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Abstract 1 

We used molecular tools and a multilocus approach to investigate the phylogeography of 2 

Lepidothrix coronata across most of its ample range. We sequenced six DNA fragments to 3 

produce phylogenies, molecular dating estimates, analyses of the dynamics of the 4 

demographic history of the species, and a biogeographic analysis to estimate the events and 5 

changes in the ancestral distribution of the species. The results indicated the presence of 6 

four well-established lineages, with high levels of divergence. These lineages are delineated 7 

by well-defined geographic barriers, with one lineage, restricted to the west of the Andes, 8 

being the first to diverge from the complex. The other three lineages are exclusive to the 9 

Amazonian distribution of the species, with two being found north of the Amazon River, 10 

and the third, south of the Amazon. Some of the relationships found between these lineages 11 

were distinct from those described in previous studies. Important disagreements were found 12 

between the mtDNA phylogeny and that of the multilocus analysis, in relation to the 13 

lineages located to the west of the Andes. We propose that past introgression events may 14 

have influenced shifts in the relationships between lineages, despite the fact that the groups 15 

were well-defined in both the phylogenies. The biogeographic analysis indicates that the 16 

lineages arose through successive vicariance events, which had a primary role in the 17 

diversification of the group. Two or three genetically-structured subclades were also found 18 

within each Amazonian lineage, although these subclades are not isolated by an obvious 19 

geographic barrier. 20 

 21 

Keywords: Amazonia, cryptic diversification, Lepidothrix, multilocus approach, 22 

Neotropical, phylogeography. 23 

 24 
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Introduction 33 

 34 

In recent years, birds have become one of the primary focuses of phylogeographic 35 

studies in Amazonia, given that this biome has the greatest bird diversity of any similar 36 

region anywhere in the world (Mittermeier et al., 2003; Aleixo, 2004). Recent research has 37 

shown that Amazonian birds have a more complex evolutionary history than was 38 

previously thought, with numerous studies finding evidence for the existence of 39 

evolutionarily independent lineages within many taxa considered to be valid species 40 

(Bierregaard Jr, Cohn-Haft, & Stotz, 1997; Krabbe, Isler, Isler, & Whitney, 1999; Aleixo, 41 

2002; Isler & Whitney, 2011; Ribas, Aleixo, Nogueira, Miyaki, & Cracraft, 2012; Tello et 42 

al., 2014). Many taxa were originally described based on relatively subjective traits, such 43 

the morphological characteristics and the delimitation of ranges based on geographic 44 

barriers. However, the findings of a number of recent phylogeographic studies of 45 

Amazonian birds have shown that the results of the traditional taxonomic approach may not 46 

reflect the true diversity of some groups, given the lack of correspondence between the 47 

arrangements found based on morphological analyses and those derived from genetic data, 48 

in addition to numerous cases of cryptic diversity (Aleixo, 2004; d’Horta, Cuervo, Ribas, 49 

Brumfield, & Miyaki, 2013; Fernandes, Gonzalez, Wink, & Aleixo, 2013).  50 

The Neotropical genus Lepidothrix (Aves: Pipridae) is currently the most diverse of 51 

the manakin family, with eight recognised species (Ohlson, Fjeldså, & Ericson, 2013; 52 

Snow, 2019). The species of this genus are distinguished primarily on the basis of the 53 

variation in the plumage colouration of the crown, breast, and uropygium of the adult 54 

males, while females present a more discrete colouration (shades of light green), which 55 

varies little among species within the genus (Snow, 2019). Adult Lepidothrix males present 56 

two distinct patterns of basal plumage colouration, either black or green, although these two 57 

patterns do not correspond exactly to the two principal clades of the genus. Males of the 58 

two species of the serena group – L. serena and L. suavissima – are essentially black, 59 

while the coronata group includes species in which males are black (L. isidorei and L. 60 

coeruleocapilla) and others (L. iris, L. vilasboasi, and L. nattereri) in which they are green, 61 

in addition to the nominate species, L. coronata, in which both morphotypes can be found, 62 

as well as a series of specimens with intermediate colouration, between black and green 63 

(Cheviron, Hackett, & Capparella, 2005; Anciães et al., 2009; Ohlson et al., 2013; Snow, 64 
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2019). This indicates that the similarities or differences found in the colouration of the 65 

plumage are inappropriate for the interpretation of the phylogenetic relationships among the 66 

species of this genus. 67 

Despite being a polytypic species, the Blue-crowned manakin, L. coronata, in which 68 

males have a characteristic blue crown, forms a monophyletic group, based on its molecular 69 

traits (Cheviron et al., 2005), an arrangement also supported by the behavioural data 70 

(Anciães et al., 2009). This manakin is widely distributed in the Neotropical region, 71 

occurring throughout Western Amazonia (Snow, 2019). Eight subspecies of L. coronata are 72 

currently recognised, based on the morphological variation in the plumage patterns among 73 

adult males and their geographic distribution. These subspecies are arranged in two 74 

subgroups, the coronata subgroup and the exquisita subgroup. The coronata subgroup has 75 

five subspecies – L. coronata coronata, L. c. velutina, L. c. minuscula, L. c. caquetae, and 76 

L. c. carbonata – which range from Central America to the southern margin of the Amazon 77 

River. In this subgroup, the basal plumage of the adult male is blackish. The exquisita 78 

subgroup includes three subspecies – L. coronata exquisita, L. c. caelestipileata, and L. c. 79 

regalis – which occur exclusively on the southern margin of the Solimões (Amazon) River, 80 

with a wide distribution in southwestern Amazonia. Snow (2019) reports that the basal 81 

plumage of the adult males of this subgroup is predominantly green or intermediate. In 82 

addition to the Amazon River itself, which separates physically the two groups of 83 

subspecies, the subspecies L. c. velutina and L. c. minuscula are known to occur west of the 84 

Andes, whereas all other subspecies are found to the east of this cordillera (Snow, 2019). 85 

However, no other obvious physical barriers separate the distributions of the different 86 

subspecies, indicating that some of these taxa may represent the same evolutionary lineage 87 

(and thus be sympatric), given the lack of clear morphological differences between them, 88 

particularly in northern Amazonia. Thus, populations from the southern range present either 89 

clinal (Teofilo, Schietti and Anciães) or more abrupt morphological breaks typical of 90 

parapatric distributions with contact zones between subspecies (Teófilo et al. in prep). 91 

The validity of the two subgroups and the different L. coronata subspecies has 92 

nevertheless been challenged extensively in the most recent studies of this species. Three 93 

phylogeographic studies based on the analyses of fragments of mitochondrial DNA 94 

identified between four and six genetic groups, depending on the scope of the sample 95 

analysed, contrasting with the traditional arrangement, based on the colouration of the male 96 
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plumage (Cheviron et al., 2005; Anciães et al., 2009; Smith et al., 2014). Anciães et al. 97 

(2009) also assessed the behavioural characteristics of the different L. coronata 98 

populations, and found evidence of geographic variation within the species, which was also 99 

inconsistent with the established subspecies. 100 

In the present study, we investigated the phylogeographic structure of L. coronata 101 

within its geographic distribution, in particular in Brazil, employing, for the first time, 102 

nuclear markers in a multilocus approach. We adopted this approach with the objective of 103 

assessing three questions: (1) is this species formed by distinct lineages that may be 104 

recognised as valid taxa, including potential candidate species? (2) are these lineages and 105 

their phylogenetic relationships consistent with the arrangements proposed in previous 106 

studies (subspecies or genetic lineages)? and (3) can the patterns of diversification found in 107 

L. coronata be related systematically to the principal hypotheses of biogeographic 108 

diversification proposed for the Amazon basin? 109 

 110 

Methods 111 

Sampling 112 

 113 

The present study was based on 91 samples of L. coronata muscle tissue obtained 114 

from 19 localities within the Brazilian Amazon basin (Figure 1, points 1–19, Table S1). We 115 

also included in the analyses sequences of the mitochondrial DNA (subunits 2 and 3 of the 116 

NADH dehydrogenase gene – ND2 and ND3) published by Cheviron et al. (2005), with the 117 

aim of amplifying the area covered. These sequences added a further 27 sampling points 118 

(Figure 1, points 20–46, Table S1). The phylogenies were rooted using sequences of 119 

Lepidothrix iris, Lepidothrix vilasboasi, and Pipra fasciicauda (Table S1).  120 

 121 

Laboratory procedures 122 

 123 

The DNA was extracted using Wizard® Genomic DNA Purification kit reagents 124 

(Promega), following the maker’s instructions. We amplified three mitochondrial fragments 125 

– subunits 2 and 3 of the NADH dehydrogenase gene, and Cytochrome c Oxidase subunit 1 126 

(COI) – by Polymerase Chain Reaction (PCR), in addition to three nuclear fragments – 127 

intron 2 of the myoglobin (MYO) gene, intron 11 of the myoglobin glyceraldehyde 3 128 
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phosphate dehydrogenase (G3PDh) gene, and intron 5 of the Beta fibrinogen gene, I5BF 129 

(references describing the primers used in each case are provided in Table S2). 130 

The reactions were run in a final volume of 12.5 μL, containing 2 μL of 131 

deoxynucleotides (1.25 mM), 0.5 μL of Magnesium chloride (25 mM), 1.25 μL of buffer 132 

(25 mM), 0.15 μL of each primer (200 ng/μL), 0.1 μL of Taq polymerase (5 u/μL – 133 

Invitrogen), and 0.5 μL of the total DNA (~40 ng/μL), with the final volume being obtained 134 

by the addition of purified water (the amplification conditions are described in Table S2). 135 

The positive reaction products were purified using 20% polyethylene glycol, 20% PEG 136 

8000 (Dun & Blattner, 1987) and sequenced by the dideoxyterminal method of Sanger, 137 

Nicklen and Coulson (1977), using Big Dye reagents (Applied Biosystems), following the 138 

maker’s instructions, with the sequences being obtained in an ABI3500 automatic 139 

sequencer (Applied Biosystems). 140 

The nucleotide sequences were visualised and corrected in BioEdit 7.2 (Hall, 1999), 141 

and aligned automatically in Clustal-W (Thompson, Higgins, & Gibson, 1994). The 142 

gametic phases of the nuclear sequences were determined in the Phaser application 143 

(Stephens, Smith, & Donnelly, 2001) of the DNASP 5.1 program (Librado & Rozas, 2009). 144 

Sequences with a probability of 0.6 or above were considered to be resolved, based on 145 

Harrigan, Mazza and Sorenson (2008). 146 

 147 

Phylogenetic analyses 148 

 149 

The phylogenetic trees were constructed in SequenceMatrix 1.8 (Vaidya, Lohman, 150 

& Meier, 2011) from two sets of concatenated data. Dataset 1 contained the complete 151 

multilocus concatenated data, while dataset 2 included only the mitochondrial ND2 and 152 

ND3 markers. The most appropriate models of nucleotide evolution and genic partitioning 153 

were identified in PartitionFinder 2.1 (Lanfear, Frandsen, Wright, Senfeld, & Calcott, 154 

2016), based on the Bayesian Information Criterion (BIC). The topologies were constructed 155 

in MrBayes 3.2.0 (Huelsenbeck & Ronquist, 2001), based on Bayesian inference using two 156 

Markov Chain Monte Carlo (MCMC) runs, each with 107 generations, sampled every 1 000 157 

generations, with the first 1 000 (10%) trees being discarded as burn-in.  158 

The divergence rates within and between lineages (mean pairwise uncorrected p 159 

distances) were calculated in MEGA7 (Kumar, Stecher, & Tamura, 2016), using the groups 160 



7 

Camila Alves Reis 

 

recovered by Bayesian inference as the lineages. Haplotype networks were constructed in 161 

Haploviewer (Salzburger, Ewing, & Von Haeseler, 2011) to visualize the genealogical 162 

relationships among individuals, based on the Maximum Likelihood topology, produced in 163 

Phylip 3.6 (Felsenstein, 2004). 164 

 165 

Estimates of divergence time 166 

 167 

We used the six fragments sequenced in the present study to produce the species 168 

tree, based on the approach proposed by Heled and Drummond (2009), run in *BEAST 169 

1.7.5, with the individuals being assigned to different trait sets based on the principal clades 170 

produced by the phylogenetic trees. We applied a mutation rate of 2.5% per million years 171 

for the ND2 marker (mean = 0.0125; sd = 0.1, Smith & Klicka, 2010), and estimated the 172 

mutation rates for the other markers, using a Normal distribution for the mitochondrial 173 

markers (ND3 and COI) and a Gamma distribution for the nuclear markers (MYO, G3PDh 174 

and I5BF). We applied a Relaxed clock: uncorrelated Lognormal model for the molecular 175 

clock, and applied two independent runs of 200 000 000 generations, which were sampled 176 

every 20 000 generations. 177 

We also ran a coalescence-based Bayesian analysis of dataset 2 to estimate the 178 

timing of the separation of the different L. coronata groups for which no nuclear sequences 179 

are available (i.e., the mtDNA data of Cheviron et al., 2005). In this case, we applied a 180 

mutation rate of 2.5% per million years for the ND2 marker (mean = 0.0125, Smith & 181 

Klicka, 2010), and estimated the mutation rate for the ND3 marker in BEAST 1.7.5 182 

(Drummond & Rambaut, 2007). We applied the Coalescent: constant size tree prior and the 183 

Relaxed clock: uncorrelated Lognormal model, with two independent runs of 200 000 000 184 

generations, sampled every 20 000 generations. 185 

As the results of the two analyses (mtDNA and dated species tree) diverged with 186 

regard to the relationships among the Amazonian lineages, we applied a setting that define 187 

a given group of lineages as monophyletic (for details, see Results). This was necessary to 188 

estimate the evolution of the ancestral areas in comparison with the species tree. 189 

The stationary posterior distributions of the parameters were verified based on the 190 

ESS values (>200) in Tracer 1.6 (Rambaut, Suchard, Xie, & Drummond, 2014). The log 191 

and tree files were combined in LogCombiner 1.7.5 (Drummond & Rambaut, 2007), with 192 
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10% of the generations being excluded as burn-in. The tree of Maximum Clade Credibility 193 

(MCC) was then obtained in TreeAnnotator 1.7 (Drummond & Rambaut, 2007). 194 

 195 

Biogeographic relationships and estimates of ancestral ranges 196 

 197 

We used the R BioGeoBEARS package (Matzke, 2013a) to estimate the ancestral 198 

range of L. coronata. For this analysis, we used the phylogeny obtained from the 199 

mitochondrial data, configured so that each terminal group was considered to be a sub-200 

structured population. We defined five geographic areas for this analysis, based on the 201 

known distribution of the species. These areas coincide with four established Amazonian 202 

centers of endemism, the Imeri, Napo, Jaú, and Inambari centers (Borges & Da Silva, 203 

2012), while the fifth area (Chocó/Central America) represents the populations from the 204 

west of the Andes (Aleixo & Rossetti, 2007). We tested and compared six evolutionary 205 

ancestral range models, including the Dispersal-Extinction Cladogenesis (DEC) model, the 206 

likelihood version of the Dispersal-Vicariance Analysis (DIVALIKE) model, the Bayesian 207 

version of the historical biogeography of adjacent areas model (BAYAREALIKE), and the 208 

versions of these three models that include the ‘J’ parameter (speciation by founder events).  209 

 210 

Demographic history  211 

 212 

We estimated the changes in effective population size (Ne) over time to determine 213 

the demographic variation in each Lepidothrix coronata clade identified by the molecular 214 

analyses. For this, we used Bayesian Skyline Plots (BSP) for the populations for which 215 

only mitochondrial sequences were available (Drummond, Rambaut, Shapiro, & Pybus, 216 

2005) and Extended Bayesian Skyline Plots (EBSP) for the multilocus data (Heled & 217 

Drummond, 2008). Both analyses were run in BEAST 1.7.5 (Drummond & Rambaut, 218 

2007). The nucleotide substitution models and the priors of the molecular clock were the 219 

same as those applied in the analyses of divergence times. Each run had 5 x 108 220 

generations, which were sampled every 50 000 steps, with 1000 trees being discarded as 221 

burn-in. The stationary posterior distributions of the parameters were verified based on the 222 

ESS values (>200) in Tracer 1.6 (Rambaut, Suchard, Xie, & Drummond, 2014). We plotted 223 

the results using the Python script provided by Heled (2010). 224 
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 225 

Results 226 

Phylogenetic analyses 227 

 228 

We obtained two phylogenetic trees based on the two datasets. Dataset 1 contains a 229 

total of 3748 base pairs (bps) derived from the multilocus sequences, while dataset 2 230 

contains only 1450 bps of the mitochondrial ND2 and ND3 genes (sequences from the 231 

present study combined with those from Cheviron et al., 2005). A single optimal 232 

partitioning was identified for dataset 1, and was consistent with the HKY+I+G model, 233 

while for dataset 2, three partitions were adequate, each corresponding to a different model, 234 

GTR+G, HKY+I and HKY+I (Table S3). 235 

Both the topologies obtained by Bayesian inference confirmed the monophyly of L. 236 

coronata, with the highest possible support (pp = 1.0), revealing a high degree of 237 

phylogeographic structuring in the species, which includes four principal clades with high a 238 

posteriori probabilities. These four clades are well delimited geographically (allopatric) 239 

and, in general, coincide with the established centers of endemism: (i) the Trans-Andean 240 

(TA) lineage, which occurs to the west of the northern extreme of the Andes cordillera; (ii) 241 

lineage A, which is found between the Branco and Japurá rivers in Brazil (Jaú and Imeri 242 

centers of endemism); (iii) lineage B, which occurs between the southern margin of the 243 

Japurá River to the northern margin of the Amazon, eastwards to northern Peru and eastern 244 

Ecuador, in the Napo center of endemism, and (iv) lineage C, which is found on the 245 

southern margin of the Amazon River, in the Inambari center of endemism. The TA lineage 246 

was the first group to diverge within the complex. However, the relationships among the 247 

other lineages are less clear, with divergences being found between the multilocus (1) and 248 

the mitochondrial (2) datasets. The multilocus topology groups lineages A and B as sister 249 

clades, forming the sister group of lineage C (Figure 1). In the mitochondrial topology, 250 

however, lineages B and C appear as sister clades, which together form the sister group of 251 

lineage A (Figure 2).  252 

The divergence between the lineages in the mitochondrial sequences (dataset 2, 253 

which includes the TA lineage) varied from 2.7% (B vs. C) to 4.3% (TA vs. C), while the 254 

values recorded between samples of the same lineage ranged from 0.65% (TA) to 1.07%, in 255 

lineage C (Table S4). The haplotype network was consistent with the topologies, with none 256 
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of the lineages sharing mitochondrial haplotypes (Figure 3.a-c). The network of the nuclear 257 

fragments G3PDh and MYO presented a more conservative arrangement, however, with 258 

haplotypes being shared between lineages (Figure 3.e-f), although the TA lineage was 259 

excluded here due to the lack of nuclear sequences. The I5BF marker was divided into two 260 

haplogroups, one formed by lineage C and the other by specimens from lineages A and B, 261 

reflecting a closer relationship between these two groups, as indicated by the multilocus 262 

topology, despite the presence of a single lineage C haplotype closer to A and B (Figure 263 

3.d). 264 

The analyses revealed a moderate degree of sub-structuring within each L. coronata 265 

lineage (except for the TA lineage, in which the fragments analysed were too small to 266 

permit more conclusive inferences into the lineage). At least three well-supported (pp > 267 

0.97) subclades were found within the A and B lineages, including sympatry among the 268 

three lineage A subclades (see point 3 in Figure 1 for the sympatry among the three 269 

subclades and points 4, 5, and 29 for the sympatry between two subclades), and between 270 

two of the lineage B subclades (in the region of Iquitos, see points 34, 36, 38, and 39 in 271 

Figure 1). In lineage C, at least two, apparently allopatric subclades were identified, 272 

arranged latitudinally within the Juruá-Purus interfluve.  273 

 274 

Molecular dating and species tree 275 

 276 

The species tree showed clearly the monophyly of the Amazonian lineages (A, B, 277 

and C) in relation to the outgroup (pp = 0.97), as well as reinforcing the close relationship 278 

between lineages A and B, which were recovered as well-supported (pp = 1.0) sister clades, 279 

which coincides with the topology of the concatenated multilocus data (Figure 4). The 280 

divergence times between the lineages were all within the Pleistocene and, in general, were 281 

consistent with the dating based on the mitochondrial data alone (Figure 5, details below), 282 

except for the coalescence time between lineages A and B, which was much more recent 283 

(approximately 200 000 years ago), which contradicts the dating based on the 284 

mitochondrial data, i.e., ~1.1 mya (million years ago). In addition, the separation of L. 285 

coronata from the outgroup (in the present study, L. iris, L. nattereri, and P. fasciicauda) 286 

was dated by the species tree to a more recent period, that is, ~1.9 mya (Figure 4), which 287 

contrasts with the mtDNA analysis, which dated this process to ~3 mya. This result, 288 
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nevertheless, could be a consequence of the absence of the clade TA in the mtDNA 289 

analysis. 290 

The dated topology based on the mitochondrial data indicates that the first 291 

separation and the principal diversification events in L. coronata occurred in the 292 

Pleistocene. In this scheme, the event that separated the TA lineage from the Amazonian 293 

lineages was the first separation, at 2.3–1.3 mya, with a mean of 1.8 mya (Figure 5). As the 294 

mitochondrial gene tree diverged from the multilocus and species trees, showing a distinct 295 

pattern of phylogenetic relationships among the Amazonian lineages, we defined the A and 296 

B lineages as monophyletic for this analysis, to provide a baseline for the definition of the 297 

separation times of the arrangement produced by the multilocus topologies. This allowed us 298 

to determine the timing of the separation of the northern (A+B) and southern (C) lineages, 299 

relative to the Amazon River, to 0.95–1.5 mya, with a mean of 1.2 mya. This analysis also 300 

indicated that the subclades found within each lineage diversified during the mid-301 

Pleistocene, with mean values of between 300 000 and 600 000 years ago (Figure 5).  302 

 303 

Estimates of ancestral ranges  304 

 305 

The DEC evolutionary model was selected for the analysis of the ancestral range of 306 

Lepidothrix coronata by the BioGeoBEARS procedure (LnL = -11.84, Table S5). The 307 

results of this analysis indicated that L. coronata was amply distributed in five geographic 308 

areas (Chocó, Jaú, Imeri, Napo, and Inambari) in the past, with the TA lineage 309 

subsequently separating from the Amazonian lineages through a vicariant event, with the 310 

northern (A and B) and southern (C) lineages separating subsequently through a second 311 

event. A third vicariant event would have separated the A and B lineages, which are 312 

delimited by the Japurá River, which acted as a barrier, reinforcing this division. 313 

Cladogenetic events probably contributed to the formation of subsets in lineage A, with the 314 

endemic Imeri subclade (A3) arising first, followed by the Jaú subclade (A1), and a third 315 

subclade (A2), which is still found in both areas, and was derived from the most recent 316 

vicariant event. It was not possible to provide more conclusive inferences on the subclades 317 

of lineages B and C, given that they were not allocated to distinct zones (Figure 5), but 318 

rather, to the same biogeographic areas, with lineage B in the Napo center of endemism, 319 

and lineage C in the Inambari center. 320 
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 321 

Demographic history  322 

 323 

The Skyline Plots revealed that the A1, B1, C1, and C2 subclades of Lepidothrix 324 

coronata remained constant in size over time, but may have expanded recently. By contrast, 325 

subclades A2 and A3, and the TA lineage, while presenting signs of demographic 326 

expansion, had very ample 95HPD values, which means that the possibility of a population 327 

of stable size cannot be overlooked altogether. The size of the B2 and B3 subclades was 328 

stable over time (Figure S1). 329 

   330 

Discussion 331 

Phylogeographic structuring in Lepidothrix coronata 332 

 333 

In the present study, we identified at least four well-supported Lepidothrix coronata 334 

lineages, with high levels of phylogeographic structuring. The genetic groups we identified 335 

here are partially consistent with the arrangements found in previous studies (Cheviron et 336 

al., 2005; Anciães et al., 2009; Smith et al., 2014), and are not entirely consistent with the 337 

subspecies delimited for this species. However, the high level of genetic divergence found 338 

between some of these lineages, combined with their reciprocal monophyly, indicates that 339 

L. coronata may, in fact, consist of more than one distinct species. 340 

The TA lineage includes two established subspecies (L. c. velutina and L. c. 341 

minuscula), which are isolated geographically from all the other lineages by the Andes 342 

range. The topology recovered in the present study indicates that this lineage was the first 343 

to diverge within the L. coronata species complex. This is in agreement with the findings of 344 

Cheviron et al. (2005), but contradicts Smith et al. (2014), who found that the Chocó and 345 

Central American populations constitute a sister group of the northern Amazonian lineages. 346 

The TA lineage is the most divergent from the other clades identified in the present study, 347 

with p distances of over 4%, which supports its status as an evolutionarily independent 348 

lineage. The multilocus phylogeny indicated that the samples from the Pacific coast of 349 

Costa Rica (identified as L. c. velutina) are monophyletic, while the other samples, from the 350 

Atlantic coast of Panama and the Chocó (identified as L. c. minuscula) form a paraphyletic 351 

group, with the only South American sequence grouping as the sister group of the Pacific 352 
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clade from Costa Rica (Figure 1). This paraphyly was poorly supported, however, and may 353 

simply reflect the fact that only mitochondrial sequences are available for the TA lineage 354 

(Cheviron et al., 2005). Even so, when the mitochondrial phylogeny is considered, 355 

extensive paraphyly is found between L. c. velutina and L. c. minuscula, which does not 356 

support the treatment of these taxa as independent groups (Figure 2). These findings should 357 

be interpreted with caution, however, given the reduced genetic coverage of the TA lineage 358 

in both the present study and all previous analyses of L. coronata. 359 

Three well-supported groups were found within the Amazonian distribution of the 360 

complex. These groups are separated by river barriers: (i) lineage A is delimited to the 361 

south by the left margin of the Japurá River, which corresponds to the Imeri and Jaú 362 

centers of endemism, (ii) lineage B is found between the right (southern) margin of the 363 

Japurá River and the northern margin of the Solimões (Amazon), within the Napo center of 364 

endemism, and (iii) lineage C is located in the Inambari center of endemism, to the south of 365 

the Amazon-Solimões. The sister-group relationship found here between lineages A and B 366 

is a novel arrangement in studies that have evaluated the phylogeographic pattern of L. 367 

coronata. All previous studies have indicated that the individuals from the left margin of 368 

the Japurá (lineage A, which corresponds to the Venezuelan clade of Cheviron et al. 2005) 369 

were the first to diverge within L. coronata. By contrast, specimens from the right margin 370 

of the Japurá, i.e., lineages B (the North-Amazon and Napo/Marañon lineages of Cheviron 371 

et al. 2005) and C (the Central-Peru and South Peru/Bolivia lineages of Cheviron et al. 372 

2005) have consistently been recovered as sister groups (Cheviron et al., 2005; Anciães et 373 

al., 2009; Smith et al., 2014). It is important to note, however, that all these previous studies 374 

analysed only mitochondrial markers. Smith et al. (2014) also suggested that L. coronata 375 

encompassed at least five distinct species, in which three of them are in agreement with our 376 

lineages TA, A and B, while the remaining two correspond to our lineage C. Despite the 377 

fact that we did find a certain degree of structuring within lineage C, we concluded that this 378 

did not reflect a species-level degree of differentiation, as discussed in detail below. 379 

In the present study, we found that the inclusion of nuclear markers contributed to 380 

the definition of a closer evolutionary relationship between the lineages that occur to the 381 

north of the Solimões River, which is consistent with the arrangement of other groups of 382 

birds analysed in this region (Ribas et al., 2012; Fernandes et al., 2013; Thom & Aleixo, 383 

2015). Another important factor that may account for the discrepancies in previous studies 384 



14 

Camila Alves Reis 

 

of L. coronata is the lack of an adequate sample of all the subclades, such as A1 and B1, 385 

which were sequenced for the first time in the present study. This almost certainly 386 

improved the resolution of the analyses, and contributed to the recovery of the northern 387 

Amazonian lineages as sister groups. 388 

 389 

Disagreement between the mitochondrial and multilocus data on the phylogenetic 390 

relationships of the Amazonian lineages  391 

 392 

The topology we obtained from dataset 2 (mitochondrial data only), agrees with the 393 

previous studies, and indicates a closer relationship between lineages B and C, although 394 

this contrasts with the multilocus topology. Disagreements between nuclear and 395 

mitochondrial phylogenies may be the result of either evolutionary or methodological 396 

processes, including the incomplete separation of lineages, secondary contact or even the 397 

attraction of long branches (Wiens, Kuczynski, & Stephens, 2010), although the latter 398 

process is more typical of groups that have been separated for longer periods of time than 399 

those analysed here. The incomplete separation of lineages (ILS) also appears to be 400 

unlikely in the case of L. coronata, given that both the mitochondrial markers and the 401 

nuclear I5BF sequence indicate an absence of shared or grouped haplotypes between 402 

lineages B and C (Figure 3.a-d), which would be consistent with ILS only if there had not 403 

been sufficient time for lineage sorting (Funk & Omland, 2003). This conclusion is further 404 

reinforced by the different topologies produced by the analyses, in which the monophyly of 405 

both lineages is well defined and supported (Figures 1-2). In other words, despite the 406 

divergences found in the results of the analyses of the different datasets, both agreed on the 407 

existence of the lineages, their monophyly, and their substructures. 408 

A number of other studies have also found evidence of hybridization and/or 409 

introgression between clades, in which disagreements between their mitochondrial and 410 

nuclear phylogenies were found (Fontenot, Makowsky, & Chippindale, 2011; Vargas-411 

Ramirez, Carr, & Fritz, 2013). Even so, one characteristic in all these cases is the absence 412 

of reciprocal monophyly in the mitochondrial genealogy of the lineages, which would be 413 

consistent with ILS (McKay & Zink, 2010), although this is not true of the pattern found in 414 

the B and C lineages (Figure 2). However, more recent studies have indicated that the 415 

disagreement between mitochondrial and nuclear phylogenies may be a consequence of 416 
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past introgression events that resulted in the sequestering of the mtDNA of the established 417 

populations (Sullivan et al. 2014; Ferreira et al. 2018). In this case, with sufficient 418 

divergence time, unrelated lineages in a multilocus species tree may become more closely-419 

related from a mitochondrial perspective. Based on this same reasoning, a second option 420 

here would be the allopatric separation of the three groups ((A,B), C), with an event of 421 

secondary contact occurring between lineages B and C, which diverged subsequently. 422 

Secondary contact between these lineages does in fact appear to be a plausible explanation 423 

of the observed pattern, given that shifts in the courses of the rivers of the Amazon basin 424 

are thought to often have determined secondary contact between previously isolated 425 

lineages (Hayakawa & Rossetti, 2015). In addition, previous studies of L. coronata have 426 

indicated the occurrence of introgression between its different lineages (Haffer, 1970, 427 

Cheviron et al., 2005), and the sequestering of the mtDNA has been recorded in other 428 

species of the genus Lepidothrix (Dias et al. 2018).  429 

While mitochondrial sequences are widely used as a tool for phylogenetic 430 

inferences and the determination of valid taxa, the exclusive use of this genome has been 431 

criticised (Rubinoff & Holland, 2005), and recent studies have increasingly adopted 432 

multilocus approaches, in order to avoid possible misinterpretations derived from the 433 

application of a single type of molecular marker. The results of the present study further 434 

emphasize the need for caution in the interpretation of phylogenetic relationships, given 435 

that both evolutionary events and methodological biases may contribute to the equivocal 436 

interpretation of the species tree, based on paraphyly, polyphyly, and erroneous 437 

relationships derived from a single molecular marker (or linked markers, as in the case of 438 

the mitochondrial DNA), despite the potential for the recovery of the existing groups. 439 

 440 

Biogeographic events and the diversification of the Lepidothrix coronata complex 441 

 442 

The earliest diversification in the Lepidothrix coronata complex separated the TA 443 

lineage from the Amazonian lineages approximately 1.8 mya (based on the mitochondrial 444 

markers). This separation of the groups to the east and west of the Andes is consistent with 445 

the findings of a number of previous studies of different groups of organisms, such as birds 446 

(Fernandes, Wink, Sardelli, & Aleixo, 2014; d’Horta et al., 2013; Lavinia et al., 2015), 447 
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invertebrates (Zeh, Zeh & Bonilla, 2003), mammals (Cortes-Ortiz et al., 2003; Haag et al., 448 

2007), and plants (Dick, Abdul-Salim, & Bermingham, 2003; Luebert & Weigend, 2014). 449 

Studies of this type invariably focus on the role of the Andes as a barrier to gene 450 

flow, with the cordillera functioning as either a barrier of primary diversification (through 451 

vicariance) or in a secondary role, through the delimitation of species ranges, rather than 452 

determining diversification itself (d’Horta et al., 2013; Ribas, Moyle, Miyaki, & Cracraft, 453 

2007). The biogeographic analysis presented here indicates that the ancestor of the L. 454 

coronata complex was originally distributed throughout the Chocó, Jáu, Imeri, Napo, and 455 

Inambari regions, with the TA lineage arising through a vicariant event, that is, geographic 456 

isolation. The divergence time defined here (1.32–2.36 mya) is also consistent with the 457 

final orogenic process of the northern Andes (Gregory-Wodzicki, 2000), indicating that 458 

these mountains functioned as a primary barrier in the diversification of L. coronata, as 459 

observed in other bird taxa.  460 

Similarly, the diversification of the Amazonian lineages was probably determined 461 

primarily by the formation and dynamics of the rivers of the Amazon basin, which form 462 

barriers to gene flow between L. coronata populations, as also observed in other groups of 463 

organisms, such as birds (Ribas et al., 2012; Fernandes et al., 2014), primates (Cortéz-Ortiz 464 

et al., 2003), rodents (Machado et al., 2019), and reptiles (Geurgas & Rodrigues, 2010). 465 

The initial diversification of the Amazonian populations of L. coronata occurred at 466 

approximately 0.9 mya (species tree) through a second vicariant event, which resulted in 467 

the formation of lineage C and the ancestor of the sister lineages, A and B. The distribution 468 

of these clades corresponds to the southern and northern margins of the Solimões-Amazon 469 

River, respectively. The variation in this estimate (0.5–1.3 mya) is consistent with those of 470 

other groups of Amazonian birds (Fernandes, Wink, & Aleixo, 2012; Ribas et al., 2012; 471 

Thom & Aleixo, 2015; Araújo-Silva, Miranda, Carneiro, & Aleixo, 2017), and the 472 

formation of the upper Amazon River, between the upper Pliocene and lower Pleistocene 473 

(Campbell Jr, Frailey, & Romero-Pittman, 2006; Hoorn et al., 2010; Latrubesse et al., 474 

2010). 475 

Given the current distribution of the lineages and the results of the biogeographic 476 

analysis, the Japurá River probably acted as a primary barrier for the divergence of lineages 477 

A and B, which occur on the opposite banks of this river, and separated approximately 0.2 478 

mya (considering the estimate of the species tree). Part of the bird diversity of the western 479 
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Amazon basin is composed of relatively young, and closely-related taxa, which are 480 

separated by the rivers of the Amazon basin, indicating a limited degree of dispersal in 481 

these lineages (Crouch et al. 2019), which is consistent with the divergence times found in 482 

the present study among the L. coronata lineages. The divergence time of the A and B 483 

lineages defined by the species tree indicates that these two lineages persisted within their 484 

respective centers of endemism throughout the last two major glacial cycles (including the 485 

Last Glacial Cycle, which occurred ~23 000 years ago). In addition, a number of studies 486 

indicate that western Amazonia has been a region of stable climate, with relatively humid 487 

conditions persisting over the past few thousand years (Cheng et al. 2014; Wang et al. 488 

2017).  489 

By contrast, the BSP and EBSP analyses found some evidence that the majority of 490 

the L. coronata subclades underwent a more recent demographic expansion, between 50 491 

000 and 10 000 years before present, which is compatible with the evidence of 492 

demographic fluctuations resulting from the shifts in climate that occurred during the 493 

Pleistocene, as in Haffer’s (2008) refugia model. These findings are also consistent with the 494 

results of other studies of Amazonian birds that inhabit terra firme forests, which have also 495 

revealed a tendency for recent demographic fluctuations that have possibly resulted from 496 

changes in forest cover and associated oscillations in the availability of resources that 497 

occurred during the Pleistocene (Fernandes et al. 2012; Ribas et al. 2012; d’Horta et al. 498 

2013; Harvey & Brumfield, 2015; Thom & Aleixo, 2015; Silva et al. 2019). Furthermore, 499 

the lack of any evidence of the potential role of the Negro River as a primary barrier 500 

reinforces the probable influence of climatic processes in the recent diversification of 501 

certain L. coronata groups. Even so, the estimates of divergence times indicate that the 502 

changes in population size were more recent (between 0.05 and 0.03 mya) than the 503 

divergence of the L. coronata subclades (1.8-0.3 mya), which indicates that the implied 504 

demographic fluctuations would have had little or no influence on the principal 505 

diversification events that occurred within the species, given that the subclades were 506 

already well established by this time. 507 

 508 

Sub-structuring of the Amazonian lineages of Lepidothrix coronata  509 

 510 
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Given the limitations of the dataset analyzed here, we cannot provide any more 511 

detailed inferences on the sub-structuring of the TA lineage. However, well-supported 512 

subclades were identified in all the other three major L. coronata lineages (A, B, and C), 513 

which were characterised by a much lower degree of internal genetic divergence (0.6–1.7% 514 

between subclades of the same lineage) than that found between the major lineages (3.0–515 

3.5%). These subclades are also not delimited by any obvious (current) biogeographic 516 

barriers, which is why the structuring was considered to exist at the population level. 517 

Our findings indicate the presence of at least three subclades formed by individuals 518 

of L. coronata that occur on the northern margin of the Japurá River (lineage A, Figure 1). 519 

This lineage diversified through subset speciation, which occurred when at least one of the 520 

daughter lineages occupied only one of the areas in which the ancestral lineage existed, 521 

while the other may occupy part of the original distribution or the same distribution as that 522 

of the ancestral lineage (see Matzke, 2013b). In the past, then, the ancestral A lineage 523 

occupied the Imeri and Jaú centers of endemism, and following a cladogenetic event, 524 

subclade A3, which is endemic to the Imeri center, was originated. In an analogous process, 525 

subclade A1 was formed within the Jaú area, while subclade A2 is still found in both areas 526 

(Figure 5). 527 

The geographic distribution of the other subclades identified in the present study – 528 

three in lineage B and two in lineage C – was similarly coherent, despite the absence of any 529 

obvious physical barriers at the present time. Two of the three subclades of lineage B had 530 

been identified by Cheviron et al. (2005), although they formed the sister group of our 531 

lineage C. These subclades are distributed within the Napo center of endemism, with the 532 

westernmost population (B3) forming the sister group of the clade formed by the other two 533 

(B1 and B2), despite the greater geographic proximity between subclades B2 and B3. 534 

Factors other than physical barriers may have contributed to the diversification of this 535 

group. Teófilo et al. (2018) suggested that environmental heterogeneity, including 536 

geographic distance, may have be sufficient for the reproductive isolation and subsequent 537 

diversification of L. coronata, based on the analysis of the phenotypic variation of the 538 

populations of the Purus-Madeira interfluve. In addition, the relatively recent nature of the 539 

observed diversification, which may be incipient or incomplete, indicates the possible 540 

effects of climatic fluctuations, as discussed above. In the absence of current barriers, these 541 

factors may also have contributed to the diversification of lineages A and B. 542 
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We identified two subclades of lineage C (C1 and C2) south of the Solimões-543 

Amazon River. Subclade C1 is the most easterly of the two, and is delimited in part by the 544 

Juruá River to the west, while the Purus River limits the distribution of subclade C2 to the 545 

east. This means that both the subclades are found within the Juruá-Purus interfluve, 546 

although the C1 population appears to be distributed closer to the mouths of these rivers, 547 

while the C2 population is found closer to their headwaters. Despite the lack of an obvious 548 

current physical barriers separating the two subclades, this finding is consistent with the 549 

hypothesis of the presence of past geological arches (in this specific case, the Iquitos Arch), 550 

which, despite being unclear in the present-day landscape, would have caused vicariance in 551 

different groups of organisms in the past, and thus made a fundamental contribution to the 552 

biological diversification of the region (Da Silva & Patton, 1998; Lougheed et al. 1999). It 553 

is important to note here that subclade C1 was represented primarily by males with 554 

completely green plumage or intermediate plumage, i.e., typically green underparts and 555 

black upper body, whereas subclade C2 included males with completely green or black 556 

plumage (not co-occurring), and some males with intermediate plumage.  Teofilo et al. 557 

(2018) recently recorded predominantly black adult L. coronata males in the northern 558 

extreme of the Purus-Madeira interfluve, which corresponds to the range of our subclade 559 

C1, whereas in the southern extreme of this interfluve, the adult males are mainly green, 560 

with intermediate morphotypes being found in the central portion, reflecting a phenotypic 561 

transition, despite the lack of any physical barriers. This transition is not consistent with the 562 

genetic data, however, which do not reflect any structuring within the Purus-Madeira 563 

interfluve (present study; Souza, 2014). This is consistent with a complex evolutionary and 564 

biogeographic scenario, possibly linked to the morphological differentiation of populations. 565 

Potential factors may include the type of habitat used for intraspecific communication (e.g., 566 

Endler & Thérry, 1996; Stein & Uy, 2006; Uy & Stein, 2007) or arbitrary intersexual 567 

preferences (e.g., Prum, 1997, 2010, 2012; Anciães & Prum, 2008), as observed in some 568 

other piprids. 569 

In fact, the distribution of the male plumage morphotypes of L. coronata in the 570 

present study is similar to that observed in all other Lepidothrix species, in which the green 571 

male morphotypes tend to occur in the eastern Amazon basin, that is, L. nattereri, L. 572 

vilasboasi, and L. iris, which all occur to the east of the Madeira River. The species found 573 

in the west of the basin, and to the north of the Solimões-Amazon River generally have 574 
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black males, except for the L. coronata populations described here. Despite the ample 575 

geographic range of L. coronata, and the considerable morphological diversity observed 576 

here, green morphotypes predominated in the southeastern portion of this area, and in the 577 

west, in Peru, that is, L. c. exquisitia (Kirwan & Green, 2011). This distribution pattern 578 

indicates that ecological factors, such as climatic variables (Paulo et al. in prep), may play a 579 

role in the diversification of Lepidothrix species, including L. coronata.  580 

As green L. coronata males are found in the same interfluve as males with black 581 

plumage (subclade C2), the populations of lineage C may represent an intermediate stage of 582 

the divergence of the black and green morphotypes or, alternatively, that these populations 583 

are coming into secondary contact following the separation of the morphotypes, that is, 584 

undergoing introgression of the plumage colouration. Cheviron et al. (2005) had already 585 

suggested the occurrence of this process in the phylogenetically proximate populations 586 

found in Peru. Our findings indicate the probable presence of multiple zones of contact or 587 

recent divergence, which would mean that the biogeographic history of L. coronata is even 588 

more complex than was previously thought.  589 

Although our data do not provide the resolution required to determine reliably 590 

which processes are involved, and to what extent, a number of phenomena are potentially 591 

involved. One is the fact that, while Amazonian rivers are widely considered to act as 592 

barriers to gene flow, the Juruá and Purus – which separate the two subclades within the C 593 

lineage – have been considered to be relatively “porous” in most previous studies, due to 594 

their relatively dynamic configuration, which reduces the isolation of the populations found 595 

on a given margin (Gascon, Lougheed, & Bogart, 1996; Patton, 1998; Lougheed, Gascon 596 

Jones, Bogart, & Boag, 1999). There are even Amazonian bird examples that inhabit this 597 

region, but their populations are not delimited by Jurua and Purus rivers, suggesting that 598 

these rivers didn't work as effective barriers in the diversification of these lineages (for 599 

example, Fernandes et al. 2012; Fernandes et al. 2014).  In addition, many cases of 600 

secondary contact and hybridisation have been reported in the family Pipridae, which also 601 

reinforces the hypothesis of introgression between the L. coronata populations (Brumfield, 602 

Jernigan, McDonald, & Braun, 2001; Marini & Hackett, 2002; Alves, Albano, de Girão 603 

Silva, Araripe, & do Rego, 2016), which may have occurred even before the lineages had 604 

become separated completely, as observed in the L. coronata populations distributed on the 605 

southern margin of the Solimões River, given the polymorphism in the plumage 606 
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colouration in both subclades (C1 and C2). However, the two populations form two well-607 

supported subclades, with no evidence of gene flow between them (in the mitochondrial 608 

markers, at least, given the lack of resolution in the nuclear markers). The more conclusive 609 

elucidation of these processes will depend on the collection of more robust data on 610 

hybridisation and introgression, together with more refined biogeographic models that link 611 

ecological niches with the evolution of the phenotypic variation found in the species.  612 

 613 

Final considerations 614 

 615 

As in many other species of Neotropical birds, Lepidothrix coronata is composed of 616 

a set of phylogeographically structured and cryptic lineages which, depending on the 617 

criteria adopted (i.e., divergence levels and the interpretation of the role of biogeographic 618 

barriers), are consistent with the presence of more than one species. The results of our 619 

relatively ample analysis, which included fragments of mitochondrial and nuclear DNA, 620 

have shown that the genetic distances between these lineages are greater than previously 621 

thought. In the Amazon basin, the lineages found to the north of the Amazon River are 622 

more closely related to one another than either is to the populations from the southern 623 

margin (Amazon-Madeira interfluve). The timing of vicariant events associated with the 624 

past formation of geographic barriers is consistent with that of the divergence between 625 

some groups, in particular, the uplifting of the Andes and the separation of the TA lineage 626 

from the Amazonian lineages, and the formation of the Amazon River and its tributaries, 627 

which separated the L. coronata lineages on the opposite margins of the rivers. Our 628 

biogeographic analyses indicated that these events created primary barriers that contributed 629 

to the differentiation of the lineages. Other levels of population structuring, unrelated to the 630 

presence of obvious physical barriers, were also found, indicating the role of factors such as 631 

introgression, ecological gradients or diversifying sexual selection. The sub-structuring of 632 

these populations has been occurring at a more recent time scale than the processes that 633 

have determined the divergence of the major lineages.  634 
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Figure Legends 

Figure 1. Left: Bayesian inference topology obtained from the multilocus data. Right: 

distribution of Lepidothrix coronata and the sampling points. The topology indicates the 

monophyly of the species in relation to the outgroup. The Trans-Andean specimens 

(lineage TA) form a well-supported group that is the first to diverge in the phylogeny. In 

the Amazonian portion, specimens from the left (northern) margin of the Amazon River 

(lineages A and B) are more closely related to one another than either is to the specimens 

from the right (southern) margin of the river (lineage C). Well-supported (pp > 0.9) 

subclades are represented by different colours in the topology, while the geometric outlines 

on the map represent the lineages that coincide with established biogeographic zones: (i) 

Trans-Andean lineage (diamonds; yellow) to the west of the Andes, (ii) lineage A (circles; 

A1 = dark green; A2 = medium green; A3 = light green), found in the Imeri and Jaú centers 

of endemism; (iii) lineage B (triangles; B1 = red; B2 = light pink; B3 = dark pink), found in 

the Napo center of endemism; (iv) lineage C (squares; C1 = dark blue; C2 = light blue), 

found in the Inambari center of endemism. The values above the branches are the posterior 

probabilities, and asterisks (*) indicate branches with pp = 1.0. The polygon of the 

geographic distribution of Lepidothrix coronata was adapted from BirdLife International 

and the Handbook of the Birds of the World (2016). 

Figure 2. Bayesian inference topology obtained from the mitochondrial sequences 

(fragments of the ND2 and ND3 genes, dataset 2). This phylogeny diverges from the 

multilocus topology in the arrangement of the Amazonian lineages, with specimens from 

the area between the Amazon and Japurá rivers (Napo center of endemism, lineage B) 

being more closely related to those from the right (southern) margin of the Amazon 

(lineage C) than those from the left margin of the Japurá (lineage A). Well-supported (pp > 

0.9) subclades are represented by different colours: (i) Trans-Andean lineage (yellow) to 

the west of the Andes, (ii) lineage A (A1 = dark green; A2 = medium green; A3 = light 

green), found in the Imeri and Jaú centers of endemism; (iii) lineage B (B1 = red; B2 = 

light pink; B3 = dark pink), found in the Napo center of endemism; (iv) lineage C (squares; 

C1 = dark blue; C2 = light blue), found in the Inambari center of endemism. The values 

above the branches are the posterior probabilities, and asterisks (*) indicate branches with 

pp = 1.0. 
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Figure 3. Haplotype networks for the mitochondrial – a. ND2. – b. ND3. – c. COI – and 

nuclear markers – d. I5BF. – e. G3PDh. – e. MYO – analysed in the present study of L. 

coronata, showing the presence/absence of shared haplotypes by the colour-coding: green 

(lineage A), red (lineage B), blue (lineage C), and yellow (lineage TA). The nuclear I5BF 

marker has no shared haplotypes between lineage C and lineages A and B. None of the 

other nuclear markers present any clear differentiation of the lineages.  

Figure 4. Species tree showing the coalescence times of L. coronata for the Amazonian 

lineages (A, B, C), given the lack of nuclear data for the TA lineage. The topology indicates 

that the lineages diverged during the Pleistocene (0.9-0.2 mya). Overall, the relationships 

found among the lineages in the species tree is consistent with the arrangement of the 

concatenated multilocus topology, with a clear division between the lineages (A and B) 

from the left (northern) margin of the Amazon, which are closely related and diverged 

recently (~0.2 mya), and the sister group (lineage C) found on the right (southern) margin 

of the Amazon, which diverged earlier (~0.9 mya). The values above the branches before 

the bar are the posterior probabilities, while the values below the bar indicate the mean 

coalescence time of the node (node ages). The values below the branches are the 

confidence interval of the divergence time (height 95% HPD).  

Figure 5. Estimate of the ancestral range of L. coronata obtained in BioGeoBEARS from 

the dated mitochondrial phylogeny (dataset 2). The DEC model (LnL = -11.84) was the 

most effective for the definition of the ancestral range. The L. coronata diversification 

events occurred during the upper Pleistocene. The squares represent the area of occurrence 

of the clades: Yellow = Chocó, Green = Imeri, Red = Napo, Pink = Jaú, Blue = Inambari. 

The values above the branches before the bar are the posterior probabilities, while the 

values below the bar indicate the mean coalescence time of the node (node ages). The 

values below the branches are the confidence interval of the divergence time (height 95% 

HPD).  



Supplementary Material  1 

Figure S1. Estimates of the historical changes in the population size of the L. coronata 2 

subclades, obtained from Extended Bayesian Skyline Plots (subclades A1, A2, A3, B1, 3 

C1, and C2) and Bayesian Skyline Plots (subclades B2, B3, and lineage TA). Most of 4 

the populations presented a growth spike in the upper Pleistocene. 5 
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