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25 Abstract

26 The main objective of this study is to evaluate biogeographic hypotheses of diversification and 

27 connection between isolated savannas north (Amazonian savannas) and south (Cerrado core) of 

28 the Amazon River. To achieve our goal, we employed genomic markers (genotyping-by-

29 sequencing) to evaluate the genetic structure, population phylogenetic relationships, and 

30 historical range shifts of four Neotropical passerines with peri-Atlantic distributions: the 

31 Narrow-billed Woodcreeper (Lepidocolaptes angustirostris), the Plain-crested Elaenia (Elaenia 

32 cristata), the Grassland Sparrow (Ammodramus humeralis), and the White-banded Tanager 

33 (Neothraupis fasciata). The population genetic analyses indicated that landscape (e.g., 

34 geographic distance, landscape resistance, and percentage of tree cover) and climate metrics 

35 explained divergence among populations in most species, but without indicating a differential 

36 role between current and historical factors. Our results did not fully support the hypothesis that 

37 isolated populations at Amazonian savannas have been recently derived from the Cerrado core 

38 domain. Intraspecific phylogenies and gene flow analyses supported multiple routes of 

39 connection between the Cerrado and Amazonian savannas, rejecting the hypothesis that the 

40 Atlantic corridor explains the peri-Atlantic distribution. Our results reveal that the 

41 biogeographic history of the region is complex and cannot be explained by simple vicariant 

42 models.

43

44 Keywords: Amazonia, Cerrado, biogeography, landscape genomics, Pleistocene climatic 

45 fluctuations, savanna corridors.
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47 Introduction 

48 The origin of the remarkable Neotropical biodiversity is usually related to ecological processes 

49 associated with the large variety of habitats of the region (i.e., grasslands, forested savannas, 

50 tropical and temperate forests), as well as to different phenomena linked to geological events 

51 and glacial cycles (Haffer, 1969, 1985; Rull, 2011; Smith et al., 2014; Turchetto-Zollet, 

52 Pinheiro, Salgueiro, & Palma-Silva, 2013; Werneck, 2011). Among the variety of Neotropical 

53 biomes, rainforests are one of the best-studied in terms of evolution and diversity, whereas 

54 open biomes like grasslands and savannas are less well researched (Turchetto-Zolet et al., 

55 2013; Werneck, 2011), despite covering more than 25% of the region (Eva et al., 2004). The 

56 scarcity of studies on the origin and diversification of Neotropical open biomes precludes a full 

57 understanding of Neotropical diversification. For instance, fundamental questions still remain 

58 unanswered, such as how current and historical landscape configuration impacted diversity, or 

59 is there a shared biogeographic history among currently co-distributed species?

60 Even though it is postulated that open-habitat organisms have high dispersal capacity 

61 (Sheard et al., 2020), landscape elements such as rivers, mountains, or regions with unsuitable 

62 habitat conditions (e.g., rainforest patches) are expected to modulate gene flow and influence 

63 population genetic structure (Cabanne et al., 2016; Moreira, Hernandez-Baños, & Smith, 2020; 

64 Vasconcellos, Ortiz, Weber, Cannatella, & Rodrigues, 2019). Furthermore, geomorphological 

65 and climatic conditions within biomes are not homogeneous, resulting in a mosaic with 

66 different levels of habitat integration, limiting gene flow between populations (McRae, 2006; 

67 Taylor, Fahrig, Henein, & Merriam, 1993). Accordingly, it is expected that population genetic 

68 differentiation is positively related to lack of connectivity (i.e., landscape resistance). However, 

69 the relative roles of current and or historical connectivity (e.g., at the Quaternary) as predictors 

70 for population genetic structure of open-habitat organisms is as yet unresolved. 

71 In addition to the question of population connectivity, local adaptation related to climate 

72 and or vegetation types is also expected to be an important driver of population genetic 

73 variation of savanna organisms. Intraspecific variation due to natural selection in heterogenous 

74 environmental conditions has been often observed in plant and animal species (Fitzpatrick & 

75 Keller, 2014; Gugger, Fitz-Gibbon, Albarrán-Lara, Wright, & Sork, 2021; Morgan et al., 2020; 

76 Schoville et al., 2012). However, the role of local adaptation in driving population genetic 

77 differentiation of taxa with postulated high dispersal rates (Sheard et al., 2020) and that inhabit 

78 a relatively homogeneous environment, as are Neotropical savanna organisms, is unclear.A
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79 The South American savanna-like biomes are distributed in two major blocks located in 

80 the north (e.g., Llanos and Amazonian savannas) and south (e.g., Cerrado core domain) of the 

81 Amazon River (Figure 1A). Notwithstanding being geographically isolated, these two savanna 

82 blocks share several taxa, which denotes a biogeographic connection (Haffer, 1967; 

83 Mittermeier, Zyskowski, Stowe, & Lai, 2010; Ratter, Bridgewater, & Ribeiro, 2003; Silva, 

84 1995; Simon & Proença, 2000; Wüster et al., 2005). One hypothesis to explain this 

85 biogeographic link is that these regions were continuous in the past, and their current disjunct 

86 range is a product of vicariant events promoted by the expansion of the Amazon Forest 

87 (Mittermeier et al., 2010; Silva, 1995). As vicariant events should affect all the biota equally, 

88 one prediction of this hypothesis is to find congruence among the area cladograms derived from 

89 phylogeographic analysis of the species inhabiting both savanna blocks (Brown & Lomolino, 

90 1998; Ridley, 2004; Zink, Blackwell-Rago, & Ronquist, 2000). As an alternative, and based on 

91 studies with birds and plants, it has been proposed that the disjunct distribution have been 

92 originated by long-distance dispersal from the Cerrado core to the savannas north of the 

93 Amazon River (Buzatti et al., 2018; Norambuena & Van Els, 2020; Simon & Proença, 2000). A 

94 prediction of such a scenario would imply finding incongruent single-taxon area cladograms for 

95 co-distributed organisms (Brown & Lomolino, 1998; Frey, 1993; Ridley, 2004; Zink, 1996; 

96 Zink et al., 2000). In addition, if the isolated Amazonian savanna populations were derived 

97 from the Cerrado core domain, it is predicted that the new peripheral population will be 

98 phylogenetically embedded within its ancestral population (i.e., an apomorphic Amazonian 

99 population and a paraphyletic Cerrado, Figure 1A; see further explanation in Frey (1993)). 

100 Because the new population should have been founded from a small sample of individuals 

101 (founder effect), one would expect lower genetic diversity and a younger age for the new 

102 population than in the parental Cerrado population (Merilä, Bjorklund, & Baker, 1997). 

103 Three hypothetical historical connection routes between the Cerrado core domain and 

104 the Amazonian savanna enclaves have been proposed (reviewed by Norambuena & Van Els, 

105 2020; Silva & Bates, 2002; Figure 1A): I) West Amazonia corridors (Ribeiro, Werneck, & 

106 Machado, 2016; Silva, 1995; Webb, 1978; Werneck et al., 2012), II) a Central Amazonia 

107 corridor (Haffer, 1967; Ledo & Colli, 2017; Ribeiro et al., 2016), and III) an Atlantic coast 

108 corridor (Silva, 1995; Werneck et al., 2012). Studies with different organisms and methods 

109 have reported mixed support for each of these connection routes (Bates, Tello, & Silva, 2003; 

110 Lima-Rezende et al., 2019; Norambuena & Van Els, 2020; Ribeiro et al., 2016; Rocha et al., 

111 2020; Silva, 1995), and thus it is not clear whether these routes represent mutually exclusive 

112 biogeographic histories or whether each species responded idiosyncratically to the same 
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113 biogeographic history. Silva (1995) described distinct distribution patterns of South American 

114 savanna birds and proposed that each of them was a result of a historical connection between 

115 the Cerrado and the other northern savannas. For instance, species with geographic ranges 

116 centered in one or more regions located south and east of the Amazon Forest, with isolated 

117 populations in one or more of the savannas located along the Atlantic coast such as Amapá 

118 and/or Marajó Island (from now on “peri-Atlantic distribution”, Figure 1B), should be 

119 connected by the Atlantic coast corridor. Up to now, there is no specific test of these 

120 hypotheses, and phylogeographic analyses of species with peri-Atlantic distributions would 

121 allow such testing. If the peri-Atlantic distribution pattern is linked to a biogeographic 

122 connection through the region, we expected to find the highest gene flow rates through the 

123 Atlantic coast and a close phylogenetic relationship between the northern Cerrado and the 

124 isolated savannas at northern Amazonia (Figure 1A). 

125 Thus, the general objective of this study is to evaluate biogeographic hypotheses of 

126 diversification and connection between Neotropical savannas, with emphasis on bird species 

127 from the Cerrado core domain and isolated savanna enclaves in the northern Amazon Forest. 

128 To achieve this objective, we conducted a comparative phylogenomic study of four passerines 

129 with a peri-Atlantic distribution (Figure 1B), namely: the Narrow-billed Woodcreeper 

130 (Lepidocolaptes angustirostris (Vieillot, 1818), Furnariidae), the Plain-crested Elaenia (Elaenia 

131 cristata Pelzeln, 1868, Tyrannidae), the Grassland Sparrow (Ammodramus humeralis (Bosc, 

132 1792), Passerellidae) and the White-banded Tanager (Neothraupis fasciata (Lichtenstein, 

133 1823), Thraupidae). We collected reduced representation genomic markers (genotyping-by-

134 sequencing; Elshire et al., 2011) to investigate population genetic structure and history, and we 

135 modeled range shifts across time, to answer the following questions: (1) how do current and 

136 historical landscape characteristics, as well as climate, drive population genetic structure of 

137 savanna bird taxa?, (2) are isolated Amazonian savannas (i.e., Marajó Island and savannas of 

138 Amapá) derived from the Cerrado core domain? and 3) do species with a peri-Atlantic 

139 distribution support a historical Atlantic coast corridor between Neotropical savannas?

140

141 Methods
142 Taxon sampling

143 We studied four passerine species with peri-Atlantic distribution (Figure 1B): Lepidocolaptes 

144 angustirostris, which occurs in a variety of woodlands (deciduous forest, gallery forest, and 

145 others) and savannas, as well as agricultural and urban areas (Marantz, Aleixo, Bevier, & 

146 Patten, 2020; Ridgely & Tudor, 2009); Elaenia cristata, which also occurs in a variety of open 
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147 vegetation types but always in association with trees and bushes (Cerrado sensu stricto, wooded 

148 savannas, white-sand forests and adjacent forest edges; Herzog et al., 2016; Hosner, 2020); 

149 Ammodramus humeralis, which exclusively occurs in grasslands and savannas (Birdlife 

150 International, 2018; Ridgely & Tudor, 2009); and Neothraupis fasciata, which only occurs in 

151 Cerrado sensu stricto (Hilty & de Juana, 2017; Ridgely & Tudor, 2009). 

152 For each taxon, we sampled a total of 17 to 36 individuals from five to ten localities 

153 located north (hereafter called Amazonian savannas) and south of the Amazon River (hereafter 

154 called Cerrado) (Figure 1; Supporting Information Table S1). Amazonian savannas encompass 

155 the continent and the Marajó Island located at the mouth of the Amazon River. We neither 

156 sampled putative migrant populations of E. cristata nor of A. humeralis (Hosner, 2020; 

157 Jaramillo, 2020).

158

159 Genomic data collection and assembly

160 Total DNA was isolated from blood or muscle samples using the PureLink Genomic DNA Kit. 

161 Around 1.8 μg (0.4 – 2.5 μg) of genomic DNA of each sample was used to prepare genomic 

162 libraries following the protocol genotyping-by-sequencing (GBS) developed by Elshire et al. 

163 (2011). Briefly, genomic DNA was digested with the PstI restriction enzyme, and then digested 

164 DNA fragments of each sample were tagged with unique barcodes. Tagged fragments were 

165 pooled, cleaned, and the libraries were amplified by polymerase chain reaction. The amplified 

166 libraries were cleaned, and their quality evaluated on a capillary sizing system. Libraries were 

167 sequenced in an Illumina HiSeq 2000 (100 bp fragments, single-end). All steps from library 

168 preparation to sequencing and library demultiplexing were conducted at the Cornell Institute of 

169 Genomic Diversity (Ithaca, NY, USA).

170 We obtained an average of 2.5 million raw reads per individual, and we used IPYRAD 

171 0.7.30 (Eaton, 2014) to assemble (de novo) the demultiplexed GBS data and to export full GBS 

172 loci and single-nucleotide polymorphisms (SNPs). Main IPYRAD parameters were set as 

173 follows: maximum low-quality base calls (Q < 20) in a read = 5, minimum Phred quality score 

174 = 33, minimum depth for statistical base calling = 6, clustering threshold for de novo assembly 

175 = 0.9, minimum length of reads after adapter trim = 35 bp, maximum number of alleles per site 

176 = 2, minimum number of samples coverage = all samples, maximum number of heterozygous 

177 individuals per locus = 8, and maximum proportion of heterozygous sites per locus = 0.5. The 

178 final number of loci for each species ranged from 6,127 to 25,402, and the number of single 

179 unlinked biallelic SNPs per locus from 4,542 to 18,564 (Table 1). All SNP datasets have less 

180 than 1% missing data. All analyses were performed using datasets with unlinked biallelic 
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181 SNPs, except for STRUCTURE analyses, which also included SNPs with more than two alleles, 

182 and for G-PHOCS which used full-length loci (Table 1).

183

184 Analysis of population genetic structure

185 We calculated pairwise and global genetic differentiation between localities via FST in 

186 ARLEQUIN 3.5.2.2 (Excoffier & Lischer, 2010). To estimate pairwise FST values we used a 

187 genetic distance matrix based on the mean number of pairwise differences. To calculate global 

188 FST among sampling locations we performed an analysis of molecular variance (AMOVA) 

189 based on a locus-by-locus approach. We used a total of 10,000 non-parametric permutations to 

190 evaluate significance and FST confidence intervals.

191 We also used principal component analysis (PCA) and STRUCTURE 2.3.4 (Pritchard, 

192 Stephens, & Donnelly, 2000) to explore population genetic structure. We conducted the PCA 

193 with the snpgdsPCA function from “SNPRelate” package (Zheng et al., 2012) in R 3.6.2 (R 

194 Development Core Team, 2019). A missing rate threshold was not implemented because the 

195 datasets have low-levels of missing data. For running STRUCTURE we set a burn-in of 50,000, 

196 run length of 500,000, K-values ranging from 1 to the number of sampled sites for each 

197 species, and ten iterations for each K. Because Evanno’s delta K method and the estimated 

198 natural logarithm of the probability of the data given that K – Ln Pr(X|K) – do not always 

199 identify correctly the level of structure (Janes et al., 2017), we complemented these methods by 

200 inspecting bar plots and geographic distribution of clusters to identify the optimal number of 

201 clusters. Bar plots were drawn with “conStruct” R-package (Bradburd, 2019).

202  

203 Population phylogenetic relationships and gene flow

204 We reconstructed intraspecific phylogenetic relationships among localities by using species tree 

205 approach with SNAPP 1.5.0 (Bryant, Bouckaert, Felsenstein, Rosenberg, & Roychoudhury, 

206 2012) for BEAST 2.6.2 (Bouckaert et al., 2019). SNAPP implements a coalescent method that 

207 directly infers the root position and assumes no gene flow between populations; thus, gene 

208 heterogeneity is considered a result of incomplete lineage sorting or differences in coalescence 

209 times (Bryant et al., 2012). To reduce computation time, we only evaluated two randomly 

210 selected individuals per population (Supporting Information Table S1). We fixed both mutation 

211 rates (u and v) at 1, used a gamma prior on population size values (alpha = 10, beta = 100), and 

212 a birth rate for the Yule model equal to 0.00765. We performed two independent runs, 

213 sampling every 1000 iterations. We inspected effective sample sizes (ESS) and likelihood plots 

214 with TRACER 1.7.1 (Rambaut, Drummond, Xie, Baele, & Suchard, 2018), considering stable 
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215 analyses with ESS >200. We combined log files with LOGCOMBINER 2.6.3, with a burn-in of 

216 10%, and final analyses had at least 3 million MCMC iterations. Cloud tree diagrams were 

217 generated using DENSITREE 2.2.7 (Bouckaert & Heled, 2014) and maximum clade credibility 

218 trees were obtained with TREEANNOTATOR 2.6.2.

219 We used two complementary approaches to investigate historical gene flow among 

220 populations. First, we estimated effective migration surfaces (EEMS) to identify regions where 

221 historical gene flow was potentially higher or lower-than-average according to a model of 

222 isolation by distance (Petkova, Novembre, & Stephens, 2016). EEMS is less sensitive to 

223 irregular sampling schemes than other methods like PCA (Petkova et al., 2016). We estimated 

224 the identity-by-state similarity index between pairs of individuals using “SNPRelate” R-

225 package and then transformed it to dissimilarity (DGEN) by subtracting each identity-by-state 

226 value from 1. We used the eigen function in “base” 3.6.2 R-package to test if DGEN met 

227 assumptions of Euclidean distances. We used 1,000 nDemes, and tested preliminary different 

228 hyperparameter values (results not shown) to tune the variances of proposal distributions and 

229 obtain reasonable acceptance proportions (Petkova et al., 2016) The parameters used for final 

230 analyses are: mSeedsProposalS2 = 0.9, qSeedsProposalS2 and mEffctProposalS2 = 0.99, 

231 qEffctProposalS2 = 0.2, and mrateMuProposalS2 = 0.05 with other priors set as default. We 

232 ran three MCMC samplers with a burn-in of 1,000,000 and main chain of 10,000,000 MCMC. 

233 Results were plotted using eems.plots in the “rEEMSplots” R-package (Petkova et al., 2016).

234 We also estimated gene flow, total migration, population size parameters (theta), and 

235 divergence time using G-PHOCS 1.3 (Gronau, Hubisz, Gulko, Danko, & Siepel, 2011). We 

236 estimated the total migration by multiplying the number of new migrants per generation by the 

237 divergence time of the youngest lineage in the comparison. We grouped samples into sets 

238 according to the results of the PCA and STRUCTURE to have populations without strong intra-

239 group genetic differentiation, which is an assumption of any coalescent analysis. We used 

240 population topologies from SNAPP as a guide for G-PHOCS analysis and set tau-theta-alpha to 

241 1, mig-rate-alpha to 0.001, and find-finetunes to true. For each dataset, we conducted at least 

242 three independent runs with a minimum of 500,000 MCMC iterations (jointly analyzed), 

243 sampling every 100 iterations. Burn-in was variable according to each MCMC chain. See 

244 Supplementary Information for more details about G-PHOCS analysis.

245

246 Ecological niche models

247 To evaluate historical connection between regions and to obtain landscape resistance metrics 

248 (see next section), we constructed ecological niche models of each species for the current time 
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249 period and then projected them into three paleoclimate scenarios using MAXENT 3.4.4. 

250 (Phillips, Dudík, & Schapire, 2021). Occurrence records were obtained from Global 

251 Biodiversity Information Facility (http://www.gbif.org/) and filtered to exclude records that fall 

252 outside the species' habitat, duplicated records, or those within the same grid cell. We 

253 downloaded 19 current bioclimatic variables (resolution of 2.5 arc-min) from the WorldClim 

254 database (http://www.worldclim.org/). Niche models were run with 20 replicates of cross-

255 validation, using 20% of the data for testing, 1,500 maximum iterations, jackknife procedure to 

256 measure variable importance. Final niche models were obtained with uncorrelated bioclimatic 

257 variables (|Pearson’s r| < 0.75) that were selected according to their relative contribution to the 

258 model. We projected the models of the present period into paleoclimate scenarios of the mid-

259 Holocene (about 6,000 years ago), Last Glacial Maximum (LGM; about 21,000 years ago), and 

260 Last Interglacial (LIG; about 120,000 – 140,000 years ago). We used calc function in the 

261 “raster” R-package to obtain for each species an averaged historical suitability surface among 

262 LIG, mid-Holocene and LGM periods. See Supplementary Information for more details about 

263 MAXENT analysis.

264

265 Effects of landscape and climate on genetic structure

266 We conducted multiple matrix regression with randomization analyses (MMRR; Prunier, 

267 Colyn, Legendre, Nimon, & Flamand, 2015; Wang, 2013) to investigate the association 

268 between genetic differentiation (DGEN) and different predictors (geographic distance, current 

269 and historical landscape resistances, and the Amazon River). We used Euclidian geographic 

270 distances between individuals (DGEO), estimated with distm function of the “geosphere” R-

271 package to test an isolation by distance hypothesis. To test the impact of landscape 

272 configuration on genetic differentiation, we estimated landscape resistance matrices among 

273 individuals for the current time, and over the past 120,000 years ago (averaged historical 

274 suitability) using CIRCUITSCAPE 4.0 (McRae & Beier, 2007). Landscape resistance, which is 

275 reciprocal of conductance, describes the degree to which the landscape impedes movement 

276 among patches, therefore, the cost of dispersing across landscape elements (McRae, 2006; 

277 Taylor et al., 1993). We estimated the present (RCUR) and the past resistance (RPAST) using as 

278 conductance surfaces the present and averaged historical habitat suitability, respectively. The 

279 Amazon River is the largest river in the study area, and because it is within the Amazon Forest 

280 (a putative barrier to the studied organisms), we also evaluated its role on genetic 

281 differentiation to disentangle the effects of the forest from the river. For this, we used an 

282 indicator matrix “River” that coded whether comparisons were made within the same river 
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283 bank (River = 0) or between river banks (River = 1). When sampling was carried out in both 

284 Amazonian savannas at Continent and Marajó Island, we coded pairs of individuals from 

285 different Amazonian savannas as “1”.

286 To make the coefficients of the predictors comparable, response and independent 

287 variables were standardized by subtracting the mean and dividing by the standard deviation. 

288 MMRR R-function (Wang, 2013) was run using 1,000 permutations to estimate significance. 

289 Because multicollinearity may lead to misinterpretation of the MMRR results, we used a 

290 variance partitioning procedure to decompose the overall model into unique and common 

291 variance components by a commonality analysis (Prunier et al., 2015). Structure coefficients 

292 obtained from the commonality analysis are less sensitive to collinearity than beta-weights 

293 (partial regression coefficients), and the squared structure coefficient (r2
s) represents the actual 

294 direct contribution of a predictor to model fit (Prunier et al., 2015; Ziglari, 2017). In a 

295 commonality analysis, unique effects quantify the amount of variance explained uniquely by a 

296 given predictor, whereas common effects quantify the amount of variance in the dependent 

297 variable that can be jointly explained by two or more predictors (Prunier et al., 2015). 

298 Commonality analysis was run implementing 1,000 bootstrap replicates (without replacement) 

299 to estimate 95% coefficient intervals of the commonality coefficients using “yhat” R-package 

300 (https://CRAN.R-project.org/package=yhat). MMRR and commonality analysis were 

301 performed for each species separately. 

302 Finally, to evaluate the role of landscape and climate predictors in shaping genomic 

303 variation we conducted a gradient forest analysis (Ellis, Smith, & Roland Pitcher, 2012; 

304 Fitzpatrick & Keller, 2014) using “gradientForest” R-package (Ellis et al., 2012). Gradient 

305 forest analysis consists of a machine learning approach based on random forest algorithm to 

306 evaluate and model the relationship between response variables (e.g., community or genetic 

307 data) and a set of independent factors (e.g., climate and landscape metrics). We used the SNP 

308 data as response variables, coding genotypes as 0, 1, and 2, and excluding loci with missing 

309 data (Gugger et al., 2021). The evaluated predictors consisted of uncorrelated (|Pearson’s r| < 

310 0.75) bioclimatic variables obtained from WorldClim (Bio) and landscape related metrics such 

311 as percentage of tree cover (Geospatial Information Authority of Japan, Chiba University and 

312 collaborating organization – version 1; https://globalmaps.github.io/ptc.html), maximum green 

313 vegetation fraction – MGVF (Broxton, Zeng, Scheftic, & Troch, 2014), elevation 

314 (http://www.worldclim.org/), and distance-based Moran's eigenvector map variables (MEMs). 

315 Because gradient forest cannot directly accommodate spatial effects (Fitzpatrick & Keller, 

316 2014), we evaluated MEMs, which are metrics representing the decomposition of the spatial 
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317 geographic variation among the sampling sites in orthogonal eigenvectors (for further details 

318 see Dray, Legendre, & Peres-Neto, 2006). We estimated MEMs from the latitude and longitude 

319 data using the pcnm function of “vegan” R-package (Oksanen et al., 2020), and used half of the 

320 positive eigenvalues for the gradient forest models (Fitzpatrick & Keller, 2014). All spatial 

321 datasets were used at a resolution of 30 arcseconds. We ran the models using individual 

322 samples as data points following Gugger et al. (2021), set a random forest of 500 trees per SNP, 

323 a maximum number of splits equal to log2(0.368N)/2, N representing sample size, and a 

324 correlation threshold of 0.5 for the conditional permutation (Ellis et al., 2012). We followed 

325 Fitzpatrick & Keller (2014) to reduce variation in predicted allele composition by PCA. Then, 

326 to map genomic geographic variation as modeled by the predictors, we assigned the first three 

327 PCs to a red, green, and blue color palette, with resulting color similarity corresponding to the 

328 similarity of the expected genomic composition. See Supplementary Information for further 

329 details.

330

331 Results
332 Population genetic analysis 

333 Characteristics of genomic datasets of each species used for the different analyses are in Table 

334 1. Global FST values indicated a weak population genetic structure for all studied species 

335 (Global FST from 0.074 to 0.136; Table 1). Greater pairwise FST values were obtained between 

336 Amazonian savannas and Cerrado than among Cerrado localities (Supporting Information 

337 Tables S2 – S5). 

338 Principal components (PC) 1 and 2 of the PCA explained from 5% to 10.8% of the 

339 genomic variation of each species (Figure 2). PC3 explained 7.62% of the variation for L. 

340 angustirostris, 7.27% for E. cristata, 6.37% for A. humeralis, and 4.21% for N. fasciata. For all 

341 studied species, and according to the first two PCs, the Amazonian savannas formed separated 

342 clusters from the Cerrado localities (Figure 2). For L. angustirostris, E. cristata, and N. fasciata 

343 the genetic clusters of Cerrado samples roughly corresponded with the sampled regions, 

344 whereas for A. humeralis the Cerrado samples grouped into a single cluster (Figure 2). 

345 In general, STRUCTURE plots are concordant with the PCA results (Figure 2). Regarding 

346 Amazonian savanna populations, we observed a tendency for lower admixture levels with 

347 western Cerrado than with the other Cerrado localities (except for A. humeralis). Despite the 

348 observation that Evanno’s delta K and the Ln Pr(X|K) methods indicated three clusters for E. 

349 cristata (K = 3), there is a cluster in this model that is fully sympatric with others, and thus we 

350 selected K = 2 as best descriptor of the population genetic structure of the species (Figure 2 and 
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351 Supporting Information Figure S10). A similar situation was observed in N. fasciata, for which 

352 the Evanno’s delta K and the Ln Pr(X|K) methods selected K = 4 (Supporting Information 

353 Figure S8), whereas K = 3 would better describe the genomic structure of the species because it 

354 identifies clusters that are geographically coherent, despite existence of extensive admixture 

355 (Figure 2 and Supporting Information Figure S12). Finally, the Evanno’s method suggested two 

356 genetic clusters in A. humeralis. Because all individuals were attributed to the same two genetic 

357 clusters (Figure 2) we interpreted this result as indicative of a single population (K = 1, 

358 Supporting Information Figure S8).

359

360 Intraspecific phylogenetic relationships and gene flow

361 The studied species presented two distinct phylogeographic patterns involving the Amazonian 

362 savannas and Cerrado populations (Figure 3A). For L. angustirostris and E. cristata, the 

363 Cerrado populations formed a paraphyletic group, with a basal split placed between the western 

364 Cerrado and the clade formed by Amazonian savannas and the remaining Cerrado populations. 

365 For A. humeralis and N. fasciata, Cerrado populations were placed as a well-supported clade 

366 sister to the Amazonian savannas clade; the relationships among Cerrado populations were not 

367 well resolved, as indicated by tree fuzziness (Figure 3A), and the Amazonian savannas from the 

368 continent and Marajó Island formed a clade. We found low support for the position of the 

369 Amazonian Savanna population of L. angustirostris, resulting in two alternative topologies: 

370 topology I) with north Cerrado as sister to Amazonian savannas (posterior probability PP = 

371 0.60); and topology II) with central Cerrado as a sister lineage to Amazonian savannas (PP = 

372 0.40). Among species the timing of the basal split varied considerably, but occurred during the 

373 Middle and Late Pleistocene, as estimated by G-PHOCS (Figure 3A; Supporting Information 

374 Table S7). Also, the Amazonian savanna populations have genetic diversities that are half to 

375 one order of magnitude lower than most Cerrado populations (but see E. cristata; Figure 3A).

376 The EEMS analyses described areas with lower-than-average migration rates 

377 surrounding the Amazonian savannas for all species, except N. fasciata (Figure 3B). These 

378 results also indicated an area with lower-than-average migration extending from the 

379 Amazonian savannas towards the Cerrado, separating the Amazonian savannas and west (E. 

380 cristata), as well as Amazonian savannas and central (E. cristata and N. fasciata) Cerrado 

381 populations. G-PHOCS analyses supported gene flow between the Amazonian savannas and 

382 west (all species), central (at least A. humeralis), and east Cerrado (at least E. cristata, A. 

383 humeralis, and N. fasciata) populations (Table 2; Supporting Information Table S8). 

384
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385 Ecological niche models

386 The final niche models performed better than a random model (Test AUC > 0.7; Figure 4; 

387 Supporting Information Table S6), indicating that selected variables provided useful 

388 information on the presence probability for each studied species (Supporting Information 

389 Figures S1-S7 and Table S6). Niche models indicated that climate variation during the last 

390 120,000 years differently affected the studied species (Figure 4; Supporting Information 

391 Figures S3 to S7). For L. angustirostris, most of the range shifts from the LIG to the present 

392 time consisted of shrinkage of suitable areas north of the Amazon Forest. Neothraupis fasciata 

393 and E. cristata probably reached their maximum range during the LGM, whereas all historical 

394 predictions for A. humeralis indicated greater range extension than the current. Projections also 

395 indicated for all studied species range expansions into Amazonia over the last 120,000 years 

396 (Figure 4).

397

398 Landscape and climate effects on genomic differentiation

399 The MMRR models indicated that predictors related to landscape resistance (current and 

400 historical), geographic distance, and the Amazon River explained from 32.8% to 77.6% of the 

401 variation in genetic distance between individuals of the studied species (Table 3; Supporting 

402 Information Figure S13 and Table S9). We found positive structure coefficients, some negative 

403 beta-weights, and large common effects (common > unique), indicating that predictors are 

404 correlated (Table 3; Supporting Information Figure S13 and Table S9). Among species, 

405 geographic distance (DGEO) and historical landscape resistance (RPAST) are the significant 

406 predictors with the highest r2
s coefficients, whereas the Amazon River is the predictor with the 

407 lowest r2
s.

408 The gradient forest analyses indicated that the genomic data for each study species are 

409 associated with climate and landscape metrics, supporting the action of natural selection linked 

410 to these factors. Among species, the proportion of SNPs with association to climate and 

411 landscape metrics ranged from 9.4% to 19.4%, with mean R2-values varying from 0.20 to 0.27 

412 (Figure 5). Overall, the climate and landscape metrics that are most important in explaining the 

413 genomic variation varied among species. However, distance-based Moran’s eigenvector map 

414 variables (MEMs) showed the highest association to the SNP data, with exception of A. 

415 humeralis. For the latter species, as well as for N. fasciata, elevation was among the metrics 

416 with the strongest relationship to the genomic variation. For a single species, one climate metric 

417 was among the most important predictors of genomic variation (Figure 5, E. cristata).A
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418 Maps of predicted genomic variation in response to climate and landscape metrics 

419 (Figure 5) revealed a gradual north-south change in allelic composition for all species but N. 

420 fasciata, for which a notable genomic turnover was observed between Amazonian savannas 

421 and Cerrado. Within the Cerrado core domain, we found a heterogeneous change surface in 

422 allelic composition related to climate and landscape for all species, with exception of N. 

423 fasciata. For L. angustirostris, the projected genomic composition associated to climate and 

424 landscape metrics showed a strikingly differentiated pattern at the Caatinga region (Figure 5).

425

426 Discussion

427 Evolutionary processes associated with Neotropical savannas have been understudied. We 

428 investigated the genetic structure, intraspecific phylogenetic relationships, and range shifts 

429 across time for four South American passerines to evaluate biogeographic hypotheses of 

430 diversification and connection routes between Neotropical savannas. Population genetic 

431 analyses revealed that landscape and climate factors explained divergence among populations 

432 in most studied species but without indicating a differential role between current and historical 

433 landscape configuration. The analyses also indicated an important role of isolation-by-distance 

434 in the evolution of these organisms. Our results did not fully support the hypothesis that 

435 isolated populations in Amazonian savannas have been recently derived from the Cerrado core 

436 domain (Mittermeier et al., 2010; Silva, 1995). Finally, intraspecific phylogenetic and gene 

437 flow analyses supported multiple routes of connection between the Cerrado and Amazonian 

438 savannas, rejecting the hypothesis that the Atlantic coast corridor explains the peri-Atlantic 

439 geographic distribution pattern. 

440

441 What are the drivers of population genetic structure of savanna birds?

442 Our findings are consistent with the hypothesis that present and past landscape configuration, 

443 as well as climate, are drivers of the genetic structure of South American savanna taxa. First, 

444 we found a variable but significant association between genetic differentiation in the study 

445 species and present and historical landscape resistance estimated from habitat suitability (Table 

446 3). We have only found a strong impact of historical landscape configuration on genetic 

447 divergence of L. angustirostris, whereas in the other species the impact of historical landscape 

448 configuration was weaker or non-significant. Second, we conducted gradient forest analyses 

449 and observed for all the studied species an association between allelic composition and spatial A
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450 and climate metrics (Figure 5), which further confirms the importance of landscape and climate 

451 factors in explaining patterns of genomic variation. Thus, our analyses reveal inconsistent 

452 phylogenomic patterns most likely resulting from species’ idiosyncratic responses to landscape 

453 and climate.

454 For A. humeralis, the MMRR analysis failed to find significant predictors of pairwise 

455 population genetic differentiation. The model was significant but poorly fit and with non-

456 significant individual predictors (Table 3), which we interpret as an effect of multicollinearity. 

457 Such lack of association between genetic differentiation and the predictors could be a 

458 consequence of lack of equilibrium between drift and gene flow (Hutchison & Templeton, 

459 1999), perhaps due to recent changes in demography. The hypothesis of lack of equilibrium 

460 would also be supported by the results of the gradient forest analysis, which indicated that only 

461 9% of the studied SNPs are associated with current conditions such as climate and vegetation 

462 cover. In contrast, the other species have a higher percentage of SNPs associated with 

463 landscape and climate predictors (Figure 5). 

464 The overall weak impact of historical range shifts on genomic differentiation found in 

465 most of the studied species contrasts with previous studies of Cerrado organisms, which 

466 indicated a higher relative contribution of historical landscape changes (Diniz-Filho et al., 

467 2016; Vasconcellos et al., 2019). The MMRR result of a weak impact of range shifts on genetic 

468 differentiation is compatible with a high impact of isolation by distance in two species (and in a 

469 third species as a borderline result, Table 3). Furthermore, we found in the gradient forest 

470 analyses strong SNPs-MEMs associations in most studied species, which also can be 

471 interpreted as indicators of isolation by distance (Fitzpatrick & Keller, 2014). Thus, our results 

472 suggest a strong role of isolation by distance in the evolution of population genetic structures of 

473 Cerrado birds.

474 The relative high importance of isolation by distance found here is not frequently 

475 reported for Cerrado bird species (Lima-Rezende et al., 2019; Luna et al., 2017; Savit & Bates, 

476 2015; van Els et al., 2021), although L. angustirostris is one exception (Kopuchian et al., 2020; 

477 Rocha et al., 2020). These studies rejecting isolation by distance in Cerrado birds differ from 

478 our study in respect of the different geographic scale of the study area (e.g., Luna et al., 2017), 

479 and in the use of different genetic markers (e.g., Lima-Rezende et al., 2019; Luna et al., 2017; 

480 Savit & Bates, 2015; van Els et al., 2021). It is becoming commonly accepted that multilocus 

481 studies are more suitable than single locus studies to evaluate population genetic structure and 

482 evolutionary phenomena such as isolation by distance (Teske et al., 2018). 
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483 Rivers have been shown to be important to explain genetic divergence of Neotropical 

484 birds, particularly in the Amazon basin (e.g., Naka & Brumfield, 2018; Ribas, Aleixo, 

485 Nogueira, Miyaki, & Cracraft, 2012; Silva et al., 2019). However, assessing the impact of 

486 rivers on population genetic structure of open-habitat birds has not been as frequent as in forest 

487 birds (Capurucho et al., 2020, 2013; Kopuchian et al., 2020; Naka & Brumfield, 2018). 

488 Unexpectedly, the impact of the Amazon River on the population genetic structure of our study 

489 species was negligible compared to the other predictors, explaining a maximum of 5.8% of the 

490 total determination coefficient (Table 3). Despite that all the four studied species have a genetic 

491 split between the Amazonian savannas and the Cerrado core domain (Figure 2 and 3), regions 

492 isolated by the Amazon River, the MMRR analyses indicated that this genetic pattern would be 

493 best explained by effect of the landscape resistance metrics. Our result implies that large rivers 

494 are not a strong gene flow barrier for savanna birds, perhaps because these taxa have high 

495 dispersal capacity. 

496 An alternative explanation for the observed weak impact of the Amazon River on 

497 genetic differentiation would be related to the fact that we only evaluated individuals sampled 

498 near the mouth of the Amazon River (i.e., Marajó Island and Macapá), which is a region 

499 containing numerous islands and narrow streams, and therefore it could be assumed a weaker 

500 gene flow barrier than wider upstream river portions (Jackson & Austin, 2013; Kopuchian et 

501 al., 2020). 

502 Species can respond idiosyncratically to different landscape configurations, and species-

503 specific attributes such as habitat specialization may explain heterogeneous phylogeographic 

504 patterns (Khimoun et al., 2016; Kierepka, Anderson, Swihart, & Rhodes, 2016). Among the 

505 studied species, A. humeralis and N. fasciata could be considered open-habitat specialists 

506 because they are restricted to Cerrado and other open vegetation areas (Bagno & Marinho-

507 Filho, 2001), whereas L. angustirostris and E. cristata are forest semi-dependent species 

508 (Bagno & Marinho-Filho, 2001). The latter species could also be considered generalist species 

509 regarding the lack exclusivity in the use of open-habitats or of a unique forest type. Because 

510 specialists tend to be more sensitive to environmental and landscape changes that would either 

511 alter or reduce dispersion and gene flow (Borges, Ribeiro, Lopes, & Loyola, 2019; Khimoun et 

512 al., 2016; Kierepka et al., 2016), it would be expected: I) that open-habitat specialists will have 

513 higher intraspecific genetic differentiation than generalist species, and also II) a higher impact 

514 of current and historical landscape features (i.e., landscape resistance) on population genetic 

515 structure. Contrary to these expectations, we found that the two generalist species have the 

516 highest intraspecific genetic differentiation (Table 1), and that according to the MMRR 
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517 analyses the landscape resistance metrics are better predictors of genetic divergence in 

518 generalist (models R2 > 0.6) than in specialist taxa (models R2 < 0.45). Thus, these results 

519 suggest that the studied open-habitat specialists have higher dispersal capacity than the forest 

520 semi-dependent species, which is in agreement with the idea that open-habitat organisms have 

521 higher dispersal capacity and lower genetic differentiation than forest organisms (Bates et al., 

522 2003).

523 A higher dispersal capacity in open-habitat specialists would facilitate gene flow and 

524 override dispersal constraints caused by landscape characteristics and geographical distance, 

525 which could explain the differences found among species (Table 3). However, according to a 

526 morphological metric that is an indicator of dispersal capacity (i.e., Hand Wing Index; 

527 Claramunt, Derryberry, Remsen, & Brumfield, 2012; Sheard et al., 2020), there are no clear 

528 differences in dispersal and flight capabilities among the studied species once they exhibit 

529 similar Hand Wing Index values (Sheard et al., 2020). Thus, an explanation of our results based 

530 on dispersal capacity, as evaluated by the Hand Wing Index, is not well supported. 

531

532 Are isolated Amazonian savannas derived from the Cerrado core domain?

533 We have not found evidence that the Amazonian savannas and the Cerrado formed a 

534 continuous range in the past and that their current disjunct range is a product of vicariance that 

535 impacted the whole community. Our results did not confirm the vicariance prediction that 

536 organisms shared by these regions should have congruent area cladograms. In contrast, we have 

537 found two distinct intraspecific phylogeographic patterns (Figures 2 and 3). In L. angustirostris 

538 and E. cristata, Amazonian savanna samples are nested within the Cerrado core region, being 

539 the western Cerrado population sister to all the other samples, whereas in A. humeralis and N. 

540 fasciata the Amazonian savannas form a sister clade to the Cerrado core samples. 

541 As an alternative for the vicariant hypothesis, the avifauna from the isolated Amazonian 

542 savannas could have been originated by multiple long-distance dispersal events from the 

543 Cerrado core. However, it is not clear if all the studied species have Amazonian savanna 

544 populations derived from the Cerrado core. A Cerrado origin was only supported for L. 

545 angustirostris and E. cristata, in which the Cerrado population is paraphyletic with respect to 

546 the Amazonia savannas. In the other two species, the phylogenetic pattern of sister clades 

547 between Amazonian savannas and the Cerrado populations does not allow identification of the 

548 geographic region that acted as a source of immigrants. However, results of the population 

549 genetic analyses are consistent with the prediction of the Cerrado as a source because of the A
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550 finding of lower genetic diversity in Amazonian savannas (Figure 3A). All studied species have 

551 Amazonian savanna populations with theta values (i.e., an indicator of genetic diversity) half to 

552 one order of magnitude lower than most Cerrado populations (but see E. cristata), supporting a 

553 founder effect in the Amazonian savannas. Thus, the possibility of a Cerrado population having 

554 been a source for the isolated Amazonian populations is plausible.

555 A lack of consensus in intraspecific tree topologies of organisms shared between the 

556 Cerrado and the Amazonian savannas is in accordance with a previous study (van Els et al., 

557 2021), which supported multiple origins of the isolated Amazonian savannas as well as of the 

558 Cerrado populations. For some plant species, genomic and chloroplast DNA data suggest 

559 colonization of Amazonian savannas from the Cerrado about 149,000 years ago (Buzatti et al., 

560 2018), whereas in other organisms divergence between the savannas at north and south of the 

561 Amazon River predates the Last Interglacial (Buzatti et al., 2018; Resende-Moreira et al., 

562 2019). Thus, we suggest that the biogeographic and phylogeographic history of these regions is 

563 complex and that the connection between the Amazonian savannas and the Cerrado might have 

564 occurred through processes such as range expansions followed by fragmentation, as well as by 

565 long-distance dispersal.

566

567 Does the peri-Atlantic biogeographic pattern support the Atlantic coast corridor?

568 The genomic data and distribution models rejected the hypothesis that species with a peri-

569 Atlantic distribution were historically connected through the Atlantic coast corridor. First, the 

570 highest historical gene flow in the sample of four species with a peri-Atlantic distribution did 

571 not occur through the Atlantic coast axis. For each species, total migration occurred along 

572 multiple axes, and not only through the Atlantic coast route (Figure 3B, Table 2). Although in 

573 many species there was evidence of gene flow through the Atlantic coast route (e.g., E. cristata 

574 and N. fasciata), there was considerable gene flow through other routes too. Interestingly, a 

575 central Cerrado route appeared as the less likely for most species (Figure 3). Second, one of the 

576 predictions of an Atlantic coast gene flow route (i.e., a close phylogenetic relationship between 

577 northeastern Cerrado and the isolated savannas at northern Amazonia) was only confirmed in 

578 two species (i.e., L. angustirostris and E. cristata), whereas in the other species the isolated 

579 savannas are sister to all the Cerrado, not supporting any specific connection route. These 

580 mixed phylogenetic patterns indicate that the connection between regions has been complex, 

581 and that the peri-Atlantic distribution does not indicate a specific biogeographic history. Third, 

582 historical projections indicated range expansions towards distinct areas of the Amazonia, not A
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583 only in the eastern Amazonia region where the Atlantic coast corridor might have occurred 

584 (Figure 4). 

585 Even though our research was not oriented to evaluate all the potential corridors 

586 between Amazonian savannas and the Cerrado, our results also support the West route between 

587 these regions. We have found in all studied species a high total migration between the west 

588 Cerrado and the Amazonian savannas populations, which supports a likely biogeographic 

589 connection through this route (Figure 1).  However, our genetic analysis did not allow us to 

590 discriminate between the two geographic routes involving a West connection, namely through 

591 the base of the Andes (Silva, 1995; Webb, 1978; Werneck et al., 2012) and/or through the 

592 Madeira River basin (Ribeiro et al., 2016). Likewise, the niche models did not differentiate 

593 between these two alternatives (Figure 4; Supplementary Material Figure S3 – S7). An 

594 exception is N. fasciata, for which the LGM projection denoted a corridor through the Madeira 

595 River basin with higher climatic suitability than through the Andean region. These results are in 

596 agreement with a study of soil carbon isotopes indicating that savanna vegetation expanded in 

597 the Madeira River basin during the early to middle Holocene (Freitas et al., 2001), and with 

598 pollen records denoting increased dryness in the region during the LGM (Van Der Hammen & 

599 Hooghiemstra, 2000), supporting the existence of suitable areas for species of savannas and 

600 other types of open areas.
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927 Table 1. Characteristics of GBS dataset of four South American savanna birds. Sample size in number of individuals analyzed (N), number of 

928 loci in assembly, number of single‐nucleotide polymorphisms (SNPs), and global FST among sampling localities are presented. Ninety-five 

929 posterior probability confidence intervals (95% CI) of FST are also given. 

Species N Locia Unlinked SNPsb Unlinked biallelicc (excluding SNP 

positions with missing datad)

Global FST (95% CI)

Lepidocolaptes angustirostris 19 12,766 8,320 8,245 (7,483) 0.136 (0.131 – 0.142)

Elaenia cristata 17 25,402 18,735 18,564 (16,856) 0.132 (0.128 – 0.135)

Ammodramus humeralis 19 10,680 8,018 7,897 (7,885) 0.074 (0.069 – 0.080)

Neothraupis fasciata 36 6,127 4,590 4,542 (3754) 0.103 (0.098 – 0.107)

930 Letters refer to the dataset used in the different analysis: a) G-PHOCS; b) STRUCTURE; c) FST, PCA, SNAPP, EEMS, and MMRR; and d) gradient 

931 forest.

932  
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933 Table 2. Total migration between populations of South American savanna birds based on GBS genomic data. Gene flow is given as the total 

934 migration (Mtot) between Cerrado and Amazonian savannas populations as obtained in G-PHOCS. Confidence intervals are posterior 95%. We 

935 present two analyses for Lepidocolaptes angustirostris according to two population topologies (Top I and II).

Species Migration band  Mtot (95% CI)  

  East route Central route West route

Lepidocolaptes angustirostris Top I Cerrado → Amazonian savanna 49 (0 – 7591) 145 (0 – 7831) 161 (0 – 13584)

Amazonian savanna → Cerrado 2 (0 – 1005) 68 (0 – 23983) 16752 (0 – 327667)

Top IICerrado → Amazonian savanna 10101 (0 – 23173) 13536 (6875 – 31641) 1249 (0 – 7121)

Amazonian savanna → Cerrado 18478 (4422 – 67643) 600 (0 – 5324) 1 (0 – 993)

Elaenia cristata Cerrado → Amazonian savannas 3034 (0 – 14829) 39 (0 – 51456) 7425 (0 – 99381)

Amazonian savannas → Cerrado 24453 (0 – 220459) 202 (0 – 50859) 2009 (0 – 78190)

Ammodramus humeralis
Cerrado → Amazonian savanna 

Island
41 (0 – 356635) 57 (0 – 132386) 40 (0 – 126679)

Amazonian savanna Island → 

Cerrado
1332 (0 – 1055664) 575 (0 – 667620) 422 (0 – 542472)

Cerrado → Amazonian savanna 

Continent
36 (0 – 173496) 40 (0 – 88459) 29 (0 – 136019)

Amazonian savanna Continent → 

Cerrado
2058 (0 – 1466654) 1791 (0 – 1339242) 1160 (0 – 921601)

Neothraupis fasciata Cerrado → Amazonian savanna 690 (0 – 77949) 1 (0 – 5090) 1096 (0 – 45729)A
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 Amazonian savanna → Cerrado 11462 (0 – 45078) 380 (0 – 16961) 6240 (0 – 22721)

936
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937 Table 3. Multiple matrix regression with randomization and commonality analysis of genetic divergence between individuals of South American 

938 savanna birds based on a GBS dataset. Response variable was pairwise genetic differentiation (DGEN) and predictors are pairwise geographic 

939 distance (DGEO), current (RCUR) and historical (RPAST) landscape resistance, and the Amazon River bank (River). Beta-weights (β), the squared 

940 structure coefficient (r2
s), and the unique, common, and total coefficients are given. 

Species and full model fit Predictors p-value β r2
s Unique Common Total

Lepidocolaptes angustirostris RCUR 0.525 -0.167 0.194 0.001 0.117 0.118 (19.4%)

R2 = 0.608; p < 0.001 RPAST < 0.001 0.834 0.762 0.039 0.424 0.463 (76.2%)

DGEO 0.065 0.214 0.796 0.008 0.476 0.484 (79.6%)

River 0.103 -0.273 0.056 0.006 0.028 0.034 (5.6%)

Elaenia cristata RCUR 0.454 0.419 0.479 0.001 0.371 0.372 (47.9%)

R2 = 0.776; p < 0.001 RPAST 0.590 0.261 0.770 0.001 0.597 0.597 (76.9%)

DGEO < 0.001 0.513 0.877 0.035 0.646 0.681 (87.8%)

River 0.018 -0.490 0.058 0.010 0.035 0.045 (5.8%)

Ammodramus humeralis RCUR 0.951 -0.035 0.758 0.000 0.249 0.249 (75.9%)

R2 = 0.328; p < 0.001 RPAST 0.294 0.522 0.980 0.005 0.317 0.322 (98.2%)

DGEO 0.508 0.110 0.737 0.002 0.240 0.242 (73.8%)

River 0.959 -0.013 0.317 0.000 0.104 0.104 (31.7%)

N. fasciata RCUR < 0.001 -7.834 0.057 0.070 -0.045 0.025 (5.6%)A
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R2 = 0.447; p < 0.001 RPAST < 0.001 3.145 0.144 0.069 -0.004 0.064 (14.3%)

DGEO < 0.001 0.485 0.653 0.059 0.233 0.292 (65.3%)

River < 0.001 4.604 0.043 0.054 -0.035 0.019 (4.3%)
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942  

943 Figure 1. Study region, biogeographic working hypothesis and studied species. A) Main South 

944 American open biomes, moist forests, and sampling localities. We show schematic 

945 representation of the working hypotheses of connection between the Amazonian savannas and 

946 Cerrado: West Amazonia routes connecting the Amazonian savannas and west Cerrado; Central 

947 Amazonia route connecting the Amazonian savannas and central Cerrado; and the Atlantic coast 

948 route connecting the northern savannas to the northern Cerrado. We also show an example of the 

949 expected cladogram under the hypothesis of Atlantic coast connection, and under the case of the 

950 north Cerrado acting as a biogeographic source. Vegetation distribution is based on Olson et al. 

951 (2001). B) Studied species, tissue sample size (N), sampled localities and its geographic 

952 distributions (gray area). See Supplementary Material Table S1 for further details on samples and 

953 localities. 
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954  

955 Figure 2. Analysis of population genetic structure of four South American savanna birds based 

956 on GBS data. For each species we present a PCA and STRUCTURE plots. The proportion of the 

957 variance explained by each principal component (PC) is given in parenthesis. Geographic origin 

958 of samples is depicted in colors according to the map at the base of the figure. See 

959 Supplementary Material Table S1 for further details on samples and localities.
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960

961 Figure 3. Population phylogenetic relationships, gene flow and divergence time between 

962 populations based on GBS markers of four South American savanna birds. A) Species trees 

963 obtained in SNAPP and divergence time (thousand years ago – kya) and genetic diversity 

964 (theta; θ x 104) obtained in G-PHOCS. All posterior probabilities at maximum credibility tree 

965 internal nodes are greater than 0.95, unless indicated in bold numbers. For simplicity, we only 

966 present divergence times for the basal split and the split between the Cerrado and Amazonian 

967 Savannas (AmSav). Cloud tree diagrams are out of scale but inset smaller consensus trees are 

968 in scale. B) Estimated effective migration surfaces (EEMS), average gene flow in individuals A
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969 per generation (ind/gen) among all G-PHOCS migration bands and average bidirectional total 

970 migration (individuals) between Cerrado populations and the studied Amazonas savannas. 

971 Population codes correspond to those presented in Figure 1. We present two analyses for 

972 Lepidocolaptes angustirostris, according to the two topologies obtained in A.

973
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974

975 Figure 4. Species distribution models of four South American savanna birds obtained in 

976 MAXENT. Historical predictions are based on the average of projections to the mid-Holocene (~ 

977 6 kya), Last Glacial Maximum (~ 21 kya), and Last Interglacial (~ 120 – 140 kya) periods. A
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978

979

980 Figure 5. Gradient forest analyses and predicted genomic variation of South American savanna 

981 birds in response to climate and landscape predictors. Predictors of genomic variation are 

982 ranked according to their importance (R2 weighted importance) in predicting allelic 

983 composition variation. Climate predictors: uncorrelated bioclimate variables (Bio) from 

984 WorldClim. Landscape predictors: elevation, distance-based Moran's eigenvector map variables 

985 (MEMs), maximum green vegetation factor (MGVF), and percentage of tree cover (TC). 

986 Population codes correspond to those presented in Figure 1. Mapped predicted genomic 

987 variation has been reduced by PCA to three axes (PC1, PC2, and PC3) and represented by red, 

988 green, and blue colors, respectively.A
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