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Based on phylogeographic and niche model analyses of the narrow-billed woodcreeper 
Lepidocolaptes angustirostris, we evaluated the predictions of two diversification hypoth-
eses related to the dry diagonal of South America: (I) isolation by distance (IBD) and 
(II) landscape heterogeneity. We also investigated the influence of the Pleistocene cli-
matic oscillations on the diversification and population dynamic of this species, and 
discussed the implications of our findings for the taxonomy of this woodcreeper. We 
sampled 63 individuals including all subspecies described for L. angustirostris, and 
compared them using a mitochondrial (ND2) and a nuclear (FIB5) fragments. We 
performed a Mantel test and spatial autocorrelation analysis, reconstructed the phylo-
genetic relationships among haplotypes, investigated changes in population size and 
estimated divergence time among the genetic lineages. We refuted the hypothesis that 
bird species associated with open environments have shallow geographic differentia-
tion and showed that strong genetic structure observed in L. angustirostris can not be 
explained by IBD. Paleo-modeling showed strong association between climatic stable 
areas and the genetic lineages, suggesting that Pleistocene climatic oscillations have 
primarily driven the intraspecific diversification of this species. In addition, the asso-
ciation between genetic lineages and the dry diagonal biomes supports that landscape 
heterogeneity may be acting as a secondary barrier restricting gene flow among the 
lineages. The genetic lineages found in L. angustirostris do not correspond to the sub-
species described, indicating that this species can be considered as a single species with 
strong genetic structure. In conclusion, our data corroborate other studies indicating 
that Pleistocene climatic oscillations may have had a strong influence in the intraspe-
cific divergence of dry diagonal fauna and that biomes of the dry diagonal should be 
considered as independent units in further biogeographic studies.
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Introduction

The Neotropical region is the most biodiverse in the World 
(Rull 2008). Many models and processes have been invoked 
to explain the evolution of biodiversity in this region, most 
of them mainly focused on tropical humid forests (e.g. the 
hypothesis of Pleistocene refugia; Haffer 1969, Carnaval et al. 
2009). Although seasonally deciduous forests and open veg-
etation formations in South America form the largest con-
tinuous portion of dry vegetation in the continent (hereafter 
dry diagonal, Fig. 1A), and occupy almost a third of the 
region, agents and processes promoting biological diversifica-
tion in this diagonal are still poorly known (Werneck 2011, 
Turchetto-Zolet et al. 2013).

The dry diagonal is formed by a complex mosaic of veg-
etation that apparently evolved under strong pressure of dry 
periods and marked seasonality (Furley and Metcalfe 2007), 

including biomes such as the seasonally dry tropical forests 
(SDTFs), the Cerrado (tropical savanna of central Brazil) and 
the dry Chaco (xerophytic woodlands of northern Argentina, 
western Paraguay and southeastern Bolivia) (Fig. 1A). Unlike 
other biomes of the dry diagonal, the STDFs exhibit a highly 
disjunct pattern and is divided into four main nuclei: (I) 
Caatinga, (II) Misiones, (III) Subandean Piedmont and (IV) 
Chiquitano (Fig. 1A) (for details, see Linares-Palomino et al. 
2011).

Biological diversification in the dry diagonal has been 
associated to a combination of events that occurred during 
the Tertiary (e.g. marine transgressions and the uplift of the 
Central Brazil Plateau), as well as during the Quaternary (e.g. 
the Pleistocene climatic fluctuations; Rull 2008, Werneck 
2011). In general, the geological events have been associated 
with diversification of high taxonomic levels (e.g. Squamata 
genera, Giugliano  et  al. 2007), while Quaternary climatic 

Figure 1. (A) Geographic distribution of the Lepidocolaptes angustirostris tissue samples and subspecies analyzed in this study (symbols). The 
numbers correspond to localities described in the Supplementary information. Hachure area represents the L. angustirostris geographic 
distribution according BirdLife International (2020). The biomes composing the dry diagonal of South America are shown by colors: 
Cerrado – dark grey and Chaco – light grey. Green areas represent the SDTF nuclei: Caatinga (Ca), Misiones (Mi), Chiquitano (Chi) and 
Piedmont (Pi) (following Linares-Palomino et al. 2011). Genetic lineages recovered in L. angustirotris are shown in colored symbols and 
phylogenetic relationships among lineages are shown on the right corner of the map (see also Fig. 3). Photos on left: unstreaked L. a. 
angustirostris from savannas of Macapá, Amapá, Brazil (top); streaked L. a. angustirostris from Chaco, Argentina (bottom). (B) Median-
joining networks showing the relationships between L. angustirostris haplotypes based on ND2 (top) and FIB5 (bottom) datasets. Network 
colors indicate the genetic lineages and the size of the circles is proportional to the number of individuals. Dashes represent the number of 
mutations separating the haplotypes. The numbers (LOC 1–LOC 37) correspond to localities of the map in (A) and described in the 
Supplementary information. Localities sharing haplotypes from different haplogroups (LOC 20 and 27) are shown in bold.
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oscillations have been associated to intraspecific differentia-
tion (e.g. in plants, Ramos et al. 2007, Caetano et al. 2008; 
and insects, Moraes et al. 2009). Even though birds are the 
most diverse group of land vertebrates in the Neotropical 
region (Stotz et al. 1996), few studies have focused on their 
intraspecific evolution in the dry diagonal (Leite et al. 2008, 
Savit and Bates 2015, Moura et al. 2018, Lima-Rezende et al. 
2019), mostly because early studies found very low intraspe-
cific differentiation in open area birds (Bates et al. 2003).

Birds inhabiting open environments tend to have high 
dispersion capacity, which would lead to high gene flow 
among populations and, therefore, less geographic differen-
tiation (Bates et al. 2003, Leite et al. 2008). However, species 
with large geographical distribution, such as many inhabit-
ants of the dry diagonal, may also have limited gene flow 
across their ranges due to isolation by distance (Wright 1946, 
Holderegger and Wagner 2006, Van Strien  et  al. 2015). 
Isolation by distance may occur within a population with 
continuous distribution when dispersion capacity decreases 
with increasing geographical distance (Hardy and Vekemans 
1999). Thus, a prediction of isolation by distance is to find a 
strong correlation between genetic differences between popu-
lations and geographical distance.

Even though bird species are supposed to have high dis-
persal capacity, some open area birds may have restricted gene 
flow due to landscape heterogeneity, contributing to genetic 
structuring of populations (Manel et al. 2003). Although the 
open biomes of South America form a long and continu-
ous diagonal, these biomes differ in many biotic and abiotic 
aspects (Werneck 2011), which could convert the dry diago-
nal in a heterogeneous landscape for many of their organ-
isms. This heterogeneity could have partitioned the region 
and thus promoted genetic differentiation among biomes 
(e.g. between Cerrado and Caatinga). Some phylogeographic 
studies of lizards (Fonseca et al. 2018) and birds (Moura et al. 
2018) of the dry diagonal have found different genetic lin-
eages associated with each biome, supporting the aforemen-
tioned idea. Even if the landscape heterogeneity did not act 
as a primary force for speciation, it could have acted as a sec-
ondary barrier to gene flow (Manel et al. 2003).

According to the Pleistocene refugia hypothesis, contrac-
tion and fragmentation of habitat during glacial cycles pro-
moted the formation of climatic refugia, leading to allopatric 
speciation in these refugia (Whitmore and Prance 1987). The 
formation of Pleistocene climatic refugia has been invoked 
to explain the genetic structure of some Neotropical for-
est species, like mammals (Carnaval  et  al. 2009), frogs 
(Koscinski et al. 2008) and birds (Batalha-Filho et al. 2012, 
Silva et al. 2019, Thom et al. 2020). However, there is con-
troversy on the impact of Quaternary glacial cycles on the 
population dynamics and evolution of open area Neotropical 
organisms (Rull 2008, Werneck 2011). For instance, mod-
els of South American biomes suggested that the STDFs 
have been retracted and fragmented during the last Glacial 
Maximum (i.e. 21 kyr ago, Costa et al. 2017), while some 
authors have hypothesized that these STDFs have been con-
nected during the Last Glacial Maximum, being contracted 

and fragmented during the current interglacial period (Prado 
and Gibbs 1993, Pennington  et  al. 2000). If habitat frag-
mentation associated to Global climate cycles impacted on 
evolution of open area organisms, we would expect to find an 
association between intraspecific lineages of these organisms 
and regions with long term habitat stability.

In this paper, we studied the Narrow-billed Woodcreeper 
Lepidocolaptes angustirostris as a model to investigate evo-
lutionary processes in the South American dry diagonal. 
This passerine is broadly distributed (Fig. 1A), having high 
abundance across most of the dry diagonal. There are eight 
subspecies described for this woodcreeper which are sepa-
rated into two groups based on plumage pattern: (I) group 
angustirostris, with brown back and heavily streaked pattern 
in the chest and vent (L. a. angustirostris, L. a. praedatus, L. a. 
certhiolus and L. a. hellmayri), and (II) group bivittatus, with 
more rufescent in the back and unstreaked pattern below (L. 
a. bivittatus, L. a. griseiceps, L. a. coronatus and L. a. bahiae) 
(Marantz  et  al. 2003). Up to now there has not been any 
genetic analysis to address if these subspecies and plumage 
groups represent independent evolutionary lineages.

Here, we describe the phylogeographic pattern of  
L. angustirostris and evaluate hypotheses on the evolution of 
the dry diagonal. First, we addressed whether L. angustiros-
tris is formed by a single panmictic population (absence or 
low genetic structure), or whether there is evidence of isola-
tion by distance along the dry diagonal. After having rejected 
these previous hypotheses, we evaluated whether landscape 
heterogeneity promoted by differences among the biomes 
(Caatinga, Cerrado and Chaco) can explain the phylogeo-
graphic structure of this woodcreeper. We also applied paleo-
distribution modeling to investigate whether the distribution 
of the climatic stable areas is concordant with distribution of 
the L. angustirostris genetic lineages and whether Pleistocene 
climatic fluctuations influenced its demographic history. 
Finally, we discussed the implications of our results in light of 
the taxonomy of this woodcreeper.

Material and methods

Sampling and genetic data

We sampled 63 individuals including all subspecies described 
for L. angustirostris in 37 localities (one to four individuals 
per locality) distributed along of the dry diagonal (Fig. 1A, 
Supplementary information). Some tissue samples were col-
lected in the field by AVR, RC, LFS and colleagues, while 
others were kindly provided as loans from Museo Argentino 
de Ciencias Naturales (MACN), Museu Paraense Emílio 
Goeldi (MPEG) and Burke Museum of Natural History and 
Culture (UWBM).

Total DNA was extracted from muscle and blood tis-
sues using the commercial Qiagen DNAeasy kit following 
manufacturer’s protocols. We amplified a mitochondrial frag-
ment of the NADH dehydrogenase gene subunit 2 (ND2) 
using LMET (Groth, J. apud Ribas et al. 2005) and H6313 
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(Sorenson  et  al. 1999) primers and a nuclear fragment of 
the intron 5 of the beta-fibrinogen gene (FIB5) using FIB5 
e FIB6 primers (Marini and Hackett 2002). PCR products 
were enzymatically purified using Exo/SAP. The sequences 
were obtained either by Macrogen Inc., Unidad de Genómica 
of INTA Castelar at Argentina or Centro de Genômica de 
Alto Desempenho at Universidade Católica de Brasília facili-
ties. We evaluated the sequences for quality and ambiguities 
using Geneious 6.1.6 (Biomatters). The alignment was made 
by ClustalW algorithm (Thompson et al. 1997). To infer the 
haplotype phase of FIB5 we use the Bayesian algorithm Phase 
(Stephens et al. 2001) implemented in DnaSP (Rozas et al. 
2003). We choose the best evolution model for each locus 
based on BIC scores using JModelTest 2 (Darriba et al. 2012).

Panmixia and isolation by distance

The presence of panmixia among L. angustirostris individuals 
was verified based on the global ΦST value for each loci using 
Arlequin ver. 3.0 (Excoffier et al. 2005). For the latter, each 
locality with ≥ 2 samples was considered as a subpopulation. 
To test isolation by distance as a driver of L. angustirostris 
diversification, we carried out a matrix correlation analysis 
between the genetic (ΦST) and geographic (km) distances by a 
Mantel test with 10 000 iterations implemented in Arlequin. 
As we identified some genetic lineages (see Results), we per-
formed this analysis for all individuals as well as within each 
lineage. We also performed a spatial autocorrelation analysis 
to identify the geographic distance classes where the correla-
tions were significant (Sokal et al. 1997). We conducted this 
analysis using ‘alleles in space’ (AIS; Miller 2005) based on 
average genetic distances between pairs of individuals that 
fall within distance class y, considering 10 classes and 1000 
permutations. To avoid the bias of the low variability of the 
FIB5, we conducted this analysis only for the ND2.

Phylogenetic analysis and genetic structure

The relationship among the haplotypes were investigated 
by constructing a median-joining network (Bandelt  et  al. 
1999) using PopART ver. 1.7.2 (French et al. 2013). We also 
evaluated the phylogenetic relationship among the haplo-
types based on a phylogenetic tree built with Bayesian infer-
ence (BI) analysis using a concatenated matrix of the ND2 
(HKY+G substitution model) and FIB5 (JC69 substitution 
model). The BI was performed with coalescent model in 
BEAST ver. 1.8 (Drummond and Rambaut 2007). We also 
performed a species tree analysis on STARBeast (Heled and 
Drummond 2010) using coalescent model and constant pop-
ulation size. For both analyses, we used the IUPAC systems 
and considered the ambiguities as information. The MCMC 
analyses were performed with 100 million generations sam-
pled every 1000 generations. We evaluated the run quality 
using Tracer ver. 1.6 (Rambaut et al. 2018) and ESS values 
(> 200). Trees were summarized in TreeAnnotator consider-
ing a burn-in of 10%. The topologies were visualized and 
edited in Figtree ver. 1.4.2 (Rambaut and Drummond 2012).  

Then, all genetic lineages were characterized based on the 
number of haplotypes, haplotype diversity, nucleotide diver-
sity and nucleotide differences for both molecular markers 
using DnaSP. We also estimated a pairwise genetic distance 
(ΦST) among lineages to identify the most divergent lineages 
using Arlequin.

Historical demography

To evaluate in DnaSP temporal variation in effective popula-
tion size, we performed the following statistical tests: R2 sta-
tistic (Ramos-Onsins and Rozas 2002), Tajima’s D (Tajima 
1989) and Fu’s FS (Fu 1997) for each genetic lineage. We also 
evaluated the dynamic of effective population size through 
time by extended Bayesian skyline plot (EBSP) model for 
each genetic lineage. We used 0.009 substitution/site/million 
years (Pacheco et al. 2011) and 0.0036 substitution/site/mil-
lion years (Axelsson et al. 2004) as the substitution rate for 
ND2 and FIB5, respectively. We set 100 million runs and 
the parameters were saved each 1000 runs. We evaluated the 
run quality using Tracer ver. 1.6 and ESS values (> 200). The 
graphic result is a representation of median effective popula-
tion size through the time in years and lower and upper 95% 
HPD values as confidence intervals for each lineage.

Divergence time

In order to estimate divergence time among genetic lin-
eages, we performed an isolation with migration analysis in 
IMa2 (https://bio.cst.temple.edu/~hey/software) assuming 
the lineage relationship ((((E_Cerrado/Chaco) W_Cerrado) 
NE_Cerrado) Caatinga) obtained in the species tree analy-
sis (Fig. 3), where ancestral lineages were identical in size 
to their largest descendant lineage, and symmetric migra-
tion parameter between lineages. We used a floating-point 
run duration (the analysis ran until 22 million generations), 
one million generations as a burn-in, 15 as maximum time 
of population split, 60 as migration prior value and 50 as 
maximum for population size. We used a geometric heat-
ing model, five chains and 0.9 for first and second heating 
parameters. We assumed one year as generation time and 
mutation rates’ geometric mean to estimate values in demo-
graphic units.

Niche modeling and stable areas

To evaluate the climatic niche of L. angustirostris lineages and 
predict areas of historical persistence of the species, we per-
formed a paleo-distribution niche analysis using 106 occur-
rence points (Fig. 4A, Supplementary information) obtained 
from our own fieldworks, museums records, literature revi-
sion and from the Global Biodiversity Information Facility – 
GIBF (available on www.gbif.org). We created a grid with the 
same resolution of climatic data (2.5° × 2.5°) and, to reduce 
the bias of occurrence matrix on the analysis, we choose only 
one occurrence point for each grid cell.
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First, we evaluated niche models for the present period 
considering a) all climate variables, b) excluding the most 
correlated variables and c) by selecting the most important 
variables according to the criterion of percent contribution 

of each variable (keeping variables with > 5%). These three 
approaches yielded similar models, but only using the full 
set of variables (AUC = 0.879) the savannas of Amapá 
and other northern isolated populations were climatically  

Figure  2. Majority rule consensus tree obtained for Lepidocolaptes angustirostris by the Bayesian Inference analysis of ND2 and FIB5 
sequences. Support values indicated by nodes represent Bayesian posterior probability (threshold > 0.8). Throat and breast plumage color 
pattern are also indicated by vertical brown bars. Branches were colored according to the genetic lineage as indicated in the colored bars on 
the right. Samples from the STDF nuclei (Caatinga, Misiones, Chiquitano and Piedmont) are shown in bold. Samples collected in the 
Caatinga/Cerrado ecotone are indicated with a hashtag (#). Localities sharing sequences form different lineages are shown in underline.
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suitable areas. Thus, the discussion of the results was based 
on the scenarios using the full set of variables. Then, we pro-
jected the distribution during the following time periods: 
Last Inter-Glacial (LIG, ~150 - 120 kyr BP), Last Glacial 
Maximum (LGM, 21 kyr BP) and Mid-Holocene (6 kyr BP) 
using the best scenario. For LGM and Mid-Holocene, two 
atmosphere-ocean circulation models (CCSM4 and MIROC) 
were used. We obtained these models by using the Maximum 
entropy algorithm in the MaxEnt (Phillips et al. 2010). We 
choose the 10-percentile training presence as threshold. The 
19 bioclimatic variables (BIO1–BIO19) were obtained from 
WorldClim database (Hijmans et al. 2005). Climatic stable 
areas were estimated overlapping the current potential distri-
bution and the other paleo-projections (LIG, LGM and Mid-
Holocene) using raster calculator tool in ArcMap 10.1. Areas 
that were suitable in all projections were defined as climatic 
stable for L. angustirostris.

Results

We collected a genetic data set that consisted in a final align-
ment of 1449 bp (ND2, 978 bp; FIB5, 471 bp). The genetic 
variability of ND2 was higher than of FIB5 (Table 1). We 
found low (FIB5 ΦST = 0.09, p < 0.05) to moderate genetic 
structure (ND2 ΦST = 0.46, p < 0.05) considering all indi-
viduals as a single population, indicating that there is no ran-
dom mating among them.

We found correlation between genetic and geographic dis-
tance considering all individuals (r = 0.22, p = 0.000), while 
no evidence of correlation was observed within each genetic 

lineage, except for E_Cerrado (r = 0.32, p = 0.009) (Table 2). 
However, the spatial autocorrelation analysis for ND2 shows 
that IBD may occurr only in distances fewer than 1200 km 
(p = 0.003, Supplementary information).

Genetic lineages and genetic structure

We identified five haplogroups in the ND2 network: 
one group in Caatinga, three in Cerrado (NE_Cerrado, 
E_Cerrado and W_Cerrado) and one in Chaco (Fig. 1B). 
Cerrado’s haplogroups occured at northeastern (NE), east-
ern (E) and western (W) regions of the biome, respectively 
(Fig. 1). A star-like pattern suggesting recent population 
expansion is clear on Chaco lineage. In contrast, FIB5 net-
work showed one frequent and widely distributed haplotype 
(H_01), and few less frequent tip ones (Fig. 1B).

While BI (Fig. 2) supported the five haplogroups described 
above with high posterior probabilities values, excepted for 
some Cerrado’s lineages, species tree analysis (Fig. 3) showed 
low support values for almost all nodes. Based on species tree 
analysis, the Caatinga lineage was the first to diverge, followed 
by divergence of NE_Cerrado, W_Cerrado, Chaco and E_
Cerrado. Basically, we found that each genetic lineage was 
restricted to one of the dry diagonal biomes, without find-
ing unique lineages associated to the STDFs nuclei (Fig. 2), 
except for Caatinga. Instead, some samples from Misiones 
and Piedmont were recovered in Chaco lineage and samples 
from Chiquitano were recovered in W_Cerrado lineage.

Considering the five genetic lineages described above, 
the population genetic structure of L. angustirostris is strong 
(ND2: ΦST = 0.76, p < 0.05; FIB5: ΦST = 0.62, p < 0.05). 

Figure 3. Multilocus species tree showing the relationships among the Lepidocolaptes angustirostris genetic lineages using coalescent model 
and constant population size for ND2 and FIB5 datasets. Support values (posterior probabilities) are shown for each node. Divergence time 
values (in years ago, y.a.) and 95% CI (in parenthesis) between lineages are based on isolation with migration models.
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The highest ΦST values were observed between Caatinga 
and Chaco, while the lowest values were found between 
E_Cerrado and W_Cerrado, and E_Cerrado and Chaco 
(Supplementary information).

Demographic processes and divergence time

The demographic history recovered by Fu’s FS, Tajima’s D and 
R2 tests showed clear signals of recently range expansion only 
in Chaco lineage, while W_Cerrado showed range expan-
sion signature only in R2 and Fu’s FS tests based on ND2 

(Table 2). A similar pattern was also observed by the EBSP 
analysis where Chaco lineage showed signal of demographic 
size shifts through time (Supplementary information), while 
in W_Cerrado the sign of demographic size shifts was less 
evident.

All intraspecific diversification events of L. angustirostris 
likely occurred during the Pleistocene (Fig. 3). However, 
probably due to the low variability of genetic markers, the 
error associated with these estimates is very wide and does 
not rule out that some diversification events may have 
occurred in the Pliocene. The first diversification, separating 

Figure 4. Present and past models of geographic distribution of L. angustirostris. (A) Current model using all climatic variables (see Methods 
for details); green dots show the occurrence points used in modeling (for more details see Supplementary information). (B) Mid-Holocene 
(6 kyr BP.); light grey represents suitable areas for one climate model and dark grey the concordant suitable areas. (C) Last Maximum Glacial 
(21 kyr BP); light grey represents suitable areas for one climate model and dark grey the concordant suitable areas. (D) Last Interglacial 
(~120 kyr BP). (E) Stable areas across all periods are indicated by yellow areas. Genetic lineages are represented by colors: purple, Caatinga; 
pink, NE_Cerrado; blue, W_Cerrado; green, E_Cerrado; and orange, Chaco.

Table 1. Genetic diversity of Lepidocolaptes angustirostris lineages based on two genetic markers (ND2 and FIB5). Numbers within paren-
these indicate sample size. h = number of haplotypes; Hd = haplotype diversity; π = nucleotide diversity; k = nucleotide differences.

All samples (63)
Lineages

Caatinga (6) NE_Cerrado (5) W_Cerrado (14) E_Cerrado (14) Chaco (24)
ND2 FIB5 ND2 FIB5 ND2 FIB5 ND2 FIB5 ND2 FIB5 ND2 FIB5

h 32 11 6 4 2 2 9 2 8 4 15 5
Hd 0.94 0.40 1.00 0.79 0.40 0.53 0.90 0.07 0.91 0.55 0.87 0.24
π 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
k 4.71 0.61 3.60 1.70 0.80 0.53 3.10 0.07 2.87 1.05 1.90 0.25
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Caatinga from the other lineages, occurred around 309 kyr 
BP (180.580–3,881.490 kyr BP), followed by divergence of 
NE_Cerrado around 254 kyr BP (87.337 – 2,926.166 kyr 
BP), and W_Cerrado around 138 kyr BP (33 – 1,776.670 
kyr BP). Finally, the more recent diversification occurred 
between Chaco and E_Cerrado, and dated around 76 kyr BP 
(13.592 – 739.794 kyr BP).

Potential distribution model and stable areas

The projection for the LIG (~120 kya) suggests a period 
with low and fragmented suitable areas for L. angustirostris 
(Fig. 4D). During the LIG, the Chaco was the only suitable 
patch closer to the current distribution area. It’s possible to 
identify an expansion of suitable areas, and signals of patch 
connections at the LGM (21 kya; Fig. 4C). This expansion is 
more evident at Cerrado. Suitable area is slightly more exten-
sive than the current geographical distribution of the spe-
cies at the Middle Holocene (6 kya; Fig. 4B). Summarizing, 
the suitable areas for L. angustirostris were smaller and more 
fragmented in the LIG, with the exception of Chaco, which 
is similar to its current distribution. Since LIG, the amount 
of suitable habitat expanded, particularly in Cerrado. This 
expansion led to the reconnection of the fragments within 
the biome and to re-establish contact among  biomes. In con-
trast, the suitable areas in the northeastern Brazil (Caatinga) 
did not increase as much and remained more isolated.

The major climatic stable area identified was within the 
current Chaco/Misiones/Piedmont region (Fig. 4E). We 
also identified four main patches located on western, east-
ern and northeastern Cerrado and one fragmented patch on 
Caatinga. In general, we identify a geographical correspon-
dence among the stable areas and the genetic lineages identi-
fied for L. angustirostris (Fig. 4E).

Discussion

Our phylogeographic study of L. angustirostris did not find 
evidence for the hypothesis stating that open environment 
species are able to disperse over long distances, and thus to 
have high gene flow among populations and less geographic 

genetic differentiation. In contrast, our results indicated 
that L. angustirostris has strong genetic structure along the 
dry diagonal (ΦST > 0.62), having lineages associated to 
each biome. Lineage divergence was likely driven by events 
occurring during the Pliocene/Pleistocene, perhaps related to 
climatic oscillations and landscape heterogeneity caused by  
differences among the dry diagonal biomes.

Isolation by distance

We found evidence of isolation by distance in L. angustirostris 
when considering all individuals as a single population, as 
well as within E_Cerrado lineage. However, in both cases, the 
Mantel test correlations may have been biased by the pres-
ence of samples with more than 1200 km apart from each 
other (Fig. 1), the threshold observed in the spatial autocor-
relation analysis (Supplementary information). Furthermore, 
significant Mantel correlation can also be observed due to 
the presence of genetic subpopulations (Diniz-Filho  et  al. 
2013), which was observed in this study, as discussed below. 
This result agrees with that obtained for another open area 
bird species, the rufous-collared sparrow Zonotrichia capensis 
(Campagna et al. 2014).

Lack of isolation by distance within the L. angustirostris 
lineages could have the following non-mutually exclusive 
explanations, such as: (I) the species capability of dispersion 
could be higher than expected; (II) the timescale for equi-
librium between gene flow and genetic drift could have not 
been achieved due to recent population expansion (Castric 
and Bernatchez 2003, Pinsky et al. 2010); and (III) the het-
erogeneity of the landscape can restrict the dispersal of indi-
viduals irrespective of their dispersal capacity. Although these 
hypotheses have to be further investigated, our data support 
that the third one can be a good explanation.

Climatic oscillations and stable areas

The strong association between stable areas and genetic 
lineages (Fig. 4E) suggests that climatic oscillations have 
been a primary force driving intraspecific diversification of 
L. angustirostris. Stable areas may have maintained isolated 
populations during the warm and wet interglacial periods, 

Table 2. Mantel test results and demographic metrics of genetic lineages of Lepidocolaptes angustirostris. Statistically significant p-values  
(p < 0.05) are shown in bold.

Locus Population
Mantel  
(r value) p Fu’s FS p Tajima’D p R2 p

ND2 Caatinga −0.428 1.000 0.121 0.473 −11.007 0.168 0.178 0.323
NE_Cerrado −0.539 1.000 10.986 0.739 −0.710 0.252 0.433 1.000
W_Cerrado 0.820 0.107 −30.189 0.037 −13.987 0.082 0.085 0.004
E_Cerrado 0.323 0.009 −20.800 0.097 −0.673 0.282 0.112 0.108
Chaco 0.088 0.431 −12.551 0.000 −24.242 0.000 0.042 0.000

FIB5 Caatinga 0.440 0.005 0.480 0.626 −0.171 0.477 0.150 0.364
NE_Cerrado 0.152 0.338 0.966 0.851 14.442 0.921 0.286 0.696
W_Cerrado 0.290 0.068 −11.545 0.338 −11.514 0.115 0.186 0.973
E_Cerrado −0.131 0.739 0.453 0.631 0.050 0.571 0.131 0.136
Chaco 0.102 0.316 −41.630 0.001 −16.634 0.002 0.054 0.083
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which expanded as the climate moved towards the colder 
and drier glacial periods, reestablishing contact and eventual 
gene flow between previous isolated lineages. However, estab-
lishing gene flow seems to have been more intense between 
Chaco and E_Cerrado, than between Cerrado and Caatinga 
lineages. As the latter was the first to diverge (Fig. 2, 3) and 
showed greater genetic divergence in relation to the other 
lineages (Supplementary information), it seems to have 
remained more isolated along the climatic oscillations. Niche 
modeling supported this historical isolation (Fig. 4).

Our results are in accordance with other studies that found 
evidence of retraction of South American open biomes during 
warmer interglacial periods, and expansion during cold and 
dry glacial periods (Bueno et al. 2017, Lima-Rezende et al. 
2019). As consequence of this spatio-temporal dynamic of 
suitable areas, it can be expected that individuals evolved in 
isolation under different climatic and ecological pressures, 
and action of the genetic drift, accumulating differences that 
can limit gene flow between these lineages at the limits of 
respectively suitable areas after niche and population expan-
sions (Hewitt 2004).

Interestingly, the Chaco lineage was the only one with 
signs of demographic expansion in the last 120 000 years 
(Supplementary information), while distribution modeling 
indicated habitat stability in this region. Perhaps the stable 
population size observed in the other lineages may be due to 
either a non-proportional effect between the expansion of the 
niche and populations (for details, see Crick 2004), or the low 
geographic sampling coverage, in the case of NE_Cerrado 
lineage, or the low sampling size for the other lineages. 
However, these hypotheses should be further investigated.

The paleodistribution models were in accordance with 
the idea that STDFs expanded during the Last Glacial 
Maximum, since the potential habitat of L. angustirostris 
populations inhabiting the STDFs were more disjunct dur-
ing the LIG than at the LGM (Fig. 4D). Our results also indi-
cated that Chiquitano, Piedmont and Misiones nuclei were 
likely recently colonized by L. angustirostris coming from the 
neighboring biomes, likely favored by the habitat connectiv-
ity established among these different open formations. For 
instance, individuals sampled in the Chiquitano (see LOC 
25 in Fig. 2) were included in the W_Cerrado lineage, while 
some individuals sampled in the Misiones and Piedmont (see 
LOC 24 and 26 in Fig. 2) were included in the Chaco lin-
eage. The evidence supporting a recent connection between 
Chiquitano and Cerrado regions consist in pollen record data 
indicating that the final establishment of Cerrado vegetation 
distribution took place in the Mid-Holocene (Ledru 2002), 
and the potential expansion of STDFs during this period 
indicated by paleodistribution modelling (Werneck  et  al. 
2011). The genetic link between the woodcreeper popula-
tions from Chaco and Misiones are also supported by our 
paleodistribution models, suggesting that these regions have 
been connected along the last 120 000 years.

As most of the genetic variation analyzed in this study 
comes from the mitochondrial genome, the strong genetic 

structure observed in L. angustirostris may have been achieved 
by male-biased gene flow, as observed in other bird species 
(Gibbs  et  al. 2000). Both datasets analyzed here could be 
related, but the lower resolution of FIB5 does not allow clearly 
identify a geographical pattern. Furthermore, although stud-
ies focusing on the dispersion pattern in woodcreepers are 
practically nonexistent, genetic studies combining unipa-
rental and biparental molecular markers have found that the 
incongruence between these markers can be explained as a 
consequence of the difference in the effective population size 
between these markers (Cabanne et al. 2008).

Landscape heterogeneity

The genetic lineages identified in L. angustirostris are spatially 
associated with only one biome of the dry diagonal, which 
suggests that landscape heterogeneity may be an important ele-
ment for the intraspecific variation in this woodcreeper. Our 
findings agree with recent studies of lizards (Vanzosaura rubri-
cauda, Recoder et al. 2014; Polychrus acutirostris, Fonseca et al. 
2018) and birds (Polioptila plumbea, Moura  et  al. 2018) in 
which taxa widely distributed along the dry diagonal are com-
posed by distinct lineages (or cryptic species). Furthermore, 
all these studies found endemic lineages to Cerrado and 
Caatinga, with restriction of gene flow between these two 
biomes. Likewise, ecotone regions seem to be an important 
barrier to gene flow for L. angustirostris, mainly between 
Cerrado and Caatinga. The lineage of Caatinga and two of 
Cerrado (NE_Cerrado and E_Cerrado) have a very narrow 
contact area in the northeastern Brazil, coinciding with the 
ecotone between these two biomes (Fig. 1A). A similar pattern 
was also observed for a spider species (Sicarius cariri), when 
populations highly structured were found in the northeast-
ern Brazil (Magalhaes et al. 2014). Although the genetic break 
identified between the Cerrado and Chaco lineages covers the 
ecotone between these biomes, our sampling does not allow to 
establish a clear limit for this barrier (Fig. 1A).

Gene flow among L. angustirostris lineages is likely to 
occur within and between the Cerrado and Chaco, because 
mitochondrial haplotype sharing was observed between 
E_Cerrado and W_Cerrado (LOC20) and between E_
Cerrado and Chaco (LOC27) lineages (Fig. 1, 2). The gene 
flow between these lineages was geographically restricted at 
the border of the lineage ranges, suggesting that the barri-
ers to gene flow between these biomes are efficient, but less 
effective than those between the lineages from Cerrado and 
Caatinga. It is not possible to identify an evident geographi-
cal barrier between the lineage of Cerrado; however, it may 
be associated with the landscape compartmentalization of 
Cerrado, as observed in a tanager (Neothraupis fasciata, Lima-
Rezende et  al. 2019) and a lizard (Micrablepharus atticolus, 
Santos  et  al. 2014) species. The gene flow between the E_
Cerrado and Chaco lineages was observed in an STDF patch 
(Serra da Bodoquena, LOC 27, Fig. 1, 2), suggesting that 
these forests may have an important role in the dispersal of 
birds among these biomes (see below).
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E_Cerrado was the lineage that had the greatest geograph-
ical distribution, including samples from Eastern Argentina 
(Entre Ríos and Buenos Aires Provinces). These samples 
formed a well-supported clade in the BI tree (LOC 33, 36 and 
37, Fig. 2), suggesting that this region may harbor a differen-
tiated genetic group within this lineage. A recent local study 
showed that L. angustirostris from the Province of Buenos 
Aires represent a different genetic population compared to 
other individuals from the Chaco (Kopuchian et al. 2020). 
In this study, the authors attribute the Paraná-Paraguay River 
palaeochannel and the limit between the Espinal–Chaco 
ecoregions as a potential barriers to gene flow between these 
two populations. The limited sampling of eastern South 
America does not allow our data to help clarify this issue, 
however it indicates that barriers to gene flow are much more 
efficient in restricting contact in the ecotone between Espinal 
and Chaco ecoregions than between the south (Buenos Aires 
Province) and north (Cerrado) of the distribution of this 
lineage.

Finally, evidence of historical gene flow (contact) was 
also observed between W_Cerrado and the disjunct savan-
nas of Amapá (LOC 01, Fig. 1, 2). Several paleo-corridors 
of fauna (Andean, Atlantic coastal, central Amazonian and 
along the Madeira River) have been proposed to explain the 
connection between Cerrado and the savannas of northern 
South America (Silva and Bates 2002, Ribeiro et al. 2016). 
Although our data do not allow to identify which corridor is 
the most likely, the connection with the W_Cerrado lineage 
suggests that the corridor across the Atlantic Coast is the least 
likely to explain the connection between the Cerrado and the 
savannas of Amapá for L. angustirostris.

Taxonomic implications

Our results indicate that the subspecies of L. angustirostris are 
not monophyletic (Fig. 2). In addition, none of the genetic 
lineages of this species have morphological diagnosis, as they 
do not match subspecies. Even NE_Cerrado lineage, which 
is formed entirely by samples from subspecies L. a. coronatus, 
cannot be considered a distinctive taxonomic unit, since sam-
ples assigned to this subspecies were also found in Caatinga 
lineage (Fig. 2). Considering that each plumage group is 
associated to either Caatinga and northeastern Cerrado 
(group bivittatus) or to the Chaco, southwestern Cerrado 
and neighboring regions (group angustirostris) (Fig. 1), would 
be expected that each plumage group represent an indepen-
dent evolutionary lineage. However, our results showed that 
plumage color groups described by Marantz  et  al. (2003) 
did not form clear monophyletic clades (Fig. 2). Thus, our 
results support to consider L. angustirostris as a single spe-
cies, but with strong genetic structure and plumage poly-
morphism, which is in agreement with a recent review of the 
plumage variation in the species (Bolívar-Leguizamón and  
Silveira 2015).

Plumage color variation in this species may be due to 
niche heterogeneity among regions, which would promote 
disruptive selection and plumage divergence in the presence 

of gene flow (Galeotti et al. 2003). It is worth calling atten-
tion to the fact that despite L. a. griseiceps being monophy-
letic, the individuals of this subspecies are unstreaked and 
form a well-supported clade within the W_Cerrado lineage 
(Fig. 2), which is formed mainly by streaked individuals.

Finally, a song analysis would be useful to investigate the 
divergence among the lineages described in this study, as well 
as to evaluate whether those lineages represent organismic 
divergence at levels higher than the neutral genetic structure. 
For instance, a molecular study with Zimmerius genus shows 
plumage as a conservative characteristic and song as a bet-
ter divergent signal (Rheindt et al. 2008). Thus, this pattern 
could also be true for L. angustirostris.

Concluding remarks

We refuted the hypothesis that bird species associated with 
open environments have less geographic differentiation. In 
contrast, all genetic lineages identified here are historically 
associated with one stable climatic area suggesting that diversi-
fication within L. angustirostris has been primarily influenced 
by Pleistocene climatic oscillations, which promoted allopat-
ric diversification during interglacial periods. Secondarily, the 
heterogeneous landscape along the dry diagonal may have 
being limiting gene flow among the genetic lineages after 
contact was re-established among them. Thus, our results 
are in agreement with other studies (Lima-Rezende  et  al. 
2019, Silva et al. 2019) indicating that Pleistocene climatic 
oscillations have had a strong influence in the intraspecific 
divergence of dry diagonal avifauna. Our results reinforce the 
initial proposition of Pennington et al. (2000), then stressed 
by others (Werneck et al. 2012, Fouquet et al. 2014), that the 
different biomes of the dry diagonal should be considered as 
independent units from the biogeographical point of view.
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