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abstract: The ecological impacts of an invasive species may be
reduced by prior invasions if selective pressures imposed by earlier
events preadapt the native biota to deal with the newer arrival. In
northwestern Australia, invasion of the cane toad (Rhinella marina)
kills many native predators if they ingest the highly toxic toads.
Remarkably, the toads’ defensive toxins (bufadienolides) are chem-
ically similar to those of another invasive species: an ornamental
plant from Madagascar, Bryophyllum spp. (Crassulaceae, mother-of-
millions). Omnivorous lizards (bluetongue skinks, Tiliqua scincoides)
are imperiled by the invasion of toads in northwestern Australia, but
conspecifics from other areas of the continent (those where exotic
plants were introduced and including areas where toads have yet to
invade) are less affected because they exhibit higher physiological
tolerance of toad toxins (and also of plant toxins). The willingness
of captive bluetongues to consume both toads and these plants and
the high correlation in the lizards’ sensitivity to toad toxins versus
plant toxins suggest that exotic plants may have imposed strong
selection on the lizards’ physiological tolerance of bufadienolides. As
a result, populations of lizards from areas previously exposed to these
alien plants may be preadapted to deal with the toxins of the more
recent anuran invader.

Keywords: Bufo marinus, ecological impact, invasion, preadaptation.

Introduction

In many parts of the world, species translocated from their
native ranges by humans have flourished and have severely
impacted the local biota (Lodge 1993; Clavero and Garcia-
Berthou 2005). Many areas have been subjected to mul-
tiple invasions, so that native taxa are faced with successive
waves of organisms they have never previously encoun-
tered (e.g., Hall and Mills 2000). In this article, we focus
on interactive effects between successive invasions, that is,
the possibility that exposure to a previous invasion mod-
ifies the vulnerability of a native taxon to a subsequently

* Corresponding author; e-mail: rick.shine@sydney.edu.au.

Am. Nat. 2012. Vol. 179, pp. 413–422. � 2012 by The University of Chicago.

0003-0147/2012/17903-53255$15.00. All rights reserved.

DOI: 10.1086/664184

encountered invasive species. Prior invasions could affect
the impact of subsequent invasions in at least two ways.
First, earlier-arriving species can facilitate establishment of
other exotics (Simberloff and Von Holle 1999), exacer-
bating the impact of invaders. Alternatively, successive in-
vasions may cause a community to accumulate stronger
competitors, more efficient predators, and well-defended
prey that will potentially exclude future invaders (Elton
1958; De Rivera et al. 2005). Both of these concepts focus
on the success of the invader and on how interactions with
native species influence the establishment and spread of
exotic populations. To our knowledge, previous studies
have not explored the possibility that evolutionary re-
sponses to a prior invasion might preadapt a native species
to deal successfully with a later-arriving invader.

Here, we describe an apparent case of this phenomenon
in Australia. An unusual feature of this system is that the
two waves of invaders are phylogenetically distant but (in
a remarkable example of convergent evolution) produce
similar toxins. Thus, adaptations of a native species to
survive the toxins of one of these invasive taxa might
fortuitously increase the ability to tolerate those of the
other invasive taxon. Our study was stimulated by a puz-
zling observation that arose during research on the eco-
logical impacts of invasive cane toads (Rhinella marina)
in Australia (fig. 1b). The distinctive bufadienolide chem-
ical defenses of these bufonids are fatal to many anuro-
phagous native predators (Shine 2010). Some Australian
snakes and marsupials have adapted to the invasion of
toads, as evidenced by a greater physiological tolerance to
the toads’ toxins in areas of sympatry with toads than in
areas not colonized by this toxic invader (Phillips and
Shine 2006; Llewelyn et al. 2010). However, our prelimi-
nary analyses also revealed a more puzzling case of geo-
graphic variation: within a wide-ranging lizard species
(bluetongue skink, Tiliqua scincoides; fig. 1c), some lizard
populations were vulnerable to bufotoxins whereas others
were not—and the populations with high tolerance to bu-
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Figure 1: The herb mother-of-millions (Bryophyllum spp.; a) and the cane toad (Rhinella marina; b) are both successful invaders within
Australia. Although phylogenetically distant, both invaders produce similar defensive chemicals (bufadienolides). The omnivorous bluetongue
lizard (Tiliqua scincoides; c) is sensitive to bufadienolides and hence is imperiled by cane toads, but prior exposure to mother-of-millions
may have preadapted some populations of bluetongues to tolerate toad toxins (lizard photograph by Matt Greenlees).

fotoxins included some that had never been exposed to
toads. How could physiological tolerance to these toxins
evolve in the absence of selection from toads? One pos-
sibility is that prior exposure to invasive plants (mother-
of-millions, Bryophyllum spp.; fig. 1a) with toxins almost
identical to those of cane toads (Capon et al. 2008) has
preadapted lizards to the subsequent arrival of the toxic
anuran (fig. 2). These plants were introduced to central
eastern Australia for use in ornamental gardens; the first
outbreaks were reported in 1940 (Chinchilla, southeastern
Queensland; Hannan-Jones and Playford 2002), at about

the same time that cane toads were first brought to north-
eastern Australia (1935). Mother-of-millions reproduces
vegetatively and, as suggested by its name, rapidly spreads
by producing hundreds of plantlets that quickly establish
new colonies (Hannan-Jones and Playford 2002). Since its
introduction, this herb has invaded tens of thousands of
hectares, particularly on the Darling Downs, central
Queensland, and as far south as central New South Wales;
it has been declared a noxious weed in both states (Han-
nan-Jones and Playford 2002). Thus, lizards in south-
eastern Australia likely encountered the invasive plant
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Figure 2: Australian distribution of (a) bluetongue skinks (Tiliqua
scincoides) and (b) an invasive anuran (cane toad, Rhinella marina;
area above the dashed line contains cane toads) and an invasive herb
(mother-of-millions, Bryophyllum spp.; gray shading).

some decades before the invasive cane toad (e.g., the toads
are still spreading southward through coastal New South
Wales in areas where mother-of-millions has been com-
mon for decades). Generation time in bluetongue lizards
is approximately 2–4 years (Shea 1992; Koenig et al. 2001),
allowing multiple episodes of selection on toxin resistance
prior to encounter with the second wave of invasion. Here,
we evaluate the hypothesis that prior exposure to mother-
of-millions may have preadapted lizards to deal with toxic
cane toads. First, we confirm that the lizards readily con-
sume these plants, as well as cane toads. Second, we quan-
tify geographic variation in the lizards’ resistance to toad
toxin with respect to a population’s prior exposure to cane
toads and/or invasive toxic plants. Third, we evaluate
whether the plant toxin and the toad toxin evoke similar

responses: is a lizard that is vulnerable to one type of toxin
also vulnerable to the other?

Material and Methods

Study Species

Bluetongue lizards (genus Tiliqua) are large, heavy-bodied
skinks distributed widely throughout Australia (Cogger
2000). The ranges of two closely related bluetongues, Ti-
liqua scincoides scincoides (in eastern Australia) and Tiliqua
scincoides intermedia (in northern Australia; Price-Rees et
al. 2010), overlap with that of the invasive cane toad (Rhi-
nella marina). Bluetongues are imperiled by cane toads in
northwestern Australia, with this iconic lizard exhibiting
dramatic population declines as a result of fatal ingestion
of toads (Price-Rees et al. 2010). Although vertebrate prey
comprise only a minor proportion of the diet for this
omnivorous generalist (Shea 1998), small, slow-moving
anurans are readily consumed (Price-Rees et al. 2010).

Cane toads (Bufo marinus; now Rhinella marina; see
Frost et al. 2006; Pramuk 2006; Chaparro et al. 2007) are
large, toxic anurans native to Central and South America.
They were introduced to northern Australia in 1935 in an
attempt to control sugar cane pests (cane beetles; Lever
2001). Cane toads soon became a significant pest them-
selves, spreading throughout most of tropical Australia
(Lever 2001; Urban et al. 2007, 2008). The parotoid glands
of these toads secrete powerful toxins, notably, bufadien-
olides (cardioactive steroids with digitalis-like effects; Chen
and Kovařı́ková 1967; Erspamer 1994). In native Austra-
lian predators naive to such toxins, ingestion of even small
quantities is lethal and has resulted in substantial popu-
lation declines of several predator taxa (Oakwood 2003;
Doody et al. 2004, 2009; Letnic et al. 2008; Price-Rees et
al. 2010).

Not all predators are vulnerable to bufotoxins, however.
Many species with a phylogenetic history of sympatry with
bufonids can readily consume toads without ill effects (e.g.,
some colubrid snakes, many birds, many rodents; Phillips
et al. 2003; Beckmann and Shine 2009; Llewelyn et al.
2011). Such tolerance requires only minor genetic changes
(Price et al. 1990; Jaisser et al. 1992; Labeyrie and Dobler
2004) and appears to have evolved in some Australian
predators within decades of the toads’ arrival, for example,
the snake Pseudechis porphyriacus (Phillips and Shine 2006)
and the marsupial Planigale maculata (Llewelyn et al.
2010).

Intriguingly, similar selective forces for bufadienolide
tolerance may have been imposed by another invasion of
Australia—but involving plants rather than anurans. Some
plants also contain bufadienolide defenses (Krenn and
Kopp 1998; Steyn and van Heerden 1998), including Bry-
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ophyllum spp. (Crassulaceae, mother-of-millions), succu-
lent perennial herbs native to Madagascar. Six invasive
species of Bryophyllum occur in Australia, having been
brought in as ornamental plants. Since its first reported
outbreak in the 1940s, mother-of-millions has rapidly
spread throughout southern Queensland (QLD) and New
South Wales (NSW; Hannan-Jones and Playford 2002).
These plants have created major problems for Australian
agriculture because of their toxicity to livestock (McKenzie
and Armstrong 1986; McKenzie and Dunster 1986) and
may outcompete native herbs and forbs important for
endangered marsupials (Hannan-Jones and Playford
2002).

Animal Acquisition and Husbandry

Our sample of captive animals included both field-caught
and captive-bred animals (because we were unable to ob-
tain enough animals from either source alone) and in-
cluded the two closely related taxa T. s. scincoides and T.
s. intermedia. Lizards from NSW ( ; primarily, Syd-n p 20
ney and NSW central coastal areas: areas that contain
mother-of-millions but lack cane toads), QLD ( ;n p 20
primarily, Brisbane and surrounds: areas that contain both
cane toads and mother-of-millions), and the Northern
Territory (NT; ; primarily, Darwin and surrounds:n p 20
areas that contain cane toads but not mother-of-millions)
were obtained from licensed commercial breeders; lizards
from Western Australia (WA; ) were wild-caughtn p 15
in the Kununurra region (at the time lizards were collected,
an area containing neither cane toads nor mother-of-mil-
lions). Genetic analyses show that our WA and NT animals
are distributed among the major sublineages that occur
within that broader area, rather than comprising a closely
related set of individuals (S. Donellan, personal commu-
nication).

Toxin-tolerance trials were conducted at the University
of Sydney Tropical Ecology Research Facility, Middle Point,
NT (12.58�S, 131.31�E). Lizards were housed individually
in tubs ( cm) containing sand substrate, a70 # 34 # 40
refuge shelter, a rock to assist with sloughing, and a water
dish. The tubs were kept in a shaded area under natural
photoperiod and ambient temperature. Lizards were main-
tained on a diet of lizard chow (lean beef, dog chow, boiled
egg, and vitamin supplements) and mixed fruit and veg-
etables, given twice a week. Water was provided ad lib.

Responses of Captive Lizards to Invasive Toxic Plants

Captive bluetongues respond to cane toads in the same
way as they do to native anurans and readily attempt to
consume them (see details in Price-Rees et al. 2010). To
assess bluetongues’ responses to mother-of-millions, we

studied 19 adult T. s. scincoides at the Australian Reptile
Park, Gosford, NSW. Lizards were observed in their home
enclosures and deprived of food for 48 h before feeding
trials. We offered each lizard two freshly picked flowers of
mother-of-millions (Bryophyllum tubiflorum) and ob-
served their responses. Three days later, seven of these 19
lizards were each reoffered six fresh mother-of-millions
flowers and their responses recorded. These lizards were
individuals different from any used for the trials described
below.

Geographic Variation in the Lizards’
Sensitivity to Toad Toxins

This aspect of our study was conducted on 40 adult blue-
tongue lizards: 10 from each of four states (NSW, QLD,
NT, and WA). Each of these populations was assigned to
groups according to their sympatry or allopatry with toads
and mother-of-millions (i.e., populations were categorized
as having toads either present or absent and mother-of-
millions either present or absent). These lizards ranged in
snout-vent length (SVL) from 160 to 365 mm and in body
mass from 144 to 656 g. All lizards were acclimated to
their housing conditions for at least 2 weeks before ex-
periments commenced.

We used bufalin (Sigma-Aldrich, Castle Hill, NSW), a
major component of cane toad bufadienolides (Chen and
Kovařı́ková 1967), to quantify geographic variation in the
lizards’ tolerance to toad toxin. We evaluated the lizards’
locomotor performance before and after four sublethal
doses of bufalin (methodology modified from Phillips et
al. 2010). Trials of tolerance to toxins were conducted over
5 days between 1100 and 1700 hours. The lizards’ prein-
jection locomotor performance (b) was measured via swim
trials in a small circular pool (diameter, 210 cm); each
trial consisted of six swims timed over 50-cm segments.
We used swimming as a measure of locomotor ability be-
cause these lizards frequently rely on defensive displays
rather than retreat when tested on terrestrial raceways.
Timing commenced when the lizard’s forelimbs entered a
segment and terminated when the lizard’s hind limbs ex-
ited the segment. Each lizard was given two swim trials,
and our analyses were based on the averages of those 12
time measurements. Lizards were rested for at least 20 min
between successive trials. The following day, lizards were
injected with the first sublethal dose of bufalin. Following
the injection, the lizards were returned to their enclosure
for 2 h and then postinjection locomotor performance (a)
was assessed as above and the percentage reduction in
performance was calculated (%reduction p 100 # [1 �

; Phillips et al. 2004). An interval of 1 day was left(b/a)]
between each of the remaining doses to allow full recovery.
Lizards were considered to have 100% reduction in lo-
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comotor performance if they were unable to swim con-
sistently in a straight direction. If an individual reached
this point, all remaining trials with higher bufalin doses
were canceled to avoid mortality, and the analysis treated
such doses as inducing 100% reduction in locomotor
performance.

Crystallized bufalin was eluted on 5% EtOH to a con-
centration of 0.1 mg/mL (Phillips et al. 2010) and injected
intraperitoneally in the posterior third of the lizard’s body.
The order in which each dose level was administered was
randomly selected at the outset, and the same order was
applied to all lizards to allow repeated-measures analysis.
The pool water temperature and lizard body temperature
(Tb) were maintained at 30�–34�C, within the range of
body temperatures commonly measured in free-ranging
bluetongues (Bartholomew et al. 1965; Koenig et al. 2001;
Christian et al. 2003).

Geographic Variation in the Lizards’
Sensitivity to Plant Toxins

We studied 40 bluetongue lizards, 10 each from four states
(NSW, QLD, NT, and WA); each population was classified
in terms of its sympatry or allopatry with toads and
mother-of-millions. These lizards (individuals different
from the ones used in the trials described above) ranged
in SVL from 160 to 365 mm and in body mass from 144
to 690 g. To compare postdose reduction in locomotor
performance, we used a similar procedure as outlined for
the bufalin trials. To extract the toxin from mother-of-
millions, we placed 50 finely cut fresh flowers (14 g, col-
lected in Lane Cove, Sydney, NSW) in 250 mL of 70%
ethanol and refrigerated for 1 week. The resulting liquid
was strained and filtered and then reduced to 50% of its
initial volume at room temperature (methodology mod-
ified from Phillips et al. 2004). A single extraction of
mother-of-millions toxin was made for the entire study,
to control for among-plant variation in toxicity and to
accurately control dosing. McKenzie et al. (1987) found
the bufadienolide content of fresh Bryophyllum delagoense
flowers to be 366 mg/kg, suggesting that the flowers we
used contained approximately 5.12 mg of bufadienolide.
Because the exact concentration of toxin in the final
mother-of-millions assay was not known, we determined
dosage rates empirically in a pilot study by starting with
a very low dose and increasing it in small increments until
we observed effects on locomotor performance (Phillips
et al. 2004). If a dose produced major clinical symptoms
or was lethal, we halved the dose in the subsequent test.
We selected a dose rate for mother-of-millions toxin
(0.0025 mL/g body mass) that produced a reduction in
locomotor performance in our pilot study lizards that was

broadly equivalent to a high dose of bufalin (0.0019 mL/
g body mass), as outlined above.

Analysis

We used a full-factorial generalized linear model to in-
vestigate geographic variation in resistance of bluetongues
to bufotoxin and to mother-of-millions toxin. We con-
ducted analyses on the two toxin types separately. The
analysis of bufalin effects examined effects of differing dose
rates, whereas we used only a single dose rate for mother-
of-millions trials. For the bufotoxin trial analysis, the
model included “individual” as a random effect, to account
for the fact that lizards were sampled over multiple doses.
Independent variables in the model were toxin dosage,
lizard body mass, and sympatry of the source population
of lizards with toads and with mother-of-millions. After
preliminary analysis, the nonsignificant four-way inter-
action was removed; all other interactions were retained.
For trials examining responses of lizards to mother-of-
millions toxin, the independent variables included lizard
body mass, sympatry with toads, and sympatry with
mother-of-millions. Following preliminary analysis, the
nonsignificant four-way interaction was removed; all other
interactions were retained. All analyses were performed
using JMP, version 8.0 (SAS 2009).

Results

Responses of Captive Lizards to Invasive Toxic Plants

Of the 19 bluetongue lizards offered mother-of-millions
flowers, 16 (84%) ate them all, but six of those lizards spit
the flowers out after chewing them. Of seven lizards that
were offered flowers 3 days later, five (71%) consumed
two to six flowers.

Geographic Variation in the Lizards’
Sensitivity to Toad Toxins

The degree to which the locomotor performance of blue-
tongue lizards was reduced by injection with bufalin was
not significantly affected by the source population’s history
of exposure to cane toads, either as a main effect or in
interaction with other variables (table 1). Instead, the dec-
rement in locomotor ability was affected by an interaction
among dosage level, lizard body mass, and the source pop-
ulation’s history of exposure to mother-of-millions (table
1). At low doses of bufalin (0.0013, 0.0015 mg/kg), we
saw no significant differences in the magnitude of reduc-
tion in locomotor performance of lizards collected from
areas where mother-of-millions was present versus absent
(fig. 3), and a lizard’s reduction in locomotor performance
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Table 1: Results of statistical analysis of the sensitivity of locomotor (swimming) performance
in bluetongue lizards to various doses of injected toxin (bufalin)

Variable F df P

Full model:
Main effects:

Dosage 50.6 1, 116 !.0001
Toad present/absent 1.6 1, 33 .21
MoM present/absent 5.8 1, 33 .018
Lizard body mass 8.0 1, 33 .007

Interactions:
Dosage # toad present/absent .5 1, 116 .49
Dosage # MoM present/absent 20.3 1, 116 !.0001
Dosage # body mass 2.0 1, 116 .16
Body mass # toad present/absent .06 1, 116 .81
Body mass # MoM present/absent .1 1, 33 .70
Toad present/absent # MoM present/absent 1.4 1, 33 .23
Dosage # toad present/absent # body mass .01 1, 116 .91
Dosage # MoM present/absent # body mass 6.1 1, 116 .015
Toad present/absent # MoM present/absent # body mass .5 1, 33 .50

After deleting nonsignificant interactions:
Main effects:

Dosage 63.60 1, 119 !.0001
Toad present/absent .92 1, 36 .34
MoM present/absent 6.02 1, 36 .019
Lizard body mass 5.21 1, 36 .028

Interactions:
Dosage # MoM present/absent 20.80 1, 119 !.0001
Dosage # body mass 4.52 1, 119 .036
Body mass # MoM present/absent .95 1, 36 .34
Dosage # MoM present/absent # body mass 7.12 1, 119 .009

Note: MoM p mother-of-millions. Boldface indicates .P ! .05

was unrelated to its body mass. The degree to which higher
doses of bufalin (0.0017, 0.0019 mg/kg) reduced loco-
motor ability of lizards depended on the animal’s body
mass. In lizards from areas lacking mother-of-millions,
larger individuals were more severely impaired by the toxin
than were smaller conspecifics. Lizards from areas con-
taining mother-of-millions exhibited a lower reduction in
swimming performance, unrelated to body size (fig. 3).
No other interaction terms were significant (all ;P 1 .45
table 1). In summary, bluetongues from areas lacking
mother-of-millions were more sensitive to this toxin, and
this sensitivity was greatest for larger individuals.

Geographic Variation in the Lizards’
Sensitivity to Plant Toxins

The degree to which a bluetongue lizard’s locomotor per-
formance was reduced by injection with mother-of-mil-
lions toxin was strongly decreased by sympatry with this
noxious herb (main effect, , ) butF p 10.25 P p .0031, 50

slightly increased by sympatry with cane toads (F p1, 50

, ; all interactions nonsignificant). A lizard’s6.55 P p .016

body mass did not affect its vulnerability ( ,F p 0.361, 30

). Figure 4 shows these data, with data from a doseP p .55
of bufalin that induced a similar mean effect on swimming
speeds for comparison, to illustrate the similarity in geo-
graphic patterns in lizard sensitivity to the two toxin types
(analyses of bufalin effects for this dosage only: main effect
of sympatry with mother-of-millions, ,F p 17.79 P p1, 40

; main effect of sympatry with cane toads,.0003 F p1, 40

, ; body mass, , ). The0.07 P p .79 F p 4.92 P p .0341, 40

strongest predictor of a lizard’s vulnerability to both types
of toxin was whether the animal had been collected from
an area where mother-of-millions is present (fig. 4).

Discussion

Did the spread of toxic plants through eastern Australia
impose selection for bufadienolide resistance in omnivo-
rous native species, thereby preadapting them physiolog-
ically to the later invasion (across part of this area) by
cane toads? The evidence is circumstantial but strong.
First, bluetongue lizards in QLD and NSW certainly would
have come into contact with mother-of-millions; the plant
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Figure 3: Decrements in locomotor performance of bluetongue liz-
ards (Tiliqua scincoides) following injection of the cane toad toxin
bufalin at four dose rates (0.0013, 0.0015, 0.0017, 0.0019 mg/kg) as
a function of whether the collection locality of the lizards contains
invasive cane toads (Rhinella marina) and/or the invasive herb
mother-of-millions (Bryophyllum spp. [MoM]).

Figure 4: Decrements in locomotor performance of bluetongue liz-
ards (Tiliqua scincoides) following injection of (a) toxins from the
invasive herb mother-of-millions (Bryophyllum spp.) and (b) the cane
toad toxin bufalin at 0.0015 mg/kg, as a function of whether the
collection locality of the lizards contains invasive cane toads (Rhinella
marina) and/or mother-of-millions (MoM). Data points represent
mean values and standard errors for lizards from areas where mother-
of-millions is absent (circles) or present (squares) and where toads
are absent (open symbols) or present (filled symbols).

is abundant in suburban gardens, roadside verges, and
peri-urban bushland, where bluetongues occur in high
densities (Koenig et al. 2001). Second, bluetongue lizards
readily consume the toxic flowers of this plant, as well as
other plant tissue (Brown 1991; Jones 1992; Shea 2006).
Bluetongues also might be exposed to toxins secondarily,
by eating arthropods that feed on the plant (Rothschild
and Keller 1972; Rafter et al. 2008). Third, our measures
of toxin resistance show that, as predicted by their chem-
ical similarity (Capon et al. 2008), lizard populations with
a high tolerance to plant toxins also have a high tolerance
to toad toxins. Fourth, geographic variation in resistance
to both toad toxins and plant toxins is predictable from
sympatry with mother-of-millions but not from sympatry
with cane toads (i.e., lizards from WA and NT are vul-
nerable to both toxin types, whereas lizards from QLD and
NSW are resistant to both toxin types). The only effect of
sympatry with toads that we detected was a slightly higher
(rather than lower) resistance to mother-of-millions toxins
by lizards in toad-occupied regions (although tolerance to
bufalin was lowest in lizards from areas that contained
neither mother-of-millions nor cane toads [fig. 3], con-
sistent with the idea that both of these invasive taxa may
impose selection on bufadienolide resistance). Fifth, we
lack any plausible alternative explanation for the high toxin

resistance of bluetongues from areas (such as central
coastal NSW) that have been invaded by these plants but
not by cane toads. We know of no other ecological dif-
ference between east-coast and NT localities that could
explain the much greater tolerances to toxin of lizards from
the former regions.

A lizard’s body mass had no significant impact on toxin
resistance for animals collected from areas where mother-
of-millions is present (NSW, QLD) but affected resistance
for lizards collected from areas where this invasive plant
does not occur (WA, NT). The lack of a body mass effect
in the preadapted (mother-of-millions-exposed) popula-
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tions and at low doses in the plant-naive populations is
unsurprising; in both of these cases, the limited impact of
the toxin reduced any opportunity for us to detect allo-
metric impacts. However, the effect of a lizard’s body size
on sensitivity to higher doses of both types of toxin (in
plant-naive populations only) was unexpected. Previous
studies have found or assumed that toxic effects of bu-
fadienolides scale isometrically with body mass (e.g., Phil-
lips et al. 2003). Decreasing metabolic rates with larger
absolute body size might reduce clearance rates of the
toxin. Further work on this topic would be of great interest
because a mass-related physiological vulnerability to cane
toad toxins might help to explain one of the general pat-
terns in cane toad impact: the mortality rates of large-
bodied predators greater than those of smaller animals,
both interspecifically (Shine 2010) and intraspecifically
(Somaweera et al. 2011).

Geographic variation in toxin resistance likely is com-
mon but generally is expected to be tightly linked to cor-
responding geographic variation in the degree of threat
posed by those toxins. For example, garter snakes (Tham-
nophis sirtalis) in North America show strong geographic
divergence in their resistance to the tetrodotoxins pro-
duced by newts (Taricha granulosa), with a clear spatial
matching: snakes are more resistant in areas where newts
are more toxic (Brodie and Brodie 1990; but see Hanifin
et al. 2008). Similarly, herbivorous marsupials in WA are
resistant to the defensive chemicals produced by some
plants in this area (King et al. 1978; Mead et al. 1985),
and moray eels (Gymnothorax) from populations preyed
on by banded sea kraits (Laticauda colubrina) are highly
resistant to snake venom, whereas allopatric eel species are
sensitive to the same venom (Heatwole and Poran 1995;
Heatwole and Powell 1998). Populations of California
ground squirrels (Spermophilus beecheyi) from areas with
abundant rattlesnakes (Crotalus oreganus) can bind venom
and thus minimize damage, whereas conspecifics from
snake-free areas cannot (Biardi et al. 2006).

Such cases of local adaptation appear to be widespread,
and the responses of Australian predators exposed to cane
toads provide an example of the early stages of such an
interaction (Phillips and Shine 2006). Presumably, blue-
tongue lizards encountering cane toads will experience
similar selective forces and may well evolve increased phys-
iological tolerance of bufadienolides. However, that pro-
cess (adaptation) cannot explain the geographic distri-
bution of resistance levels in bluetongues. High resistance
in QLD bluetongues might reflect adaptation to toads, but
the same explanation is not applicable to the equally high
resistance exhibited by bluetongues in areas of NSW not
yet invaded by these toxic anurans. Some other (pretoad)
selective force presumably has been at work, and we sug-
gest that the invasive herb mother-of-millions is the most

likely candidate—because we know of no other potential
food type for these omnivorous lizards that possesses the
same toxins as toads. Encouragingly for our hypothesis,
the plant occurs in the right areas and is readily eaten by
captive lizards.

Inevitably, it is difficult to conduct a direct test of the
proposition that an invasive plant has exerted selection on
bufadienolide tolerance in a native lizard. The major ex-
pansion of mother-of-millions through eastern Australia
occurred decades ago (prior to the major spread of cane
toads), and the trait involved (physiological resistance to
toxin) is difficult or impossible to quantify from historical
data or specimens (although genetic analyses of museum
specimens might clarify the time of acquisition of toxin-
resistance genes). One objection to our hypothesis is that
episodes of intense selection surely would have been no-
ticed, with records of dead and dying lizards in the sub-
urban landscapes frequented by these large lizards. How-
ever, an animal that was fatally poisoned likely would
retreat to its burrow to die, and even if its death were
noticed, it likely would be attributed to some other
(known) mortality source such as motor vehicles, domestic
pets, or ingestion of pesticides (Shea 1998). Also, the dec-
rement in mobility due to poisoning may make lizards
vulnerable to motor vehicles and dogs, masking any role
of the plant toxins. The probable future spread of mother-
of-millions to other parts of Australia (Hannan-Jones and
Playford 2002) may provide an opportunity to directly
assess the impact of this noxious invasive plant on om-
nivore populations. Studies at the cane toads’ invasion
front have directly measured the selective forces imposed
on snakes (Phillips and Shine 2006; Phillips et al. 2010),
and similar work on omnivore responses to mother-of-
millions would be of great interest.

More generally, interactive effects of successive invasion
waves may be common. For example, if predation by in-
troduced foxes causes native birds to shift their roosting
sites from the ground to the trees, then future introduc-
tions of other terrestrial predators would have less effect
on these (preadapted) birds than would otherwise have
been the case. Strong taxonomic biases in the frequency
of introductions (e.g., Blackburn and Duncan 2001; Ting-
ley et al. 2010) mean that newly introduced taxa often may
be closely related to previous introductions and hence ad-
aptations of the native fauna to the initial challenge may
also successfully deal with similar subsequent challenges.
For example, the black-spined toad (Duttaphrynus melan-
ostictus) is spreading rapidly through Indonesia, and sev-
eral specimens have been intercepted at Australian ports
(Australian Quarantine and Inspection Service 2010). The
similarity in toxin composition of this bufonid to that of
the much larger cane toad suggests that preexisting adap-
tive responses to the cane toad likely would reduce any

This content downloaded from 137.111.013.017 on March 20, 2019 18:36:28 PM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



Interacting Invader Impacts 421

impact of this newcomer, were the species to establish in
Australia.

Previous research on the ecological impact of invasive
cane toads has revealed other cases wherein a species’ vul-
nerability to invasion by cane toads is determined by
events prior to its first encounter with cane toads. Aus-
tralian predator taxa recently derived from Asian progen-
itors are unaffected by the invasion of cane toads because
preexisting behavioral or physiological traits (presumably
adaptations to sympatry with Asian bufonids) allow the
predators to coexist with the toxic newcomer (Shine 2010).
The present analysis suggests that preadaptation to cane
toads also has arisen within Australia, prior to the invasion
of cane toads, because of shared toxin composition of
other invasive organisms (putatively, herbs from Mada-
gascar).

The most striking aspect of this study is that the two
waves of invasion involve taxa that are not closely related
but nonetheless may have imposed similar selective forces
on the native fauna. The similarity in chemical structure
of defensive toxins between American anurans and Mad-
agascan herbs is a classic example of evolutionary con-
vergence (Capon et al. 2008). Thus, research on potential
effects of prior invasions on the impacts of current in-
vasions needs to be broadly framed and incorporate the
possibility that ecological and evolutionary interactions in
invasion biology may incorporate impacts among a wide
diversity of biological lineages.
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Chen, K. K., and A. Kovarı́ková. 1967. Pharmacology and toxicology
of toad venom. Journal of Pharmaceutical Sciences 56:1535–1541.

Christian, K. A., J. K. Webb, and T. J. Schultz. 2003. Energetics of
bluetongue lizards (Tiliqua scincoides) in a seasonal tropical en-
vironment. Oecologia (Berlin) 136:515–523.

Clavero, M., and E. Garcia-Berthou. 2005. Invasive species are a
leading cause of animal extinctions. Trends in Ecology & Evolution
20:110.

Cogger, H. 2000. Reptiles and amphibians of Australia. 6th ed. Chel-
sea Green, Sydney.

De Rivera, C. E., G. M. Ruiz, A. H. Hines, and P. Jivoff. 2005. Biotic
resistance to invasion: native predator limits abundance and dis-
tribution of an introduced crab. Ecology 86:3364–3376.

Doody, J. S., B. Green, and R. Sims. 2004. The impact of cane toads
on native frog-eating predators in the Northern Territory: a pro-
gress report to CSIRO Sustainable Ecosystems, 1 November 2004.
Applied Ecology Research Group, University of Canberra,
Canberra.

Doody, J. S., B. Green, D. Rhind, C. M. Castellano, R. Sims, and T.
Robinson. 2009. Population-level declines in Australian predators
caused by an invasive species. Animal Conservation 12:46–53.

Elton, C. S. 1958. The ecology of invasions by animals and plants.
Methuen, London.

Erspamer, V. 1994. Bioactive secretions of the amphibian integument.
Pages 158–350 in H. Heatwole and G. T. Barthalmus, eds. Am-
phibian biology 1. Surrey Beatty, Chipping Norton.

Euw, J. V., L. Fishelson, J. A. Parsons, T. Reichstein, and M. Roths-
child. 1967. Cardenolides (heart poisons) in a grasshopper feeding
on milkweeds. Nature 214:35–39.

Frost, D. R., T. Grant, J. Faivovich, R. H. Bain, A. Haas, C. F. B.
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