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51 Abstract

52 Carotenoids are important pigments producing integument coloration; however, their dietary 

53 availability may be limited in some environments. Many species produce yellow to red hues 

54 using a combination of carotenoids and self-synthesised pteridine pigments. A compelling 

55 hypothesis is that pteridines replace carotenoids in environments where carotenoid availability 

56 is limited. To test this hypothesis, we quantified concentrations of 5 carotenoid and 6 pteridine 

57 pigments in multiple skin colours and individuals from 27 species of agamid lizards. We show 

58 that environmental gradients predict the ratio of carotenoids to pteridines; carotenoid 
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59 concentrations are lower and pteridine concentrations higher in arid environments with low 

60 vegetation productivity. Both carotenoid and pteridine pigments were present in all species, but 

61 only pteridine concentrations explained colour variation among species and there were no 

62 correlations between carotenoid and pteridine pigments with similar hue. These results suggest 

63 that in arid environments where carotenoids are likely limited, species may compensate by 

64 synthesising more pteridines, but do not necessarily replace carotenoids with pteridines of 

65 similar hue. 

66 INTRODUCTION

67 Understanding the environmental drivers of colour variation among species is a topic of 

68 enduring biological interest because colour is such a striking and variable trait. A textbook 

69 example is variation in carotenoid-based colour signals. In contrast to many other pigments that 

70 are synthesised by the body, carotenoids must be directly or indirectly acquired from the diet 

71 (McGraw 2005). Consequently, a longstanding question is whether colour expression is limited 

72 by the availability of carotenoids in the environment (Olson & Owens 1998; Moller et al. 2000). 

73 At the scale of individuals and populations within species, there is growing consensus that 

74 dietary availability of carotenoids in the wild does not often explain variation in the intensity of 

75 carotenoid colour signals (Moller et al. 2000; Hadfield & Owens 2006; Svensson & Wong 2011; 

76 Koch & Hill 2018). However, carotenoid availability may explain colour variation among species; 

77 for example, it predicts variation in carotenoid-based plumage colours, though not bare parts 

78 among species spanning 140 families of birds (Olson & Owens 2005). Currently, it is unclear 

79 whether environmental gradients indicative of carotenoid availability can explain inter-specific 

80 colour variation in other taxonomic groups (Svensson & Wong 2011).

81

82 In many species, yellow to red colours are not produced exclusively by carotenoids. Ectothermic 

83 vertebrates (fish, reptiles, amphibians), for example, often produce yellow to red colours using a 

84 combination of carotenoids and a biochemically distinct class of pigments called pteridines 

85 (Bagnara & Matsumoto 2006). In these species, pteridines are frequently found together with 

86 carotenoids in xanthophore pigment cells (Bagnara & Hadley 1973; Bagnara & Matsumoto 

87 2006). Pteridines are synthesised de novo within these pigment cells from abundant purine 

88 molecules (Bracher et al. 1998; Ziegler 2003; Braasch et al. 2007) and vary in colour from yellow 

89 (e.g. sepiapterin, xanthopterin) to red (e.g. drosopterin, erythropterin) to ‘colourless’ (e.g. 

90 pterin, isoxanthopterin). These ‘colourless’ pteridines, which are found in large quantities within 
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91 xanthophores (Bagnara & Matsumoto 2006; McLean et al. 2017; McLean et al. 2019; Twomey et 

92 al. 2020b), may take crystalline form and thereby affect colour luminance and saturation 

93 (Oliphant & Hudon 1993; Palmer et al. 2018; Palmer et al. 2020) similar to colourless crystalline 

94 guanine within iridophores (Teyssier et al. 2015; Lewis et al. 2017; Nicolai et al. 2021). Given 

95 that carotenoids and pteridines are found within the same pigment cells and can produce a 

96 similar range of hues, a compelling but unsubstantiated hypothesis is that pteridine synthesis 

97 can compensate for limited carotenoid availability. Carotenoid limitation is expected to alter the 

98 relative cost of acquiring and sequestering carotenoids compared to synthesising pteridines. 

99 Specifically, when carotenoids are rare, it may be less metabolically costly to synthesise 

100 pteridines; whereas when carotenoids are abundant, it may be less metabolically costly to 

101 acquire, transport and sequester carotenoids (Grether et al. 2001; Grether et al. 2005). 

102 However, this hypothesis has yet to be tested at the interspecific level, even though the majority 

103 of vertebrates use a combination of carotenoids and pteridines to produce yellow to red 

104 integument colours (but see Grether et al. 1999; Grether et al. 2001; Grether et al. 2005 for 

105 seminal work on variation among populations of guppies).

106

107 Within the broad classes of carotenoids and pteridines, specific pigments have different hues, 

108 are acquired or metabolised in different ways, and therefore have different costs and roles in 

109 colour production. Carotenoids are produced by plants and the most dominant carotenoids in 

110 angiosperms are yellow xanthophylls such as lutein (Heath et al. 2013). Insect herbivores 

111 generally sequester carotenoids in proportion to the concentration found in the diet (Heath et 

112 al. 2013). Red ketocarotenoids, such as astaxanthin and canthaxanthin are comparatively rare in 

113 terrestrial ecosystems (primarily produced by microalgae and yeast), but some animals, 

114 including birds and turtles, can metabolically convert dietary yellow carotenoids to red 

115 ketocarotenoids (Lopes et al. 2016; Mundy et al. 2016; Twyman et al. 2016). Due to the cost of 

116 metabolic conversion, ketocarotenoids are more strongly associated with measures of individual 

117 quality and sexual selection than dietary yellow carotenoids in birds (Weaver et al. 2018). The 

118 low dietary availability of ketocarotenoids in terrestrial environments may favour the use of red 

119 pteridines, particularly if metabolic conversion is costly or unavailable (i.e. in groups that lack 

120 the ketolation enzymes necessary for metabolic conversion).

121
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122 Here, using an extensive dataset of concentrations of 5 carotenoid and 6 pteridine pigments, we 

123 test whether pigment concentrations are associated with environmental gradients indicative of 

124 carotenoid availability among 27 species of Australian agamid lizards (186 skin samples, 79 

125 individuals, 28 populations with distinct coloration). We use highly accurate liquid 

126 chromatography-mass spectrometry to quantify pigment concentrations in skin tissues of 

127 agamid lizards (McLean et al. 2017; McLean et al. 2019). We tested whether environmental 

128 gradients predict the concentrations of total carotenoids and pteridines, the ratio between 

129 them, or the concentrations of five functionally different groups: dietary yellow and red 

130 ketocarotenoids; yellow, red and other ‘colourless’ pteridines. We refer to the latter category as 

131 ‘other pteridines’ for brevity and to prevent confusion because they affect colour expression. 

132 Next, we tested whether pteridines replace carotenoids with a similar hue (carotenoid mimicry 

133 hypothesis, Grether et al. 1999). The carotenoid mimicry hypothesis predicts a negative 

134 correlation between the concentrations of similarly coloured carotenoid and pteridine pigments 

135 (i.e. yellow carotenoids with yellow pteridines, red ketocarotenoids with red pteridines). Since 

136 concentrations of different pigment types may depend on the strength of sexual selection, we 

137 simultaneously tested for relationships between pigment concentrations and proxies for the 

138 strength of sexual selection (sexual dichromatism and sexual size dimorphism). Lastly, we 

139 evaluated how total carotenoid or pteridine concentrations, as well as each of the five 

140 functional groups, covary with skin colour (hue, saturation, luminance). We show that 

141 environmental gradients can predict the balance between environmentally acquired and self-

142 synthesised pigments in vertebrates.

143

144 MATERIALS AND METHODS

145 Study Species and Sample Collection 

146 We captured three to five individuals of each of 27 species of agamid lizards (28 populations, 

147 which included genetically differentiated populations of Ctenophorus pictus from Victoria and 

148 South Australia, 79 individuals, 186 tissue samples) from various locations in Victoria, South 

149 Australia and Western Australia between September 2015 and January 2016 (Figure 1; Table 

150 S6). All individuals were adult males for all but one species, Ctenophorus maculosus, for which 

151 we sampled a female because it is the only species in our dataset with reverse sexual 

152 dichromatism. All lizards were sampled during the spring-summer breeding season to record 

153 seasonal coloration in some species of the genus Diporiphora. Study species were selected 
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154 based on the presence or seasonal expression of yellow-red coloration (as described in 

155 literature; Cogger 2018; Melville 2019), and to encompass the range of phylogenetic diversity 

156 within Australian agamids from a broad geographic and climatic range. Lizards were humanely 

157 euthanised with an intraperitoneal injection of sodium pentabarbitone (150 mg/ kg) after the 

158 lizard was calm in a cloth bag, and within 48 hours of capture. Immediately post-mortem, we 

159 took standardised photos from which we extracted RGB values and derived measures of hue, 

160 saturation and luminance (full details in Supplementary Information). Although these photos do 

161 not capture ultraviolet wavelengths, spectral data show that integument colours of species in 

162 this study have very little UV reflectance (Supplementary Information, Figure S4). Additionally, 

163 lizard colours derived from RGB have been shown to have a statistically similar distribution to 

164 near-simultaneously collected spectral data mapped in avian and agamid lizard visual color 

165 space (Smith et al. 2016).  We took skin samples for liquid chromatography-mass spectrometry 

166 (LC-MS) analysis and stored the samples in methanol at -20C in foil-wrapped tubes.

167

168 Pigment concentrations

169 We extracted pigments in tissue samples (approx. 3 x 3 mm) from 1 to 5 body regions of each 

170 lizard depending on the colour pattern of the species (186 tissue samples in total). This included 

171 150 tissue samples from body regions that had a component of yellow-red (i.e. including shades 

172 of brown) and 36 samples from body regions that were black, grey, white or cream. We used a 

173 sequential carotenoid and pteridine pigment extraction procedure which was previously 

174 developed for lizard skin (McLean et al. 2017, full details in Supplementary Information). In 

175 brief, samples were weighed and homogenised in methanol:ethylacetate using a TissueLyser II 

176 system (with two 3mm tungsten-carbide beads; Qiagen, Hilden, Germany), and the resulting 

177 carotenoid extract was collected following centrifugation. Pteridines were then extracted from 

178 the tissue pellet using 2% ammonium hydroxide. We quantified concentrations of 5 carotenoids 

179 (lutein/zeaxanthin, 3'-dehydrolutein, β-carotene, astaxanthin, canthaxanthin) and 6 pteridines 

180 (drosopterin, xanthopterin, pterin, 6-biopterin, isoxanthopterin, pterine-6-carboxylic acid) 

181 commonly found in reptile skin. The yellow carotenoid β-cryptoxanthin and very low levels of 

182 the yellow pteridine sepiapterin have also been identified in skin tissue of agamid lizards 

183 (McLean et al. 2017; McLean et al. 2019); however runs for these pigments were inconsistent, 

184 so they were not analysed further. Trans-β-apo-8’-carotenal and biopterin-d3 were used as 
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185 internal standards for carotenoids and pteridines, respectively. Carotenoids and pteridines were 

186 quantified in separate LC-MS analyses on an Agilent 6490 triple quadrupole MS system with a 

187 Jet Stream electrospray ionisation source coupled to an Agilent 1290 series LC system (Agilent 

188 Technologies Inc, Santa Clara, CA). Chromatographic separation of carotenoids was achieved on 

189 an Agilent Zorbax Bonus RP column (2.1 x 50 mm, 1.8 µm.). Chromatographic separation of 

190 pteridines was achieved on a Waters Acquity UPLC BEH C8 column (2.1 x 100 mm, 1.7 µm). 

191

192 Data were analysed using Agilent MassHunter Workstation Software (version B.07.00). All peak 

193 assignments were matched against commercial or purified (drosopterin) standards, confirmed 

194 with a qualifier ion and quantified against the linear range from six-point calibration curves (all 

195 R2 > 0.95). Lutein and zeaxanthin cannot be baseline separated by this method, thus 

196 concentrations of the isomer pair Lutein/Zeaxanthin were estimated from a zeaxanthin 

197 calibration curve. Final concentrations were normalised against tissue weight: i.e. ‘pigment per 

198 gram of tissue’ referred to as “concentration” throughout for brevity. Commercial standards 

199 were used for all pigments except drosopterin, which we extracted and purified from fruit flies, 

200 Drosophila melanogaster (per Wilson & Jacobson 1977). Consequently, we use the relative 

201 response for drosopterin, which we refer to as “level”. 

202

203 For subsequent analyses, we calculated the total concentration of carotenoids and pteridines, as 

204 well as the concentrations of 5 different functional subcategories: dietary yellow-orange 

205 carotenoids (β-carotene, lutein/zeaxanthin and their common metabolite 3'-dehydrolutein), red 

206 ketocarotenoids (astaxanthin, canthaxanthin), yellow pteridines (xanthopterin), red pteridines 

207 (drosopterin) and other pteridines (pterin, 6-biopterin, isoxanthopterin, pterine-6-carboxylic 

208 acid). Although 3'-dehydrolutein is not a dietary carotenoid, we included it in this category 

209 because it is a common metabolite of the dietary xanthophylls lutein and zeaxanthin and 

210 indicative of dietary carotenoid intake (Albert et al. 2008; Nagao et al. 2015). 

211

212 Predictors: Environment, sexual size dimorphism and sexual dichromatism 

213 Environmental information was extracted using the R package ALA4R (Newman et al. 2020), 

214 which is an R implementation of the Atlas of Living Australia spatial portal (Belbin 2011). We 

215 selected eight variables that together characterise the environment of the species studied. We 

216 focused on variables related to vegetation productivity, seasonality and climatic conditions 
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217 during the warmest quarter as these are most relevant to carotenoid availability, particularly 

218 during the breeding season (Austral Spring) when lizards were sampled. The eight variables 

219 were the annual mean growth index for C3 and C4 megatherm plants, annual mean aridity index 

220 (the monthly ratio of precipitation to potential evaporation and an indicator of dryness), 

221 radiation, temperature and precipitation of the warmest quarter (Bioclim variables 26, 10 and 

222 18 respectively), and temperature and precipitation seasonality (Bioclim variables 04 and 15 

223 respectively; details in supplementary material Table S7). These variables were used in a 

224 principal component analysis where the two first axes extracted explained 47.8% and 33.6% of 

225 the total variation. The first axis (PC1) was associated with growth index of C3 megatherm 

226 (tropical, broadleaved) plants, aridity, radiation and temperature of the warmest quarter (Figure 

227 S5; Table S7). In the figures we multiplied PC1 by -1 so that it can be interpreted as overall 

228 productivity with high values indicating environments that are more productive, less arid and 

229 with less extreme summer radiation and temperatures. The second axis (PC2) is highly related to 

230 growth index of C4 plants (mainly grasses), precipitation of the warmest quarter and 

231 precipitation seasonality, with higher values indicating wetter, seasonal grasslands (Figure S5; 

232 Table S7). The two first axes were used as predictors in posterior analyses.

233

234 Measures of sexual dichromatism and size dimorphism were derived from Chen et al. (2013). 

235 Briefly, sexual size dimorphism was calculated using the index of Lovich and Gibbons (1992), 

236 where sexual dimorphism index (SDI) = [(mean size of male)/(mean size of female)] - 1. Mean 

237 male and female size (snout-vent length, SVL) measures were derived from the literature and 

238 measured from museum specimens (Chen et al. 2012; Chen et al. 2013). The index of sexual 

239 dichromatism was derived from scores of sex differences in the hue or intensity of colour 

240 patterns for each of 9 body regions, with 0 = no difference; 1 = difference in colour intensity or 

241 pattern and 2 = entirely different colour or difference in both colour and pattern (Ostman & 

242 Stuart-Fox 2011; Chen et al. 2012). Colours that may be generated by the same mechanism (e.g. 

243 yellow, orange and red) or that may reflect differences in descriptors used in field guides (e.g. 

244 cream, white) were scored as differences in colour intensity (1). Scores for the nine body regions 

245 were summed to derive a measure of overall sexual dichromatism ranging from 0–18.

246

247 Phylogeny and comparative analyses
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248 We built a supermatrix phylogeny of the Amphibolurine Agamidae based on 2 mitochondrial 

249 (ND2 and ND4) and 3 nuclear (BDNF, RAG-1 and BACH1) genes, built around a multi-locus 

250 nuclear gene backbone taken from the Zheng & Wiens supermatrix dataset (Pyron et al. 2013; 

251 Zheng & Wiens 2016). Full details of the supermatrix assembly, alignment and phylogenetic 

252 analysis are given in Supplementary Information (Supplementary methods, Table S8, Figure S6). 

253 We used a subset of 1300 post-burnin trees (subsampled using logcombiner (Bouckaert et al. 

254 2019) and pruned off all non-focal taxa (Phytools R package; Revell 2012) in subsequent 

255 phylogenetic comparative analyses. 

256

257 We tested whether variation in the concentration of carotenoids and pteridines was associated 

258 with environmental gradients of habitat productivity (indirect compensation) or indices of 

259 sexual selection. The response variables in these models were: 1) total carotenoids; 2) total 

260 pteridines; and 3) the ratio of carotenoids to pteridines. The predictor variables were 

261 environmental PC1 and PC2, sexual size dimorphism and sexual dichromatism (which are 

262 uncorrelated, r2 = 0.05, Estimate = -0.003 – 0.009). Given that information on sexual selection 

263 indices only exists at the level of species rather than the individual, we also ran species-level 

264 models (27 species). We calculated total carotenoids, total pteridines and the ratio of 

265 carotenoids to pteridines based on average pigment concentration per species. We used these 

266 measures as the response variables and the two indices of sexual selection as predictors. 

267

268 We next tested for associations between the concentrations of specific carotenoid and pteridine 

269 pigments (direct compensation). The variables in these models were the concentrations of: 1) 

270 dietary yellow-orange carotenoids (lutein/zeaxanthin, 3'-dehydrolutein, β-carotene); 2) red 

271 ketocarotenoids (astaxanthin, canthaxanthin); 3) yellow pteridines (xanthopterin); 4) red 

272 pteridines (drosopterin); and 5) other pteridines (pterin, 6-biopterin, isoxanthopterin, pterine-6-

273 carboxylic acid).

274

275 Lastly, we tested whether the concentrations of pigments present in skin tissue were associated 

276 with its colour. The response variables were luminance, saturation (the intensity of the colour) 

277 or hue. For luminance and saturation, we ran two models with either total carotenoids or total 

278 pteridines as the predictor. For all colour variables (luminance, saturation and hue) we also ran 

279 two models with concentrations of pigment subcategories as predictors: 1) dietary carotenoids 
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280 (yellow-orange) and xanthopterin (yellow) and 2) ketocarotenoids (red), drosopterin (red) and 

281 other pteridines. These two models were built to avoid having highly correlated predictors in the 

282 same model. Using these same subcategories of pigments, we tested for concentration 

283 differences between tissues with a yellow to red component (150 tissues, including browns) and 

284 those without (36 tissues that were black, grey, white or cream; total 186 samples). Lastly, we 

285 tested for associations between colour (luminance, saturation and hue) and environmental 

286 gradients of habitat productivity (PC1 and PC2). 

287

288 All models were run as phylogenetically controlled mixed models in the R package MCMCglmm 

289 (Hadfield 2010). We sampled 1300 phylogenies from the posterior distribution of possible 

290 phylogenies generated in the Bayesian phylogenetic analyses. The trees employed had 28 tips, 

291 which corresponded to the 27 species sampled and two tips from the two populations of 

292 Ctenophorus pictus. For all models we used phylogeny as a random factor to control for 

293 phylogenetic relatedness between species. Given that we had several individuals per species 

294 and all individuals had more than one tissue sampled, we also included as random effects the 

295 individual and species ID (except in species-level models). We followed Ross et al. (2013) and 

296 sampled a tree at iteration t, and ran the MCMC mixed model for 1500 iterations, saving the last 

297 sample. This process was repeated for 1300 iterations (one per tree), and the first 300 runs were 

298 discarded as burn-in. Inverse Wishart priors (weakly informative) were used for the covariances 

299 and we used parameter expanded priors for the random effects. We ensured that all effective 

300 sample sizes were above 1000 and visually assessed convergence in the models using the 

301 command plot(model). We used custom code to extract a statistic that quantifies the 

302 percentage of variance explained by the fixed factors in our models (equivalent to r2). The 

303 graphs presented were generated using ggplot and the predicted fit lines were obtained from 

304 simplified mixed models (same as described above but only including significant variables). All 

305 pigment concentration variables were loge transformed to facilitate convergence, for variables 

306 with concentrations of zero we added 0.1 to all samples to avoid infinite values. We present 

307 95% confidence bounds from the posterior distribution of the estimate based on phylogenetic 

308 mixed models run on 1000 phylogenies, where cases in which the upper and lower confidence 

309 bounds do not overlap zero indicate a significant effect.

310

311 RESULTS
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312 Skin tissues from all 27 species contained both carotenoid and pteridine pigments (Figure 1). 

313 Among our samples, lutein/zeaxanthin (yellow) and β-carotene (orange) were the carotenoids 

314 with the highest concentrations. Isoxanthopterin and pterin-6-carboxilic acid were the 

315 pteridines with the highest concentrations but we also found substantial concentrations of 

316 yellow xanthopterin and red drosopterin (Figure S1). 

317

318 Environmental gradients and pigment concentrations

319 Total carotenoid concentration was significantly associated with environmental gradients. 

320 Individuals living in arid environments with low vegetation productivity (and thus potential 

321 carotenoid limitation; environmental PC1) had a lower concentration of total carotenoids 

322 (Figure 2a, Table 1, r2= 0.16). This association was driven by dietary yellow carotenoids (Table 

323 S2) because they comprise the great bulk of total carotenoids; there was no association 

324 between red ketocarotenoids and environmental PC1 (Table S2). Individuals in less productive 

325 environments also had a higher concentration of total pteridines (Figure 2b, Table 1, r2= 0.14), 

326 though associations between environmental PC1 and specific categories of pteridines (yellow, 

327 red or other) were non-significant (Table S2). There was a significantly lower ratio of carotenoids 

328 to pteridines in more productive environments (Figure 2c, Table 1, r2= 0.17). 

329

330 To further explore the environmental drivers of pigment concentrations, we examined the 

331 association between specific environmental variables and total carotenoids, total pteridines, or 

332 their ratio (Table S3). The strongest drivers of pigment concentrations were aridity and radiation 

333 of the warmest quarter. Species with low carotenoids, high pteridines and low ratio of 

334 carotenoids to pteridines were found in arid environments with high summer solar radiation.

335

336 There was no significant association between sexual selection indices and pigment 

337 concentrations in the whole dataset analysis (Table 1) or at the species-level (Table S1), 

338 although there was a trend for higher total carotenoid concentration in species with higher 

339 sexual size dimorphism (Figure 2D). 

340

341 Correlations between pigment categories

342 To test whether pteridines replace carotenoids with a similar hue (carotenoid-mimicry 

343 hypothesis; Grether et al. 1999), we examined the relationships between either red 
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344 ketocarotenoids and drosopterin, or yellow-orange dietary carotenoids and xanthopterin. 

345 Neither relationship was significant (Figure 3), although there were significant associations 

346 between other pigment categories. Specifically, there was a significant positive correlation 

347 between the concentration of dietary carotenoids and ketocarotenoids, and between other 

348 pteridines and xanthopterin, and a negative correlation between xanthopterin and 

349 ketocarotenoids (Figure 3).

350

351 Pigment concentrations and skin colour

352 Variation in skin colours was associated with the concentration of pteridines but not carotenoids 

353 (Figure 4). Specifically, redder skin hues (lower hue values) were associated with higher 

354 drosopterin concentrations, and more saturated colours were associated with higher 

355 xanthopterin, other pteridines and total pteridine concentrations (Table 2).  Tissues with higher 

356 concentrations of other pteridines also had lower luminance (darker). Yellow-red tissues 

357 (including browns, N=150) had higher concentrations of drosopterin (Figure 4C), other 

358 pteridines, and ketocarotenoids compared to black/grey/white tissues (N=36; 186 tissue 

359 samples in total); whereas dietary carotenoid and xanthopterin concentrations were similar in 

360 all skin colours (Table S4, Figure S2). Additionally, skin luminance was associated with habitat 

361 productivity (PC1 95% CIs 0.716 – 8.943), with darker colours in more vegetated environments 

362 (Figure S3), but environmental PCs did not predict hue or saturation (Table S5).

363

364 DISCUSSION

365 Using a large interspecific dataset of pigment concentrations in coloured skin tissue of agamid 

366 lizards, we tested whether pigment concentrations are associated with environmental gradients 

367 indicative of carotenoid availability. We found that species in more arid environments with high 

368 summer temperatures and radiation and lower vegetation productivity had lower 

369 concentrations of total carotenoids, higher concentrations of total pteridines and consequently, 

370 a lower ratio of carotenoids to pteridines. Across all species, the concentrations of carotenoid 

371 and pteridine pigments with similar hue (red ketocarotenoids and drosopterin, yellow dietary 

372 carotenoids and xanthopterin), were uncorrelated, indicating that carotenoids are not simply 

373 replaced with pteridine pigments of a similar hue (carotenoid mimicry). Although the 

374 concentration of dietary carotenoids was of similar magnitude to the concentration of 

375 drosopterin or xanthopterin, only pteridine concentrations predicted colour variation among 
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376 species: redder hues were associated with higher concentrations of drosopterin, and more 

377 saturated colours were associated with higher concentrations of pteridines (xanthopterin, other 

378 and total). We found no relationship between carotenoid or pteridine concentrations and 

379 indices of sexual selection (sexual dichromatism and sexual size dimorphism), which is 

380 consistent with the lack of association between carotenoid concentration and skin colour. Taken 

381 together, these results suggest that environmental carotenoid availability may alter the balance 

382 between the cost of acquiring and sequestering carotenoids vs synthesising pteridines to 

383 generate yellow-red skin colours.

384

385 In a series of pioneering studies, Grether and colleagues showed that genetically determined 

386 pteridine synthesis mirrors environmental carotenoid availability among populations of guppies 

387 (Grether et al. 1999; Grether et al. 2001; Grether et al. 2005). In this species, carotenoid and 

388 pteridine concentrations are positively correlated among populations to maintain a consistent 

389 ratio of tunaxanthin (yellow carotenoid) to drosopterin (red pteridine). This ratio produces the 

390 specific orange hue preferred by females (Grether et al. 1999; Grether et al. 2001; Deere et al. 

391 2012). Stabilising selection acting on hue within guppies can explain the positive correlation 

392 between pigment types across streams. Across lizard species, however, hue varies greatly, and 

393 stabilising selection would not be expected as different species use different signalling colours. 

394 Our results instead suggest that carotenoid limitation in some environments may be 

395 counterbalanced by synthesis of pteridines, regardless of their hue. In arid environments with 

396 low vegetation productivity, where carotenoids are presumably scarce, it may be less costly to 

397 synthesise pteridines than to acquire and metabolise carotenoids and vice versa in carotenoid-

398 rich environments. However, the specific combination of pigments and skin colour pattern of 

399 each species is likely to depend on local selective pressures.

400

401 The strongest drivers of the association between total carotenoid concentrations in coloured 

402 skin and environmental PC1 were aridity and summer radiation. Most species of agamid lizards 

403 occupy semi-arid to arid environments, often with very little vegetation. All species of agamid 

404 lizard in this study are insectivorous, though some occasionally eat plant material including 

405 flowers (Cogger 2018; Melville 2019). Insects sequester carotenoids in proportion to their 

406 dietary availability (Heath et al. 2013); thus carotenoid availability may well be limited for both 
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407 insects and their predators in arid environments. Limited dietary availability of carotenoids, 

408 however, does not necessarily mean that carotenoid availability is limiting for integument 

409 coloration. Available carotenoids may be sufficient to meet physiological and colour signalling 

410 requirements (Koch & Hill 2018). Furthermore, environmental availability can be compensated 

411 by more efficient carotenoid assimilation and transport (Craig & Foote 2001; Koch & Hill 2018). 

412 Indeed, the prevailing view is that carotenoid limitation, where it exists, is due more to 

413 physiology (internal factors) than environmental availability (McGraw et al. 2003; Hadfield & 

414 Owens 2006; Simons et al. 2014; Koch & Hill 2018). This view is primarily derived from the 

415 literature on birds, in which there is limited and inconsistent evidence for an association 

416 between feather carotenoid concentrations and diet (Mahler et al. 2003; McGraw et al. 2003; 

417 Olson & Owens 2005). However, selection on carotenoid metabolism may differ greatly for birds 

418 compared to poikilothermic vertebrates (fish, amphibians, reptiles) because birds have different 

419 colour producing mechanisms and do not use pteridines to colour feathers. Thus, carotenoid 

420 availability may well be limiting for skin coloration in lizard species occupying arid environments.

421

422 We found that in agamid lizards, concentrations of ketocarotenoids were generally low 

423 (particularly astaxanthin) relative to other carotenoids. Astaxanthin is produced by a number of 

424 bacteria, fungi and algae, and can also be found in large quantities in some red flower petals 

425 (Ohmiya 2011). Agamid lizards are known to seek out and eat flower petals so could potentially 

426 obtain astaxanthin from the diet; however, astaxanthin and other ketocarotenoids are generally 

427 rare in the diet of terrestrial animals (Svensson & Wong 2011; Heath et al. 2013; Koch & Hill 

428 2018). Nevertheless, in some species, ketocarotenoids from dietary sources can accumulate 

429 when enzymes responsible for carotenoid breakdown, such as the β-carotene oxygenase 

430 enzymes BCMO1 and BCO2, are disrupted or deactivated (Twomey et al. 2020a). More 

431 commonly, ketocarotenoids are metabolically converted from dietary yellow xanthophylls 

432 through oxidation reactions catalysed by ketolation enzymes (ketolases; Lopes et al. 2016; 

433 Mundy et al. 2016; Twyman et al. 2016). Metabolic conversion of dietary yellow xanthophylls to 

434 red ketocarotenoids has not been demonstrated in lizards, and the CYP2J19 gene that encodes 

435 the primary ketolase in birds and turtles is absent in squamates, tuataras and crocodilians 

436 (Twyman et al. 2016). A similar P450 enzyme (encoded by the gene CYP3A80) may act as a 

437 ketolase in the dendrobatid poison frog Ranitomeya sirensis and possibly other amphibians 

438 (Twomey et al. 2020a) but whether this may be the case in reptiles is not currently known. In 
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439 this species of frog, the carotenoid cleavage enzyme BCO2 is also disrupted, possibly facilitating 

440 accumulation of ketocarotenoids and their dietary precursors (Twomey et al. 2020a). BCO2 is 

441 associated with yellow coloration in the wall lizard Podarcis muralis, but not other polymorphic 

442 lacertids (Andrade et al. 2019). Therefore, it is unclear whether agamid lizards have evolved 

443 mechanisms to enhance assimilation or enable conversion of dietary carotenoids to 

444 ketocarotenoids. The positive association we identified between the concentration of dietary 

445 carotenoids and ketocarotenoids could indicate increased ketocarotenoid conversion when 

446 dietary carotenoid availability is high, or that ketocarotenoids are similarly more available 

447 through diet. An absence of a mechanism for ketocarotenoid conversion may explain the 

448 prevalence of drosopterin to produce orange and red hues in lizards and some other groups of 

449 poikilothermic vertebrates. However, neither ketocarotenoid nor drosopterin concentrations 

450 were associated with environmental gradients in our dataset.

451

452 Among the 28 taxa in our dataset, skin colour was associated with the concentration of 

453 pteridines rather than carotenoids and there was no correlation between the two. In most other 

454 lizards, yellow is produced by high relative concentrations of dietary carotenoids and orange-red 

455 is produced by a high relative proportion of red pteridines (usually drosopterin; Ortiz et al. 1963; 

456 Ortiz & Maldonado 1966; Macedonia et al. 2000; Steffen & McGraw 2009; Weiss et al. 2012; 

457 Haisten et al. 2015; McLean et al. 2017; Andrade et al. 2019). Although carotenoids contribute 

458 to skin coloration, carotenoid concentrations are often uncorrelated with hue, saturation or 

459 luminance (Steffen et al. 2010; Weiss et al. 2012). Instead, hue frequently corresponds to the 

460 concentration of red pteridines, particularly drosopterin (Steffen et al. 2010; Weiss et al. 2012; 

461 Andrade et al. 2019). Our data are consistent with these studies and suggest that the intensity 

462 of yellow-red coloration is seldom a reliable indicator of carotenoid content in lizards. This 

463 suggests in turn that expression of yellow-red signalling colours in lizards is unlikely to convey 

464 information on individual quality through mechanisms of honest carotenoid signalling such as 

465 resource trade-offs or indicator mechanisms (Koch et al. 2017; Koch & Hill 2018). Instead, the 

466 honesty of these colour signals may be maintained by other costs such as predation risk 

467 associated with conspicuous coloration (Stuart-Fox et al. 2003; Amdekar & Thaker 2019). More 

468 generally, honest carotenoid signalling may not apply to the many species of poikilothermic 

469 vertebrates that use a combination of pteridine and carotenoid pigments to generate yellow-red 

470 hues and have complex colour generation mechanisms.
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471

472 Our comparative analysis uncovered broad patterns in pigment concentrations; however, 

473 mechanisms underlying skin colour in reptiles are complex and influenced by structural 

474 components. In ectothermic vertebrates, colour is produced by the combination of 

475 chromatophore cells containing different pigment types or crystalline structures and structural 

476 components of the dermis (e.g. collagen and connective tissue). Xanthophores containing yellow 

477 to red carotenoid and/or pteridine pigments comprise the upper layer of chromatophores and 

478 may be underlain by iridophores containing periodically arranged guanine crystals, and 

479 melanophores containing melanin pigments (reviewed in Grether et al. 2004; Bagnara & 

480 Matsumoto 2006; Olsson et al. 2013; Ligon & McCartney 2016). The extraordinary diversity of 

481 integument colours in reptiles and other animals is produced by the interaction of pigments and 

482 structural components (Kemp et al. 2012). For example, within a mimicry complex of poison 

483 frogs (Dendrobatidae), drosopterin contributes to orange coloration but variation in hue across 

484 the group is predominantly associated with the thickness of crystalline platelets within 

485 iridophores (i.e. structural; Twomey et al. 2020b). Furthermore, skin tissue commonly contains 

486 high concentrations of crystalline pteridines such as isoxanthopterin and pterin (Bagnara & 

487 Matsumoto 2006; McLean et al. 2017; McLean et al. 2019; Twomey et al. 2020b). We found an 

488 association between the concentration of these pteridines and skin colour saturation and 

489 luminance, as expected if these pigments contribute to colour saturation and luminance through 

490 the reflection and scattering of light (Oliphant & Hudon 1993; Palmer et al. 2018). 

491

492 Overall, our results support a scenario where environmental carotenoid availability influences 

493 the relative concentrations of carotenoid and pteridine pigments used to generate yellow to red 

494 skin colours in lizards. Environmental gradients may shape the ecology and evolution of animal 

495 coloration by altering the relative costs of environmentally acquired and self-synthesised 

496 pigments. 

497

498 Acknowledgments

499 We are grateful to private landowners and caretakers for their permission and hospitality. We 

500 thank Carolyn Kovach (South Australia Museum) and Paul Doughty (Western Australian 

501 Museum) for help lodging specimens, and Katja Boysen, Veronica Lui and Roshan Cheetamun for 

502 fieldwork and technical assistance. We thank Matthew Symonds and Shinichi Nakagawa for 



This article is protected by copyright. All rights reserved

503 custom R code to calculate R squared values from an mcmcglmm regression. This research was 

504 conducted in accordance with the following permits and approvals: University of Melbourne 

505 Animal Ethics Committee (1513589); South Australia Wildlife Ethics Committee (24/2015). South 

506 Australian Department of Environment, Water and Natural Resources (M26427); Western 

507 Australian Department of Parks and Wildlife (SF010484); Victorian Department of Environment, 

508 Land, Water and Planning (10007683). This research was funded by the Australian Research 

509 Council DP150101044.

510

511 Competing Interests

512 The authors declare that they have no competing interests

513

514 References

515 1.Albert, G.I., Hoeller, U., Schierle, J., Neuringer, M., Johnson, E.J. & Schalch, W. (2008). 

516 Metabolism of lutein and zeaxanthin in rhesus monkeys: Identification of (3R,6 ' R)- and 

517 (3R,6 ' S)-3 '-dehydro-lutein as common metabolites and comparison to humans. 

518 Comparative Biochemistry and Physiology B-Biochemistry & Molecular Biology, 151, 70-

519 78.

520 2.Amdekar, M.S. & Thaker, M. (2019). Risk of social colours in an agamid lizard: implications for 

521 the evolution of dynamic signals. Biol. Lett., 15, 20190207.

522 3.Andrade, P., Pinho, C., Pérez i de Lanuza, G., Afonso, S., Brejcha, J., Rubin, C.-J. et al. (2019). 

523 Regulatory changes in pterin and carotenoid genes underlie balanced color 

524 polymorphisms in the wall lizard. Proc. Natl. Acad. Sci. U. S. A., 116, 5633–5642.

525 4.Bagnara, J.T. & Hadley, M.E. (1973). Chromatophores and color change: The Comparative 

526 Physiology of Animal Pigmentation. Prentice-Hall, Englewood Cliffs, NJ.

527 5.Bagnara, J.T. & Matsumoto, J. (2006). Comparative anatomy and physiology of pigment cells in 

528 nonmammalian tissues. In: The Pigmentary System: Physiology and Pathophysiology 

529 (eds. Nordlund, JJ, Boissy, RE, Hearing, VJ, King, RA & Ortonne, J-P). Oxford University 

530 Press New York.

531 6.Belbin, L. (2011). The Atlas of Livings Australia’s Spatial Portal.  (eds. Jones, MB & Gries, C) 

532 Santa Barbara, CA, pp. 39-43.



This article is protected by copyright. All rights reserved

533 7.Bouckaert, R., Vaughan, T.G., Barido-Sottani, J., Duchene, S., Fourment, M., Gavryushkina, A. 

534 et al. (2019). BEAST 2.5: An advanced software platform for Bayesian evolutionary 

535 analysis. PLoS Comput. Biol., 15.

536 8.Braasch, I., Schartl, M. & Volff, J.-N. (2007). Evolution of pigment synthesis pathways by gene 

537 and genome duplication in fish. BMC Evol. Biol., 7, 74.

538 9.Bracher, A., Eisenreich, W., Schramek, N., Ritz, H., Götze, E., Herrmann, A. et al. (1998). 

539 Biosynthesis of pteridines. J. Biol, Chem., 273, 28132–28141.

540 10.Chen, I.P., Stuart-Fox, D., Hugall, A.F. & Symonds, M.R.E. (2012). Sexual selection and the 

541 evolution of complex color patterns in dragon lizards. Evolution, 66, 3605–3614.

542 11.Chen, I.P., Symonds, M.R.E., Melville, J. & Stuart-Fox, D. (2013). Factors shaping the evolution 

543 of colour patterns in Australian agamid lizards (Agamidae): a comparative study. Biol. J. 

544 Linn. Soc. Lond., 109, 101–112.

545 12.Cogger, H.G. (2018). Reptiles and Amphibians of Australia. 7th edition edn. CSIRO Publishing.

546 13.Craig, J.K. & Foote, C.J. (2001). Countergradient variation and secondary sexual color: 

547 phenotypic convergence promotes genetic divergence in carotenoid use between 

548 sympatric anadromous and nananadromous morphs of sockeye salmon (Oncorhynchus 

549 nerka). Evolution, 55, 380–391.

550 14.Deere, K.A., Grether, G.F., Sun, A.D. & Sinsheimer, J.S. (2012). Female mate preference 

551 explains countergradient variation in the sexual coloration of guppies (Poecilia 

552 reticulata). Proc. R. Soc. Lond. B Biol. Sci., 279, 1684–1690.

553 15.Grether, G.F., Cummings, M.E. & Hudon, J. (2005). Countergradient variation in the sexual 

554 coloration of guppies (Poecilia reticulata): Drosopterin synthesis balances carotenoid 

555 availability. Evolution, 59, 175–188.

556 16.Grether, G.F., Hudon, J. & Endler, J.A. (2001). Carotenoid scarcity, synthetic pteridine 

557 pigments and the evolution of sexual coloration in guppies (Poecilia reticulata). Proc. R. 

558 Soc. Lond. B Biol. Sci., 268, 1245–1253.

559 17.Grether, G.F., Hudon, J. & Millie, D.F. (1999). Carotenoid limitation of sexual coloration along 

560 an environmental gradient in guppies. Proc. R. Soc. Lond. B Biol. Sci., 266, 1317–1322.

561 18.Grether, G.F., Kolluru, G.R. & Nersissian, K. (2004). Individual colour patches as 

562 multicomponent signals. Biol. Rev., 79, 583–610.

563 19.Hadfield, J.D. (2010). MCMC methods for multi-response Generalized Linear Mixed Models: 

564 the MCMCglmm R package. J. Stat. Softw., 33, 1–22.



This article is protected by copyright. All rights reserved

565 20.Hadfield, J.D. & Owens, I.P.F. (2006). Strong environmental determination of a carotenoid-

566 based plumage trait is not mediated by carotenoid availability. J. Evol. Biol., 19, 1104–

567 1114.

568 21.Haisten, D.C., Paranjpe, D., Loveridge, S. & Sinervo, B. (2015). The cellular basis of 

569 polymorphic coloration in common side-blotched lizards, Uta stansburiana. 

570 Herpetologica, 71, 125–135.

571 22.Heath, J.J., Cipollini, D.F. & Stireman, J.O. (2013). The role of carotenoids and their derivatives 

572 in mediating interactions between insects and their environment. Arthropod Plant 

573 Interact., 7, 1–20.

574 23.Kemp, D.J., Herberstein, M.E. & Grether, G.F. (2012). Unraveling the true complexity of costly 

575 color signaling. Behav. Ecol., 23, 233–236.

576 24.Koch, R.E. & Hill, G.E. (2018). Do carotenoid-based ornaments entail resource trade-offs? An 

577 evaluation of theory and data. Funct. Ecol., 1–13.

578 25.Koch, R.E., Josefson, C.C. & Hill, G.E. (2017). Mitochondrial function, ornamentation, and 

579 immunocompetence. Biol. Rev., 92, 1459-1474.

580 26.Lewis, A.C., Rankin, K.J., Pask, A.J. & Stuart-Fox, D. (2017). Stress-induced changes in color 

581 expression mediated by iridophores in a polymorphic lizard. Ecol. Evol., 7, 8262-8272.

582 27.Ligon, R.A. & McCartney, K.L. (2016). Biochemical regulation of pigment motility in vertebrate 

583 chromatophores: a review of physiological color change mechanisms. Curr. Zool., 62, 

584 237-252.

585 28.Lopes, R.J., Johnson, J.D., Toomey, M.B., Ferreira, M.S., Araujo, P.M., J., M.-F. et al. (2016). 

586 Genetic basis for red coloration in birds. Curr. Biol., 26, 1–8.

587 29.Lovich, J.E. & Gibbons, J.W. (1992). A review of techniques for quantifying sexual size 

588 dimorphism. Growth Develop. Aging, 56, 269–281.

589 30.Macedonia, J.M., James, S., Wittle, L.W. & Clark, D.L. (2000). Skin pigments and coloration in 

590 the Jamaican radiation of Anolis lizards. J. Herpetol., 34, 99–109.

591 31.Mahler, B., Araujo, L.S. & Tubaro, P.L. (2003). Dietary and sexual correlates of carotenoid 

592 pigment expression in dove plumage. Condor, 105, 258–267.

593 32.McGraw, K.J. (2005). The antioxidant function of many animal pigments: are there consistent 

594 health benefits of sexually selected colourants? Anim. Behav., 69, 757–764.

595 33.McGraw, K.J., Gregory, A.J., Parker, R.S. & Adkins-Regan, E. (2003). Diet, plasma carotenoids, 

596 and sexual coloration in the zebra finch (Taeniopygia guttata). Auk, 120, 400–410.



This article is protected by copyright. All rights reserved

597 34.McLean, C.A., Lutz, A., Rankin, K., Stuart-Fox, D. & Moussalli, A. (2017). Revealing the 

598 Biochemical and Genetic Basis of Color Variation in a Polymorphic Lizard. Mol. Biol. 

599 Evol., 34, 1924–1935.

600 35.McLean, C.A., Lutz, A., Rankin, K.J., Elliott, A., Moussalli, A. & Stuart-Fox, D. (2019). Red 

601 carotenoids and associated gene expression explain colour variation in frillneck lizards. 

602 Proc. R. Soc. Lond. B Biol. Sci., 286, 20191172.

603 36.Melville, J., and Wilson, S. K (2019). Dragon Lizards of Australia: Evolution, Ecology and a 

604 Comprehensive Field Guide. Museums Victoria Publishing.

605 37.Moller, A.P., Biard, C., Blount, J.D., Houston, D.C., Ninni, P., Saino, N. et al. (2000). 

606 Carotenoid-dependent signals: Indicators of foraging efficiency, immunocompetence or 

607 detoxification ability? Avian and Poultry Biology Reviews, 11, 137-159.

608 38.Mundy, N.I., Stapley, J., Bennison, C., Tucker, R., Twyman, H., Kim, K.-W. et al. (2016). Red 

609 carotenoid coloration in the zebra finch is controlled by a cytochrome P450 gene 

610 cluster. Curr. Biol., 26, 1435–1440.

611 39.Nagao, A., Maoka, T., Ono, H., Kotake-Nara, E., Kobayashi, M. & Tomita, M. (2015). A 3-

612 hydroxy beta-end group in xanthophylls is preferentially oxidized to a 3-oxo epsilon-end 

613 group in mammals. J. Lipid Res., 56, 449-462.

614 40.Newman, P., Raymond, B., VanDerWal, J., Belbin, L. & Stevenson, M. (2020). ALA4R: Atlas of 

615 Living Australia (ALA) Data and Resources in R. R package version 1.9.0, pp. URL: 

616 https://CRAN.R-project.org/package=ALA4R.

617 41.Nicolai, M.P.J., D'Alba, L., Goldenberg, J., Gansemans, Y., Van Nieuwerburgh, F., Clusella-

618 Trullas, S. et al. (2021). Untangling the structural and molecular mechanisms underlying 

619 colour and rapid colour change in a lizard, Agama atra. Mol. Ecol., 30, 2262-2284.

620 42.Ohmiya, A. (2011). Diversity of carotenoid composition in flower petals. Jarq-Japan 

621 Agricultural Research Quarterly, 45, 163-171.

622 43.Oliphant, L.W. & Hudon, J. (1993). Pteridines as reflecting pigments and components of 

623 reflecting organelles in vertebrates. Pigment Cell Res., 6, 205-208.

624 44.Olson, V.A. & Owens, I.P.F. (1998). Costly sexual signals: are carotenoids rare, risky or 

625 required? Trends Ecol. Evol., 13, 510–514.

626 45.Olson, V.A. & Owens, I.P.F. (2005). Interspecific variation in the use of carotenoid-based 

627 coloration in birds: diet, life history and phylogeny. J. Evol. Biol., 18, 1534–1546.

https://CRAN.R-project.org/package=ALA4R


This article is protected by copyright. All rights reserved

628 46.Olsson, M., Stuart-Fox, D. & Ballen, C. (2013). Genetics and evolution of colour patterns in 

629 reptiles. Semin. Cell Dev. Biol., 24, 529–541.

630 47.Ortiz, E., Bächli, E., Price, D. & Williams-Ashman, H.G. (1963). Red pteridine pigments in the 

631 dewlaps of some anoles. Physiol. Zool., 36, 97–103.

632 48.Ortiz, E. & Maldonado, A.A. (1966). Pteridine accumulation in lizards of the genus Anolis. 

633 Caribb. J. Sci., 6, 9–13.

634 49.Ostman, O. & Stuart-Fox, D. (2011). Sexual selection is positively associated with ecological 

635 generalism among agamid lizards. J. Evol. Biol., 24, 733–740.

636 50.Palmer, B.A., Hirsch, A., Brumfeld, V., Aflalo, E.D., Pinkas, I., Sagi, A. et al. (2018). Optically 

637 functional isoxanthopterin crystals in the mirrored eyes of decapod crustaceans. Proc. 

638 Natl. Acad. Sci. U. S. A., 115, 2299–2304.

639 51.Palmer, B.A., Yallapragada, V.J., Schiffmann, N., Wormser, E.M., Elad, N., Aflalo, E.D. et al. 

640 (2020). A highly reflective biogenic photonic material from core-shell birefringent 

641 nanoparticles. Nature Nanotechnology, 15, 138-+.

642 52.Pyron, R.A., Burbrink, F.T. & Wiens, J.J. (2013). A phylogeny and revised classification of 

643 Squamata, including 4161 species of lizards and snakes. BMC Evol. Biol., 13.

644 53.Revell, L.J. (2012). phytools: an R package for phylogenetic comparative biology (and other 

645 things). Methods Ecol. Evol., 3, 217–223.

646 54.Ross, L., Gardner, A., Hardy, N. & West, S.A. (2013). Ecology, not the genetics of sex 

647 determination, determines who helps in eusocial populations. Curr. Biol., 23, 2383–

648 2387.

649 55.Simons, M.J.P., Maia, R., Leenknegt, B. & Verhulst, S. (2014). Carotenoid-Dependent Signals 

650 and the Evolution of Plasma Carotenoid Levels in Birds. Am. Nat., 184, 741–751.

651 56.Smith, K.R., Cadena, V., Endler, J.A., Kearney, M.R., Porter, W.P. & Stuart-Fox, D. (2016). Color 

652 change for thermoregulation versus camouflage in free-ranging lizards. Am. Nat., 188, 

653 668–678.

654 57.Steffen, J.E., Hill, G.E. & Guyer, C. (2010). Carotenoid access, nutritional stress, and the 

655 dewlap color of male brown anoles. Copeia, 2010, 239–246.

656 58.Steffen, J.E. & McGraw, K.J. (2009). How dewlap color reflects its carotenoid and pterin 

657 content in male and female brown anoles (Norops sagrei). Comp. Biochem. Physiol. 

658 Biochem. Mol. Biol., 154, 334–340.



This article is protected by copyright. All rights reserved

659 59.Stuart-Fox, D.M., Moussalli, A., Marshall, N.J. & Owens, I.P.F. (2003). Conspicuous males 

660 suffer higher predation risk: visual modelling and experimental evidence from lizards. 

661 Anim. Behav., 66, 541-550.

662 60.Svensson, P.A. & Wong, B.B.M. (2011). Carotenoid-based signals in behavioural ecology: a 

663 review. Behaviour, 148, 131–189.

664 61.Teyssier, J., Saenko, S.V., van der Marel, D. & Milinkovitch, M.C. (2015). Photonic crystals 

665 cause active colour change in chameleons. Nat. Commun., 6.

666 62.Twomey, E., Johnson, J.D., Castroviejo-Fisher, S. & Van Bocxlaer, I. (2020a). A ketocarotenoid-

667 based colour polymorphism in the Sira poison frog Ranitomeya sirensis indicates novel 

668 gene interactions underlying aposematic signal variation. Mol. Ecol., 29, 2004–2015.

669 63.Twomey, E., Kain, M., Claeys, M., Summers, K., Castroviejo-Fisher, S. & Van Bocxlaer, I. 

670 (2020b). Mechanisms for Color Convergence in a Mimetic Radiation of Poison Frogs. Am. 

671 Nat., 195, E132–E149.

672 64.Twyman, H., Valenzuela, N., Literman, R., Andersson, S. & Mundy, N.I. (2016). Seeing red to 

673 being red: conserved genetic mechanism for red cone oil droplets and co-option for red 

674 coloration in birds and turtles. Proc. R. Soc. Lond. B Biol. Sci., 283.

675 65.Weaver, R.J., Santos, E.S.A., Tucker, A.M., Wilson, A., E. & Hill, G.E. (2018). Carotenoid 

676 metabolism strengthens the link between feather coloration and individual quality. Nat. 

677 Commun., 9, 73.

678 66.Weiss, S.L., Foerster, K. & Hudon, J. (2012). Pteridine, not carotenoid, pigments underlie the 

679 female-specific orange ornament of striped plateau lizards (Sceloporus virgatus). Comp. 

680 Biochem. Physiol., 161, 117–123.

681 67.Wilson, T.G. & Jacobson, K.B. (1977). Isolation and characterization of pteridines from heads 

682 of Drosophila melanogaster by a modified thin-layer chromatography procedure. 

683 Biochem. Genet., 15, 307–319.

684 68.Zheng, Y.C. & Wiens, J.J. (2016). Combining phylogenomic and supermatrix approaches, and a 

685 time-calibrated phylogeny for squamate reptiles (lizards and snakes) based on 52 genes 

686 and 4162 species. Mol. Phylogenet. Evol., 94, 537–547.

687 69.Ziegler, I. (2003). The pteridine pathway in zebrafish: regulation and specification during the 

688 determination of neural crest cell-fate. Pigment Cell Res., 16, 172–182.

689



This article is protected by copyright. All rights reserved

690 Figures and Tables

691

692 Figure 1. Phylogenetic relationships between the 28 clades (27 species) of Australian agamid 

693 lizards included in this study, with images of representative species from the Ctenophorus and 

694 Diporiphora & others (genera Amphibolurus, Gowidon, Pogona, Rankinia, Tympanocryptis) 

695 clades as well as basal Moloch horridus. Heatmap shows variation in the concentrations of total 

696 carotenoids and total pteridines among species. Map shows extensive geographic sampling (186 

697 skin samples from 79 individuals across 30 populations) against a measure of habitat 

698 productivity (annual mean aridity index: monthly ratio of precipitation to potential evaporation).
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699

700 Figure 2. Associations between (A) concentration of total carotenoids, (B) concentration of total 

701 pteridines, and (C) ratio of total carotenoids to total pteridine and habitat productivity (PC1*-1), 

702 as well as (D) concentration of total carotenoids and sexual size dimorphism. Solid lines indicate 

703 a significant relationship with 95% confidence bounds (grey shading), broken lines indicate a 

704 non-significant trend between variables (N = 186). 
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705

706 Figure 3. Correlations between carotenoid and pteridine subcategories. (A) Correlation matrix 

707 showing HPD intervals of estimates from GLMMs. Size and color of upper diagonal circles 

708 indicate the strength and direction of the relationship.  Central circles indicate the color of 

709 pigment subcategories. Significant correlations are in bold. There was no relationship between 

710 similarly hued carotenoids and pteridines: red ketocarotenoids and drosopterin (B), and yellow 

711 dietary carotenoids and xanthopterin (C). Broken lines indicate a non-significant trend between 

712 variables (N = 186). 
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713

714 Figure 4. Associations between (A) saturation and the total concentration of pteridines; (B) hue 

715 and the concentration of drosopterin. Orange-red colored skin had higher concentrations of 

716 drosopterin than other skin colors (C). BL = black; BR = brown, CR = cream; GR = grey; O 

717 =orange, P = pink, R = red, RBR = red-brown, Y = yellow skin samples (N = 180).

718 Table 1. Associations between total carotenoid, total pteridine and the ratio of carotenoid to 

719 pteridine pigment concentration and environmental and sexual selection variables (N = 186). 

log(Total carotenoids) log(Total pteridines) log(Ratio)

Predictors Lower Upper Lower Upper Lower Upper

PC1 -0.354 -0.006 0.021 0.423 -0.703 -0.087

PC2 -0.089 0.261 -0.228 0.182 -0.133 0.439

Size dimorphism -1.071 7.057 -4.216 5.889 -6.428 9.697

Dichromatism 0.039 0.089 -0.093 0.068 -0.053 0.172

720 Lower and upper represent the 95% confidence bounds from the posterior distribution of the 

721 estimate based on phylogenetic mixed models run on 1300 phylogenies. Values in bold 

722 represent cases where the upper and lower confidence bounds not overlap zero and thus there 

723 is evidence of a significant effect.

724 Table 2. Associations between pigment concentrations and color traits (N = 180).

Luminance Saturation Hue

Predictors Lower Upper Lower Upper Lower Upper

Dietary carotenoids -2.476 7.596 -0.006 0.022 -0.006 0.207

Ketocarotenoids -2.045 6.061 -0.004 0.019 -0.056 0.149
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Xanthopterin -2.533 0.649 0.001 0.011 -0.061 0.019

Drosopterin -4.170 0.161 -0.002 0.01 -0.170 -0.069

Other pteridines -7.431 -0.254 0.002 0.02 -0.110 0.054

Total carotenoids -1.644 7.789 -0.007 0.0212 – –

Total pteridines -7.576 1.256 0.007 0.0317 – –

725 Lower and upper represent the 95% confidence bounds from the posterior distribution of the 

726 estimate based on phylogenetic mixed models run on 1300 phylogenies. Values in bold 

727 represent cases where the upper and lower confidence bounds not overlap zero and thus there 

728 is evidence of a significant effect.
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