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Abstract

Aim: The Neotropics constitute the most biodiverse region of the world, yet its pat-
terns of diversification and speciation differ among Neotropical areas and are not
equally well understood. Particularly, avian evolutionary processes are understudied
in the open habitats of temperate South America, where the role of glacial cycles
is not clear. We analysed the evolutionary history of a Neotropical widespread bird
species as a case study to evaluate its continental-scale patterns and processes of
diversification, with a focus on Patagonia.

Location: Open habitats of the Neotropics.

Taxon: Vanellus chilensis (Aves, Charadriiformes).

Methods: We obtained reduced representation genomic and mitochondrial data from
the four subspecies of V. chilensis to perform a phylogenetic/phylogeographical analy-
sis and study the evolutionary history of the species. We complemented these analy-
ses with the study of vocalizations, a reproductive signal in birds.

Results: The initial diversification event within V. chilensis, approximately 600,000 years
ago, split a Patagonian lineage from one containing individuals from the rest of the
Neotropics. We found considerable gene flow between these two lineages and a
contact zone in northern Patagonia, and showed that genomic admixture extends to
northwestern Argentina. Shallower divergence was detected between the two non-
Patagonian subspecies, which are separated by the Amazon River. Vocalizations were
significantly different between the two main lineages and were intermediate in their
temporal and frequency characteristics in the contact zone.

Main Conclusions: Patagonian populations of V. chilensis are clearly differentiated
from those of the rest of the Neotropics, possibly as a consequence of Pleistocene
glaciations. A secondary contact zone in northern Patagonia with extensive gene flow
among lineages appears to be the consequence of post-glacial, northward expansion
of the Patagonian populations. Future analyses focused on the dynamics of the con-
tact zone will allow us to establish whether the species continues to diverge or is

homogenizing.
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1 | INTRODUCTION

The Neotropics constitute the most biodiverse region of the world
(Rosenzweig, 1995), thus rendering the study of its patterns of diver-
sification and speciation particularly relevant. Although the evolu-
tionary history of Neotropial birds has been traditionally less studied
than in other regions (Beheregaray, 2008; Reddy, 2014; Turchetto-
Zolet et al., 2013), this started to change in the last couple of de-
cades, mainly due to studies performed in the Andes (e.g. Brumfield
& Edwards, 2007; Sedano & Burns, 2010; Weir, 2006), Amazonia (e.g.
Aleixo & Rossetti, 2007; Naka & Brumfield, 2018; Ribas et al., 2012)
and the Atlantic Forest (e.g. Cabanne et al., 2008; Lavinia et al., 2019;
Trujillo-Arias et al., 2020). These studies started to shed light on the
processes responsible for avian diversification in the region and made
clear that they depend on a complex array of factors and their inter-
action (Rull, 2011; Rull & Carnaval, 2020; Turchetto-Zolet et al., 2013).
Among these factors, the Andes Mountains stand out as they consti-
tute a geographical barrier for lowland bird populations (Brumfield &
Edwards, 2007; Fernandes et al., 2014; Weir & Price, 2011) and have
also promoted diversification of highland taxa (Beckman & Wiit, 2015;
Campagna et al., 2011; Weir, 2006). Other Neotropical drivers of
diversification include wide rivers (Kopuchian et al., 2020; Naka &
Brumfield, 2018; Ribas et al., 2012) and the open vegetation corridor
thatisolates Amazonia and the Andean forests from the Atlantic Forest
(Cabanne et al., 2019; Lavinia et al., 2019; Trujillo-Arias et al., 2020).
Pleistocene glacial cycles also fuelled avian diversification. In fact,
they are considered a key speciation factor in the Nearctic and the
Palearctic (particularly in boreal regions; Lovette, 2005), where the
advance of the ice sheets isolated avian populations, promoting allo-
patric speciation (Lessa et al., 2003; Weir & Schluter, 2004) and re-
sulting in a high proportion of recently diverged species with limited
phylogeographical structure (Lijtmaer et al., 2011; Lovette, 2005).
In the Neotropics, glacial cycles were also relevant for avian diver-
sification, but not due to the advance of large ice sheets. Instead,
Pleistocene climate oscillations triggered modifications in the vegeta-
tion and generated habitat fragmentation (mostly in tropical forests;
e.g. Carnaval & Moritz, 2008; Pennington et al., 2000), promoting an
increase both in phylogeographical structuring and speciation (e.g.
Cabanne et al., 2008; Rull, 2011; Silva et al., 2019; Thom et al., 2020).
More similarly to the Northern Hemisphere, in Patagonia (the
southern extreme of the continent) and in the highland habitats of

the Andes, the direct advance of the ice and the expansion of glaciers
during Pleistocene glaciations presumably isolated bird populations
in refugia (Kopuchian et al., 2016; Weir, 2006) and generated an in-
crease in their diversification rates (Jetz et al., 2012; Weir, 2006).
However, southern South America has been comparatively much
less studied than the rest of the Neotropics and the diversifica-
tion processes in the region are still not as clear (Turchetto-Zolet
etal.,2013). Studies performed in plants and vertebrates in Patagonia
suggest that diversification patterns in this area were also more
complex than in North America and were generated both by glacial
cycles and pre-Pleistocene geological factors (Sanchez et al., 2021,
Sérsic et al., 2011; Turchetto-Zolet et al., 2013). The effect of glaci-
ations on Patagonian birds has been particularly understudied, but
the few analyses performed so far suggest a marked effect of glaci-
ations that affected several species (Acosta et al., 2020; Campagna
et al., 2012; Kopuchian et al., 2016).

The main diversification drivers proposed for the Neotropics
(such as the Andes Mountains and wide rivers) are expected to gen-
erate geographical isolation between populations and their conse-
quent diversification in allopatry. However, genomic studies in birds
and other animal groups clearly show that gene flow between diverg-
ing populations is much more common than traditionally considered
(Lamichhaney et al., 2015; Poelstra et al., 2014; Pulido-Santacruz
et al., 2019; Winker, 2021). Among other causes, this can be a con-
sequence of speciation in sympatry or without clear geographical
barriers (Barluenga et al., 2006; Lamichhaney et al., 2017; Martin
et al., 2013; Rodriguez-Cajarville et al., 2022; Turbek et al., 2021)
or the fact that barriers are more permeable than previously con-
sidered (Lavinia et al., 2019; Rodriguez-Gémez et al., 2013; Smith
et al., 2014). In this context, the study of diversification and specia-
tion in the Neotropics should not only assess the factors involved
but also analyse how diversification occurred, if there is evidence of
gene flow and, if this is the case, whether it occurred during diversi-
fication or as a consequence of secondary contact (Luzuriaga-Aveiga
etal., 2021).

The Southern Lapwing (Vanellus chilensis; Charadriiformes) is
a particularly pertinent species to study the influence of differ-
ent diversification factors in the Neotropics. First, it is widespread
and regionally common, distributed from southern Nicaragua
(12°N) to Tierra del Fuego, Argentina (55°S; Piersman, 1996;
Figure 1a), and found mainly in the lowlands but also in high

FIGURE 1 Distribution of V. chilensis, sampling information and analyses of mitochondrial DNA. (a) Distribution map (shaded in orange)
showing the localities of sampled individuals, the subspecies to which they belong and the type of sequence obtained from each of them.
Distribution was based on BirdLife International and NatureServe (2014). (b) Median-joining haplotype network of concatenated mDNA
(COl+cyt b; 1238bp). Circles represent haplotypes and their size is proportional to their frequency. The length of the branches connecting
haplotypes is proportional to the number of nucleotide differences between them, which are indicated by the number of line marks on each
branch. Colours represent the subspecies according to the scheme incorporated in the figure; note that the individuals from the contact
zone between lineages were not assigned a subspecies and they are differentiated with a specific colour. Black circles represent unsampled
hypothetical haplotypes. (c) Bayesian phylogenetic tree with divergence times obtained from the analysis of the concatenated mitochondrial
dataset (1238 bp). The numbers near the nodes indicate the mean divergence time estimates and the numbers between square brackets
correspond to the 95% highest posterior density intervals of those estimates. Divergence times and the numbers between square brackets
are in millions of years ago. Posterior probability (PP) values are shown below the divergence times: **indicates maximum support (PP=1.0);
*denotes PP >0.95. The colours to the right of the tree identify the subspecies of each individual. Bird illustrations are from Santos (2020).
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grounds up to more than 3500 metres above sea level (Wiersma &
Kirwan, 2018). Such a continent-wide distribution allows assessing
the role of various diversification drivers at different spatial and
temporal scales (Harvey & Brumfield, 2015; Lavinia et al., 2015;
Lougheed et al., 2013). Second, it inhabits mainly open areas, in-
cluding savannahs, steppes and pastures (Delfino & Caio, 2021,
Jahn et al., 2017), which have been particularly poorly studied
regarding their avian evolutionary patterns (Turchetto-Zolet
et al,, 2013; but see van Els et al., 2021).

Finally, by understanding the patterns of phenotypic and genetic
variation within V. chilensis, it is possible to study how different diver-
sification factors could have acted along its distribution. Specifically,
based on morphological and vocal variation, four subspecies are cur-
rently recognized, which are separated into two groups: V. c. chilensis
and V. c. fretensis are found in Patagonia (and also in central Chile),
with the latter restricted to the southern extreme of South America,
whereas V. c. cayennensis and V. c. lampronotus are found in the rest of
the species' distribution (north and south of the Amazon River respec-
tively; Clements et al., 2021; Fjeldsa & Krabbe, 1990; Livezey, 2010;
Wiersma & Kirwan, 2018). In fact, this phenotypic differentiation
led some authors to propose that V. chilensis could actually include
two different species (Fjeldsa & Krabbe, 1990). Consistently with
this grouping, analyses of mitochondrial DNA have shown that the
Patagonian populations diverge by at least 1.5% genetic distance in
the cytochrome c oxidase subunit | (COI) gene from the rest of the
species (Elbourne, 2011; Kerr et al., 2009), even when there are cur-
rently no obvious geographical barriers between these groups. To the
contrary, subspecies within each of the two main groups appear to be
genetically similar (Elbourne, 2011; van Els et al., 2021).

In this context, we chose V. chilensis as a model to perform a con-
tinental-scale study of the patterns and processes of diversification
in the Neotropics with a focus on Patagonia and the putative effects
of glacial cycles. For this, we generated mitochondrial DNA infor-
mation and nuclear genomic DNA data and analysed the tempo and
mode of diversification of this species and evaluated the presence
of gene flow between its different lineages. We complemented the
genetic approach with a quantitative analysis of vocal data from the

four subspecies and the contact zone between the two main groups.

2 | MATERIALS AND METHODS

2.1 | Taxon sampling for genetic and genomic
analyses

The dataset consisted of 58 specimens of V. chilensis from 47 collec-
tion sites covering the main distribution range of the species, with a
focus on the southern cone of South America (Figure 1a; Table S1). V.
resplendens, the sister species of V. chilensis (Livezey, 2010), was used
as outgroup. Subspecies were determined according to the distribu-
tion range described by Piersman (1996) and Clements et al. (2021).
Samples collected in northern Patagonia (north of Rio Negro and
Neuquén provinces in Argentina) and the southern region of central

Argentina (south of Mendoza and Buenos Aires provinces) were not
assigned a subspecies since this region represents the contact zone
between V. c. chilensis and V. c. lampronotus and thus between the two
main groups of the species (Clements et al., 2021; Elbourne, 2011;
Fieldsa & Krabbe, 1990; Kerr et al., 2009; Livezey, 2010; Wiersma
& Kirwan, 2018).

2.2 | Extraction, amplification and sequencing of
mitochondrial DNA

DNA from fresh tissue (blood, liver or pectoral muscle) was extracted
following the silica-based protocol described by Ivanova et al. (2006)
using individual spin columns (Lijtmaer et al., 2012). We amplified two
mitochondrial genes: COI (695 bp) and cytochrome b (cyt b, 1007 bp)
with primer pairs BirdF1 (Hebert et al., 2004) and COlbirdR2 (Kerr
et al., 2009) and L14841 (Kocher et al., 1989) and H16065 (Lougheed
et al., 2000) respectively. The PCR cocktails and thermocycling pro-
files followed Lijtmaer et al. (2012) for COIl and Arrieta et al. (2013)
for cyt b and are detailed in Appendix S1 in Supporting Information.
Sequencing of COIl and cyt b was conducted at Macrogen (Seoul,
Korea) and performed bidirectionally with the primers used for ampli-
fication. GenBank accession numbers are included in Table S1.

2.3 | Obtaining nuclear genomic markers
through ddRADseq

We performed double-digest restriction site-associated DNA se-
quencing (ddRADseq; Peterson et al., 2012) following the proto-
col detailed in Thrasher et al. (2018). Sequencing was performed
on an lllumina HiSeq 2500 lane (single-end, 150-bp) at the Cornell
University Biotechnology Resource Center. Detailed information is

provided in Appendix S1.

2.4 | Analyses of mitochondrial gene sequences

We edited and aligned COI and cyt b sequences using CODONCODE
ALIGNER 4.0.4 (CodonCode Corporation). Analyses were performed
using the concatenated sequences of COIl and cyt b. We calculated
the average p distances with Meca 5.2 (Tamura et al., 2011) to analyse
genetic variation and generated haplotype networks with the median
joining algorithm implemented in poparT 1.0 (http://popart.otago.ac.
nz). We conducted an analysis of molecular variance (AMOVA) in Ar-
LEQUIN 3.5 (Excoffier & Lischer, 2010) to explore the distribution of
genetic variation within V. chilensis and test whether there are differ-
ences in the frequency of mitochondrial haplotypes among subspe-
cies. The @ values between pairs of subspecies were computed
using uncorrected genetic distance matrices between haplotypes
and significance was tested through 2000 random permutations.
We inferred phylogenetic trees through Bayesian methodology
using MrRBAYES 3.2.2 (Ronquist et al., 2012) and maximum parsimony
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in TNT 1.1 (Goloboff et al., 2003). The best-fit model of nucleotide
substitution for each locus for the Bayesian analysis was selected
using the Bayesian information criterion (BIC) implemented in Jmop-
eltest 2.1.1 (Darriba et al., 2012): HKY for COl and KHY +1 for cyt b
(Hasegawa et al., 1985). More details about these analyses are given
in Appendix S1.

We generated a time-calibrated ultrametric tree with the
Bayesian approach implemented in seauti/geast 1.8 (Drummond
et al., 2012) to estimate the age of the most recent common ances-
tor between V. chilensis and V. resplendens and the time of separation
of the main mitochondrial lineages within V. chilensis. The mitochon-
drial markers were placed in separate partitions with unlinked sub-
stitution and clock models were selected with smopeLTesT (HKY for
COl and HKY +1 for cyt b). The tree models were linked since the
mitochondria are a single unit of inheritance. Further details are pro-
vided in Appendix S1.

2.5 | Assembly and analyses of the nuclear
ddRAD markers

We demultiplexed raw reads and applied standard quality filters in
iPYRAD 0.7.28 (Eaton & Overcast, 2020; see Appendix S1). We only
exported loci that were present in at least 80% of the samples to
generate the final nuclear DNA dataset used for analyses.

We first performed a principal components analysis (PCA) to vi-
sualize genetic clustering using the packages ‘SNPRelate’ and ‘gds-
fmt’ (Zheng et al., 2012) in r 3.5.1 (R Core Team, 2018). We used
all the SNPs of the dataset (including multiple SNPs per locus), but
because the PCA results are sensitive to missing data, SNPs miss-
ing from at least one individual were removed (missing rate=0). To
study the population structure of the species, we used STRUCTURE
2.3.4 (Pritchard et al., 2000) to assign individuals to genetic clus-
ters (K), by using unlinked SNP as exported by ipyrap. Further details
about Structure analysis are given in Appendix S1.

We estimated divergence time, effective population size and gene
flow with G-pHocs 1.2.3 (Gronau et al., 2011). Because of the computa-
tionally intensive nature of this analysis, we restricted our dataset to a
maximum of 10 individuals per subspecies, selecting the samples based
on their location to maintain the widest possible geographical cover-
age within each of the subspecies (see further details in Appendix S1).

Spatial variation in gene flow, the consequently inferred location
of barriers to gene flow and genetic diversity were calculated and
visualized using the program Estimated Effective Migration Surfaces
(EEMS; Petkova et al., 2016). EEMS methodological details are pro-
vided in Appendix S1.

2.6 | Geographical cline analyses of the
mitochondrial and nuclear markers

We fit a series of equilibrium geographical cline models using the
R package ‘hzar’ (Derryberry et al., 2014) to assess whether clinal

EENE e

patterns differed between mitochondrial and nuclear DNA. We de-
termined the position of each population along a 1D linear transect
estimated as the latitudinal distance from the southernmost sample
(Table S2). For each molecular dataset, we chose the model that best
fit the data using the Akaike information criterion corrected for small
sample size (AlICc). See details about these analyses in Appendix S1.

2.7 | Vocal analyses

We analysed 104 independent vocalizations sampled from the four
subspecies and the contact zone between lineages in the northern
region of Patagonia (Table S3).

Recordings were in ‘wav’ format and spectrograms were gener-
ated and analysed using ravenpro 1.5 (http://www.birds.cornell.edu/
raven). Songs in this species consist of a repetition of a single note
with multiple harmonics. We measured five variables on each spec-
trogram related to this repetitive note: the fundamental frequency,
the bandwidth of the note, the mean duration of the note, the mean
duration of the interval between the notes and the number of fre-
quency inflexions of the note. We performed a PCA and used the
nonparametric Kruskal-Wallis test to assess differences among
lineages in their PC scores. We also performed a complementary
one-way analysis of variance (ANOVA), followed by Bonferroni's
contrasts using the individual five song variables. Details about
these analyses are given in Appendix S1.

Finally, we choose the song variable that differed the most be-
tween subspecies and we fit cline models to this vocal variable along
the sampling transect using the R package ‘hzar’ mentioned above
(Table S4; Derryberry et al., 2014). We selected the best fit model
based on the comparison of AICc values. Further details are pro-
vided in Appendix S1.

3 | RESULTS
3.1 | Mitochondrial genetic analyses
3.1.1 | Genetic diversity and population structure

We analysed the concatenated mitochondrial sequences (COIl+cyt
b=1238bp) of 41 individuals representing the four subspecies and
the contact zone between the two main lineages in central Argentina
(Figure 1a; Table S1). Our results showed a clear differentiation be-
tween the subspecies from Patagonia (V. c. chilensis and V. c. freten-
sis) and individuals from the rest of the Neotropics (V. c. lampronotus
and V. c. cayennensis) with a mean genetic differentiation between
these two main lineages of 1.5% (Table 1). Lower levels of differenti-
ation were observed between V. c. lampronotus and V. c. cayennensis
(1% mean divergence). On the other hand, the mean genetic distance
between the two subspecies from Patagonia was 0.2%, which was
the same distance found within V. c. chilensis and indicates almost no
differentiation between these subspecies.
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TABLE 1 Pairwise comparisons among the four subspecies of Vanellus chilensis based on mitochondrial DNA (COl +cyt b). Above the
diagonal: pairwise @4 values with significant values (p <0.05) in bold. Diagonal: mean uncorrected genetic distances within each subspecies.
Below the diagonal: mean uncorrected genetic distances between pairs of subspecies. Genetic distances are expressed in percentage values.
Individuals from the contact zone between lineages were not included in this comparison.

Subspecies V. c. cayennensis V. c. lampronotus V. c. chilensis V. c. fretensis
V. c. cayennensis 0.10 0.70 0.84 0.94
V. c. lampronotus 1.00 0.30 0.82 0.81
V. c. chilensis 1.30 1.70 0.20 0.03
V. c. fretensis 1.20 1.60 0.20 0.00

Both the haplotype network (Figure 1b; Figure S1) and the
AMOVA (Table 1) uncovered a marked phylogeographical structure.
The network showed a clear divergence between the Patagonian lin-
eage and the rest of the species. Even though there is no structure
within Patagonia, as V. c. chilensis and V. c. fretensis lack differentia-
tion and share haplotypes, there is some degree of differentiation
between V. c. lampronotus and V. c. cayennensis and there are two
differentiated groups within V. c. lampronotus. Consistently, ¢ val-
ues from the AMOVA were high between all the pairs of subspecies
(@41 0.7-0.94) with the only exception of the extremely low value
(0.03) between the two Patagonian subspecies (see Table 1). Aside
from this latter case, ®¢; values were significant in all but one of the
comparisons: V. c. fretensis and V. c. cayennensis, from the extremes
of the species distribution, had the highest @ value (0.94) but likely
lacked significance because of their small sample sizes. The haplo-
type network also shows that the contact zone included individuals
from the two main lineages, which in fact shared haplotypes with
representatives of V. c. lampronotus, V. c. chilensis and V. c. fretensis.
Moreover, individuals from both lineages were sampled in the same

localities, very close to each other.

3.1.2 | Phylogenetic analyses and
diversification dating

Bayesian and maximum parsimony (MP) reconstructions recov-
ered V. chilensis as monophyletic in relation to its sister species V.
resplendens (Figure S2). The time-calibrated ultrametric phylogeny
(Figure 1c) shows that the split between them occurred recently,
well within the Pleistocene (0.74 million years ago (Ma); 95% HDP:
0.40-1.24). These reconstructions show two reciprocally mono-
phyletic clades (Figure S2; Figure 1c): one including the subspecies

from Patagonia (V. c. chilensis and V. c. fretensis) and the other with

the subspecies from the rest of the Neotropics (V. c. lampronotus
and V. c. cayennensis). The split between them, which was the first
split within the species, occurred in the Middle Pleistocene, ap-
proximately 0.59Ma (95% HPD: 0.33-0.93 Ma). Subsequently, the
subspecies from central South America (V. c. lampronotus) and the
northern Neotropics (V. c. cayennensis) separated approximately
0.39Ma (95% HPD: 0.21-0.62 Ma). The contact zone includes indi-
viduals from both lineages and no separation can be observed be-

tween the two Patagonian subspecies.

3.2 | Nuclear genomic analyses

We studied reduced-representation genomic loci from 45 specimens
belonging to the four subspecies of V. chilensis that were collected
in 31 localities from Brazil, Uruguay, Chile and Argentina, and in the
contact zone between lineages (Figure 1a; Table S1). The de novo as-
sembly produced a total of 8239 RADseq loci (21,111 SNPs) present
in at least 80% of the individuals. This dataset was used to perform
the analyses described below (with specific modifications when

needed for particular analyses; see Appendix S1).

3.2.1 | Population structure

Nuclear genomic variation was congruent with the results de-
scribed for mitochondrial DNA, showing a clear differentiation
between the Patagonian lineage and the rest of the species.
First, a PCA (Figure 2a) clearly separated these two lineages. This
analysis also shows the contrasting little differentiation between
the two Patagonian subspecies and the marked differentiation
between V. c. cayennensis and V. c. lampronotus. The latter also

showed considerable internal variation, which could be due to its

FIGURE 2 Genomic analyses of V. chilensis. (a) Principal component analysis (PCA) based on 2338 SNPs. The geographical origin of the
samples of V. c. lampronotus and the mitochondrial lineages of samples from the contact zone are indicated in the graph. (b) Structure plot
for K=2 based on 7028 SNPs (one random SNP per RAD locus). (c) G-PhoCS estimates of divergence times (T; in millions of generations) and
current and ancestral effective population sizes (Ne; in millions of individuals), with their 95% confidence intervals, based on 8239 RADseq
loci (21,111 SNPs). (d) Detail with the migration rates (mg; in migrants per generation) with their 95% confidence intervals. (e) Estimated
effective migration rates (m) inferred by EEMS. Orange represents areas of low migration relative to the average, and blue indicates areas of
higher migration. (f) Effective diversity rates (q) as inferred by EEMS, with orange representing areas of lower diversity and blue representing
higher diversity.
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wide distribution, as shown by the fact that its internal cluster-
ing corresponds to the geographical location of each individual
(see details in Figure 2a). The Structure analysis also supported
the two main groups, as K=2 was the model with the highest
likelihood (Figure S3) and the two genomic clusters correspond to
the mitochondrial lineages (Figure 2b). Consistently, the G-PhoCS
analysis (Figure 2c) indicated that the first split that originated
these two main lineages took place roughly 200,000 generations
ago (i.e. around 600,000years ago assuming that the genera-
tion time for non-passerines can be estimated to be 3years on
average based on the results of Saether et al., 2005). The two
Patagonian subspecies are inferred to have diverged from each
other much more recently, around 11,000 generations ago (we
could not infer the divergence between V. c. lampronotus and V.
c. cayennensis because we had genomic data from only one indi-

vidual of the latter).

3.2.2 | Admixture and gene flow among lineages

Various analyses evidenced the presence of intense gene flow be-
tween the two main lineages. First, in the PCA, the individuals from
the contact zone were intermediate between those of the two line-
ages. These individuals from the contact zone were divided into two
groups, but these did not correspond to their geographical origin as
clearly as in the case of V. c. lampronotus (Figure 2a). The specimens
that were grouped closer to V. c. chilensis and V. c. fretensis belong
to the Patagonian mitochondrial lineage, whereas the cluster placed
closer to V. c. lampronotus included specimens of both mitochondrial
lineages (including the aforementioned cases of individuals from dif-
ferent lineages that were collected in the same localities). In turn, the
Structure analysis confirmed the presence of genomic admixture in
the individuals of the contact zone (Figure 2b). Moreover, individuals
with mixed genomic content were not limited to the contact area, as
there were also specimens of V. c. lampronotus from northwestern
Argentina with a considerable proportion of its genome belonging
to the Patagonian cluster (see Figure 2b; Table S1). Finally, we also
found evidence of high levels of gene flow between lineages using
G-PhoCS (Figure 2d). Gene flow from the Patagonian lineage to the
more widespread lineage was ~1.7x higher than in the opposite
direction.

The EEMS analysis suggested a barrier to migration in north-
ern Patagonia with a south-east to north-west orientation that
separates the Patagonian populations from those of V. c. lampro-
notus (Figure 2e). This indicates that individuals on either side of
this barrier are less connected through migration than expected
under pure isolation by distance. This is consistent with the re-
sults based on mitochondrial DNA, which indicated the same geo-
graphical area of contact. In addition, this analysis showed that
the populations from Patagonia and central Chile had much lower
genetic diversity than those from the rest of the species distribu-

tion (Figure 2f).

3.2.3 | Effective population size

The G-PhoCS analysis estimated that the current effective popula-
tion size of V. c. lampronotus (1.68 million individuals) is similar to
the ancestral effective population size of the species (1.67 million
individuals) and much larger than that of the Patagonian subspecies
(200,000 individuals of V. c. chilensis and only 60,000 individuals of

V. c. fretensis; see Figure 2c).

3.3 | Mitochondrial and nuclear DNA
geographical clines

The first model (fixed scaling and no tails) was selected as the best
fit model for both the mitochondrial and nuclear clines (Table S5).
When we compared modelled clines along the south-north transi-
tion of the subspecies, variation in mitochondrial and nuclear mark-
ers showed geographical discordance. In fact, the nuclear cline was
less steep and its centre was located approximately 300km north-
wards compared to the centre of the mitochondrial cline (Figure 3a;
Table S5), highlighting that gene flow between lineages extends
beyond northern Patagonia for nuclear DNA (this same result was
obtained when we modelled the clines using only the specimens for
which we obtained both nuclear and mitochondrial DNA; data not

shown).

3.4 | Vocalization analyses

Both a PCA and the analysis of individual song variables showed
significant differences in vocalizations among subspecies. The PCA
generated three PCs that explained almost 85% of song variation.
PC1 correlated with the mean duration of the note and its num-
ber of inflexions, PC2 correlated with the fundamental frequency
and bandwidth and PC3 correlated with the interval between
notes (Table S6). Subspecies statistically differed in PC1 and PC2
(Kruskal-Wallis test; p <0.01), whereas no differences were found
for PC3 (p=0.32), indicating that subspecies differed in note dura-
tion, the number of inflexions in the notes and their frequencies,
but not in the separation between notes (see Table S7). Pairwise
comparisons showed that V. c. cayennensis and V. c. lampronotus
significantly differed from each other for PC1 and PC2 (p<0.01
in both cases), and that they also differed from the Patagonian
subspecies (V. c. chilensis and V. c. fretensis) for either PC1, PC2 or
both, depending on the comparison (Figure 4; Table S7). The two
Patagonian subspecies did not differ in any of the PCs (Figure 4;
Table S7), consistent with the lack of DNA differentiation between
them. The results using the individual song variables were consist-
ent with the PCA, showing significant differentiation between the
two main lineages and between V. c. lampronotus and V. c. cay-
ennensis, but no differences between the Patagonian subspecies
(Tables S8 and S9).

9SUROI'T SUOWIWO)) dANea1) d[qeorjdde ayy Aq pauraAoS a1e SA[oNIE YO S JO S9[NI 10 AIRIQIT SUIUQ AS[IA\ UO (SUOHIPUOD-PUB-SULIA} W00 AA[Im" ATeIqraut[uoy/:sdny) suonipuo) pue swid ],y 39S "[€70Z/01/S1] U0 A1eiqry sutuQ AS[Ip ‘ANsioatupn [[ouio) Aq §€241°1q0/1111°01/10p/woo Aaim Areiqrjaut[uoy//:sdny woly papeojumo( ‘0 ‘6697S9€ T



BUKOWSKI ET AL.

EEME e
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location of the centre for each cline (black
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cline). (b) Best-fit geographical cline shown
for the song variable mean duration of
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indicates the location of the centre of the
cline.
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We analysed the characteristics of the songs used in the area
of contact between the two main lineages to compare the results
with the mitochondrial and genomic DNA patterns. In this area,
four of the five song variables (fundamental frequency, duration
of the note, duration of the interval between notes and number
of inflexions) showed intermediate values between those of V. c.
chilensis and V. c. lampronotus, the two subspecies that come into
contact (Figure 4; Table S8). Moreover, the songs in this area sig-
nificantly differed in most variables from the songs of V. c. lampro-
notus and V. c. chilensis (Table S9). Consistently, the vocalizations
of the contact zone were intermediate between those of the two
main lineages in the PCA (Figure 4a), significantly differing from
the songs of V. c. lampronotus in PC1 and from those of V. c. chilen-
sis in PC2 (Figure 4b; Table S7).

Finally, we performed a vocal geographical cline analysis using
the song variable mean duration of the note, which we chose be-
cause it showed significant differences between all pairs of subspe-
cies (with the sole exception of the two Patagonian subspecies) and

1000 2000 3000 4000
Distance (km)

between the songs of the contact zone and those of V. c. lamprono-
tus and V. c. chilensis (Table S9). The model with none fitting expo-
nential tails was selected as the best fit model based on the lowest
AlICc score (Table S5). Compared to the DNA clines, the vocal cline
showed more variation along the transect and a more gradual, less
steep increase from the Patagonian lineage in Santa Cruz province
(Argentina) to V. c. lampronotus in Matto Grosso (Brazil), with an esti-
mated centre located 158 km southwards to the centre of the mito-

chondrial cline (Figure 3b).

4 | DISCUSSION

We used mitochondrial and nuclear genomic data and vocalizations
to study the evolutionary history of V. chilensis and the processes
involved in its diversification. Our findings indicate that despite its
currently continuous distribution, there is a clear split between the
Patagonian populations and the rest of the species, which occurred
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FIGURE 4 Analyses of the vocalizations of V. chilensis. (a) Song differentiation among subspecies based on a PCA performed with the
song variables (fundamental frequency, bandwidth, mean duration of the note, mean duration of the interval between notes and number
of inflexions of the note). (b) Boxplots showing the distribution of PC1 and PC2 values for the four subspecies and the individuals from the

contact zone. Significant comparisons between pairs of subspecies and between them and individuals from the contact zone are identified
with different letters. (c) Representative spectrograms of the four subspecies and the contact zone.

fairly recently, in the Middle Pleistocene. The high level of gene flow
between these two main lineages is evident both in terms of their
genomic and vocal characteristics. These findings and their implica-
tions are discussed in turn below.

First, our mitochondrial DNA results indicate a recent origin for
V. chilensis, placing the split from V. resplendens, its sister species
(Livezey, 2010), only 0.74 million years ago. This result is consistent
with the tempo that we found for the internal diversification of the
species based both on mitochondrial and nuclear genomic DNA
(see below), and also with the internal divergences found by van Els
et al. (2021). Even though this result contrasts with the phylogeny
by Barth et al. (2013), in which the split between these two species

was placed around 8 Ma, this difference could be due to the fact that
their phylogeny used the general calibration by Jetz et al. (2012). A
study incorporating more V. resplendens individuals and more mark-
ers could shed some light on this discrepancy, ideally in the context
of a molecular phylogeny of the genus Vanellus, which has never
been performed.

The mitochondrial DNA also indicates that about 600,000years
ago, shortly after the initial diversification event, V. chilensis divided
into its two main current lineages, the Patagonian lineage in Chile
and southern Argentina and the lineage distributed in the rest of
the Neotropics. Consistently, the various analyses based on the nu-
clear genome also identified these same two main genomic clusters.
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Moreover, the estimation of the divergence time between these
lineages using genomic data was concordant with that suggested
by the mitochondrial DNA: even though the G-PhoCS analysis had
a broad confidence interval, it suggested that this split could have
taken place approximately 200,000 generations ago and the genera-
tion time for non-passerines could be estimated to be around 3years
on average based on the data published by Saether et al. (2005).

Patagonia was strongly affected by glaciations during the
Pleistocene and the advance of ice sheets in the steppe and downhill
of the Andes (Rabassa, 2008; Rabassa et al., 2000, 2011), in many
cases, isolated different organisms in refugia of suitable habitat
(Lessa et al., 2010; Nuiiez et al., 2011; Sanchez et al., 2021; Sérsic
et al., 2011; Weir, 2006). This could have been the case for the
Patagonian populations of V. chilensis, triggering this initial diversi-
fication in allopatry and the split into the two main current lineages.
A confirmation of this scenario would require further analyses with
a denser sampling in Patagonia and the evaluation of specific predic-
tions of alternative hypotheses. One such alternative diversification
explanation could be related to the fact that V. chilensis includes mi-
grant populations in Patagonia and sedentary populations in the rest
of its distribution. Changes in migratory behaviour can lead to diver-
sification and speciation, a mechanism that has recently gained mo-
mentum (Gomez-Bahamon et al., 2020; Rolland et al., 2014; Winger
et al., 2014) and could be particularly addressed in future analyses
of this species.

The two Patagonian subspecies lack mitochondrial or nuclear ge-
netic differentiation and showed very low genetic diversity. To the
contrary, the lineage occupying lower latitudes of the Neotropics did
show higher internal variation and, in fact, its two subspecies differ
by around 1% mitochondrial genetic distance. Because these sub-
species are separated by the Amazon River (Fjeldsa & Krabbe, 1990;
Livezey, 2010; Wiersma & Kirwan, 2018), one of the most relevant
barriers to gene flow in the Neotropics (Aleixo & Rossetti, 2007;
Naka & Brumfield, 2018; Ribas et al., 2012), we could postulate that
this was likely the factor causing this differentiation. However, the
northernmost subspecies (V. c. cayennensis) was represented in our
dataset by the mitochondrial DNA of just a few individuals from
Central America and genomic data from only one individual from
Manaus, Amazonas state in Brazil. Therefore, it is difficult to draw
finer conclusions about how the Amazon River could have acted as
a diversification factor.

The Andes constitute another key diversification factor in
the Neotropics (Brumfield & Edwards, 2007; Weir, 2006; Weir &
Price, 2011) but do not appear to be a main driver for V. chilensis di-
versification, given that the species is mostly distributed to the east
of the Andes, except for the northern and southern extremes of its
distribution (see Figure 1a). However, the mountains appear to be a
barrier to gene flow in the southern cone of South America. In the
first place, the Patagonian subspecies V. c. chilensis is present in the
northern extreme of the species distribution in Chile, to the west
of the Andes, but at the same latitude V. c. lampronotus is present
to the east of the Andes in Argentina. Moreover, our analyses con-
firm this differentiation: the mitochondrial DNA of specimens from

R e

Santiago de Chile and Valparaiso correspond to the Patagonian lin-
eage, whereas birds from Mendoza province, at the same latitude
in Argentina, have mitochondrial sequences characteristic of V. c.
lampronotus. Furthermore, there are no signs of admixture in the ge-
nomic DNA obtained in these localities (see Figure 2b). On the other
hand, our limited sampling in the northern portion of the species'
distribution prevents us from drawing conclusions about the role of
the Andes Mountains in northern South America.

Our data confirmed the presence of a contact zone between the
two main lineages in northern Patagonia. Both mitochondrial lin-
eages were found in some localities of this area and the genomic
data showed the presence of individuals with mixed genomic con-
tent, indicating gene flow between lineages (see Figure 2). If the
initial diversification of these lineages occurred in allopatry (a pos-
sibility mentioned above), gene flow is a consequence of secondary
contact after the post-glacial expansion of the Patagonian popula-
tion. This means that the divergence in allopatry was not sufficient
to result in complete reproductive isolation. This lack of complete
isolation is reasonable considering the recent divergence between
the two lineages (Lijtmaer et al., 2003; Price & Bouvier, 2002) and
is a pattern commonly found in the Neotropics when lineages that
diverged in the Pleistocene come into secondary contact (Luzuriaga-
Aveiga et al., 2021; Rocha et al., 2020).

Our results are consistent with a northward Patagonian lineage
expansion as a possible cause for the secondary contact, as the
G-PhoCS analysis indicated that gene flow is more intense from the
Patagonian lineage to V. c. lampronotus than in the opposite direction
(see Figure 2d). This pattern, however, can also be caused by other
factors, such as differences in population sizes, and it should there-
fore be analysed in more detail. Irrespective of the direction of the
expansion that caused the secondary contact, there is a decoupling
in the patterns found for the nuclear and mitochondrial DNA. This
can be observed in the DNA clines, which show that the centre of
the nuclear DNA cline is shifted 300km north of the centre of the
mitochondrial DNA cline (Figure 3a). In addition, this difference be-
tween the nucleus and the mitochondria is evidenced by the fact
that the individuals that were sampled in the same localities of the
contact zone and belonged to the different mitochondrial lineages
had very similar genomic DNA. This difference in mitochondrial and
nuclear DNA patterns could potentially be driven by differences
in selection for the two types of DNA or by male-biased disper-
sal (Toews & Brelsford, 2012). Given the relevance of co-adapted
systems between the mitochondria and the nucleus and the role of
mito-nuclear incompatibilities in the speciation process (Hill, 2015,
2016; Toews & Brelsford, 2012; Trier et al., 2014), this decoupling
deserves a more thorough analysis in the future. For instance, it
would be interesting to analyse whether in the birds of the contact
zone and northwestern Argentina nuclear genes with mitochondrial
function show the variants that would be expected according to
their mitochondrial lineage (Morales et al., 2018).

The G-PhoCS analysis indicated that gene flow considerably
exceeds one migrant per generation (see Figure 2d), the tradition-
ally considered threshold above which lineages cannot differentiate
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through genetic drift (Wright, 1931). However, the advent of genom-
ics has shown that differentiation and subsequent speciation in the
presence of gene flow is far more common than traditionally believed,
particularly when selection plays a relevant role (Feder et al., 2012;
Lamichhaney et al., 2015; Turbek et al., 2021; Winker, 2021). In this
context, the high levels of gene flow between V. chilensis lineages
do not necessarily mean that they are undergoing a homogenization
process.

The pattern of vocal variation was consistent with the genetic
results, with significant differences between the two lineages and
the presence of intermediate vocalizations in the contact zone.
Notably, this latter result was not due to an intermediate average
of vocal features in the contact zone because of the presence of
representatives from both lineages, but instead reflects the fact that
the songs of some of the individuals presented intermediate char-
acteristics in this area (see Figures 3b and 4). In fact, the vocal cline
showed a clear latitudinal gradient in the mean duration of the note,
which was the song feature that most consistently differed between
subspecies. Moreover, this clinal pattern corresponded to the tran-
sition between the two genetic lineages and its centre was located
close (158km southwards) to the mitochondrial DNA cline centre
(Figure 3b). The considerable variation in this vocal feature along the
sampled localities and its less steep cline could be related to the mul-
tiple aspects that can affect innate songs and their consequent poly-
genic control (e.g. Acero-Murcia et al., 2021; Podos & Warren, 2007).
Although this concordance between the genetic and vocal results
could be expected, particularly in a species that does not learn its
songs, this result is relevant for various reasons: (1) it provides ad-
ditional evidence of the presence of gene flow in the contact zone
between lineages, constituting a tangible, phenotypic outcome of
the presence of admixed genomic content, (2) it explicitly shows
the similarity between song and gene geographical structuring, a
pattern that has not been frequently demonstrated (Acero-Murcia
et al., 2021; Brumfield, 2005) and (3) it adds to the relatively small
body of cases in which the presence of intermediate songs has been
clearly established in contact/hybrid zones (e.g. Gee, 2005; Shipilina
et al., 2017). Regarding the latter aspect, vocal differences between
recently diverged lineages that are in contact are crucial for main-
taining their genetic integrity and preventing the homogenization of
their genomic content (Cowles & Uy, 2019; Turbek et al., 2021; Uy
et al., 2018) but the presence of intermediate songs in the contact
zone may undermine their role for species recognition. Future stud-
ies that analyse the effect of intermediate songs for species recog-
nition, establish the fitness of the individuals with admixed genomic
content and assess the role played by selection could help to elu-
cidate whether these two lineages of recent origin will continue to
diversify or are on a path towards homogenization.
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