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Abstract. Adaptive developmental plasticity allows individuals to match their phenotype
with their environment, increasing fitness where threats are inconsistently present. However,
despite clear advantages of plasticity, adaptive traits are not ubiquitously nor infinitely plastic.
Trade-offs between benefits and costs or limits are therefore theoretically necessary to con-
strain the evolution of plastic responses. Systems in which extreme risk can be reliably detected
are ideal for investigating trade-offs, as even costly responses may be adaptive where risk is
severe. Cane toads (Rhinella marina) are abundant in Australia and produce large clutches (fre-
quently >10,000 eggs), but asynchronous breeding and rapid development result in variable lar-
val densities within breeding pools. In the field, we found that cannibalism by older cohorts
often reduces the survival of conspecific eggs and newly hatched pre-feeding larvae (“hatch-
lings”) by >99%, as feeding larvae (“tadpoles”) use chemical cues from the relatively immobile
hatchlings to locate and consume them. After hatchlings become free-swimming, however, they
cannot be cannibalized. Hatchlings can reduce this period of vulnerability by accelerating
development when they detect cannibal cues. However, this developmental acceleration
decreases initial tadpole mass, reduces subsequent survival, growth, and development, affects
behavior, and compromises feeding structures. Reaction norms differ among clutches, and
greater developmental acceleration is followed by greater impairment of larval function in plas-
tic clutches, whereas nonresponsive clutches are unaffected by cue exposure. More plastic
clutches ultimately exhibit both poorer performance and greater variation among siblings in
exposed and (to a lesser degree) control treatments. Variation among clutches in tadpole viabil-
ity is driven by differences in plasticity rather than phenotype; fitness reductions are linked to
developmental acceleration, not rapid development per se. Clutches with intrinsically slow pre-
feeding developmental rates exhibit stronger acceleration (i.e., steeper reaction norms), but
clutches with intrinsically rapid development reach invulnerable stages more quickly than those
that accelerate development. As a result, high cannibalism risk may favor canalized rapid
development rather than facultative developmental acceleration. Cannibalism plays an impor-
tant role in the recruitment of this invasive species, and hatchling defenses against this threat
demonstrate how the limits and costs associated with an inducible defense can favor canalized
defenses over phenotypic plasticity.
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INTRODUCTION

Adaptive developmental plasticity can improve fitness
by allowing rapid responses to environmental condi-
tions, allowing individuals to display phenotypes that
match their environment. Plasticity is of interest not only
as a potentially adaptive trait operating under natural
selection (Moran 1992, Reger et al. 2018), but also

because of its effects on trophic interactions (Agrawal
2001, Miner et al. 2005), rapid adaptation to environ-
mental change (Chevin et al. 2010, Riddell et al. 2018,
Fox et al. 2019), and contributions to evolutionary
change (West-Eberhard 2003, Ghalambor et al. 2007,
Levis et al. 2018). Reaction norms (the range of pheno-
types an organism can express in response to environ-
mental conditions) indicate the degree of phenotypic
plasticity exhibited in response to environmental cues,
and are heritable traits subject to natural selection
(Stearns 1989). Plasticity is especially favored in environ-
ments where the optimal phenotype varies depending on
environmental conditions (Moran 1992). For example, it
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is thought that inducible defenses are maintained only if
the inducible, defended phenotype is costly in environ-
ments where the threat is absent. Accordingly, predator-
induced spines in Daphnia, larger tails in tadpoles, and
thicker shells in snails reduce predation risk, but are also
respectively associated with reductions in reproductive
output, digestive efficiency, and growth (Luning 1992,
Trussell and Nicklin 2002, Relyea and Auld 2004). If
producing these inducible defenses were not costly in
threat-free environments there would be no advantage to
producing the defended phenotype via an inducible
response rather than constitutively, and a fixed, well-de-
fended phenotype should be favored (Harvell 1990).
Phenotypic costs can therefore favor the evolution of
plasticity.
Despite clear benefits of plasticity in heterogeneous

environments, plasticity in adaptive traits is not ubiqui-
tous, nor is every organism infinitely plastic (Sultan and
Spencer 2002, West-Eberhard 2003, Van Kleunen and
Fischer 2005). This implies that the evolutionary advan-
tages of plasticity must be constrained by costs or limits
that prevent organisms from evolving the ability to pro-
duce the optimal phenotype in all environments (DeWitt
et al. 1998, Auld et al. 2010). For example, the adaptive
value of inducible vs. constitutive defenses may be influ-
enced by (1) the costs of producing the defense via plas-
ticity rather than constitutively in the presence of a
threat and (2) the costs of maintaining the capacity to be
plastic where threats are absent (e.g., the costs of main-
taining cue-perceiving structures, DeWitt et al. 1998).
Additionally, limits that prevent a plastic organism from
producing the optimal phenotype may reduce the bene-
fits of plasticity and favor constitutive defenses (e.g., lag
times that delay trait expression or low information reli-
ability that prevents the organism from correctly assess-
ing the environment, DeWitt et al. 1998, Appendix S1:
Table S2). Ultimately, if producing the defended pheno-
type via a plastic response is more costly or less effective
than producing the same defense via canalized develop-
ment, plasticity may not provide an adaptive advan-
tage. However, there is little direct evidence to link the
plasticity of an organism with the costs incurred (DeWitt
1998, Van Buskirk 2000, Lind and Johansson 2009), or
to show that inducible defenses are more costly or pro-
duce less extreme phenotypes than constitutive defenses
(Relyea 2002, Steiner and Van Buskirk 2008, Van Bus-
kirk and Steiner 2009). As a result, whereas the mecha-
nisms that favor plasticity are often clear, those that
constrain plasticity or favor specialization frequently are
not (DeWitt et al. 1998, Pigliucci 2005, Auld et al. 2010,
Murren et al. 2015, Hendry 2016). Identifying costs or
limits associated with plasticity would therefore con-
tribute to our understanding of the factors that con-
strain its evolution.
Inducible plasticity in developmental rates can be used

as a form of defensive plasticity that allows an organism
to minimize the time it spends in an environment or life
phase that it perceives to be risky. Developmental

acceleration is often used to escape imminent, stage-
specific threats, but these shifts in phenotype can also
incur costs (e.g., reductions in growth or immune func-
tion, or increases in oxidative stress). In organisms with
complex life histories, delayed costs of phenotypic induc-
tion can occur during subsequent life stages (“carry-over
effects”: Pechenik 2006). For example, plasticity in the
timing of egg hatching or larval metamorphosis elicited
by stage-specific predator kairomones (Benard 2004,
Relyea 2007, Warkentin 2011b), pond drying (Gervasi
and Foufopoulos 2008), infection (Gomez-Mestre et al.
2006), seasonality (Janssens and Stoks 2018), or physical
disturbance (Warkentin 1995) is often associated with
subsequent reductions in viability. Such reductions can
occur via effects on survival, initial size, or the timing of
emergence, and through underlying effects on quality
(e.g., physical performance, immune function, or rates of
deformation; Gervasi and Foufopoulos 2008, Janssens
and Stoks 2018), all of which can ultimately influence
fitness (De Block and Stoks 2005). Although such effects
are well documented, they are generally caused by
changes in phenotype rather than by costs of plasticity:
where rapid development itself is costly, a canalized phe-
notype would incur the same costs to produce the same
defense. These phenotypic costs therefore favor develop-
mental plasticity (i.e., the ability to select between the
undefended phenotype and the costly, defended pheno-
type depending on whether or not a threat is detected).
The mechanisms through which rates of developmental
progression can be altered depend on the life stage. Plas-
ticity in hatching time can occur either by emerging from
the egg capsule at an earlier (or later) stage of develop-
ment, or by altering developmental rates but emerging at
the same developmental stage (Oyarzun and Strathmann
2011, Warkentin 2011a). For example, red-eyed treefrogs
hatch earlier in development in response to vibrational
cues from egg-eating snakes (Warkentin 1995), whereas
pond snails delay hatching in response to cues from
starved conspecifics by suppressing developmental rates
(Voronezhskaya et al. 2004). In contrast, plasticity in the
duration of the larval phase relies entirely on changes in
the rate of developmental progression (Benard 2004).
For species that hatch early in development, the lar-

val stage is further divided into an initial pre-feeding
period that immediately follows emergence from the
egg capsule and a feeding period when larvae are par-
tially or entirely supported by exogenous resources
(although non-feeding development can last for the
entire larval period in some species: Heyland and
Hodin 2004). Although most frequently studied in mar-
ine organisms (Oyarzun and Strathmann 2011), a pre-
feeding larval period also occurs in many amphibians,
and may also be targeted by stage-specific threats.
These larvae can be extremely vulnerable immediately
after their emergence from the protective egg capsule
due to their small size, limited defenses, and low motil-
ity (Kishida et al. 2015). Pre-feeding larvae can respond
to environmental cues, including cannibalism (Kishida
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et al. 2015) and food limitation (Adams et al. 2011),
and such responses can negatively affect subsequent
performance (Marshall et al. 2003). Pre-feeding larvae
(hereafter, “hatchlings”) can only alter the timing of
their transition to the subsequent stage through plastic-
ity in developmental rates. However, like embryos, pre-
feeding hatchlings rely on maternally provided endoge-
nous yolk resources, and cannot support metabolic
shifts through changes in resource intake (the consump-
tion of which could mask potential performance trade-
offs: Van Noordwijk and Dejong 1986, Arendt 1997).
In embryos, trade-offs between developmental rates and
offspring quality are expected (Ricklefs 2006, Martin
et al. 2011). Although eggs and hatchlings are fre-
quently susceptible to different stage-specific predators
and environmental threats (Warkentin 2011b), develop-
mental acceleration during the hatchling stage may
cause a similar trade-off.
In invasive populations of Australian cane toads (Rhi-

nella marina), cannibalism of the pre-feeding stages
reduces survival where older cohorts are present (Alford
et al. 1995), and exposure to conspecific chemical cues
during the egg or hatchling stages can suppress the sub-
sequent development of tadpoles (Crossland and Shine
2012, Clarke et al. 2015). These effects of exposure are
so severe that they have been attributed to intraspecific
allelopathy (Crossland and Shine 2012), neglecting the
possibility that the reductions in performance may actu-
ally be severe carry-over effects of an adaptive plastic
response to cannibalism risk. Here we use field experi-
ments across ponds that naturally vary in conspecific
density to quantify the risk that cannibalism poses in the
field, and we use laboratory manipulations to establish
the duration of the vulnerable phase, the mechanism
through which tadpoles target vulnerable conspecifics,
and the responses of hatchlings from 15 clutches to non-
lethal tadpole cues. Upon documenting developmental
acceleration in response to tadpole chemical cues, we
determine whether this inducible defense incurs costs by
quantifying the effects of exposure to cannibals on initial
tadpole size and behavior, as well as subsequent rates of
tadpole survival, growth, development, and oral defor-
mation. We then determine whether stronger responses
incur greater costs by relating the magnitude of inducible
response (i.e., the reaction norms) to the magnitude of
these subsequent reductions in tadpole performance. We
also assess whether more plastic clutches exhibit greater
developmental instability, as indicated by increased vari-
ation among siblings in developmental rates, growth, or
tooth row keratinization. Finally, to determine whether
the costs associated with this defense are phenotypic
costs that could increase the adaptive value of the plas-
tic response or plasticity costs that should reduce it, we
use a partial linear regression technique (van Tienderen
1991) to determine whether performance variation
among clutches is related to differences in plasticity (i.e.,
the ability to accelerate development) or phenotype (i.e.,
development time).

METHODS

Study species: Rhinella marina (previously Bufo
marinus, Chaunus marinus; cane toad, marine toad)

Cane toads are large (to >1 kg) anurans native to
South America that are ranked among the worst “global
invaders” by the IUCN (Lowe et al. 2004). The high
reproductive output and powerful defensive toxins (e.g.,
bufadienolides) that protect all life stages of these
amphibians facilitate their ongoing invasion across the
Australian continent (Shine 2010). Prior to the importa-
tion of 101 cane toads in 1936 there were no bufonid
species in Australia, so the chemical defenses of this phy-
logenetically distinct invader are unique on the conti-
nent. The ingestion of these novel toxins is lethal to a
variety of native predators (Crossland and Alford 1998,
Hayes et al. 2009). Within their Australian range these
toads breed in both permanent and temporary water-
bodies and lay clutches of up to 40,000 eggs throughout
the year (albeit with peaks due to rainfall seasonality;
Alford et al. 1995, Yasumiba et al. 2016). Females can
produce multiple clutches per year. Breeding is not
strongly associated with rainfall or temperature, and
egg-laying is episodic; for example, Alford et al. (1995)
reported that eggs are deposited every 6.6 d
(mean, 3.5 d 95% CI) during the wet season. Combined
with the rapid development of tadpoles to metamorpho-
sis (in optimal conditions, ~16 d), this asynchronous
reproduction results in tadpole densities that are highly
variable across time and space, as well as frequent over-
lap between cohorts (Alford et al. 1995). Larvae hatch
early in development at ~stage 16–17 (Gosner 1960)
when the hatching glands dissolve the egg capsule, as in
other bufonids (Gomez-Mestre et al. 2006). However,
feeding structures are not fully developed until stage 25,
so hatchlings rely on yolk reserves (Gosner 1960). Virtu-
ally immobile until they develop musculature for propul-
sion, hatchlings are highly vulnerable to cannibals from
the time they exit the egg capsule until they become free-
swimming (Crossland and Shine 2011). This early devel-
opment is rapid, with newly laid eggs developing to free-
swimming tadpoles in three to four days (Alford et al.
1995). Cannibalism during this stage can reduce clutch
survival; although cane toad tadpoles lack the special-
ized feeding structures for capturing conspecifics found
in some anurans (Levis et al. 2018), they consume
younger cohorts during these relatively immobile pre-
feeding stages by grazing on them. Exposure to hatch-
ling cues even elicits a tadpole feeding response, causing
biting behavior that may facilitate hatchling consump-
tion (Crossland and Shine 2011).

General rearing and statistical methodologies

We collected adult toads from sites across their inva-
sive range in northern Australia (Queensland [QLD]:
Innisfail, Townsville, Tully, Charters Towers, Mt Isa,
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Camooweal; Northern Territory [NT]: Borroloola,
Jabiru, Middle Point, Mary River; Western Australia
[WA]: Kununurra, Wyndham, El Questro, Oombulgurri,
Purnululu, Ellenbrae, Doongan; New South Wales
[NSW]: Brooms Head, Yamba) and held them in out-
door enclosures at The University of Sydney’s Tropical
Ecology Research Facility at Middle Point, NT
(12°34.730 S, 131°18.850 E). We induced breeding after
sunset using injections of the synthetic gonadotrophin
leuprorelin acetate (Lucrin; Abbott Australasia; Botany,
NSW, Australia); females were given 0.75 mL doses of
0.25 mg/mL, whereas males received 0.25 mL doses
(Clarke et al. 2015). After injection, we placed toads in
1-m2 breeding enclosures, which we set at an angle and
filled with ~50 L of water. We collected deposited eggs
the following morning and transferred them to aerated
10-L tanks. We used gentle pipetting to transfer individ-
ual hatchlings where necessary. We conducted all experi-
ments in well water at 27°C unless otherwise noted.
Once hatchlings not used in hatchling manipulations
reached stage 25 (~3–4 d after laying), we transferred
them to shaded 750-L outdoor mesocosms and fed them
Hikari algae wafers (Kyorin; Himeji, Japan) ad libitum;
we then used these tadpoles as cannibals in subsequent
trials. In trials where multiple tadpoles (or hatchlings)
were required, all individuals within a given tank were
taken from the same clutch.
We conducted all analyses in R (R Core Team

2016). Unless otherwise noted, we analyzed all contin-
uous responses (e.g., Gosner stage, mass) using linear
mixed effects models (package lme4:lmer; Bates et al.
2015). Binomial results (e.g., alive/dead) were analyzed
via logistic regression, using generalized linear mixed
effect models (quasibinomial models were used for all
logistic regressions to account for issues with data dis-
persion: package MASS:glmmPQL; Venables and Rip-
ley 2002).

Attraction of conspecific tadpoles to hatchling cues

We used trapping trials to determine whether tadpoles
use chemical cues to locate conspecific hatchlings. We
conducted these trials in shaded wading pools (1 m
diameter) containing 90 L of water and ~1 g of ground
Hikari algae wafers, which we dispersed throughout the
pool as a food resource. Each pool also contained two
traps consisting of 1 L containers with a funnel attached
to one side (D = 1 cm) that we centrally placed 50 cm
apart and aligned so that the funnels pointed outward.
We stocked each of these pools with 50 tadpoles. Tad-
poles settled for ~2 h, after which we randomly assigned
traps to treatments and placed 75-mL cups that were
either empty or contained hatchlings within each trap.
We prepared hatchling cups by pipetting 300 hatchlings
(stage 18–19) into each cup, draining all water, and seal-
ing both the hatchling and control cups with 1-mm2

screening (to prevent tadpole entry but permit dispersal
of chemical cues). Once the cups were placed, we opened

the traps and counted the number of tadpoles in each
trap hourly over a 6-h trial period.
We used 10 clutches of hatchlings and 24 clutches of

tadpoles to test attraction, but some tadpole and hatch-
ling clutches were used in multiple pairings, such that we
tested 56 tadpole/hatchling combinations overall. Both
hatchling and tadpole clutches were sourced from par-
ents from across the Australian range (hatchlings: 2
QLD, 4 NT, 4 WA; tadpoles: 11 QLD, 1 NT, 11 WA, 1
NSW). To determine whether tadpoles were more likely
to enter traps containing hatchlings than control traps,
we analyzed the proportion of tadpoles captured within
each trap type using logistic regression with hatchling
presence, time, and their interaction as fixed factors. We
accounted for random effects by nesting traps within
trial ID and tadpole clutch.

Vulnerability to cannibalism at hatchling and early
tadpole stages

We measured the proportion of hatchlings consumed
by conspecific tadpoles by stocking 750-mL containers
of water with 10 hatchlings (mean Gosner stage = 18.2,
range = 16.5–20), adding one tadpole, and counting the
number of hatchlings that survived to the tadpole stage
(stage 25; maximum trial duration = 72 h). At the end
of the hatchling stage, the external gills become fully
enclosed, the spiracle, mouthparts, and guts have
formed, and tadpoles are capable of swimming and feed-
ing. We also set up control tanks containing 10 hatch-
lings only to quantify background mortality rates. Using
adult toads from across the invasive range we produced
18 clutches of hatchlings (7 QLD, 4 NT, 7 WA) and 41
clutches of tadpoles (22 QLD; 3 NT, 13 WA, 3 NSW),
which we tested in 91 combinations to measure rates of
hatchling cannibalism. We included three to six control
tanks for each hatchling clutch (mean = 4.94) and three
to six replicate tanks for each hatchling/tadpole combi-
nation (mean = 5.03) for a total of 458 treatment and 89
control tanks. We also weighed each cannibal tadpole
prior to each trial to account for potential effects of can-
nibal size on predation rates (mean = 106.9 mg,
range = 12–228 mg). To confirm that cannibalism is
restricted to the hatchling stage, we also ran this proto-
col using stage 25 tadpoles in place of hatchlings over a
72 h exposure period; these trials used eight clutches of
cannibals (4 QLD, 4 NT) and 14 clutches of stage 25
tadpoles (6 QLD, 4 NT, 4 WA) for a total of 21 combi-
nations of 142 cannibal and 39 control tanks (mean can-
nibal mass = 101.3 mg, range = 28–163 mg). Due to
restrictions on the availability of hatchlings and tad-
poles, these trials were conducted over several years. To
determine whether survival was lower in the presence of
a potential cannibal, we used logistic regression to ana-
lyze survival within each tank as a binomial response to
the fixed factor of cannibal presence, with temporal
block and hatchling clutch included as nested random
effects. We then investigated potential effects on
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hatchling survival within cannibal tanks (cannibal mass,
hatchling stage at exposure, and hatchling survival in
paired control tanks [logit transformed]), while including
block, hatchling clutch, and tadpole clutch as nested
random effects.

Field measurements of cannibalism risk

We used seven ponds where cane toads regularly breed
to measure rates of predation on the pre-feeding stages
across a natural range of cannibal abundances. We con-
ducted these trials in 2017 at the beginning of the dry
season (April–June) in the Northern Territory of Aus-
tralia, in a region that experiences a tropical savannah
climate and was invaded by toads in 2005 (Urban et al.
2008). We selected ponds with a natural range of sizes
(mean = 656, range = 83–1,350 m2) and tadpole abun-
dances (from 0 to ~15,000 tadpoles); all but one were
temporary ponds that form during the wet season.
Because cane toad tadpoles can develop from hatchlings
to metamorphic toads within two weeks, tadpole densi-
ties are highly variable through time, so for two ponds
we utilized natural temporal variation to compare pre-
dation rates at different cannibal densities within the
same pond. As a result, we conducted nine trials overall.
We determined tadpole abundance at the end of each
trial period by videotaping the entire pond area and
counting the tadpoles. We also bulk-weighed >50 tad-
poles from each pond (if <50 were present all tadpoles
were weighed), and used mean mass 9 abundance to
calculate the biomass of cannibals present during each
trial. In five trials, tadpoles were abundant; the mean
Gosner stage of these tadpoles ranged from 35 to 38
(abundance: 621–15,000 tadpoles [78–2,600 g]). For two
trials, only tadpoles that had hatched around the time of
egg deployment were present (<1 g of stage 25–26 tad-
poles [47 individuals] and 11 g of stage 27–28 tadpoles
[310 individuals]; both of these naturally deposited
clutches were small because they had been partially can-
nibalized by the previous metamorphosing clutch). Cane
toad tadpoles were absent during the remaining two tri-
als.
For each trial, we placed three treatment arenas within

the pond (Appendix S1: Fig. S1). One consisted of a
0.5 9 0.4 m plasticized wire cage with 2.9 9 4.8 cm
openings that allowed access by predators and cannibals
(i.e., exposed), in another we wrapped this frame in 1-
mm2 screening to prevent predator incursion while
allowing water flow (i.e., caged/predator exclosure), and
in the third we placed a tank of equal area but containing
well water into the pond, so that hatchlings experienced
similar temperature and light patterns without being
exposed to predators or pond water (i.e., isolated). Three
isolated tanks were ultimately excluded due to animal
interference or anoxia resulting from the delayed
removal of decomposing unfertilized eggs. We placed
each caged and exposed treatment arena on plastic
sheeting that had been dug 3 cm into the pond floor,

after which we spread sediment evenly across the sheet-
ing and cage floor (Fig. 1). We sourced this sediment
from the adjacent dry pond edge to prevent predator
introduction. For each trial, we split an entire clutch
from locally caught toads into three approximately equal
sections and photographed each one. We then randomly
assigned these sections to treatments and deployed them
into a pond within 12 h of laying. We determined the
total number of eggs deployed into each treatment by
using the “Analyze Particles” function in ImageJ (ver-
sion 1.49; Schneider et al. 2012) combined with manual
counting (mean = 3,994, range = 1,888–6,038). Once
the fertilized eggs were hatching (1–2 d after deploy-
ment), we used pipettes to remove any unfertilized eggs,
counted them, and subtracted them from the initial
abundance estimate. Thus, our measures of survival
rates are based on fertilized eggs. If all of the eggs had
already been consumed, we calculated survival from the
total number added.
When the hatchlings were ~stage 21 (2–3 d after egg

deployment) we pulled the edges of the plastic sheeting
from under the sediment and clipped it along the cage
walls, thereby fully enclosing the cage to prevent disper-
sal by the hatchlings while allowing predation by any

FIG. 1. In the field, tadpoles of Australian cane toads are
rapidly recruited to conspecific hatchlings and consume the rel-
atively immobile pre-feeding conspecifics by grazing on them.
Rapid recruitment and cannibalism is driven by a strong attrac-
tion to the maternally invested toxins present in hatchlings. The
lower panel depicts a caged predator-exclosure treatment sur-
rounded by tadpoles that have been attracted by hatchling cues.
Hatchlings in the exposed treatment (left) had all been eaten by
this time. The “isolated” treatment bin is visible in the upper
right corner (photo credit: J. DeVore).
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cannibals or predators present to continue. Cannibal
attraction appeared greatest at this point, and tadpoles
were frequently densely clustered around caged treat-
ments if exposed hatchlings had already been eaten
(Video S1). Once the hatchlings had reached stage 25
(the following day), we dip-netted each cage to capture
all tadpoles and invertebrate predators, after which we
pulled the cage (including water and sediment) from the
pond floor and sieved the contents. Using this method
we located and counted all surviving tadpoles and inver-
tebrates. We then bulk-weighed the invertebrate preda-
tors to obtain estimates of predator biomass. We
presumed that unrecovered hatchlings were dead, and
analyzed hatchling survival as a binomial response using
treatment, cannibal biomass, and their interaction as
fixed factors. Because tadpoles from throughout the
pond are attracted to hatchlings, we considered total
biomass per pond to be a more relevant measure of can-
nibalism risk than biomass/m2. Clutch (i.e., trial) was
included in these models as a random effect. We also
used a linear model to compare the relative biomass (g/
m2) of invertebrate predators and tadpoles.
To estimate how many of the larvae had died as a

result of intra- or interspecific predation, we calculated
background mortality rates for each clutch using the
mortality estimate from the paired predator exclosure.
Additional mortality was attributed to predation (i.e.,
“predation-induced mortality”). We then used a linear
model to consider the effects of tadpole biomass (g/
pond) and invertebrate predator biomass (g/m2) on rates
of predation-induced mortality in exposed treatments.

Effects of hatchling exposure to cannibal cues on the mass
and behavior of early-stage tadpoles

We used four egg clutches (3 WA, 1 NT) and tadpoles
from eight additional clutches (5 QLD, 3 WA) in 16
combinations and 73 tanks (22 control, 51 exposed) to
test whether exposure to cannibal cues during the hatch-
ling stage affects tadpole mass at the end of that phase
(stage 25). For each replicate, we pipetted 10 hatchlings
(stage 17–18) into a 750 mL tanks that we randomly
assigned to control or exposed treatments. In “cannibal-
exposed” treatments, we placed two tadpoles into a 12.6-
cm2 basket with a 1-mm2 mesh floor immediately after
the eggs were added. This mesh floated 2 cm above the
floor of the container, preventing tadpoles from access-
ing the eggs while allowing cue dispersal. We placed
empty baskets in control tanks. We then allowed hatch-
lings to reach stage 25, at which point we euthanized,
blotted dry, and batch-weighed five individuals from
each tank to determine their mean mass. We analyzed
the resulting data on body mass using a linear mixed
model with a fixed factor of treatment (control vs. canni-
bal exposed) and a random factor of clutch.
To determine whether the behavior of tadpoles was

affected by exposure to cannibal cues during the hatch-
ling phase, we also used these hatchling exposure

protocols and 18 clutches of eggs (7 QLD, 4 NT, 7 WA)
to produce tadpoles that were either exposed or na€ıve to
tadpole cues as hatchlings. When tadpoles reached stage
25/26 we stocked 14 tadpoles from a given treatment into
tanks that we had filled with 15 L of well water and 1 L
of homogenized soil (taken from a dry ephemeral wet-
land), and fertilized with 1 g of ground Hikari algae
wafers. We aged these tanks for three days and fertilized
them 24 h prior to the introduction of tadpoles, and
housed them in an open-air facility (but covered them
with window screening to prevent predator incursion).
We assigned tadpoles to tanks at random but spatially
blocked tanks by clutch, such that cannibal-exposed and
na€ıve siblings were in adjacent tanks. We included two
control tanks for four of the clutches, for a total of 22
control and 18 exposed tanks. At 13:00 h the following
day, we counted the survivors and a single blind observer
assessed the position and behavior of each tadpole (i.e.,
surface, water column, or tank bottom; swimming, feed-
ing, or inactive). Feeding behavior occurred predomi-
nantly at the soil surface, where the algae wafer had
settled, and occasionally along the tank walls, whereas
surface activity is often a sign of oxygen deprivation
(Wassersug and Seibert 1975), so we noted both behav-
ior and position. We analyzed the potential (fixed)
effects of hatchling treatment on subsequent tadpole
behavior using logistic regressions, with clutch included
as a random effect.

Occurrence and timing of developmental acceleration

We initially used two clutches of eggs (population:
Oombulgurri, WA) and two tadpole clutches (Kunu-
nurra, WA) to determine whether exposure to conspeci-
fic cues induces developmental acceleration, as well as
the point at which acceleration occurs. For this initial
trial, we housed the animals in a shaded open-air facility
(mean temperature ~25°C). To create cannibal cues, we
set up three 750-mL containers for each egg clutch as
water sources, and placed two tadpoles into each of the
first two containers. The third container held tadpole-
free control water. After 2 h, we pipetted 50 mL of water
from each container into three petri dishes, for a total of
three control and six tadpole-cue exposed (three per tad-
pole clutch) replicates per egg clutch. We then placed a
strand of five eggs into each dish. After 10 h, we staged
each egg under a dissecting microscope. We then staged
each individual every 10–12 h until the hatchlings
reached stage 25. We also performed a 100% water
change at each monitoring period, using water from the
appropriate source container. When a hatchling reached
stage 25 a single observer scored tooth row keratiniza-
tion on the live tadpoles, using scores ranging between 0
(no keratinization of mouth papillae tooth rows; i.e.,
0%) and 4 (fully keratinized; i.e., 100%). We excluded
eggs and hatchlings that never reached stage 25 (because
they were unfertilized or deformed) from all analyses, so
some dishes were ultimately represented by fewer than
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five tadpoles (mean = 4.05, range = 2–5). To determine
whether exposure to tadpole cues during the hatchling
stage had carry-over effects on tadpole performance, we
then individually raised each of the 74 surviving tadpoles
in 200-mL containers for 10 d. During this time, we per-
formed 100% water changes every 3 d and fed the tad-
poles ground Hikari algae wafers ad libitum. After the
10 d period, we euthanized all tadpoles, weighed and
staged them, and assessed their tooth rows. To determine
when developmental acceleration occurs, we compared
developmental stage in control vs. exposed treatment at
each time point (pre-stage 25) using linear mixed models,
including treatment as a fixed factor while accounting
for the nested random factors of egg clutch, water
source, and exposure tank (i.e., the petri dish in which
pre-feeding development occurred). We then used the
same model structure to look for carry-over effects of
exposure to cannibal cues during the hatchling stage on
tadpole development (i.e., Gosner stage), mass, or tooth
row integrity (logit transformed proportion; note that
this variable was consistently logit transformed and all
effect estimates are given for logit transformed values).
Because tadpoles grow rapidly during this time (increas-
ing in mass by ~1,500% in control conditions), we con-
sidered mass as a proxy for growth. We modeled effects
of hatchling exposure on tadpole survival similarly, but
as a binomial response.

Comparing inducible responses across 13 clutches

Upon observing evidence of developmental accelera-
tion during the late hatchling stages, we used 13 clutches
of eggs to compare the relative duration of the pre-feed-
ing (egg and hatchling) stages between paired groups of
siblings raised to stage 25 in either the presence or
absence of cannibal cues. We then raised the resulting
tadpoles to determine whether exposure to cues from
cannibals had carry-over effects on survival, growth,
development, or tooth-row keratinization. We used par-
ents from across the invasive Australian range to pro-
duce these egg clutches, including populations from
Queensland (Townsville, clutch ID: T, T1, T3, T4); the
Northern Territory (Jabiru: J1, J2, J3; Middle Point: MI;
mixed parentage: M4, M6); and Western Australia:
(Doongan: D1, D6, D7). We also used 11 clutches of
tadpoles to produce cannibal cues (1 QLD, 6 NT, 4
WA); these tadpoles ranged between stages 28 and 39
during the exposure period. We could not run all
clutches simultaneously due to unpredictable laying suc-
cess and methodological constraints, so we conducted
the trials on the 13 egg clutches over four experimental
blocks in groups of two to six clutches each. Generally
we only paired two “cannibal clutches” with each hatch-
ling clutch (range: 1–3), but we included two to five
replicates for each cannibal clutch and five to six repli-
cates of each control treatment for a total of 99 treat-
ment tanks (containing 33 unique pairings) and 77
control tanks.

Within each replicate, we allocated groups of five eggs
(Gosner stage 8–11) to 1-L containers holding 750 mL
of water and randomly assigned the tank to either a con-
trol or exposed treatment. Mesh baskets containing two
tadpoles were used to expose eggs to tadpole cues in
“cannibal exposed” treatments, whereas control baskets
were empty (see previously described protocols). We
checked the development of hatchlings regularly, and
when individuals began to approach stage 25 we pipetted
them from their tanks into petri dishes to confirm their
Gosner stage under a dissecting microscope. If they still
had not reached stage 25 we returned them to their treat-
ment tanks. As soon as the first hatchling reached stage
25, we scanned all of the hatchlings continuously
(<20 min intervals per individual) until every hatchling
had transitioned (~20 h later). When an individual
reached stage 25, we noted the time and transferred the
tadpole into a 200-mL container, where we provided it
with ~5 mg of ground Hikari algae wafer. This method
allowed us to accurately determine the magnitude of the
developmental acceleration exhibited by each clutch.
Eggs and hatchlings that never reached stage 25 (because
they were unfertilized or deformed) were excluded, so
some tanks were represented by fewer than five tadpoles
(l = 4.5; range = 2–5). We determined the relative time
needed to reach stage 25 for each individual (both con-
trol and exposed) by taking the difference between its
transition timing and the mean control timing for its
clutch. We then used a linear mixed model to determine
the effect of the exposure treatment on transition timing
(while accounting for the nested random factors of
block, clutch, and tank). Upon observing that develop-
mental rates in control conditions varied substantially
between clutches, we also sought to determine whether
the magnitude of cannibal-induced developmental accel-
eration was associated with developmental rates in con-
trol conditions. We therefore regressed the mean
developmental acceleration demonstrated by a given
clutch against the mean age of control tadpoles upon
reaching stage 25 (assuming a laying time of 0300 h on
the day of egg deposition). Experimental block (i.e.,
month) was included as a random effect.

Carry-over effects on tadpole performance.—To deter-
mine if exposure to cues from cannibals caused carry-
over effects while avoiding the potentially confounding
effects of density, we then individually raised the 797
tadpoles that reached stage 25 for 10 d. During this time
we changed the water every 3 d and fed the tadpoles
ground Hikari algae wafers daily (ad libitum; ~7 mg/d).
To minimize variation in housing conditions, we placed
containers of individuals from a given hatchling tank
adjacent to one another and positioned blocks of “can-
nibal-exposed” tanks alternatingly with control tanks
within two locational blocks for each clutch. Following
this ten-day period we euthanized, blotted dry, and
weighed the surviving tadpoles, then inspected them
under a dissecting microscope to assess Gosner stage
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and tooth row keratinization. Tooth row assessments
were conducted for 11 of the 13 clutches (from three of
the four experimental blocks; 623 tadpoles). We used
mixed models to determine the fixed effect of hatchling
treatment on tadpole survival, development (i.e., Gosner
stage), mass, and tooth row integrity (logit transformed).
We also included the nested random effects of block,
clutch, and hatchling exposure tank in each model. We
modeled effects of cannibal cue exposure on survival
using the same model structure, but via logistic regres-
sion.
To determine whether the magnitude of the cannibal-

induced plastic response during the hatchling stage was
related to the magnitude of subsequent reductions in
tadpole performance, we regressed the mean tank values
of tadpole mass, Gosner stage, or tooth row keratiniza-
tion (logit transformed) in exposed tanks against the
tank-specific reaction norms. These reaction norms were
calculated as the difference [D] between the timing of the
transition to the tadpole stage for each exposed tank vs.
the mean control tank values for the clutch. Although
tadpoles were raised individually, we considered the tank
in which hatchling exposure occurred as the unit of repli-
cation. We included mean mass, Gosner stage, or tooth
row keratinization (logit transformed) values from the
paired control tanks as covariates. We also tested the
effect of hatchling plasticity on the subsequent survival
of tadpoles via logistic regression by regressing D devel-
opmental time against tadpole survival for each expo-
sure tank. One clutch was eliminated from this analysis
because it was an outlier with low control survival. We
included the nested random factors of block and clutch
in all analyses of the effects of hatchling plasticity on
tadpole performance.
To determine whether greater hatchling plasticity was

associated with greater intra-clutch variation (an indica-
tor of developmental instability), we then compared the
mean plasticity exhibited by a clutch to the mean varia-
tion between individual tadpoles from that clutch. Esti-
mations of between-individual variation can be sensitive
to the number of individuals. Because we had differing
numbers of tadpoles for each clutch and treatment, we
therefore conducted a rarefaction analysis, using the
number of individuals available from the clutch with the
smallest number of surviving tadpoles within a treatment
as a reference (i.e., 18 for Gosner stage and mass, 13 for
tooth row keratinization), and randomly drawing this
number of individuals from each treatment within each
clutch. We repeated this draw 1,000 times, calculating
both the coefficient of variation and standard deviation
of each draw, and then taking the mean values of these
draws as our clutch/treatment-specific measures of varia-
tion. We then tested the effect of plasticity on intra-
clutch variation within a treatment (i.e., control or
exposed) by relating the variation measure to the mean
plastic response of each clutch (n = 13 clutches for mass
and stage; n = 11 clutches for tooth row keratinization
[logit transformed]). We performed this analysis twice,

once with the mean coefficient of variation, and again
with the mean standard deviation. To avoid overfitting
the data, we compared the AIC value of each model with
or without the random blocking factor, and excluded
block where it reduced model fit.

Separating costs of plasticity from phenotypic costs.—We
determined whether variation among clutches in tadpole
fitness correlates (development, growth, and tooth row
integrity) was driven by variation in plasticity (the ability
to accelerate development) or phenotype (the duration
of the vulnerable pre-feeding stages) using a partial lin-
ear regression technique originally proposed by Van
Tienderen (1991) to separate plasticity and phenotype
costs (see also DeWitt 1998, Scheiner and Berrigan
1998, Van Buskirk and Steiner 2009). This technique
uses the model Wk = constant + Xk + plXk, where Wk

is a fitness component in environment k, Xk is the mean
phenotype in that environment, and plXk is the plasticity
(i.e., the difference in phenotype between environments).
By accounting for both phenotype and plasticity, this
analysis is designed to separate the costs of producing a
phenotype from the costs of being plastic. Here, the
costs of producing a defended phenotype (phenotypic
costs) would be paid by plastic phenotypes only in the
presence of the threat, but paid by canalized, defended
phenotypes in all environments. In contrast, any costs of
being plastic (plasticity costs) would be those incurred
by a plastic genotype that exceed those incurred by fixed
genotype in the production of the same trait value. If
plasticity is costly, such that more plastic genotypes have
lower fitness values, the plX term will have a negative
regression coefficient (whereas a positive coefficient
would indicate a cost of canalization). We conducted
this analysis for each treatment using mean values per
clutch. Clutch characteristics (the duration of pre-feed-
ing development, plasticity, tadpole mass, Gosner stage,
and tooth row keratinization [logit transformed]) were
calculated for each treatment by taking the average of
the mean values of each hatchling tank (control treat-
ment: 5–6 tanks per clutch, mean = 5.9, exposed treat-
ment: 6–10 tanks per clutch, l = 8). As minor
environmental variation between experimental sessions
can affect rates of tadpole development, block was also
included as a random effect. In one case, we removed
block from the model because its inclusion reduced
model fit (predictors of tooth row keratinization in
exposed treatments).

RESULTS

Attraction of conspecific tadpoles to hatchling cues

Cane toad tadpoles were attracted to cues produced
by hatchlings, but the magnitude of their preference for
the hatchling trap increased with time (treatment 9 time
df = 558, t = 6.104, P < 0.0001). After 1 h, the odds
that a tadpole would enter the trap containing hatchlings

Article e01426; page 8 J. L. DEVORE ETAL. Ecological Monographs
Vol. 91, No. 1



were 14.7 times those of entering the paired control trap
(11.9–18.2 SE, df = 55, t = 12.710, P < 0.0001; Fig. 2a).
At this time 62% (95% CI = 53%–70%) of tadpoles had
entered the trap containing hatchlings, whereas 6.4%
(95% CI = 4.9–8.3%) had entered the control trap. By
the end of the trial period (i.e., after 6 h), the relative
odds that a tadpole would enter a trap containing hatch-
lings had increased to 22.6 times those of entering a con-
trol trap (19.3–26.6 SE, df = 55, t = 19.586, P < 0.0001;
Fig. 2a).

Vulnerability to cannibalism at hatchling and early
tadpole stages

Hatchlings were only cannibalized prior to reaching
stage 25. The presence of a tadpole decreased the sur-
vival probability of hatchlings, such that the relative
odds of surviving were 60.9 times higher in control tanks
than in tanks containing a cannibal (46.3–80.1 SE,
df = 528, t = �15.00, P < 0.0001). However, the sur-
vival of clutches of free-swimming stage 25 tadpoles
exposed to a potential cannibal was high and did not dif-
fer from that of the control (odds ratio [OR] = 1.089,
0.358–3.308 SE, df = 145, t = 0.0757, P = 0.9389;
exposed mean survival: 99.6%, range: 98.7–100%,
Fig. 2b; control survival: 100%, one control tadpole was
taken to have died to allow model convergence).

In hatchling tanks where a cannibal was present,
hatchling survival decreased with cannibal mass, such
that each additional mg in cannibal mass increased the
relative odds of being eaten by 1.029 times (1.027–1.030
SE, df = 365, t = �17.78, P < 0.0001; Fig. 2b). Hatch-
ling survival was also related to the initial stage at which
hatchlings were exposed, such that hatchlings initially
exposed to cannibals later in development were more
likely to survive (OR = 1.77, 1.48–2.12 SE, df = 5,
t = 3.190, P = 0.0243). Survival of hatchlings in paired
control tanks was consistently high, and was not corre-
lated with the survival of siblings exposed to cannibals
(P = 0.92; mean control survival per clutch = 95%,
range = 86–100%; mean exposed survival per
clutch = 34%, range = 2–57%). It was therefore
removed from the model.

Field measurements of cannibalism risk

Hatchling survival was relatively high in both well-wa-
ter isolation tanks and predator-exclusion cages in natu-
ral ponds (mean: 70.8% [95% CI = 66.0–75.3%] and
56.1% [95% CI = 53.1–59.0%], respectively), but it was
higher in isolation tanks (OR = 4.55, 2.61–7.93 SE,
df = 12, t = 2.733, P = 0.0182). Survival was lowest in
predator-exposed treatments (12.3%, 95% CI = 4.0–
31.8%); overall, the odds that an individual would sur-
vive in an isolation tank were 36.0 times those when ex-
posed to predation (20.0–65.0 SE, df = 12, t = �6.08,
P = 0.0001). If cannibal biomass was included in the
model the treatment effect remained, and there was a
significant interaction between treatment and cannibal
biomass (df = 10, t = �2.34, P = 0.0414); survival was
negatively associated with cannibal biomass in exposed
treatments, but not where hatchlings were protected
from predation.
In ponds with abundant tadpoles (75–2,600 g/pond)

the effect of exposure to predation was severe, such that
the odds of surviving within a predator exclosure were
2,478 times those in an exposed treatment (693–8,867
SE, df = 3, t = 6.131, P = 0.0087; of the 20,392 individ-
uals exposed to predation across five high tadpole abun-
dance trials, only 12 survived). Experimental eggs were
also frequently cannibalized within high-abundance
ponds. However, egg consumption appeared to be a con-
sequence of chance encounters followed by an attraction
to feeding behavior in conspecific tadpoles (Raven et al.
2017); we only observed obvious attraction to the
deployed clutches themselves after hatching. In trials
where cannibals were absent or rare (0–11 g/pond),
exposure to predation still significantly reduced survival
probabilities, such that the odds of surviving within a
caged predator exclosure were 2.73 times those in an
exposed treatment (2.00–3.74 SE, df = 3, t = 3.222,
P = 0.0485). In the two trials where a low biomass of
recently hatched tadpoles was present (<1 g, 11 g), the
proportion recruited to the deployed egg strands was
also low; most of these tadpoles had not yet dispersed

FIG. 2. (a) The proportion of cane toad tadpoles that
entered a trap containing conspecific hatchlings vs. a paired,
empty, control trap (means and 95% CI) and (b) the association
between tadpole mass and the proportion of younger con-
specifics cannibalized during predation trials (points represent
mean survival within each exposure tank). Cannibalism rates
on younger cohorts were measured during the hatchling (initial
Gosner stage = 16.5–20.0, final stage = 25) and early tadpole
stages (initial stage = 25, 72 h exposure).
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from the vicinity of their own egg strands when the
experimental hatchlings were retrieved (9 of 47 and 85 of
310 tadpoles recruited, respectively).
Within exposed treatments, predation-induced mortal-

ity increased with cannibal biomass (Fig. 3; mortality
OR = 1.062, 1.038–1.086 SE, df = 8, t = 2.678,
P = 0.0366). Predation-induced mortality also tended to
increase with invertebrate predator biomass (g/m2), but
this effect was not statistically significant (OR = 1.247,
1.122–1.385 SE, df = 8, t = 2.1, P = 0.0804). However,
as nearly all of the hatchlings were eaten where cannibals
were abundant, potential effects of invertebrate preda-
tors may have been obscured in these ponds. Inverte-
brate predators included dragonfly and damselfly larvae
(Odonata), diving beetles and their larvae (Dytiscidae),
backswimmers (Notonectidae), and water scorpions
(Nepidae and Ranatrinae); their total biomass ranged
between 0.385 and 13.39 g/m2 across trials
(mean = 4.3 g/m2). Per square meter, tadpole biomass
did not differ significantly from that of invertebrate
predators, though predator biomass tended to be higher
(3.36 g/m2 � 1.83 SE, df = 16, t = 1.842, P = 0.0841).
This result is consistent even if only biomass estimates
from ponds with a high abundance of cannibals are con-
sidered (1.63 g/m2 � 2.88 SE, df = 8, t = 0.563,
P = 0.589; cannibal biomass was <1 g/m2 in eight of
nine trials, mean = 1.09, range 0–7.67 g/m2). In trials
where cannibals were effectively absent (<1 g/pond),
hatchling mortality was associated with the biomass of
invertebrate predators (Fig. 3b; Pearson’s r = 0.9998,

t = 45.23, df = 1, P = 0.0141). However, this result
should be interpreted with caution, as only three trials
lacked tadpoles. Note that invertebrates and cannibals
are intraguild predators, which complicates the isolation
of their relative effects; in addition to hatchlings, we also
observed these invertebrate predators consuming both
early and late stage tadpoles.

Effects of hatchling exposure on the mass and behavior of
early-stage tadpoles

Exposure to cannibal cues during the hatchling stage
reduced mass at stage 25 (�2.033 � 0.416 mg [mean �
SE], df = 68.46, t = �4.887, P < 0.0001; Fig. 4b). The
mean mass of na€ıve tadpoles at this stage was
8.28 � 0.95 mg (mean and 95% CI, n = 22 tanks), with
exposed tadpoles averaging 23% smaller than their na€ıve
siblings.
Exposure to cannibal cues during the hatchling stage

also affected the behavior of early-stage tadpoles. The
odds that an exposed tadpole would be at the water sur-
face were 4.17 times those of na€ıve tadpole (3.12–5.58
SE, df = 21, t = 4.92, P = 0.0001; mean survivors per
tank = 13.5, range = 10–14; Fig. 4c), the odds that an
exposed tadpole would be swimming were 4.20 times
those of a na€ıve tadpole (3.12–5.65 SE, df = 21,
t = 4.84, P < 0.0001), and the odds that it would be
feeding were lower in exposed treatments (OR = 0.48,
0.36–0.62 SE, df = 21, t = �2.79, P = 0.011;
Appendix S1: Fig. S2). Survival of stage 25 tadpoles for

FIG. 3. Associations between (a) conspecific tadpole biomass or (b) invertebrate predator biomass and rates of predation-in-
duced mortality in seven ponds where cane toads regularly breed. In panel a, the positive association between the biomass of cane
toad tadpoles present in the pond and the mortality of pre-feeding conspecifics is depicted. The number of individuals exposed to
predation in each trial is indicated next to the data point. Panel b depicts these mortality rates relative to the biomass of invertebrate
predators present during the trial. Total tadpole biomass within the pond is indicated next to each data point to facilitate compar-
ison of predator and cannibal effects. The linear regression depicts the relationship between predator biomass and predation-in-
duced mortality in the three trials where cannibals were effectively absent (y = 0.0742x + 0.0005). Background mortality rates were
calculated for each clutch from the paired predator exclosures and used to correct mortality estimates, so only additional mortality
resulting from exposure to predation is shown here. Square and triangle markers indicate results from the two ponds in which trials
were conducted twice, although tadpole biomass differed between trials due to natural temporal variation. The photo insets depict
(a) a tadpole and (b) a larval dragonfly consuming hatchlings (photo credit: J. DeVore).
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24 h was also lower in exposed than control treatments
(OR = 0.275, 0.173–0.437 SE, df = 21, t = �2.79,
P = 0.011), although the proportion of tadpoles surviv-
ing in behavioral assay tanks was high in both treat-
ments (94.0% vs. 98.4%).

Occurrence and timing of developmental acceleration

Developmental acceleration in response to tadpole
chemical cues (i.e., tadpole water) occurred late in hatch-
ling development. Exposed hatchlings were significantly
more developed at the end of the pre-feeding stages (i.e.,

following 69 h of development: 0.51 � 0.14
stages [mean � SE], df = 3.92, t = 3.75, P = 0.0208),
but we saw no evidence of acceleration during the egg or
early-hatchling stages (P < 0.1 at all other time periods;
Appendix S1: Fig. S3). Exposed stage 25 tadpoles also
exhibited significant reductions in tooth row keratiniza-
tion (from >99% to ~88%; df = 15, t = �3.37,
P = 0.0042, Appendix S1: Fig. S4). Survival for the first
10 d of the tadpole stage was also reduced by exposure
to cannibal cues, such that the odds that a control tad-
pole would survive were 5.70 times those of an exposed
tadpole (3.17–10.26 SE, df = 15, t = �2.96,
P = 0.0097). Development (�5.97 � 0.60 stages,
df = 37, t = �9.88, P < 0.0001), growth (�38.97 � 5.38
mg, df = 37, t = �7.24, P < 0.0001), and tooth row ker-
atinization (df = 15, t = �4.81, P = 0.00023) were also
lower in surviving tadpoles that had been exposed to
conspecific cues during the hatchling stage
(Appendix S1: Figs. S4, S5).

Comparing inducible responses across 13 clutches

Overall effects.—Exposure to non-lethal tadpole cues
(i.e., caged tadpoles) reduced the duration of the hatch-
ling stage relative to unexposed siblings (�2.32 � 0.30
h; df = 143.49, t = �7.748, P < 0.0001), but the magni-
tude of this response varied among clutches (Fig. 4a).
The mean acceleration displayed by a clutch was related
to its developmental rates in control conditions, such
that clutches with intrinsically rapid development accel-
erated their development less when exposed to cues from
cannibals (df = 10.99, t = �3.64, P = 0.004, Fig. 5).
Following ten days of growth, tadpoles that had been
exposed to cannibal cues as hatchlings were less devel-
oped and smaller, with reduced tooth row keratinization
relative to their unexposed siblings (Fig. 6; development:
�2.32 stages � 0.21 SE, df = 138.35, t = �11.35,
P < 0.0001; growth: �52.99 mg � 3.61 SE; df = 138.81,
t = �14.67, P < 0.0001; keratinization [logit propor-
tion]: �0.969 � 0.187 SE; df = 110.8, t = �5.193,
P < 0.0001). Again, the magnitude of these effects var-
ied among clutches (treatment 9 clutch interaction
P < 0.0001 for both acceleration and carry-over effects
if clutch is included as a fixed rather than a random
effect). Overall, tadpole survival was not significantly
affected by exposure to cannibals (OR = 0.594, 0.430–
0.820 SE, df = 144, t = �1.62, P = 0.108).
By exploring correlations among traits within individ-

uals, we also found that treatment effects exceeded those
predicted by variation in developmental stage or tooth
row integrity alone. When both treatment and develop-
mental stage (log transformed) were included as predic-
tors of mass (log transformed) the rate of development
was positively correlated with the rate of growth
(df = 598.47, t = 50.17, P < 0.0001), but the treatment
effect remained (df = 202.14, t = �5.60, P < 0.0001),
such that even tadpoles at the same stage of develop-
ment were smaller in exposed treatments (Appendix S1:

FIG. 4. (a) Plasticity in the duration of the cane toad hatch-
ling stage in response to nonlethal cannibal cues from conspeci-
fic tadpoles and the subsequent effects of cue exposure on (b)
mass and (c) behavior at the beginning of the tadpole phase.
Means of average tank values (and 95% CI) are depicted for
each clutch, and the number of replicate tanks is indicated next
to the clutch ID (in panel c, n = 2 control tanks for D6, D7, T1,
and T4, n = 1 for all other values).
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Fig. S6). Similarly, when tooth row keratinization was
included in the model as a predictor of growth, tadpole
mass (log-transformed) was positively associated with
keratinization (df = 561.4, t = 24.83, P < 0.0001), but
there was an additional negative effect of exposure to
cues from cannibals (df = 116.8, t = �14.63,
P < 0.0001; Appendix S1: Fig. S6). To ensure that differ-
ences in developmental stage between treatments were
not driving differences in tooth row keratinization, we
also included both stage and treatment as predictors of
tooth row keratinization. We found that, although kera-
tinization was significantly positively associated with
developmental stage (df = 337.3, t = 19.76, P < 0.0001),
the effect of treatment remained (df = 170.6, t = 5.27,
P < 0.0001). Even tadpoles of the same developmental
stage exhibited poorer tooth row keratinization if they
had been exposed to cannibal cues as hatchlings.

Relating the magnitude of the plastic response to magni-
tude of the carry-over effects.—The magnitude of the
plastic response induced during the hatchling stage was
positively associated with the reductions in performance
observed during the tadpole stage (Fig. 7), such that
each hour of acceleration during hatchling development
(relative to control siblings) reduced tadpole develop-
ment over the subsequent 10 days by 0.245 Gosner
stages (�0.075 SE, df = 80.76, t = 3.27, P = 0.00157),
mass by 3.91 � 1.15 mg (df = 63.87, t = 3.40,
P = 0.00116), and the relative odds of tadpole survival
by 0.850 (0.787 � 0.919 SE, df = 68, t = 2.08,
P = 0.0409). Rates of growth and development in canni-
bal-exposed tadpoles were also related to rates of growth
and development in paired control tanks (development:
0.912 � 0.268 stages , df = 14.88, t = 3.401,

P = 0.00399; growth: 0.44 � 0.16 mg , df = 22.37,
t = 2.744, P = 0.0117). The magnitude of the hatchling
response also affected mean tooth row keratinization for
tadpoles from cue-exposed tanks (logit proportion:
0.169 � 0.075; df = 49.87, t = 2.27, P = 0.0275). Tooth-
row keratinization was also positively related to kera-
tinization within paired control tanks (logit proportion:
0.684 � 0.247, df = 7.4, t = 2.77, P = 0.0263). These
effects were primarily attributable to inter-clutch rather
than intra-clutch variation in reaction norms
(Appendix S1: Fig. S7); when clutch is included as a
fixed rather than a random effect the influence of devel-
opmental acceleration is no longer significant (P > 0.10
in all cases).
Plasticity was also positively associated with variation

between individual siblings (an indicator of developmen-
tal instability). In exposed treatments, greater plasticity
during the hatchling stage (i.e., larger inducible reduc-
tions in developmental rates) was associated with greater
variation in developmental rates, growth, and tooth row
keratinization during the tadpole stage (Appendix S1:
Fig. S8; development: 0.00687 � 0.00197 stages,
df = 11, t = 3.48, P = 0.00515; growth: 0.0584 � 0.0123
mg, df = 11, t = 4.77, P = 0.00058; keratinization [logit
proportion]: 0.2023 � 0.0735, df = 6.677, t = 2.752,
P = 0.0298). In control treatments, plasticity was posi-
tively associated with variation in tooth row keratiniza-
tion (logit proportion: 0.07778 � 0.03057, df = 6.948,
t = 2.545, P = 0.0386). There was also a tendency for
variation between individuals in development and
growth to increase with plasticity in control treatments,
though neither of these effects reached statistical signifi-
cance (development: 0.004614 � 0.002162 stages,
df = 8.887, t = 2.135, P = 0.0619; growth:

FIG. 5. (a) In laboratory trials using cane toad clutches sourced from across the Australian range, the reduction in the pre-feed-
ing development time achievable via developmental acceleration was limited relative to constitutive variation in developmental rates
(clutch means). This pattern is indicative of a developmental generalist–specialist trade-off, in which the specialist, canalized pheno-
types are the most extreme (DeWitt 1998). (b) The magnitude of the reaction norm (change in duration of pre-feeding stages) in
response to cannibal cues was inversely related to the developmental rate of siblings from control treatments; clutches with intrinsi-
cally rapid developmental rates accelerated their development less than clutches that develop slowly (clutch means).

Article e01426; page 12 J. L. DEVORE ETAL. Ecological Monographs
Vol. 91, No. 1



0.02844 � 0.0128 mg, df = 9.941, t = 2.221,
P = 0.0507). Note that the results provided here con-
sider the coefficient of variation as the response variable;
as this parameter corrects for increases in variability
attributable to a larger mean, we considered it to be
more a more appropriate metric. Results using the stan-
dard deviation are largely consistent, with the exception
of mass in exposed treatments (Appendix S1: Table S1).

Separating costs of plasticity from phenotypic costs.—In
the cannibal-exposed treatment, there was considerable
variation among clutches in mean rates of tadpole devel-
opment, growth, and tooth row keratinization (Fig. 8).
The partial linear regression technique designed to sepa-
rate phenotypic and plasticity costs demonstrated that
this variation among clutches was negatively related to
plasticity (i.e., the difference in pre-feeding development
time between treatments [�D hours]). The most plastic

FIG. 6. Exposure to cues from older conspecifics during the
hatchling stage (i.e., nonlethal cannibal cues) had significant,
negative carry-over effects on the development (a), growth (b),
and tooth row keratinization (c) of individually raised cane toad
tadpoles 10 days later (exposure tank means and 95% CI). In
some clutches, these exposure effects were severe; the photo
inset in panel b shows a median-stage control tadpole (left)
alongside its same-aged, median-stage sibling that was exposed
to cannibal cues during the pre-feeding stages (right; tadpoles
from Clutch A, Appendix S1 : Fig. S5). The photo of the ven-
tral surface in panel c demonstrates the difference in tooth row
keratinization between these tadpoles, with keratinized tooth
rows visible in black on a cannibal na€ıve tadpole (left) but
absent in its exposed sibling (right) (photo credit: J. DeVore and
M. Crossland).

FIG. 7. Stronger inducible defenses against cannibalism
were followed by greater reductions in cane toad tadpole perfor-
mance. These panels depict the relationship between the mean
cannibal-induced reaction norm (i.e., the difference in the dura-
tion of pre-feeding development between siblings from exposed
and control treatments) and the subsequent carry-over effects
of exposure to cannibal cues on rates of (a) development,
(b) growth, or (c) tooth row keratinization in the individually
raised tadpoles 10 days later. Carry-over effects are expressed
for each hatchling exposure tank as the difference (a) or relative
change (proportion; b, c) in mean performance between canni-
bal-exposed tadpoles and their unexposed siblings. Symbols
represent the 13 different clutches (see Fig. 6). Tooth row kera-
tinization was assessed for 11 of these clutches.
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FIG. 8. The relationship between the magnitude of the mean plastic response displayed by a given cane toad clutch (i.e., the dif-
ference in the duration of the pre-feeding stages between control and cannibal-exposed treatments) and mean rates of subsequent
tadpole (a) development and (b) growth. Greater reductions in development time indicate a stronger adaptive plastic response. Note
that the data depicted are clutch means and, unlike the final analysis, do not account for variation between experimental blocks.

TABLE 1. Model outputs of tests designed to separate phenotypic and plasticity costs (van Tienderen 1991).

Treatment Estimate SE df t P

Cannibal exposed
Development (Gosner stage)
(Intercept) 35.514 4.539 9.425 7.824 2.02E-05
Phenotype �0.01826 0.05087 9.742 �0.359 0.727
Plasticity �0.6711 0.1533 7.240 �4.378 0.00299
Growth (mass, mg)
(Intercept) 89.764 79.756 6.998 1.125 0.298
Phenotype 0.06688 0.90705 7.612 0.074 0.943
Plasticity �9.5100 3.2260 7.403 �2.948 0.0201
Tooth row integrity (proportion, logit transformed)
(Intercept) �8.2624 6.8126 8 �1.213 0.2598
Phenotype 0.1252 0.0723 8 1.732 0.1216
Plasticity �0.5179 0.2059 8 �2.515 0.0361

Control
Development (Gosner stage)
(Intercept) 37.417 2.996 9.938 12.491 2.13E-07
Phenotype �0.02805 0.03297 9.641 �0.851 0.415
Plasticity �0.1693 0.1051 7.630 �1.611 0.148
Growth (mass, mg)
(Intercept) 106.179 94.085 9.755 1.129 0.286
Phenotype 0.1993 1.0515 9.936 0.19 0.853
Plasticity �2.0419 3.6261 7.891 �0.563 0.589
Tooth row integrity (proportion, logit transformed)
(Intercept) 5.4730 5.2828 6.815 1.036 0.336
Phenotype �0.07852 0.1604 6.272 �0.49 0.641
Plasticity �0.02002 0.05558 6.623 �0.36 0.730

Notes: These tests use partial linear regression to relate the mean phenotype and plasticity displayed by each cane toad clutch to
subsequent tadpole performance metrics (i.e., rates of development, growth, and tooth row keratinization in the focal treatment).
Here, phenotype is the mean total duration of the vulnerable, pre-feeding stages in the focal treatment (h), and plasticity is the dif-
ference in development time between control and cannibal-exposed treatments (�D hours: a reduction in development time is given
a positive plasticity value). A significant negative relationship between plasticity and performance indicates that the ability to accel-
erate development is costly in the focal environment, whereas a significant positive relationship between phenotype and perfor-
mance would indicate that rapid pre-feeding development itself incurs a cost. Significant effects (P < 0.05) are indicated in bold.
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clutches therefore exhibit the lowest rates of develop-
ment, growth, and keratinization following cannibal
exposure. However, there was no significant relationship
with phenotype (i.e., the duration of the pre-feeding
stages [h]; Table 1). In control treatments, variation
among clutches in tadpole development, growth, and
tooth row keratinization was not significantly associated
with plasticity or phenotype (Table 1). However, includ-
ing the non-significant effect of phenotype as a predictor
of performance did not improve the fit of these models
(DAIC = ~1). When phenotype is removed, there is a
significant relationship between plasticity and develop-
ment; tadpoles from more plastic clutches also devel-
oped more slowly in control conditions (�0.224 � 0.083
stages, df = 8.67, t = �2.68, P = 0.026). However, plas-
ticity was not associated with growth or keratinization in
control conditions, even when phenotype was removed
from the model (growth: �1.62 � 2.73 mg, df = 9.129,
t = �0.594, P = 0.567; keratinization [logit proportion]:
�0.112 � 0.123, df = 6.906, t = �0.913, P = 0.392).
Phenotype (i.e., the duration of the pre-feeding stages)
was therefore never a significant predictor of perfor-
mance in either environment, with minimal and inconsis-
tent effects on performance. In contrast, plasticity (i.e.,
the ability to accelerate development) was associated
with reduced fitness where cannibal cues were present
and, to a lesser degree, where cannibal cues were absent
(Fig. 8).

DISCUSSION

Cannibalism poses a significant, immediate risk for
cane toads that hatch in ponds containing conspecific
tadpoles; where abundant, cannibals rapidly reduced
clutch survival by 99.9% at our field sites. These con-
specific tadpoles use chemical cues to target and con-
sume immobile hatchlings during a brief window of
vulnerability before the hatchlings become free-swim-
ming (Video S1). This window of vulnerability was
reduced if hatchlings (1) exhibited a plastic response in
which they accelerate their rate of development when
they detect chemical cues produced by conspecific tad-
poles or (2) exhibited rapid developmental rates consti-
tutively. These alternative strategies were negatively
correlated, such that slowly developing clutches exhib-
ited greater developmental acceleration. However, the
inducible defense had both immediate and long-term
consequences, and is likely only maintained due to the
severity of the immediate threat. In the short term,
early-stage tadpoles that were exposed to cannibal cues
as hatchlings were smaller, with reduced tooth row kera-
tinization, and significant behavioral differences from
their na€ıve siblings (i.e., increased surface activity and
swimming behavior, as well as reduced feeding). These
tadpoles were also less likely to survive the first 24 h of
the tadpole phase. Over the long term, these tadpoles
exhibited reduced rates of survival, growth, and develop-
ment, as well as reductions in tooth row keratinization

that compromised their feeding structures. These subse-
quent costs were proportionate to the magnitude of the
reaction norm, such that larger plastic responses were
followed by greater impairment in tadpole performance.
In cannibal-exposed treatments, variation among
clutches in mean rates of tadpole growth, development,
and tooth row integrity was related to differences in
plasticity (rather than phenotype); clutches that acceler-
ated hatchling development subsequently performed
more poorly than clutches that achieved the same pre-
feeding developmental rate via canalized rapid develop-
ment. Producing a defended phenotype was therefore
costly, but only if it was produced via plasticity rather
than constitutively. Clutches that exhibited constitutive
rapid development reached the tadpole phase more
quickly than clutches that used developmental accelera-
tion, and performed better in both cannibal-exposed
and control environments. Therefore, canalized rapid
development apparently provides stronger, less costly
protection against cannibalism.

Cannibalism

Cannibalism is a widespread and ecologically signifi-
cant phenomenon, as it provides resources to cannibals
(Crump 1990), reduces intraspecific competition (Pers-
son et al. 2003, Claessen et al. 2004, Crossland et al.
2011b), promotes dispersal (Rudolf et al. 2010), and
affects the structure of ecological communities (Persson
et al. 2003). Cannibalistic behaviors can evolve in
response to resource limitation (Vijendravarma et al.
2013) or high levels of intraspecific competition (Cooper
et al. 2015) and can regulate both recruitment and popu-
lations (Claessen et al. 2004, Wissinger et al. 2010). The
viability of cane toad tadpoles is limited by resource
availability within their invasive Australian range, likely
because adult cane toads occur at high densities, lay
large clutches, and frequently breed in small, ephemeral
wetlands (Alford et al. 1995). Cannibalism reduces this
competition, increasing the viability of cannibalistic
older cohorts (Crossland et al. 2011b). Although canni-
balism is often opportunistic or a facultative response to
high-density conditions (Pfennig et al. 1991), in this case,
it is highly targeted. Cane toad tadpoles seldom feed on
eggs and hatchlings of other frog species, but are rapidly
recruited by chemical cues from conspecific hatchlings
(Crossland 1998, Crossland and Shine 2011), abandon-
ing their normal foraging activities to consume vulnera-
ble conspecifics. Although kin selection and the risk of
pathogen transfer or injury can inhibit cannibalism
(Pfennig 1997, Rudolf et al. 2010), these effects are mini-
mized in cane toad tadpoles because hatchlings are only
vulnerable during early, non-feeding stages. This timing
prevents full siblings from cannibalizing one another
(Crossland et al. 2011b), decreases the probability that
cannibalized individuals will carry diseases, and prevents
cannibals from being injured during the consumption of
conspecifics. Targeted cannibalism of the vulnerable
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hatchling stage is therefore likely to be adaptive in these
invasive populations. Our data demonstrate that these
cannibalistic behaviors are widespread, occurring in
clutches sourced from across the Australian range.
Given the extreme nature of this threat, targeted can-

nibalism by older conspecifics is likely to have significant
effects on recruitment, imposing strong priority effects
in ponds. In response, we may expect adult toads to use
strategies that minimize cannibalism risk, such as avoid-
ing ponds where conspecific tadpoles are present or syn-
chronized breeding in newly formed ephemeral pools
(Petranka and Thomas 1995). Although we lack exten-
sive data on whether these parental strategies exist, evi-
dence that Australian toads use an episodic breeding
strategy (resulting in substantial overlap between
cohorts) suggests that they are not the rule (Alford et al.
1995). The environmentally flexible production of multi-
ple large clutches may be better suited to maximizing
population growth during invasion than minimizing
intraspecific conflict (Allen et al. 2017), such that the
reproductive strategies that facilitate the invasion of
cane toads may also increase post-invasion cannibalism
risk. Following invasion, cannibalism risk may be espe-
cially high; Australian toad densities are ~10 times those
in the native range (Lampo and Bayliss 1996), increasing
the potential for intraspecific conflict. While invasion
may facilitate cannibalism (Tayeh et al. 2014), cannibal-
ism can also play a role in accelerating invasion. By
improving survival in areas where conspecific densities
are low, such as along invasion fronts, cannibalism can
promote rapid dispersal (Rudolf et al. 2010), as has
evolved in cane toads during their invasion across Aus-
tralia (Phillips et al. 2006, Urban et al. 2008, Hudson
et al. 2016). Because invasion can favor cannibalistic
behaviors and cannibalistic behaviors can accelerate
invasion, the role of cannibalism in the invasion process
merits additional research.

Chemical cues

The cues used by cannibalistic tadpoles to target con-
specific hatchlings are maternally invested toxins (e.g.,
bufadienolides: Crossland et al. 2012). Exudates from
the parotoid glands of adult toads and toxin baits are
also very effective at attracting toad tadpoles in Aus-
tralia, facilitating their targeted removal during control
efforts (Crossland et al. 2012). Although they attract
cannibals, these toxins also protect against predators,
which are also a considerable threat; at field sites where
cannibals were absent, exposure to predators reduced
survival to the tadpole stage by ~40% (Fig. 3). Maternal
investment in egg toxicity may therefore represent a
trade-off between cannibalism and predation risk. These
maternally invested toxins are repulsive or lethal to
many potential egg, hatchling, and tadpole predators in
Australia (including fish, native tadpoles, snails, and
other invertebrates: Crossland and Alford 1998, Cross-
land et al. 2008, Hayes et al. 2009, Crossland et al.

2011a). Accordingly, we observed a number of dead
invertebrate predators near our experimentally deployed
field clutches, some with hatchlings still in their mouths.
Where cannibals are absent such reductions in predator
biomass may increase clutch survival.
The cues that alert hatchlings to the approach of can-

nibalistic tadpoles may also have an anti-predator func-
tion. Although toad tadpoles are slow and conspicuous,
their skin is highly distasteful, discouraging predation by
both fish and a variety of invertebrates (Wassersug 1971,
Crossland 2001, Caller and Brown 2013). Swabs of this
skin alone can induce hatchling plasticity (M. R. Cross-
land, J. L. DeVore, and R. Shine, unpublished data). A
similar process occurs in newts, whereby adult skin
swabs containing the defensive toxin TTX stimulate
anti-cannibal behaviors in larvae, demonstrating how
toxins produced for defense can have multiple ecological
consequences (Zimmer et al. 2006). In toad hatchlings,
developmental acceleration is specifically induced by
exposure to these conspecific tadpole cues during the
pre-feeding egg and/or hatchling stages (Clarke et al.
2015). Exposure to invertebrate predators, other tadpole
species, or pre-feeding conspecifics from a different
clutch do not cause these effects (Clarke et al. 2015; M.
R. Crossland, J. L. DeVore, and R. Shine, unpublished
data: note that invertebrate predators prey on both
hatchlings and tadpoles, so developmental acceleration
through the hatchling stage in response to predator cues
may not substantially reduce risk). The cues used are
therefore not only species specific, but also specific to
the point in larval ontogeny that poses a risk, a phe-
nomenon that may be facilitated by the shifts in toxin
profiles that occur during larval development (Hayes
et al. 2009). The unique nature of the defensive toxins of
this phylogenetically distinct invader may therefore
allow unambiguous detection of both hatchling presence
(enabling targeted cannibalism) and tadpole approach
(inducing developmental acceleration). Because plastic
organisms that do not correctly assess their environment
may not produce the optimal phenotype, the ability to
accurately detect fitness-relevant cues is important to the
development of adaptive plastic responses (DeWitt et al.
1998, Sultan and Spencer 2002, Auld et al. 2010). There-
fore, the reliability of these cues may contribute to the
maintenance of this plastic response despite the substan-
tial carry-over effects on tadpole viability. Where tadpole
cues are present, the threat of cannibalism is real, imme-
diate, and extreme.

Carry-over effects of cannibal cue exposure on tadpole
viability

Vulnerability to cannibalism is highest during the
hatchling phase; once tadpoles reach feeding stages (i.e.,
≥Gosner stage 25) they are no longer vulnerable, and
un-hatched eggs, although vulnerable, do not actively
attract cannibals (Crossland and Shine 2011). Develop-
mental acceleration therefore reduces this window of
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extreme vulnerability. However, this acceleration has
immediate implications for the viability of early-stage
tadpoles, including mass reductions at the conclusion of
the pre-feeding phase. As hatchlings rely entirely on
endogenous yolk resources, trade-offs between growth
and developmental rates may cause size reductions as
this limited energy is redirected toward rapid differentia-
tion/development (Arendt 1997, Prasad et al. 2001, Auer
et al. 2010). Size effects alone can have carry-over effects
on the viability of subsequent life phases. This phe-
nomenon has been frequently demonstrated following
metamorphosis (Phillips 2002, Pechenik 2006), but can
also apply to other transition points, such as the emer-
gence from the egg capsule (Warkentin 2011b), or the
conclusion of the non-feeding larval stage (Adams et al.
2011). Developmental acceleration may also impair lar-
val performance via the degradation of important
anatomical structures. For example, exposure to con-
specific cues causes both immediate and long-term
reductions in tooth row keratinization, the loss of which
reduces foraging efficiency (Venesky et al. 2010). Gill
function may also be reduced in early-phase tadpoles
that have been exposed to conspecific cues, as increased
surface swimming is a sign of oxygen deprivation in toad
tadpoles (Wassersug and Seibert 1975: but note that his-
tological confirmation is needed, as metabolic changes
or cannibal-induced dispersal behaviors could cause sim-
ilar effects). Since cannibal-exposed tadpoles are already
resource-depleted relative to their na€ıve siblings, these
behavioral changes and oral deformations may further
impede resource recovery by reducing foraging behavior
and efficiency. Induced developmental acceleration can
compromise the integrity of important structures due to
trade-offs between developmental rates and structural
quality, via increased developmental errors (Arendt
1997, Arendt et al. 2001) and/or greater oxidative stress
(De Block and Stoks 2008, Janssens and Stoks 2018).
Ultimately, trade-offs between developmental rates,
growth rates, and the integrity of morphological struc-
tures during early development appear to play an impor-
tant role in determining the nature and magnitude of the
performance reductions that follow cannibal exposure.
Substantial carry-over effects of hatchling plasticity

are also evident later in larval development. In some
clutches, complete mortality follows exposure to non-
lethal cannibal cues (Clarke et al. 2016), which clearly
reduces the adaptive value of this response. Although
reduced survival clearly affects fitness, retardation of
development and growth can also cause mortality due to
pond drying, increased susceptibility to predation, and
reduced size at metamorphosis (negatively affecting per-
formance in the terrestrial environment; Cabrera-
Guzm�an et al. 2013). Despite these carry-over effects on
viability, plasticity may be maintained in vulnerable
clutches due to the magnitude of the threat. As natural
selection operates across life stages, beneficial plastic
responses can be promoted even where they incur high
costs, whereas costly responses that are not beneficial

should be eliminated (and are; DeWitt et al. 1998, Gha-
lambor et al. 2015). Variable environments also favor
plasticity (DeWitt et al. 1998, Lind and Johansson
2007), so fluctuations in tadpole densities within breed-
ing ponds across time and space may help to maintain
this inducible defense. Survival rates in one of our ponds
exemplified this principle, as predation losses dropped
from >99% when an older cohort was present to ~1% in
a subsequent trial following metamorphosis of that can-
nibal clutch (16 d later; Fig. 3). Plasticity in develop-
mental rates through the hatchling stage may therefore
be favored in vulnerable clutches, despite strong carry-
over effects, by the magnitude and unpredictability of
the threat.

Implications of variation in plasticity among clutches

Although severe threats can promote costly responses,
not all clutches exhibited developmental acceleration in
response to cannibal cues, and reaction norms varied
significantly among responsive clutches. We also
observed substantial variation in developmental rates in
control conditions, and found that developmental plas-
ticity was inversely related to these developmental rates.
As a result, clutches with a strong constitutive defense
against cannibalism did not employ inducible defenses,
whereas highly vulnerable clutches exhibited strong
responses. Exceptionally vulnerable phenotypes show
stronger compensation mechanisms in a number of sys-
tems (e.g., via trait compensation; DeWitt et al. 1999,
Mikolajewski and Johansson 2004, Hulthen et al. 2014).
However, in this case, this relationship may be a conse-
quence of a biological limitation; clutches that develop
rapidly may be approaching their physiological limits,
leaving little potential for additional acceleration.
Where present, larger plastic responses were followed

by greater subsequent impairment in tadpole survival,
growth, and development, whereas nonresponsive
clutches did not exhibit any carry-over effects following
exposure (Appendix S1: Fig. S7). Ultimately, this
resulted in significant variation in tadpole viability
among clutches, especially in exposed treatments. Using
a partial linear regression technique we found that plas-
ticity (i.e., the ability to accelerate development), rather
than phenotype (i.e., development time), was negatively
associated with mean rates of tadpole growth and devel-
opment in exposed treatments (Fig. 8). Clutches that
accelerated development to achieve a given pre-feeding
developmental rate subsequently performed more poorly
than clutches that produced the same phenotype consti-
tutively. Rates of tadpole development also tended to be
negatively related to plasticity in control treatments; tad-
poles from plastic clutches developed slightly more
slowly even where cannibals were absent. In most sys-
tems, the costs associated with inducible defenses are
phenotypic costs; producing a given defense incurs the
same costs regardless of whether it was produced via
constituative development or an inducible response.
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However, here the ability to produce a given defense via
plasticity (rather than constitutively) was more costly in
environments where the threat was present and, to a les-
ser degree, where it was absent.
Developmental abnormalities or variation can also

increase as a consequence of plastic development.
Because canalization buffers developmental processes
against environmental perturbation, it can facilitate the
robust production of a consistent, optimal phenotype,
even in stressful environments (Clarke and McKenzie
1987, Lack et al. 2016). Here, greater plasticity was asso-
ciated with increasingly pronounced tooth row abnor-
malities in exposed treatments. In addition, siblings
from more plastic clutches exhibited greater inter-indi-
vidual variation in rates of development, growth, and
tooth row keratinization, especially following cannibal
exposure, but also within control treatments (i.e., devel-
opmental noise; DeWitt 1998, Relyea 2002, Flatt 2005,
Tonsor et al. 2013). This increase in inter-individual vari-
ation could affect clutch viability, both via fitness reduc-
tions in individuals that have produced especially poor
phenotypes, and by reducing metamorphic synchroniza-
tion (a mechanism used by toads to reduce the risk of
predation and cannibalism in the terrestrial environ-
ment; Arnold and Wassersug 1978, Pizzatto and Shine
2008). Alternatively, reduced performance in a subset of
the clutch may increase rates of growth and development
among surviving siblings in resource-limited environ-
ments. Additional research is required to determine
whether this variation could have an adaptive function
(DeWitt 2016).
Although we did not detect any negative effects of

canalized rapid development, one limitation of our
design is that plasticity in development was estimated
more precisely than total development time, so our anal-
ysis may have detected plasticity costs more readily than
costs of phenotype. However, variation in pre-feeding
developmental rates in control conditions was also con-
siderably larger than the variation achieved via plasticity
(≤1.7 d vs. ≤6.7 h), increasing our ability to detect poten-
tial effects, and the influence of development time never
approached significance (P > 0.4). Ultimately, due to
the relative magnitude of this variation, rapidly develop-
ing, less plastic clutches are likely to be less vulnerable to
cannibalism than those that use an inducible defense,
without incurring performance costs.

Plasticity vs. canalization: Evolutionary implications

Although costly inducible defenses can be adaptive in
cases of extreme risk, plasticity itself should only be
favored where an inducible defense provides a fitness
advantage over a canalized defense in at least one type
of environment. In the case of the cannibal-induced
developmental acceleration documented here, these
advantages are unclear. This plastic response is appar-
ently limited by developmental lags (Padilla and Adolph
1996, DeWitt et al. 1998), such that canalized rapid

development provides stronger protection, and greater
plasticity is associated with lower performance in both
environments with and (to a limited degree) without can-
nibals (see Appendix S1: Table S2 for a summary of the
costs and limits associated with this inducible defense).
In addition, although alternating selection can prevent
the evolution of extreme phenotypes if these phenotypes
increase the risk posed by other threats (van Tienderen
1997, DeWitt et al. 2000, Relyea 2002), rapid develop-
ment is more likely to reduce than increase the threat
posed by other frequently encountered sources of larval
mortality (e.g., predation or pond drying). Despite the
advantages of a canalized defense, this cannibal-induced
defense is common in Australian cane toad hatchlings.
How, then, is plasticity maintained? One possibility is
that this inducible defense is more common in environ-
ments where cannibalism risk is low. The frequency with
which alternative environments are encountered can
affect evolutionary outcomes, with the more commonly
encountered environment having stronger effects on
selection (Sultan and Spencer 2002, West-Eberhard
2003, Levis and Pfennig 2019). In populations where
cannibals are infrequently encountered, plasticity may
provide some protection for clutches that are poorly
adapted to deal with cannibalism risk. However, in pop-
ulations where cannibalism risk is high, selection should
favor a shift to the canalized defenses that provide stron-
ger protection at a lower cost. Further research is
required to determine whether the observed variation in
plasticity is related to geographic variation in risk, as
well as how canalized clutches maintain rapid develop-
mental rates without reducing performance (Chippin-
dale et al. 1997, Prasad et al. 2001). As maternal effects
can influence the magnitude of plastic responses (Michi-
mae et al. 2009, Bennett and Murray 2014), research on
the relative importance of heritability and maternal
effects could also help to clarify the mechanisms under-
lying this variation in defensive strategies.
As the cane toad is a rapidly spreading invasive spe-

cies, another possibility is that these defenses are actively
evolving. Plasticity can facilitate success in new environ-
ments and be higher in invaders (Baldwin 1896, Gha-
lambor et al. 2007, Davidson et al. 2011, Hendry 2016).
If cannibalism risk is greater in the invasive range (e.g.,
due to higher conspecific densities; Tayeh et al. 2014,
Cooper et al. 2015), these defenses may still be evolving
in response to increased risk. Eventually, cane toad
hatchlings may transition from utilizing inducible, plas-
tic defenses to canalized defenses as costly inducible
defenses are eliminated by natural selection. The idea
that inducible responses can be an initial step in the evo-
lution of canalized phenotypic change has received sub-
stantial support, and evidence suggests that shifts from
inducible to canalized, specialist phenotypes can occur
where the canalized phenotype provides a fitness advan-
tage (genetic assimilation; Waddington 1942, West-Eber-
hard 2003, Heil et al. 2004, Aubret and Shine 2009,
2010, Schlichting and Wund 2014). For example, in
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spadefoot toads, a shift from inducible developmental
acceleration in response to pond drying in species breed-
ing in temporary ponds to constitutive rapid develop-
ment in a species utilizing highly ephemeral desert pools
(Scaphiopus couchii) underlies the extremely short larval
period that reduces desiccation risk in this species
(Kulkarni et al. 2017). Theoretically, these evolutionary
shifts from a plastic to a fixed phenotype are especially
favored if the adaptive plastic response is costly in both
environments (i.e., global costs; Sultan and Spencer
2002, Weinig et al. 2006). The evolutionary loss of plas-
ticity in favor of canalized rapid development is thus
expected in our system. Research monitoring the stabil-
ity of this plastic response could therefore provide empir-
ical evidence on whether costly plastic responses can be
eliminated by selective processes in natural systems
(Pigliucci and Murren 2003).
Establishing the presence of costs and limits that

reduce the adaptive value of plasticity is a key step in
demonstrating the potential for organisms to evolve
from plastic phenotypes to specialist, canalized pheno-
types (e.g., in cases of plasticity-first evolution; West-
Eberhard 2003, Ghalambor et al. 2007, Levis et al.
2018). Despite substantial theoretical support, evidence
of these trade-offs is often weak. In many systems,
greater plasticity has not been tied to higher costs, and
there is little evidence that inducible phenotypes are
more costly to produce or less extreme than canalized
phenotypes. This lack of evidence has led to speculation
that costly plastic responses are quickly eliminated by
natural selection, or that costs only occur in highly plas-
tic populations (DeWitt et al. 1998, Pigliucci and Mur-
ren 2003, Lind and Johansson 2009). However, costly
responses may be ephemeral and more readily observed
in systems in flux, before costs are reduced by natural
selection or canalized defenses replace the costly induci-
ble response (such as during the invasion of new habitats
or in the presence of novel threats: Clarke and McKenzie
1987, Ghalambor et al. 2007, Murren et al. 2015, Lack
et al. 2016). In addition, exogenous resource inputs may
obscure trade-offs during feeding stages (Van Noordwijk
and Dejong 1986), and threats that are only moderately
dangerous may not favor the evolution of extreme, costly
responses (Lind and Johansson 2009). Therefore,
although these processes are thought to affect the evolu-
tion of plasticity in a variety of species, the system that
we describe here may be especially well suited to detect-
ing these performance trade-offs. Although costly indu-
cible defenses may evolve in response to risk, these costs
and limits can favor shifts to a canalized phenotype.
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