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Abstract

Cane toads are highly toxic bufonids invasive in several locations throughout the
world. Although physiological changes and effects on native predators for Australian
populations have been well documented, Florida populations have received little at-
tention. Cane toads were collected from populations spanning the invaded range
in Florida to assess relative toxicity, through measuring morphological changes to
parotoid glands, likelihood of secretion, and the marinobufagenin (MBG) content of
secretion. We found that residual body indices increased in individuals from higher
latitude populations, and relative parotoid gland size increased with increasing toad
size. There was no effect of latitude on the allometric relationship between gland
size and toad size. We observed an increase in likelihood of secretion by cane toads
in the field with increasing latitude. Individuals from southern and northern popula-
tions did not vary significantly in the quantity of MBG contained in their secretion.
Laboratory-acclimated cane toads receiving injections of epinephrine were more
likely to secrete poison with increasing dose, although there was no difference in
likelihood of secretion between southern and northern populations. This suggests
that differences between populations in the quantities of epinephrine released in
the field, due to altered hypothalamic sensitivity upon disturbance, may be respon-
sible for the latitudinal effects on poison secretion. Our results suggest that altered
pressures from northward establishment in Florida have affected sympathetic sen-
sitivity and defensive mechanisms of cane toads, potentially affecting risk to native

predators.
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1 | INTRODUCTION

Cane toads (Rhinella marina) are large and highly toxic members of
the family Bufonidae and are native to South America (Acevedo
et al., 2016; Zug & Zug, 1979). Due to their voracious feeding re-
sponses, cane toads were introduced into Australia in the early to
mid-1900s as a means of controlling sugar cane pests (Lever, 2001;
Phillips et al., 2006) and were released in Florida (Miami) in the
United States prior to 1955 (Krakauer, 1968). They have dispersed in
these locations with invasion rates of up to 55 km/year in Australia
(Phillips et al., 2007). Additionally, R. marina reproduce in large num-
bers, and females may lay up to 30,000 eggs per clutch in invaded
areas (Hagman & Shine, 2006). However, the extent of cane toad
dispersal and reproductive capacity in the United States, where
they have established in higher latitude temperate areas (Mittan &
Zamudio, 2019) is not well known.

Much of the devastation to native Australia fauna and predators
caused by invasive cane toads has been due to their highly toxic
secretions, common to bufonids and many other amphibians (Garg
et al., 2007), that significantly impact the survivorship of native
predators from the areas they invade (Shine, 2010). Toad poison is
synthesized and stored in the large parotoid glands on the shoulders
(Mailho-Fontana et al., 2014) and in other cutaneous macroglands
in the skin (Mailho-Fontana et al., 2018). The secretion contains
a cocktail of toxins (Hayes et al., 2009), the main components of
which belong to a family of compounds known as bufadienolides
(BDs) (Chen & Kovafikova, 1967; Lever, 2001). These steroidal com-
pounds, derived from cholesterol (Porto & Gros, 1971), are more
broadly classified as cardiotonic steroids (Sousa et al., 2017; Steyn &
van Heerden, 1998). These compounds exert their effects by bind-
ing to the enzyme Na'/K'-ATPase to induce sustained contraction.
Marinobufagenin (MBG) is a potent cardiotonic compound found in
the secretions of R. marina (Sciani et al., 2013) and has been shown to
induce cell death in cardiac myocytes (Liu et al., 2012).

Altered selective pressures may affect various physiological
aspects in amphibians, including the potency of poisonous secre-
tions. Members of the toad species Bufo bufo occupying regions of
elevated anthropogenic disturbance differ in toxicity compared to
those in less disturbed agricultural areas (Békony et al., 2019), and
individuals of Bufo boreas exposed to increased predation cues prior
to metamorphosis had higher concentrations of more toxic com-
pounds in their secretions (Benard & Fordyce, 2003). Altered mor-
phological and physiological changes have been documented in R.
marina at the invasion front when compared to longer established
populations (Friesen & Shine, 2019; Gardner et al., 2020). Parotoid
gland size has been shown to increase with body size (snout-vent
length (SVL)) in R. marina (Phillips et al., 2007; Phillips & Shine, 2005).
In Australia, this allometric increase is greater in toads at the invasion
front than in long-established populations (Phillips & Shine, 2005).
This may indicate that cane toads produce more toxic secretions
when invading new habitats, possibly to deter predators early in the
invasion process, as many predators rapidly learn to avoid preying on
toads (Greenlees et al., 2010).

Prior to the introduction of R. marina, Australia had no toad
species (Beckmann & Shine, 2009; Hayes et al., 2009). In contrast,
potential predators that may encounter cane toads invading Florida
have evolved in sympatry with other toad species, such as the south-
ern toad, Anaxyrus terrestris, which also possess BDs in their toxic se-
cretions (Mohammadi et al., 2016). Invertebrate predators in Florida
are capable of consuming cane toad eggs with low mortality risk
(Punzo & Lindstrom, 2001) relative to larval anuran predators and
fish. Other native predators, including several snake species, opos-
sums, and birds (Meshaka, 2011) have been observed consuming
adult toads with little or no ill-effect.

Individuals from edge populations of R. marina in Australia have
shown altered behavior to novel stressors, such as decreased escape
behavior and an increased likelihood of secreting poison during sim-
ulated predation events (Hudson et al., 2017). Although these be-
haviors have yet to be observed for toads in Florida, toads near the
northern edge populations have shown elevated baseline corticos-
terone concentrations and attenuated responses to a restraint chal-
lenge when compared to individuals from southern core populations
(Assis et al., 2020). This pattern of attenuated response to novel
stressors has also been documented under laboratory conditions for
Florida cane toads (Gardner et al., 2020).

Although the risk of R. marina poisoning among native preda-
tors in Australia has been well documented (Crossland et al., 2008;
Greenlees et al., 2006; Letnic et al., 2008; Phillips & Shine, 2006),
that risk has not been reported quantitatively for the Florida cane
toad invasion. Here, we assess morphological, behavioral, and phys-
iological characteristics reflecting toxicity risk of R. marina from
well-established sites in southern Florida and from sites stretch-
ing northward to the invasion front. We measured the size of the
parotoid glands, the likelihood of secretion, and the concentration
of MBG in samples of secretion obtained in the field. We then col-
lected toads to assess the epinephrine-induced secretion response
under controlled laboratory conditions. We chose to use MBG con-
centration as an index of overall toxicity of cane toads from field
samples obtained from southern and northern populations due to
the potency and abundance of this compound in the integumentary
secretion of R. marina. We also document morphological and phys-
iological differences between the source populations in southern
Florida and established populations occurring closer to the invasion

front in northern Florida.

2 | METHODS
2.1 | Field sampling, 2018

Approximately 20 toads from nine populations (established from
1955 to 1991 (U. S. Geological Survey, 2020)) across a south-north
latitudinal gradient representing the current invasive range in Florida
were collected from May 10 to 19, 2018. Toads were collected from
approximately 2,000-2,400 hr and placed into plastic bags immedi-

ately upon capture (Figure 1) (for exact numbers collected from each
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FIGURE 1 Cane toad populations
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population, see Table 1). One hour following capture, toads were
removed from the bags and their mass, sex, and snout-vent-length
(SVL) were recorded. Toads were then photographed next to a ruler
for scale, and the images were used to measure gland size (right
parotoid gland), as well as to indicate whether a toad was secreting
poison following the capture and handling period. Measurements of
total length, width, and area of glands were performed using ImageJ

software.

2.2 | Field sampling, 2019

In May of 2019, toads from a southern source population in Miami
(n = 10), as well as two northern “edge” populations, New Port
Richey (NPR) and Deland (n = 10 NPR, n = 7 DeLand), were captured.
Secretion samples were collected into cryovials by gentle compres-
sion of the parotoid glands (Toledo et al., 1992) and immediately
frozen in liquid nitrogen. Sex, SVL, mass, and parotoid gland meas-
urements were recorded for each toad sampled.

2.3 | Marinobufagenin content of samples

Samples were kept frozen from the time of field collection through
their transport to the laboratory. The lids of vials containing paro-
toid secretion were punctured with a 16G needle and the contents
freeze-dried (LABCONCO Freezone 4.5). The dry contents were

removed after 24 hr, and the dry mass of each whole sample was

DelLand

~ [Ft. Lauderdale

O,
W
——

/ Miami
Homestead \|

Naples

[ &

recorded. A portion of each sample was transferred to a glass vial
and diluted with 0.5ml/mg of a 90:10 methanol/water UV grade so-
lution. The samples were then sonicated for 30 min, rotated, and
sonicated for another 15 min. Following sonication, the samples
were centrifuged for 15 min at 3,000 rpm to separate undissolved
solid material. The supernatant was then collected and stored for
analysis in a glass instrument vial (1.5 ml) at -=20°C.

High-performance liquid chromatography (HPLC) was carried
out on a Shimadzu LC-2030, equipped with an Econsil C18 column
(250 x 4.6 mm, i.d.; particle size: 10 um) from Alltech. The column
was maintained at room temperature and run at a pump speed of
1 ml/min. The mobile phases consisted of A = milli-Q water with
0.1% trifluoracetic acid and B = acetonitrile +0.1% TFA. Gradient
methodology was employed using the following method: 20% B for
1 min then raised to 42% over 42 min. It was then raised to 95% B
over 0.1 and held there for 4.9 min. B was lowered to 20% in 0.1 min
and held for 3.9 min to return the column to equilibrium.

A commercial standard of marinobufagenin (MBG; Cayman
Chemicals, catalog # 20798) was reconstituted in methanol. The
peak was first identified at 40.45 min. For verification, test samples
separate from those analyzed were spiked with commercially ac-
quired marinobufagenin, and the additional peak height was used to
confirm the identity of the marinobufagenin peak using the elution
protocol described.

The MBG peak for each sample occurred at approximately
40.45 min per the elution gradient described above. The area of each
peak was divided by the mass of the dry sample and the peak/mass

ratio was used in further analysis. Peak tailing was minimal after the
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TABLE 1 Cane toad morphological data (2018)

Variable

Mass (g)

SVL (mm)

Residual
Body Index

Gland width
(cm)

Location

Homestead
Miami

Ft. Lauderdale
Naples

Ft. Myers

Port St. Lucie
Lake Placid

New Port Richey
Deland
Homestead
Miami

Ft. Lauderdale
Naples

Ft. Myers

Port St. Lucie
Lake Placid

New Port Richey
Deland
Homestead
Miami

Ft. Lauderdale
Naples

Ft. Myers

Port St. Lucie
Lake Placid

New Port Richey
Deland
Homestead
Miami

Ft. Lauderdale
Naples

Ft. Myers

Port St. Lucie
Lake Placid

New Port Richey
Deland

GARDNER ET AL.
St.

Number of individuals Range Median Mean St. dev err

21 70.00 to 292.00 137.00 141.43 57.18 12.48
20 70.00 to 271.00 118.50 131.40 50.55 11.30
20 44.00 to 158.00 93.50 98.70 31.5 7.04
20 53.00 to 211.00 112.00 109.60 39.06 8.73
25 76.00 to 165.00 117.00 119.72 28.64 5.73
20 38.00 to 235.00 102.50 110.90 44.6 9.97
20 53.00 to 150.00 90.50 96.25 30.48 6.82
20 63.00 to 308.00 100.25 122.25 60.29 13.48
13 44.00 to 386.00 123.00 153.00 98.32 27.27
21 91.90 to 148.00 111.60 112.53 13.65 2.98
20 90.00 to 189.70 108.40 113.00 21.06 4.71
20 79.20 to 120.40 98.90 99.68 9.71 217
20 87.50 to 132.10 107.20 106.50 11.94 2.67
25 92.50to 122.70 108.50 108.21 8.75 1.75
20 70.30 to 121.60 103.10 101.99 11.66 2.61
20 81.50 to 115.90 98.90 97.79 10.85 2.43
20 83.50 to 145.20 97.80 102.63 16.42 3.67
13 75.10 to 148.40 105.90 109.34 18.26 5.06
21 -0.12 to 0.09 0.02 0.00 0.06 0.01
20 -0.54t00.10 <0.01 -0.02 0.14 0.03
20 -0.12 t0 0.07 <0.01 -0.01 0.05 0.01
20 -0.17 to 0.07 <0.01 -0.04 0.06 0.01
25 -0.11t0 0.05 <0.01 -0.01 0.04 0.01
20 -0.09 to 0.29 <0.01 0.01 0.08 0.02
20 -0.06 t0 0.08 0.01 0.01 0.04 0.01
20 -0.10t0 0.13 0.05 0.04 0.05 0.01
13 -0.08t0 0.16 0.03 0.04 0.06 0.02
21 1.10to 1.94 1.5 1.54 0.24 0.05
20 1.06t0 1.78 1.38 1.37 0.18 0.04
20 0.81to 1.64 1.31 1.28 0.19 0.04
20 0.97 to 2.01 1.39 1.42 0.25 0.06
25 1.13t0 3.30 1.41 1.51 0.42 0.08
20 1.04to 1.86 1.5 1.49 0.23 0.05
20 0.94 to 1.71 1.36 1.37 0.23 0.05
20 1.06 to 2.00 1.28 1.39 0.28 0.06
13 0.84 to 2.05 1.25 1.31 0.33 0.09

(Continues)
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TABLE 1 (Continued)
St
Variable Location Number of individuals Range Median Mean St. dev err
Gland length  Homestead 21 2.10to 4.40 2.89 291 0.53 0.12
(cm) Miami 20 1.92t03.25 2.64 2.70 033 007
Ft. Lauderdale 20 1.78 t0 2.72 2.38 2.38 0.24 0.05
Naples 20 2.16 to 3.09 2.48 2.56 0.27 0.06
Ft. Myers 25 2.05t03.51 2.46 2.57 0.37 0.07
Port St. Lucie 20 1.77 to 3.40 2.74 2.70 0.43 0.10
Lake Placid 20 1.34t0 3.19 2.47 2.46 0.40 0.09
New Port Richey 20 2.081t03.83 2.47 2.62 0.44 0.10
Deland 13 1.98 to 3.45 2.81 2.76 0.41 0.11
Gland area Homestead 21 1.61to 5.14 2.67 2.98 0.96 0.21
Miami 20 1.57 to 3.68 2.23 2.39 0.60 0.13
Ft. Lauderdale 20 1.08 to 2.82 1.93 1.94 0.47 0.11
Naples 20 1.43 to 4.69 2.29 2.40 0.71 0.16
Ft. Myers 25 0.93t0 3.74 2.24 2.27 0.62 0.12
Port St. Lucie 20 1.12t0 4.31 2.64 2.67 0.82 0.18
Lake Placid 20 1.34 to 3.47 2.22 2.23 0.60 0.13
New Port Richey 20 1.29to 5.21 1.83 2.30 1.01 0.23
Deland 13 1.21 to 4.60 2.45 2.52 0.96 0.27
Gland size Homestead 21 -0.2t0 0.41 0.06 0.09 0.16 0.03
Miami 20 -0.23t0 0.22 -0.03 -0.01 0.12 0.03
Ft. Lauderdale 20 -0.42 t0 0.08 -0.11 -0.12 0.12 0.03
Naples 20 -0.24 t0 0.32 -0.03 -0.02 0.13 0.03
Ft. Myers 25 -0.24t0 2.34 -0.04 0.11 0.52 0.10
Port St. Lucie 20 -0.39 t0 0.28 0.05 0.03 0.17 0.04
Lake Placid 20 -0.30t0 0.18 -0.03 -0.06 0.14 0.03
New Port Richey 20 -0.30t0 0.40 -0.12 -0.05 0.19 0.04
Deland 13 -0.20to 0.41 0.02 -0.01 0.19 0.05

optimal gradient elution protocol was established. However, area
under the curve was chosen over peak height to accommodate any
minor peak tailing or broadening. MBG sample concentrations were
determined by the use of a four-parameter standard curve. Using
the integrated peak value and a five-point calibration plot, the con-
centration of MBG (ug/mg) in solution was determined. This concen-
tration was then back-calculated relative to the amount of solution
used for sample preparation and adjusted for the dry weight of each

sample prior to extraction.

2.4 | Sympathetic sensitivity

In May 2019, 58 additional toads (n = 28 Miami, and n = 30 NPR) were
collected and maintained under laboratory conditions, detailed by
Gardner et al. (2020). Following acclimation, the toads were divided
into five treatment groups: normal saline solution (NSS) and NSS
with 0.125 pm, 0.25 um, 0.5 pm, or 1 um epinephrine gram of body

per mass. Each treatment group was comprised of six toads collected

from Miami and NPR (with the exception of the 0.125 um treatment
group, which had only four toads from Miami). Following injections,
each toad was placed in a plastic bin (60.96 x 46.99 x 40 cm) and
monitored for signs of poison secretion.

2.5 | Statistical analyses

To compare the morphological parameters in Florida populations
of cane toads with those observed in a previous study by Phillips
and Shine (2005), a model using the Im function in R (version 3.6.3),
using latitude coordinates (decimal degrees) as a covariate and sex
as a factor, was used to assess differences in log,,-transformed SVL
measurements of toads. Log,,-transformed body masses of toads
collected from the nine populations sampled during 2018 were then
regressed against SVL measurements (also log,,-transformed) to
obtain residual body condition index measures (Denoél et al., 2002).
This measure follows a normal distribution that is independent of

SVL (Pliasu et al., 2010) and has commonly been used to assess
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FIGURE 2 Poison secretion data collected from 9 cane toad populations spanning a south to north gradient in FL (n = 21, 25, and 13

for Homestead, Ft. Myers, and DelLand, and n = 20 for all other populations). Panel (a) represents percentages of toads secreting poison
following 1 hr of capture and handling. The likelihood of a toad secreting poison following collection in the field increased significantly
(z173 = 3.24, p < .01) with increasing latitude, from the most southern population (Homestead) to the most northern (DeLand, FL). Panel (b)
depicts a toad secreting poison immediately following capture from a northern FL population (DeLand)

fitness and performance of individuals from different populations
(Scheele et al., 2014; Unglaub et al., 2018). A model using sex as a
factor and latitude and log,,-transformed SVL (toad size) as covari-
ates was used to assess differences in body index (BI) for the 2018
dataset.

Parotoid gland sizes were evaluated by performing a principal
component analysis (PCA) (using the princomp function in R) on
log,,-transformed width, length, and area of glands obtained from
images taken in the field. The first principal component, termed
“gland size” and characterized by parotoid gland length, area, and
width, accounted for 60.19% of the variation in gland measurements,
and was used in a model (using the Im function in R) with latitude, BI,
and toad size as covariates and sex as a factor, to assess differences
in gland sizes among the nine populations sampled in 2018. An inter-
action term between toad size and latitude was originally included
in this model; however, as this term was not significant (p > .05), it
was removed. An additional model (using the glm function from the
nlme package in R) using sex as a factor and B, gland size, toad size,
and latitude as covariates was used to assess likelihood of the toads
secreting poison in the field during 2018. Bl was obtained for toads
collected in 2019 from Miami, New Port Richey, and DelLand (as well
as gland measurements), and concentration of MBG in collected se-
cretions was assessed using Bl, gland sizes, and toad size as covari-
ates and location as a factor. The likelihood of the toads secreting
poison following 3 weeks of laboratory acclimation was assessed
using epinephrine dose as a covariate and location as a factor for
toads collected in 2019. Resulting p values from all analyses were

adjusted using Bonferroni correction in R.

3 | RESULTS
3.1 | Morphology and likelihood of secretion (2018)

There was no effect of latitude (-0.008 (+ 0.004), t,,, = -2.06,
p = .08) or sex (0.002 (+ 0.008), t,,, = 0.24, p = 1.0 for 110 males

compared to 69 females) on sizes of cane toads collected during
2018 (values represent mean [+] standard error). Bl of male toads
measured in 2018 did not differ from females (-0.006 [+ 0.010],
t;75 = ~0.638, p = 1.0), and Bl was also not affected by toad size
(0.055 [+0.09], t,,; = 0.59, p = 1.0). Bl did however increase in col-
lected toads by 0.020 (+ 0.005) (t,, = 3.87, p < .01) with each degree
of increasing latitude among the cane toad populations. Parotoid
gland size was not affected by Bl (0.57 [+ 0.24], t,,, = 2.37,p = .08),
or latitude (-0.010 [+ 0.017], t;,, = 0.58, p = 1.0). Bl was also not
different for male compared to female toads (0.011 [+ 0.034],
t,24 = 0.32, p = 1.0), although gland size increased significantly (1.92
[+0.30], t,, = 6.50, p < .01) with increasing toad size (for the full list
of sample sizes, means, standard errors, data ranges, and medians
for morphological data collected in 2018 see Table 1). There was no
effect of BI (0.200 (95% C.L. = 0.0005-72.84), z,,, = 0.55, p = 1.0),
gland size (2.48 [95% C.L.=0.54-11.28],z,,, = 1.20, p = 1.0), or toad
size (2.09 [95% C.L. = 0.0007-6,022.76], z,,, = 0.19, p = 1.0) on the
likelihood of a toad to secrete poison upon capture and handling.
Male toads were also no more likely to secrete poison compared to
female cane toads (3.03 [95% C.L. = 1.11-8.24],z,,, = 2.22,p = .13);
however, cane toads were 1.94 (95% C.L. = 1.29-2.91; z,,, = 3.24,
p < .01, times more likely to secrete poison with each degree of in-
creasing latitude (Figure 2).

3.2 | MBG concentration and sympathetic
sensitivity (2019)

MBG concentrations assessed using HPLC were not affected by Bl
(247.34 [+ 185.45], t,, = 1.33, p = 1.0), toad size (469.32 [+ 317.21],
t,, = 1.48, p = .92), or gland size (-157.10 [+ 100.70], t,, = -1.56,
p = .80). MBG concentrations for Miami cane toads were not dif-
ferent compared to those from NPR (47.38 [+ 20.87], t,, = -2.27,
p =.21), or Deland (-7.43 [+ 29.57], t,, = 0.25, p = 1.0). MBG con-
centrations were also not different for NPR compared to DelLand
cane toads (54.81 [+ 30.91], t,, = 1.77, p = .54) (for the full list of
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sample sizes, means, standard errors, data ranges, and medians for
morphological and MBG concentration data collected in 2019 see
Table 2). Although laboratory-acclimated toads (n = 28 Miami, 30
NPR) were 9.54 (95% C.L. = 1.80-50.58; z;; = 2.71, p =.01) times as
likely to secrete poison with increasing epinephrine dose (Figure 3),
the likelihood of cane toads secreting poison was not affected by
locality (0.76 [95% C.L. = 0.23-2.55], z;5 = -0.45, p = 1.0).

4 | DISCUSSION

The cane toad range we examined in Florida extends approximately
480 km northward from the original introduction site in southern
Florida. Previous studies have indicated that cane toad size (log,,-
transformed SVL) and relative parotoid gland size increases in popu-
lations near the expanding edge of the invaded range in Australia
(Phillips & Shine, 2005), where cane toads have established approxi-
mately 1,600 km to the northwest (Brown et al., 2015) and 2,200 km
to the southeast (Urban et al., 2008) since their original introduc-
tion in 1935. We found that neither cane toad size nor the relation-
ship with gland size was affected by latitude for Florida populations.

Although initially our results seem contradictory to the results of
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Phillips and Shine (2005), the time since colonization for these popu-
lations ranges from approximately 65 years for the Homestead and
Miami populations to 29 years for the northern populations such as
NPR (U. S. Gological Survey, 2020). Although it is unclear from our
current data if the Florida populations initially showed the same pat-
tern of increased size and gland morphology upon their initial estab-
lishment throughout the state (as time since colonization was shown
to significantly affect body size and gland morphology in invasive
Australian populations), it is possible that the Florida populations
we sampled have now been present for long enough that increased
body or parotoid gland sizes no longer afford a selective advantage
(Phillips & Shine, 2005).

Unlike body and parotoid gland sizes, we did observe a signifi-
cant effect of latitude on BI. Studies comparing growth rates of am-
phibians against latitudinal or altitudinal gradients have shown that
individuals from higher latitude populations show higher growth
efficiency compared to those from lower latitudes (Lindgren &
Laurila, 2005), perhaps as a mechanism to mitigate the effects of
cooler temperatures in higher latitudes (Berven, 1982). In addition,
invasive species have been postulated to escape from the pathogens
and parasites of their native range upon introduction to novel habi-
tats (Lee and Klasing 2004), with newly invading populations having

TABLE 2 Cane toad morphological and MBG concentration data (2019)

Number of

Variable Location individuals Range Median Mean St. dev St.err
Mass (g) Miami 10 97.00 to 183.00 144.00 144.20 30.96 9.79
New Port Richey 10 87.00 to 224.00 168.50 168.30 42.14 13.33

Deland 7 17.00 to 169.00 86.00 76.43 59.35 22.43

SVL (mm) Miami 10 96.70 to 126.70 113.15 111.48 9.64 3.05
New Port Richey 10 96.60 to 137.20 115.15 116.56 12.57 3.97

Deland 7 57.20 to 117.20 97.70 87.01 24.93 9.42

Residual Body Index Miami 10 -0.12t0 0.06 <0.01 <0.01 0.05 0.02
New Port Richey 10 -0.06 t0 0.11 0.02 0.01 0.05 0.02

Deland 7 -0.06 t0 0.01 -0.03 -0.02 0.02 0.01

Gland Width (cm) Miami 10 1.11 to 2.06 1.63 1.57 0.28 0.09
New Port Richey 10 1.35to 2.04 1.79 1.78 0.20 0.06

Deland 7 0.88to 1.77 1.35 1.31 0.43 0.16

Gland length (cm) Miami 10 2.22t03.71 2.89 2.96 0.49 0.15
New Port Richey 10 2.33t03.81 3.27 3.24 0.42 0.13

Deland 7 1.28t03.31 2.61 2.37 0.85 0.32

Gland area Miami 10 1.78 to 4.39 2.70 3.00 0.84 0.27
New Port Richey 10 1.80 to 4.44 3.50 3.28 0.84 0.27

Deland 7 0.61 to 3.37 1.92 1.94 1.22 0.46

Gland Size Miami 10 -0.29 to 0.19 -0.07 -0.03 0.16 0.05
New Port Richey 10 -0.26 t0 0.20 0.08 0.04 0.14 0.04

Deland 7 -0.75t00.15 -0.14 -0.25 0.39 0.15

MBG (ug/g dry Miami 10 44.2 to 164.10 131.50 123.40 38.83 12.28
secretion) New Port Richey 10 5.3 to 153.50 80.75 74.30 49.74 15.73
Deland 7 23.8 to 188.50 131.90 113.37 52.30 19.77
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FIGURE 3 Percentages of laboratory-acclimated cane toads
collected from Miami (south) (n = 28) and New Port Richey (north)
(n = 30) during 2019 secreting poison following injections with
increasing doses of epinephrine (umol ((g body mass-1)). The
likelihood of a toad secreting poison increased significantly with
increasing dose (z55 = 2.71, p = .01), although there was no effect
of location on this likelihood (p > .05)

a lower parasitic load due to less “carry-over” (Torchin et al., 2003).
This “lag” has been observed in Australian cane toad populations un-
dergoing expansion (Phillips et al., 2010). Although the effects of par-
asitic burden on Bl in amphibians are variable (Moretti et al., 2014,
2017), in Australia the cane toad parasite Rhabdias pseudosphaero-
cephala has been shown to exert weaker effects on infected indi-
viduals nearest to the expanding edge than in longer established
populations (Phillips et al., 2010). Although parasitic burdens have
not been well documented in the cane toad populations of Florida,
altered burdens and other pressures associated with northward es-
tablishment could further explain the elevated Bl in the northern
populations.

Although we found no differences in parotoid gland size relative
to body size in toads from different populations we sampled from
Florida, there was an increase in the likelihood that cane toads from
higher latitudes would secrete poison upon handling or disturbance.
Physiologically elevated glucocorticoid levels induce phenyletha-
nolamine-N-methyltransferase (PNMT) (an enzyme in chromaffin
cells of the adrenal) to synthesize epinephrine from norepinephrine
(Wurtman, 2002). Baseline corticosterone levels of the cane toads
collected in 2018 were shown to increase with increasing latitude
(Assis et al., 2020). Elevated corticosterone levels may have contrib-
uted to the amount of epinephrine available stored and subsequently
released upon capture in toads from this study and therefore to the
likelihood of their secreting poison in the field. Mechanisms such as
modified methylation patterns (Szyf et al., 2005) or altered receptor

expression (Martin et al., 2017) that modulate sympathetic sensitivity

are affected by early life experiences (Yao et al., 2008). As develop-
ment of cane toad tadpoles occurs more slowly in cooler tempera-
tures (Wijethunga at al. 2016), and tadpoles have been observed to
readily cannibalize each other during development (Crossland and
Shine, 2011), prolonged development or other altered selection
pressures on northern Florida populations may underlie these sym-
pathetic differences. Additionally, Australian cane toads replenish-
ing secretions following manual compression of the parotoid glands
were shown to disperse more slowly than individuals that had not
secreted poison (Blennerhassett et al., 2019). This combined with
the increased number of potential predators (Meshaka, 2011; Punzo
& Lindstrom, 2001) may contribute to range limits of cane toads in
the United States.

We found no differences in MBG concentrations of cane toads
from northern populations (NPR and Deland) compared to the
southern Miami population. Adults have been shown to possess five
primary compounds (arenobufagin, bufalin, marinobufagin, resibufa-
genin, and telocinobufagin) (Hayes et al., 2009). These compounds
have differing toxicities, with bufalin and telocinobufagin having
higher IC,, values relative to the other BDs (Kamano et al., 1998).
Captive-raised Australian cane toads exposed to nonlethal predator
cues during larval development were shown to shift poison content
toward increased amounts of bufalin compared to other compounds
following metamorphosis, suggesting investment into synthesis of
more lethal compounds in the presence of stronger predation cues
(Hagman et al., 2009). Further research evaluating whether synthe-
sis of more lethal compounds is higher in northern populations, com-
plementing the higher likelihood of secretion when disturbed, would
be of interest.

While the likelihood of secretion in laboratory-acclimated toads
collected during 2019 increased with increasing doses of epineph-
rine, there was no difference in likelihood of secretion between
northern (NPR) and southern (Miami) toad populations. The simi-
larities in sympathetic sensitivity may have resulted from the toads
being removed from the field and acclimated to the same laboratory
environment prior to epinephrine injection, although altered corti-
costerone responses to novel stressors were still observed between
toads from these populations in the study of metabolism and im-
mune response by Gardner et al. (2020). Further studies to assess
whether differences in sympathetic sensitivity between northern
and southern populations are related to epinephrine release could
help to elucidate the responses to injected epinephrine.

The results of this study indicate that differences in sympa-
thetic sensitivity have arisen in cane toad populations experienc-
ing northward dispersal in Florida. It remains unclear whether BD
concentrations have been affected by the northern latitude or
whether there are trade-offs between MBG and other BDs in the
parotoid gland secretion. As MBG was the only BD we examined,
future studies quantifying a more diverse array of BDs in cane toad
secretions are needed to more accurately assess overall toxicity,
and the resulting risk to native predators. Quantifying methylation
patterns from populations spanning the invaded range in Florida

and assessing factors leading to the differences in sympathetic
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sensitivity would also provide further insights, as would ecological
studies assessing predation risk. Greater sampling of individuals
across life-history stages is also necessary to determine how the
volume and composition of secretion changes ontogenetically or

by region.
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