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Many animals capable of deploying chemical defences are reluctant to use
them, suggesting that synthesis of toxins imposes a substantial cost. Typi-
cally, such costs have been quantified by measuring the elevation in
metabolic rate induced by toxin depletion (i.e. during replenishment of
toxin stores). More generally, we might expect that toxin depletion will
induce shifts in a broad suite of fitness-relevant traits. In cane toads (Rhinella
marina), toxic compounds that protect against predators and pathogens are
stored in large parotoid (shoulder) glands. We used correlational and exper-
imental approaches in field and laboratory settings to investigate impacts of
toxin depletion on growth rate and behaviour in cane toads. In free-ranging
toads, larger toxin stores were associated with smaller gonads and livers,
suggesting energetic trade-offs between toxin production and both repro-
duction and energy metabolism. Experimental removal of toxin (by
manually squeezing parotoid glands) reduced rates of growth in body
mass in both captive and free-ranging toads. Radio tracking demonstrated
that de-toxined toads dispersed more slowly than did control toads. Given
that toxin stores in cane toads take several months to fully replenish, deploy-
ing toxin to repel a predator may impose a substantial cost, explaining why
toads use toxin only as a final line of defence.

1. Introduction

An organism’s survival depends on its ability to evade predation, and a range
of strategies have evolved to reduce the risk of detection and attack by a pred-
ator [1,2]. Chemical defences are common evolutionary adaptations for defence
against predators as well as pathogens [2,3]. The production and maintenance
of chemical defences, as well as the systems to deliver them, represent an ener-
getic investment that occurs at the expense of allocation to other life-history
traits [4—6]. The concept that venoms and toxins represent an expensive and
limited resource in animals has led to formulation of ‘optimization hypotheses’,
which predict that individuals should gauge the use of their chemical defences
and apply them judiciously [7-9]. Studies on a range of invertebrates and
vertebrates provide broad support for optimization hypotheses [8,10].

Many studies documenting the costs of chemical defence in animals have
focused on venomous rather than poisonous species [7,10-15]. The method
of toxin delivery is the basis of the distinction between these two groups;
venom is typically injected via fangs or spines, whereas poisons are secreted
onto skin and delivered to a predator via contact or ingestion [3,16]. Impor-
tantly, venoms are often used to subdue prey as well as to deter predators.
Thus, the selective forces acting on venom optimization (e.g. rapid replacement
to avoid missed foraging opportunities) are likely to differ from those acting on
defence optimization. The cutaneous glands of amphibians secrete toxic sub-
stances onto their skin, protecting against predators, parasites and
microorganisms [1,17-19]. The cutaneous glands of amphibians are typically
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dispersed across all skin surfaces but sometimes are con-
centrated, as in the warts and parotoid glands of bufonids
[17,20,21].

The parotoid glands of toads store large volumes of toxin,
which is secreted onto the skin surface or expressed into a
predator’s mouth during an attack [21,22]. Parotoid toxin is
a complex cocktail of peptides, alkaloids, steroids and bio-
genic amines [17,20]. The costs incurred in the production
of toad toxins have not been measured, but several lines of
evidence suggest that these costs are non-trivial. First, once
toxin is released from the parotoid glands it takes several
months to replenish [21]. Chen & Chen [23] expressed toxin
from the glands of a cane toad (Rhinella marina) and 76
days later only 68% had been replenished. Thus, toads are
incapable of repeatedly expending large volumes of toxin
during predator encounters [24]. Second, if toxin is released
through mechanical compression of glands (e.g. from biting
or handling by a predator [25]), the replacement of collapsed
alveoli may incur tissue repair and immune costs [21].
Finally, toads subject to attack rely on behavioural defences
(such as crypsis, flight or threat) before they resort to excret-
ing parotoid toxins [21,26-29]. This reluctance to deplete
parotoid stores accords well with the optimization hypoth-
eses [28], suggesting that toad toxin is expensive to produce
and hence should not be expended except as a last resort.

Most studies investigating the cost of venom production
have focused on energy, by comparing levels of oxygen con-
sumption before and after depletion of venom stores
[4,10,13-15,30]. However, increased oxygen consumption
may only represent part of the cost of toxin regeneration.
Other potential costs could include allocation of limited
resources away from other functions [9,10,15,31]. Metabolic
costs represent immediate proximate expenses, but other con-
sequences for performance-related traits may be of greater
ecological and evolutionary significance [15,32] and traits
other than metabolism can affect energy budget dynamics
during toxin replenishment.

Here, we investigated impacts of toxin depletion on
growth rates and behaviour of cane toads. The study con-
sisted of two parts. First, we dissected free-ranging toads
to measure the caloric content of toxin and to assess morpho-
logical correlates of toxin volume. Second, we experimentally
depleted parotoid toxin from toads (mimicking an encounter
with a predator) to initiate the production of replacement
toxin. We then compared subsequent growth rates, physical
performance, and behaviour between de-toxined and control
toads. This manipulative study was conducted in the wild as
well as in a laboratory setting. If the production of toxin
represents a major energetic expense, we predicted that
replenishment of toxin stores would influence toad behaviour,
physical performance and energy allocation.

2. Methods
(a) Study species

Cane toads are large bufonid anurans from Central and South
America [33]. They were brought to Australia in 1935 as a bio-
control agent of insect pests of sugar cane. Since then, toads
have spread thousands of kilometres westwards and southwards
across the continent [33]. Like other bufonids, cane toads possess
large parotoid glands located on their shoulders which contain
defensive toxin (figure 1). Because this toxin is densely seques-
tered in discrete glands, it can be more easily removed as an
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Figure 1. (a) Male cane toad with prominent parotoid gland (circled). White
lines indicate approximate locations of length and width measurements.
(b) Toxin expressed from the parotoid gland of a female cane toad. () Depiction
of de-toxin versus control gland squeezing techniques. To squeeze toxin from
glands, the fingers apply pressure (straight arrows) in a downward direction
at the base of the gland. This outward pressure at the surface of the gland
(curved arrows) forces toxin out. To squeeze a gland without removing toxin,
pressure is applied in a more upward direction to compress the surface of
the gland. (Online version in colour.)

experimental manipulation (figure 1) than can toxin in widely
distributed skin glands.

(b) Study site

Our laboratory study took place at the University of Sydney’s
Tropical Ecology Research Facility at Fogg Dam (12.57°S,
131.30°E) located 60 km southeast of Darwin in Australia’s North-
ern Territory. The area experiences wet—dry tropical seasonality,
with 93% of the average annual rain (1400 mm) falling during a
six-month wet season (November—April). Temperatures are
high year-round, with average maximum temperatures during
each month greater than 32°C [34]. Our study occurred during
the months of October—November, which correspond to the
harshest environmental conditions faced by resident toads [34].
During this hot dry time of year toads congregate at high density
around dwindling sources of moisture. Leaning Tree Lagoon
(12.71°S, 131.42°E) is one such area, and was the site chosen to
collect toads and to conduct the field component of the study.
The lagoon is a permanent waterbody and acts as a refuge for
many organisms during the dry season. Cane toads arrived in
the area in 2005 [34], and at the time of the present study in
2018, had been established for 14 years.

(c) Correlational study

Forty-three adult toads (22 females and 21 males) were collected
by hand at night from Leaning Tree Lagoon and placed in damp
cloth bags. They were returned to the University of Sydney’s
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Tropical Ecology Research Facility at Fogg Dam and held over-
night. The next day, the toads were humanely euthanized by
an overdose of pentobarbitone sodium and measured for
snout—urostyle length (SUL) and body mass. Sex was deter-
mined based on the presence of male secondary characteristics
(release call, rugose skin, yellow coloration and nuptial pads).
The length and width of each parotoid gland was measured
(figure 1), and their toxins were extracted by manually compres-
sing the gland between the thumb and forefinger several times
until no more toxin could be extruded (figure 1). Squeezing
glands in this manner collapses and empties the internal alveoli
of stored toxin [21,35], although we did not examine glands his-
tologically to quantify any toxin remaining after squeezing.
Extracted toxin was scraped onto a glass microscope slide and
weighed to 0.001 g. We determined the caloric content of toxin
from a subsample of 13 toads (see below). Toads were dissected,
and the liver, gonads, spleen and fat bodies were extracted,
patted dry and weighed to 0.001 g.

(d) Experimental studies

(i) Free-ranging toads

Thirty-six toads were collected at night from the perimeter of
Leaning Tree Lagoon, and the GPS coordinates of their locations
recorded. They were placed in damp cloth bags and returned to
the laboratory where they were kept overnight. The next day
each toad was sexed and measured for SUL and mass. To be
able to identify toads individually afterwards, we toe-clipped
them (a procedure that causes minimal stress or after-effects
[36]) and then randomly assigned toads to either control or de-
toxined groups. Sixteen of the toads had their parotoid toxin
manually expressed (as above). As a control group, 20 toads
had their glands squeezed and manipulated for a similar dur-
ation, but without expressing any toxin. This control treatment
was achieved by applying pressure to push the gland inwards
(figure 1) and was performed for the same amount of time that
it took to de-toxin a toad (approx. 90 s). Toads in the de-toxined
group consisted of six females and 10 males and ranged in body
size from 85.7 to 121 mm SUL. The control group contained eight
females and 12 males, ranging in size from 83.7 to 120.6 mm.
Each toad was then fitted with a bead chain belt bearing a 3 g
radio-transmitter (model PD2; Holohil Systems, Ottawa,
Canada). Body masses of the 36 radio-tracked toads ranged
between 56 and 280 g, so the radio-transmitter and belt rep-
resented a burden of less than 6% of body mass. Toads were
released back at their point of capture within 24 h. Radio-
tagged toads were located daily over the subsequent 5 days
and the GPS coordinates (accurate to 3 m) of their diurnal shelter
sites were recorded. On each day, we calculated the distance each
toad had moved from its original capture location and the dis-
tance moved from the previous day’s location. After 5 days of
radio-tracking, toads were recaptured and returned to the labora-
tory where they were euthanized, weighed and dissected. The
liver, gonads, spleen and fat bodies were extracted, patted dry
and weighed to 0.001 g.

Telemetry was conducted in two 5-day bouts, started one
week apart. During each bout, 17-19 toads were tracked, consist-
ing of approximately equal numbers of control and de-toxined
individuals.

(i) Captive toads

In early October 2018, 20 subadult toads (60—80 mm SUL) were
captured at night from within 5km of the Tropical Ecology
Research Facility. They were individually toe-clipped for future
identification and measured for SUL and mass. We then injected
each toad subcutaneously with ivermectin at a dose of 0.02 mg/
100 g to remove nematode lungworms (which are known to
affect toad growth rates [37]). In addition, we orally dosed toads

with metranidazole (10 mg per 100 g) to remove potentially patho-
genic gastric protists [38]. Toads were then maintained in outdoor
enclosures equipped with lights (to attract insects) and water for
two weeks prior to the commencement of the experiment.

At the end of October, the 20 toads were collected from the
outdoor enclosures, remeasured and randomly assigned to one
of two toxin-gland-manipulation groups. Ten toads were de-tox-
ined (as above) and 10 were treated as controls (as above). Toads
in the de-toxined group consisted of six females and four males
and ranged in body size from 61.2 to 84.9 mm SUL. The control
group contained four females and six males, ranging in size from
62.2 to 85.4 mm. The toads were then housed in individual 121
bins (40 x 30 x 20 cm), equipped with newspaper floor covering,
a water dish and small shelter. Cages were held in a shaded
building that experienced ambient levels of lighting, temperature
and humidity. Each toad was fed five medium-sized, commer-
cially sourced crickets daily for 20 days. After 20 days, we
remeasured toads to assess growth and subjected them to phys-
ical and behavioural assays (below). We chose these assays to
look for differences between de-toxined versus control toads
because previous studies indicate they are effective tools to
measure differences among groups of toads (e.g. as a function
of infection status [37], invasion history [27,39] or immune
response [40]).

(iii) Boldness and spontaneous activity

We used protocols described by Finnerty ef al. [37] to measure
aspects of boldness and spontaneous activity in toads. Toads
were placed individually into 701 arenas (64 x 42 x 30 cm)
marked with 10 x 10 cm grid lines on the floor. Each arena
held a black 11 shelter box with a door that could be closed.
Toads were placed into the closed shelters and after a 5-min
acclimation period, the door was opened and the trial was
filmed for 30 min. Four arenas were filmed simultaneously and
arenas were sprayed and wiped with 10% ethanol between suc-
cessive trials to remove scent cues. The following variables were
scored from videotapes as measures of boldness and activity:
(i) the time elapsed until the toad’s head first emerged from the
shelter, (i) the time elapsed until its body fully emerged from
the shelter, (iii) the number of grid lines crossed per minute,
after emerging from the shelter and (iv) the time it escaped the
arena (if applicable). These trials were conducted on the night of
day 20 between the hours of 19.30-00.45 h and under ambient
weather conditions (31-34.1°C, 52—-60% relative humidity).

(iv) Locomotor performance

Running speeds of toads were measured on an indoor raceway
(285 x 14.5 x 8.5 cm), the central 240 cm of which was demarked
into four 60 cm sections. Toads were encouraged to run along the
track by gently tapping their hindquarters. Each toad was raced
up the 240 cm central section of the track and then back, and
the time taken to traverse each of the eight 60 cm sections was
recorded. The fastest time to cover any of the 60 cm sections
was used as a measure of sprint speed and the cumulative time
taken to traverse all eight 60 cm sections was used as a measure
of endurance. If a toad was tapped more than 10 times in a row
without response, the trial was terminated. Locomotor trials
were conducted between 11.00 and 14.00h on Day 21 under
ambient conditions (31.4-34.5°C, 41-68% relative humidity).

(v) Foraging ability

Foraging success was measured by placing individual toads in
701 arenas (64 x 42 x 30 cm) and then introducing 10 crickets.
The number of crickets eaten within 5min was used as a
measure of foraging ability. These trials were conducted between
1400 and 16.00h on day 21 under ambient conditions
(31.0-35.5°C, 37-56% relative humidity).
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(vi) Dissection
On day 22, toads were euthanized and dissected. Liver, gonads,
spleen and fat bodies were patted dry and weighed to 0.001 g.

(vii) Toxin calorimetry

We determined the energy content of toxin samples from 13 of
the 43 toads collected for the correlational study (see above).
Samples from the left- and right-hand glands of each toad
were analysed separately. Briefly, samples were weighed and
freeze-dried before duplicate combustion within a semi-micro
oxygen vessel (PARR 1109A) and caloric determination in a
bomb calorimeter (PARR 6200; John Morris Scientific Pty Lim-
ited, Australia). Energy equivalence of vessel and calorimeter
(k] per °C) was determined with benzoic acid (26.44 k] g_l).
We calculated the energy density of toxin samples (expressed
as kJ g~ !) by dividing the caloric content of each sample by its
dry mass.

(e) Statistical analyses

We mainly used multiple regressions to investigate effects of
toxin content (summed mass of toxin obtained from left and
right glands in the correlational study) or toxin removal (in the
experimental study) on morphological, and behavioural traits
of toads. Because sex and body size influence many aspects of
toad morphology, and behaviour (e.g. [27,39]), these two traits
were included as independent variables in all multiple
regressions. Residuals from regressions were inspected for viola-
tions of assumptions. Data on morphological traits (e.g. organ
masses, SUL) were In-transformed prior to analyses in order to
achieve homogeneity of variances. Locomotor performance
times (sprint and endurance) were In-transformed in order to
meet assumptions regarding normality.

Radio telemetry data consisted of multiple observations of
distances moved for each individual, and the two radio telemetry
bouts occurred during consecutive weeks that may have differed
subtly in environmental conditions. To accommodate individual
and temporal sources of variation into our analysis of telemetry
data, we used mixed models, incorporating ID and telemetry
bout (week 1 versus week 2) as random effects, and day
number, toxin treatment, sex and body size as fixed effects.

We used a non-parametric Kruskal-Wallis test to determine
whether toxin energy density varied among the 13 toads. To
assess the effects of sex, body size and side (right versus left)
on toxin energy density, we used a mixed model multiple
regression with these morphological variables as fixed effects
and with toad ID as a random effect. We used the Kenward—
Rogers method to approximate degrees of freedom in all mixed
models and rounded these values to the nearest whole number
to present in tables. All analyses were conducted using JMP 13
software (SAS Institute, Cary NC) and significance was accepted
at p < 0.05. The highest variance inflation factors from any of the
multiple regression models used in our analyses was 1.81, indi-
cating that multicollinearity was not a problem among our sets
of independent variables.

3. Results

(a) Correlational study

We measured the lengths and widths of 86 parotoid glands
from 43 toads in the correlational study. The amount
of toxin contained in each gland was positively correla-
ted with both its length (r = 0.62, p < 0.0001) and its width
(r=10.67, p<0.0001). Multiple regression indicated that
larger toads held more toxin in their parotoid glands than
did smaller toads (Fyz9 =7.19, p = 0.01; figure 2), but with
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° ko *
O T T T T 1
90 100 110 120 130

snout—urostyle length (mm)

Figure 2. Positive relationship between body size and the mass of toxin con-
tained in parotoid glands of 43 wild-caught cane toads used in the
correlational study. Circles represent individual animals (open symbols for
females, closed symbols for males), and the line of best fit is in black.
Three outliers (asterisks) had unusually low levels of toxin for their size
and were excluded from some analyses and from the line of best fit.

no significant differences between males and females (F; 30 =
0.91, p = 0.35) and no interaction between sex and body size
(F139=0.75, p=0.39). Three toads (two males and one
female) contained far less toxin than their body size would pre-
dict and were identified as outliers (based on Mahalanobis
distances, p < 0.05; figure 2). These individuals might have
expended toxin during a predator encounter in the recent
past. We initially ran analyses on relationships between toxin
content and organ masses including these three outliers and
ran them again with the three individuals excluded.

(i) Organ masses

Mass of livers, spleens and gonads increased significantly
with toad body size, but fat body mass did not (table 1).
Males had heavier livers than females and females had hea-
vier gonads than males (table 1). Toads that contained more
toxin had smaller gonads (table 1; electronic supplementary
material, figure S1), and when three outliers were excluded
toads with more toxin also had smaller livers (table 1; elec-
tronic supplementary material, figure S2).

(ii) Energy density of toxin

Average energy density of the 26 dried toxin samples from
13 toads was 2229k g ' +0.18 s.e. (or 10.06kj g ' wet
weight). There was no significant difference in toxin energy
density among the 13 individuals sampled (Kruskal-Wallis
x> = 16.08, p = 0.19). Mixed model multiple regression indi-
cated that caloric density of toxin was not significantly
influenced by sex (Fy19=2.61, p=0.14), body size (Fy10=
0.02, p = 0.89), or whether the toxin was obtained from the
left- or right-hand gland (Fy 19 = 0.23, p = 0.64).

Because energy density of toxin did not differ signifi-
cantly among the 13 sampled toads, we used the mean of
these measurements (10.06 kJ g‘1 wet weight) to estimate
the total energy content of the wet toxin produced by the
remaining 30 toads (whose toxin was weighed but not sub-
jected to calorimetry). Based on the total mass of toxin
collected from each individual, total caloric investment in
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Table 1. Multiple regression results on the effects of sex, body size (SUL) and toxin content on organ masses of wild cane toads from the correlational study. [}
Each regression analysis was carried first on the full dataset of 43 toads, and then re-run with three outliers excluded. Bold type indicates significance at p <

0.05. Shaded cells indicate results with outliers included in analyses. S
outliers included outliers excluded f;_"*
E
organ mass estimate p-value estimate %
o
In liver intercept —21.42 —23.24 §
sex —0.17 9.34 0.0040 —0.14 6.72 0.0137 g
T ‘5 o108 L R iy e %
In toxin weight —0.14 2.64 0.1124 —0.28 523 0.0282 =2
e |ntercept—1441 e ;U
sex —0.37 3.48 0.0696 —035 2.99 0.0923 8
T i o B - o ;
In toxin weight —0.00 0.00 0.9978 0.36 0.66 0.4203 ;
In gonad intecept =587 e | 2
5 LT il R P e <eeln
In SUL 12.60 35.76 <0.0001 12.87 32.08 <0.0001 8
In toxin weight —0.69 6.37 0.0158 —0.87 442 0.0426 g

Inspleen . ‘in‘térbcebptb e s TR

sex —0.08 0.53 0.4697 —0.05 0.17 0.6843
T i 01 L R Ry
In toxin weight 0.02 0.01 0.9253 —0.17 0.46 0.5009

parotoid stores ranged from 0.92 to 14.47 k], and increased
with SUL (Fy 4 = 13.68, p=0.0006). Larger toads had a
higher total caloric investment in toxin because they pro-
duced more toxin.

(b) Experimental studies

(i) Free-ranging toads
Movements. The distance between successive daytime refugia
increased over the 5-day telemetry period but was not
affected by toxin removal (table 2). However, toxin removal
did affect the rate at which toads dispersed away from their
point of capture, as indicated by a significant interaction
between treatment and time (Fjq4p=4.21, p=0.042,
table 2). De-toxined toads remained at a relatively constant
distance from their point of capture, whereas control toads
moved increasingly further away over the 5 days. By
the final day of telemetry, control toads had moved an
average of 202 m + 42 s.e. from their starting point, whereas
de-toxined toads had only moved 122 m + 24 s.e. (figure 3).
Change in mass. We identified two female toads (one de-
toxined and one in the control group) that lost in excess of
35 g over the 5-day telemetry period. Such a rapid decrease
in body mass suggests that these females had oviposited, so
we excluded them from the analysis on mass change. With
these outliers excluded, a multiple regression incorporating
sex and SUL as covariates revealed a significant effect
of toxin removal on mass change (table 3 and figure 4). On
average, control toads gained 2.03 g + 1.9 s.e. in mass over
the 5-day telemetry period whereas de-toxined toads lost
an average of 5.79 g + 2.2 s.e. (excluding the mass of toxin
removed). If the two females suspected of ovipositing are
retained in the analysis, the significance of the effect of
toxin removal on mass growth decreases to p = 0.058.

Organ masses. Multiple regressions (incorporating sex and
body size as covariates) on In-transformed measures did not
reveal any significant effects of toxin removal on organ
masses of radio-tracked toads (electronic supplementary
material, table S1). Predictably, all organ weights were posi-
tively related to body size, and females had heavier gonads
than did males (electronic supplementary material, table
S1). However, males had heavier fat bodies than did females
(electronic supplementary material, table S1).

(c) Captive toads
(i) Growth

Toxin removal reduced growth over 20 days in both mass and
SUL (table 3 and figure 4). On average, control toads increased
massby 3.2 g + 1.6 s.e. and de-toxined toadslost0.4 g + 1.3 s.e.
(excluding the mass of toxin removed). Control toads increased
SUL by an average of 1.1 mm =+ 0.5 s.e. and de-toxined toads
decreased in SUL by 0.3 mm + 0.4 s.e. The apparent loss of
body length among de-toxined toads likely indicates measure-
ment error around zero growth, rather than shrinkage.

(ii) Locomotor and feeding performance

Performance of the 20 captive toads in locomotor and feeding
trials was independent of sex, body size and toxin removal
(electronic supplementary material, table S2), although
males tended (p=0.05) to have lower sprint times (i.e.
higher speeds) than did females.

(iii) Boldness trials

Males emerged both partially and completely from shelters
more quickly than did females, were more active after emer-
ging, and escaped from arenas more quickly than females



Table 2. Mixed model analyses of the effects of toxin removal on movements of cane toads radio tracked over 5 days. Individual ID and telemetry bout were [}

included as random effects in the model and the Kenward —Rogers method was used to approximate d.f. Bold type indicates significance at p << 0.05.

trait effect

distance between diurnal refugia sex
suL
toxin removal
da‘y‘ no. ‘

toxin removal x day no.

distance from capture site sex
SuL
toxin removal
day no.

toxin removal x day no.

[\ [\

o NS

(=) (=)
L L

180 -
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Figure 3. Effects of toxin removal on rates of dispersal of 36 toads radio
tracked for 5 days. De-toxined toads (dashed line, open circles) remained
at a constant distance from their point of capture but control toads (solid
line, filled circles) moved increasingly further away over the 5 days. Values
at each time point represent means and bars denote associated standard
errors. Lines depict best linear fits.

(electronic supplementary material, table S2). Smaller toads
completely emerged from shelters more quickly than did
larger conspecifics (electronic supplementary material, table
S2). De-toxined toads showed marginally (p = 0.07) higher
levels of activity after emerging from shelters than did control
toads (electronic supplementary material, table S2).

(iv) Organ masses

Among the 20 captive toads, larger individuals had heavier
livers and gonads (electronic supplementary material, table
S3), and females had larger gonads and spleens than did
males (electronic supplementary material, table S3). There was
no significant effect of toxin removal on mass of any organ
(all p > 0.32; electronic supplementary material, table S3).

4. Discussion

Both our correlational and experimental studies suggest that
toxin depletion in cane toads entails energetic trade-offs with

df. F p-value
132 026 06142
131 w0653
131 032 05768
1106 839 00046
1,106 0015 09039
131 0.15 06985
132 0.19 06683
3 by R 02771
1142 7.08 0.0087
114 421 0.0421

liver stores, growth and reproduction. Our correlational
study verified several a priori expectations, such as that
larger toads carry more toxin than smaller toads, and that
larger parotoid glands carry more toxin than smaller ones.
We found negative correlations between the volume of
toxin carried by toads and the size of their livers and
gonads, suggesting energetic trade-offs. Toads that invest
more in toxin production may do so at the expense of repro-
ductive investment. The trade-off between toxin production
and reproductive investment could arise through competing
energy demands. Additionally, the bufodienolide com-
ponent of toxin is synthesized from the same precursor
molecules as are sex hormones [41]. Thus, competition for
these precursors could also result in trade-offs between
toxin production and reproduction. The liver is a major site
of energy storage and biosynthesis in amphibians [42],
suggesting that toxin production depletes energy or possibly
other substances (e.g. soluble proteins) stored by the liver.
Based on patterns of vascularization and density of orga-
nelles involved in biosynthesis, the parotoids themselves
appear to be the main site of toxin production [20,43].

Concordantly, experimental removal of toxin generated
growth deficits in toads, even over a relatively short duration
(5—-20 days). In the case of radio-tracked toads, the mass loss
exhibited by de-toxined individuals could conceivably be due
to elevated metabolic demands if synthesis of replacement
toxin is initiated rapidly after toxin removal. It is also possible
that toxin removal reduces general activity levels, including
foraging. Toxin removal affected other measures of activity
(i.e. dispersal) among radio-tracked toads. Alternatively,
toads that have been stripped of their chemical defence
may be more vulnerable to predation, and hence be reluctant
to undertake potentially risky forays away from their home
site. We did not detect any changes in activity among captive
toads following toxin removal, perhaps because the artificial-
ity of laboratory trials masked changes in behaviour that
were expressed under natural conditions. In the case of cap-
tive toads, the reduced growth of de-toxined toads might
be due to an elevation in metabolic rate (because all individ-
uals were provided with similar amounts of food each day).
In other taxa, toxin removal typically initiates an increase in
metabolic rate as individuals upregulate the biochemical pro-
cesses required for toxin synthesis [8,10,13-15].
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Table 3. Multiple regression analyses on the effects of sex, body size and toxin removal on changes in body size of radio tracked and captive cane toads over 5

and 20 days, respectively. Bold type indicates significance at p << 0.05.
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Figure 4. Box plot of the effect of toxin removal on growth of cane toads.
Circles represent individual animals. (a) Change in body mass over five days
among radio-tracked cane toads. Two female toads (asterisks) that lost exces-
sive amounts of mass (possibly through breeding) were excluded from
analysis. (b) Change in mass over 20 days among toads maintained in cap-
tivity. (c) Change in SUL over 20 days among toads maintained in captivity.

Although toxin content was significantly related to SUL,
there was considerable scatter around the line of best fit
(figure 2). For instance, at SUL of 110 mm, individuals
ranged more than 10-fold in the amount of toxin they pos-
sessed, from 0.12 to 1.4 g. These toads were collected from
the wild and may have had differing predator-encounter
experiences. Conceivably, some of these animals had par-
tially depleted their toxin stores before capture and were in
various stages of replenishment. Alternatively, differences
in rates of predator encounter among toads could induce

df. f p-value
1,30 362 00668
130 048 04927
1,30 7.49 0.0103
106 57 © 0.0288
1,16 039 05387
1,16 498 0.0404
1,16 083 03770
106 ) 05275
1,16 5.04 0.0393

them to produce different amounts of toxin. Facultative
adjustments of chemical defence in response to predation
risk and other environmental cues have been reported in
amphibians [9,12,41,44]. Because all toads used in the present
study were collected from the same site, differences in exter-
nal cues are unlikely to have impacted toxin levels.

Without data on the magnitude and duration of metabolic
increase during toxin replenishment, it is difficult to place the
cost into the context of a toad’s energy budget. Using the
energy content of an adult Tenebrio beetle as an example
(5.8 kJ g71 [45]), and a digestive conversion efficiency of
73% (for Bufo boreas [46]), it would take approximately 2.4 g
(e.g. 24 beetles weighing 0.1 g each) to provide the calories
present in 1 g of toxin (10.06 kJ; eight of the 43 toads in the
correlational study contained greater than 1 g of toxin). Fora-
ging cane toads have been described as ‘first-rate gluttons’
[47] and contingent upon prey availability, a large toad
could likely ingest 24 beetles during a single foraging bout.
Examination of cane toad stomach contents often shows
very high levels of food intake. For instance, at a site in
Panama, Zug & Zug [47] reported an average mass of
stomach contents of cane toads of 8.9 g and a maximum of
354¢g.

Although toads thus could rapidly replace the caloric value
of expended toxin, the metabolic costs of toxin replenishment
may be much more substantial than can be quantified by calo-
ric units. Toxin replacement requires synthesis of complex
compounds, as well as mobilization and catabolism of precur-
sors and secretion of final products into extracellular spaces
[10,30]. In addition, the process of toxin replenishment in
toads is prolonged. Parotoid glands of R. icterica remain col-
lapsed and empty for up to 105 days following manual
compression to remove toxin [21]. Chen & Chen [23] reported
expressing 0.71 g of toxin from a 254 g cane toad but 76 days
later were only able to express 0.48 g from the same individual.
At this replenishment rate (less than 0.89% of toxin volume per
day), it would take greater than 112 days for a toad to replace
the contents of its parotoid glands. If toxin replenishment
necessitates an elevation in metabolic rate over this entire
period, the cumulative costs could be substantial.

Our results suggest that toxin production by cane toads
incurs costs that could impact fitness, favouring ‘toxin
optimization’. That is, we would expect selection to favour
frugal use of toxin. Many bufonids employ behavioural
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antipredator defences prior to releasing toxin, consistent with
the idea that individuals avoid using toxin unnecessarily. In
Australian cane toads, less than 9% of individuals responded
to simulated standardized predator harassment by exuding
toxin [27]. Toads were also more likely to exude toxin when
temperatures were low, and the animals were thus less
capable of rapid retreat [27]. Toads with relatively small par-
otoid glands were more likely to exude toxin than were toads
with larger glands, suggesting that toads were more likely to
expend toxin if they only had a small quantity to replace but
were unable to control the amount released [27]. The extent to
which toads are capable of metering their toxin remains to be
determined.

Our experimental manipulations attempted to remove all
the toxin from both glands, and this might not reflect a realis-
tic toxin deployment by a threatened toad. Toads might
secrete different amounts of toxin depending on the size or
type of predator and the seriousness of the threat, similar to
facultative adjustment of venom release by venomous ani-
mals [7,10]. Toads may even deploy toxin from one gland
only, depending on which side the threat is on [22]. The
level and circumstances of toads’ ability to meter their toxin
warrants future study.

A longer-term study to document the duration and conse-
quences of the costs we document here would also be useful.
For instance, it would be informative to determine whether
different chemical components of the toxin are replenished
at different rates [30]. Given that complete toxin replenish-
ment by cane toads could take several months [23,24] the

full costs could impact on direct determinants of fitness. n

For example, reduction in growth over several months
would detrimentally affect all fitness components that were
enhanced by large body size. Larger individuals have per-
formance and fitness advantages in many amphibian
species [48]. The small surface area:volume ratio of larger
anurans also reduces their rates of desiccation [49], heating
and cooling [50,51]. In cane toads specifically, larger size
increases reproductive success of both males and females
[52,563]. Although it would be difficult to document a
reduction in lifetime reproductive success as a result of
toxin depletion, a reduction in survivorship might be detect-
able and provide a useful indicator of the strength of selection
acting on fine control of toxin expenditure.
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