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  Abstract
We review the pharmacokinetic literature for 12 vertebrate pesticides available (or in the 
registration process) for broad-scale use in New Zealand and summarise their likely persistence 
in sublethally exposed animals. Vertebrate pesticides differ in the way they are absorbed, 
metabolised, distributed and excreted, as well as the length of time that these processes 
take in different animals. Understanding persistence times helps to manage two sources of 
contamination risk to the human food chain relating to wild and farmed animals, both of 
which have implications for food safety and trade. Wild animals such as deer (Cervus spp.) and 
pigs (Sus scrofa) may be hunted for food and caution periods are set in areas where pesticide 
operations have been carried out to inform hunters that residues may be present. Livestock do 
not normally have access to vertebrate pesticides but may be accidentally exposed; withholding 
periods are required to ensure residues are excreted prior to slaughter. Sublethal persistence 
time is the focus of this review, but it is not the only determinant of food safety risks. The period 
of risk to the human food chain also includes how long pesticide baits and lethally poisoned 
carcasses remain toxic in the field. This review classifies vertebrate pesticides of similar half-
life and/or persistence time into three groups: fast—cyanide, zinc phosphide, sodium nitrite, 
para-aminopropiophenone (PAPP), and sodium monofluoroacetate (1080); moderate to 
slow—phosphorus, pindone, diphacinone, coumatetralyl and cholecalciferol; and very slow—
brodifacoum and bromadiolone. Gaps in the literature are identified, the most important of which 
relate to pindone and PAPP. 
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 1. Introduction

We review the pharmacokinetic literature for 12 vertebrate pesticides available (or in the 
registration process1) for broad-scale use in New Zealand (Table 1) and summarise their likely 
persistence in sublethally exposed animals.

Vertebrate pesticides differ in the way they are absorbed, metabolised, distributed and excreted, 
as well as the length of time that these processes take in different animals. For example, 
persistence in the liver is a major focus for investigating anticoagulant residues, whereas a wider 
range of metabolic and excretion pathways occur for the other vertebrate pesticides.

Understanding persistence times helps to manage two sources of contamination risk to the 
human food chain, both of which have implications for food safety and trade. The sources of risk 
relate to consumption of meat from wild animals and domestic livestock that may have been 
exposed to toxic baits and/or the carcasses of animals killed by them.

Wild animals such as deer (Cervus spp.) and pigs (Sus scrofa) are often hunted for food in  
New Zealand and there are minimum legal time limits after a vertebrate pesticide operation 
when warning signs must remain in place2 and other minimum legal timeframes when wild 
animals cannot be hunted for processing and sale3. Caution periods are set and publicised to 
inform hunters and other people (such as owners of dogs (Canus lupus familiaris)) that residues 
may be present at places where vertebrate pesticides targeting other animals have been laid. 

On land managed by the Department of Conservation (DOC), DOC managers set and manage 
the caution period for any vertebrate pesticide operation in their area. DOC defines the caution 
period as the timeframe from the last date of bait application (or bait removal) after which DOC 
expects that pesticide residues will no longer pose a risk to the public. The caution period must 
meet or exceed regulatory minimum timeframes. Local managers estimate caution periods using 
a technical resource called the caution period calculator4, which makes a recommendation based 
on basic climate and operational variables selected by the manager. A specialist group (DOC 
Pesticides Advisory Group or PAG) evaluates current data and populates the calculator with 
recommendations for all possible variables and all vertebrate pesticides registered for broad-
scale use in New Zealand, based on the following equation:

1 Products including sodium nitrite are in the registration process, as are products including a combination of cholecalciferol and 
coumatetralyl.

2 Set as controls under the Hazardous Substances and New Organisms Act 1996 and as conditions of registration under the 
Agricultural Compounds and Veterinary Medicines Act 1991.

3 Animal Products (Specifications for Products Intended for Human Consumption) Notice 2004.
4 www.doc.govt.nz/publications/science-and-technical/doc-procedures-and-sops/managing-animal-pests/other-technical-

documents/.

Good estimates of the likely persistence time in sublethally exposed animals are required for 
the last component of this equation. Estimates are also required for persistence in baits and 
carcasses, although this is not the subject of this review. One vertebrate pesticide where bait and 
carcass persistence is important is sodium monofluoroacetate (1080). 1080 can persist in cereal 
pellets on the ground for weeks after the last date of application (e.g. Wright 2004), during which 
time it forms an exposure risk to any wild game. It can also persist in carcasses for weeks or 
months (Meenken & Booth 1997), creating a potential for secondary poisoning of wild pigs and 
any other scavengers (e.g. dogs). 

 

Recommended 
caution period 

= Time residues 
are expected to 
persist in baits 

+ Time residues 
are expected to 

persist in 
carcasses 

or Time residues are 
expected to persist 
in living animals 

     
     whichever is longest 
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veRtebRate 

pestiCiDe

taRget pest bait type methODs OtheR Details 

sodium cyanide

potassium cyanide

bennett’s wallaby 
(Macropus rufogriseus 
rufogriseus)

Dama wallaby 
(Macropus eugenii 
eugenii)

possum (Trichosurus 
vulpecula)

encapsulated pellet

micro-encapsulated 
paste

paste

bait bags

bait stations

handlaying

grouped together 
as ‘cyanide’ in this 
review

Zinc phosphide possum micro-encapsulated 
paste

bait bags

bait stations

sodium nitrite pig (Sus scrofa)

possum

block bait stations in the registration 
process at the time 
of publication

para-
aminopropiophenone 
(papp)

Feral cat (Felis catus) 
stoat (Mustela erminea)

paste (inside a meat 
bolus)

bait stations

sodium 
monofluoroacetate 
(1080)

Deer (Cervus sp.)

Feral cat

goat (Capra hircus)

mouse (Mus musculus)

possum

Rabbit (Oryctolagus 
cuniculus cuniculus)

Rat (Rattus sp.)

Wallaby

Wasp (Vespula 
germanica, V. vulgaris)

apple

block

Carrot

Cereal pellet

Fish meal pellet

grain

paste

aerial

bait bags

bait stations

handlaying

phosphorus possum

Rabbit

paste handlaying also known as white 
phosphorus or 
yellow phosphorus

pindone possum

Rabbit

Rat

Carrot

Cereal pellet

grain

aerial

bait stations

handlaying

First generation 
anticoagulant

Diphacinone Ferret (Mustela furo)

mouse

Rat

block

Cereal pellet

grain

paste

bait bags

bait stations

handlaying

First generation 
anticoagulant

Cholecalciferol possum

Rat

block

Cereal pellet

paste

bait bags

bait stations

Occurs naturally as 
vitamin D3

Coumatetralyl mouse

Rat

block bait stations First generation 
anticoagulant

brodifacoum mouse

possum

Rat

block

Cereal pellet

aerial*

bait stations

handlaying

second generation 
anticoagulant

bromadiolone mouse

possum

Rat

block

grain

paste

bait stations second generation 
anticoagulant

table 1.    twelve vertebrate pest ic ides avai lable (or  in the registrat ion process)  for  broad-scale 
use in new Zealand. Detai ls  include the target pest,  bai t  types and methods permitted under 
the hazardous substance legis lat ion and the condit ions of  registrat ion for re levant t rade name 
products.  not a l l  bai t  types can be used with al l  methods or to target a l l  pests.

* For the control of rodents on non-stocked off-shore islands or for rodent control carried out in accordance with the Code of 
practice aerial and hand broadcast application of pestoff® Rodent bait 20R for the intended eradication of Rodents from 
specified areas of new Zealand approved for this product.
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The actual food safety risk from eating hunted animals depends on where and how the pesticide 
is used; in other words, the use pattern. For example, brodifacoum and bromadiolone products 
play a critical role in eradications (on offshore islands and the mainland) and biosecurity 
(incursion responses) (Broome 2009). In these applications, the pesticides are laid over a 
very short timeframe, usually as a one-off operation, and the potential benefit to wildlife is 
generally very high (Towns et al. 2009; Bellingham et al. 2010). In contrast, repeated field use of 
brodifacoum and bromadiolone for sustained pest management can and does present a risk of 
bioaccumulation in sublethally exposed animals. In 2000, DOC put in place a policy to reduce 
the sustained use of these vertebrate pesticides on land it manages because of concerns relating 
to their persistence in the living tissue of birds and game (DOC 2000).

Domestic livestock do not normally have access to vertebrate pesticides but may be accidentally 
exposed. When this happens, exposed animals should be withheld from slaughter for the 
period over which we expect all residues to be metabolised and excreted. Of most relevance to 
calculating the time period to withhold stock from slaughter is the pharmacokinetic literature 
relating to livestock such as sheep (Ovis aries), cattle (Bos taurus), pigs and deer.

 2. Pharmacokinetics of vertebrate pesticides

This review classifies vertebrate pesticides into three groups of similar elimination half-life and/
or persistence time:

 • Fast (hours to days): cyanide, zinc phosphide, sodium nitrite, para-aminopropiophenone 
(PAPP), and sodium monofluoroacetate (1080)

 • Moderate to slow (weeks to months): phosphorus, pindone, diphacinone, coumatetralyl and 
cholecalciferol

 • Very slow (years): brodifacoum and bromadiolone

The elimination half-life is an estimate of how long it might take for a specific dose to decline by 
half (50%) in blood plasma or a specific organ (usually the liver for anticoagulants). Persistence 
time is defined in this review as the time after dosing when we expect residues would no longer 
be detected. A minority of studies track residue depletion to this point, and there is variation in 
the minimum detection limit (MDL) used.

The classification makes it easier to identify which results and information gaps are most 
relevant to managing the risk to the human food chain becoming contaminated. Erickson & 
Urban (2002) reviewed rodenticides registered in the United States as part of a risk assessment 
for birds and non-target mammals. This review complements Erickson & Urban (2002) in that 
it has a different scope (vertebrate pesticides registered in New Zealand), a different focus 
(sublethal persistence as a food contaminant) and includes more-recent studies. Importantly, 
Erickson & Urban (2002) included birds, whereas the current review does not. 

The published scientific literature on the pharmacokinetics and metabolism of vertebrate 
pesticides is extensive and complex to summarise. For example, studies use a range of different 
animal species, dosing approaches, and analytical techniques with different limits of detection. 
Accuracy of methods and mathematical techniques has improved over time. This complexity 
needs to be remembered as a caveat to the simple classification into three groups used in this 
report.
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 2.1 Fast excretion
This group includes cyanide, zinc phosphide, sodium nitrite, PAPP, and 1080. All of these 
vertebrate pesticides are metabolised within hours or days. The slowest excretion time is for 
PAPP, which takes about 5 days.

 2.1.1 Cyanide
Cyanide is readily absorbed into the bloodstream and (based on all studies to date) distributed to 
all organs and body fluids, often within minutes of exposure (PSD 1996; Taylor et al. 2006;  
US EPA 2010). Cyanide detoxification occurs mainly in the livers of sublethally exposed animals, 
where 60–80% is converted to the less acutely toxic metabolite thiocyanate (US EPA 2010). 

The elimination half-life of cyanide in the blood plasma of humans has been estimated as  
20 minutes to 1 hour (Taylor et al. 2006). Sousa et al. (2003) compared cyanide kinetics in 
laboratory rats (Rattus norvegicus Wistar), landrace large White pigs (Sus scrofa domesticus) and 
goats (Capra hircus) orally dosed with 3 mg/kg potassium cyanide; the plasma elimination half-
lives were estimated at 0.64 hours, 0.54 hours and 1.28 hours respectively. 

No studies were found where depletion of cyanide was monitored to the point where it could 
no longer be detected. Based on the available plasma elimination half-life estimates, we would 
expect the persistence time to be less than one day.

 2.1.2 Zinc phosphide
Zinc phosphide reacts with acids in the gastrointestinal tract to produce phosphine and other 
breakdown products (Eason et al. 2012). Phosphine is the compound that causes its high toxicity 
and is absorbed through the gastrointestinal tract.

In a study by Andreev et al. (1959), grey rats (Rattus norvegicus Berk) were given a lethal 
oral dose of 40 mg/kg of radio-labelled zinc phosphide and the organs of sacrificed animals 
were analysed at short intervals afterwards. Within one hour, radio-labelled phosphorus 
(phosphorus-32) was detected in all organs except brains, bone and muscles. At death (within  
6 to 8 hours), phosphorus-32 was present in all organs and a considerable accumulation in the 
rats’ livers was noted.

Excretion occurs as exhaled phosphine from the lungs, and as other metabolites, including 
phosphoric acid and phosphate, in urine and faeces (WHO 1976). In a study by Meredith (1981, 
reported in WHO 1988), laboratory rats were orally dosed with zinc phosphide and their exhaled 
air was monitored. Virtually all the phosphine had disappeared from exhaled air within 12 hours. 
However, given the observations of Andreev et al. (1959), residues would be expected to persist in 
the rats’ livers, even though phosphine had disappeared from their exhaled air.

The US EPA (1998) concluded that the risk of secondary poisoning with zinc phosphide was 
low, noting that it did not accumulate in tissues and that the primary risk stemmed from zinc 
phosphide remaining in the gastrointestinal tract of poisoned animals.

No estimates of plasma or hepatic elimination half-life were found in the literature. The paucity 
of data makes it difficult to estimate persistence time, but it seems unlikely to be more than 
several days. 

 2.1.3 Sodium nitrite
Sodium nitrite is absorbed in the upper part of the gastrointestinal tract and transferred to the 
blood. Schneider & Yeary (1975) reported plasma elimination half-life values of 29.0, 30.0 and 34.0 
minutes in sheep, dogs and ponies (Equus caballus), respectively. Dejam et al. (2007) calculated 
a plasma elimination half-life of 42 minutes for humans. In research to develop a mathematical 
model, peak plasma levels of nitrite were observed for laboratory rats approximately 30 minutes 
after oral dosing (Kohn et al. 2002). Reanalysis of the Kohn et al. (2002) data by Lapidge & Eason 
(2010) provided estimates for the plasma elimination half-life for sodium nitrite in laboratory rats 
of 42.0 minutes (male) to 62.5 minutes (female). 
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No studies were found where depletion of sodium nitrite was monitored to the point where it 
could no longer be detected. Based on the available plasma elimination half-life estimates, we 
would expect the persistence time to be less than 1 day (24 hours).

 2.1.4 Para-aminopropiophenone (PAPP)
PAPP is metabolised by the liver, which produces N-hydroxylaminopropiophenone (PHAPP),  
the compound that causes the toxic effect (methaemoglobinemia). Wood et al. (1991) investigated 
the metabolism and excretion of radio-labelled PAPP in Sprague-Dawley rats (Rattus norvegicus), 
dogs and cynomolgus monkeys (Macaca fascicularis) given oral doses of PAPP (5 mg/kg for 
rats, 0.5 mg/kg for dogs and 25 mg/kg for monkeys). They found that PAPP was rapidly absorbed 
by all three species, with peak plasma concentrations at 15 minutes (male rats), 1 hour (female 
rats), 30 minutes to 1 hour (beagles) and 1 to 1.5 hours (monkeys) after oral ingestion. Rapid 
excretion via urine and faeces was observed in all three species, with the majority of PAPP and 
its metabolites recovered within 24 hours (93–96% in rats, 84% in dogs, and 84–95% in monkeys). 
Excretion of trace amounts was detected in urine and faeces for all species at 120 hours (5 days).

No estimates of plasma elimination half-life were found in the literature. No studies were found 
where depletion of PAPP was monitored to the point where it could no longer be detected. Based 
on the excretion study, it would appear that PAPP is eliminated in about 5 days.

 2.1.5 Sodium monofluoroacetate (1080)
1080 is metabolised in the mitochondria of cells, where it enters the tricarboxylic acid (Krebs) 
cycle to produce the toxic metabolite fluorocitrate (Egeheze & Oehme 1979; Eason et al. 2011). 
Other metabolites include fluoride, fatty acids, cholesterol, carbon dioxide and other unidentified 
non-toxic compounds (Eason et al. 2011). Following oral or intravenous dosing, 1080 was found 
to be rapidly absorbed into the blood and distributed through the soft tissues and organs of 
laboratory rats (Hagan et al. 1950). Highest concentrations of 1080 occur in the blood of dosed 
animals (Hagan et al. 1950; Gooneratne et al. 2008). 

Sykes et al. (1987) intravenously dosed mice (Mus musculus) with approximately 0.4 mg/kg of 
radio-labelled fluoroacetate and sacrificed animals at 0.25, 1.0, 2.0 and 4.0 hours after injection. 
Elimination half-lives of 1.6–2.0 hours were estimated for all organs studied (including liver, 
muscle, heart, and kidneys) and 1.6 hours for blood plasma. Accumulation of radioactivity in bone 
was evident over the first 2 hours after injection, declining slightly after 4 hours. Fluoroacetate is 
known to degrade to fluoride (F–) and this anion has a high affinity for bone and teeth. It may be 
that accumulation is as fluoride rather than fluoroacetate.

In another study, rats dosed with 0.25 mg/kg carbon-14-labelled fluoroacetate and were sacrificed  
72 hours after dosing. Various organs each contained between 0.5% and 1% of the total carbon-14 
dose (Tecle & Casida 1989).

Eason et al. (1994) dosed sheep and goats via a gastric cannula with 0.1 mg/kg 1080 and estimated 
the elimination half-life of 1080 in blood plasma as 10.8 hours in sheep and 5.4 hours in goats. 
The concentration of 1080 was higher in blood plasma than in kidney, muscle and liver tissue of 
sheep 2.5 hours after an oral dose of 0.1 mg/kg. Only traces of 1080 were found in blood plasma 
and organs of sheep 96 hours after dosing (MDL = 0.010 μg/g in plasma and MDL = 0.002 μg/g 
in organs). In goats, only traces of 1080 were present after 18 hours (Eason et al. 1994).

Gooneratne et al. (2008) gave ewes a relatively high oral dose of 0.30 mg/kg and monitored 1080 
in blood serum for up to 14 days in surviving sheep. After animals died or were killed, muscle, 
kidney and liver samples were analysed for 1080. 1080 peaked in blood serum 2 to 4 hours after 
dosing, declined to one-third of peak level by 24 hours and was not detected 3 days after dosing 
(MDL = 0.0015 μg/g). No 1080 was detected in the skeletal muscle, kidneys or liver of three sheep 
14 days after dosing. 1080 was detected in the heart, muscle and liver of three animals that died 
22–25 hours after dosing, whereas it was detected only in muscle (not in heart or liver) of animals 
that died 43–52 hours after dosing.



7DOC Research and Development Series 337

1080 was administered orally to six possums (Trichosurus vulpecula) at 0.1 mg/kg and its 
persistence was assessed in blood plasma at intervals up to 96 hours after dosing (Eason et al. 
1993, 1996b). A mean plasma elimination half-life of 9.1 hours was estimated. Trace amounts of 
1080 were detected at 48 hours and none was detected at 96 hours (MDL not stated). 

Rabbits (Oryctolagus cuniculus) were given an oral dose of 0.1 mg/kg 1080 and individuals were 
killed at intervals from 0.25 to 72 hours after dosing (Gooneratne et al. 1995). 1080 residues were 
highest in blood and a plasma elimination half-life was estimated at 1.1 hours (MDL = 0.010 μg/g). 
Very little 1080 was detected in blood plasma at 6 hours and none was detected 9 hours after 
dosing. 1080 concentrations were detected in muscle, kidney and liver in decreasing quantities 
(MDL = 0.002 μg/g in tissues).

Studies across a number of species suggest that 1080 is rapidly metabolised and is unlikely to 
persist beyond about 4 days.

 2.2 Moderate to slow excretion
This group includes phosphorus, pindone, diphacinone, coumatetralyl and cholecalciferol. There 
is a lot of variation in what is known about the pharmacokinetics of these vertebrate pesticides, 
with the least known about phosphorus. The likely persistence time is in the range of 2 weeks 
(diphacinone and pindone in laboratory rats) to 5 months (diphacinone in cattle).

 2.2.1 Phosphorus
Phosphorus is readily absorbed from the gastrointestinal tract and is excreted in urine and 
exhaled air (Shlosburg & Booth 2004). The pharmacokinetics of phosphorus are not well 
understood, principally because methods for quantifying phosphorus in body tissues have not 
been developed (Duerksen-Hughes et al. 1997). In addition, organic and inorganic phosphorus 
occurs in cells throughout animals’ bodies, making it more complicated to track ingested 
phosphorus. It is not clear when phosphorus is converted to metabolites (in the gut or after 
absorption into blood) or whether enzymes are involved. Duerksen-Hughes et al. (1997) 
suggest that it is likely that the main end product of phosphorus metabolism is orthophosphate 
(produced either in the gut or after absorption into the blood) and that it is incorporated into 
phosphorus-containing molecules throughout the body.

Duerksen-Hughes et al. (1997) summarised several studies where laboratory rats were dosed 
with radio-labelled phosphorus. These studies indicated that phosphorus is absorbed into the 
liver and other organs within hours and persists for at least 5 days. For example, radioactivity was 
detected 15 minutes after dosing in blood and livers of laboratory rats given an oral ‘toxic dose’ of 
phosphorus and 82–87% of the dose could be recovered from organs and blood within 2 to 3 hours 
of dosing, of which 65–70% was recovered from the liver (Goshal et al. 1971 in Duerksen-Hughes 
et al. 1997). Lee et al. (1975) completed a similar study where the distribution of an unspecified 
radio-labelled oral dose of phosphorus given to laboratory rats was monitored 4 hours, 1 day and 
5 days after dosing (summarised in Duerksen-Hughes et al. 1997). The highest proportion of 
the administered dose was recovered from the rats’ livers, with 16.1%, 16.9% and 6.3% of the total 
dose recovered at 4 hours, 1 day and 5 days, respectively, after dosing. At 5 days after dosing, the 
concentration of radio-labelled phosphorus was more than 100 times higher in liver tissue than in 
blood plasma.

No estimates of elimination half-life were found in the literature. No studies were found where 
depletion of phosphorus was monitored to the point where it could no longer be detected. Based 
on the radioactive tracing studies, it would appear that phosphorus takes much longer than  
5 days to be eliminated from mammals’ livers.
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 2.2.2 Pindone
Pindone concentration seems to remain higher in blood plasma for longer and be distributed 
more evenly between the liver and kidneys, relative to the other anticoagulants. Nine dogs were 
dosed either orally or intravenously with either 3 mg/kg or 5 mg/kg pindone and blood samples 
were taken at intervals up to 182 hours after dosing (Fitzek 1978). The plasma elimination half-life 
was estimated as 109–118 hours (MDL not stated, Fitzek 1978). The organs of three dogs that died 
or were sacrificed were analysed at 72 hours, 132 hours and 182 hours after dosing. Residues were 
consistently highest in blood and at similar concentrations in the kidneys and liver for all three 
dogs.

Sixteen sheep were dosed orally with 10 mg/kg and pairs were sacrificed at 2, 4, 8, 16, 32, 64, 128 
and 256 days after dosing (Nelson & Hickling 1994). Pindone was detected in the livers of these 
sheep up to 8 days after dosing and not detected at 16 days (MDL = 0.09 fi/g). A further five sheep 
were dosed orally with 30 ml of a pindone suspension containing 2 mg/ml active ingredient, and 
individuals were sacrificed 1, 2, 4, 8 and 16 days after dosing. Pindone was detected in fat from 
these sheep on all but the last day that samples were taken. 

Robinson et al. (2005) administered either a single 3-day oral dose (i.e. 10, 3, and 2 mg/kg on 
three consecutive days) of pindone to merino ewes or a double 3-day oral dose (i.e. regime 
repeated after 8 days) of pindone to merino wethers. Pindone was at very low levels in blood 
within 7 (single dose) to 14 (double dose) days of the last dose, and no pindone was detected 
at 29 days (single dose) to 26 days (double dose) after the last dose (MDL= 0.02 mg/ml). Sheep 
were sacrificed 25 days after the single dose or 19 days after the double dose regime and no 
pindone residues were detected in muscle, brain, fat, liver and heart tissues (MDL = 0.1 mg/kg). 
An elimination half-life in blood was estimated (based on prothrombin time) as 4.9 days for the 
single dose ewes and 5.4 days for the double dose wethers.

Martin et al. (1991) estimated the blood elimination half-life at 3.1 days for cattle, 2.8 days for 
goats, 1.9 days for horses (Equus caballus) and dogs and less than 1 day for cats (Felis catus). 
Animals were given an oral dose of pindone daily for 5 days, with the daily dose ranging from 
0.3 mg/kg for dogs to 2.0 mg/kg for cattle. Extension of prothrombin time was monitored as an 
index of poisoning.

In a comparative study of rodenticides by Fisher et al. (2003), laboratory rats (Rattus norvegicus 
Wistar) were given an oral dose of 35 mg/kg pindone and the hepatic elimination half-life was 
estimated at 2 days (MDL = 0.2 μg/g). Residues were present 1 week after dosing but were not 
detected 2 weeks after dosing.

Studies across a number of species suggest that pindone is unlikely to persist in the liver beyond 
14 days after dosing, although hepatic persistence in cattle has not been studied and may be 
different (see section 2.2.3).

 2.2.3 Diphacinone
Yu et al. (1982) investigated the metabolism and excretion of radio-labelled diphacinone in 
laboratory rats. Eight days after female laboratory rats were administered a single oral dose of  
0.4 mg/kg diphacinone, the highest concentration of the toxin was found in their livers, 
significant residues were found in their kidneys, lungs, and brains, and the lowest residues were 
measured in fat and muscles. By 8 days after dosing, 80% of the administered dose was eliminated 
in faeces and about 10% in urine. 

Cahill and Crowder (1979) found the highest concentrations of diphacinone in livers and the 
lowest concentration in fat tissue in mice given an oral dose of 4.14 mg/kg radio-labelled 
diphacinone, when tissues were analysed at time intervals up to 192 hours after dosing. Within  
48 hours after dosing, 76% and 67% of diphacinone was excreted in faeces by male and female 
mice respectively.
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In a comparative study of rodenticides by Fisher et al. (2003), laboratory rats were given an oral 
dose of 1.5 mg/kg diphacinone and the hepatic elimination half-life was estimated at 3 days  
(MDL = 0.1 μg/g). Residues were present 1 week after dosing but were not detected 2 weeks after 
dosing.

In a trial with ten pigs dosed at 1.5 mg/kg, Crowell et al. (2013) estimated a mean hepatic 
elimination half-life of 12.4 days for diphacinone. Diphacinone residues in the liver were near 
or below the method detection limit (MDL = 0.05 μg/g) for a pair of pigs that were euthanised 
28 days after dosing, and not detected at 43 days after dosing. In pigs dosed at 12.5 mg/kg, 
Fisher (2006) calculated an initial and terminal hepatic elimination half-life in recognition that 
elimination of anticoagulants from the liver is often biphasic (i.e. an initial rapid phase followed 
by a slower terminal phase, Parmar et al. 1987). The initial elimination half-life in liver was 
estimated as 1.30 days and the terminal hepatic elimination half-life in liver was estimated as  
14.1 days. Diphacinone was not cleared from the livers of three pigs that were sampled at 15 days 
after dosing (MDL = 0.02 μg/g).

Three red deer (Cervus elaphus scoticus) were dosed at 1.5 mg/kg diphacinone and biopsied 
periodically by Crowell et al. (2013). A mean hepatic elimination half-life of 6.0 days was 
estimated, and diphacinone residues in the liver were below the method detection limit  
(MDL = 0.10–0.20 μg/g) in two of three deer sampled at 12 days after dosing. The liver sample 
taken from the third deer at 29 days was below the MDL (0.10 μg/g).

Studies on cattle suggest that they may excrete diphacinone significantly more slowly than other 
species. Bullard et al. (1976) dosed six Hereford cows with 1 mg/kg diphacinone by injecting 
it into the rumen, and found that liver residues were almost identical when analysed at 30, 60 
and 90 days after treatment (0.14–0.15 μg/g). Crowell et al. (2013) carried out two trials in which 
cattle were dosed orally at 1.5 mg/kg. In both trials, the maximum diphacinone concentration 
in the liver was much higher than that recorded in pigs and deer that had been given the same 
dose. A rapid initial decline in hepatic concentration was observed before it increased on either 
day 43 (first trial) or day 29 (second trial), and so initial elimination half-lives (day 0 to day 30) 
and terminal elimination half-lives (from day 30 onwards) were calculated for these trials. The 
mean terminal elimination half-lives were 25 days and 35 days for the first and second trials 
respectively. Diphacinone residues in the liver were below the method detection limit for all 
animals by 155 days after dosing in the first trial (MDL = 0.10 μg/g) and 125 days after dosing in 
the second trial (MDL = 0.10–0.20 μg/g).

Based on studies where residues were tracked until no longer detected in liver, we would expect 
diphacinone to be no longer detected at about 40 days after dosing. The exception to this is in 
cattle, where it may be detected at least 3 times longer.

 2.2.4 Coumatetralyl
Coumatetralyl is absorbed rapidly from the gastro-intestinal tract to blood. Following a single 
oral dose of 0.1 mg/kg given to laboratory rats, coumatetralyl concentration peaked in blood 
plasma after 3 hours in male rats and after 8 hours in female rats (Danish EPA 2005). At 7 days 
after dosing, the liver retained the highest proportion of ingested coumatetralyl in rats (21–25% of 
a single dose or 7% after repeat dosing) followed by skin (7–16% of a single dose or 4% after repeat 
dosing). The gastrointestinal tract contained 1.5–4.6% and all other organs contained < 1% of the 
administered dose. 

In a comparative study of anticoagulant retention in liver, 24 male laboratory rats were given a 
single oral dose of 20.55 μmol/kg coumatetralyl and 3 animals were killed at intervals up to  
182 days after dosing (Parmar et al. 1987). Elimination was described by the authors as biphasic 
and the hepatic elimination half-life was estimated at 55 days.
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In a trial with 24 mice dosed at 250 mg/kg coumatetralyl, the plasma elimination half-life was 
estimated at 0.52 days (MDL = 0.005 μg/g) and the hepatic elimination half-life was estimated 
at 15.8 days (MDL = 0.25 μg/g, Vandenbroucke et al. 2008). No coumatetralyl was detected in the 
plasma of 4 mice killed on day 7 or in 4 mice killed on day 21 of the trial.

In a trial with three red deer dosed at 8.25 mg/kg coumatetralyl, a mean hepatic elimination half-
life of 18.9 days was estimated, and coumatetralyl residues in the liver were below the method 
detection limit (MDL = 0.05–0.20 μg/g) in two of three deer sampled at 50 days after dosing and 
below the MDL in the third deer sampled at 85 days (Crowell et al. 2013).

Crowell et al. (2013) is the only study we know of where residues were tracked until no longer 
detected in liver, which leads us to expect coumatetralyl to be no longer detected sometime 
between 50 and 85 days after dosing. Hepatic persistence in cattle has not been studied and may 
be different (see section 2.2.3).

 2.2.5 Cholecalciferol
Cholecalciferol (Vitamin D3) is metabolised to 25-hydroxycholecalciferol (25-OHD or calcidiol) in 
the liver, with any surplus cholecalciferol either further metabolised and excreted in bile or stored 
in fat and muscle tissue (Parfitt et al. 1982; Holick 2003; Heaney et al. 2009). Further metabolism 
of 25-OHD in the kidneys produces 24,25- dihydroxycholecaliferol or 1,25-dihydroxycholecaliferol 
(1,25-OHD or calcitriol). 25-OHD circulates in the blood and is the metabolite generally monitored 
to determine whether an animal has consumed cholecalciferol, as it is more stable and its 
concentration is more strongly correlated with cholecalciferol intake or synthesis than other 
metabolites (Fairweather et al. 2013). Because 25-OHD occurs naturally in animals, Fairweather et al. 
(2013) recommend excessive cholecalciferol consumption is indicated where 25-OHD residues in 
plasma or liver are at least four times as high as defined reference levels for particular species.

Persistence studies in possums orally dosed with 20 mg/kg cholecalciferol showed elevated 
concentrations of 25-OHD are likely to persist in plasma, heart, liver, kidney and fat for at least 
29 days. 25-OHD levels declined in all tissues except fat between sampling on 3 days and 29 days 
after dosing (Eason et al. 1996b). The authors had measured a concentration of 25-OHD in 
plasma prior to dosing, and residues were 15 times higher than this reference level by 29 days 
after dosing.

Brouwer et al (1998) administered an oral dose of 37.5 μg cholecalciferol (0.20–0.25 mg/kg) daily 
for 14 days (days 0 to 13) to 90 female rats. Groups of six rats were sacrificed at day 0 (before 
treatment), days 3, 6, 9 and 12 (during treatment) and days 14, 15, 16, 17, 40, 76, 98, 99, 100 and 101, 
and the concentration of cholecalciferol and 25-OHD in tissue and blood was measured. The half-
lives of cholecalciferol in plasma, perirenal and subcutaneous adipose tissue were 1.4, 97.3 and 
80.9 days, respectively. The half-life of 25-OHD in plasma was calculated as 22.5 days. 25-OHD in 
plasma was still elevated 27 days after the final dose (i.e. on day 40), but by 63 days after the final 
dose, the 25-OHD concentration had returned to normal (Brouwer et al. 1998).

Cattle had raised 25-OHD levels 42 days after being injected intramuscularly with 375 mg of 
cholecalciferol (Hollis et al. 1977).

In humans, the plasma elimination half-life for cholecalciferol is 19–25 hours (Marcus 1996). 
Estimates of the mean plasma elimination half-life of 25-OHD range from 13.5 days to 27.5 days 
in normal human subjects (Mawer et al. 1971; Batchelor et al. 1982; Davie et al. 1982). The wide 
range in 25-OHD half-life values has been attributed to factors including the vitamin D status of 
the subjects, the small sample sizes in the studies, and the slow release of cholecalciferol from fat 
tissue (Batchelor et al. 1982; Hidiroglou 1987; Brouwer et al. 1998).

Brouwer et al. (1998) is the only study where depletion of 25-OHD was monitored until the level 
could be described as normal. This result is consistent with observations from other studies; we 
would expect elevated concentrations of 25-OHD to persist in mammals for about 63 days after 
dosing.
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 2.3 Very slow excretion
Brodifacoum and bromadiolone are second-generation anticoagulants and have a strong affinity 
to receptors (vitamin K-epoxide reductase) found in the liver, kidney and pancreas (Parmar et al. 
1987).

 2.3.1 Brodifacoum
Once absorbed through the gastrointestinal tract, brodifacoum accumulates in the liver and levels 
remain relatively constant. Bachmann & Sullivan (1983) gave a single oral dose of 0.2 mg/kg 
brodifacoum to Sprague-Dawley laboratory rats and monitored residues in serum, liver and small 
intestines at intervals up to 120 hours. In serum, brodifacoum declined slowly, with an elimination 
half-life estimate of 156 hours. Brodifacoum concentration declined rapidly in the small intestine 
for the first 24 hours, although there was an increase from 24 to 72 hours after dosing. They found 
that liver concentration was twenty-fold higher than in serum, with a maximum of 5.0 mg/kg after 
50 hours, and that liver concentration remained high when analysed for the last time at 96 hours 
after dosing.

In a comparative study of anticoagulant retention in livers, 24 male laboratory rats were given 
a single oral dose of 0.67 μmol/kg brodifacoum and three animals were killed at intervals up to 
182 days after dosing (Parmar et al. 1987). The hepatic elimination half-life was estimated at  
130 days.

New Zealand white rabbits were dosed intravenously with 20 μmoL/kg brodifacoum and 
blood samples were taken at periods up to 340 hours after dosing (Breckenridge et al 1985). 
Brodifacoum concentration in plasma was described as biphasic, with a terminal elimination  
half-life of 60.8 hours in plasma.

Laas et al (1985) evaluated brodifacoum persistence in sheep given an oral dose of either 
0.2 mg/kg or 2.0 mg/kg, with individuals slaughtered at intervals up to 128 days after dosing. 
Brodifacoum was not detected (MDL = 0.05 mg/kg) in omental fat from 8 days after dosing at 
either level; however, it was still detected in liver tissue at 128 days after dosing (0.64 mg/kg for 
the high-dose group and 1.07 mg/kg for the low-dose group).

Brodifacoum was administered orally to possums at 0.1 mg/kg and its persistence was assessed 
in blood and in muscle and liver tissue (Eason et al. 1996a, b). Brodifacoum was detected (MDL 
not stated) in blood up to 32 days after dosing and it was detected at a high level (0.085 μg/g) in 
liver and at a lower level (0.007 μg/g) in muscle 256 days (over 8 months) after dosing. 

Eason et al. (1999) determined the concentration of brodifacoum in muscle and liver tissue 
after primary and secondary poisoning of pigs. Brodifacoum concentration was up to 20-fold 
higher in liver than in muscle in pigs killed 5 days after they started eating brodifacoum baits or 
brodifacoum-contaminated possum carcasses.

Vandenbroucke et al. (2008) estimated a plasma elimination half-life of 91.7 days (MDL = 0.005 μg/g) 
and a hepatic elimination half-life of 307.4 days (MDL = 0.10 μg/g) in mice that had been given a 
single oral dose of 6.44 μg brodifacoum.

All of the elimination half-life estimates and monitoring of depletion in liver tissue suggest that 
brodifacoum persists for more than a year in mammals. No studies were found where depletion 
of brodifacoum was monitored to the point where it could no longer be detected. Without 
information on final elimination times (or, at least, a better range of hepatic elimination half-life 
estimates), it is difficult to say how much longer than a year brodifacoum might persist in the 
livers of exposed mammals.
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 2.3.2 Bromadiolone
In a comparative study of anticoagulant retention in their livers, 24 male laboratory rats were 
given a single oral dose of 1.76 μmol/kg bromadiolone and 3 animals were killed at intervals up 
to 182 days after dosing (Parmar et al. 1987). The hepatic elimination half-life was estimated at 
170 days.

Wild-caught Norway rats (Rattus norvegicus) were dosed orally with bromadiolone at either  
0.8 mg/kg or 3 mg/kg and groups of four rats were killed at intervals up to 97 hours after dosing 
(Kamil 1987). The plasma elimination half-life was estimated at 25.7 hours for the low dose and 
57.5 hours for the high dose. In rats dosed at 3 mg/kg, liver concentrations of bromadiolone 
ranged from 14 to 46 times higher than the plasma concentration at specific sampling times and 
bromadiolone was detected in the final sample 97 hours after dosing. Bromadiolone was also 
detected in kidney tissues throughout the study.

Vandenbroucke et al. (2008) estimated a plasma elimination half-life of 33.3 days (MDL = 0.005 μg/g) 
and a hepatic elimination half-life of 28.1 days (MDL = 0.10 μg/g) in mice that had been given a 
single oral dose of 28.18 μg bromadiolone.

Sixteen sheep were dosed orally with 2 mg/kg bromadiolone and pairs were sacrificed at 2, 4, 8, 
16, 32, 64, 128 and 256 days after dosing (Nelson & Hickling 1994). Bromadiolone was detected 
in the livers of all sheep except one of the pair sacrificed 256 days after dosing (MDL = 0.09 fi/g). 
Bromadiolone was detected at 0.8 mg/kg in the other sheep sacrificed 256 days after dosing.

Elimination half-life estimates are limited to rodents and there is wide variance between the two 
available studies, one focussing on rats and the other focussing on mice. The hepatic elimination 
half-life estimate for rats is similar to the estimate for brodifacoum. The paucity of data makes it 
difficult to estimate persistence time, but we would guess that it would be longer than a year.

 3. Discussion

Table 2 summarises the studies described in section 2 in the New Zealand context, by listing for 
each vertebrate pesticide:

 • All elimination half-life estimates available for target pest species and for non-target 
domestic and wild mammals

 • All persistence times estimated for target pest species and for non-target domestic and 
wild mammals

It is evident from the table that the coverage of pharmacokinetic data is far from comprehensive, 
but not all combinations of species and vertebrate pesticides are important in the New Zealand 
context. Furthermore, there may be other unpublished data not available to this review.

There is reasonable coverage of elimination half-life estimates for rats; completing studies of 
persistence in rats for the remaining vertebrate pesticides would be valuable. There are very few 
studies in group 1 (fast excretion) that track residue depletion to the point where residues are 
no longer detected. This means that we are dependent on the elimination half-life estimates to 
gauge how long residues may persist.

Based on the information obtained during this review, seven questions stand out as a priority for 
research. These are listed below in order of importance:

1. How long does pindone persist in the livers of sublethally poisoned rabbits? Pindone is 
broadcast widely to target rabbits, including from the air, yet there is no information on 
hepatic half-life or persistence in this species. 
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2. Does pindone behave in the same way as diphacinone in the livers of cattle? Diphacinone 
persisted for much longer in cattle than it did in deer or pigs in the same study. Is this is 
also true for pindone? It is important to have this information because of the possibility 
of cattle having accidental access to pindone (for example, following a rabbit control 
operation in farm paddocks).

3. What is the plasma elimination half-life for PAPP in rats? PAPP is one of four vertebrate 
pesticides where there is no elimination half-life estimate for rats. Having half-life 
estimates for most vertebrate pesticides in rats provides a baseline for comparing relative 
persistence.

4. What is the plasma elimination half-life for 1080 in rats? There is a plasma elimination half-
life estimate for mice, which makes this a lower priority compared with PAPP.

5. What is the hepatic elimination half-life for brodifacoum in pig liver? We know from work 
with other species that brodifacoum persists for a long time. No studies have observed 
the point where hepatic residues are no longer detected. This is not surprising, given the 
husbandry costs of supporting animals for many months. Having a hepatic elimination 
half-life estimate in pigs would improve our understanding of the potential food safety 
risks of wild pork.

6. How long does pindone persist in the livers of sublethally poisoned pigs? Farmed and 
wild pigs may be present in the vicinity of rabbit control operations. Observations of the 
persistence time would help to inform caution periods for hunted wild pigs and to inform 
a withholding period for any farmed pigs that gain accidental access to pindone baits or 
carcasses of poisoned rabbits. 

7. What is the hepatic elimination half-life for coumatetralyl in rats? The hepatic elimination 
half-life estimated by Parmar et al. (1987) of 55 days seems anomalous compared with the 
other first-generation anticoagulants and the study was published as an abstract without 
supporting data.

Some uncertainty is raised by Sykes et al. (1987) over potential 1080 accumulation in bone, as 
they detected progressive uptake of radio labelled F– over the first 2 hours of the study. This 
radioactivity could stem from both 1080 and the metabolite fluoride, as the latter has a high 
affinity for bone. It would be valuable to ascertain whether the accumulation is from fluoroacetate 
or fluoride and how long it persists, as there are potential safety implications for dogs that 
scavenge in pest control areas after the caution periods for the pesticide operations have 
concluded. 
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Group 1

Cyanide 0.0a 0.02a 0.05a

Zinc phosphide 0.5b

sodium nitrite 0.04c 0.02d 0.02d 0.02d

papp #3

1080 #4 0.38e 0.05f 0.08g 0.45h 0.23h >3i 4e >0.25 
<0.38f

4h 0.75b

Group 2

phosphorus

pindone 2j #1 4.9k 5.4l 3.1m 2.8m >7 
<14j

>7.58k >8 
<16n

#2 #6

Diphacinone 3j 25–35o 6.0o 12.4o >7 
<14j

125–
155o

>12 
<29o

>28 
<43o

Coumatetralyl 55p 
#7

15.8q 18.9o >50 
<85o

Cholecalciferol 22.5r 13.5– 
27.5s

63r >29t >42u

Group 3

brodifacoum 130p 2.5v 307.4q #5 >256w >128x

bromadiolone 170p 28.1q >256u

table 2.    synthesis of  the el iminat ion hal f- l ives and persistence t imes est imated in studies summarised in th is review. al l  est imates are stated in days.  el iminat ion hal f-
l ives are for  blood (usual ly plasma) unless speci f ied.  empty cel ls indicate that no data is avai lable.  shaded cel ls with bold numbers re late to the l ist  of  pr ior i ty research 
quest ions explained in sect ion 3 of  the review.

see next page for table 2 footnotes.
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a section 2.1.1 sousa et al. (2003)
b section 2.1.2 meredith (1981) in WhO (1988)
c section 2.1.3 lapidge & eason (2010)
d section 2.1.3 schneider & yeary (1975)
e section 2.1.4 eason et al. (1996b)
f section 2.1.4 gooneratne et al. (1995)
g section 2.1.4 sykes et al. (1987), in mice
h section 2.1.4 eason et al. (1994); the other domestic animal is goat
i section 2.1.4 tecle & Casida (1989)
j sections 2.2.2 and 2.2.3 Fisher et al. (2003), in liver
k section 2.2.2 Fitzek (1978)
l section 2.2.2 Robinson et al (2005)
m martin et al. (1991); the other domestic animal is goat
n sections 2.2.2 and 2.3.2 nelson & hickling (1994)
o sections 2.2.3 and 2.2.4 Crowell et al. (2013), in liver
p sections 2.2.4, 2.3.1, 2.3.2 parmar et al. (1987), in liver
q sections 2.2.4, 2.3.1, 2.3.2 vandenbroucke et al. (2008), in mouse liver
r section 2.2.5 brouwer et al. (1998), 25–OhD in plasma; plasma elimination half-life of cholecalciferol was 1.4 days
s section 2.2.5 mawer et al. 1971; batchelor et al. 1982; Davie et al. 1982, 25–OhD in human plasma; plasma elimination half-life of 

cholecalciferol was about 1 day in humans
t section 2.2.5 eason et al. (1996b), 25–OhD in plasma, heart, liver, kidney, fat
u section 2.2.5 hollis et al. (1977), 25–OhD in plasma
v section 2.3.1 breckenbridge et al. (1985)
w section 2.3.1 eason et al. (1996a,b), in liver and muscle
x section 2.3.1 laas et al. (1995), in liver

Table 2 footnotes



16 Crowell et al.—How long do vertebrate pesticides persist in living mammals?

 4. Acknowledgements

This review was funded by the Department of Conservation. The authors are grateful to two 
anonymous reviewers for their assistance in improving this paper. Marvellous Jaboon arranged 
inter-library loans for many of the papers. We also thank Lynette Clelland and Amanda Todd for 
editorial support.

 5. References
Andreev, S.B.; Voevodin, A.V.; Molchanour, V.A.; Khotyanovich, A.V. 1959: Some results of the use of tracer techniques in 

the study of plant protection. Pp. 85–92 in volume 27 of Proceedings of the Second United Nations International 
Conference on the Peaceful Uses of Atomic Energy 1958, Geneva, Switzerland.

Bachmann, K.A.; Sullivan, T.J. 1983: Dispositional and pharmacodynamic characteristics of brodifacoum in warfarin-
sensitive rats. Pharmacology 27: 281–288.

Batchelor A.J.; Watson, G.; Compston, J.E. 1982: Changes in plasma half-life and clearance of 3H-25-hydroxyvitamin D3 
in patients with intestinal malabsorption. Gut 23: 1068–1071.

Bellingham, P.; Towns, D.; Cameron, E.; Davis, J.; Wardle D.; Wilmshurst, J.; Mulder, C. 2010: New Zealand island 
restoration: seabirds, predators, and the importance of history. New Zealand Journal of Ecology 34(1): 115–136.

Breckenridge, A.M.; Cholerton, S; Hart, J.A.D.; Park, B.K.; Scott, A.K. 1985: A study of the relationship between the 
pharmacokinetics and the pharmacodynamics of the 4-hydroxycoumarin anticoagulants warfarin, difenacoum and 
brodifacoum in the rabbit. British Journal of Pharmacology 84(1): 81–91.

Broome, K. 2009: Beyond Kapiti—a decade of invasive rodent eradications from New Zealand islands. Biodiversity 10(2,3): 
14–24.

Brouwer, D.A.J.; Van Beek, J.; Ferwerda, H.; Brugman, A.M.; van der Klis, F.R.M.; van der Heiden, H.J.; Muskiet, F.A.J. 1998: 
Rat adipose tissue rapidly accumulates and slowly releases an orally-administered high vitamin D dose. British 
Journal of Nutrition 79: 527–532.

Bullard, R.W.; Thompson, R.D.; Holguin, G. 1976: Diphenadione residues in tissues of cattle. Journal of Agricultural and 
Food Chemistry 24(2): 261–263.

Cahill, W.P.; Crowder, L.A. 1979: Tissue distribution and excretion of diphacinone in the mouse. Pesticide Biochemistry 
and Physiology 10: 259–267.

Crowell, M.; Eason, C.T.; Hix, S.; Broome, K.; Fairweather A.; Moltchanova E.; Ross, J.; Murphy, E. 2013: First generation 
anticoagulant rodenticide persistence in large mammals and implications for wildlife management. New Zealand 
Journal of Zoology. doi:10.1080/03014223.2012.746234

Danish EPA 2005: Document II-A Effects assessment of active ingredient Coumatetralyl. Bayer Environmental Science. 
80 p.

Davie, M.W.; Lawson, D.E.; Emberson, C.; Barnes, J.L.; Roberts, G.E.; Barnes ND 1982: Vitamin D from skin: contribution to 
vitamin D status compared with oral vitamin D in normal and anticonvulsant-treated subjects. Clinical Science 63: 
461–472.

Dejam, A.; Hunter, C.J.; Tremonti, C.; Pluta, R.M.; Hon, Y.Y.; Grimes, G.; Partovi, K.; Pelletier, M.M.; Oldfield, E.H.; Cannon, 
R.O.; Schechter, A.N.; Gladwin, M.T. 2007: Nitrite infusion in humans and nonhuman primates: endocrine effects, 
pharmacokinetics, and tolerance formation. Circulation 116: 1821–1831.

DOC (Department of Conservation) 2000: Use of second generation anticoagulants on public conservation lands. 
Information for pest control staff (unpublished). DOC Science and Technical Group, Hamilton.

Duerksen-Hughes, P.; Richter, P.; Ingerman, L.; Ruoff, W.; Thampi, S.; Donkin, S. 1997: Toxicological profile for White 
Phosphorus. Agency for Toxic Substances and Disease Registry (ATSDR). U.S. Department of Health and Human 
Services, Public Health Service, Atlanta, Georgia: 248 p.

Eason, C.T.; Gooneratne, R.; Fitzgerald, H.; Wright, G.; Frampton, C. 1994: Persistence of sodium monofluoroacetate in 
livestock animals and risk to humans. Human and Experimental Toxicology 13(2): 119–122.



17DOC Research and Development Series 337

Eason, C.T.; Gooneratne, R; Wright, G.; Pierce, R; Frampton, C. 1993: The fate of sodium monofluoroacetate (1080) in 
water, mammals, and invertebrates. Proceedings of the 46th New Zealand Plant Protection Conference: 297–301.

Eason, C.; Miller, A.; Ogilvie, S.; Fairweather A. 2011: An updated review of the toxicology and ecotoxicology of sodium 
fluoroacetate (1080) in relation to its use as a pest control tool in New Zealand. New Zealand Journal of Ecology 
35(1): 1–20.

Eason, C.; Milne, L.; Potts, M.; Morris, G.; Wright, G.R.G.; Sutherland, O.R.W. 1999: Secondary and tertiary poisoning risks 
associated with brodifacoum. New Zealand Journal of Ecology 23(2): 219–224.

Eason, C.; Ross, J.; Blackie, H.; Fairweather A. 2012: Toxicology and ecotoxicology of zinc phosphide as used for pest 
control in New Zealand. New Zealand Journal of Ecology 37(1): 1–11.

Eason, C.T.; Wright, G.R.; Batchelor, D. 1996a: Anticoagulant effects and the persistence of brodifacoum in possums 
(Trichosurus vulpecula). New Zealand Journal of Agricultural Research 39(3): 397–400. 

Eason, C.T.; Wright, G.R.; Meikle, L.; Elder, P. 1996b: The persistence and secondary poisoning risks of sodium 
monofluoroacetate (1080), brodifacoum, and cholecalciferol in possums. Pp. 54–58 in Timm, R.M.; Crabb, A.C. 
(Eds): Seventeenth Vertebrate Pest Conference, University of California, California.

Egeheze, J.O.; Oehme, F.W. 1979: Sodium monofluoroacetate (SMFA, Compound 1080): a literature review. Veterinary and 
Human Toxicology 21: 411–416.

Erickson, W.; Urban, D. 2002: Potential risks of nine rodenticides to birds and non-target mammals: a comparative 
approach. US EPA, Washington, DC. 198 p.

Fairweather, A.A.C.; Eason, C.T.; Elder, P.A.; Eason, C.M.F.; Arthur, D.M. 2013: Reference concentrations of 
cholecalciferol in animals: a basis for establishing non-target exposure. New Zealand Journal of Zoology. doi: 
10.1080/03014223.2012.746234

Fisher, P. 2006: Persistence of residual diphacinone concentrations in pig tissues following sublethal exposure.  
DOC Research & Development Series 249. Department of Conservation, Wellington. 19 p.

Fisher, P.; O’Connor, C.; Wright, G.; Eason, C.T. 2003: Persistence of four anticoagulant rodenticides in the livers of 
laboratory rats. DOC Science Internal Series 139. Department of Conservation, Wellington. 19 p.

Fitzek A. 1978: Phamacokinetics of 2-pivalylindan-1,3-dione in dogs. Acta Pharmacol et Toxicol 42: 81–87.

Gooneratne, S.R.; Eason, C.T.; Dickson, C.J.; Fitzgerald, H.; Wright, G. 1995: Persistence of sodium monofluoroacetate in 
rabbits and risk to non-target species. Human & Experimental Toxicology 14: 212–216.

Gooneratne, S.R.; Eason, C.T.; Milne, L.; Arthur, D.G.; Cook, C.; Wickstrom, M. 2008: Acute and long-term effects of 
exposure to sodium monofluoroacetate (1080) in sheep. Onderstepoort Journal of Veterinary Research 75: 127–139.

Hagan, E.C.; Ramsey, L.L.; Woodward, G. 1950: Absorption, distribution, and excretion of sodium monofluoroacetate 
(Compound 1080) in rats. Journal of Pharmacology and Experimental Therapeutics 99: 426–441.

Heaney, R.P.; Horst, R.L.; Cullen, D.M.; Armas, L.A.G. 2009: Vitamin D3 distribution and status in the body. Journal of the 
American College of Nutrition 28: 252–256.

Hidiroglou, M. 1987: Kinetics of intravenously administered 25-hydroxyvitamin D3 in sheep and the effect of exposure to 
ultraviolet radiation. Journal of Animal Science 65: 808–814.

Holick, M.F. 2003: Vitamin D: a millennium perspective. Journal of Cellular Biochemistry 88: 296–307.

Hollis, B.W.; Conrad, H.R.; Hibbs, J.W. 1977: Changes in plasma 25-hydroxycholecalciferol and selected blood parameters 
after injection of massive doses of cholecalciferol or 25-hydroxycholecalciferol in non-lactating dairy cows. Journal 
of Nutrition 107: 606–613.

Kamil, N. 1987: Kinetics of bromadiolone anticoagulant rodenticide, in the Norway rat (Rattus norvegicus). 
Pharmacological Research Communications 19(11): 767–775.

Kohn, M.C.; Melnick, R.L.; Ye, F.; Portier, C.J. 2002: Pharmacokinetics of sodium nitrite-induced methemoglobinemia in 
the rat. Drug Metabolism and Disposition 30: 676–683.

Laas, F.Y.; Forss, D.A.; Godfrey, M.E.R. 1985: Retention of brodifacoum in sheep and excretion in faeces. New Zealand 
Journal of Agricultural Research 28: 357–359.

Lapidge, S.J.; Eason, C.T. 2010: Pharmacokinetics and methaemoglobin reductase activity as determinants of species 
susceptibility and non-target risks from sodium nitrite manufactured feral pig baits. Report for the Australian 
Government Department of the Environment, Water, Heritage and the Arts, Canberra, Australia. 18 p.

Marcus, R. 1996: Agents affecting calcification and bone turnover. Pp. 1519–1546 in Hardman, J.; Limbird, L. (Eds): 
Goodman and Gilman’s: A Pharmacological Guide to Therapeutics, 9th Edition. McGraw-Hill, New York.



18 Crowell et al.—How long do vertebrate pesticides persist in living mammals?

Martin, G.R.; Sutherland, R.J.; Robertson I.D.; Kirkpatrick, W.E.; King, D.R.; Hood, P.J. 1991: Assessment of the potential 
toxicity of a poison for rabbits, pindone (2-pivalyl 1, 3 indandione), to domestic animals. Australian Veterinary 
Journal 68(7): 241–243. 

Mawer, E.B.; Lumb, G.A.; Schaefer K.; Stanbury S.W. 1971: The metabolism of isotopically labelled Vitamin D3 in man: the 
influence of the state of Vitamin D nutrition. Clinical Science 40: 39–53.

Meenken, D.R.; Booth, L. 1997: The risk to dogs of poisoning from sodium monofluoroacetate (1080) residues in possum 
(Trichosurus vulpecula). New Zealand Journal of Agricultural Research 40: 573–576.

Nelson, P.C.; Hickling, G.J. 1994: Pindone for rabbit control: efficacy, residues and cost. Pp. 217–222 in Halverson, W.S.; 
Crabb, A.C. (Eds): Proceedings of the 16th Vertebrate Pest Conference, University of Davis, California.

Parfitt, A.M.; Gallagher, J.C.; Heaney, R.P.; Johnston, C.C.; Neer, R.; Whedon, G.D. 1982: Vitamin D and bone health in the 
elderly. American Journal of Clinical Nutrition 36: 1014–1031.

Parmar, G.H.; Bratt, H.; Moore, R.; Batten, P.L. 1987: Evidence for a common binding site in vivo for the retention of 
anticoagulants in rat liver. Human Toxicology 6: 431–432.

PSD (Pesticides Safety Directorate) 1996: Evaluation of full approved or provisionally approved products. Evaluation on 
sodium cyanide. Issue 144 Pesticides Safety Directorate. DEFRA, York. 85 p.

Robinson, M.H.; Twigg, L.E.; Wheeler, S.H.; Martin, G.R. 2005: Effect of the anticoagulant, pindone, on the breeding 
performance and survival of merino sheep, Ovis aries. Comparative Biochemistry and Physiology Part B 140: 
465–473.

Schneider, N.R.; Yeary, R.A. 1975: Nitrite and nitrate pharmacokinetics in the dog, sheep and pony. American Journal of 
Veterinary Research 36: 941–947.

Shlosburg, A.; Booth, L. 2004: Veterinary and clinical treatment of vertebrate pesticide poisoning - a technical review. 
AHB report R-10613. Animal Health Board, Wellington. 101 p.

Sousa, A.B.; Manzano, H.; Soto-Blanco, B.; Gorniak, S.L. 2003: Toxicokinetics of cyanide in rats, pigs and goats after oral 
dosing with potassium cyanide. Archives of Toxicology 77 (6): 330–334.

Sykes, T.R.; Quastel, J.H.; Adam, M.J.; Ruth, T.J.; Nonjawa, A.A. 1987: The disposition and metabolism of fluorine-18 
fluoroacetate in mice. Biochemical Archives 3(3): 317–324.

Taylor, J.; Roney, N.; Harper, C.; Fransen, M.; Swarts, S. 2006: Toxicological profile for Cyanide. Agency for Toxic 
Substances and Disease Registry (ATSDR). Department of Health and Human Services, Public Health Service, 
Atlanta, Georgia: 129 p.

Tecle, B.; Casida J. 1989: Enzymatic defluorination and metabolism of fluoroacetate, fluoroacetamide, fluoroethanol, 
and (-)-erythro-fluorocitrate in rats and mice examined by fluorine-19 and carbon-13 NMR. Chemical Research in 
Toxicology 2(6): 429–439.

Towns, D.R.; Wright, E.; Stephens, T. 2009: Systematic measurement of effectiveness for conservation of biodiversity on 
New Zealand islands. In Clarkson, B.; Kurian, P.; Nachowitz T.; Rennie H. (Eds): Proceedings of the Conser-vision 
Conference, University of Waikato, 2–7 July 2007. University of Waikato, Hamilton. 23 p.

US EPA 1998. Reregistration eligibility decision (RED) zinc phosphide. Prevention, Pesticides and Toxic Substances, EPA 
738-R-98-006. Washington, DC, U.S. Environmental Protection Agency. 244 p.

US EPA 2010: Toxicological review of Hydrogen cyanide and cyanide salts (CAS No. various) in support of summary 
information on the Integrated Risk Information System (IRIS). U.S. Environmental Protection Agency, 
Washington, DC. 157 p.

Vandenbroucke, V.; Bousquet-Melou, A.; De Backer, P.; Croubels, S. 2008: Pharmacokinetics of eight anticoagulant 
rodenticides in mice after single oral administration. Journal of Veterinary Pharmacology and Therapeutics 31: 
437–445.

WHO 1976: Zinc phosphide. Data Sheets on Pesticides 24. World Health Organization, Food and Agriculture 
Organization. 19 p.

WHO 1988: Phosphine and selected metal phosphides. The WHO Environmental Health Criteria Series 73. World Health 
Organization. 35 p.

Wood, S.G.; Fitzpatrick, K.; Bright, J.E.; Inns, R.H.; Marrs, T.C. 1991: Studies of the pharmacokinetics and metabolism of 
4-aminopropiophenone (PAPP) in rats, dogs and cynomolgus monkeys. Human and Experimental Toxicology 10: 
365–374.

Wright, K. 2004: Hutt Water Supply Catchment—possum control aerial operation July 2003 (unpublished). Greater 
Wellington Regional Council, Wellington.

Yu, C.C.; Atallah, Y.H.; Whitacre D.M. 1982: Metabolism and disposition of diphacinone in rats and mice. Drug 
Metabolism and Disposition 10: 645–648.


			Abstract
		1.	Introduction
		2.	Pharmacokinetics of vertebrate pesticides
		2.1	Fast excretion
		2.1.1	Cyanide
		2.1.2	Zinc phosphide
		2.1.3	Sodium nitrite
		2.1.4	Para-aminopropiophenone (PAPP)
		2.1.5	Sodium monofluoroacetate (1080)

		2.2	Moderate to slow excretion
		2.2.1	Phosphorus
		2.2.2	Pindone
		2.2.3	Diphacinone
		2.2.4	Coumatetralyl
		2.2.5	Cholecalciferol

		2.3	Very slow excretion
		2.3.1	Brodifacoum
		2.3.2	Bromadiolone


		3.	Discussion
		4.	Acknowledgements
		5.	References

