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In Australia, large native predators are fatally poisoned when they ingest
invasive cane toads (Rhinella marina). As a result, the spread of cane toads
has caused catastrophic population declines in these predators. Immediately
prior to the arrival of toads at a floodplain in the Kimberley region, we induced
conditioned taste aversion in free-ranging varanid lizards (Varanus panoptes),
by offering them small cane toads. By the end of the 18-month study, only
one of 31 untrained lizards had survived longer than 110 days, compared to
more than half (nine of 16) of trained lizards; the maximum known survival
of a trained lizard in the presence of toads was 482 days. I situ aversion train-
ing (releasing small toads in advance of the main invasion front) offers a
logistically simple and feasible way to buffer the impact of invasive toads on
apex predators.

1. Introduction

Worldwide, one of the most catastrophic impacts of invasive species is to imperil
populations of apex predators, thereby inducing trophic cascades that can sub-
stantially modify ecosystem function [1]. In most conservation challenges,
management solutions focus on the threatening process itself (in this case, control-
ling the invasive organism); but there is an alternative strategy. We can, instead,
manipulate the response of vulnerable native taxa to render them more resilient to
the invader’s arrival. For example, inoculating African wild dogs against distem-
per can protect them even if we cannot prevent the disease from spreading [2],
and translocating organisms may buffer climate-change impacts on the species
involved [3].

We can manipulate animal behaviour in the same way, to achieve con-
servation outcomes. For example, captive-bred individuals can be trained to
recognize predators prior to release into the wild [4], or be taught migration path-
ways [5]. Additionally, foraging responses can be modified via conditioned taste
aversion (CTA, an adaptive learning mechanism that associates a distinctive taste
with nausea: [6]). CTA therapy has been used to mitigate human—wildlife conflict
(deterring bears from spoiling food stocks, and coyotes from eating sheep [7,8]).
More recently, CTA has been used to buffer vulnerable Australian predators from
the impact of toxic cane toads (Rhinella marina), by training captive-bred quolls
(Dasyurus hallucatus) or wild-caught bluetongue lizards (Tiliqua scincoides interme-
dia) to associate the sight and scent of cane toads with nausea-inducing chemicals
[9,10]. We have taken this work an important further step, inducing long-term
toad-avoidance by exposing free-ranging predators (varanid lizards) to small
live toads (without using additional chemicals to intensify CTA). The stimulus
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eliciting CTA thus is one that can readily be applied at a
landscape scale, unlike previous methods.

2. Material and methods

The yellow-spotted monitor or floodplain goanna (Varanus
panoptes; ‘Gundulla’ to the Balanggarra people in Australia’s
east Kimberley region) is a large (to 7 kg) terrestrial varanid
lizard with a wide distribution across the wet—dry tropics of
Australia [11]. These huge reptiles are central to Aboriginal cul-
ture and play a keystone ecological role [12,13]. Highly
vulnerable to toad toxins, goannas die when they attempt to
ingest toads [14]. Their precipitous population declines (more
than 90% of individuals) following toad invasion have caused
major shifts in abundance of many native vertebrates [12,13,15].

We used radiotelemetry to track the survival of 66 goannas
for up to 18 months (November 2013 to May 2015) as cane
toads invaded a remote floodplain (12 000 ha in size) in tropical
Australia (15°08'34.73" S, 127°52'36.08" E; see the electronic sup-
plementary material for detailed field methods). The toad
invasion moved south to north across the floodplain over the
course of two consecutive wet seasons (November to May each
year), with goannas in the southern half of the floodplain
exposed to toads in 2013-2014. The southern and northern
halves of the floodplain are separated by a large saltpan that is
a barrier both to goannas and toads; thus, toad incursion into
the northern half of the floodplain was slower (see the electronic
supplementary material, figure S1).

Three months prior to the arrival of toads, we began to exper-
imentally expose free-ranging goannas to live juvenile cane toads
(size <25 g, 30—70 mm snout to urostyle length; electronic sup-
plementary material, methods) in the field. Goannas that bit or
swallowed a toad were designated as ‘trained’; goannas that
did not bite a toad were designated as ‘controls’. We offered
small toads multiple times to each goanna while it foraged in
the field, and recorded its reactions to toads during these sub-
sequent encounters. To evaluate the effect of CTA training, we
compared the survival rates of trained versus control goannas
(as ascertained during regular radio-tracking). Toad-induced
mortality was readily identified by the contorted posture of the
goanna, lack of overt injuries, location close to water, the presence
of vomit and the absence of obvious ill-health prior to death.

We used Kaplan—Meier survival analysis [16] to compare rates
of survival of trained versus control goannas. The dependent vari-
able was the number of days that each individual was known to
have survived after its initial CTA trial. As per Kaplan—Meier
methodology, we differentiated individuals that were killed by
toads from individuals that left the longitudinal study for other
reasons (e.g. transmitter loss, python mortality) or were still alive
when the study ended. In Kaplan—Meier terminology this latter
group of goannas are termed as being ‘censored’.

We analysed animals from the northern (N=19) and
southern (N = 47) floodplain separately because of differences
in the time they were exposed to invading toads. We had a
clear a priori expectation that CTA training would enhance
goanna survival, so we used one-tailed tests on our data. Overall
rates of survival were calculated using Cormack Jolly-Seber
models in the program MARK (see the electronic supplementary
material for methods and results).

3. Results

Of the 66 goannas to which we presented toads, 22 bit the
offered toads (and hence, were ‘trained’) and 44 goannas
did not. Trained and control goannas were similar in total
length (means 116 versus 106 cm; Fy 64 = 3.71, p = 0.06) and
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Figure 1. The effect of training on likelihood of a goanna eating an exper-
imentally proffered cane toad. Prior to becoming ‘trained’, goannas ate toads
presented to them in 52% of field trials. Post-training, toads were eaten in
only 1.4% of subsequent field trials.
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Figure 2. Kaplan—Meier survival curves comparing survival of (‘at risk’) CTA-
trained (black line) versus control goannas (grey line) following toad invasion.
Data are shown separately for (a) the southern half of the study site, where
toads arrived first and in high numbers and (b) the northern part of the study
site, where toads arrived later and in smaller numbers.

mass (1.8 versus 1.4 kg; Fy 64 = 2.34, p = 0.10). Training was
very effective: after a single CTA trial, a goanna was highly
unlikely to eat another toad in subsequent trials for the dur-
ation of the study (up to 18 months) (x> =47.46, d.f. =1, p <
0.0001, figure 1).

In the southern half of the study site, where we studied 47
goannas (trained N =16, untrained N = 31), CTA-trained
animals had higher rates of survival than did controls =
4.95, d.f. =1, one-tailed p = 0.013; figure 2a). In the northern
half of the study site, where we studied 19 goannas (trained
N =6, untrained N = 13), toad-induced deaths were rare
and training had no significant impact on goanna survival
()(2 =0.90, d.f. =1, one-tailed p = 0.38; figure 2b).
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4. Discussion

Our study provides the first evidence, to our knowledge, that
CTA training of free-ranging predators can buffer the impact
of invasive cane toads, and that the effect can persist over a
long period. Previous work to induce predators to avoid cane
toads has relied upon smaller sample sizes of animals trained
while in captivity. These studies used nausea-inducing chemi-
cals to intensify CTA learning and monitored subsequent
survival over shorter periods (less than 75 days) [9,10]. By con-
trast, we trained a larger number of free-ranging predators, by
exposing them to small toads in the wild without additional
chemicals, and monitored subsequent survival over 18 months.

Goannas rapidly learned taste aversion and importantly, this
aversion was generalized: goannas avoided adult cane toads
(often more than 300 g mass) in the wild after being exposed
to juvenile toads (less than 25 g). In the area of the study site
with the longest exposure to toads, only one of 31 untrained
goannas survived longer than 110 days. This last untrained sur-
vivor was eventually killed by a toad on day 183. By contrast,
nine of 16 trained animals survived longer than 110 days post-
training. At the end of the study, half of the trained animals
were still alive, and the maximum known survival of a trained
goanna in the presence of toads was 482 days.

Why did some goannas that we trialled not bite or eat a
toad, and thus remain untrained? Some goannas were not fora-
ging when approached, and showed no interest in the offered
toad. Others were distracted by the presence of the researcher.
Regardless, the ‘control” goannas were similar in size, location
and general behaviour to trained individuals. If ‘control” goan-
nas were less likely to attack and consume wild toads, we
would predict they would be at less risk from toads; and yet
they died sooner than the trained individuals. In the face of
the toad invasion, individual differences in traits such as
neophobia among goannas could come under strong selec-
tive pressure by conferring a strong survival advantage to
individuals wary of novel prey items.

At minimum, then, CTA training allowed many lizards to
survive long enough to participate in one or two additional
annual breeding seasons. Importantly, cane toads at the inva-
sion front reproduce rarely [17] and thus, juvenile toads are
scarce [18]. As a result, predators at the invasion front
rarely encounter a toad small enough to elicit CTA; most
toads are large adults, fatal if ingested. If even a few trained
goannas survive long enough for their progeny to encounter
juvenile toads (i.e. after the invasion vanguard has passed
through, and toads begin to breed), later generations of pred-
ators can learn toad-avoidance on their own.

Our study provides the proof of principle required to set
the framework for an innovative method of conservation.
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