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Abstract The West Indian manatee (Trichechus manatus)
populations in Florida (7. m. latirostris) and Puerto Rico
(T. m. manatus) are considered distinct subspecies and are
listed together as endangered under the United States
Endangered Species Act. Sustained management and con-
servation efforts for the Florida subspecies have led to the
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suggested reclassification of the species to a threatened or
delisted status. However, the two populations are geo-
graphically distant, morphologically distinct, and habitat
degradation and boat strikes continue to threaten the Puerto
Rico population. Here, 15 microsatellite markers and
mitochondrial control region sequences were used to
determine the relatedness of the two populations and
investigate the genetic diversity and phylogeographic
organization of the Puerto Rico population. Highly diver-
gent allele frequencies were identified between Florida and
Puerto Rico using microsatellite (Fgr = 0.16; Rgr = 0.12
(P < 0.001)) and mitochondrial (Fg;r = 0.66; D¢ = 0.50
(P < 0.001)) DNA. Microsatellite Bayesian cluster analy-
ses detected two populations (K = 2) and no admixture or
recent migrants between Florida (¢ = 0.99) and Puerto
Rico (¢ = 0.98). The microsatellite genetic diversity val-
ues in Puerto Rico (Hg = 0.45; N, = 3.9), were similar,
but lower than those previously identified in Florida
(Hg = 0.48, N5 = 4.8). Within Puerto Rico, the mito-
chondrial genetic diversity values (n = 0.001; & = 0.49)
were slightly lower than those previously reported
(m = 0.002; h = 0.54) and strong phylogeographic struc-
ture was identified (Fsr giobat = 0.82; Dz giopar = 0.78
(P < 0.001)). The genetic division with Florida, low
diversity, small population size (N = 250), and distinct
threats and habitat emphasize the need for separate pro-
tections in Puerto Rico. Conservation efforts including
threat mitigation, migration corridors, and protection of
subpopulations could lead to improved genetic variation in
the endangered Puerto Rico manatee population.

Keywords Microsatellite DNA - Mitochondria DNA -
Marine mammal - Endangered species - Distinct population
segment - Landscape genetics - Phylogenetics -
Conservation genetics
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Introduction

The West Indian manatee (Trichechus manatus) popula-
tions located in Puerto Rico (7. m. manatus) and Florida,
USA (T. m. latirostris) are recognized as distinct subspecies
based on morphological data, and are listed and managed
together as endangered under the U.S. Endangered Species
Act (U.S. Fish and Wildlife Service 1982; Domning and
Hayek 1986; Domning 1994, 2005). Habitat loss and high
anthropogenic and natural mortality rates are threats to the
species (Mignucci-Giannoni et al. 2000; Lefebvre et al.
2001; Reep and Bonde 2006). Sustained management and
conservation efforts in Florida have resulted in population
growth and a recommendation to reclassify West Indian
manatees from both populations to a threatened or delisted
status (U.S. Fish and Wildlife Service 2007). To date, only
mitochondrial DNA (mtDNA) data analyses have been used
to assess the extent of migration and breeding between the
Florida and Puerto Rico manatee populations (Garcia-
Rodriguez et al. 1998; Vianna et al. 2006). Furthermore, the
Puerto Rico Manatee Recovery Plan was drafted in 1986
(Rathbun and Possardt 1986) and could benefit from an
updated threat assessment and conservation plan incorpo-
rating genetic data for improved recovery efforts. Micro-
satellite DNA analyses were conducted here to provide
nuclear gene flow estimates for Florida and Puerto Rico.
Treating these populations as one unit for management may
not be advantageous, as the threats, habitat, population
sizes, and recovery efforts differ for the two populations.

The manatee population in Puerto Rico is estimated to
include 250 (170-360) individuals (Mignucci-Giannoni
et al. 2000; Slone et al. 2006). From 1990 to 2006 a carcass
recovery program determined that anthropogenic mortality
(28.9 % of all mortality) was caused by watercraft strike
(19.8 %), poaching (4.1 %), pollution (1.7 %), gunshot
(1.7 %), and drowning or entanglement (1.6 %; Bonde et al.
2012). Analogous to Florida, watercraft related mortalities
have recently become the leading cause of anthropogenic
mortality in Puerto Rico (Bonde et al. 2012; FWRI 2010).
Further, a long-term study of Puerto Rico manatee deaths
(1864-2006) revealed an overall increase in mortality dur-
ing the last 30 years of the study, rising an average of 9.6 %
per year (SD = 16.9 %; Mignucci-Giannoni et al. unpub-
lished data; Mignucci-Giannoni et al. 2000). Hunting of
manatees for sustenance was documented from 1590-1995
and likely contributed to the endangered status of the pop-
ulation (Acosta 1590; Stahl 1883; Durand 1983; Mignucci-
Giannoni et al. 2000).

Overall, the West Indian manatee was found to have
similar mtDNA haplotype diversity (h = 0.86) and greater
nucleotide diversity (r = 0.039) and number of polymor-
phic sites (S = 45) than the Amazon (h = 0.88, = = 0.005,
S = 34) and West African (h = 0.93, = = 0.020, S = 15)
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manatee species (Vianna et al. 2006). Within Florida, no
variation was identified in the mtDNA cytochrome b or the
control region (Bradley et al. 1993; Garcia-Rodriguez et al.
1998). The single Florida control region haplotype (A01)
was also identified in the Puerto Rico population, along with
two others, A02 and BO1 (Garcia-Rodriguez et al. 1998;
Vianna et al. 2006). Since the two populations contain the
same haplotype, they may be related through past or present
gene flow, or genetic drift in the mitochondrial control
region. Alternatively, they may be related through acommon
ancestor and experiencing incomplete lineage sorting.
Indeed, Florida is believed to have been colonized by man-
atees from the Greater Antillean islands (Cuba, Jamaica,
Hispaniola, and Puerto Rico) as they moved northward after
the last glacial event, approximately 12,000 years ago
(Domning 2005).

A limited number of studies have addressed nuclear DNA
(nDNA) diversity and population structure in manatees
using microsatellites. The Florida subspecies (Hg = 0.48,
N = 4.8; 11 loci) indicated weak differentiation (Fgr =
0.02 (P < 0.001) between the east and west coasts of Florida
at 18 loci (Tucker et al. in press). The Belize manatee pop-
ulation (Hg = 0.46, N, = 3.4) was genetically divergent
from Florida (Fgr = 0.14 (P < 0.001)) at 16 loci and
showed evidence of two genetic clusters (Hunter et al.
2010a). At 13 loci, genetic differentiation (Fgy = 0.13
(P < 0.05)) was found between the Mexico population in
Chetumal Bay (Hg = 0.46, No = 3.0), the Gulf of Mexico
(Hg = 0.41; N = 2.7), and with Florida (Fsr = 0.10
(P < 0.05); Nourisson et al. 2011).

The diversity within Puerto Rico and the genetic rela-
tionship with other populations has been calculated using
the mtDNA control region; however, no accompanying
population structure information was provided (Garcia-
Rodriguez et al. 1998; Vianna et al. 2006). Mitochondrial
DNA is maternally inherited and provides only information
on the female genetic structure of the population at a single
marker. Therefore, information from both mtDNA and
nDNA markers are used here to address the genetic struc-
ture of both sexes and to increase the number of markers
evaluating the population structure within Puerto Rico and
the relationship with Florida.

Genetic diversity is typically low in small populations
and can be quickly eroded during stochastic or demographic
events (Sherwin and Moritz 2000; Frankham et al. 2002).
Low diversity can also negatively influence fitness,
decrease population viability, and increase susceptibility to
disease (O’Brien et al. 1983; Roelke et al. 1993). An inte-
grative conservation approach uniting genetic and demo-
graphic information is needed to protect the biodiversity
available in small manatee populations and to sustain eco-
logical processes and evolutionary lineages. Here, mtDNA
control region haplotypes and multilocus microsatellite
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Fig. 1 Puerto Rico bathymetric map with manatee sample locations
and assigned mitochondrial haplotypes. Red bars represent near-shore
water depths >200 meters. Manatee samples were from each of the

genotypes are used to examine the relationship between
Puerto Rico and Florida manatees and to address the level of
variation and fine-scale genetic structure within the Puerto
Rico population. The basic knowledge of migration and
breeding levels can help to determine the genetic health of
the population and assist with conservation and manage-
ment decisions.

Materials and methods
Sample collection and DNA extraction

Florida and Puerto Rico manatee blood and dermis tissue
were collected from recovered carcasses or during wild
manatee health assessments. Additional Puerto Rico sam-
ples were collected through the manatee rescue and reha-
bilitation program. Puerto Rico manatee genomic DNA
was isolated using QIAGEN’s DNeasy Blood and Tissue
kits (Valencia, California) for 112 animals, comprised of
50 males and 62 females. Puerto Rico manatee samples
were from each of the four coasts: North (Isabela to Lu-
quillo), East (Fajardo to Yabucoa), South (Maunabo to
Guanica), and West (Cabo Rojo to Aguadilla; Fig. 1).
Florida tissue DNA extraction techniques included tradi-
tional phenol/chloroform methods (Hillis et al. 1996) on
carcass samples and QIAGEN’s DNeasy Blood and Tissue
kits on samples from live manatees. The 95 Florida sam-
ples used for the microsatellite analyses were chosen to
represent proportionally the four geographically imposed
management units (MUs), which are based on threats,
available habitat, and usage patterns (U.S. Fish and Wild-
life Service 2001; Haubold et al. 2006).

200 meter contour
20 meter contour

&y 0 15 30
| I E—

kilometers.

four coasts: North (Isabela to Luquillo), East (Fajardo to Yabucoa),
South (Maunabo to Guanica), and West (Cabo Rojo to Aguadilla).
(Color figure online)

Microsatellite DNA analysis

Puerto Rico manatee samples (N = 110) were tested with
18 Florida manatee microsatellite markers and were
determined to be polymorphic at 15 loci (Garcia-Rodriguez
et al. 2000; Pause et al. 2007). The three additional
markers, TmaE4, TmaE26, and TmaH23 (Pause et al. 2007,
Hunter et al. 2010b) were monomorphic and were not
included in the study. Isolated DNA was PCR amplified
using: 14 ng DNA, 0.8 mm dNTPs, 1x PCR buffer
(10 mm Tris—HCI, pH 8.3, 50 mm KCl, 0.001 % gelatin;
Sigma Aldrich, Inc., St. Louis, MO), 0.04 units Sigma
Jump Start Taq polymerase, 0.24 um each primer and BSA
where needed (Table 1). MgCl, concentrations were 3 mm,
except for TmaHI13, TmaKb60, and TmaSC5, which
required 2 mmM. Amplifications were carried out on a PTC-
200 thermal cycler (MJ Research, Waltham, MA) using the
following conditions: initial denaturing at 95 °C for 5 min,
35 cycles at 94 °C for 30 s, annealing temp for 1 min
following Pause et al. (2007), and TmaA02 (56 °C),
TmaEQ2, TmaEll, Tma F14 (58 °C), and TmaEQ, TmaH13
(60 °C), 72 °C for 1 min, final extension 10 min at 72 °C.
Fragment analysis was performed on an ABI 3730 Genetic
Analyzer (Applied Biosystems, Foster City, CA).
GENEMARKER version 1.5 (Soft Genetics, State College,
PA), was used to analyze the microsatellite fragment data.
The Florida and Puerto Rico microsatellite fragment
analysis was conducted in the same laboratory, using
standardized protocols. The Florida samples were PCR
analyzed following Pause et al. (2007) and data analysis
was conducted as described above. For consistent data
scoring and combination of data sets, Puerto Rico analysis
was conducted using Florida samples as scoring controls

@ Springer
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Table 1 Characteristics of the 15 polymorphic microsatellite loci
implemented on 110 Puerto Rico manatee (7. m. manatus) samples

Table 2 Microsatellite and mitochondrial genetic differentiation
values for geographic regions within Puerto Rico

Locus name BSA Ny Ng PIC Hy Hg Geographic region North East Southwest
TmaA02 2 1.31 0.40 0.20 0.24 North - 0.479 0.537
TmaE1 + 5 2.29 1.06 0.56 0.57 East 0.026 - 0.007
TmaE02 2 1.77 0.63 0.42 0.44 Southwest 0.028 0.024 -

TmaE7 + 5 1.99 0.84 043 050 Microsatellite pairwise Fgr values (below diagonal) and mtDNA @gp
TmaE08 5 1.59 0.72 0.21 0.37 values (above diagonal) generated from 7. m. manatus in three geo-
TmaFE11 5 3.37 1.34 0.74 0.71 graphic regions in Puerto Rico. Italics indicate a non-significant value
TmaE14 + 5 186 085 038 046 (P =000D

TmaF14 2 1.42 0.47 0.29 0.30

TmaH13 4 1.96 0.83 0.52 0.49 was calculated in GENALEX 6.41. Relatedness values were
Tmal02 3 1.76 0.72 0.50 0.43  calculated for known Florida cow-calf field-identified pairs
TmaKO01 4 1.85 0.72 0.64 0.46 (N = 115), which were not included in the Florida data set.
TmaKb60 6 1.93 0.81 0.46 048  The average value for the highly-related individuals was
TmaM79 + 2 1.20 0.31 0.19 0.17  compared to the average values calculated for Florida and
TmaSC5 5 2.25 0.93 0.63 0.56  Puerto Rico, and groupings of samples collected on Puerto
TmaSC13 4 2.14 0.92 0.61 0.53 Rico’s North, East, South, West, and the South and West

Optimized annealing temperature (7,,), addition of BSA (0.4 mg/mL),
number of alleles (N,), effective number of alleles (Ng), polymor-
phism information content (PIC), and the observed and expected
heterozygosity (Hop and Hg)

and to standardized fragment scoring calls. A Microsoft
Access database was used to store allelic information for
all manatee samples. The error rate was determined by
repeating PCR and genotyping analyses for 11 % of the
individuals.

Microsatellite statistical analysis

The genetic diversity was estimated by the observed (Hp)
and expected heterozygosity (Hg), polymorphism infor-
mation content (PIC), average number of alleles per locus
(Na), and average effective number of alleles (Ng) using
GENALEXx 6.41 (Table 1; Peakall and Smouse 2006). GEN-
ALEX 6.41 was also used to calculate the inbreeding
coefficient, F;s. Departures from the expected genotypic
frequencies in Hardy—Weinberg equilibrium (HWE) were
tested using the Markov chain method (dememorization
1000, batches 100, iterations per batch 1000) in GENEPOP
3.4 (Raymond and Rousset 1995). Additionally, linkage
disequilibrium was tested for non-random associations
between alleles of different loci. The Markov chain method
was implemented and the P-values were adjusted using
Bonferroni sequential correction for multiple comparisons
(Rice 1989). Micro-CHEckER (Van Oosterhout et al. 2004)
was used to identify loci with evidence of null alleles. To
assess the degree of relatedness within sample groups, and
to limit the chance for sampling bias among closely related
groups, the Queller and Goodnight (1989) mean estimator
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coasts (S&W; Maunabo to Aguadilla) were considered.
To assess overall genetic differentiation at the population
level, GENALEX 6.41 calculated Fg7 using the infinite alleles
model and Rg7 using the stepwise mutation model. Com-
parisons of groupings included Florida (N = 95) and Puerto
Rico (N = 110), and within the three regions of Puerto Rico
based on a strong haplotype structuring pattern (Table 2).
The global Fg7, which is the proportion of the genetic
variance contained within the population relative to the total
genetic variance, was also calculated for Puerto Rico.
Within Puerto Rico, BoTTLENECK 1.2.02 evaluated hetero-
zygote excess under the sign test and mutation-drift equi-
librium under the allele frequency distribution test (Piry
et al. 1999). Since all but one microsatellite had dinucleo-
tide repeats, the proportions were set in favor of the infinite
alleles model (IAM = 95 %; Cristescu et al. 2009). Geo-
graphic distances were calculated using GPS waypoints.
Monmonier’s maximum difference algorithm can identify
barriers between groups using geographical distance-cor-
rected genetic distances (Pseudoslopes; Monmonier 1973).
Monmonier’s maximum difference was applied on a geo-
metric network connecting all the samples by a Delaunay
triangulation. The corresponding distance matrix identifies
the edges of the triangulation associated with the highest
rate of change. Isolates with known geographic sample-
collection locations were used in this analysis (Florida,
N = 362; Puerto Rico, N = 110). Principal Component
Analysis (PCA) was conducted in Past (Hammer et al.
2001) using a distance matrix constructed in GENALEX 6.41.
PCA was used to examine a dissimilarity matrix of pairwise
differences between samples and uses eigenvalue analysis
to condense the variation between samples into a limited
number of dimensions. The maximum amount of variation
was plotted as the first axis with less variation in each
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additional dimension. LDNE (Waples and Do 2008) was
used to estimate N, with 95 % confidence intervals (CI)
following the bias-corrected method of Waples (2006). The
single point estimate method removes the downward bias
associated with the true N, being greater than the sample
size used to estimate it (Waples 2006).

The program STRUCTURE 2.3.3 (Pritchard et al. 2000) was
used to identify the genetic relationship and putative
ancestral source populations of Florida and Puerto Rico
manatees, and the genetic clusters within Puerto Rico. To
keep the Florida and Puerto Rico sample sizes similar for
this analysis, 95 geographically distributed Florida samples
were used. STRUCTURE, a model based clustering algorithm,
infers population structure by probabilistically assigning
individuals without a priori geographic or ancestral
knowledge to a specific number (K) of clusters (presumably
populations). In determining the number of clusters, the
algorithm attempts to minimize deviations from Hardy—
Weinberg equilibrium.

Simulations were conducted using the admixture model,
which can identify recent migrants by assuming that indi-
viduals have some proportion of membership (g) from each
of K-clusters. Multiple Markov chains can delineate dif-
ferences within populations; therefore 10 parallel chains
were analyzed for K = 1-10, with a run-length of 100,000
repetitions of Markov chain Monte Carlo, following the
burn-in period of 100,000 iterations. The most probable
number of populations, K, was determined in STRUCTURE
Harvester (Earl and vonHoldt 2011) by calculating AK, an
ad hoc quantity related to the change in posterior proba-
bilities between runs of different K-values (Evanno et al.
2005). Individual assignment success was recorded as the
highest likelihood of assignment (g), and the percentage of
individuals in a cluster with ¢ > 0.90 was calculated. An
assignment value of 0.90 indicates that the individual is
highly assigned to the cluster, with little likelihood that it
belongs to a different cluster. In the within-subset analyses,
K was determined by identifying the level of K in which
q values produced a consensus-clustering pattern across six
independent runs. Within Puerto Rico, along with the
admixture model, the LocpPriOR model was used to uncover
cryptic structure by providing priors for the Bayesian
assignment process based on the region of collection and
significant Fg values (Hubisz et al. 2009). The Locprior
setting is not biased towards detecting structure when it is
not present (Hubisz et al. 2009). For the LocpriorR model,
consensus analyses were performed in Crumpep 1.1.2
(Jakobsson and Rosenberg 2007) on the averaged scores for
the inferred K value. DisTrucT 1.1 was used to visualize the
STRUCTURE output (Rosenberg 2004).

A landscape-scale exploration analysis of patterns of
genetic diversity and structure (genetic landscape shape)
was performed using ALLELES IN Space (Miller 2005) to

examine the existence and approximate location of barriers
to gene flow between Florida (N = 362) and Puerto Rico
(N = 110). This procedure allows for the graphical repre-
sentations of genetic distance patterns across landscapes,
through interpolation procedures of inter-individual genetic
distances. A connectivity network among sample locations
was generated based on pairwise geographic distances using
the Delaunay triangulation method (i.e. each collection point
was connected in a straight line to its nearest neighbors,
creating a triangular network with no overlapping lines). The
genetic distances between pairs of collection locations were
then plotted at the geographic midpoints between collection
locations along the network. Genetic distances were on the
Z-axis and X- and Y-axes corresponded to geographic
locations. Peaks are indicative of areas with high pairwise
genetic distance and valleys are indicative of areas of low
pairwise genetic distance. Positive peaks show genetic dis-
continuities or possible barriers to gene flow.

Mitochondrial DNA analysis

Primers from Garcia-Rodriguez et al. (2000) were used to
amplify a 410 base pair portion of the mtDNA control
region displacement loop in 58 Puerto Rico samples.
Vianna et al. (2006) previously published Puerto Rico
control region sequences for the population, but did not
include the geographic location of sample collection.
Therefore, the samples and associated location, haplotype,
and demographic information are included here. Puerto
Rico individuals from both studies (V = 112; 22 North, 35
East, 37 South, and 20 West coast) and Florida individuals
(N = 28) were analyzed. The mtDNA control region was
PCR amplified with primers developed from regions of
100 % homology between cow and dolphin sequences
(heavy strand primer, CR-5, and light strand primer, CR-4;
Southern et al. 1988; Palumbi et al. 1991). The PCR reac-
tion conditions were as follows: 10 ng DNA, 1x PCR
buffer (10 mm Tris—HCI, pH 8.3, 50 mm KCl, 0.001 %
gelatin; Sigma-Aldrich, Inc., St. Louis MO), 0.8 mm dNTP,
3 mm MgCl,, 0.24 pm of each primer, 0.04 units of Sigma
Jump Start Tag DNA polymerase. PCR cycling profile:
5 min at 94 °C; then 35 cycles of 1 min at 94 °C, 1 min at
55 °C, 1 min at 72 °C; then 10 min at 72 °C. Amplified
products were purified using the Qiaquick PCR purification
kit (QiaGgen). DNA sequencing was accomplished in the
DNA Sequencing Core at the University of Florida,
Gainesville, Florida, USA with the BigDye terminator
protocol developed by Applied Biosystems (Foster City,
CA) using fluorescently labeled dideoxynucleotides. To
verify sequences, haplotypes were aligned with manatee
sequences located in GenBank using the default setting in
SEQUENCHER 4.5 (Gene Codes Corporation, Ann Arbor, MI).
Control region fragments were sequenced in the 5-3'
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heavy-strand orientation. Finally, representatives from each
haplotype and any ambiguous sequences were sequenced in
the 3'-5’ direction to ensure the accuracy of nucleotide
designations. Novel and rare sequences were sequenced in
both directions at least twice to validate the sequence.

Mitochondrial statistical analyses

The degrees of differentiation, Fg; and @Dg7, between
Florida (N = 28) and Puerto Rico (N = 112) and among
Puerto Rico’s geographic regions were calculated using
ARLEQUIN 3.1 (Excoffier et al. 2005) and using an AMOVA
in GENALEx 6.41 (Peakall and Smouse 2006). Estimates of
sequence divergence used the Kimura 2-parameter genetic
distance model, to allow for differences between transition
and transversion rates (Kimura 1980; Jin and Nei 1990).
Within Puerto Rico, mtDNA differentiation estimates were
calculated for the three geographic regions. The regions
were treated separately based on distinct haplotype patterns
and significant genetic diversity at nDNA loci (Table 2).
Finally, Tajima’s D of selective neutrality, the number of
polymorphic sites (S), number of nucleotide substitutions
(NS), genetic diversity (h), and nucleotide diversity ()
were calculated (Nei 1987; Tajima 1993).

Cytogenetic analyses

Giemsa-banded karyotype analyses were previously per-
formed on Florida manatees (Gray et al. 2002). Therefore,
to assess cytogenetic differences between the subspecies,
banded karyotype analyses were performed on Puerto Rico
manatees using trypsin and Giemsa staining (GTG) meth-
odology following Gray et al. (2002). Sodium heparin
Vacutainer tubes were used to collect blood and samples
were transported as quickly as possible to the laboratory.

Results
Microsatellite DNA analysis

The Puerto Rico population was found to have similar, but
lower levels of nDNA diversity (Hg = 0.45 (0.17-0.71);
Ho =045 (0.2-0.74); No =39 (2-6); Ng=19
(1.2-3.4)) compared to the Florida (Tucker et al. in press).
Puerto Rico had a slightly higher average number of alleles
than manatees from Belize and Mexico (Table 1; Hunter
et al. 2010a; Hunter et al. 2010b; Nourisson et al. 2011).
Within Puerto Rico, TmaE7, TmaEOS8, and TmaKO01 devi-
ated from Hardy—Weinberg equilibrium even after a
sequential Bonferroni adjustment. This deviation may be
due to inbreeding, the presence of null alleles, or cryptic
substructuring of the population (i.e., Wahlund effect). Two
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loci, TmaEOS8 and TmaE14, had evidence of null alleles due
to a heterozyogote deficiency. After 105 comparisons and a
sequential Bonferroni correction, linkage disequilibrium
was not observed for any pair (overall o = 0.001,
P < 0.005). The inbreeding coefficient (F;s = —0.004) did
not suggest inbreeding in the population. Private alleles
were detected for Florida (N = 18) and Puerto Rico
(N = 16). All samples amplified at a minimum of 14 loci.
No scoring errors were identified after repeating PCR and
genotyping analyses for 11 % of the 110 samples used in
the microsatellite DNA analyses.

Sampling bias in the form of a disproportionately high
number of closely related individuals within any single group
was not found. When highly related cow-calf pairs were
analyzed, the average relatedness value () was 0.21. How-
ever, within both Florida and Puerto Rico population data sets,
r = —0.01, suggesting that neither of the sample-groups were
highly related internally. Further, when Puerto Rico was
analyzed by region, all values were less than zero (North =
—0.04, East = —0.04, South = —0.04, West = —0.08, and
South and West together = —0.02), suggesting that overall
the individuals in the sample groups were not closely related.

Great genetic differentiation was found between
Florida and Puerto Rico (Fgr = 0.163 and Rgy = 0.119
(P < 0.001); Wright 1978; Hartl and Clark 1997; Balloux
and Lugon-Moulin 2002; Frankham et al. 2002). Global
F¢r = 0.101 (P <0.01) for Puerto Rico and indicated
moderate differentiation among the subpopulations. When
Puerto Rico samples were separated by coast, all compari-
sons were significant except for the South and West coasts
(Fs7 = 0.002, P < 0.32). When these samples were com-
bined and compared to the North and East coasts, all three
pairwise Fgy estimates were significant (Table 2). Puerto
Rico was not found to be in mutation-drift equilibrium and
bottleneck signatures were detected for the IAM (P =
0.004) and stepwise mutation model (SMM, P = 0.023), but
not for the two-phase model (P = 0.072). The allele fre-
quency distribution test remained in a normal L-shape dis-
tribution, perhaps due to the bottleneck occurring too
recently to detect (Cristescu et al. 2009).

Monmonier’s maximum difference algorithm analysis
detected a single barrier in the Florida and Puerto Rico
data. The PCA identified separation between Florida and
Puerto Rico on the first and second axis with 90 % of the
variation and in the first and third axis with 80 % of the
variation (Fig. 2). Similar results were obtained using dif-
ferent weighting parameters. The genetic landscape shape
analysis indicated a large barrier to gene flow located
directly between the Florida and Puerto Rico populations
(Inset, Fig. 2). For allele frequencies > 0.05, N, = 51.9
(CI = 37.7-74.5) for the Puerto Rico samples.

Bayesian methods in the program STRUCTURE assigned
Florida and Puerto individuals to two genetic clusters
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Fig. 2 Two-dimensional
principle component analysis of
microsatellite genotype data for
Florida (triangles) and Puerto
Rico samples (squares). Ellipses
are 95 % confidence intervals
for each collection. Inset
contains genetic landscape
shape interpolation analysis
using genetic and geographic

Florida

distances. Left and right valleys
are Florida and Puerto Rico
genotypes, respectively,
indicating areas of low genetic
distance. The positive peak
(blue) between the populations
indicates genetic discontinuity
and a barrier to gene flow.
(Color figure online)
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(K = 2) using log-likelihood and AK analyses (Figs. 3 and
4). The In(Pr(XIK)) were similar, with all estimates being
much greater than K = 1. K = 2 captured the majority of
the structure in the data with the fewest clusters and little
admixture (Fig. 4; Pritchard et al. 2007). After K = 2,
STRUCTURE continued to break Florida down into equally
admixed clusters. The resultant K = 2 proportion of each
Florida individual having ancestry in Florida was ¢ = 0.99
(dark cluster) and each Puerto Rico individual having
ancestry in Puerto Rico was g = 0.98 (light cluster;
Fig. 3).

Following the log-likelihood In(Pr(XIK)) data analysis
procedures, STRUCTURE identified K = 1 for the Puerto Rico
population analyzed alone (Pritchard et al. 2007). Based on
the strong mtDNA structure and significant Fgy values, the
Locprior model was run with the North, East, and S&W
groups. The log-likelihood was greatest for K = 2
(In(Pr(XIK)) = 2,519), with K =1 being slightly less
(In(Pr(XIK)) = 2,526; Fig. 4). Further, K = 2 had asym-
metric proportions of assignment and was identified in the
AK analyses as having the greatest second-order rate of
change in In(Pr(XIK)); Figs. 3 and 4). Pritchard et al.
(2007), suggested that the smallest K is often correct when
several values of K give similar estimates of In(Pr(XIK)).
However, the authors go on to say that if some individuals
are strongly assigned to one population or another, and if
the proportions assigned to each group are asymmetric,

06 12,18 24

Puerto Rico

then there is a strong indication that real population
structure is present. This is especially the case when the
K value captures the majority of the structure in the data
and is biologically sensible (Pritchard et al. 2007). The
graphical results are presented for K = 2, with assignment
to the light cluster recorded as North (¢ = 0.56), East
(g = 0.66), South (¢ = 0.88), and West (g = 0.89). This
structuring corresponds to the genetic differentiation
between the North and East (N&E; Isabela to Yabucoa)
and S&W groups identified by the mtDNA and Fgr values
(Fig. 3).

Mitochondrial DNA analysis

Mitochondrial DNA sequences from the NCBI database
were compared with the 58 Puerto Rico samples sequenced
for this study, and the previously sequenced Florida and
Puerto Rico samples (Garcia-Rodriguez et al. 1998; Vianna
et al. 2006). Of the resultant 112 Puerto Rico individuals,
the haplotypes consisted of A0l (N = 34), A02 (N = 4),
BO1 (N = 74), and BO2 (N = 1), a previously unidentified
haplotype (GenBank Accession number: JX564997;
Table 3). The mtDNA genetic diversity values (r = 0.001;
h = 0.49) indicated that within Puerto Rico, there is low
nucleotide divergence among the four haplotypes as they
differed by only one or two base pairs. Within Florida, only
the AO1 haplotype was observed (m = 0.000). Adjusted
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Fig. 3 Summary plot of g estimates generated by the sequential
cluster analysis using the program STRUCTURE and 15 microsatellite
loci. a.) Florida (dark cluster, ¢ = 0.99) and Puerto Rico (light
cluster, ¢ = 0.98) manatee genotypes (K = 2). b.) Sequential anal-
ysis of the Puerto Rico genotypes indicating two subclusters (K = 2),
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[A] North & East (dark cluster, ¢ = 0.39) and [B] South & West
(light cluster, ¢ = 0.89) subpopulations. Each individual is repre-
sented by a single vertical line, broken into colored segments and
proportional to the membership in each of the K clusters. (Color figure
online)
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Fig. 4 Mean likelihood (upper) and AK vs. K (lower) plots for Florida and Puerto Rico genotypes and Puerto Rico genotypes alone

Florida and Puerto Rico mtDNA sequence divergence
estimates were (Dg;y = 0.50 (Kimura 2-parameter) and
F¢r = 0.66 (P < 0.0001). Three polymorphic sites (0.73 %)
and three nucleotide substitutions were identified in the four
haplotypes (Table 3).

Within Puerto Rico, Tajima’s D = —0.08 (P < 0.5) was
not significant (P < 0.05); therefore, the null hypothesis of
selective neutrality cannot be rejected. The Puerto Rico
regions had strong haplotype division and (g, values,
including a Qg7 Giopa = 0.46 (P < 0.0001; Fig. 1 and
Table 2). The North coast was composed primarily of the
AQ1 haplotype with two BOl and one B02 individuals
identified (Fig. 1). The South coast was composed entirely
of the BO1 haplotype. A mixture of AOl and B0l was
detected along the East coast. AO1, BO1, and the other
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Table 3 Summary of mitochondrial haplotype diversity in Puerto
Rico indicating the number of variable sites and number of haplotypes
by geographic region

Haplotype Number Variable sites ~ Haplotypes by region

of

samples 78 246 251 North East South West
A0l 34 T C C 19 9 6
A02 4 CcC C C 0 0 4
BO1 74 T C T 2 25 38 9
B02 1 T T T 1 0 0 0
Haplotype diversity 011 013 0 0.29

Mitochondrial control region amplification of 410 basepairs on 112
T. m. manatus samples from the North, East, South, and West coasts. The
variable site locations are denoted by the basepair position within the
sequence
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closely related haplotype, A02, were found on the West
coast. When the nDNA genotypes were subjected to
assignment testing, the North B0l individuals were
assigned to the South BO1 group, and the B02 individual
was assigned to the East BO1 group.

Cytogenetic analyses

The Giemsa-banded karyotype analysis confirmed that the
Antillean manatee in Puerto Rico has 48 chromosomes
(Supplemental Fig. 1). This is in agreement with the
Florida manatee banded chromosome number (Gray et al.
2002) and the coastal West Indian Brazil manatee chro-
mosome number determined by solid staining (Assis et al.
1988; Vianna et al. 2006). The banding pattern of Puerto
Rico manatees was analogous to that observed in the
Florida manatee (Gray et al. 2002).

Discussion

Puerto Rico and Florida manatees are distinct
populations

The geographic separation and lack of gene flow between
the Puerto Rico and Florida manatee populations has
resulted in an accumulation of considerable genomic dif-
ferences. The microsatellite divergence supports the rec-
ognized taxonomic subspecies classification (Domning
and Hayek 1986) and the need for separate Puerto Rico
and Florida management plans and conservation efforts
(Mignucci-Giannoni 1996). The significant nuclear genetic
differentiation (Fg7 = 0.16) and large number of private
alleles between Florida and Puerto Rico indicates great
genetic differentiation between the populations (Wright
1978; Hartl and Clark 1997; Balloux and Lugon-Moulin
2002; Frankham et al. 2002). The mtDNA Qg = 0.50
value between Florida and Puerto Rico was slightly higher
than that reported by Vianna et al. (2006; @Dsr = 0.41),
perhaps due to the identification of additional rare haplo-
types in Puerto Rico. Corresponding to the gene flow
barrier between Florida and Puerto Rico, the BO1 mtDNA
haplotype has not been found in Florida to date, despite the
strong prevalence of BO1 in Puerto Rico. Between Florida
and Puerto Rico, the microsatellite value was lower than
the mtDNA Fgr = 0.66 value, suggesting female philopa-
try and male-biased dispersal (Prugnolle and de Meeus
2002). However, other factors can also lead to higher Fgr
values for mtDNA as compared to nDNA, such as the
larger effect of drift on uniparentally-inherited haploid loci
(Handley and Perrin 2007). Further, the higher microsat-
ellite mutation rate has also been shown to increase

heterozygosity, resulting in decreased Fgr values (Balloux
et al. 2000).

The mtDNA diversity levels found here were reduced as
compared to other West Indian manatee populations
(Vianna et al. 2006). Vianna et al. (2006) found that the
manatee populations at the extreme ends of the species-
range, such as Florida, Brazil, Puerto Rico, and the
Dominican Republic, had the lowest polymorphic values.
The authors attributed this finding to founder effects as
manatees colonized higher latitudes following glacial
events. The bottleneck detected in Puerto Rico was likely a
result of fluctuations in population size due to environ-
mental or anthropogenic impacts after founding event(s).
Bottlenecks and the founder effect are considered extreme
mechanisms of genetic drift. Drift occurs more quickly in
small populations and can result in loss of heterozygosity
and allelic diversity (Allendorf and Luikart 2007).

Genetic support for Puerto Rico as a distinct
evolutionary lineage

The level of genetic differentiation between the Puerto Rico
and Florida manatee populations warrants support for
Puerto Rico as a distinct evolutionary lineage with separate
management considerations. Vianna et al. (2006), used
mtDNA sequences in the program BARRIER 2.2 (Manni et al.
2004) to identify a gene flow barrier isolating Puerto Rico
and the Dominican Republic from Florida, the Lesser
Antilles, and South America. Immigration to Puerto Rico
from outside sources is most likely low, since the nearby
islands are believed to have biologically insignificant
manatee populations (Jamaica and the Dominican Repub-
lic), or none at all (Guadeloupe, Haiti and the Virgin Islands;
Quintana-Rizzo and Reynolds 2007). Genetic supplemen-
tation from the western Caribbean populations (e.g., Cuba
and Central America) is not expected (Lefebvre et al. 2001;
Quintana-Rizzo and Reynolds 2007), especially since the
Florida and Belize manatee populations were shown to have
no detectable nDNA admixture (Hunter et al. 2010a).

The isolated location, small size, and low genetic
diversity of the Puerto Rico manatee population increases
its susceptibility to rapid population decline and local
extinction. The population estimate of 250 individuals is a
cause for concern. However, the N, was found to be 52,
which is greater than expected for a population estimate of
this size (Frankham et al. 2002). It has been suggested that
at least 50 genetically effective breeders (~ 500 individu-
als) are needed to prevent inbreeding depression for short-
term population survival (Wright 1951; Frankham et al.
2002). Yet, other research has also suggested that popula-
tion levels in the upper hundreds to thousands are needed to
maintain evolutionary potential (Traill et al. 2010).

@ Springer



Conserv Genet

Phylogeographic population structure in Puerto Rico

The large phylogeographic divergence between the N&E
and S&W groups supports separate subpopulations within
Puerto Rico. The strong mtDNA haplotype pattern is
unusual for highly vagile mammalian populations, espe-
cially in the small geographic area of Puerto Rico (Deutsch
et al. 2003; Fertl et al. 2005; Alvarez-Aleman et al. 2010).
Distinct haplotypes were detected almost exclusively on
the North and South coasts, indicating minimal movement
between the regions and strong female philopatry. The
mixed haplotypes of the East and West coasts suggest
movement of A0l and BOl females into these regions,
presumably from the North and/or South. Since the rare
A02 haplotype was found exclusively on the West coast, it
most likely evolved from AOl descendants on that coast
and has not yet dispersed.

The phylogeographic division was also supported by the
movement patterns of manatees tracked from 1992 to 2006
(Slone et al. 2006). The majority of the 33 radio-tagged
manatees had restricted movement-patterns, remaining in
close proximity to their capture site and alternating
between seagrass beds and local fresh water sources. This
limited movement may decrease gene flow and allow for
the formation of genetic population structure.

The haplotype pattern in Puerto Rico is consistent with
strong female philopatry. However, the weak nDNA
Bayesian clustering results also suggest some degree of
male-biased dispersal among the coasts. Male dispersal
was documented when a radio-tracked AO1 male manatee
moved from the West to the North coast and back again
(Slone et al. 2006). The presence of the extremely low
frequency B haplotypes in the North could also indicate
male-biased dispersal. For example, a mating herd with one
AO0O1 female and four males with one BO1, one B02, and
two AO1 haplotypes was sampled after the group was
struck and killed by a barge in San Juan, Puerto Rico.

Conserving regional diversity in the Puerto Rico
manatee population

Puerto Rico manatees have lower microsatellite diversity
than the average values reported for demographically
challenged mammalian populations (DiBattista 2007,
Garner et al. 2005; also see discussion in Hunter et al.
2010a). The low diversity may be intrinsic and/or influ-
enced by the small census size, isolated location, and long-
term anthropogenic impacts. Since diversity is considered
necessary for adaptation to diseases and environmental
changes, the low diversity may increase the extinction risk
for Puerto Rico manatees (Reusch and Wood 2007).
Genetic diversity can be increased through genetic muta-
tion and immigration from divergent populations
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(Frankham et al. 2002). However, immigration from
divergent populations, such as Florida, is unlikely under
the current climatic conditions.

The Florida manatee population had higher microsatel-
lite diversity than Puerto Rico (Tucker et al. in press). This
may be due the Florida census size being an order of
magnitude greater than Puerto Rico, resulting in more
reproductive and mutation events. Florida has also had
strong management protections and less history of severe
hunting (O’Shea 1988; O’Shea et al. 2001). On the other
hand, four related haplotypes have been identified in Puerto
Rico, while only a single haplotype has been detected in
Florida. The fixation of the AO1 haplotype is likely due the
founding of Florida from the Antillean islands.

To ensure the sustainability of the genetically divergent
N&E and S&W Puerto Rico subpopulations, separate
management plans concentrating on distinct threats within
those regions would be the most beneficial. Providing
protected travel corridors between the distinct regions
could encourage natural gene flow to increase genetic
mixing and improve diversity. Further, preserving the two
genetically distinct populations separately could protect
against future bottlenecks and loss of diversity, and help to
lower the risk of extinction for the population overall.

Environmental features and manatee behavior may limit
gene flow between the N&E and S&W subpopulations.
West Indian manatees are rarely seen in open or deep ocean
waters and typically remain close to shore to access
freshwater sources and feed in shallow water (0.9-2.1 m;
Lefebvre et al. 2001). The Northwest (Isabela to Barce-
loneta) and Southeast (Maunabo) areas of the Puerto Rico
coast have narrow, insular shelves and high-energy wave
action, potentially discouraging manatee movement
(Fig. 1; red bars). Powell et al. (1981) and Rathbun et al.
(1985), using aerial survey techniques, did not observe any
individuals between the Culebrina River (West coast) to
the Manati River (central North coast; Fig. 1). The dis-
continuity in habitat may influence movement patterns, as
seen with the radio tracking data, and corresponds to the
N&E and S&W genetic subpopulation division. Further,
manatees may be less likely to travel long distances or
through deep water, since they are dependent on the limited
freshwater resources within their home range. Historically,
individuals of different haplotypes may have founded the
Puerto Rico coasts and remained relatively isolated there-
after. Alternatively, mutations may have occurred follow-
ing isolation and the resultant haplotypes drifted to fixation.

Natural manatee gene flow may also be restricted by
coastal anthropogenic colonization and habitat destruction
(Lefebvre et al. 2001). Within Puerto Rico, this could result
in a smaller, fragmented, less diverse or less sustainable
population. Manatees seek food, freshwater, and sheltered
areas for rest and parturition in coastal habitat. Recently, a
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large amount of development and increased recreational
activity has taken place in coastal areas, especially in the
Northeast and Southwest regions. Strandings of dead
manatees from 1990 to 2006 (N = 121) occurred mostly
in the North (25.6 %), East (18.2 %), and South (39.7 %)
coasts, identifying these areas for threat mitigation
(Mignucci-Giannoni et al. unpublished data, Bonde et al.
2012). Puerto Rico manatees were recently subjected to
hunting pressure and are typically wary of humans.
Therefore, they do not often utilize resources near areas
of high human activity, such as commercial and recrea-
tion zones with high watercraft traffic (O’Shea et al.
1991; Mignucci-Giannoni et al. 2000; Quintana-Rizzo and
Reynolds 2007). Providing areas with limited human
presence along travel corridors and the preservation of
habitat in the Southeast and Northwest corners of the
island could help to encourage dispersal between the
N&E and S&W subpopulations and allow for an increase
in genetic diversity.

Along with separate management considerations from
Florida, an updated and implemented Puerto Rico manatee
recovery plan and cooperative multiagency agreements to
mitigate threats and reduce mortality could improve the
conservation of the population (Rathbun and Possardt
1986). Development of manatee Marine Protected Areas
(MPAs) and the regulation and enforcement of boat and
personal watercraft speed and traffic zones could reduce
mortality and encourage utilization of manatee habitat.
Currently, boat traffic poses the largest anthropogenic
mortality threat to manatees in Puerto Rico and increases
proportionally with the human population (Mignucci-
Giannoni et al. 2000). As the environment changes in
Puerto Rico, further genetic research along with systematic
studies on health, habitat use, and response to stressors and
toxins will assist in preserving the endangered Puerto Rico
manatee.
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