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Abstract: The white-crowned parrot Pionus senilis (von Spix, 1824) is distributed throughout Middle America,
inhabiting the Gulf of Mexico coastal area from Tamaulipas (Mexico) to northern Panama. We used mitochondrial
data (COIL, ND2 and ND4) from 55 specimens to infer phylogenetic relationships, and analyzed the phylogeographic
structure, genetic diversity, divergence periods, and historical demography to explore phylogeographic patterns.
We found three divergent lineages: two geographically separated by the Isthmus of Tehuantepec, and the third, in
Costa Rica by the Nicaragua Depression. The analysis of molecular variance and statistical analyses were consistent
with genetically distinct populations. The Central American lineage diverged 1.33 million years ago, whereas the
other two lines branched off 1.19 million years ago. This phylogenetic pattern has been reported in other species
of Middle American birds.

Keywords: Psittacidae; genetic structure; conservation genetics.

Filogeografia do maitaca-de-testa-branca (Pionus senilis)

Resumo: A curica-de-testa-branca Pionus senilis (von Spix, 1824) esta distribuida por toda a América Central,
habitando a area costeira do Golfo do México de Tamaulipas (México) ao norte do Panama. Usamos dados
mitocondriais (COI, ND2 e ND4) de 55 espécimes para inferir relagdes filogenéticas e analisamos a estrutura
filogeografica, diversidade genética, periodos de divergéncia e demografia historica para explorar padrdes
filogeograficos. Encontramos trés linhagens divergentes: duas geograficamente separadas pelo Istmo de Tehuantepec,
e a terceira, na Costa Rica pela Depressao da Nicaragua. A analise de variancia molecular e as analises estatisticas
foram consistentes com populagdes geneticamente distintas. A linhagem da América Central divergiu ha 1.33
milhdo de anos, enquanto as outras duas linhas se ramificaram ha 1.19 milhdo de anos. Este padrao filogenético

foi relatado em outras espécies de aves da América Central.

Palavras-chave: Psittacidae; estrutura genética, genética da conservagado.

Introduction

A comprehensive study of biodiversity must not only include
ecological variability, but genetic variability as well, since it is essential
for the persistence and evolutionary continuum of a species or lineage
(Frankham et al. 2002). The International Union for Conservation of
Nature places genetic diversity as one of the three global priorities
for conservation (IUCN 1980). The order Psittaciformes has the
highest number of endangered species among groups of birds, with
111 (28%) of the 360 species listed as in danger of extinction and
shrinking population sizes in 56% of'its species (Berkunsky et al. 2017).
Given the current extinction processes, the genetic studies needed to
support conservation programs are of utmost importance (Avise 2002,
Frankham et al. 2002, Olah et al. 2022).

https://doi.org/10.1590/1676-0611-BN-2022-1382

Phylogeography can be considered a theoretical bridge
between population genetics and phylogenetic biology. Ever since
phylogeography was conceived and has been applied, it has made
valuable contributions to the comprehension and protection of
biodiversity (Avise et al. 2016). Information thus obtained may be
useful to determine possible evolutionarily significant units (ESUs),
which are needed to apply conservation plans. Phylogeographic
studies have been applied to solve the existence of several cryptic
Psittacidae taxa (Russello and Amato 2004; Joseph et al. 2011;
Murphy et al. 2011). They have made it possible to observe the
effect of fragmentation and bottlenecks on population structure
(Ringler et al. 2012; Miller et al. 2013; Bergner et al. 2016), as well
as elucidate how evolutionary history has woven the current diversity
patterns in the species (Murphy et al. 2007; Caparroz et al. 2009;
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Murphy et al. 2011). These studies have fostered awareness of how
important the preservation of a species’ evolutionary potential is for it
to persist, thus improving our understanding of factors associated with
habitat fragmentation, the effect of endogamy, and loss of populations.
Since species lacking robust information are in particular need of such
studies, it is fundamental that genetic data be obtained to distinguish
their phylogeographic patterns.

The genus Pionus has eight species of parrots, four of which are
allopatrically distributed in mountain forests from northern Mexico to
South America, and four others are in the lowlands (Juniper & Parr 1998,
Ribas et al. 2007). This is consistent with speciation patterns caused
by vicariance, since mountain groups are limited by boundaries related
to topographic diversity isolating the mountain forests surrounded by
lower, warmer lands (Ribas et al. 2007). The genus Pionus diversified
in the late Miocene and early Pliocene, approximately 4.7 to 5.8 million
years ago (Ribas et al. 2007). The white-crowned parrot is the only
species in the genus that is distributed in northern Middle America,
and it expands from Mexico (from southern Tamaulipas along the
Gulf of Mexico coastline to the Yucatan Peninsula and Chiapas) to
the west of the Isthmus of Panama. Mexican laws have cataloged it
as a Threatened species (NOM-059, SEMARNAT 2010), whereas the
International Union for Conservation of Nature has it listed as of Least
Concern (IUCN 2016).

Spix described the species Pionus senilis in 1824 from a specimen
that was later determined to have been obtained from Veracruz,
Mexico. The species was considered monotypic until Griscom (1929)
described P, 5. decoloratus from the populations in southern Quintana
Roo (Mexico), Guatemala, Honduras, and western Panama. The latter
is distinguished by the darker purple, less blue, plumage on the chest
and throat; the abdomen and sides are an olive green instead of a
bright green, and the primary feathers are mostly bright blue with little
green. The typical P. senilis is greener and has a green stripe between
the blue and dark areas of the inner vanes of the external primary
feathers. The above description explains that the southern populations
(southeastern Nicaragua, Costa Rica and Panama) are differentiated by
these characteristics, and that those in Quintana Roo (Mexico), Belize,
Honduras, and northern Nicaragua are intermediate.

This species’ populations have dwindled in Mexico and have
even vanished from western Quintana Roo and several areas along
the Gulf of Mexico (Salinas-Melgoza & Renton 2008). This is mostly
due to the impact that human activity has had on its habitat (evergreen
tropical forest, oak forest, and lower mountain forest), which has
been highly deforested for farming. As a result, it inhabits only
48% of its original area, and only 16.2% of this surface is protected
(Monterrubio-Rico et al. 2016). Further, this species is illegally
sold as a pet (Cantt et al. 2007). There is little data on the species in
Central American countries.

Given its progressive depletion and possible population
fragmentation, a conservation plan for the species is important
because it would then be possible to keep the populations comprising
evolutionary units safe and flag them as of high conservation priority
(Ryder 1986). To achieve this goal, we investigate population
differentiation patterns with three mitochondrial markers applied
at the intraspecific level with genealogy analyses. These data
would facilitate the study of population evolution, deductions
concerning lineage colonization, diversification and extinction, and
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the identification of geological or ecological causes that influenced
the populations (Avise 1998, Dominguez-Dominguez and Vazquez-
Dominguez 2009).

Following this need to learn more about the white-crowned
parrot (Pionus senilis [Von Spix 1824]), we decided to perform a
phylogeographic analysis with these main objectives: a) identifying
genetic lineages within the entire distribution area of the species,
b) revealing the likely geological events that allowed the current
distribution of the distinct haplotypes, and c) identifying the geographic
barriers that have influenced the distribution of genetic lineages.

Material and Methods

1. Biological samples

Blood samples were taken from white-crowned parrot specimens
between 2017 and 2019 using collection permit SGPA/DGVS/05058/17.
Each sample was georeferenced. One 0.1-ml blood sample was taken
from each parrot, conserved on an FTA card, and placed in the National
Bird Collection at the Institute of Biology of the National Autonomous
University of Mexico (Universidad Nacional Auténoma de México,
UNAM). We collected and analyzed samples from 59 individuals
from 11 localities ranging from northern Mexico (state of Tamaulipas)
to Costa Rica (Table 1, Figure 1). The capture of wild samples was
unsuccessful because of the challenge of catching the parrots while
foraging, the difficulties in finding and climbing to their nests, and time
constraints. We resorted to collecting samples of captive individuals
in the locations studied with the certainty that these individuals were
captured in the area. This conclusion was based on the information
provided by owners, and on the fact that many rural people collect
nestling’s locality. They keep them as pets and perhaps sell them to
people that look for them illegally, but they cannot afford to buy them
in the illegal trade, a situation more likely in cities. Additional samples
were facilitated by the Macaw Mountain Bird Park (Honduras), and
Rescate Animal Zoo Ave (Costa Rica). Each sample was georeferenced.
One 0.1-ml blood sample was taken from each parrot, conserved
on an FTA card, and placed in the National Bird Collection at the
Institute of Biology of the National Autonomous University of Mexico
(Universidad Nacional Auténoma de México, UNAM). We collected
and analyzed samples from 59 individuals from 11 localities ranging
from northern Mexico (state of Tamaulipas) to Costa Rica (Table 1,
Figure 1).

2. DNA extraction, PCR amplification and marker
sequencing

Genome DNA was obtained using a modified technique to extract
DNA from animal tissue using phenol-chloroform. We amplified
mitochondrial fragments NADH dehydrogenase 1I (ND2), NADH
dehydrogenase 4 (ND4), and cytochrome oxidase I (COI). We were
able to amplify 55 individuals with the three genes. The ND2 gene
was amplified using L5215 (Hackett 1996) and H6313 primers
(Bonaccorso et al. 2010), ND4 and LEU primers were used for ND4
(Arévalo et al. 1994), and COI was amplified using COIbird F1 and
COlbird R1 primers (Hebert et al. 2004).

The amplification reactions caused by the polymerase chain
reaction (PCR) (12.5 puL) were prepared with 6 pl 10% trehalose,
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Table 1. Localities and number of collected the white-crowned parrot (Pionus senilis) samples.
Country State Locality Samples ID Latitude Longitude
Mexico Tamaulipas El Cielo 9 RCRA1 -RCRA3, 23.024 -99.148
RCRA25 - RCRA30
Mexico San Luis Potosi El Naranjo 2 RCRA4, RCRAS 22.572 -99.343
Mexico San Luis Potosi Aquismon 1 RCRAG6 21.624 -99.028
Mexico San Luis Potosi Xilitla 2 RCRA7, RCRAS 21.375 -99.990
Mexico San Luis Potosi Santos 1 RCRA9 21.572 -99.961
Mexico Oaxaca Chalchijalpan 3 RCRA14 - RCRAI6 17.057 -94.656
Mexico Chiapas Tecpatan 3 RCRA17 —RCRA19 17.137 -93.318
Mexico Tabasco Tenosique 5 RCRA20 — RCRA24 17.256 -91.133
Honduras Copan Macaw Mountain 11 Hon-23 — Hon-33 14.851 —89.154
Nica 13-1, Nica 14-2,
Nica 15-4, Nica 16-3,
Nica 17-5, Nica 18-6,
Nica 19-7, Nica 20-8,
Nicaragua Jinotega Wiwili 10 Nica 21-9, Nica 22-10 13.584 —85.803
Costa Rica Alajuela Zo0o Ave 12 Avezool — Avezoo 12 10.012 -88.276

100°(l)'0"W 95°0|'0"W 90°0|'0"W 85°0|'0“W

15°0'0"N 20°0'0"N 25°0'0"N

10°0'0"N

Figure 1. Sampling areas of the white-crowned parrot (Pionus senilis) along its distribution Centroamerica. A. El Cielo, Tamaulipas; B. El Naranjo SLP; C. Xilitla
SLP; D. Aquismon, SLP; E. Santos, SLP; F. Chalchijalpan, Oaxaca; G. Tecpatan, Chiapas; H. Tenosique, Tabasco; I. Macaw Mountain, Copan; J. Wiwili, Jinotega
and K. Zoo Ave, Alajuela. The colors represent the three unique genetic lineages of this work: Northern (blue), Center (green) and Southern (red).
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2 pl distilled water, 10 mM PCR buffer, 0.2 mM of each dNTP,
1.5 mM MgCl2, 0.3 uM of each primer, 0.5 units of Tag DNA
polymerase, and approximately 50 ng of genome DNA. Both DNA
chains were sequenced using the amplification primers and the
dideoxi method (Sanger et al. 1977). The PCR products were sent
for sequencing to the Biodiversity and Human Health Genome
Sequencing Laboratory (Laboratorio de Secuenciacién de la
Biodiversidad y de la Salud) at the UNAM Institute of Biology and
to Macrogen (Maryland, USA).

3. Sequence analysis

Sequences were edited using BioEdit v7.2 software (Hall 1999),
and chromatograms were manually checked using FinchTV v1.4
software. In addition, each sequence was compared to the information
available at GenBank using the basic local alignment search tool
(BLAST), which made it possible to establish a 96-99% identity in
each sequenced case. MEGA v10 software was used to read sequences
(Tamura et al. 2011).

Genetic diversity indicators, such as number of mitochondrial
haplotypes (h), number of polymorphic sites (Sn), genetic diversity
(H), average number of differences between pairs of sequences (n),
and nucleotide diversity (k), were calculated using DNAsp v10
software (Rozas & Rozas 1999). Different summary statistics were
also implemented to determine whether the markers assume a neutral
evolution model: Tajima’s D (Tajima 1989), Fu (Fu & Li 1993) and Fs
(Fu 1997). We used MEGA v10 software to identify the genetic distances
between groups (Tamura et al. 2011) and individuals were assembled
into groups established by phylogenetic trees using the Kimura two-
parameter substitution model.

An analysis of molecular variance (AMOVA) (Excoffier et al.
2005) was conducted to determine whether genetic variation and
differentiation between the groups had a structured distribution.
This analysis breaks variance down into (a) differences in haplotype
composition among individuals from individual populations (variance
within a population); (b) differences in haplotype composition of
individuals from different populations (variance between populations);
and (c) differences in haplotype composition between groups of
populations (variance between FST regions). We performed this
analysis using GenAIEx v6.0 software (Peakall & Smouse 2006)
with 9999 permutations. To know whether a species’ gene flow
follows an isolation by distance model (i.e., whether the geographic
distances and genetic distances between different pairs of populations
are correlated), we performed a Mantel test using GenAIEX v6.0
software (Peakall and Smouse 2012). This analysis assumes that
genetic distances increase with geographic distance. The test computes
the correlation between a geographic distance matrix versus a genetic
distance matrix, then permutes the matrices and computes the same
test statistic under each permutation and compares the original test
statistic with the distribution of the test statistic from the permutation
to generate the p-value.

4. Relationships between haplotypes and genealogical
analyses

We constructed a haplotype network in PopART v1.7 (Leigh &
Bryant 2015) using the MJN algorithm, to represent the relationships
between haplotypes at each sampling locality. PopART v1.7 software
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starts from the number of paired substitutions to introduce medium
vectors that represent the haplotypes the concatenated 55 individuals.
An analysis was also performed with Split Tree v4 software (Huson &
Bryant 2006) using Neighbor Net with the GTR substitution model
and 400 bootstrap replicas.

We reconstructed genealogical relationships using Bayesian
inference (BI) and maximum likelihood (ML). The matrix for these
analyses included 55 sequences of COI, ND2 and ND4 from the
samples collected in the field, in addition to sequences belonging to
Pionus chalcopterus (GenBank Access: MF784450.1) that we included
as an external group. Molecular evolution models were estimated
with jModelTest v2.1.1 (Posadas 2008), using the corrected Akaike’s
Information Criterion (AICc) (Alfaro and Huelsenbeck 2006). TN93
was the best model for ND2 (Tamura and Nei 1993 + 3 rates), TIM1 for
ND4 (Posada, 2008), and HKY for COI (Hasegawa et al. 1985). The best
model for the concatenated sequences (COI + ND2 + ND4) was TIM3
(Posada 2008). We used MrBayes v3.2 (Ronquist and Huelsenbeck
2003) and RAXML v7.8 software (Stamatakis 2014), respectively, to
reconstruct Bayesian inference and maximum likelihood. MrBayes
made two independent runs of 30,000,000 generations and four
Markov chains (Markov Chain Monte Carlo), testing a tree every 2,000
generations at a temperature of 0.3 and burning 30% of the generated
data. The remaining trees were summarized as majority consensus.
In RAXML, the ML+ through bootstrap search was performed with
10 searches and 10,000 replicas. Trees were displayed in FigTree v1.4.0
(Rambaut 2014).

5. Molecular clock

We analyzed the molecular clock by implementing the BEAST
v.1.6.1 program (Drummond & Rambaut 2007) to estimate the
divergence time in a tree of species. We used the 55 concatenated
sequences of the three-mitochondrial markers, calibrating with Pionus
chalcopterus to 2.2 million years in the past when the two species
branched off (Ribas et al. 2007). We ran a simulation to determine
when the three white-crowned parrot lineages separated, using GTR
as the substitution rate, with estimated base frequencies, gamma
shape distribution (with 4 categories), proportion of invariant sites,
a relaxed molecular clock with uncorrelated lognormal distribution
and a Yule tree prior. We performed the BEAST analysis three times
with 100 million generations each time and took a sample every 1000
steps using the Yules speciation tree, an uncorrelated relaxed clock
model with log-normal distribution. After running the analyses through
BEAST, we used TRACER v.1.6 to observe the parameters of the
results. We then combined the tree files (.tree) using LOGCOMBINER
and summarized them as a maximum clade credibility tree produced
by TREEANNOTATOR (Drummond & Rambaut 2007) after burning
30%. This tree was displayed in Figtree.

6. Historical demography

To evaluate whether the data were consistent with the occurrence
of selection at a molecular level or with past demographic expansion,
we calculated the observed distribution of the number of differences
between pairs of haplotypes using DnaSP v5.10 software to
distinguish whether the populations, Northern (14), Central (30),
and Southern (11) were in demographic equilibrium (Librado &
Rozas 2009).
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Results

1. Analysis of genetic diversity and differentiation

We obtained amplification products with the COI gene from
59 individuals, with the ND2 gene from 55 individuals, and with
the ND4 gene from 58 individuals, though only 55 individuals
simultaneously exhibited all three fragments. No insertions or deletions
were found, and the start and stop codons were at the expected sites.
Base composition patterns were those expected for avian mtDNA.
No compositional bias was found in the bases. The three genes were
concatenated in 55 individuals, resulting in a total dataset of 2222
base pairs. Seventeen variable sites,16 informative sites and five
haplotypes were found. General haplotype diversity (h) was 0.706
and nucleotide diversity () was 0.00254. Tajima’s D was D = 1.412
(P > 0.10). Statistical data Fu and Li’s F = 1.64 and Fu’s Fs 1.65
(P> 0.10) were not significant (Table 2).

We detected four haplotypes with COI and ND2, three with ND4,
and five with the concatenated sequences when all of the samples were
analyzed as a single group. Almost every population exhibited a single
haplotype, even those with a larger sample size (Nicaragua, Costa
Rica, and Honduras). Nucleotide diversity was also low (Pi=0.00254)
(Table 2). The genetic distances between groups were less than 1%:
0.23% between populations in northern Mexico and Central America,
0.58% between northern Mexico and Costa Rica, and finally 0.54%
between Central America and Costa Rica.

The comparison by pairs of the FST values showed high
differentiation between the population groups (Table 3). The
comparison of central populations (southern Mexico, Honduras, and
Nicaragua) with those from the south (Costa Rica) had the highest
FST value (0.992), while the comparison of populations from the north
(northeastern Mexico) with those from the south had an FST value
of 0.956. The lowest FST value was obtained when the populations
from the north were compared with those from the center (0.904).
AMOVA results showed that the greatest genetic difference occurs
between the population groups with 99.5% of differences, whereas the

difference within the populations is 0.18%. The correlation between
the geographic distance matrix and the genetic distance matrix was
moderately significant (r = 0.568, p < 0.05, Figure 2), indicating that
partly a process of isolation by distance undergone by this species’
populations (Table 4).

2. Relationships between haplotypes and their geographic
distribution

The haplotype network showed the relationships of the three
haplogroups and their frequencies found in the 55 individuals (Figure 3).
In the network, the green haplogroups of the Costa Rican specimens are
separated by 12 mutations from the other two groups (Hap 1, southern
group). All of the specimens from the populations in northeastern
Mexico are included in a single haplogroup (blue) (Hap 5, northern
group). The populations in southern Mexico, Honduras and Nicaragua
are in the pink-cherry-purple haplogroup and are widely distributed
(Haps 2-4, central group). The latter group has three haplotypes:
haplotype 2, which is common, haplotype 4 in three individuals from
Tenosique, and haplotype 3 in a specimen from Nicaragua (Figures 3
and 4).

The Red Split Tree analysis also produced three groups (Figure 5),
which are similar to those reported by prior analyses. The first
southern group included individuals from Costa Rica, the second
central group had individuals from southern Mexico (Tecpatan,
Tenosique, and Chalchijalpal localities) and northern Central America
(Honduras and Nicaragua), and specimens from northeastern Mexico
(states of Tamaulipas and San Luis Potosi) comprised the third
northern group.

3. Genealogical analysis

Phylogenetic analyses were performed to estimate the genealogical
relationships between the detected groups (Figure 6). The tree
constructed from Bayesian inference coincides with the topology
obtained by maximum likelihood. The analyzed samples were grouped
into three clades: the first with 11 specimens from Costa Rica; the second

Table 2. Genetic diversity indices obtained for the white-crowned parrot (Pionus senilis).

Gene fragment N Nt H S Hd Pi Dt FuyLi Fs fu
COlI 60 677 4 12 0.655 0.00297 0.90837 1.23 1.53
ND2 56 767 4 12 0.674 0.00222 0.90837 1.04 1.23
ND4 58 778 3 10 0.627 0.00283 2.488 1.14 1,21
Concatenated 55 2222 5 34 0.706 0.00254 1.412 1.64 1.65

N = sample size, Nt = base pairs, H = haplotypes, S = polymorphic sites, Hd = haplotype diversity, Pi = nucleotide diversity, Dt = D Tajima significant at p <0.10.

Table 3. Genetic differentiation for the white-crowned parrot (Pionus senilis) groups.

%

F G N

ST ST ST
Northern Southern 0.4% 0.956 0.785 0.956
Northern Central 0.3% 0.904 0.793 0.904
Southern Central 0.5% 0.992 0.894 0.992

% genetic distance F, genetic differentiation between populations; G, genetic differentiation between populations; N¢ nucleotide diversity between populations.
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Figure 2. Concatenated Mantel test for all populations of the white-crowned parrot (Pionus senilis). The AMOVA test produced genetic diversity distribution
values of 99.5% between the groups; the rest is distributed among the populations.

Table 4. AMOVA summary for the white-crowned parrot (Pionus senilis) populations using concatenated mitochondrial gene sequences.

Source df SS Components variation % variation
Among groups 2 1687.759 45.610 99.5
Among populations within groups 8 4.136 0.085 0.32
Within groups 49 6.889 0.14 0.18
Total 59 1698.78 45.835 100%
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Figure 3. Concatenated haplotype network of the white-crowned parrot (Pionus
senilis) for populations in Mexico, Honduras, Nicaragua, and Costa Rica using
nucleotide sequences ND2, ND4 and COI. Dashes on haplotype network
branches indicate mutations between haplotypes and the sizes of circles are
proportional to the number of samples for each haplotype.

with 30 specimens from Nicaragua, Honduras, and the localities of
Tecpatan, Tenosique, and Chalchijalpa, Mexico; and the third with 14
individuals from the populations in northern Mexico, namely El Cielo,
El Naranjo, Xilitla and Santos.

4. Molecular clock

The BEAST analyses produced a high effective sample size (ESS)
(200) for all parameters, indicating that the posterior distribution
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Figure 4. Geographical distribution and statistical parsimony network of
concatenated haplotypes of white-crowned parrot (Pionus senilis) overlaid
on a map of Centro America. Pie charts represent haplotypes found in each
sampling locality.
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Figure 5. Concatenated Split Tree of the white-crowned parrot (Pionus senilis) for populations in Mexico, Honduras, Nicaragua, and Costa Rica using nucleotide
sequences ND2, ND4 and COI. The distance between taxa represents the sum of weights of all splits that separate taxa.
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Figure 7. Estimates of divergence time in years shown by lineages of the white-crowned parrot (Pionus senilis) populations based on the concatenated 2222 bp data
from mtDNA sequences. Blue bars on the tree correspond to the 95% credibility intervals of the estimated node ages. The colors represent the three outstanding
genetic lineages of this work: Northern (blue), Central (green) and Southern (purple).

was adequately sampled. This result concurred with the Bayesian
inference and maximum likelihood analyses. The tree from BEAST
(Figure 7) with mtDNA data strongly supported (PP =1.0) a division
between the Costa Rican (Southern) lineage and the other two lineages
that occurred 1.33 Mya (95% highest posterior density [HPD]), as
well as the differentiation between the other two lineages (PP =0.53)
at 1.19 Mya (95% HPD). The Central lineage was dated at 840,000
years and the Northern lineage at 700,000 years. Results from the
mitochondrial data suggest that both lineages branched away during
the Pleistocene.

5. Historical demography

Distribution analysis of concatenated paired differences (Figure 8)
showed a distribution that would be expected of a constant population
size. This result fits the population expansion of the global sample

https://doi.org/10.1590/1676-0611-BN-2022-1382

analyzed for populations of the white-crowned parrot. Specifically,
for haplogroups only the central group fits a stable distribution model.

Discussion

We conducted the first complete phylogeographic study for a
charismatic, but least studied, parrot in Middle America. Our mtDNA
data revealed three genetic groups. The first group corresponded to
individuals from the states of Tamaulipas and San Luis Potosi in
northern Mexico (Northern), the second to populations in southern
Mexico, Honduras, and Guatemala (Central), and the third exclusively
to specimens from Costa Rica (Southern). These white-crowned parrot
groups are separated by a short genetic distance (0.5-0.3%, Table 3).
P. senilis branched away from P. cyanescens/P. chalcopterus about
2.2 — 1.2 million years ago (Ribas et al. 2007). This finding, and the
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Figure 8. Mismatch distributions of the white-crowned parrot (Pionus senilis) populations: concatenated (A), Northern (b), Central (C), Southern (D). Dashes lines
indicates the observed distribution of pairwise differences (red and solid lines show the expected distribution (green) under a model of sudden expansion.

fact that P. senilis is mostly distributed in lowlands at present, strongly
implies an ancestral distribution across Central American lowlands
(Ribas et al. 2007).

White-crowned parrots have a wide geographic distribution, yet no
studies have been made of the connectivity between its populations. Our
mtDNA data show consistent levels of phylogeographic structure among
the three population groups, though it must be determined whether this
result stems from their historical biogeography (i.e., it is caused by
geographic boundaries) or from gaps in sampling. We discovered that
the genetic structure in all three groups was consistent, even when the
isolation by distance analysis was taken into consideration. Moreover,
the highest Fst values point to a greater genetic differentiation between
the Central and Southern groups (0.992), which are geographically
closer to each other, and the Fst values (0.956) for the Northern-Southern
and Northern-Central groups are extremely high compared to any other
species (Table 3).

Although the Northern and the Southern groups each presented a
unique haplotype, three unique haplotypes were found in the Central
populations, indicating high haplotype diversity (Hd) in total (h=0.706).
These data are similar to those reported by other studies on Psittacidae,
such as Cyanoliseus patagonus with a haplotype diversity of 0.943,
Eolophus roseicapilla with Hd: 0.817, Anodorhynchus hyacinthinus
with Hd: 0.604, Eclectus roratus with Hd: 0.500 and Lophochroa
leadbeateri with Hd: 0.602 (Masello et al. 2011; Engelhard et al. 2015;
Presti et al. 2015; Astuti 2020; Ewart et al. 2021). Low nucleotide
diversity values (n < 0.0025) and a small number of haplotypes are
characteristic of the effects of population demographic expansion over
a relatively recent period (Hamilton 2009). This has been attributed to
expansion following a small effective size period in the population, since

http://www.scielo.br/bn

rapid growth in a population increases its retention of new mutations
(Avise et al. 1984, Watterson 1984).

Tajima’s D and Fu’s Fs neutrality tests were performed to measure
the effect of the population’s demographic changes on sequences of
mtDNA. The Fs test is more powerful at detecting recent or selected
population growth and demographic expansion than Tajima’s D (Tajima
1989), and it usually produces high negative values. The analyses
showed that both Fu’s, Fs, and Tajima’s D tests had non-significant
values (Table 2), indicating that the mutations neither favor nor hinder
the organism and thus do not exert selection pressure (Ramos-Onsins
and Rozas 2002).

We recovered a clear phylogeographic structure even though
the genetic groups are separated by few mutations. The geographic
distribution of genetic variation is not entirely random (as indicated by
the AMOVA and F, values), suggesting a scenario in which the groups
have been diverging in isolation and then expanding their distribution
range. Furthermore, the low nucleotide diversity but high haplotype
diversity we found in P. senilis is consistent with populations with
small effective sizes that undergo rapid population growth (Grant and
Bowen 1998). Although they are similar, the different haplotypes in
the populations suggest that there is no detectable gene flow between
the three P. senilis population groups. This is also supported by the
AMOVA results, which indicate that the largest percentage of genetic
variation is spread throughout the population groups (99.5). There is
little variation within lineages.

The F , and R, values (Table 2) and the haplotype networks
(Figure 3) show that the populations of P. senilis are separated into
three lineages with geographic distributions that do not overlap. In this
study, the pattern observed in the haplotype network and the results from
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molecular dating point to the diversification of the different haplotype
groups 1.3 million years ago, even when a small number of haplotypes
exist in the geographically distant groups (e.g., samples from southern
Mexico and Nicaragua) with low levels of nucleotide diversity. Since
the displacement range of this species has not been studied, it would
be interesting to determine the displacement range of the populations
throughout their territory, showing how dispersion capacity affects the
genetic structure of their populations.

An analysis of endemism using four different groups of fauna found
that after the Trans-Mexican Volcanic Belt separates the highest amount
of biota between N and S Mexico and Central America, the Isthmus of
Tehuantepec and the Nicaraguan depression are the following marked
barriers (Miguez-Gutierrez et al. 2013). Correlating geologic and genetic
studies to elucidate the patterns of biogeographic and evolutionary
history in Central America, four tectonic blocks appear, Maya, Chortis,
Chorotega, and Choco, and three evolutionary groups separated by the
barriers between these tectonic blocks emerge, the Mayan, Mid-CA,
and Panamian. After the Great American Biotic Interchange (3.1 to
2.5 Ma) after the formation of the Isthmus of Panama, new migrations
or colonizations prompted by the Pleistocene climatic fluctuations
and local volcanic activity followed (Gutiérrez-Garcia and Vazquez-
Dominguez, 2013).

Prior studies based on mtDNA have revealed a strong differentiation
between the populations of different vertebrates inhabiting Middle
America. In the case of the glass frog Hyalinobatrachium fleischmanni six
concordant genetic lineages have been described with geographical
barriers of the Sierra Madre del Sur, the Tehuantepec isthmus,
Motagua—Polochic—Jocotan fault system, Hess escarpment, and the
Panama Isthmus (Mendoza et al. 2019). Regarding some clades of
snakes, genetic divergences correspond to the depression of Nicaragua,
the Chortis block, the Maya block, and the Isthmus of Tehuantepec.
(Daza et al. 2010).

The Isthmus of Tehuantepec is undoubtedly an important barrier
in the distribution of genetic lineages, as is the case of rodents of
the genus Reithrodontomys (Sullivan et al. 2000), Peromyscus with
5.7% of divergence between its different groups (Kilpatrick et al.
2021), salamanders (Rovito et al. 2012; Rovito and Parra-Olea 2016),
the toad Incilus valliceps (Mulcahy et al. 2006) and bats (Guevara-
Chumacero etal. 2013, Hernandez-Canchola and Ledn-Paniagua 2017).
Even the genetic structure of mammals with a higher dispersion capacity
has been influenced by the Isthmus of Tehuantepec, as is the case of the
coati Nasua narica (Nigenda-Morales et al. 2019).

Geological information (Barrier et al. 1998; Manea and Manea 2006)
suggests that a highland corridor spanned the Isthmus of Tehuantepec
during the Miocene, then collapsed due to extreme Pliocene tectonic
activity (about 3.5 million years ago). This event separated the mountain
ranges on either side of the isthmus. The genetic differences between
the white-crowned parrot individuals on both sides of the isthmus match
a more recent divergence after the geological events causing lowlands
to form in the Isthmus of Tehuantepec; as observed in local mountain
species (Gonzalez et al. 2011; Ortiz-Ramirez et al. 2016).

The Nicaragua Depression determines a site that marks significant
changes in the communities of Middle American birds (Patten and
Smith-Patten 2008; Sanchez-Gonzalez et al. 2008), acting as a barrier
for other taxa that inhabit Central American rainforests. This pattern
suggests that the dispersion and vicariance of lineages due to this barrier
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have occurred numerous times, even after the Pliocene (Bonaccorso et al.
2010; Gutiérrez-Garcia and Vazquez-Dominguez 2012). This area also
holds sway over vicariant events in Central America, being proposed as
aregion of numerous changes in the distribution patterns of many groups
that it bars from the Middle American highlands (Marshall and Liebherr
2000). The Nicaragua Depression has also played a relevant role in the
distribution of the bat Sturnira hondurensis, separating the continuous
Mexico-Nicaragua area from another ideal habitat in the mountain
regions of Costa Rica and Panama (Torres-Morales 2019). This pattern is
evident in the rodent Ototylomys phyllotis since the depression acted as
a barrier that influenced the rodent’s phylogeographic pattern (Gutiérrez-
Garcia and Vazquez-Dominguez 2012). Daza et al. (2010) propose that
hypotheses be generated and tested by combining phylogeographic
studies with geological-tectonic data.

Throughout the distribution area of the white-crowned parrot,
its phylogeographic structure matches that of other species of birds
in this area of Middle America (Barber and Klicka 2010; Barrera-
Guzman et al. 2012; Rocha-Méndez et al. 2018; Castillo-Chora et al.
2021). The Middle American Turdus assimilis populations bared low
genetic differentiation with a difference of 0.03 between individuals
from northern Mexico and Central America, including the state of
Chiapas, Mexico; this indicates that the Isthmus of Tehuantepec may
be the boundary between these populations (Nufiez-Zapata et al.
2016). However, many examples of similarly distributed bird species
exhibit a more pronounced genetic differentiation in almost the
same range. The magnificent hummingbird Eugenes filgens, whose
phylogeographic pattern associated with Middle American highlands
revealed three principal lineages: E. f. filgens to the west of the Isthmus
of Tehuantepec, and two groups of E. f. viridiceps to the east of the
Isthmus, isolated from each other by the Motagua-Polochic-Jocotan
fault system (Zamudio-Beltran et al. 2020).

Not only geographical barriers can determine the population
structure of Central American birds but also foraging ecology. Species
that depend on seasonally variable plant reproductive parts present less
geographic genetic differentiation compared to those that rely primarily
on insectivorous diets (Miller et al. 2021). However, for the white-
crowned parrot, being a seedeater mainly, they still exhibit a divergence
pattern in these areas. We can also see a division between the white-
crowned parrot individuals from Costa Rica and the other populations,
which coincides with the lowlands of the Nicaragua Depression.

The evolutionary impact of the Nicaragua Depression on birds is
also evident in several sets of taxa found on either side of the region.
Such is the case of Lepidocolaptes affinis, whose phylogeographic
pattern indicates that the Nicaragua Depression has prevented gene flow,
even though the populations on both sides of the Isthmus of Tehuantepec
did not show high genetic differentiation (Arbelaez-Cortés et al. 2010).
On the other hand, Catharus frantzii at the Isthmus of Tehuantepec
and populations on either side of the Nicaragua Depression presented
a phylogeographic pattern (Ortiz-Ramirez et al. 2016). Another case
is Habia fuscicauda, which has two clades: one that genetically
corresponds to the region from southeastern Mexico to the Nicaragua
Depression, and the other from the Nicaragua Depression to Central
Panama (Castillo-Chora et al. 2021).

The estimated mean divergence time produced by BEAST
analysis indicates that white-crowned parrot branched away from
P. chalcopterus 1.33 Mya and that the other two clades differentiated
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1.19 Mya. The Central lineage is dated at 840,000 years, and the
Northern at 700,000 ys. Results from mitochondrial data suggest that
these lineages parted during the Pleistocene, whose paleoclimatic
dynamics and geological events were the main cause for swift,
recent diversification in neotropical biota (Hackett and Lehn 1997;
Haffer 1997).

Our work enabled us to reconstruct the phylogeographic pattern and
evolutionary history of the white-crowned parrot, whose populations
form into three distinct lineages. The Southern lineage is located to the
south of the Nicaragua Depression, a geographic barrier for different
species of birds. Comparison of the genetic variation in the populations
from southern Mexico to Nicaragua against those from northern Mexico
leads us to infer that the Isthmus of Tehuantepec is the barrier that
keeps these two lineages apart. Our results prove that even though this
divergence occurred during the Pleistocene, geographic barriers play
an active role in the genetic structuring of a species.

Given the differences in plumage detected when the subspecies were
named, and the marked genetic structure found with an absence of gene
flow in the last 0.7—1.7 million years between the three metapopulations,
it would be relevant to complete a study that included the vocalizations,
morphology, and nuclear sequences of these three groups to determine
whether they must continue to be treated as one species.

The strong genetic differentiation of the white.crowned parrot
populations in three genetic lineages at the mitochondrial level requires
the need to use independent conservation status for each. It is critical
considering that the Northern and Central groups have decreased to the
point of being eliminated in western Quintana Roo and some areas in the
Gulf of Mexico (Salinas-Melgoza and Renton 2002). It is well-known
that deforestation rates in tropical moist forests, oak groves, and lower
montane forests are high, mainly because of the land transformation
into agricultural activities (Rosete-Verges et al. 2014). In addition, it is
unknown how biological mechanisms, physiological traits, phenotypic
plasticity, local adaptations, interactions between species, dispersal
capabilities, or food availability influence the permanence of populations
(Hoffmann and Sgro 2011).

The three genetic groups detected in this study have a geographic
concordance, which indicates that each group can be considered an
Evolutionarily Significant Unit (ESU). ESUs are based on sequence
marker-based phylogeographic analyses, defining ESUs as reciprocally
monophyletic mitochondrial DNA (mtDNA) clusters with divergence
(Moritz 1994). They can also be explained as intraspecific lineages with
highly restricted gene flow between them, allowing the delimitation of
the ESUs without reciprocal monophyly (Fraser y Bernatchez 2001).
Our results on the genetic structure of the populations of the white-
crowned parrot have implications for conservation since most of the
sites we studied represent very isolated and small populations, which
need efficient protection actions at the regional level to preserve them,
along with their habitats, and its genetic heritage. We propose that these
three groups be considered a reference for the conservation programs
of the white-crowned parrot in the countries where they are distributed
including the maintenance of genetic connectivity between different
populations with its effects on sustaining gene flow, to preserve this
ESUs. It is also necessary to carry out a study in which the impact of
habitat fragmentation is evaluated and that allows the establishment of
more natural protected areas.
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