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Abstract
Populations peripheral to a species’ distribution are more susceptible to new selective pressures, changes, differentiation, and
extinction. The Sooty Swift Cypseloides fumigatus (Apodidae) is a rare bird found mainly in central and southeastern South
America. Populations of this species are resident in some localities throughout the year, whereas other populations migrate
following the breeding season. Recently, a northern population was found well beyond the limits of its known distribution,
with approximately 1000 km of occurrence gap between this newly discovered population and the southern distribution. Here,
we reveal changes in species distribution over time, as well as compare the morphometric and genetic patterns of populations in the central-southern distribution of the Atlantic Forest and the northern peripheral population within the Caatinga.
Our climate niche models indicate a scenario of expanding species distribution during the Last Glacial Maximum, which
potentially drove the colonization of the northernmost population. This scenario of peripheral isolation is also supported by
the spatial morphometric and genetic variation among populations of the humid forest enclave within the Caatinga and the
Cerrado–Atlantic Forest populations. These findings provide important insights into the connectivity between distant Sooty
Swift populations, the species' migratory behavior, as well as implications for conservation.
Keywords Apodidae · Atlantic forest · Ecological niche model · Founder effect · Morphological variation · Swift
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Zusammenfassung
Historischer Klimawandel als Auslöser für Ausbreitung und Auftrennung einer seltenen, teilziehenden neotropischen
Vogelart
Populationen aus den Randbereichen des Verbreitungsgebiets einer Art sind empfindlicher gegenüber neuen Selektionsdrücken,
Veränderungen, Differenzierung und Aussterben. Der Rauchsegler Cypseloides fumigatus (Apodidae) ist ein seltener
Vogel, der hauptsächlich im zentralen und südöstlichen Südamerika vorkommt. Populationen dieser Art sind mancherorts
Standvögel, während andere im Anschluss an die Brutsaison abwandern. Kürzlich wurde eine nördliche Population deutlich
außerhalb der Grenzen des bisher bekannten Verbreitungsgebiets entdeckt, die durch eine Verbreitungslücke von etwa
1.000 km vom südlichen Areal der Art getrennt ist. Wir zeigen zeitliche Veränderungen der Artverbreitung und vergleichen
morphometrische und genetische Muster in Populationen des zentral-südlichen Verbreitungsgebiets im Atlantischen
Regenwald und in der nördlichen, peripheren Population innerhalb de Caatinga. Unsere Klima-Nischenmodelle weisen
auf ein Szenario mit einer Ausweitung des Verbreitungsgebiets der Art auf dem Höhepunkt der letzten Eiszeit hin, die
möglicherweise die Kolonisierung der am weitesten nördlich gelegenen Population vorangetrieben hat. Dieses Szenario einer
peripheren Isolation wird auch durch die räumliche morphometrische und genetische Variabilität zwischen Populationen
der feuchten Wald-Enklave innerhalb der Caatinga und den Cerrado/Atlantischer Regenwald-Populationen gestützt. Aus
diesen Ergebnisse leiten sich wichtige Erkenntnisse über die möglichen Verbindungen zwischen entfernten RauchseglerPopulationen, über das Wanderverhalten der Art sowie ihren Schutz.

Introduction
Historical climate changes often drive species range expansion, which may expose the new founding populations to different demographic and adaptive conditions. In these cases,
peripheral differentiation might be an expected evolutionary
consequence (Bell et al. 2010; Castellanos-Morales et al.
2016). As peripheral populations are typically smaller than
central ones, they would be expected to present low phenotypic and genetic variability. This is because peripheral
populations tend to be more susceptible to selective pressures and genetic drift, which may accelerate the divergence
process (Lesica and Allendorf 1995; Petren et al. 2005).
The shift in selective pressure is an important characteristic of peripheral populations, which may be significantly
different from those of the core population (Lawson et al.
2015). In fact, peripheral populations would be expected to
change gradually from the typical niche of the species, with
increasing geographic distance from the core population
(Frey 1993; Hoskin et al. 2011). Under suitable environmental conditions, marginal populations may occur in habitats
that are atypical for the species, which may drive both phenotypic and genetic differentiation resulting from divergent
selective pressures (Edwards et al. 2005; Sinai et al. 2019).
Also, peripheral populations will be expected to have
lower genetic variability than more central ones, due to
the successive extirpation of low-frequency alleles through
demographic events (e.g., bottlenecks), and reduced gene
flow with the central, or core population, which will decline
with increasing geographic distance (Petren et al. 2005;
Lawson et al. 2015). These processes may be exacerbated
by environmental degradation and natural disasters, which
fragment habitats and may cause the extinction of intermediate populations, reinforcing the need for conservation efforts
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that, in turn, require a reliable understanding of the level
of differentiation of the populations and their evolutionary
potential (Lesica and Allendorf 1995; Lawson et al. 2015).
The Sooty Swift, Cypseloides fumigatus (Aves: Apodidae), is broadly distributed in South America, although its
geographic range is poorly defined, being based on a small
number of widely scattered records (Stopiglia and Raposo
2007; Albano and Girão 2008; Pearman et al. 2010; Biancalana et al. 2012; Biancalana 2015). The aerial habits of this
species tend to restrict observations and capture in periods
other than the breeding season, which coincides with the
onset of the rainy season at most localities (Stopiglia and
Raposo 2007; Chantler and Driessens 2000; Biancalana
2015). One characteristic of the breeding behavior of the
Sooty Swift is its preference for nesting sites located on cliffs
and rockfaces adjacent to or behind the drops of small- to
medium-sized waterfalls (Stopiglia and Raposo 2007; Vasconcelos et al. 2006; Pearman et al. 2010; Biancalana et al.
2012; Biancalana 2015). Some authors also consider this
species to be partially migratory, given that some populations may abandon their nesting sites after the breeding
season, while others (a much smaller proportion) appear
to remain resident throughout the year (Vasconcelos et al.
2006; Stopiglia and Raposo 2007; Biancalana et al. 2012).
Some recent studies (Vasconcelos et al. 2006; Albano and
Girão 2008; Biancalana et al. 2012) have recorded breeding
populations of the Sooty Swift at localities in the Cerrado
and Caatinga biomes of central and northeastern Brazil that
are well outside the limits of the known distribution of the
species (Fig. 1). The population found in the Caatinga, in
the Serra do Baturité, a mountain range in the Brazilian
state of Ceará, is the northernmost occurrence yet recorded
for the species (Albano and Girão 2008). This natural discontinuity of the species' distribution between the Serra do
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Fig. 1  Map of the Sooty Swift sampling records for A selected occurrences (213 locations) to build the climate niche models, mapped at
a resolution of 5 km × 5 km distance between the locations; B locations of the skins samples used in morphometric analysis; C locations
of the tissue samples used in genetic analyses: the northern Caatinga

samples, in the Serra de Baturité (blue star) and the population of
the central-southern Cerrado–Atlantic Forest samples (red star). The
shaded polygons indicate the different forest domains found within
the species’ range, that is, the Atlantic Forest and the cloud forest
enclaves (green) isolated within the Caatinga biome (light yellow)

Baturité and Chapada Diamantina (ca 1100 km apart), the
previous northernmost locality of the species in the state of
Bahia indicates that the Ceará population may be isolated
in an enclave of cloud forest in the dry vegetation of the
Caatinga. These humid forest enclaves are known locally
as brejos de altitude, which refers to their occurrence at
altitudes between 700 and 1200 m-asl. These environments
are assumed to be relicts of a past connection between the
Amazon and Atlantic Forest biomes, and are characterized

by their considerable biological diversity and endemism
(Souza and Oliveira 2006; Albano and Girão 2008; Silveira
et al. 2019).
The diversity of endemic species in these cloud forests
has been linked to peripatric speciation through the isolation
of populations from neighboring biomes, such as the Amazon and Atlantic Forests, and the Cerrado of central Brazil
(Carnaval 2002; d’Horta et al. 2013; Batalha-Filho et al.
2014; Luna et al. 2017; Silveira et al. 2019). The isolation
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of these populations probably resulted from the retraction of
the forest corridors that formed across the Caatinga during
periods of relatively humid climate, leading to the genetic
and phenotypic differentiation of the relict populations
(Carnaval and Bates 2007; Werneck 2011; Luna et al. 2017;
Amaral et al. 2018). To the best of our knowledge, however,
this isolation has only been observed in species with a low
dispersal capacity, and not in organisms with the potential
for long-range migrations.
Within this context, we evaluated changes in historical
niche distribution, and pattern of morphometric and genetic
diversity of Sooty Swift populations found in the humid
forest enclaves of Serra de Baturité (Caatinga), in gallery
forests of the Cerrado, and in the core population of the
Atlantic Forest in southern Brazil. Specifically, we test (i)
whether historical climatic changes determined the distribution and connectivity of the Caatinga and Cerrado–Atlantic
Forest populations; and (ii) whether the peripheral Caatinga
population is phenotypically and genetically different from
the more continuous Cerrado–Atlantic Forest populations.
To answer these issues, we used an integrative approach that
included ecological niche models and the analysis of morphometric variation patterns, combined with a preliminary
assessment of mtDNA genetic diversity.

Materials and methods
Ecological niche modeling
We constructed the distribution models for the Sooty Swift
using the ecological niche modeling (ENM) technique.
A total of 507 occurrence records were obtained through
fieldwork, established databases, and publications (Online
Supporting Information, Fig. S1). Spatial correlations were
determined in SDMtoolbox (Brown 2014), which reduced
the database to 213 localities (Fig. 1A). The occurrence
records were mapped in a grid of cells with a resolution
of 2.5 min of the arc (approximately 4.5 km × 4.5 km).
We selected one point per grid cell and omitted all other
repeated points, as well as the cells that contained the same
environmental information. We used the bioclimatic data
available at WorldClim 1.4 (Hijmans et al. 2005), which
provides 19 environmental variables, for the present and
the Mid-Holocene (ca. 6000 years ago), the Last Glacial
Maximum (ca. 21,000 years ago), and the Last Interglacial
(ca. 120,000 years ago). The Spearman correlation was used
to avoid correlated climatic variables (r < 0.7, Online Supporting Information Table S1).
We used six different modeling algorithms to estimate
the potential distribution of the Sooty Swift: (1) Bioclim
(Nix 1986), (2) GLM (Guisan et al. 2002), (3) Domain (distance by Gower; Carpenter et al. 1993); (4) RandomForest
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(Liaw and Wiener 2002); (5) Maximum entropy—Maxent
(Phillips and Dudik 2008), and (6) Support vector machine
(SVM) (Tax and Duin 2004). All algorithms were run in
R software (R Core Team 2021). The SVM algorithm was
executed using the ksvm function of the [kernlab] package
of the R platform (Karatzoglou et al. 2004), and Random
Forest by the [randomForest] package. All other algorithms
were executed in the [dismo] package of the R platform
(Hijmans et al. 2015). Following an algorithm ensemble
approach (Araújo and New 2007), the binary maps were
concatenated to compute the frequency of presences predicted for each grid cell, yielding a single consensus map
per climatic scenario (Present Day, Middle Holocene, Last
Glacial Maximum, and Last Interglacial). We used the lowest fitness value of an occurrence record (i.e., < 0.49) as a
cut-off threshold to calculate predicted binary maps (e.g.,
Jiménez-Valverde et al 2011; Peres et al 2015 and SobralSouza et al 2015). We obtained the final consensus map for
each climatic scenario by calculating the frequency of each
algorithm.
To calibrate the models based on presence-background
observations (SVM and Maxent), background points were
selected randomly from a grid of cells in South America used
as input for the evaluation of the models. For each model, 20
replicates were generated, adjusted using a double partitioning criterion, i.e., 75% for training, and 25% for testing of the
points were selected at random for each of the 20 replicates in
each algorithm. To evaluate the models, we used the True Skill
Statistic (TSS) whose values vary from − 1 to 1. Negative values and values close to zero indicate that the model’s predictions are not significantly different from a randomly generated
model, whereas models with values closer to 1 are considered
to be very good. In general, models with TSS values of over
0.5 are considered acceptable (Allouche et al. 2006).

Ecological niche overlap
We used PCA-env, Schoener’s D (Schoener 1968), and
Warren’s I (Warren et al. 2008) to quantify the niche overlap among the Sooty Swift populations, based on niche
equivalence and similarity, run in the Ecospat R package
(Broennimann et al. 2018). Schoener’s D is based on direct
measurements of the occurrence densities modeled in environmental space, while Warren’s I is based on the modified
Hellinger distance, used to compare two probability distributions. These two indices range from 0 (no similarity) to
1 (high similarity). We controlled for the effect of climate
equivalence through a similarity test (Warren et al. 2008),
which examines whether the niches of two populations with
partial or non-overlapping distributions are more different
than expected at random (Warren et al. 2008).
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Morphometric analyses
We analyzed the morphometric parameters of 52 individuals obtained from several different ornithological collections
and the inventories of independent expeditions (Online Supporting Information, Table S2). We measured the tarsus and
exposed culmen of each specimen with a 15 cm Mitutoyo©
caliper (0.05 mm precision), the wing and tail with a 15 and a
50 cm ornithological ruler and weighed the body mass of each
individual with a 50 g Pesola© spring balance (0.25 g precision), and with a digital scale. We compared the body mass,
and the length of the wing (flat), tail, tarsus, and exposed culmen between populations using the Student’s t test. We also
applied a Principal Components Analysis (PCA) of the different parameters to characterize the overall size variation among
populations. We ran all these analyses in JMP® 10.0.0 (SAS
Institute Inc. 2012).

Specimen sampling and DNA extraction
Due to the difficulty to obtain samples of the Sooty Swift
out of the breeding season, we used samples available from
some scientific collections to extract DNA. A total of 36
Sooty Swift samples were analyzed, 31 feather shaft samples
were provided by the Associação de Pesquisa e Preservação
de Ecossistemas Aquáticos (AQUASIS) and the Universidade Federal do Rio Grande do Norte (Online Supporting
Information Table S3). Two blood samples and two tissue
samples from different museum collections were obtained
and processed by RNB (Online Supporting Information
Table S3). We also used data available for the species on
GenBank (NC_034933). Twenty of these samples were collected in the Atlantic Forest of southeastern Brazil, 18 in the
Vila Velha State Park located in the municipality of Ponta
Grossa, in the state of Paraná, one at the Parque Estadual
Intervales, in the municipality of Ribeirão Grande, state
of São Paulo, and one at Parque Eólico de Osório, in the
municipality of Osório, Rio Grande do Sul. Two samples
from the Cerrado were collected in the Parque Municipal
Salto do Itiquira, in the municipality of Formosa, state of
Goiás, and at the Cânyon da Sussuapara, in the municipality
of Ponte Alta do Tocantins, state of Tocantins, while other
13 samples were collected from the population in the Serra
de Baturité, in the municipality of Pacoti, in the northeastern
state of Ceará (Fig. 1C).
Samples of feathers were stored in microtubes, in absolute
ethanol (SISBIO/ICMBio authorization 19849-1). The DNA
was extracted using the Wizard® Genomics DNA Purification kit (Promega), following the manufacturer’s protocol.
The mitochondrial genes NADH desidrogenase subunit 2
(ND2) and Cytochrome b (cytb) were amplified by Polymerase Chain Reaction (PCR) using the primers described
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by Sorenson et al. (1999) (list of primer sequences in the
Online Supporting Information Table S4). Standard protocols and methods (Sambrook and Russell 1989) were used
to obtain the sequences of these markers in an ABI 3500 XL
automatic sequencer (Applied Biosystems).

Genetic diversity and population structure
The sequences were aligned using the automatic multiple
alignment tool in ClustalW (Thompson et al. 1994) runs in
BioEdit 7.2.0 (Hall 1999). The haplotype (Hd) and nucleotide (π) diversity of each population were estimated using
DnaSP 6 (Rozas et al. 2017). The haplotype networks were
plotted in Haploviewer (Salzburguer et al. 2011), using a
maximum likelihood topology. Tajima’s (1989) D and Fu’s
(1997) Fs were also calculated to test for possible trends of
historical demographic change. These tests were based on
coalescent simulations of 1000 replicates, run in DnaSP 6.
The genetic structure of the Sooty Swift populations was
determined using the Bayesian Analysis of Population Structure software (BAPS 6—Corander et al. 2008), considering
the premise of non-spatially hierarchical genetic mixing at
an individual level. Models testing for the presence of up to
seven populations (K) were tested (relative to the number
of sampled locations, Fig. 1C), with each search being replicated 100 times. Hierarchical analyses of molecular variance (AMOVA) and fixation indices (Fst) were calculated
in Arlequin 3.5 (Excoffier and Lischer 2010) for the two
populations, from the Cerrado–Atlantic Forest (centralsouthern) and the Caatinga (northern). We also performed
an exact test of population differentiation to test the nonrandom distribution of haplotypes in the sampled populations under the assumption of panmixia (for both individual
and concatenated markers). The significance was evaluated
by 1000 random permutations using Bonferroni's sequential
correction.

Data availability
GenBank accession numbers for the mitochondrial marker
sequences of Cytb (OL311723-OL311753) and ND2
(OL311754-OL311786) can be found in Supplementary
Material file 1 Table S3. Occurrence data of Cypseloides
fumigatus used in the analyses of niche modeling can be
found in the Supplementary Material file 2 - Occurences_
Cypseloides_fumigatus.xlsx. Data on morphometric measurements of Cypseloides fumigatus samples can be found
in Supplementary Material file 3 - Cypseloides_fumigatus_morphometric_measures.xlsx
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Fig. 2  Niche suitability models for current Sooty Swift populations from South America and under four different temporal climatic scenarios. A Model of the northern populations in the cloud
forest enclaves in the Caatinga domain and B model for the centralsouthern population in the Cerrado and Atlantic Forest. Temporal cli-

mate scenario for C the Last Interglacial (ca 120,000 years ago), B
Last Glacial Maximum (ca 22,000 years ago), C Mid-Holocene (ca
6000 years ago), D present-day conditions. The blue areas have sensitivity–specificity maximization values below the established threshold

Results

suitability (Online Supporting Information, Fig. S3). The
results of the niche overlap analysis revealed low values
(Schoener’s D = 0.028 and Warren's I = 0.12), reinforcing
the existence of significant differences between the niches
of the two populations. The PCA-env also indicates a low
level of overlap of the environmental space between the two
populations (Online Supporting Information, Fig. S4). The
similarity and equivalence tests also presented low D values
when comparing the southern population with the northern
population.
Despite the low D values, tests of niche similarity and
equivalence comparing the northern and south-central populations were not significantly different from the null model
(p > 0.34), which assumes that the environmental differences
between the populations are due to the lack of a shared area
(the black arrow is in the same position as the bars—see

Niche modeling and overlapping
Evaluation of the six niche modeling algorithms showed
AUC values > 0.8, indicating high model performance.
(Online Supporting Information, Table S5). The present-day
models created separately for the two populations revealed
no overlap between them (Fig. 2A, B). The predictions
of the temporal climate niche model indicates the expansion of the Sooty Swift population from the Last Interglacial (LIG 120,000 years) to Last Glacial Maximum (LGM
22,000 years), followed by a slight reduction during the
Mid-Holocene (MH 6000 years) to the present (Fig. 2C–F).
The niche models generated for the two populations
indicated differentiation due to the lack of shared niche
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Table 1  Comparison of the morphometric parameters recorded from Sooty Swift specimens sampled in the northern (Caatinga) and centralsouthern (Cerrado–Atlantic Forest) populations
Population

Body mass (g)

Wing (mm)

Tail (mm)

Tarsus (mm)

Exposed culmen (mm)

Northern

40.9 ± 2.8
36.5–45.5 (15)
40.0 ± 3.0
33.3–45.0 (30)
t43 = 0.96, p = 0.34

149.9 ± 2.1
146.5–153.5 (17)
155.9 ± 4.1
140.0–164.0 (34)
t49 = 5.66, p < 0.01*

47.6 ± 1.3
45.0–49.5 (17)
49.5 ± 1.5
47.0–53.0 (35)
t50 = 4.63, p < 0.01*

13.79 ± 0.31
13.30–14.35 (17)
14.70 ± 0.72
13.50–15.75 (30)
t45 = 4.97, p < 0.01*

6.05 ± 0.28
5.50–6.50 (17)
6.04 ± 0.30
5.50–6.6 (29)
t44 = 0.10, p = 0.92

Central-Southern
t

the central-southern individuals, although the mean body
mass and exposed culmen did not vary significantly between
populations (Table 1). In the Principal Component Analysis, PC 1 (wing and tarsus length) and PC2 (tail length
and mass) explained 43.2% (eigenvalue = 2.16) and 23.4%
(eigenvalue = 1.17) of the variance in the data, respectively.
The scatter plot of the principal components indicated only
a slight separation between individuals from the northern
and central-southern populations. However, two specimens
from the state of Minas Gerais were closer to the northern
population (Fig. 3).

Genetic diversity and population structure

Fig. 3  Results of the Principal Components Analysis of the morphometric measurements of the Sooty Swift from Brazil. The open and
solid circles represent specimens sampled in the northern and centralsouthern populations, respectively, while the gray polygon encompasses all the northern specimens plus two specimens from the central distribution (Minas Gerais) of the species. The analysis was based
on the measurements of the wing, tail, tarsus, mass, and exposed culmen. Components 1 and 2 accounted for 43.2% and 23.4% of data
variance (eigenvalues of 2.16 and 1.17), respectively

Online Supporting Information, Fig. S3). This interpretation should be viewed with caution, however, given that
this difference between environments may be at least partly
determined by the restricted geographic distribution of the
northern population. When the number of records available after the rarefaction of the points is compared, only six
points were recovered for the northern population, compared
with 208 for the southern population.

Morphometry
The northern individuals presented mean wing, tail, and
tarsus measurements significantly smaller than those of

A total of 1328 base pairs (bp) of the mitochondrial genome
were sequenced, specifically 938 bp from ND2 and 390 bp
from Cytb (Table 2). The two populations analyzed here
presented distinct levels of genetic variability (Table 2),
with the Caatinga (northern) population presenting Hd and
π values of zero, while the Cerrado–Atlantic Forest (centralsouthern) population presented moderate levels of diversity
(ND2–Hd = 0.668 and π = 0.0011; cytb = 0.587 and 0.0020).
The northern population presented a single haplotype (H1)
for both markers, whereas the central-southern population
presented twelve haplotypes (ND2 = 5; cytb = 7). In both
cases, H1 was the most frequent haplotype, and the only
one shared between the two populations (Fig. 4A). The
absence of variability in the northern population impeded
any analysis of deviations from neutrality. The central-southern population presented negative and significant deviations
from neutrality (D = − 0.6860; Fs = − 2.692 p > 0.1 for the
concatenated markers), indicating selective sweep or population expansion after a recent bottleneck event.
The BAPS analysis of population structure indicated
the existence of two groups (K = 2, marginal probability = − 172.8; Online Supporting Information, Table S6),
with one group being present universally and the other being
restricted to the central-southern region (Fig. 4B). By incorporating geographic locations explicitly in the definition of
the genetic structure, the Fst values were significant and
corresponded to a population genetic structure (Fst = 0.191,
p < 0.01; Table 2). The p-distance value 0.001 suggests no
structure between populations (Table 2), while the AMOVA
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Fig. 4  Haplotype network
based on the maximum likelihood analysis of the mtDNA
markers Cytb, ND2, and both
markers (Cytb + ND2) between
the northern Caatinga domain
(blue) and central-southern
Cerrado–Atlantic Forest (red)
samples

result indicates slight differentiation (Table 3), with most
of the genetic variation being present within populations
(80.83%) than among populations (19.16%). The exact test
of population differentiation indicated that haplotypes are
not randomly distributed among populations when evaluating concatenated mtDNA markers (p < 0.001), but the same
was not true for individual markers (p > 0.8).

Discussion
Our results of niche distribution, morphometric and genetic
variation support the peripheral differentiation of the Caatinga Sooty Swift population relative to the Cerrado–Atlantic Forest populations. The historical variation in species
distribution (Fig. 2), along with morphometric differentiation (Fig. 3, Table 1) and lack of genetic diversity (Fig. 4,
Table 2), support the hypothesis that the peripheral isolation
of the Caatinga population could be driven by the founder
effect due to climate change during the LIG (120,000 years)
to LGM (21,000 years) transition. Furthermore, within the
distribution of our samples, Sooty Swift showed low to
moderate genetic diversity, with signs of recent population
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expansion in the Cerrado–Atlantic Forest region (Table 2).
Below, we discuss how the patterns observed here provide
some insights into the ecological, evolutionary, and vulnerability aspects of the rare and poorly known Sooty Swift.

Historical distribution shifts, morphometric
and genetic patterns of the Sooty Swift
Paleoclimatic models developed for the Quaternary indicate
greater stability in the distribution of forests in the core of
the Atlantic Forest compared to its peripheral areas (Carnaval and Moritz 2008; Carnaval et al. 2009), which include
the humid forest enclaves within the Caatinga domain
(Cabanne et al. 2016). This shift in environmental distribution seems to have shaped the current species diversity
through the cyclical effects of climate (Carnaval and Bates
2007; Batalha-Filho et al. 2013; Ledo and Colli 2017; Silveira et al. 2019). Our Sooty Swift ecological niche models
suggest the possibility of a range expansion into the northeast from the south-central distribution during the LIG to
the LGM, with possible connectivity through the northeast
coastal Atlantic Forest (Fig. 2C, D), followed by a reduced
niche range in peripheral northern areas during the middle
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Table 2  Genetic summary on mitochondrial markers Cytb and ND2 (individual and concatenated) from Sooty Swift specimens sampled in the
northern (Caatinga) and central-southern (Cerrado–Atlantic Forest) populations
Locus

ND2
Cytb
ND2 + Cytb

Population

Northern
Central-Southern
Northern
Central-Southern
Northern
Central-Southern

N

11
23
12
20
11
20

Length (bps)

938
390
1328

S

0
5
0
6
0
11

h

1
5
1
7
1
9

Hd

0
0.668
0
0.584
0
0.779

π

0
0.0011
0
0.0020
0
0.0012

Tajima’s D

NA
− 0.7253ns
NA
− 1.7191*
NA
− 1.6020*

Fu’s Fs

NA
− 0.887ns
NA
− 5.515*
NA
− 4.028*

Fst

0.1822*
0.127ns
0.191*

P-distance
Within

Between

0
0.001
0
0.002
0
0.001

0.001
0.001
0.001

N number of samples; bps base pairs; S segregating sites; h number of haplotypes; Hd haplotype diversity; π nucleotide diversity; Fst fixation
index

Holocene to present (Fig. 2E, F). Furthermore, these results
also support the hypothesis of dynamic connectivity of habitat corridors between peripheral forest enclaves in northeastern (within the Caatinga domain) with central Atlantic
Forest during past climate change (Carnaval and Bates 2007;
Werneck 2011; Luna et al. 2017; Silveira et al. 2019).
For populations in the peripheral range, adaptive
responses to new environmental conditions could drive
rapid phenotypic differentiation and potential reproductive
isolation (Grant and Grant 2011). Morphometric variation
among bird populations is determined by selective pressures shifting along environmental gradients, which may
exist throughout the entire geographic range of a species
(Edwards et al. 2005). In this sense, the significant difference
in morphometric measurements between the Sooty Swift
populations sampled here could be the result of different
selective pressures acting in their respective environments
(Fig. 3, Table 1). This hypothesis is supported by the niche
overlap results, which indicate differentiation due to the mismatch of shared niches as revealed by low values of Schoener's D (0.028) and Warren’s I (0.12). These differences were
mainly in the precipitation (Bio13, Bio15, Bio18, see Supplementary Material Fig. S3B), which is the environmental
variable associated with the beginning of the Sooty Swift
breeding season (Stopiglia and Raposo 2007; Chantler and
Driessens 2000; Biancalana 2015).
In migratory birds, varying niche conditions across
the species' distribution can result in changes in breeding
schedules and potential allochronic isolation (see Taylor and
Friesen 2017). For Sooty Swift populations in the Atlantic
Forest, the trigger of migration to breeding sites is timed by
the rainy season, which can range from September to March
(Vasconcelos et al. 2006). In the Caatinga biome, rainy
seasons are comparatively short and generally range from
January to May. This dyssynchrony of rainy seasons across
biomes may result in changes in the reproductive cycles of
the peripheral Caatinga population, isolating it from other
Atlantic Forest (or even from Cerrado) populations. Indeed,

Table 3  Results of the Analysis of Molecular Variance (AMOVA)
for the concatenated mtDNA markers, within and among the northern and central-southern Sooty Swift samples analyzed in the present
study
Source of variation

Sum of squares

Components of % Variation
the variance

Among population
Within population
Total

2.432
16.150
18.581

0.1321
0.5569
0.6889

19.16
80.83

isothermality (Bio03) and seasonality of precipitation
(Bio15) are among the environmental variables that contribute most to niche differentiation between northern and
central-southern populations in our ecological niche models
(Online Supporting Information Fig. S2).
Allochronic isolation due to environmental changes
within the species' range can lead to the loss of migratory
behavior in favor of sedentary behavior (Taylor and Friesen
2017; Gómez-Bahamón et al. 2020). Losses in migratory
behavior (i.e., migratory drop-offs) are often accompanied
by changes in morphological traits (Hedenström 2008;
Freedman et al. 2020). In our morphometric data, the significant reduction in wing, tail, and tarsus size of the Caatinga population samples compared to the Atlantic Forest and
Cerrado may be the result of a loss of migratory behavior
(Table 1). Especially with respect to wing size, which is
a morphological trait closely associated with flight performance and ability (Savile 1957; Claramunt 2021), and it is
possible that a reduction in these traits could also reduce
migratory efficiency. If proven, this may be the first record
of loss of migratory behavior recorded within a Neotropical
Swift species.
Alternatively, morphometric divergence may be significant in small founder populations, indicating the influence of
neutral processes such as drift that can drive rapid changes
in phenotypic traits (Spurgin et al. 2014). According to this
hypothesis, the observed morphometric differences between
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the central-southern and northern peripheral populations
occur by chance due to founder effects, but not due to selective pressures. Evidence supporting this hypothesis is the
ecological niche model indicating an increased species niche
suitability in a northward direction, towards the Caatinga
during the LIG–LGM transition (Fig. 2), and the low genetic
(Fig. 4, Table 2) and morphometric (Fig. 2, Table 1) diversity of this population, which represents only a subset of
the variation found in south-central populations (Table 3,
Fig. 4). Furthermore, the exact test for population differentiation suggests that the distribution of haplotypes for
the concatenated mtDNA markers is not random under the
panmixia model, indicating that the possibility of a founder
effect cannot be ruled out. This recent founder effect during
the LGM to Mid-Holocene transect (21,000–6000 years),
with subsequent extirpation of low-frequency haplotypes
due to drift in a small population, could also explain the
low genetic differentiation among populations (Table 3,
Fig. 4). Despite these findings, it will be necessary to collect morphometric and genetic data from additional Sooty
Swift populations in eastern and central Brazil to provide
more conclusive insight into the process that drove the spatial variation found in this species.

Conservation implications
The Atlantic Forest and Caatinga biomes have the largest
number of endemic and endangered species of any South
American ecosystem (Leal et al. 2005; Tabarelli et al. 2010;
Santos et al. 2011; Silva et al. 2017). This appears to be
consistent with the low genetic diversity (Hd = 0; π = 0—
for both mtDNA markers) and morphometric differentiation
(Fig. 3) found in the Sooty Swift individuals from Serra de
Baturité. These results further reinforce the conclusion that
the enclaves of cloud forest found in the Caatinga are priority areas for conservation because, while they do not constitute significant genetic reserves, they do protect a variety of
endemic species and divergent populations (Carnaval 2002;
Albano and Girão 2008; Santos et al. 2007; Luna et al. 2017;
Silveira et al. 2019).
In addition, the accentuated fragmentation and discontinuity of these Atlantic Forest habitats (Ribeiro et al. 2009)
are associated with low levels of genetic diversity, which
can be intensified by genetic drift in small populations with
reduced gene flow (Dixo et al. 2009; Haag et al. 2010). This
pattern appears to be constantly revealed by genetic and
demographic history studies in some bird lineages (d’Horta
et al. 2011; Batalha-Filho et al. 2012) and corroborated by
our results of genetic variability estimated for the Atlantic
Forest population of the Sooty Swift (Table 2).
A recent study of Sooty Swift populations in southeastern
and central Brazil revealed a low degree of polymorphism
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in microsatellite markers, which may have been the result
of behavioral and ecological factors, variation in population
size, or, possibly, inbreeding (Biancalana et al. 2019). This
is probably because pairs are highly philopatric and return to
the same nests in successive breeding seasons, as observed
in other swift species (Hirshman et al. 2007; Pichorim et al.
2009; Collins 2010; Pichorim and Monteiro-Filho 2010;
Marín 2016). These characteristics are typical of birds with
a high dispersal capacity, such as albatrosses and crows
(Milot et al. 2007; Morinha et al. 2017). However, the lack
of data on the ecology and natural history of species such
as the Sooty Swift limit our ability to understand which factors may influence the observed patterns of genetic diversity.
Understanding these characteristics is crucial to the development of effective conservation strategies that combine data
on genetic and functional variability, to maintain the adaptive potential of the species (Harrison et al. 2014; Hoelzel
et al. 2019).
Supplementary Information The online version contains supplementary material available at https://doi.org/10.1007/s10336-021-01948-z.
Acknowledgements We thank the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq) and the Coordenação de
Aperfeiçoamento de Pessoal de Pessoal de Nível Superior (CAPES)
for funding this study. (CNPq Grants 312404/2019-0 to JA and
311539/2019-0 to PSR), and Coordenação de Aperfeiçoamento de Pessoal de Nıível Superior—Brasil (CAPES process 88882.444617/201901 to LWL and 88881.337398/2019-01 to PSR). The Instituto Ambiental Paraná (IAP) authorized access to the Vila Velha State Park and
CEMAVE/ICMBio provided bands and permission for bird captures.
We thank Adolfo G. Navarro Siguenza, Carla Suertegaray Fontana,
Glayson Ariel Bencke, Luís Fábio Silveira, Helder F. P. de Araújo,
Pedro Scherer-Neto, and Pablo L. for access to data on museum specimens or access to collections. We also acknowledge Stephen Ferrari
for revising the manuscript. The study is in accordance with the current
laws in Brazil.

References
Albano C, Girão W (2008) Aves das matas úmidas das serras de Aratanha, Baturité e Maranguape, Ceará. Revista Brasileira De Ornitologia 16:142–154
Allouche O, Tsoar A, Kadmon R (2006) Assessing the accuracy of
species distribution models: prevalence, kappa and the true skill
statistic (TSS). J Appl Ecol 43(6):1223–1232
Amaral FR, Maldonado-Coelho M, Aleixo A, Luna LW, Rêgo PS,
Araripe J, Souza TO, Silva WAG, Thom G (2018) Recent chapters
of Neotropical history overlooked in phylogeography: Shallow
divergence explains phenotype and genotype uncoupling in Antilophia manakins. Mol Ecol 27:4108–4120
Araújo MB, New M (2007) Ensemble forecasting of species distribution. Trends Ecol Evol 22(1):42–47
Batalha-Filho H, Cabanne GS, Miyaki CY (2012) Phylogeography of
an Atlantic forest passerine reveals demographic stability through
the last glacial maximum. Mol Phylogenet Evol 65:892–902

Journal of Ornithology (2022) 163:495–507
Batalha-Filho H, Fjeldså J, Fabre PH, Miyaki CY (2013) Connections
between the Atlantic and the Amazonian forest avifaunas represent distinct historical events. J Ornithol 154:41–50
Batalha-Filho H, Pessoa RO, Fabre P, FjeldsåJ IM, Ericson PGP, Silveira LF, Miyaki CY (2014) Phylogeny and historical biogeography of gnateaters (Passeriformes, Conopophagidae) in the South
America forests. Mol Phylogenet Evol 79:422–432
Bell RC, Parra JL, Tonione M, Hoskin CJ, Mackenzie JB, Williams
SE, Moritz C (2010) Patterns of persistence and isolation indicate
resilience to climate change in montane rainforest lizards. Mol
Ecol 19(12):2531–2544
Biancalana RN (2014) Breeding biology of the White-collared Swift
Streptoprocne zonaris in southeastern Brazil. Revista Brasileira
De Ornitologia 22:339–344
Biancalana RN (2015) Breeding biology of the Sooty Swift Cypseloides fumigatus in São Paulo, Brazil. Wilson J Ornithol
127:402–410
Biancalana RN, Nogueira W, Bessa R, Pioli D, Albano C, Lees AC
(2012) Range extensions and breeding biology observations of
the Sooty Swift (Cypseloides fumigatus) in the states of Bahia,
Goiás, Minas Gerais and Tocantins. Revista Brasileira De Ornitologia 20:87–92
Biancalana RN, Amaral FR, Biondo C (2019) Novel microsatellites
for Cypseloides fumigatus, cross-amplifiable in Streptoprocne
zonaris. Revista Brasileira De Ornitologia 27:207–211
Broennimann O, Di Cola V, Guisan A (2018) ecospat: spatial ecology miscellaneous methods. R package version 3.0. https://
CRAN.R-project.org/package=ecospat. Accessed 18 Feb 2020
Brown JL (2014) SDMtoolbox: a python-based GIS toolkit for landscape genetic, biogeographic and species distribution model
analyses. Methods Ecol Evol 5(7):694–700
Cabanne GS, Colderón L, Arias NT, Flores P, Pessoa R, d'Horta FM,
Miyaki CY (2016) Effects of Pleistocene climate changes on species ranges and evolutionary processes in the Neotropical Atlantic
Forest. Biol J Linn Soc 119:856–872
Carnaval AC (2002) Phylogeography of four frog species in forest
fragments of Northeastern Brazil: a preliminary study. Integr
Comp Biol 45(5):913–921
Carnaval AC, Bates JM (2007) Amphibian DNA shows marked genetic
structure and tracks Pleistocene climate change in northeastern
Brazil. Evolution 61:2942–2957
Carnaval AC, Moritz C (2008) Historical climate modeling predicts
patterns of current biodiversity in the Brazilian Atlantic Forest.
J Biogeogr 35:1187–1201
Carnaval AC, Hickerson MJ, Haddad CFB, Rodrigues MT, Moritz
C (2009) Stability predicts genetic diversity in the Brazilian
Atlantic Forest hotspot. Science 323:785–789
Carpenter G, Gillison AN, Winter J (1993) DOMAIN: a flexible
modeling procedure for mapping potential distribution of plants
and animals. Biodivers Conserv 2:667–680
Castellanos-Morales G, Gámez N, Castillo-Gámez RA, Eguiarte LE
(2016) Peripatric speciation of an endemic species driven by
Pleistocene climate change: the case of the Mexican prairie dog
(Cynomys mexicanus). Mol Ecol Evol 94:171–181
Chantler P, Driessens G (2000) Swifts: a guide to the swifts and
treeswifts of the world. New Haven Yale University Press
Chantler P (2020) Swifts (Apodidae). In: del Hoyo, J., Elliott, A.,
Sargatal, J., Christie, D.A. & de Juana, E. (eds.). Handbook
of the Birds of the World Alive. Lynx Edicions Barcelona.
Retrieved from https://w ww.h bw.c om/n ode/5 2266 Accessed
23 Mar 2020
Cheng H, Sinha A, Cruz WF, Wang X, Edwards RL, d’Horta FM,
Ribas CC, Vuille M, Stott LD, Auler AS (2013) Climate change
patterns in Amazonia and biodiversity. Nat Commun 4:1411
Claramunt S (2021) Flight efficiency explains differences in natal
dispersal distance in birds. Ecology 129:e03442

505
Collins CT (2010) Notes on the breeding biology of the whitethroated swift in Southern California. Bull South Calif Acad
Sci 109:23–36
Corander J, Marttinen P, Sirén J, Tang J (2008) Enhanced Bayesian
modelling in BAPS software for learning genetic structures of
populations. BMC Bioinformatics 9:539
d’Horta FM, Cabanne GS, Meyer D, Miyaki CY (2011) The genetic
effects of Late Quaternary climatic changes over a tropical latitudinal gradient: diversification of an Atlantic Forest passerine.
Mol Ecol 20:1923–1935
d’Horta FM, Cuervo AM, Ribas CC, Brumfield RT, Miyaki CY (2013)
Phylogeny and comparative phylogeography of Sclerurus (Aves:
Furnariidae) reveal constant and cryptic diversification in an
old radiation of rain forest understorey specialists. J Biogeogr
40:37–49
Dixo M, Metzer JP, Morgante JS, Zamudio KR (2009) Habitat fragmentation reduces genetic diversity and connectivity among toad
population in the Brazilian Atlantic Coastal Forest. Biol Conserv
142:1560–1569
Edwards SV, Kingan SB, Calkins JD, Balakrishnan CN, Jennings
WB, Swanson WJ, Sorenson MD (2005) Speciation in birds:
genes, geography, and sexual selection. Proc Natl Acad Sci
102:6550–6557
Excoffier L, Lischer HE (2010) Arlequin suite ver 3.5: a new series of
programs to perform population genetics analyses under Linux
and Windows. Mol Ecol Resour 10:564–567
Freedman MG, Dingle H, Strauss SY, Ramírez SR (2020) Two centuries of monarch butterfly collections reveal contrasting effects of
range expansion and migration loss on wing traits. Proc Natl Acad
Sci USA 117:28887–28893
Frey JK (1993) Modes of peripheral isolate formation and speciation.
Syst Biol 42(3):373–381
Fu YX (1997) Statistical test of neutrality of mutations against population growth, hitchhiking and background selection. Genetics
147:915–925
Gavrilets S, Hastings A (1996) Founder effects speciation: a theoretical reassessment. Am Nat 147:466–491
Gómez-Bahamón V, Márquez R, Jahn AE, Miyaki CY, Tuero DT,
Laverde O, Restrepo S, Cadena CD (2020) Speciation associated with shifts in migratory behavior in an avian radiation.
Curr Biol 30:1312–1321
Grant PR, Grant BR (2011) How and why species multiply: the radiation of Darwin’s finches. Princeton University Press
Guisan A, Edwards TC Jr, Hastie T (2002) Generalized linear and
generalized additive models in studies of species distributions:
setting the scene. Ecol Model 157:89–100
Haag T, Santos AS, Sana DA, Morato RG, Cullen L Jr, Crawshaw
PG Jr, de Angelo C, di Bitetti MS, Salzano FM, Eizirik E (2010)
The effect of habitat fragmentation on the genetic structure of
a top predator: loss of diversity and high differentiation among
remnant populations of Atlantic Forest jaguars (Panthera once).
Mol Ecol 19:4906–4921
Hall TA (1999) BIOEDIT: a user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/NT.
Nucleic Acids Symp Ser 41:95–98
Harrison KA, Pavlova A, Telonis-Scott M, Sunnucks P (2014) Using
genomics to characterize evolutionary potential for conservation
of wild populations. Evol Appl 7:1008–1025
Hedenström A (2008) Adaptations to migration in birds: behavioral
strategies, morphology and scaling effects. Phil Trans R Soc B
363:287–299
Hijmans RJ, Cameron SE, Parra JL, Jones PG, Jarvis A (2005) Very
high-resolution interpolated climate surfaces for global land
areas. Int J Climatol 25:1965–1978

13

506
Hijmans RJ, van Etten J, Sumner M, Cheng J, Bevan A, Bivand
R et al (2015) Raster: geographic data analysis and modeling.
http://CRAN.R-project.org/package=raster. Accessed 18 Feb
2020
Hirshman SE, Gunn C, Levad RG (2007) Breeding phenology and
success of Black Swifts in Box Canyon, Ouray, Colorado. Wilson J Ornithol 119:678–685
Hoelzel AR, Bruford MW, Fleischer RC (2019) Conservation of
adaptive potential and functional diversity. Conserv Genet
20:1–5
Hoskin CJ, Tonione M, Higgie M, MacKenzie JB, Williams SE, VanDerWal J, Moritz C (2011) Persistence in peripheral refugia promotes phenotypic divergence and speciation in a rainforest frog.
Am Nat 178(5):561–578
Jiménez-Valverde A, Peterson AT, Soberón J, Overton JM, Aragón
P, Lobo JM (2011) Use of niche models in invasive species risk
assessments. Biol Invasions 13:2785–2797
Karatzoglou A, Smola A, Hornik K, Seileis A (2004) kernlab—an S4
package for kernel methods in R. J Stat Softw 11(9):1–20
Lawson LP, Bates JM, Menegon M, Loader SP (2015) Divergence at
the edges: peripatric isolation in the montane spiny throated reed
frog complex. BMC Evol Biol 15:128
Leal IR, Silva JMC, Tabarelli M, Lacher TE Jr (2005) Changing the
course of biodiversity conservation in the Caatinga of Northeastern Brazil. Conserv Biol 19(3):701–706
Ledo RMD, Colli GR (2017) The historical connections between
the Amazon and the Atlantic Forest revisited. J Biogeogr
44:2551–2563
Lesica P, Allendorf FW (1995) When are peripheral populations valuable for conservation? Conserv Biol 9(4):753–760
Liaw A, Wiener M (2002) Classification and regression by random
forest. R News 2(3):18–22
Luna LW, Souza TO, Carneiro LS, Silva WAG, Schneider H, Sampaio I, Araripe J, Rêgo PS (2017) Molecular data and distribution
dynamics indicate a recent and incomplete separation of manakins
species of the genus Antilophia (Aves: Pipridae) in response to
Holocene climate change. J Avian Biol 48:1177–1188
Marín M (2016) Breeding biology and natural history notes for Whitecollared Swift Streptoprocne zonaris in Costa Rica. Bull Br Ornithol Club 136:199–208
Milot E, Weimerskirch H, Duchesne P, Bernatchez L (2007) Surviving
with low genetic diversity: the case of albatrosses. Proc R Soc Lon
Biol 274:779–787
Morinha F, Dávila JA, Bastos E, Cabral JA, Frías O, González JL, Travassos P, Carvalho D, Milá B, Blanco G (2017) Extreme genetic
structure in a social bird species despite high dispersal capacity.
Mol Ecol 26:2812–2825
Nix HA (1986) A biogeographic analysis of Australian elapid snake.
In: Longmore R (ed) Atlas of Elapid snakes of Australia: Canberra, Australian Flora and Fauna, Series 7. Australian Government Publishing Service, pp 4–15
Pearman M, Areta JI, Roesler I, Bodrati A (2010) Confirmation of the
Sooty Swift (Cypseloides fumigatus) in Argentina with notes on
its nest placement, seasonality, and distribution. Ornitol Neotrop
21:351–359
Peres EA, Sobral-Souza T, Perez MF, Bonatelli IA, Silva DP, Silva
MJ, Solferini VN (2015) Pleistocene niche stability and lineage
diversification in the subtropical spider Araneus omnicolor (Araneidae). PLoS ONE 10:e0121543
Petren K, Grant PR, Grant BR, Keller LF (2005) Comparative landscape genetics and the adaptive radiation of Darwin’s finches: the
role of peripheral isolation. Mol Ecol 14(10):2943–2957
Philips SJ, Dudik M (2008) Modeling of species distributions with
Maxent: new extensions and a comprehensive evaluation. Ecography 31(2):161–175

13

Journal of Ornithology (2022) 163:495–507
Pichorim M, Monteiro-Filho EL (2010) Population size, survival, longevity, and movements of the Biscutate Swift in southern Brazil.
Ann Zool Fenn 47(2):123–132
Pichorim M, Roper JJ, Monteiro Filho ELDA (2009) Experimental study of nest-site selection in the Biscutate Swift (Streptoprocne biscutata, Aves: Apodidae) in Southern Brazil. Biotropica
41(1):81–84
R Core Team (2021) R: a language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org/. Accessed 05 Jan 2021
Ribeiro MC, Metzger JP, Martensen AC, Ponzoni FJ, Hirota MM
(2009) The Brazilian Atlantic Forest: how much is left, and how
is the remaining forest distributed? Implications for conservation.
Biol Conserv 149:1141–1153
Rozas J, Ferrer-Mata A, Sánchez-DelBarrio JC, Guirao-Rico S, Librado P, Ramos-Onsins SE, Sánchez-Gracia A (2017) DnaSP6:
DNA sequence Polymorphism analysis of large data sets. Mol
Biol Evol 34:3299–3302
Salzburguer W, Ewing GB, Haeseller AV (2011) The performance of
phylogenetic algorithms in estimating haplotype genealogies with
migration. Mol Ecol 20:1952–1963
Sambrook J, Russel DW (1989) Molecular cloning: a laboratory manual. Cold Spring Harbor Press, New York NY
Santos AMM, Cavalcanti DR, Silva JMC, Tabarelli M (2007) Biogeographical relationship among tropical forests in northeastern
Brazil. J Biogeogr 34:437–446
Santos JC, Leal IR, Almeida-Cortez JS, Fernandes W, Tabarelli M
(2011) Caatinga: the scientific negligence experienced by a dry
tropical forest. Trop Conserv Sci 4(3):276–286
SAS Institute Inc (2012) JMP® 10 Discovering JMP. SAS Institute
Inc, Cary, NC
Savile DBO (1957) Adaptive evolution in the avian wing. Evolution
11:212–224
Schoener TW (1968) Anolis lizards of Bimini: resource partitioning in
a complex fauna. Ecology 49:704–726
Silva JMC, Leal IR, Tabarelli M (2017) Caatinga: the largest tropical
dry forest region in South America. Springer, New York
Silveira MHB, Mascarenhas R, Cardoso D, Batalha-Filho H (2019)
Pleistocene climatic instability drove the historical distribution of
forest island in the northeastern Brazilian Atlantic Forest. Paleogeogr Paleoclimatol Paleoecol 527:67–76
Sinai I, Segev O, Weil G, Oron T, Merilä J, Templeton AR, Blaustein
L, Greenbaum G, Blank L (2019) The role of landscape and history on the genetic structure of peripheral populations of the Near
Eastern fire salamander, Salamandra infraimmaculata, in Northern Israel. Conserv Genet 20:875–889
Sobral-Souza T, Lima-Ribeiro MS, Solferini VN (2015) Biogeography
of Neotropical Rainforests: past connections between Amazon
and Atlantic Forest detected by ecological niche modeling. Evol
Ecol 29:643–655
Sorenson MD, Ast DE, Dimcheff DE, Yuri T, Mindell PD (1999)
Primers for a PCR-based approach to mitochondrial genome
sequencing in birds and other vertebrates. Mol Phylogenet Evol
12(2):105–114
Souza MJN, Oliveira VPV (2006) Os enclaves úmidos e sub-úmidos
do semi-árido do nordeste brasileiro (humid and sub-humid segments of the semi-arid area of the brazilian northeast). Mercator
Fortaleza 9:85–102
Spurgin LG, Illera JC, Jorgensen TH, Dawson DA, Richardson DS
(2014) Genetic and phenotypic divergence in an island bird: isolation by distance, by colonization or by adaptation? Mol Ecol
23:1028–1039
Stopiglia R, Raposo M (2007) Distribuição e biologia do andorinhãopreto-da-cascata Cypseloides fumigatus e do andorinhão-velhoda-cascata C. senex no Brasil: Uma síntese. Cotinga 27:49–57

Journal of Ornithology (2022) 163:495–507
Tabarelli M, Aguiar AV, Ribeiro MC, Metzer JP, Peres CA (2010)
Prospect for biodiversity conservation in the Atlantic Forest:
lessons from aging human-modified landscape. Biol Conserv
143:2328–2340
Tajima F (1989) Statistical method for testing the natural mutation
hypothesis by DNA polymorphism. Genetics 123:585–595
Tax DMJ, Duin RPW (2004) Support vector data description. Mach
Learn 54:45–66
Taylor RS, Friesen VL (2017) The role of allochrony in speciation.
Mol Ecol 26:3330–3342
Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the sensitivity of progressive multiple sequence alignment
through sequence weighting, position-specific gap penalties and
weight matrix choice. Nucleic Acids Res 22:4673–4680
Vasconcelos MF, Silveira LF, Duca C (2006) Range extension for
Sooty Swift Cypseloides fumigatus, with notes on its nesting in
central Brazil. Cotinga 25:74–76

507
Warren DL, Glor RE, Turelli M (2008) Environmental niche equivalency versus conservatism: quantitative approaches to niche evolution. Evolution 62:2868–2883
Werneck F (2011) The diversification of the eastern South American
open vegetation biomes: historical biogeography and perspectives.
Quat Sci Rev 30:1630–1648
Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

13

