures (Mooney, 2017). Development of a
more statistically robust predictive model using similar natural history
parameters to examine risk of rodenticide exposure in a wider range
of predatory species would be an extremely useful step toward
assessing likely population level impacts on wildlife in Australia. Incor
porating variables relating to seasonal dietary shifts and home range
size could potentially improve future models.

The overall lack of attention within Australia to what is perceived as
a potentially serious threatening process for native carnivores in many
other parts of the world suggests the need for Australian studies
which examine potential impacts on native fauna in a quantitative

and comprehensive manner. Susceptibility of marsupial carnivores is
particularly poorly understood and should be a focus of future research.
Furthermore, a surveillance program should be in place in areas of high
AR use, to monitor any dead wildlife for a cause of death. Most of the
studies we used did not sample animals and thus were not able to con
firm suspicions of death due to rodenticide poisoning.

4.3. Governance and legislation of rodenticide use

At present, no information is available on the volume of sales or ap
plication of ARs in Australia. Reporting for all poisons intended to con
trol vertebrates indicates that 222 different products are currently
registered with a total sales reaching $18,601,875.00 in the
2015 2016 fiscal year (Australian Pesticides and Veterinary Medicines
Authority, 2017a). Nine anticoagulants are currently approved for ver
tebrate pest control in Australia (McLeod and Saunders 2013). At pres
ent, all nine are listed as Schedule 6 substances (see Appendix A for
schedule meanings) in Australia (Australian Government Department
of Health: Therapeutic Goods Administration, 2017) (Table 3) and are
legally allowed to be sold directly to the public and do not require gov
ernment permits for purchase or use. In some cases, more concentrated
formulations of SGARs are listed as Schedule 7 substances and are re
stricted to licensed pesticide applicators (Australian Government De
partment of Health: Therapeutic Goods Administration, 2017) while
products containing low concentrations of some FGARs are registered
as schedule 5 substanceswhich require only simplewarnings and safety
directions for public sale (Table 3). The FGAR diphacinone is currently
approved as an active ingredient but has no products registered with
the APVMA after July 2016 (Australian Pesticides and Veterinary

Table 2 (continued)

Species Number Rodenticide Certainty State/Territory Source Likely
Exposure
Type

Deitary Category Reference

Southern Giant Petrel
(Macronectes halli)

38 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Secondary Carnivore Tasmania Parks and
Wildlife Service,
2014

Unknown Bird 5 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Not
specified

Tasmania Parks and
Wildlife Service,
2014

Unknown giant petrel
(Macronectes sp.)

31 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Secondary Carnivore Tasmania Parks and
Wildlife Service,
2014

Australian Ringneck
(Barnardius zonarius)

N/A Pindone Suspected Western
Australia

Rabbit control Primary Herbivore Twigg et al., 1999

Brahminy Kite (Haliastur
indus)

N/A Pindone Suspected Western
Australia

Rabbit control Secondary Carnivore Twigg et al., 1999

Crested Pigeon (Ocyphaps
lophotes)

N/A Pindone Known* Western
Australia

Rabbit control primary Herbivore Twigg et al., 1999

Grass Owl (Tyto longimembris) 1 Brodifacoum Liver analysis Queensland Agricultural rat
control

Secondary Carnivore Young and Lai, 1997

Masked Owl (Tyto
novaehollandiae)

1 Brodifacoum Physical symptoms Queensland Agricultural rat
control

Secondary Carnivore Young and Lai, 1997

Rufous Owl (Ninox rufa) 2 Brodifacoum Physical symptoms Queensland Agricultural rat
control

Secondary Carnivore Young and Lai, 1997

Mammals
Southern brown bandicoots
(Isoodon obesulus)

N/A Pindone Liver analysis Western
Australia

Rabbit control Primary Omnivore Twigg et al., 1999

Swamp wallaby (Wallabia
bicolor)

N/A Pindone Known* New South
Wales

Rabbit control Primary Herbivore Twigg et al., 1999

Western grey kangaroo
(Macropus fuliginosus)

N/A Pindone Known* Western
Australia

Rabbit control Primary Herbivore Twigg et al., 1999

Brushtail possum
(Trichosurus vulpecula)

7 Unknown Physical symptoms Queensland Unknown Not
specified

Omnivore Grillo et al., 2016

Boodie (Bettongia lesueur) 20–50 Pindone Population
eradicated

Western
Australia

Island rat
eradication

Primary Herbivore Morris, 2002
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Medicines Authority, 2017b). However, remaining stock can still be
used for 12 months following a stopped registration (Commonwealth
of Australia, 1994) and MSDS sheets obtained from a pest management
contractor seem to indicate that at least one diphacinone product is still
in use at present. The APVMA has prioritised a review of the status of all
SGARs currently approved in Australia (brodifacoum, bromadiolone,
difenacoum, difethialone, and flocoumafen) citing concerns over public
health, worker safety, and environmental safety (Australian Pesticides
and Veterinary Medicines Authority, 2015).

Increasing concerns over risks to the health and safety of humans
and pets and impacts on non targetwildlife have prompted stricter reg
ulation of anticoagulant rodenticides particularly SGARs in several
developed nations. While rodenticide legislation is often complex and
varies substantially between countries, the trend is toward stricter leg
islation than currently exists in Australia. In theUnited States, SGARs are
restricted to licensed pesticide applicators, only allowed to be used in
doors, and are required to be placed in containers which exclude chil
dren and pets (Bradbury, 2008). Similar requirements were
subsequently implemented in Canada (Health Canada: Pest Manage
ment Regulatory Agency, 2010). A somewhat different approach is
taken in theUK,where SGARS are licensed for outdoor use but an indus
try taskforce has been established to monitor both rodenticide applica
tor usage patterns and breeding success and SGAR residues in the livers
of one sentinel species Barn Owls (Tyto alba) to determine the im
pacts of this legislative change on exposure rates (Shore et al., 2016).
These alternative models of AR regulation and the direction they repre
sent in evolving global norms should be considered when evaluating
current Australian regulations.

Given the changes in legislation governing the use of ARs in other
developed nations and demonstrated impacts on human health and
wildlife populations overseas, we support the ongoing review of the
use and scheduling of SGARs in Australia by the APVMA. In Australia,
AR poisoning has been documented in pets (Robertson et al., 1992)
and humans (Osborne et al., 2017), particularly children (Ozanne
Smith et al., 2001; Parsons et al., 1996; Reith et al., 2001). Roughly
1400 human exposures to ARs per year are recorded by Poison Informa
tion Centres in Australia (Australian Pesticides and Veterinary Medi
cines Authority, 2015). Removal of SGARs from retail sale to the public
by listing all SGARs as schedule 7 poisons and implementing stricter re
quirements that baits be used only indoors and placed in a manner that
makes them inaccessible to children and pets will help to bring
Australian practices closer to emerging global norms and best practices.
These actions are likely to help to mitigate human health and safety
risks and exposure in non target wildlife. Critical evaluation of whether
these practices are effective will require long term monitoring of AR
residues in appropriate sentinel species as practiced in theUK before
and after any regulatory changes are implemented. Ongoing research
into exposure patterns in Southern Boobooks will provide valuable

baseline data for a widely distributed sentinel species if the suggested
regulatory changes are implemented.

4.4. Current uses in Australia

4.4.1. Agricultural
In Australian agriculture, ARs are primarily used in asset protection

around infrastructure and grain storage areas andmany first and second
generation products are licensed for these purposes. In the past, several
trials have been conducted on broadscale application of rodenticides in
Australian cropping systems.

Brown and Singleton (1998) found aerial distribution of
brodifacoum based baits effective at controlling mice in wheat fields
in South Australia in a field trial and the authors suggested that applica
tion according to guidelines was unlikely to cause substantial non
target mortality. However, mice were observed to be active during the
day following the baiting, which the authors acknowledged could in
crease the risk of secondary poisoning in predatory species (Brown
and Singleton, 1998). To our knowledge, aerial distribution of
brodifacoum baits in wheat crops has never been implemented on an
operational basis in Australian agriculture.

Several trials of bromadiolone efficacy in controlling mouse plagues
have been conducted in agricultural crops in Australia. In the earliest of
these studies, aerial application was used to distribute bromadiolone
bait directly into sunflower crops in New South Wales (Saunders,
1983). Bromadiolone was identified as the most promising of the
three toxicants tested but the authors noted concern over
bromadiolone's slowmethod of action potentially facilitating secondary
poisoning of predators selecting for poisoned mice (Saunders, 1983).
One Straw necked Ibis (Threskiornis spinicollis) was found dead of ap
parent rodenticide poisoning after having consumed 6 10 mice in an
area where bromadiolone had been aerially applied as part of a trial to
control mice in sunflower crops (Saunders, 1983). In a subsequent
study, wheat laced with bromodialone was applied a single time in
bait stations in soybean crops in New South Wales (Twigg et al.,
1991). The study did not search for or detect any mortalities in non
target wildlife but cautioned that “The risks to non target species and
of contaminating primary produce posed by broad scale use of rodenti
cides would need to be assessed fully before these chemicals could be
come an integral part of farm management. In Australia, such data are
sparse and research is required urgently” (Twigg et al., 1991). The
only subsequent available study on broad scale use of bromadiolone
in agriculture used a fertiliser spreader to apply four treatments of
wheat laced with bromadiolone to “refuge habitat, channel banks,
fence lines, non arable land and road verges” within 200 m of soybean
crops in New South Wales but failed to demonstrate significant reduc
tions in crop damage (Kay et al., 1994). It does not appear that non
target exposure was evaluated as part of this study.

Table 3
Anticoagulants currently approved for vertebrate pest control in Australia. Some anticoagulants are assigned different schedules dependant on formulation. *Some disagreement exists as
to whether these should be treated as first or second generation anticoagulants †Warfarin is used therapeutically in humans as a blood thinner.

Anticoagulant Chemical class Generation Schedule (See Appendix A) Acute Oral LD50

(Rattus
norvegicus) mg/kg

LD50 Reference Approved Target
Species

Brodifacoum Hydroxycoumarins Second 6 (0.25% or less) or 7 0.27 Godfrey, 1985 Mice and rats
Bromadiolone Hydroxycoumarins Second 6 (0.25% or less)or 7 0.57–0.75 Meehan, 1978 Mice and rats
Coumatetralyl Hydroxycoumarins First 5 (0.05% or less), 6 (1% or less), or 7 16.5 Dubock and Kaukeinen,

1978
Mice and rats

Difenacoum Hydroxycoumarins Second 6 (0.25% or less) or 7 1.8–3.5 Bull, 1976 Mice and rats
Difethialone Hydroxyl-4-benzothiopyranones Second 6 (0.0025% or less) or 7 0.27–0.69 Lechevin and Poche, 1988 Mice and rats
Diphacinone Indandiones First* 6 1.93–2.7 Fisher et al., 2003 Approval

expired
Flocoumafen Hydroxycoumarins Second 6 (0.005% or less) or 7 0.25–0.56 Lund, 1988 Mice and rats
Pindone Indandiones First* 6 75–100 Fisher et al., 2003 Rabbits
Warfarin Hydroxycoumarins First 4†, 5 (0.1% or less), or 6 3.3 Fisher et al., 2003 Mice and rats
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Contrary to the warning issued by Twigg et al. (1991), which cau
tioned a more complete assessment of non target impact prior to the
broad scale use of ARs in agriculture, under some circumstances, ARs
are or have been used in or adjacent to crops to control mice and rats.
During mouse plagues, temporary registrations for the use of
bromadiolone have been issued for use in wheat crops in Victoria in
1984, perimeter baiting of oilseed crops in New South Wales in
1984 1985, and in soybean crops in New South Wales in 1989 (Twigg
et al., 1991). Expired permits issued to allow the baiting of crop perim
eters with bromadiolone show valid periods between 16 September
1999 and 31 December 1999 (PER3031); 06 December 2006 and 30
March 2009 (PER9543); and 31 March 2009 and 30 June 2016
(PER11331) (Australian Pesticides and Veterinary Medicines Authority,
2017b). There are no current permits for the use of bromadiolone in pe
rimeter baiting around crops but a current New South Wales govern
ment factsheet and web page state that bromadiolone bait can be
prepared by the Livestock Health and Pest Authority (LHPA) for avail
ability to farmers in perimeter baiting around crops (New South
Wales Department of Primary Industries, 2011; New South Wales
Government: Department of Primary Industries, 2017).

The SGAR brodifacoum was also previously applied broadscale in
sugar cane fields in Queensland (Young and Lai, 1997) but the registra
tion for that use has since been revoked over concerns about mortality
in non target wildlife (Twigg et al., 1999). The use of brodifacoum in
this context has largely been replaced by the use of the FGAR
coumatetralyl. Research on non target impacts of coumatetralyl in
sugar cane fields demonstrated low risk of secondary toxicity (Ward,
2008). Coumatetralyl is currently registered for use in pineapple,
macadamia, and sugar cane crops in all states and territories
(Australian Pesticides and Veterinary Medicines Authority, 2017b).

Published literature and official accounts may seriously underesti
mate the usage of ARs in cropping systems in Australia. A study of sec
ond generation anticoagulant use in agricultural systems in Northern
Ireland found that total compliance with best practice application
methods was rare and lack of compliance probably facilitated greater
risk of secondary toxicity to native wildlife (Tosh et al., 2011). Within
Australia, landowners have requested pindone with the intention of
using it to reduce kangaroo abundance in contravention of its label
(Twigg et al., 1999). Many ARs are readily available in hardware and ag
ricultural supply stores in Australia without a permit and the potential
for use contrary to labelling restrictions is high. A better understanding
of current legal and illegal usage of ARs in agriculture is necessary to de
termine the likelihood of secondary poisoning of non target species in
agricultural systems.

4.4.2. Conservation
ARs have a long history of use on islands and in fenced reserves

worldwide for eradication of rodents for conservation purposes. At
present, application of ARs is the only effective way of removing intro
duced rodents from islands larger than 5 ha for conservation purposes
(Campbell et al., 2015). Many successful andwell documented eradica
tions of introduced rodents and rabbits have been conducted in
Australia using ARs (Bettink, 2015; Burbidge, 2004; Cory et al., 2011;
Dunlop et al., 2015; Meek et al., 2011; Morris, 2002; Priddel et al.,
2000; Tasmania Parks and Wildlife Service, 2014). Pindone was used
in some early eradications but its use has largely been supplanted by
brodifacoum (Burbidge and Morris, 2002) and bromadiolone (Meek
et al., 2011). Reviews of island eradications have been conducted for
New South Wales (Priddel et al., 2011) and Western Australia
(Burbidge and Morris, 2002).

During the course of some eradications, high levels of non target
mortality and poisoning of species listed under the Australian Environ
ment Protection and Biodiversity Conservation Act 1999 have been docu
mented. In one instance, boodies (Bettongia lesueur) (listed as
vulnerable) were accidentally eradicated on Boodie Island along with
the intended target, black rats (Rattus rattus) (Morris, 2002). An

eradication of black rats was proposed for Woody Island in Western
Australia but was halted when the rats on the islandwere subsequently
identified as a native species (Rattus fuscipes) (Burbidge et al., 2012).
During the successful eradication of rabbits, black rats, and mice (Mus
musculus) on Macquarie Island, concerns were expressed by the public
and government authorities over the observed mortality of 2424 indi
viduals from several seabird andwaterfowl species, presumably related
to the use of the SGAR brodifacoum (Tasmania Parks and Wildlife
Sevice, 2014). While some species, especially Northern Giant Petrels
(listed as vulnerable) experienced substantial population level declines
as a result of the baiting, the reductions were expected to be temporary
and removal of introduced mammals has already facilitated improved
population parameters in a number of seabird species (Tasmania
Parks and Wildlife Service, 2014). Endangered Southern Giant Petrels
were also lethally poisoned during the course of this eradication
(Tasmania Parks and Wildlife Service, 2014). Collateral damage to
non target species may be acceptable and necessary in some situations
but more careful consideration and planning are required to avoid poor
outcomeswhich have occurred or been narrowly averted during rodent
eradications in the past. In some instances, bait boxes modified to ex
clude native fauna may decrease the incidence of primary of non
target wildlife AR exposure during eradication attempts (Moro, 2001).
Use of biological control agents prior to baiting can also increase the
probability of success and reduce the volume of poison needed to re
move target animals (Priddel et al., 2000). Close monitoring of non
target mortality during and after island eradications is necessary to
properly assess the relative benefit to native biodiversity.

In Australia, ARs have also been tested as a method to control feral
pigs for conservation purposes and reduction of agricultural threats. Tri
als using the FGAR warfarin were conducted in New South Wales
(Choquenot et al., 1990; Saunders et al., 1990) and the Australian Capi
tal Territory (McIlroy et al., 1989). While two of the three trials found
the use of warfarin to be highly effective, this method does not appear
to have been put into practice due to concerns over animal ethics,
non target exposure, and a shift toward the use of 1080 baits for pig
control (Cowled et al., 2008). However, the use of warfarin to control
feral pigs in Australia has been recommended in thepublished literature
as recently as 2014 (McIlroy, 2014). While warfarin is unlikely to cause
secondary poisoning in exposed wildlife, the risk of primary poisoning
to wildlife consuming bait intended for pigs is likely too high to warrant
the use of this method of control.

4.4.3. Residential and commercial
Patterns of residential and commercial use of ARs in Australia are

poorly known. At present, the Australian Pesticide and Veterinary Med
icine Association (APVMA) lists seven ARs (two FGARs and five SGARs)
as registered for use in Australia in commercial and residential settings
(Table 3). We have observed two FGARs (warfarin and coumatetralyl)
and three SGARs (brodifacoum, bromadiolone, and difenacoum) avail
able for purchase by the public at retail outlets in Western Australia.
The SGARs flocoumafen and difethialone are also used by commercial
pest control companies in residential and commercial settings. Residues
of both have been detected in native wildlife in Western Australia. Pat
terns of availability to unlicensed individuals are similar to those in the
UKwhere three FGARs and five SGARs are registered for use and are not
restricted to licensed applicators (Shore et al., 2016). However, regula
tions governing AR use are substantially more restrictive in some
other industrialized countries. In the US, three FGARs are permitted
for use by the public but all four registered SGARs are restricted to use
by licensed pesticide applicators (Bradbury, 2008). Similarly, in
Canada the public has access to three FGARs and licensed contractors
may use an additional three SGARs (Health Canada: Pest Management
Regulatory Agency, 2010).

The lack of available data on the quantities of ARs used in domestic
and commercial settings and the locations where they are used makes
it nearly impossible to gauge the potential non target impacts of these
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products. Only two publications directly implicate private use of roden
ticides in non target mortality in Australia. In themost definitive exam
ple, brodifacoum was implicated in the deaths of a Purple Swamphen
(Porphyrio porphyrio melanotus) and Little Raven (Corvus mellori)
which showed signs of AR poisoning after baiting in a residential area
(Reece et al., 1985). In Tasmania, residential and small scale agricultural
baiting is thought to have been the source of ARs responsible for the
suspected lethal poisonings of 27 individuals from six raptor species
(Mooney, 2017). Given that use of rodenticides in conservation and ag
ricultural contexts is relatively limited and only occurs periodically, the
total amount deployed in residential and commercial settings is likely to
be far greater. Accordingly, overseas studies on rodenticide exposure in
bobcats (Lynx rufus) in America (Riley et al., 2007) and a variety of bird
and mammal species in Spain (López perea et al., 2015) indicate a spa
tial correlation between population density and AR exposure inwildlife.
Collection of basic information on the quantities of ARs sold to private
residents and pest control contractors by locality coupled with system
atic testing of wildlife populations across different land use types will
be essential in assessing the risks posed to non target wildlife by resi
dential and commercial use of ARs.

4.5. Unique considerations in Australia

4.5.1. Pindone
Unlike other ARs used in Australia, the SGAR pindone has received

more scrutiny and has been the focus of a greater body of research be
cause of its longer history of use and large scale of use in rabbit control.
At present, it is only registered for use in Australia and New Zealand
(Fisher et al., 2015; Twigg et al., 1999) and, as a consequence, has re
ceived little attention by researchers elsewhere in the world. Efficacy
trials for rabbit control were conducted in Western Australia in
1971 1975 (Oliver et al., 1982) and 1981 1982 (Robinson and
Wheeler, 1983). Pindone was registered in Western Australia for rabbit
control in 1984 and was subsequently registered for the same use in all
other Australian states (Twigg et al., 1999). Pindone was registered for
use in New Zealand in 1992 (Twigg et al., 1999). In Australia, pindone
is used in rabbit control primarily in areas where the use of sodium
fluoroacetate (1080) is deemed to pose too great a risk to humans and
pets (Department of Agriculture and Food Western Australia, 2015).
Such areas include “market gardens, golf courses, hobby farms, around
farm buildings” (Twigg et al., 1999) and bushlands adjacent to popu
lated areas. In the past, it has also been used in island eradications of
rabbits and rodents prior to being largely replaced by brodifacoum
(Burbidge and Morris, 2002; Priddel et al., 2011).

Pindone use in Australia has been the subject of extensive review
(National Registration Authority For Agricultural and Veterinary
Chemicals, 2002; Twigg et al., 1999) prompted by public concern over
reports of lethal poisoning of non target species (Table 2). As a conse
quence, additional restrictions were placed on the sale of pindone con
centrates and labelling was required to include a “statement not to lay
baits in the vicinity of native animal habitat” (National Registration
Authority For Agricultural and Veterinary Chemicals, 2002).

At present, little is known about the effects of pindone on non target
species. Pindone has been shown in laboratory tests to have varying ef
fects on different native Australian bird taxa (Martin et al., 1994).
Wedge tailed Eagles were more susceptible than other species tested
but Common Bronzewings (Phaps chalcoptera) and other granivores
were also noted to be at high risk of poisoning due to direct consump
tion of poisoned grain (Martin et al., 1994). Despite the authors' recom
mendation forfield studies of impacts onWedge tailed Eagles and other
raptors (Martin et al., 1994), to the best of our knowledge, no further
study on this topic has been conducted in Australia.

The repeated use of an anticoagulant in natural areas to control but
not eradicate rabbits appears to be unique to Australia and New
Zealand. The repeated pattern of use in the same areas may pose a seri
ous long term threat to susceptible wildlife populations. This may be

especially problematic for long lived species with low reproductive
rates which are unable to sustain low levels of additive mortality. The
potential link between pindone baiting and the decline of Little Eagles
in Canberra (Olsen et al., 2013) exemplifies this concern. However, an
ongoing study of rodenticide exposure in Southern Boobooks has not
detected any pindone residue in samples tested to date despite testing
of samples obtained in areas where pindone baiting has occurred. Dif
ferences in diet, territory size, and metabolism could account for this
lack of detection. In some instances, reduction of prey abundance via
ARs could potentially drive declines in predatory species rather than di
rect ARs toxicity. However, in the instance of Little Eagles in Canberra,
this does not appear to be the case, as the decline of Little Eagle abun
dance was independent of rabbit abundance (Olsen et al., 2013). Addi
tional research into the sensitivity of Australian fauna to pindone and
the population impacts of different patterns of use are necessary to de
termine the extent and severity of impacts on non target fauna. At min
imum, the continued use of pindone to control rabbits in bushland areas
needs to be evaluated as to whether it provides a net benefit or detri
ment to the conservation of native biodiversity.

Human consumption of rabbits is common in agricultural areas and
may facilitate some risk of human exposure to pindone. Risk of substan
tial human exposure is reduced by the fact that livers are not typically
consumed. However, pindone has been demonstrated to accumulate
in fat tissue in rabbits at similar concentrations to liver tissue (Fisher
et al., 2015). Some discussions of risk of human exposure to ARs via in
gestion of contaminated gamemeats have suggested that cooking prior
to consumption might reduce AR exposure through degradation of the
relevant chemicals (Eisemann and Swift, 2006). Conversely, subsequent
empirical research demonstrated that, at least in pig tissues contami
nated with diphacinone, cooking did not substantially reduce AR con
centration (Pitt et al., 2011). While we consider the risk of pindone
poisoning associated with human consumption of wild rabbits to be
low due to its relatively short half life and low acute toxicity, as a min
imum precaution we recommend adhering to established 5week with
holding period for livestock exposed to pindone (Twigg et al., 1999).

4.5.2. Reptiles
We found only one example of documented or suspected lethal AR

poisoning of reptiles in Australia (Bettink, 2015) in the course of our lit
erature search. A further investigation of international literature re
vealed serious gaps in knowledge relating to impacts of ARs on
reptiles and their potential role as vectors to higher trophic levels. In
combination, the few existing published accounts suggest that some
reptiles may be more resistant to anticoagulant rodenticides than
birds or mammals. As a consequence, developing a better understand
ing of how reptiles are impacted by AR exposure and their potential as
vectors tomore vulnerable taxawill be critical to evaluating the ecotox
icology of ARs in areas of theworldwhere reptiles are a substantial com
ponent of biodiversity.

The mechanisms by which carnivorous birds and mammals are ex
posed to ARs have not been widely researched (Elliott et al., 2014).
The few studies investigating AR exposure in intermediate vectors
tend to focus on insects (Masuda et al., 2014), and small mammals
(Brakes and Smith, 2005) as potential vectors (Elliott et al., 2014) with
the vastmajority of work focusing on target and non target small mam
mals (Hoare and Hare, 2006). Because most of these studies have been
conducted in temperate areas of Europe or North America, theymay not
be representative of dominant exposure pathways in tropical andwarm
arid areas of the world. In areas where reptiles are more diverse and
abundant, reptiles may act as an important pathway for transmission
of ARs through terrestrial food webs because of their increased relative
importance as prey items for carnivores at higher trophic levels (Hoare
andHare, 2006). Furthermore, in ecosystemswith a high predominance
of carnivorous reptiles e.g. snakes, monitor lizards and large skinks,
there may be a direct bio accumulation effect when reptiles prey on
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rats ormice directly, or on other reptiles, leading to a negative impact on
larger bodied reptiles (Bishop et al., 2016; Olsson et al., 2005).

Reptiles make up a substantial proportion of the prey base of some
carnivores in Australia (Doherty et al., 2015; Paltridge, 2002) and com
prise N80% of the biomass in the diets of some predatory bird species
(Aumann, 2001). Reptile diversity and abundance is substantially
higher in Australia than in Europe and North America (Roll et al.,
2017) where secondary anticoagulant rodenticide exposure has been
more comprehensively assessed in native fauna. As a consequence, un
derstanding patterns of exposure in reptiles and their capacity to trans
mit ARs to higher trophic levels is critical to understanding ecosystem
level AR exposure in Australia and other countries with high reptile
abundance. Only a few studies have investigated the mechanisms and
ramifications of AR exposure in reptiles (Hoare and Hare, 2006). In
one instance, the SGAR brodifacoumwas detected in Pinzón lava lizards
(Microlophus duncanensis) up to 850 days after baiting of an uninhab
ited island with no other rodenticide sources (Rueda et al., 2016).
Long duration of AR persistence in lava lizards could be a consequence
of recursive exposure from consumption of invertebrates feeding on
reptile faeces containing AR residue, low elimination rates by lizards,
or slow decomposition leading to prolonged availability of bait (Rueda
et al., 2016). Subsequent deaths of 22 Galapagos hawks (Buteo
galapagoensis) showing signs of rodenticide toxicity were attributed to
secondary poisoning resulting from consumption of lava lizards, as
was the death of a short eared owl (Asio flammeus) found deadwith le
thal concentrations of brodifacoum present in its liver 773 days after
baiting (Rueda et al., 2016). If other reptile species are also capable of
vectoring lethal levels of rodenticide to higher trophic levels for greater
than two years after initial exposure, the threat of secondary poisoning
to carnivorous birds andmammals in regions of the world with diverse
and abundant herpetofaunas may be severely underestimated.

High tolerance to AR exposure may also increase the efficacy of rep
tiles as vectors of ARs to higher trophic levels. At least some reptiles ap
pear to be substantially more resistant to AR toxicity than birds or
mammals (Weir et al., 2015). An acute oral LD50 of 550 μg/g was deter
mined for the AR pindone in Western fence lizards (Sceloporus
occidentalis) (Weir et al., 2015). No LD50 was determined for the
SGAR brodifacoum because all western fence lizards tested survived
the highest does of 1750 μg/g (Weir et al., 2015). Both LD50s are three
to five orders of magnitude higher than inmost bird andmammals spe
cies tested (Laakso et al., 2010). Similarly, when prairie rattlesnakes
(Crotalus viridis) were fed three laboratory mice poisoned with
bromadiolone over the course of three weeks, none of the snakes died
or showed signs of rodenticide toxicity in the 30 days following the
treatment despite consuming more mg/Kg brodifacoum than the
LD50s established for several mammal species in the same study
(Poché, 1988). Pitt et al. (2015) examined brodifacoum residues in
112 geckoes (Lepidodactylus lugubris and Hemidactylus frenatus) col
lected on Palmyra Atoll after rat control operations. They noted a peak
concentration of 0.067 μg/g and detectable concentrations at about
half of this rate were still noted 60 days post baiting (Pitt et al., 2015).
Pitt et al. (2015) concluded that geckos were unlikely to experience
mortality but on islands where secondary predators existed, there
could be some ecosystem wide impacts. Similarly, bungarras or Gould's
goannas (Varanus gouldii)were observed consuming rats poisonedwith
brodifacoum during an eradication in the Montebello Islands of West
ern Australia, but did not appear to experience adverse effects
(Burbidge, 2004). If a tolerance for rodenticides exists across multiple
reptile taxa, reptiles may be more effective at concentrating and trans
mitting ARs to higher trophic levels than the small mammals which
have been more commonly examined as potential vectors of ARs to
higher trophic levels.

Conversely, in some instances, apparent susceptibility of some rep
tile species to ARs has been observed or hypothesized. In Australia, the
single documented account of lethal AR toxicity in reptiles involved
the direct ingestion of brodifacoum baits by King's skinks (Egernia

kingii) during a rat eradication on Penguin Island in Western Australia
(Bettink, 2015). Eight of the skinks were found dead and exhibited
haemorrhage associated with AR toxicity and several others were
treated with vitamin K and released (Bettink, 2015). Subsequent analy
sis revealed a concentration of 1.3 mg/kg in the liver of one of the dead
skinks (Bettink, 2015). This liver concentration is well above minimum
lethal thresholds suggested for many bird and mammal species so it is
difficult to infer relative susceptibility of King's skinks from this event.
Sánchez Barbudo et al. (2012) documented the death of a horseshoe
whip snake (Hemmorrhois hippocrepis) due to flocoumafen used to pro
tect a seabird colony. A number of anecdotal accounts of lethal AR poi
soning have also been reported in skinks and geckos (Wedding et al.,
2010). Susceptibility of goannas in Australia to poisoning with
brodifacoumhas also been suggested (James, 1997), although it appears
that this only considers the likelihood of exposure due to carrion being a
component of their diet rather than an actual vulnerability to the effects
of brodifacoum. The lack of observed mortality in some reptile species
may be due to a delayed onset of effects relative to birds andmammals.
This possibility is supported by the observation of the deaths of six
Galápagos land iguanas (Conolophus subcristatus) more than two
months after their island was baited with brodifacoum to control rats.
Merton (1987) described a similar incident in which Telfair's skinks
(Leiolopisma telfairii) were found dead three to six weeks after AR bait
was used on Round Island, Mauritius. The delay in mortality was pre
sumed to be a result of some physiological difference between reptiles
and bird and mammals (Merton, 1987). If some reptiles are susceptible
to AR poisoning but exhibit substantially delayedmortality, theymay be
extremely effective vectors to vulnerable species in higher trophic levels
if they are able to ingest higher levels of rodenticide over the pre lethal
period and if mortality is preceded by behaviours which increase the
likelihood of predation. Laboratory toxicity tests are needed across a
representative suite of reptile taxa to resolve questions around the dan
gers posed to reptiles by ARs and the capacity of reptiles to vector ARs to
higher trophic levels. Extensive testing of wild reptiles would be useful
in assessing exposure rates and ecological impacts of reptile exposure to
ARs.

Primary consumption of ARs by reptiles through direct consump
tion of baits intended for rodents also requires additional evaluation
as a source of AR contamination in terrestrial ecosystems. In captive
trials, some but not all skinks (Oligosoma maccanni) consumed or
licked pindone bait, with increased consumption when the bait
was wet (Freeman et al., 1996). Direct consumption of brodifacoum
baits by Shore Skinks (Oligosoma smithi) in the wild has been ob
served in New Zealand (Wedding et al., 2010). Wedding et al.
(2010) cite records of five other skink species eating cereal baits,
some of which contained rodenticides. Bennison et al., 2016 used
dye tracers to prove that the large carnivorous King's Skink
(Egernia kingii) had ingested non toxic baits laid out on islands off
theWest Australian coast. King's Skinks were subsequently observed
consuming baits containing brodifacoum during the course of a rat
eradication on Penguin Island in Western Australia, despite the use
of specially designed bait containers intended to exclude the skinks
(Bettink, 2015). Others have observed bobtails (Tiliqua rugosa) an
other large omnivorous skink inside AR bait boxes in urban areas
(Ashleigh Wolfe, Personal communication).

These examples are cause for concern, as both bobtails and large
skinks in the genus Egernia have been documented as prey remains at
Wedge tailed Eagle (Aquila audax) nests across a large geographic
area (Brooker and Ridpath, 1980). In one instance, remains of 13 bob
tails were found below a Wedge tailed Eagle nest on a single visit
(Simon Cherriman, unpublished data). Wedge tailed Eagles are impor
tant top carnivores in Australian foodwebs and are highly susceptible to
toxicity from the anticoagulant rodenticide pindone relative to other
bird species tested (Martin et al., 1994). Other carnivorous birds and
mammals with a higher proportion of reptiles in their diet could poten
tially be at greater risk.
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Reptiles could also potentially serve as an effective vector of ARs be
tween invertebrates which consume baits and more sensitive verte
brates at higher trophic levels. Invertebrates have been implicated in
directly vectoring rodenticides to bird species including New Zealand
Dotterels (Charadrius obscurus aquilonius) (Dowding et al., 2006) and
nestling Stewart Island robins (Petroica australis rakiura) (Masuda
et al., 2014) as well as the insectivorous European hedgehog
(Erinaceus europaeus) (Dowding et al., 2010). If the relative tolerance
of ARs demonstrated by Weir et al. (2015) is consistent across numer
ous reptile taxa, the potential for reptiles to bioaccumulate and
biomagnify ARs from lower trophic levels and subsequently retain
them for long periods of timemakes insectivorous reptiles a potentially
important and widely unrecognised vector for anticoagulant rodenti
cides to more susceptible fauna in higher trophic levels.

In Australia, some reptile species, particularly goannas (Varanus
spp.), are a culturally and economically important component of a tradi
tional diet for some indigenous peoples (Scelza et al., 2017). Liver tissue
of varanids is consumed by some indigenous groups (Caroline Long,
Personal communication) and fatty tissues of monitor lizards are
eaten preferentially to other body parts (Gracey, 2000). Some rodenti
cides are known to accumulate to high levels in fat tissue in mammals
(Fisher et al., 2015) but accumulation patterns in reptiles are unknown.
During the course of a rodent eradication on islands in Western
Australia, bungaras (Varanus gouldii) were “observed eating dead and
dying rats to the extent that some droppings contained the green dye
from the bait” which contained brodifacoum but no mortalities were
observed (Burbidge, 2004). These observations raise concerns that if
baiting has occurred in or near areas where traditional hunting of
varanids takes place, the consumption of varanid tissues likely to accu
mulate ARs may present a previously unrecognised human health and
safety risk. Consumption of feral cats by indigenous people may pose
another pathway for rodenticide exposure, as feral cats have been
killed by secondary AR poisoning during baiting events in New
Zealand (Alterio, 1996). Several studies have cautioned against the
consumption of wild game in areas where ARs have been used
(Eisemann and Swift, 2006; Pitt et al., 2011), particularly SGARs
(Eason et al., 2001). The risks posed by consumption of varanids
may be substantially greater than risks associated with rabbit con
sumption for several reasons. Unlike rabbits which are targeted in
discrete baiting events with a FGAR for which there is an established
withholding period, varanids are not exposed in a predictable man
ner and may be chronically exposed to stronger and more persistent
SGARs with no established withholding period. The presumed
greater physiological tolerance of varanids to ARs and the regular
consumption of varanid livers as part of traditional practices consid
erably elevate the risks associated with varanid consumption rela
tive to rabbit consumption. Urgent investigation of potential
rodenticide accumulation in varanids is needed but should take
into consideration the high value of this taxon as a traditional food
source and the cultural importance of traditional hunting practices.
Use of wild reptiles as a food resource is most common in tropical
and subtropical areas of the world (Klemens and Thorbjarnarson,
1995) where the prevalence of ARs in wildlife has not been well
studied.

The limited literature available suggests that some reptile species are
capable of direct bait consumption, long AR retention time, and a capac
ity to tolerate and biomagnify high concentrations of potent SGARs.
These attributes potentially greatly increase the risk of secondary and
tertiary vectoring of ARs to more susceptible bird and mammal species
in higher trophic levels relative to other regions of the world where
small mammals are believed to be the primary vectors. Additional re
search into the prevalence of AR exposure across a representative sam
ple of reptile taxawill be critical to evaluating the threat of secondary AR
poisoning to wildlife in Australia and other countries with high abun
dance and diversity of reptiles. Depending on the severity and extent
of exposure detected, additional work may be warranted to investigate

the pathways driving this exposure and the role that reptiles play in
vectoring rodenticides to animals in higher trophic levels including
humans.

5. Conclusions and recommendations

Most research on exposure of non target wildlife to ARs has been
conducted in cool temperate regions, particularly in North America,
Europe, and New Zealand. Patterns of exposure detected in these stud
ies may differ from those in Australia and other tropical and warm arid
countries due to differences in the specific ARs used, regulations
governing use, and fundamental differences in the taxonomic composi
tion and susceptibility of native fauna. A better understanding of
existing knowledge gaps will facilitate more effective and
scientifically informed mitigation measures in Australia and countries
with similar climates.

In Australia, individuals from 37 species across different feeding
guilds, trophic levels, and taxonomic groups have tested positive for
AR exposure or are suspected to have been lethally poisoned but most
documentation is anecdotal or opportunistic in nature. Instances of poi
soning were documented across a wide range of geographic areas but
spatial patterns of AR exposure are poorly understood. To date, no thor
ough investigations directly testing for AR exposure in Australian wild
life have been conducted. Island eradications, feral rabbit control,
agricultural application, and residential use have all been implicated
as sources of ARswhich caused non targetwildlifemortality but the rel
ative contributions of these sources have not been quantified.

In aggregate, what little research exists on the interaction between
reptiles and ARs, suggests that at least some reptile species may be rel
atively resistant to the effects but likely to be exposed at high levels.
Physiological tolerance, coupled with long retention times could make
reptiles effective vectors of ARs in areas of the world where reptiles
are abundant. Understanding these dynamics will be critical to under
standing the ecology of ARs in tropical and warm arid climates where
impacts on wildlife are largely unknown. Effective vectoring of ARs by
reptiles poses a potential unevaluated risk to human health in areas
where wild reptiles are harvested for human consumption.

At present, Australia's regulatory framework governing the use of ARs
is not consistent with emerging practices in other industrialized nations.
Restricting SGARs to licensed users and indoor use will likely reduce the
incidence and severity of non target poisoning and the use of lockable
bait boxes could reduce risks to children and pets. Coupling these pro
posed changes with targeted monitoring of rodenticide residues in se
lected sentinel species will be important in evaluating the efficacy of
regulatory changes at reducing non target mortality. In areas where ro
dents have developed resistance to FGARs, use of other classes of roden
ticides with lower risk of bioaccumulation (such as cholecalciferol) may
be a viable option for rodent control with substantially reduced risk of
secondary toxicity. At minimum, greater public availability of informa
tion on the types, quantities, and locations of ARs sold is necessary to
evaluate the risks they pose to non target wildlife and humans.

To address identified knowledge gaps, we suggest the following re
search priorities:

• Development of species specific exposure riskmodels for carnivorous
and omnivorous fauna based on life history parameters

• Systematic nation wide testing of multiple taxa of carnivorous and
omnivorous wildlife for AR exposure, especially:

○ species of conservation concern
○ species consuming small mammals and carrion
○ marsupial carnivores and scavengers
○ reptile carnivores and scavengers

• Systematic long term testing of geographically widespread and com
mon sentinel species to detect temporal and spatial patterns in AR
prevalence
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• Evaluation of the relative contributions of residential, commercial and
agricultural use of ARs to wildlife poisoning in Australia

○ Examine incidence of non compliance with existing legislation
governing AR use

○ Collection and evaluation of data relating to AR sales and application
in Australia

• Evaluation of the net impact on biodiversity of the use of pindone in
and around bushland areas

• Captive testing of the sensitivity of awider suite of wildlife species, es
pecially marsupial carnivores and reptiles to SGARs and pindone

• Examination of the role of reptiles as a vector for ARs in tropical and
subtropical nations

• Evaluation of the risk of rodenticide exposure in humans consuming
wild reptiles
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Appendix A. Definitions of Schedules applying to all Anticoagulant
Rodenticides Registered in Australia from (Australian Government
Department of Health: Therapeutic Goods Administration, 2017)

Schedule 4. Prescription Only Medicine, or Prescription Animal
Remedy Substances, the use or supply of which should be by or on
the order of persons permitted by State or Territory legislation to pre
scribe and should be available from a pharmacist on prescription.

Schedule 5. Caution Substances with a low potential for causing
harm, the extent of which can be reduced through the use of appropri
ate packaging with simple warnings and safety directions on the label.

Schedule 6. Poison Substances with a moderate potential for
causing harm, the extent of which can be reduced through the use of
distinctive packaging with strong warnings and safety directions on
the label.

Schedule 7. Dangerous Poison Substances with a high potential
for causing harm at low exposure andwhich require special precautions
duringmanufacture, handling or use. These poisons should be available
only to specialised or authorised users who have the skills necessary to
handle them safely. Special regulations restricting their availability, pos
session, storage or use may apply.
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1. Introduction

Anticoagulant rodenticides (ARs) are used globally to control pest
rodent populations (Shore and Coeurdassier, 2018). ARs are applied in
a wide variety of land use settings including commercial and residential
areas, agricultural and silvicultural land, and islands with threatened
ecological communities (Lohr, 2018; Lopez Perea et al., 2019; Pitt
et al., 2015). Baiting is the standard method for delivering ARs, as the
baits can be easily dispersed across a landscape andmodified to suit par
ticular target species (Hoare and Hare, 2006b). To avoid bait consump
tion from non target species, baits are often deployed inside stations
intended to minimise access from other fauna; for example, access
holes to the stations may be raised above the ground and sized appro
priately for target species (Bettink, 2015). Even so, many non target
species are poisoned or exposed to ARs, either as a result of direct bait
consumption or through consumption of target and non target fauna
which have eaten bait (Elliott et al., 2014; Hong et al., 2019; Pitt et al.,
2015). Such secondary poisoning events have been documented in
avian and mammalian predators, particularly rodent predators and
scavengers (Colvin et al., 1988; Cox and Smith, 1990; Eason and Spurr,
1995; Hindmarch et al., 2019; Hosea, 2000; Lopez Perea et al., 2019;
Sanchez Barbudo et al., 2012). Only more recently has the true satura
tion of ARs throughout the foodweb been identified:when baits are ac
cessible, they are consumed directly by a suite of invertebrates (Alomar
et al., 2018; Elliott et al., 2014), birds (Masuda et al., 2014), lizards
(Wedding et al., 2010) and small mammals (Brakes and Smith, 2005).
Non target primary consumers of ARs are potentially important
vectors for ARs to organisms in higher trophic levels; for example, insec
tivorous hedgehogs (Erinaceus europaeus) in Britain have a similar prev
alence of AR exposure to predatory birds (Dowding et al., 2010), and
Stewart Island robin (Petroica australis) nestlings have died from AR
poisoning linked to being fed poisoned invertebrates (Masuda et al.,
2014).

ARs work by blocking the recycling of vitamin K in the liver,
disrupting the normal blood clotting mechanisms in vertebrates (Park
et al., 1984). Commonly used ARs, such as brodifacoum, are classed as
second generation anticoagulant rodenticides (SGARs) according to
their chemical structure and period of development. SGARs are a signif
icant risk to the vertebrate food web due to their long periods of persis
tence in liver tissue. In rodent livers, the mean half life of SGARs can
range from 108 days for difethialone to 220 days for flocoumafen
(Eason et al., 2002), and up to 307.4 days for brodifacoum
(Vandenbroucke et al., 2008). Despite long half lives and the potential
for environmental contamination for some ARs, currently only the
United States, Canada and the UK impose substantial restrictions on
AR use through permits, best practice guidelines and limiting the
more toxic ARs to indoor use (Bradbury, 2008; Health Canada, 2010;
Tosh et al., 2011). In Australia, for example, nine first and second gener
ation ARs can be legally sold to the public, resulting in exposure for
humans and wildlife (Lohr and Davis, 2018). It has been estimated
that this leads to 1400 human AR exposures per year (Australian Pesti
cides and Veterinary Medicines Authority, 2017) and high exposure for
urban wildlife with 72.6% exposure recorded in Australian Boobooks
(Ninox boobook) in Perth, Western Australia (Lohr, 2018).

Detection of AR exposure in non target vertebrates is increasingly
documented in the published scientific literature, but previous research
on vector and indicator species has focussed on invertebrates, birds and
mammals (Lopez Perea et al., 2019; Serieys et al., 2019; Thomas et al.,
2017). Reptiles have largely been ignored despite observations of direct
bait consumption (Hoare and Hare, 2006a) including one instance
where bait consumption is suspected to have directly caused mortality
(Bettink, 2015). In addition to evidence of direct AR exposure, reptiles
have potential to be vectors of high AR loads by virtue of their longevity,
occupying multiple trophic levels and apparent resistance to anthropo
genic contaminants (Hopkins, 2000). Recently, Lohr and Davis (2018)
reviewed the literature on interactions between reptiles and ARs and

identified the role of reptiles as a vector for ARs as a research priority.
Here, we address this recommendation by analysing AR concentrations
in the livers of three large bodied and abundant reptiles in Perth,West
ern Australia, an urban landscape where secondary exposure to ARs has
already been documented in predatory birds (Lohr, 2018). Our study
species the dugite (Pseudonaja affinis) a rodent predator snake, the
bobtail (Tiliqua rugosa) an omnivorous lizard and the tiger snake
(Notechis scutatus occidentalis) a wetland snake with a dietary prefer
ence for frogs were chosen as they give insight to AR exposure in rep
tiles and trophic transfer. Each of our study species differs in dietary
preference and trophic tier, and therefore should exhibit different fre
quencies and concentrations of ARs. We predicted that the dugite
would have the highest concentration of ARs, the tiger snake would
have limited or no exposure to ARs, and the bobtail would fall between
these two.

2. Materials and methods

2.1. Study area and species

The urban footprint of Perth, the capital city of Western Australia,
covers over 1050 km2 with a population of over two million
(MacLachlan et al., 2017). The primary land uses of urban Perth are res
idential and industrial intersected with parks of remnant native vegeta
tion. Currently all ARs available in Australia, with the exception of
pindone, are sold directly to the public without requiring a license and
there are no records on the volume of sales or frequency of use (Lohr
and Davis, 2018). Anecdotal accounts of increased baiting inwinter cor
responding with increased exposure in Australian Boobooks during
winter suggest some degree of seasonality in the use of AR baits (Lohr,
2018) but substantial deployment of ARs has been observed by the au
thors year round in and outside of residential and commercial
buildings.

We tested AR exposure in three large (200 1100 g) reptile species
frequently found within urban Perth and demonstrating differences in
diet and trophic tier. Dugites (Pseudonaja affinis: Elapidae) are a large
snake (N1.7 m) that ontogenetically shift their diet from reptiles to
mammals (Cipriani et al., 2017; Wolfe et al., 2018). Bobtails (Tiliqua
rugosa: Scincidae) are a large (~0.4 m) omnivorous lizard known to
eat primarily vegetation aswell as a variety of invertebrates and anthro
pogenic scraps such as pet food and rubbish, in urban areas (Dubas and
Bull, 1991; Norval andGardner, 2019). Both dugites and bobtails occupy
the same open woodland and heath habitats, and are frequently found
in urban gardens. West Australian tiger snakes (Notechis scutatus
occidentalis: Elapidae) are a large (~1m) snake that have a diet compris
ing of mostly frogs, but occasionally reptiles, mammals and birds
(Lettoof et al., 2020a). All three study species spatially overlap in wet
land habitats, but tiger snakes are rarely found outside wetlands in
Perth. Bobtails can suffer predation from dogs (Canis lupus sp.), cats
(Felis catus), foxes (Vulpes vulpes), wedge tailed eagles (Aquila audax)
and a range of snake species including dugites (Norval and Gardner,
2019). Evidence of predation on Australian snakes is rare but predators
of smaller individuals include carnivorous birds (raptors, kingfishers,
corvids), dogs, cats, foxes, monitor lizards (Varanus sp.) and other
snakes (Shine, 1995). As Australia doesn't have many large bodied
predators, predation on larger snakes is likely to be rare, especially in
urban environments with fewer predators present. For this study we
only tested adult dugites (N1.2 m) and tiger snakes (N0.7 m).

2.2. Specimen collection

Dugites (n = 11) and bobtails (n = 10) were collected opportunis
tically as road kill or non rotten carcasses donated by wildlife care cen
tres between 2014 and 2018, and tiger snakes (n = 11) were wild
caught and euthanised between 2018 and 2019 (morphological data
presented in Appendix Table 1). Carcasses were stored within 12 h of
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collection frozen at −20 °C until the liver was extracted and analysed
for AR residues. All specimens were collected within 30 km from the
centre of Perth, Western Australia, and within 250 m of residencies or
other urban infrastructure (Fig. 1). Specifically, dugites and bobtails
were collected from areas surrounded by residential or industrial infra
structure. Tiger snakes were collected from four urban wetlands
surrounded by residential infrastructure, with one wetland being par
tially bordered by an industrial area.

2.3. Samples extraction and purification

Liver samples aliquots of 1 g (wet weight, w.w.) were accurately
weighed, frozen at −80 °C and then freeze dried using a SubliMate 2
Bench Top laboratory Freeze dryer (EscoGlobal, Singapore). Freeze
dried samples were homogenised in stainless steel vessels using a MM
400 milling system (Retsch GmbH, Germany). Homogenised samples
were transferred into centrifuge plastic tubes (15 mL) and two aliquots
of 5 mL of acetonitrile were pipetted into the tubes added with a 10 μL
(10 ng/μL) solution containing the deuterated surrogates. Analytes
were extracted using a sonication bath (15 min sonication for each ali
quot). After extraction, samples were centrifuged at 4400 rpm for
5min using a HeraeusMegafuge 8 centrifuge from ThermoFisher Scien
tific (Sydney, Australia) and the supernatantwas transferred into a new
plastic tube added with 2 mL of n hexane. Samples were then vortexed
for 5 min and then centrifuged at 4400 rpm for 5 min and the superna
tant discarded. Samples extractswere evaporated near to dryness under
a gentle nitrogen stream and then reconstituted in 400 μL of a 50:50
ACN/H2O solution. The final extracts were transferred in 2 mL Teflon
lined screw cap amber glass vials stored at 0 4 °C until analysis. Bias
(average percentage recovery) and precision (percentage relative stan
dard deviation of recoveries, % RSD), determined by processing through
the entire analytical procedure spiked samples of organic chicken liver
supplied by a local butcher (South Perth, WA). Samples were spiked
with a solution containing all AR and surrogate standards to give a
final concentration of either 10 ng/g or 75 ng/g of each AR and
100 ng/g of deuterated standards. Unspiked chicken liver samples
(n = 3) were used as a negative control (i.e., blanks). These samples
were extracted and analysed along with the batch of samples. Details

regarding chemicals, analytical standards, solutions and calibration
standards are summarised in the Supporting information.

2.4. UHPLC MS/MS analysis

Chromatographic separation was achieved with an UltiMate 3000
UHPLC system (Thermo Fisher Scientific Corporation, US) coupled to
an Agilent InfinityLab Poroshell 120 SB C18 column (100 × 2.1 mm,
2.7 μm using acetonitrile and water containing 10mM ammonium ace
tate at pH 5.7 at 25 °C and 0.250 mL/min flow rate. Rodenticides were
detected using a TSQ Quantiva triple quadrupole mass spectrometer
(Thermo Fisher Scientific Corporation, US). Analytes ionisation was
achieved using an Ion Max NG API source operated in negative mode.
The mass spectrometer was operated in multiple reactions monitoring
(MRM) mode. UHPLC, Max NG API source and mass spectrometry set
tings are summarised in the Supporting Information (Tables S1 S3).
Data was processed using Xcalibur 4.1.31.9 and Tracefinder 4.1software
packages.

2.5. Statistical analysis

We compared the differences in AR concentration between each
reptile using a Kruskal Wallis for each AR that was detected in more
than one species, as well as for the total (sum) concentration of ARs
for individuals exposed to multiple ARs. For statistical analysis, samples
that were recorded below detectable limits were entered as half the de
tection limit. A Dunn post hoc test with Benjamini Hochberg adjusted
p values was performed to identify which species differed significantly
(p ≤ 0.05) fromeach other.We used chi squared tests to compare differ
ences between species for detection frequency (% of individuals with
any AR) and the mean number of ARs detected per exposed individual.
All statistical analyses were conducted in R Studio (R Core Team, 2018).

3. Results

ARs were detected in all three species (Table 1). All dugites and
seven of ten bobtails were killed by vehicle collisions, the remaining
three bobtails were euthanised by wildlife care centres and contained
no ARs. 91% of 11 dugites were exposed to ARs and 73% were exposed

Fig. 1. Locations of individual reptiles screened for ARs in Perth, Western Australia. Squares = dugites (Pseudonaja affinis), circles = bobtails (Tiliqua rugosa) and triangles= tiger snakes
(Notechis scutatus occidentalis).
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to more than one AR, 60% of 10 bobtails were exposed to ARs and 40%
were exposed tomore than one AR, and 45% of 11 tiger snakes were ex
posed to brodifacoum only. The highest combined AR concentration
was detected in dugites, which were three times higher compared to
bobtails, and 51 times higher compared to tiger snakes (Fig. 2). The
most commonly detected AR was the SGAR brodifacoum. The FGAR
warfarin was only detected in dugites, which were generally exposed
to the most ARs. Flocoumafen was detected only in a single bobtail,
and pindone and coumatetralyl were not detected in any samples.
Total AR concentrations in livers were significantly higher for dugites
than for tiger snakes (p=0.008) and approached significance between
bobtails and dugites (p = 0.069). Bromadiolone and difenacoum con
centrations in livers were significantly higher for dugites than for tiger
snakes (p=0.048). There was no significant difference in detection fre
quencies between species, and the difference in number of ARs in ex
posed individuals exposed individuals for dugites and tiger snakes
approached significance (p = 0.05).

Dugite and bobtail carcasses varied in damage and condition which
limited our ability to conduct necropsies or identify AR toxicity symp
toms such as haemorrhaging, or determine the sex of most individuals
(Table A.1). No tiger snakes exhibited any haemorrhaging. Of the best
condition carcasses, the livers of two bobtails and one tiger snake
were enlarged and pale or mottled, which can be symptoms of AR

poisoning; however, none of these individuals contained ARs above de
tectable limits.

4. Discussion

All three reptile species tested were exposed to ARs, and this is the
first study to report ARs inwild reptiles not associatedwith rodent erad
ications on oceanic islands. The impacts of AR on reptiles are relatively
unknown and what is known has been thoroughly summarised in
(Lohr and Davis, 2018). Although we cannot infer any toxicological ef
fects on reptiles from this study, we present insight into AR exposure
of multi trophic reptile species in an urban ecosystem. As predicted,
adult dugites (common urban rodent predators) had the highest fre
quency of exposure and concentration of ARs, andwere the only species
exposed towarfarin. In Australia, warfarin is available at nearly all hard
ware and grocery stores and is not associated with any particular land
use. We predict it's detection in dugites is a function of higher exposure
from rodent predation. Also, as predicted, adult tiger snakes had the
lowest exposure and bobtails fell between the two snakes. The fre
quency and concentration of ARs in bobtails, and the trace amounts in
tiger snakes is concerning; however, not surprising given the public
availability of ARs through retail sales (Lohr and Davis, 2018). Bobtails
are probably exposed to ARs both directly and indirectly: Perth urban

Table 1
Concentration of reptile livers exposed to ARs from greater Perth, Western Australia (mg/kg). n values are the number of each individual exposed to each compound.

Species Exposed/total
tested

Combined concentration of ARs for
exposed
Mean ± SE
(Range)

Brodifacoum Bromadiolone Difenacoum Flocoumafen Warfarin

n Mean ± SE
(Range)

n Mean ± SE
(Range)

n Mean ± SE
(Range)

n Mean
± SE
(Range)

n Mean ± SE
(Range)

Dugite
Pseudonaja
affinis

10/11 0.178 ± 0.074
(0.003–0.704)

7 0.096
± 0.046
(0.010–0.330)

5 0.202
± 0.137
(0.002–0.700)

4 0.019
± 0.012
(0.003–0.053)

0 NA 4 0.007
± 0.002
(0.004–0.011)

Bobtail
Tiliqua rugosa

6/10 0.040 ± 0.031
(0.007–0.182)

6 0.025
± 0.017
(0.006–0.109)

4 0.020
± 0.018
(0.001–0.073)

1 0.002 1 0.004 0 NA

Tiger snake
Notechis
scutatus

5/11 0.009 ± 0.002
(0.006–0.014)

5 0.009
± 0.002
(0.006–0.014)

0 NA 0 NA 0 NA 0 NA

Fig. 2.Mean total AR liver concentration of exposed reptile species tested in Perth,Western Australia. Bar fill represents frequency of exposure (dugites 91%, bobtails 60% and tiger snakes
45%). Error bars = SE.
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bobtails are commonly found throughout residential gardens and have
been observed inside AR bait boxes (Ashleigh Wolfe, pers. comm.). As
bobtails are known to eat anthropogenic food scraps we suspect they,
like many other large omnivorous lizards (Bettink, 2015; Merton,
1987), are likely to eat baits found in residential backyards. Bobtails
have also been recorded consuming mice (Norval and Gardner, 2019)
and thus may be secondarily exposed to ARs from predating poisoned
rodents or scavenging carrion, as well as contaminated invertebrates
(Alomar et al., 2018; Elliott et al., 2014).

Tiger snakes in Perth predominately eat frogs and rarely eat rodents
(Damian Lettoof, unpublished data), and yet we detected a relatively
high (45%) prevalence of a single SGAR (brodifacoum) at trace concen
trations. The four wetlands from which tiger snakes were collected are
surrounded by residential areas, andwe suspect several routes of AR ex
posure for tiger snakes: (1) traces of SGARs may be detectable for years
after a single predation of a poisoned rodent as a consequence of persis
tence in liver tissue (Rueda et al., 2016); (2) urban wetlands are con
taminated by storm water run off (Lettoof et al., 2020b) which may
include residentially used ARs (Kotthoff et al., 2019) and result in direct
exposure from contaminated water; and (3) the primary prey of tiger
snakes, frogs, may be exposed to ARs. Amphibians have never been
tested for AR exposure despite being very susceptible to accumulating
pesticides via direct contact with contaminated water (Bruhl et al.,
2011), or through consumption of exposed invertebrates (Alomar
et al., 2018; Elliott et al., 2014). Any combination of these routes of ex
posure could explain the prevalence of ARs in urban tiger snakes, and
probable exposure for each species is illustrated in our graphical
abstract.

The liver concentrations we detected in our test species are similar
to those found in other wild reptiles. A single whip snake (Hemorrhois
hippocrepis) was found with a liver concentration of 0.54 mg/kg of
flocoumafen, and wild lava lizards (Microlophus duncanensis) were
found with brodifacoum concentrations ranging between 0.001 and
0.8 mg/kg as well as two individuals at 1.6 and 1.9 mg/kg (Rueda
et al., 2016). Although we are unsure if the AR liver concentrations in
our study species are lethal or sublethal, the prevalence and mean
total AR concentration in dugites is concerning compared to other
taxa (see Table 3 in Lohr, 2018 and Tables 9, 10 and 12 in Laakso et al.,
2010). The few short term laboratory and field studies on the acute tox
icity or sub lethal effects of ARs and other pesticides in reptiles have
rarely detected physiological impacts (Mauldin et al., 2019; Pauli et al.,
2010); however, considering the slow metabolism of reptiles, the test
ing time periods may have been too short to show acute clinical symp
toms. The available literature, nonetheless, suggests that at least some
reptile species are more resistant to pesticide toxicity than are other
taxa (Pauli et al., 2010). The Western fence lizard (Sceloporus
occidentalis), for example, required an acute oral dose of the first gener
ation (FG) anticoagulant pindone three to five times the fatal dose for
birds and mammals before mortality occurred (Weir et al., 2015).

If reptiles are truly more tolerant of AR toxicity, their potential to be
toxic vectors poses amuch greater threat to the foodweb than currently
recognised. We frequently detected (45 91%) ARs in all three reptile
species, despite the difference of their trophic tiers and diet, and we
found a single dugite (9% of tested) with total AR liver concentration
of 0.7 mg/kg (a concentration that is considered lethal in raptors
(Kaukeinen et al., 2000)). This suggests at least two possibilities:
(1) there is pervasive AR contamination throughout the food web (Pitt
et al., 2015) in areas of high baiting e.g. urban landscapes, and (2) rep
tiles accumulating high AR concentrations may present a fatally toxic
meal for predators or scavengers. This may not have serious implica
tions for urban wildlife in our study system, as we suspect predation
events for urban adult dugites and tiger snakes are rare. On a global
scale, however, this has serious implications for regions with higher
AR use, biomass and biodiversity of reptiles, andmore reptile predators
than Perth. For example, North American racoons (Procyon lotor) are
common scavengers of urban reptile road kill (Antworth et al., 2005)

and are likely to be exposed from eating poisoned reptiles. Urban genets
(Genetta sp.) in Africa also predate on reptiles (Delibes et al., 1989;
Widdows and Downs, 2015), and have been found with AR exposure
(Serieys et al., 2019). There is already emerging evidence of this sce
nario: An island wide study of ten raptor species in Taiwan found a
high prevalence of AR exposure in rodent eating and scavenging species
as well as snake eating species (Hong et al., 2019), suggesting that
snakes may be an important vector of ARs to other trophic levels in
this area.

Reptile species richness is highest in tropical and arid regions of the
world (Böhm et al., 2013), and the tropical bioregion is also densely oc
cupied by humans. As AR exposure is highest in wildlife living in or in
close proximity to urban or agricultural land (Lopez Perea et al., 2019;
Serieys et al., 2018), tropical urban reptile populations are highly likely
to be exposed. This highlights AR toxicity as an additional threat to hab
itat loss andwild harvest (Böhm et al., 2013) for tropical reptile popula
tions and biodiversity. Urban reptiles' high exposure to ARs has further
implications for humans. Reptile meat is a common food resource in
tropical and subtropical regions of the world (Klemens and
Thorbjarnarson, 1995), and is consumed on almost every continent. Al
though AR use and wildlife exposure has not been well studied in these
regions, many reptiles persist in urban environments andwould be har
vested with close proximity to areas where anticoagulant rodenticides
are used. Snakes, as rodent predators, are of the highest risk of expo
sure, and thus localities where snakes are regularly eaten by humans,
such as Vietnam (Magnino et al., 2009), China (Wang et al., 2014),
Malaysia (Cantlay et al., 2017) and Africa (Taylor et al., 2015) are conse
quently also at high risk of exposure.

Besides tolerance to toxicity, reptilesmay be particularly good reser
voirs of ARs due to: a) the slow decomposition rate of ARs (Eason and
Spurr, 1995), and b) a much lower rate of elimination and depuration
of accumulated ARs from reptiles due to slower metabolism compared
to other taxa (Campbell et al., 2005; Davenport et al., 1990). There is
one excellent example of extreme persistence of ARs in a wild popula
tion of lizard: after a heavy baiting program was implemented on
Pinzon Island, Galapagos to eradicate rats, a high prevalence of ARs
was detected 100 850 days post baiting in the livers of lava lizards
(Microlophus duncanensis) (Rueda et al., 2016). Although no
population level poisoning was observed in the lizards, there was an
unexpected outcome for the island birds of prey: 22 Galapagos hawks
(Buteo galapagoensis) and a short eared owl (Asio flammeus) were
found dead from brodifacoum poisoning, presumably from predation
of toxic lizards, 12 773 days after the baiting event. Lava lizards were
found with liver concentrations of brodifacoum between 0.001 and
0.8 mg/kg at 400 days post baiting, and at 800 days post baiting lizards
were still found to have liver concentrations between N0.001 and
0.2 mg/kg. If elimination rates are similar for our test species then it's
possible that some of our individuals have been retaining ARs for
years. ARs are primarily shed from the body through faeces which has
important implications for reptiles as vectors: a) insectivorous reptiles
may be recursively exposed to toxic invertebrates which feed on con
taminated reptile faeces; and b) reptiles that feed, and subsequently
defecate, infrequently, i.e. snakes, should retain ARs substantially longer
than mammals and birds.

Reptiles' sensitivity to AR toxicity is fundamentally unknown.West
ern fence lizards survived oral dosages of brodifacoum up to
1750 mg/kg, a concentration thousands of times higher than the
LD50s recorded for most birds and mammals (Laakso et al., 2010). Lab
oratory experiments also found no observable effect on gopher snakes
(Pituophis catenifer) that were fed mice that died from a lethal dose of
the anticoagulants warfarin and diphacinone (Brock, 1965); while one
of 19 iguanas (Iguana iguana) orally administered brodifacoum died
and showed signs of intoxication with blood in the body cavity, al
though oddly this individual was from the lowest concentration treat
ment (Mauldin et al., 2019). There is speculation on why reptiles are
relatively more resistant to AR toxicity than are other taxa; suggestions
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include a difference in blood coagulation chemistry (Merton, 1987) and
naturally slower clotting mechanisms (Dessauer, 1970). In raptors, de
spite variation between species (Thomas et al., 2011), a liver threshold
of 0.1 mg/kg is considered a minimum for toxicity (Rattner et al.,
2014). We detected a mean total AR liver concentration above
0.1 mg/kg in exposed dugites (91%), and a single exposed bobtail
(17%). As SGARs are more toxic than diphacinone, we logically expect
a liver concentration of 0.1mg/kg to have atminimuma sublethal effect.
We also found exposure to multiple rodenticides was relatively com
mon in 80% of exposed dugites and 67% of exposed bobtails (maximum
3 ARs), and suggests accumulation from multiple prey items. Multiple
ARs may have a synergistic effect rather than a cumulative effect
(Lohr, 2018). For example, laboratory studies have demonstrated rat
sensitivity to warfarin vastly increased after chronic exposure to
brodifacoum (Mosterd and Thijssen, 1991), and American kestrels
(Falco sparverius) exposed to the FGAR chlorophacinone experienced
prolonged prothrombin times if they were previously exposed to
brodifacoum (Rattner et al., 2020).

Sublethal concentrations have been shown to impact both the phys
iology and behaviour of exposed individuals. General symptoms of in
toxicated animals shortly before mortality are anorexia, weakness,
lethargy and dyspnea (shortness of breath) (Fitzgerald and Vera,
2006), and thus any reduction in mobility could increase the likelihood
of mortality from other causes (Brakes and Smith, 2005). As with other
taxa, exposed reptiles may be vulnerable to increased predation (Cox
and Smith, 1992), increased mortality from vehicle collisions when on
roads (Lohr, 2018; Mendenhall and Pank, 1980; Serieys et al., 2015),
and a disruption of their thermoregulation routine (Merton, 1987).
Thus, we recognise the potential for livers from dugites and bobtails
whichwere collected as roadkill, or fromwildlife rehabilitators, to be bi
ased towards higher AR concentrations, compared to livers of tiger
snakes that were collected alive and euthanised. However, if AR expo
sure does interfere with a reptile's normal behaviour then we also ac
knowledge that the easily hand caught tiger snakes could be biased
towards higher AR concentrations.

5. Conclusions and future direction

This study offers convincing evidence that urban reptiles of dif
ferent trophic tiers and diet are exposed to residentially used ARs,
and suggests the surrounding food web is more contaminated than
previously assumed. We predict a similar AR exposure in reptiles of
the same ecological niche in cities where the purchase of ARs are un
restricted and retail available. Based on their probable resistance to
toxicity, low elimination rates, and multi trophic positions, we con
sider reptiles in proximity to AR sources (i.e. urbanisation) to be
good indicators of food web contamination. Our data highlight a
novel threat faced by reptile predators and humans consuming
wild reptiles captured near human habitation particularly if liver
or fat tissues are consumed.

To further assess the contamination of reptiles in the food web, we
suggest investigating AR exposure of small insectivorous species, such
as geckos, that have been detected living in bait boxes and are fre
quently eaten by other wildlife taxa known to be susceptible to AR tox
icity. To address the concerns of human exposure we suggest screening
for ARs in livers from reptiles sold inmeatmarkets, particularly in coun
tries of Eastern Asia. The frequent AR exposure in a snake that mostly
eats frogs suggests frogs may also be contaminated. To the best of our
knowledge ARs have never been detected or screened for in an amphib
ian, thus we recommend testing wild urban amphibian populations in
AR exposed areas. Additional research is urgently needed to determine
the scope and severity of AR exposure in reptiles in order to mitigate
risks to humans and non target wildlife.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.138218.
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Advice to SAC Convenor re responding to AVPMA queries 
 

Preamble 
The Scientific Advisory Committee (SAC) is an independent committee of scientists that provides the Victorian 
Minister for Energy, Environment and Climate Change with advice on matters relating to listing threatened 
species and ecological communities and listing potentially threatening processes. The Committee also provides 
advice to the minister on any other conservation matters. 

The Committee comprises some of the most authoritative scientific minds in Australia and is Victoria’s 
independent scientific voice on threatened species matters. This is reflected in the acceptance by successive 
environment Ministers since 1988 of over 800 recommendations by the Committee. 

The establishment of the SAC is provided for under the Flora and Fauna Guarantee Act 1988. All members 
are knowledgeable and experienced in flora or fauna conservation or ecology and come from government, 
education or private sector backgrounds. With the support of an Executive Officer, the SAC meets formally on 
a regular basis to consider nominations for listing and provide timely advice on conservation and biodiversity 
matters to the Minister. 

The SAC is not directly involved in the management of threatened species, however the public can raise 
conservation issues with the Committee who may then advise the minister should any specific management 
actions have a negative impact on Victoria’s flora, fauna and their habitats.  
 
SAC approach on the use of Anticoagulant Rodenticides (ARs) 
The SAC is aware that the AVPMA does assess reports of adverse experiences of registered agricultural 
chemicals, viz. 

‘The Adverse Experience Reporting Program (AERP), administered by the APVMA, assesses reports of 
adverse experiences associated with the registered use of agricultural chemicals. State and territory 
regulators also enforce appropriate use of agricultural chemicals in Australia, and report any adverse events 
directly to the APVMA.’ (Wildlife Health Australia 2017) 

The general view of the Committee on the use of rodenticides and potential threats to wildlife is that all pest 
control activities require careful risk-benefit assessment in view of their potential to cause adverse 
environmental impacts (Eason et al. 2002) and that there be consistency with emerging practices elsewhere in 
world. 
 

The Committee offers the following responses to the AVPMA questions raised in your correspondence (dated 5 
June 2020) 

 
a) any use patterns that are associated with a greater risk of raptor exposure (e.g. in urban or 

suburban areas, or in rural or on-farm settings 
The SAC has no specific knowledge of anticoagulant rodenticide (AR) use patterns in Victoria, however as part 
of assessing nominations for listing of species as threatened in Victoria, AR use has been identified as a threat 
to a number raptors (Black Falcon, Little Eagle) and possibly also mammals (eg. quolls, dunnarts & native 
rodents). 

 

The SAC notes that:  
Globally Second Generation Anticoagulant Rodenticides (SGARs) have been responsible for declines in 
many carnivorous mammals and birds. In Australia Southern Boobooks and other owls are at risk (Lohr 
2018). Other predatory and scavenging birds are also likely to be affected – including Wedge-tailed Eagles, 
falcons, kookaburras, magpies, ravens and currawongs. Native mammals like quolls and large reptiles like 
goannas and pythons are also likely to be affected (BirdLife Western Australia 2018). 
 

As in the United States (Rattner et al. 2014) the SAC understands that there is currently no evidence that 
rodenticide use causes large-scale population declines of predatory and scavenging birds in Australia. 
However, the Committee believes that AR exposure has the potential to cause additional mortality affecting 
populations already experiencing critical limitations. 

 

The Committee offers the following thoughts based on our technical expertise in threatened species matters 
and an understanding of the current relevant research on the issue from an Australian perspective (especially 
the recent work by Lohr (2018), Lohr & Davis (2018) and Mooney (2017)). 
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Based on work undertaken in Tasmania (Mooney 2017) the SAC anticipates that similar scenarios are likely to 
be occurring in Victoria. The following extracts from Mooney’s paper are especially relevant: 

‘Although some farms use First Generation Anticoagulant Rodenticides (FGARs), the vast majority of use, 
especially in urban areas, seems now to be of Second Generation Anticoagulant Rodenticides (SGARs); 9 
of 10 products counted in supermarkets and hardware stores around Hobart were SGARs and 4 of 5 pest 
control companies questioned for this study after reference to logos on bait stations at schools etc. 
reported using only SGARs.’ 

 

‘There seems obvious risk variation among Tasmanian raptor species with the threatened Tasmanian 
Masked Owl [a species also occurring in Victoria] being most at risk and the Tasmanian Boobook, Ninox 
leucopsis, and hawks, including the threatened Grey Goshawk Accipter novaehollandiae, close behind.’ 

 

‘Raptors typically have large home ranges that overlap within and between species, so poison stations 
scattered across the landscape at even a low density might expose a high proportion of raptors. This is 
especially so since poisons presumably target rodent concentrations at human assets, concentrations 
that raptors are well equipped to find.’ 
 

The SAC anticipates that the AVPMA is already aware of the findings on ARs from Wildlife Health Australia 
(2017), specifically: 

‘Anticoagulant toxicity in wild birds generally occurs as a secondary event in non-target species. Although 
all bird species may be affected, toxicity varies with species and the type of anticoagulant involved. 
Second generation anticoagulant rodenticides containing bromadiolone and brodifacuom have been 
implicated in the majority of wild Australian bird anticoagulant poisoning events. 

Wild raptors such as barn owls (Tyto alba) and kestrels (Falco sp.) may acquire secondary anticoagulant 
toxicity via consumption of deliberately poisoned rabbit or rodents. Poisoning of Pacific black ducks (Anas 
superciliosa) has also been reported.’ 

 
The SAC believes that there appears to be a clear need to track the sale point, use and type of applicator 
person in Australia if the use patterns of ARs and their impacts on native fauna is to be better understood.  In 
this regard Lohr and Davis (2018) make a number of points. 
 

‘Patterns of residential and commercial use of ARs in Australia are poorly known.’ (p. 1378) 
 

‘Patterns of availability to unlicensed individuals (in Australia) are similar to those in the UK where three 
FGARs and five SGARs are registered for use and are not restricted to licensed applicators. However, 
regulations governing AR use are substantially more restrictive in some other industrialized countries.’ 

and... 
‘The repeated use of an anticoagulant in natural areas to control but not eradicate rabbits appears to be 
unique to Australia and New Zealand. The repeated pattern of use in the same areas may pose a serious 
long-term threat to susceptible wildlife populations. This may be especially problematic for long-lived 
species with low reproductive rates which are unable to sustain low levels of additive mortality.’ (p. 1379) 

 
b) recommended management approaches to reduce the risk of raptor exposure in domestic settings (e.g., the 

use of sachets in ceilings, or secured bait stations), particularly where sanitation programs have an impact on 
public health 

 
The SAC believes that far more monitoring of native fauna for AR residues is required and notes the following 
comments from specialists in the field: 

 

‘Monitoring of wildlife for pesticide residues will provide data that can be used to reduce the risk of anti-
coagulant bioaccumulation and mortality in non-target species.’ (Eason et al. 2002). 
 

Upgrading of AR use and associated restrictions is likely to greatly assist in reducing and mitigating the impacts 
of secondary poisoning of native vertebrate fauna.  As noted by Rattner at al. (2012) 

 

‘New regulatory restrictions have been placed on the use of some second-generation anticoagulant 
rodenticides in the United States, and in some situations this action may be offset by expanded use of 
first-generation compounds.’ 
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The paper by Rattner et al. (2014) provides detailed advice, guidelines and research recommendations as to 
the better management of ARs which the SAC believes could easily be adapted to Australia. 
 
It would also be wise for the AVPMA to work more closely with Wildlife Health Australia to better coordinate 
research activities, monitoring of AR use and environmental residues, track incidents and raise awareness 
amongst domestic and rural users of these pesticides. 
 

c) recommendations for reducing exposure during the management of mouse plagues (in domestic 
and rural or on-farm settings 

The SAC unaware of information on the exposure of Victorian wildlife to ARs during mouse plagues in the state 
and thus has little to advise in response to this query. However we offer the following comments. 

Alternatives to ARs 

The SAC supports the use of alternatives to ARs as per the advice of Mooney (2017, p. 8) 
‘There are other pesticide alternatives to anticoagulants. One style uses Vitamin D3 (Bromethalm) as its 
active ingredient. Excess Vitamin D3 mineralises soft tissues by shifting calcium and phosphorus from bones, 
death being caused by renal failure. Birds' hollow bones mean the mineralisation process is far less effective 
than in mammals, giving the former a great degree of protection. Secondary poisoning risks are also much 
reduced because repeated exposures are required. Often applied where there is resistance to anticoagulants 
(something that sometimes happens with FGARs) these Vitamin D3 pesticides may have a wider, first-off 
application; as with many things tradition has a great influence on choice of pesticides.’ 

 
The SAC understands that in cropping systems in western Victoria there hasn’t been a mouse plague in at least 
the last 20 years. Instead farmers monitor mouse densities using a method developed by CSIRO (chew papers). 
The SAC recommends bait applications when mouse predation is detected, rather than allowing plague 
numbers to develop. 

 

General comments 
ARs and ‘Adverse Outcome Pathways’ 
The Committee notes that poisoning of rodent predators by ARs may not always be via consumption of rodent 
species. This is highlighted by Nakayama et al. (2018) who noted: 

‘...preying on targeted rodents does not necessarily explain all causes of secondary Anticoagulant 
Rodenticide-exposure of raptors. Since AR residue-detection was also reported in non-target mammals, 
birds, reptiles and invertebrates, which are the dominant prey of some raptors, AR residues in these 
animals, as well as in target rodents, could be the exposure source of ARs to raptors.’ 

 

This suggests that monitoring of raptors only for AR residues will not provide the complete picture of the possible 
‘adverse outcome pathway’ (AOP, Rattner et al. 2014) 

 

An Adverse Outcome Pathway (AOP) is a conceptual framework portraying existing knowledge as a logical 
sequence of processes linking a direct molecular initiating event to an adverse effect across multiple levels 
of biological organization, which is relevant in risk assessment. (Rattner op cit.) 

 
The SAC supports the approach recommended by Mooney (2017) 

‘Use of FGARs over SGARs should be actively encouraged since their characteristic requirement of 
multiple doses to kill rodents (c.f. single dose for SGARs) and their shorter time of action (than for SGARS) 
should expose raptors to lower risk. Key times for advocacy are mid to late autumn.’ 

 

Knowledge gaps 
As noted by Rattner et al. (2014) 

‘There are significant data gaps related to exposure pathways, comparative species sensitivity, consequences 
of sub-lethal effects, potential hazards of greater AR residues in genetically resistant prey, effects of low-level 
exposure to multiple rodenticides, and quantitative data on the magnitude of non-target wildlife mortality.’ 

This highlights that greater effort needs to be made in dedicated and supported research to gather key 
information. The Rattner (op cit.) work would make an ideal starting point to guide such work. 
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Monitoring 
The SAC supports the advice that a number of AR surveillance methods be used when monitoring for AR residues 
(Vyas 2017) 

 

‘Results suggest that reliance on only one surveillance method can underestimate the number of incidents 
that have occurred and the number of species that are affected. Although rodenticides are used worldwide, 
incident records were found from only 15 countries. Therefore, awareness of the breadth of species diversity 
of non-raptor bird poisonings from rodenticides may increase incident reportings and can strengthen the 
predictions of harm characterized by risk assessments.’ 

 

Research 
The SAC supports recommendations of the Wildlife Health Australia (2017, p. 7): 

‘Investigation and reporting of mortality events associated with poisoning in birds can provide useful data to 
better understand the circumstances and susceptibilities of affected native wildlife. 
Work is required to better understand: 

• which species and groups of native birds are most susceptible to chemical exposure in Australia, and 
why (e.g. species specific susceptibility to toxins, or increased exposure) 

• exposure pathways 
• diagnostic tests 
• treatment options 
• options for use of alternative chemicals with lowered risk of avian toxicity’ 
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incidents imply that poisoning by ARs could have occurred worldwide, despite the lack of studies on the existence of AR residues 
in the livers of raptors from these areas.

EXPOSURE PATHWAYS

Diets of raptors
Although it is widely thought that preying on the target rodents is the dominant pathway by which raptors are exposed to ARs, 

there have been a few studies on the relationship between the diets of raptors and the incidence of AR-exposure. This study is the 
first to discuss the exposure pathways for ARs based on both a comprehensive analysis of primary and secondary AR-exposure 
worldwide and the diets of raptors.

The most affected raptor species have commonly been thought to prey predominantly on mammals, especially the targeted 
rodent species. Figure 2 shows the diet composition of raptors whose AR-exposure are frequently reported. Because mammals 
constitute 60–80% of the diets of great horned owls [3], barred owls [27], kestrels [24], Eurasian eagle owls [37], and red kites 
[34], targeted rodents can be the source of ARs in some cases. Moreover, ARs were detected in barn owls (Tyto alba) pellets that 
contained rat fur [10]. However, the Eurasian eagle owls occasionally prey on larger mammals (e.g., hares, foxes, and deer) [37], 
and red kites sometimes feed on hares, rabbits, and as carrion, foxes, stoats, polecats and deer [34]. Therefore, a wide range of 
mammals can be the source of ARs as well as target rodents. On the other hand, raptors also prey on other animals, such as birds, 
reptiles, amphibians, fish, and invertebrates. Birds constitute even 99 and 73% of the diets in sparrowhawks [63] and golden eagles 
[22], respectively; and 26, 21 and 14% in bald eagles [32], red kites [34] and great horned owls [3] following, respectively. In 
addition, the Eurasian eagle owls occasionally prey on other raptors (e.g., buzzards, falcons, tawny owls, and long-eared owls), 
and the diets of Eurasian eagle owls also consist of amphibians (28%) [37]. Diets of bald eagles consist of fish (70%) [32]. 
Invertebrates compose 99, 72 and 25% of prey of moreporks [17], little owls [56] and kestrels [24], respectively. Therefore, preying 
on targeted rodents does not necessarily explain all causes of secondary AR-exposure in raptors.

AR residues in the prey of raptors
Relatively high concentrations of AR residues have been detected in the livers of mallards (chlorophacinone, 710–2,170 µg/

kg, and brodifacoum, 1,230 µg/kg), rock doves (chlorophacinone, 550–55,100 µg/kg), chaffinches (brodifacoum, 120–2,310 µg/
kg), Algerian hedgehogs (brodifacoum, 5–1,533 µg/kg and bromadiolone, 6–2,548 µg/kg), European hedgehogs (brodifacoum, 
3–1,390 µg/kg and bromadiolone, 2–1,110 µg/kg), Iberian hares (chlorophacinone, 580–9,520 µg/kg), and a horseshoe whip 
snake (flocoumafen, 540 µg/kg) (Table 5). Because all of these animals are the prey of raptors, non-target animals (i.e., non-target 
rodents, birds, hedgehogs, hares and snakes) could also be a source of exposure to ARs.

Some studies have also reported AR residues in other reptiles (geckos) and invertebrates such as ants, cockroaches, beetles, 
slugs, and snails [10, 23, 38]. In addition, recent studies have shown that ARs can be detected not only in shorebirds and seabirds, 
but also in marine biota, including fish, crabs, sea urchins, and shellfish [30, 38]. These papers suggest exposure pathways for ARs 
from marine biota to shorebirds and/or seabirds, and from shorebirds and seabirds to raptors. In the case of Rat Island in Alaska, 
when gulls died after eating bait containing brodifacoum, their carcasses attracted bald eagles [9]. During the study period, 46 bald 

Fig. 2. Diet composition of ten raptor species, which frequently reported AR-exposure. Predomi-
nant prey of raptors is mammal in great horned owls (80%), barred owls (72%), kestrels (65%), 
Eurasian eagle owls (64%), and red kites (61%), whereas it is bird in sparrowhawks (99%) and 
golden eagles (73%), fish in bald eagles (70%), and invertebrate in moreporks (99%) and little 
owls (72%) [3, 17, 22, 24, 27, 32, 34, 37, 56, 63].
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eagle carcasses were collected, and the brodifacoum residues were detected in the livers of all the carcasses tested (18 bald eagles).
In conclusion, primary AR exposure has occurred in non-target mammals, reptiles, invertebrates, marine biota, and birds, 

including land birds, shorebirds and seabirds. It is possible that AR residues in these animals constitute exposure pathways for 
raptors, resulting in the secondary exposure (Fig. 3). In some cases, these exposure pathways are presumed to cause secondary 
poisoning in raptors. More studies focusing on the dose-response relations between hepatic AR concentration and both hemorrhage 
and mortality of various raptor species are necessary to understand incidents of secondary AR poisoning in raptors accurately. 
Furthermore, toxicokinetics studies of raptors (e.g. AR metabolism, and degree of ARs inhibiting the target molecule) are also 
necessary to reveal the risk of raptors poisoned by ARs.
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1 Introduction

The Weeds and Pests Division, Manaaki Whenua–Landcare Research,

Christchurch, reviewed the scientific literature on the toxicity and sub-lethal

effects in birds and bats of brodifacoum used in cereal-based baits for rodent

control, and identified non-target species likely to be put at risk. This review,

prepared for the Department of Conservation (DoC) in October 1992 - October

1993, is intended as a risk assessment to accompany on-going field and

laboratory research on the impact of brodifacoum rat baits on non-target species

and its persistence in the environment.

2 Background

Rodents, especially ship rats (Rattus rattus), have played a significant role in

the reduction of many species of New Zealand birds, reptiles, amphibians, and

invertebrates.

During the 1970s and early 1980s eradication of rodent populations from New

Zealand offshore islands was seen as only a remote possibility. Since then new

potent second-generation anticoagulant rodenticides have been developed, and

the success of more recent eradication programmes has been attributed to their

use (Taylor & Thomas 1989, 1993). Ground-baiting with brodifacoum in the

form of Talon 50WB in covered bait stations has been considered to be relatively

safe. However, the aerial sowing of Talon 20P has been associated with the

deaths of a range of bird species, including saddlebacks and moreporks (Towns

& McFadden 1991, unpubl. DoC report) and this has heightened concerns about

the non-target impact of brodifacoum.

In 1991 a review of the advantages and disadvantages of existing rodenticides

and rat baits for DoC recommended environmental impact studies (including

monitoring of non-target populations and analysis for brodifacoum residues in

non-target species) if brodifacoum baits were to be aerially sown in rodent-

eradication programmes (Eason 1991, unpubl. FRI contract report).

Landcare Research has been contracted to undertake field trials to evaluate the

safety of brodifacoum used in baits in bait stations and in aerially-sown cereal

baits for rodent eradication. This review is intended to identify any non-target

species at risk and assist in the design of these field trials.
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3 Objectives

• To review the worldwide literature on the toxicity and sub-lethal effects of

brodifacoum in birds and bats.

• To identify birds and bats that might be put at risk by the use of brodifacoum

in cereal-based baits for rat control in New Zealand.

4 Methods

The international scientific literature on the toxicity of brodifacoum and related

toxins was comprehensively reviewed. Relevant material relating to the non-

target effects of brodifacoum and other similar anticoagulant toxins was collated

and is summarised in this report. Researchers in DoC associated with aerial

baiting using brodifacoum were contacted and interviewed, and their comments

are included in this report as personal communications.

ICI, the manufacturers of brodifacoum baits, were contacted and this report

includes results from a number of unpublished ICI field trials conducted to

monitor the non-target effects of brodifacoum.

The distribution and feeding habits of indigenous non-target birds and bats that

might be subjected to primary or secondary poisoning after use of brodifacoum

in cereal-based baits for rat control were assessed by considering their feeding

habits and the likelihood of their eating toxic baits.

5 Results

5 . 1 T H E  T O X I C O L O G Y  A N D  P E R S I S T E N C E  O F

B R O D I F A C O U M

Over 10 anticoagulant toxins are marketed worldwide, and these are

conventionally divided into first-generation compounds such as pindone and

warfarin, which were developed in the 1940s and 1950s, and second-generation

compounds such as brodifacoum, which was developed in the mid 1970s

(Hadler & Shadbolt 1975). Brodifacoum, like the other anticoagulant toxins, acts

by interfering with the normal synthesis of vitamin K-dependent clotting factors

in the liver of vertebrates. The potential insecticidal properties of these toxins

are unknown. However, it has been suggested that anticoagulants are unlikely to

affect invertebrates, which have different blood clotting systems from

vertebrates (Shirer 1992).
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The greater potency of the second-generation anticoagulant toxins is likely to be

related to their accumulation and persistence in the liver after absorption

(Huckle et al. 1988). Anticoagulants share a common binding site in the liver,

but the second-generation anticoagulants have a greater binding affinity than the

first-generation compounds (Parmar et al. 1987). Sub-lethal doses of

brodifacoum can persist in the liver of sheep for over 16 weeks (Laas et al.

1985), and sub-lethal doses of flocoumafen, a structurally related second-

generation anticoagulant, accumulate and persist in rats for 14 weeks (Huckle et

al. 1988).

The persistence and potency of the second-generation anticoagulants means the

risk of primary and secondary poisoning by these toxins is greater than that

associated with the earlier anticoagulants.

5 . 2 A C U T E  T O X I C I T Y  A N D  P R I M A R Y  P O I S O N I N G

Second-generation compounds such as brodifacoum differ from the earlier

anticoagulants in that only a single feeding is needed to induce death. The

toxicity of brodifacoum varies in both mammals (Table 1, included for

comparative purposes) and birds (Table 2).

TABLE 1   THE ACUTE ORAL TOXICITY OF BRODIFACOUM IN DIFFERENT MAMMAL

SPECIES (FROM GODFREY 1985)

MAMMAL SPECIES LD
50

 (MG/KG)

pig 0.1

possum 0.17

rabbit 0.2

rat 0.27

mouse 0.4

dog 3.5

sheep 10

cat 25
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TABLE 2   THE ACUTE ORAL TOXICITY OF BRODIFACOUM IN DIFFERENT BIRD

SPECIES 1 (FROM GODFREY 1985)

BIRD SPECIES LD
50

 (MG/KG)

southern black -backed gul l <0.75*

Canada goose <0.75*

pukeko 0.95

blackbird >3**

hedge sparrow >3**

Cal i fornia  quai l 3.3

mal lard duck 4.6

black -bi l led gul l <5.0*

house sparrow >6**

s i lvereye >6**

Austra las ian harr ier 10.0

r ing -necked pheasant 10.0

paradise shelduck >20**

1  Names fo l low Turbot t  (1990)

*    Lowest  dose  tes ted

* *   Highest  dose  tes ted

Small birds such as silvereyes, sparrows, blackbirds, and quail are considered

more resistant to brodifacoum than some larger birds such as gulls, geese, and

pukeko (Godfrey 1985). However, some large birds including Australasian

harriers, pheasants, and paradise shelducks are also relatively resistant. Despite

these distinctions, a wide range of small and large birds have been found dead

from primary poisoning after field use of brodifacoum; e.g., saddlebacks,

blackbirds, chaffinches, a house sparrow, and a hedge sparrow were found dead

after Talon® 20P was aerially sown to eradicate kiore and rabbits on Stanley

Island (Towns & McFadden 1991, unpubl. DoC report), and silvereyes,

blackbirds, and song thrushes were found dead after Talon® 20P was used to

control dama wallabies near Rotorua (D. Moore pers. comm.). A paradise

shelduck, magpie, and chaffinch found dead after ground-laying of cereal-based

Talon® bait for rabbit control contained residues of brodifacoum (Rammell

et al. 1984; Williams et al. 1986). Robins were seen eating crumbs of Talon®

50WB dropped by Norway rats on Breaksea Island and two were found dead,

although there was no significant change in population density (Taylor &

Thomas 1993). The entire weka population on Tawhitinui Island was
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exterminated mainly by direct consumption of Talon® 50WB intended for ship

rat control (Taylor 1984).

These findings suggest that the reported differences in sensitivity (from

published LD
50

 values) may be either inaccurate or irrelevant predictors of

susceptability to brodifacoum. Species such as blackbirds, silvereyes, and

paradise shelducks are reported to be moderately resistant, and yet these

species have been killed by brodifacoum.

Sub-lethal doses of brodifacoum caused abortions and reduced lambing rates in

sheep (Godfrey 1985), and concerns have been expressed about the adverse

effects of small doses of anticoagulants on tawny owls (Townsend et al. 1980).

However, there are no publications that elucidate any potential long-term

effects of low-level brodifacoum exposure in birds.

There are no published LD
50

 data on the direct acute toxicity of brodifacoum

orally administered to bats. However, in Latin America where paralytic bovine

rabies is transmitted by the common vampire bat (Desmodus rotundus), cattle

are given sub-lethal intramuscular doses of diphacinone, a first-generation

anticoagulant related to brodifacoum. These cattle effectively act as live baits,

and bats that suck blood from treated cattle die (Thompson et al. 1972; Mitchell

1986; Said Fernandez & Flores-Crespo 1991). It is not possible to extrapolate the

toxicity of diphacinone in the vampire bats to the susceptibility of New

Zealand’s short and long-tailed bats (Mystacina tuberculata and Chalinolobus

tuberculatus, respectively) to brodifacoum. However, it appears that bats may

be susceptible to anticoagulants.

5 . 3 S E C O N D A R Y  P O I S O N I N G

It has been suggested that invertebrates are unlikely to be directly killed by

brodifacoum (Shirer 1992). However, invertebrates have been seen eating baits

containing brodifacoum, and residues of brodifacoum have been found in

beetles collected from bait stations containing Talon® 50WB intended for rats

on Stewart Island (Wright & Eason 1991, unpublished FRI contract report).

Consequently, invertebrates may pose a risk of secondary poisoning to

insectivorous vertebrates. One example of secondary poisoning of insectivorous

birds with brodifacoum has been reported in a zoo, where avocets, rufous-

throated ant pittas, golden plovers, honey creepers, finches, thrushes, warblers,

and crakes died in an aviary after feeding on pavement ants and cockroaches

that had eaten brodifacoum baits (Godfrey 1985).

Secondary poisoning of non-target predatory and scavenging species has been

reported after use of both first and second-generation anticoagulants. The risk of

secondary poisoning of non-target species is far greater with second-generation

anticoagulants, such as brodifacoum, because they are not substantially

metabolised and excreted before death.

In pen trials, owls have consistently survived after eating rodents poisoned with

first-generation anticoagulants. For example, tawny owls fed mice poisoned

with warfarin were not killed, and no physical or behavioural changes were

observed. However, plasma prothrombin levels were affected, and the authors

suggested that this might have deleterious effects on owl wellbeing (Townsend



10

et al. 1980). In a separate study, all barn owls fed rats poisoned with three first-

generation anticoagulants (diphacinone, fumarin, or chlorophacinone) survived

without symptoms (Mendenhall & Pank 1980).

However, barn owls were killed by two second-generation anticoagulants,

difenacoum and brodifacoum. Five out of six barn owls deliberately fed rats that

had eaten brodifacoum died. Difenacoum is less potent than brodifacoum and

only one out of six owls fed difenacoum-poisoned rats died. In New Zealand, a

pen trial with Australasian harriers has confirmed the risk of secondary

poisoning with brodifacoum. One out of four harriers died after eating rabbits

poisoned with brodifacoum (Godfrey 1985).

In field trials, barn owls in an oil palm plantation in Malaysia were tolerant of

secondary ingestion of warfarin for rat control but the population declined from

20 breeding pairs to two individuals after use of second-generation

anticoagulants, firstly coumachlor, then brodifacoum; carcasses showed signs of

haemorrhaging (Duckett 1984). Screech-owls in USA were killed by secondary

poisoning from brodifacoum baits used to control voles in orchards (Hegdal &

Colvin 1988). In New Zealand, dead southern black-backed gulls and

Australasian harriers collected after a rabbit-poisoning operation contained

residues of brodifacoum (Rammell et al. 1984; Williams et al. 1986), and a

morepork was found dead after Talon® 20P was aerially sown for eradication of

kiore and rabbits on Stanley Island (Towns & McFadden 1991, unpubl. DoC

report). However, field reports indicate that the extent of bird deaths resulting

from brodifacoum use depends on the way baits are used and the behaviour of

non-target species.

In the United Kingdom, brodifacoum use on farms caused secondary poisoning

of tawny owls, buzzards, and corvids (Edwards & Swaine 1983, unpubl. ICI

report), but secondary poisoning was reduced by pulsed versus saturation

baiting, and by use of baits close to farm buildings (Edwards et al. 1984a,

unpubl. ICI report). Residue levels were significantly lower in poisoned rats

after pulse baiting than after saturation baiting (Edwards et al. 1984b, unpubl.

ICI report). Barn owls in the United Kingdom are now widely exposed to

brodifacoum, but not all owls exposed are likely to receive a lethal dose, and

there is no evidence that brodifacoum has affected barn owl populations

(Newton et al. 1990).

Predators may not be affected when other food sources are readily available. For

example, baiting with brodifacoum in and around farm buildings in the USA did

not affect local barn owls, which fed on rodents in grassland away from

buildings (Hegdal & Blaskiewicz 1984).

The use of brodifacoum bait must be evaluated with a full understanding of the

wildlife present in an area designated for rodent control. For example,

brodifacoum baiting to control rodents in rice fields in the Philippines had no

effect on wildlife (Brown et al. 1986, unpubl. ICI report), but there were no

rodent predators present.

In New Zealand, observations by researchers suggest that the risks of both

primary and secondary poisoning can be reduced by the use of baits in bait

stations. Comparable numbers of brown skuas and New Zealand falcons, the

main avian predators at risk, were seen before and after use of Talon® 50WB in
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bait stations for eradication of Norway rats on Hawea Island (Taylor & Thomas

1989). There was no evidence of New Zealand falcons or moreporks being

killed by use of Talon® 50WB in bait stations for eradication of Norway rats on

Breaksea Island (Taylor & Thomas 1993).

Nevertheless, the hazards of secondary poisoning to non-target wildlife have

prevented second-generation anticoagulants such as brodifacoum being

registered in the USA for non-commensal (field) use (Colvin et al. 1991).

5 . 4 B I R D S  A N D  B A T S  A T  R I S K  F R O M

B R O D I F A C O U M  P O I S O N I N G  I N  N E W  Z E A L A N D

Two species of bats and about 150 species or sub-species of birds (half of which

are land and freshwater birds) are indigenous to New Zealand. Both species of

bats and about 60 species of birds (Table 3) occur in areas where brodifacoum

baits could be used for rat control. Any bats or birds that come into direct or

indirect contact with brodifacoum baits would be at risk from primary or

secondary poisoning.

Bats

Short-tailed bats are primarily insectivorous but also eat carrion and might feed

on brodifacoum-poisoned carcasses. They might also eat cereal-based baits. The

death of a short-tailed bat has been attributed to the consumption of cyanide bait

laid for possum control (Daniels & Williams 1984). Consequently, short-tailed

bats may be at risk from both primary and secondary poisoning. Long-tailed bats

are thought to be entirely insectivorous and therefore at risk only from

secondary poisoning.

Birds

About 30 species or sub-species of birds would probably eat cereal-based baits

containing brodifacoum if they encountered them (Table 3). For example, North

Island brown kiwi ate non-toxic cereal-based baits (Wanganui No.7) containing

Rhodomine B that marked their faeces (Pierce & Montgomery 1992,

unpublished DOC internal report). Paradise shelducks, grey ducks, weka, and

robins have been seen eating cereal-based baits intended for possums. Weka,

robins, and tomtits have been found dead after possum control operations using

1080 in cereal-based baits. Captive weka, kaka, parakeets, kokako, and

saddlebacks ate cereal-based baits in feeding trials (Spurr 1993, in press). Cereal-

based pellets normally fed to poultry are included in the diet of captive kokako

and saddlebacks. New Zealand pipits eat seeds and would probably eat cereal-

based baits if they encountered them in the wild. Some birds have been reported

taking baits from bait stations. Weka and kea have both removed Talon® 50WB

from novacoil bait stations (Taylor 1984, Taylor & Thomas 1993), and kaka have

eaten apple paste from modified Romark bait stations (Sherley 1992). These

species are inquisitive and could eat toxic cereal-based baits from bait stations.
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TABLE 3   INDIGENOUS BIRD SPECIES OR SUB-SPECIES1 AT RISK IN AREAS WHERE

CEREAL-BASED BAITS COULD BE USED FOR RODENT CONTROL

PROBABLY WOULD EAT PROBABLY WOULD NOT

CEREAL-BASED BAITS EAT CEREAL-BASED BAITS

IF ENCOUNTERED2 IF ENCOUNTERED BUT

MIGHT BE AT RISK FROM

SECONDARY POISONING

North Is land brown kiwi* Austra las ian harr ier+

South Is land brown kiwi New Zealand fa lcon

Stewart  Is land brown kiwi Brown Skua

Li t t le  spotted kiwi Southern black-backed gul l+

Great  spotted kiwi Shining cuckoo

Paradise shelduck*+ Long- ta i led cuckoo

Grey duck* Morepork+

North Is land weka* New Zealand Kingf isher

Western weka+ North Is land r i f leman

Buff  weka South Is land r i f leman

Stewart  Is land weka Welcome swal low

Pukeko North Is land fernbird

Red-bi l led gul l South Is land fernbird

New Zealand pigeon Stewart  Is land fernbird

Chatham Is land pigeon Codf ish Is land fernbird

North Is land kaka* Brown creeper

South Is land kaka Whitehead

Kea Yel lowhead

Red-crowned parakeet* Grey warbler

Chatham Is land red-crowned

parakeet Chatham Is land warbler

Yel low-crowned parakeet North Is land fanta i l

Forbes’  parakeet South Is land fanta i l

New Zealand pipi t Chatham Is land fanta i l

North Is land robin+ North Is land tomtit

South Is land robin+ South Is land tomti t

Stewart  Is land robin Chatham Is land tomti t

S i lvereye+ St i tchbird

North Is land kokako*+ Bel lbird

North Is land saddleback*+ Tui

Chatham Is land tui

1 Names fo l low Turbott  (1990) .

2 Al l  species  in this  co lumn are  known to  have eaten cereal -based bai ts  or  are

considered l ikely  to eat  them.

* Known to have eaten cereal -based baits .

+ Found dead after  pest  control  operations using cereal -based baits  (Wanganui

No.7 ,  Mapua,  RS5 ,  Talon® 20P) or  Talon® 50WB.
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Insectivorous birds (e.g., riflemen, whiteheads, grey warblers, and tomtits)

though listed as unlikely to eat cereal-based baits containing brodifacoum, might

do so occasionally for the same reasons that they sometimes eat fruit (Spurr

1979, 1991). However, insectivorous birds are more likely to be exposed to

brodifacoum by eating invertebrates that have fed on toxic baits; i.e., they are

more likely to be at risk from secondary poisoning. Predatory birds (especially

the Australasian harrier, New Zealand falcon, and morepork) might also be at

risk from secondary poisoning by eating birds, small mammals, or invertebrates

that have fed on toxic baits. Australasian harriers, for example, have been found

dead after eating rabbits poisoned with brodifacoum (Rammell et al. 1984;

Godfrey 1985; Williams et al. 1986), and moreporks have been found dead

presumably from secondary poisoning after eating rodents poisoned with

Talon® 20P (Towns & McFadden 1991, unpubl. DoC report) and 1080 (Spurr

1979, 1991). Some birds such as the Australasian harrier, weka, and southern

black-backed gull could be at risk from secondary poisoning by scavenging on

poisoned carcasses.

6 Conclusions

Brodifacoum has the potential to cause both primary and secondary poisoning of

birds and bats. However, the adverse effects of brodifacoum on wildlife are

dependent on how baits are used and on the behaviour of non-target species.

Baits in bait stations are likely to be less accessible to non-target species than

baits on the ground. Secondary poisoning of birds is likely where rats are a major

constituent of the diet (e.g., of the weka). The risk from brodifacoum will be at

its greatest when saturation baiting techniques, such as aerial sowing, are used

in eradication programmes.

Indigenous New Zealand vertebrates most at risk from feeding directly on

cereal-based baits containing brodifacoum are those species that are naturally

inquisitive and have an omnivorous diet (birds such as weka, kaka, kea, and

robins). The greatest risk is probably that of secondary poisoning to predatory

and scavenging birds (especially the Australasian harrier, New Zealand falcon,

southern black-backed gull, morepork, and weka). Some species are at risk from

both primary and secondary poisoning. However, laboratory and field trials are

essential to determine the actual risks associated with cereal-based baits

containing brodifacoum and with aerial baiting strategies.

7 Recommendations

• The risk of bats and birds eating cereal-based baits should be investigated

initially in laboratory and field studies using non-toxic baits.
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• The risk of secondary poisoning to insectivorous non-target species should

be investigated in laboratory and field studies to determine levels of

brodifacoum residues and their persistence in selected invertebrates.

• The risk of primary and secondary poisoning to indigenous non-target

species from brodifacoum, especially in aerially sown toxic bait in both

single-pulse and repeated-pulse strategies, should be field-tested in an area

containing some key non-target species identified in this report. Bird, bat,

and invertebrate numbers should be monitored before and after poisoning,

and residue analyses for brodifacoum in water, soil, and animals should be

undertaken. The benefits of reduced aerial application rates and repellents to

deter non-target species should be investigated.
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ABSTRACT: From 1971 through 1997, we documented 51 cases (55 individual animals) of poi-
soning of non-target wildlife in New York (plus two cases in adjoining states) (USA) with anti-
coagulant rodenticides—all but two of these cases occurred in the last 8 yrs. Brodifacoum was
implicated in 80% of the incidents. Diphacinone was identified in four cases, bromadiolone in
three cases (once in combination with brodifacoum), and chlorophacinone and coumatetralyl were
detected once each in the company of brodifacoum. Warfarin accounted for the three cases
documented prior to 1989, and one case involving a bald eagle (Haliaeetus leucocephalus) in
1995. Secondary intoxication of raptors, principally great horned owls (Bubo virginianus) and red-
tailed hawks (Buteo jamaicensis), comprised one-half of the cases. Gray squirrels (Sciurus caro-
linensis), raccoons (Procyon lotor) and white-tailed deer (Odocoileus virginianus) were the most
frequently poisoned mammals. All of the deer originated from a rather unique situation on a
barrier island off southern Long Island (New York). Restrictions on the use of brodifacoum appear
warranted.

Key words: Anticoagulant rodenticide poisoning, brodifacoum, bromadiolone, Bubo virgini-
anus, Buteo jamaicensis, diphacinone, great-horned owl, Odocoileus virginianus, raptor, red-tailed
hawk, white-tailed deer, wildlife.

INTRODUCTION

Anticoagulant poisons interfere with the
action of vitamin K in the production of
clotting factors in the liver, and thereby kill
by predisposing animals to fatal hemor-
rhage. They are presently the most com-
monly-used pesticides for the control ro-
dent pests world-wide. The first anticoag-
ulant synthesized for use as a pesticide was
the coumarin-based compound warfarin,
introduced in the 1940’s (Osweiler et al.,
1985). Other coumarin-based rodenticides
were subsequently developed, as were in-
dandione compounds like diphacinone
which show similar anticoagulant activity.
Emergence of rat populations with resis-
tance to warfarin and some of the other
early anticoagulants eventually led to the
development of more potent compounds
like brodifacoum and bromadiolone
which, unlike the older compounds, will
kill rodents after single feedings.

Toxicity data for a variety of domestic
animals (Osweiler et al., 1985), suggest
that anticoagulant rodenticides are no
doubt a potential hazard to many wild

mammals and birds. The degree of hazard
would be expected to vary by compound,
species, and type of application. Poisoning
could occur by direct ingestion of bait (pri-
mary poisoning), or via consumption of
poisoned rodents (secondary poisoning).
Potential for the latter was demonstrated
by Evans and Ward (1967) who fed anti-
coagulant-killed nutria (Myocastor coypus)
to dogs and commercial mink, by Men-
denhall and Pank (1980) who fed rats and
mice killed with a variety of rodenticides
to owls, and by Townsend et al. (1984)
who fed warfarin-dosed mice to least wea-
sels (Mustela nivalis).

In the United States, applications of
brodifacoum in apple orchards resulted in
the deaths of radio-marked screech owls
(Otus asio) (Hegdal and Colvin, 1988).
Littrel (1988) reported the diphacinone-
caused deaths of a raccoon (Procyon lotor)
and a mountain lion (Felis concolor) at a
site in northern California under unknown
circumstances. More recently, two barn
owls were killed by brodifacoum near a
poultry farm in Georgia (USA) in 1995 (C.
F. Quist, pers. comm.).
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In the UK, Shawyer (1987) reported a
‘‘mass mortality’’ involving tawny owl (Strix
aluco), buzzard (Buteo buteo), magpie
(Pica pica), and red fox (Vulpes vulpes)
which followed baiting with brodifacoum
at a Hampshire farm in 1981. Shawyer
(1987) also reported suspected poisonings
in barn owls (Tyto alba) associated with
the use of brodifacoum (four cases), difen-
acoum (four cases) and bromadiolone (one
case) between 1982 and 1985. Subse-
quently, about 10% of 145 barn owls found
dead in Britain between 1983 and 1989
were found to contain detectable (.0.005
ppm) levels of brodifacoum, although only
one owl was considered to have suc-
cumbed to poisoning (Newton et al.,
1990). In France, a four-year study of pos-
sible anticoagulant poisonings of wildlife
(Berny et al., 1997) yielded 59 confirmed
diagnoses for bromadiolone and 41 for
chlorophacinone. Twenty-eight animals,
principally red foxes and buzzards, were
recovered from a single area near the
Swiss border where bromadiolone was ap-
plied to carrot baits for the control of voles
(Arvicola terrestris). Similar use of bro-
madiolone in Switzerland itself was fol-
lowed by a large kill of buzzards and kites
(Milvus milvus). Several unspecified pred-
atory mammals also were killed (Beguin,
1983 and Pedrolic, 1983, cited in Shawyer,
1987). In Malaysia, barn owls were re-
portedly decimated when brodifacoum
and coumachlor replaced warfarin on a
palm oil plantation (Duckett, 1984). In
New Zealand, one magpie, one paradise
duck (Tadorna ferruginea), two unidenti-
fied hawks, two unidentified gulls, one un-
identified passerine, and one unidentified
hare were found dead following experi-
mental use of brodifacoum to control rab-
bits (Oryctolagus cuniculus) (Rammell et
al., 1984). Other reports of avian mortality
linked to brodifacoum use in New Zealand
have been reviewed by Eason and Spurr
(1995).

Given the experimental evidence, the
magnitude of rodenticide use, some of the
reports cited above, and our own data, we

suspect that the poisoning of wildlife in
the United States with anticoagulants is far
more common than the published record
suggests. The purpose of the present pa-
per is to report both primary and second-
ary poisoning of non-target wildlife with
anticoagulant rodenticides in New York
(USA) from 1971 through 1997.

METHODS

Most of the cases included in this report
were submitted for diagnosis directly or indi-
rectly by the general public. Wildlife rehabili-
tators also contributed a significant number of
specimens. When necropsies showed hemor-
rhage or anemia in the absence of traumatic
injury or infectious or parasitic disease process-
es, the livers were collected, frozen, and
shipped to an analytical laboratory. Analyses
were completed at the New York State Police
Laboratory (Albany, New York) prior to 1977,
and subsequently at the WARF Institute and
its successor, Raltech Scientific Services (Mad-
ison, Wisconsin, USA), through 1984. Since
then, analyses were completed at the State of
Illinois Animal Disease Laboratory (Centralia,
Illinois, USA) using a high-performance liquid
chromatography screening procedure. This
method utilized a solid-phase cleanup to pre-
pare small-sized samples (2g) for analysis
(Chalermchaikit et al., 1993). Identification and
quantitation of the 11 different anticoagulant
rodenticides in the screen were achieved by re-
verse-phase separation using both UV and fluo-
rescence detectors (Shimadzu models SPD-
6AV and RF-535, Shimadzu Scientific Instru-
ments, Inc., Columbia, Maryland, USA) in tan-
dem to facilitate both the primary and
confirmatory analysis (J. R. Stedelin, unpubl.
data). When needed, particularly with indan-
dione compounds, additional sensitivity and
confirmation were attained with an ion-pairing
method (Hunter, 1985). Detection limits at the
Illinois Laboratory were 0.02 ppm for brodifa-
coum and bromadiolone; 0.03 ppm for difena-
coum; 0.05 ppm for coumatetralyl; 0.1 ppm for
warfarin, fumarin, and coumachlor; 0.02 ppm
for diphacinone; 0.4 ppm for pindone and va-
lone; and 0.5 for 4, 6, 7 and 8-OH warfarin.

RESULTS

Death from hemorrhage associated with
anticoagulant rodenticides was confirmed
in 51 cases (56 individual animals) over a
27 yr period (Table 1). Only three cases,
all involving warfarin, were diagnosed pri-
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TABLE 1. Anticoagulant rodenticide poisonings in wildlife in New York (USA) and adjoining states, 1971–1997.

Speciesa
Date

(Mo/yr) Countyb
Gross

pathologyc Toxicant (ppm in liver)

Gray squirrel
Gray squirrel
Peregrine falcon
Great horned owl
Great horned owl
Gray squirrel
Gray squirrel
Eastern chipmunk
Raccoon
Raccoons (3)
Gray squirrel
Gray squirrel
Snowy owl
Great horned owl
Great horned owl

10/71
9/81

10/86
3/89

10/89
6/90
7/90
6/92
6/92
9/92
8/93
9/93

11/93
3/94
6/94

Westchester
Niagara
Cape May
Putnam
Suffolk
Westchester
Monroe
Albany
Niagara
Nassau
Albany
Albany
Dutchess
Niagara
Albany

d
b, d, k
c, d, h
a, b
a, b
a, h
b, l
a, b
j
c
a, d, h
a, d, j
a, d
b, h
a, b, f, g

warfarin (not quantified)
warfarin (0.228)
warfarin (1.48)
brodifacoum (0.01)
brodifacoum (0.2)
brodifacoum (0.7)
brodifacoum (4.1)
brodifacoum (3.8)
brodifacoum (1.8 in stomach contents)
brodifacoum (3.1, 5.3, 4.6)
brodifacoum (0.53), chlorofacinone (0.62)
brodifacoum (25.8 in colon contents)
diphacinone (0.26)
brodifacoum (0.53)
brodifacoum (0.64)

White-tailed deer
Great horned owl
Red-tailed hawk
Great horned owl
Great horned owl
Red-tailed hawk
Red-tailed hawk
Red-tailed hawk
Bald eagle
Great horned owl
White-tailed deer
Red-tailed hawk
Great horned owl
Raccoon
Red fox (2)
Skunks (3)
Raven

10/94
10/94
11/94
11/94
12/94
12/94

1/95
3/95
4/95
8/95
9/95

12/95
2/96
3/96

4/96
4/96

Suffolk
Erie
Westchester
Orleans
Albany
Westchester
Richmond
Nassau
Orleans
Suffolk
Suffolk
Suffolk
Chenango
Suffolk

Westchester
Rensselaer

c, i
a, b, f
b, g, f
a, b, e, f, g
a, b, d, f, g
a, b, f
b, h
b, g
i
a, d, h
c, d, e
a, b, f, g
a, h, i
a, d, e, j
b, c, e
a, c, e
a, d, h

brodifacoum (0.38)
brodifacoum (0.41)
brodifacoum (0.41)
brodifacoum (0.73)
brodifacoum (0.1)
brodifacoum (0.23)
brodifacoum (0.43)
brodifacoum (0.76)
warfarin (1.4)
brodifacoum (0.53), bromadiolone (0.14)
brodifacoum (0.37), coumatetralyl (0.5)
brodifacoum (1.6)
brodifacoum (0.36)
brodifacoum (1.0)
brodifacoum (1.32 and 4.01)
bromadiolone (0.02, 0.28, 0.08)
brodifacoum (1.04)

Golden eagle
White-tailed deer
White-tailed deer
Red-tailed hawk
Great horned owl
White-tailed deer
Red-tailed hawk
Opossum
White-tailed deer
Gray squirrel
Common crow
Screech owl
Great horned owl
Raccoon
Gray squirrel
Opossum

4/96
4/96
5/96
6/96
6/96

10/96
10/96
11/96
12/96
12/96

1/97
2/97
2/97
3/97
4/97
4/97

Monroe
Suffolk
Suffolk
Onondaga
Monroe
Suffolk
Suffolk
Albany
Suffolk
Albany
Fairfield
Suffolk
Greene
Albany
Suffolk
Albany

c
c, e
c, k
a, b, f, g
a, b, d, e, g
c, e
b, i
c
c
a, b, d
a, d, f, j
a, c
a, b, f
a, d, f, l
a, e
e

brodifacoum (0.03)
brodifacoum (0.12)
brodifacoum (0.41)
brodifacoum (0.65)
brodifacoum (0.35)
diphacinone (0.93)
brodifacoum (0.5)
bromadiolone (0.8)
diphacinone (0.2)
brodifacoum (1.39)
brodifacoum (1.34)
brodifacoum (0.34)
brodifacoum (0.08)
brodifacoum (0.32)
diphacinone (2.0)
brodifacoum (0.18)

Great horned owl
Great horned owl
Screech owl
White-tailed deer

4/97
6/97

10/97
12/97

Niagara
Dutchess
Erie
Suffolk

i
b, g
d
a, c, e

brodifacoum (0.11)
brodifacoum (0.22)
brodifacoum (0.80)
brodifacoum (0.16)

a See text for scientific names.
b All in New York except for Cape May (New Jersey) and Fairfield (Connecticut).
c a 5 subcutaneous hemorrhage; b 5 pallor of muscle and/or internal organs; c 5 hemorrhage in lungs; d 5 inter- and

intramuscular hemorrhages; e 5 subcutaneous edema; f 5 low blood volume heart/major vessels; g 5 excessive hemorrhage
from superficial wounds; h 5 free hemorrhage or bloody fluid in body cavity; i 5 hemorrhage into alimentary canal; j 5
dyed rodenticide bait in alimentary canal; k 5 hemorrhage and/or serum in pericardial sac; l 5 intrauterine hemorrhage.
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TABLE 2. Gross pathological findings in wildlife
killed by anticoagulant rodenticides in New York.

Finding

Frequencya

Birds
(n 5 25)

Mammals
(n 5 27)

Subcutaneous hemorrhage
Pallor
Hemorrhage in lungs

111
111

1

111
11

111
Inter/intra-muscular

hemorrhage 11 11
Subcutaneous edema 1 11
Free hemorrhage in

body cavity 11 1
Dyed bait in alimentary

canal 1 11
Excessive bleeding from mi-

nor wounds 11 o
Low blood volume in heart/

major vessels 11 o
Hemorrhage into alimentary

canal 1 1
Hemorrhage/serum in peri-

cardial sac o 1
Intrauterine hemorrhage NA 1

a Constructed from necropsy records, these frequencies
should be considered conservative as records varied in de-
gree of detail: 111 frequent (.50%), 11 occasional (10–
50%), 1 infrequent (,10%), o not observed, NA not ap-
plicable.

or to 1989. Most of the poisonings origi-
nated in one of three regions in New York
including (1) Long Island and the lower
Hudson River Valley (408309 to 418319N
and 728509 to 748009W), (2) within about
80km of our laboratory near Albany
(428359N and 738539W), and (3) counties
bordering the southwest shore of Lake
Ontario and the Niagara River (428259 to
438239N and 778379 to 798049W).

Presumed secondary poisoning of rap-
tors was documented in 26 cases, princi-
pally in great horned owls (13 cases) and
red-tailed hawks (seven cases). Presumed
primary intoxications were confirmed in 16
cases, primarily in gray squirrels and
white-tailed deer. Rodenticide bait was vi-
sually identified in the alimentary canal in
four of these cases: two raccoons, one
squirrel, and one common crow (Corvus
brachyrhynchos). The poisonings in the
red foxes, skunks (Mephitis mephitis),
opossums (Didelphis virginiana), and the
other raccoons could have been primary or
secondary in nature.

Brodifacoum was identified in the liver
or alimentary canal in 41 cases (80%).
Warfarin was identified in four cases, dia-
phacinone in four, and bromadiolone in
three (once in combination with brodifa-
coum). Coumatetralyl and chlorophaci-
none were found (once each) in the com-
pany of brodifacoum.

Gross post-mortem findings (Table 2)
typically included subcutaneous hemor-
rhage in both avian and mammalian spec-
imens. Birds tended to show more notice-
able overall pallor, frequently had a nota-
bly reduced volume of blood in the heart
and associated large vessels, and about
one-third showed excessive external hem-
orrhage from superficial wounds. Subcu-
taneous hemorrhage in raptors frequently
included sites over the abdomen, includ-
ing intense hemorrhage between the stom-
ach and the abdominal wall in several
specimens. Pulmonary hemorrhage was far
more common in mammals. Also, mam-
mals sometimes showed areas of subcuta-
neous edema. The edematous fluid was

frequently blood-tinged and, in some cas-
es, perhaps a sequel to earlier hemor-
rhage. In general, tentative diagnoses
based on gross findings in birds were con-
firmed by analytical results in almost every
case. However, the gross findings on mam-
mals seem to be less pathognomonic, and
confirmations were much less certain, par-
ticularily for carnivores and ungulates.

We were able to link known anticoagu-
lant use and raptor mortality to a particular
site on only three occasions. In the first
case, brodifacoum was employed in barns
and sheds at a small farm outside of Al-
bany (New York) where horses, goats, and
llamas were kept. Availability of livestock
food and an absence of barn cats com-
bined to produce an enormous rat popu-
lation. Despite the fact that a great horned
owl had been repeatedly observed in the
vicinity of the barnyard, brodifacoum-
treated bait was used in the buildings. An
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TABLE 3. Acute oral LD50 valuesa (mg/kg) for some
common anticoagulant rodenticides in several spe-
cies.

Species

LD50 (mg/kg)

Warfarin
Diphaci-

none
Bromadio-

lone Brodifacoum

Rat
Mouse
Rabbit
Pig
Dog
Cat
Chicken

50–100
374b

800b

3
50

5–50
1,000b

1.5
340

35
—

3
15

—

1.25
1.75
1.0
—

11–15c

.25c

—

0.27
0.4
0.29

0.5–2.0
0.25–1.0
25
10–100

a As reported in Osweiler et al. (1985) unless otherwise in-
dicated.

b Reported in Hagan and Radomski (1953).
c Reported in Felice and Murphy (1995).

owl was eventually found near death at the
site, having suffered near complete exsan-
guination from a small laceration on one
toe.

The second case involved a red-tailed
hawk in rehabilitation at our facility in
Delmar (New York). The bird had been
fed a rat found dead on the ground by an
employee (counter to instructions never to
utilize animals found dead for animal
food) unaware that brodifacoum bait was
being used at an adjoining residence. The
hawk, kept in an outdoor flight cage not
designed to exclude small animals, may
have captured additional brodifacoum-ex-
posed rodents on its own.

The third incident occurred at a lower
Hudson Valley correctional facility where
a rodent control program (using a tracking
powder containing 0.2% diphacinone) co-
incided with presence of a snowy owl
(Nyctea scandiaca) which had established
a temporary residence at the site. The
owl’s stomach was full of rat remains.

The white-tailed deer poisonings with
brodifacoum (4) and diphacinone (2) all
occurred on Fire Island, a barrier island
on the south shore of Long Island. No
hunting is allowed and the deer population
is large and food-limited. The deer are fed
by some Fire Island residents and, as we
observed on one field visit, have come to
associate plastic bags with food opportu-
nities. The remains of plastic bags or wrap-
pers were occasionally found in the rumen
of deer at necropsy. This situation is some-
times coupled with a heavy use of roden-
ticides in some of the small communities.
Deer have been observed eating baits,
even going to considerable effort to extract
them from beneath buildings supported
on low piers. Other deer we have exam-
ined in the past few years from this loca-
tion may also have been poisoned by an-
ticoagulants, but post-mortem scavenging
and/or decay precluded or compromised
confirming analyses. The most common
gross finding in poisoned deer was ex-
tremely hemorrhagic lungs.

DISCUSSION

Our data suggest that poisonings of non-
target wildlife with anticoagulant rodenti-
cides may currently be widespread, largely
due to the use of brodifacoum. More
acutely toxic to most species tested than
other commonly-used anticoagulants (Ta-
ble 3), brodifacoum is also very persistent
in the liver (Bachmann and Sullivan, 1983;
Laas et al., 1985). For example, substantial
amounts of brodifacoum were found in the
livers of sublethally dosed possums (Tri-
chosurus vulpecula) 8 mo after exposure,
with little decline after the first week (Ea-
son et al., 1996). Repeated sublethal ex-
posures, even intermittent ones, may
therefore be expected to eventually cause
fatal hemorrhage. Not surprisingly, Men-
denhall and Pank (1980) experimentally
showed brodifacoum to be the most haz-
ardous of six anticoagulants to barn owls
fed poisoned rats.

Brodifacoum and other anticoagulants
are not registered for field use in the USA.
Some outdoor use may occur, however, as
U.S. Environmental Protection Agency-
approved label directions for commensal
rodent control permit placement of bait
‘‘in and around’’ structures—the term
‘‘around’’ being unquantified. Extensive
outdoor placement is probably rare in
New York, however, as we have confirmed
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relatively few primary anticoagulant poi-
sonings in species that should be particu-
larly vulnerable to outdoor baiting.

The toll on New York State wildlife is
nonetheless impressive, particularly with
respect to two raptor species. Since 1994,
anticoagulant poisonings have comprised
17% (n 5 59) of our diagnoses for great
horned owls, and 6% (n 5 114) of our di-
agnoses for red-tailed hawks. The actual
rate of exposure of these raptors and other
wildlife in New York to these anticoagu-
lants is unknown as we have not screened
the livers of animals found dead of other
causes.

The poisoning of white-tailed deer on
Fire Island raises some questions about
human consumption of deer and other
game. A common pattern of residential de-
velopment in many areas of New York
State at present is for houses to be erected
on large (e.g., 0.4–2.0 ha) lots in prime
wildlife habitat on the outskirts of cities
and suburbs. White-tailed deer often con-
tinue to thrive in close proximity to these
houses. Norway rats (Rattus norwegicus)
also occasionally do well in some of these
areas if birdseed or pet foods provide a
food source. When the latter occurs, the
use of rodenticides may be expected to in-
crease, possibly exposing deer and other
wildlife to poison bait. As long as sufficient
natural foods persist, the likelihood of deer
consuming bait is probably slight. How-
ever, as hunting is almost inevitably re-
stricted to some extent in these areas, deer
populations may become food limited (as
on Fire Island) and bait consumption
could become more common. Unlike Fire
Island, however, some hunting, at least by
archers, is likely to continue in or adjacent
to these developments, potentially expos-
ing hunters to contaminated flesh. It
would be useful to survey deer livers for
anticoagulants in some areas which cur-
rently approximate these circumstances.
Surveys of livers of game species would
also appear warranted in locations abroad
where field applications of anticoagulants
occur.

We recommend that physiologically per-
sistent anticoagulants, particularly brodi-
facoum, should not be used if direct or
indirect exposures to wildlife are likely to
occur. Warfarin or a similarly non-persis-
tent anticoagulant requiring multiple feed-
ings should be considered in locations
where warfarin-resistance has not been
demonstrated. Rodenticides containing
cholecalciferol, bromethalin or phosphide
can be used if warfarin-resistance is known
to be present, although these products can
also present a serious direct threat to some
wildlife species if placed outdoors. Appro-
priate regulatory agencies worldwide
should consider additional restrictions on
the use of brodifacoum.
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1. Introduction

Anticoagulant rodenticides (ARs) are used globally to control pest
rodent populations (Shore and Coeurdassier, 2018). ARs are applied in
a wide variety of land use settings including commercial and residential
areas, agricultural and silvicultural land, and islands with threatened
ecological communities (Lohr, 2018; Lopez Perea et al., 2019; Pitt
et al., 2015). Baiting is the standard method for delivering ARs, as the
baits can be easily dispersed across a landscape andmodified to suit par
ticular target species (Hoare and Hare, 2006b). To avoid bait consump
tion from non target species, baits are often deployed inside stations
intended to minimise access from other fauna; for example, access
holes to the stations may be raised above the ground and sized appro
priately for target species (Bettink, 2015). Even so, many non target
species are poisoned or exposed to ARs, either as a result of direct bait
consumption or through consumption of target and non target fauna
which have eaten bait (Elliott et al., 2014; Hong et al., 2019; Pitt et al.,
2015). Such secondary poisoning events have been documented in
avian and mammalian predators, particularly rodent predators and
scavengers (Colvin et al., 1988; Cox and Smith, 1990; Eason and Spurr,
1995; Hindmarch et al., 2019; Hosea, 2000; Lopez Perea et al., 2019;
Sanchez Barbudo et al., 2012). Only more recently has the true satura
tion of ARs throughout the foodweb been identified:when baits are ac
cessible, they are consumed directly by a suite of invertebrates (Alomar
et al., 2018; Elliott et al., 2014), birds (Masuda et al., 2014), lizards
(Wedding et al., 2010) and small mammals (Brakes and Smith, 2005).
Non target primary consumers of ARs are potentially important
vectors for ARs to organisms in higher trophic levels; for example, insec
tivorous hedgehogs (Erinaceus europaeus) in Britain have a similar prev
alence of AR exposure to predatory birds (Dowding et al., 2010), and
Stewart Island robin (Petroica australis) nestlings have died from AR
poisoning linked to being fed poisoned invertebrates (Masuda et al.,
2014).

ARs work by blocking the recycling of vitamin K in the liver,
disrupting the normal blood clotting mechanisms in vertebrates (Park
et al., 1984). Commonly used ARs, such as brodifacoum, are classed as
second generation anticoagulant rodenticides (SGARs) according to
their chemical structure and period of development. SGARs are a signif
icant risk to the vertebrate food web due to their long periods of persis
tence in liver tissue. In rodent livers, the mean half life of SGARs can
range from 108 days for difethialone to 220 days for flocoumafen
(Eason et al., 2002), and up to 307.4 days for brodifacoum
(Vandenbroucke et al., 2008). Despite long half lives and the potential
for environmental contamination for some ARs, currently only the
United States, Canada and the UK impose substantial restrictions on
AR use through permits, best practice guidelines and limiting the
more toxic ARs to indoor use (Bradbury, 2008; Health Canada, 2010;
Tosh et al., 2011). In Australia, for example, nine first and second gener
ation ARs can be legally sold to the public, resulting in exposure for
humans and wildlife (Lohr and Davis, 2018). It has been estimated
that this leads to 1400 human AR exposures per year (Australian Pesti
cides and Veterinary Medicines Authority, 2017) and high exposure for
urban wildlife with 72.6% exposure recorded in Australian Boobooks
(Ninox boobook) in Perth, Western Australia (Lohr, 2018).

Detection of AR exposure in non target vertebrates is increasingly
documented in the published scientific literature, but previous research
on vector and indicator species has focussed on invertebrates, birds and
mammals (Lopez Perea et al., 2019; Serieys et al., 2019; Thomas et al.,
2017). Reptiles have largely been ignored despite observations of direct
bait consumption (Hoare and Hare, 2006a) including one instance
where bait consumption is suspected to have directly caused mortality
(Bettink, 2015). In addition to evidence of direct AR exposure, reptiles
have potential to be vectors of high AR loads by virtue of their longevity,
occupying multiple trophic levels and apparent resistance to anthropo
genic contaminants (Hopkins, 2000). Recently, Lohr and Davis (2018)
reviewed the literature on interactions between reptiles and ARs and

identified the role of reptiles as a vector for ARs as a research priority.
Here, we address this recommendation by analysing AR concentrations
in the livers of three large bodied and abundant reptiles in Perth,West
ern Australia, an urban landscape where secondary exposure to ARs has
already been documented in predatory birds (Lohr, 2018). Our study
species the dugite (Pseudonaja affinis) a rodent predator snake, the
bobtail (Tiliqua rugosa) an omnivorous lizard and the tiger snake
(Notechis scutatus occidentalis) a wetland snake with a dietary prefer
ence for frogs were chosen as they give insight to AR exposure in rep
tiles and trophic transfer. Each of our study species differs in dietary
preference and trophic tier, and therefore should exhibit different fre
quencies and concentrations of ARs. We predicted that the dugite
would have the highest concentration of ARs, the tiger snake would
have limited or no exposure to ARs, and the bobtail would fall between
these two.

2. Materials and methods

2.1. Study area and species

The urban footprint of Perth, the capital city of Western Australia,
covers over 1050 km2 with a population of over two million
(MacLachlan et al., 2017). The primary land uses of urban Perth are res
idential and industrial intersected with parks of remnant native vegeta
tion. Currently all ARs available in Australia, with the exception of
pindone, are sold directly to the public without requiring a license and
there are no records on the volume of sales or frequency of use (Lohr
and Davis, 2018). Anecdotal accounts of increased baiting inwinter cor
responding with increased exposure in Australian Boobooks during
winter suggest some degree of seasonality in the use of AR baits (Lohr,
2018) but substantial deployment of ARs has been observed by the au
thors year round in and outside of residential and commercial
buildings.

We tested AR exposure in three large (200 1100 g) reptile species
frequently found within urban Perth and demonstrating differences in
diet and trophic tier. Dugites (Pseudonaja affinis: Elapidae) are a large
snake (N1.7 m) that ontogenetically shift their diet from reptiles to
mammals (Cipriani et al., 2017; Wolfe et al., 2018). Bobtails (Tiliqua
rugosa: Scincidae) are a large (~0.4 m) omnivorous lizard known to
eat primarily vegetation aswell as a variety of invertebrates and anthro
pogenic scraps such as pet food and rubbish, in urban areas (Dubas and
Bull, 1991; Norval andGardner, 2019). Both dugites and bobtails occupy
the same open woodland and heath habitats, and are frequently found
in urban gardens. West Australian tiger snakes (Notechis scutatus
occidentalis: Elapidae) are a large (~1m) snake that have a diet compris
ing of mostly frogs, but occasionally reptiles, mammals and birds
(Lettoof et al., 2020a). All three study species spatially overlap in wet
land habitats, but tiger snakes are rarely found outside wetlands in
Perth. Bobtails can suffer predation from dogs (Canis lupus sp.), cats
(Felis catus), foxes (Vulpes vulpes), wedge tailed eagles (Aquila audax)
and a range of snake species including dugites (Norval and Gardner,
2019). Evidence of predation on Australian snakes is rare but predators
of smaller individuals include carnivorous birds (raptors, kingfishers,
corvids), dogs, cats, foxes, monitor lizards (Varanus sp.) and other
snakes (Shine, 1995). As Australia doesn't have many large bodied
predators, predation on larger snakes is likely to be rare, especially in
urban environments with fewer predators present. For this study we
only tested adult dugites (N1.2 m) and tiger snakes (N0.7 m).

2.2. Specimen collection

Dugites (n = 11) and bobtails (n = 10) were collected opportunis
tically as road kill or non rotten carcasses donated by wildlife care cen
tres between 2014 and 2018, and tiger snakes (n = 11) were wild
caught and euthanised between 2018 and 2019 (morphological data
presented in Appendix Table 1). Carcasses were stored within 12 h of
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collection frozen at −20 °C until the liver was extracted and analysed
for AR residues. All specimens were collected within 30 km from the
centre of Perth, Western Australia, and within 250 m of residencies or
other urban infrastructure (Fig. 1). Specifically, dugites and bobtails
were collected from areas surrounded by residential or industrial infra
structure. Tiger snakes were collected from four urban wetlands
surrounded by residential infrastructure, with one wetland being par
tially bordered by an industrial area.

2.3. Samples extraction and purification

Liver samples aliquots of 1 g (wet weight, w.w.) were accurately
weighed, frozen at −80 °C and then freeze dried using a SubliMate 2
Bench Top laboratory Freeze dryer (EscoGlobal, Singapore). Freeze
dried samples were homogenised in stainless steel vessels using a MM
400 milling system (Retsch GmbH, Germany). Homogenised samples
were transferred into centrifuge plastic tubes (15 mL) and two aliquots
of 5 mL of acetonitrile were pipetted into the tubes added with a 10 μL
(10 ng/μL) solution containing the deuterated surrogates. Analytes
were extracted using a sonication bath (15 min sonication for each ali
quot). After extraction, samples were centrifuged at 4400 rpm for
5min using a HeraeusMegafuge 8 centrifuge from ThermoFisher Scien
tific (Sydney, Australia) and the supernatantwas transferred into a new
plastic tube added with 2 mL of n hexane. Samples were then vortexed
for 5 min and then centrifuged at 4400 rpm for 5 min and the superna
tant discarded. Samples extractswere evaporated near to dryness under
a gentle nitrogen stream and then reconstituted in 400 μL of a 50:50
ACN/H2O solution. The final extracts were transferred in 2 mL Teflon
lined screw cap amber glass vials stored at 0 4 °C until analysis. Bias
(average percentage recovery) and precision (percentage relative stan
dard deviation of recoveries, % RSD), determined by processing through
the entire analytical procedure spiked samples of organic chicken liver
supplied by a local butcher (South Perth, WA). Samples were spiked
with a solution containing all AR and surrogate standards to give a
final concentration of either 10 ng/g or 75 ng/g of each AR and
100 ng/g of deuterated standards. Unspiked chicken liver samples
(n = 3) were used as a negative control (i.e., blanks). These samples
were extracted and analysed along with the batch of samples. Details

regarding chemicals, analytical standards, solutions and calibration
standards are summarised in the Supporting information.

2.4. UHPLC MS/MS analysis

Chromatographic separation was achieved with an UltiMate 3000
UHPLC system (Thermo Fisher Scientific Corporation, US) coupled to
an Agilent InfinityLab Poroshell 120 SB C18 column (100 × 2.1 mm,
2.7 μm using acetonitrile and water containing 10mM ammonium ace
tate at pH 5.7 at 25 °C and 0.250 mL/min flow rate. Rodenticides were
detected using a TSQ Quantiva triple quadrupole mass spectrometer
(Thermo Fisher Scientific Corporation, US). Analytes ionisation was
achieved using an Ion Max NG API source operated in negative mode.
The mass spectrometer was operated in multiple reactions monitoring
(MRM) mode. UHPLC, Max NG API source and mass spectrometry set
tings are summarised in the Supporting Information (Tables S1 S3).
Data was processed using Xcalibur 4.1.31.9 and Tracefinder 4.1software
packages.

2.5. Statistical analysis

We compared the differences in AR concentration between each
reptile using a Kruskal Wallis for each AR that was detected in more
than one species, as well as for the total (sum) concentration of ARs
for individuals exposed to multiple ARs. For statistical analysis, samples
that were recorded below detectable limits were entered as half the de
tection limit. A Dunn post hoc test with Benjamini Hochberg adjusted
p values was performed to identify which species differed significantly
(p ≤ 0.05) fromeach other.We used chi squared tests to compare differ
ences between species for detection frequency (% of individuals with
any AR) and the mean number of ARs detected per exposed individual.
All statistical analyses were conducted in R Studio (R Core Team, 2018).

3. Results

ARs were detected in all three species (Table 1). All dugites and
seven of ten bobtails were killed by vehicle collisions, the remaining
three bobtails were euthanised by wildlife care centres and contained
no ARs. 91% of 11 dugites were exposed to ARs and 73% were exposed

Fig. 1. Locations of individual reptiles screened for ARs in Perth, Western Australia. Squares = dugites (Pseudonaja affinis), circles = bobtails (Tiliqua rugosa) and triangles= tiger snakes
(Notechis scutatus occidentalis).
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to more than one AR, 60% of 10 bobtails were exposed to ARs and 40%
were exposed tomore than one AR, and 45% of 11 tiger snakes were ex
posed to brodifacoum only. The highest combined AR concentration
was detected in dugites, which were three times higher compared to
bobtails, and 51 times higher compared to tiger snakes (Fig. 2). The
most commonly detected AR was the SGAR brodifacoum. The FGAR
warfarin was only detected in dugites, which were generally exposed
to the most ARs. Flocoumafen was detected only in a single bobtail,
and pindone and coumatetralyl were not detected in any samples.
Total AR concentrations in livers were significantly higher for dugites
than for tiger snakes (p=0.008) and approached significance between
bobtails and dugites (p = 0.069). Bromadiolone and difenacoum con
centrations in livers were significantly higher for dugites than for tiger
snakes (p=0.048). There was no significant difference in detection fre
quencies between species, and the difference in number of ARs in ex
posed individuals exposed individuals for dugites and tiger snakes
approached significance (p = 0.05).

Dugite and bobtail carcasses varied in damage and condition which
limited our ability to conduct necropsies or identify AR toxicity symp
toms such as haemorrhaging, or determine the sex of most individuals
(Table A.1). No tiger snakes exhibited any haemorrhaging. Of the best
condition carcasses, the livers of two bobtails and one tiger snake
were enlarged and pale or mottled, which can be symptoms of AR

poisoning; however, none of these individuals contained ARs above de
tectable limits.

4. Discussion

All three reptile species tested were exposed to ARs, and this is the
first study to report ARs inwild reptiles not associatedwith rodent erad
ications on oceanic islands. The impacts of AR on reptiles are relatively
unknown and what is known has been thoroughly summarised in
(Lohr and Davis, 2018). Although we cannot infer any toxicological ef
fects on reptiles from this study, we present insight into AR exposure
of multi trophic reptile species in an urban ecosystem. As predicted,
adult dugites (common urban rodent predators) had the highest fre
quency of exposure and concentration of ARs, andwere the only species
exposed towarfarin. In Australia, warfarin is available at nearly all hard
ware and grocery stores and is not associated with any particular land
use. We predict it's detection in dugites is a function of higher exposure
from rodent predation. Also, as predicted, adult tiger snakes had the
lowest exposure and bobtails fell between the two snakes. The fre
quency and concentration of ARs in bobtails, and the trace amounts in
tiger snakes is concerning; however, not surprising given the public
availability of ARs through retail sales (Lohr and Davis, 2018). Bobtails
are probably exposed to ARs both directly and indirectly: Perth urban

Table 1
Concentration of reptile livers exposed to ARs from greater Perth, Western Australia (mg/kg). n values are the number of each individual exposed to each compound.

Species Exposed/total
tested

Combined concentration of ARs for
exposed
Mean ± SE
(Range)

Brodifacoum Bromadiolone Difenacoum Flocoumafen Warfarin

n Mean ± SE
(Range)

n Mean ± SE
(Range)

n Mean ± SE
(Range)

n Mean
± SE
(Range)

n Mean ± SE
(Range)

Dugite
Pseudonaja
affinis

10/11 0.178 ± 0.074
(0.003–0.704)

7 0.096
± 0.046
(0.010–0.330)

5 0.202
± 0.137
(0.002–0.700)

4 0.019
± 0.012
(0.003–0.053)

0 NA 4 0.007
± 0.002
(0.004–0.011)

Bobtail
Tiliqua rugosa

6/10 0.040 ± 0.031
(0.007–0.182)

6 0.025
± 0.017
(0.006–0.109)

4 0.020
± 0.018
(0.001–0.073)

1 0.002 1 0.004 0 NA

Tiger snake
Notechis
scutatus

5/11 0.009 ± 0.002
(0.006–0.014)

5 0.009
± 0.002
(0.006–0.014)

0 NA 0 NA 0 NA 0 NA

Fig. 2.Mean total AR liver concentration of exposed reptile species tested in Perth,Western Australia. Bar fill represents frequency of exposure (dugites 91%, bobtails 60% and tiger snakes
45%). Error bars = SE.
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bobtails are commonly found throughout residential gardens and have
been observed inside AR bait boxes (Ashleigh Wolfe, pers. comm.). As
bobtails are known to eat anthropogenic food scraps we suspect they,
like many other large omnivorous lizards (Bettink, 2015; Merton,
1987), are likely to eat baits found in residential backyards. Bobtails
have also been recorded consuming mice (Norval and Gardner, 2019)
and thus may be secondarily exposed to ARs from predating poisoned
rodents or scavenging carrion, as well as contaminated invertebrates
(Alomar et al., 2018; Elliott et al., 2014).

Tiger snakes in Perth predominately eat frogs and rarely eat rodents
(Damian Lettoof, unpublished data), and yet we detected a relatively
high (45%) prevalence of a single SGAR (brodifacoum) at trace concen
trations. The four wetlands from which tiger snakes were collected are
surrounded by residential areas, andwe suspect several routes of AR ex
posure for tiger snakes: (1) traces of SGARs may be detectable for years
after a single predation of a poisoned rodent as a consequence of persis
tence in liver tissue (Rueda et al., 2016); (2) urban wetlands are con
taminated by storm water run off (Lettoof et al., 2020b) which may
include residentially used ARs (Kotthoff et al., 2019) and result in direct
exposure from contaminated water; and (3) the primary prey of tiger
snakes, frogs, may be exposed to ARs. Amphibians have never been
tested for AR exposure despite being very susceptible to accumulating
pesticides via direct contact with contaminated water (Bruhl et al.,
2011), or through consumption of exposed invertebrates (Alomar
et al., 2018; Elliott et al., 2014). Any combination of these routes of ex
posure could explain the prevalence of ARs in urban tiger snakes, and
probable exposure for each species is illustrated in our graphical
abstract.

The liver concentrations we detected in our test species are similar
to those found in other wild reptiles. A single whip snake (Hemorrhois
hippocrepis) was found with a liver concentration of 0.54 mg/kg of
flocoumafen, and wild lava lizards (Microlophus duncanensis) were
found with brodifacoum concentrations ranging between 0.001 and
0.8 mg/kg as well as two individuals at 1.6 and 1.9 mg/kg (Rueda
et al., 2016). Although we are unsure if the AR liver concentrations in
our study species are lethal or sublethal, the prevalence and mean
total AR concentration in dugites is concerning compared to other
taxa (see Table 3 in Lohr, 2018 and Tables 9, 10 and 12 in Laakso et al.,
2010). The few short term laboratory and field studies on the acute tox
icity or sub lethal effects of ARs and other pesticides in reptiles have
rarely detected physiological impacts (Mauldin et al., 2019; Pauli et al.,
2010); however, considering the slow metabolism of reptiles, the test
ing time periods may have been too short to show acute clinical symp
toms. The available literature, nonetheless, suggests that at least some
reptile species are more resistant to pesticide toxicity than are other
taxa (Pauli et al., 2010). The Western fence lizard (Sceloporus
occidentalis), for example, required an acute oral dose of the first gener
ation (FG) anticoagulant pindone three to five times the fatal dose for
birds and mammals before mortality occurred (Weir et al., 2015).

If reptiles are truly more tolerant of AR toxicity, their potential to be
toxic vectors poses amuch greater threat to the foodweb than currently
recognised. We frequently detected (45 91%) ARs in all three reptile
species, despite the difference of their trophic tiers and diet, and we
found a single dugite (9% of tested) with total AR liver concentration
of 0.7 mg/kg (a concentration that is considered lethal in raptors
(Kaukeinen et al., 2000)). This suggests at least two possibilities:
(1) there is pervasive AR contamination throughout the food web (Pitt
et al., 2015) in areas of high baiting e.g. urban landscapes, and (2) rep
tiles accumulating high AR concentrations may present a fatally toxic
meal for predators or scavengers. This may not have serious implica
tions for urban wildlife in our study system, as we suspect predation
events for urban adult dugites and tiger snakes are rare. On a global
scale, however, this has serious implications for regions with higher
AR use, biomass and biodiversity of reptiles, andmore reptile predators
than Perth. For example, North American racoons (Procyon lotor) are
common scavengers of urban reptile road kill (Antworth et al., 2005)

and are likely to be exposed from eating poisoned reptiles. Urban genets
(Genetta sp.) in Africa also predate on reptiles (Delibes et al., 1989;
Widdows and Downs, 2015), and have been found with AR exposure
(Serieys et al., 2019). There is already emerging evidence of this sce
nario: An island wide study of ten raptor species in Taiwan found a
high prevalence of AR exposure in rodent eating and scavenging species
as well as snake eating species (Hong et al., 2019), suggesting that
snakes may be an important vector of ARs to other trophic levels in
this area.

Reptile species richness is highest in tropical and arid regions of the
world (Böhm et al., 2013), and the tropical bioregion is also densely oc
cupied by humans. As AR exposure is highest in wildlife living in or in
close proximity to urban or agricultural land (Lopez Perea et al., 2019;
Serieys et al., 2018), tropical urban reptile populations are highly likely
to be exposed. This highlights AR toxicity as an additional threat to hab
itat loss andwild harvest (Böhm et al., 2013) for tropical reptile popula
tions and biodiversity. Urban reptiles' high exposure to ARs has further
implications for humans. Reptile meat is a common food resource in
tropical and subtropical regions of the world (Klemens and
Thorbjarnarson, 1995), and is consumed on almost every continent. Al
though AR use and wildlife exposure has not been well studied in these
regions, many reptiles persist in urban environments andwould be har
vested with close proximity to areas where anticoagulant rodenticides
are used. Snakes, as rodent predators, are of the highest risk of expo
sure, and thus localities where snakes are regularly eaten by humans,
such as Vietnam (Magnino et al., 2009), China (Wang et al., 2014),
Malaysia (Cantlay et al., 2017) and Africa (Taylor et al., 2015) are conse
quently also at high risk of exposure.

Besides tolerance to toxicity, reptilesmay be particularly good reser
voirs of ARs due to: a) the slow decomposition rate of ARs (Eason and
Spurr, 1995), and b) a much lower rate of elimination and depuration
of accumulated ARs from reptiles due to slower metabolism compared
to other taxa (Campbell et al., 2005; Davenport et al., 1990). There is
one excellent example of extreme persistence of ARs in a wild popula
tion of lizard: after a heavy baiting program was implemented on
Pinzon Island, Galapagos to eradicate rats, a high prevalence of ARs
was detected 100 850 days post baiting in the livers of lava lizards
(Microlophus duncanensis) (Rueda et al., 2016). Although no
population level poisoning was observed in the lizards, there was an
unexpected outcome for the island birds of prey: 22 Galapagos hawks
(Buteo galapagoensis) and a short eared owl (Asio flammeus) were
found dead from brodifacoum poisoning, presumably from predation
of toxic lizards, 12 773 days after the baiting event. Lava lizards were
found with liver concentrations of brodifacoum between 0.001 and
0.8 mg/kg at 400 days post baiting, and at 800 days post baiting lizards
were still found to have liver concentrations between N0.001 and
0.2 mg/kg. If elimination rates are similar for our test species then it's
possible that some of our individuals have been retaining ARs for
years. ARs are primarily shed from the body through faeces which has
important implications for reptiles as vectors: a) insectivorous reptiles
may be recursively exposed to toxic invertebrates which feed on con
taminated reptile faeces; and b) reptiles that feed, and subsequently
defecate, infrequently, i.e. snakes, should retain ARs substantially longer
than mammals and birds.

Reptiles' sensitivity to AR toxicity is fundamentally unknown.West
ern fence lizards survived oral dosages of brodifacoum up to
1750 mg/kg, a concentration thousands of times higher than the
LD50s recorded for most birds and mammals (Laakso et al., 2010). Lab
oratory experiments also found no observable effect on gopher snakes
(Pituophis catenifer) that were fed mice that died from a lethal dose of
the anticoagulants warfarin and diphacinone (Brock, 1965); while one
of 19 iguanas (Iguana iguana) orally administered brodifacoum died
and showed signs of intoxication with blood in the body cavity, al
though oddly this individual was from the lowest concentration treat
ment (Mauldin et al., 2019). There is speculation on why reptiles are
relatively more resistant to AR toxicity than are other taxa; suggestions
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include a difference in blood coagulation chemistry (Merton, 1987) and
naturally slower clotting mechanisms (Dessauer, 1970). In raptors, de
spite variation between species (Thomas et al., 2011), a liver threshold
of 0.1 mg/kg is considered a minimum for toxicity (Rattner et al.,
2014). We detected a mean total AR liver concentration above
0.1 mg/kg in exposed dugites (91%), and a single exposed bobtail
(17%). As SGARs are more toxic than diphacinone, we logically expect
a liver concentration of 0.1mg/kg to have atminimuma sublethal effect.
We also found exposure to multiple rodenticides was relatively com
mon in 80% of exposed dugites and 67% of exposed bobtails (maximum
3 ARs), and suggests accumulation from multiple prey items. Multiple
ARs may have a synergistic effect rather than a cumulative effect
(Lohr, 2018). For example, laboratory studies have demonstrated rat
sensitivity to warfarin vastly increased after chronic exposure to
brodifacoum (Mosterd and Thijssen, 1991), and American kestrels
(Falco sparverius) exposed to the FGAR chlorophacinone experienced
prolonged prothrombin times if they were previously exposed to
brodifacoum (Rattner et al., 2020).

Sublethal concentrations have been shown to impact both the phys
iology and behaviour of exposed individuals. General symptoms of in
toxicated animals shortly before mortality are anorexia, weakness,
lethargy and dyspnea (shortness of breath) (Fitzgerald and Vera,
2006), and thus any reduction in mobility could increase the likelihood
of mortality from other causes (Brakes and Smith, 2005). As with other
taxa, exposed reptiles may be vulnerable to increased predation (Cox
and Smith, 1992), increased mortality from vehicle collisions when on
roads (Lohr, 2018; Mendenhall and Pank, 1980; Serieys et al., 2015),
and a disruption of their thermoregulation routine (Merton, 1987).
Thus, we recognise the potential for livers from dugites and bobtails
whichwere collected as roadkill, or fromwildlife rehabilitators, to be bi
ased towards higher AR concentrations, compared to livers of tiger
snakes that were collected alive and euthanised. However, if AR expo
sure does interfere with a reptile's normal behaviour then we also ac
knowledge that the easily hand caught tiger snakes could be biased
towards higher AR concentrations.

5. Conclusions and future direction

This study offers convincing evidence that urban reptiles of dif
ferent trophic tiers and diet are exposed to residentially used ARs,
and suggests the surrounding food web is more contaminated than
previously assumed. We predict a similar AR exposure in reptiles of
the same ecological niche in cities where the purchase of ARs are un
restricted and retail available. Based on their probable resistance to
toxicity, low elimination rates, and multi trophic positions, we con
sider reptiles in proximity to AR sources (i.e. urbanisation) to be
good indicators of food web contamination. Our data highlight a
novel threat faced by reptile predators and humans consuming
wild reptiles captured near human habitation particularly if liver
or fat tissues are consumed.

To further assess the contamination of reptiles in the food web, we
suggest investigating AR exposure of small insectivorous species, such
as geckos, that have been detected living in bait boxes and are fre
quently eaten by other wildlife taxa known to be susceptible to AR tox
icity. To address the concerns of human exposure we suggest screening
for ARs in livers from reptiles sold inmeatmarkets, particularly in coun
tries of Eastern Asia. The frequent AR exposure in a snake that mostly
eats frogs suggests frogs may also be contaminated. To the best of our
knowledge ARs have never been detected or screened for in an amphib
ian, thus we recommend testing wild urban amphibian populations in
AR exposed areas. Additional research is urgently needed to determine
the scope and severity of AR exposure in reptiles in order to mitigate
risks to humans and non target wildlife.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.138218.
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liver, which subsequently disrupts normal blood clotting in vertebrates
(Park et al., 1984). ARs are often divided into first generation anticoag
ulant rodenticides (FGARs) and second generation anticoagulant roden
ticides (SGARs) based on their chemical structure and when they were
first synthesized. Unlike FGARS, SGARs are often lethalwith a single feed
and are substantially more persistent in liver tissue (Erickson and
Urban, 2004).

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

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

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

2. Methods

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

2.1. Specimen collection

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

2.2. Rodenticide analysis

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

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

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

2.4. Exposure thresholds

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

The Rodenticide Registrants Task Force suggested that a 0.7 mg/kg
liver concentration of brodifacoum was likely to be toxic based largely
on captive studies of Barn Owls (Kaukeinen et al., 2000), however this
threshold estimatemay be too high, as environmental conditions affect
ingwild birdsmay increase their susceptibility to ARs relative to captive
birds (Mendenhall and Pank, 1980). Dowding et al. (1999) estimated a
lethal liver concentration for brodifacoumof 0.5mg/kgusing29 individ
uals from 10 species of birds. Numerous studies have reported thresh
olds of 0.2 mg/kg (Albert et al., 2010; Christensen et al., 2012; Hughes
et al., 2013; Langford et al., 2013; López Perea et al., 2015; Stansley
et al., 2014; Walker et al., 2008) and 0.1 mg/kg (Albert et al., 2010;

Christensen et al., 2012; Langford et al., 2013; Ruiz Suárez et al., 2014;
Shore et al., 2016; Stansley et al., 2014; Walker et al., 2008, 2011) as in
dices of lower limits at which lethal AR toxicity was likely to occur in
predatory birds. These estimates were based on two studies examining
wild barn owls: Newton et al. (1999, 1998) respectively. I also included
a threshold of 0.01 mg/kg as this is the lowest published record of le
thal SGAR toxicity in a predatory bird species (Stone et al., 1999).
Boobook liver concentrations were compared against these thresh
olds (0.7 mg/kg, 0.5 mg/kg, 0.2 mg/kg, 0.1 mg/kg, and 0.01 mg/kg)
to facilitate a comprehensive understanding of overall potential im
pacts of ARs across all sampled individuals.

2.5. Spatial analysis

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

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

3. Results

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

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

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

Warfarin 0.001 0.002 94 (8.1)
Coumatetralyl 0.001 0.002 93 (7.6)
Bromadiolone 0.005 0.010 96 (9.5)
Difenacoum 0.005 0.010 96 (11.2)
Flocoumafen 0.005 0.010 103 (11.4)
Brodifacoum 0.005 0.010 92 (8.8)
Difethialone 0.005 0.010 91 (14.6)
Pindone 0.005 0.010 36 (13.5)
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ARs were detected in 72.6% of all boobook liver samples (Table 2)
with a mean summed AR exposure of 0.310 mg/kg (SE 0.069246735)
(Table 3). Approximately 17.8% of boobook livers contained greater
than the suspected lethal threshold of 0.5 mg/kg total ARs (Fig. 1)
with 13.7% above the more conservative limit of 0.7 mg/kg. Seven of
the ten boobooks with AR liver concentrations above 0.7 mg/kg appear
to have died directly of AR poisoning and the other three showed signs
of poisoning described by Murray (2017) despite other apparent prox
imate causes of death. More than half of the boobooks tested had liver
concentrations above 0.1 mg/kg (Fig. 1) and would likely have experi
enced at least some degree of coagulopathy (Rattner et al., 2014a).
The majority of boobooks (65.8%) were exposed at a level above
0.01 mg/kg the lowest observed lethal threshold in an owl (Fig. 1).

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

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

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

4. Discussion

The overall proportion of boobooks with detectable AR exposure
(72.6%) and the proportion of boobooks exposed to two or more roden
ticides (38.4%) was high but within the range of estimates generated by
studies in Europe and North America (Table 3). Mean total AR concen
tration in boobooks (0.310 mg/kg) was substantially higher than any
other available published estimate with the exception of Red Kites
(Milvus milvus) (0.413 mg/kg) in Denmark (Christensen et al., 2012).

The extremely highmean exposure in boobooksmay result frommulti
ple causes. A large proportion of sampleswere obtained from urban and
peri urban areas where exposure is likely to be more prevalent. This
was also the case in several other studies documenting high exposure
rates and liver concentrations (López Perea et al., 2015; Murray, 2017;
Stansley et al., 2014). As a consequence, the sample of boobooks used
in this study is probably not representative of Australia as a whole but
may provide a useful estimate for other large human population centres
elsewhere. Circadian activity patterns may also increase boobooks' risk
of AR exposure relative to some other raptor species. Nocturnal species
have been noted to have higher liver AR concentrations than diurnal
species (Ruiz Suárez et al., 2014; Sánchez Barbudo et al., 2012). If
owls using highly populated landscapes are at greater risk than other
bird species, future evaluation of Powerful Owls which use urban and
peri urban areas and are listed as vulnerable in Victoria may be war
ranted. Southwest populations of Masked Owls (Tyto novaehollandiae)
and Barking Owls (Ninox connivens), both of which are listed as P3 pri
ority fauna (poorly known but thought to be possibly threatened) in
Western Australia, may also be susceptible to AR poisoning in areas
where developed habitats are encroaching on their remaining ranges.

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

4.1. Individual rodenticides

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

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

Coumatetralyl Warfarin Pindone Difenacoum Brodifacoum Bromadiolone Difethialone Flocoumafen Total

Percent exposed 0.000 2.740 0.000 15.068 72.603 31.507 8.219 2.740 72.603
Mean exposure (mg/kg) 0.000 0.000 0.000 0.004 0.260 0.019 0.015 0.011 0.310
Standard error 0.000 0.000 0.000 0.002 0.064 0.005 0.011 0.011 0.069
Maximum concentration (mg/kg) 0.000 0.002 0.000 0.097 4.002 0.214 0.775 0.818 4.002
Minimum concentration (mg/kg) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total detected (mg/kg) 0.000 0.003 0.000 0.287 18.994 1.421 1.063 0.834 22.606
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Eagles (Aquila audax) and Little Eagles (Hieraaetus morphnoides))
(Olsen et al., 2006) or scavenge rabbit carcasses (Whistling Kites
(Haliastur sphenurus)) (Fuentes et al., 2005) and are at greater risk of
secondary exposure.

Failure to detect coumatetralyl in any samples and the detection
of warfarin at extremely low concentration in only two samples de
spite commercial availability to the public suggests that their rela
tively short half life in liver tissue (Fisher et al., 2003) probably
reduces the incidence and severity of secondary exposure and pre
cludes bioaccumulation and biomagnification. This result is consis
tent with absence or low concentration and prevalence of FGARs
relative to SGARs in other wildlife species since SGARs came into
widespread use (Albert et al., 2010; Fourel et al., 2018; Murray,
2017; Ruiz Suárez et al., 2014).

The detection of brodifacoum at rates an order of magnitude higher
than all other ARs combined is probably attributable to a combination of
its greater duration of persistence in liver tissue (Horak et al., 2018),
more prevalent use, and incorporation into a greater number of com
mercially available rodenticide bait products. This is particularly
concerning because captive studies suggest that brodifacoum is more
likely to cause secondary toxicity in birds than any other tested ARs
due to its high toxicity and long liver retention time (Erickson and
Urban, 2004). Bromadiolone and difenacoum respectively, were the
nextmost commonly detected in samples (Table 2). This is probably be
cause, together with brodifacoum, they comprise the three SGARs com
monly available in WA at retail stores. At present, brodifacoum,
bromadiolone, and difenacoumprobably pose the greatest threat of sec
ondary poisoning to non target wildlife of all ARs in use.

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

Species Location n
individuals

%
exposed

% multiple
exposure

% N0.1
mg/kg

% N0.2
mg/kg

Mean exposure
(mg/kg) (SE)

Source

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

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

Great Horned Owl Canada 123 0.016 Thomas et al., 2011
Red-tailed Hawk (Buteo jamaicensis) Canada 58 0.005 Thomas et al., 2011
Golden eagle (Aquila chrysaetos) Norway 16 73.3 31.3 25 6.3 0.051 Langford et al., 2013
Eagle owl (Bubo bubo) Norway 8 62.5 25 37.5 12.5 0.087 Langford et al., 2013
Osprey (Pandion haliaetus) Norway 3 0 0 0 0 0 Langford et al., 2013
Peregrine falcon (Falco peregrinus) Norway 2 0 0 0 0 0 Langford et al., 2013
Gryfalcon (Falco rusticolus) Norway 1 0 0 0 0 0 Langford et al., 2013
Red-tailed Hawk (Buteo jamaicensis) USA 37 97 78 Murray, 2017
Barred Owl (Strix varia) USA 24 88 42 Murray, 2017
Great Horned Owl (Bubo virginianus) USA 17 100 71 Murray, 2017
Eastern Screech-Owl (Megascops asio) USA 16 100 69 Murray, 2017
Red-tailed Hawk (Buteo jamaicensis) USA 105 81 15 47 25 0.117 Stansley et al., 2014
Great Horned Owl (Bubo virginianus) USA 22 82 18 36 9 0.07 Stansley et al., 2014
Eurasian Sparrowhawk (Accipiter nisus) Spain (Canary Islands) 14 85.7 0.0577 Ruiz-Suárez et al., 2014
Long-eared Owl (Asio otus) Spain (Canary Islands) 23 73.9 0.1322 Ruiz-Suárez et al., 2014
Common Buzzard (Buteo buteo) Spain (Canary Islands) 9 26.3 0.0368 Ruiz-Suárez et al., 2014
Barbary Falcon (Falco pelegrinoides) Spain (Canary Islands) 16 31.2 0.0915 Ruiz-Suárez et al., 2014
Kestrel (Falco tinnunculus) Spain (Canary Islands) 21 66.6 0.219 Ruiz-Suárez et al., 2014
Barn Owl (Tyto alba) Spain (Canary Islands) 21 76.2 0.1344 Ruiz-Suárez et al., 2014
All Species Spain (Canary Islands) 104 63.5 34.8 Ruiz-Suárez et al., 2014
Scops Owl (Otus scops) Spain (Majorca Island) 26 57.7 0 0.0134 López-Perea et al., 2015
Barn Owl (Tyto alba) Spain (Majorca Island) 19 84.2 57.9 0.2337 López-Perea et al., 2015
Scops Owl (Otus scops) Spain (Catalonia) 7 14.3 0 0.1584 López-Perea et al., 2015
Barn Owl (Tyto alba) Spain (Catalonia) 22 54.5 13.6 0.1178 López-Perea et al., 2015
Tawny Owl (Strix aluco) Spain (Catalonia) 27 77.8 29.6 0.0952 López-Perea et al., 2015
Eagle Owl (Bubo bubo) Spain (Catalonia) 14 100 64.3 0.2896 López-Perea et al., 2015
Long-eared Owl (Asio otus) Spain (Catalonia) 12 58.3 0 0.0111 López-Perea et al., 2015
Little Owl (Athene noctua) Spain (Catalonia) 7 71.4 28.6 0.1972 López-Perea et al., 2015
Common buzzard (Buteo buteo) Spain (Catalonia) 56 64.3 26.8 0.1253 López-Perea et al., 2015
Barn owl (Tyto alba) Denmark 80 94 37.4 13.7 0.1141 Christensen et al., 2012
Buzzard (Buteo buteo) Denmark 141 94 20.6 5.7 0.0745 Christensen et al., 2012
Eagle owl (Bubo bubo) Denmark 10 100 70 70 0.1931 Christensen et al., 2012
Kestrel (Falco tinnunculus) Denmark 66 89 27.2 13.6 0.099 Christensen et al., 2012
Little owl (Athene noctua) Denmark 9 100 33.3 22.2 0.1186 Christensen et al., 2012
Long-eared owl (Asio otus) Denmark 38 95 0 0 0.0194 Christensen et al., 2012
Marsh harrier (Circus aeruginosus) Denmark 3 100 0 0 0.0123 Christensen et al., 2012
Red kite (Milvus milvus) Denmark 3 100 0 66.7 0.413 Christensen et al., 2012
Rough-legged Buzzard (Buteo lagopus) Denmark 31 84 12.9 0 0.0408 Christensen et al., 2012
Short-eared owl (Asio flammeus) Denmark 5 100 0 0 0.015 Christensen et al., 2012
Tawny owl (Strix aluco) Denmark 44 93 20.5 9.1 0.0784 Christensen et al., 2012
All Species Denmark 430 73 Christensen et al., 2012
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The detection of flocoumafen and difethialone which are not read
ily available to the public due to sale in bulk quantities but are used by
pest control professionals indicates that at least some proportion of
wildlife exposure is directly related to commercial pest control activi
ties. Flocoumafen was the most prevalent rodenticide detected in liver
tissue of one boobook, which died shortly after admission to a wildlife
care centre and showed physiological signs of AR poisoning (pale mot
tled liver, subcutaneous haemorrhage, and large quantities of blood in
the abdominal cavity). These findings have potentially serious implica
tions for legislation attempting to curtail non target exposure by limit
ing public access to SGARs. In the United States, legislation restricting
the use of SGARs to licensed professionals went into effect in 2011
(Bradbury, 2008). However, a subsequent study found an increase in
AR exposure in four predatory bird species in Massachusetts, USA fol
lowing the ban (86% of 161 birds from 2006 to 2010 compared to 96%
of 94 birds exposed from 2012 to 2106) perhaps due to an increased
use of professional rodent control services (Murray, 2017). My findings
provide additional evidence that use of ARs byprofessional pesticide ap
plicators does contribute, at least to some degree, to poisoning of non
target raptors. However, the impacts of this source relative to private
use are difficult to assess because other SGARs which are available to
the public particularly brodifacoum and bromadiolone are in com
mon use by professional pesticide applicators in WA. Taken together,
these results cast doubt on whether regulations restricting sale of

SGARs from private use will be sufficient to reduce widespread expo
sure and toxicity in predatory birds.

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

Fig. 1. Percentages of Southern Boobooks (n= 73) inWestern Australia exposed to rodenticides stratified by total rodenticide liver concentration (mg/kg) thresholds indicating potential
outcomes.

Fig. 2. Percentages of Southern Boobooks (n = 73) exposed to multiple anticoagulant
rodenticides in Western Australia.

Fig. 3. Mean total anticoagulant rodenticide concentration (mg/kg) in liver tissue of
Southern Boobooks (n = 71) in Western Australia by season.
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Exposure tomultiple rodenticides (38.4%)was relatively common in
sampled boobooks but not as frequent as in some other predatory bird
species (Christensen et al., 2012; Murray, 2017; Walker et al., 2011).
The relatively high rate of multiple exposures and the presence of de
tectable levels of up to five different ARs in liver tissue suggests cumula
tive exposure frommultiple prey items over an extended period of time.
This hypothesis is supported by the finding that livers of adult raptors in
Denmark contained multiple rodenticides more frequently than those
of juveniles (Christensen et al., 2012). The prevalence of multiple expo
sures in boobooks is particularly concerning because laboratory studies
on rats determined that warfarin sensitivity is increased after sub lethal
exposure to brodifacoum (Mosterd and Thijssen, 1991). If ARs have a
synergistic effect rather than a purely additive effect, raptors may be
negatively impacted at a lower threshold when exposed to more than
one AR, leading to underestimates of negative impacts on non target
wildlife.

4.2. Rodenticide thresholds

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

Exposure at potentially dangerous but not necessarily lethal levels
was also high relative to most published studies examining rodenticide
exposure in wild raptors found dead or moribund. The proportion of
boobooks exposed at levels above 0.2 mg/kg (35.6%) was higher than
all other reported estimates except for in Barn Owls (Tyto alba)
(57.9%) and Eagle Owls (Bubo bubo) (64.3%) in Spain (López Perea
et al., 2015) and Red Kites (Milvus milvus) (66.7%) in Denmark
(Christensen et al., 2012). In all three species, the sample size was
small (n b 20). The percentage of boobooks with total AR liver concen
trations above 0.1 mg/kg (50.7%) was substantially greater than all pre
viously reported species except for Red tailed Hawks in New Jersey,
USA (47%) (Stansley et al., 2014). At minimum, a threshold of
0.1 mg/kg should be considered potentially dangerous. In a laboratory

study using Eastern Screech Owls (Megascops asio), diphacinone con
centrations of ≥0.1 mg/kg in liver tissuewere associatedwith coagulop
athy (Rattner et al., 2014a). Coagulopathy is likely more dangerous to
wild birds due to greater amounts of movement and injuries associated
with capturing prey and may have synergistic interactions with envi
ronmental stressors which increase the chance of mortality (Erickson
and Urban, 2004). SGARs are also more toxic than diphacinone and
can logically be expected to have at least as great of an impact at the
same threshold.

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

4.3. Spatial correlations

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

The three top ranked models for boobook AR exposure used habitat
data at the scale of an average home range. Foraging behaviour likely
explains the closer correlation of AR exposure and habitat type at the
spatial scale of an average boobook home range relative to other spatial
scales. The vast majority of foraging occurs within an animal's home
range and its exposure to ARs can be expected to relate most closely
to the proportions of habitat types likely to be sources of contamination
of its prey base at this spatial scale. Boobooks have relatively small home
ranges in comparison to other Australian owl species (Kavanagh and
Murray, 1996; Soderquist and Gibbons, 2007). If risk of rodenticide ex
posure is related to developed area at the scale of an animal's home
range, species with larger home ranges may be exposed over a broader
portion of the landscape. This hypothesis is supported by the finding

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

Model Estimate Std.
error

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

Mid developed 2.1439 0.6876 3.118 0.00182 751.43 0.08675021
Mid agriculture 2.4505 0.9844 2.489 0.0128 754.28 0.05158204
Mid native vegetation 2.5139 0.9584 2.623 0.00871 754.35 0.05081192
Big agriculture 3.0121 1.1147 2.702 0.00689 754.51 0.04870524
Small developed 1.5092 0.6822 2.212 0.027 754.53 0.04854103
Big developed 1.7553 0.7547 2.326 0.02 754.83 0.04473145
Small agriculture 1.6016 1.0237 1.565 0.118 756.27 0.02641717
Small native vegetation 1.364 0.9249 1.475 0.14 756.59 0.02232542
Big native vegetation 1.9017 1.066 1.784 0.0744 756.8 0.01968855
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that in bobcats a species with a much larger home range than
boobooks the concentration but not the presence of ARs in liver tissue
correlated with the proportion of developed habitat within their home
range (Riley et al., 2007). Taken in combination, these results suggest
that species with large home ranges are likely to be at risk of some de
gree of AR exposure if their home range encompasses even small
areas of developed habitat. As a consequence, encroachment of human
structures into large areas of natural habitat may have an impact on
predatory species with large home ranges that is disproportionate to
the area of habitat lost through development.

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

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

The negative correlation between total AR exposure and the propor
tion of agricultural area within simulated home ranges was somewhat
surprising, as rodenticides are known to be used in agricultural settings.
AR exposure inwildlife has been attributed to agricultural application of

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

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

4.4. Seasonal differences

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

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

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

4.5. Rodenticide in fledglings

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

Nest successmay also be impacted in the early stages of nesting. Em
bryo toxicity has been observed in domestic chicken eggs injected with
the anticoagulant rodenticide flocoumafen (Khalifa et al., 1992). It is
also possible that exposure to anticoagulant rodenticides could impact

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

5. Conclusion

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

Anticoagulant rodenticides (ARs) are used worldwide in the man
agement of introduced commensal rodents and their associated threats
to crops, infrastructure, and human health (Bradbury, 2008). Baiting
with ARs is also the most frequently used method of eradicating ro
dents from islands and fenced areas for the purpose of preserving or
reintroducing native biodiversity (Hoare and Hare, 2006). These roden
ticides function by indirectly blocking recycling of vitamin K, which is a
critical component in normal blood clotting in vertebrates (Park et al.,
1984). ARs are often divided into first and second generation anticoag
ulant rodenticides based on when they were first synthesized and dif
ferences in chemical structure. Second generation anticoagulant
rodenticides (SGARs) generally have higher acute toxicities than first
generation anticoagulant rodenticides (FGARs) (Thomas et al., 2011).
SGARS are also lethal after a single feed, unlike FGARswhich require ro
dents to feed on them for multiple consecutive days in order to achieve
a lethal effect (Erickson and Urban, 2004). During this time, rodents can
continue to feed and accumulate higher concentrations of ARs
(Bradbury, 2008).

Retention time can vary dramatically between rodenticides but is
generally highest in second generation anticoagulant rodenticides. For
example, in birds, the United States EPA estimates liver retention
times of 35 days for the FGAR warfarin and liver retention times of
248 days and 217 days for the SGARs bromodiolone and brodifacoum,
respectively (Erickson and Urban, 2004). This long duration of
SGAR persistence in liver tissues allows bioaccumulation and
biomagnification in predatory species (Martínez Padilla et al., 2016).
The threat of secondary toxicity is exacerbated by behavioural changes
induced in species which directly consume poisoned bait. Pre lethal ef
fects of ARs include reduced escape response and atypical movement in
wood mice (Apodemus sylvaticus) and bank voles (Clethrionomys
glareolus) (Brakes and Smith, 2005) as well as altered activity cycles
and a startle response that shifted from bolting to freezingwhen threat
ened in brown rats (Rattus norvegicus) (Cox and Smith, 1992). Second
ary toxicity has been demonstrated in the laboratory in awide variety of
species (reviewed in Joermann, 1998) and toxicity in strict carnivores
which are unlikely to eat poisoned bait is well documented in wild an
imals (reviewed in Laakso et al., 2010). One study even found anticoag
ulant rodenticide contamination in four of four mountain lions (Puma
concolor) sampled, with the deaths of two of the individuals directly at
tributable to acute anticoagulant intoxication (Riley et al., 2007). Lethal
intoxication of an apex predator suggests substantialmovement of anti
coagulant rodenticides through several trophic levels and is clearly a

cause for concern. Consequently, secondary poisoning of wildlife has
been identified as a meaningful threat at the population level in several
species (Nogeire et al., 2015; Thomas et al., 2011).

The vast majority of both laboratory and field studies of non target
AR poisoning have been conducted in North America, Europe and New
Zealand, but few studies have investigated secondary poisoning ofwild
life in Australia, where at present, this problem is notwidely recognised.
The need for additional research into non target impacts of anticoagu
lant rodenticides in Australia was identified as early as 1991 and such
research was characterised as “required urgently” (Twigg et al., 1991).
With some common predatory bird species experiencing unexplained
range wide declines (BirdLife Australia, 2015) and a suite of carnivorous
dasyurid marsupials that are already threatened by disease and intro
duced carnivores (Burbidge and McKenzie, 1989; Woinarski et al.,
2015), there is an urgent imperative to understand the role of rodenti
cide in the decline of susceptible wildlife species in Australia.

2. Aims

The aims of this study are to review the existing evidence for the im
pacts of anti coagulant rodenticides on native Australianwildlife and to
highlight knowledge gaps and contextualise non target mortality in
Australia relative to other parts of the world where more comprehen
sive literature exists. We also sought to document the ARs currently
used in Australia and to clarify the differences in legislation governing
rodenticide use between Australia and a selection of other developed
nations. Additionally, we highlight global literaturewhich suggests seri
ous knowledge gaps regarding potentially dangerous impacts of antico
agulant rodenticides on non target wildlife and indigenous people in
Australia and other nations with diverse reptile faunas.

3. Methods

Literature included in this reviewwas obtained by searchingWeb of
Science and Scopus databases for all articles containing the keyword
“Australia” in combination with the following keywords: rodenticide,
anticoagulant, brodifacoum, bromadiolone, coumatetralyl, difenacoum,
diphacinone, difethialone, flocoumafen, pindone, andwarfarin. Only ar
ticles containing information about the use, wildlife impacts, human ex
posure and regulation of anticoagulant rodenticides in Australia were
retained. References within these papers were searched to locate addi
tional sources of information including PhD theses and government re
ports. We excluded agricultural bait development trials using baits
which did not contain active ingredients, modelling of baiting regimes,
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therapeutic use of anticoagulants, lab toxicity trials unrelated to native
Australian wildlife, government fact sheets, and other studies that did
not directly involve the application of anticoagulant rodenticides or
their impacts in Australia. Sources were assigned to seven categories
based on their primary topic (Table 1).

In the course of the review, major knowledge gaps relating to inter
actions between anticoagulant rodenticides and reptiles became appar
ent. To address these gaps and explore potential impacts in Australia, it
was necessary to search world literature relating to reptiles and AR.We
followed the same search protocol using the keywords reptile, snake,
and lizard in combinationwith the following keywords: rodenticide, an
ticoagulant, brodifacoum, bromadiolone, coumatetralyl, difenacoum,
diphacinone, difethialone, flocoumafen, pindone, andwarfarin. Only lit
erature relating to exposure and impacts of ARs on reptiles was exam
ined. All searches were conducted in December 2017 and January 2018.

4. Results and discussion

4.1. Literature survey

We located a total of 45 publications relating to the use, impacts, and
regulation of anticoagulant rodenticides in Australia (Table 1). Themost
common category of literature included 14 resources comprising 30% of
all available publications and related to the documentation of island
eradications of rabbits or rodents undertaken for conservationmanage
ment. While eleven resources related primarily to AR impacts on non
target wildlife, none directly tested rodenticide exposure in a large
number of individuals andmanywere reports of opportunistic observa
tions. One publication, categorised as relating to rodenticide impacts on
native wildlife, included only speculative mentions of potential poison
ing (Olsen, 1996). Eight resources focused on developing AR based
methods for control of rodents, rabbits and pigs, primarily in agricul
tural settings. Only five studies related to laboratory testing of toxicity
of ARs to non target Australian wildlife. One tested the toxicity of the
FGAR pindone to five Australian bird species (Martin et al., 1994). The
other four studies tested toxicity of pindone (Jolly et al., 1994) and the
SGAR brodifacoum in brushtail possums (Trichosurus vulpecula)
(Eason et al., 2017; Littin et al., 2002) and brodifacoum in red necked
wallaby (Macropus rufogriseus) (Godfrey, 1984) for the purpose of de
veloping control protocols for these species in New Zealand where
they are introduced pests. While toxicity literature from elsewhere in
the world is likely to be useful in evaluating the risk of ARs to many
Australian taxa, a lack of information on the toxicity of ARs to reptiles
andmarsupial carnivores preventsmeaningful assessment of thepoten
tial risks posed to these groups.

4.2. Anticoagulant exposure of non target wildlife in Australia

We found fifteen sources which described suspected or confirmed
cases of anticoagulant rodenticide poisoning in 37 Australian wildlife
species (Table 2). Additional cases of poisoning in carnivorous birds
held in rehabilitation facilities as a consequence of encountering poi
soned rodents while in care have also been reported in a Tasmanian
Wedge tailed Eagle (Aquila audax fleayi), a Grey Goshawk (Accipiter

novaehollandiae), and a Tasmanian Masked Owl (Tyto novaehollandiae
castanops) (Mooney, 2017) but these records were not included in
Table 2 because the poisonings occurred in captivity. Records ofwild an
imal poisonings occurred across the Australian Canberra Territory, the
territory of Norfolk Island and all Australian states except for South
Australia. One FGAR (pindone) and two SGARs (brodifacoum and
bromadiolone) were implicated in the poisonings. Five mammal spe
cies, 31 bird species and one reptile species were represented in the re
cords (Table 2). Three species recorded as being poisoned are listed as
vulnerable (Boodie (Bettongia lesueur), Tasmanian Masked Owl (Tyto
novaehollandiae castanops), and Northern Giant Petrel (Macronectes
halli)) and two species are listed as endangered (Norfolk Island
Boobooks (Ninox novaeseelandiae undulata) and Southern Giant Petrel
(Macronectes giganteus)). Additionally, another paper raised concern
over the role that ARs might play in the decline of the Eastern Quoll
(Dasyurus viverrinus), a dasyurid marsupial which is listed as endan
gered (Fancourt, 2016). Further research has been suggested to deter
mine risk levels in this species but no empirical data are available on
incidence of secondary toxicity or exposure rates (Fancourt, 2016).
Out of the fifteen reports of wildlife poisoning, twelve were definitively
related to large deployments of bait by government agencies or
broadacre farmers for the purposes of island eradications, agricultural
rodent control, or rabbit control (Table 2). Only two of the sources spe
cifically implicated small scale private use of rodenticides in the poison
ing of wildlife (Mooney, 2017; Reece et al., 1985). Such use is largely
unregulated and unmonitored and occurs in a large proportion of
inhabited locations (Mooney, 2017).

In addition to accounts of wildlife poisoning, we also located pub
lished accounts suggesting population level effects of rodenticide toxic
ity on carnivorous birds in Australia. Olsen (1996) listed the use of
rodenticides in areas of palm cultivation as a potential contributing fac
tor in the decline of Norfolk Island Boobooks (Ninox novaeseelandiae
undulata × novaeseelandiae). Young and Lai (1997) observed a correla
tion between declines in owl abundance and the use of “Klerat®”a
brodifacoum based rodenticide in sugar cane fields in north Queens
land and documented one confirmed and several suspected cases of
brodifacoum poisoning in owls (James, 1997). A subsequent report
noted three additional cases of owls in Queensland testing positive for
brodifacoum residues (0.007 mg/kg, b0.005 mg/kg, and 0.17 mg/kg)
in the 1990s and two museum specimens of Southern Boobooks
(Ninox novaeseelandiae) with rodenticide poisoning listed as their
cause of death in the collection notes (Thomas and Kutt, 1997). One of
the two specimens, while alive showed symptoms of AR poisoning in
cluding “bleeding from the nasal passages; loss of muscle co
ordination; lethargy including drooping head and eyes; and generally
poor and dirty condition” (Thomas and Kutt, 1997). The report
reviewed several other factors which could potentially have impacted
owl populations in the area and came to the conclusion that there was
“significant potential for secondary poisoning of owls to occur in
Queensland sugarcane as a result of the use of Klerat®” (Thomas and
Kutt, 1997). Crop Care Australia later deregistered Klerat® for use in
sugar cane fields over concerns relating to secondary poisoning
(Twigg et al., 1999).

An unpublished PhD dissertation examined dynamics of secondary
poisoning of avian predators associated with sugar cane fields in
Queensland and concluded that the coumatetralyl based product used
to control rats did not pose a threat to predatory birds (Ward, 2008).
This conclusion was based largely on the low relative use of canefields
for foraging by predatory birds, the low concentration of coumatetralyl
in rats captured outside of canefields, and the low toxicity and persis
tence of coumatetralyl relative to second generation anticoagulant ro
denticides (Ward, 2008). Unfortunately, no predatory birds in the
treated areaswere directly tested for rodenticide exposure. A lack of de
tection of coumatetralyl in Southern Boobooks in Western Australia as
part of an ongoing study supports the low probability of secondary tox
icity in raptors.

Table 1
Numbers and categories of publications relating to anticoagulant rodenticides in Australia.

Study type Number of publications

Island eradications 14
Non-target wildlife impacts 11
Agricultural/feral control trials 8
Captive study 5
Human exposure 4
Pindone reviews 2
Pet exposure 1
Total 45
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Table 2
Accounts of non-target AR toxicity in Australian wildlife. *Authors do not specify how poisoning was verified.

Species Number Rodenticide Certainty State/Territory Source Likely
Exposure
Type

Deitary Category Reference

Reptiles
King's skink (Egernia kingii) 8 Brodifacoum Physical symptoms Western

Australia
Island rat
eradication

Primary Omnivore Bettink, 2015

Birds
Norfolk Island Boobook
(Ninox novaeseelandiae
undulata)

N/A Brodifacoum Suspected Norfolk Island Unspecified rat
control
program

Secondary Carnivore Debus, 2012

Straw-necked Ibis
(Threskiornis spinicollis)

1 Bromadiolone Physical symptoms New South
Wales

Agricultural
mouse control
trial

Secondary Invertivore/carnivore Saunders, 1983

Barking Owl (Ninox connivens) 1 Unknown Physical symptoms Queensland Unknown Secondary Carnivore Thomas and Kutt,
1997

Barn Owl (Tyto alba) 1 Brodifacoum Liver analysis
(unknown
concentration)

Queensland Agricultural rat
control

Secondary Carnivore Thomas and Kutt,
1997

Lesser Sooty Owl (Tyto
multipunctata)

2 Brodifacoum Liver analysis (0.007
and b 0.005 mg/kg)

Queensland Agricultural rat
control

Secondary Carnivore Thomas and Kutt,
1997

Masked Owl (Tyto
novaehollandiae)

1 Brodifacoum Liver analysis (0.17
mg/kg)

Queensland Agricultural rat
control

Secondary Carnivore Thomas and Kutt,
1997

Southern Boobook (Ninox
novaeseelandiae)

1 Unknown Museum record Queensland Unknown Secondary Carnivore Thomas and Kutt,
1997

Brahminy Kite (Haliastur
indus)

2 Pindone Suspected Western
Australia

Island rat
eradication

Secondary Carnivore Martin et al., 1994

Brown Falcon (Falco berigora) 1 Unknown Physical symptoms Tasmania Private rodent
control

Secondary Carnivore Mooney, 2017

Brown Goshawk (Accipiter
fasciatus)

2 Unknown Physical symptoms Tasmania Private rodent
control

Secondary Carnivore Mooney, 2017

Collared Sparrowhawk
(Accipiter cirrocephalus)

1 Unknown Physical symptoms Tasmania Private rodent
control

Secondary Carnivore Mooney, 2017

Grey Goshawk
(Accipiter novaehollandiae)

5 Unknown Physical symptoms Tasmania Private rodent
control

Secondary Carnivore Mooney, 2017

Tasmanian Masked Owl (Tyto
novaehollandiae castanops)

12 Unknown Physical symptoms Tasmania Private rodent
control

Secondary Carnivore Mooney, 2017

Tasmanian Boobook (Ninox
novaeseelandiae leucopsis)

6 Unknown Physical symptoms Tasmania Private rodent
control

Secondary Carnivore Mooney, 2017

Little Eagle (Hieraaetus
morphnoides)

N/A Pindone Suspected ACT Rabbit control Secondary Carnivore Olsen et al., 2013

Wedge-tailed Eagle (Aquila
audax)

N/A Pindone Suspected ACT Rabbit control Secondary Carnivore Olsen et al., 2013

Whistling Kite (Haliastur
sphenurus)

N/A Pindone Suspected ACT Rabbit control Secondary Carnivore Olsen et al., 2013

Buff-banded Rail (Gallirallus
philippensis)

5 Brodifacoum Physical symptoms Western
Australia

Island rat
eradication

Primary Invertivore Palmer, 2014

Silver Gull (Larus
novaehollandiae)

7 Brodifacoum Physical symptoms Western
Australia

Island rat
eradication

Both Invertivore/carnivore Palmer, 2014

Pacific Golden Plover (Pluvialis
fulva)

1 Brodifacoum Suspected Western
Australia

Island rabbit
eradication

Both Invertivore Palmer, 2014

Ruddy Turnstone (Arenaria
interpres)

28 Brodifacoum Physical symptoms Western
Australia

Island rat
eradication

Secondary Invertivore Palmer, 2014

Buff-banded Rail
(Gallirallus philippensis)

2 Brodifacoum Suspected New South
Wales

Island rabbit
eradication

Not
specified

Omnivore Priddel et al., 2000

Pied Currawong (Strepera
graculina)

1 Brodifacoum Suspected New South
Wales

Island rabbit
eradication

Not
specified

Omnivore Priddel et al., 2000

Little Raven (Corvus mellori) 1 Bromadiolone Physical symptoms Victoria Residential
rodent control

Not
specified

Omnivore Reece et al., 1985

Purple Swamphen
(Porphyrio porphyrio
melanotus)

1 Bromadiolone Physical symptoms Victoria Residential
rodent control

Not
specified

Omnivore Reece et al., 1985

Brown Skua
(Stercorarius antarcticus
lonnbergi)

512 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Secondary Carnivore Tasmania Parks and
Wildlife Service,
2014

Kelp Gull (Larus dominicus) 988 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Primary Invertivore/carnivore Tasmania Parks and
Wildlife Service,
2014

Northern Giant Petrel
(Macronectes giganteus)

693 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Secondary Carnivore Tasmania Parks and
Wildlife Service,
2014

Pacific Black Duck (Anas
superciliosa superciliosa) and
Mallard
(A. platyrhynchos
platyrhynchos)

157 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Primary Omnivore Tasmania Parks and
Wildlife Service,
2014

(continued on next page)
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Pindone has been implicated as a factor driving the decline of Little
Eagle (Hieraaetus morphnoides) numbers in and around Canberra
(Olsen et al., 2013). Breeding pairs of Little Eagles disappeared from
areas baited with pindone while pairs in areas baited with 1080 or not
baited at all persisted (Olsen et al., 2013). The high susceptibility of
Wedge tailed Eagles to pindone in laboratory tests (Martin et al.,
1994) lends credibility to the hypothesis that pindone could be respon
sible. Unfortunately, no direct testing of Little Eagles suspected of poi
soning was conducted to confirm pindone exposure and rule out
other ARs from residential and commercial sources.

Recently, a study in Tasmania examined probable rodenticide poi
soning in predatory birds. Six species (Table 2) showed signs of antico
agulant rodenticide poisoning when dissected (Mooney, 2017) but the
rodenticides responsible were not determined or quantified. As part of
this study, thirteen predatory bird species were ranked by risk of roden
ticide exposure according to four natural history parameters: relative
metabolic speed, dietary habits influencing consumption of contami
nated tissues, relative preference for rodents, and willingness to forage
near anthropogenic structures (Mooney, 2017). Development of a
more statistically robust predictive model using similar natural history
parameters to examine risk of rodenticide exposure in a wider range
of predatory species would be an extremely useful step toward
assessing likely population level impacts on wildlife in Australia. Incor
porating variables relating to seasonal dietary shifts and home range
size could potentially improve future models.

The overall lack of attention within Australia to what is perceived as
a potentially serious threatening process for native carnivores in many
other parts of the world suggests the need for Australian studies
which examine potential impacts on native fauna in a quantitative

and comprehensive manner. Susceptibility of marsupial carnivores is
particularly poorly understood and should be a focus of future research.
Furthermore, a surveillance program should be in place in areas of high
AR use, to monitor any dead wildlife for a cause of death. Most of the
studies we used did not sample animals and thus were not able to con
firm suspicions of death due to rodenticide poisoning.

4.3. Governance and legislation of rodenticide use

At present, no information is available on the volume of sales or ap
plication of ARs in Australia. Reporting for all poisons intended to con
trol vertebrates indicates that 222 different products are currently
registered with a total sales reaching $18,601,875.00 in the
2015 2016 fiscal year (Australian Pesticides and Veterinary Medicines
Authority, 2017a). Nine anticoagulants are currently approved for ver
tebrate pest control in Australia (McLeod and Saunders 2013). At pres
ent, all nine are listed as Schedule 6 substances (see Appendix A for
schedule meanings) in Australia (Australian Government Department
of Health: Therapeutic Goods Administration, 2017) (Table 3) and are
legally allowed to be sold directly to the public and do not require gov
ernment permits for purchase or use. In some cases, more concentrated
formulations of SGARs are listed as Schedule 7 substances and are re
stricted to licensed pesticide applicators (Australian Government De
partment of Health: Therapeutic Goods Administration, 2017) while
products containing low concentrations of some FGARs are registered
as schedule 5 substanceswhich require only simplewarnings and safety
directions for public sale (Table 3). The FGAR diphacinone is currently
approved as an active ingredient but has no products registered with
the APVMA after July 2016 (Australian Pesticides and Veterinary

Table 2 (continued)

Species Number Rodenticide Certainty State/Territory Source Likely
Exposure
Type

Deitary Category Reference

Southern Giant Petrel
(Macronectes halli)

38 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Secondary Carnivore Tasmania Parks and
Wildlife Service,
2014

Unknown Bird 5 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Not
specified

Tasmania Parks and
Wildlife Service,
2014

Unknown giant petrel
(Macronectes sp.)

31 Brodifacoum Physical symptoms Tasmania Island rabbit
eradication

Secondary Carnivore Tasmania Parks and
Wildlife Service,
2014

Australian Ringneck
(Barnardius zonarius)

N/A Pindone Suspected Western
Australia

Rabbit control Primary Herbivore Twigg et al., 1999

Brahminy Kite (Haliastur
indus)

N/A Pindone Suspected Western
Australia

Rabbit control Secondary Carnivore Twigg et al., 1999

Crested Pigeon (Ocyphaps
lophotes)

N/A Pindone Known* Western
Australia

Rabbit control primary Herbivore Twigg et al., 1999

Grass Owl (Tyto longimembris) 1 Brodifacoum Liver analysis Queensland Agricultural rat
control

Secondary Carnivore Young and Lai, 1997

Masked Owl (Tyto
novaehollandiae)

1 Brodifacoum Physical symptoms Queensland Agricultural rat
control

Secondary Carnivore Young and Lai, 1997

Rufous Owl (Ninox rufa) 2 Brodifacoum Physical symptoms Queensland Agricultural rat
control

Secondary Carnivore Young and Lai, 1997

Mammals
Southern brown bandicoots
(Isoodon obesulus)

N/A Pindone Liver analysis Western
Australia

Rabbit control Primary Omnivore Twigg et al., 1999

Swamp wallaby (Wallabia
bicolor)

N/A Pindone Known* New South
Wales

Rabbit control Primary Herbivore Twigg et al., 1999

Western grey kangaroo
(Macropus fuliginosus)

N/A Pindone Known* Western
Australia

Rabbit control Primary Herbivore Twigg et al., 1999

Brushtail possum
(Trichosurus vulpecula)

7 Unknown Physical symptoms Queensland Unknown Not
specified

Omnivore Grillo et al., 2016

Boodie (Bettongia lesueur) 20–50 Pindone Population
eradicated

Western
Australia

Island rat
eradication

Primary Herbivore Morris, 2002
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Medicines Authority, 2017b). However, remaining stock can still be
used for 12 months following a stopped registration (Commonwealth
of Australia, 1994) and MSDS sheets obtained from a pest management
contractor seem to indicate that at least one diphacinone product is still
in use at present. The APVMA has prioritised a review of the status of all
SGARs currently approved in Australia (brodifacoum, bromadiolone,
difenacoum, difethialone, and flocoumafen) citing concerns over public
health, worker safety, and environmental safety (Australian Pesticides
and Veterinary Medicines Authority, 2015).

Increasing concerns over risks to the health and safety of humans
and pets and impacts on non targetwildlife have prompted stricter reg
ulation of anticoagulant rodenticides particularly SGARs in several
developed nations. While rodenticide legislation is often complex and
varies substantially between countries, the trend is toward stricter leg
islation than currently exists in Australia. In theUnited States, SGARs are
restricted to licensed pesticide applicators, only allowed to be used in
doors, and are required to be placed in containers which exclude chil
dren and pets (Bradbury, 2008). Similar requirements were
subsequently implemented in Canada (Health Canada: Pest Manage
ment Regulatory Agency, 2010). A somewhat different approach is
taken in theUK,where SGARS are licensed for outdoor use but an indus
try taskforce has been established to monitor both rodenticide applica
tor usage patterns and breeding success and SGAR residues in the livers
of one sentinel species Barn Owls (Tyto alba) to determine the im
pacts of this legislative change on exposure rates (Shore et al., 2016).
These alternative models of AR regulation and the direction they repre
sent in evolving global norms should be considered when evaluating
current Australian regulations.

Given the changes in legislation governing the use of ARs in other
developed nations and demonstrated impacts on human health and
wildlife populations overseas, we support the ongoing review of the
use and scheduling of SGARs in Australia by the APVMA. In Australia,
AR poisoning has been documented in pets (Robertson et al., 1992)
and humans (Osborne et al., 2017), particularly children (Ozanne
Smith et al., 2001; Parsons et al., 1996; Reith et al., 2001). Roughly
1400 human exposures to ARs per year are recorded by Poison Informa
tion Centres in Australia (Australian Pesticides and Veterinary Medi
cines Authority, 2015). Removal of SGARs from retail sale to the public
by listing all SGARs as schedule 7 poisons and implementing stricter re
quirements that baits be used only indoors and placed in a manner that
makes them inaccessible to children and pets will help to bring
Australian practices closer to emerging global norms and best practices.
These actions are likely to help to mitigate human health and safety
risks and exposure in non target wildlife. Critical evaluation of whether
these practices are effective will require long term monitoring of AR
residues in appropriate sentinel species as practiced in theUK before
and after any regulatory changes are implemented. Ongoing research
into exposure patterns in Southern Boobooks will provide valuable

baseline data for a widely distributed sentinel species if the suggested
regulatory changes are implemented.

4.4. Current uses in Australia

4.4.1. Agricultural
In Australian agriculture, ARs are primarily used in asset protection

around infrastructure and grain storage areas andmany first and second
generation products are licensed for these purposes. In the past, several
trials have been conducted on broadscale application of rodenticides in
Australian cropping systems.

Brown and Singleton (1998) found aerial distribution of
brodifacoum based baits effective at controlling mice in wheat fields
in South Australia in a field trial and the authors suggested that applica
tion according to guidelines was unlikely to cause substantial non
target mortality. However, mice were observed to be active during the
day following the baiting, which the authors acknowledged could in
crease the risk of secondary poisoning in predatory species (Brown
and Singleton, 1998). To our knowledge, aerial distribution of
brodifacoum baits in wheat crops has never been implemented on an
operational basis in Australian agriculture.

Several trials of bromadiolone efficacy in controlling mouse plagues
have been conducted in agricultural crops in Australia. In the earliest of
these studies, aerial application was used to distribute bromadiolone
bait directly into sunflower crops in New South Wales (Saunders,
1983). Bromadiolone was identified as the most promising of the
three toxicants tested but the authors noted concern over
bromadiolone's slowmethod of action potentially facilitating secondary
poisoning of predators selecting for poisoned mice (Saunders, 1983).
One Straw necked Ibis (Threskiornis spinicollis) was found dead of ap
parent rodenticide poisoning after having consumed 6 10 mice in an
area where bromadiolone had been aerially applied as part of a trial to
control mice in sunflower crops (Saunders, 1983). In a subsequent
study, wheat laced with bromodialone was applied a single time in
bait stations in soybean crops in New South Wales (Twigg et al.,
1991). The study did not search for or detect any mortalities in non
target wildlife but cautioned that “The risks to non target species and
of contaminating primary produce posed by broad scale use of rodenti
cides would need to be assessed fully before these chemicals could be
come an integral part of farm management. In Australia, such data are
sparse and research is required urgently” (Twigg et al., 1991). The
only subsequent available study on broad scale use of bromadiolone
in agriculture used a fertiliser spreader to apply four treatments of
wheat laced with bromadiolone to “refuge habitat, channel banks,
fence lines, non arable land and road verges” within 200 m of soybean
crops in New South Wales but failed to demonstrate significant reduc
tions in crop damage (Kay et al., 1994). It does not appear that non
target exposure was evaluated as part of this study.

Table 3
Anticoagulants currently approved for vertebrate pest control in Australia. Some anticoagulants are assigned different schedules dependant on formulation. *Some disagreement exists as
to whether these should be treated as first or second generation anticoagulants †Warfarin is used therapeutically in humans as a blood thinner.

Anticoagulant Chemical class Generation Schedule (See Appendix A) Acute Oral LD50

(Rattus
norvegicus) mg/kg

LD50 Reference Approved Target
Species

Brodifacoum Hydroxycoumarins Second 6 (0.25% or less) or 7 0.27 Godfrey, 1985 Mice and rats
Bromadiolone Hydroxycoumarins Second 6 (0.25% or less)or 7 0.57–0.75 Meehan, 1978 Mice and rats
Coumatetralyl Hydroxycoumarins First 5 (0.05% or less), 6 (1% or less), or 7 16.5 Dubock and Kaukeinen,

1978
Mice and rats

Difenacoum Hydroxycoumarins Second 6 (0.25% or less) or 7 1.8–3.5 Bull, 1976 Mice and rats
Difethialone Hydroxyl-4-benzothiopyranones Second 6 (0.0025% or less) or 7 0.27–0.69 Lechevin and Poche, 1988 Mice and rats
Diphacinone Indandiones First* 6 1.93–2.7 Fisher et al., 2003 Approval

expired
Flocoumafen Hydroxycoumarins Second 6 (0.005% or less) or 7 0.25–0.56 Lund, 1988 Mice and rats
Pindone Indandiones First* 6 75–100 Fisher et al., 2003 Rabbits
Warfarin Hydroxycoumarins First 4†, 5 (0.1% or less), or 6 3.3 Fisher et al., 2003 Mice and rats
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Contrary to the warning issued by Twigg et al. (1991), which cau
tioned a more complete assessment of non target impact prior to the
broad scale use of ARs in agriculture, under some circumstances, ARs
are or have been used in or adjacent to crops to control mice and rats.
During mouse plagues, temporary registrations for the use of
bromadiolone have been issued for use in wheat crops in Victoria in
1984, perimeter baiting of oilseed crops in New South Wales in
1984 1985, and in soybean crops in New South Wales in 1989 (Twigg
et al., 1991). Expired permits issued to allow the baiting of crop perim
eters with bromadiolone show valid periods between 16 September
1999 and 31 December 1999 (PER3031); 06 December 2006 and 30
March 2009 (PER9543); and 31 March 2009 and 30 June 2016
(PER11331) (Australian Pesticides and Veterinary Medicines Authority,
2017b). There are no current permits for the use of bromadiolone in pe
rimeter baiting around crops but a current New South Wales govern
ment factsheet and web page state that bromadiolone bait can be
prepared by the Livestock Health and Pest Authority (LHPA) for avail
ability to farmers in perimeter baiting around crops (New South
Wales Department of Primary Industries, 2011; New South Wales
Government: Department of Primary Industries, 2017).

The SGAR brodifacoum was also previously applied broadscale in
sugar cane fields in Queensland (Young and Lai, 1997) but the registra
tion for that use has since been revoked over concerns about mortality
in non target wildlife (Twigg et al., 1999). The use of brodifacoum in
this context has largely been replaced by the use of the FGAR
coumatetralyl. Research on non target impacts of coumatetralyl in
sugar cane fields demonstrated low risk of secondary toxicity (Ward,
2008). Coumatetralyl is currently registered for use in pineapple,
macadamia, and sugar cane crops in all states and territories
(Australian Pesticides and Veterinary Medicines Authority, 2017b).

Published literature and official accounts may seriously underesti
mate the usage of ARs in cropping systems in Australia. A study of sec
ond generation anticoagulant use in agricultural systems in Northern
Ireland found that total compliance with best practice application
methods was rare and lack of compliance probably facilitated greater
risk of secondary toxicity to native wildlife (Tosh et al., 2011). Within
Australia, landowners have requested pindone with the intention of
using it to reduce kangaroo abundance in contravention of its label
(Twigg et al., 1999). Many ARs are readily available in hardware and ag
ricultural supply stores in Australia without a permit and the potential
for use contrary to labelling restrictions is high. A better understanding
of current legal and illegal usage of ARs in agriculture is necessary to de
termine the likelihood of secondary poisoning of non target species in
agricultural systems.

4.4.2. Conservation
ARs have a long history of use on islands and in fenced reserves

worldwide for eradication of rodents for conservation purposes. At
present, application of ARs is the only effective way of removing intro
duced rodents from islands larger than 5 ha for conservation purposes
(Campbell et al., 2015). Many successful andwell documented eradica
tions of introduced rodents and rabbits have been conducted in
Australia using ARs (Bettink, 2015; Burbidge, 2004; Cory et al., 2011;
Dunlop et al., 2015; Meek et al., 2011; Morris, 2002; Priddel et al.,
2000; Tasmania Parks and Wildlife Service, 2014). Pindone was used
in some early eradications but its use has largely been supplanted by
brodifacoum (Burbidge and Morris, 2002) and bromadiolone (Meek
et al., 2011). Reviews of island eradications have been conducted for
New South Wales (Priddel et al., 2011) and Western Australia
(Burbidge and Morris, 2002).

During the course of some eradications, high levels of non target
mortality and poisoning of species listed under the Australian Environ
ment Protection and Biodiversity Conservation Act 1999 have been docu
mented. In one instance, boodies (Bettongia lesueur) (listed as
vulnerable) were accidentally eradicated on Boodie Island along with
the intended target, black rats (Rattus rattus) (Morris, 2002). An

eradication of black rats was proposed for Woody Island in Western
Australia but was halted when the rats on the islandwere subsequently
identified as a native species (Rattus fuscipes) (Burbidge et al., 2012).
During the successful eradication of rabbits, black rats, and mice (Mus
musculus) on Macquarie Island, concerns were expressed by the public
and government authorities over the observed mortality of 2424 indi
viduals from several seabird andwaterfowl species, presumably related
to the use of the SGAR brodifacoum (Tasmania Parks and Wildlife
Sevice, 2014). While some species, especially Northern Giant Petrels
(listed as vulnerable) experienced substantial population level declines
as a result of the baiting, the reductions were expected to be temporary
and removal of introduced mammals has already facilitated improved
population parameters in a number of seabird species (Tasmania
Parks and Wildlife Service, 2014). Endangered Southern Giant Petrels
were also lethally poisoned during the course of this eradication
(Tasmania Parks and Wildlife Service, 2014). Collateral damage to
non target species may be acceptable and necessary in some situations
but more careful consideration and planning are required to avoid poor
outcomeswhich have occurred or been narrowly averted during rodent
eradications in the past. In some instances, bait boxes modified to ex
clude native fauna may decrease the incidence of primary of non
target wildlife AR exposure during eradication attempts (Moro, 2001).
Use of biological control agents prior to baiting can also increase the
probability of success and reduce the volume of poison needed to re
move target animals (Priddel et al., 2000). Close monitoring of non
target mortality during and after island eradications is necessary to
properly assess the relative benefit to native biodiversity.

In Australia, ARs have also been tested as a method to control feral
pigs for conservation purposes and reduction of agricultural threats. Tri
als using the FGAR warfarin were conducted in New South Wales
(Choquenot et al., 1990; Saunders et al., 1990) and the Australian Capi
tal Territory (McIlroy et al., 1989). While two of the three trials found
the use of warfarin to be highly effective, this method does not appear
to have been put into practice due to concerns over animal ethics,
non target exposure, and a shift toward the use of 1080 baits for pig
control (Cowled et al., 2008). However, the use of warfarin to control
feral pigs in Australia has been recommended in thepublished literature
as recently as 2014 (McIlroy, 2014). While warfarin is unlikely to cause
secondary poisoning in exposed wildlife, the risk of primary poisoning
to wildlife consuming bait intended for pigs is likely too high to warrant
the use of this method of control.

4.4.3. Residential and commercial
Patterns of residential and commercial use of ARs in Australia are

poorly known. At present, the Australian Pesticide and Veterinary Med
icine Association (APVMA) lists seven ARs (two FGARs and five SGARs)
as registered for use in Australia in commercial and residential settings
(Table 3). We have observed two FGARs (warfarin and coumatetralyl)
and three SGARs (brodifacoum, bromadiolone, and difenacoum) avail
able for purchase by the public at retail outlets in Western Australia.
The SGARs flocoumafen and difethialone are also used by commercial
pest control companies in residential and commercial settings. Residues
of both have been detected in native wildlife in Western Australia. Pat
terns of availability to unlicensed individuals are similar to those in the
UKwhere three FGARs and five SGARs are registered for use and are not
restricted to licensed applicators (Shore et al., 2016). However, regula
tions governing AR use are substantially more restrictive in some
other industrialized countries. In the US, three FGARs are permitted
for use by the public but all four registered SGARs are restricted to use
by licensed pesticide applicators (Bradbury, 2008). Similarly, in
Canada the public has access to three FGARs and licensed contractors
may use an additional three SGARs (Health Canada: Pest Management
Regulatory Agency, 2010).

The lack of available data on the quantities of ARs used in domestic
and commercial settings and the locations where they are used makes
it nearly impossible to gauge the potential non target impacts of these
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products. Only two publications directly implicate private use of roden
ticides in non target mortality in Australia. In themost definitive exam
ple, brodifacoum was implicated in the deaths of a Purple Swamphen
(Porphyrio porphyrio melanotus) and Little Raven (Corvus mellori)
which showed signs of AR poisoning after baiting in a residential area
(Reece et al., 1985). In Tasmania, residential and small scale agricultural
baiting is thought to have been the source of ARs responsible for the
suspected lethal poisonings of 27 individuals from six raptor species
(Mooney, 2017). Given that use of rodenticides in conservation and ag
ricultural contexts is relatively limited and only occurs periodically, the
total amount deployed in residential and commercial settings is likely to
be far greater. Accordingly, overseas studies on rodenticide exposure in
bobcats (Lynx rufus) in America (Riley et al., 2007) and a variety of bird
and mammal species in Spain (López perea et al., 2015) indicate a spa
tial correlation between population density and AR exposure inwildlife.
Collection of basic information on the quantities of ARs sold to private
residents and pest control contractors by locality coupled with system
atic testing of wildlife populations across different land use types will
be essential in assessing the risks posed to non target wildlife by resi
dential and commercial use of ARs.

4.5. Unique considerations in Australia

4.5.1. Pindone
Unlike other ARs used in Australia, the SGAR pindone has received

more scrutiny and has been the focus of a greater body of research be
cause of its longer history of use and large scale of use in rabbit control.
At present, it is only registered for use in Australia and New Zealand
(Fisher et al., 2015; Twigg et al., 1999) and, as a consequence, has re
ceived little attention by researchers elsewhere in the world. Efficacy
trials for rabbit control were conducted in Western Australia in
1971 1975 (Oliver et al., 1982) and 1981 1982 (Robinson and
Wheeler, 1983). Pindone was registered in Western Australia for rabbit
control in 1984 and was subsequently registered for the same use in all
other Australian states (Twigg et al., 1999). Pindone was registered for
use in New Zealand in 1992 (Twigg et al., 1999). In Australia, pindone
is used in rabbit control primarily in areas where the use of sodium
fluoroacetate (1080) is deemed to pose too great a risk to humans and
pets (Department of Agriculture and Food Western Australia, 2015).
Such areas include “market gardens, golf courses, hobby farms, around
farm buildings” (Twigg et al., 1999) and bushlands adjacent to popu
lated areas. In the past, it has also been used in island eradications of
rabbits and rodents prior to being largely replaced by brodifacoum
(Burbidge and Morris, 2002; Priddel et al., 2011).

Pindone use in Australia has been the subject of extensive review
(National Registration Authority For Agricultural and Veterinary
Chemicals, 2002; Twigg et al., 1999) prompted by public concern over
reports of lethal poisoning of non target species (Table 2). As a conse
quence, additional restrictions were placed on the sale of pindone con
centrates and labelling was required to include a “statement not to lay
baits in the vicinity of native animal habitat” (National Registration
Authority For Agricultural and Veterinary Chemicals, 2002).

At present, little is known about the effects of pindone on non target
species. Pindone has been shown in laboratory tests to have varying ef
fects on different native Australian bird taxa (Martin et al., 1994).
Wedge tailed Eagles were more susceptible than other species tested
but Common Bronzewings (Phaps chalcoptera) and other granivores
were also noted to be at high risk of poisoning due to direct consump
tion of poisoned grain (Martin et al., 1994). Despite the authors' recom
mendation forfield studies of impacts onWedge tailed Eagles and other
raptors (Martin et al., 1994), to the best of our knowledge, no further
study on this topic has been conducted in Australia.

The repeated use of an anticoagulant in natural areas to control but
not eradicate rabbits appears to be unique to Australia and New
Zealand. The repeated pattern of use in the same areas may pose a seri
ous long term threat to susceptible wildlife populations. This may be

especially problematic for long lived species with low reproductive
rates which are unable to sustain low levels of additive mortality. The
potential link between pindone baiting and the decline of Little Eagles
in Canberra (Olsen et al., 2013) exemplifies this concern. However, an
ongoing study of rodenticide exposure in Southern Boobooks has not
detected any pindone residue in samples tested to date despite testing
of samples obtained in areas where pindone baiting has occurred. Dif
ferences in diet, territory size, and metabolism could account for this
lack of detection. In some instances, reduction of prey abundance via
ARs could potentially drive declines in predatory species rather than di
rect ARs toxicity. However, in the instance of Little Eagles in Canberra,
this does not appear to be the case, as the decline of Little Eagle abun
dance was independent of rabbit abundance (Olsen et al., 2013). Addi
tional research into the sensitivity of Australian fauna to pindone and
the population impacts of different patterns of use are necessary to de
termine the extent and severity of impacts on non target fauna. At min
imum, the continued use of pindone to control rabbits in bushland areas
needs to be evaluated as to whether it provides a net benefit or detri
ment to the conservation of native biodiversity.

Human consumption of rabbits is common in agricultural areas and
may facilitate some risk of human exposure to pindone. Risk of substan
tial human exposure is reduced by the fact that livers are not typically
consumed. However, pindone has been demonstrated to accumulate
in fat tissue in rabbits at similar concentrations to liver tissue (Fisher
et al., 2015). Some discussions of risk of human exposure to ARs via in
gestion of contaminated gamemeats have suggested that cooking prior
to consumption might reduce AR exposure through degradation of the
relevant chemicals (Eisemann and Swift, 2006). Conversely, subsequent
empirical research demonstrated that, at least in pig tissues contami
nated with diphacinone, cooking did not substantially reduce AR con
centration (Pitt et al., 2011). While we consider the risk of pindone
poisoning associated with human consumption of wild rabbits to be
low due to its relatively short half life and low acute toxicity, as a min
imum precaution we recommend adhering to established 5week with
holding period for livestock exposed to pindone (Twigg et al., 1999).

4.5.2. Reptiles
We found only one example of documented or suspected lethal AR

poisoning of reptiles in Australia (Bettink, 2015) in the course of our lit
erature search. A further investigation of international literature re
vealed serious gaps in knowledge relating to impacts of ARs on
reptiles and their potential role as vectors to higher trophic levels. In
combination, the few existing published accounts suggest that some
reptiles may be more resistant to anticoagulant rodenticides than
birds or mammals. As a consequence, developing a better understand
ing of how reptiles are impacted by AR exposure and their potential as
vectors tomore vulnerable taxawill be critical to evaluating the ecotox
icology of ARs in areas of theworldwhere reptiles are a substantial com
ponent of biodiversity.

The mechanisms by which carnivorous birds and mammals are ex
posed to ARs have not been widely researched (Elliott et al., 2014).
The few studies investigating AR exposure in intermediate vectors
tend to focus on insects (Masuda et al., 2014), and small mammals
(Brakes and Smith, 2005) as potential vectors (Elliott et al., 2014) with
the vastmajority of work focusing on target and non target small mam
mals (Hoare and Hare, 2006). Because most of these studies have been
conducted in temperate areas of Europe or North America, theymay not
be representative of dominant exposure pathways in tropical andwarm
arid areas of the world. In areas where reptiles are more diverse and
abundant, reptiles may act as an important pathway for transmission
of ARs through terrestrial food webs because of their increased relative
importance as prey items for carnivores at higher trophic levels (Hoare
andHare, 2006). Furthermore, in ecosystemswith a high predominance
of carnivorous reptiles e.g. snakes, monitor lizards and large skinks,
there may be a direct bio accumulation effect when reptiles prey on
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rats ormice directly, or on other reptiles, leading to a negative impact on
larger bodied reptiles (Bishop et al., 2016; Olsson et al., 2005).

Reptiles make up a substantial proportion of the prey base of some
carnivores in Australia (Doherty et al., 2015; Paltridge, 2002) and com
prise N80% of the biomass in the diets of some predatory bird species
(Aumann, 2001). Reptile diversity and abundance is substantially
higher in Australia than in Europe and North America (Roll et al.,
2017) where secondary anticoagulant rodenticide exposure has been
more comprehensively assessed in native fauna. As a consequence, un
derstanding patterns of exposure in reptiles and their capacity to trans
mit ARs to higher trophic levels is critical to understanding ecosystem
level AR exposure in Australia and other countries with high reptile
abundance. Only a few studies have investigated the mechanisms and
ramifications of AR exposure in reptiles (Hoare and Hare, 2006). In
one instance, the SGAR brodifacoumwas detected in Pinzón lava lizards
(Microlophus duncanensis) up to 850 days after baiting of an uninhab
ited island with no other rodenticide sources (Rueda et al., 2016).
Long duration of AR persistence in lava lizards could be a consequence
of recursive exposure from consumption of invertebrates feeding on
reptile faeces containing AR residue, low elimination rates by lizards,
or slow decomposition leading to prolonged availability of bait (Rueda
et al., 2016). Subsequent deaths of 22 Galapagos hawks (Buteo
galapagoensis) showing signs of rodenticide toxicity were attributed to
secondary poisoning resulting from consumption of lava lizards, as
was the death of a short eared owl (Asio flammeus) found deadwith le
thal concentrations of brodifacoum present in its liver 773 days after
baiting (Rueda et al., 2016). If other reptile species are also capable of
vectoring lethal levels of rodenticide to higher trophic levels for greater
than two years after initial exposure, the threat of secondary poisoning
to carnivorous birds andmammals in regions of the world with diverse
and abundant herpetofaunas may be severely underestimated.

High tolerance to AR exposure may also increase the efficacy of rep
tiles as vectors of ARs to higher trophic levels. At least some reptiles ap
pear to be substantially more resistant to AR toxicity than birds or
mammals (Weir et al., 2015). An acute oral LD50 of 550 μg/g was deter
mined for the AR pindone in Western fence lizards (Sceloporus
occidentalis) (Weir et al., 2015). No LD50 was determined for the
SGAR brodifacoum because all western fence lizards tested survived
the highest does of 1750 μg/g (Weir et al., 2015). Both LD50s are three
to five orders of magnitude higher than inmost bird andmammals spe
cies tested (Laakso et al., 2010). Similarly, when prairie rattlesnakes
(Crotalus viridis) were fed three laboratory mice poisoned with
bromadiolone over the course of three weeks, none of the snakes died
or showed signs of rodenticide toxicity in the 30 days following the
treatment despite consuming more mg/Kg brodifacoum than the
LD50s established for several mammal species in the same study
(Poché, 1988). Pitt et al. (2015) examined brodifacoum residues in
112 geckoes (Lepidodactylus lugubris and Hemidactylus frenatus) col
lected on Palmyra Atoll after rat control operations. They noted a peak
concentration of 0.067 μg/g and detectable concentrations at about
half of this rate were still noted 60 days post baiting (Pitt et al., 2015).
Pitt et al. (2015) concluded that geckos were unlikely to experience
mortality but on islands where secondary predators existed, there
could be some ecosystem wide impacts. Similarly, bungarras or Gould's
goannas (Varanus gouldii)were observed consuming rats poisonedwith
brodifacoum during an eradication in the Montebello Islands of West
ern Australia, but did not appear to experience adverse effects
(Burbidge, 2004). If a tolerance for rodenticides exists across multiple
reptile taxa, reptiles may be more effective at concentrating and trans
mitting ARs to higher trophic levels than the small mammals which
have been more commonly examined as potential vectors of ARs to
higher trophic levels.

Conversely, in some instances, apparent susceptibility of some rep
tile species to ARs has been observed or hypothesized. In Australia, the
single documented account of lethal AR toxicity in reptiles involved
the direct ingestion of brodifacoum baits by King's skinks (Egernia

kingii) during a rat eradication on Penguin Island in Western Australia
(Bettink, 2015). Eight of the skinks were found dead and exhibited
haemorrhage associated with AR toxicity and several others were
treated with vitamin K and released (Bettink, 2015). Subsequent analy
sis revealed a concentration of 1.3 mg/kg in the liver of one of the dead
skinks (Bettink, 2015). This liver concentration is well above minimum
lethal thresholds suggested for many bird and mammal species so it is
difficult to infer relative susceptibility of King's skinks from this event.
Sánchez Barbudo et al. (2012) documented the death of a horseshoe
whip snake (Hemmorrhois hippocrepis) due to flocoumafen used to pro
tect a seabird colony. A number of anecdotal accounts of lethal AR poi
soning have also been reported in skinks and geckos (Wedding et al.,
2010). Susceptibility of goannas in Australia to poisoning with
brodifacoumhas also been suggested (James, 1997), although it appears
that this only considers the likelihood of exposure due to carrion being a
component of their diet rather than an actual vulnerability to the effects
of brodifacoum. The lack of observed mortality in some reptile species
may be due to a delayed onset of effects relative to birds andmammals.
This possibility is supported by the observation of the deaths of six
Galápagos land iguanas (Conolophus subcristatus) more than two
months after their island was baited with brodifacoum to control rats.
Merton (1987) described a similar incident in which Telfair's skinks
(Leiolopisma telfairii) were found dead three to six weeks after AR bait
was used on Round Island, Mauritius. The delay in mortality was pre
sumed to be a result of some physiological difference between reptiles
and bird and mammals (Merton, 1987). If some reptiles are susceptible
to AR poisoning but exhibit substantially delayedmortality, theymay be
extremely effective vectors to vulnerable species in higher trophic levels
if they are able to ingest higher levels of rodenticide over the pre lethal
period and if mortality is preceded by behaviours which increase the
likelihood of predation. Laboratory toxicity tests are needed across a
representative suite of reptile taxa to resolve questions around the dan
gers posed to reptiles by ARs and the capacity of reptiles to vector ARs to
higher trophic levels. Extensive testing of wild reptiles would be useful
in assessing exposure rates and ecological impacts of reptile exposure to
ARs.

Primary consumption of ARs by reptiles through direct consump
tion of baits intended for rodents also requires additional evaluation
as a source of AR contamination in terrestrial ecosystems. In captive
trials, some but not all skinks (Oligosoma maccanni) consumed or
licked pindone bait, with increased consumption when the bait
was wet (Freeman et al., 1996). Direct consumption of brodifacoum
baits by Shore Skinks (Oligosoma smithi) in the wild has been ob
served in New Zealand (Wedding et al., 2010). Wedding et al.
(2010) cite records of five other skink species eating cereal baits,
some of which contained rodenticides. Bennison et al., 2016 used
dye tracers to prove that the large carnivorous King's Skink
(Egernia kingii) had ingested non toxic baits laid out on islands off
theWest Australian coast. King's Skinks were subsequently observed
consuming baits containing brodifacoum during the course of a rat
eradication on Penguin Island in Western Australia, despite the use
of specially designed bait containers intended to exclude the skinks
(Bettink, 2015). Others have observed bobtails (Tiliqua rugosa) an
other large omnivorous skink inside AR bait boxes in urban areas
(Ashleigh Wolfe, Personal communication).

These examples are cause for concern, as both bobtails and large
skinks in the genus Egernia have been documented as prey remains at
Wedge tailed Eagle (Aquila audax) nests across a large geographic
area (Brooker and Ridpath, 1980). In one instance, remains of 13 bob
tails were found below a Wedge tailed Eagle nest on a single visit
(Simon Cherriman, unpublished data). Wedge tailed Eagles are impor
tant top carnivores in Australian foodwebs and are highly susceptible to
toxicity from the anticoagulant rodenticide pindone relative to other
bird species tested (Martin et al., 1994). Other carnivorous birds and
mammals with a higher proportion of reptiles in their diet could poten
tially be at greater risk.
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Reptiles could also potentially serve as an effective vector of ARs be
tween invertebrates which consume baits and more sensitive verte
brates at higher trophic levels. Invertebrates have been implicated in
directly vectoring rodenticides to bird species including New Zealand
Dotterels (Charadrius obscurus aquilonius) (Dowding et al., 2006) and
nestling Stewart Island robins (Petroica australis rakiura) (Masuda
et al., 2014) as well as the insectivorous European hedgehog
(Erinaceus europaeus) (Dowding et al., 2010). If the relative tolerance
of ARs demonstrated by Weir et al. (2015) is consistent across numer
ous reptile taxa, the potential for reptiles to bioaccumulate and
biomagnify ARs from lower trophic levels and subsequently retain
them for long periods of timemakes insectivorous reptiles a potentially
important and widely unrecognised vector for anticoagulant rodenti
cides to more susceptible fauna in higher trophic levels.

In Australia, some reptile species, particularly goannas (Varanus
spp.), are a culturally and economically important component of a tradi
tional diet for some indigenous peoples (Scelza et al., 2017). Liver tissue
of varanids is consumed by some indigenous groups (Caroline Long,
Personal communication) and fatty tissues of monitor lizards are
eaten preferentially to other body parts (Gracey, 2000). Some rodenti
cides are known to accumulate to high levels in fat tissue in mammals
(Fisher et al., 2015) but accumulation patterns in reptiles are unknown.
During the course of a rodent eradication on islands in Western
Australia, bungaras (Varanus gouldii) were “observed eating dead and
dying rats to the extent that some droppings contained the green dye
from the bait” which contained brodifacoum but no mortalities were
observed (Burbidge, 2004). These observations raise concerns that if
baiting has occurred in or near areas where traditional hunting of
varanids takes place, the consumption of varanid tissues likely to accu
mulate ARs may present a previously unrecognised human health and
safety risk. Consumption of feral cats by indigenous people may pose
another pathway for rodenticide exposure, as feral cats have been
killed by secondary AR poisoning during baiting events in New
Zealand (Alterio, 1996). Several studies have cautioned against the
consumption of wild game in areas where ARs have been used
(Eisemann and Swift, 2006; Pitt et al., 2011), particularly SGARs
(Eason et al., 2001). The risks posed by consumption of varanids
may be substantially greater than risks associated with rabbit con
sumption for several reasons. Unlike rabbits which are targeted in
discrete baiting events with a FGAR for which there is an established
withholding period, varanids are not exposed in a predictable man
ner and may be chronically exposed to stronger and more persistent
SGARs with no established withholding period. The presumed
greater physiological tolerance of varanids to ARs and the regular
consumption of varanid livers as part of traditional practices consid
erably elevate the risks associated with varanid consumption rela
tive to rabbit consumption. Urgent investigation of potential
rodenticide accumulation in varanids is needed but should take
into consideration the high value of this taxon as a traditional food
source and the cultural importance of traditional hunting practices.
Use of wild reptiles as a food resource is most common in tropical
and subtropical areas of the world (Klemens and Thorbjarnarson,
1995) where the prevalence of ARs in wildlife has not been well
studied.

The limited literature available suggests that some reptile species are
capable of direct bait consumption, long AR retention time, and a capac
ity to tolerate and biomagnify high concentrations of potent SGARs.
These attributes potentially greatly increase the risk of secondary and
tertiary vectoring of ARs to more susceptible bird and mammal species
in higher trophic levels relative to other regions of the world where
small mammals are believed to be the primary vectors. Additional re
search into the prevalence of AR exposure across a representative sam
ple of reptile taxawill be critical to evaluating the threat of secondary AR
poisoning to wildlife in Australia and other countries with high abun
dance and diversity of reptiles. Depending on the severity and extent
of exposure detected, additional work may be warranted to investigate

the pathways driving this exposure and the role that reptiles play in
vectoring rodenticides to animals in higher trophic levels including
humans.

5. Conclusions and recommendations

Most research on exposure of non target wildlife to ARs has been
conducted in cool temperate regions, particularly in North America,
Europe, and New Zealand. Patterns of exposure detected in these stud
ies may differ from those in Australia and other tropical and warm arid
countries due to differences in the specific ARs used, regulations
governing use, and fundamental differences in the taxonomic composi
tion and susceptibility of native fauna. A better understanding of
existing knowledge gaps will facilitate more effective and
scientifically informed mitigation measures in Australia and countries
with similar climates.

In Australia, individuals from 37 species across different feeding
guilds, trophic levels, and taxonomic groups have tested positive for
AR exposure or are suspected to have been lethally poisoned but most
documentation is anecdotal or opportunistic in nature. Instances of poi
soning were documented across a wide range of geographic areas but
spatial patterns of AR exposure are poorly understood. To date, no thor
ough investigations directly testing for AR exposure in Australian wild
life have been conducted. Island eradications, feral rabbit control,
agricultural application, and residential use have all been implicated
as sources of ARswhich caused non targetwildlifemortality but the rel
ative contributions of these sources have not been quantified.

In aggregate, what little research exists on the interaction between
reptiles and ARs, suggests that at least some reptile species may be rel
atively resistant to the effects but likely to be exposed at high levels.
Physiological tolerance, coupled with long retention times could make
reptiles effective vectors of ARs in areas of the world where reptiles
are abundant. Understanding these dynamics will be critical to under
standing the ecology of ARs in tropical and warm arid climates where
impacts on wildlife are largely unknown. Effective vectoring of ARs by
reptiles poses a potential unevaluated risk to human health in areas
where wild reptiles are harvested for human consumption.

At present, Australia's regulatory framework governing the use of ARs
is not consistent with emerging practices in other industrialized nations.
Restricting SGARs to licensed users and indoor use will likely reduce the
incidence and severity of non target poisoning and the use of lockable
bait boxes could reduce risks to children and pets. Coupling these pro
posed changes with targeted monitoring of rodenticide residues in se
lected sentinel species will be important in evaluating the efficacy of
regulatory changes at reducing non target mortality. In areas where ro
dents have developed resistance to FGARs, use of other classes of roden
ticides with lower risk of bioaccumulation (such as cholecalciferol) may
be a viable option for rodent control with substantially reduced risk of
secondary toxicity. At minimum, greater public availability of informa
tion on the types, quantities, and locations of ARs sold is necessary to
evaluate the risks they pose to non target wildlife and humans.

To address identified knowledge gaps, we suggest the following re
search priorities:

• Development of species specific exposure riskmodels for carnivorous
and omnivorous fauna based on life history parameters

• Systematic nation wide testing of multiple taxa of carnivorous and
omnivorous wildlife for AR exposure, especially:

○ species of conservation concern
○ species consuming small mammals and carrion
○ marsupial carnivores and scavengers
○ reptile carnivores and scavengers

• Systematic long term testing of geographically widespread and com
mon sentinel species to detect temporal and spatial patterns in AR
prevalence
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• Evaluation of the relative contributions of residential, commercial and
agricultural use of ARs to wildlife poisoning in Australia

○ Examine incidence of non compliance with existing legislation
governing AR use

○ Collection and evaluation of data relating to AR sales and application
in Australia

• Evaluation of the net impact on biodiversity of the use of pindone in
and around bushland areas

• Captive testing of the sensitivity of awider suite of wildlife species, es
pecially marsupial carnivores and reptiles to SGARs and pindone

• Examination of the role of reptiles as a vector for ARs in tropical and
subtropical nations

• Evaluation of the risk of rodenticide exposure in humans consuming
wild reptiles
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Appendix A. Definitions of Schedules applying to all Anticoagulant
Rodenticides Registered in Australia from (Australian Government
Department of Health: Therapeutic Goods Administration, 2017)

Schedule 4. Prescription Only Medicine, or Prescription Animal
Remedy Substances, the use or supply of which should be by or on
the order of persons permitted by State or Territory legislation to pre
scribe and should be available from a pharmacist on prescription.

Schedule 5. Caution Substances with a low potential for causing
harm, the extent of which can be reduced through the use of appropri
ate packaging with simple warnings and safety directions on the label.

Schedule 6. Poison Substances with a moderate potential for
causing harm, the extent of which can be reduced through the use of
distinctive packaging with strong warnings and safety directions on
the label.

Schedule 7. Dangerous Poison Substances with a high potential
for causing harm at low exposure andwhich require special precautions
duringmanufacture, handling or use. These poisons should be available
only to specialised or authorised users who have the skills necessary to
handle them safely. Special regulations restricting their availability, pos
session, storage or use may apply.

References

Alterio, N., 1996. Secondary poisoning of stoats (Mustela erminea), feral ferrets (Mustela
furo), and feral house cats (Felis catus) by the anticoagulant poison, brodifacoum. N.
Z. J. Zool. 23:331–338. https://doi.org/10.1080/03014223.1996.9518092.

Aumann, T., 2001. An intraspecific and interspecific comparison of raptor diets in the
south-west of the Northern Territory, Australia. Wildl. Res. 28, 379–393.

Australian Government Department of Health, 2017. Therapeutic Goods Administration.
The Poisons Standard June 2017. Canberra.

Australian Pesticides and Veterinary Medicines Authority, 2015. Second generation anti-
coagulant rodenticides—priority 2 [WWW Document]. https://apvma.gov.au/node/
19286, Accessed date: 14 July 2017.

Australian Pesticides and Veterinary Medicines Authority, 2017a. Commonwealth of
Australia Gazette: Agricultural and Veterinary Chemicals. Vol. 6 p. 18.

Australian Pesticides and Veterinary Medicines Authority, 2017b. Agricultural and Veter-
inary Permits Search [WWW Document]. https://portal.apvma.gov.au/permits?p_
auth=MpDv1rrW&p_p_id=permitsportlet_WAR_permitsportlet&p_p_lifecycle=
1&p_p_state=normal&p_p_mode=view&p_p_col_id=column-1&p_p_col_pos=
1&p_p_col_count=3&_permitsportlet_WAR_permitsportlet_javax.portlet.action=
search, Accessed date: 4 August 2017.

Bennison, C., Friend, J.A., Button, T., Mills, H., Lambert, C., Bencini, R., 2016. Potential im-
pacts of poison baiting for introduced house mice on native animals on islands in
Jurien Bay, Western Australia. Wildl. Res. 43, 61–68.

Bettink, K., 2015. Control and Eradication of Black Rats (*Rattus rattus) on Penguin Island,
Western Australia, December 2012 – December 2014. Perth, Western Australia.

BirdLife Australia, 2015. The State of Australia's Birds 2015. Melbourne.
Bishop, C.A., Williams, K.E., Kirk, D.A., Nantel, P., Reed, E., Elliott, J.E., Kirk, D.A., Reed, E.,

Elliott, J.E., 2016. A populationmodel of the impact of a rodenticide containing strych-
nine on Great Basin Gopher snakes (Pituophis catenifer deserticola). Ecotoxicology 25:
1390–1405. https://doi.org/10.1007/s10646-016-1690-2.

Bradbury, S., 2008. Risk Mitigation Decision for Ten Rodenticides. Washington D.C., USA.
Brakes, C.R., Smith, R.H., 2005. Exposure of non-target small mammals to rodenticides:

short-term effects, recovery and implications for secondary poisoning. J. Appl. Ecol.
42:118–128. https://doi.org/10.1111/j.1365-2664.2005.00997.x.

Brooker, M.G., Ridpath, M.G., 1980. The diet of the wedge-tailed eagle, Aquila Audax, in
Western Australia. Aust. Wildl. Res. 7:433–452. https://doi.org/10.1071/WR9800433.

Brown, P.R., Singleton, G.R., 1998. Efficacy of brodifacoum to control house mice, Mus
domesticus, in wheat crops in Southern Australia. Crop Prot. 17:345–352. https://
doi.org/10.1016/S0261-2194(98)00026-X.

Bull, J.O., 1976. Laboratory and field investigations with difenacoum, a promising new ro-
denticide. Proceedings of the Vertebrate Pest Conference, pp. 72–84.

Burbidge, A.A., 2004. Montebello renewal: western shield review — February 2003.
Conserv. Sci. West. Aust. 5, 194–201.

Burbidge, A.A., McKenzie, N.L., 1989. Patterns in the modern decline of Western
Australia's vertebrate fauna: causes and conservation implications. Biol. Conserv.
50, 143–198.

Burbidge, A.A., Morris, K.D., 2002. Introduced mammal eradications for nature conserva-
tion onWestern Australian islands: a review. In: Veitch, C.R., Clout, M.N., Towns, D.R.
(Eds.), Turning the Tide: The Eradication of Invasive Species. IUCN SSC Invasive Spe-
cies Specialist Group, Gland, Switzerland, pp. 64–70.

Burbidge, A.A., Abbott, I., Comer, S., Adams, E., Berry, O., Penwarden, K.E., 2012. Unfore-
seen consequences of a misidentified rodent: case study from the Archipelago of
the Recherche, Western Australia. Aust. Mammal. 34:55–58. https://doi.org/
10.1071/AM11004.

Campbell, K.J., Beek, J., Eason, C.T., Glen, A.S., Godwin, J., Gould, F., Holmes, N.D., Howald,
G.R., Madden, F.M., Ponder, J.B., Threadgill, D.W., Wegmann, A.S., Baxter, G.S., 2015.
The next generation of rodent eradications: innovative technologies and tools to im-
prove species specificity and increase their feasibility on islands. Biol. Conserv. 185:
47–58. https://doi.org/10.1016/j.biocon.2014.10.016.

Choquenot, D., Barry, K., Lukins, B., 1990. An evaluation of warfarin for the control of feral
pigs. J. Wildl. Manag. 54, 353–359.

Commonwealth of Australia, 1994. Agricultural and Veterinary Chemicals Code Act 1994.
Australia.

Cory, F., Wilson, A., Priddel, D., Carlile, N., Klomp, N., 2011. Eradication of the HouseMouse
(Mus musculus) from Montague Island, New South Wales, Australia. Ecol. Manag.
Restor. 12:102–109. https://doi.org/10.1111/j.1442-8903.2011.00583.x.

Cowled, B.D., Elsworth, P., Lapidge, S.J., 2008. Additional toxins for feral pig (Sus scrofa)
control: identifying and testing Achilles' heels. Wildl. Res. 35:651–662. https://doi.
org/10.1071/WR07072.

Cox, P., Smith, R.H., 1992. Rodenticide ecotoxicology: pre-lethal effects of anticoagulants
on rat behaviour. Vertebrate Pest Conference Proceedings Collection. Lincoln, Ne-
braska, pp. 165–170.

Debus, S.J.S., 2012. Norfolk Island Boobook chick deaths. Boobook 30, 6.
Department of Agriculture and Food Western Australia, 2015. Rabbit control: bait prod-

ucts [WWW Document]. https://www.agric.wa.gov.au/1080/rabbit-control-bait-
products?page=0,2, Accessed date: 15 June 2015.

Doherty, T.S., Davis, R.A., van Etten, E.J.B., Algar, D., Collier, N., Dickman, C.R., Edwards, G.,
Masters, P., Palmer, R., Robinson, S., 2015. A continental-scale analysis of feral cat diet
in Australia. J. Biogeogr. 42:964–975. https://doi.org/10.1111/jbi.12469.

Dowding, J.E., Lovegrove, T. im G., Kast, S.N., Puckett, M., 2006. Mortality of northern New
Zealand dotterels (Charadrius obscurus aquilonius) following an aerial poisoning op-
eration. Notornis 53, 235–239.

Dowding, C.V., Shore, R.F., Worgan, A., Baker, P.J., Harris, S., 2010. Accumulation of antico-
agulant rodenticides in a non-target insectivore, the European hedgehog (Erinaceus
europaeus). Environ. Pollut. 158, 161–166.

Dubock, A.C., Kaukeinen, D.E., 1978. Brodifacoum (TALONTM RODENTICIDE), A novel con-
cept. Proceedings of the Vertebrate Pest Conference, pp. 127–137.

Dunlop, J.N., Rippey, E., Bradshaw, L.E., Burbidge, A.A., 2015. Recovery of seabird colonies
on Rat Island (Houtman Abrolhos) following the eradication of introduced predators.
J. R. Soc. West. Aust. 98, 29–36.

Eason, C.T., Wright, G.R.G., Milne, L.M., Morriss, G.A., 2001. Laboratory and field studies of
brodifacoum residues in relation to risk of exposure to wildlife and people. Sci.
Conserv. 177, 11–23.

Eason, C.T., Wright, G.R., Batcheler, D., 2017. Anticoagulant effects and the persistence of
brodifacoum in possums (Trichosurus vulpecula). N. Z. J. Agric. Res. 39:397–400.
https://doi.org/10.1080/00288233.1996.9513199.

Eisemann, J.D., Swift, C.E., 2006. Ecological and human health hazards from broadcast ap-
plication of 0.005% diphacinone RODENTICIDE BAITS in Native Hawaiian Ecosystems.
In: Timm, R.M., O'Brien, J.M. (Eds.), Proceedings of the Vertebrate Pest Conference.
University of California, Davis, California, pp. 413–433.

1382 M.T. Lohr, R.A. Davis / Science of the Total Environment 634 (2018) 1372–1384



Elliott, J.E., Hindmarch, S., Albert, C.A., Emery, J., Mineau, P., Maisonneuve, F., 2014. Expo-
sure pathways of anticoagulant rodenticides to nontarget wildlife. Environ. Monit.
Assess. 186:895–906. https://doi.org/10.1007/s10661-013-3422-x.

Erickson, W., Urban, D., 2004. Potential Risk of Nine Rodenticides to Birds and Mammals:
A Comparative Approach. Washington DC.

Fancourt, B.A., 2016. Diagnosing species decline: a contextual review of threats, causes
and future directions for management and conservation of the eastern quoll. Wildl.
Res. 43, 197–211.

Fisher, P., O'Connor, C., Wright, G., Eason, C.T., 2003. Persistence of four Anticoagulant Ro-
denticides in the Livers of Laboratory Rats. DOC Science Internal Series, Wellington,
New Zealand.

Fisher, P., Brown, S., Arrow, J., 2015. Pindone residues in rabbit tissues: implications for
secondary hazard and risk to non-target wildlife. Wildl. Res. 42, 362–370.

Freeman, A.B., Hickling, J.G., Bannock, C.A., 1996. Response of the skink Oligosoma
maccanni (Reptilia: Lacertilia) to two vertebrate pest- control baits. Wildl. Res. 23:
511–516. https://doi.org/10.1071/WR9960511.

Godfrey, M.E.R., 1984. Acute toxicity of brodifacoum to wallabies (Macropus rufogriseus).
N. Z. J. Exp. Agric. 12:63–64. https://doi.org/10.1080/03015521.1984.10427791.

Godfrey, M.E.R., 1985. Non-target and secondary poisoning hazards of “second genera-
tion” anticoagulants. Acta Zool. Fenn. 173, 209–212.

Gracey, M., 2000. Historical, cultural, political, and social influences on dietary patterns
and nutrition in Australian Aboriginal children 1–4. Am. J. Clin. Nutr. 72, 1361–1367.

Grillo, T., Cox-Witton, K., Gilchrist, S., Ban, S., 2016. Suspected rodenticide poisoning in
possums. Anim. Heal. Surveill. Q. 21, 8.

Health Canada, 2010. Pest management regulatory agency. Risk Mitigation Measures for
Eight Rodenticides.

Hoare, J.M., Hare, K.M., 2006. The impact of brodifacoum on non-target wildlife: gaps in
knowledge. N. Z. J. Ecol. 30, 157–167.

James, D., 1997. Rat-baiting in cane fields & poisoning of wildlife. Boobook 18, 5.
Joermann, G., 1998. A review of secondary-poisoning studies with rodenticides. OEPP/

EPPO Bull. 28:157–176. https://doi.org/10.1111/j.1365-2338.1998.tb00717.x.
Jolly, S.E., Eason, C.T., Frampton, C., Gumbrell, R.C., 1994. The anticoagulant pindone

causes liver damage in the brushtail possum (Trichosurus vulpecula). Aust. Vet. J. 71,
220.

Kay, B.J., Twigg, L.E., Nicol, H.I., 1994. The strategic use of rodenticides against house mice
(Mus domesticus) prior to crop invasion. Wildl. Res. 11–19.

Klemens, M.W., Thorbjarnarson, J.B., 1995. Reptiles as a food resource. Biodivers. Conserv.
4, 281–298.

Laakso, S., Suomalainen, K., Koivisto, S., 2010. Literature Review on Residues of Anticoag-
ulant Rodenticides in Nontarget Animals. Copenhagen.

Lechevin, J.C., Poche, R.M., 1988. Activity OF LM 2219 (Difethialone), a new anticoagulant
rodenticide. Commensal Rodents, in: Proceedings of the Vertebrate Pest Conference.
University of California, Davis, pp. 59–63.

Littin, K.E., O'Connor, C.E., Gregory, N.G., Mellor, D.J., Eason, C.T., 2002. Behaviour, coagu-
lopathy and pathology of brushtail possums (Trichosurus vulpecula) poisoned with
brodifacoum. Wildl. Res. 29, 259–267.

López-perea, J.J., Camarero, P.R., Molina-lópez, R.A., Parpal, L., Obón, E., Solá, J., Mateo, R.,
2015. Interspecific and geographical differences in anticoagulant rodenticide residues
of predatory wildlife from the Mediterranean region of Spain. Sci. Total Environ. 511:
259–267. https://doi.org/10.1016/j.scitotenv.2014.12.042.

Lund, M., 1988. Flocoumafen – a New Anticoagulant Rodenticide. In: Crabb, A.C., Marsh,
R.E. (Eds.), Proceedings of the Vertebrate Pest Conference. Davis, California,
pp. 53–58.

Martin, G.R., Kirkpatrick, W., King, D., Robertson, I., Hood, P., Sutherland, J., 1994. Assess-
ment of the potential toxicity of an anticoagulant, pindone (2-Pivalyl-1,3-
Indandione), to some Australian birds. Wildl. Res. 21:85–93. https://doi.org/
10.1071/WR9940085.

Martínez-Padilla, J., López-Idiáquez, D., López-Perea, J.J., Mateo, R., Paz, A., Viñuela, J.,
2016. A negative association between bromadiolone exposure and nestling body con-
dition in common kestrels: management implications for vole outbreaks. Pest Manag.
Sci. 73:364–370. https://doi.org/10.1002/ps.4435.

Masuda, B.M., Fisher, P., Jamieson, I.G., 2014. Anticoagulant rodenticide brodifacoum de-
tected in dead nestlings of an insectivorous passerine. N. Z. J. Ecol. 38, 110–115.

McIlroy, J.C., 2014. New techniques for an old problem-recent advances in feral pig con-
trol in Australia. J. Mt. Ecol. 3, 241–244.

McIlroy, J.C., Braysher, M., Saunders, G.R., 1989. Effectiveness of a warfarin-poisoning
campaign against feral pigs, Sus scrofa, in Namadgi National Park, A.C.T. Aust. Wildl.
Res. 16:195–202. https://doi.org/10.1071/WR9890195.

McLeod, L., Saunders, G., 2013. Pesticides used in the Management of Vertebrate Pests in
Australia : A Review. New South Wales Department of Primary Industries, Orange,
NSW.

Meehan, A.P., 1978. Rodenticidal activity of bromadiolone — a new anticoagulant. Pro-
ceedings of the Vertebrate Pest Conference, pp. 122–126.

Meek, P.D., Hawksby, R.J., Ardler, A., Hudson, M., Tuckey, K.D., 2011. Eradication of black
rats Rattus rattus L. from Bowen Island, Jervis Bay NSW. Aust. Zool. 35, 560–568.

Merton, D.V., 1987. Eradication of rabbits from Round Island, Mauritius: a conservation
success story. Dodo 24, 19–24.

Mooney, N., 2017. Risks of anticoagulant rodenticides to Tasmanian raptors. Tasmanian
Bird Rep. 38, 17–25.

Moro, D., 2001. Evaluation and cost-benefits of controlling house mice (Mus domesticus)
on islands: an example from Thevenard Island, Western Australia. Biol. Conserv. 99,
355–364.

Morris, K.D., 2002. The eradication of the black rat (Rattus rattus) on Barrow and adjacent
islands off the north-west coast of Western Australia. In: Veitch, C.R., Clout, M.N.
(Eds.), Turning the Tide: The Eradication of Invasive Species. IUCN Species Survival
Commission, Gland, Switzerland, pp. 219–225.

National Registration Authority For Agricultural and Veterinary Chemicals, 2002. The NRA
Review of PINDONE. Canberra, Australia.

New SouthWales Department of Primary Industries, 2011. Mouse monitoring and baiting
[WWW Document]. http://www.dpi.nsw.gov.au/__data/assets/pdf_file/0008/
387719/mouse-monitoring-and-baiting.pdf, Accessed date: 21 August 2017.

New South Wales Government, 2017. Department of Primary Industries. Mouse Baiting
FAQs [WWW Document] http://www.dpi.nsw.gov.au/biosecurity/vertebrate-pests/
pest-animals-in-nsw/mouse-and-mice-plagues/mouse-baiting-faqs#Rodenticides
(accessed 8.24.17).

Nogeire, T.M., Lawler, J.J., Schumaker, N.H., Cypher, B.L., Phillips, S.E., 2015. Land use as a
driver of patterns of rodenticide exposure in modeled kit fox populations. PLoS One
10, E0133351. https://doi.org/10.1371/journal.pone.0133351.

Oliver, A.J., Wheeler, S.H., Gooding, C.D., 1982. Field evaluation of 1080 and Pindone Oat
Bait, and the possible decline in effectiveness of poison baiting for the control of
the rabbit, Oryctolagus cuniculus. Aust. Wildl. Res. 9, 125–134.

Olsen, P.D., 1996. Re-establishment of an endangered subspecies: the Norfolk Island
Boobook Owl Ninox novaeseelandiae undulata. Bird Conserv. Int. 6:63–80. https://
doi.org/10.1017/S0959270900001313.

Olsen, J., Debus, S.J.S., Judge, D., 2013. Declining little eagles Hieraaetus morphnoides and
increasing rabbit numbers near Canberra: is secondary poisoning by pindone the
problem? Corella 37, 33–35.

Olsson, M., Wapstra, E., Swan, G., Snaith, E., Clarke, R., Madsen, T., 2005. Effects of long-
term fox baiting on species composition and abundance in an Australian lizard com-
munity. Austral Ecol. 30:907–913. https://doi.org/10.1111/j.1442-9993.2005.01534.x.

Osborne, N.J., Cairns, R., Dawson, A.H., Chitty, K.M., Buckley, N.A., 2017. Epidemiology of
coronial deaths from pesticide ingestion in Australia. Int. J. Hyg. Environ. Health
220:478–484. https://doi.org/10.1016/j.ijheh.2017.01.009.

Ozanne-Smith, J., Day, L., Parsons, B., Tibballs, J., Dobbin, M., 2001. Childhood poisoning:
access and prevention. J. Paediatr. Child Health 37, 262–265.

Palmer, R., 2014. Eradication of the Pacific Rat (Rattus exulans) from Adele Island Nature
Reserve, Western Australia: Impacts of the October 2013 aerial baiting on non-target
species. Western Australia Department of Parks and Wildlife, Wanneroo, Western
Australia.

Paltridge, R., 2002. The diets of cats, foxes and dingoes in relation to prey availability the
Tanami Desert, Northern Territory. Wildl. Res. 29, 389–403.

Park, B., Scott, A., Wilson, A., Haynes, B., Breckenridge, A., 1984. Plasma disposition of vi-
tamin K1 in relation to anticoagulant poisoning. Br. J. Clin. Pharmacol. 18:655–662.
https://doi.org/10.1111/j.1365-2125.1984.tb02526.x.

Parsons, B.J., Day, L.M., Ozanne-Smith, J., Dobbin, M., 1996. Rodenticide poisoning among
children. Aust. N. Z. J. Public Heal. 20, 488–492.

Pitt, W.C., Higashi, M., Primus, T.M., 2011. The effect of cooking on diphacinone residues
related to human consumption of feral pig tissues of feral pig tissues. Food Chem.
Toxicol. 49:2030–2034. https://doi.org/10.1016/j.fct.2011.05.014.

Pitt, W.C., Berentsen, A.R., Shiels, A.B., Volker, S.F., Eisemann, J.D., Wegmann, A.S., Howald,
G.R., 2015. Non-target speciesmortality and themeasurement of brodifacoum roden-
ticide residues after a rat (Rattus rattus) eradication on Palmyra Atoll, tropical Pacific.
Biol. Conserv. 185:36–46. https://doi.org/10.1016/j.biocon.2015.01.008.

Poché, R.M., 1988. Rodent tissue residue and secondary hazard studies with
bromadiolone. OEPP/EPPO Bull. 18:323–330. https://doi.org/10.1111/j.1365-
2338.1988.tb00382.x.

Priddel, D., Carlile, N., Wheeler, R., 2000. Eradication of European rabbits (Oryctolagus
cuniculus) from Cabbage Tree Island, NSW, Australia, to protect the breeding habitat
of Gould's petrel (Pterodroma leucoptera leucoptera). Biol. Conserv. 94, 115–125.

Priddel, D., Carlile, N., Wilkinson, I., Wheeler, R., 2011. Eradication of exotic mammals
from offshore islands in New South Wales, Australia. In: Veitch, C.R., Clout, M.N.,
Towns, D.R. (Eds.), Island Invasives: Eradication and Management. IUCN, Gland,
Switzerland, pp. 337–344.

Reece, R.L., Scott, P.C., Forsyth, W.M., Gould, J.A., Barr, D.A., 1985. Toxicity episodes involv-
ing agricultural chemicals and other substances in birds in Victoria, Australia. Vet.
Rec.:525–527 https://doi.org/10.1136/vr.117.20.525.

Reith, D.M., Pitt, W.R., Hockey, R., 2001. Childhood poisoning in Queensland: an analysis
of presentation and admission rates. J. Paediatr. Child Health 37, 446–450.

Riley, S.P.D., Bromley, C., Poppenga, R.H., Uzal, F.A., Whited, L., Sauvajot, R.M., 2007. Anti-
coagulant exposure and notoedric mange in bobcats and mountain lions in urban
Southern California. J. Wildl. Manag. 71:1874–1884. https://doi.org/10.2193/2005-
615.

Robertson, I., Leggoe, M., Dorling, P., Shaw, S., Clark, W., 1992. A retrospective study of
poisoning cases in dogs and cats: comparison between a rural and an urban practice.
Aust. Vet. J. 69, 194–195.

Robinson, M.H., Wheeler, S.H., 1983. A radiotracking study of four poisoning techniques
for control of the European rabbit, Oryctolagus cuniculus (L.). Aust. Wildl. Res. 10,
513–520.

Roll, U., Feldman, A., Novosolov, M., Allison, A., Bauer, A.M., Bernard, R., Böhm, M., Castro-
Herrera, F., Chirio, L., Collen, B., Colli, G.R., Dabool, L., Das, I., Doan, T.M., Grismer, L.L.,
2017. The global distribution of tetrapods reveals a need for targeted reptile conser-
vation. Nat. Ecol. Evol. 1:1677–1682. https://doi.org/10.1038/s41559-017-0332-2.

Rueda, D., Campbell, K.J., Fisher, P., Cunninghame, F., Ponder, J.B., 2016. Biologically signif-
icant residual persistence of brodifacoum in reptiles following invasive rodent erad-
ication, Galapagos Islands, Ecuador. Conserv. Evid. 13, 38.

Sánchez-Barbudo, I.S., Camarero, P.R., Mateo, R., 2012. Primary and secondary poisoning
by anticoagulant rodenticides of non-target animals in Spain. Sci. Total Environ.
420:280–288. https://doi.org/10.1016/j.scitotenv.2012.01.028.

Saunders, G.R., 1983. Evaluation of mouse-plague control techniques in irrigated sun-
flower crops. Crop Prot. 2:437–445. https://doi.org/10.1016/0261-2194(83)90064-9.

Saunders, G., Kay, B., Parker, B., 1990. Evaluation of a warfarin poisoning programme for
feral pigs (Sus scrofa). Aust. Wildl. Res. 17, 525–533.

1383M.T. Lohr, R.A. Davis / Science of the Total Environment 634 (2018) 1372–1384



Scelza, B.A., Bird, D.W., Bird, R.B., 2017. Bush Tucker, shop Tucker: production, consump-
tion, and diet at an aboriginal outstation. Ecol. Food Nutr. 53:98–117. https://doi.org/
10.1080/03670244.2013.772513.

Shore, R.F., Walker, L.A., Potter, E.D., Pereira, G., 2016. Second Generation Anticoagulant
Rodenticide Residues in Barn Owls 2015. Lancaster, UK.

Tasmania Parks andWildlife Sevice, 2014. 2014 Evaluation Report: Macquarie Island Pest
Eradication Project. Hobart, Tasmania.

Thomas, M.O.W.G., Kutt, A.S., 1997. Owl Populations and Habitat: Factors That Could Im-
pact Populations of Native Owls in the Sugarcane Growing Areas in Queensland,
Australian Centre for Tropical Freshwater Research. James Cook University of North
Queensland, Townsville https://doi.org/10.1017/CBO9781107415324.004.

Thomas, P.J., Mineau, P., Shore, R.F., Champoux, L., Martin, P.A., Wilson, L.K., Fitzgerald, G.,
Elliott, J.E., 2011. Second generation anticoagulant rodenticides in predatory birds:
probabilistic characterisation of toxic liver concentrations and implications for pred-
atory bird populations in Canada. Environ. Int. 37:914–920. https://doi.org/10.1016/j.
envint.2011.03.010.

Tosh, D.G., Shore, R.F., Jess, S., Withers, A., Bearhop, S., Ian Montgomery, W., McDonald,
R.A., 2011. User behaviour, best practice and the risks of non-target exposure associ-
ated with anticoagulant rodenticide use. J. Environ. Manag. 92:1503–1508. https://
doi.org/10.1016/j.jenvman.2010.12.014.

Twigg, L.E., Singleton, G.R., Kay, B.J., 1991. Evaluation of Bromadiolone against house
mouse (Mus domesticus) populations in irrigated soybean crops. I. Efficacy of control.
Wildl. Res. 18, 265–274.

Twigg, L.E., Lowe, T.J., Martin, G.R., Gray, G.S., 1999. A Review of the Anticoagulant Pesti-
cide Pindone.

Ward, D.J., 2008. An Ecological Assessment of Secondary Poisoning Risk in the Australian
Sugarcane Industry. Queensland University of Technology.

Wedding, C.J., Weihong, J., Brunton, D.H., 2010. Implications of visitations by shore skinks
Oligosoma smithi to bait stations containing brodifacoum in a dune system in New
Zealand. Pac. Conserv. Biol. 16, 86–91.

Weir, S.M., Yu, S., Talent, L.G., Maul, J.D., Andreson, T.A., Salice, C.J., 2015. Improving reptile
ecological risk assessment: oral and dermal toxicity of pesticides to a common lizard
species (Sceloporus occidentalis). Environ. Toxicol. Chem. 34:1778–1786. https://doi.
org/10.1002/etc.2975.

Woinarski, J.C.Z., Burbidge, A.A., Harrison, P.L., 2015. Ongoing unraveling of a continental
fauna: decline and extinction of Australian mammals since European settlement.
Proc. Natl. Acad. Sci. 112:4531–4540. https://doi.org/10.1073/pnas.1417301112.

Young, J., De Lai, L., 1997. Population declines of predatory birds coincidentwith the intro-
duction of Klerat rodenticide in North Queensland. Aust. Bird Watch. 17, 160–167.

1384 M.T. Lohr, R.A. Davis / Science of the Total Environment 634 (2018) 1372–1384







Chemical Review 
Office of the Chief Regulatory Scientist 
Australian Pesticides and Veterinary Medicines Authority 
GPO Box 3262, Sydney NSW 2001, Australia 
Telephone: +61 2 6770 2400 
Email: chemicalreview@apvma.gov.au 

 

Dear Office of Chemical Review, 

 

I am writing in regards to the review of anticoagulant rodenticide (ARs) use in Australia. 
Recently my team and I published a study on AR exposure in wild urban reptiles in Perth, 
Western Australia (attached, and doi: https://doi.org/10.1016/j.scitotenv.2020.138218). In this 
study we screened dugite (a mouse-eating brown snake), bobtail/shingle-back (an omnivorous 
lizard) and tiger snake (a frog-eater) livers from animals collected all around Perth. We found 
frequent (45-91% of individuals) exposure in all three species with high concentrations in the 
dugite/brown snake. Our study indicates two things: (1) that residential and urban use of ARs 
results in exposure of many non-target species, and (2) this is probably happening in larger 
magnitudes in bigger cities of Australia, as Perth is a relatively small city by major city 
standards.  

The unrestricted access and public sale of ARs in Australia is completely irresponsible. Firstly, 
ARs are not necessary for residential or domestic use, rodents are only temporarily removed 
and new individuals will return shortly. Various reusable traps are available and a much safer 
alternative. Secondly, poisoned rodent carcasses must be collected shortly after a baiting event 
and disposed of appropriately. This cannot be trusted to the general public and should be 
implemented by trained professional services. Labelling is not enough to prevent AR misuse. 
While AR use may be efficient for rodent control in areas of primary production, all AR 
applications should be restricted to professional services, or require training for appropriate use 
and ‘clean-up’ as well as sales being regulated by permits. 

The planet is dying and now is the time to take responsibility and make a change. 

 

Yours Sincerely, 

 

 





1. Introduction

Anticoagulant rodenticides (ARs) are used globally to control pest
rodent populations (Shore and Coeurdassier, 2018). ARs are applied in
a wide variety of land use settings including commercial and residential
areas, agricultural and silvicultural land, and islands with threatened
ecological communities (Lohr, 2018; Lopez Perea et al., 2019; Pitt
et al., 2015). Baiting is the standard method for delivering ARs, as the
baits can be easily dispersed across a landscape andmodified to suit par
ticular target species (Hoare and Hare, 2006b). To avoid bait consump
tion from non target species, baits are often deployed inside stations
intended to minimise access from other fauna; for example, access
holes to the stations may be raised above the ground and sized appro
priately for target species (Bettink, 2015). Even so, many non target
species are poisoned or exposed to ARs, either as a result of direct bait
consumption or through consumption of target and non target fauna
which have eaten bait (Elliott et al., 2014; Hong et al., 2019; Pitt et al.,
2015). Such secondary poisoning events have been documented in
avian and mammalian predators, particularly rodent predators and
scavengers (Colvin et al., 1988; Cox and Smith, 1990; Eason and Spurr,
1995; Hindmarch et al., 2019; Hosea, 2000; Lopez Perea et al., 2019;
Sanchez Barbudo et al., 2012). Only more recently has the true satura
tion of ARs throughout the foodweb been identified:when baits are ac
cessible, they are consumed directly by a suite of invertebrates (Alomar
et al., 2018; Elliott et al., 2014), birds (Masuda et al., 2014), lizards
(Wedding et al., 2010) and small mammals (Brakes and Smith, 2005).
Non target primary consumers of ARs are potentially important
vectors for ARs to organisms in higher trophic levels; for example, insec
tivorous hedgehogs (Erinaceus europaeus) in Britain have a similar prev
alence of AR exposure to predatory birds (Dowding et al., 2010), and
Stewart Island robin (Petroica australis) nestlings have died from AR
poisoning linked to being fed poisoned invertebrates (Masuda et al.,
2014).

ARs work by blocking the recycling of vitamin K in the liver,
disrupting the normal blood clotting mechanisms in vertebrates (Park
et al., 1984). Commonly used ARs, such as brodifacoum, are classed as
second generation anticoagulant rodenticides (SGARs) according to
their chemical structure and period of development. SGARs are a signif
icant risk to the vertebrate food web due to their long periods of persis
tence in liver tissue. In rodent livers, the mean half life of SGARs can
range from 108 days for difethialone to 220 days for flocoumafen
(Eason et al., 2002), and up to 307.4 days for brodifacoum
(Vandenbroucke et al., 2008). Despite long half lives and the potential
for environmental contamination for some ARs, currently only the
United States, Canada and the UK impose substantial restrictions on
AR use through permits, best practice guidelines and limiting the
more toxic ARs to indoor use (Bradbury, 2008; Health Canada, 2010;
Tosh et al., 2011). In Australia, for example, nine first and second gener
ation ARs can be legally sold to the public, resulting in exposure for
humans and wildlife (Lohr and Davis, 2018). It has been estimated
that this leads to 1400 human AR exposures per year (Australian Pesti
cides and Veterinary Medicines Authority, 2017) and high exposure for
urban wildlife with 72.6% exposure recorded in Australian Boobooks
(Ninox boobook) in Perth, Western Australia (Lohr, 2018).

Detection of AR exposure in non target vertebrates is increasingly
documented in the published scientific literature, but previous research
on vector and indicator species has focussed on invertebrates, birds and
mammals (Lopez Perea et al., 2019; Serieys et al., 2019; Thomas et al.,
2017). Reptiles have largely been ignored despite observations of direct
bait consumption (Hoare and Hare, 2006a) including one instance
where bait consumption is suspected to have directly caused mortality
(Bettink, 2015). In addition to evidence of direct AR exposure, reptiles
have potential to be vectors of high AR loads by virtue of their longevity,
occupying multiple trophic levels and apparent resistance to anthropo
genic contaminants (Hopkins, 2000). Recently, Lohr and Davis (2018)
reviewed the literature on interactions between reptiles and ARs and

identified the role of reptiles as a vector for ARs as a research priority.
Here, we address this recommendation by analysing AR concentrations
in the livers of three large bodied and abundant reptiles in Perth,West
ern Australia, an urban landscape where secondary exposure to ARs has
already been documented in predatory birds (Lohr, 2018). Our study
species the dugite (Pseudonaja affinis) a rodent predator snake, the
bobtail (Tiliqua rugosa) an omnivorous lizard and the tiger snake
(Notechis scutatus occidentalis) a wetland snake with a dietary prefer
ence for frogs were chosen as they give insight to AR exposure in rep
tiles and trophic transfer. Each of our study species differs in dietary
preference and trophic tier, and therefore should exhibit different fre
quencies and concentrations of ARs. We predicted that the dugite
would have the highest concentration of ARs, the tiger snake would
have limited or no exposure to ARs, and the bobtail would fall between
these two.

2. Materials and methods

2.1. Study area and species

The urban footprint of Perth, the capital city of Western Australia,
covers over 1050 km2 with a population of over two million
(MacLachlan et al., 2017). The primary land uses of urban Perth are res
idential and industrial intersected with parks of remnant native vegeta
tion. Currently all ARs available in Australia, with the exception of
pindone, are sold directly to the public without requiring a license and
there are no records on the volume of sales or frequency of use (Lohr
and Davis, 2018). Anecdotal accounts of increased baiting inwinter cor
responding with increased exposure in Australian Boobooks during
winter suggest some degree of seasonality in the use of AR baits (Lohr,
2018) but substantial deployment of ARs has been observed by the au
thors year round in and outside of residential and commercial
buildings.

We tested AR exposure in three large (200 1100 g) reptile species
frequently found within urban Perth and demonstrating differences in
diet and trophic tier. Dugites (Pseudonaja affinis: Elapidae) are a large
snake (N1.7 m) that ontogenetically shift their diet from reptiles to
mammals (Cipriani et al., 2017; Wolfe et al., 2018). Bobtails (Tiliqua
rugosa: Scincidae) are a large (~0.4 m) omnivorous lizard known to
eat primarily vegetation aswell as a variety of invertebrates and anthro
pogenic scraps such as pet food and rubbish, in urban areas (Dubas and
Bull, 1991; Norval andGardner, 2019). Both dugites and bobtails occupy
the same open woodland and heath habitats, and are frequently found
in urban gardens. West Australian tiger snakes (Notechis scutatus
occidentalis: Elapidae) are a large (~1m) snake that have a diet compris
ing of mostly frogs, but occasionally reptiles, mammals and birds
(Lettoof et al., 2020a). All three study species spatially overlap in wet
land habitats, but tiger snakes are rarely found outside wetlands in
Perth. Bobtails can suffer predation from dogs (Canis lupus sp.), cats
(Felis catus), foxes (Vulpes vulpes), wedge tailed eagles (Aquila audax)
and a range of snake species including dugites (Norval and Gardner,
2019). Evidence of predation on Australian snakes is rare but predators
of smaller individuals include carnivorous birds (raptors, kingfishers,
corvids), dogs, cats, foxes, monitor lizards (Varanus sp.) and other
snakes (Shine, 1995). As Australia doesn't have many large bodied
predators, predation on larger snakes is likely to be rare, especially in
urban environments with fewer predators present. For this study we
only tested adult dugites (N1.2 m) and tiger snakes (N0.7 m).

2.2. Specimen collection

Dugites (n = 11) and bobtails (n = 10) were collected opportunis
tically as road kill or non rotten carcasses donated by wildlife care cen
tres between 2014 and 2018, and tiger snakes (n = 11) were wild
caught and euthanised between 2018 and 2019 (morphological data
presented in Appendix Table 1). Carcasses were stored within 12 h of
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collection frozen at −20 °C until the liver was extracted and analysed
for AR residues. All specimens were collected within 30 km from the
centre of Perth, Western Australia, and within 250 m of residencies or
other urban infrastructure (Fig. 1). Specifically, dugites and bobtails
were collected from areas surrounded by residential or industrial infra
structure. Tiger snakes were collected from four urban wetlands
surrounded by residential infrastructure, with one wetland being par
tially bordered by an industrial area.

2.3. Samples extraction and purification

Liver samples aliquots of 1 g (wet weight, w.w.) were accurately
weighed, frozen at −80 °C and then freeze dried using a SubliMate 2
Bench Top laboratory Freeze dryer (EscoGlobal, Singapore). Freeze
dried samples were homogenised in stainless steel vessels using a MM
400 milling system (Retsch GmbH, Germany). Homogenised samples
were transferred into centrifuge plastic tubes (15 mL) and two aliquots
of 5 mL of acetonitrile were pipetted into the tubes added with a 10 μL
(10 ng/μL) solution containing the deuterated surrogates. Analytes
were extracted using a sonication bath (15 min sonication for each ali
quot). After extraction, samples were centrifuged at 4400 rpm for
5min using a HeraeusMegafuge 8 centrifuge from ThermoFisher Scien
tific (Sydney, Australia) and the supernatantwas transferred into a new
plastic tube added with 2 mL of n hexane. Samples were then vortexed
for 5 min and then centrifuged at 4400 rpm for 5 min and the superna
tant discarded. Samples extractswere evaporated near to dryness under
a gentle nitrogen stream and then reconstituted in 400 μL of a 50:50
ACN/H2O solution. The final extracts were transferred in 2 mL Teflon
lined screw cap amber glass vials stored at 0 4 °C until analysis. Bias
(average percentage recovery) and precision (percentage relative stan
dard deviation of recoveries, % RSD), determined by processing through
the entire analytical procedure spiked samples of organic chicken liver
supplied by a local butcher (South Perth, WA). Samples were spiked
with a solution containing all AR and surrogate standards to give a
final concentration of either 10 ng/g or 75 ng/g of each AR and
100 ng/g of deuterated standards. Unspiked chicken liver samples
(n = 3) were used as a negative control (i.e., blanks). These samples
were extracted and analysed along with the batch of samples. Details

regarding chemicals, analytical standards, solutions and calibration
standards are summarised in the Supporting information.

2.4. UHPLC MS/MS analysis

Chromatographic separation was achieved with an UltiMate 3000
UHPLC system (Thermo Fisher Scientific Corporation, US) coupled to
an Agilent InfinityLab Poroshell 120 SB C18 column (100 × 2.1 mm,
2.7 μm using acetonitrile and water containing 10mM ammonium ace
tate at pH 5.7 at 25 °C and 0.250 mL/min flow rate. Rodenticides were
detected using a TSQ Quantiva triple quadrupole mass spectrometer
(Thermo Fisher Scientific Corporation, US). Analytes ionisation was
achieved using an Ion Max NG API source operated in negative mode.
The mass spectrometer was operated in multiple reactions monitoring
(MRM) mode. UHPLC, Max NG API source and mass spectrometry set
tings are summarised in the Supporting Information (Tables S1 S3).
Data was processed using Xcalibur 4.1.31.9 and Tracefinder 4.1software
packages.

2.5. Statistical analysis

We compared the differences in AR concentration between each
reptile using a Kruskal Wallis for each AR that was detected in more
than one species, as well as for the total (sum) concentration of ARs
for individuals exposed to multiple ARs. For statistical analysis, samples
that were recorded below detectable limits were entered as half the de
tection limit. A Dunn post hoc test with Benjamini Hochberg adjusted
p values was performed to identify which species differed significantly
(p ≤ 0.05) fromeach other.We used chi squared tests to compare differ
ences between species for detection frequency (% of individuals with
any AR) and the mean number of ARs detected per exposed individual.
All statistical analyses were conducted in R Studio (R Core Team, 2018).

3. Results

ARs were detected in all three species (Table 1). All dugites and
seven of ten bobtails were killed by vehicle collisions, the remaining
three bobtails were euthanised by wildlife care centres and contained
no ARs. 91% of 11 dugites were exposed to ARs and 73% were exposed

Fig. 1. Locations of individual reptiles screened for ARs in Perth, Western Australia. Squares = dugites (Pseudonaja affinis), circles = bobtails (Tiliqua rugosa) and triangles= tiger snakes
(Notechis scutatus occidentalis).
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to more than one AR, 60% of 10 bobtails were exposed to ARs and 40%
were exposed tomore than one AR, and 45% of 11 tiger snakes were ex
posed to brodifacoum only. The highest combined AR concentration
was detected in dugites, which were three times higher compared to
bobtails, and 51 times higher compared to tiger snakes (Fig. 2). The
most commonly detected AR was the SGAR brodifacoum. The FGAR
warfarin was only detected in dugites, which were generally exposed
to the most ARs. Flocoumafen was detected only in a single bobtail,
and pindone and coumatetralyl were not detected in any samples.
Total AR concentrations in livers were significantly higher for dugites
than for tiger snakes (p=0.008) and approached significance between
bobtails and dugites (p = 0.069). Bromadiolone and difenacoum con
centrations in livers were significantly higher for dugites than for tiger
snakes (p=0.048). There was no significant difference in detection fre
quencies between species, and the difference in number of ARs in ex
posed individuals exposed individuals for dugites and tiger snakes
approached significance (p = 0.05).

Dugite and bobtail carcasses varied in damage and condition which
limited our ability to conduct necropsies or identify AR toxicity symp
toms such as haemorrhaging, or determine the sex of most individuals
(Table A.1). No tiger snakes exhibited any haemorrhaging. Of the best
condition carcasses, the livers of two bobtails and one tiger snake
were enlarged and pale or mottled, which can be symptoms of AR

poisoning; however, none of these individuals contained ARs above de
tectable limits.

4. Discussion

All three reptile species tested were exposed to ARs, and this is the
first study to report ARs inwild reptiles not associatedwith rodent erad
ications on oceanic islands. The impacts of AR on reptiles are relatively
unknown and what is known has been thoroughly summarised in
(Lohr and Davis, 2018). Although we cannot infer any toxicological ef
fects on reptiles from this study, we present insight into AR exposure
of multi trophic reptile species in an urban ecosystem. As predicted,
adult dugites (common urban rodent predators) had the highest fre
quency of exposure and concentration of ARs, andwere the only species
exposed towarfarin. In Australia, warfarin is available at nearly all hard
ware and grocery stores and is not associated with any particular land
use. We predict it's detection in dugites is a function of higher exposure
from rodent predation. Also, as predicted, adult tiger snakes had the
lowest exposure and bobtails fell between the two snakes. The fre
quency and concentration of ARs in bobtails, and the trace amounts in
tiger snakes is concerning; however, not surprising given the public
availability of ARs through retail sales (Lohr and Davis, 2018). Bobtails
are probably exposed to ARs both directly and indirectly: Perth urban

Table 1
Concentration of reptile livers exposed to ARs from greater Perth, Western Australia (mg/kg). n values are the number of each individual exposed to each compound.

Species Exposed/total
tested

Combined concentration of ARs for
exposed
Mean ± SE
(Range)

Brodifacoum Bromadiolone Difenacoum Flocoumafen Warfarin

n Mean ± SE
(Range)

n Mean ± SE
(Range)

n Mean ± SE
(Range)

n Mean
± SE
(Range)

n Mean ± SE
(Range)

Dugite
Pseudonaja
affinis

10/11 0.178 ± 0.074
(0.003–0.704)

7 0.096
± 0.046
(0.010–0.330)

5 0.202
± 0.137
(0.002–0.700)

4 0.019
± 0.012
(0.003–0.053)

0 NA 4 0.007
± 0.002
(0.004–0.011)

Bobtail
Tiliqua rugosa

6/10 0.040 ± 0.031
(0.007–0.182)

6 0.025
± 0.017
(0.006–0.109)

4 0.020
± 0.018
(0.001–0.073)

1 0.002 1 0.004 0 NA

Tiger snake
Notechis
scutatus

5/11 0.009 ± 0.002
(0.006–0.014)

5 0.009
± 0.002
(0.006–0.014)

0 NA 0 NA 0 NA 0 NA

Fig. 2.Mean total AR liver concentration of exposed reptile species tested in Perth,Western Australia. Bar fill represents frequency of exposure (dugites 91%, bobtails 60% and tiger snakes
45%). Error bars = SE.
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bobtails are commonly found throughout residential gardens and have
been observed inside AR bait boxes (Ashleigh Wolfe, pers. comm.). As
bobtails are known to eat anthropogenic food scraps we suspect they,
like many other large omnivorous lizards (Bettink, 2015; Merton,
1987), are likely to eat baits found in residential backyards. Bobtails
have also been recorded consuming mice (Norval and Gardner, 2019)
and thus may be secondarily exposed to ARs from predating poisoned
rodents or scavenging carrion, as well as contaminated invertebrates
(Alomar et al., 2018; Elliott et al., 2014).

Tiger snakes in Perth predominately eat frogs and rarely eat rodents
(Damian Lettoof, unpublished data), and yet we detected a relatively
high (45%) prevalence of a single SGAR (brodifacoum) at trace concen
trations. The four wetlands from which tiger snakes were collected are
surrounded by residential areas, andwe suspect several routes of AR ex
posure for tiger snakes: (1) traces of SGARs may be detectable for years
after a single predation of a poisoned rodent as a consequence of persis
tence in liver tissue (Rueda et al., 2016); (2) urban wetlands are con
taminated by storm water run off (Lettoof et al., 2020b) which may
include residentially used ARs (Kotthoff et al., 2019) and result in direct
exposure from contaminated water; and (3) the primary prey of tiger
snakes, frogs, may be exposed to ARs. Amphibians have never been
tested for AR exposure despite being very susceptible to accumulating
pesticides via direct contact with contaminated water (Bruhl et al.,
2011), or through consumption of exposed invertebrates (Alomar
et al., 2018; Elliott et al., 2014). Any combination of these routes of ex
posure could explain the prevalence of ARs in urban tiger snakes, and
probable exposure for each species is illustrated in our graphical
abstract.

The liver concentrations we detected in our test species are similar
to those found in other wild reptiles. A single whip snake (Hemorrhois
hippocrepis) was found with a liver concentration of 0.54 mg/kg of
flocoumafen, and wild lava lizards (Microlophus duncanensis) were
found with brodifacoum concentrations ranging between 0.001 and
0.8 mg/kg as well as two individuals at 1.6 and 1.9 mg/kg (Rueda
et al., 2016). Although we are unsure if the AR liver concentrations in
our study species are lethal or sublethal, the prevalence and mean
total AR concentration in dugites is concerning compared to other
taxa (see Table 3 in Lohr, 2018 and Tables 9, 10 and 12 in Laakso et al.,
2010). The few short term laboratory and field studies on the acute tox
icity or sub lethal effects of ARs and other pesticides in reptiles have
rarely detected physiological impacts (Mauldin et al., 2019; Pauli et al.,
2010); however, considering the slow metabolism of reptiles, the test
ing time periods may have been too short to show acute clinical symp
toms. The available literature, nonetheless, suggests that at least some
reptile species are more resistant to pesticide toxicity than are other
taxa (Pauli et al., 2010). The Western fence lizard (Sceloporus
occidentalis), for example, required an acute oral dose of the first gener
ation (FG) anticoagulant pindone three to five times the fatal dose for
birds and mammals before mortality occurred (Weir et al., 2015).

If reptiles are truly more tolerant of AR toxicity, their potential to be
toxic vectors poses amuch greater threat to the foodweb than currently
recognised. We frequently detected (45 91%) ARs in all three reptile
species, despite the difference of their trophic tiers and diet, and we
found a single dugite (9% of tested) with total AR liver concentration
of 0.7 mg/kg (a concentration that is considered lethal in raptors
(Kaukeinen et al., 2000)). This suggests at least two possibilities:
(1) there is pervasive AR contamination throughout the food web (Pitt
et al., 2015) in areas of high baiting e.g. urban landscapes, and (2) rep
tiles accumulating high AR concentrations may present a fatally toxic
meal for predators or scavengers. This may not have serious implica
tions for urban wildlife in our study system, as we suspect predation
events for urban adult dugites and tiger snakes are rare. On a global
scale, however, this has serious implications for regions with higher
AR use, biomass and biodiversity of reptiles, andmore reptile predators
than Perth. For example, North American racoons (Procyon lotor) are
common scavengers of urban reptile road kill (Antworth et al., 2005)

and are likely to be exposed from eating poisoned reptiles. Urban genets
(Genetta sp.) in Africa also predate on reptiles (Delibes et al., 1989;
Widdows and Downs, 2015), and have been found with AR exposure
(Serieys et al., 2019). There is already emerging evidence of this sce
nario: An island wide study of ten raptor species in Taiwan found a
high prevalence of AR exposure in rodent eating and scavenging species
as well as snake eating species (Hong et al., 2019), suggesting that
snakes may be an important vector of ARs to other trophic levels in
this area.

Reptile species richness is highest in tropical and arid regions of the
world (Böhm et al., 2013), and the tropical bioregion is also densely oc
cupied by humans. As AR exposure is highest in wildlife living in or in
close proximity to urban or agricultural land (Lopez Perea et al., 2019;
Serieys et al., 2018), tropical urban reptile populations are highly likely
to be exposed. This highlights AR toxicity as an additional threat to hab
itat loss andwild harvest (Böhm et al., 2013) for tropical reptile popula
tions and biodiversity. Urban reptiles' high exposure to ARs has further
implications for humans. Reptile meat is a common food resource in
tropical and subtropical regions of the world (Klemens and
Thorbjarnarson, 1995), and is consumed on almost every continent. Al
though AR use and wildlife exposure has not been well studied in these
regions, many reptiles persist in urban environments andwould be har
vested with close proximity to areas where anticoagulant rodenticides
are used. Snakes, as rodent predators, are of the highest risk of expo
sure, and thus localities where snakes are regularly eaten by humans,
such as Vietnam (Magnino et al., 2009), China (Wang et al., 2014),
Malaysia (Cantlay et al., 2017) and Africa (Taylor et al., 2015) are conse
quently also at high risk of exposure.

Besides tolerance to toxicity, reptilesmay be particularly good reser
voirs of ARs due to: a) the slow decomposition rate of ARs (Eason and
Spurr, 1995), and b) a much lower rate of elimination and depuration
of accumulated ARs from reptiles due to slower metabolism compared
to other taxa (Campbell et al., 2005; Davenport et al., 1990). There is
one excellent example of extreme persistence of ARs in a wild popula
tion of lizard: after a heavy baiting program was implemented on
Pinzon Island, Galapagos to eradicate rats, a high prevalence of ARs
was detected 100 850 days post baiting in the livers of lava lizards
(Microlophus duncanensis) (Rueda et al., 2016). Although no
population level poisoning was observed in the lizards, there was an
unexpected outcome for the island birds of prey: 22 Galapagos hawks
(Buteo galapagoensis) and a short eared owl (Asio flammeus) were
found dead from brodifacoum poisoning, presumably from predation
of toxic lizards, 12 773 days after the baiting event. Lava lizards were
found with liver concentrations of brodifacoum between 0.001 and
0.8 mg/kg at 400 days post baiting, and at 800 days post baiting lizards
were still found to have liver concentrations between N0.001 and
0.2 mg/kg. If elimination rates are similar for our test species then it's
possible that some of our individuals have been retaining ARs for
years. ARs are primarily shed from the body through faeces which has
important implications for reptiles as vectors: a) insectivorous reptiles
may be recursively exposed to toxic invertebrates which feed on con
taminated reptile faeces; and b) reptiles that feed, and subsequently
defecate, infrequently, i.e. snakes, should retain ARs substantially longer
than mammals and birds.

Reptiles' sensitivity to AR toxicity is fundamentally unknown.West
ern fence lizards survived oral dosages of brodifacoum up to
1750 mg/kg, a concentration thousands of times higher than the
LD50s recorded for most birds and mammals (Laakso et al., 2010). Lab
oratory experiments also found no observable effect on gopher snakes
(Pituophis catenifer) that were fed mice that died from a lethal dose of
the anticoagulants warfarin and diphacinone (Brock, 1965); while one
of 19 iguanas (Iguana iguana) orally administered brodifacoum died
and showed signs of intoxication with blood in the body cavity, al
though oddly this individual was from the lowest concentration treat
ment (Mauldin et al., 2019). There is speculation on why reptiles are
relatively more resistant to AR toxicity than are other taxa; suggestions
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include a difference in blood coagulation chemistry (Merton, 1987) and
naturally slower clotting mechanisms (Dessauer, 1970). In raptors, de
spite variation between species (Thomas et al., 2011), a liver threshold
of 0.1 mg/kg is considered a minimum for toxicity (Rattner et al.,
2014). We detected a mean total AR liver concentration above
0.1 mg/kg in exposed dugites (91%), and a single exposed bobtail
(17%). As SGARs are more toxic than diphacinone, we logically expect
a liver concentration of 0.1mg/kg to have atminimuma sublethal effect.
We also found exposure to multiple rodenticides was relatively com
mon in 80% of exposed dugites and 67% of exposed bobtails (maximum
3 ARs), and suggests accumulation from multiple prey items. Multiple
ARs may have a synergistic effect rather than a cumulative effect
(Lohr, 2018). For example, laboratory studies have demonstrated rat
sensitivity to warfarin vastly increased after chronic exposure to
brodifacoum (Mosterd and Thijssen, 1991), and American kestrels
(Falco sparverius) exposed to the FGAR chlorophacinone experienced
prolonged prothrombin times if they were previously exposed to
brodifacoum (Rattner et al., 2020).

Sublethal concentrations have been shown to impact both the phys
iology and behaviour of exposed individuals. General symptoms of in
toxicated animals shortly before mortality are anorexia, weakness,
lethargy and dyspnea (shortness of breath) (Fitzgerald and Vera,
2006), and thus any reduction in mobility could increase the likelihood
of mortality from other causes (Brakes and Smith, 2005). As with other
taxa, exposed reptiles may be vulnerable to increased predation (Cox
and Smith, 1992), increased mortality from vehicle collisions when on
roads (Lohr, 2018; Mendenhall and Pank, 1980; Serieys et al., 2015),
and a disruption of their thermoregulation routine (Merton, 1987).
Thus, we recognise the potential for livers from dugites and bobtails
whichwere collected as roadkill, or fromwildlife rehabilitators, to be bi
ased towards higher AR concentrations, compared to livers of tiger
snakes that were collected alive and euthanised. However, if AR expo
sure does interfere with a reptile's normal behaviour then we also ac
knowledge that the easily hand caught tiger snakes could be biased
towards higher AR concentrations.

5. Conclusions and future direction

This study offers convincing evidence that urban reptiles of dif
ferent trophic tiers and diet are exposed to residentially used ARs,
and suggests the surrounding food web is more contaminated than
previously assumed. We predict a similar AR exposure in reptiles of
the same ecological niche in cities where the purchase of ARs are un
restricted and retail available. Based on their probable resistance to
toxicity, low elimination rates, and multi trophic positions, we con
sider reptiles in proximity to AR sources (i.e. urbanisation) to be
good indicators of food web contamination. Our data highlight a
novel threat faced by reptile predators and humans consuming
wild reptiles captured near human habitation particularly if liver
or fat tissues are consumed.

To further assess the contamination of reptiles in the food web, we
suggest investigating AR exposure of small insectivorous species, such
as geckos, that have been detected living in bait boxes and are fre
quently eaten by other wildlife taxa known to be susceptible to AR tox
icity. To address the concerns of human exposure we suggest screening
for ARs in livers from reptiles sold inmeatmarkets, particularly in coun
tries of Eastern Asia. The frequent AR exposure in a snake that mostly
eats frogs suggests frogs may also be contaminated. To the best of our
knowledge ARs have never been detected or screened for in an amphib
ian, thus we recommend testing wild urban amphibian populations in
AR exposed areas. Additional research is urgently needed to determine
the scope and severity of AR exposure in reptiles in order to mitigate
risks to humans and non target wildlife.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.138218.
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