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Rica, Guyana, and Ecuador) were added to the analyses (accession numbers KF228555, 

GU985497, KF228546, KF228547).  

 

Bayesian trees were built in Beast v 1.8.0 (Drummond et al. 2013). The program 

jModelTest v. 2.0.2 (Darriba et al. 2012) was used to identify the model of molecular evolution 

that best fit the data, using the Akaike Information Criterion (AIC, Akaike 1973), which was 

then applied to the Bayesian analysis. MrBayes analyses included two runs and four 

simultaneous Metropolis-coupled Markov chain Monte Carlo chains, each lasting 50,000,000 

generations. One tree was sampled every 1,000 generations, and the first 30% of the trees were 

discarded as burn-in using TreeAnnotator v 1.8.0; the remaining tree samples were used to 

generate a consensus tree and to estimate posterior probabilities. Convergence to stationarity was 

evaluated in TRACER 1.5 (Rambaut & Drummond 2009) using log-likelihood values. 

Maximum Likelihood trees were built with RAxML v7.2 (Stamatakis 2008), through the 

Cyberinfrastructure for Phylogenetic Research cluster (CIPRES Gateway 3.1), under default 

settings (GTR+Gamma+I). Median-joining networks (Bandelt et al. 1999) were built with 

NETWORK 4.6.1.1 (www.fluxus-engineering.com) to facilitate visualization of the relationships 

between haplotypes and their geographic distributions. 

 

To estimate proxies for divergence times between the target species and their respective 

sister species, as well as to promote insight about the time of divergence between Amazonian 

and Atlantic Forest populations for each of the study species, I used the ND2 data in a Bayesian 

analysis in BEAST v1.8.0 (Drummond et al. 2013). Based on the results of a Bayes Factors 

analysis (Li & Drummond 2012) implemented in TRACER’s v.1.5 (Rambaut & Drummond 
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Fig. 1. Phylogenetic hypotheses of Pipra rubrocapilla (left: Bayesian Inference; right: 

Maximum Likelihood) based on 1041 bp of the ND2 gene. Identical haplotypes, when found at 

the same locality, are represented here by a single individual. Numbers above branches 

correspond to posterior probabilities and bootstrap values, respectively. Pipra mentalis and 

Pipra chloromeros were used as outgroups (not shown). Haplotypes are color-coded according 

to localities, as shown on the map. Localities in grey were used for species distribution 

modeling only (tissues not available). 
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The phylogenetic analyses of D. pipra recovered a highly supported Atlantic Forest 

haplogroup (Bayesian pp = 1; ML bootstrap = 99%), while individuals collected in Amazonia 

formed a paraphyletic group. The ND2 genealogy indicates the presence of two major 

haplogroups within D. pipra: a highly supported group is distributed in Southwestern Amazonia 

(localities in dark blue, Fig. 2; Bayesian pp = 1; ML bootstrap = 99%), whereas a reasonably 

well supported group includes samples from Northern and Southeastern Amazonia, as well as 

the Atlantic Forest (black, orange and red sites, Fig. 2; Bayesian pp = 1; ML bootstrap = 78%). 

There is genetic structure within Amazonian samples, including a well-supported haplogroup 

including the northernmost samples (black, Fig. 2; Bayesian pp = 1, ML bootstrap = 77%); and 

a group comprised by individuals from southeastern Amazonia (orange, Fig. 2; Bayesian pp = 1, 

ML bootstrap = 84%). Well-supported haplogroups were also found within the Atlantic Forest 

(red, Fig. 2).  

 

The phylogenetic analyses of D. pipra also recovered four major lineages whose 

geographical distributions correspond to those of previously described subspecies. They are: D. 

p. microlopha (Western Amazonia, dark blue localities, Fig. 2), D. p. pipra (Northern Amazonia, 

black localities, Fig. 2), D. p. separabilis (Eastern Amazonia, orange localities, Fig. 2), and D. p. 

cephaleucus (Atlantic Forest, red localities,  Fig. 2). The levels of nucleotide divergence among 

these D. pipra lineages ranged from 0.59% to 2.06% (Da), with the highest values observed 

between the Western Amazonian D. p. microlopha and the Atlantic Forest D. p. cephaleucus and 

the lowest divergences detected between the Northern Amazonian D. p. pipra and the Eastern 

Amazonian D. p. separabilis (Table 1). 
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Fig. 2. Phylogenetic hypotheses of Dixiphia pipra (left: Bayesian Inference; right: Maximum 

Likelihood) based on 1041 bp of the ND2 gene. Identical haplotypes, when found at the same 

locality, are represented here by a single individual. Numbers above branches correspond to posterior 

probabilities and bootstrap values, respectively. Heterocercus linteatus and Machaeropterys 

deliciosus were used as outgroups (not shown). Haplotypes are color-coded according to localities, as 

shown on the map. Localities in grey were used for species distribution modeling only (tissues not 

available). Gray vertical bars (left) indicate subspecies names, identified through comparisons of the 

observed geographic ranges of the mtDNA lineages and documented ranges of D. pipra subspecies, 

as described by Traylor (1979). 
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Table 1. Percentage of nucleotide divergence (ND2) among Dixiphia pipra 

lineages (see Fig. 2). Dxy = average number of nucleotide substitution per site 

between populations, Da = number of net nucleotide substitution per site 

between populations. 

Lineages Dxy (%) Da (%) 

D. p. microlopha vs. D. p. cephaleucus 2.11 2.06 

D. p. microlopha vs. D. p. pipra   1.71 1.56 

D. p. microlopha vs. D. p. separabilis 1.79 1.52 

D. p. cephaleucus vs. D. p. pipra 1.41 1.25 

D. p. cephaleucus vs. D. p. separabilis 1.37 1.09 

D. p. pipra vs. D. p. separabilis 0.96 0.59 

 

 

 

3.2. Divergence time estimation 

 

 

The most recent common ancestor of all P. rubrocapilla samples dates to the Mid- 

Pleistocene period (ca. 0.545 Mya; median value; 95% of the highest posterior density [HPD] = 

0.296-0.902) while the most recent common ancestor of all D. pipra specimens dates to the Late 

Pliocene to Early Pleistocene (ca. 2.437 Mya; median value; 95% of the highest posterior density 

[HPD] = 1.419-3.792; Supplementary Fig. S3). The dated phylogeny of D. pipra suggests that D. 

p. microlopha, which now occurs in Southwestern Amazonia, was the first Brazilian lineage of 

D. pipra to diverge (median value 1.056 Mya; 95% of the highest posterior density [HPD] = 
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0.581-1.731). Divergence between D. p. pipra, which now occurs in Northern Amazonia, from 

the remaining lineages here sampled is timed around 0.660 Mya (median value; 95% of the 

highest posterior density [HPD] = 0.360-1.1). Divergence between D. p. separabilis (now in 

Eastern Amazonia) and D. p. cephaleucus (restricted to the Atlantic Forest) was estimated to 

have occurred 0.548 Mya (median value; 95% of the highest posterior density [HPD] = 0.283-

0.910. Within P. rubrocapilla, the most common recent ancestor of all Atlantic Forest samples 

dates to the Mid- to Late Pleistocene (0.383 Mya; median value; 95% of the highest posterior 

density [HPD] = 0.191-0.648).  

 

3.3. Climatic Modeling 

 

In P. rubrocapilla, two model settings resulted in equally low test omission rate and high 

test AUC value: one with three feature classes (linear-quadratic-hinge, or LQH) and a 

regularization value of 3, and one with the same classes (LQH) and regularization multiplier 

value of 3.5. In D. pipra, the equally best models were based on three feature classes (LQH) and 

regularization multipliers 1.5 and 2.0. Because the models run with these setttings were very 

similar, I present and discuss final models developed with a regularization multiplier value of 3 

for P. rubrocapilla and 2.0 for D. pipra. 

 

Species distribution models developed under current climatic conditions showed 

reasonably good performance for both species. Regarding the threshold-independent measures, 

the highest AUC evaluation (highest overall performance) was 0.84 for P. rubrocapilla 

(Supplementary Fig. S1) and 0.80 for D. pipra (Supplementary Fig. S2), and, for the threshold-

dependent measures, the lowest omission rate (lowest overfitting leading to optimal complexity) 
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was 0.04 for P. rubrocapilla (Supplementary Fig. S1) and 0.09 for D. pipra (Supplementary Fig. 

S2). The models nonetheless predicted P. rubrocapilla to occur in areas where it is not currently 

found (Fig. 3). This includes the very northern region of the Amazonian forest (Colombia, 

Southwestern Venezuela, Peru, Bolivia, French Guiana, Suriname, and Guyana), the region west 

of the Andes (in northern Peru and Colombia), as well as in Panamá and Costa Rica. For D. 

pipra, overpredictions occurred in southern Brazil (states of São Paulo, Paraná, Santa Catarina 

and Rio Grande do Sul), eastern Argentina, and Paraguay. Projections onto past climatic 

scenarios suggest that the distribution of these species in the mid-Holocene (6 kya) remained 

largely similar to today’s ranges (Figs. 3A, B and 4A, B). Projections onto the Last Interglacial 

Maximum (LIG) also support a similar range, in some cases slightly expanded, for both species 

(Figs. 3E and 4E).  

 

There is, however, disagreement between the location of inferred suitable areas during 

the Last Glacial Maximum, depending on the climatic reconstruction utilized. In P. rubrocapilla, 

the CCSM model predicts fragmentation in the Amazon, yet inland expansion of suitable areas 

throughout the Atlantic coast. Although no clamping is observed in the CCSM-based LGM 

model, these paleoclimatic variables in the Atlantic Forest were outside the range of the 

environments present in the training data (see MESS map in Supplementary Figure S4).  The 

ECHAM model, on the other hand, suggests that the coastal distribution of the species was 

similar to today’s, and that suitable conditions were more continuously distributed thoughout 

Amazonia (Fig. 3C). However, because the location of clamped regions in the ECHAM model 

(hatched region in Fig. 3C), as well as the MESS map (Supplementary Figure S4), indicate that 

ECHAM-based models of the distribution of P. rubrocapilla in Amazonia during the LGM were 
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based on extrapolation into non-analog climates, the estimated suitability for this region should 

be interpreted with caution. 

 

 In D. pipra, inferred LGM suitability in the Amazon was generaly similar to today’s in 

both ECHAM and CCSM models (Fig. 4C, D). Yet, the CCSM model predicted an inland 

expansion of the coastal distribution, which was not recovered by the ECHAM model. However, 

both the clamiping and MESS maps showed that the paleoclimatic variables of the CCSM model 

were outside the range present in the calibration region (Fig. 4D; Supplementary Fig. S4), 

suggesting caution with its interpretation. MESS maps and the location of clamped regions in 

both ECHAM and CCSM models demonstrate that the paleoenvironmental conditions in the 

southern South American region, which was inferred as highly suitable, fell outside the range 

present in the calibration region (Fig. 4; Supplementary Fig. S4) – again suggesting caution with 

the interpretation of model outputs. 

 

Our paleoclimatic models provided some insight about the potential for connectivity 

between Amazonia and the Atlantic Forest. For P. rubrocapilla, the LIG model indicates the 

existence of areas with low suitability connecting the Southern Amazon with the southern 

Atlantic forests through a corridor that crosses the interior states of Mato Grosso, Mato Grosso 

do Sul, and Goiás (Fig. 3E). For D. pipra, the model indicates a generally similar and very broad 

potential connection during the LIG, with low to moderate suitability values in areas between the 

Southern Amazon and the southern Atlantic Forest (Fig. 4E). A connection between eastern 

Amazonia and the northeastern region of the Atlantic Forest was not recovered in any time 

period or climatic reconstruction used. 



24 

 

 

Figure 3. Modelled suitable climatic conditions for Pipra rubrocapilla across Quaternary climatic fluctuations, and current climate. 

Green color indicates low predicted suitability, yellow to red colors indicate higher values, white areas indicate those pixels with 

values below the Minimum Training Presence (MTP) threshold, as determined based on the calibration data. Dots on the right-hand 

map depict localities of known species occurrence; dots on the CCSM and ECHAM models indicate Atlantic Forest localities for 

which genetic data were collected. Areas where predictions are most affected by variables outside the training range of the model are 

hatched. Note that the model was trained on a smaller geographic extent (see Methods). 
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Figure 4. Modelled suitable climatic conditions for Dixiphia pipra across Quaternary climatic fluctuations, and current climate. Green 

color indicates low predicted suitability, yellow to red colors indicate higher values, white areas indicate those pixels with values 

below the Minimum Training Presence (MTP) threshold, as determined based on the calibration data. Dots on the right-hand map 

depict localities of known species occurrence; dots on the CCSM and ECHAM models indicate Atlantic Forest localities for which 

genetic data were collected. Areas where predictions are most affected by variables outside the training range of the model are 

hatched. Note that the model was trained on a smaller geographic extent (see Methods).
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3.4. Population genetic patterns and structure tests 

 

Sixty-four unique haplotypes were identified in this study: 28 for P. rubrocapilla, and 42 

for D. pipra (Figs. 5 and 7).  In P. rubrocapilla, average nucleotide diversity (π) was only 

slightly higher in the Atlantic Forest relative to the Amazonian samples (Fig.5, Table 2, Atlantic 

Forest  π = 0.330±0.019; Amazon π = 0.291±0.182). Within the Atlantic Forest, those 

individuals collected in the north (localities 1 to 6, Fig. 5), hereafter referred to as Northern 

Atlantic Forest sites, showed higher nucleotide diversity (π = 0.124±0.089) relative to samples 

from the central (localities 7 to 12, Fig. 5) and southern (locality 13, Fig. 5) areas (π 

0.106±0.080; π p < 0.001, Table 2). However, the difference was not significant (Wilcox. Test = 

7395, p = 0.65). The hierarchical AMOVA results indicate that 29% of the overall genetic 

diversity is partitioned between the Amazon and Atlantic Forest regions (p = 0.33). Fifty percent 

of the genetic variation is explained by differences between subgroups (two subgroups were 

defined in the Atlantic Forest, whereas only one was defined in Amazonia; FSC 0.71, p < 0.001). 

The remaining 21% of the genetic variation is found within subgroups (FST 0.79, p < 0.001).  

 

The star-like topology of the haplotype network, the results of the population expansion 

tests, and the shape of the mismatch distributions all suggest historical demographic expansions 

in the Amazon region (Fu’s Fs  –3.499, p = 0.022; R2 0.073, p < 0.001; Tajima’s D  – 1.56, p = 

0.056; Table 2, Figs. 5, 6) and in the Northern Atlantic Forest (Tajima’s D – 2.051, p = 0.002 

and R2  – 0.059, p = 0.020; Table 2; Figs. 5, 6); no expansion or bottleneck is inferred for the 

remaining areas (Table 2).  
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The genetic data also reveal high levels of genetic structure within this species. Several 

pairwise Fst estimates among population pairs from Atlantic Forest were significantly large, 

ranging between 0.5 to 1.0 (p < 0.05; Table 3). Little or no genetic differentiation was nonehtless 

observed among the northern sites of Mata do Estado, Timbaúba, and Ibateguara, and among the 

central localities Michelin, Serra da Jibóia, and Ilhéus (Table 3). 

 

 

 

Fig. 5. Left: median joining network showing all samples of Pipra rubrocapilla (1041 bp of 

ND2, n = 74 sequences), and their sampled areas. Right: Inset showing detailed distribution of 

haplotypes in the Atlantic Forest. Numbers represent localities (see Supplementary Information 

Table S1). 
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Table 2. Mitochondrial NADH dehydrogenase subunit 2 (ND2) nucleotide diversity (π), Tajima's 

D, Fu's Fs, and Ramos-Onsins and Rozas R2 statistics for Pipra rubrocapilla. 

Groups N Ha π (%) Tajima's D Fu's Fs R2 

    obs. P obs. P  obs. P 

Amazonia 13 9 0.291 ±0.182 -1.562 0.056  -3.499 0.022* 0.073 < 0.001* 

Atlantic Forest 60 10 0.330 ±0.190     0.204 0.629  1.254 0.767 0.110 0.568 

Northern 33 7 0.124 ±0.089 -2.051 0.002* -1.707 0.159 0.059 0.020* 

Central 22 2 0.106 ±0.080  0.883 0.800  3.332 0.940 0.184 0.782 

Southern 5 1 0.000 ±0.000  0.000 1.000 - - - - 

N: Number of individuals, Ha: Number of haplotypes, * Significant values. 

 

 

 

 
Fig. 6. Mismatch distributions of P. rubrocapilla haplotypes. Graphs show the frequency distribution 

of pairwise nucleotide difference between individuals. Dashed lines represent observed data. Solid 

lines represent expected values under a model of demographic expansion. 
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Table 3. Genetic distance (Fst) between populations of Pipra rubrocapilla based on Mitochondrial 

NADH dehydrogenase subunit 2 (ND2) in the Atlantic Forest. * Significant, values P <0.05. 

 Timbaúba Mata do Estado Ibateguara Serra da Jibóia Michelin Ilhéus R. União 

Timbaúba - - - - - - - 

Mata do Estado 0.028 - - - - - - 

Ibateguara 0.000 0.103 - - - - - 

Serra da Jibóia 0.795
*
 1.000

*
 0.667

*
 - - - - 

Michelin 0.732
*
 1.000

*
 0.585

*
 0.000 - - - 

Ilhéus 0.686
*
 0.922

*
 0.546

*
 0.028 0.000 - - 

R. União 0.709
*
 1.000

*
 0.583

*
 1.000

*
 1.000

*
 0.781

*
 - 

 

In D. pipra, nucleotide diversity was much higher in the Amazon (π 1.004 ±0.532) 

relative to the Atlantic Forest (π 0.052±0.049; Table 4; Fig. 7). Within the Amazonian region, the 

eastern haplogroup showed highest diversity (π 0.500±0.340), followed by the Northern 

haplogroup (π 0.255±0.166), and, lastly, the southeastern group (π 0.039±0.049; Table 4). Within 

the Atlantic Forest region, the central region showed highest diversity (π 0.076±0.069) relative to 

the south (π 0.013±0.022; Table 4; Fig 8). AMOVA analyses show that 16% of the overall 

variation corresponds to the split between the Amazon and Atlantic Forest regions (FCT 0.16, p 

= 0.501). The majority of the genetic variation (76%) is partitioned among the three Amazonian 

regions (Southeastern, Eastern, Northern; FSC 0.90, p < 0.001). The remaining 8% of the genetic 

variation is found within these areas (FST 0.92, p < 0.001).  

 

Two population genetic tests suggest historical population expansion in the Northern 

Amazon haplogroup (Fu’s Fs – 7.44, p < 0.001; R2 0.070, p < 0.001; Table 4, Fig. 8), in 
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agreement with the network topology and mismatch analyses (Figs. 7 and 8). One test identified 

a signature of expansion in the southern range of the Atlantic Forest (R2 0.069, p < 0.001, Table 

4).  

 

 

 

Fig. 7. Left: median joining network showing all samples of Dixiphia pipra (above, 1041 bp of 

ND2, n = 57 sequences), and their sampled areas. Right: Inset shows detailed distribution of 

haplotypes in the Atlantic Forest. Numbers represent localities (see Supplementary Information 

Table S1). 
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Table 4. Mitochondrial NADH dehydrogenase subunit 2 (ND2) nucleotide diversity (π), Tajima's 

D, Fu's Fs, and Ramos-Onsins and Rozas R2 statistics for Dixiphia pipra. 

Region N Ha π (%) Tajima's D Fu's Fs R2 

    obs. P obs. P obs. P 

Amazonia (all sites) 21 17 1.004±0.532 -0.238 0.473 -4.422 0.043 0.112 0.328 

Southwestern 5 2 0.039±0.049 -0.816 0.319 0.090 0.295 0.400 0.764 

Northern 11 10 0.255±0.166 -1.262 0.100 -7.440 < 0.001* 0.070 < 0.001* 

Eastern 5 5 0.500±0.340 -0.109 0.543 -1.283 0.118 0.118 0.016 

Atlantic Forest  36 3 0.052±0.049 0.244 0.657 0.346 0.483 0.136 0.499 

Central 08 3 0.076±0.069 0.069 0.606 -0.224 0.197 0.213 0.230 

Southern 28 2 0.013±0.022 -0.741 0.224 -0.380 0.152 0.069 < 0.001* 

N: Number of individuals, Ha: Number of haplotypes, * Significant values 
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Fig. 8. Mismatch distributions of Dixiphia pipra haplotypes. Graphs show the frequency distribution 

of pairwise nucleotide difference between individuals. Dashed lines represent observed data. Solid 

lines represent expected values under a model of demographic expansion. 

 

 

 

 

 

 


