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Flamingos are highly mobile waterbirds that can be found in tropical and subtropical regions worldwide. The large 
distribution range of flamingos, the inaccessibility of most of their breeding sites and the lack of species-specific 
molecular markers, such as microsatellites, have hampered population genetics studies of these majestic birds. Here, 
we developed a library of microsatellite loci primers using high-throughput sequencing technology that could be  used 
for further genetic studies on Phoenicopteriformes. Microsatellite and mitochondrial markers were employed for the 
genetic characterization of individuals of all flamingo species and their hybrids, and to conduct a population genetics 
study of the Caribbean flamingo. The phylogeny of Phoenicopteriformes was confirmed with six species grouped in 
two major clades that diverged approximately 13 Mya. This suggests the existence of two genera of flamingos,  not 
three, as is currently accepted. The analysis of the genetic structure of the Caribbean flamingo shows that all Cuban 
demes constitute a single population isolated from the Bonairean colony. This supports suggestions of the existence of 
limited connectivity between northern and southern Caribbean colonies. The small Galápagos colony was confirmed 
as an isolated population with low genetic diversity; thus, it should be considered as threatened.

ADDITIONAL KEYWORDS:  avian phylogeny – bird – Galápagos – microsatellite markers – next-generation 
DNA sequencing – population genetics – Zwillbrocker Venn.

INTRODUCTION

Flamingos are represented by six extant species 
distributed in tropical and subtropical wetlands 
around the world (del Hoyo et al., 2014). They 
are highly mobile, long-lived birds that can adopt 
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different displacement tactics (migration, dispersion 
or nomadism) according to age, body condition, their 
own movement experiences, specific environmental 
circumstances (like food availability or disturbances) 
or intrapopulation interactions (e.g. competition for 
nesting space) (Rendón-Martos et al., 2000; Childress 
et al., 2004; Caziani et al., 2007; Johnson & Cézilly, 
2009; Tobar et al., 2014; Mattheuns et al., 2020).

Flamingos feed on plankton and small invertebrates, 
either in shallow waters along maritime coastlines 
or in highly saline/alkaline lagoons, like the ones 
at elevations of 3500–4500 m above sea level in the 
Andean Cordillera or the soda lakes of East Africa. 
The food item composition and availability can change 
dramatically in these ecosystems, restricting the 
suitable feeding areas for flamingos over vast regions. 
Therefore, they can fly hundreds of kilometres per day 
looking for food (Johnson, 2000; Childress et al., 2004, 
2008; Amer et al., 2018). Since flamingos are specialist 
feeders, when food sources are depleted, there is 
no alternative than to fly away in search of more 
favourable food sources (Mascitti & Castañera, 2006; 
del Hoyo et al., 2014; Kihwele et al., 2014; Henriksen 
et al., 2015).

The most critical abiotic factor affecting the 
natural life-cycle of the flamingo is rainfall (Mascitti 
& Bonaventura, 2002; Vargas et al., 2008). Birds 
synchronize breeding with the wet season, preferring 
remote and quiet locations, ideally surrounded by 
lagoons of high productivity and a stable water-
level, as this protects the nests from predators and 
guarantees the food supply for the chicks. Moreover, 
the water should not flood the nests, which are built on 
the ground on mounds 30–45 cm tall (Rendón-Martos 
et al., 2000; Balkiz, 2006).

Although the natural history of flamingo species 
has been studied for decades, there remain gaps in 
the knowledge of population dynamics. The limited 
availability of molecular markers and the differences 
in ringing, observation and conservation efforts among 
species and regions are recognized as major difficulties 
in ecological and genetic studies on flamingos 
(Childress et al., 2008; Lee et al., 2011).

The greater flamingo (Phoenicopterus roseus Pallas, 
1811) has the broadest distribution range of the family. 
This species can be found in India, the Middle East, 
Africa and southern Europe (Johnson, 1997; Johnson, 
2000; Geraci et al., 2012). Greater flamingos have 
been ringed in the French Camargue region since 
1947, and the tracking information has revealed a 
high dispersal of new breeders among colonies, with a 
tendency to be faithful to their first nesting area and 
their natal colony (Nager et al., 1996; Johnson, 2000; 
Sanz-Aguilar et al., 2012). The species is considered 
partially migratory and North Africa is considered as 

a wintering ground for greater flamingos that usually 
breed along the north of the Mediterranean Basin 
(Johnson & Cézilly, 2009). Moreover, long-distance 
migrations are not rare, since greater flamingos ringed 
in Iran have been spotted in France and Tunisia, and 
320 000 birds reported in Turkey in 1986 are believed 
to have come from India (del Hoyo et al., 2014). No 
significant genetic structure among colonies in the 
Mediterranean Sea is the signature of the dispersal 
pattern of greater flamingos according to the reports 
of Geraci et al. (2012).

In the same way, the movements of the lesser 
flamingo, Phoeniconaias minor (Geoffroy Saint-
Hilaire, 1798), between West and East African colonies 
have been well documented. It is suspected that there 
is contact between the African and Indian populations 
based on sightings at intermediate sites (del Hoyo 
et al., 2014; Parasharya et al., 2015). No significant 
genetic differences were found among African colonies 
of the lesser flamingo using mitochondrial markers 
(Zaccara et al., 2008), while Parasharya et al. (2015) 
reported an extensive gene-flow between African and 
Indian colonies.

Similarly, a high dispersal rate among locations has 
been reported in all South American flamingo species, 
such as the Chilean flamingo (Phoenicopterus chilensis 
Molina, 1782), Puna flamingo [Phoenicoparrus 
jamesi (Sclater, 1886)] and the Andean flamingo 
[Phoenicoparrus andinus (Philippi, 1854)] (Caziani 
et al., 2007; Mattheuns et al., 2020).

In the High Andes, the displacement patterns of 
flamingos might have a high level of complexity, because 
the habitats change notably both with elevation or 
latitude, with a remarkable influence of the seasons. 
The most pronounced movements occur between 
summer and winter, a pattern that can be considered 
as a migration (Caziani & Derlindati, 2000; Caziani 
et al., 2007). In winter, the temperatures over a height 
of about 3000 m can drop below –20 °C (Derlindati 
et al., 2014) and to overwinter, the birds move to lower 
elevations or stay in warmer microenvironments 
maintained by geothermal activity. For the rest of 
the year, flamingos exhibit mostly erratic movements 
among different locations (Bucher, 1992; Mascitti & 
Bonaventura, 2002; Caziani et al., 2007).

Even though the three High Andes species can be 
found nesting and feeding in the same areas, they have 
their own distribution preferences and demographic 
characteristics. The Chilean flamingo has a much 
larger population and broader distribution across the 
continent (Johnson et al., 1958; Bucher, 1992; Bucher 
et al., 2000; Romano et al., 2017). Low genetic diversity 
and no evidence of significant genetic structure were 
reported by Torres et al. (2014) for Chilean flamingos 
sampled along almost their entire distribution range 
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using mitochondrial DNA. Regarding Puna and 
Andean flamingos, no population genetic studies have 
been conducted yet.

The Caribbean flamingo is found only in the 
Greater Caribbean and the Galápagos Islands. It 
is the most insular of the family and it does not 
overlap its distribution range with any other flamingo 
species. One of the largest colonies of Phoenicopterus 
ruber Linnaeus, 1758 occurs in Río Máximo, Cuba 
(Baldassarre & Arengo, 2000; Childress et al., 2005; 
Torres-Cristiani et al., 2020). Other locations, like Río 
Cauto in the south-east and Cayo Las Picúas on the 
north coast of the Cuban archipelago, have also been 
described as important nesting areas for Caribbean 
flamingos. The rest of the major breeding sites can be 
found on the coastlines of Yucatan (Mexico), Louisiana, 
southern Florida and the Bahamas to the north, in 
Jamaica and Hispaniola, the Virgin Islands, and on 
Bonaire, Trinidad and Tobago and in coastal Venezuela 
and Caribbean Colombia to the south. The Caribbean 
flamingo can also be found breeding in small numbers 
in Suriname, French Guiana and north-eastern Brazil 
(Birdlife-International, 2016; Torres-Cristiani et al., 
2020).

Flamingos can easily fly between Cuban, Bahamian 
and Mexican nesting sites, since explicit natural 
barriers are absent in these areas. The decrease 
in the number of breeding pairs in Cuba has been 
correlated with a simultaneous increase of birds in 
other areas like in The Bahamas, Florida and Mexico. 
In general, the colonies can be repopulated quickly 
after a few breeding seasons with low activity. Based 
on observations of ringed birds, there is evidence that 
the northern Caribbean colonies are connected as a 
metapopulation, and the same has been hypothesized 
to be the case in the south, with a restricted flow in a 
north–south direction (Galvez et al., 2016). Information 
regarding the movements between the northern and 
southern demes is rudimentary since the ringing 
programmes for Phoenicopterus ruber do not cover all 
colonies of the Greater Caribbean and have generated 
limited information until now.

The most remote population of Caribbean flamingos 
inhabits the Galápagos Islands in the Pacific Ocean, 
about 1200 km away from the nearest mainland. The 
Galápagos flamingos comprise a small sedentary 
population of about 500 birds, historically derived from 
Caribbean flocks (Tindle & Tindle, 1977; Tindle et al., 
2014). Our previous work on comparing Cuban and 
Galápagos colonies revealed significant genetic and 
phenotypic differences between localities, with much 
lower diversity among the birds from the Galápagos 
(Frias-Soler et al., 2014). In the present study, we have 
extended our investigation of this colony by increasing 
the number of samples and genetic markers.

Overall, the high mobility of flamingos is critical 
for their survival. This dispersal capacity allows them 
to opportunistically exploit patches of high biomass 
production and to spot suitable places for nesting over 
extensive areas. The genetic imprint of this behaviour 
on their populations remains poorly studied, hence the 
motivation for conducting this work.

Molecular markers are robust and feasible tools 
to assess population structure and to understand 
migratory patterns from evolutionary and ecological 
perspectives (Hartl & Clark, 1997; Allendorf et al., 
2013). Nevertheless, the lack of species-specific genetic 
markers has been a common limitation for population 
genetics studies and flamingos have not escaped from 
that problem. This issue has been overcome with the 
progress of high-throughput sequencing technologies 
(Meglécz et al., 2012; Brown, 2013; Grohme et al., 2013; 
Prum et al., 2015; Janowski et al., 2016).

The goals of this work are: (1) to generate an 
extensive library of microsatellite primers for 
Phoenicopteriformes employing high-throughput 
sequencing technology; (2) to validate a set of 
microsatellite primers (generated in this study 
and other from the literature) in individuals of all 
flamingo species; (3) to sequence a partial region of 
the mitochondrial cytochrome b (Cytb) gene, (a) to 
generate a phylogeny of Phoenicopteriformes, (b) to 
validate genotyping using microsatellite markers, (c) 
to characterize  hybrid flamingos from the Zwillbrocker 
Venn Reserve in Germany and (d) to estimate the 
species divergence time; (4) to analyse the genetic 
structure among the colonies of the Caribbean flamingo 
from Cuba, Bonaire and Galápagos, employing 
microsatellite and Cytb markers. This study provides 
evidence toward the long-term debate regarding the 
connectivity among northern and southern colonies in 
the Greater Caribbean.

MATERIAL AND METHODS

Study area and Sampling

Moulted feathers of the Caribbean flamingo from 
the Galápagos archipelago (coordinates: –1.011950°, 
–91.228895°) were collected from the ground (N = 52) 
in 2008. Cuban samples were collected in the colonies 
of Río Máximo (N = 51; north-east, coordinates: 
21.770660°, –77.581880°), Río Cauto (N = 28; south-
east, coordinates: 20.549404°, –77.233508°) and 
Cayo Las Picúas (N = 26 central-north, coordinates: 
22.986555°, –80.171478°) during the breeding season 
from August to September in 2009. In Bonaire, the 
samples were collected in the Flamingo Sanctuary 
(south Bonaire) in October 2014 (N = 47; coordinates: 
12.103608°, –68.242749°); see Figure 1.
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In Cuba and Bonaire, growing feathers were collected 
directly from chicks after small groups of birds were 
herded into a net; the feathers were stored in 95% 
ethanol until processed  in the laboratory. All flamingos 
were released in situ immediately after sampling. The 
bird handling and sampling were conducted following 
the Ornithological Council Guidelines for Ethical 
Animal Experimentation (Fair et al., 2010).

The samples from five flamingo species came from 
zoo collections and were supplied by Adelheid Studer-
Thiersch (Basel, Switzerland): greater flamingo 
(N = 26), Chilean flamingo (N = 10), Puna flamingo  
(N  = 5), Andean flamingo (N  = 22) and lesser  
flamingo (N = 9). We also collected samples from feral 
birds in the Zwillbrocker Venn Reserve, Germany, 
which is the habitat for a small flock of flamingos 
composed of Chilean, Greater, Caribbean flamingos 
and their hybrids (N = 5) (Johnson & Arengo, 2001; 
Childress et al., 2006). The samples comprised feathers, 
blood and muscle tissue and were deposited at the 
Institute of Pharmacy and Molecular Biotechnology, 
IPMB, Heidelberg University, Germany. The sample 
details and catalogue numbers for all flamingo species 
that were successfully genotyped can be found in the 
Supporting Information, Table S1.

dna purification

Total DNA was isolated using a standard proteinase K 
digestion and phenol/chloroform protocol, as previously 
described by Sambrook et al. (1989). DNA was diluted 
in 50 µL of sterile water and the quality was estimated 
by electrophoresis (1.8% agarose in Tris-Acetate-
EDTA, running buffer) and standard absorbance 
measurement 260/280 > 1.8 and 260/230 > 1.8 using 
a WPA UV-Vis Spectrophotometer. The final DNA 
concentration ranged from 10 to 50 ng/µL as measured 
by spectrophotometry at 260 nm.

microSatellite enrichment Strategy, 
Sequencing and primer Selection

We developed a modified method for microsatellite 
enrichment based on Malausa et al.  (2011). 
Microsatellite enrichment is interesting in avian 
genomes, as they generally have a low microsatellite 
content (Primmer et al., 1997). The amplification of 
the library was performed using emulsion polymerase 
chain reaction (PCR) (Schutze et al., 2011) and capture 
was performed before PCR amplification to reduce the 
adaptor–adaptor capture (‘daisy-chaining’), because 
the Y-shaped adaptors are non-complementary. Details 

Figure 1. Distribution area of the Caribbean flamingo (Birdlife-International, 2016; Torres-Cristiani et al., 2020). The 
colonies sampled in Cuba are labelled as; CP, Cayo Las Picúas; RM, Río Máximo; RC, Río Cauto; the rest of the samples come 
from Bonaire and Galápagos. The genetic flow between the northern and southern Caribbean colonies remains unknown.
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of DNA processing and library preparation (Melchior 
& Von Hippel, 1973; Chevet et al., 1995; Lennon et al., 
2010) can be found in the Supporting Information, 
Supplement File S1.

data analySiS and primer deSign

Microsatellites were identified by analysing the FASTA 
files generated by a 454 GS Junior sequencer using 
the software QDD (Meglécz et al., 2012). The adaptors 
were trimmed, and reads longer than 80 bp were 
retained using the QDD pipeline 1. Reads containing 
di-, tri-, tetra-, penta- or hexanucleotide microsatellites 
with at least five repeat units were extracted. Removal 
of redundant sequences and consensus alignments 
was achieved using pipeline 2 with the standard 
parameters. Primers were designed using QDD 
pipeline 3 and applying standard parameters. The 
resulting 183 315 reads contained 7743 reads with 
at least one microsatellite. Primers were designed for 
5353  unique microsatellite loci.

primer validation

A total of 40 microsatellite loci (randomly selected) were 
tested by PCR and autoradiography to validate the 
primers efficacy. We used six to ten representative samples 
from the six flamingo species. PCRs were performed in 
20 µL of a reaction mix containing 1 × complete buffer, 
2.0 mmol/L MgCl2, 1 µmol/L of each primer, 0.5 mmol/L 
of each deoxynucleotide triphosphates (dNTP), except 
deoxyadenosine triphosphate (dATP) (0.25 mmol/L), and 
0.25 mmol/L of radiolabelled (33P-α)-dATP (370 MBq/
mL, Amersham Biosciences), 1 IU of Taq polymerase 
and 50–150 ng of template DNA. The following PCR 
protocol was employed: (1) initial denaturing step, 4 min 
at 94 ºC; (2) 35 cycles of 35 s of denaturing at 94 ºC, 35 s 
of annealing at 55 ºC and 35 s of extension at 72oC; and 
(3) 10 min of extension at 72 ºC.

The DNA fragments were separated using vertical 
high-resolution polyacrylamide gel electrophoresis 
(25 × 42 cm) for 2 h at 65 W using 1 × TBE buffer. 
After drying, X-ray films (Hyperfilm-MP, Amersham) 
were exposed to the gels for 24 h; and then the 
autoradiograms were analysed by eye and scored 
(Sambrook & Russell, 2006).

flamingo genotyping uSing microSatellite loci

A total of 253 samples were genotyped using 19 loci: nine 
loci discovered in this work, seven from Bauer (2007) 
and three from Kapil (2005). Accounting for the most 
complete genotyping matrix and loci polymorphism, 
different numbers of markers were used for two main 
comparisons: (1) between flamingo species (17 loci); 
and (2) Phoenicopterus ruber population genetics (15 

loci). All samples had information for a minimum 
of seven loci. The list of loci and their fundamental 
characteristics are summarized in the Supporting 
Information, Table S2 and Supplement File S2.

The multiplex PCRs were performed in a 20 µL final 
volume using the reaction master mix from Pharmacia 
Biotech, Munich, Germany (buffer, dNTPs and Taq-
polymerase 5x). For each reaction, 10–30 ng of template 
DNA was used and between 1 and 4 pmol of primers. 
The following PCR program was employed: (1) initial 
denaturing step, 4 min at 94 ºC; (2) 35 cycles of 35 s of 
denaturing at 94 ºC, 90 s of annealing at the appropriate 
temperature (optimum interval for primer multiplexing: 
50–55 ºC) and 2 min of extension at 60 ºC; and (3) a final 
extension of 30 min at 60 ºC. The primer multiplexing 
design is described in the Supporting Information, 
Table S2. Genotyping was conducted by capillary 
electrophoresis at GATC Biotech AG, European Custom 
Sequencing Centre; Cologne, Germany.

microSatellite data analySeS

The raw microsatellite data was analysed using the 
software peak Scanner v.2 and genemapper v.5, both 
from Applied Biosystems, USA. The allele identity was 
double-checked by eye, and rare ones were checked 
twice and validated by at least two people.

A posteriori genetic structure analysis
To explore the genetic structure underlying our data we 
used the software STRUCTURE 2.3.4 (Pritchard et al., 
2000). The program runs assuming a model in which 
there are K populations, characterized by a set of allele 
frequencies at each locus. The individuals are assigned 
probabilistically to populations or jointly to two or 
more populations if their genotypes indicate that they 
were admixed. It is assumed that, within populations, 
the loci are in Hardy–Weinberg  equilibrium. Runs 
were performed using the following parameters, 
ancestry model: admixture model assuming correlated 
allele frequencies, testing K from 1 to 9 (K: 1 to 5 for 
Phoenicopterus ruber colonies), with ten replicates for 
each value of K. The runs consisted of 1 × 105 burn-in 
periods and iterations; the rest of the options were 
kept at the defaults.

To summarize the results from multiple clusters 
generated by independent STRUCTURE runs, so 
that they aligned as closely as possible, we used the 
software ‘Cluster Matching and Permutation Program’ 
(CLUMPP) (Jakobsson & Rosenberg, 2007) and 
‘Cluster Markov Packager Across K’ (CLUMPAK). The 
parameters used for calculations were set as follows: 
LargeKGreedy, input orders: random, repeats: 2000 
(Kopelman et al., 2015).
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For results visualization, we employed the software 
DISTRUCT v.1.1 (Rosenberg, 2004). StructureSelector 
(Li & Liu, 2018) was used to estimate K; following 
ΔK Evanno et al. (2005) and Puechmaille (2016). The 
latter author recommended alternative indexes to 
estimate K by decreasing the chances of having groups 
represented by a single or a few individuals, which 
constitutes a doubtful biological cluster. As a rule, if 
a group has no subpopulation assigned to it, then it is 
considered a spurious cluster, as opposed to a real one.

A priori genetic structure analysis
The classic population fixation index FST (Slatkin, 
1991, 1995) was estimated to evaluate the genetic 
structure between colonies using microsatellite loci, 
employing ARLEQUIN v.3.5.2.2 (Excoffier & Lischer, 
2010). To test the significance of the comparison, 
1 × 106 steps in the Markov chain and 1 × 105 steps for 
dememorization were employed.

Gene and genotype frequencies were computed 
per locus and deviation of the Hardy–Weinberg 
equilibrium (HWE) in each population of the 
Caribbean flamingo was assessed by comparing the 
differences between random and the observed value 
of the fixation index FIS (Wright, 1943, 1951); the 
calculation was conducted by using the software FSTAT 
2.9.3 (Goudet, 2001). For each calculation, 1 × 105 
randomizations were executed, and the indicative 
nominal level for 95% confidence α = 0.05 was adjusted 
(when necessary) following Bonferroni correction 
(Cooper, 1968). Genotypic linkage disequilibrium per 
locus was estimated using the software GENEPOP 
4.0 (Rousset, 2008) and set with the following Markov 
chain parameters, dememorization: 1 × 105, batches: 
1 × 105, and iterations per batch: 1 × 103.

The number of different alleles, number of different 
alleles with a frequency ≥ 5%, number of effective 
alleles, Shannon’s information index, expected 
heterozygosity and the number of private alleles 
were computed by species and population using the 
software genalex 6.51b2 (Peakall & Smouse, 2006). 
The number of alleles, gene diversity (heterozygosity, 
H) and allelic richness per locus and population were 
calculated by locus and population using FSTAT 2.9.3 
(Goudet, 2001).

amplification of the ctyb gene and dna 
Sequencing

Partial Cytb sequences were obtained from the 
Caribbean flamingo, colonies from Cuba (N = 49, all 
colonies are represented), Bonaire (N = 38) and the  
Galápagos (N = 35), the Greater flamingo (N = 7), 
Chilean flamingo (N = 4), Andean flamingo (N = 4), 
Puna flamingo (N = 5), Lesser flamingo (N = 4) and 

hybrids (N = 5), using the universal primers (L14764: 
TGRTACAAAAAAATAGGMCCMGAAGG and H16064: 
CTTCAGTTTTTGGTTTACAAGAC; (Sorenson et al., 
1999, 2003). The PCR amplifications were performed in 
30 µL reaction volume, containing 1.5 mmol/L MgCl2, 
10 mmol/L Tris (pH 8.5), 50 mmol/L KCl, 100 µmol/L 
dNTPs, 1.5 units of Taq DNA polymerase (Pharmacia 
Biotech, Munich, Germany), 20–100 ng DNA and 5 
pmol of each primer. The PCR program comprised three 
steps: (1) an initial denaturation at 94 °C for 5 min; (2) 
36 cycles, including denaturation at 94 °C for 1 min, 
annealing at 50 °C for 1 min and extension at 72 °C 
for 1 min; and (3) a final extension at 72 °C for 10 min.

The PCR products were cleaned up by adding 1% 
Sephadex G-50, 1:1 v:v (Amersham Biosciences, 
Freiburg, Germany), for a minimum of 2 h at room 
temperature or overnight at 4 °C. The quality and size 
of the PCR product was checked by 1.8% agarose gel 
electrophoresis in Tris-acetate-EDTA running buffer.

Sanger DNA sequencing was conducted by the 
company StarSEQ GmbH, (Mainz Germany) using 
the primers flam1f: CGAGGCTTCTACTACGGCTC 
and flam1r: GGGTGTTCTACTGGTTGGCT, designed 
for this study using preliminary Cytb gene sequence 
data (www.ncbi.nlm.nih.gov/tools/primer-blast)  
(Ye et al., 2012).

dna SequenceS edition and alignment

Cytochrome b sequences were cleaned, edited and 
aligned using codoncode aligner v.5.01 (CodonCode 
Corporation, Massachusetts, USA). The sequences were 
trimmed under the following criteria: maximize regions 
with an error rate below 0.001. The sequence extremes 
with an error rate higher than 0.001 were removed, or 
if there were three bases with a quality below 20 in a 
25-base window. All sequences with less than 100 bp with 
Phred score < 20 were discarded. The DNA sequences 
were aligned using MEGA7 v.7.0.26 (Kumar et al., 2016) 
and the polymorphisms were checked by eye.

phylogenetic analySeS

The phylogenetic analyses were conducted using 
MEGA7 v.7.0.26 (Kumar et al., 2016). The maximum 
likelihood (ML) method was used to reconstruct 
the phylogeny under the following parameters: 
the Hasegawa–Kishino–Yano (HKY) nucleotide 
substitution model (Hasegawa et al., 1985); rates 
among sites: gamma distributed with invariant sites 
(G + I) and two discrete gamma categories [model 
selection by using MEGA built-in algorithm based 
on BIC scores (Bayesian information criterion)]. 
Tree inference options, ML heuristic method: 
nearest-neighbour-interchange (NNI). All codons 
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were included and the bootstrap method with 1000 
replicates was employed. The variation rate among 
sites was modelled with a gamma distribution, shape 
parameter = 0.2. As outgroup, we used the Pied-
Billed grebe [Podilymbus podiceps (Linnaeus, 1758), 
GenBank accession number: EU167015.1] and the 
Clark’s grebe [Aechmophorus clarkii (Lawrence, 1858), 
GenBank accession number: KJ400322.1], which 
share ancestors with flamingos. The intraspecific 
phylogenetic networks were inferred using the 
median-joining method implemented in the software 
popart v.1.7 (Bandelt et al., 1999).

divergence-time eStimation

The speciation timing among Phoenicopteriformes 
was estimated by using BEAST 2.5 (Bouckaert et al., 
2019) assuming the HKY (Hasegawa et al., 1985) 
mutation model. A strict molecular clock following 
Brown & Yang (2011) and the Yule speciation process 
model were employed for molecular dating (Yule, 1925). 
Two normally distributed prior points of calibration 
were used: (1) divergence of extant grebes at 8.7 Mya 
(Ksepka et al., 2013) and (2) divergence of flamingos 
and grebes at 43 Mya (Mayr, 2014), standard deviation 
was set to 0.5. The analyses were run twice using 100 
and 500 × 106 MCMC chain length, sampled every 
1000 generations. The results were merged in a single 
file using logcombiner v.2.6.6 (part of the BEAST 
2 package). The convergence of phylogenetic signal, 
stationarity and ESS were evaluated in TRACER 1.7 
(Rambaut et al., 2018). The trees files were generated by 
using treeannotator (part of the BEAST 2 package) 
and the figures, employing FigTree v.1.4.4 (Rambaut, 
2021).

evaluation of the genetic Structure and 
diverSity uSing cytb

To evaluate the genetic structure among colonies, the 
paired FST was estimated. The index calculation was 
performed using haplotype frequencies of 612 bp of Cytb 
and 10 000 permutations, after Slatkin (1991) using 
ARLEQUIN v.3.5.2.2 (Excoffier & Lischer, 2010). A chi-
square test using the absolute haplotype frequency 
among colonies was conducted as a complementary 
test for genetic structure using the basics functions 
implemented in R (R-Core-Team, 2020).

Standard genetic diversity indexes were calculated 
using ARLEQUIN 3.5.2.2 (Excoffier & Lischer, 2010): 
number of polymorphic sites (S, number of usable loci 
that show more than one allele per locus), number of 
haplotypes, mean number of pairwise differences (mean 
number of differences between all pairs of haplotypes 
in the sample), nucleotide diversity (computed as the 
probability that two randomly chosen homologous 

nucleotide sites are different) and gene diversity 
(equivalent to the expected heterozygosity for diploid 
data and defined as the probability that two randomly 
chosen haplotypes are different in the sample).

The sequences used to reconstruct the phylogenetic 
tree can be found in the Supporting Information, 
Supplement File S3; all Cytb sequences were deposited 
in GenBank (accession numbers BankIt2396493: 
MW200006–MW200159).

permitS and authorizationS

The collection of feathers from the Caribbean flamingos 
in Cuba was authorized under the permit No. 51/2008 
Code CH40 AN (73) 2008 issued by the Ministerio de 
Ciencia, Tecnología y Medio Ambiente (CITMA). The 
exportation of feathers from the Caribbean flamingos 
from Cuba to the Institute of Pharmacy and Molecular 
Biotechnology, Heidelberg University, was authorized 
by Permit C 0001276 issued by the Convention on 
International Trade in Endangered Species of Wild 
Fauna and Flora (CITES) administering authority; 
Centro de Inspección y Control Ambiental (CICA), La 
Habana, Cuba. Permission to export Caribbean flamingo 
feathers from Galápagos to the Institute of Pharmacy 
and Molecular Biotechnology, Heidelberg University, 
was authorized by CITES permit No. 001-09/PNG; 
administrative authority, Parque Nacional Galápagos. 
This study was approved by the Charles Darwin 
Foundation and the Parque Nacional Galápagos and 
complied with the current laws of Ecuador. Permission 
was granted by the Island government on Bonaire to 
sample the flamingos. Permission to export Caribbean 
flamingo feathers from Bonaire was authorized by CITES 
permit: BES/2014/008. All tissue and DNA samples are 
stored at the Museum of Zoology, Senckenberg Natural 
History Collections at Dresden, Germany.

RESULTS

phylogeny and divergence-time eStimateS of 
phoenicopteriformeS uSing cytb

The phylogenetic relationships of all flamingo 
species based on partial Cytb sequences are shown in  
Figure 2. Flamingos from Cuba, Bonaire and the 
Galápagos Islands (Phoenicopterus ruber) formed a clade 
(bootstrap value = 95) sister to Phoenicopterus roseus 
and both to Phoenicopterus chilensis; all constituting 
the genus Phoenicopterus. Hybrid samples from the 
Zwillbrocker Venn Reserve grouped with Phoenicopterus 
chilensis and Phoenicopterus ruber. Phoenicoparrus 
andinus and Phoenicoparrus jamesi are close sister-taxa 
forming the Phoenicoparrus clade next to Phoeniconaias 
minor. The six flamingo species clustered as independent 
monophyletic groups and no haplotype overlapping 
among them was detected.
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Figure 2. Phylogeny of the order Phoenicopteriformes using cytochrome b partial sequences. The hybrid flamingos are 
grouped with Phoenicopterus chilensis and Phoenicopterus ruber. The Phoenicopterus ruber samples have references to 
their colony of origin: CU (Cuba), Bon (Bonaire) and Gal (Galápagos). As a control, we included the flamingo sequences 
from Torres et al. (2014) and a partial sequence of Phoenicopterus roseus (-mtDNA) GenBank: EF532932.1. The tree was 
inferred by using the maximum likelihood method and the Hasegawa–Kishino–Yano mutation model, numbers at the nodes 
represent bootstrap support.
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Figure 3 shows the estimated divergence time among 
the extant flamingo species, assuming that flamingos 
and grebes diverged approximately 43 Mya (Middle 
Eocene) (Mayr, 2014). The genus Phoenicopterus split 
from the deep-keeled bill flamingo clades approximately 
13 (9–18) Mya, the intervals in parenthesis correspond 
to the 95% height posterior density (95% HPD) of node 
ages. The Lesser flamingo split around 6.6 (4–9) Mya 
from the Phoenicoparrus clade. Andean and Puna 
flamingos separated 5.2 (3–7.6) Mya. The split of the 
Caribbean and the Greater flamingo occurred at a 
mean of 4.4 (2.4–6.6) Mya, preceded by the separation 
of the Chilean flamingo at around 6.9 (4–10) Mya. 

Phoenicopterus ruber separated into two main groups 
approximately 1.9 Mya (1.0–2.3 Mya). The endemic 
haplotype from Galápagos (No. 51637) split around 
0.16 (0.00–0.45) Mya from a Caribbean ancestor, which 
could be interpreted as a raw estimation of the age of 
the Galápagos colony.

analySiS of genetic differentiation in 
phoenicopteriformeS uSing microSatelliteS

Sequencing the Phoenicopterus ruber microsatellite-
enriched library generated 183 315 reads with a total 
sequence yield of 63.5 Mbp, which is almost double the 
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Figure 3. Time-scaled maximum clade credibility tree based on a partial sequence of flamingos cytochrome b (611 bp). 
The analysis includes the six extant flamingo species; individuals from the Caribbean flamingo (Phoenicopterus ruber) are 
identified by their colony of origin: CU (Cuba), Bon (Bonaire) and Gal (Galápagos). Blue bars represent the 95% highest 
posterior density intervals (95% HPD) of the node ages (in millions of years). The crown Phoenicopteridae diversified 
around 13 (9–18; 95% HPD) Mya followed by the split of the two main extant flamingo clades approximately 7 Mya. The 
expansion of existing haplotypes of all species occurred in the last two million years. The branch leading to the endemic 
haplotype from Galápagos, sample 51637, is coloured red.
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specifications given by the manufacturer (35 Mbp). 
After the removal of reads shorter than 80 bp, we could 
identify, in the remaining 152 629 reads, a total of 15 078 
microsatellite-containing reads (9.9%). Of these reads, 
5539 represented unique molecules and 2375 represented 
either PCR or 454-sequencing emulsion duplicates. For 
5353 of the 7914 unique loci, primer pairs for PCR could be 
generated (Supporting Information, Supplement File S2).

Following Evanno’s optimal K-number estimation 
(Evanno et al., 2005), the most likely number of clusters 
inferred a posteriori among all flamingos species 
employing 17 loci are two (corresponding to the number 
of the main clades of the family Phoenicopteridae and 

consistent with the Cytb phylogeny) and five (one group 
less than expected, considering the existence of six well-
distinguished flamingo species). Phoenicoparrus jamesi 
clusters together with Phoeniconaias minor instead of 
with Phoenicoparrus andinus, its congener (Fig. 4A). If 
six groups are considered, both species split (Fig. 4B),  
in agreement with the most likely number of 
clusters calculated following Puechmaille’s index  
(Supporting Information, Fig. S1). The membership of 
each species by group (K = 6) and the mitochondrial 
lineage of the hybrids can be found in the Supporting 
Information, Table S3. Individuals of each species were 
preferably assigned to one cluster and the hybrids 

A

B

Figure 4. Genetic structure of Phoenicopteriformes using 17 microsatellite loci. Phoenicoparrus jamesi and Phoeniconaias 
minor are grouped in the same cluster when K = 5, following Evanno et al. (2005)’s estimation (A), but they separate when 
K = 6, based on Puechmaille (2016)’s assessment (B).
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flamingos grouped better with Phoenicopterus chilensis, 
Phoenicopterus ruber and Phoenicopterus roseus.

The pairwise FST and the corresponding P-values 
among species can be found in the Supporting 
Information, Table S4. All flamingo species are 
significantly differentiated, except the hybrids 
flamingos which cluster with Phoenicopterus chilensis 
(FST = 0.03499, P = 0.08880).

Figure S2 in the Supporting Information, summarizes 
some genetic diversity indexes of all flamingo 
species and hybrids, based on 17 microsatellite loci. 
Phoenicopterus chilensis and Phoenicoparrus andinus 
showed the lowest heterozygosity values. The number 
of alleles and the heterozygosity per locus can be found 
in the Supporting Information, Tables S5 and S6.

population geneticS of the caribbean flamingo

Cytochrome b
Seven haplotypes were identified among the three 
Phoenicopterus ruber colonies, Cuba (two endemics), 
Bonaire (one endemic) and Galápagos (one endemic); 
the two most common haplotypes showed different 
frequencies among colonies (Fig. 5).

The comparison of the Cuban colonies using the 
partial sequence of Cytb showed no significant 
differences among localities: Río Máximo vs. Cayo 
Las Picúas (FST = –0.032, P = 0.82388 ± 0.0042); 
R í o  M á x i m o  v s .  R í o  C a u t o  ( F S T =  0 . 0 6 1 , 
P = 0.58440 ± 0.0051); Cayo Las Picúas vs. Río Cauto 
(FST = –0.026, P = 0.51886 + -0.0052). The simple 
comparison using the mere haplotype frequency 
(Supporting Information, Table S7) and a chi-square 
test showed no significant differences among the three 
colonies: X2 = 7.9677, d.f. = 5 and P = 0.158. Similar 
results were obtained when comparing Cuba and 
Bonaire independently.

The FST pairwise calculation based on 612 bp of 
the  Cytb of the colonies, confirmed the isolation of 
Galápagos populations, but showed no significant 
genetic structure between Cuba and Bonaire. 
The values of the FST are as follows: Galápagos 
vs. Cuba (FST = 0.452, P = 0.000); Galápagos vs. 
Bonaire (FST = 0.557, P = 0.000); Cuba vs. Bonaire 
(FST = –0.0029, P = 0.39402 ± 0.0044).

Diversity indexes for the Cytb gene are shown in 
Table 1. Cuban and Bonairean colonies show similar 
diversity indexes, while Galápagos presented the 
lowest values.

A posteriori genetic structure analysis
Using 15 microsatellite loci, two well-defined clusters 
were differentiated among three Phoenicopterus ruber 
colonies using Evanno’s estimation and three groups 
if considering the approach of Puechmaille (2016). 
Each group was dominated by flamingos of one colony, 
Cuba (proportion of membership in group 1: 0.69); 
Bonaire (proportion of membership in group 2: 0.69); 
Galápagos (proportion of membership in group 3: 0.79) 
as shown in Figure 6 and Figure S3 in the Supporting 
Information.

A priori genetic structure of Caribbean flamingo 
colonies
Cuban colonies constitute one single population, 
according to the FST values based on 15 microsatellite 
loci: Río Máximo vs. Cayo Las Picúas (FST = 0.004, 
P = 0.800 ± 0.004); Río Máximo vs. Río Cauto 
(FST = –0.003, P = 0.752 ± 0.004); Cayo Las Picúas vs. 
Río Cauto (FST = 0.004, P = 0.796 ± 0.004). The three 
demos are panmictic and all samples can be grouped 
into one population. The calculations were done using 
10 100 permutations, the corresponding corrected 
probability for alpha 0.05 is 0.0011 (Cooper, 1968).

The values of FIS and the associated P-values per 
locus and colony were observed as an estimator of 
the HWE (Supporting Information, Table S8). The 
locus FlamHD25 was monomorphic in Río Cauto and 

Figure 5. The haplotype minimum spanning network 
using 612 bp of the cytochrome b gene to compare colonies of 
Caribbean flamingos from Cuba (N = 49), Bonaire (N = 38) 
and Galápagos (N = 35).
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Río Máximo. However, for the same locus, one individual 
from Cayo Las Picúas was described as heterozygous. 
PhoeniE81 showed disequilibrium in Río Máximo.

Based on the FST and FST-P-values calculated 
using 15 microsatellite loci, the colonies from Cuba, 
Bonaire and the Galápagos are isolated populations: 
Galápagos vs. Cuba (FST = 0.076, P = 0.000); Galápagos 
vs. Bonaire (FST = 0.109, P = 0.000); Cuba vs. Bonaire 
(FST = 0.011, P = 0.0001 ± 0.0001).

The Galápagos colony had the lowest genetic diver-
sity: six out of 15 loci had lower values of heterozygosis 
with respect to the Caribbean populations. The allelic 
richness and the number of private alleles are higher 
in the Galápagos (Fig. 7; Supporting Information, 
Table S12). The number of alleles per locus ranged 
between five and 16 (Table S13).

hardy–Weinberg equilibrium and linkage 
diSequilibrium

All loci were in HWE except FlamHD25 in Galápagos 
(30.4% missing data and nine alleles). PhoeniE81 
in Cuba was observed with fewer heterozygous 
individuals than expected and was recorded with 
a FIS P-value lower than the limit for the rejection 
of the null hypothesis. The locus PhoeniE81 was 
in disequilibrium in two colonies from the Cuban 
archipelago and in ‘Cuba’ when all the Phoenicopterus 
ruber populations were compared. This locus has 15 
alleles and 7.5% missing data in the Cuban samples; 
the worst combination of values for these parameters 
among all loci to infer physical linkage (Supporting 
Information, Tables S9 and S10).

The non-random association of alleles at different 
loci was tested using the two populations with the 
most complete data, namely, Cuba and Bonaire. None 
of the loci combinations in disequilibrium in one 
colony were found in another, and when one locus was 
in disequilibrium more than once, none of the third 
loci were linked among them (Supporting Information, 
Table S11). For these reasons, we considered all loci 
to recombine and segregate independently in gametes. 
Two markers were discarded for population genetics 

analysis: FlamHD58, because it had too much missing 
data among the Cuban birds (34%) and Phoenie60 for 
having too many alleles (41).

The disagreement of a few loci with the HWE 
and linkage disequilibrium can be attributed to the 
combination of missing data and the high number of 
alleles of a few loci (Morin et al., 2009). We did not 
discard any loci because of linkage disequilibrium 
(LD). If any two loci had more than two alleles, no 
single statistic would have quantified the overall LD 
between them with certainty (Slatkin, 2008).

DISCUSSION

Microsatellite markers and a partial nucleotide 
sequence of the Cytb gene were employed in the 
present work to characterize individuals of all flamingo 
species and hybrids, and to evaluate the genetic 
structure of five colonies of the Caribbean flamingo. 
The phylogenetic reconstruction presented here 
agrees with previous results that do not support the 
splitting of Phoenicopteriformes into three genera, but 
into two (Torres et al., 2014) and the characterization 
of Phoenicopterus ruber colonies suggested a limited 
effective genetic flow between the northern and 
southern Caribbean populations.

Table 1. Genetic diversity indexes of three colonies of the Caribbean flamingo based in 612 bp of cytochrome b

 Galápagos Cuba Bonaire 

N 35 49 38
No. of polymorphic sites 2 4 3
No. of haplotypes 3 5 4
Mean number of pairwise differences 0.21999 ± 0.26844 0.67469 ± 0.52452 0.61060 ± 0.49460
Nucleotide diversity  
 (average over loci)

0.000359 ± 0.000488 0.001102 ± 0.000951 0.000998 ± 0.000898

Gene diversity 0.2134 ± 0.0879 0.5784 ± 0.0612 0.4680 ± 0.0861

Figure 6. Structure results on the clustering of 160 
individuals from Phoenicopterus ruber, assuming three 
populations and using 15 microsatellite loci. The colonies 
from Cuba and Bonaire showed a signal of structure, even 
though the most probable number of clusters suggested by 
the method of Evanno et al. (2005) is two.
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genetic differentiation and phylogeny of 
phoenicopteriformeS

The evolutionary history of flamingos has been one 
of the most controversial topics for bird taxonomists 
throughout the 20th century (Olson & Feduccia, 
1980; Livezey & Zusi, 2007). The hypothesis that 
Phoenicopteriformes shared their last common ancestor 
with grebes (Podicipediformes) 43 Mya (Mayr, 2014) 
has fuelled a debate within the scientific community. 
Now, this evolutionary relationship is broadly accepted, 
based on genetic, morphological and fossil evidence 
(Sheldon & Slikas, 1997; Feduccia, 1999; Van Tuinen 
et al., 2001; Mayr, 2004; Hackett et al., 2008; Grellet-
Tinner et al., 2012; Prum et al., 2015).

To calibrate the divergence time between grebes 
and flamingos, we employed the estimation by Mayr 
(2014), who dated the split at Middle Eocene and 
not in the Early Oligocene as assumed previously by 
Torres et al. (2014). This places the rise of the crown 
Phoenicopteridae at Middle–Late Miocene (9–18 
Mya). The earliest speciation event occurred 6.6 
(4.0–9.3) Mya with the split of the lesser flamingo 
from Phoenicoparrus. The Andean and the James 
flamingos separated approximately 4.5 (3.0–7.6) Mya. 
The diversification of the shallow-keeled bill flamingos 
was dated 6.9 (4–10) Mya, followed by the split of 
Caribbean and greater flamingos 4.4 (2.4–6.6) Mya.

It is remarkable that the diversification of the 
Caribbean flamingo started approximately 1.94 (1.00–
2.30) Mya. The distinctive haplotypes from Galápagos 
split from a Caribbean ancestor 0.16 (0.00–0.49) Mya and 

this interval could be taken as a raw estimation of the 
earliest establishment of the Galápagos population. The 
genotyping of flamingos from Venezuela and Colombia, 
and the increment of the sequence length of the mtDNA 
markers, may favour a more accurate estimation of the 
divergence time of the Galápagos colony.

Flamingos have been historically grouped into three 
genera: Phoenicopterus (three species with shallow-
keeled bills), Phoenicoparrus and the monotypic 
Phoeniconaias (both genera characterized for having 
species with deep-keeled bills). For a long time, 
Phoenicopterus ruber and Phoenicopterus roseus were 
considered subspecies, based on morphology (Jenkin, 
1957; Olson & Feduccia, 1980). Nevertheless, genetic 
studies supported neither the isolation of the Lesser 
flamingo into a separate genus, nor a subspecific status 
of Greater and Caribbean flamingos (Torres et al., 2014). 
The phylogenetic hypothesis recovered in our study is 
in agreement with these previous findings. However, 
the existence of hybrids among the Phoenicopterus spp. 
in the nature reserve of Zwillbrocker Venn in Germany 
indicates an incomplete reproductive isolation of the 
species that shared a common ancestor around 7 Mya. 
At least two individuals – labelled as 79609 and 79610 – 
have signals of hybridization among Phoenicopterus 
chilensis–P. roseus–P. ruber and Phoenicopterus 
ruber–P. roseus, respectively. Flamingos established in 
Zwillbrocker Venn in 1970, when two Chilean flamingos 
were observed wandering around the area. In 1983 a 
successfully breeding season with two chicks was 
reported there for the first time. In the following years, 

Figure 7. Summary of genetic diversity indexes, based on 15 microsatellite loci, in three colonies of the Caribbean flamingo. 
Na = No. of different alleles, Na (Freq ≥ 5%) = No. of different alleles with a frequency ≥ 5%, Ne = No. of effective alleles, 
I = Shannon’s information index, and He = expected heterozygosity. The allelic richness of Galápagos was calculated for 13 
rather than 15 loci (FlamHD43 has no data and FlamHD20 has 91.3% of missing data).
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Greater and Caribbean flamingos joined the colony 
and since 1994 hybrid individuals have been reported. 
These birds may have escaped from private collections 
or have been released by animal dealers (Blair et al., 
2002; Childress et al., 2005; Treep & Ikemeyer, 2006).

The microsatellite loci employed in our work 
failed to distinguish Phoenicoparrus jamesi from 
Phoeniconaias minor unambiguously (a posteriori). 
The lack of resolution power is most likely because 
of the small sample size for Phoenicoparrus jamesi 
(N = 5) and the high percentage of missing data of 
these samples (28%). The same markers were able to 
separate the Caribbean populations of Phoenicopterus 
ruber, which diverged more recently. Nevertheless, the 
FSt results based on microsatellite data support the 
differentiation among the six species of flamingo and 
affinity of the hybrids with the Chilean flamingos.

In terms of the genetic diversity, the Chilean and 
Andean flamingos showed the lowest heterozygosity 
values. Andean flamingos suffered a rapid decline from 
about 50 000–100 000 individuals to 34 000 across the 
mid-1980s and mid-1990s (Rocha & Quiroga, 1997; 
Marconi et al., 2011), and the genetic imprint of this 
population bottleneck is still noticeable. This should be 
interpreted as an alert for conservation plans of the 
species. No further population genetic studies could be 
performed for other species, apart from Phoenicopterus 
ruber, because there is no information about the 
precise origin of the samples.

population genetic Structure of the caribbean 
flamingo

Our results using a partial sequence of Cytb and 
microsatellites showed that the three main Cuban 
flamingo colonies are part of the same population with a 
high degree of genetic admixture. The nuclear markers 
separated Bonairean from Cuban flamingos, and the 
differences were mostly supported by the variation in 
gene frequencies and not because of the existence of 
private alleles. The evaluation of the genetic structure 
based on Cytb did not agree with the results from 
microsatellites. Just seven mtDNA haplotypes were 
found, and the most common variant had similar 
frequencies in both populations. Nevertheless, both 
colonies have endemic mitochondrial variants, and the 
second most common haplotype is unequally distributed 
among them. Independently of the significance of 
the statistics, the genetic differences found among 
these localities are remarkable, considering the high 
mobility of Caribbean flamingos (del Hoyo et al., 2014; 
Torres-Cristiani et al., 2020).

Our results agree with previous observations that 
suggested a restricted interchange between the 
northern and southern colonies of the Caribbean 
flamingo, with more connectivity among demes within 

subregions (Allen, 1956; Ovaskainen & Hanski, 2001; 
Galvez et al., 2016). Birds ringed in Mexico have been 
found in Cuba and vice versa, and they have also been 
sighted in the Bahamas and Florida (USA), but not in 
southern colonies (Ovaskainen & Hanski, 2001; Galvez 
et al., 2016). This is remarkable, since other population 
genetic studies of Phoenicopteriformes have shown no 
significant genetic structure in broader distribution 
areas (Balkiz, 2006; Balkiz et al., 2007; Zaccara et al., 
2008; Geraci et al., 2012; Torres et al., 2014).

The findings regarding the genetic structure 
between Cuban and Bonairean colonies agree with 
the population structure of other water birds like 
the magnificent frigate bird (Fregata magnificens 
Mathews, 1914). The species has a broad range of 
distribution and high dispersal capabilities. Moreover, 
it shows latitudinal genetic structure in the West 
Indies (Nuss et al., 2016). However, more studies 
regarding the Caribbean flamingo displacements, 
combining genetic and ringing/satellite tracking 
information, are needed to corroborate these findings.

Caribbean flamingos inhabiting the Galápagos 
Islands converged into the clade of Phoenicopterus 
ruber with a genetic divergence that does not 
support their classification as a new species per se. 
Nevertheless, because of their isolation, distinctive 
morphology (Frias-Soler et al., 2014), genetic structure 
and the particular ecological conditions of their habitat 
(Tindle et al., 2014), flamingos from the Galápagos 
can be considered an independent ‘evolutionarily 
significant unit’ or a subspecies. Based on this 
evidence, and because of the low genetic diversity of 
the Galápagos colony, we strongly recommend to the 
International Union for Conservation to include this 
population in the Nature’s Red List of Threatened 
Species as endangered. The Caribbean flamingo 
is currently listed as a species of a ‘least concern’ 
(Birdlife-International, 2016).

CONCLUSIONS

In the current study, we have corroborated the 
phylogeny of the order Phoenicopteriformes and the 
existence of hybrids among the Phoenicopterus spp. by 
using microsatellite and mitochondrial markers. The 
microsatellite primers documented here (5353) could 
be potentially used for future genetic studies of all 
flamingo species. The Andean and Chilean flamingos 
showed the lower genetic diversity and the James and 
lesser flamingo the highest.

Microsatellite loci and a partial sequence of the 
mitochondrial Cytb gene were successfully employed 
to characterize three populations of the Caribbean 
flamingo: Cuba, Bonaire and Galápagos. The 
differences between flamingos from Cuba and Bonaire 
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are remarkable, considering the relatively short 
distance that separates the colonies – about 1400 km 
in a straight line – and the high mobility of the species. 
Flamingos from the Galápagos were determined to be 
isolated from the Caribbean colonies, with poor genetic 
diversity. Therefore, they should be considered as an 
endangered population.
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Additional Supporting Information may be found in the online version of this article at the publisher’s web-site.

Table S1. Flamingo samples details and genotyping raw data for 19 microsatellite loci.
Contained within Supplement File S1:
Table S2. Details of the microsatellite primer combinations used to characterize flamingos. In references (Ref.) A, 
this work; B, Bauer (2007); C, Kapil (2005).
Table S3. The mean proportion membership of each species of Phoenicopteriformes per cluster, K = 6. Data from 
Structure Q-matrix outputs summarized using CLUMPP.
Table S4. FST (below) and P-values (above the diagonal), when comparing all flamingo species and four hybrids 
using 17 microsatellite loci. In bold is shown the non-significant comparison among spp. Number of permutations: 
10 100, α = 0.05. The number of different alleles was used as a distance method for the pairwise FIS calculations 
after Slatkin (1991).
Table S5 Number of alleles per locus.
Table S6. Gene diversity (heterozygosity, H) per locus and species; NA, no information available, in parentheses 
are the number of samples.
Table S7. The haplotype absolute frequency of three Caribbean flamingo colonies based on 612 bp of the Cytb gene.
Table S8. F

iS
 and P-values per locus (15 loci) and colony as an estimator of Hardy–Weinberg equilibrium. Positive 

values indicate fewer observed heterozygous individuals than expected. The F
iS
 P-value within colonies is the 

proportion of randomizations that gave a larger F
iS
 than the observed based on 900 randomizations. The indicative 

adjusted nominal level for α = 0.05 is 0.00333. The locus PhoeniE81 in Río Máximo shows disequilibrium.
Table S9. F

iS
 and P-values per locus and colony as an estimator of Hardy–Weinberg equilibrium. Positive values 

are indicative of fewer observed heterozygous individuals than expected. The P-values are the proportion of 
randomizations that gave a larger F

iS
 than the observed based on 900 randomizations. The indicative adjusted 

nominal level (5%) for one population is 0.00333. The locus FlamHD25 in Galápagos and PhoeniE81 in Cuba has 
a F

iS
 P-value lowers than the limit of the rejection of the null hypothesis.

Table S10. Missing data in percentage by locus (15) and population. Galápagos is the sample with the least 
robust matrix of data.
Table S11. Pair of loci in disequilibrium in two populations of Phoenicopterus ruber.
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Table S12. Gene diversity (heterozygosity, H) per locus and flamingo populations: Bonaire, Cuba and Galápagos. 
A total of 6 (*) out of 15 loci had lower H in Galápagos and three had higher values than the Caribbean populations 
(in bold). The locus FlamHD43 had no information from the Galápagos colony. Index calculated using FSTAT 
v.2.9.3.2 (Goudet, 2001).
Table S13. Number of alleles sampled by population.
Figure S1. Estimation of the optimal number of cluster for all flamingo species using 17 microsatellites loci by 
(A) Evanno (Evanno et al., 2005), (B) outputs from STRUCTURE (Pritchard et al., 2000) and (C) by Puechmaille 
(Puechmaille, 2016) (results from StructureSelector (Li and Liu, 2018)).
Figure S2. Genetic diversity indexes for all flamingo species based on 17 microsatellite loci. Na = No. of different 
alleles, Na (Freq ≥ 5%) = No. of different alleles with a frequency ≥ 5%, Ne = No. of effective alleles, I = Shannon’s 
information index, He = expected heterozygosity.
Figure S3. Estimation of the optimal number of clusters for the Caribbean flamingos from Cuba, Bonaire and 
Galapagos by (A) Evanno (Evanno et al., 2005), (B) outputs from STRUCTURE (Pritchard et al., 2000), and (C) by 
Puechmaille (results from StructureSelector (Li and Liu, 2018)).
Supplement File S2. Microsatellite loci sequencing information and list of primers.
Supplement File S3. Sequences used to reconstruct the Cytb gene phylogenetic tree.
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