Evolutionary Biology
https://doi.org/10.1007/511692-023-09613-4

RESEARCH ARTICLE q

Check for
updates

Geographic Drivers of Genetic and Plumage Color Diversity
in the Blue-Crowned Manakin

1.214 - Andre E. Moncrieff*

1,2,6

- Carolina Bertuol'*12® . Erico Polo®
- Igor Yuri Fernandes?® - Mariane Bosholn
- Willian Thomaz Pecanha®® . Aline Pessutti Rampini’-2 -
- Juliana Araripe’© - Alexandre Aleixo'%'"13
- Izeni P. Farias®'?® . A. Townsend Peterson®

Pedro Paulo'?® . Fernando Henrique Teéfilo
Lucas N. Bandeira’?® . Claudia Nufiez-Penichet®
Arielli F. Machado'”® . Leilton Willians Luna®°
Shizuka Hashimoto'3® . Cleyssian Dias®°
Péricles Sena do Régo’® - Tomas Hrbek312
Marina Ancides'?

2,13

-Igor L. Kaefer

Received: 21 February 2021 / Accepted: 17 July 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

Investigating parallel roles of geography and environmental heterogeneity in diversification provides insights on how neutral
and selective forces drive evolution of biological systems. Here, we investigate whether geographic and climatic distances
explain either genetic or phenotypic variation in Blue-crowned Manakins (Lepidothrix coronata), a polychromatic bird spe-
cies that is broadly distributed in the Neotropics. We tested the hypotheses of isolation by distance and environment through
an integrative approach using genetic, colorimetric, geographic, and environmental data. Through structural equation mod-
eling and multiple matrix regression with randomization statistics, we tested whether intraspecific genetic or phenotypic
(plumage color) diversity is associated with variation in geographic and environmental distances among localities. Genetic
and color diversity were not correlated: color variation was marginally associated with latitude; and genetic distances were
explained by linear and least-cost geographic distances, conforming to predictions of isolation by distance and by environ-
ment. We suggest a combined effect of genetic drift and environmental heterogeneity in driving the genetic diversification
at the regional scale, and adaptation to local environments operating in the diversification of adult male plumage coloration.

Keywords Color variation - Genetic structure - Least cost corridors - Lepidothrix coronata - Multiple matrix regression

with randomization - Neutral drift

Introduction

Phenotypic variation may be the result of adaptive (Cadena
et al., 2011) or neutral processes (Lee et al., 2016; Rojas
et al., 2020), and can be related to the geographic distribu-
tion of a taxon (Amézquita et al., 2009), reflecting under-
lying genetic structure (Thom et al., 2018). The study of
phenotypic variation can provide information on landscape
discontinuities (Wang & Shaffer, 2008), ecological specia-
tion (Seehausen et al., 2008), selective pressures (Boul et al.,
2007), and adaptation to new environments (Benites et al.,
2020). Therefore, investigating the role of these factors in
nature can provide insights into processes underlying the
evolutionary history of different taxa (Boul et al., 2007,
Maia et al., 2017).
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Many factors can reduce gene flow, promoting phenotypic
differentiation and, ultimately, speciation because of geo-
graphic isolation (Wright, 1943) or ecological differentiation
(Schluter, 2001). Processes underlying these patterns can
include isolation by distance (hereafter IBD; Wright, 1943)
or isolation by environment (hereafter IBE; Wang & Brad-
burd, 2014). IBD results from restrictions to gene flow posed
by geographic distance in the absence of natural barriers
(e.g., Cadena et al., 2011; Rojas et al., 2020), producing pos-
itive correlations between genetic or phenotypic divergence
and geographic distances among localities. This relationship
is the most common diversification mechanism observed and
studied in nature (Ramirez-Barrera et al., 2019; Wright,
1943). In turn, IBE occurs when the gene flow is restricted
by individual or population preferences for staying in an
environment or by environmentally driven selection against
dispersal among populations (Ramirez-Barrera et al., 2019;
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Wang & Bradburd, 2014). Thus, environmental variation can
be examined as a relationship between genetic or phenotypic
divergence and environmental dissimilarity.

The passerine bird genus Lepidothrix (Bonaparte,
1854), with eight recognized species, is the most species-
rich genus in the family Pipridae (Kirwan & Green, 2011;
Snow, 2020; but see Moncrieff et al., 2022). Members of
Lepidothrix are distinguished primarily based on plumage
color on the crown, breast, and rump of adult males (Snow,
2020). Females have more uniform coloration (shades of
light green; Snow, 2020). Despite being so phenotypically
diverse, phylogenetic relationships in this genus have not
been resolved fully (Dias et al., 2018; Leite et al., 2020;
Mongcrieff et al., 2022). Lepidothrix coronata (Spix, 1825),
the Blue-crowned Manakin, is the most geographically
diverse species in this genus, with eight recognized sub-
species based on adult male plumage patterns (Kirwan
& Green, 2011), constituting one of the most interesting
cases of geographic variation in plumage coloration among
manakins. Male body feathers vary from yellow and green
to black, and crown feathers vary from purplish-blue to sky-
blue (Anciées et al., 2009; Cheviron et al., 2005; Kirwan &
Green, 2011). Based on the color variation of their body
plumage, the subspecies of L. coronata can be divided into
two main groups: the coronata group (L. c¢. coronata, L. c.
carbonata, L. c. caquetae, L. c. minuscula, L. c. velutina)
in which adult males have black plumage, distributed in
Costa Rica, Panama, Colombia, Ecuador, Peru, Venezuela,
and Brazil (north of the Amazon River), and the exquisita
group (L. c. exquisita, L. c. caelestipileata, L. c. regalis), in
which adult males have mostly green body plumage and are
distributed in central and southern Peru, Bolivia, and Brazil
(south of the Amazon River). In the contact zone between
the two groups, in southern Amazonia (in Peru and Bra-
zil), males from some populations have intermediate body
plumage phenotypes that were given their own names:
“chloromelaena” (from Nova Olinda, on the left bank of the
lower Purus River; Todd, 1925), “arimensis” (from Arima,
on the right bank of the lower Purus River; Todd, 1925),
“hoffmannsi” (from Tefé, upper Rio Solimdes; Hellmayr,
1907), and “circumpicta” (near Yurimaguas, south of the
Maraiién River; Zimmer, 1936).

The Blue-crowned Manakin complex has a complicated
evolutionary history. Cheviron et al. (2005) assessed con-
gruence between subspecific taxonomy, plumage patterns,
and phylogenetic relatedness among its populations. They
found six well-supported clades (trans-Andean, Venezuela,
Napo/Maraifion, North Amazon, Central Peru, South Peru/
Bolivia); however, only one subspecies was supported phy-
logenetically (L. c. velutina). This result suggests that cur-
rent taxonomy does not reflect evolutionary patterns in the
species. Possible causes of the discrepancies between taxon-
omy (and, consequently, adult male plumage coloration) and
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phylogeny may be the result of diverse processes, including
introgression, incomplete lineage sorting, and local selec-
tive pressures on male plumage. More recently, Reis et al.
(2020) using a multilocus approach and broader sampling,
recovered three lineages east of the Andes: one bounded by
the Japura River (corresponding to the Venezuela clade of
Cheviron et al., 2005), one north of the Amazon River (cor-
responding to the North Amazon and Napo/Marafion clade),
and one south the Amazon River (corresponding to Central
Peru and South Peru/Bolivia clade of Cheviron et al., 2005).
They suggested that the lineage west of the Andes, the only
showing congruence between plumage and phylogeny, was
the first to diverge in the history of the complex. They also
suggested that diversification in the Amazon Basin occurred
mainly because Amazonian rivers create barriers to gene
flow and promote diversification.

Despite multiple biogeographic studies of the Blue-
crowned Manakin (Cheviron et al., 2005; Reis et al., 2020;
Smith et al., 2014), no research has reflected on the role of
environmental variation in the genetic and phenotypic diver-
gence in the species. Furthermore, a knowledge gap exists
regarding the relationship between genetic and phenotypic
variation among populations covering the geographic range
of the species. At least within the Purus-Madeira interflu-
vium, phenotypic variation among populations correlates
with both geographic distances and vegetation structure
(Tedfilo et al., 2018). As such, environmental heterogene-
ity may be associated with phenotypic differentiation at
broader geographic scales in the species range and may help
to explain patterns of genetic divergence.

Here, we employed an integrative populational-level
approach relating differences in genetic and coloration traits
of Blue-crowned Manakins with geographic and climatic
data across its geographic distribution. We sought to under-
stand whether genetic or phenotypic variation is associated
with variation in geographic distances and/or environmental
differences among localities. We specifically tested whether
(a) the geographic distance per se is related with genetic
and phenotypic differentiation in the group (IBD); or (b)
environmental heterogeneity influenced the group’s diver-
sification (IBE, Table 1).

Materials and Methods

Data Acquisition and Processing

Geographic Occurrence Data

We collected locality, genetic, and color data for Blue-
crowned Manakins across their entire known geographic

range (Fig. 1). The species is the most wide-ranging of the
genus Lepidothrix, occurring from southern Central America
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Table 1 Summary of hypotheses tested (Isolation by distance, Isolation by environment), predicted results, and interpretations according to plau-
sible evolutionary processes explaining genetic and/or phenotypic diversification in Blue-crowned Manakins

Phenotypic Genetic vari- Geographic Environmental Hypothesis Evolutionary mechanism
variation ation pedictor predictor

Yes Or Yes Yes No Isolation by distance (IBD) Genetic drift

Yes Or Yes No Yes Isolation by environment (IBE) Ecological diversification
Yes And Yes No Yes Isolation by adaptation (IBA)* Adaptation/selection

*IBA is considered a special case within IBE in which phenotypic and genetic variation are correlated and explained by the environment
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-104
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TUCN distribution
Rivers

Ecoregions
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Japura
Jurua
Negro
Purus-Madeira
Southwest-Amazon
Trans-andean

Fig. 1 A Geographic distribution of Lepidothrix coronata according
to IUCN (in gray), localities with genetic samples used in this study
(red diamonds), and spectra samples for male plumage coloration
(yellow diamonds); B Categorical representation of the geographic
variation in male plumage patterns in the species range represented
by male plumage coloration sampled from museum specimens
(MZUSP, LSUMNS, AMNH) exemplified in C dorsal (I) and ventral
(II) views. Plumage patterns of adult males were classified accord-
ing to the proportion of black and olive, yellow-green or green in the

l Almost Green Black |

i Almost
| Green Intermediate Black I

Plumage color

e o X »

Green
Almost green
Intermediate
Almost black
Black

Rivers

body: green when the back and breast are green, and the belly is yel-
low or green (1-3); almost green when only their throats and lores
are blackish, with green or yellow-green belly and the back is green
(4 and 5); intermediate when their back and breast are dark green or
blackish and the belly is olive or green (6 and 7); almost black when
only their lower underparts are dark olive and the back is black (8)
and black for entirely black bodies (9 and 10). Plumage patterns were
consistent among specimens from the same sampled location, exclud-
ing juveniles in transient plumage (Color figure online)
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and western South America south to northern Bolivia (Kir-
wan & Green, 2011). The occurrence data included lati-
tude—longitude information and the locations of sampling for
specimens that yielded genetic and color data. We obtained
these data from museum collections in Brazil (INPA, MPEG,
MZUSP), Bolivia (MHNNKM), and the USA (LSUMNS,
AMNH, USNM). We obtained additional occurrence data
from the Global Biodiversity Information Facility (GBIF,
https://www.gbif.org/), eBird (https://ebird.org/home), and
Macaulay Library (https://www.macaulaylibrary.org/) online
repositories. We cleaned the data by removing duplicates,
missing coordinates, and coordinates falling outside of the
species’ known geographic distribution. We corrected, when
possible, records with disagreement between specimen traits
and the taxonomic identification attributed to them by the
collectors, as well as records with inconsistencies in its lati-
tude—longitude information (Cobos et al., 2018). After this
cleaning process, we had 1205 occurrences of this species
(from 2507 initial records), which were used to generate
ecological niche models and least-cost corridors (see below).

We used the latitude and longitude values from each
occurrence to build the geographic distance matrix. This
step was performed only for coordinates from localities
with both genetic and color information (134 localities, see
below). We calculated pairwise distances among all locali-
ties using the package ‘fossil’ (Vavrek, 2011) in R v. 3.3.3
(R Development Core Team, 2020).

Environmental Data

We generated ecological niche models (ENM) based on 15
climatic variables for the period 1970-2000 from World-
Clim database (https://www.worldclim.org/, Hijmans et al.,
2005), at a spatial resolution of 2.5’ arc-minutes (~5 km?)
(Online Appendix S2). We excluded Bio08, Bio(09, Bio18,
and Biol9 because they combined temperature and pre-
cipitation information that leads to artifacts in the results
(Escobar et al., 2014). The variables were cut using a mask
(calibration area [M]; Soberén & Peterson, 2005) created
with the ecoregions defined in Dinerstein et al. (2017) and
the limits of the known geographical distribution of L. coro-
nata, to approximate the areas accessible for the species over
relevant periods of time (Barve et al., 2011). This step was
done with the packages ‘raster’ (Hijmans et al., 2015), ‘sp’
(Pebesma et al., 2013), ‘rgeos’ (Bivand et al., 2017), ‘rgdal’
(Bivand et al., 2015), ‘fields’ (Furrer et al., 2009), ‘shape-
files’ (Stabler & Stabler, 2013), ‘maptools’ (Lewin-Koh
et al., 2012), and ‘maps’ (Becker et al., 2021) in R v. 3.3.3
(R Development Core Team, 2020). From the 15 variables,
we eliminated one from each pair of variables with a Pear-
son’s correlation > 0.8. This procedure resulted in retention
of six variables for analysis: annual mean temperature, mean
diurnal range, temperature seasonality, mean temperature of
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coldest quarter, precipitation seasonality, and precipitation
of driest quarter.

We ran ENMs using the package ‘kuenm’ (Cobos et al.,
2019) in R v. 3.3.3 (R Development Core Team, 2020)
and following Simdes et al. (2020). Model calibration and
parameter evaluation sets included the 1,205 clean occur-
rence records available for the species, and all combinations
of the six selected environmental variables, 17 regularization
multipliers (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2, 3,
4,5,6,8, 10), and 29 combinations of feature classes (com-
binations of linear (1), quadratic (q), product (p), threshold
(t), and hinge (h) options), to select the best combinations
(Cobos et al., 2019), using Maxent (Phillips et al., 2006,
2017). We ran partial Receiver Operating Characteristic
(ROC) tests to evaluate model performance (Peterson et al.,
2008), in tandem with omission rates < 5%, Anderson et al.,
2003). We further filtered to retain only the models with
values of Akaike Information Criterion corrected for small
sample sizes (AICc; Warren & Seifert, 2011) with two units
of the minimum, presented by any significant, low-omission
candidate models. After model calibration, we selected the
one model (of the 493 tested) conforming to all selection
criteria and created the final model with the selected param-
eter settings (which were regularization multiplier=0.3 and
feature class=1qp) using all occurrences, 10,000 bootstrap
replicates, and cloglog output (Phillips et al., 2017).

In addition to six variables selected from the ENM analy-
sis, we explored environmental variables of topography and
vegetation using elevation data derived from the Shuttle
Radar Topography Mission (STRM) and the normalized
difference vegetation (NDVI), derived from the Landsat 8
Surface Reflectance (Vermote et al., 2016), both downloaded
via Copernicus (https://www.copernicus.eu/en). With that,
our environmental dataset comprised eight variables in raster
format. We extracted variable values from each pixel cor-
responding to all 134 locations using the package ‘vegan’
(Oksanen et al., 2013) in R v. 3.3.3 (R Development Core
Team, 2020). We then standardized variable values through
normalization to run a principal component analysis (PCA;
Jolliffe, 1986) and used the first two PC axes to calculate
pairwise environmental distances among localities using the
package ‘fossil’ (Vavrek, 2011) in R v.3.3.3 (R Development
Core Team, 2020). These procedures aimed at generating
the environmental data for subsequent statistical analyses.

Least Cost Corridor Paths (LCCP)

We calculated least cost corridor paths (LCCP) to esti-
mate connectivity among the species’ current populations
in geographic space, considering environmental suitability
and differences (e.g., Nufiez-Penichet et al., 2019). This
analysis allowed us to identify corridors of suitable habi-
tats that may be used for individual movements through
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the landscape and to predict potential current gene flow
routes among populations (Chan et al., 2011). All data
used for creating the LCCPs were from the current period,
so the estimated potential corridors are not considering
environmental connectivity of barriers present in the past
(Warren, 2012; Warren et al., 2008). In this analysis, we
only included geographic information from occurrence
records (i.e., disregarding haplotype genetic data), to pro-
vide an estimate independent from the genetic data to be
compared to the genetic and coloration distance matrices
(see below).

We created a friction layer to calculate the LCCPs (with
values from O to 10) by inverting the values of the spe-
cies suitability map obtained from the ENM (range 0-1),
so that areas with greater suitability presented lower
resistance to displacement. For this analysis, we spatially
thinned the 1205 occurrences by removing all occurrences
that were closer than 5 km to another occurrence record,
obtaining 88 points. This step was done in the package
‘spThin’ (Aiello-Lammens et al., 2015) in R v. 3.3.3 (R
Development Core Team, 2020). Using the friction layer
and the species occurrence records (88 records after spa-
tial thinning), we estimated likely corridors used for move-
ment among its populations. We also generated potential
corridors with the friction layer and five distinct sets of
random points, each with the same number of points as the
used species occurrences (n = 88) that we generated at ran-
dom within the suitable area identified in the ENM analy-
ses. This analysis was done to explore potential movement
routes based on the climatic niche models instead of actual
records. The LCCPs obtained using the five sets of random
points were summed and the corridors with the highest
values of connectivity were considered the more likely
routes favoring gene flow among populations. These pro-
cedures were performed using the SDMtoolbox 2.0 exten-
sion (Brown et al., 2017) of ArcGIS 10.5.1.

To generate the least environmental cost distance
matrix, we created a transition object using the friction
layer used for the LCCPs using pixel-by-pixel mean and
an 8-way direction Moore neighborhood consisting of all
pixels surrounding the target pixel (van Etten, 2017). We
then corrected the transition object for longer values of
diagonal connections as well as those closer to the equa-
tor using the function ‘geoGorrection’ and calculated the
least environmental cost distance between points using the
function ‘costDistance’ in package ‘gdistance’ (van Etten,
2017) in R v. 3.3.3 (R Development Core Team, 2020).
These procedures generated the least-cost distances for
subsequent statistical analyses, calculating the cost dis-
tance between the cells using the values of the transition
matrix through Dijkstra’s algorithm that considers the
Euclidean distance.

Genetic Dataset

We obtained mitochondrial DNA (mtDNA) fragments of
the Cytochrome Oxidase subunit I (COI), Cytochrome b
(CYTB), partial NADH dehydrogenase 2 (ND2), and the
entire NADH dehydrogenase 3 (ND3) genes for 112 indi-
viduals, plus 159 previously published sequences including
mtDNA (CYTB, ND2, ND3) and nuclear DNA (nuDNA)
fragments of Myoglobin (MYO), Glyceraldehyde-3-phos-
phate dehydrogenase (G3PDH), and Intron 5 of the beta
fibrinogen (FIB5) obtained from GenBank (https://www.
ncbi.nlm.nih.gov/genbank/). For this study, a total of 350
individuals from 134 localities were analyzed (Table S1).
Sequences of L. iris, L. serena, and L. coeruleocapilla were
used as outgroups in our phylogenetic analyses.

We extracted total DNA from muscle tissue using the 2%
CTAB protocol (Doyle & Doyle, 1987). We amplified COI
with the M13-tailed primers BirdF1 and BirdR1 (Ivanova
etal., 2007), ND2 with primers L5215 and H5578 (Hackett,
1996), ND3 with primers L10755 and H11151 (Chesser,
1999), and CYTB with primers LepF2 LepR2, developed
for this study (Table S3). We purified the PCR products
with ExoSAP (Werle et al., 1994). We sequenced follow-
ing the manufacturer’s recommended protocol for BigDye
Sequencing Kit (Applied Biosystems), but then precipitated
with a 100% ethanol/125 mM EDTA solution, re-suspended
in Hi-Di formamide, and then injected into an ABI 3500
automated sequencer (Applied Biosystems). We assembled,
edited, aligned, and trimmed sequences using the software
Geneious v8.1.8; we aligned sequences using the MUSCLE
(Edgar, 2004) plugin in Geneious v8.1.8, and confirmed by
eye.

While our statistical approach does not rely on the phy-
logenetic structure within the species, we provide the phy-
logeographic context of our sampling and analytical frame-
work for possible bias detection from unrecognized genetic
variation and systematic validation with previous studies. As
such, we investigated population structure within L. coro-
nata in Bayesian Analysis of Population Structure (BAPS),
which estimates the K value that best explains the distribu-
tion of the individual samples into different genetic clusters.
For this, nucleotide frequencies for DNA sequence data and
the number of genetically diverged groups in the popula-
tion were treated as random variables. We used the mtDNA
sequences while considering linkage between polymorphic
sites across all loci and allowed different maximum numbers
of K in multiple runs, following recommendations from the
manual in BAPS, version 6.0 (Corander et al., 2013; Tang
et al., 2009).

We then considered two approaches for phylogenetic
inferences: (1) based on a Bayesian phylogenetic tree gen-
erated from the concatenated individual sequences in the
BEAST 2 program (Bouckaert et al., 2014), and (2) based on
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species tree hypotheses from groups delimited with BAPS,
using StarBeast2 (Bouckaert et al., 2014). We considered
these two approaches because differences in the number
of samples and loci with intronic (nuDNA) available rela-
tive to coding (mtDNA) loci could generate different tree
topologies, and each method presents advantages in dealing
with those complicating factors. We used PartitionFinder2
(Lanfear et al., 2017) to obtain the best partition model,
as well as the best evolutionary model for each partition
and tree. We considered each intronic (nuDNA) and cod-
ing (mtDNA) marker as one partition. For the BEAST tree,
we split each coding marker in three. This split was done
according to the base pair position in codons, resulting in
15 distinct initial partitions for the concatenated dataset.
This process was done using the function ‘rcluster’ of this
program. For the BEAST tree, we used the K80+1+G
(MYO2, FIB5, G3PDH), HKY + G+ X (ND2_a, COI _c,
ND3_b, CYTB_b), GTR+G+X (ND3_c, CYTB_c, ND2_b,
COI_a), HKY +1+ X (ND2_c), and K80+1+G (COI_b,
ND3_a, CYTB_a), whereas for the StarBeast2 tree we used
the HKY + 1+ G+ X evolutionary model for both nuDNA
and mtDNA markers, and selected evolutionary models in
Greedy for both trees (Lanfear et al., 2012). We then gener-
ated trees for separate loci according to the partitions from
PartitionFinder2 and linking topologies and clocks fixed at
a rate of 0.0105 nucleotides/lineage/Myr for cytb, follow-
ing Weir and Schluter (2008) and estimated for the other
mtDNA and nuDNA markers.

Finally, we estimated evolutionary relationships between
haplotypes for each dataset (i.e. mitochondrial and nuclear)
using the median-joining method implemented in Network
v10.0 (http://www.fluxus-engineering.com). The regions
for the haplotype network were defined using the ecore-
gion map from Dinerstein et al. (2017): Branco (including
Japura-Solimdes-Negro moist forests and Guianan Pied-
mont moist forests), Japura (including the Solimdes-Japura
moist forest and Napo moist forests), Purus-Madeira moist
forest, Southwest Amazonia (including the Bolivian Yun-
gas, Central Andean Puna and Southwest Amazonia moist
forests), Negro (including Japura-Solimdes-Negro moist
forests), Trans-Andean (including Northwest Andean mon-
tane forests, Choco-Darien moist forests, Isthmian-Atlantic
moist forests, and Isthmian-Pacific moist forests), and Jurua
(including Jurua-Purus moist forests), to convey environ-
mental and historical information to the network. For the
nuclear dataset, we used PHASE (Stephens et al., 2001)
to reconstruct haplotypes for heterozygous individual loci
from population data. To do so, we tested for recombination
using phytes implemented in SplitsTree (Huson & Bryant,
2006) and found no evidence for recombination between
segregating sites within loci, and accepted the best haplo-
type guesses, regardless of uncertainty, after 10 independent
runs with 10,000 Markov Chain steps each and 1000 burn-in
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steps. Tajima D (1989) and Fu (1997) tests detect aspects of
the demographic history of Blue-crowned Manakins such as
previous population growth, and summarize diversity index,
such as the number of variable sites (S), number of haplo-
types (Ny), haplotype diversity (%), nucleotide diversity (x),
and average number of nucleotide differences (k), identified
computationally using the software DnaSP v5.10 (Librado &
Rozas, 2009) and Arlequin v3.5 (Excoffier & Lischer, 2010).
For more details see Appendix S3 and Table S4.

Because genetic distances among localities are generally
not affected by differences in inter-node relationships, we
generated genetic distances based only on the Bayesian phy-
logenetic tree obtained by the concatenated dataset. We ran
a principal component analysis (PCA) using the software
Jalview 2 (Waterhouse et al., 2009) for input in subsequent
statistical analyses, either directly from the PCA output or
the genetic distance matrix obtained from it. PCA is one
of the most widely used methods to summarize population
structure and genetic distance, allowing for the reduction
of complexity in genetic data while maintaining covariance
(Patterson et al., 2006). We fixed the clock to one in the
BEAST tree, using a coalescent prior, and we ran 100 mil-
lion steps in the Markov chain Monte Carlo, discarding the
first 35 million steps necessary for obtaining ESS values of
at least 200 for all parameters. We sampled BEAST trees
every 10 thousand steps, obtaining at the end 6501 poste-
rior trees, and then generated the genetic distance matrix by
incorporating posterior uncertainties to distances obtained
from the BEAST tree, using the function ‘cophenetic.phylo’
from the R package ‘ape’ (Paradis & Schliep, 2019). We
then calculated one matrix for every 6501 posterior trees and
averaged its values to represent the genetic distance matrix.

Coloration Dataset

We photographed specimens and classified color patterns
of their body plumages into five categories, to include the
variation described for the species (del Hoyo et al., 2004;
Kirwan & Green, 2011) including, from lighter to darker:
green, almost green, intermediate, almost black, and black.
As such we could map the geographic variation in male body
plumage patterns as they are usually described in catego-
ries. We then measured plumage coloration of Blue-crowned
Manakins with a spectrophotometer from 259 adult male
specimens of L. coronata, from the same 134 locations
mentioned above, covering much of the variation in male
plumage visible to humans (considering the body patterns
ascribed above and crown color).

We obtained plumage reflectance spectra for 10 plumage
patches for each specimen (back, belly, breast, crown, crown
edge, rump, tail, throat, upper wing or wingl, and lower
wing or wing2; Online Appendix S4), using a USB2000
spectrophotometer (Ocean Optics) with an Ocean Optics
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PX-2 pulsed xenon light source, connected to a bifurcated
fiber-optic probe. Measurements followed standard pro-
cedures (Eaton, 2005) to record reflectance for the wave-
length interval within the avian visual spectrum, from 300 to
700 nm (Goldsmith, 1990). We visualized and manipulated
the reflectance spectra in the R package ‘PAVO’ (Maia et al.,
2019) and estimated variation of coloration pattern for the
species using 23 metrics (Table S5) summarizing hue (peak
location), saturation (purity), and brightness (intensity), for
all plumage regions considering the tetrachromatic visual
system of birds (Goldsmith, 1990) and setting the V-type
eye typical of manakins (Odeen & Hastad, 2013).

We ran two Principal Component Analyses (PCA; Jol-
liffe, 1986) based on Euclidean distances on raw data, with
extracted metrics (Online Appendix S4.b; Tables S5-S7;
Fig. S2) to summarize variation for input into subsequent
analyses. We calculated the coloration distance matrix as the
average pairwise difference in units of jnd (just noticeable
differences), setting 2 jnds as threshold for visual percep-
tion of differences (Eaton, 2005; Osorio, 1996; Vorobyev
et al., 2001), with the package PAVO (Maia et al., 2019)
in R v.3.3.3 (R Development Core Team, 2020). To do this
step, we estimated the color distance in jnds for each plum-
age region from each pair of individuals from all pairwise
comparisons between locations (i.e., one individual from
each) and averaged values among plumage regions (Fig. S4).

Statistical Analyses

We performed a structural equation modeling (SEM) anal-
ysis using the ‘lavaan’ package (Rosseel, 2012) in R (R
Development Core Team, 2020) after obtaining the PCA1
for each dataset and latitude—longitude data. We used the
PCA as an input to the SEM so that the variables are reduced
because of the autocorrelation that exists between many
variables of the same category (e.g. climate, colorimetric),
allowing the observation of data variation as a whole. We
chose to use PC1 because it normally concentrates the larg-
est volume of variation in relation to the other PCs in the
PCA analysis. However, the use of more PCs in the SEM
analysis would imply increasing the complexity of the pro-
posed model, in addition to confusing the analysis, since
in several cases the variables of PC1 are correlated with
those of PC2. SEMs investigates the relationships between
latent and observed variables through regressions between
models, as well as their covariations, allowing simultane-
ous assessment of combined influences of multiple factors
(Rosseel, 2012).

To address the effect of geographic distance in our data-
sets, we used the distance matrices to implement multiple
matrix regression with randomization (MMRR) analyzes
in R, following Wang (2013), to test how linear and least-
cost geographic distances relate to genetic and coloration

differences between locations. This analysis incorporates
multiple regressions separately for each pair of distance
matrices considered in the study, and the output is in the
form of a multiple regression equation (Wang, 2013).
As such, multiple regression analysis is used to estimate
how genetic or phenotypic distance (response variable) is
affected by changes in linear or least cost geographic and
environmental distances (predictor variables), estimating
the overall fit of the model (R?=coefficient of determina-
tion), and the significance of each variable (p-values, P).
We performed analyses considering a single predictor at
a time, either geographic or environmental or least cost
distances.

Results
Ecological Niche Models and Least-Cost Corridors

The variable mean temperature of the coldest quarter
(Bio12) was the one that contributed the most to the selected
ecological niche model (32%, Table S2). The suitable areas
for L. coronata were widespread across the calibration area,
with the highest values of suitability found in Costa Rica,
Panama, in both sides of the Colombian Andes, and in Bra-
zil, within the limits of Napo endemism area (sensu Cracraft,
1985; Fig. 2A). The areas with lower values of suitability
and more resistance to the species displacement were present
in southernmost Mexico, the center-north of Venezuela, the
Andes, the Sechura Desert in Peru, the Raposa Serra do Sol
in Brazil, and northernmost Bolivia (Fig. 2A, B). The broad
areas found to be potentially suitable for Blue-crowned
Manakins reflect environmental heterogeneity along its
known distribution. Most of the highly suitable areas for
the species were in places where its occurrence is known.
Least-cost corridors simulated with the species’ actual
occurrences revealed several current potential corridors
among all ecoregions considered in this study (Fig. 2B),
except for Branco River, where only a few paths were pre-
dicted with low probabilities (Fig. 2C). These corridors
presented possible routes of gene flow throughout the Napo
area of endemism (sensu Da Silva et al., 2005), linking
populations from the trans-Andean region to those from the
Amazon basin, particularly along the Marafion-Solimdes-
Amazonas rivers. However, potential routes of gene flow
derived from climatic suitability were somehow disrupted
along the Japuré River eastwards the Negro River (within the
Jau area of endemism; sensu Borges & Da Silva, 2012), and
highly interrupted to the west, within the Juami-Japura inter-
fluve (Fig. 2C). The corridors created with random points
showed a similar pattern than the ones with the actual data
but were broader in the eastern parts of Amazonia (Fig. 2D).
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Fig.2 Results from ecological niche modeling (ENM) and least-cost
corridors path analyses (LCCP). A Potential suitability for Lepido-
thrix coronata. B Friction layer (environmental resistance to displace-
ment; values range from 0 to 10). C Potential routes of movements

Phylogenetic Reconstruction and Haplotype
Networks

In the two phylogenetic trees (one with the concatenated
data set and one species tree; Fig. 3A) we found, with the
highest support (PP =1.0), that L. coronata is a monophy-
letic group, although relationships among lineages recov-
ered within the species were different between those trees,
as detailed further below. We recovered four well-supported
and geographically structured lineages: (a) Trans-Andean
lineage, distributed west of the extreme north of Andes cor-
dillera; (b) Northern Amazonia lineage, present north of
the Amazon River, in the Japurd-Negro and Negro-Branco
interfluvia, bounded by the Solimdes River to the south and
the Japura River to the west, up to the northern parts of the
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simulated with the actual species’ occurrences. D Potential routes of
movements simulated with 5 sets of 88 random points, each generated
inside the potentially suitable areas for this species. The black outline
in B represents the calibration area (M) (Color figure online)

state of Amazonas (Brazil) and Venezuela; (c) Japura line-
age, distributed in Japurid-Solimdes interfluve to northern
Peru; and (d) Southern Amazonia lineage, delimited by the
Solimdes-Amazon rivers to the north and extending to the
Purus-Madeira interfluvium in the easternmost limit of the
distribution of the species.

The concatenated tree showed the Trans-Andean line-
age diverging from other lineages about 3.59 million years
ago (mya) and Northern Amazonia lineage diverging from
the Japura and Southern Amazonia lineages from about
2.91 mya, both during the Pliocene, whereas the Japura and
Southern Amazonia lineages diverged between each other
about 2.39 mya. The onset of the Trans-Andean lineage
diversification was ~0.77 mya, ~ 1.45 mya for the Northern
Amazonia, ~ 1.27 mya for the Japura, and ~ 1.10 mya for
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the Southern Amazonia lineages, during the Pleistocene
(Fig. 3A.1). The species tree showed the same topology from
the concatenated tree, but did not support monophyly of line-
ages distributed in the Amazon Basin. According to this tree,
the Trans-Andean lineage diverged from the other~2.06 mya
and Northern Amazonia from the Southern Amazonia and
Japuri lineages ~ 1.88 mya; whereas the Southern Amazo-
nia and Japura lineages diverged ~ 1.39 mya, all during the
Pleistocene (Fig. 3A.1D).

The haplotype networks showed a high genetic structure
between the trans and cis-Andean lineages, and considerable
haplotype sharing among lineages distributed in the Ama-
zonia basin, both for nuclear and mitochondrial molecular
markers. There were more individuals sequenced for the
mtDNA than nuDNA markers, with similar sequence length
among most markers (mean 400+ 136 bp, range 167 bp for
ND3 to 612 bp for MYO2). The number of segregation sites
was generally higher for mtDNA as well, which presented
higher haplotype and nucleotide diversity indices, besides
higher number of pairwise differences among individuals in
comparison to the nuDNA markers, particularly for G3PDH,
whereas MYO2 and FIB5 presented haplotype and nucleo-
tide diversities comparable to those from mtDNA markers
(Table S4).

The haplotype network based on the mtDNA revealed
similar topology among markers, with four strongly sup-
ported lineages with marked phylogeographic structure
(Fig. 3B). However, despite the several mutational steps
between haplogroups (mainly by COI and CYTB), several
median vectors indicate non-sampled or extinct ancestral
sequences, highlighted for the CYTB, ND2, and ND3 hap-
lotype networks (Fig. 3B). In general, the trans-Andean lin-
eage agrees with the trans-Andean ecoregions haplogroup
(Fig. 3C), emerging with distinct haplotypes compared with
other ecoregions identified for all markers except for the
COI, which was missing for these samples, which agrees
with the splitting between Trans- and Cis-Andean clades in
two distinct species (Moncrieff et al., 2022). Almost all hap-
lotypes from the Japur ecoregion were identified to belong
exclusively to the Japuré lineage (Fig. 3C). Nonetheless, the
Japura ecoregion presents haplotypes shared with closely
regions, such as southwestern Amazonia (CYTB only),
Negro, and Branco (COI, ND2 and ND3). In this sense,
Branco and Negro ecoregions presented haplotype sharing
for all mtDNA networks except by CYTB, although with
few mutational steps between them (Fig. 3C). Considering
the Bayesian concatenated tree, the Southern Amazonia
lineage was the main widespread clade, corresponding to
three distinct ecoregions: Jurud, Purus-Madeira, and South-
west Amazonia (Fig. S2). Overall, the revealed haplogroups
were almost supported to the same ecoregion except for net-
works revealed by CYTB and ND2, which showed haplotype
sharing more frequently among these three ecoregions. In

addition, few haplotypes were shared across distinct ecore-
gions (Fig. 3C).

The nuDNA network revealed low-frequency haplotypic
variants for FIB5 and G3PDH, with a reticulate evolutionary
relationship. However, nuclear haplotype H1 for MYO2 was
present in almost all ecoregions and clades revealed by the
concatenated phylogenetic time-tree (except Trans-Andean,
which was not sampled for this marker). Furthermore,
MYO?2 haplotype network was the only one that presented a
star-like topology among networks. However, mostof haplo-
types differed by one substitution site for nuDNA. Except by
FIBS5 with a weak association of haplotypes and ecoregions,
none of phylogenetic lineages was recovered for the nuclear
sequences or the same associated directly with a proposed
ecoregion (Fig. 3B).

One mtDNA marker (ND2) and two of the nuDNA mark-
ers (MYO?2 and FIBS5) departed from neutrality for Fu’s
Fs tests, and MYO?2 departed also for the Tajima’s D test,
whereas all other markers did not depart from neutrality. In
general, Tajima’s D and Fu’s Fs tests were negative and non-
significant for mtDNA sequences. Negative values from both
tests may be interpreted as excess of rare mutations, how-
ever the excess is statistically non-significant. Yet, only the
ND3 depicted significant P values in Fu’ Fs test (— 21.79,
P <0.01). In contrast, the CYTB marker showed positive
values for Tajima’s D test (0.47, P>0.05), compatible with
a sudden population contraction or balancing selection due
to an excess of low-frequency polymorphisms relative to
expectation. Furthermore, all nuclear markers (MYO2, FIB5
and G3PDH) showed significant P values for Fu’s Fs tests
performed on nuDNA, as expected from events of recent
population expansion or from genetic hitchhiking, due to
evidence for an excess number of alleles. Although present-
ing negative values, only MYO2 was significant for Tajima’s
D through nuDNA, due verified excess of rare alleles or
recent population expansion (Table S4).

Plumage Patterns

Among the 259 specimens with spectra measurements from
plumage regions, variation among the five body plumage
patterns was concentrated in the southern portion of the spe-
cies’ range (southern Amazon). A few specimens in almost-
black plumages were also found north of the Amazon-
Solimdes River in southern Ecuador, northern Peru, and in
western and northern Brazilian Amazonia (Fig. 1B). Within
southern Amazonia, green-bodied males were predomi-
nantly found in both the western and eastern extremes of the
species distribution, along the left banks of the Ucayali and
Madeira rivers, respectively; the other four phenotypes were
found patchily distributed across this region. The Ucayali
River presented the highest variation in male body plum-
age patterns, concentrated mainly in its medium and upper
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«Fig. 3 A Phylogenetic hypotheses for Lepidothrix coronata based on
mtDNA and nuDNA for the (I) concatenated dataset and (II) species
tree, showing recovered lineages and their distributions (color coded)
across Central and South America; B Haplotype networks for each
molecular marker used in the study (CYTB split in two sets, section
“Materials and Methods”) showing shared haplotypes among locali-
ties from each lineage (points in map colored according to lineages
in A); C Haplotype networks for each molecular marker used in the
study (CYTB split in two sets, see section “Materials and Methods™)
showing shared haplotypes among localities from different ecore-
gions (colored shapes) adapted from Dinerstein et al. (2017) (Color
figure online)

males were found on the left bank along all portions of this
river. In turn, the Purus-Madeira interfluvium presented
a clinal variation in plumage patterns, particularly in the
north, with almost all black plumages found in males from
populations close to populations with males in intermediate,
almost green and green plumages; whereas only green plum-
ages were found further to the south in this interfluvium,
and also in the southern limits of the species distribution
(Fig. 2B). Thus, males from all trans-Andean populations
were exclusively black. Specimens representing each plum-
age pattern are shown in Fig. 1C.

Geographic and Environmental Associations
with Genetic Variation and Male Plumage Coloration

Most variables were not related to each other in the SEM
analysis (Table 2, Fig. 4). Environmental variation was not
predicted by latitude (R>=0.092, P=0.275), but it was by
longitude (R*=0.315, P<0.001). Coloration was margin-
ally related to latitude (R?=— 0.209, P=0.052; Table 2,
Fig. 4). In the MMRR analysis, no relationship was found
between the color and the analyzed predictors (environmen-
tal, geographic and least cost distances, for more details see
Table 3). Geographic distance, on the other hand, was the
best predictor of genetic distance across the species’ range
(R>=0.226, P <0.001), followed by least-cost distance
(R?=0.134, P<0.001) and the environmental distance
(R*=0.04, P<0.001) in single variable MMRR models.

Discussion

The phylogenetic reconstruction based on the concatenated
data set recovered four well-supported lineages (Japura,
Northern Amazonia, Southern Amazonia, and Trans-
Andean), matching the distribution and inter-lineage rela-
tionships found for the species in the mtDNA topology of
Reis et al. (2020). In turn, the species tree showed the same
topology among lineages, though rather weakly supported.
This difference was due to the different partition sets for
the mtDNA markers that needed to be implemented to run
StarBEAST2. Thus, when only the coding markers were

used, no relationship among lineages could be supported in
the species tree, although the addition of the introns in the
analyses resolved the node grouping the Northern Amazonia
and Japurd lineages. Our results for the concatenated tree
showed the Trans-Andean lineage as sister to all the Amazo-
nia lineages, suggesting that the diversification of the species
within the Amazon basin occurred following the uplift of the
Northern Andes, thus corroborating recent findings (Chevi-
ron et al., 2005; Moncrieff et al., 2022; Reis et al., 2020).
This result is also consistent with those for several organ-
isms, including other passerines [e.g., (D’Horta et al., 2013;
Fernandes et al., 2014; Lavinia et al., 2019), invertebrates
(Zeh et al., 2003), mammals (Cortés-Ortiz et al., 2003), and
plants (Luebert & Weigend, 2014)].

Our results show that geographic distance drives genetic
diversification among populations of the Blue-crowned
Manakin, indicating a major role of isolation by distance
(Wright, 1943) in the distribution of genetic variation in this
species. Several studies have reported geographic distance
as an important driver of genetic structuring in vertebrates
(e.g., Peterson, 1991; Ferreira et al., 2020; Fernandes et al.,
2021; review in Sexton et al., 2014). This pattern suggests
that physical barriers in the landscape likely play a second-
ary, or more localized, role in restricting gene flow in the
species, decreasing gene flow between populations. Previous
studies that showed rivers as drivers of genetic structuring
in the Blue-crowned Manakin (Cheviron et al., 2005; Reis
et al., 2020) were conducted with coarser sampling scales
and framed in biogeographic contexts via phylogeographic
approaches. However, when we looked at the population
level, geographic distance alone explained the distribution of
genetic diversity within the species. To test our hypotheses,
we employed both MMRR and SEM analyses. Although an
apparent disparity emerged between the two approaches,
SEM is the more appropriate model, as it takes into account
both direct and indirect relationships simultaneously. While
MMRR is typically utilized for less intricate scenarios, we
retained this analysis when the causal factors are unequivo-
cal, such as to elucidate the impact of linear geographic dis-
tance on genetics and plumage coloration.

Recently, Ramirez-Barrera et al. (2019) identified the
effects of long-distance movement and local dispersal (e.g.,
Malpica & Ornelas, 2014) as main drivers of genetic diver-
sification in the Red-crowned Ant Tanager (Habia rubica),
and suggested effects of IBD combined with vicariance from
tectonic plates and past climatic changes (e.g., Coyne & Orr,
2004; Rull, 2011) in the distribution of genetic diversity in
this species. Least-cost corridors based on environmental
suitability showed here that the Japurd River was a potential
barrier for this species, in agreement with Reis et al. (2020).
According to our reconstructions of climatic niches, envi-
ronmental heterogeneity either connects populations across
corridors of suitable habitat or isolates them across regions
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Table 2 Results of the structural

. . Model R? P

equation modeling (SEM)

analysis, with regressions Env ~ Lat 0.092 0.275

(PC1 of variable 1 PCL Env~Lon 0315 0.00001

of variable 2), testing for

predictive power of geographic Col~Lat  —0.209 0.052

and environmental variation Col~Lon 0.028 0.810

on phenotypic and genetic Col~Env  —0.004 0.969

Z\j}gatlon, and between these Col~Gen —0.091 0.293
Gen~Lat —0.167 0.119
Gen~Lon 0.162 0.156
Gen~Env  —0.103 0.345

Statistically significant relation-
ships (P<0.05) are highlighted
in bold

Lat latitude, Lon longitude, Col
coloration, Gen genetic, Env
environment

of interrupted habitat suitability, possibly regulating genetic
divergence among lineages. The environmental connectiv-
ity found by us in the Napo region considering the current
climatic conditions can explain, for example, the complex
evolutionary history of the White-crowned Manakin (Pseu-
dopipra pipra) reported by Berv et al. (2020) in that area,
where populations have undergone hybridization and formed

Fig.4 Results from structural
equation modeling showing
regression coefficients (propor-
tional to line thickness) among
explanatory variables (genetic
and coloration) and each pre-
dictor variable (environment,
latitude and longitude); test sig-
nificances are shown in Table 2
(Color figure online)

Longitude

=)
Latitude
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a local lineage through introgression. A recent consensus
is that both current and past environmental heterogeneity
shaped the diversification and distribution of organisms in
the Amazon Basin (Godinho & Da Silva, 2018; Machado
et al., 2019; Naka & Brumfield, 2018; Ortiz et al., 2018;
Silva et al., 2019). These patterns indicate that a combina-
tion of processes is at play in the underlying genetic struc-
turing between lineages across the margins of the major
Amazonian rivers. In this context, we found that gene flow
among populations of the Blue-crowned Manakin is mostly
influenced by the geographic distances between populations.

Plumage coloration, on the other hand, was marginally
explained by latitude, thus confirming the overall pattern
described for the species of a north-to-south variation in
male plumage color. Spectral data show that such is the case
for both body and crown plumage in males, although we
may not indicate a mechanism driving this variation within
those directly tested here. A super black plumage (McCoy
& Prum, 2019) has been reported for the two trans-Andean
subspecies with black-bodied plumages (L. c. velutina
and L. ¢. minuscula), which form a clade and have been
recently proposed for recognition as a different species from
the cis-Andean populations (Moncrieff et al., 2022). In the
latter species, populations with black body plumages are
paraphyletic, given the records of black-plumaged males in

]
A
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Table 3 Results of multiple matrix regression with randomization
(MMRR) (Response variable ~Predictor variable) relating the linear
geographic distance and the least-cost distance to the genetic and
coloration distance matrices obtained for Lepidothrix coronata from
locations sampled

Model R? P

Coloration ~ Predictor Geography 0.005 0.105
Least-cost 0.003 0.150
Environmental 0.003 0.338

Genetic ~ Predictor Geography 0.226 <0.001
Least-cost 0.134 <0.001
Environmental 0.04 <0.001

Statistically significant regressions are presented in bold

populations located both west and east of the Purus River
(Reis et al., 2020; Fig. 1B). Spectral data showed higher var-
iation in plumage colors than the plumage patterns perceived
by the human eye, as spectra provide multidimensional
information associated with color data (Stoddard & Prum,
2008), summarized in different metrics that varied within a
given plumage pattern. This variation included differences
in black plumages between cis- and trans-Andean taxa, and
variation in the blue crown coloration, which aligned with
taxonomic descriptions (deep purplish blue in males from
trans-Andean populations; dark blue in northern Amazon
Basin; lighter blue hues in the southern parts of the range,
Kirwan & Green, 2011; Appendix S4, Fig. S3A).

In addition to the Amazon River, which limits the distri-
bution of black- and intermediate-plumaged populations in
the Central Amazon near Manaus, the Ucayali, and middle
Jurua rivers also separate populations of black- and green-
plumaged males. In the middle Jurua region, populations
with black or almost black plumages occur in the left bank,
whereas green-plumaged males occur on the right bank of
the river (Mutchler et al., 2020). In the upper Jurua region
males with almost black plumages occur on both sides of the
river and in the lower Jurud, males with intermediate plum-
ages are also found on both margins. Therefore, the Ucayali
and mid-Jurud regions represent examples of local river
effects on the diversification of male plumage coloration.
In turn, clinal variation within the Purus-Madeira interfluve
(Teodfilo et al., 2018) and along the Ucayali River (Moncrieff
et al., 2022) is suggestive of local selective pressures (e.g.
Hoekstra et al., 2004) driving evolution of male plumage
coloration. Although a similar clinal geographic pattern can
be observed across the entire species’ range, adaptive pro-
cesses inferred elsewhere for the species apply to localized
and peculiar spatial configurations of environmental condi-
tions (e.g. Schietti et al., 2016). These findings agree with
the geographic variation in male plumage color documented
for the species previously (reviews in Ancides et al., 2009;
Kirwan & Green, 2011; clinal variation in Teéfilo et al.,

2018; Moncrieff et al., 2022), and further expands it by
providing a map with plumage patterns by population sam-
pled, showing higher degree of geographic variation than
previously recognized for the species, with clinal variations
locally restricted.

Overall, color patterns suggest phenotypic diversification
of body plumages in the south, where the ancestral (black)
state is also found. This effect could be mediated by multi-
ple colonization events of black-bodied populations in con-
tact zones with populations from the Japurad and northern
regions. Wang and Shaffer (2008) described a similar pro-
cess for the Strawberry Poison-dart Frog (Oophaga pumilio),
which presents an unusual pattern of polychromatism. They
observed variation in color patterns according to the loca-
tion: Mainland populations have red coloration, whereas
insular populations exhibit an explosion of color morphs,
which authors attributed to the formation of islands, given
their congruence in time (Anderson & Handley, 2002). Thus,
they pointed to multiple colonization events in the archi-
pelago, with the rapid evolution of novel phenotypes associ-
ated with strong diversifying selection as a result of different
factors (Reynolds & Fitzpatrick, 2007; Siddiqi et al., 2004;
Summers et al., 1999).

The lack of association between genetic and color vari-
ation observed here and elsewhere (Cheviron et al., 2005,
2006; Reis et al., 2020) indicates that adaptive mechanisms
possibly acting on local populations are not isolating popu-
lations, as predicted by isolation by adaptation to different
environments (IBA, a particular case of IBE; Rundle &
Nosil, 2005). IBA is defined as the effect of environmental
gradients that cause divergent natural selection, resulting in
a positive correlation between genetic divergence and adap-
tive phenotypic differentiation (Andersson, 1994; Basolo &
Endler, 1995; Boughman, 2001; Boul et al., 2007; Hoek-
stra et al., 2004; Leal & Fleishman, 2004). This correlation
occurs when gene flow between populations is restricted by
individual partner preferences or by mortality of immigrant
phenotypes (Ramirez-Barrera et al., 2019; Rundle & Nosil,
2005). As such, variation in male plumage possibly under-
laid genetic diversification, via sexual and/or natural selec-
tion as predicted through isolation by adaptation. As Chevi-
ron et al. (2006) suggested, because plumage patterns are
under polygenic regulation (Roulin & Ducrest, 2013; review
in Kulikova, 2021) and multiple phenotypes are found along
contact zones, observed variation might be linked to both
genetic and ontogenetic mechanisms, as well as to variation
in selective pressures among populations, given their role
in sexual selection (Darwin, 1896; Prum, 2012; Servedio &
Boughman, 2017).

These findings are partially supported by studies across
various taxa, suggesting that geographic isolation plays a
primary role in driving both phenotypic and genetic diver-
sification among populations (Fernandes et al., 2014, 2021;
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Ferreira et al., 2018, 2020; Kaefer et al., 2013; Naka et al.,
2012; Pirani et al., 2019; Ribas et al., 2012; Simdes et al.,
2014). Additionally, it appears that secondary or overlooked
environmental factors also influence these processes. Even
though polychromatism is relatively common among birds
and anurans, studies pointing to mechanisms driving its dis-
tribution are rare (but see above). Rojas et al. (2020) showed
that the genetic diversity of the highly polychromatic poi-
son frog Adelphobates galactonotus could be explained by
geographic isolation from river barriers and climatic oscil-
lations during the Pleistocene. However, neither those fac-
tors, nor genetic variation explained observed variation in
dorsal coloration among populations, which could reflect
local processes. The structural equation modeling imple-
mented here depicted latitudinal effects in plumage color,
thus corroborating Fernandes et al. (2021) when suggesting
that latitude per se is highly relevant as an ecological and
evolutionary driver of the spatial distribution of intraspecific
phenotypic diversity.

This study represents one of the pioneering efforts to
unravel the drivers behind genetic diversity and variation in
male plumage coloration within the Blue-crowned Manakin
at a broad geographic scale, within an evolutionary frame-
work. We aimed to investigate the influence of geographic
and environmental factors on genetic and morphological
diversity. While previous studies have demonstrated asso-
ciations between these factors and variation in male plum-
age coloration among populations in specific interfluvial
regions, our results reveal that some of these patterns are
not consistently observed across the species’ entire range,
particularly in relation to environmental heterogeneity.
However, we found a strong association between genetic
diversity among populations and both linear and least-cost
geographic distances, highlighting the role of isolation by
distance, whether measured in linear or least-cost terms
within the environment. Interestingly, we did not find direct
evidence of environmental heterogeneity playing a signifi-
cant role in genetic isolation. Our findings also suggest the
absence of clear evidence for adaptive evolution, aligning
with previous phylogenetic studies that reported a lack of
correlation between genetic diversity and color variation.
We propose that genetic drift plays a crucial role in driv-
ing genetic differentiation at the regional scale, while both
stochastic and deterministic factors operate at local scales
in shaping the evolution of male Blue-crowned Manakins’
plumage coloration.
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