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Abstract
Sound management of coastal resources is based on science-based decisions. Bottlenose dolphins are found around Puerto 
Rico; however, limited information exists on the ecology, behavior, sex ratio, distribution patterns, and population structure 
presenting, challenges in managing the bottlenose dolphin as defined in the Marine Mammal Protection Act of 1972. We 
sequenced the mitochondrial control region (mtDNA-CR) of 27 live and 11 stranded dolphins from Puerto Rico, five stranded 
dolphins from Guadeloupe and included sequences from the North Atlantic and the Pacific Ocean. Our genetic data from the 
new samples indicates the presence of distinct genetic lineages (inshore—represented by coastal individuals) and worldwide-
distributed form (represented by both coastal and offshore individuals) in Puerto Rico. DNA divergence between inshore/
coastal and offshore haplotypes ranged from 4.34 to 6.58%. All haplotypes from Puerto Rico have been previously reported 
from the Caribbean and North Atlantic. Genetic analysis yielded a complex population structure without a clear geographic 
signal; an expected result from a highly mobile marine mammal. A clade consisting exclusively of coastal dolphins of the 
Caribbean and the western North Atlantic was recovered. Offshore haplotypes from the eastern and western North Atlantic 
were generally clustered with offshore haplotypes of the Caribbean. Coastal and offshore haplotypes from the Pacific differed 
from those from the Atlantic. When we partitioned the data by form (coastal vs. offshore) and ocean (Atlantic vs. Pacific), we 
detected significant population differentiation (FST = 0.4089), indicating limited gene flow between forms and across oceans.
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Introduction

The common bottlenose dolphin (Tursiops truncatus trun-
catus) is considered the most common nearshore cetacean in 
the Caribbean (Ward et al. 2001). Geographical variations in 
size, coloration, habitats, and cranial characteristics of bot-
tlenose dolphins across the world’s oceans have led research-
ers to differentiate two forms of the species (Hersh and 
Duffield 1990; Mead and Potter 1995). This distinction has 
been based on mitochondrial DNA (mtDNA), hemoglobin, 
parasite loads, prey preferences, and distribution (Hersh and 
Duffield 1990; Mead and Potter 1995; Hoelzel et al. 1998; 
Mignucci-Giannoni et al. 1998; Colón-Llavina et al. 2009; 
Caballero et al. 2011). The offshore form is distinguished by 
a falcated dorsal fin, a short rostrum, a bulky body, a dark 
cape pattern, and a white saddle patch in the peduncle area 
behind the dorsal fin (Herzing and Elliser 2016; Ramos et al. 
2016; Van Waerebeek et al. 2017) and is found in deep zones 
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near oceanic islands or in the ocean (Hersh and Duffield 
1990). The coastal or inshore form, in contrast, is smaller in 
size, has lighter coloring, and larger flippers (Mead and Pot-
ter 1995; Ramos et al. 2016; Ruenes et al. 2023). However, 
the features of the two types are not consistent worldwide 
(Curry and Smith 1997). For example, offshore T. truncatus 
tend to be smaller in the Pacific Ocean than their nearshore 
counterparts (Curry and Smith 1997; Bearzi et al. 2009). 
It is commonly assumed that the inshore form of this spe-
cies primarily inhabits the coastal zone, while the offshore 
form is typically found in the pelagic zone. However, recent 
observations challenge this assumption, as individuals from 
the offshore form have been observed near the shore in cer-
tain areas (Wells et al. 1999). Conversely, individuals cor-
responding to the inshore form have been observed in far-
reaching continental shelf regions (Kenney 1990).

Analysis of mtDNA from bottlenose dolphins from the 
Caribbean revealed the presence of two genetically differ-
entiated forms; one described as inshore and the other as 
a worldwide distributed form (Tezanos-Pinto et al. 2009; 
Caballero et al. 2011). The worldwide distributed form was 
represented by genetically coastal and offshore individuals 
that could inhabit both coastal and oceanic habitats. This 
form exhibits a high level of mtDNA diversity, but no dis-
cernible phylogeographic distinction was found among them 
and no corresponding morphological analysis was made in 
these assessments (e.g. Tezanos-Pinto et al. 2009; Cabal-
lero et al. 2011). The status of various forms of T. truncatus 
globally is unclear. The 2018 workshop on the taxonomy of 
the genus Tursiops (Natoli et al. 2019) highlighted various 
factors contributing to the existing taxonomic uncertainty 
within the genus. These factors include the wide distribu-
tion of Tursiops across diverse and variable environments, 
limited availability of specimens from numerous regions, 
variations in research methods and designs, and the intri-
cate and protracted nomenclatural history associated with 
the genus (Natoli et al. 2019). Following the latest taxo-
nomic distinction, we will use the terms coastal and offshore 
forms throughout the manuscript as neutral descriptors of 
the species.

In the Caballero et al. (2011) study, 26 of the analyzed 
samples were from dolphins stranded in Puerto Rico, and 
based on the genetic analysis, both forms were identified 
in Puerto Rico (24 offshore and 2 inshore forms). As these 
samples came from stranded individuals, no data were avail-
able on the geographic origin of the dolphins. Ocean cur-
rents can move cetacean carcasses far from residence sites 
(Peltier et al. 2012). Determining population structure based 
only on carcasses can fail to detect or infer erroneous pat-
terns of population differentiation. Those patterns are crucial 
for understanding population structure and dynamics and 
imperative for management decision-making (Bilgmann 
et al. 2011). The absence of data from living specimens from 

Puerto Rico that could lead to a better understanding of the 
population dynamics of dolphins was the main motivation 
for undertaking this study.

In the Caribbean Sea and adjacent waters, there are few 
studies of the genetic structure of known populations, but 
results suggest significant population differentiation (Cabal-
lero et al. 2011). In northern Bahamas (Parsons et al. 2006) 
and Western North Atlantic (Shintaku 2021), a fine-scale 
population structure was found between three Tursiops 
populations suggesting the existence of possibly different 
units for conservation and management. In Bocas del Toro, 
in the Caribbean side of Panama, low genetic diversity was 
found within a well-monitored population (Barragán-Bar-
rera et al. 2013, 2017). Similar results have been reported 
elsewhere (i.e. Australia, Allen et al. 2016; South Pacific, 
Sanino et al. 2005; Black Sea, Viaud-Martinez et al. 2008) 
showing genetic differentiation among regional populations 
and, in some cases, low diversity (e.g. Fruet et al. 2014) in 
this highly mobile species. However, there are reports of 
populations that do not show differentiation, as in the case 
of the bottlenose dolphins off the mid-North Atlantic, which 
exhibited shared haplotypes between inshore and offshore 
types (Castilho et al. 2015). Interestingly, a recent study 
(Duarte-Fajardo et al. 2023) conducted in the western Car-
ibbean utilizing samples collected in Panama and Colombia, 
found two genetic forms in Colombian waters, as was found 
previously in Puerto Rico (Tezanos-Pinto et al. 2009; War-
ing et al. 2011; Caballero et al. 2011). Furthermore, it was 
discovered that mtDNA bottlenose dolphin haplotypes from 
Colombia were nested with haplotypes from Puerto Rico and 
Honduras, which are classified in the same phylogroup as 
the worldwide distributed form.

Although the presence of both forms has been reported in 
Puerto Rico (Tezanos-Pinto et al. 2009; Waring et al. 2011; 
Caballero et al. 2011), no assessment has been done to deter-
mine their extent, distribution, and if there are any interac-
tions between the two forms in the free-ranging population. 
The unclear composition (e.g. numbers, distribution) and 
the relationship between the two forms present challenges 
in managing this species as defined in the Marine Mammal 
Protection Act of 1972 and the mandatory stock assessments 
for marine mammals in the U.S. Caribbean.

Rodriguez-Ferrer (2001) reported an estimated census 
population size of 314 individuals for the southwest coast 
of Puerto Rico with a more coastal distribution. This work 
was focused on abundance and distribution, but no informa-
tion was collected about the population structure and the 
presence/absence of the two forms in that region. Thus, the 
objectives of this work were: 1) to characterize the genetic 
variability and structure, sex ratio, and group composition 
of bottlenose dolphins throughout Puerto Rico by analyzing 
DNA from live-biopsied individuals from the south and west 
coast as well as opportunistic, island-wide strandings; and 
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2) determine the genetic relationships between T. truncatus 
dolphins from Puerto Rico, the Caribbean, and worldwide 
based on a portion of the mitochondrial control region.

Materials and methods

Study area: Puerto Rico

Sampling of free raging dolphins was conducted on the 
waters off the south and west coast of Puerto Rico (18º 12′ 
06″ N, 66º 39′ 52.24″ W) (Fig. 1). Puerto Rico is an archi-
pelago of approximately 140 geographic structures, includ-
ing islands, and islets of various sizes, surrounded mostly 
by deep waters (Méndez-Méndez and Fernández 2015). 
Surrounding Puerto Rico is an insular, narrow shelf on the 
northern and east coasts (Scheneidermann et al. 1976). The 
western insular shelf is wide and extends from six to 26 km 
with an average depth of 18–20 m (Schlee et al. 1999; Bal-
lantine et al. 2008). On the south coast, the insular shelf 
extends east and narrows again along the eastern coastline 
(Morelock et al. 1994).

Biopsy sampling surveys were conducted from Aguada 
in the north to the island of Caja de Muertos in the south 
(Fig. 1) during two periods (18–31 August 2014 and 19–30 
October 2015) when dolphin sightings were reported to peak 
(Rodriguez-Ferrer 2001). The survey was focused on known 
dolphin distribution areas (Rodriguez-Ferrer et al. 2017). 
The survey transects were predetermined based on earlier 
surveys conducted in the regions (Rodriguez-Ferrer 2001; 
Rodriguez-Ferrer et al. 2017), which confirmed the exist-
ence of a resident population and documented the presence 
of different coastal and offshore forms.

The surveys were conducted in an open 7-m boat, offer-
ing a 360° field of view. Sampling was attempted only 
under favorable weather conditions (Beaufort scale up to 3; 
equivalent of a wave height 0.91 m or less). Once a group 
of dolphins was sighted, data on behaviour, group size and 
composition were recorded before sampling. In addition, vis-
ible diagnostic offshore/coastal characteristics described for 
bottlenose dolphins in the Caribbean were recorded to distin-
guish between forms. For the offshore form, the characters 
used were a large size and bulky body, falcated fin, dark 
coloration, short rostrum in proportion to body size, and/
or a white saddle patch (Herzing and Elliser 2016; Ramos 
et al. 2016; Van Waerebeek et al. 2017). For the coastal 
form, we searched for light coloration, small body size, no 
saddle patch, and rostrum in proportion to body size (Mead 
and Potter 1995; Ramos et al. 2016).

The boat was then positioned parallel to the swimming 
group. Skin samples of 27 free ranging dolphins were col-
lected using a standard biopsy protocol (Sinclair et al. 2015). 
Darts and tips especially designed for small cetaceans (F. 
Larsen, Ceta-Dart, ACC darts, with floats and vanes for 
crossbow and sampling heads M8/40 mm) were deployed 
with a crossbow from a trained licensed marksperson. Adult 
dolphins were biopsied along their flank below the dorsal 
fin (Gorgone et al. 2008). The individual was photographed 
during sampling for identification and cataloguing pur-
poses based on dorsal fin morphology and/or any scarring 
present. Pictures were then compared and included in an 
existing dorsal fin catalog (Rodriguez-Ferrer et al. 2017). 
Tissue samples were preserved in liquid nitrogen and stored 
in an – 80 °C freezer. We conducted fieldwork under per-
mits from the National Marine Fisheries Service, Southeast 
Fisheries Science Center, Marine Mammal Protection Act 
(Scientific Permit Number 14450-01) and the Puerto Rico 

Fig. 1   Study area and sur-
vey effort for the common 
bottlenose dolphin Tursiops 
truncatus, live animal biopsy 
sampling (August 18–31, 2014, 
October 19–30, 2015). Survey 
effort is represented by the solid 
black line
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Department of Natural and Environmental Resources (Per-
mit 2015-IC-047).

Data set of this study

Skin samples collected from stranded dolphins around 
Puerto Rico were included in the data set. Necropsy reports, 
if available, were reviewed for pictures and/or descriptions 
of the specimens to infer gender and possible ecotype. The 
samples included eight stranded dolphins covering the years 
between 2006 and 2018 from the Puerto Rico Department 
of Natural and Environmental Resources tissue bank, and 
three samples from Puerto Rico from the Caribbean Mana-
tee Conservation Center (2001–2016) (Fig. 2). Also, for 
comparison purposes, five samples from the Guadeloupe 
Stranding Network (2013–2015) were included in the set. 
Finally, 334 control region sequences were extracted from 
GenBank to augment our dataset (Supplementary Material 
Table S1), bringing the total to 377 sequences. The samples 
from Guadeloupe, as well as the GenBank records, were 
included for comparison purposes since the second objec-
tive of this research was to place the Puerto Rico dolphins 
in the context of the wider distribution of the species in 
the Caribbean, the North, and South Atlantic and the North 
and South Pacific. We assigned a dolphin to either coastal/
inshore (we kept the nomenclature of the source for continu-
ity) or offshore form based on the classification given by the 
authors of the studies we included (Supplementary Material 
Table S1). This was not possible in all cases (178 out of 334 
dolphins included in this study). For example, the dolphins 
from New Zealand (Tezanos-Pinto et al. 2009) had no form 
information and were excluded from the Pacific group in 

all statistical tests performed in Arlequin (Tables 1, 2, 3). 
None of these classifications was based on morphometry to 
distinguish the two forms; rather, they were based on DNA 
sequence clustering.   

DNA extraction, PCR and sexing

DNA was extracted from skin samples using the DNeasy kit 
(Qiagen, Valencia, CA, USA). A 550-bp region of the mito-
chondrial control region was amplified using the primers 
tPro-whale (5ʹ-TCA​CCC​ AAA​GCT​GRA​RTT​CTA-3ʹ) and 
Dlp-5 (5ʹCCA​TCG​WGA​TGT​CTT​ATT​TAA​GRG​GAA-3ʹ) 
(Baker et al. 1998) following the same amplification con-
ditions as in Caballero et al. (2011). PCR products were 
cleaned from excess primers and dNTPs with the ExoSAP-
IT™ PCR Product Cleanup Reagent kit (Fisher Scientific, 
Pittsburgh, PA) and sequenced with Sanger sequencing 
(Sanger and Coulson 1975). Sex of live animals was deter-
mined by a molecular essay where a PCR reaction was per-
formed with the primers TtSRYR (5ʹ-ACC​GGC​TTC​CAT​
TCG​TGA​ACG-3ʹ), PMSRYF (5ʹ-CAT​TGT​GTG​GTC​TCG​
TGA​TC-3ʹ) (Richard et al. 1994), ZFX0582F (5ʹ-ATA​GGT​
CTG​CAG​A CTC​TTC​TA-3ʹ) (Bérubé and Palsboll 1996), 
ZFX0923R (5ʹ-AGA​ATA​TGGC GAC​TTA​AGA​ACG​-3ʹ) 
(Bérubé and Palsboll 1996). We followed the PCR condi-
tions as outlined in Rosel (2003). For stranded dolphins, the 
sex was determined visually during necropsy.

Data analysis

All successful PCR amplicons were purified from 
excess primers and unincorporated dNTPs using 4 μL of 

Fig. 2   Distribution of samples 
of Tursiops truncatus from 
the current study and those of 
Caballero et al. (2011). Trian-
gles ( ▴ ) represent live animals 
sampled in this study, circles 
(●) represent stranded dolphins 
(years 2001–2018), and squares 
( ▪ ) represent dolphins stranded 
in Puerto Rico (1994–2003), 
as reported in Caballero et al. 
(2011). Inshore haplotypes 
are represented by green and 
purple colors (haplotypes 
108 and 124), while offshore 
haplotypes are colored white, 
orange, ochre, red, and yellow 
(haplotypes 9, 12, 46, 72, and 
76, respectively)
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ExoSAP-IT per 5 μL of PCR product. Samples were plated 
on 96-well sequencing plates and were processed for Sanger 
sequencing in both directions using the Big Dye 3.1 Termi-
nator Cycle Sequencing Kit. The ethanol-precipitated prod-
ucts were loaded into an ABI 3130xl 16-capillary Genetic 
Analyzer at the Sequencing and Genomics Facility of the 
University of Puerto Rico, Rio Piedras. All DNA sequences 
have been submitted to GenBank (control region: Accession 
Numbers PP779129-PP779168).

The DNA traces were visually inspected for quality and 
accuracy in nucleotide base assignment in Codon Code 
Aligner v. 8.0.2 (Codon Code Corp.). Sequences were 
trimmed in Codon Code Aligner and then aligned by the 
MAFFT Algorithm v. 7 (Bandelt et al. 1999; Katoh and 
Standley 2013) for further analyses. DnaSP v.6 (Rozas 
et al. 2017) was used to assign sequences to either coastal/
inshore or offshore per location (western North Atlantic 
inshore, eastern North Atlantic coastal, Caribbean inshore, 
eastern North Atlantic offshore, western North Atlantic off-
shore, Caribbean offshore). The best number of phylogroups 

present in our data, was determined by estimating the highest 
and significant global FCT (the proportion of genetic vari-
ability found among groups that collaterally indicates the 
best genetic grouping of the data; FCT = 0.173, P = 0.001; 
Supplementary Material Table S1). The obtained phylo-
groups were three: Group 1 Atlantic coastal/inshore (western 
North Atlantic inshore, eastern North Atlantic coastal, Car-
ibbean inshore), Group 2 Atlantic offshore (eastern North 
Atlantic offshore, western North Atlantic offshore, Carib-
bean offshore) and Group 3 Pacific (Pacific inshore, Pacific 
offshore). We then estimated DNA summary statistics (e.g. 
nucleotide diversity indices and neutrality test statistics 
Table 1), AMOVA analysis (Table 2), population pairwise 
FST and ΦST comparisons (Table 3) in Arlequin (Excoffier 
and Lischer 2010).

The haplotypic data for the population and phylogenetic 
analysis was constructed as follows: Identical sequences 
were collapsed to haplotypes in DnaSP with sites with gaps 
and missing data considered and non-considered. When we 
included all gaps/missing data we extracted 204 haplotypes 
and when we excluded them, we extracted 130 haplotypes to 
be used in the network analysis and phylogenetic reconstruc-
tion. We have undertaken the more conservative approach 
by excluding the sites with missing data. Arlequin files were 
then generated in DnaSP for downstream analysis.

The female effective population size (Nef) for Puerto Rico 
populations was estimated using the formula Nef = θ/2 μg, 
where μ = bp substitution rate per generation and θ = genetic 
diversity. We used generation time (g = 10 years) as it has 
been estimated for bottlenose dolphins (Cassens et al. 2005) 
with a mutation rate of 1.5e−7 (Hoelzel et al. 1991).

Haplotype networks were illustrated with a median-
joining network algorithm (Bandelt et al. 1999) using the 

Table 1   Summary of DNA statistics of three Tursiops truncatus phylogroups (Atlantic coastal, Atlantic offshore, and Pacific) based on mtDNA-
CR data set and as defined from the AMOVA

Puerto Rico sequences include the new sequences and those of Caballero et al. (2011). In parentheses, the values of one standard deviation of the 
mean are indicated
N Atl North Atlantic
(*) Asterisks denote significant values (P < 0.05)

Location N #Haplotypes Haplotype diversity (h) Theta (θ) Pi (π) Tajima's D Fu’s Fs

Phylogroup 1 Caribbean inshore 61 18 0.73 (0.06) 0.02 (0.01) 0.01 (0.01)  – 1.11  – 2.76
Eastern N Atl coastal 11 6 0.89 (0.06) 0.01 (< 0.01) 0.01 (0.01) 0.17 0.60
Western N Atl inshore 42 38 0.99 (0.01) 0.02 (0.01) 0.03 (0.02)  – 0.23  – 24.77*

Phylogroup 2 Caribbean offshore 41 14 0.80 (0.05) 0.01 (< 0.01) 0.01 (0.01)  – 0.61  – 2.72
Eastern N Atl offshore 120 31 0.94 (0.01) 0.02 (0.01) 0.02 (0.01)  – 0.45  – 4.01
Western N Atl offshore 4 4 1.00 (0.18) 0.03 (0.02) 0.03 (0.02)  – 0.26 0.56

Phylogroup 3 Pacific inshore 46 13 0.67 (0.08) 0.02 (0.01) 0.01 (0.01)  – 1.12  – 0.41
Pacific offshore 11 11 1.00 (0.04) 0.02 (0.01) 0.03 (0.02) 0.12  – 4.96*
Puerto Rico coastal/inshore 25 2 0.08 (0.07) 0.01 (0.02) 0.01 (< 0.01)  – 2.15* 2.04
Puerto Rico offshore 24 6 0.72 (0.06) 0.08 (0.03) 0.01 (0.01) 0.22 1.25

Table 2   Analysis of molecular variance (AMOVA) results for Tursi-
ops truncatus based on the mitochondrial control region among three 
groups: Atlantic offshore, Atlantic coastal and Pacific sequences

FST = 0.409*, FSC = 0.289*, FCT = 0.169, *Denotes statistical signifi-
cance

Source of variation d.f Sum of
squares

Variance 
components

%
of variation

Among groups 1 220.8 1.10 Va 16.91
Among populations 

within groups
1 216.8 1.56 Vb 23.98

Within populations 336 1294.4 3.85 Vc 59.11
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software PopART v. 1.7.2 (Leigh and Bryant 2015) to depict 
the geographic distribution of haplotypes and their related-
ness visually. Sequence divergences between sequences and 
inferred phylogroups were estimated in PAUP* (Swofford 
2001) using the appropriate model of nucleotide substitution 
as estimated by the BIC criterion in jModelTest2 (Darriba 
et al. 2012).

Phylogenetic relationships among dolphin sequences 
were inferred with the maximum likelihood in RaxML-ng 
(Kozlov et al. 2019) using 200 bootstrap replicates to assess 
branch support. We used a control region sequence of an 
Atlantic spotted dolphin (Stenella attenuata, GQ504130.1) 
as outgroup. Phylogenetic trees were visualized in iToL 
(Letunic and Bork 2019) and improved with Adobe 
Illustrator.

Results

Weather conditions restricted the survey time in the offshore 
waters, and all sightings were recorded on the nearshore 
waters (Fig. 1); therefore, the sampling is biased towards the 
nearshore environment. None of the sighted individuals had 
notable offshore form characteristics (Herzing and Elliser 
2016; Van Waerebeek et al. 2017). A total of 27 biopsy sam-
ples were collected from the free ranging individuals, while 
33 samples came from stranded animals (Fig. 2).

The sex ratio was 31 females and 29 males. There were 
four males and one female from Guadeloupe. Genetic analy-
sis showed that 19 of the free-ranging biopsied dolphins 
belong to the coastal form, and eight biopsied dolphins 
were of the offshore form. Two of the eight dolphins exhib-
iting the offshore form have been sighted before in previ-
ous surveys, these were identified as males by the molecu-
lar essay. The sex ratio for the offshore form was six males 
and two females. For the coastal form, eight dolphins were 
re-sighted. Sex ratio of the re-sighted coastal dolphins was 
seven males and one female. Samples that came from recent 
strandings included nine offshore and two coastal dolphins. 
The sex ratio for stranded offshore dolphins was six males 
and three females, and the coastal form was two females and 
no males. None of the stranded dolphins could be matched 
with fins from the fin catalog.

The size range for stranded dolphins in Puerto Rico 
ranged from 111 to 259 cm in total length. The average 
length for a stranded offshore dolphin was 231.7 cm while 
the average size for a coastal dolphin was 226.4 cm. There is 
no significant difference between the total length of stranded 
offshore versus the stranded coastal dolphins (One-Way 
ANOVA, F1,34 = 0.182, P = 0.675). Offshore dolphins are the 
dominant form in strandings for both sexes and year classes. 
The north coast of Puerto Rico had the most offshore strand-
ings followed by the south coast (Fig. 2). Strandings of 
the coastal form were present on all coasts but in a lower 

Table 3   Population pairwise 
FST comparisons based on 
haplotype frequencies (Weir 
and Cockerham 1984), above, 
and ΦST comparisons based on 
sequence variation of Tursiops 
truncatus, below

All comparisons are based on control region sequences and estimated with 10,000 permutations in Arle-
quin with the Kimura-2P distance; those statistically significant (P < 0.05) are in bold
1 Pacific_inshore and 2 Pacific_offshore, forming phylogroup 3; 3 Western_NAtl_inshore, 4 Eastern_
NAtl_coastal, 5 Caribbean_inshore, forming phylogroup 1, and 6 Eastern_NAtl_offshore, 7 Western_
NAtl_offshore, 8 Caribbean_offshore, forming phylogroup 2. Natl North Atlantic

1 2 3 4 5 6 7 8

FST

 1 –
 2 0.188 –
 3 0.167 0.002 –
 4 0.241 0.055 0.046 –
 5 0.295 0.156 0.138 0.203 –
 6 0.180 0.031 0.018 0.049 0.155 –
 7 0.226 0.000  – 0.015 0.043 0.142  – 0.018 –
 8 0.265 0.113 0.099 0.156 0.235 0.113 0.102 –
�
ST

 1 –
 2 0.480 –
 3 0.490 0.007 –
 4 0.640 0.224 0.111 –
 5 0.661 0.470 0.401 0.627 –
 6 0.563 0.063 0.075 0.169 0.518 –
 7 0.546  – 0.081  – 0.038 0.251 0.438 0.016 –
 8 0.701 0.353 0.225 0.279 0.678 0.215 0.331 –
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frequency (1–3 animals per coast). In total, the free-ranging 
dolphins included 19 coastal and eight offshore forms, and 
the stranded dolphins included seven coastal and four off-
shore forms (Supplementary Material Table 1).

The best fit-model of nucleotide substitution to estimate 
sequence divergence among coastal and offshore haplotypes 
from Puerto Rico (Table 4) was selected in jModelTest2, 
where I = 0.560 and gamma shape (alpha) = 0.359. The off-
shore haplotypes of Puerto Rico differed from 4.34 to 6.58% 
from the coastal haplotypes (Table 4). The smallest sequence 
divergence was observed between the offshore Hap 12 and 
14 (0.27%) and the largest between the offshore Hap 12 and 
the coastal Hap 108 (6.5%). The range of sequence diver-
gence within coastal and offshore dolphin haplotypes was 
2.17% and 0.27–3.86%), respectively (Table 4).

The effective population size of the coastal dolphins 
ranged from 867 to 2400, ((Ne = 0.0026/(2*10*1.5 × 10−7)) 
and (Ne = 0.0072/(2*10*1.5 × 10−7)), respectively) while for 
offshore dolphins ranged from 1400 to 3333, ((Ne = 0.0042/ 
(2*10*1.5 × 10−7)) and (Ne = 0.01/(2* 10*1.5 × 10−7)), 
respectively).

Haplotype network findings

To reconstruct the haplotype network, the 43 newly gen-
erated control region sequences were combined with 334 
sequences from GenBank (Fig. 3, Supplementary Material 
Table S1). Haplotype analysis based on the Median-Joining 
network (Fig. 3) showed a complex haplotypic structure 
characterized by the high abundance of singleton sequences 
(n = 96). The geographic subdivision of haplotypes is mostly 
visually detected in the Pacific and the eastern Atlantic 
groups. The most common haplotype of our data set (Hap 
124; n = 29) consisted mostly of Caribbean dolphins, while 
the second most common (Hap 93; n = 26) was exclusive 
of the Pacific basin. Hap 46 (n = 21) was mostly present in 
the eastern Atlantic, but several dolphins from the northern 

Atlantic and Caribbean shared this haplotype. Hap 38 and 
Hap 41 sequences were shared by two Pacific and western 
North Atlantic Ocean dolphins, respectively.

Most of the sequences generated from live dolphins 
of Puerto Rico in the current study belonged to Hap 124 
(n = 20), followed by Hap 72 (n = 5) and Hap 46 (n = 2) 
(Figs. 3 and 4). Hap 124 was shared with previously sam-
pled dolphins from Mexico and Puerto Rico (Caballero et al. 
2011), and with the Bahamas (Parsons et al. 2006) (Fig. 3). 
Hap 46, 76, 72 were shared with dolphins from Costa Rica 
(Barragán-Barrera et al. 2017), and the Puerto Rico Cabal-
lero’s data set (Caballero et al. 2011) all corresponding to the 
“world distributed form”. Hap 124 (n = 5) and Hap 72 (n = 4) 
were also present in the stranded dolphins (Fig. 5). Three 
additional haplotypes were detected from stranded dolphins 
(Hap 76 (n = 5), Hap 78 (n = 1), and Hap 12 (n = 1)). The 
dolphin represented by Hap 78 was from Guadeloupe, and 
Hap 12 represents a female who was stranded on the north 
coast of Puerto Rico (Fig. 3). Interestingly, Hap 12 is pre-
dominantly present (n = 10) in Azores (Quérouil et al. 2007). 
For Puerto Rico, we identified two haplotypes (108 and 124) 
as coastal haplotypes and five haplotypes (9, 12, 46, 72 and 
76) as offshore haplotypes (Figs. 4, 5). Most live dolphins 
were coastal form (e.g. Hap 124, n = 20 live, n = 2 stranded 
from Caballero et al. (2011), n = 1 stranded, current study). 

The haplotype network based on control region sequences 
is not characterized by distinct demarcations of bottlenose 
dolphins, neither by geography nor by form. A notable 
exception is the cluster of haplotypes consisting of North-
West Atlantic /Caribbean coastal forms on the right side of 
the network (Fig. 3). The two coastal haplotypes from Puerto 
Rico (108 and 124) are part of this cluster. Coastal dolphins 
are present in the Pacific, W. North Atlantic, and the Carib-
bean, including Central America. The offshore dolphins are 
more numerous in our data set and are present in all sam-
pled areas, including the eastern North Atlantic (Fig. 3). A 
few reported coastal and offshore haplotypes mostly from 

Table 4   A Maximum-likelihood distance matrix of the eight Tursiops truncatus coastal and offshore haplotypes found in Puerto Rico based on 
the control region dataset

Genetic distances were estimated in PAUP* and were corrected with the HKY85. Haplotype numbers refer to haplotypes in Figs. 3 and 4
Off. Offshore, Cost. Coastal

Off. Hap 9 Off. Hap 12 Off. Hap 14 Off. Hap 46 Off. Hap 72 Off. Hap 76 Cost. Hap 108 Cost. Hap 124

Off. Hap 9 –
Off. Hap 12 0.005 –
Off. Hap 14 0.008 0.002 –
Off. Hap 46 0.033 0.029 0.026 –
Off. Hap 72 0.030 0.026 0.022 0.008 –
Off. Hap 76 0.034 0.038 0.034 0.011 0.008 –
Cost. Hap 108 0.055 0.065 0.06 0.047 0.048 0.043 –
Cost. Hap 124 0.050 0.06 0.055 0.053 0.053 0.048 0.021 –
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the Pacific and some from the western North Atlantic (e.g. 
32–35, 40–44, and 99–102) are genetically similar, often-
times different by 1 base substitution (Fig. 3).

Population structure and genetic diversity

Even though bottlenose dolphins like other marine mam-
mals are highly mobile, they show strong site fidelity to 
specific areas mostly driven by group behavior and niche 
specialization (Louis et al. 2014). Therefore, knowing the 
standing genetic variation of each region should be regarded 
as baseline information. The highest number of haplotypes 
were found in the western Atlantic inshore/coastal dolphins 
(n = 38, h = 0.99). The second highest number of haplotypes 
was recorded in eastern Atlantic offshore dolphins (n = 31, 
h = 0.94), but also this group had the highest number of indi-
viduals (N = 120). The lowest haplotypic values were found 
in the coastal dolphins of Puerto Rico (n = 25, h = 0.08). All 
phylogroups (Atlantic coastal, Atlantic offshore, and Pacific) 
exhibited relatively high π and θ values ranging from 0.01 
to 0.03. The highest θ value was recorded in the offshore 
dolpins of Puerto Rico, a subgroup of the Caribbean offshore 
population (Phylogroup 2, Table 1). The Tajima's D statistic 
was only significant in the coastal dolphins of Puerto Rico 
indicating the lack of genetic diversity (2 haplotypes out 
of 25 mtDNA-CR sequences) in the group or the presence 

of negative selection. The Fu’s Fs test statistic was signifi-
cantly different than was expected under neutrality in Atlan-
tic inshore and Pacific offshore (Table 1). Highly negative 
values of Fu’s Fs statistic are driven by the excess of single-
tons, suggesting a possible past population expansion event.

The AMOVA test based on the mitochondrial control 
region indicated that there is a significant population struc-
ture (FST = 0.409, P < 0.001) when partitioning the DNA 
sequences into three groups (Atlantic coastal, Atlantic off-
shore, and the Pacific) (Table 2). Most genetic variation 
(∼59%) is allocated within populations (Table 2). High FST 
values characterize species with distinct populations, with 
very limited to no gene flow. In the case of the bottlenose 
dolphins, given our data, the two mitochondrial lineages of 
the coastal and offshore dolphins in the Atlantic are geneti-
cally differentiated (e.g. see DNA divergence values in 
Table 4 for coastal vs. offshore specimens in Puerto Rico). 
Pairwise FST and ΦST comparisons based on haplotype fre-
quencies and nucleotide data, respectively, confirmed the 
presence of significant sequence divergence among popula-
tions, including those between the dolphins from the Pacific 
Ocean and the two dolphin forms found in the Atlantic 
Ocean (Table 3). The Pacific inshore bottlenose dolphins 
were the most differentiated group and the western North 
Atlantic offshore form was the least differentiated group 
(Table 3).

Fig. 3   Haplotype network based on the mtDNA control region of Tur-
siops truncatus from the Atlantic and Pacific Oceans. The median-
joining network algorithm (epsilon = 0) was used as implemented in 

PopArt. Red NE Atlantic, Green Caribbean, Purple Central America, 
Yellow NW Atlantic, Magenta Pacific Ocean
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Phylogenetic analyses

The phylogenetic analysis based on maximum likelihood 
(ML; Fig. 5) yielded rather similar groups as the haplotype 
network in Fig. 3. The coastal dolphin group with repre-
sentatives from the Caribbean, Central America and west-
ern North Atlantic was also detected with the ML analysis 
and supported by > 50 bootstrap value (Fig. 5; clade identi-
fied with an arrow). The dolphins from the Pacific marked 
with the magenta color are distributed on the rest of the 
tree, intermingled with those of the Atlantic, including 
the six offshore haplotypes from Puerto Rico (Fig. 5; in 
red). The eight haplotypes from Puerto Rico were divided 
into three visible groups as in Fig. 4, however the largest 
sequence divergence values are observed between coastal 
and offshore dolphins (Table 4). The group of genetically 
similar coastal and offshore haplotypes (e.g. 32–35, 40–44, 
99–102) was clustered near the coastal clade which con-
sisted of the haplotypes 107–120 and 124–130 (mostly 
from the Pacific Ocean and a few from the western North 
Atlantic Ocean).

Discussion

This study confirms the presence of genetically distinct 
forms in Puerto Rico, not only in stranded dolphins as pre-
viously reported, but also in the free-ranging population of 
the south and west coasts. The two genetically distinguished 
forms are the inshore, represented by coastal individuals and 
the worldwide-distributed, represented by both coastal and 
offshore dolphins. The biased sex ratio of biopsied indi-
viduals (17 males:10 females) was due mainly to dolphin 
behavior as males tend to interact more with the sampling 
boats (Quérouil et al. 2009); therefore, because of the small 
number of samples and sex-specific behavior, the reported 
sex ratio does not represent the true population sex structure. 
The present study has identified a distinct distribution pat-
tern for the bottlenose dolphin population in Puerto Rico. 
Analysis of mtDNA data has indicated a prevalence of the 
coastal form in the collected samples, while strandings pri-
marily involve the offshore individuals (worldwide distrib-
uted form). In this study, we assume that stranding dolphins 
had some level of association with the Puerto Rican waters. 

Fig. 4   Haplotype sequences based on the mtDNA control region of 
Tursiops truncatus from Puerto Rico. Live and stranded animals have 
been included in the current study and those reported in Caballero 

et al. (2011). The median-joining network algorithm (epsilon = 0) was 
used as implemented in PopArt
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The caveat in this scenario is that stranding carcasses can be 
carried far from their area of origin.

Even though all the 27 biopsied dolphins in this study 
were sampled in nearshore waters, we identified six dol-
phins belonging genetically to the offshore form. At the 
time of sampling, we assumed that these dolphins were of 
the coastal form because of their smaller size, not bear-
ing any of the cranial or fin diagnostic characteristics of 
the offshore form, which we could easily distinguish dur-
ing our field expeditions. Interestingly, two of these six 
dolphins were males, and were sighted interacting with 
a group of genetically identified  coastal form dolphins. 
Therefore, we report instances of interaction between 
forms, which could lead to possible inbreeding opportu-
nities between forms, or perhaps an overlap in distribution 
with some social interaction but without gene flow (Segura 

et al. 2006). Alternatively, there is a possibility that these 
"offshore" individuals, who exhibited coastal characteris-
tics and were biopsied in coastal areas of Puerto Rico, are 
members of the "worldwide distributed form" previously 
described in the Caribbean by Caballero et al. (2011). The 
"worldwide distributed form" of bottlenose dolphins has 
been proposed to consist of coastal and offshore dolphins. 
Our genetic data strengthens previous findings reported 
by Caballero et al. (2011) that the two genetically distinct 
forms could be found in sympatry in the region. However, 
we have also observed and biopsied dolphins with clear 
“offshore” morphological and genetic characteristics away 
from the insular shelf of Puerto Rico. More field obser-
vations are needed to enhance our understanding of the 
forms, sex ratio and geographic distribution of bottlenose 
dolphins swimming in the waters of Puerto Rico.

Fig. 5   Maximum likelihood tree depicting the phylogenetic relation-
ships of the 130 haplotypes based on the mtDNA control region of 
Tursiops truncatus from the Atlantic (shown in black text) and Pacific 
Ocean (shown in magenta text). The closely related dolphin species, 
Stenella attenuata, is the designated outgroup. Blue circles on the 
branches indicate bootstrap values above 70%. The eight haplotypes 

found in Puerto Rico are indicated in red, bold letters. Hap 38 and 
Hap 41 were present in both the Pacific and Atlantic oceans. Hap2 
was represented by a long branch, which has been truncated for bet-
ter viewing of the tree. The arrow indicates a coastal form exclusive 
clade
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The non-significant difference in total length among the 
forms for stranded dolphins could suggest that Tursiops in 
the Caribbean have adapted to warmer conditions; therefore, 
the size of the offshore form would be similar to that of 
the coastal form to the naked eye. Our live animal data set 
included six genetically defined offshore Tursiops that, when 
sighted in the sea, were identified as coastal due to the size 
and coloration, strengthening our hypothesis that in some 
areas of the Caribbean, such as Puerto Rico, the species 
might have adapted differently than in other regions. Con-
trary to continental regions, the Caribbean islands have, on 
average, narrow insular shelves (Hubbard et al. 1981; Smith 
et al. 1997; Claro and Lindeman 2003; Betancourt et al. 
2012); therefore, the coastal form has adapted to the condi-
tions of strong currents, deep waters even near the coast. In 
other regions the morphological differences are well marked 
and the morphological distinction between forms is clear. 
When we compare these areas with the Caribbean, these 
zones have large shelves, enclosed bays, or estuaries with 
calmer and shallow waters (Mead and Potter 1995; Segura 
et al. 2006; Fruet et al. 2017).

No unique dolphin haplotypes have been identified so 
far in Puerto Rico. All haplotypes in the live animals (this 
study) and stranded animals (Caballero et al. 2011) from 
Puerto Rico have been reported elsewhere in the Caribbean. 
Haplotype 124 is the most common in the Caribbean, indi-
cating that what is common in Puerto Rico is common in the 
Caribbean. The presence of Hap 12 from a stranded animal 
from Puerto Rico shared with the Azores could be indicative 
of a possible migratory population that passes by the north 
coast of Puerto Rico. Although carcasses drift and may dis-
tort the true population range, the fact that a female with 
the offshore form (large, falcated dorsal fin, short rostrum, 
offshore mtDNA) stranded in Puerto Rico, may indicate that 
migratory dolphins could be passing close to the coastal 
waters of Puerto Rico and increasing the potential of long-
range gene flow between the two sides of the Atlantic (Qué-
rouil et al. 2007). There is a need to sample then free-ranging 
individuals on the north coast of Puerto Rico to help deter-
mine if this was an isolated case of a migratory group close 
to Puerto Rico or that the population shared mtDNA with 
individuals from the North Atlantic, suggesting recent gene 
flow among regions (Silva et al. 2008; Castilho et al. 2015). 
Alternative hypotheses have been suggested to explain the 
presence of shared haplotypes among distant regions such as 
the evolutionary interconnection between bottlenose world-
wide (Caballero et al. 2011) and possible founder events in 
the offshore form (Natoli et al. 2005; Tezanos-Pinto et al. 
2009; Caballero et al. 2011).

The estimated census population size (Nc = 314) of 
Puerto Rico’s bottlenose dolphins is based on mark-
recapture data (Rodriguez-Ferrer 2001). The census size 
estimation may be an underrepresentation of the dolphins 

in Puerto Rico as indicated by the female effective popula-
tion size of the coastal dolphins (867–2400) and offshore 
dolphins (1400–3333). Since large areas of Puerto Rico 
were not surveyed during the Rodriguez-Ferrer (2001) 
study, the true Nc is likely at least an order of magnitude 
larger. A great deal of resources (e.g., numerous boats and 
observers with a lot of time) would be required to survey 
the waters of Puerto Rico and improve the estimate of 
the census size; genetic data offers an alternative, cost-
effective approach to estimating population statistics.

The presence of three phylogroups in the included 
mtDNA-CR data set is indicative of the geographic range 
a wide-roaming species such as bottlenose dolphins 
can attain but also indicates the presence of behavioral, 
genetic, and geographic subdivisions within the species. 
The inclusion of sequences from the wider Caribbean 
Sea and the North Atlantic showed us that none of the 
eight haplotypes encountered in Puerto Rico are unique. 
Rather, they are shared with other dolphins from the Car-
ibbean and the western Atlantic region. At the same time, 
there are more genetic differences between the coastal and 
“world-distributed” forms in Puerto Rico than two dol-
phins of the same form inhabiting different geographic 
regions (e.g. northeast Caribbean vs. west North Atlan-
tic). The genetic variability present observed in dolphins 
sampled from Puerto Rico provides useful data to resource 
managers responsible for implementing conservation strat-
egies for this charismatic mammal. However, the genetic 
comparisons of locally sampled dolphins against other 
populations and forms from other geographic locations 
and different oceans provide insights into the complex 
composition (e.g., genetic forms, wide distribution) and 
rudimentary knowledge of the interactions of the two 
bottlenose dolphin forms throughout the distribution of 
species.

The phylogenetic analysis generated groups similar to 
those in the haplotype network, supporting our coastal and 
offshore classification. This is more evident in the Caribbean 
and subsequently in Puerto Rico where the two forms can be 
identified genetically. These forms are considered parapatric 
populations, and they have the potential to overlap in distri-
bution and they do, as offshore dolphins were observed to 
interact with coastal dolphins on one occasion in the current 
study. Yet, they are not interbreeding as far as our samples 
and markers indicate, evidenced by the absence of shared 
control region haplotypes between coastal and offshore dol-
phins, since this marker is maternally inherited. More sam-
ples are required to rule out the possibility of introgression 
between dolphin forms. Depending on the directionality of 
introgression there could be a decoupling of a form and its 
mtDNA. For example, mating between a male offshore and 
a female coastal dolphin would result in progeny carrying 
the mother’s coastal mtDNA since most animals inherit that 
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genome in a matrilinear fashion. If introgression is wide-
spread, it may explain the presence of coastal mitochondrial 
haplotypes in offshore forms.

The haplotype diversity found here in Puerto Rico is com-
parable with other studies of the Caribbean region. Coastal 
populations are characterized by low haplotype diversity. In 
the Caribbean, low haplotype diversity has been reported for 
the Bahamas and Panama (Parsons et al. 2006; Barragán-
Barrera et al. 2013). The haplotype diversity for the coastal 
Caribbean population reported by Caballero et al. (2011) 
(h = 0.578), is much higher than the one we reported for the 
coastal population of Puerto Rico (h = 0.080). The existence 
of low haplotype diversity for the dolphins of Puerto Rico 
could indicate the small habitat area Puerto Rico provides for 
dolphins compared to the whole Caribbean. The low genetic 
diversity could also be explained by the highly philopatric 
nature of the inshore individuals. The assumption of dol-
phins' site fidelity should be evaluated by more biological 
and photo-ID analysis in Puerto Rico. Low genetic diversity 
could be indicative of reduced population mean fitness and 
inbreeding among coastal dolphins and should be consid-
ered when resource managers in Puerto Rico make conser-
vation plans for the species. Rodriguez-Ferrer et al. (2017) 
reported a prevalent nearshore distribution of the population; 
therefore, anthropogenic impacts could be detrimental for a 
small population with low genetic diversity. In contrast, as 
expected for the offshore population, we found high haplo-
type diversity, like Caballero et al. (2011) reported for the 
region (Puerto Rico h = 0.724 vs. Caribbean h = 0.710). The 
Puerto Rican population showed a high degree of genetic 
sequence divergence among the two forms, but when com-
pared to the rest of the region there is no genetic differ-
entiation. Since all haplotypes of Puerto Rico are shared 
with those of the Caribbean, it indicates that long swim-
ming distances for a strong swimming mammal and lack 
of obvious natural barriers do not hinder gene flow among 
Caribbean locations. The ability of long-distance movements 
of bottlenose dolphins is evident by the number of shared 
haplotypes between western Atlantic and the Caribbean and 
across both northern Atlantic coasts. Of the regions analyzed 
further, the eastern North Atlantic (results not shown) is 
characterized by high gene diversity, with most dolphins 
being identified as offshore (Natoli et al. 2005; Quérouil 
et al. 2007). Offshore dolphins tend to harbor higher genetic 
diversity than coastal ones even across considerable spatial 
scales (Quérouil et al. 2007; Tezanos-Pinto et al. 2009; this 
study in Table 1).

We provided evidence to support the hypothesis that 
the bottlenose dolphin population in Puerto Rico is part 
of the Caribbean stock, as has been reported previously 
(e.g., Barragán-Barrera et  al. 2017; Caballero et  al. 
2011; Duarte-Fajardo et al. 2023; Tezanos-Pinto et al. 
2009). The inshore haplotypes of Puerto Rico belong to 

the phylogroup, which includes the eastern and western 
North Atlantic coastal/inshore haplotypes, and the offshore 
Puerto Rico haplotypes belong to the phylogroup, which 
includes the eastern and western North Atlantic offshore 
haplotypes. The bottlenose dolphins from the Pacific were 
distinct genetically and formed another phylogroup. Our 
results are based on the public sequences we used and the 
mtDNA-CR, a matrilineal inherited marker. The analysis 
of matrilinear lineages tells us only part of the story; there-
fore, a more in-depth analysis of the samples using nuclear 
markers or next-generation sequencing SNP data could 
aid in understanding the population shifts and changes. 
Although our analysis shows that the Puerto Rican popula-
tion is not distinct from the contiguous Caribbean popula-
tion, it is important to remember that complex species such 
as dolphins can adapt to their environment by changing 
their behaviors, feeding habits, and migratory patterns. 
Data from photo identification surveys established a resi-
dent population, indicating that, while the species appears 
to be genetically diverse, there is a resident population, 
with estimates that fall into the small size.

Bottlenose dolphins are commonly sighted in west and 
southwest Puerto Rico, the most touristic marine region 
of the island. The coastal communities in the region heav-
ily rely on tourism and commercial fishing, activities that 
pose possible adverse effects on dolphins by the increased 
boat traffic, chemical and noise pollution, and reduction 
of available prey through fishing. These are among the 
most common threats against marine mammals identified 
worldwide (Avila et al. 2018). At the same time, marine 
resource agents are challenged to make management 
recommendations for bottlenose dolphins as defined in 
the Marine Mammal Protection Act of 1972 because of 
uncertainties regarding the distribution and abundance of 
the two forms in Puerto Rico. Long-term data on dolphin 
strandings, ecology and distribution of ecotypes, sex-ratio 
fluctuations, genetic diversity, and population connectivity 
can assist management decisions in Puerto Rico.
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