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Abstract
The coastal waters of Cuba are home to a small, endangered population of West Indian manatee, which would benefit from 
a comprehensive characterization of the population’s genetic variation. We conducted the first genetic assessment of Cuban 
manatees to determine the extent of the population's genetic structure and characterize the neutral genetic diversity among 
regions within the archipelago. We genotyped 49 manatees at 18 microsatellite loci, a subset of 27 samples on 1703 single 
nucleotide polymorphisms (SNPs), and sequenced 59 manatees at the mitochondrial control region. The Cuba manatee 
population had low nuclear (microsatellites HE = 0.44, and SNP HE = 0.29) and mitochondrial genetic diversity (h = 0.068 
and π = 0.00025), and displayed moderate departures from random mating (microsatellite FIS = 0.12, SNP FIS = 0.10). Our 
results suggest that the western portion of the archipelago undergoes periodic exchange of alleles based on the evidence of 
shared ancestry and low but significant differentiation. The southeast Guantanamo Bay region and the western portion of 
the archipelago were more differentiated than southwest and northwest manatees. The genetic distinctiveness observed in 
the southeast supports its recognition as a demographically independent unit for natural resource management regardless 
of whether it is due to historical isolation or isolation by distance. Estimates of the regional effective population sizes, with 
the microsatellite and SNP datasets, were small (all Ne < 60). Subsequent analyses using additional samples could better 
examine how the observed structure is masking simple isolation by distance patterns or whether ecological or biogeographic 
forces shape genetic patterns.

Keywords  Antillean manatee · Population genetics · Conservation · Microsatellites · Single nucleotide polymorphisms 
(SNPs) · Mitochondrial DNA

Introduction

The West Indian manatee (Trichechus manatus) is a charis‑
matic aquatic mammal with broad distribution throughout 
the West Atlantic, Caribbean, and coastal Central and South 

America (Lefebvre et al. 2001). Manatees play an essential 
trophic role as grazers of seagrass beds (Jackson et al. 2001) 
and are valued as an ecotourism draw in many countries 
(Sorice et al. 2006). The two subspecies, T. m. manatus 
(Antillean manatee) and T. m. latirostris (Florida manatee) 
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have individually been listed as “Endangered” by the Inter‑
national Union for the Conservation of Nature (IUCN) due 
to over-harvesting and habitat degradation (Deutsch 2008; 
Self-Sullivan and Mignucci-Giannoni 2008). Under the U.S. 
Endangered Species Act, the species was recently reclas‑
sified from Endangered to “Threatened,” primarily based 
on the large Florida manatee population (Federal Registrar 
2017). Data on the status of T. manatus is limited across 
much of its range, apart from areas in the Caribbean pos‑
sessing relatively large remnant manatee populations (Puerto 
Rico, Mexico, Belize, and Florida). Of particular interest 
is the status of this species in Cuba, the largest island of 
the West Indies where manatees have been under-studied 
(Quintana-Rizzo and Reynold 2010; Alvarez-Alemán et al. 
2018a). Cuba may have valuable population given the 
large extent of coastal habitat (coastline of approximately 
5975 km), which, if suitably managed, could support a large 
manatee population (Schill et al. 2015). Furthermore, Cuba 
could play an essential role for the species given its central 
geographic location within the Caribbean, making the archi‑
pelago an evolutionarily important ‘steppingstone’ across 
northern Caribbean islands and continental populations.

Historically, manatees occupied much of the coastal habi‑
tat of Cuba, with concentrations in regions where numer‑
ous river mouths provide access to freshwater (Cuni 1918; 
Lefebvre et al. 2001; Jiménez-Vázquez 2015). However, 
manatee numbers in Cuba were assumed to be significantly 
reduced due to hunting by the start of the twentieth century 
and were considered perilously low by the 1970s (Lefebvre 
et al. 2001; Alvarez-Alemán et al. 2018a). Today, revers‑
ing the decline in manatee numbers continues to be chal‑
lenged mainly by poaching and accidental deaths due to 
net entanglements, but also likely by habitat degradation 
and boat strikes (Alvarez-Alemán et al. 2018a, 2021). For 
example, the heavy loss (> 26%) of seagrass beds in the 
Gulf of Batabanó (Martínez-Daranas et al. 2009), an area 
of approximately 5580 km2 that separates the main island 
from Isla de la Juventud, has occurred in a region of Cuba 
where manatees are relatively common (Alvarez-Alemán 
et al. 2018a, 2021). Furthermore, on the east of the northern 
and southern coasts, shelf habitats have been altered due to 
river damming, reducing the volume of freshwater required 
for seagrasses (Martínez-Daranas and Suárez 2018).

Assessment of the status of manatees in Cuba would 
benefit from understanding the genetic variation and 
extent of genetic structuring (Funk et al. 2019). Delin‑
eating population structure is an important management 
tool to protect unique variation within genetically unique 
groups of species of conservation concern (Moritz 1994; 
Frankham et al. 2010). Understanding neutral population 
structure can inform the scale over which dispersal occurs 
and how genetic drift shapes the neutral genetic changes of 
small populations (Slatkin 1987). Neutral genetic markers 

are also helpful in reconstructing demographic parame‑
ters, particularly the effective population size (Ne), which 
can provide information on the level of variability in a 
population, and the effectiveness of selection relative to 
drift (Charlesworth 2009). These factors can be applied 
to assess future management options, such as planning 
translocations as a means of ecological restoration or to 
increase populations suffering from low relative genetic 
variation (Weeks et al. 2011, Hufbauer et al. 2015). These 
management options rely on a well-known genetic status 
to estimate the risks (e.g., inbreeding and outbreeding) 
associated with selecting the source and recipient popula‑
tions and locations (Ralls et al. 2018).

Our goal was to add to our knowledge of West Indian 
manatee genetic variation by filling the knowledge gap in the 
central portion of the range represented by the archipelago 
of Cuba. The main objective was to determine the extent 
of population genetic structuring, characterize the neutral 
genetic diversity across the archipelago and estimate effec‑
tive population size. We assessed mitochondrial (mtDNA) 
and microsatellite markers previously utilized to characterize 
other manatee populations (Vianna et al. 2006; Hunter et al. 
2010, 2012; Nourisson et al. 2011; Tucker et al. 2012). In 
addition, we generated a single nucleotide polymorphism 
(SNP) dataset on a subset of manatee samples to provide a 
larger genome-wide representation across numerous biallelic 
loci for comparison with the 18 multilocus microsatellites 
(Väli et al. 2008; Fischer et al. 2017).

Materials and methods

Sample collection and DNA extraction

Manatee tissue samples were obtained from museum speci‑
mens (N = 19) and opportunistically from carcasses (N = 37) 
or manatees rescued from nets (N = 2). In addition, we 
obtained dermis tissue from 25 manatees sampled at Isla de 
la Juventud (N = 12) and Guantanamo Bay (N = 13) during 
capture and health assessment. We preserved tissue samples 
in SED buffer solution (saturated NaCl; 250 mM EDTA, 
pH 7.5; 20% DMSO) or 90% ethanol and stored them at 
room temperature until they could be refrigerated. The col‑
lected manatee samples generally clustered into three geo‑
graphic regions: (1) the northwest coast (NW), primarily 
in Villa Clara province, (2) the southwest (SW), including 
Ciénaga de Zapata Peninsula (SW-M) and Isla de la Juven‑
tud (SW-IJ), and (3) the southeast (SE) coast of Cuba, pri‑
marily Guantánamo Bay (Fig. 1). DNA was extracted using 
either a standard phenol/chloroform method (Sambrock and 
Russell 2001) or the QIAGEN DNeasy Blood and Tissue 
Kit (Valencia, California), quantified using an ND–1000 
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spectrophotometer (Nanodrop, Wilmington, DE) and stand‑
ardized to 20 ng/μL prior to PCR amplification.

Microsatellite genotyping and marker assessment

We used 18 polymorphic microsatellite loci designed for 
West Indian manatees (García-Rodríguez et al. 2000; Pause 
et al. 2007) and previously used to assess genetic structure 
and diversity in many manatee regional populations (Belize, 
Hunter et  al. 2011; Florida, Tucker et  al. 2012; Puerto 
Rico, Hunter et al. 2012; Mexico, Nourisson et al. 2011) 
(Table S1). We used eight multiplex PCR reactions (Davis, 
2014) consisting of a total volume of 13.4 μL containing: 
1 μL of 20 ng DNA, 6.7 μL 1 × Qiagen Multiplex PCR 
Master Mix Type-it® Kit (3 mM Mg, 200 uM each dNTP, 

HotStarTaq Plus DNA Polymerase) (Qiagen, Valencia, 
CA), 0.02‒0.06 μL forward + reverse primer and brought 
to volume with ddH2O. The PCR reaction profile was 95 °C 
for 5 min, 34‒40 × (95 °C for 30 s, 54‒60 °C for 1 min, 
72 °C for 1 min), final extension at 72 °C for 10 min, ending 
with a 4 °C hold. PCR products were electrophoresed on 
an Applied Biosystems 3730XL automated genetic analyzer 
with a Genescan Rox500 size standard (Applied Biosystems, 
Inc., Foster City, CA, USA). Positive and negative controls 
were included for each PCR plate. Genotypes were scored 
using GENEMARKER software version 2.7.4 (SoftGenetics 
LLC, State College, PA, USA). Samples that did not have 
100% multilocus amplification success (primarily museum 
or highly degraded carcass samples) were reamplified a 
minimum of three times. In order to calculate the error rate, 

Fig. 1   Distribution of Cuban manatee samples used in this study. The 
table (inset) includes location number (as denoted on the map), name, 
region (NW Northwest, SW-M Southwest mainland, SW-IJ Isla de la 
Juventud, SE Southeast), and sample size (N) at that location, and the 
number of samples that were included in the microsatellite (Msats), 
SNPs or mitochondrial DNA (mtDNA) dataset. Mitochondrial haplo‑
types (Hap) are based on reference control region sequences (Vianna 

et  al. 2006). A06 represents a novel haplotype. No haplotype was 
recovered for location 16. Pie-charts in each sub-region represent the 
proportion of membership of each of the 3 clusters (K = 3) in that pre‑
defined population, obtained with Structure with the 18 loci micros‑
atellite dataset. This proportion was calculated based on 20, 5, 11, 13 
individuals from the NW, SW-M, SW-IJ and SE respectively
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we re-genotyped the 18 loci at an average of 8 individuals 
(~ 15% of samples). The mean error rate per locus (el) was 
calculated as the ratio between the number of single-locus 
genotypes, including at least one allelic mismatch (mL), and 
the number of replicated single-locus genotypes (nt). We 
retained genotypes with no more than two missing loci for 
our final dataset.

Null allele frequencies across all samples were estimated 
using the null.all function in the R (R Development Core 
Team 2019) package GenPopReport, version 3.0.4 (Gruber 
and Adamack 2013). This function bootstraps genotypes to 
estimate the probability of identifying the observed num‑
ber of homozygotes of each allele, then a second bootstrap 
calculates the 95% confidence interval for each following 
locus (Chakraborty et al. 1994). Null alleles are not sig‑
nificant when confidence intervals overlap zero. Due to the 
observed genetic structure between east and west samples 
(see page 15, Population Structure, Results) and evidence of 
substructuring and admixture among NW and SW manatee 
genotypes, we also subset the data and re-ran null.all for 
the western manatees (NW + SW-M + SW-IJ) and the SE 
separately. We examined the impact of null alleles on analy‑
ses that assume HWE by comparing the results of pairwise 
FST, STRU​CTU​RE (see below) and the genetic diversity 
and differentiation, using the full and the reduced datasets 
with and without the loci displaying potential null alleles, 
respectively.

We tested for departure from Hardy–Weinberg equilib‑
rium (HWE) using the R package Pegas, version 0.13 (Par‑
adis 2010) with sequential Bonferroni adjustment correc‑
tion for multiple tests (Rice 1989). We examined HWE for 
the full Cuban dataset and separately for NW, SW, and SE 
regions. We tested for linkage disequilibrium (LD) between 
all pairs of loci (P-value based on 1000 permutations) using 
Fstat 2.9.4. with sequential Bonferroni adjustments.

Single nucleotide polymorphism genotyping 
and filtering

We used the whole genome profiling service at Diversity 
Array Technology (DArT; http://​www.​diver​sity arrays.
com/). This platform implements sequencing complex‑
ity reduced representations applied on next generation 
sequencing platforms (RadSeq). Complexity reduction was 
achieved with the PstI and SphI restriction enzymes method, 
and genotyping followed methods outlined in Grewe et al. 
(2015). We selected 33 samples with high molecular weight 
and 260/280 ratios of > 1.6 to search for single nucleotide 
polymorphisms (SNPs). Sequences were bioinformatically 
processed using DArTseq analytical pipelines. In the pri‑
mary pipeline, the FASTQ files were first processed to fil‑
ter away poor-quality sequences, applying more stringent 
selection criteria to the barcode region compared to the 

rest of the sequence (barcode region: Min Phred pass score 
30, Min pass percentage 75, and whole read: Min Phred 
pass score 10, Min pass percentage 75). In that way, the 
assignment of the sequences to specific samples carried in 
the “barcode split” step was reliable (Grewe et al. 2015). 
Identical sequences were collapsed into “fastqcoll files” 
and “groomed” using DArT PLD’s proprietary algorithm 
that corrects low-quality bases from singleton tags into cor‑
rect bases. The “groomed” fastqcoll files were used in the 
secondary pipeline for DArT PLD’s SNP and SilicoDArT 
(presence/absence of restriction fragments in representation) 
calling algorithms (DArTsoft14). For SNP calling, all tags 
from all libraries included in the DArTsoft14 analysis are 
clustered using DArT PL’s C++ algorithm at the threshold 
distance of 3. These effects were followed by parsing the 
clusters into separate SNP loci using a range of technical 
parameters, especially the balance of read counts for the 
allelic pairs. Calling quality was assured by a high average 
read depth per locus (Grewe et al. 2015).

Using DartR version 1.1.11 (Gruber et  al. 2017) 
(Table S4), we conducted additional quality control filtering 
steps by filtering out loci with less than 100% reproducibil‑
ity, generated by reproducing the data independently for 30% 
of loci. We filtered out loci with call rates < 90%, a value 
usually arising from failure to call a SNP due to a mutation 
at one or both of the restriction enzyme recognition sites. 
In this case, the data are missing owing to low coverage 
(Gruber et al. 2017). A single SNP per locus was selected, 
and loci with minor allele frequencies of < 0.05 were omit‑
ted (Table S5). Furthermore, we only retained individual 
genotypes with ≤ 15% missing data. Departure from HWE 
was tested with the function gl.filter.hwe in DartR version 
1.1.11 (Gruber et al. 2017). Finally, we used the OutFLANK 
method (Whitlock and Lotterhos 2015) to detect putatively 
non-neutral SNPs for filtration out of the dataset. This 
method infers the distribution of FST for loci unlikely to be 
strongly affected by spatially diversifying selection, using 
data on a large set of loci with unknown selective properties 
(Whitlock and Lotterhos 2015).

Population structure

We assessed the extent of genetic structure using a model-
based approach implemented in STRU​CTU​RE version 2.3.4 
(Pritchard et al. 2000) and using the non-model multivari‑
ate approach of Principal Component Analysis (PCA). Both 
methods were explored for the microsatellite and SNP data‑
sets separately. For STRU​CTU​RE, we ran a 150,000 burn-in 
followed by 150,000 MCMC chains with 15 replicate runs 
per assessed genetic cluster (K) using the admixture model 
and default settings, and we evaluated models of K from 1 
to 10. Support for K was evaluated based on the mean like‑
lihood model support (LnP(K)) and the ad hoc ΔK, based 

http://www.diversity
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on the rate of change in the LnP(K) between successive K 
values (Evanno et al. 2005). The ΔK measure is expected to 
correctly identify the uppermost hierarchical level of genetic 
structure (Evanno et al. 2005); however, results can be down‑
wardly biased when uneven sampling is involved (Puech‑
maille 2016). Therefore, to reduce the effect of uneven 
sampling across regions of Cuba, we used four additional 
supervised methods, MedMeaK, MaxMeaK, MedMedK, 
and MaxMedK (Puechmaille 2016), to estimate the num‑
ber of clusters. This method assigns genotypes to a cluster 
if the mean (or median) membership coefficient is above a 
threshold membership coefficient (Puechmaille 2016). We 
computed all four estimators across thresholds varying from 
0.5 to 0.8. Run summaries, ΔK, MedMeaK, MaxMeaK, 
MedMedK, and MaxMedK, were generated posthoc using 
STRU​CTU​RE SELECTOR (Li and Liu 2018). STRU​CTU​
RE run summaries were generated using CLUMPP (Jakob‑
sson and Rosenberg 2007) and visualized using Distruct 
(Rosenberg 2004).

STRU​CTU​RE identifies clusters of genotypes by assum‑
ing they fit HWE, which could be affected by high frequen‑
cies of null alleles. Because PCA is model-free, it does not 
require assumptions based on HWE or LD (Jombart et al. 
2009). PCA was done using the function dudi.pca in the 
R package ade4R, version 1.7–13 (Dray and Dufour 2007) 
with weighted vectors and mean centering. We transformed 
the absolute variance of PC axes to the percentage of total 
variance represented in the genotype data.

We conducted an Analysis of Molecular Variance 
(AMOVA) separately on the microsatellite and SNP data‑
sets. We used AMOVA to measure the extent of hierar‑
chical structure based on the results from STRU​CTU​RE 
and PCA (see Results). Microsatellite (only 18 loci were 
tested as AMOVA does not rely on HWE assumptions) 
and SNP variation were examined separately. We nested 
SW-ML + SW-IJ + NW into one regional group, with SE 
as a second, for the highest level of variation summarized 
by AMOVA. The 95% confidence intervals for F-statistics 
were assessed using 1000 bootstrap permutations, calcu‑
lated using GenoDive version 3.0 (Meirmans and Tienderen 
2004).

Non-spatial estimates of structure (i.e., STRU​CTU​RE and 
AMOVA) assume an island model (Wright 1943). Because 
allele frequency differences among our regional samples 
may be a result of geographic distance (particularly between 
the SE and other regions), we assess the potential influence 
of spatial dependence on the microsatellite genetic struc‑
ture of manatees using spatial PCA (sPCA) (Jombart 2008) 
implemented in adegenet, version 2.1.2 (Jombart 2015). 
Spatial PCA summarizes spatial autocorrelation (Moran’s 
I) among allele frequencies with the genetic variance among 
samples (PCA) to produce composite eigenvalues to detect 
spatial patterns. Positive eigenvalues represent neighboring 

genotypes that tend to be highly similar (i.e., positive spatial 
autocorrelation or global structure), while the negative val‑
ues represent neighboring genotypes that tend to be highly 
dissimilar (negative spatial autocorrelation, or local struc‑
ture). We modified Delaunay triangulation (type 1) for the 
connection network so those neighboring connections had 
to follow the coastline or across open water (i.e., removing 
connections between genotypes sampled on opposite sides of 
the island) using the edit.nb = TRUE argument in the choos‑
eCN function. We implemented the Monte-Carlo tests to 
assess the significance of the largest positive (global.rtest) 
and largest negative (local.rtest) eigenvalues using 9999 per‑
mutations. We visualized spatial genetic patterns through the 
plot.spca function. We subsequently conducted a post hoc 
sPCA as before but omitted the SE samples, such that the 
connection network only joined manatees from the NW to 
the SW genotypes around the western end of the archipelago 
to determine whether the north–south global structure per‑
sisted with the exclusion of the more distant SE genotypes. 
We did not analyze SNP genotypes due to the small sample 
size and limited geographic coverage (Fig. 1).

Genetic diversity and differentiation

We quantified variation across the complete microsat‑
ellite and SNP datasets and for the three main genetic 
clusters identified using the statistical metrics discussed 
above  (Meirmans 2015). We estimated expected (HE), 
observed heterozygosity (Ho), and the inbreeding coefficient 
(FIS) for diagnosed clusters and overall. FIS bootstrapping 
over loci was implemented with 1000 bootstraps using the 
function boot.ppfis from the R package HierFstat, version 
0.04–22 (Goudet 2005). We also calculated the average 
number of alleles per locus (A) and allelic richness (allelic 
diversity corrected for differences in sample size, AR) for 
microsatellites. Diversity measures were calculated using 
GenoDive and the PopGenReport package (Gruber and Ada‑
mack 2013).

The power of these 18 microsatellite loci to detect genetic 
heterogeneity among at most three regional samples (NW, 
SW, and SE, see results) was tested using POWSIM vers. 
4.0 (Ryman and Palm 2006). POWSIM determines whether 
we would expect to detect genetic heterogeneity given the 
empirical allele frequencies under a model of drift alone. 
We simulated 1000 iterations at multiple effective popula‑
tions sizes (300, 500, 700, and 1000) and then drew samples 
reflecting our empirical samples sizes, with FST calculated 
at 10, 20, and 100 generations of drift. Fisher’s exact tests 
were used to test for homogeneity. Tests were also conducted 
at generation 0, which is expected to give false significance 
(α) at approximately 0.05. The proportion of significant tests 
over 1000 replicates at each calculated value of FST was 
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used to indicate the power of the markers to detect differ‑
entiation due to drift. Results were compared against the 
empirical estimate of global FST (Nei 1987) generated using 
GenoDive.

We calculated pairwise fixation (G’’ST), which is stand‑
ardized, allowing for comparisons of fixation generated 
from microsatellite and SNP datasets (Hedrick 2005). We 
also calculated differentiation (Jost et al. 2008), which is 
independent of within-population heterozygosity. Pair‑
wise estimates were calculated between SE and combined 
NW + SW-M + SW-IJ and three separated groups, SE, NW, 
and SW (SW-IJ + SW-M) samples based on structure analy‑
ses. Calculations were done using GenoDive and included 
999 bootstrap replicates to estimate P-values.

Effective population size

Recent effective population size (Ne) was estimated using the 
bias-corrected version of the linkage disequilibrium (LD) 
method implemented in NeEstimator version 2 (Waples and 
Do 2008; Do et al. 2014). We evaluated jackknife estimates 
of 95% confidence intervals, reducing potential bias asso‑
ciated with standard chi-squared confidence intervals (Do 
et al. 2014). We calculated Ne assuming random mating and 
evaluated minimum allele frequencies of 0.02. Ne was calcu‑
lated island-wide using the 18 loci microsatellite and 1703 
SNP dataset. The total dataset was analyzed, and subsets of 
samples were independently evaluated as well, NW (only 
in the microsatellite dataset), SE, SW (SW-IJ and SW-M), 
and west samples combined (NW + SW-IJ + SW-M), reflect‑
ing different levels of the genetic structure identified (see 
“Results” section).

Mitochondrial haplotype assessment

We sequenced a portion of the mitochondrial control region 
(CR) spanning 410 base pairs for 59 manatees using primers 
CR4 and CR5 (García-Rodríguez et al. 1998) or a combina‑
tion of these with two sets of shorter primers for problem‑
atic samples (CR4short- 5ʹ CAG​ATT​CCC​AAC​CAC​ATG​G 
3ʹ and CR5short-5ʹ TTA​AGG​AGC​ATG​ATG​TGC​TTA​TGC​ 
3ʹ). Individual PCRs consisted of 10 ng of genomic DNA, 
1 × Taqreaction buffer, 200 μm dNTPs, 0.25 μm of each 
primer, and 1 U of Taq polymerase (Titanium) per PCR. 
The cycling reaction was performed as follows: 94 °C for 
1 min, followed by 35 cycles of 95 °C for 45 s, 53 °C for 
1 min and 72 °C for 45 s, and a final extension period of 
72 °C for 10 min. The annealing temperature was usually 
53 °C, but some samples were amplified by adjusting the 
PCR annealing temperature to 50 °C. PCR products were 
cleaned with ExoI/SAP at 37 °C for 45 min, followed by 
80 °C for 15 min (Applied Biosystems, Foster City, CA, 
USA). DNA sequences were obtained using Big Dye 

terminator sequencing chemistry (Applied Biosystems) 
in 6.75 μL reactions, containing 0.83 μL Terminator v3.1 
Ready Reaction mix, 1.67 μL 5 × reaction buffer, 0.22 μL of 
primer, 1 μL of PCR product, and 3.92 μL ddH2O. Cleaned 
sequence products [0.2 μm Sephadex columns (Princeton 
Separations, Freehold, NJ, USA)] were electrophoresed 
on a 3130xl Genetic Analyzer (Applied Biosystems). All 
fragments were bi-directionally sequenced. The sequences 
were manually confirmed, trimmed, and aligned in Genious 
11.1.5.

We evaluated mitochondrial diversity as the total number 
of haplotypes (H), haplotype diversity (h), and nucleotide 
diversity (π) using DnaSP version 5.10 (Librado and Rozas 
2009). We also compared our new sequences to existing hap‑
lotypes (García-Rodríguez et al. 1998; Vianna et al. 2006; 

Hunter et al. 2012; Satizábal et al. 2012). Due to the near-
zero haplotype diversity, multi-haplotype population genetic 
analyses were omitted.

Results

Genotyping and marker evaluation

We successfully genotyped 53 manatee samples at 16–18 
microsatellite loci. High levels of missing data were pri‑
marily associated with museum samples (only 1 of 19 suc‑
cessfully genotyped at > 15 loci) and carcasses (26 of 37 
genotyped at > 15 loci). The museum sample successfully 
genotyped was omitted due to unknown metadata sample 
collection information. We also omitted three calves col‑
lected with mothers to reduce bias in the analyses, result‑
ing in 49 microsatellite genotypes (Peterman et al. 2016). 
Regionally, 40% were genotyped from the NW (N = 20), 
33% from the SW (N = 11 from SW-IJ and N = 5 from 
SW-M), and 27% from the SE (N = 13) (Fig. 1).

Six out of the 18 microsatellites loci had signals of poten‑
tial null alleles for the total dataset (TmaSC05, TmaE01, 
TmaE07, TmaA03, TmaE04, TmaA02) (Table S2). Com‑
pared with previous studies utilizing the same set (or subsets) 
of loci, this frequency of null alleles is relatively high (see 
Table S1). Assessment of the NW + SW group of samples 
identified the same six null loci, while evaluation of the SE 
manatees identified a single locus with possible null alleles 
(TmaE7). Most signatures of null alleles were restricted to 
western samples that also reflect some degree of admixture. 
The geographic pattern of null alleles suggested that these 
significant tests may reflect demographic processes rather 
than true null alleles. Furthermore, true null alleles are 
more common in very large populations with high muta‑
tion rates in the microsatellite flanking regions (Chapuis and 
Estoup 2007). Both conditions are not expected in the Cuba 
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population relative to others that have been studied (Nouris‑
son et al. 2011; Hunter et al. 2010, 2012; Tucker et al. 2012).

Consistent with previous manatee genetic studies utilizing 
loci in common, there was no evidence of linkage among 
microsatellite loci. Estimates of genotyping error were 2% 
overall, with 14 loci having no detected amplification errors. 
Four loci each produced a single allelic mismatch across 
replicated samples ranging from 9 to 13 depending on the 
locus (Table S2). Each observed genotyping mismatch was 
associated with DNA extracted from a carcass.

The initial number of SNPs obtained from the DArT pipe‑
line was 8419, and the final number was 1703 polymorphic 
loci among 30 manatees after filtering (Table S4). All loci 
were at HWE. Of the 27 manatees retained, after omitting 
three calves, 15% of samples were derived from carcasses 
(N = 4) and 85% from live manatees (N = 23). These SNP 
genotypes represented the NW (N = 4), SW-IJ (N = 12), and 
the SE (N = 12).

Population structure

Both microsatellite and SNP datasets revealed a west–east 
clustering pattern at the highest hierarchical level assignment 
where (1) SE manatees were differentiated from (2) NW, 
SW-M, and SW-IJ manatees (Fig. 2). For 18 microsatellite 
loci, the highest LnP(K) was at K = 4 (LnP(K) = -1345.8); 
however, ∆K identified the greatest rate of change at K = 2 
(ΔK = 13.2; Fig. 2). The MedMeaK, MaxMeaK, MedMedK, 
and MaxMedK methods identified two or three genetic clus‑
ters depending on the stringency of the membership coef‑
ficient thresholds and the dataset [e.g., 0.5—0.8 (Table S4)]. 
For K = 2, all western Cuba manatee genotypes reflected a 
largely uniform second cluster, although some individuals 
reflected mixed ancestry (K = 2, Fig. 2). At K = 3, the two 
additional clusters were co-distributed between the NW, 
SW-M, and SW-IJ genotypes, again providing a picture of 
differentiation between SE and those to the west, and limited 
structuring among NW and SW manatees (Fig. 2). In the 
case of both models (K = 2 and K = 3), the SE manatees were 
a homogeneous cluster (Fig. 2). After omitting loci with 
possible null alleles, STRU​CTU​RE identified two clusters 
based on both LnP(K) (-890.5) and ∆K (50.48; Fig. 2), a 
result that reinforces the west–east pattern observed with 
the larger microsatellite dataset.

SNP STRU​CTU​RE results identified the largest LnP(K) 
at K = 7 (LnP(K) = -40,281.08) although there were mini‑
mal differences among most LnP(K) between K = 3–8. ∆K 
identified K = 2 (ΔK = 197.5) as representing the highest 
level of structure for the SNP data (Fig. 2). The MedMeaK, 
MaxMeaK, MedMedK, and MaxMedK methods identi‑
fied three genetic clusters at the membership coefficient 

thresholds of 0.5 and 0.6 and 2 at the more conservative 
threshold of 0.7 and 0.8 (Table S4).

Results from the PCA mirrored the STRU​CTU​RE 
analysis in that it separated the SE genotypes from the 
remainder of the manatee samples examined (Fig. 3). For 
the 18 microsatellite loci dataset, this east–west separa‑
tion was identified in the 2nd axis, explaining 10.97% of 
the total variation. The first Principal Component (PC, 
13.43%) did not reflect the variance among regional sam‑
ples. However, the centroid of the SW-M was centrally 
located along the 1st PC axis between the NW and SW-IJ 
(Fig. 3), possibly reflecting a pattern of coastal isolation 
by distance. The first two PCs of the SNP results explained 
17.66% and 8.33% of the total variation. The first PC dif‑
ferentiated the SE manatees from the western samples, and 
the second PC explained most of the variation between 
the NW and SW-IJ (Fig. 3). Results from the microsatel‑
lite AMOVA found that 77.9% of variation in allele fre‑
quencies was observed within individuals (FIT = 0.221, 
95% CI 0.090–0.337), 12.8% among individuals within 
regional populations (FIS = 0.142, 95% CI 0.022–0.249), 
and 9.3% among regional populations (FST = 0.093, 95% 
CI 0.046–0.146). Individual locus results were highly 
variable, with 6 loci displaying significance among indi‑
vidual (FIS) and 7 loci significant among region (FST) 
variance, with only 2 loci being significant at both F-sta‑
tistics (Table S5). For the SNP AMOVA 79.7% of varia‑
tion in allele frequencies was observed within individuals 
(FIT = 0.203, 95% CI 0.188–0.217), 6.2% among indi‑
viduals within regional populations (FIS = 0.072, 95% CI 
0.060–0.084), and 14.1% among three regional popula‑
tions (FST = 0.141, 95% CI 0.130–0.151).

Spatial PCA results from 18 microsatellite loci had 
large eigenvalues at the first two positive λ scores (0.4366 
and 0.3622 respectively). Similarly, the eigenvalue decom‑
position shows that λ1 and λ2 explain a large proportion of 
the spatial autocorrelation and the genetic variance (Figs. 
S1-S2). Significant spatial autocorrelation was detected 
for the global test for λ1 (0.0644, P = 0.0001), but local 
tests were not significant for λ44 (0.0350, P = 0.2411). We 
subsequently retained λ1 and λ2 to examine their contri‑
bution to global spatial patterns (Figs. S1-S2). The first 
eigenvalue depicted a clear east–west pattern reflecting the 
relatively large genetic distance between Guama + Bahia 
de Guantanamo (SE) and the rest of the manatee geno‑
types. Interestingly, the first eigenvalue (λ1) represented 
greater spatial autocorrelation but slightly less genetic 
variance than the second λ2 (Fig. S1). For λ2, most of 
the spatial pattern appears to be explained by variation 
between the NW and samples representing the Gulf of 
Batabanó (SW-ML + SW-IJ) and some SE genotypes per‑
haps reflecting subtle substructure among north and south 
coasts (Fig. S2). The results of the post hoc sPCA omitting 
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Fig. 2   Plot of posterior prob‑
ability of assignment for Cuba 
manatees based on: A 18 micro‑
satellite loci, B 12 microsatellite 
loci, and C 1703 SNP loci. Each 
includes the mean likelihood 
plot (LnP(K)) from 15 replicates 
per K, the ∆K plot, and two bar 
graphs illustrating individual 
genome assignment to one of 
K clusters (K = 2 or K = 3). 
Geographic areas are NW, 
Nazabal; SW-M; samples from 
Isla de la Juventud (SW-IJ); and 
SE, primarily Guantanamo Bay 
(see Fig. 1)
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SE samples identified the greatest global pattern of differ‑
entiation between the genotypes from the furthest east on 
the north coast (locations 12–14) and those from the SW-IJ 
and location 11 on the south coast (Fig. 1) in a pattern that 
was very similar to what was seen in eigenvector 2 from 
the full sPCA (Fig. S3).

Genetic diversity and measures of fixation

Microsatellite genetic variation had only minor differences 
when comparing the 12 and 18 loci microsatellite datasets. 
For example, the average number of alleles was 3.2 and 3.4, 
and HE was 0.443 and 0.460 for 12 and 18 loci, respectively 
(Table 1). The overall mean estimate of FIS was greater for 
the 18 locus dataset, but the 95% CI overlapped zero in both 

microsatellite datasets (Table1). Positive (non-zero) FIS was 
observed in the NW manatees for the full microsatellite and 
SNP datasets (Table 1).

The power to reject the null hypothesis of no hetero‑
geneity among clusters (i.e., POWSIM) was high (> 0.8) 
with an Ne of 500 after 20 generations of drift, increasing 
to 0.99 with a Ne of 300 (Table 2). Under these two effec‑
tive population sizes, global FST was expected to be 0.020 
and 0.033, respectively. After only 10 generations of drift, 
power dropped to 0.824 at Ne of 300 (FST = 0.017) and 0.480 
at Ne of 500 (FST = 0.010). Power decreased with increasing 
Ne under both short periods (10 and 20 generations) of drift 
(Table 2). Power also increased as the number of genera‑
tions of drift was assumed. However, our empirical estimate 
of FST for the three genetic clusters was 0.099 (95% CI, 
0.060–0.139), which exceeded the expected FST estimates 
under a pure drift model, indicating that these microsatel‑
lite loci have sufficient power to reject genetic homogeneity 
across Cuba at realistic values of Ne. 

Pairwise estimates of fixation and genetic differentia‑
tion were significantly greater than zero for the full and 
reduced microsatellite datasets and SNPs, regardless of 
the number of genetic clustered assessed. Pairwise esti‑
mates of G’’ST between two clusters (SE and combine 
west, NW + SW-M + SW-IJ) was 0.180 (P = 0.001) at 18 
loci and 0.147 (P = 0.001) for 12 loci. Pairwise D was 
0.089 (P = 0.001) and 0.070 (P = 0.001) for 18 and 12 loci 
respectively. Considering three clusters, differentiating 
SW-M + SW-IJ from the NW, the 18 microsatellite pair‑
wise G’’ST ranged from 0.117 (NW-SW) to 0.234 (SE-SW), 
with slightly lower but comparable values for the 12 loci 
dataset (Table 3). Pairwise D reflected similar patterns with 
higher differentiation between SE comparisons and slightly 
higher values for the 18 loci relative to the 12 loci dataset. 
Calculations of G’’ST based on the SNP data were 0.202 
(P = 0.001) for two clusters (SE vs. west) and ranged from 
0.110 to 0.234 for three clusters (Table 3). SNP D was 0.07 
(P = 0.001) for two clusters and ranged from 0.037 to 0.081 
for three clusters (Table 3). Overall, both microsatellite loci 
and SNPs reflected highly similar patterns of fixation and 
differentiation, with the highest values associated with pair‑
wise comparisons with the SE.

Effective population size

Estimates for the total population Ne were 50.5 (95% CI 
25.8–63.7) and 11.8 (95% CI 7.8–19.2) for microsatellites 
and SNPs, respectively. Despite the small sample sizes, the 
overall well-defined CIs for Ne could indicate that our esti‑
mates are plausible (Waples and Do 2010). In general, esti‑
mates of recent Ne were lower and had a smaller 95% CI for 

Fig. 3   Principal components analysis (PCA) on A 18 microsatellite 
loci and B 1703 SNP loci. NW northwest of Cuba, SW-M southwest 
of Cuba-main island, SW-IJ southwest of Cuba-Isla de la Juventud, 
and SE southeast of Cuba, mainly samples from Guantanamo Bay 
(see Fig. 1)
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SNPs relative to microsatellite loci (Table 4). The exceptions 
were the estimates, for the SE region, which had a lower 

mean estimate but overlapping 95% CIs for microsatellites 
than SNPs. The combined western estimates (NW + SW) 
had relatively larger mean values and had a higher upper 
95% CI than estimates based on the total population, pos‑
sibly reflecting the impact of higher admixture evident from 
the structure analysis.

Mitochondrial control region results

We successfully sequenced 410 bp of the control region 
for 59 manatee samples resulting in three unique haplo‑
types. Haplotype frequencies were highly skewed, with 
57 sequences identified as haplotype A01 (Genbank 

Table 1   Diversity statistics over 
the 12 and 18 microsatellite loci 
and 1703 SNP loci examined for 
manatees from Cuba

N sample size, A mean number of alleles per locus, AR allelic richness, P private alleles, HE Expected 
Heterozygosity, HO Observed Heterozygosity, FIS Inbreeding coefficient and confidence interval, P Private 
alleles

Marker Pop N A AR P HE HO FIS FIS CI 95%

12 loci NW 20 2.9 2.2 1 0.418 0.368 0.145 − 0.099–0.163
SW 16 2.5 2.3 0 0.461 0.425 0.008 − 0.133–0.166
SE 13 2.1 2.1 0 0.431 0.508 − 0.177 − 0.390–0.002
Combined 49 3.2 – – 0.443 0.441 − 0.045 − 0.174–0.007

18 loci NW 20 3.1 2.3 3 0.469 0.356 0.243 0.102–0.371
SW 16 3.1 2.5 0 0.492 0.449 0.087 − 0.046–0.225
SE 13 2.2 2.1 1 0.398 0.419 − 0.052 − 0.210–0.090
Combined 49 3.4 – – 0.463 0.410 0.115 − 0.020–0.212
NW 4 1.719 1.616 8 0.324 0.243 0.248 0.219–0.277

SNPs SW 11 1.874 1.594 109 0.299 0.290 0.028 − 0.011–0.045
(1703) SE 12 1.797 1.635 107 0.282 0.280 0.009 − 0.008–0.027

Combined 27 1.796 – – 0.305 0.287 0.094 0.080–0.108

Table 2   POWSIM simulation results for three periods (generations) 
of genetic drift at four different effective population sizes (Ne) 300 to 
1000

Values represent the power to detect drift and the expected FST (in 
parentheses) following isolation at 10, 20 or 100 generations

Ne Generations of drift

10 20 100

300 0.824 (0.017) 0.993 (0.033) –
500 0.480 (0.010) 0.896 (0.020) –
700 0.328 (0.007) 0.720 (0.014) 1.00 (0.049)
1000 0.241 (0.005) 0.492 (0.010) 1.00 (0.049)

Table 3   Pairwise G’’ST (upper matrix) and DJost (lower matrix bold 
values) values between three regional genetic clusters: NW, SW, and 
SE

Microsatellite estimates (top) are calculated for 12 loci (null alleles 
omitted) and 18 loci (12 loci/18 loci). All pairwise estimates were 
significantly greater than zero (all P ≤ 0.003)

NW SW SE

Microsatellites
 NW – 0.103/0.117 0.144/0.191
 SW 0.049/0.060 – 0.166/0.234
 SE 0.067/0.093 0.081/0.120 –

SNPs
 NW – 0.110 0.195
 SW 0.037 – 0.234
 SE 0.068 0.081 –

Table 4   Estimates of effective population size (Ne) for the total data‑
set and for regional populations. Estimates for SW-M (both data‑
sets) and NW (SNPs) were omitted due to small sample sizes but are 
included in the Total and West combined estimates

Included are the mean Ne estimates, bootstrap 95% credibility inter‑
vals, and jackknife estimates

Marker Independent 
comparisons

Ne 95% CI-Jackknife

Microsatellites 18 loci
 Total (N = 49) 880 50.5 25.8–63.7
 SE (N = 13) 202 6.1 2.5–15.5
 NW (N = 20) 647 30.0 9.0–∞
 SW (N = 16) 621 37.7 14.9–∞
 West combined (N = 36) 841 46.5 19.6–632.6

SNPs 1703 loci
 Total (N = 27) 1445744 11.8 7.8–19.2
 SE (N = 12) 921193 10.5 4.2–38.7
 SW (N = 11) 1106133 11.0 5.9–53.6
 West combined (N = 15) 1267422 19.3 8.9–60.2
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Accession MZ355766-MZ35574, MZ355776-MZ355794, 
MZ355796-MZ355824), and a single sample as haplotype 
A03 (MZ355795) (García-Rodríguez et al. 1998). A third 
identified haplotype had two mutational differences from 
haplotype A01 and was designated as a new haplotype, A06 
(MZ355775). All haplotypes represent the haplotype cluster 
I, widespread across the northwestern Caribbean (Belize), 
Gulf of Mexico and Florida, and Greater Antilles (García-
Rodríguez et al. 1998).

Diversity values for the mtDNA sequence data were 
expectedly low given that there were only three haplotypes 
with highly skewed frequencies identified in 59 manatees. 
Overall, haplotype diversity (h) was 0.068 and nucleotide 
diversity (π) was 0.00025.

Discussion

Cuba is the largest island in the Caribbean, and it has large 
expanses of coastal habitats with over 600 rivers that could 
support a considerable number of manatees (Alcolado 2006; 
Baisre and Arboleya 2006). Historically, manatees likely 
inhabited much of the coastal habitat of Cuba, although no 
estimates of population abundance are available. The low 
levels of haplotype diversity, microsatellite heterozygosity, 
and allelic variation detected in this study are characteristic 
of small, isolated populations of manatees that have under‑
gone extended bottlenecks and long-term human pressures 
(Hunter et al. 2010).

Microsatellite gene diversity in Cuba at 12 loci 
(HE = 0.44) was comparable to other reported popula‑
tions in the Caribbean and Gulf of Mexico (e.g., Florida 
HO 0.45, HE 0.48, Tucker et al. 2012; Belize HO 0.46, HE 
0.45, Hunter et al. 2010; Puerto Rico HO 0.45, HE 0.45, 
Hunter et al. 2012; Mexico HO 0.44–0.47, HE 0.41–0.46, 
Nourisson et al. 2011). The average number of alleles for 
Cuba at 12 and 18 loci (3.2 and 3.4, respectively) was lower 
than those obtained for Florida and Puerto Rico (4.8 and 
3.9, respectively) (Tucker et al. 2012; Hunter et al. 2012). 
These previous studies used the same microsatellite loci (or 
subsets thereof), making diversity comparisons more eas‑
ily interpretable, especially for heterozygosity. Microsatel‑
lite allele size assignment can vary across studies and labs 
(Davison and Chiba 2003; Amos et al. 2007) and therefore 
require careful cross-calibration to confirm allele assignment 
across genotypes. However, comparing heterozygosity esti‑
mates should be less sensitive to allele size calling, assuming 
allelic dropout rates are not highly skewed among studies.

The level of microsatellite genetic diversity was lower 
relative to what has been reported as average for demograph‑
ically challenged mammal populations (HE = 0.50 ± 0.027) 
(Garner et  al. 2005). These were populations affected 
at least by one or more demographic risk factors such as 

population declines, bottlenecks, reduction of population 
range, and isolation from conspecifics (Garner et al. 2005). 
Microsatellite diversity was also lower when compared with 
average estimates from disturbed mammal populations due 
to hunting (HE = 0.60 ± 0.02) and habitat fragmentation 
(HE = 0.59 ± 0.023) (DiBattista 2008). Most endangered spe‑
cies and populations have lower genetic diversity than non-
endangered species with large populations (Frankham 2005). 
Low diversity values can be associated with an increased 
vulnerability to environmental, demographic, and stochas‑
tic variation and, consequently, an increased probability of 
extinction (Frankham et al. 2010); hence, it is wise to inves‑
tigate whether they negatively impact the population. Sub‑
stantial losses in genetic diversity can occur at the popula‑
tion level when unique genetic diversity is lost, even in large 
populations (Garner et al. 2005). Inbreeding was detected 
in the full microsatellite dataset in the NW population only, 
and may be a near-future problem in other subpopulations, 
as the abundance of animals appears to be low (Frankham 
et al. 2010). Close monitoring would be required to detect 
other signals of inbreeding or inbreeding depression (loss 
of fitness).

Moderate levels of genetic differentiation between the 
SE (predominantly Guantanamo Bay) and the rest of Cuba 
were consistent between the microsatellite and SNP datasets. 
Whether this genetic differentiation is due to allopatric isola‑
tion (presence of a physical barrier) or simply a product off 
geographic distance remains unknown. Our tests for global 
population structure due to geographic distance were sig‑
nificant and primarily separated the SE and the remainder of 
the geographic distribution of samples. However, the extent 
to which the SE represents a genetically distinct population 
will require continued geographic sampling to determine 
where a population separation may occur in the primarily 
understudied eastern half of the archipelago. In general, 
parts of the east coast of Cuba might have limited freshwater 
accessibility due to the construction of dams, but also low-
quality seagrass beds resulting from the building of roads 
and bridges connecting the keys with the mainland (i.e., 
Archipelago Sabana Camaguey in the northeast) (Alcolado 
et al. 1998; Martinez-Daranas and Suarez 2018). The envi‑
ronmental deterioration associated with these anthropogenic 
structures reduces manatees’ freshwater and forage habitat 
(Alcolado et al. 1998).

The dispersal and movement patterns of manatees in 
Cuba are not well-studied, so the identified population struc‑
ture cannot be directly associated with limited home ranges 
or a lack of long-distance movement. Two unpublished stud‑
ies have been conducted, one in NW-Isla de la Juventud and 
another in SE-Guantanamo Bay, involving three and eight 
satellited tracked manatees. The tracked manatees remained 
within 50 km of the tagging site along the coastline, suggest‑
ing relatively short distance movements compared to studied 
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manatee populations (Reid et al. 2015; Alvarez-Alemán 
et al. 2018a). However, West Indian manatees have also 
been documented to travel long distances along coastlines 
with suitable habitat (Fertl et al. 2005), and mark-recapture 
observations of manatees moving between Cuba and Flor‑
ida over open water indicate that more extended distance 
movements (Alvarez-Alemán et al. 2010, 2018b) could allow 
for the maintenance of connectivity between the regions 
of Cuba (Hanski and Mononen 2011). Within the Carib‑
bean manatees, subpopulation differentiation has also been 
identified in the Puerto Rico and Belize populations within 
relatively small distances—suggesting limited home ranges 
and dispersal in some populations or individual manatees 
(Hunter et al. 2010, 2012). Further studies of behavior and 
habitat use, complemented with habitat availability across 
the archipelago, will be required to understand the current 
genetic structure patterns.

The lack of clear geographic structure among manatees 
sampled from the NW and SW of Cuba suggests that move‑
ment around the island’s western point is not restricted. 
The SW-mainland (i.e., sites 2, 8, 11, Fig. 1) appears to be 
an admixture of ancestry representing NW and Isla de la 
Juventud (SW-IJ). However, four of the five manatees sam‑
pled in the SW-mainland were obtained from an artificial 
translocated population in the Laguna del Tesoro (a lagoon 
in Zapata Swamp disconnected from the ocean), the recipi‑
ent of translocated manatees in 1990 (Alvarez-Alemán et al. 
2018a). At least two of these translocated individuals were 
moved to the Laguna del Tesoro from the north coast, and 
the rest came from the southwest.

Mitochondrial control region sequence variation was 
extremely low, far more than most other populations across 
the species range (García-Rodríguez et al. 1998; Lima et al. 
2021). Only Florida (T. m. latirostris) manatees have less 
haplotype diversity, with only one haplotype (A01) reported 
across 28 individuals (Vianna et al. 2006). In Cuba, the same 
haplotype is predominant for many manatees sequenced 
from Puerto Rico, Dominican Republic, Mexico, and Belize 
(Vianna et al. 2006; Hunter et al. 2010, 2012). Only two 
manatees had alternative haplotypes, including A03 and 
A06, identified here and sequenced previously (Hernan‑
dez et al. 2013). All three observed haplotypes are closely 
related (in the ‘A’ clade) within “Cluster I” which is ubiqui‑
tous in the West Indies (and Florida) and frequently detected 
along the Caribbean coast of Central America (Vianna et al. 
2006; Satizábal et al. 2012). The low haplotype diversity 
in Cuba manatees could reflect a historical bottleneck or a 
founder event. The absence of the haplotype B01 in Cuba, 
particularly in the SE samples, suggests low levels of female 
dispersal in the Greater Antilles. This haplotype was domi‑
nant in Puerto Rico (N = 74) and the Dominican Republic 
(N = 4) but also reported in Colombia (N = 1) (Vianna et al. 
2006; Hunter et al. 2012; Satizábal et al. 2012).

The effective population size estimates for the full Cuba 
dataset were low, with Ne ≤ 53 for the microsatellite and 
SNP datasets. These values were lower than the Florida 
population estimates (Ne = 1260) and the Ne values for the 
two Florida clusters (West and East) using the same LD 
method (Tucker et al. 2012). Alarmingly, low estimates were 
detected for the SE cluster, which perhaps reflects a higher 
level of isolation when compared with the other genetic clus‑
ters. The low values of Ne suggest that the Cuba population 
could be recovering from a recent bottleneck, historically 
small population size, or limited gene flow (Lansink et al. 
2020). Populations of mammals that have been assumed to 
have gone through a bottleneck often display low values of 
Ne, as is the case of the Finnish wolf, Saimaa ringed seal, 
Canada lynx and Iberian lynx population, all of which had 
Ne values below 50 (Aspi et al. 2006; Casas-Marce et al. 
2013; Valtonen et al. 2014; Prentice et al. 2017).

Several authors have proposed Ne = 50 and Ne = 100 to be 
enough for preventing inbreeding depression and retaining 
the evolutionary potential for fitness in perpetuity in natu‑
rally outbreeding diploid species in the short term, respec‑
tively (Soulé 1980; Franklin 1980; Jamieson and Allendorf 
2012). However, Frankham et al. (2014) criticized these 
numbers and suggested that these should be raised to at 
least 100 and 1000 and reevaluated as more data become 
available. The Convention on Biological Diversity (CBD) 
post-2020 global diversity framework recommends using the 
proportion of populations with Ne above 500 as a criterion 
for maintaining genetic diversity and adaptive capacity, as 
suggested by Hoban et al. (2020). Applying these princi‑
ples, the Cuban manatee population appears to be genetically 
depauperate and requires a conservation strategy to increase 
population size to improve the genetic variability.

Conclusion

Our results suggest that regular gene flow occurs across the 
western portion of the archipelago, but there is possibly 
less connectivity between the SE Guantanamo Bay region 
and the western portion of the archipelago. The genetic 
distinction of the SE population supports recognition of 
it as a demographically independent population for natu‑
ral resource management (Funk et al. 2012), regardless of 
whether it is due to historical isolation or isolation by dis‑
tance. Improvement of genetic diversity and connectivity 
in the short-term could benefit from a network of national 
marine protected areas in critical habitats and corridors to 
secure connections among more isolated regions and reduce 
manatee mortality. Improving habitat will be necessary, par‑
ticularly along the eastern portions of the archipelago.
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