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1 | INTRODUCTION

Pleistocene climate fluctuations have long been implicated in the
generation and structuring of South American biodiversity. The most

prominent model regarding these fluctuations is the “Rainforest
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Abstract

South American dry forests have a complex and poorly understood biogeographic
history. Based on the fragmented distribution of many Neotropical dry forest spe-
cies, it has been suggested that this biome was more widely distributed and contigu-
ous under drier climate conditions in the Pleistocene. To test this scenario, known
as the Pleistocene Arc Hypothesis, we studied the phylogeography of the Rufous-
fronted Thornbird (Phacellodomus rufifrons), a widespread dry forest bird with a dis-
junct distribution closely matching that of the biome itself. We sequenced mtDNA
and used ddRADseq to sample 7,167 genome-wide single-nucleotide polymorphisms
from 74 P. rufifrons individuals across its range. We found low genetic differentia-
tion over two prominent geographic breaks — particularly across a 1,000 km gap
between populations in Bolivia and Northern Peru. Using demographic analyses of
the joint site frequency spectrum, we found evidence of recent divergence without
subsequent gene flow across those breaks. By contrast, parapatric morphologically
distinct populations in northeastern Brazil show high genetic divergence with evi-
dence of recent gene flow. These results, in combination with our paleoclimate spe-
cies distribution modelling, support the idea that currently disjunct patches of dry
forest were more connected in the recent past, probably during the Middle and Late
Pleistocene. This notion fits the major predictions of the Pleistocene Arc Hypothesis
and illustrates the importance of comprehensive genomic and geographic sampling
for examining biogeographic and evolutionary questions in complex ecosystems like

Neotropical dry forests.
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Refugia Hypothesis,” which proposes that the fragmentation of the
Amazon during cold and dry periods promoted allopatric speciation
by separating rainforest birds into disjunct rainforest “refugia” sur-
rounded by open habitats (Haffer, 1969). A complementary proposal,
known as the “Pleistocene Arc Hypothesis” (Prado & Gibbs, 1993),
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aims to explain the disjunct distributions of widespread species and
clades currently found in distinct patches of Seasonally Dry Tropical
Forests (SDTF) across the continent. The SDTF biome (hereafter the
“dry forest”) is characterized by low annual rainfall and high season-
ality, and is found in a number of disjunct regions of the Neotropics
(Pennington et al., 2000, 2006). The reasoning behind the arc hy-
pothesis is that although cold dry periods in the Pleistocene may
have resulted in the fragmentation of lowland rainforests, those
same dry periods would likely have promoted the expansion of dry
forests, forming a continuous arc encircling the southern half of
Amazonia from Peru to Brazil (Ab’'Saber, 1977; Prado & Gibbs, 1993).
In warmer and wetter interglacial climates, these dry forests would
be restricted to disjunct patches, as they are today.

Data from sediment and ice cores show that the Pliocene (5.33-
2.58 Ma) was a relatively warm period, with average temperatures
above the present day, whereas the earlier Pleistocene (~2.58-
0.77 Ma) was a period of decreasing global temperatures with
a 41,000- year glacial cycle (Burke et al., 2018; Clark et al., 2006;
Lisiecki & Raymo, 2005). After the mid-Pleistocene transition
(1.25-0.7 Ma), the Middle and Late Pleistocene (770-11.7 ka) were
characterized by lower average temperatures and more pronounced
glacial periods on a 100,000-year cycle, including the Last Glacial
Maximum (LGM) ~21,000 years ago (Clark et al., 2006; Hughes
et al., 2013; Lisiecki & Raymo, 2005; Petit et al., 1999; Shackleton
& Opdyke, 1976). Thus, previously disjunct dry forest patches are
most likely to have been connected during the coldest and driest pe-
riods of the Middle and Late Pleistocene, although local precipitation
dynamics may contribute additional complexity (Baker et al., 2020).
These “Pleistocene Arc” periods could have facilitated the expansion
of widespread dry forest species across the continent, populations
of which would then have been cyclically connected and isolated in
synchrony with climate cycles.

The extent to which repeated climate-induced isolation during
the Middle and Late Pleistocene may have promoted speciation in
rainforest and dry forest species (during glacial and interglacial peri-
ods, respectively) is controversial. Some recent molecular data sets
have questioned the role of Pleistocene climate fluctuations as driv-
ers of speciation in the Neotropics (Hoorn et al., 2010; Pennington
et al., 2004; Rull, 2011; Willis & Whittaker, 2000), in part because
these climate cycles are relatively recent compared to the origins of
the Neotropical biota (Klicka & Zink, 1997). For instance, divergences
of most South American bird sister species pairs have been dated
to the earlier Pleistocene or the Pliocene (Naka & Brumfield, 2018;
Smith et al., 2014; Weir & Schluter, 2007). Similarly, studies using pri-
marily mitochondrial and plastid genes have found pre-Pleistocene
divergences between disjunct populations of plant and lizard species
in dry forests (Cortes et al., 2015; Lanna et al., 2018; Pennington
et al., 2004; Werneck et al., 2009).

These results suggest that Pleistocene climatic cycles are likely
to have generated intraspecific structure between disjunct dry
forest populations rather than interspecific divergence (Avise &
Walker, 1998; Mogni et al., 2015). Unfortunately, few phylogeo-

graphic studies of widespread dry forest species are available, and

those that have been published have produced conflicting results.
Although studies in dry forest lizards (Werneck et al., 2012) and
plants (Caetano et al., 2008; Collevatti et al., 2012) indicated di-
vergences between populations predating the Pleistocene, studies
of birds (Savit & Bates, 2015) and flies (Moraes et al., 2009) have
suggested Middle to Late Pleistocene divergences between popu-
lations. Support for the arc hypothesis has also come from genetic
studies on two dry forest specialist woody plants, Tabebuia impe-
tiginosa and Astronium urundeuva, the population sizes of which are
inferred to have increased at the Last Glacial Maximum (Caetano
et al., 2008; Collevatti et al., 2012). However, a similar study on the
widespread dry forest tree Tabebuia rosealba found evidence for a
population contraction at the LGM, contradicting a main prediction
of the arc hypothesis (de Melo et al., 2016).

Evidence from palynological analyses, paleontology, and distri-
bution modelling of multiple species further complicates the picture.
Palynological evidence suggests that some dry forests, such as the
Chiquitania of Bolivia, may have formed relatively recently, thus
contrasting with the idea that the current period is one of minimum
historical extent for the biome in the Neotropics (Behling, 1998;
Mayle, 2004). On the other hand, paleontological analysis of Late
Pleistocene bird fossils has suggested the past expansion of dry
forests in some areas, including the dry Tumbesian forests of
Peru (Oswald & Steadman, 2015). Although paleoclimate species
distribution models of some dry forest species indicate greater
range connectivity during the LGM and other Quaternary dry pe-
riods (Collevatti et al., 2012; Savit & Bates, 2015), other analyses
have suggested range contraction during the same period (Arruda
et al., 2018; Mayle, 2004; de Melo et al., 2016). Still other studies
predicted a more complex pattern, with less historical connectiv-
ity through the Brazilian Cerrado but a greater extent of dry for-
est along the southwest fringes of the Amazon abutting the Andes
(Werneck et al., 2011, 2012).

The ability to sequence thousands of genetic markers now al-
lows for the level of fine-scale resolution of intraspecific population
structure that is necessary to examine the influence of events as
recent as Middle and Late Pleistocene climate fluctuations (Carstens
etal., 2013; Edwards et al., 2015; Hickerson et al., 2010; McCormack
et al., 2013; Richards et al., 2007). Although these techniques have
begun to be used to tackle questions of Neotropical dry forest
biogeography and population differentiation (Oswald et al., 2017,
Termignoni-Garcia et al., 2017), they have not been previously ap-
plied to dry forest species that are widespread across South America.
Doing so will provide a greater understanding of the genetic struc-
turing of dry forest species with large, noncontiguous distributions,
and of the history of the dry forest biome itself.

If we are to find the signatures of a recent “Pleistocene Arc”
event, then it is likely to be between closely related but geograph-
ically disjunct populations of widespread species. One such spe-
cies is the Rufous-fronted Thornbird (Furnariidae: Phacellodomus
rufifrons), a common and widespread dry forest and open hab-
itat bird. Although this relatively small and drab furnariid is often

overlooked in its habitat, its remarkably large stick nests are a
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conspicuous and characteristic feature of many Neotropical dry
forests (Remsen, 2003a; Ridgely & Tudor, 2009; Skutch, 1969).
Phacellodomus rufifrons has six described subspecies (Dickinson &
Christidis, 2014; Remsen, 2003a), mirroring the distribution of dry
forests around Amazonia (See Figure 1 and Supporting informa-
tion). The northernmost two subspecies, castilloi and inornatus from
the Llanos of Colombia and Venezuela, lack the eponymous rufous
forehead and are considered by some sources to represent a dis-
tinct species (Boesman, 2016; del Hoyo, Collar, & Kirwan, 2017;
Hilty, 2003; Ridgely & Tudor, 2009). The distribution of the “south-
ern” subspecies of P. rufifrons (used hereafter to refer to peruvianus,
sincipitalis, rufifrons, and specularis) is a close match with that of the
tree species Anadenathera colubrina, the quintessential dry forest
plant species most often used to illustrate the arc pattern (Mogni
et al., 2015; Prado & Gibbs, 1993). This makes P. rufifrons well-suited
to be used as a model species for investigating the arc hypothesis.
The dispersal ability of a species — both in terms of its abil-
ity to travel long distances and its ability to cross unsuitable hab-
itat — will affect how it responds to geological events, including

peruvianus

sincipitalis
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climate-driven changes in habitat distribution (Smith et al., 2014).
Among birds P. rufifrons is predicted to have a low dispersal capa-
bility, as it is a nonmigratory species with rounded wings and for-
ages largely on the ground (Claramunt et al., 2012; Remsen, 2003a;
Skutch, 1969). Although P. rufifrons can tolerate relatively high lev-
els of human habitat disturbance and inhabits a variety of dry envi-
ronments, it does not occur in tropical rainforest (Remsen, 2003a).
Based on these traits, P. rufifrons is expected to be relatively un-
likely to disperse between disjunct regions of dry forest. Its evo-
lutionary history is thus expected to be more closely linked to the
historical distribution of the biome than would be expected in more
vagile bird species.

There are three primary scenarios that could explain the pres-
ent-day distribution of P. rufifrons, each of which makes certain
predictions about the genetic structure and demographic history
of the species. The first is that the currently disjunct populations
of P. rufifrons have been isolated for a relatively long time, predat-
ing Pleistocene climate cycles. This scenario would produce deep
mitochondrial divergences between populations, clear genomic

. inornatus

specularis

rufifrons

1000 km
I 200

FIGURE 1 Range and sampling localities of Phacellodomus rufifrons, showing a highly disjunct distribution that corresponds to the extent
of the dry forest biome. Shaded regions in yellow represent the modelled current distribution of seasonally dry tropical forests,

adapted from Sarkinen et al. (2011). Dotted outlines represent the estimated current distribution of P. rufifrons (

adapted from Birdlife International). Red circles represent samples of the subspecies specularis; dark blue triangles rufifrons; orange

pentagons sincipitalis; light blue squares peruvianus, and the yellow diamond inornatus. Subspecies castilloi from the Llanos was not sampled.
Bird illustrations were provided with permission by the team of the Handbook of Birds of the World at Lynx Edicions [Colour figure can be
viewed at wileyonlinelibrary.com]
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structure, and little evidence for modern gene flow between pop-
ulations, which would be essentially on divergent evolutionary
trajectories.

The second scenario would be concordant with the Pleistocene
Arc Hypothesis, that the present-day disjunct populations of P. rufi-
frons were intermittently connected during dry periods in the Middle
and Late Pleistocene. Under this scenario we would expect shallow
mitochondrial divergences between populations and weak genomic
structuring. However, we would not expect present-day gene flow
between populations. Crucially, we would expect the relative relat-
edness between populations to be correlated not to the present-day
degree of disjunction between them, but to the past suitability of the
intervening habitat for P. rufifrons. We also might expect to find ev-
idence for fluctuations in population sizes through the Pleistocene.

A third scenario would be that the currently disjunct populations
of P. rufifrons have never been connected, and long-distance disper-
sal to distant patches of suitable habitat is responsible for its current
distribution. This can be difficult to distinguish with certainty from
the previous alternatives, but there are some patterns that would be
more likely under a dispersal-only scenario. For example, we might
expect to find signatures of population bottlenecks or founder ef-
fects if long-distance dispersal of a small number of individuals gave
rise to entire populations. Additionally, if P. rufifrons is capable of
dispersing across the large gaps in its current range, then we would
expect some degree of ongoing dispersal, and present-day gene flow
proportional to the distance between populations.

Here, we used model-based analyses of genome-wide data from
disjunct P. rufifrons populations across the species’ range to test the
expectations of the Pleistocene Arc Hypothesis regarding popula-
tion structure, differentiation, and gene flow. We show that there is
low genetic differentiation across two prominent geographic breaks
and found evidence of recent divergence without subsequent gene
flow across them. This pattern supports the hypothesis that cur-
rently disjunct patches of dry forest were more connected during
the Middle and Late Pleistocene and demonstrates that signatures of
this history can be found in the genome of a widespread dry forest
bird species.

2 | MATERIALS AND METHODS
2.1 | Sampling

We sampled a total of 90 vouchered museum specimens of
Phacellodomus rufifrons across virtually its entire range, including
all subspecies except castilloi from Colombia and Venezuela (see
Table S1 for sample details). As outgroups, we sampled its sister spe-
cies P. sibilatrix (n = 1) and P. striaticeps (n = 2). We had particularly
thorough sampling of the four southern subspecies that occur along
the putative extent of the Pleistocene Arc. After filtering based on
DNA quality, read depth, and coverage (see details below), we re-
tained 74 samples of P. rufifrons and the three outgroup samples

for downstream analyses. Our analyses included individuals from

subspecies specularis (n = 20), rufifrons (n = 27), sincipitalis (n = 13),
peruvianus (n = 13), and inornatus (n = 1). See below for details on the

assignment of individuals to subspecies.

2.2 | mtDNA extraction and sequencing

We extracted total genomic DNA using the E.Z.N.A Tissue DNA Kit
(Omega Bio-tek) and PureLink Genomic DNA (Invitrogen Inc.) com-
mercial kits following protocols described by the manufacturers.
We amplified the NADH dehydrogenase 2 (ND2; 1,041 base pairs)
mitochondrial gene using the protocols described by Brumfield
et al. (2007). Cycle-sequencing reactions were conducted using ex-
ternal primers, and sequences were obtained at Eton Biosciences
(Cambridge, MA) and the Louisiana State University Genomics

Facility.

2.3 | Mitochondrial DNA alignment and
haplotype network

Electropherograms were inspected, assembled in contigs, and edited
in Genelous v 9.1.5 (Kearse et al., 2012). Clean sequences were aligned
using the program Muscle (Edgar, 2004), implemented in Geneious.
A sequence of P. sibilatrix from GenBank was added to this align-
ment as an outgroup (Derryberry et al., 2011). Using these ND2 se-
quences, we constructed a median-joining haplotype network using
the program PopART (Bandelt et al., 1999; Leigh & Bryant, 2015).

2.4 | Time-calibrated mitochondrial gene tree

We constructed a time-calibrated mitochondrial gene tree with BeasT
v2.4.4 (Bouckaert et al., 2014), with a GTR + I" substitution model and
a strict molecular clock with a rate of 2.1%/Myr (Abadi et al., 2019;
Weir & Schluter, 2008). We ran the MCMC for 50,000,000 genera-
tions, sampling every 10,000, and used the program TREEANNOTATOR
(Drummond & Rambaut, 2007) to generate a maximum clade con-
sensus tree. We assessed convergence (effective sample size values
>400) using TRACER 1.7.1 (Rambaut et al., 2018).

2.5 | RADseq sampling, loci assembly and filtering

To sample loci from across the genome, we followed the double-di-
gest Restriction-site Associated DNA sequencing (ddRADseq, here-
after RADseq) protocol developed by Peterson et al. (2012), using
the enzymes EcoR1 and Sphl. Following library preparation, we se-
quenced the pooled libraries at the Bauer Core Facility at Harvard
University on a standard lllumina Hiseq v4 2 x 125 bp flowcell.

A total of 215,372,334 125-bp paired-end reads from the lllumina
sequencer were imported into the Harvard Odyssey Cluster and pro-

cessed using the Stacks pipeline (Catchen et al., 2013). See Supporting
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information for full details on locus assembly, assembly parameter se-
lection, and filtering. Our final main data set included 77 individuals
and 7,167 unlinked SNPs, with missing data parameters set to filter out
all loci not found in 60% of individuals (i.e., no more than 40% missing
data per locus). We generated four alternative data sets using different
combinations of missing data filters, assembly parameters, and for-
ward versus reverse reads (see Supporting information for details). We
conducted principal component analyses (PCAs) using ADEGENET v.2.1.1
(Jombart, 2008) implemented in r using each data set, and found that
the alternative data sets gave very similar results (Figure S1), so pro-
ceeded with our analyses using the primary data set. All individuals
were assigned to one of five populations, corresponding to the five
described subspecies sampled. This was done using plumage traits,
geography and, where subspecies boundaries were not well-defined
in the literature, our PCA clusters in conjunction with geography; see

Supporting information for full details.

2.6 | Analysis of population structure

We analysed population structuring using sTRucture v. 2.3.4 (Pritchard
et al., 2000). Because minor alleles that appear only once in the data
set have been shown to affect population structure analyses (Linck
& Battey, 2019), we filtered out singletons using vcrtooLs v.0.1.17
(Danecek et al., 2011). After filtering, we ran sTrRucTure with k values
between two and six, to capture any potentially hierarchical struc-
turing patterns (Evanno et al., 2005). Each k value was analysed with
four independent runs, each with a length of 200,000 and burnin of
50,000 using the default settings. We processed the results using
Structure Harvester wes v. 0.6.94 (Earl & vonHoldt, 2012) and cLumpp
v. 1.1.2 (Jakobsson & Rosenberg, 2007), and visualized them with
pisTRUCT V1.1 (Rosenberg, 2004).

2.7 | Genetic diversity and population
differentiation metrics

To evaluate the genetic diversity of each population, we used the
program ArLeQuIN v.3.5.2 (Excoffier & Lischer, 2010) for the ND2
data set to calculate nucleotide diversity (r) and Watterson's theta
(6,), and the populations module of Stacks for the RADseq data set
(Catchen et al., 2013) to calculate =.

To measure and compare between-population differentiation, we
used Geneious (Kearse et al., 2012), to calculate the minimum, max-
imum, and mean pairwise distances between all pairs of populations
using the ND2 data. We then used the populations module of Stacks
to find F¢; and F’s; between populations using the RADseq data set.

2.8 | Species tree analysis

We constructed a species tree using SNAPP (Bryant et al., 2012)

implemented in Beast2 (Bouckaert et al., 2014). Because of the
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computational and missing data constraints of SNAPP, the two in-
dividuals with the lowest percentage of missing data in our primary
dataset (7,167 SNPs) were selected from each subspecies or out-
group species (two taxa, inornatus and P. sibilatrix, were represented
by one individual), for a total of 12 tips with an average of 12% miss-
ing data. Six independent MCMC chains were run for 1,000,000 it-
erations with default parameters and a burnin of 200,000, sampling
every 1,000, following Winger et al. (2015). Chain log files were com-
piled in LocComgiNER v.2.4.4 (Bouckaert et al., 2014) and visualized in
TRACER v1.7.1 (Rambaut et al., 2018) to check for convergence. Tree
files from the independent runs were compiled with LocCoMBINER,
a maximum clade credibility tree was generated in TREEANNOTATOR
v.2.4.4 (Drummond & Rambaut, 2007), and the sampling of trees
from the posterior distribution was visualized in DeNsiTREE v.2.2.5
(Bouckaert, 2010).

2.9 | Equilibrium patterns of gene flow and
genetic diversity

We estimated parameters and tested scenarios associated with
equilibrium models of gene flow among the four southern subspe-
cies in a Bayesian framework using MIGRATE-N v. 4.2.14 (Beerli, 2006;
Beerli & Felsenstein, 2001). We compared models of panmixia, and
two-, three-, and four-populations, with and without symmetrical
migration (see Supporting information methods). We ran our mi-
gration models using four heated chains, with 10-20 replicates per
model to fully explore the parameter space. The results of this were
used to compare models using Bayes factor tests based on Bezier-
approximated marginal likelihoods (Beerli & Palczewski, 2010).
See Supporting information methods for full details on Migrate-n
implementation.

2.10 | Demographic analyses using the site-
frequency spectra

We used momi2 (Kamm et al., 2019) to conduct demographic his-
tory inferences using the joint site-frequency spectra of the four
southern populations to evaluate models incorporating population
divergence, gene flow, and changes in population size. The simplest
null model was built using the well-supported tree topology from the
species tree (SNAPP) analyses. The population size of each of the
four populations and the timing of the three nodes in the tree were
allowed to vary and were optimized using the “L-BFGS-B” algorithm
with a maximum of 200 iterations, following the momi2 documenta-
tion. This model was optimized over 25 independent runs, and the
best performing run (assessed by log-likelihood) was considered to
be the optimal parameter set and likelihood value for that model.
We then created alternative models that incorporated gene flow
between populations or past changes in population size. To simplify
the vast array of possible alternative models, we began by creat-

ing 10 simple alternative models (Figure 2a), each of which added
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a single additional demographic event to the null model. Four alter-
native models included a population size change in one of the four
populations, with both the magnitude of the change and its timing
allowed to vary. The other six alternative models included a single
unidirectional migration event moving 10% of individuals from one
population to an adjacent population (i.e., peruvianus to sincipitalis
and vice versa, sincipitalis to rufifrons and vice versa, and rufifrons
to specularis and vice versa). This pulsed migration model as imple-
mented in momi2 may not perfectly reflect the actual demographic
history, but rather is a simplified scenario that allows us to test for
the presence or absence of post-isolation gene flow. This approach
to modelling migration differs from the equilibrium-migration model
as implemented in Migrate-n: rather than assuming constant migra-
tion rates over time, the pulsed isolation-migration model in momi2
allows for temporal changes in migration rates and for initial diver-
gences between populations. The timing of the migration event was
allowed to vary in the optimization. The log-likelihood values of the
best performing run of each model were used to generate the AIC
value for that model, and models were ranked by AIC.

To test more complex models incorporating multiple demo-
graphic events, we took an iterative approach (Blankers et al., 2018;
Nater et al., 2015; Pelletier & Carstens, 2014). After ordering all of
the simple models by AIC, we combined the two best-performing

models and optimized the new two-event model. If this combined

(a) (b)

model outperformed all previously tested models, we added in the
third-best-performing simple model, and repeated this process until
the new combined model did not have a lower AIC value than the
previous model. We stopped testing new models when adding an
additional demographic event did not improve the AIC score of the
model and considered the previous model to be the optimal one.
There are some shortcomings of this approach — perhaps some sim-
ple models that perform poorly in isolation would improve a com-
bined model more than some models that perform better in isolation
— but it gives an empirical framework for testing more complex
models, and crucially does not require an a priori selection of “likely”

complex models.

2.11 | Species distribution modelling

To place our molecular data in a temporal and ecological context,
we turned to species distribution modelling (SDM). We used the
GBIF (Global Biological Information Facility) database to download
a data set of P. rufifrons occurrences, to which we added our own
sample localities (GBIF, 2016). Because we found the northern
populations to be genetically distinct from the others, and outside
of the proposed “Pleistocene Arc” region, we focused on only the

four southern subspecies for this modelling. Clearly mis-plotted
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(a) Schematic representation of the 11 demographic models tested using the program momi2. The null model is simply the

bifurcating tree topology, with population sizes and node ages as the parameters of the model. The 10 alternative models are represented by
the six arrows and four stars. Each arrow represents a model that includes a single unidirectional migration event moving 10% of individuals
between those two populations — the age of that migration event is an additional parameter of those models. Each star represents a model
that allowed for a single change in population size within that population, with the time of the event and the past population size as variable
parameters. After testing each of the basic alternative models, the best-performing models were iteratively combined to test more complex
models. (b) Graphical representation of the best-supported model from demographic history modeling of southern populations of P. rufifrons
implemented in momi2. The optimal model included migration events from rufifrons to specularis and vice versa, but no historical changes in
population size. Population sizes of each modern population, timing of all nodes and migration events were allowed to vary, and the optimal
parameter values from the best-supported model are represented, with the width of populations proportional to their size (peruvianus

n = 166,664, sincipitalis n = 735,159, rufifrons n = 1,110,499, specularis n = 723,140) and with time in thousands of generations on y-axis. See
Table S4 for full parameter details [Colour figure can be viewed at wileyonlinelibrary.com]
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rufifrons

peruvianus sincipitalis specularis

FIGURE 3 Population structure in P. rufifrons. Colours correspond to those on the map in Figure 1. (a) Median-joining ND2 haplotype
network obtained in PopART. Circles are scaled by the number of individuals sharing that haplotype, and each hash mark between circles
represents a single substitution between the haplotypes. Individuals of rufifrons with specularis mtDNA are marked with *; individuals of
specularis with rufifrons mtDNA are labelled with +. (b) STRUCTURE plots of southern populations of P. rufifrons with varying k values based
on data derived from 7,167 unlinked SNPs obtained via RADseq. Each vertical bar represents an individual. (c) Densitree representation of
species trees from the posterior distribution of the SNAPP analysis [Colour figure can be viewed at wileyonlinelibrary.com]

data points, falling well outside the known range of the species,
were removed, leaving a total of 1,312 points for the four south-
ern subspecies.

We used the WorLbCLiM v1.4 database to provide the environ-
mental variables for the analysis (Hijmans et al., 2005). We used
environmental variable layers at 2.5’ resolution from the present
day, from a recent warm and dry climate period in the mid-Holocene
(~6,000 years before present), and from the Last Glacial Maximum
(~21,000 years before present), a cool dry period which Prado and
Gibbs (1993) suggest was a period of maximum extent for the dry for-
est biome. The mid-Holocene and Last Glacial Maximum layers were
constructed using the MIROC-ESM paleoclimate model (Hijmans
et al., 2005; Watanabe et al., 2011). To avoid using highly correlated
variables in the modelling, we conducted a correlation analysis for
the 19 bioclimatic variables using ENMtools (Warren et al., 2010)

and selected a single variable from each cluster of correlated vari-
ables. Therefore, we used the following six variables: annual mean
temperature (Biol), isothermality (Bio3), temperature seasonality
(Bio4), precipitation seasonality (Bio 15), precipitation of the wet-
test quarter (Bio 16), and precipitation of the driest quarter (Bio 17).
None of the variables had correlation coefficients greater than 0.7
with any of the other variables used. Variables were clipped to en-
compass solely South America using QGIS v3.6 (QGIS Development
Team, 2017).

We created species distribution models using Maxent (Phillips
et al., 2006), which automatically eliminates multiple sightings from
the same grid square in the environmental variable layers, leaving
480 distinct localities. Taking advantage of the large number of avail-
able points, models were constructed using subsampling of 50% of

the points to serve as test points during each replicate. Each model
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was run with 10 subsampling replicates. All models were visualized
using QGIS (QGIS Development Team, 2017).

3 | RESULTS
3.1 | Mitochondrial DNA

A median-joining haplotype network of the ND2 samples (Figure 3a)
shows that the northern subspecies inornatus is distinct from the
remaining individuals (2.11% minimum uncorrected sequence diver-
gence), but there is little mitochondrial differentiation among the
southern subspecies. For instance, the most common peruvianus
ND2 haplotype is shared with sincipitalis. The majority of specularis
samples cluster apart from rufifrons, but there are exceptions. Two
individuals from Bahia assigned to rufifrons using the RADseq data
(marked on the network in Figure 3a with “*”) cluster with specularis,
and even share a haplotype with two specularis individuals. Similarly,
three individuals with specularis nuclear genomes (Figure 3a, indi-
cated with “+”) from Pernambuco and Alagoas cluster with the rufi-
frons ND2 haplotypes.

A time-calibrated ND2 Bayesian tree (Figure S2) shows a similar
pattern: although the inornatus sample is highly distinct, there is low
support for most nodes within the southern clade. According to our
time-calibrated tree, P. rufifrons diverged from P. sibilatrix between
1.67 and 3.06 million years ago (Ma), and the southern P. rufifrons
populations diverged from inornatus between 0.82 and 1.75 Ma.
Because none of the southern subspecies are monophyletic in the
mtDNA tree, we cannot easily estimate divergences between each
of them, but the crown age of the southern clade is between 240,000
and 560,000 years, corresponding to the Middle Pleistocene.

3.2 | RADseq analyses of population
structure and phylogeny

A total of 199,768,488 raw reads were successfully demultiplexed
and assigned to 86 individuals. This resulted in an average of
2,322,889 reads per individual prior to filtering out of nine low-cov-
erage individuals, and 2,546,724 reads per individual after filtering
to 77 individuals. Filtering also raised the average coverage depth
per individual from 32.1x to 34.8x. The final product of the stacks
pipeline was a data set of 7,167 putatively unlinked SNPs, each of
which was present in more than 60% of the 77 selected individu-
als. The mean percentage of the total loci present in each individual
was 76.6%, which corresponds to an average of 5,488 SNPs per
individual.

Our sTRUCTURE analysis, using a series of k values from 2 to
6, showed deep structure between specularis and the remaining
southern populations, and a close grouping between sincipitalis and
peruvianus (Figure 3b). At k = 2, the individuals are divided into a
northeastern Brazilian specularis group and a group containing all re-

maining samples. A substantial proportion of each rufifrons sample

TABLE 1 Measures of genetic diversity for southern populations
of Phacellodomus rufifrons

ND2 0s per RADseq
Population ND2 per site & site b1J
peruvianus 0.00045 0.00100 0.063
sincipitalis 0.00359 0.00386 0.082
rufifrons 0.00265 0.00407 0.092
specularis 0.00357 0.00426 0.088

is assigned to the specularis population. At k = 3, peruvianus, rufi-
frons, and specularis each form a cluster, with a low level of potential
admixture between rufifrons and specularis. Although the sincipitalis
individuals are each assigned largely to the peruvianus group, ap-
proximately a quarter of each individual corresponds to the rufifrons
group. At k = 4, which is the “optimal” number of clusters accord-
ing to the Evanno method (Evanno et al., 2005), each subspecies is
assigned its own cluster, though an average of 26% of each sincip-
italis individual continues to be assigned to the peruvianus cluster,
and there are much smaller proportions of specularis and rufifrons
individuals assigned to the other's clusters. At k = 5 and k = 6 the
plot is essentially unchanged, with the additional clusters accounting
only for a small proportion of a few individuals, with no apparent
geographic pattern.

In our Bayesian SNAPP tree (Figure 3c), P. rufifrons is sister to
the clade of P. sibilatrix and P. striaticeps. Within P. rufifrons, inornatus
is sister to a clade formed by all southern subspecies. Within this
southern clade, specularis is sister to the rest, and rufifrons in turn is
sister to a clade comprising peruvianus and sincipitalis. This topology
is fully supported at all nodes and corresponds to the STRUCTURE re-
sults as kincreases. In the SNAPP tree the relative age of the split be-
tween inornatus and the southern subspecies is roughly equivalent

to the age of the split between P. sibilatrix and P. striaticeps.

3.3 | Population diversity and
differentiation statistics

We obtained measures of genetic diversity and population differen-
tiation based on both mtDNA and RADseq data (Tables 1 and 2). For
all three measures of diversity used (ND2 =, ND2 0, and RADseq =),
peruvianus had substantially lower genetic diversity than the remain-
ing three southern populations.

The uncorrected ND2 sequence divergences are all much
higher between inornatus and the southern subspecies than
among the southern subspecies (Table 2). The minimum sequence
divergence between inornatus and any of the southern individuals
is 2.11%, whereas no pairs of southern populations have a mini-
mum divergence above 0.3% or a maximum divergence above 1%.
Among the southern populations, the mean and maximum diver-
gences between pairs of populations generally correspond to the
phylogeny, with the lowest values between peruvianus and sincipi-

talis and the highest between specularis and the rest. This pattern
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TABLE 2 Pairwise population genetic
differentiation within Phacellodomus ..
. Pairing
rufifrons
inornatus-peruvianus
inornatus-sincipitalis
inornatus-rufifrons
inornatus-specularis
peruvianus-sincipitalis
peruvianus-rufifrons
peruvianus-specularis
sincipitalis-rufifrons

sincipitalis-specularis

rufifrons-specularis
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Avg. ND2 unc. seq. divergence RADseq
(%) (min-max) RADseq Fg; E'5r
2.43(2.4-2.5) 0.33 0.51
2.41(2.21-2.62) 0.21 0.39
2.33(2.21-2.69) 0.13 0.32
2.57(2.11-2.79) 0.15 0.34
0.30 (0-0.68) 0.08 0.11
0.43(0.19-0.77) 0.07 0.15
0.64(0.29-0.87) 0.12 0.24
0.44 (0.1-0.88) 0.05 0.09
0.64(0.19-0.97) 0.09 0.18
0.60 (0-0.87) 0.06 0.11

FIGURE 4 Species distribution modelling through time implemented in Maxent. (a) Inferred distribution for the present day; (b) mid-
Holocene, 6 ka; and (c) Last Glacial Maximum, 21 ka. Warmer colours indicate greater probability of occurrence. Models for the LGM and
mid-Holocene were based on the MIROC-ESM climate model. Black outlines represent the current range of the southern subspecies of
P. rufifrons, per Birdlife International [Colour figure can be viewed at wileyonlinelibrary.com]

breaks down when looking at the minimum divergences, because
two pairs of populations share haplotypes (peruvianus/sincipitalis
and rufifrons/specularis).

The RADseq F¢; and F'g; results are similar to the pattern shown
by the mean ND2 divergences — high values between inornatus
and the others, and lower values among the southern populations
(Table 2). The F4; and F'¢; values between sincipitalis and rufifrons are
particularly low, and the F¢ and F’¢; comparisons between specularis
and rufifrons are lower than between specularis and the other two

southern subspecies.

3.4 | Analyses of demographic history

Comparison of five equilibrium migration models involving symmet-
rical and unconstrained gene flow was conducted using Migrate-n.
All models involving migration assumed a stepping-stone model in
which no gene flow occurred between nonadjacent populations.
Bayes factor comparison of models overwhelmingly supported the
most complex model, with each of the four southern subspecies as a
distinct population and variable rates of bidirectional gene flow be-
tween them (Table S2). Estimates of gene flow were generally quite
high, corresponding to 9.6-13.1 migrants per generation between

populations (Table S3). In the 4-population symmetrical migration

model, the highest migration rates were estimated between rufifrons
and specularis, whereas in the full model, the highest average rates
between peruvianus and sincipitalis (11.4) were slightly higher than
between rufifrons and specularis (10.9). Estimates of 0 for each popu-
lation were very uniform but were probably dominated by the prior
in this version of migrate (P. Beerli, personal communication).

We next tested hypotheses of the demographic history of the
southern subspecies in the program momi2 without assuming an
equilibrium model. Instead, our momi2 models assumed a well-sup-
ported branching topology (as in Figure 3c). Of the null model and
the first set of alternate models (see Table S4), the best-perform-
ing model involved migration from rufifrons to specularis, and the
second-best model involved migration from specularis to rufifrons.
These two models were combined, and the resulting model, with mi-
gration events in both directions between rufifrons and specularis,
outperformed all of the first set of alternative models (Figure 2b).
However, when the third best-supported event was added as well
— a change in the population size of sincipitalis — the new model did
not outperform the model with just the two migration events. These
results are similar to those of the 4-population symmetrical migra-
tion results from Migrate in supporting high gene flow between the
divergent, but parapatric, rufifrons and specularis, but suggest that
population size changes or migration between peruvianus, specularis,

and rufifrons are not necessary to explain the data.
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3.5 | Species distribution modelling

We used species distribution modelling to predict the expected dis-
tribution of the southern populations of P. rufifrons at the Last Glacial
Maximum, a cool dry period c. 21 ka, and the Mid-Holocene, a warm
dry period c. 6 ka (Figure 4). The present-day model (AUC = 0.906)
closely mirrored the current distribution of the species, albeit with
some over-representation in former Atlantic Forest regions of
coastal Brazil that are now pastureland more suitable for the spe-
cies, and some underrepresentation in sparsely sampled interior
regions of the Caatinga. Compared to the present-day model, both
the mid-Holocene and LGM models (AUC = 0.905 for both) predict
greater habitat suitability in southern and central Peru between the
modern ranges of peruvianus and sincipitalis. In the mid-Holocene,
but not the LGM, the model also predicts greater habitat suitability
in southwestern Brazil, between the present-day distributions of sin-
cipitalis and rufifrons. Overall, the historical models suggest a more
contiguous distribution of the species in the recent past, particularly

between peruvianus in Peru and sincipitalis in Bolivia.

4 | DISCUSSION

Our results shed light on three distinct biogeographic, evolutionary,
and taxonomic questions involving P. rufifrons and the Neotropical
dry forest biome in general. First, and most significantly, we found
evidence that populations of P. rufifrons in currently disjunct patches
of dry forest were connected in the recent past, the pattern pre-
dicted by the Pleistocene Arc Hypothesis. Second, we found a rela-
tively deep divergence with recent gene flow between parapatric
populations in eastern Brazil, indicating an apparent zone of second-
ary contact between previously isolated populations. Finally, our
results were consistent (albeit with limited sampling) with the treat-

ment of the northern inornatus group as a species-level taxon.

4.1 | Evidence for the Pleistocene Arc Hypothesis

The primary impetus for this study was to test the Pleistocene Arc
Hypothesis by using genomic data to examine the phylogeographic
relationships and demographic history of P. rufifrons. In doing so, we
attempted to distinguish between the Pleistocene Arc model and
two potential alternative hypotheses: (i) that disjunct P. rufifrons
populations diverged prior to the Pleistocene, precluding a role for
recent Quaternary climate fluctuations in their divergence; or (i) that
there have not been significant changes in P. rufifrons habitat con-
nectivity over time, and that long-distance dispersal is responsible
for its present-day distribution. We found little genetic differentia-
tion between highly geographically disjunct populations — peruvi-
anus, sincipitalis, and rufifrons — indicating recent divergence times.
Furthermore, we showed that the relative degree of geographic dis-
junction between present-day southern P. rufifrons populations does

not correspond to their relative degree of genetic differentiation,

as might be expected in a dispersal-only model. In fact, the highly
disjunct peruvianus and sincipitalis subspecies are the most closely
related, whereas the parapatric rufifrons and specularis subspecies are
the most distant, albeit with signals of recent gene flow. This pat-
tern demonstrates that the genetic structuring of this species was
probably established when its distribution was dramatically differ-
ent from today.

The relationship between peruvianus and sincipitalis is emblem-
atic of this pattern: they are separated by more than 1,000 km of
rainforest habitat highly unsuitable for this species, yet are sister
populations and share mitochondrial haplotypes. At lower values of
k in our sTRUCTURE analysis these two populations are considered a
single cluster, and even at higher values of k a proportion of each
sincipitalis individual is assigned to the peruvianus cluster. Though
this provides clear evidence for a close relationship between sin-
cipitalis and peruvianus, it is unlikely that there has been pervasive
gene flow from the much smaller peruvianus population across the
entirety of the larger sincipitalis population, with no admixture in the
opposite direction. It is more probable that this is a case in which a
small population (peruvianus) registers as quite distinct to the sTruc-
Ture algorithm, and “pulls” a proportion of the individuals in its sister
or parental population (sincipitalis) with it, as shown in recent simu-
lations (Lawson et al., 2018). Analysis of demographic history using
momi2 does not support a post-dispersal bottleneck in peruvianus,
as would be expected if the population was founded by a long-dis-
tance dispersal event from the sincipitalis population. Additionally,
if the intervening rainforest is a lesser barrier to dispersal in P. rufi-
frons than is generally believed, we would expect there to be occa-
sional dispersal events and evidence for ongoing gene flow between
the populations, which is not supported by our momi2 analysis.
Although our Migrate-n results do suggest high estimates of equilib-
rium gene flow (Table S3), this appears to be a function of Migrate-n
assuming an equilibrium migration model, rather than a tree-like iso-
lation model, and thus interpreting shared polymorphisms between
populations as gene flow. In this system, where we have shown that
divergences between populations are recent, the isolation-migration
model as implemented in momi2 probably better reflects the true
demographic history.

On the whole, the most likely scenario is that peruvianus and
sincipitalis were connected through formerly suitable habitat in
central and southern Peru in the recent past, and that the large
modern-day disjunction between them is a recent phenomenon.
This scenario is consistent with our species distribution modelling,
which predicts substantially increased suitability for P. rufifrons in
the region during both the mid-Holocene and the LGM. Given this
prediction of expanded range size for P. rufifrons under past cli-
matic regimes, it is somewhat surprising that our momi2 results
did not support models with changes in population size for any
of the subspecies. However, our relatively simple demographic
models may not have had the resolution to identify repeated
cyclical fluctuations in population size. Our proposed scenario
is also consistent with the predictions of other previously pub-

lished species distribution models, which similarly show increased
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dry forest habitat suitability along the southwest fringe of the
Amazon during Late Pleistocene dry periods (Savit & Bates, 2015;
Werneck et al., 2011, 2012). This region, where today the Amazon
meets the Andes, should be a central focus of future tests of the
Pleistocene Arc Hypothesis. Indeed, the prospect of a historical
“Andean corridor” that once connected the dry forest birds of
northern Peru with those of Bolivia and Brazil was put forward by
Haffer (1967). This model has been considered secondary to other
potential cross-Amazonian dispersal routes for savanna birds and
rattlesnakes, but has not been investigated in depth for dry forest
species (Quijada-Mascarenas et al., 2007; Silva & Bates, 2002).

As with peruvianus and sincipitalis, there is a pattern of low ge-
netic differentiation across a large range disjunction when compar-
ing sincipitalis and rufifrons, which have the lowest nuclear Fy; and
F's; of any pair of populations, and which contain individuals that
differ from each other by only a single ND2 nucleotide substitution.
They are separated by a 500 km range break, although the inter-
vening Cerrado habitat is probably a weaker barrier to P. rufifrons
dispersal than the rainforest separating peruvianus and sincipitalis,
and anthropogenic habitat change may be eroding this gap. Our es-
timates of divergence time using momi2 put the specularis-rufifrons
split in the Middle Pleistocene, within the period of frequent glacial
and interglacial cycles. This is, however, substantially earlier than the
split between peruvianus and sinicipitalis, suggesting that different
patches of dry forest along the Pleistocene Arc became isolated
asynchronously. Our SDMs are less informative in this case because
of the complexities of modelling the distinction between dry forest
and savanna, which is influenced to a large degree by soil compo-
sition, elevation, and fire regimes in addition to precipitation and
other climate variables (Collevatti et al., 2013; Sarkinen et al., 2011).
Regardless, it is apparent from the phylogenetic proximity of the two
populations that their divergence is relatively recent and was proba-
bly driven by Pleistocene climate fluctuations.

A number of species from many groups of organisms share simi-
lar distributions to that of P. rufifrons (Mogni et al., 2015; Pennington
et al., 2000; Prado, 1991; Prado & Gibbs, 1993). In birds, many
widespread dry forest species show the same pattern of highly dis-
junct populations in the dry Marafion, Huallaga, or Mayo valleys of
northern Peru (Vasquez et al., 2018) (see Table S5 for a list of spe-
cies). Some, like P. rufifrons, have entirely disjunct ranges between
the northern Peruvian valleys and Bolivia, but others have addi-
tional isolated populations in dry pockets further south along the
extent of the proposed dry forest arc between northern Peru and
Bolivia, such as the Urubamba Valley and Gran Pajonal (see Table S5)
(Chapman, 1921; Harvey et al., 2011; Vasquez et al., 2018). If the
pattern seen in P. rufifrons holds, then the northern Peruvian pop-
ulations of these species would have diverged recently from closely
related populations in Bolivia, with isolated populations in open dry
habitats in central Peru perhaps representing additional remnants of
previously more extensive dry forest in this region (Chapman, 1921;
Haffer, 1967; Linares-Palomino, 2006).

Of course, differential dispersal can produce idiosyncratic spe-

cies-specific responses to the same geographic barrier, as shown

4467
MOLECULAR ECOLOGY \V\VA I [l A%

in comparative phylogeographic studies (Naka & Brumfield, 2018;
Smith et al., 2014), including in dry forest birds (Oswald et al., 2017).
Additionally, different dry forest species will vary in their ability to
inhabit a range of suboptimal habitats. Thus, fluctuating levels of
habitat suitability between disjunct dry forest patches may have pre-
sented varyingly permeable barriers to species of differing dispersal
abilities at different points in time. The hand-wing index of P. rufi-
frons — a metric of wing roundness in which lower numbers are used
as a proxy for lower flight efficiency and dispersal ability (Baldwin
et al,, 2010; Burney & Brumfield, 2009; Claramunt et al., 2012;
Dawideit et al., 2009; Kipp, 1959; Sheard et al., 2020) — was mea-
sured as 13.6 in one study, putting it in the 36th percentile within its
largely sedentary family (Claramunt et al., 2012). A second study ob-
tained a similarly low hand-wing index value of 13.15 for P. rufifrons,
which puts it in only the 17th percentile in their data set of nearly
all bird species (Sheard et al., 2020). By contrast, dry forest bird spe-
cies with similar disjunct distribution patterns include species with
pointed wings and high flight performance, like the Planalto Hermit
(Phaethornis pretrei), and partially migratory species such as the Red-
crested Finch (Coryphospingus cucullatus). Comparative phylogeo-
graphic work on a range of species (such as those listed in Table S5)
would give insight into the relative influence of overarching climatic
processes compared to species-specific traits in generating patterns

of genetic structure in dry forest birds.

4.2 | Secondary contact with gene flow between
Brazilian subspecies

A second significant finding of this study is the complex relation-
ship between the parapatric subspecies rufifrons and specularis in
eastern Brazil. The northeastern subspecies specularis has been
recognized as being morphologically distinct due to its reddish
primary patch, which is not found in rufifrons or any other subspe-
cies (Remsen, 2003a; Ridgely & Tudor, 2009). However, the exact
boundary between the two subspecies, including whether there is a
sharp morphological break or a plumage cline, remains to be studied.
We found that specularis is the most genetically distinct among the
southern subspecies of P. rufifrons and is sister to the three other
southern subspecies. This pattern was unanticipated because, unlike
the other southern subspecies, specularis and rufifrons are parapatric
and the boundary between them does not seem to correspond to
any known current or past biogeographic barrier. Near the coast the
break may be close to the Sdo Francisco River, but this relationship
does not hold in the interior, with multiple rufifrons individuals found
on the left bank of the river in Bahia, Tocantins, and southern Piaui.
The range of specularis encompasses more arid Caatinga habitats
than that of rufifrons, a promising avenue for research in dry for-
est birds (Termignoni-Garcia et al., 2017). Breaks between genetic
clusters have been found in similar locations in a plant (Caetano
et al., 2008) and a lizard (Werneck et al., 2012), and were proposed
to correspond to an ecological transition between true Caatinga and
more Cerrado-like habitats (Werneck et al., 2012).
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Despite the comparatively deep divergence between rufifrons
and specularis, we found evidence of gene flow between the subspe-
cies, including individuals in Bahia, Alagoas, and Pernambuco which
were assigned to one population using genomic data, but which
shared ND2 haplotypes with individuals of the other subspecies.
This is supported by our demographic history analysis, which found
strong support for a model of early divergence and recent gene flow
between the two populations, and by the lower values of F¢; and
F’ST between specularis and rufifrons than between specularis and
the other southern subspecies. Because hybrid zones are ideal “nat-
ural laboratories” to study evolutionary processes (Hewitt, 1988;
Price, 2008), this previously unrecognized contact zone warrants
substantial further sampling and investigation, with a focus on deter-
mining the position and nature of genetic and morphological breaks,
and whether they correspond to geographic or ecological barriers.
Additionally, in suboscines like P. rufifrons, vocal differences are
considered of central importance in promoting reproductive isola-
tion (Isler et al., 1998, 2005; Remsen, 2005; Seddon & Tobias, 2007;
Tobias et al., 2012), but lack of clarity over the geographic boundar-
ies between the subspecies has impeded work on differentiating the
vocalizations of rufifrons and specularis (Boesman, 2016). Detailed
vocal, morphological, and genetic data at a fine geographic scale will
be needed to illuminate the evolutionary dynamics at work in this

putative contact zone.

4.3 | Taxonomic status of northern subspecies

Finally, our genetic data is relevant to the question of species limits
within the Rufous-fronted Thornbird. Although the northern two
subspecies, inornatus and castilloi, have been considered by some
authorities to represent a distinct species, P. inornatus, on the basis
of plumage and vocal differences (Boesman, 2016; Hilty, 2003; del
Hoyo et al., 2017; Ridgely & Tudor, 2009), this treatment is not uni-
versal (Dickinson & Christidis, 2014; Remsen, 2003b). Our single in-
ornatus sample is insufficient to draw any absolute conclusions on
this subject. However, that sample was clearly more distinct (>2%
ND2 sequence divergence) from the southern samples than any of
the southern samples were from each other. The inornatus individ-
ual was sister to the southern subspecies in all phylogenetic trees
that we inferred, and the age of this split was more similar to that
between Phacellodomus sibilatrix and P. striaticeps, which are unam-
biguously regarded as distinct species, than to the age of any other
split within P. rufifrons. Therefore, the preliminary genetic evidence
provided here is consistent with the treatment of P. inornatus as a
species-level taxon. Unfortunately, P. r. castilloi was not sampled in
this study, but all previous authors have considered it closely related
to inornatus, and it would presumably be part of the inornatus group
(Boesman, 2016; del Hoyo, et al., 2017; Ridgely & Tudor, 2009).
Further sampling of both castilloi and inornatus would be crucial
to definitively resolving the appropriate treatment of these taxa,
as would further study of the proposed vocal differences. This

question bears some relevance to the Pleistocene Arc Hypothesis,

because inornatus and castilloi are the only subspecies that are not
found in regions originally proposed as part of the Pleistocene Arc,
and are not predicted by our SDMs to have been connected to the
other subspecies during the Pleistocene. In fact, if those two sub-
species are split off as P. inornatus, then the range of remaining P. ru-
fifrons sensu stricto will be in near-perfect correspondence with the
Pleistocene Arc as proposed by Prado and Gibbs, making it an arche-
typical example of this distribution pattern in birds.

In conclusion, our work provides one of the first examples of a
genome-wide data set that shows the role of Pleistocene climate
fluctuations in promoting past connections between currently dis-
junct dry forest populations. As next-generation sequencing tech-
niques are brought to bear on a wider variety of taxa, we will be
able to determine the degree to which other dry forest species show
similar genomic signatures of these connections in the recent past,
giving us a greater understanding of the evolutionary history of this

unique biome and the species that inhabit it.
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