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Abstract

Psendophoenix: ekmanii is a threatened palm species endemic to the Dominican Republic. Sap from trees is extracted to make
a local drink; once they are tapped the individual usually dies. Plants are also illegally harvested for the nursery trade and
destroyed by poachers hunting the endemic and threatened Hispaniolan parrot. We used 7 DNA microsatellite markers to
assist land managers in developing conservation strategies for this palm. We sampled 4 populations along the known
distribution range of this species (3 populations from the mainland and 1 from the small island of Isla Beata), for a total
sample of # = 104. We found strong evidence for genetic drift, inbreeding, and moderate gene flow (i.e., all populations had
at least 4 loci that were not in Hardy—Weinberg equilibrium, at least 9 loci pairs were in linkage disequilibrium, the pairwise
Fgr values ranged from 0.069 to 0.266, and had positive Fig values). Data supported an isolation-by-distance model, and
cluster analyses based on genetic distances resolved 2 groups that match a north—south split. The population from Isla Beata
had the lowest levels of genetic diversity and was the only one in which we found pairs of individuals with identical shared
multilocus genotypes.

Key words: Arecaceae, Biodiversity Hotspots, Caribbean, ethnobotany, Hispaniola, in situ conservation, protected areas, SSRs, tropical
islands, sugar palms

Palms, with more than 121 endemic species, represent one of
the most important floristic elements of the Caribbean Island
Biodiversity hotspot (Zona et al. 2007; Roncal et al. 2008).
The approximately 1000 islands and islets of this region have
a highly threatened flora due largely to massive habitat loss
(reviewed by Maunder et al. 2008). The Caribbean palms
provide examples of this biodiversity decline (Zona et al.
2007) and illustrate the conservation concerns for this group
on islands (see Chapin et al. 2004, 20006). The 4 species of
Psendophoenix H. Wendl. ex Sargent (Ceroxyloideae: Cyclo-
spatheae) are indicative of the challenges being faced by

conservation biologists in the Caribbean Islands. Three of
these species are restricted to Hispaniola [Pseudophoenix
ekmanii Burret, P. lediniana Read, and P. vinifera (Mart.) Becc.].
The fourth one (P. sargenti H. Wendl. ex Sargent) is
widespread, ranging through the Bahamas, Cuba, Florida,
Hispaniola, Dominica (Lesser Antilles), Mona Island (Puerto
Rico), and the Yucatan Peninsula. Two of the Hispaniolan
endemics are categorized as “Critically Endangered” sensu
IUCN (IUCN 2009). Pseudophoenix lediniana is endemic to
a single locality in southern Haiti, whereas P. ekmanii is
restricted to Jaragua National Park in the southwestern
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corner of the Dominican Republic at the Barahona Massif
(Read 1968, 1969; Zona 2002).

The sap of P. ekmanii is a source of sugar that is locally
tapped to produce a nonalcoholic beverage popularly
known as “Mabi de Cacheo.” The tapping procedure
involves removing a large portion of the crown meristem
and often results in the death of the plant (Figure 1). It has
been suggested that this traditional utilization is one of the
main reasons for the decline of P. ekmanii in the wild
(Hoppe 1998; Zona 2002). This species is facing 2
additional threats. Adults are illegally removed from the
wild for gardens, particulatly for the many tourist resorts in
coastal regions (Jiménez F, unpublished data). The third
threat is related to illegal poaching of the endemic
Hispaniolan parrot [Amagona ventralis (Statius Muller)]. The
trunks of P. ekmanii are a favorite nesting place for this bird
(Jaragua G, unpublished data). Poachers destroy the palms
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Figure 1. Individuals of Pseudophoenix ekmanii in wild
populations at Jaragua National Park. (a) Healthy individual that
has not had its sap harvested; (b) details of the procedure
utilized to extract the sap from a healthy individual;

(c) individual with fallen crown shortly after part of the leaf
meristem has been removed to extract the sap; and (d) dead
individual without crown. Photo credit: Scott Zona.

to gain access to the nests and remove chicks for the illegal
bird trade.

The Caribbean Island Biodiversity Hotspot is a clear
priority for plant biodiversity conservation (Smith et al.
2004; Maunder et al. 2008); however, few studies have used
molecular techniques to address plant population genetic
questions in this region (Francisco-Ortega et al. 2007, 2008).
To our knowledge, microsatellite (simple sequence repeats
[SSRs]) matkers have only been used to investigate the
genetic structure of the Zamia pumila 1.. complex (Meerow
and Nakamura 2007; Meerow et al. 2007, forthcoming);
a cycad restricted to the Greater Antilles, the Bahamas,
Florida, and Georgia. Likewise, Derien and Duvall (2009),
based on nucleotide sequence data from 2 chloroplast DNA
markers, investigated the genetic diversity of the largest
population of Guaiacum sanctum 1. (Zygophyllaceae) from
the Florida Keys. In addition, Maskas and Cruzan (2000)
used restriction site data of the chloroplast genome to infer
phylogeographic patterns of the Pirigueta caroliniana Utb.
(Passifloraceae) complex in southeastern North America
and the Bahamas. Restriction site data were also used to
document gene flow between Borrichia frutescens (L.) DC.
(Asteraceae) and B. arborescens (L.) DC. in the Florida Keys
(Cattell and Karl 2004) and provides a good example of the
potential inherent in studies using molecular markers in
conjunction with morphological data for understanding
patterns of genetic diversity in the Catibbean. Other studies
focusing on genetic diversity of Antillean plants have been
based on allozyme data, and they included endemic
gymnosperms (Walters and Decker-Walters 1991; Zheng
and Ennos 1999, Pinares et al. 2009) or flowering plants
(Glover and Barrett 1987; Wendel et al. 1992; Negron-Ortiz
and Hickey 1996; Ackerman and Ward 1998; Dunphy et al.
2004). Most of these isozyme studies were based on more
than 10 polymorphic loci and have been useful to
understand patterns of genetic vatiation of these groups,
including the critically endangered cycad Microcycas calocoma
(Miq.) A.DC,, restricted to a few populations from Western
Cuba (Pinares et al. 2009).

Conservation of critically endangered species often
requires an understanding of the genetic structure of their
populations (Hamrick et al. 1991; Hamrick and Godt 1996).
Most of these species exhibit reduced numbers of both
populations and individuals per population. They usually
occur along a small geographical area with strict ecological
requirements or within a highly fragmented landscape
(IUCN 2009). Under such environmental conditions, these
populations are severely affected by stochastic events:
genetic drift coupled with inbreeding tends to decrease
their genetic diversity. The immediate effects are 1) an
increase in the number of homozygotes and the attendant
risk of inbreeding depression and 2) loss of potential gene
combinations with adaptive value that will enable the species
to respond to habitat changes (Peterson and McCracken
2005). Therefore, population genetic studies can be crucial
for providing information germane to the long-term survival
of endangered species. Genetic diversity data can be
extremely useful for developing management strategies for
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both ex situ and in situ conservation (Holsinger and
Gottlieb 1991).

In this study, we use 7 microsatellite loci to determine
the patterns of genetic variation of P. ekmanii throughout its
distribution range. Being a slow-growing, self-compatible,
and critically endangered species, with an unsustainable
ethnobotanical use (see below), we hypothesized that
populations of this palm would depart from Hardy—
Weinberg equilibrium (HWE), have an excess of homo-
zygotes, and exhibit low levels of genetic diversity within
populations.

Materials and Methods
Plant Species

Species of  Pseudophoenix  are hermaphroditic and are
notoriously slow growers. The breeding system of this palm
is unknown although isolated individuals in cultivation
produce viable seeds, suggesting self-compatibility (Zona S,
personal communication). However, based on our field
observations, the flowers of Pseudophoenix are highly
attractive to insect pollinators. During flowering season,
they are extensively visited by honey and bumble bees,
which suggests that outcrossing may play a major role in the
reproductive biology of this palm.

The demographic dynamics of P. ekmanii are pootly
understood; however, a recent ecological study of P. sargentii
showed that reintroduced individuals mature faster than
naturally recruiting individuals. Reintroduction of seedling
and juveniles also balanced the age structure, which had been
skewed by lack of natural recruitment and slow maturation,
and ultimately improved the viability of the population
(Maschinski and Duquesnel 2007). This study also found
that wild population growth is positively correlated with
seedling recruitment and removal of key conservation threats
(e.g., elimination of harvesting and habitat preservation).

Study Sites

Psendophoenix efmanii is mostly restricted to 3 areas in Jaragua
National Park, 2 on the mainland (at Sabana del Algodon
and Trudillé), and a third on Beata Island, offshore from
the southernmost extreme of the Dominican Republic
(Figure 2). The region where this species occuts is one of the
least developed and economically poorest of the Dominican
Republic (Bolay 1997). Charcoal extraction, near-shore
fishing, hunting of feral pigs and goats, subsistence
agriculture, and illegal trading of Mabi de Cacheo and
poaching of the Hispaniolan parrot are the main economic
activities of the region (Bolay 1997; Veloz A, personal
communication). None of the populations of P. ekwanii are
accessible by road, and our field work required several days
of overnight camping and the hiring of local guides who led
us to the study sides on mule rides. At least 5 populations are
found in Trudillé, whereas 8 populations are known at
Sabana del Algodon (Veloz A, personal communication).
Only one population is known on Isla Beata (I'igure 1). The

area where this palm occurs is mostly covered by dry thorny
and semi-deciduous forests on limestone (Bolay 1997).

Our study was based on 4 populations, 1 from Isla Beata,
2 from Trudillé, and 1 from Sabana del Algodén (Figure 1).
During our field studies, we were unable to sample
additional populations, mostly because of the difficult
terrain and inaccessibility where the species occurs. These
4 populations were selected on the basis of accessibility and
size. Among the visited sites, they appeared to have the
highest number of individuals and to cover the largest area.
Within Trudillé, the average pairwise distance among sites is
2.5 km, and the 2 populations that we sampled were 4.5 km
apart representing the 2 extremes of the distribution area of
the species in this area (Supplementary Figure 1). Within
Sabana del Algodoén, the average pairwise distance among
sites is much lower, approximately 0.45 km (Supplementary
Figure 1).

Demographic Structure of Populations

Within each site, individuals were evenly distributed but
because of the difficult terrain and the thickness of the
forest we could not conduct demographic inventories that
included all the individuals of these populations. Therefore,
demographic studies were performed on plots (~15 X
15 m” each) that covered approximately 10% of the surface
area of each sampled population. These plots were
randomly distributed over the whole distribution area of
each collecting site. Data from these plots were sub-
sequently extrapolated to the whole population area;
therefore, they represent approximately estimates of the
actual census population. The area covered by these
populations ranged approximately between 2 and 6 ha for
Isla Beata and Sabana del Algodén, respectively. The 2
populations of Trudillé had an intermediate area of
approximately 4 ha. For each population, we recorded the
number of individuals within 6 different plant classes,
including 1) seedlings (plants with fewer than 3 leaves), 2)
juveniles (plants smaller than 1.5 m in height), 3) adults
(plants greater than 1.5 m in height), 4) total number of dead
plants due to sap hatrvesting, 5) total number of individuals
that were recently tapped prior to our population studies,
and 6) total number of living plants that were tapped in
previous years.

Sampling, DNA Isolations, and Polymerase Chain Reaction
Amplifications

Between 22 and 31 adult individuals were randomly collected
from these 4 localities of P. ekmanii at Jaragua National Park
(Figure 2). These individuals were sampled (intervals > 15 m)
along the whole distribution area of the species in each
population. Leaf samples were fast dried in silica gel and
subsequently used for DNA isolation using a DNeasy Plant
Mini Kit (Qiagen) following the manufacturer’s protocol.
Liquid nitrogen was used to aid in the disruption of the
leaf tissue. Seven microsatellite loci originally developed
for P. sargentii were used as molecular markers for our
study (Table 1) (Namoff et al., 2010). The polymerase chain
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Figure 2. Geographical area where Pseudophoenix ekmanii occurs. The 4 populations included in our study are also shown.

reaction (PCR) mixture (in 25 pl volume) had the following
concentrations: 0.8 uM primer, 1 unit GoTaq (Promega),
1x reaction buffer, 2.0 mM MgCl,, 0.2 mM each dNTP,
and 1 pl total DNA (concentration not determined). One
primer in each pair was labeled with a fluorescent dye.
Cycling conditions were 94 °C for 3 min followed by 36
rounds of 94 °C for 1 min, annealing for 1 min, 72 °C for
2 min, and then final extension at 72 °C for 10 min.
Annealing temperatures were determined expetimentally
and are reported in Table 1. The PCR fragments were
separated using an ABI 3100 Genetic Analyzer and
visualized with GeneMapper (Applied Biosystems).

Statistical Analysis

The program Arlequin v.3.11 (Schneider et al. 2000) was
used to determine the percentage of polymorphic loci (P),
the average number of alleles per locus (A), the observed
heterozygosity (Hp), and expected heterozygosity (Hg)
across the 4 populations included in our study. For each
population, we also obtained the number of private alleles
(n,) and number of identical shared multilocus genotypes
(MLGs) with the program GenAlEx v.6 (Peakall and
Smouse 2005). The probability of obtaining matching
MLGs was also estimated with GenAlEx. Inbreeding
coefficients (Fig) were calculated for each population
using Genepop (Raymond and Rousset 1995; Rousset
2008).

The significance of deviations of Fig from 0 was accessed
by permutation tests (1000 permutations with 0.05 alpha level
for Bonferroni correction). These calculations were performed
with FSTAT (Goudet 1995). We used the exact test method
of Guo and Thompson (1992), as implemented in Arlequin
(i.e., Markov chain of 100 000 steps and 1000 dememotization
steps), to assess deviations from HWE for each locus
population. The program Genepop was used (1000 dememo-
rization steps, 100 batches, and 1000 iterations per batch) to
estimate global HWE deviations for each population. We also
used Arlequin to perform a likelihood ratio test of linkage
disequilibrium (LD) (10 000 permutations and 10 initial
conditions) between loci pairs for each population following
the method of Slatkin and Excoffier (1996).

Principal coordinate analysis (PCO) among all the
individuals included in our study was computed with
GenAlEx based on the algorithm developed by Orloci
(1978) after conversion of the individual-by-individual genetic
distance matrix, as defined by Smouse and Peakall (1999), to
a covatiance matrix and data standardization. This ordination
technique was used to detect the genetic structure of
populations projected in a continuous space (Abbott et al.
1985). The aim of this multivariate analysis was to produce
a scatter diagram that summatized the otiginal multidimen-
sional data set and revealed the presence of groups.

The program Populations (Langella 1999) was used to
calculate the chord distance of Cavalli-Sforza and Edwards
(1967) among populations. A neighbor joining (NJ) tree
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Table | Microsatellite loci used in this study

Locus  Repeat’ Primer sequence (5'-3")

GenBank® T, (°C)° Allele size No. of alleles

pse21  (CA)y
pse3.33 (TA)s(GA);
psed.6  (CAMGA) o
pse52  (AT)s(GT)
pse5.5  (GT)12(GA)y

pse5.6  (GT);17(GA)y; F: CCAGCTCCCAGTGTTTATGATCC

TETERTRTSTS TS T

pse7.26 (AAG);o

: TCTTCAGTCTTCACCTTCTGCCATGC

: GAGTCTTACAGATAGCGAAGAACACAG

: GATTCTTCAAAATGCCAAGTTCAGCCTG

: ATCCATGCCATTCTCATCCTGGTCC
AGTTACGGTGGCTTGAATTGGAGTTAG

: TCTGCCATCATCCACAGCCATCAAC

: AATGCAAGACTCGGTCAACCAAAAGT

: TGATTCTGGTGGAAATGTTGCATCA

: CTGACCCTGTAGCTTGATCCAACCTAG

: CCATCAAAATTAGCCATCCTAGACCTAATC

: TATCTCCAACACCACTCCTAGCCG
: ACTGGAAGGTGATGACATAAGATG
R: CTCAACGTGACATCCGACGGTAG

GU124750 54 264-284 8
GU124752 55 264-274 5
GU124754 68 179-223 8
GU124755 55 438-551 9
GU124757 54 229-244 11
GU124758 65 364-372 4
GU124759 64 306-319 3

Repeat motif.

b .
GenBank accession number.

Optimized annealing temperature.

based on this distance was obtained and branch support was
assessed by 10 000 bootstrap replications (over loci). The
final dendrogram was visualized with Tree View (Page 1990).

Analysis of molecular variance (AMOVA) among
populations (based on Euclidean squared distance matrix
and with P values obtained after 1023 replicates) and Fgr
pairwise comparisons between populations (with P values
obtained after 110 random permutations) were computed
with the algorithms implemented in Arlequin.

Relationships between geographical distance and Fgr/
(1 — Fgr) values were determined in order to assess if the
spatial genetic structure of the populations followed an
isolation-by-distance model. This was performed with the
program Isolation by Distance Web Service (Jensen et al.
2005) with 30 000 randomizations (significance was de-
termined with 1000 jackknife permutation steps).

The program Micro-Checker (Van Oosterhout et al.
2004) was used to evaluate the presence of null alleles and
allelic dropouts, employing 3000 randomizations.

Results
Demographic Structure of Populations

Palm tapping occurred in all sampled populations. The
percentage of harvested palms ranged between 4% (Isla

Beata) to 16% (Trudillé 2) (Table 2) and very few of them
survived this unsustainable harvesting (<4% average of
survival within the tapped individuals, across populations).
With an estimate of 329 individuals, Isla Beata had the
smallest population size. In contrast, Sabana del Algodon
had an estimate of 2475 individuals. In all mainland
populations, we found that seedlings and juveniles repre-
sented the greatest proportion of individuals, ranging
between approximately 81% and 67% for the Trudillé and
Sabana del Algodén populations, respectively. In contrast,
Isla Beata had the largest proportion of adults (64%).

Genetic Variability

All loci were polymorphic in all populations, and the average
number of alleles per locus varied between 2.8 (Isla Beata)
to 5.4 (Trudillée 2) (Table 3). Isla Beata had the lowest
number of private alleles (7, = 1), whereas the highest
number (7, = 7) was found in Trudillé 2 (Table 3). The
global analyses showed that all populations deviated
significantly from HWE. Five loci were not in HWE for
the populations of Isla Beata (loci pse2.1, pse3.33,
pse5.5, pse5.6, and pse7.26), Trudille 1 (loci pse3.33,
pse3.0, pseb5.2, pseb.5, and pse5.6), and Sabana del Algodon
(loci pse3.6, pse5.2, pse5.5, pse5.6, and pse7.26). In
contrast, 4 of them deviated from HWE in the Trudillé 2

Table 2 Pseudophoenix ekmanii population demography data based on information recorded on sample plots

Estimated number of living individuals

Sugar tapping effect

Population  Locality Total Adults

Juveniles

a b

Seedlings Sugar tapped

Nnonsurviving

Nsurviving
1 Isla Beata 329 211 59 59 14 14 0
2 Trudillé 1 550 110 264 176 71 69 2
3 Trudillé 2 496 95 253 148 80 7 3
4 Sabana del Algodén 2475 820 1,550 105 53 50 3

Plots covered approximately 10% of the surface area of each population.
“ Estimated number of individuals that were harvested and did not survive.

” Estimated number of individuals that were harvested and survived.
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population (loci pse2.1, pse5.2, pse5.5, and pse5.6; Table 3).
Therefore, each locus departed from HWE in at least
one population. Isla Beata was the only population
where we found individuals (3) with identical MLGs. The
average probability of obtaining a pair of individuals with
the same MLG for this population was 0.0014. Nine
loci pairs were in LD for the populations of Trudillé 1,
Trudillé 2, and Sabana del Algodén; in contrast, Isla Beata
had 19 loci pairs in LD. All populations were inbred,
displaying positive values for Fig, with Isla Beata having the
highest (0.3) (Table 3).

The program Micro-Checker did not detect allelic
dropout, but there was general excess of homozygotes for
those loci—population combinations that were not in HWE
(see above), suggesting that null alleles might be present for
these loci. Although we cannot rule out that these loci had
null alleles, the high number of homozygotes found in those
loci might well be the outcome of genetic drift and
inbreeding.

Genetic Differentiation among Populations

Pairwise Fgr values among populations ranged between
0.266 (Isla Beata vs. Sabana del Algodén populations) and
0.069 (Sabana del Algodén vs. Trudillé 2) (Table 4), and they
were significant (P < 0.001) for all comparisons, with an
overall mean of 0.16 across loci. AMOVAs showed that
83.96% of variance was within populations and 16.04%
among populations.

The first and second axes of the PCO analysis accounted
for approximately 50% of the genetic variation. Most of the
individuals from the Isla Beata and Trudillé 1 populations
have positive values along the first coordinate; in contrast
those from Sabana del Algodén and Trudille 2 displayed
negative scores along this axis (Figure 3), suggesting that the
4 populations formed 2 groups.

Additional support for these 2 groups was obtained after
NJ analyses of genetic distances among populations. These
groups were supported by a 90% bootstrap value (Figure 4).
The first group had the populations from Isla Beata and
Trudillé 1 and the second one those from Sabana del
Algodén and Trudillé 2. The isolation-by-distance analysis
showed an increase of divergence among populations with

Table 3 Pseudophoenix ekmanii population genetic statistics

geographical distance (Figure 5). The Fsr/(1 — Fst) values
among the 4 populations included in our study had
a significant correlation with log;, (Geographic Distance)
for the SSR loci.

Discussion
Genetic Structure

There is a clear geographic signature in the patterns of
microsatellite variation and this was supported by the
clustering and ordination analyses. Two groups were
revealed after the NJ and the PCO analyses. One of the
groups had the southernmost populations of Isla Beata and
Trudillé 1, whereas the second group had those from the
north, at Sabana del Algodén and Trudillé 2. The isolation-
by-distance analysis showed a highly significant correlation
between genetic divergence and geographical distance
values. Despite this outcome from the isolation by-distance
analysis, the 2 most adjacent populations of Trudillé did not
cluster in the same group. These 2 populations are only 4.5
km apart (Supplementary Figure 1), but they are at the
extreme ends of the distribution area of the species in
Trudillé; however, during our field studies, we did not
identify any barrier for gene flow between these 2
populations. Indeed, the relatively low Fgr value between
them (see below) suggests that there is gene flow. In
addition, there are 3 additional populations of P. ekmanii
between these 2 sites. We believe that unsustainable
harvesting, illegal poaching of P. ekmanii, and historical
changes to the habitat have increased stochastic evolution-
ary processes linked to genetic drift.

Within the mainland populations, Fgr values were lower
than 0.167, a relatively low wvalue supporting at least
moderate amounts of gene flow among these populations
(reviewed by Hamrick and Godt 1996). Further evidence for
gene flow among these populations came from the
ordination analysis in that there was overlapping among
them in the PCO diagram.

The population Trudillé 2 displayed the highest number
of unique alleles and average alleles per locus. In addition,
it had the highest values for observed and expected

Population’ Locality P n, A Ho He Nds Fis Nig LDL
1 (25) Isla Beata 100 1 2.8 0.2879 0.4507 5 0.300%** 3 19
2 (31) Trudillé 1 100 3 4.9 0.4423 0.6662 5 0.211%% 0 9
3 (22 Trudillé 2 100 7 5.4 0.5281 0.5912 4 0.255%** 0 9
4 (26) Sabana del Algodén 100 3 4 0.4591 0.5798 5 0.214%+* 0 9
Pooled values 100 14° 6.9 0.636

P, percentage of polymorphic loci; #,, number of private alleles; A, average number of alleles per locus; He, observed heterozygosity; Hg, expected

heterozygosity; 745, number of loci that deviate significantly from HWE (£ < 0.05); Fig, inbreeding coefficient; IV,

LDL, percentage of paired loci showing linkage disequilibrium.

“ Number of sampled individuals are given inside the parenthesis.

’ Total number of alleles across all loci = 48.
**Values deviate significantly from 0 (2 < 0.05).

g number of identical genotype pairs;
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Table 4 Geographical distances (km) (top) and Fsr values
(bottom) among the 4 populations of Pseudophoenix ekmanii
included in our study

Sabana del
Isla Beata Trudillé | Trudillé 2 Algoddn
Isla Beata — 19.2 21.8 29.1
Trudillé 1 0.124 — 4.5 11.5
Trudillé 2 0.214 0.123 — 7.5
Sabana del Algodon 0.266 0.167 0.069 —

Fgr values deviate significantly from 0 (2 < 0.01).

heterozygosity. The presence of a large number of unique
alleles indicates that this population has probably been
relatively large until recently. That it cutrently appears to
have experienced the highest amount of sugar tapping may
support this conclusion. In contrast, the population of Isla
Beata had the fewest number of individuals and reduced
levels of diversity relative to the other sites. This small island
is separated from the mainland by a narrow 7 km sea-strait
known as “Canal de la Beata” that acts as a barrier to gene
flow with the other populations; interestingly, the highest
Fgr values were recorded between the population of this
island and those from the mainland supporting higher
genetic differentiation than that occurring on the mainland.

Our results suggest that genetic drift and inbreeding have
been important factors in shaping the genetic structure of
P. ekmanii. Exact tests for heterozygote deficiency or excess
(Rousset and Raymond 1995) indicated significant departute
from HWE under the assumption of heterozygote de-
ficiency, and a corresponding high degree of LD together
with Fj¢ values greater than zero provided further evidence
of inbreeding. We are aware that null alleles can tresult in
HW disequilibrium and that gametic phase (unknown for
our sample) is one of the possible explanations for LD.
However, it is also well known that stochastic events linked
to reduced population size also result in an increase of
homozygosity and LD because of genetic drift and
nonrandom mating (Allendorf and Likart 2006). Therefore,
it seems that these 2 processes are relevant to the
interpretation of our results because our species is extremely
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Figure 3. Principal coordinate analysis scatter diagram along
the 2 first coordinates. Solid circles: Isla Beata; open triangles:
Trudillé 1; solid triangles: Trudillé 2; open diamonds: Sabana
del Algodén.
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Figure 4. Neighbor joining dendrogram showing the genetic
relationship among populations. Branch lengths are
proportional to distances and bootstrap support for the 2
identified clusters is also shown.

rare and under threat from human activities. Isla Beata, with
the highest inbreeding coefficient, also had the highest
probability of a repeating MLG of the 4 populations,
providing further evidence of inbreeding and overall lower
genetic diversity.

Based on our field obsetvations, we know that adult
individuals of P. ekmanii are heavily tapped for the
production of the “Mabi de Cacheo” drink. We have also
observed that many plants are destroyed by horticultural and
parrot poaching activities. These impacts have had detri-
mental effects on population size and contribute to genetic
drift and inbreeding. In addition, it is well known that since
the arrivals of Europeans to the region in the late 15th
centuty, the habitats of the islands have been severely
modified if not destroyed (Westermann 1952, 1953;
Maunder et al. 2008). These historical patterns have had
an impact on this palm and the area where it thrives.
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Figure 5. Isolation-by-distance test showing relationship
between Fgr/(1 — Fsr) versus log-transformed geographic
distance among the studied populations.
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Conservation Genetic Implications and Traditional
Utilization of Palms

Despite being one of the most emblematic groups of the
tropics (see Johnson 1990), relatively few studies have used
microsatellite data to address population/conservation
genetic and systematic questions with palms (i.e., Gaiotto
et al. 2003; Henderson et al. 2006; Couvreur et al. 2007;
Shapcott et al. 2007, 2009; Conte et al. 2008; Hernandez
Ugalde et al. 2008; Cibrian-Jaramillo et al. 2009).

One of the major challenges in conservation biology is
how to preserve the evolutionary potential of populations
within a viable environment (Mills 2007). Pseudophoenix
ekmanii 1s subject to damaging human pressures including
habitat destruction and continuous unsustainable use. We
are aware that there are no studies concerning the breeding
system of P. ekmanis; therefore to what extent casual ob-
servations in botanic gardens suggesting self-compatibility
can also apply to natural populations is unknown. Our
results detected inbreeding and reduced genetic diversity
within populations, an expected outcome from an autoga-
mous species. However, inbreeding is also reported for
other palms that are hatvested for sugar: the fishtail palm
(Chamaedora ernesti-augusti H. Wendl.) and the palmito palm
(Euterpe edulis Mart.) (Gaiotto et al. 2003; Cibrian-Jaramillo
et al. 2009). For these allogamous species, it appears that
unsustainable hatvesting is one of the reasons for this
genetic pattern as a reduction of adult population size can
result in genetic drift and inbreeding (Frankham et al. 2002).
Based on our field observations, cleatly P. ekmanii is
regularly exploited in the wild; however, a question that
still needs to be answered is to what extent the breeding
system of this Caribbean palm is also an important factor
for the population genetic results obtained in our study. Our
data show that genetic drift and inbreeding are key players in
the evolutionary genetics of this species; however, it is
uncertain to what extent this is causing inbreeding de-
pression. Our demographic studies show that seedlings and
juveniles represent the largest proportion of individuals in
the mainland populations. In addition, a significant pro-
portion of individuals at Isla Beata also belong to these
categories. These results indicate that despite unsustainable
hatrvesting and other threats, populations of P. ekmanii still
have the ability to regenerate. If given proper protection,
adult population sizes should gradually increase.

Palm-derived sap is a source of sugar that remains
relatively common in the tropics, subtropics, and the
Mediterranean. Unsustainable palm tapping has driven
the Chilean wine palm [ Jubaea chilensis (Molina) Baill] to
the verge of extinction (Gonzalez et al. 2009) and similar
procedures are driving the decline of the Coyol palm
(Acrocomia mexicana Karw.) in Mexico and Central America
(Balick 1990). In contrast, sustainable extraction of sap in
the Canary Islands has been the key factor for the
conservation of the endemic Phoenix canariensis Hort. ex
Chabaud on the island of La Gomera (Quintero 1985). This
island has the most numerous and largest natural popula-
tions of this palm. Farmers from the Middle East and the

Indian subcontinent also harvest the sweet sap of the date
palm (P. dactylifera 1..) and of the sugar palm [P. sylestris (L.)
Roxb.] (Barreveld 1993; Kamaluddin et al. 1998) without
killing individual palms. Other palms that are sustainably
harvested are the Palmyra palm (Borassus flabellifer 1.), the
Sago palm [Arenga pinnata (Wurmb) Merr.], and the Jaggery
palm (Caryota urens 1.) in Tropical Asia (Fox 1977; Mogea
et al. 1991; De Zoysa 1992). We believe that finding
a nondestructive harvesting method for P. ekmanii can be
a major factor for the future of this species as indicated by
these examples.

Supplementary Material

Supplementary Figures 1 and 2 can be found at http://
www.jhered.oxfordjournals.org/.

Funding

Mohamed bin Zayed Species Conservation Fund (grant
number 0925390); the Louis J. Skinner Foundation; the
Bachelor Foundation support for the Rare Event of Fairchild
Tropical Botanic Garden (2008); Jardin Botanico Nacional
(Dominican Republic); Fairchild Tropical Botanic Garden.

Acknowledgments

This is contribution number 191 from the Tropical Biology Program of
Florida International University. We dedicate this article to Dr Scott Zona
in recognition of his contributions for the advancement of scientific
research, conservation, and horticulture of palms. Thanks are due to Nora
Oleas for her help with the statistical analyses. Prof Martin Tracey critically
read an early draft of this article and Louise Bennett provided technical
assistant. Daniel Gann provided help with the preparation of distribution
maps presented as the Supplementary Material. Our gratitude to Prof James
Hamrick and 2 anonymous reviewers who provided many useful
comments, suggestions, and insights. The Jardin Botanico Nacional of
the Dominican Republic thanks logistic support provided by Ministerio de
Educacién Supetior de Ciencias y Tecnologia of the Dominican Republic to
study threatened endemic species.

References

Abbott LA, Bisby FA, Rogers DJ. 1985. Taxonomic analysis in biology.
New York: Columbia University Press.

Ackerman JD, Ward S. 1999. Genetic variation in a widespread, epiphytic
orchid: where is the evolutionary potential? Syst Bot. 24:282-291.

Allendorf FW, Likart G. 2006. Conservation and the genetics of
populations. Malden (MA): Blackwell.

Balick MJ. 1990. Production of Coyol wine from Acrocomia mexicana
(Arecaceae) in Honduras. Econ Bot. 44:84-93.

Barreveld WH. 1993. Date palm products. FAO Agric Serv Bull. 101:1-40.

Bolay E. 1997. The Dominican Republic. A country between rain forest and
desert. Contributions to the ecology of a Caribbean island. Weikersheim
(Germany): Margraf Vetlag.

Cattell MV, Karl SA. 2004. Genetics and morphology in a Borrichia frutescens
and B. arborescens (Asteraceae) hybrid zone. Am ] Bot. 91:1757-1766.

£202 YoIe|\ 60 U0 }sonb Aq GG80€8/1/1/20 L /lone/paiayl/wuoo-dno-oiwepeoe)/:sdiy Wo.y pepeojumoq


Supplementary material Figures 1
http://www.jhered.oxfordjournals.org/
http://www.jhered.oxfordjournals.org/

Namoff et al. « Conservation Genetics of an Endemic Palm Species from the Dominican Republic

Cavalli-Sforza LL, Edwards AWF. 1967. Phylogenetic analysis. Models and
estimation procedures. Am ] Hum Genet. 19:233-257.

Chapin MH, Maunder M, Horak KE. 2006. Seed regeneration of wild
Pritchardia populations in Hawaii. Pacific Conserv Biol. 3:20-28.

Chapin MH, Wood KR, Perlman SP, Maunder M. 2004. A review of the
conservation status of the endemic Prifchardia palms of Hawail. Oryx.

38:282-290.

Cibtidn-Jaramillo A, Bacon CD, Garwood NC, Bateman RM, Thomas MM,
Russell S, Bailey D, Hahn W], Bridgewater SGM, DeSalle R. 2009.
Population genetics of the understory fishtail palm Chamaedora ernesti-angusti
in Belize: high genetic connectivity with local differentiation. BMC Genet.
10:65.

Conte R, Sedrez dos Reis M, Mantovani A, Vencovsky R. 2008. Genetic
structure and mating system of Euterpe edulis Mart. populations: a comparative
analysis using microsatellite and allozyme markers. ] Hered. 99:476-482.

Couvreur TLP, Hahn WJ, De Granville J-J, Pham JI, Ludefa B, Pintaud J-C.
2007. Phylogenetic relationships of the cultivated neotropical palm Bactris
gasipae (Arecaceae) with its wild relatives inferred from chloroplast and
nuclear DNA polymorphisms. Syst Bot. 32:519-530.

Derien JR, Duvall MR. 2009. Biogeography and divergence in Guaiacnm
sanctum (Zygophyllaceae) revealed in Chloroplast DNA: implications for
conservation in the Florida Keys. Biotropica. 41:120-127.

De Zoysa N. 1992. Tapping patterns of the Kitul Palm (Caryota urens) in the
Sinharaja area, Sti Lanka. Principes. 36:28-33.

Dunphy BK, Hamrick JL, Schwagerl J. 2004. A comparison of direct and
indirect measures of gene flow in the bat-pollinated tree Hymenaea conrbarilin the
dry forest life zone of southwestern Puerto Rico. Int J Plant Sci. 165:427-436.

Fox ]JJ. 1977. Harvest of the palm. Ecological change in Eastern Indonesia.
Cambridge (MA): Harvard University Press.

Francisco-Ortega J, Santiago-Valentin E, Acevedo-Rodriguez P, Lewis C,
Pipoly J, Meerow AW, Maunder M. 2007. Seed plant genera endemic to the
Catibbean Island Biodiversity Hotspot: a review and a molecular
phylogenetic perspective. Bot Rev. 73:183-234.

Francisco-Ortega J, Ventosa I, Oviedo R, Jiménez F, Herrera P, Maunder M,
Panero JL. 2008. Caribbean Island Asteraceae: systematics, molecules, and
conservation on a biodiversity hotspot. Bot Rev. 74:112-131.

Frankham R, Ballou JD, Briscoe DA. 2002. Introduction to conservation
genetics. Cambridge (UK): Cambridge University Press.

Gaiotto FA, Grattapaglia D, Vencovsky R. 2003. Genetic structure, mating
system, and long-distance gene flow in heart of palm (Euterpe edulis Mart.).
J Hered. 94:399-4006.

Glover DE, Barrett SCH. 1987. Genetic variation in continental and island
populations of Eichhornia paniculata (Pontederiaceae). Heredity. 59:7-17.
Goudet J. 1995. FSTAT version 1.2: a computer program to calculate
F-Statistics. ] Hered. 86:485-486.

Gonzilez LA, Bustamante RO, Navarro RM, Herrera MA, Inanez MT.
2009. Ecology and management of the Chilean Palm (Jubaca chilensis):
history, current situation and perspectives. Palms. 53:68-74.

Guo SW, Thompson EA. 1992. Performing the exact test of Hardy—
Weinberg proportion for multiple alleles. Biometrics. 48:361-372.
Hamrick JL, Godt MJW. 1996. Conservation genetics of endemic plant
species. In: Avise ]S, Hamrick JL, editors. Conservation genetics: case
histories from nature. New York: Chapman and Hall. p. 281-304.
Hamrick JL, Godt MJW, Murawski DA, Loveless MD. 1991. Cotrelations
between species traits and allozyme diversity: implications for conservation
biology. In: Falk DA, Holsinger KE, editors. Genetics and conservation of
rare plants. New York: Oxford University Press. p. 75-86.

Henderson SA, Billotte N, Pintaud J-C. 2006. Genetic isolation of Cape

Verde Island Phoenix atlantica (Arecaceae) revealed by microsatellite markers.
Conserv Genet. 7:213-223.

Hernandez Ugalde JR, Mora Urpi J, Rocha Nufez O. 2008. Diversidad
genetic y relaciones de parentesco de las poblaciones silvestres y cultivadas
de pejibaye (Bactris gasipaes, Palmae), utilizando marcadores microsatelites.
Rev Biol Trop. 56:217-245.

Holsinger KE, Gottlieb LD. 1991. Conservation of rare and endangered
plants: principles and prospects. In: Falk DA, Holsinger KE, editors.
Genetics and conservation of rare plants. New York: Oxford University
Press. p. 195-208.

Hoppe J. 1998. Palms of the Dominican Republic. Santo Domingo
(Dominican Republic): Educa.

TUCN. 2009. The TUCN red list of threatened species, version 2009.1.
[cited 2010 December 1] Available from: http://www.iucnredlist.org/.

Jensen JL, Bohonak AJ, Kelley ST. 2005. Isolation by distance, web service
v.3.15. BMC Genet. 6:13; [cited 2010 December 1]. Available from: http://
ibdws.sdsu.edu/~ibdws/.

Johnson DV. 1996. Palms: their conservation and sustained utilization.
Gland (Switzerland): IUCN The World Conservation Union.

Kamaluddin M, Nath TK, Jashimuddin M. 1998. Indigenous practice of
Khejur palm (Phoenix sylvestris) husbandry in rural Bangladesh. ] Trop Forest
Sci. 10:357-366.

Langella O. 1999. Populations, version 1.2.30. A population genetic
software. CNRS UPR9034; [cited 2010 December 1]. Available from:
http://bioinformatics.org/~tryphon/populations/.

Maschinski ], Duquesnel J. 2007. Successful reintroductions of the
endangered long-lived Sargent’s chetry palm, Pseudophoenix sargentii, in the
Florida Keys. Biol Conserv. 134:122-129.

Maskas SD, Cruzan MB. 2000. Patterns of intraspecific diversification in the
Pirigueta  caroliniana complex in southeastern North America and the
Bahamas. Evolution. 54:815-827.

Maunder M, Leiva A, Santiago-Valentin E, Stevenson DW, Acevedo-
Rodriguez P, Meerow AW, Mejia M, Colin C, Francisco-Ortega ]. 2008.
Plant consetvation in the Caribbean Island biodivetsity hotspot. Bot Rev.
74:197-207.

Meerow AW, Nakamura K. 2007. Ten microsatellite loci from Zawia
integrifolia (Zamiaceae) Molec Ecol Notes. 7:824-826.

Meerow AW, Stevenson DW, Moynihan ], Francisco-Ortega J. 2007.
Unlocking the coontie conundrum: the potential of microsatellite DNA
studies in the Caribbean Zamia pumila complex (Zamiaceac). Mem N'Y Bot
Gard. 98:484-518.

Meerow AW, Stevenson DW, Francisco-Ortega J. Forthcoming. Genetic
structure of populations of the Zamia pumila complex (Zamiaceae) from
Puerto Rico. Mem New York Bot Gard.

Mills LS. 2007. Conservation of wildlife populations. Malden (MA):
Blackwell.

Mogea |, Seibert B, Smits W. 1991. Multipurpose palms: the sugar palm
(Arenga pinnata (Wurmb) Merr. Agroforest Syst. 13:111-129.

Namoff S, Francisco-Ortega |, Zona S, Lewis C. 2010. Microsatellite
markers developed for the Caribbean palm Pseudophoenix sargentii—two
PCR-based methods. Conserv Genet Resources. 2:85-87.

Negron-Ortiz 'V, Hickey RJ. 1996. The genus Emodea (Rubiaceae) in the
Catibbean Basin. I. allozyme variation and mating systems. Syst Bot.
21:433-443.

Orloci L. 1978. Multivariate analysis in vegetation research. The Hague (The
Netherlands): Dr. W. Junk B. V.

Page RDC. 1996. Tree View: an application to display phylogenetic trees on
personal computers. Bioinformatics. 12:357-358.

Peakall R, Smouse P. 2005. GenAlEx 6: genetic analysis in Excel
Population genetic software for teaching and research. Mol Ecol Notes.
6:288-295; [cited 2010 December 1]. Available from: http://www.anu.c-
du.au/BoZo/GenAlEx/.

£202 YoIe|\ 60 U0 }sonb Aq GG80€8/1/1/20 L /lone/paiayl/wuoo-dno-oiwepeoe)/:sdiy Wo.y pepeojumoq


http://www.iucnredlist.org/
http://ibdws.sdsu.edu/&sim;ibdws/
http://ibdws.sdsu.edu/&sim;ibdws/
http://ibdws.sdsu.edu/&sim;ibdws/
http://bioinformatics.org/&sim;tryphon/populations/
http://bioinformatics.org/&sim;tryphon/populations/
http://www.anu.edu.au/BoZo/GenAlEx/
http://www.anu.edu.au/BoZo/GenAlEx/

Journal of Heredity 2011:102(1)

Peterson PM, McCracken CL. 2005. Genetic consequences of reduced
diversity: heterozygosity loss, inbreeding depression, and effective population
size. In: Krupnick GA, Kress WJ, editors. Plant conservation. A natural
history approach. Chicago, IL: The University of Chicago Press. p. 194-205.

Pinares A, Gonzalez-Astorga ], Vovides AP, Lazcano J, Vendrame WA.
2009. Genetic diversity of the endangered endemic Microcycas calocoma (Miq.)
A. DC. (Zamiaceae, Cycadales): implications for conservation. Bioch Syst
Ecol. 37:385-394.

Quintero LA. 1985. Miel y palma. Santa Cruz de Tenerife (Canary Islands):
Consejeria de Agricultura y Pesca, Gobierno Auténomo de Canarias and
Ecotopia Ediciones.

Raymond M, Rousset F. 1995. Genepop (version 1.2): population genetics
software for exact tests and ecumenicism. ] Hered. 86:248-249.

Read RW. 1968. A study of Psendophoenix (Palmae). Gentes Herb.
10:169-213.

Read RW. 1969. Some notes on Pseudgphoenix and a key to the species.
Principes. 13:77-79.

Roncal J, Zona S, Lewis CE. 2008. Molecular phylogenetic studies of
Caribbean palms (Arecaceae) and their relationships to biogeography and
conservation. Bot Rev. 74:78-102.

Rousset F. 2008. Genepop’007: a complete reimplementation of the
Genepop software for Windows and Linux. Mol Ecol Resources.
8:103-106; [cited 2010 December 1]. Available from: http://genepop.cur-
tin.edu.au/.

Rousset F, Raymond M. 1995. Testing heterozygote excess and deficiency.
Genetics. 140:1413-1419.

Schneider S, Roessli D, Excoffier L. 2000. Atlequin version 2.000:
a software for genetic data analysis. Geneva (Switzerland): Genetics and
Biometry Laboratory. University of Geneva.

Shapcott A, Dowe JL, Ford H. 2009. Low genetic diversity and
recovery implications of the vulnerable Bankoualé palm Livistona carinensis
(Arecaceac), from North-eastern Africa and the Southern Arabia Peninsula.
Conserv Genet. 10:317-327.

Shapcott A, Rakotoatinivo M, Smith RJ, Lysakova G, Fay MF, Dransfield J.
2007. Can we bring Madagascar’s critically endangered palms back from the
brink? Genetics, ecology and conservation of the critically endangered palm
Beccariophoenix madagascariensis. Bot ] Linn Soc. 154:589—608.

Slatkin M, Excoffier L. 1996. Testing for linkage disequilibrium in genotypic
data using the EM algorithm. Heredity. 76:377-383.

Smith ML, Hedges SB, Buck W, Hemphill A, Inchaustegui S, Ivie MA,
Martina D, Maunder M, Francisco-Ortega ]. 2004. Caribbean Islands. In:
Mittermeier RA, Gil RR, Hoffman M, Pilgrim J, Brooks T, Mittermeier CG,
Lamoteux ], Da Fonseca GAB, editors. Hotspots revisited: earth’s
biologically richest and most threatened terrestrial ecoregions. Mexico DF
(Mexico): CEMEX. p. 112-118.

Smouse PE, Peakall R. 1999. Spatial autocotrelation analysis of individual
multiallele and multilocus genetic structure. Heredity. 82:561-573.

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P. 2004. Micro-
Checker: software for identifying and correcting genotyping errors in
microsatellite data. Mol Ecol Notes. 4:535-538; [cited 2010 December 1].
Available from: http://www.microchecker.hull.ac.uk/.

Walters T, Decker-Walters D. 1991. Patterns of allozyme diversity in the
West Indian cycad Zamia pumila (Zamiaceae). Am ] Bot. 78:436—449.

Wendel JF, Brubaker CL, Percival AE. 1992. Genetic Diversity in Gossypium
birsutum and the origin of upland cotton. Am J Bot. 79:1291-1310.

Westermann JH. 1952. Conservation in the Caribbean. A review of
literature on the destruction and preservation of flora and fauna in
the Caribbean area with reference to the population problem. Utrecht (The
Netherlands): Foundation for Scientific Research in Surinam and the
Netherlands Antilles.

Westermann JH. 1953. Nature preservation of flora and fauna in the
Caribbean area. Utrecht (The Netherlands): Foundation for Scientific
Research in Surinam and the Netherlands Antilles.

Zheng YQ, Ennos RA. 1999. Genetic variability and structure of natural
and domesticated populations of Caribbean pine (Pinus caribaea Morelet).
Theor Appl Genet. 98:765-771.

Zona S. 2002. A revision of Psendophoenix. Palms. 46:19-38.

Zona S, Verdecia R, Leiva Sinchez A, Lewis CE, Maunder M. 2007. The
conservation status of West Indian palms (Arecaceae). Oryx. 41:300-305.

Received September 08, 2010; Revised October 27, 2010;
Accepted October 28, 2010

Corresponding Editor: James L. Hamrick

£202 YoIe|\ 60 U0 }sonb Aq GG80€8/1/1/20 L /lone/paiayl/wuoo-dno-oiwepeoe)/:sdiy Wo.y pepeojumoq


http://genepop.curtin.edu.au/
http://genepop.curtin.edu.au/
http://www.microchecker.hull.ac.uk/

