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Abstract 24 

The structure of the skin may evolve rapidly during a biological invasion, for two reasons. 25 

First, novel abiotic challenges such as hydric conditions may modify selection on traits (such 26 

as skin thickness) that determine rates of evaporative water loss. Second, invaders might 27 

benefit from enhanced rates of dispersal, with locomotion possibly facilitated by thinner (and 28 

hence more flexible) skin. We quantified thickness of layers of the skin in cane toads 29 

(Rhinella marina) from the native range (Brazil), a stepping-stone population (Hawai’i), and 30 

the invaded range in Australia. Overall, the skin is thinner in cane toads in Australia than in 31 

the native range, consistent with selection on mobility. However, layers that regulate water 32 

exchange (epidermal stratum corneum and dermal Ground Substance layer) are thicker in 33 

Australia, retarding water loss in hot dry conditions. Within Australia, epidermal thickness 34 

increased as the toads colonised more arid regions, but then decreased in the arid Kimberley 35 

region. That curvilinearity might reflect spatial sorting, whereby mobile (thin-skinned) 36 

individuals dominate the invasion front; or the toads’ restriction to moist sites in this arid 37 

landscape may reduce the importance of water-conservation. Further work is needed to clarify 38 

the roles of adaptation versus phenotypic plasticity in generating the strong geographic 39 

variation in skin structure among populations of cane toads. 40 

 41 

ADDITIONAL KEYWORDS: Bufo marinus – integument – invasion – dispersal – skin 42 

stratum – water balance. 43 

  44 
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INTRODUCTION 45 

 46 

An organism’s integument is the envelope that maintains all of its vital internal processes, and 47 

serves multiple functions (Vitt & Caldwell, 2013). For example, the colour of the skin 48 

influences courtship and reproduction, communication, camouflage and protection against 49 

predation (Rudh & Qvarnström, 2013; Kim & Velando, 2014; Teyssier et al., 2015; Condez 50 

et al. 2020). Also, toxins are produced and stored in the skins of many species (e.g. Chen et 51 

al., 2017), and skin microbiota serve as an antimicrobial barrier (e.g. Weitzman et al., 2019). 52 

For amphibians, one of the most important functions of the skin is its role in hydroregulation 53 

(Brattstrom, 1979; Navas et al., 2007). The thickness of an individual’s outer covering also 54 

might affect the animal’s mobility, impeding flexion and thus, reducing both speed and 55 

endurance (Long et al. 1996; Irschik & Jayne, 1999; Losos et al., 2002).  56 

From a physiological perspective, a living organism is a homeostatic island within a 57 

highly variable ocean (Heatwole & Barthalmus, 1994; Hill et al., 2004). As the interface 58 

between the organism and the external world, the skin facilitates homeostasis by affecting 59 

rates of exchange of heat, water and gas (Lillywhite & Licht, 1974; Lillywhite, 1975; Bentley 60 

& Yorio, 1979; Heatwole & Barthalmus, 1994; Hill et al., 2004; Anderson et al., 2017). 61 

Reflecting that importance, much interspecific variation in skin structure is linked to 62 

challenges posed by different kinds of habitats. For example, desiccating conditions may 63 

favour thicker (less permeable) skin (Bentley & Yorio, 1979; Toledo & Jared, 1993a; 64 

Angilletta et al., 2002), or adaptations for rapid water uptake (e.g., Navas et al., 2004), or 65 

“waterproofing” (McClanahan et al., 1978; Christian & Parry, 1997; Angilletta, 2009). Many 66 

types of organisms can rapidly adjust the structure of the skin in ways that enable them to deal 67 

with novel environmental challenges (e.g. fishes – Pickering & Richards, 1980; lizards – 68 

Kattan & Lillywhite, 1989; birds – Menon et al., 1996). 69 
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Invasive species provide ideal models with which to explore organismal responses to 70 

environmental challenges (Mooney & Hobbs, 2000; Sax et al., 2007). Many invaders 71 

encounter novel abiotic conditions (Hoffmann & Sgrò, 2011; McGaugh et al. 2020). Given 72 

the critical role of water balance for terrestrial amphibians, and the potential for high rates of 73 

evaporative water loss from their bodies (Bentley & Yorio, 1979; Jørgensen, 1997), the skin 74 

of an anuran may be under intense selection if the species is translocated from a mesic to an 75 

arid environment. The international diaspora of the cane toad (Rhinella marina, formerly Bufo 76 

marinus) provides an ideal example of such a transition; the native range of this species (in 77 

Latin America) is moister and more thermally equable than are sites recently colonised within 78 

Australia (Tingley et al., 2014; Kosmala et al., 2017). The toad’s invasion across tropical 79 

Australia also involves acceleration in rates of dispersal, with individuals in the vanguard of 80 

the invasion travelling several times further per night than do conspecifics in range-core 81 

locations (e.g. Alford et al., 2009). The acceleration is associated with shifts in morphology 82 

(e.g. of limb lengths and cranial dimensions: Phillips et al., 2006; Hudson et al., 2016) and 83 

plausibly could impose selection on skin flexibility (and thus thickness) as well, because toad 84 

locomotion involves substantial flexing of the body in each leap and bound (e.g. Akella & 85 

Gillis, 2011; Reilly et al., 2015). 86 

Shifts in the cane toad’s phenotype across its invaded range involve physiology as well as 87 

morphology and behaviour (e.g. Brown et al., 2015; Gruber et al., 2017). For example, toads 88 

from Australia are better-able to maintain locomotion under a wide range of conditions 89 

(temperatures, hydration states) than are conspecifics from the native range (Kosmala et al., 90 

2017); and the progeny of toads from different locations within Australia, even if raised under 91 

identical conditions, also exhibit divergent locomotor abilities (Kosmala et al., 2018). To 92 

evaluate whether the structure of the skin also varies geographically among populations of 93 

cane toads, we examined samples of skin from toads collected over this range. 94 
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 95 

METHODS 96 

STUDY SPECIES 97 

Rhinella marina is a large “true toad” (Bufonidae) native to South America (Bessa-Silva et al. 98 

2020). These toads were translocated to Puerto Rico and Hawai’i, and thence to Australia, 99 

where 101 toads were brought to Queensland in 1935 (Zug & Zug, 1979; Lever, 2001). 100 

Genetic studies confirm that the toads brought to Australia belong to the east-of-Andes clade 101 

R. marina rather than the Central American clade R. horribilis (Slade and Moritz 1998). In 102 

Australia, cane toads have dispersed over a wide geographic range (Phillips et al., 2006; 103 

Alford et al., 2009; Shine, 2010, 2018). 104 

 105 

STRUCTURE OF ANURAN SKIN 106 

The skin of an anuran can be separated into a series of layers, with different positions and 107 

structures and putatively, different functions (Vitt & Caldwell, 2013; Fig. 1). The outermost 108 

layer is the stratum corneum, made of keratinised dead cells, a primary protection against 109 

desiccation and mechanical damage to the integument. Just below is the stratum 110 

germinativum, responsible for producing cells to replace the stratum corneum following 111 

ecdysis or injury (Elias & Shapiro, 1957; Vitt & Caldwell, 2013). These two layers form the 112 

epidermis, which is connected to the underlying dermis by a thin basement membrane (Elias 113 

& Shapiro, 1957; Vitt & Caldwell, 2013). 114 

The top layer of the dermis is the stratum spongiosum, containing integumentary 115 

structures such as blood vessels, mucus and granular glands and chromatophores (Elias & 116 

Shapiro, 1957; Vitt & Caldwell, 2013). The lower portion of the stratum spongiosum consists 117 

of a calcified 'Ground Substance' (also known as substantia amorpha) composed of 118 

mucopolysaccharides, calcium salts and proteins (Toledo & Jared, 1993b). Ground Substance 119 
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is highly variable both intraspecifically and interspecifically, and often is not a well-defined 120 

layer (Sampson et al., 1987; Schwinger et al., 2001). The most basal layer of the dermis, the 121 

stratum compactum, maintains the basic structure and form of the skin. The dermis is 122 

connected to the muscles by the tela subcutanea, a thin membranous, grid-like layer of tissue 123 

(Elias & Shapiro, 1957; Vitt & Caldwell, 2013).  124 

 125 

COLLECTION OF ANIMALS 126 

Toads were collected from the native range in Manaus, Amazonas (AM) and Alter do Chão, 127 

Pará (PA) in Brazil (BR), during January and February 2015. In Australia, we collected toads 128 

from two sites in Western Australia (WA; Oombulgurri, Kununurra), two sites in the 129 

Northern Territory (NT; Katherine, Leaning Tree Lagoon), two sites in Queensland (QLD; 130 

Townsville, Charters Towers), and two sites in New South Wales (NSW; Brooms Head and 131 

Tabbimoble) from November 2014 to November 2015. Finally, we collected toads from two 132 

sites in Hawai’i (HI; Kailua-Kona and Hilo) in June and July 2015. Climates and general 133 

environmental characteristics of the locations are summarised in Table 1 (see Kosmala et al., 134 

[2017] for more detail). There was a lag period of ~45 days between collection and skin 135 

sampling, during which time the animals were maintained with ad libitum access to food and 136 

water.  137 

 138 

COLLECTION OF TISSUES 139 

Toads were euthanized in a bath of tricaine methanosulfate (MS222 – 1g/L solution). We 140 

used a round biopsy punch (4 mm diameter) to remove samples of skin from a central dorsal 141 

site and a central ventral site of each individual (i.e. two samples per individual). Samples 142 

were then preserved in 10% formalin. 143 

 144 
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STAINING WITH HEMATOXYLIN AND EOSIN 145 

Fixed tissue was dehydrated through graded ethanol solutions, cleared in xylene and 146 

infiltrated with paraffin wax (performed on an automatic platform – Shandon, Excelsior, 147 

Thermo-Fisher Scientific). Samples were sectioned trnasversally at 4–7 m and stained with 148 

haematoxylin–eosin (Bancroft & Gamble, 2008).  149 

 150 

MEASUREMENTS OF SKIN 151 

Using ImageJ (Rasband, 2014), we measured depth of the epidermis and dermis, and within 152 

those, the stratum corneum, stratum granulosum + germinativum (combined due to the poor 153 

separation), stratum spongiosum, layer of Ground Substance and stratum compactum. We 154 

calculated an average thickness per layer from 10 measurements per animal, and we assigned 155 

a score for the density of material within the Ground Substance layer; density scores ranged 156 

from 1 (sparse) to 3 (dense). We photographed slides containing the stained tissue sections, to 157 

identify the dimensions of layers within the dermis and epidermis using ImageJ. We took 10 158 

measurements for each layer of each sample, equally spaced across the available tissue 159 

sample. 160 

 161 

ANALYSIS OF DATA 162 

To examine geographic variation in structure of the skin, we compared the thickness of skin 163 

layers to the geographic origin of toads (R Development Core Team, 2013). Mean body 164 

masses of toads did not vary significantly among regions (F2,69 = 0.84, P = 0.44) but skin-165 

layer thicknesses were positively correlated with body mass (all P < 0.0001) and thus, we 166 

included body mass as a covariate in our analyses. Mean skin thickness did not differ 167 

significantly between male and female toads from any locality if we included body mass as a 168 
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covariate (i.e. any sex difference was apparently due to size dimorphism), so we did not 169 

include sex as a factor in our later analyses. 170 

To look at overall patterns in skin thickness on the dorsal and ventral sides of the body, 171 

we first performed a multivariate analysis of variance (MANOVA) with region of origin as 172 

the factor, body mass as the covariate, and total skin thicknesses (from dorsal and ventral 173 

surfaces) as the repeated measure. This analysis revealed a significant interaction between 174 

region and dorsal/ventral skin thickness (i.e. toads from different regions differed in relative 175 

thickness of dorsal vs. ventral skin). Thus, we examined patterns in dorsal and ventral skin 176 

separately using separate ANCOVAs for each layer. These ANCOVAs used geographic 177 

origin as the factor, and a relevant size measurement (body mass/ total skin thickness/ 178 

thickness of the dermis or epidermis) as a covariate. The thickness of the specific layer was 179 

the dependent variable. We used post-hoc Tukey’s tests to identify which groups were 180 

significantly different.  181 

Our initial analyses focused on spatial comparisons across the toads’ geographic range 182 

(Brazil vs. Hawai'i vs. Australia). We then focused on spatial patterns within Australia, 183 

comparing toads sampled from the four states across the continent (QLD, NSW, NT, WA). 184 

For both sets of analyses we performed separate ANCOVAs for each dorsal and ventral skin 185 

layer measure, with body mass as the covariate and geographic location (either region, or state 186 

within Australia) as the factor. We accepted significance at  = 0.05 and inspected residuals 187 

from all analyses for violations of assumptions.  188 

In a related study (Kosmala, 2018), we measured water-exchange rates across the skin for 189 

the same animals from which we measured skin morphology. To clarify relationships between 190 

skin structure and function, we calculated Pearson correlations between each measure of skin 191 

layer thickness and measures of (i) skin resistance and (ii) rehydration rates. To adjust for 192 

body size, we performed Pearson correlations on residuals from regressions of skin layer 193 
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thicknesses against total skin thickness, and from regressions of skin resistance and 194 

rehydration rate on body mass. Because skin resistance was measured from toads in water-195 

conserving posture (WCP), where only the dorsal surface was exposed to the air (Christian et 196 

al., 2017; Kosmala, 2018), we correlated skin resistance residuals with residual measures of 197 

dorsal (not ventral) skin. Likewise, because toads rehydrated using pelvic skin patches, we 198 

correlated rehydration rate residuals with residual measures of ventral (not dorsal) skin. 199 

Finally, we performed non-parametric correlations (Spearman’s correlation test) between each 200 

residual skin layer measure (from regressions against total thickness) and climate variables in 201 

order to clarify relationships between relative layer thickness and climatic conditions.  202 

 203 

RESULTS 204 

OVERALL THICKNESS OF THE SKIN 205 

In general, Australian toads had thinner skin than did either Brazilian or Hawai’ian toads, on 206 

both the dorsal and ventral surface (Fig. 2a, Table 2; Supporting Information Tables S1 and 207 

S2). On the dorsal surface of the body, Hawai’ian toads had thicker skin than did Australian 208 

toads, with Brazilian toads intermediate in this respect. Differences in thickness of the ventral 209 

skin were more pronounced; Brazilian toads had the thickest ventral skin, and Australian 210 

toads the thinnest (all post-hoc comparisons have P < 0.05; Fig. 2a; Supporting Information 211 

Tables S1 and S2). Patterns in skin thickness were more complex within Australia (Table 2; 212 

Supporting Information Tables S3 and S4). Toads from the Northern Territory had the 213 

thickest skins, both dorsally and ventrally (Fig. 3a, Table 2; Supporting Information Table 214 

S3).  215 

 216 

LAYERS WITHIN THE DORSAL SKIN 217 
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The thickness of individual layers generally followed the same pattern as seen for overall skin 218 

thickness (thinner in Australian toads than in those from other regions; Fig. 2, Table 2; 219 

Supporting Information Table S1). However, Hawai’ian toads exhibited thicker dorsal 220 

epidermis and dermis than did either Brazilian or Australian toads. Despite their thinner 221 

dorsal skin, Australian toads had relatively thick dorsal epidermis (8.7% of total dorsal skin 222 

thickness, vs. 7.6% in Brazil and 7.9 % in Hawai’i).  223 

Within Australia, toads from the Northern Territory had the thickest dorsal skin (Fig. 3a; 224 

Supporting Information Table S3 and S4) but the lowest proportional thickness of the 225 

epidermis (ratio of epidermis to total dorsal skin = 7.5%, vs. 9.8%, 9.3% and 8.8% in WA, 226 

QLD and NSW respectively). Thus, the thicker skins of NT toads were primarily due to 227 

thickening of the dermis.  228 

 229 

LAYERS WITHIN THE VENTRAL SKIN 230 

Brazilian toads had thicker ventral skin than did conspecifics from either Hawai’i or Australia 231 

(Fig. 2a,b,e; Supporting Information Table S1), due almost entirely to thickening of the 232 

dermis rather than epidermis (ratio of epidermis thickness to total ventral skin thickness = 233 

6.4%, vs. 11.8% in Australia). As for the dorsal skin, NT toads had the thickest ventral skin 234 

within Australia, again due to thickening of the dermis (Fig. 3a,b,e; Supporting Information 235 

Table S3).  236 

 237 

CORRELATIONS BETWEEN DENSITY AND THICKNESS WITHIN GROUND SUBSTANCE 238 

Within the stratum spongiosum, the thickness of the Ground Substance was not significantly 239 

correlated with its density score (Pearson’s correlation test, dorsal r = 0.05, t = 0.39, P = 0.70, 240 

95% confidence interval = -0.19 to 0.28; ventral r = -0.05, t = -0.41, P = 0.70, 95% 241 

confidence interval = -0.28 to 0.19). That is, thicker layers did not correspond to denser 242 
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layers. Australian toads had denser ventral Ground Substance than did Brazilian conspecifics 243 

(Supporting Information Table S2) but the mean density of the dorsal Ground Substance did 244 

not differ significantly among populations. In comparisons restricted to data from Australian 245 

populations, density and thickness of Ground Substance were also not significantly correlated 246 

(Pearson’s correlation test, dorsal r = 0.02, t = 0.16, P = 0.87, 95% confidence interval = -247 

0.26 to 0.39; ventral r = -0.15, t -1.032, P = 0.31, 95% confidence interval = -0.42 to 0.14). 248 

The dorsal Ground Substance was denser in toads from Queensland than from conspecifics 249 

from WA or NT, but not significantly different from that seen in NSW toads (Fig. 3g; 250 

Supporting Information Table S4). In the ventral Ground Substance, mean density was similar 251 

among the populations (Fig. 3g; Supporting Information Table S4).  252 

 253 

CORRELATIONS BETWEEN SKIN STRUCTURE AND RATES OF WATER EXCHANGE 254 

Skin resistance to water evaporation (the latter as measured by Kosmala [2018]) was 255 

positively associated with thickness of the dorsal stratum corneum (r = 0.30, n = 45, P < 0.05; 256 

Supporting Information Table S5) and negatively correlated with thickness of the dorsal 257 

stratum compactum (r = -0.32, n = 45, P < 0.05). No other thicknesses were significantly 258 

correlated with skin resistance to water loss (all P > 0.05), nor with rates of rehydration (also 259 

from Kosmala [2018]; all P > 0.05; Supporting Information Table S5).  260 

 261 

CORRELATIONS BETWEEN SKIN STRUCTURE AND CLIMATE VARIABLES 262 

The density score for the ventral Ground Substance was correlated with mean annual rainfall 263 

at the collection site (Spearman’s  =-0.3081, P = 0.023). Density of the ventral Ground 264 

Substance and thickness of the ventral stratum compactum were both correlated with mean 265 

temperature ( = -0.35, P = 0.0097;  = 0.289, P = 0.035) and mean minimum temperature ( 266 
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= -0.36, P = 0.008;  = 0.35, P = 0.009, respectively). Mean maximum temperature was also 267 

correlated with density of the ventral Ground Substance ( = -0.30, P = 0.027).  268 

 269 

DISCUSSION 270 

We examined the structure of skin from Rhinella marina in populations across much of the 271 

species’ global range, to test two predictions. First, based on the idea that overall skin 272 

thickness impairs mobility, we expect toads from invasive populations (where individuals are 273 

highly dispersive) to have thinner skin than do toads within the native range. As predicted, 274 

skins were thicker in the native range than in the invaded range. Second, because toads 275 

experience hotter drier conditions in Australia than within their native range, we predicted 276 

that specific layers of the skin (those that constrain water exchange) should exhibit the reverse 277 

pattern to that noted above: that is, those layers should be thicker in Australian toads. Again, 278 

that prediction was supported; Australian toads had thicker epidermis relative to dermis than 279 

did Brazilian and Hawai’ian toads.  280 

Our predictions depend upon arguments that link thickness of the skin (and of layers 281 

within the skin) to performance traits such as mobility and rates of water loss. The evidence 282 

for that link remains largely unexplored for mobility, especially in anurans. Detailed 283 

biomechanical analyses of toad locomotion reveal considerable flexion of the body during 284 

each leap, especially along the ventral surface (e.g. Reilly et al., 2015), so we regard this 285 

functional hypothesis as plausible but untested. Comparative studies to link locomotor traits 286 

to skin structure would be of great interest. Stronger evidence is available for the role of the 287 

epidermis (especially the keratinised stratum corneum) in protecting against dehydration 288 

(Alibardi, 2003; Vitt & Caldwell, 2013). Consistent with that inference, toads with a thicker 289 

stratum corneum in our study had higher resistance to water loss. Australian toads also had a 290 

thicker layer of Ground Substance relative to the rest of the dermis (29.3% of the thickness of 291 
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the dorsal dermis and 27.2% of the thickness of the ventral dermis, vs. 22.5% and 22.7% for 292 

Brazilian toads). The Ground Substance also may protect against dehydration (Elkan, 1976; 293 

Kobelt & Linsenmair, 1986) by binding water molecules (Rogers, 1961). In summary, then, 294 

Australian toads have thinner skins overall (thereby enhancing mobility), but the layers that 295 

resist water loss are thicker (thereby reducing rates of water loss). 296 

Although these conflicting pressures on structure of the skin are consistent with broad 297 

patterns in our data, the variation in skin thickness among populations of Australian toads is 298 

not. We expected skin to be thicker in eastern Australia, where toads are sedentary, than in 299 

western sites where the animals are mobile (Alford et al., 2009). No such pattern was evident. 300 

Consistently thin skins of Australian cane toads might reflect the ubiquity of mobility even in 301 

eastern Australia, perhaps in response to unpredictable environmental challenges (e.g. 302 

Schwarzkopf & Alford, 2002; Pettit et al., 2017).  303 

In Brazil, toads are found in habitats with high humidity and ready availability of water 304 

(Tingley et al., 2014). Their thick ventral skin (mostly due to thickening of the dermis) fits 305 

well with their high rates of rehydration (Kosmala, 2018). In the environments occupied by 306 

cane toads within their native range, low skin resistance to water evaporation (Kosmala, 307 

2018) likely enhances survival. The toads’ translocation to more severe climatic conditions in 308 

Australia has resulted in complex changes to that ancestral condition. Based on the transition 309 

in skin thickness from Brazil to Australia, we expected a continuing reduction in skin 310 

thickness within Australia as the toads colonised hotter more arid environments. Instead, 311 

toads in an intermediate climatic zone (NT) had the thickest skin, both dorsally and ventrally. 312 

Why did overall skin thickness increase during the toads’ invasion from Queensland into 313 

the Northern Territory, but then decrease again as the toads moved even further west into the 314 

highly arid Kimberley region of Western Australia? We suggest two possible (and non-315 

contradictory) explanations. First, cane toads in highly arid regions spend most of their time 316 
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close to waterbodies, minimising the importance of physiological control over rates of 317 

desiccation (Tingley & Shine, 2011). Thus, behavioural shifts could buffer the selective 318 

pressures associated with a change in skin morphology, such that shifts in skin morphology 319 

enhance organismal fitness only when climatic divergence is too great to be buffered by 320 

behavioural modulation.  321 

A second possibility is that non-adaptive evolutionary processes at the expanding range 322 

edge have resulted in rapid spatial separation of phenotypes. Traits that enhance rates of 323 

dispersal accumulate at an invasion front even if those traits confer no selective advantage 324 

(“spatial sorting”: Shine et al., 2011). Under that process, thin-skinned toads may dominate 325 

the extreme western extent of the species’ range simply because thinner skin enhances 326 

dispersal rate, without conferring any benefit to an individual’s survival or reproductive 327 

success (Shine et al., 2011). That enhanced dispersal rate might reflect an impact of skin 328 

thickness on bodily flexibility (as above), or an allocation of limited resources away from a 329 

thicker skin into other traits such as overall growth, metabolic expenditure or locomotion. 330 

In summary, the morphology of the skin in cane toads shows extensive geographic 331 

variation, both among regions and within Australia. We do not know how much of that 332 

variation is adaptive (genetically based) or a phenotypically plastic response to local climatic 333 

conditions (Pickering & Richards, 1980; Kattan & Lillywhite, 1989; Menon et al., 1996). 334 

Neither do we know the exact benefits and costs associated with variation in skin 335 

morphology. It is clear, however, that this highly successful invasive species has made 336 

substantial adjustments to its integument in the course of its international diaspora. Our 337 

results emphasise the ability of range-expanding organisms to undergo rapid shifts in 338 

phenotypic traits, in ways likely to enhance their colonising ability. 339 

 340 
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SUPPORTING INFORMATION 510 

 511 

Table S1.  Mean  standard deviation of thickness of skin layers for toads from Australia, 512 

Brazil and United States (Hawai’i). Measurements in m. 513 

 514 

Table S2.  Results table for ANCOVAs comparing thickness of skin layers between cane 515 

toads from three regions (Brazil, Hawai’i, Australia). Bold font indicates significant values. 516 

 517 

Table S3.  Mean  standard deviation of thickness of skin layers for toads from Australian 518 

states (WA = Western Australian, NT = Northern Territory, QLD = Queensland, NSW = New 519 

South Wales). Measurements in m. 520 

 521 

Table S4.  Results table for ANCOVAs of skin layers by Australian state comparing 522 

thickness of skin layers between cane toads from four locations (states) within Australia. Bold 523 

font indicates significant values. 524 

 525 

Table S5.  Correlation between skin resistance to water exchange and thickness of skin 526 

layers, based on 45 cane toads for which we assessed both water-exchange rates and skin 527 

morphology. The residual score refers to the residual from the linear regression of (1) 528 

resistance to water loss vs. toad body mass, and (2) skin-layer thickness against toad body 529 

mass. 530 

 531 

  532 
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Table 1.  Locations of collection and general climatic characteristics of those sites. *Köppen 533 

and Geiger Climate Classification System. Am = equatorial monsoonal, Af = equatorial fully 534 

humid, Aw = equatorial winter dry, BSh = arid steppe hot arid, Cfa = warm temperate fully 535 

humid hot summer. **Values in parentheses indicate range of mean monthly values for 536 

rainfall and temperature. NSW = New South Wales, NT = Northern Territory, QLD = 537 

Queensland, WA = Western Australia, BR = Brazil, HI = Hawai’i. 538 

 539 

Region 

 

Population 

 

Site 

 

Climate 

Classification* 

Mean Annual 

Rainfall 

(mm)** 

Mean Annual 

Temperature 

(°C)** 

Australia NSW Brooms Head Cfa 1471 19.2°C 

    (49–188) (13.8–23.6°C) 

  Tabbimoble Cfa 1558 19.4°C 

    (52–193) (14.0–23.6°C) 

 NT Katherine Aw 1009 27.5°C 

    (0–250) (22.1–31.6°C) 

  Leaning Tree Aw 1500 27.2°C 

    (1–364) (23.9–29.4°C) 

 QLD Charters Towers BSh 692 23.2°C 

    (8–142) (17.3–27.4°C) 

  Townsville Aw 1111 24.1°C 

    (9–275) (19.0–27.6°C) 

 WA Kununurra BSh 720 28.8°C 

    (0–186) (23.3–32.6°C) 

  Oombulgurri BSh 718 29.4°C 

    (0–181) (24.3–32.9°C) 



 24 

Brazil BR Manaus Am 2145 27.4°C 

    (56–295) (26.9–28.2°C) 

  Alter do Chão Am 1991 25.9°C 

    (34–346) (25.1–26.9°C) 

Hawai’i HI Hilo Af 3459 23.1°C 

    (177–397) (21.7–24.6°C) 

  Kailua-Kona Aw 862 23.5°C 

    (55–88) (22.0–24.9°C) 

 540 

  541 
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Table 2.  Results of MANOVA comparing total thickness of dorsal and ventral skin between 542 

cane toads from different regions. The first part of the Table (a) compares toads from Brazil, 543 

Hawai’i, and Australia; the second part compares toads from four locations (states) within 544 

Australia. Bold font indicates significant values. 545 

 546 

(a) Among countries 547 

 Variable DF Sum Sq Mean Sq F-value P-value 

Dorsal 

skin thickness 

Region 2,66 0.071 0.035 4.55 0.014 

Mass 1,66 0.10 0.104 13.35 0.0005 

Region*Mass 2,66 0.008 0.004 0.50 0.61 

Ventral 

skin thickness 

Region 2,66 0.02 0.012 2.02 0.14 

Mass 1,66 0.14 0.14 23.41 8.20e-06 

Region*Mass 2,66 0.006 0.003 0.52 0.59 

 548 

(b) Within Australia 549 

 Variable DF Sum Sq Mean Sq F-value P-value 

Dorsal skin 

thickness 

State 3,40 0.03 0.011 1.51 0.23 

Mass 1,40 0.045 0.045 6.08 0.018 

State*Mass 3,40 0.034 0.011 1.56 0.21 

Ventral skin 

thickness 

State 3,40 0.057 0.019 3.40 0.03 

Mass 1,40 0.036 0.036 6.35 0.016 

State*Mass 3,40 0.23 0.003 0.51 0.68 

 550 

  551 
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Figure Legends 552 

 553 

Figure 1.  Dorsal skin of Rhinella marina, stained with eosin and haematoxylin, with 4x 554 

augmentation.  555 

 556 

Figure 2.  Thickness of layers of the skin of cane toads collected in Brazil, USA (Hawai’i) 557 

and Australia. Letters represent significantly different groups, obtained with post-hoc Tukey’s 558 

test of the ANCOVAs. Regular-font letters represent post-hoc of dorsal skin/ layers, while 559 

italic letters represent post-hoc of ventral skin/ layers. 560 

 561 

Figure 3.  Thickness of layers of the skin of cane toads collected from four geographic 562 

locations (states) within Australia (NSW = New South Wales, QLD = Queensland, NT = 563 

Northern Territory, WA = Western Australia). Letters represent significantly different groups, 564 

obtained with post-hoc Tukey’s test of the ANCOVAs. Regular-font letters represent post-hoc 565 

of dorsal skin/ layers, while italic letters represent post-hoc of ventral skin/ layers. 566 

 567 


