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ABSTRACT 35 

While intraspecific variation in aposematic signals can be selected for by different 36 

predatory responses, their evolution is also contingent on other processes shaping 37 

genetic variation. We evaluate the relative contributions of selection, geographic 38 

isolation and random genetic drift to the evolution of aposematic color polymorphism 39 

in the poison frog Adelphobates galactonotus, distributed throughout eastern Brazilian 40 

Amazonia. Dorsal coloration was measured for 111 individuals and genetic data were 41 

obtained from 220 individuals at two mitochondrial genes (mtDNA) and 7963 Single 42 

Nucleotide Polymorphisms (SNPs). Four color categories were described (brown, blue, 43 

yellow, orange) and our models of frog and bird visual systems indicated that each 44 

color was distinguishable for these taxa. Using outlier and correlative analyses we 45 

found no compelling genetic evidence for color being under divergent selection. A 46 

time-calibrated mtDNA tree suggests that the present distribution of dorsal coloration 47 

resulted from processes occurring during the Pleistocene. Separate phylogenies based 48 

on SNPs and mtDNA resolved the same well supported clades, each containing 49 

different colored populations. Ancestral character state analysis provided some 50 

evidence for evolutionary transitions in color type. Genetic structure was more strongly 51 

associated with geographic features, than color category, suggesting that the 52 

distribution of color is explained by localized processes. Evidence for geographic 53 

isolation together with estimates of low effective population size implicates drift as 54 

playing a key role in color diversification. Our results highlight the relevance of 55 
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considering the neutral processes involved with the evolution of traits with important 56 

fitness consequences. 57 

Keywords: Amazonia, aposematism, Dendrobatidae, population genomics, SNP, local 58 

adaptation  59 
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INTRODUCTION 60 

The presence of intraspecific variation in aposematic signals provides opportunities to 61 

examine the relative contributions of selection, drift and geographic isolation to the 62 

evolution of this trait (Richards-Zawacki et al. 2013; Gehara et al. 2013; Kang et al. 63 

2017; Lawrence et al. 2019). Because aposematic signals such as contrasting and 64 

bright colors advertise the presence of toxins or other defenses, the signal is under 65 

balancing selection and therefore is usually consistent in order to be effective as a 66 

deterrent (Endler and Greenwood, 1988). Nevertheless, geographic variation in 67 

selective pressures, including differences in the local assemblage of predators, changes 68 

in predator behavior and Batesian and Mullarian mimicry complexes, can result in 69 

different colors being fixed in different populations (Endler and Mappes, 2004; Darst 70 

and Cummings, 2006; Amézquita et al. 2017). Adaptive potential is influenced by the 71 

distribution of genetic variation, and less effective aposematic coloration can be 72 

maintained if the level of gene flow is sufficiently low between populations with 73 

different colors (Lawrence et al. 2019). Furthermore, if different phenotypes 74 

experience the same level of selection, and effective population sizes are small enough, 75 

then diversification through random genetic drift is possible in accordance with 76 

Wright’s shifting balance theory (Wright 1932; Rudh et al. 2007; Chouteau and Angers 77 

2012; Comeault and Noonan, 2011).  78 

Neotropical poison frogs (family Dendrobatidae) possess aposematic coloration in 79 

combination with skin toxins, which likely evolved in tandem (Summers and Clough, 80 

2001). Many species show variation in aposematic coloration and for this reason they 81 
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are popular models to study the evolution of this trait (Chouteau and Angers 2012). 82 

Color differentiation in poison frogs has been a recent and recurrent evolutionary 83 

process for those species investigated thus far, often with intra-specific divergence in 84 

colors traced back to no earlier than the Pleistocene, 11,500-2.6 million years before 85 

present (Noonan and Gaucher, 2006; Santos and Cannatella, 2011; Gehara et al. 2013).  86 

The Pleistocene is characterized by rapid environmental change and this seems likely 87 

to have altered both levels of connectivity and predation pressures. Disturbance during 88 

the Pleistocene has been characterized for some poison frogs as fine scaled habitat 89 

fragmentation, rather than large-scale retraction to refugia (Noonan and Gaucher 90 

2006).  Habitat disturbance during the Pleistocene resulted in fine-scaled divergence in 91 

the northern Amazonian dyeing poison frog Dendrobates tinctorius, which in concert 92 

with selection by predators, resulted in the establishment of populations that are 93 

monomorphic for different colors (Noonan and Gaucher 2006; Comeault and Noonan, 94 

2011). The process of isolation can also facilitate color diversification by hybridisation 95 

following secondary contact. For example, hybridisation has been implicated as the 96 

process generating color variation in the Andean harlequin poison frog Oophaga 97 

histrionica (Medina et al. 2013). Secondary contact and hybridization may be further 98 

facilitated by the likelihood of rapid habitat restructuring in the Amazon region (Sefc et 99 

al. 2017).  100 

Isolation can also result from behavioral differences, potentially facilitating color 101 

differences at finer spatial scales than the effects of geographic isolation. For example, 102 

in parts of the strawberry poison frog (Oophaga pumilio) distribution, genetic distances 103 
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between populations are more strongly associated with dorsal coloration than with 104 

landscape features, and this was attributed to selection against dissimilar immigrants 105 

(Wang and Summer 2010). Furthermore, in O. pumilo, sexual selection, coupled with 106 

drift in female preference is another of several mechanisms that have been proposed to 107 

explain color diversification (Maan and Cummings 2012; Gehara et al. 2013). Jointly 108 

analyzing whether genetic structure is associated with present day environmental 109 

features, or aposematic coloration, can provide clues about isolating processes and the 110 

scale at which these occur (Wang and Summer 2010). In addition, patterns of genetic 111 

structure associated with populations of different color types can be used to help infer 112 

whether signal variation is a consequence of dispersal or color becoming fixed within a 113 

population following de novo mutation. 114 

Geographic isolation and drift has resulted in the diversification of color phenotypes 115 

for several poison frog species. Physical features that impede gene flow and influence 116 

the population sizes of poison frogs include rivers, topgraphic barriers, forest density 117 

and soil type because of their inherent variation in the water holding capacity (Kaefer 118 

et al. 2013; Simões et al. 2014; Ferreira et al. 2018). Where the habitat for O. pumilio 119 

is fragmented, low population sizes, increased drift, perhaps in combination with 120 

reduced predation pressure has allowed new phenotypes to increase in frequency and 121 

be fixed by selection (Rudh et al. 2007). The role of drift in generating color 122 

polymorphism has also been shown in the poison dart frog Ranitomeya imitator. Here 123 

it was shown that selection was relaxed at a point along an altitudinal gradient and this 124 

allowed new color phenotypes to be generated by drift (Chouteau and Angers 2012).  125 
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The Amazonian poison frog, Adelphobates galactonotus (Steindachner, 1864), varies 126 

in dorsal coloration throughout its distribution in eastern Amazonia, which comprises 127 

forest areas east of the Tapajós River to the Atlantic coast and south of the Amazon 128 

river to the southern boundary of the Amazon forest (Fig. 1; Hoogmoed and Avila-129 

Pires, 2012). Different dorsal colors (yellow, orange, red, blue and brown) have not 130 

been found sympatrically and appear in a mosaic-like fashion across the species’ 131 

geographic range (Hoogmoed and Avila-Pires, 2012). The variation in the dorsal 132 

coloration of A. galactonotus is intriguing because it is non-mimetic and populations 133 

containing individuals with different color types are found in close proximity and 134 

within areas of similar environmental conditions.  135 

Here we use field-collected dorsal color measurements, mtDNA sequence data and a 136 

data set of several thousand single nucleotide polymorphisms (SNPs) from A. 137 

galactonotus to test the following hypotheses: 1) the time of divergence between 138 

populations containing different dorsal colors is consistent with the timing of color 139 

diversification in other Neotropical poison frogs, 2) the same dorsal coloration evolved 140 

independently in different locations, and 3) that dorsal coloration of A. galactonotus is 141 

under selection. 142 

 143 

METHODS 144 

Study area  145 
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We sampled Adelphobates galactonotus across most of its known geographic 146 

distribution in eastern Amazonia, south of the Amazon River, in the Brazilian state of 147 

Pará.  This region contains two large southern tributaries of the Amazon, the Xingu 148 

and the Tocantins rivers (Fig. 1). Our sampling effort was concentrated to the west of 149 

the Tocantins River. Because of the difficulty of sampling within large tracts of forest, 150 

individuals were sampled either in close proximity (<15 km) to rivers, or to the few 151 

roads that are in the region. Visual appraisal suggests that structural elements of the 152 

forest do not vary systematically with respect to the presence of rivers or roads. 153 

Tissue sampling 154 

A total of 220 individual samples were obtained from fieldwork carried out from 2012 155 

to 2014 and from the tissue collection of Museu Paraense Emilio Goeldi (MPEG), 156 

Belém, Brazil (Table 1). Fieldwork was conducted in three regions from eastern 157 

Amazonia: Caxiuanã–Anapu river basin, Tapajós-Jamanxim river basin and Carajás 158 

(Fig. 1). Tissue samples consisted of toe clips, or muscle/liver tissue when voucher 159 

specimens were collected. Voucher specimens were deposited at the Osvaldo 160 

Rodrigues da Cunha Herpetological Collection of MPEG or at the Amphibian and 161 

Reptile Collection of Instituto Nacional de Pesquisas da Amazônia (INPA-H) in 162 

Manaus, Brazil. All tissue samples were stored in absolute ethanol prior to DNA 163 

extraction. We define a sampling locality as an area where all individuals were 164 

captured within 80 km of each other. These locations were consistently in continuous 165 

forest, without apparent biogeographic barriers (such as the presence of large rivers).  166 
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 167 

Color data collection 168 

Adelphobates galactonotus has been collected at several of the sampling localities over 169 

a number of years and stored at MPEG (e.g. Caxiuanã-Anapu locality has samples 170 

collected over ~20 years). These collections consistently found the same single dorsal 171 

color at each of the localities (Table 1; Hoogmoed and Avila-Pires, 2012). The dorsum 172 

of A. galactonotus most often appears to have consistent coloration, though there are 173 

instances of color patterns in the form of spots or flecks (Table 1). To describe color 174 

variation, we measured the color of 111 live specimens at 20 localities distributed in 175 

the Caxiuanã-Anapu, Tapajós-Jamanxim and Carajás regions (1 – 13 individuals used 176 

per locality; Table 1) with an Ocean Optics USB200 spectrometer (Ocean Optics, Inc., 177 

Dunedun, FL, USA), an Ocean Optics DH-2000 BAL light source and Spectra Suite® 178 

software. The spectrometer was calibrated for both white and black prior to the 179 

individual measurements being taken. All of these measurements were obtained in the 180 

laboratory under equivalent lighting conditions. Individual reflectance spectra were 181 

obtained by averaging and smoothing two dorsal measurements, one at the head, the 182 

other lower dorsum (smoothing parameters: span=0.2, negative values fixed to 0). The 183 

averages of these spectra datasets were used to represent the dorsal coloration 184 

reflectance for each locality (Fig. 2).  185 

To categorize dorsal coloration and evaluate its variability, the mean reflectances were 186 

visualized and colorimetric variables (mean brightness, hue and chroma) from 187 
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reflectance data were calculated (Endler, 1990; Anderson and Prager, 2006; Kemp et 188 

al. 2015) in the R package pavo (Maia et al. 2013). To test whether differences in 189 

dorsal coloration can be discriminated by conspecifics and potential predators (birds), 190 

we analyzed spectra with avian (tetrachromatic-V retina type) and frog (trichromatic) 191 

visual models using pavo (Vorobyev and Osorio, 1998; Vorobyev et al. 2001). To 192 

model frog vision, we used the data from three cone classes of O. pumilio (Siddiqi et 193 

al. 2004). Specific predators of A. galactonotus are unknown, but birds are predators of 194 

many aposematic species  including poison frogs (Lindström et al. 1999; Master, 1999; 195 

Exnerová et al. 2008). Furthermore, in field experiments, birds were reported as the 196 

most frequent predators of artificial poison frog models (Noonan and Comeault, 2009; 197 

Paluh et al. 2014; Rojas et al. 2015).  198 

To test whether or not different color categories are perceived differently by 199 

conspecifics and birds, we estimated pairwise (localities) contrasts expressed in units 200 

of Just Noticeable Difference (JND). When JND values are above 1 it indicates that 201 

color distances would be discriminated by the visual system modelled (Siddiqi et al. 202 

2004). All analyses were conducted in the R statistical computing environment (R 203 

Core Team 2014). 204 

 205 

Mitochondrial sequence data 206 

Total genomic DNA was extracted from preserved tissue samples using Promega® 207 

Wizard Extraction Kits, following the manufacturer´s guidelines. We amplified a 559 208 
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bp fragment of the Cytochrome Oxidase I (COI) mitochondrial gene from 133 209 

individuals using primers CHMF4 and CHMR4 (Che et al. 2012) and a 402 bp 210 

fragment of the 16S rDNA from 176 individuals using the primers 16Sar and 16Sbr 211 

(Palumbi, 1996). PCR cycles were as follows: 30 s at 92 ˚C followed by 35 cycles of 212 

92 ˚C for 10 s, 50 ˚C for 35 s, and 72 ˚C for 90 s, with a final extension of 10 min at 72 213 

˚C. Amplicons were purified for sequencing with ExoSAP-IT solution, then subjected 214 

to EtOH/EDTA precipitation and sequenced in the forward direction using an ABI 215 

sequencer 3031x (Applied Biosystems®). 216 

 217 

Development of SNPs 218 

Genomic DNA was extracted from 186 tissue samples (Table 1) using the 219 

GeneCatchTM Blood & Tissue Genomic Mini Prep Kit (Epoch Life Science, Inc). 220 

Approximately 0.5 µg of DNA was sent to Diversity Arrays Technology Pty. Ltd. 221 

(Canberra, Australia – http://www.diversityarrays.com) where SNP discovery and 222 

genotyping was performed using the standard DartSeqTM protocol. DartSeqTM 223 

genotyping is a SNP-based genotyping-by-sequencing approach (Jaccoud et al. 2001; 224 

Kilian et al. 2012; Lambert et al. 2013) where sequencing is carried out on an Illumina 225 

platform (Sansaloni et al. 2011) to genotype thousands of SNPs across the genome 226 

(Petroli et al. 2012). 227 

 228 

http://www/
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Library preparation 229 

Template DNA was incubated in a 1X solution of Multi-CoreTM restriction enzyme 230 

(RE) buffer (Promega) at 37°C for 2 hours to check genomic DNA quality. 231 

Approximately 100 ng per µL of each sample was digested with a combination of PstI 232 

and SphI restriction enzymes. PstI and Sphl adapters and unique barcodes were ligated 233 

to each sample. 234 

Each sample was amplified using PCR primers specific to barcode and adaptor 235 

sequences. The PCR conditions were as follows: 1 min initial denaturation at 94 °C, 236 

followed by 30 cycles of 20 s denaturation (94 °C), 30 s annealing (58 °C) and 45 s 237 

extension (72 °C), and a final extension of 7 min at 72 °C. Using approximately 10 µL 238 

of each sample, all samples were pooled, diluted and denatured using NaOH in 239 

preparation for hybridization to the flow cell. The library was sequenced on an 240 

Illumina HiSeq®2500 platform (single end read), resulting in 77 bp long fragments. A 241 

proportion of the samples (>40%) were processed again through the whole library 242 

preparation protocol and downstream analyses to create the set of technical replicates 243 

that were used to assess the reproducibility. 244 

 245 

Quality control and initial SNP calling 246 

Library sequences were converted to fastq format using the Illumina HiSeq®2500 247 

software, and individuals were de-multiplexed based on the ligated barcode using 248 
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customized scripts developed by DArT. Each read was assessed using Phred quality 249 

scores (Q-scores; Ewing and Green, 1998) and any reads containing Q-scores <25 250 

were removed. All reads were checked against the DArT database and GenBank viral 251 

and bacterial sequences to assess for contamination. Following this primary workflow, 252 

SNPs were identified and called following the standard procedure in the DArT 253 

proprietary pipeline DArTSoft14TM (Diversity Arrays Technology). The workflow is 254 

technically similar to the STACKS pipeline (Catchen et al. 2013), but it differs by first 255 

calling sequence clusters from all pooled samples, prior to being called for each 256 

individual. All invariant sequence clusters were removed, and SNPs were called only if 257 

they were present in both homozygous and heterozygous forms across the whole data 258 

set. SNPs were retained in the data set if the average ratio of read depth between alleles 259 

≤ 0.75, with reproducibility of 100 % and a minimum read depth of 5. We further 260 

filtered the dataset using the following criteria: We only included SNPs with a call rate 261 

of >98 % (i.e. less than 2 % missing data), where the average read depth for both 262 

alleles was >5 and the Minor Allele Frequency (MAF) > 0.05. We retained only a 263 

single SNP per fragment to avoid creating a dataset containing closely linked loci. 264 

 265 

mtDNA analysis 266 

Sequences were aligned using the ClustalW algorithm (Thompson et al. 1994) 267 

implemented in BioEdit 7.2.5 (version updated in November 2013, Hall, 1999). 268 

Substitutions were checked with the original chromatographs. In order to evaluate the 269 
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genealogical relationships among haplotypes and overall haplotype distributions, a 270 

haplotype network for COI was built from the resulting alignment using statistical 271 

parsimony (Templeton et al. 1992) with the software TCS 1.21 (Clement et al. 2000). 272 

Analyses of genetic diversity at 16S rDNA and COI regions were carried out for each 273 

sampling location and collectively for individuals sampled on each side of the Xingu 274 

river using DnaSP v.5.10.01 (Librado and Rozas, 2009). 275 

 276 

 277 

Estimating divergence times 278 

To estimate the divergence times for A. galactonotus we used BEAST 1.8.0 279 

(Drummond et al. 2012) to analyze 59 unique mtDNA haplotypes recovered from a 280 

concatenated database of 16S rDNA and COI sequences (totaling 962 bp). To construct 281 

a gene tree, sequences for 16S rDNA and COI were obtained from GenBank for A. 282 

castaneoticus, A. quinquevittatus and Phyllobates terribilis to use as outgroups 283 

(accession numbers DQ502058, DQ502157, DQ502234, DQ502780, DQ502861 and 284 

DQ502906). Sequences were aligned with the MUSCLE algorithm (Edgar, 2004) as 285 

implemented in MEGA 6.06 (Tamura et al. 2013). The most probable substitution 286 

model for each region was estimated independently in jModeltest 2.1.7 (Guindon and 287 

Gascuel, 2003; Darriba et al. 2012). We defined the approximate average rate of 288 

evolution for each region following Mueller (2006). As time calibration priors, we 289 

considered means and standard deviations previously estimated for the most recent 290 



16 

 

common ancestor for A. galactonotus and A. qinquevittatus (10.0 ± 2.5 million years 291 

ago - m.y.a.) and A. galactonotus and A. castaneoticus (8.0 ± 2.1 m.y.a.) (Santos et al. 292 

2009). We followed the recommendations provided by the software developers for 293 

BEAST 1.8.0 to select the parameters and priors for this analysis (Drummond et al. 294 

2012). We used the following priors: partitions with unlinked substitution and clock 295 

models, evolutionary rates (the number of substitutions per site every 100 million 296 

years) for COI = 1.04 ± 0.27 and 16S = 0.70 ± 0.03 (Mueller, 2006), a lognormal 297 

distribution and the tree prior was Yule. We applied a chain length of 80 million 298 

generations with samples taken every eight thousand generations. The first 10 % of the 299 

trees were discarded as burn-in, resulting in 9,000 sampled trees in the Markov Chain 300 

Monte Carlo (MCMC) run. The stationarity of the posterior distributions for all model 301 

parameters, including medians and 95 % Highest Posterior Density intervals (HPD) of 302 

the nodes was verified on Tracer 1.6.0 (Rambaut et al. 2014). The final consensus tree 303 

was obtained from the MCMC output using Tree Annotator 1.8.0 (Drummond et al. 304 

2012). 305 

Constructing a population tree with SNP data 306 

We generated a population tree with our SNP data using the Multispecies Coalescent 307 

(MSC) implemented by the SNAPP package (Bryant et al. 2012) and BEAST v. 2.4.7 308 

(Drummond and Rambaut, 2007; Bouckaert et al. 2014). The SNAPP analysis directly 309 

models incomplete sorting, which is expected in recently diverged species or 310 

populations, and can therefore be helpful in visualizing uncertainties around the 311 

majority-rule gene tree. For this analysis we randomly selected 2 individuals at each 312 



17 

 

sampling location to reduce the computational time. Two independent runs were run 313 

for 10 million generations, sampling every 1000 generations. After stationarity was 314 

reached, we checked for convergence in Tracer and for consistency of the recovered 315 

topologies (Rambaut et al. 2014). The two runs were combined using LogCombiner, 316 

using a burnin of the first 3.5 million generations. The final tree was visualized in 317 

DensiTree v.2.2.6 where the individual lines represent trees sampled every 1000 318 

generations  (Bouckaert, 2010). 319 

 320 

 321 

Ancestral State Analysis  322 

To test whether evolutionary transitions in dorsal coloration occurred we conducted 323 

ancestral character reconstruction. Ancestral state reconstruction requires an accurate 324 

estimate of phylogenetic relationships, a model of trait evolution and accurate trait data 325 

(Duchene & Lanfear 2015).  Ancestral states were analysed using the mtDNA 326 

consensus tree obtained using 16S rDNA and COI. To test whether this tree was 327 

influenced by incomplete lineage sorting, or undetected male gene flow we compared 328 

the topology with the population tree constructed using SNP data. Variation in dorsal 329 

coloration variation was collapsed into four character states according to the relative 330 

reflectance in short, medium and long wave lengths, based on spectra data (in 331 

decreasing order: blue, yellow, and orange), and absolute light reflectance (brown); 332 

these color categories are distinguishable to a wide range of potential predators (Endler 333 
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and Mappes, 2004). A fifth state (patterned) was added for the outgroup species in the 334 

mitochondrial tree to indicate a general black dorsum crossed by white longitudinal 335 

stripes (A. quinquevittatus) or blotches (A. castaneoticus). A black dorsum with 336 

yellow/whitish dorsolateral stripes represents the ancestral color pattern in the genus 337 

Phyllobates, although the species we used here (P. terribilis) loses this pattern as an 338 

adult and becomes uniformly yellow (see Fig. S8 for images of these three outgroup 339 

species). The use of parsimony for ancestral state reconstruction can be biased by rapid 340 

evolution, a problem that can be solved using a maximum likelihood or a Bayesian 341 

approach (Cunningham et al. 1998). We preferred a maximum likelihood approach 342 

rather than stochastic character mapping by Bayesian inference because of the inherent 343 

difficulties in visually representing the results (Revell 2013). The reconstruction of 344 

ancestral color states was implemented with a continuous-time Markov model (Mk) in 345 

the R package ape (Paradis & Schliep 2018) and phytools (Revell, 2012). The MK 346 

model assumes the random evolution of these color states and estimates the relative 347 

probability of each color category at each node. The analysis accounts for branch 348 

length, and transitions are independent of changes occurring elsewhere in the tree. Our 349 

model assumed that transitions occurred at equal rates for each color category. Equal 350 

transition rates were assumed because color type is highly variable in dendrobatid 351 

frogs and no directional changes were apparent.  352 

 353 

Genetic structure estimated with SNP data 354 
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To describe patterns of genetic structure we performed a Principal Component 355 

Analysis (PCA) based genotype frequency data using the R package adegenet (Jombart 356 

and Ahmed, 2011). Genetic structure was further investigated using the software 357 

fastSTRUCTURE (Raj et al. 2014), a fast algorithm for the approximate inference of 358 

the model implemented by STRUCTURE (Pritchard et al. 2000). We ran 359 

fastSTRUCTURE using K values ranging from 1 to 10, the logistic prior and five-fold 360 

cross-validation. Analyses on the entire dataset revealed a clear partitioning between 361 

individuals east and west of the Xingu river. We then repeated the analyses separately 362 

for individuals sampled east and west of the Xingu river. We considered smaller values 363 

of K with prediction errors within one standard error of the lowest estimate as useful 364 

models of the data (Raj et al. 2014). Results from fastSTRUCTURE were plotted in R 365 

using the package pophelper. 366 

We then tested whether geographic distance and the presence of rivers explained the 367 

observed patterns of genetic differentiation. We constructed a matrix of river distances 368 

by summing river widths that were measured where intersected by a straight line 369 

between sampling locations. Genetic divergence was estimated with Weir and 370 

Cockerham’s FST calculated using GenAlEX v. 6.5 (Peakall and Smouse, 2012). Spatial 371 

analyses were performed separately for sampling locations east and west of the Xingu 372 

river. Three different maximum‐likelihood population‐effects (MLPE) mixed models 373 

were tested, using the R packages corMLPE and nlme (Clarke et al. 2002). The first 374 

model included geographic distance alone, the second river distance alone, and the 375 

third used both distance matrices as predictors. The intercepts, slopes and random 376 
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effect terms were estimated using restricted maximum likelihood.  Because marginal 377 

R2 values are biased towards more complex models, the best model was selected using 378 

Akaike information criteria (AIC) and Bayesian information criteria (BIC), following 379 

Row et al. (2017). 380 

To assess whether loci putatively under the influence of selection were affecting 381 

patterns of genetic structure, we ran all of the analyses a second time with the data set 382 

excluding outlier loci identified via FST outlier testing in OutFLANK (see below; 383 

Whitlock and Lotterhos, 2015). In all cases our analyses produced very similar results 384 

and we present genetic structure analyses using the SNP data excluding FST outliers. 385 

Effective population size 386 

For each sampling location we used NeEstimator v. 2.1 (Do et al. 2014) to calculate 387 

effective population size by linkage disequilibrium (LD). In a closed population with 388 

random mating and unlinked loci, LD results from genetic drift, occurring at a rate 389 

inversely proportional to the 𝑁𝑒. The random mating model under LD was chosen, and 390 

a critical value of 0.02 and 0.05 was selected to represent the minimum allele 391 

frequency cut off  (O’Leary et al. 2013; Trask et al. 2017). Confidence intervals for 𝑁𝑒 392 

estimates were obtained by jackknifing (Do et al. 2014).  393 

Signatures of selection 394 

Divergent selection could result in significantly larger genetic distances than expected 395 

under neutrality for loci situated in parts of the genome responsible for the traits under 396 
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selection. We evaluated this process by searching for FST outliers. For this approach we 397 

excluded localities with <5 individuals collected to ensure adequate representation of 398 

allele frequencies within each sampling locality. This resulted in data from 12 locations 399 

(with 5-26 individuals per location). Because of strong genetic divergence between 400 

populations separated by the Xingu River (see results), we conducted FST outlier 401 

analysis separately for populations east (K=8 populations) and west (K = 4 402 

populations) of the Xingu River. We used the software OutFLANK (Whitlock and 403 

Lotterhos, 2015) and applied the default parameters for False Discovery Rate (FDR = 5 404 

%) and for the left and right trim factors of the FST distribution.  405 

We also searched for signatures of selection on dorsal coloration using linkage 406 

disequilibrium (LD) network analyses developed by Kemppainen et al. (2015) and 407 

implemented in R package LDna. LD network clusters (single-outlier clusters, SOCs) 408 

represent networks of loci in high LD. Using loci from SOCs as an input for PCA, it is 409 

possible to discern whether these loci in LD represent population structure (if they 410 

group individuals by geography) or local adaptation (in which case they will group 411 

individuals by phenotype). This method has been successfully used to identify genomic 412 

regions under selection in distinct ecotypes of three-spined sticklebacks (Kemppainen 413 

et al. 2015) and parallel selection in ecotypes of Littorina saxatilis (Ravinet et al. 414 

2016). LDNa was first run using the data from all sampling localities and SNPs with 415 

frequencies >5%. This first analysis revealed that the strongest patterns of LD were 416 

associated with divergence between populations east and west of the Xingu river. 417 

Analyses were then run separately for populations on each side of the Xingu river. The 418 
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two main parameters in LDna are |E|min (minimum number of edges in a cluster), and 𝜆 419 

which represent the change in LD when two clusters merge. We retained only SOCs 420 

with a |E|min of 10 and for which these values exceeded the median by a multiplier (φ) 421 

of 5. These parameters were chosen interactively as outlined in the LDna tutorial and 422 

after consulting the developer of the software.  423 

We looked for associations between color category and SNP genotypes using the latent 424 

factor mixed model approach implemented within the software LFMM (Frichot et al. 425 

2013). The LFMM analysis considers genotypic matrix values as response variables in 426 

a linear regression model. The LFMM analysis accounts for the effects of neutral 427 

genetic structure by defining a number of latent factors (LF), estimated beforehand by 428 

genetic clustering analysis (Frichot et al. 2015). After accounting for genetic structure, 429 

significant associations between SNP allele frequencies and observed ecological (or 430 

morphological) variables may be interpreted as evidence for selection (Frichot and 431 

François, 2015). Compared to other outlier and environmental association analysis 432 

methods, LFMM reduces the type I error (i.e. false positives) in datasets with complex 433 

underlying genetic structure (Frichot et al. 2013; de Villemereuil et al. 2014;  Rellstab 434 

et al. 2015). We ran LFMM in R using the LEA package (Frichot and François, 2015). 435 

The number of LFs was based on the number of sampling locations, justified on the 436 

basis of the observed genetic and phenotypic structure (east: LF = 8; west: LF = 4). 437 

The program was run for 10 000 iterations with the first 5 000 iterations discarded as 438 

burn-in. This was repeated 5 times and median z-scores were combined across runs, 439 

and p-values were adjusted for multiple tests using the Benjamini-Hochberg procedure 440 
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(False Discovery Rate (FDR) = 5%) as outlined within the LEA package (Frichot and 441 

François, 2015). The median genomic inflation factor (GIF) was calculated across runs 442 

following Devlin and Roeder (1999) to further evaluate FDR. Successful control of 443 

FDR is indicated by a GIF close to, or slightly below 1.0 (Frichot et al. 2015). A p-444 

value threshold of p<log10-6 was used to identify significant SNP-by-color 445 

associations.  446 

DNA sequences containing SNPs identified as outliers or associating with color were 447 

ran through the BLASTN online database to search for matches with functionally 448 

relevant genes that may relate to color synthesis. We set the BLAST e-value acceptance 449 

threshold as 1 x 10−6 with a sequence identity of more than 70% (Benestan et al. 2016). 450 

 451 

RESULTS 452 

Analysis of dorsal coloration  453 

The dorsal coloration of Adelphobates galactonotus could be placed into four 454 

categories, yellow, orange, blue and brown with no individuals found to have 455 

intermediate coloration (Figs. 1, 2, Table 1). Consistent with Hoogmoed and Avila-456 

Pires (2012), we never observed more than a single color category at a locality, with 457 

individuals exhibiting only slight variation in color and pattern. Although we can 458 

statistically partition the color variation into four color categories, there appears to be 459 

considerable geographic variation within each of these categories (Figs. 1, 2 and S1). 460 
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In particular, the blue color category showed a great deal of variation, not only with 461 

respect to reflectance spectra, but also the pattern of dorsal coloration (Fig. 1). 462 

Models of bird and frog vision suggests that both of these taxa can discriminate 463 

between dorsal coloration in the blue, yellow, orange and brown categories (JND>1, 464 

Fig. S2) with the birds being capable of detecting subtler differences (JND values were 465 

higher for birds).  466 

 467 

Timing the divergence into different color categories 468 

We identified 37 variable sites and 35 haplotypes for 16S rDNA and 42 variable sites 469 

and 34 haplotypes for COI. Haplotype networks built using statistical parsimony were 470 

similar for both mtDNA regions, hence we show only the network using COI (Fig. 3; 471 

see Table S1 for additional data). No association was found between color categories 472 

and the genetic structure inferred from mtDNA markers (e.g. some individuals in 473 

different color categories have the same haplotypes). However, there were no 474 

haplotypes in common for A. galactonotus sampled east and west of the Xingu River, 475 

suggesting that the river has been a long-term barrier to female mediated gene flow.  476 

The consensus tree based on mtDNA has well supported clades (bootstrap support 477 

>0.70) that show instances of populations with different dorsal coloration sharing a 478 

common ancestor (Fig. 4). Samples collected from regions west and east of the Xingu 479 

River form two well-supported basal clades. The most recent common ancestor for 480 
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these clades is estimated to be late Pliocene, most probably around 4.8 million years 481 

ago (Fig. 4). This is broadly consistent with the timing for range expansions reported 482 

for poison frogs in the Amazon basin (<10.0 m.y.a.) by Santos et al. (2009). The 483 

genetic divergence associated with the present day distribution of color categories 484 

occurred more recently, during the Pleistocene.  485 

 The population tree constructed by coalescence using SNP data with the 486 

software SNAPP showed a broadly similar topology as the consensus tree using 487 

mtDNA, there are several well supported clades, each with populations of different 488 

dorsal coloration (Fig. 5). The clade representing the basal split associated with the 489 

Xingu river, and two clades in the east, each have posterior probabilities of 1 and 490 

correspond to the three clades in the mtDNA consensus tree with bootstrap support 491 

>90. Additionally, in the east, the three nodes associated with populations BAR-YMV 492 

and the two nodes associated with populations OA-BC each had posterior probability 493 

support of 1 (Fig. 5). Similarly, these same nodes are well supported in the mtDNA 494 

consensus tree with bootstrap support >0.88. This SNP based population tree 495 

demonstrates that incomplete lineage sorting, or male mediated gene flow, is not 496 

confounding our conclusion that populations with different colors share a common 497 

ancestor. 498 

 499 

Ancestral state analysis 500 
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The reconstruction of ancestral coloration in A. galactonotus provides some 501 

support for transitions of color within the two major clades, east and west of the Xingu 502 

river (Fig. 6). There are two instances of populations with frogs of yellow color having 503 

ancestors with high posterior probability for blue coloration, and one well supported 504 

instance of a population with yellow frogs having an orange colored ancestor in the 505 

western clade. The node in the mtDNA consensus tree representing the most recent 506 

common ancestor for the western clade, has high bootstrap support (0.99) and also a 507 

very high posterior probability of blue coloration. The tips of this clade represent 508 

populations with yellow, blue and orange coloration.  In the eastern clade, there was 509 

strong support for a transition from blue to orange and orange to brown. For these two 510 

cases, there was also strong bootstrap support for the nodes associated with these 511 

transitions (blue to orange = 0.92 and orange to brown = 0.75) and the timing of these 512 

transitions was estimated to have occurred during the Pleistocene (Fig. 4). It can be 513 

seen that the ancestral colors could not be confidently assigned for several of the most 514 

recent common ancestors for population with different colors. The ancestral coloration 515 

for the eastern clade was also equivocal. 516 

 517 

Neutral genetic structure based on SNPs  518 

We identified a total of 7 963 SNPs after filtering. Principal Components Analysis 519 

(PCA) resulted in two axes (PC1 and PC2) summarizing nearly 70% of the total 520 

genetic variation. Two genetic clusters corresponded to samples collected from the 521 
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west and east of the Xingu River (Fig. S5b). The PCAs carried out separately for 522 

samples collected from each side of the Xingu River did not show patterns of 523 

divergence associated with color (Fig. 7a – b), but there were clear signals of 524 

geographic structure, with individuals clustering according to sampling locations. West 525 

of the Xingu River, the major differentiation is between blue populations (from Moraes 526 

de Almeida and the Tapajós River) and orange and yellow populations from the 527 

Tapajós River.  528 

Analysis of genetic clustering using fastSTRUCTURE suggested values of K that 529 

ranged from two to four (Fig. 7 c – e) for both the east and west datasets. These genetic 530 

groupings contain populations of frogs with different categories of dorsal coloration, 531 

potentially reflecting the relatively recent diversification shown with mtDNA (Figs. 3, 532 

4). Nevertheless, limited gene flow among sample locations is shown by significant 533 

pairwise FST values between each of the sampling localities (east, N = 8; west, N = 4; 534 

Table S2). For localities with SNP data from a sufficient number of individuals, 535 

effective population sizes were low enough to suggest considerable levels of genetic 536 

drift (Ne ranged from 45-213), though large or infinite confidence intervals bounded 537 

most of these estimates (Table S4).  538 

There was no evidence of isolation by geographic or river distance in populations 539 

sampled west of the Xingu River, though this is likely to be because only four 540 

populations were sampled. East of the Xingu river both geographic (p < 0.000001) and 541 

river distance (p < 0.005) explained part of the observed genetic structure. The model 542 
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including both river and geographic distance had the lowest AIC and BIC and 543 

explained the majority of the variance (R2 = 0.57, Fig. 8, Table S5). 544 

 545 

Detection of outlier and color-associated SNPs  546 

The FST outlier tests were carried out separately for samples collected east and west of 547 

the Xingu river. West of the river there were 13 SNPs (0.25 % of SNPs) identified as 548 

having significantly high FST values based on a model of neutral FST distributions, east 549 

of the river no FST outliers were detected. However, the model fit for the FST 550 

distributions using OutFLANK was poor for both analyses (see FST histograms: Figs. 551 

S3 and S4). This could be a result of strong genetic structure among many of the 552 

sampling localities (e.g. Fig. 6, Table S2).  553 

SNP-by-color association analyses using LFMM (Frichot et al. 2013) identified 554 

SNPs that were significantly associated with color, but the number of these SNPs 555 

differed east and west of the Xingu river (Table S3). The identity of SNPs that were 556 

associated with color also differed east and west of the Xingu River, with only 1.2 % 557 

of these SNPs being in common. Furthermore, the color these SNPs were associated 558 

with differed when comparing associations found east and west of the Xingu. There 559 

were four SNPs associated with brown east of the Xingu that were associated with blue 560 

west of the Xingu, two SNPs associated with yellow in the east, were associated with 561 

orange in the west and 2 SNPs associated with yellow in the east, were associated with 562 

blue in the west. Of the 13 FST outlier loci identified west of the Xingu river using 563 
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OutFLANK, four of these SNPs were also identified as significantly associated with 564 

color using LFMM.   565 

Linkage Disequilibrium (LD) network analysis identified several single outlier 566 

clusters (SOCs) of loci in high LD, most of which were consistent with the genetic 567 

structure associated with geographic distance and the presence of rivers, and none 568 

associated with dorsal coloration. When we analyzed the whole dataset, six SOCs were 569 

identified (Fig. S5a). Four of these SOCs grouped individuals east and west of the 570 

Xingu river (Fig. S5 a, c – f) and the remaining two SOCs were consistent with genetic 571 

structure between two regions east of the Xingu River (Altamira and Serra Sul, 572 

respectively; Fig. S5g – h). A separate analysis of data collected east of the Xingu river 573 

with LDNa identified nine SOCs (Fig. S6a), eight of which were associated with 574 

geographic structure and none grouped individuals according to coloration (Fig. S6). 575 

The analyses of individuals west of the Xingu river identified only one SOC, which 576 

grouped individuals according to sampling location (Fig. S7). 577 

We found no significant matches to functional genes with DNA sequences identified as 578 

outliers or associated with color using LFMM. 579 

DISCUSSION 580 

The dorsal coloration of the poison frog Adelphobates galactonotus can be categorized 581 

as yellow, orange, blue or brown, and individuals inhabiting the same region always 582 

belong to the same color category. Using both mtDNA and SNP data, we show that 583 

populations with different colors are grouped in well supported clades and share a 584 
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common ancestor. There is no obvious geographic pattern to color type, and our time 585 

calibrated phylogeny suggests that the present day distribution of coloration is a result 586 

of processes that most likely took place during the Pleistocene. We have some 587 

evidence from ancestral character state analysis that dorsal coloration has transitioned 588 

from one color category to another, but the ancestral color type could not be 589 

determined for many nodes. There are several possible explanations for the present day 590 

distribution of dorsal coloration. Broadly, these include founding events and 591 

hybridization, or the effects of geographic isolation, where new mutations fixed by 592 

drift or selection might account for the color variation observed today.  593 

Genetic divergence associated with the current distribution of colors occurred well 594 

within the Pleistocene, even allowing for the uncertainty around estimates of clade 595 

ages (Fig. 4). This was a period of high and repetitive climatic instability, especially in 596 

the eastern portion of the Amazon basin (Maslin and Burns 2000; Vonhof and 597 

Kaandorp 2011; Cheng et al. 2013). Such cyclic disturbances seem likely to have 598 

generated intermittent isolation and small population sizes through the contraction and 599 

expansion of adequate habitat, and the formation of new riverine barriers. Populations 600 

of A. galactonotus could be especially prone to isolation, partly because of their patchy 601 

distribution, a feature contributed to by their dependence on small water bodies for 602 

reproduction (Hoogmoed and Avila-Pires, 2012). Our estimates of low contemporary 603 

effective population sizes (Ne ~ 50-250; Table S4) and significant pairwise FST 604 

estimates (Table S2) are compatible with generally low levels of gene flow among 605 

populations.   606 
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The present day distribution of dorsal coloration could be a result of de novo mutations 607 

for color becoming fixed, from founding events distributing pre-existing color types, or 608 

hybridization and rapid selection on standing genetic variation (e.g. Barrett and 609 

Schluter 2008; Sefc et al. 2017). Our data suggests that localized color transitions are a 610 

more likely explanation for the current color variation than founding events 611 

distributing pre-existing color types. We have strong support from both SNP and 612 

mtDNA data that for several clades, populations with different dorsal coloration share 613 

a common ancestor (Figs. 4, 5). We could also confidently infer transitions in dorsal 614 

coloration for at least a few lineages with ancestral character state analysis (Fig. 6). 615 

Alternately, if there was widespread movement of pre-existing color variation, we 616 

expected that genetic divergence would generally be greater between populations with 617 

different categories of dorsal coloration compared with those of the same color 618 

category. Contrary to this, we show with both mtDNA and SNP data that genetic 619 

structure is more strongly associated with geographic distance and the presence of 620 

rivers, rather than color type (e.g. Figs. 7, 8). Furthermore, localized color transitions 621 

by de novo mutations might explain the geographic variation in dorsal coloration that 622 

we observed within each color category, especially among populations with the blue 623 

category (Figs. 2, S1). Although strong genetic evidence for hybridization is lacking, 624 

we can not discount it as a process generating color diversity, especially given that a 625 

brown color category appears intermediate to the blue and orange color categories on 626 

the right bank of the Anapu River (Fig. 7e). If the geographic distribution of dorsal 627 

coloration is at least partially a consequence of de novo mutations, or hybridization, the 628 
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function of color as an aposematic signal suggests that selection has a role in driving 629 

these mutations to fixation. 630 

 In species with aposematic coloration, visually oriented predators are frequently 631 

thought to drive color diversification through natural selection (e.g. Jiggins et al. 632 

2001). Our model of avian vision suggests that these predators can distinguish between 633 

the different color categories of A. galactonotus (Fig. S2). However, recent field 634 

experiments using A. galactonotus wax models failed to observe predatory bias toward 635 

particular colors (Rojas et al. 2015). It is possible that this result reflected the 636 

experimental design, because movement is relevant to prey detection by birds, which 637 

are considered predators of poison frogs (Paluh et al. 2014). It is also possible that the 638 

color variation reflects selective pressures that are not current, or that the variation is a 639 

result of other forms of selection. These could include environmental differences, such 640 

as the lighting and background color, or differing predator assemblages (Endler 1992). 641 

It has also been demonstrated that sexual selection can effectively and rapidly drive a 642 

trait to fixation (Tazzyman and Iwasa, 2010; Rudh et al. 2011) and thereby result in 643 

polyphyletic evolution. However, sexual dichromatism in A. galactonotus is not 644 

obvious to a human observer, so if sexual selection drives color divergence, it has not 645 

resulted in the magnitude of dichromatism reported in species where color plays a role 646 

in mate choice (Bell and Zamudio, 2012).  647 

Evidence for selection in our genetic data set was limited. We did identify SNPs 648 

potentially associated with directional selection, but believe these results should be 649 

cautiously interpreted. This is partially due to the following two reasons: first, the 650 



33 

 

generally high FST between sampling localities, though accounted for to some degree in 651 

our analyses, may still compromise model outcomes (see Whitlock and Lotterhos, 652 

2015). Second, in cases where different localities had frogs assigned to the same color 653 

category, different SNP identities were found to be associating with that color. 654 

Similarly, groups of loci in linkage disequilibrium were consistently associated with 655 

patterns of geographic structure rather than color.  Future analyses could incorporate 656 

environmental variables and a more extensive sampling strategy to tease apart selection 657 

processes. In addition, a data set with higher density sequencing across the genome 658 

may be required, especially if a simple genetic mechanism underpins color in A. 659 

galactonotus.  660 

Although the genetic mechanisms of color in Anurans have received relatively little 661 

attention (Rudh et al. 2013), it is known that color is determined by three cell layers, 662 

the melanophores, the xantophores and the iridophores, each containing specific 663 

pigments (Hofreiter and Schöneberg, 2010). Conceivably, color variation could be due 664 

to one, or a few point mutations related to genes involved in color determination. 665 

These genes could be for the synthesis or destruction of pigments like pteridines or 666 

carotenoids, which could be responsible for the yellow/orange/brown coloration. If the 667 

carotenoids and pteridines are removed, these colors disappear and the guanine crystals 668 

deeper in the epidermis are the main determinants of the iridescent, bluish color 669 

(Bagnara and Matsumoto, 2007; Bagnara et al. 2007).  670 

The maintenance of populations with different colors in close proximity suggests 671 

mechanisms that prevent recombination. Our model of frog vision suggests that A. 672 
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galactonotus can discriminate between each of the categories of dorsal coloration (Fig. 673 

S2). Therefore, a plausible mechanism preventing recombination is that lower hybrid 674 

fitness selected for assortative mating with respect to color type. Narrow hybrid zones 675 

across unbroken rainforest landscapes have been characterized in other Amazonian 676 

frogs (e.g. Brown and Twomey, 2009; Simões et al. 2012) suggesting that in these 677 

cases, hybridization lowers fitness. Further work could test for the presence of 678 

reproductive character displacement in A. galactonotus by taking color measurements 679 

at increasing distances from potential contact zones of populations with frogs of 680 

different dorsal coloration. Here, the prediction is that color contrast between the two 681 

populations will increase as the proximity between the two populations decreases (e.g. 682 

Lambert et al. 2013). Assortative mating that maintains reproductive isolation upon 683 

secondary contact is potentially a mechanism generating biodiversity both in the 684 

Amazon, and elsewhere, yet evidence for this process remains limited (Boul et al. 685 

2007). More generally, further knowledge of the processes resulting in spatial variation 686 

in trait variation is needed to test whether polymorphism is typically a precursor to 687 

speciation (McLean and Stuart-Fox, 2014). The distribution of dorsal color variation 688 

and genetic variation that we describe here for A. galactonotus provides an ideal 689 

opportunity to further test these hypotheses.  690 

 691 

 692 

 693 
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Figure legends 1011 

Fig. 1. The sampling locations for Adelphobates galactonotus are shown with dots that 1012 

are colored blue, yellow, orange or brown to indicate the color category to which the 1013 

frogs were assigned.  The arrows point to images of A. galactonotus that are 1014 

representative of the local dorsal color. The white dot represents a locality where color 1015 

was not available because tissue was obtained from preserved museum specimens. The 1016 

distribution of A. galactonotus in the regions sampled east and west of Xingu River are 1017 

shown with yellow and green shading respectively.  1018 

Fig. 2.  Reflectance spectra for the dorsal coloration in four color categories: blue (A - 1019 

E), brown (F), orange (G–I) and yellow (J). Images of live frogs representing these 1020 

categories (correspondingly labelled A-J) are shown in Fig. 1. In each figure, the 1021 

average reflectance spectrum value is shown with a solid black line while the shading 1022 

shows the standard deviation. Figure titles provide information on the color category 1023 

and sampling location where: East = east of the Xingu river; West = west of the Xingu 1024 

river, and the localities are given using the codes provided in Table 1. At each locality, 1025 

the number of individuals used for the measurement of reflectance spectra were as 1026 

follows: OAL = 12; OAR = 20; BAR = 17; BRAR = 21; BAL = 13; BC = 2; OT = 4; 1027 

YT = 7; BT = 6; BJ = 6. 1028 

Fig. 3. A haplotype network built using 559 bp of sequence from Cytochrome Oxidase 1029 

I (COI) from 133 individuals. Circles denote individual haplotypes and circle size is 1030 

proportional to haplotype frequency. Each circle is partitioned into colors to show the 1031 
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proportion of individuals in each dorsal coloration category (orange, yellow, brown 1032 

and blue) sharing that haplotype. The white color represents sequences obtained from 1033 

preserved specimens where dorsal color could not be determined. Haplotypes from 1034 

samples collected west of the Xingu River have background shading in yellow, while 1035 

samples collected east of the Xingu River have a background shading of green. The 1036 

number in each circle refer to number of individuals with that haplotype. 1037 

Fig. 4. A time calibrated phylogenetic tree obtained using BEAST with sequences from 1038 

16S rDNA and COI. The two major clades recovered correspond to samples collected 1039 

east (green shading) and west (yellow shading) of the Xingu River. Error bars on the 1040 

nodes represent the 95% highest posterior density interval for node ages. The posterior 1041 

probability of nodes lower than 0.70 are omitted. The timing of divergence (m.y.a) can 1042 

be gauged using the scale given beneath tree. Tips are colored according to dorsal 1043 

coloration in the four color categories; blue, orange, yellow and brown. White 1044 

represents samples obtained from specimens of unknown color. The black tips 1045 

correspond to outgroup sequences (Pt = Phyllobates terribilis; Aq = Adelphobates 1046 

quinquevittatus; Ac = Adelphobates castaneoticus). Codes indicate the sampling 1047 

localities described in Table 1. The first letter in each code refers to color (B = blue, Y 1048 

= yellow, B = brown, O = orange, U = unknown). Summary statistics for the mtDNA 1049 

data at each locality is detailed in Table S1.  1050 

Fig. 5. A Densitree from SNAPP analyses. The thin lines forming each branch 1051 

represent individual trees sampled every 1000 generations. The populations west of the 1052 

Xingu River were indistinguishable from each other. East of the Xingu River there are 1053 
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two well supported clades (each with a posterior probability of 1), one clade includes 1054 

individuals from locations on the right bank of the Anapu River, Monteverde and 1055 

Altamira, and the other one includes individuals from locations on the left bank of the 1056 

Anapu River, Caxiuanã Bay and Serra Sul. The localities represented by the code given 1057 

at each tip are provided in Table 1. 1058 

Fig. 6. Reconstruction of ancestral coloration in Adelphobates galactonotus (Ag) 1059 

according to four color categories: blue, yellow, orange, and brown. Circles represent 1060 

individuals at the tips and at each node. The circles are colored to reflect each of the 1061 

four color categories. The colored pie charts at each node denote the posterior 1062 

probabilities for alternative reconstructed character states, empirically obtained from a 1063 

continuous-time Markov model. Black denotes the generally dark dorsum of outgroup 1064 

species: A. castaneoticus (Ac), A. quinquevittatus (Aq) and the ancestor of the genus 1065 

Phyllobates (Pt). 1066 

Fig. 7. Principal Component Analyses (PCA) based on SNP data from samples located 1067 

east (a) and west (b) of the Xingu River. Data points are color-coded to reflect the 1068 

color category. (c) The figures show the prediction error from five-fold cross-1069 

validation with fastSTRUCTURE analysis carried out separately for samples collected 1070 

east and west of the Xingu River. Histograms represent individual ancestry proportions 1071 

that were calculated using fastSTRUCTURE.  Results are given for individuals west 1072 

(d) and east (e) of the Xingu River for values of K ranging from two to four. 1073 
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Fig. 8. The variance explained by relationship between the fitted FST values from the 1074 

best MLPE model (geographic + river distance) and observed FST among population 1075 

pairs east of the Xingu river is shown in this scatter plot (R2 = 0.57).  1076 

 1077 

  1078 
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Tables  1079 

 1080 

Table 1. A summary of the data collected from localities in two regions (east and west 1081 

of Xingu River). Locality names and their code refer to the nearest geographic 1082 

landmark (detailed location information is available on request from the corresponding 1083 

author). Localities are grouped according to their position on each side (east/west) of 1084 

the Xingu, a large southern tributary of the Amazon River. Color refers to the four 1085 

dorsal coloration categories observed in this study. The four right hand columns give 1086 

the number of individuals used for color measurements (RS), Cytochrome Oxidase I 1087 

sequencing (COI), 16S rDNA sequencing (16S) and genotyped at Single Nucleotide 1088 

Polymorphisms (SNPs).  1089 

 1090 

Region Locality Color  code  RS COI 16S SNPs 

                

E
as

t 

Estação 

Científica 

Ferreira Penna 

(ECFP) 

Orange OAL 5 - 7 6 

FLONA 

Caxiuanã – 

ICMBio Station 

Orange OAL - 8 14 11 

FLONA 

Caxiuanã – 

Muju 

Orange OAL - - 3 3 

FLONA 

Caxiuanã – 

PPBio (PB) 

Orange OAL 1 3 3 1 

FLONA 

Caxiuanã – 

Cacoajo (CC) 

Orange OAL 6 4 5 5 
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Bacuri Village Orange OAR 9 - 6 6 

Santa Maria Orange OAR 6 3 4 5 

Taperu Right Orange OAR 5 2 3 3 

Taperu Left Blue BAR 6 4 4 4 

Brabo Village Blue BAR 3 8 7 8 

Mojuá River Blue BAR 2 - 7 7 

Cacoal, Atuá 

River right bank 
Blue BAR 6 2 4 3 

São Raimundo Brown BRAR 3 2 4 3 

Santo Amaro 

Village 
Brown BRAR 2 - 2 2 

Prainha Village Brown BRAR 6 4 6 6 

Angelim, 

Jacitara, 

Marapiranga 

Brown BRAR 13 9 11 11 

Pracupi River 

and Anapu 

River south 

FLONA 

Caxiuanã 

Blue BAL 13 10 10 16 

FLONA Carajás Blue BC 2 2 2 6 

Vila dos 

Cabanos 
Orange OVC - 2 2 2 

Fazenda Riacho 

Monte Verde 
Yellow YMV - 5 10 9 

Porto de Moz Orange OPM - - 2 2 

Caracol, UHE 

Belo Monte 
Yellow YBM - 2 2 2 

Baião Orange OBA - - - 2 

Altamira Orange OA - - 3 5 

Nazaré Blue BNA - - - 2 

Serra das 

Andorinhas 
Orange OAN - 2 2 1 

Projeto ALPA Red RAL - 2 2 - 

W
es

t 

Tapajós River Unknown UN - 9 6 4 

Tapajós MU Orange OT 4 10 12 8 

Boca do Rato Yellow YT 7 8 7 11 

Betel* Blue BT 6 22 17 21 

Mina do Palito Blue BJ - 7 6 - 
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Jamanxim river 

left bank 
Blue BJ 6 5 3 13 

*The Betel  sampling locality is divided by a river, the section furthest from Betel is   1091 
designated M18 in Fig. 7 (d)1092 
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