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Abstract
Context. Aerial poisoning using sodium fluoroacetate (1080) is an important but controversial technique used for

large-scale control of brushtail possums (Trichosurus vulpecula) and other pests in New Zealand. The technique reliably
produces near total kills of possums and rats, provided that many tens of baits (and therefore many tens of individually lethal
doses) are sown for each target animal present.

Aim. The aim of this study was to further refine aerial 1080 poisoning by determining the effect of prefeeding, sowing
rate, and sowing pattern on effectiveness.

Methods.Eighteen experimental treatments comprising all possible combinations of three sowing rates (1, 2, and 5 kg/ha
of bait), three frequencies of non-toxic prefeed (0, 1, and 2) and two sowing patterns (parallel and cross-hatched) were
applied to each of two forested areas. Treatment effectiveness was assessed from changes in the rate of interference
recorded on baited cards for three species: possum, ship rat (Rattus rattus) and mouse (Mus musculus).

Key results. Outcomes were highly variable, ranging from increases in pest activity to near total reductions. Possum
reductions were highest where one or two prefeeds were used, and at the higher sowing rates (2 or 5 kg/ha), but with some
interactions between these factors. For rats, two prefeeds resulted in the highest reductions but sowing rate had no effect.
For mice, post-poisoning indices were often high, indicating low effectiveness.

Conclusions. Some treatments were highly effective so poor kills were unlikely to have resulted from pests not
encountering bait, or the bait being unpalatable. Rather they appeared to reflect sub-lethal poisoning either as a result of low
acceptance (as a result of a lack of familiarity and/or satiation) or bait fragmentation. We infer that for possum and
rats prefeeding helps reduce this risk of sub-lethal poisoning not only by increasing familiarity, but also (in conjunction with
high sowing rates) by increasing the bait encounter rate, particularly for possums.

Implications. There is scope to further reduce the amount of toxic bait sown and the cost of poisoning, without
compromising efficacy, by fine-tuning the balance between prefeeding and sowing rate based on which species are being
targeted and, for possums, reducing bait fragmentation.

Additional keywords: bait fragmentation, brushtail possums, mice, Mus musculus, Rattus rattus, sodium fluoroacetate,
ship rats, Trichosurus vulpecula.

Introduction

Aerial poisoning using carrot or cereal baits containing sodium
fluoroacetate (1080) is an important but highly controversial
tool used for large-scale control of introduced brushtail
possums (Trichosurus vulpecula) and other pests in New
Zealand (Philp 2009). The aim is usually to protect native
plants and animals and/or to help reduce the incidence of
bovine tuberculosis in livestock. A recent official assessment
of 1080 (ERMA 2007) concluded that, despite public antipathy
to the tool, its cost-effectiveness outweighed its real and
perceived adverse impacts. However, continued concerns
about safety (e.g. Weaver 2006) mean that the ongoing use of
1080 will be increasingly constrained (ERMA 2007). This
drives a need to decrease unwanted side effects and to increase

benefits and cost-effectiveness to ensure ongoing availability
of this important control method.

Current practice for aerial poisoning has evolved out of
50 years of operational trial-and-error and research (Morgan
2004). The technique can now reliably produce kills of >95%
(Morgan et al. 2006). However, failures still occur occasionally,
such as the 60% possum kill reported by Coleman et al. (2007).
In addition, aerial 1080 poisoning is being used increasingly
for rodent control during periodic irruptions of rats (Rattus rattus)
and/or mice (Mus musculus), as well as to control the ensuing
stoat (Mustela erminea) population surge that follows these
irruptions (Elliott and Suggate 2007). Such irruptions can
critically threaten several highly endangered bird species
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(O’Donnell 1996). While Innes et al. (1995) documented some
high rat kills during aerial 1080 operations, they also report
some failures, and there has been little research into the
efficacy of the tool against mice.

Despite historical gains in efficiency, toxic bait is usually sown
in excess, at least in terms of the number of lethal doses sown
relative to the number of pests to be killed. Rat and possum
numbers rarely exceed 10 per ha, yet many hundreds of baits
(most containing at least one lethal dose) are usually sown.
Optimising baiting thus provides potential cost efficiencies as
well as reducing non-target risks and minimising environmental
contamination. The aim of this study was to further refine aerial
poisoning as a multi-pest control tool, by determining the
relative effect of three factors (prefeeding, sowing rate, and
sowing pattern) that were perceived as important determinants
of cost and effectiveness by a group of aerial poisoning experts at
a workshop in 2005 by the two senior authors (GN, BW) (Nugent
et al. 2005).

Prefeeding with non-toxic bait is now standard practice in
aerial poisoning of possums, as it increases efficacy (Henderson
et al. 1999a, 1999b; Brown and Urlich 2005; Coleman et al.
2007). The prefeed is usually sown on only a single occasion
about a week before the toxic bait is sown, although two prefeeds
may be more effective than one (Coleman et al. 2007). However,
each additional prefeed increases cost substantially, so we asked
whether the extra cost produces a worthwhile increase in
efficacy. Likewise, sowing rate (the amount of bait sown per
hectare) is an obvious driver of cost. Sowing rates have reduced
over time, with an average of 3–4 kg/ha of toxic carrot or cereal
bait used in poisoning operations on conservation land since
2000 (Table 3, Veltman andWestbrooke 2011) compared to rates
of 15–45 kg/ha used in the 1970s (Morgan et al. 1997). However,
there are no data on the trade-off between prefeeding and sowing
rate, so we aimed to determine whether the increased cost of
prefeeding could be offset by reducing sowing rates.

Use of GPS-guided helicopters with sowing buckets able to
broadcast laterally from parallel flight paths was adopted to
ensure complete bait coverage (Morgan 1994). However,
temporary blockages in the sowing bucket occasionally result
in large gaps in bait coverage within which the resident possums
may not encounter any toxic bait. The third aim was therefore
to determine whether covering an area twice (dual sowing)
would eliminate any significant gaps in coverage and so
increase efficacy and/or reduce risk of operational failure.

Materials and methods
Study area
The study sites, Whirinaki (NZMG 2827540E 6269700N) and
Mokaihaha (NZMG 2779315E 6330560N), were hilly forested
areas in the central North Island. Themixed broadleaved–conifer
forests in both areas were dominated by tawa (Beilschmiedia
tawa), an important food source for possums, up to ~800m a.s.l.,
with beech (Nothofagus spp.)-dominated forest above that in
small ridge-top sites at Whirinaki only. In winter 2006, we
established 18 1-km-square blocks in each area. These were
grouped into two sets of nine contiguous blocks: Mokaihaha
East (blocks E1–E9) and West (W1–W9), and Whirinaki North
(N1–N9) and South (S1–S9).

In July 2005, a 12 500-ha area around (but not including)
the Whirinaki site was aerially poisoned with a single prefeed
of non-toxic carrot bait (3 kg/ha) followed aweek later by 5 kg/ha
of 0.08% w/w1080 carrot bait. The operation was considered
a failure (and was partially repeated as a result) because post-
poison monitoring using the Residual Trap Catch Index method
based on leg-hold trapping (RTCI; NPCA 2004) indicated an
RTCI of 11.2%, well above the target of 2%. RTCIs exceeded
10%on 6 of the 16monitoring traplines (maximum=70%), all in
the low-altitude tawa forest.

The Mokaihaha site was not part of any other control
operation, but the western half of the site had been poisoned
several times until 2 years previously using brodifacoum in bait
stations. However, pre-trial pilot trapping indicated possum
numbers there had increased to moderate levels (~10% RTCI,
or ~2 possums/ha; Ramsey et al. 2005).

Aerial poisoning trials
The three factors under investigation were varied systematically
between experimental treatments, with three levels of sowing
rate (1, 2, and 5 kg/ha of bait), three levels of prefeeding (0, 1, and
2 prefeeds) and two sowing patterns (parallel, which is normal
practice, and cross-hatched). Each of the 18 possible treatments
was assigned randomly to one of the blocks at both Whirinaki
and Mokaihaha.

The same sowing rates were used for the prefeed (where
applied) and the toxic sowings. There was an interval of
5–10 days between sowings depending on weather. For the
parallel sowing pattern, toxic bait was sown in a single pass
along parallel flight paths, while for the cross-hatched pattern,
toxic bait was sown in two halves 5 days apart, with the flight
paths for the second sowing at right angles to those for the first.

The prefeeds for the cross-hatched treatments were not cross-
hatched, except where two prefeeds were sown, so the spatial
coverage of prefeed differed between the single- and dual-
prefeed treatments. With single prefeeds, the flight paths used
to sow toxic bait were aligned to those used for prefeeding.
With dual prefeeds, the flight paths used to sow toxic bait were
aligned with those of the first prefeed. Recent trials suggest
that this may be counterproductive. Likewise, delaying for
5 days the sowing of the second half of the toxic bait in the
cross-hatched blocks (with the aim of ‘mopping up’ pests that
had not been exposed to toxic bait in the first sowing) may have
simply had the effect of halving the sowing rate. These design
complexities mean the experimental cross-hatched treatments
differed from the conventional parallel treatments in more than
just sowing pattern, so they were excluded from some analyses.

All blocks were aerially poisoned by Epro, an experienced
possum-control contractor. Toxic bait was sown in August
(Whirinaki) and September 2006 (Mokaihaha). A GPS-guided
helicopter using an under-slung bucket was used to broadcast
non-toxic or toxic carrot bait along predetermined parallel
flight paths spaced 100m apart. The carrot bait was chopped
to an average size of ~8–10 g per bait, and 1080 concentrate
was sprayed on to produce the desired loading of ~0.15% w/w
1080.

To monitor poisoning effectiveness, we used ChewTrack
Card Indices (CTCIs). ChewTrack Cards (CTCs) were
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developed to provide an affordable tool for simultaneously
indexing the level of interference activity caused by possums,
rats, and mice, based on the rate at which they chewed or left
tracks on the baited cards (Sweetapple and Nugent 2011). We
assume that the interference activity measured by the percentage
of cards bitten or tracked by a species is positively related to
the abundance of that species. The equivalent assumption
has been validated for leg-hold trapping of possums (Forsyth
et al. 2005) and for other bite-interference or tracking-rate
indices (Brown et al. 1996; Thomas et al. 2003; Warburton
et al. 2004; Ogilvie et al. 2006). We used a single monitoring
device because the cost of using leg-hold trapping for possums
and separate trapping or tracking devices for rodents would
have been prohibitive. An unforeseen consequence was that
indices were affected directly and indirectly by inter-species
interactions (see Results), which complicated analysis and
interpretation.

About 3 weeks before poisoning, four 1-km-long transects
were established ~200m apart within each 100-ha block. CTCs
were placed at 25-m intervals along each transect, and then
checked 11–13 days later. New CTCs were placed at different
locations (within 5m) along the same transects ~2 weeks after
poisoning and again checked 11–14 days later.

During the pre-poison surveys, multiple 1.14-m plots were
searched to determine the presenceor absenceof possum, pig, and
deer faecal pellets (Baddeley 1985). For possums, these
pellet frequencies (the percentage of plots on which pellets
were detected) provided an independent measure of possum
abundance. There was a positive correlation between the
possum CTCIs and pellet frequencies recorded in each of the
32 blocks (R2 = 0.82, P < 0.001; Sweetapple and Nugent 2011)
providing some support for the assumed link between CTCIs
and pest abundance. The pellet surveys also helped qualitatively
assess the overall abundance of other potential consumers of
bait. Deer and pig abundance was moderate at Whirinaki (16.8%
and 2.3% plots with pellets present, respectively, n= 2784
plots) and low at Mokaihaha (4.8% and 0.5%, respectively,
n= 2880 plots), so bait consumption by these large non-target
species may have been about three times higher at Whirinaki.

Post-control possum CTCIs tended to be higher at the edges
of blocks, suggesting some post-control use of the fringes of
blocks by unpoisoned possums from adjacent areas. The
analyses for all species were therefore restricted to cards 200m
from the edge of each block (i.e. to the central 0.6-km-square
core of each 100-ha block).

The monitoring data are expressed as presence/absence
percentages; i.e. the CTCI index (%CTCI) is the percentage of
cards on which a species was detected by either bite marks and/
or tracks. The CTCIs are not corrected for the variation
(11–14 days) in how long cards were left out in the field, as
unpublished data from other trials show that there are few
further-detections after about a week. These indices were
Poisson-transformed (Caughley 1977; Hone 1988) to reduce
the effect of index saturation at high interference rates.

In some blocks, especially for mice, there were increases in
CTCIs immediately after poisoning that cannot have resulted
from actual increases in pest abundance (see Results). The
relative change in activity between blocks was therefore
indexed by expressing the post-control CTCI for each line as

a percentage of the total CTC sites on that line that had either
pre- or post-interference, or both. This ‘relative reduction in
activity’ index (RRAI) has the biologically sensible property
of never being negative; i.e. it did not allow the spurious
inference of an increase in pest numbers as a result of
increased activity in the few weeks following poisoning.

Analysis of the determinants of RRAI was carried out
separately for each species using the Linear Mixed Effects
(‘lme’) procedure in the statistical computing environment ‘R’
(version 2.9.2). Lines, in blocks within areas, were treated as
random effects, while prefeed, sowing rate, and sowing pattern
were treated as the fixed main effects that are the focus of this
paper, and the pre-control CTCIs for the other two species were
included as covariates. We make no effort to interpret the
differences between the two main sites, so the random ‘area’
effects (line/block/site) are not reported. The statistical
significance or otherwise (a= 0.05) of interactions and main
effects was determined using F-tests. Non-significant effects
were dropped and the model refitted. This procedure was
repeated until all terms remaining in the model were
significant. The analysis was repeated for the parallel sowing
treatments alone, because in the cross-hatched treatment the
number of prefeeds and their spatial application were
potentially confounded (see above).

Bait consumption in the field

To help interpret the outcomes of the experiment above, we
assessed in two of the 100-ha blocks (W3 and E7) at Mokaihaha
how much of the bait sown was encountered and removed by
the animals present. We measured the density of baits on plots,
bait size, and bait disappearance rates along four 1-km-long
parallel transects in each block during both the prefeeding and
toxic phases. On the days prefeed bait was sown possum leg-
hold traps lured with a flour/icing sugar mix were set at 66-m
intervals along transects (60 traps per block), and 2-m-radius
plots spaced 20m apart were searched for baits. Each bait
found was marked using a small metal spoke and its maximum
length (in cm) was recorded. In addition, a single unsown bait
was placed at the centre of all plots. The traps were checked and
the plot searches were repeated on the following 2–3 days to
determine the rate of bait disappearance of marked baits. The
stomachs of trapped possums were analysed using the layer
separation method (Sweetapple and Nugent 1998) to
determine the wet weight of total stomach contents, carrot bait,
and tawa fruit (the main food at that time). Long mean food
retention times in possums (Wellard and Hume 1981) suggest
slow turnover of stomach contents, so we presume most of the
carrot bait eaten the previous night would have still been in
the stomach when the possums were killed.

The plot searches were repeated on the day, and for the
3–4 days after, toxic bait was sown. Again a single unsown
toxic bait was placed at the plot centre of each plot. We also
searched the areas around the transects for poisoned possums,
and analysed their stomach contents as above.

Controllability and bait acceptance of survivors

In February 2007, possums in two separate 100-ha Whirinaki
blocks (N6 and the contiguous halves of S2 and S3) were
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intensively controlled to reduce possums for a concurrent
study. There were few rats left in these blocks after poisoning
(CTCIs 1–8%; Appendix 1, which is available as an Accessory
Publication on the Wildlife Research website). We used this
operation to assess bait acceptance and possum controllability.
A 1-mL extrusion of non-toxic prefeed paste (Ferafeed®) was
placed at sites 20m apart along nine or ten parallel 1-km-long
transects spaced 100m apart. At the same time, single non-
toxic ~10-g carrot and 12-g Wanganui #7 cereal baits (Animal
Control Products, Wanganui, New Zealand) were alternated at
50-m intervals. The aim was to assess whether survivors had
developed an aversion to carrot but would still accept a different
bait. The baits were nailed to tree trunks to prevent easy removal
by rodents, using different trees to those used for the Ferafeed®

paste. Baits were checked 2 days later, and encapsulated cyanide
tablets (Feratox) were placed at the Ferafeed® sites and left in
place for 4 days. Two days after the Feratox was deployed, traps
were set at 100-m intervals along these transects for the final
2 nights of poisoning. After that the traps were moved forward
50m and laterally 50m and set for 2 further nights, to determine
how many possums survived in the areas furthest from the
cyanide and traps sites.

Supplementary data

Additional data on pest abundance and diet were obtained from
a concurrent project. Estimates of actual numbers of possums,
rats, and mice were obtained in August 2006 and November
2006 on trapping grids located in four of the 100-ha blocks (N6
and S3 at Whirinaki; E7 and W3 Mokaihaha). Possums were
trapped around the perimeter of a 270� 270-m grid, with 36 live-
capture traps set at 30-m intervals. Nested within that, rats were
trapped on a 240� 240-m grid with 64 traps spaced 30m apart,
andmicewere trappedona120� 120-mgridwith64 traps spaced
at 15-m intervals. Traps were set for 5 days. Animals were
individually tagged and released, and the minimum numbers
alive per site were calculated for each trapping session. Density
estimates were calculated from the recapture data using
recapture distances to calculate effective trapping area by
maximum likelihood estimation (Borchers and Efford 2008)
in Program DENSITY (Efford 2007).

In a parallel investigation of possum diet, four sets of
possum stomachs were obtained before poisoning in August
2006. Each sample of 9 or 10 stomachs was randomly selected
from possums killed along four more or less circular transects
4–5 km long,with each transect spanningoneof the fourmain sets
or groups of nine blocks. The layer separation method
(Sweetapple and Nugent 1998) was used to analyse stomach
contents.

Results

Pest densities

Before poisoning, the indices of abundance for each species
varied widely between blocks (Appendix 1). Density
estimation indicated high possum densities in two Whirinaki
blocks, but low densities in two western Mokaihaha blocks,
whereas the reverse was true for rats (Table 1). The minimum
numbers of mice alive were lower than for the other species
(Table 1).

Overall effects of control

In the four trapped blocks, the number of animals known to be
alive decreased after aerial poisoningby69–85%for possumsand
by85–100%for rats, but by less than60%formice (with increases
for mice in two blocks) (Table 1).

Core-area CTCIs for mice (and, far less so, possums) were
sometimes substantially higher 2–4 weeks after control than
before (Appendix 1), particularly at Mokaihaha where pre-
control rat interference was virtually universal (mean
CTCI = 96%). The increases were partly an artefact of the
reduction in interference by other species, although the
percentage of the 104 core-area cards from both areas
combined (i.e. those that were not used by rats or possums
before or after control and those that were used by mice)
increased significantly from 48% to 70% (Fisher’s exact test,
P < 0.001). Likewise, at Mokaihaha, there were 24 core-area
cards that were not used by either rats or mice before or after
control, and on these the percentage used by possums increased
significantly from 8% to 38% (Fisher’s exact test, P < 0.015).
These increases indicate increased mouse and possum CTC
activity (rather than abundance) after the removal of rats.
Overall, there were only a few large reductions in activity of
any species, indicating that substantial numbers of all species
survived. Post-control possum and rat CTCIs below 5% were
recorded in only six blocks each (Appendix 1).

Effects on possums

At Mokaihaha, core-area possum CTCIs decreased significantly
(Fisher’s exact test, P < 0.05) in only two of the 18 blocks after
control, compared with 10 out of 18 at Whirinaki. Importantly,
however, there were large (>90%) reductions in four blocks
(Appendix 1). These indicate that the bait was accepted by
nearly all possums in those blocks. High survival in the other

Table 1. Estimates of the minimum number alive (MNA) and density
for possums, rats and mice

Data are for four 100-ha blocks, with estimates made before control (August
2006) and two months after control (November 2006). There were too few

recaptures of mice to enable density estimation

Whirinaki Mokaihaha
N6 S3 W3 E7

Possums
Density/ha (s.e.) August 18.9 (6.5) 47.5 (17) 2.3 (2.0) 3.5 (0.9)
MNA August 59 87 15 55
MNA November 9 27 4 16
% reduction in MNA 85% 69% 73% 71%

Rats
Density (s.e.) August 0.95 (0.3) 1.71 (0.6) 10.5 (1.65) 4.92 (1.2)
MNA August 6 9 41 26
MNA November 0 0 1 4
% reduction in MNA 100% 100% 98% 85%

Mice
Density (s.e.) August na na na na
MNA August 3 5 6 4
MNA November 2 2 7 6
% reduction in MNA 33% 60% –17% –50%
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blocks was therefore not a consequence of either poor bait
acceptability or some innate possum aversion to carrot.

The first statistical model (Model 1) included all three
experimental main effects. It showed no significant effect of
pre-control rat or mouse CTCI on the RRAI for possums.
However, mean RRAI for possums was significantly lower
with cross-hatched sowing (63%) than for parallel sowing
(70%), and there was a significant prefeeding effect that
differed with sowing pattern (Table 2a, Fig. 1a). Prefeeding
was associated with increased RRAI in the case of parallel
sowing, but with decreased RRAI in the case of cross-hatched
sowing. The inconsistencies in how prefeed was applied
make interpretation of that result difficult. However, where no
prefeed was used, the cross-hatched treatment produced
greater reductions in possum abundance, even though the
second half of the toxic bait was applied 5 days after the first.

The second statistical model (Model 2) only included data
from the parallel sowing pattern. There was a significant

interaction between the effect of prefeeding and sowing rate
on RRAI (Table 2b). At the lowest sowing rate, 1 kg/ha,
prefeeding appeared to be required to obtain a high RRAI
(Fig. 1b). At the intermediate and highest sowing rate,
however, high RRAIs were obtained without prefeeding, and
prefeeding had no consistent effect (Fig. 1b). Prefeeding is
treated as a binary variable (prefed or not prefed) in this model
because inclusion of three prefeed levels (zero, once, twice) did
not increase explanatory power (Akaike’s Information Criterion
(AIC) values of 3.03 and 3.88 respectively). Possum RRAI
tended to be higher when mouse pre-control abundance was
high (Table 2b) largely reflecting the generally lower mouse
CTCI and higher RRAIs in the Whirinaki blocks. Pre-control
mouse CTCIs were inversely correlated with pre-control rat
CTCIs (r = –0.2796, n = 144, P< 0.001), so this mouse effect
could be viewed as representing an overall ‘rodent’ effect.

Effects on rats

Rat CTCI activity decreased by 65% at Whirinaki and 60% at
Mokaihaha. In oneWhirinaki block (twoprefeeds, parallel-sown,
at 2 kg/ha) no rats were detected after control despite a 70%
pre-control CTCI in that block, indicating that the low reductions
in some blocks were not attributable to poor bait.

In the all-factor model for rats, there was no significant
effect of sowing rate, nor any significant possum- or rat-related
effects. However, mean rat RRAI was significantly lower with
cross-hatched sowing than parallel sowing, and there was a
significant prefeeding effect that differed with sowing pattern
(Table 3a, Fig. 2a).

In the two-factor model, only prefeeding had a significant
effect on rat RRAI (Table 3b). Prefeeding twice resulted in
higher rat RRAI than prefeeding once, as inclusion of three
prefeed levels (zero, once, twice) increased explanatory power
(AIC =�88.5 comparedwithAIC =�77.1 for prefeed as a binary
variable) (Fig. 2b).

Effects on mice

Overall, there was a 10-fold increase in mouse CTCIs after
poisoning at Mokaihaha, with increases in every block
(Appendix 1). At Whirinaki mouse activity also increased
slightly overall, but with some significant decreases, the
greatest being 82%, recorded in the unprefed 1-kg/ha cross-
hatched block. At Mokaihaha, the three smallest increases
were also in cross-hatched sown, unprefed treatments.

Table 2. Significant effects in statistical models of the Relative
Reduction in Activity Index for possums

Results are shown for twomodels: (a) Model 1 in which both the parallel and
cross-hatched sowing patterns were included, and (b) Model 2 in which only
the parallel sowing pattern was included. CTCI, ChewTrack Card Indices

F-value d.f. P

(a) Model 1
N prefeeds 4.9 2,131 0.0092
Sowing pattern 7.7 1,131 0.0064
N prefeeds� sowing pattern 12.9 2,131 <0.0001

(b) Model 2
N prefeeds 24.4 1,62 <0.0001
Sowing rate 16.6 1,62 0.0001
N prefeeds� sowing rate 10.9 1,62 0.0016
Pre-control mouse CTCI 10.3 1,62 0.0021
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Fig. 1. Mean Relative Reduction in Activity Indices (RRAI) per CTC
transect for possums showing (a) a significant interaction between sowing
pattern and number of prefeeds in a three-factor (number of prefeeds, sowing
rate and sowing pattern) model (Model 1) and (b) a significant interaction
between sowing rate and number of prefeeds in a two-factor (number of
prefeeds and sowing rate) model (Model 2). Key: white square = no prefeeds,
grey square = 1 prefeed and black square = 2 prefeeds. Error bars represent�1
standard error.

Table 3. Significant effects in statistical models of the Relative
Reduction in Activity Index for rats

Results are shown for two models: (a) Model 1 in which both parallel and
cross-hatched sowing patterns were included, and (b) Model 2 in which only

the parallel sowing pattern was included

F-value d.f. P

(a) Model 1
N prefeeds 21.4 2,137 <0.0001
Sowing pattern 11.3 1,137 0.0010
N prefeeds� sowing pattern 4.2 2,137 <0.0001

(b) Model 2
N prefeeds 12.8 1,68 <0.0001
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In the all-factor model for mice, there was no significant
effect of sowing rate, no significant interactions, and no rat
effect, but a significant possum effect (Table 4a). However,
mean mouse RRAI was significantly higher with cross-hatched
sowing than for parallel sowing, and there was a significant
negative prefeeding effect that differed with sowing pattern
(Table 4a, Fig. 3a, b).

In the two-factor model, only prefeeding had a significant
effect on mouse RRAI (Table 4b), with lower RRAIs in prefed
blocks (Fig. 3c).

Bait consumption in the field

The density of prefeed baits after sowing was highly variable,
with themean per transect ranging from 0 to 477 baits/ha (overall
mean per transect of 275� 130 (95% CL)) across E7 and W3.
However, there was no evidence of large (>100m) gaps, as the

transects with low or zero bait density were always within 50m
of a transect with high bait density. The prefeed sowing rate
for these blocks was nominally 2 kg/ha (~200 baits/ha). The
densities of toxic bait were also variable, with a mean per
transect of 159� 159 (range 17–230) for E7 (nominally sown
at 2 kg/ha (~200 baits/ha)) and 136� 67 (range 96–180) for W3
(nominally 1 kg/ha (~100 baits/ha)).

In both the prefeeding and toxic phases, the sown baits were
on average shorter than the unsown baits placed by hand
(c2 = 35.0, d.f. = 3, P < 0.001 for prefeed, Fig. 4a; c2 = 6.8,
d.f. = 2, P = 0.033 for toxic, Fig. 4b), indicating the likelihood
that some bait had shattered during the sowing process. Most of
the prefeed disappeared within 3–4 days (Fig. 5). The percentage
of remaining bait eaten each night increased significantly from
25% on the first night to 47% and 49% on the second and third
nights respectively (c2 = 44, d.f. = 2, P< 0.001), even though
there was less bait available on each successive night. This
suggests increased search effort by the animals. Only 9% (W3)
and 12% (E7) of the toxic baits disappeared over 3 nights (Fig. 5).
Of the 40 toxic baits removed (both blocks combined) 58%
disappeared on the first night, 28% on the second night and
15% on the third.

During the prefeeding phase in W3, the possum trap-catch
rate was positively correlated with the number of nights that
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Table 4. Significant effects in statistical models of the Relative
Reduction in Activity Index for mice

Results are shown for two models: (a) Model 1 in which both parallel and
cross-hatched sowing patterns were included, and (b) Model 2 in which only

the parallel sowing pattern was included.

F-value d.f. P

(a) Model 1
N prefeeds 11.7 2,138 <0.0001
Sowing pattern 4.5 1,138 0.0354
Pre-control possum CTCI 7.8 1,138 0.0059

(b) Model 2
N prefeeds 5.8 2,68 0.0046
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transect for rats showing (a) a significant interaction between sowing
pattern and number of prefeeds in a three-factor (number of prefeeds,
sowing rate and sowing pattern) model (Model 1) and (b) a significant
effect of the number of prefeeds in a two-factor (prefeed and sowing rate)
model (Model 2). Key: white square = no prefeeds, grey square = 1 prefeed
and black square = 2 prefeeds. Error bars represent �1 standard error.
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prefeed had been previously available (0.0%, 3.3%, 8.3% and
11.7% (n= 60 traps) on nights 1–4 respectively; R2 = 0.99, d.
f. = 2, P= 0.003). In E7, trapping effort for the first night was not

accurately recorded, so no parallel or pooled analysis was
possible.

Of the 25 possums trapped during prefeeding, carrot bait
was detected in only 14, and half of those contained <5 g of
bait. It appeared thatmost of these 14 possums had eaten only 1–3
baits before being trapped, although that will be a substantial
underestimate because possums will often have been trapped
well before they had finished feeding for the night. For the 16
possums found dead and presumed poisoned, no carrot was
found in three, over half had less than 5 g of bait, and only
three had >20 g (26.6, 48.1, and 52.6 g respectively).

One factor potentially influencing bait take was naturally
occurring foods. Tawa fruit was the predominant food being
eaten by possums immediately before poisoning in winter 2006
(Table 5). We assume that the tawa fruit was eaten in the canopy
because the stomach content layers in which it was found were
not contaminated with litter or mixed with ‘ground’ foods such
as ferns and herbs. The percentage of tawa fruit in the diet in the
four groups of blocks was correlated with an index assumed to
reflect the level of possumactivity at ground level (the pre-control
CTCI/ pellet-frequency ratio; R2 = 0.92, d.f. = 2, P = 0.043).

Controllability and bait acceptance by survivors

Possums that survived the August 2006 carrot 1080 poisoning
operationwere able tobe trappedorpoisoned inFebruary2007, as
low-intensity cyanide poisoning (4 baits/ha for 4 nights) and
trapping (1 trap/ha for 2 or 3 nights) reduced the numbers of
trappable possums at points midway between the poison lines to
near-zero levels within 4–5 days (Table 6).

The surviving pestsmostly avoided the 200 carrot baits placed
in these two blocks before the February 2007 poisoning. Only
2.5% of the carrot baits were completely consumed, 3.5% were
partly eaten by possums, and a further 3.5% were bitten by
possums but not eaten. In contrast 52.5% of the cereal baits
were eaten and a further 2% were partly eaten. The differences
in the numbers of whole baits eaten were significant (North
block c2 = 80.1, d.f. = 1, P< 0.001; South block c2 = 36.6,
d.f. = 1, P < 0.001).

Discussion

For possums, at least, current best-practice prefed aerial broadcast
1080 poisoning usually results in very low residual pest densities
(Morgan et al. 2006). In this trial, however, some of the poisoning
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Table 5. Main foods recorded in 36 possum stomachs in August 2006
Data are for the four groups of nine blocks in the main trial. Only foods comprising an average (across all stomachs) of more than 1% dry
weight are included. All species listed are broadleaved trees except for Rubus cissoides.Data are the average mean percentage wet weight

per stomach for each species. Sample sizes are shown in parentheses

Mokaihaha Whirinaki All
Food Category E (6) W (10) N (10) S (10) (36)

Beilschmiedia tawa Fruit 12.9 77.4 71.1 8.9 45.9
Leaf 40.1 6.2 6.2 49.4 23.9

Weinmannia racemosa Leaf 26.2 5.6 12.4 33.4 18.7
Melicytus ramiflorus Leaf 0.6 0.0 6.2 4.3 3.0
Ixerba brexioides Leaf 11.2 0.0 0.0 0.0 1.9
Rubus cissoides Flower 0.8 4.4 0.7 0.0 1.6
Pennantia corymbosa Leaf 0.0 0.0 1.9 3.2 1.4
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treatments appeared to have little or no effect on pest abundance,
particularly at Mokaihaha. While disappointing, these failures
have nonetheless provided insight into the factors that may
determine poisoning success. We suggest that there are three
interdependent factors or probabilities that ultimately determine
whether an aerial 1080 poisoning operation succeeds in killing
most of the target pests; the probability a pest will encounter
toxic bait, the probability that that bait will be acceptable and
the probability that individual bait is, by itself, be lethal. It is
clear that for many of our experimental treatments at least one
of these probabilities was too low.

It is obviously crucial that the probability of a pest
encountering bait be very high. A total kill can be achieved
only if every target animal has some toxic bait sown into its home
range. The low amount of bait found on some W3 and E7
transects indicated that bait density was very low in some
places. However, there was always a much higher density of
bait found on the nearest parallel transect nominally 50m away
so there will have been bait within that 50-m distance between
the transects. That suggests that all possums, rats, and mice will
have been exposed, as their home-range sizes are typically more
than0.5 ha (Cowan2005; Innes 2005;Ruscoe andMurphy2005).
For possums,Morgan (1990) showed that evenwhen the distance
between flight paths was 200m, 95% of possums found and
consumed dyed bait within 3 days. Likewise, the near-total
reductions in possum and rat activity achieved in some blocks
(Appendix 1) indicate coverage must have been adequate for
these species in those blocks. Further, it is unlikely under our
application regime (flight paths 100m apart with GPS guidance)
that the control failures were caused by gaps in bait coverage,
since an examinationof theGPS-based track logs of thehelicopter
flight paths indicated no difference in uniformity of coverage
between high and low reduction blocks.

It is also essential that all animals encounter bait within their
home range before it detoxifies or becomes unpalatable. In
these trials most of the toxic bait was not eaten (Fig. 5).
Apparently undecayed carrot was still common at least
5 weeks afterward (fieldworker observations), and 1080 does
not rapidly leach out of carrot bait (Bowen et al. 1995). The
undecayed bait would still have been toxic, so the pests should
have had time to encounter a lethal amount of edible bait.
However, this might not have occurred if they spent little time
on the ground. Ward (1978) found possums in his study spent an

average of only 15% of each night on the ground. In this study,
we sometimes recorded moderately high faecal pellet
frequencies yet very low CTCIs before control (e.g. N6;
Appendix 1b). This suggests the possibility that possums were
present, but spending most of their time in the canopy, and
therefore were not being detected as often on the CTCs at
ground level. If so, the rate at which they encountered toxic
bait is likely to have been low in these blocks.Arguably, the better
but still modest reductions in the unprefed cross-hatch blocks
than in the equivalent parallel blocks (Fig. 1) are consistent
with this. The low acceptance of carrot baits compared with
cereal bait 6 months after poisoning (Table 4) indicates most
survivors were carrot shy (at least in the two blocks tested). That
implies that in all blocks possums must have encountered
some bait but that in blocks with poor kills they did not eat
enough to kill them. High levels of bait shyness appear to be the
norm for survivors of aerial 1080 operations (O’Connor and
Matthews 1999; Ross et al. 2000). We conclude that few
possums, if any, failed to encounter toxic bait, but hypothesise
that for some (the survivors) the rate at which they did so was too
low to kill them.

The probability the pests accept (i.e. eat) toxic bait when
they encounter it must also be high to achieve a high kill. The
large reductions in possum and rat CTCIs in some of the blocks
(e.g. S1, S5, S8; Appendix 1b) indicate the bait used in these
trials was acceptable and palatable to the great majority of
individuals of those two species in those blocks. The failures
in other blocks therefore suggest the possibility that acceptability
may not have been adequate. This might occur if the pests were
unfamiliar with the novel food or if they had access to more
acceptable and/or palatable foods and had fed extensively on
them before encountering toxic bait.

The role of prefeeding in mitigating the risk of lack-of-
familiarity is well documented for possums (Moss et al. 1998;
Ross et al. 2000; Nugent et al. 2009) and it seems to be a key
factor for rats (Fig. 2). In contrast, the risk of low acceptance
because the animals are satiated with another food is less well
researched. We suggest this may explain the minimal possum
reductions in two of the unprefed parallel-sown blocks at
Whirinaki and the possum failures at Mokaihaha. Possibly,
possums had little interest in carrot bait because they were
satiated with tawa fruit. Tawa fruit is carried high in the
canopy for 18–20 months, but is not eaten by possums until it
begins to ripen. It is apparently not much eaten by rats (Knowles
and Beveridge 1982). The fruits’ 6–12-g drupes are in some
respects similar to carrot bait. Tawa trees were abundant in all
blocks, so the low consumption of tawa fruit by possums in
August 2006 in the southern blocks at Whirinaki
(Table 5) probably reflects depletion of that food by the high
density of possums there, making them easier to poison than
in the western blocks at Mokaihaha where tawa fruit comprised
77% of stomach contents (Table 5).

We may also have oversupplied prefeed in some blocks,
especially those prefed twice at 5 kg/ha. The low total biomass
of possums and rodents in some blocks makes it unlikely that
they could have eaten all the non-toxic carrot by the time toxic
bait was sown. With cross-hatched sowing, in particular (where
only half the toxic bait was present for the first 5 days after
poisoning), uneaten prefeed, if present, would have increased

Table 6. Number of possums killed in two 100-ha blocks in the
Whirinaki study area in February 2007

Poisoning and ‘control’ leg-hold trappingwere conducted along the same 9 or
10 transects spaced 100m apart in each of the blocks, whereas the
‘monitoring’ trapping immediately afterwards was conducted midway
between those transects. The number of poison baits used was not

recorded (nr)

Treatment North block South block
Possums
killed

Kills/
trap-night
± 95%CL

Possums
killed

Kills/bait
or trap-night
± 95%CL

Poisoned 41 nr 82 nr
Control trapping 22 11.0 ± 5.3% 39 16.4 ± 8.3%
Monitoring trapping 3 1.7 ± 1.7% 0 0

256 Wildlife Research G. Nugent et al.



the mean number of baits required to kill a possum. That may
explain why, at the 5-kg/ha sowing rate, possum reductions
appeared to be lower with two prefeeds than with one,
especially for cross- hatched sowing (Fig. 1). We suggest the
absence of this hypothesised ‘dilution’ effect on rat reductions
(Fig. 4) reflects the greater likelihood that a single bait
contained enough 1080 to kill a rat, because of their much
smaller size.

The probability of a single bait being lethal is clearly also
important. It is obviously best if each toxic bait contains
sufficient toxin to kill the largest and most-toxin-tolerant
individual. If some baits do not, then at least some animals
have to find two or more baits, and do so before the onset of
toxicosis stops them from searching for more bait. For 1080, that
period is often less than an hour (Henderson et al. 1999a). In
recognition of this there has been a shift to large (12 g) 1080
cereal baits for aerial poisoning of possums (Frampton et al.
1999), and toxic carrot bait is screened to remove the smallest
fragments (Fig. 4). However, there is evidence that fragmentation
of bait occurs during aerial 1080 poisoning, both for carrot
(Fig. 4.) and for the cereal bait types that are often used
instead of carrot (Nugent et al. 2011). The smallest baits that
result from fragmentation are unlikely to contain a lethal dose
of 1080, particularly for possums. The presence of sub-lethal
doses, and a relatively short pre-toxicosis window, makes the
rate at which baits are subsequently encountered (rather than
encounter per se) crucial for an individual whose first encounter
is with a sub-lethal bait or bait fragment.

Increasing sowing rate increasesbait density andconsequently
bait encounter rate, shortening the time required to find the first
and subsequent baits. In line with that, the reductions in possum
activity increased markedly with sowing rate in the unprefed
parallel-sown blocks (Fig. 1b). There was no evidence of an
equivalent sowing rate effect with rats (Table 3) presumably
because the proportion of baits containing sublethal doses was
much lower for rats than for possums.

Prefeeding may also increase encounter rate by changing
foraging behaviour. This effect is suggested by the significant
increase in trap-catch rate over 4 days during prefeeding in E7,
the contrary pattern to trapping in the absence of prefeeding.
Prefeeding is known to markedly change where possums spend
their time (Warburton et al. 2009). We suggest prefeeding
teaches animals that if they encounter bait they are likely to
find another bait on the ground nearby (rather than, for example,
up the nearest tree). For rats (Fig. 2b), and possibly also for
possums at the lower sowing rates in parallel-sown blocks
(Fig. 1b), there was some evidence that two prefeeds resulted
in greater reductions than one. A single exposure to prefeed
appears sufficient to familiarise captive possums with a novel
food (Nugent et al. 2009), so we infer that at least part of the
prefeeding effect reflects a change in foraging behaviour
(encounter rate) as well as a change in feeding behaviour (bait
familiarity and acceptance).

Sub-lethal doses can also be created after sowing as a result
of partial consumption of a bait. Likewise when two animals
encounter a toxic bait at the same time (as when female possums
are accompanied by near-independent young in spring, andwhen
males consort with females in autumn) one or both of them is
likely to ingest a sub-lethal portion of that bait. That may partly

explain why aerial 1080 poisoning of possums tends to be less
effective in spring and autumn (Henderson et al. 1999b).

There was a significant positive effect of pre-control mouse
CTCI on possum reductions. Although this is difficult to
explain as a stand-alone effect, an intuitive possibility is that it
simply reflects the strong negative correlation between rat and
mouse interference rates, so that the apparent positive mouse
affect actually reflects a more plausible negative effect of high
rat numbers on possum kill, at least in part. Such an effect could
be mediated via rapid depletion (either by consumption or
by caching) of prefeed and/or toxic bait by rats, or partial
consumption of baits by rats decreasing their lethality.

Overall, for possums, we speculate that the availability of
tawa fruit in the canopy was a major contributing factor to the
poor kills, keeping some possums away from bait and/or
minimising the amount of bait eaten, leading to sub-lethal
poisoning. We note that the larger operation within which
these trials were embedded also (and unusually for the
operator) failed to achieve the control target (see Methods).
The rarity of such failures (R. Lorigan, Epro, pers. comm.)
may reflect both the relative rarity of tawa forest nationally,
and coincidence of this control operation with a year when a
large fruit crop was produced. Intuitively, the quantity of bait
ingested is likely to follow some continuous distribution, with at
least some of the survivors inevitably ingesting doses only
marginally lower than needed to kill them. An observed
correlation between temperature and the effectiveness of aerial
1080 poisoning of possums (Veltman and Pinder 2001) may
reflect possums being able to survive slightly higher marginal
doses when conditions are warmer. Overall we suggest that
fragmentation of bait is one of the major potential risks in
aerial poisoning of possums. We hypothesise that current best-
practice of sowing farmore toxic bait than is eaten by the possums
(Fig. 5) and/or prefeeding reduces that risk by increasing bait
density and teaching possums to search on the ground for bait.
Use of prefeeding appears to substantially reduce the sowing
rate needed to achieve a high kill (Fig. 1b; Coleman et al. 2007).

For rats, sowing rate had no significant effect, suggesting
sufficient baits were available even at the lowest sowing rate
and that most baits and bait fragments were potentially lethal to
rats. Cross-hatching appeared to be counterproductive (Fig. 5),
suggesting bait distribution was not a major problem. In
contrast prefeeding was crucial for rats and two prefeeds were
better than one (Fig. 4). Prefeeding twice and poisoning, all
with 1 kg/ha, produced, on average, similar percent reductions
(90.1%, n= 4) to prefeeding once and poisoning with 5 kg/ha
(90.9%, n = 4) and used 60% less non-toxic bait and 80% less
toxic bait.

Mice CTCIs usually increased substantially after poisoning,
even on cards not bitten by possums or rats. This phenomenon
was first observed in the 1990s but there has been uncertainty as
to whether it is a behavioural response or a demographic one
(Innes et al. 1995), as mice numbers can increase quickly after
rat removal (Witmer et al. 2007). Here the size and speed of the
increases leave little doubt it is a behavioural response, with
mice ranging more freely and widely at ground level once rats
and possums had been removed. The effect appears to bemainly a
rat effect, as possum and mouse detections sometimes increased
in tandem (e.g. E8, E9, W8; Appendix 1a). Despite the difficulty
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of separating the effects of prefeeding, sowing rate and sowing
pattern on mouse kill because of the apparent change in mouse
behaviour in response to rat removal coupledwith the variation in
post-control rat abundance, it is clear that most experimental
treatments were ineffective in controlling mice.

In summary, we believe that in these trials we exposedmost if
not all target pests to toxic bait but often failed to kill them for a
combination of three interacting reasons – bait acceptability and
palatability, competing food sources, and bait fragmentation –

with the importance of each differing between species. Cross-
hatched sowing (as we implemented it) did not appear to help
increase kill, indicating that broadcasting baiting along flight
paths 100m part provides adequate coverage for possums and
rats, with no strong evidence one way or the other for mice.
Prefeeding and, to a lesser degree, sowing rate appear to increase
possum kill. One of several speculative inferences from this trial,
and from subsequent demonstration that fragmentation also
occurs in operations using cereal bait (Nugent et al. 2011), is
that bait fragmentation was a major factor in the poor possum
kills achieved, and that prefeeding and ‘overbaiting’ (sowing
much more toxic bait than is used by the pests) are effective but
unrecognised solutions to the fragmentation problem. We argue
both achieve this by increasing the rate at which possums
encounter bait. Prefeeding appeared to be essential for good
rat kills. As bait quantity appeared to be less important than
prefeeding, at least for rats, this trial suggests that where both
possums and rats are targeted high efficacy may be achieved by
increasing the number of prefeeds and reducing the sowing
rate. We speculate that for possums and rats, there remains
scope to further reduce the amount of toxic bait sown without
compromising efficacy. This speculation has since been
validated by subsequent field trials in 2010 which showed near
total reductions in possum, rat andmouse numberswith as little as
0.17 kg/ha of cereal 1080 bait (GN, unpubl. data). We also
speculate that the availability of abundant high quality natural
foods, and/or high rodent numbers, may sometimes adversely
affect possum kill.
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