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Abstract

Identifying factors that cause genetic di!erentiation in plant populations and the spatial scale at which genetic
structuring can be detectedwill help to understandplant population dynamics and identify conservation units.
In this study, we determined the genetic structure and diversity ofPterocarpus o!cinalis, awidespread tropical
wetland tree, at three spatial scales: (1) drainage basin ‘‘watershed’’ (<10 km), (2) within Puerto Rico
(<100 km), and (3) Caribbean-wide (>1000 km) using AFLP. At all three spatial scales, most of the genetic
variation occurred within populations, but as the spatial scale increased from the watershed to the Caribbean
region, there was an increase in the among population variation (FST=0.19 to FST=0.53). At the watershed
scale, there was no significant di!erentiation (P=0.77) among populations in the di!erent watersheds, al-
though there was some evidence that montane and coastal populations di!ered (P<0.01). At the island scale,
there was significant di!erentiation (P<0.001) among four populations in Puerto Rico. At the regional scale
(>1000 km), we found significant di!erentiation (P<0.001) between island and continental populations in
theCaribbean region, whichwe attributed to factors associatedwith the colonization history ofP. o!cinalis in
the Neotropics. Given that genetic structure can occur from local to regional spatial scales, it is critical that
conservation recommendations be based on genetic information collected at the appropriate spatial scale.

Introduction

The genetic structure of plant populations is
influenced by historical events (e.g., colonization
and vicariance), breeding and mating systems,
mechanisms of pollen and seed dispersal, life his-
tory, and habitat selection (Hamrick and Loveless
1989; Ennos 1990; Linhart and Grant 1996;
Ouborg et al. 1999). The relative importance of
these factors on the genetic structure depends on
the spatial and temporal scales considered
(O’Malley and Bawa 1987; Loiselle et al. 1995;
Aide and Rivera 1998). At the local scale, limited
pollen and seed dispersal and microhabitat selec-
tion have been identified as the main forces

causing genetic structure (Berg and Hamrick 1995;
Linhart and Grant 1996). At larger scales, genetic
structure has been attributed to historical factors
and isolation by distance (Schaal et al. 1998; Ou-
borg et al. 1999).

Anthropogenic disturbances may a!ect genetic
structure at all spatial scales (Oddou-Muratorio
et al. 2004). For instance, deforestation and
climatic change are threatening plant biodiversity
over increasingly large areas, which have forced
conservation e!orts to larger spatial scales. Even
when a population survives deforestation, it is not
spared the e!ects caused by fragmentation and
isolation (Cardoso et al. 2000). The fragmentation
and isolation of populations can reduce the genetic
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diversity of plant species, which ultimately can
a!ect individual fitness and the ability of a species
to adapt to changing environmental conditions.
Nevertheless, the e!ects of habitat fragmentation
will vary among species depending on the species
life history traits (e.g., longevity and breeding
structure), the magnitude of the reduction in
population size, and the time lag since the defor-
estation event (Young et al. 1993; Dick 2001; Dick
et al. 2003a). Studies across di!erent spatial scales
could help to identify thresholds at which frag-
mentation e!ects can be detected. Given that the
e!ects of habitat destruction and climate change
a!ect species populations at all spatial scales, there
is a need to evaluate the levels of genetic diversity
within and among populations over large spatial
scales. This approach could help to identify highly
variable populations, which can serve as sources
for preserving genetic diversity of a species over its
entire range (Hamrick and Nason 1996; Geburek
1997; Bawa and Dayanandan 1998; Moritz and
Faith 1998).

Coastal wetland ecosystems are threatened by
deforestation and sea-level rise around the world
(Mitsch and Gosselink 2000). Extensive forested
areas have been cleared for agricultural and urban
settlements, which have reduced native forest in
costal areas. In these areas, the remnant forests
usually occur near the extreme of their physio-
logical tolerance (e.g., salt tolerance) (Eusse and
Aide 1999; Rivera et al., in review). Furthermore,
the destruction of coastal wetlands also a!ects
proximal marine ecosystems, such as coral reefs
(Hughes et al. 2003), because wetland ecosystems
trap and filter sediments that are detrimental to
marine ecosystems. Therefore, the conservation of
coastal wetlands will help to preserve marine
coastal ecosystem, which represents one of the
most diverse, productive, and threatened ecosys-
tems at the global scale.

Pterocarpus o!cinalis (Fabaceae) is one of the
dominant species in freshwater wetlands and
riparian areas in the Caribbean, and the Caribbean
coast of Central and South America (Bacon 1990).
Pterocarpus o!cinalis helps to control coastal and
riverbank erosion, and also provides habitat for
many animal species. Despite its importance, its
distribution has been greatly reduced by defores-
tation. For example, in Puerto Rico, during the
last century the distribution of P. o!cinalis forest
has been reduced to only 15 remnant stands; most

less than 5 ha in area (Cintrón 1983). In Trinidad,
P. o!cinalis forests have been cut, drained and
burned for agriculture and to control disease vec-
tors (e.g., mosquitoes) (Bacon 1990). In the
Dominican Republic, P. o!cinalis forests have
been converted to rice fields, and in Panama,
monospecific stands have been reduced to a few
individuals surrounded by cattle pasture.
Remaining forest patches are often limited to areas
not suitable for agriculture often because of saline
soils, and the individuals in these remnant forests
often occur near the extreme of their salt tolerance
(Eusse and Aide 1999).

Given the decrease in the distribution of
P. o!cinalis in the Caribbean basin and the need
to develop appropriate conservation and restora-
tion activities, information on the genetic diversity
and structure of this species across the entire
Caribbean basin will be useful. In this study, we
used amplified fragment length polymorphism
(AFLP) technique to determine the spatial distri-
bution of genetic diversity of P. o!cinalis popu-
lations at three di!erent spatial scales, watershed
(<10 km), island (<100 km) and regional
(>1000 km). Specifically, we addressed the fol-
lowing objectives: (1) determine the variation in
genetic structure among di!erent spatial scales (2)
identify possible factors generating non-random
spatial distribution of genetic diversity in P. o!-
cinalis at three spatial scales, and (3) provide
information to help in the conservation and
management of remaining Pterocarpus o!cinalis
stands in the Neotropics.

Materials and methods

Collection of plant material

At the watershed scale, leaf samples were collected
in paired coastal and montane populations in three
watersheds in northeastern Puerto Rico. A total of
96 individuals were collected from the all water-
sheds, and the sample size per population ranged
from 9 to 23 individuals (Figure 1). The coastal
populations were collected between 0–5 meters
above sea level. These populations occurred in
monospecific stands or mixed with mangroves and
Anonna glabra in brackish wetlands near the river
mouth. The montane populations were collected
along rivers between 100–250 m (Rio Espiritu



Figure 1. Collection sites of Pterocarpus o!cinalis populations at the watershed (N=6), island (N=4) and regional scale (N=8). The
collection sites at each spatial scale are represented by b. The number within parenthesis represents the sample size of each population.
The dotted line shows the direction of local sea currents in Puerto Rico.



Santo )100 m; Rio Mameyes – 200 m; Rio Sabana
- 250 m). In the field, leaves were cut and stored in
sealed plastic bags with silica gel. In the labora-
tory, leaf samples were stored at )20 "C. At the
island scale, leaves were collected from four
coastal populations in Puerto Rico. A total of 73
individuals were collected, and the sample size per
population ranged from 16–19 individuals (Fig-
ure 1). All populations occur in brackish wetlands
associated with mangrove forest. At the regional
scale, leaf samples from eight populations were
collected along the species distribution in the
Neotropics. A total of 120 individuals were col-
lected, and the sample sizes ranged from 5 to 20
individuals per population (Figure 1). All samples
were collected in brackish wetlands associated with
mangroves forests, except in Costa Rica and the
Darien site in Panama, which were collected in
riparian areas.

DNA extraction and purification

DNA was extracted from leaf tissue following a
modification of the Edwards et al. (1991) protocol
(Rivera-Ocasio et al. 2002). The DNA extracts
were run in 1% Sea Plaque GTG (FMC) low
melting agarose to separate DNA from RNA and
polysaccharides. The high molecular weight DNA
band was excised using a pipette tip, and the
agarose plug with the DNA band was digested by
a gelase enzyme (Epicentre#). DNA concentration
was determined by comparing the intensity of each
band with Lambda DNA bands of known con-
centrations.

AFLP protocol

We determined genetic variation within and
among sampling sites using the AFLP technique
(Vos et al. 1995). This technique permits the
screening of the whole genome and reveals hun-
dreds of dominant markers without requiring
previous information of the species genome
(Mueller and Wolfenbarger 1999). In general,
AFLP has proven to be highly replicable (Jones
et al. 1997) and easy to use (Blears et al. 1998), but
to reduce genotyping errors we have included
some of the suggestions of Bonin et al. (2004) to
prevent technical and investigator induced arti-
facts. For example, samples that showed amplifi-
cation or repeatability problems were excluded

from the analysis, and reference samples were al-
ways used to reduce errors when scoring di!erent
gels.

We used EcoRI and MseI restriction enzymes
to cut 60 gg of genomic DNA to obtain fragments
in the 100–600 bp range. DNA fragments were
ligated with two linkers that are complementary to
the restriction site. To reduce the complexity of
DNA fingerprints, we used a two-step PCR pro-
cedure following Vos et al. (1995) protocol. For
the pre-selective amplifications we used 1:10 tem-
plate DNA dilutions and a single base extension
primer complementary to the restriction site. The
PCR program for the pre-selective amplifications
started with 2 min at 94 "C followed by 35 cycles
of 94 "C for 30 s, 56 "C for 1 min, and 1 min at
72 "C, followed by a final extension cycle of 72 "C
for 10 min.

For the selective amplifications, we used three
base extension primers for EcoRI and MseI frag-
ments (Table 1) and 1:20 template DNA dilutions
of the pre selective PCR products. The EcoRI
selective primers were end-labeled with (c)32P)
ATP using T4 polynucleotide kinase. The selective
amplification program started with a denaturation
step of 2 min at 94 "C, followed by 12 cycles of
94 "C for 30 s, 65 "C for 30 s in the initial cycle
and a reduction of 0.7 "C in each successive cycle
until it reached 56 "C, and 72 "C for 1 min. Once
the annealing temperature reached 56 "C, the
temperature was kept constant for another 23
cycles, which were followed by a final extension
cycle of 72 "C for 10 min. The PCR reaction
products (1.5 ll/sample) were analyzed in 6%
denaturing acrylamide gels that were run at 100 w,
50 mA, 50 "C for 75 min. The gels were visualized
in X-OMAT autoradiography film (Kodak). A
standard molecular weight marker (30–330 AFLP
marker-Life Technologies) was used to determine
band size. In addition, we included five to eight
individuals from di!erent populations in each gel
to identify homologous loci across di!erent gels.

Genetic analyses

We did an initial screening of 36 primer pairs and
chose the best primer combinations for each spa-
tial scale (Table 1). The selection was based on the
number of bands (<100) and the ease of scoring
multi-locus fingerprints. For each primer combi-
nation, we scored the presence or absence of a



band at each locus. After scoring all loci for the
individuals at each spatial scale, loci with fre-
quencies <0.05 or >0.95 in the total population
were excluded from further analyses. This cuto!
was higher than the recommended by Lynch and
Milligan (1994), who recommend to exclude loci
with observed frequencies greater than 1-(3/N) for
each population, but when bands with frequencies
>0.80 and >0.70 were eliminated there was no
significant change in the population parameters.

For each of the three spatial scales, we deter-
mined population genetic parameters that included
(1) level of genetic diversity within populations,
(H), and (2) percent of polymorphic loci using the
program TFPGA (Miller 1997a). To estimate
these parameters, we assumed that populations of
P. o!cinalis were in Hardy–Weinberg equilibrium
and generated indirect estimate of allele frequen-
cies by using Lynch and Milligan’s Taylor expan-
sion (Lynch and Milligan 1994). Although Lynch
and Milligan’s approach can reduce the bias of the
estimates, the parameters are still biased due to the
dominant character of the AFLP’s markers;
heterozygotes cannot be distinguished directly
from the DNA banding pattern. Lynch and
Milligan’s approach assumes that dominant
markers can be treated as a two allele system, with
band presence representing the dominant allele
and band absence representing the recessive allele.
Expected heterozygosity was estimated by Nei’s
(1972) unbiased heterozygosity procedure. We
determined confidence interval for the population
genetic parameters in di!erent ways. For popula-
tion heterozygosity, the 95% confidence interval
was determined using the standard deviation of
independent locus heterozygosity generated by
TFPGA program and the size of marker popula-
tions. For percent of polymorphic loci, the confi-
dence interval was generated by bootstrapping
with 5000 iterations. To generate the di!erent
population parameters for each spatial scale, we
used the total number of primers used for each
particular scale (i.e., watershed N=6; island N=4,
region N=5).

We also examined the distribution of genetic
variation within and among population at all
spatial scales, using a standard analysis of molec-
ular variance (AMOVA). We calculated an Fst

analog, (F di!erentiation index) using WIN
AMOVA Version 1.55 (Exco"er et al. 1992;
Exco"er 1995). The program AMOVA-PREP wasT
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used to generate a pairwise Euclidean distance
matrix and all input files required by WIN
AMOVA (Miller 1997b). Because, the analysis of
each spatial scale was done with a di!erent set of
primer combinations, we were unable to do a
nested analysis of the three spatial scales. Conse-
quently, we chose to analyze each spatial scale
separately rather than eliminate data. Three inde-
pendent AMOVAs were used to compare the
among population variation among the three
spatial scales based on three primers that were
used in common (Table 1).

To detect spatial patterns of geographic varia-
tion, we used a Non-metric Multidimensional
Scaling (NMDS) analysis using PC-ORD version
4 (McCune and Me!ord 1999). NMDS uses
ranked distances to linearize relationships between
loci, and between loci and individuals, making
NMDS an appropriate method for recovering
hierarchical and non hierarchical patterns of
genetic variation from overall estimates of genetic
variation (Lessa 1990; Clarke 1993; McCune and
Grace 2002). This analysis does not assume line-
arity among variables, which contrasts with the
more commonly used UPGMA for clustering and
PCA (e.g., parametric analyses), which represents
an advantage given that the relationship between
biological (or genetic) and environmental variables
can be nonlinearly related (e.g., reticular patterns).
An additional advantage of using NMDS for
genetic structure analysis is that the interaction
between geographically distinct populations can be
determined even in the absence of unique marker
alleles, based on changes in allele frequencies
(Lessa 1990).

The genetic matrix for each scale was con-
structed using locus presence/absence data. The
matrix consisted of columns representing loci and
rows representing individuals. NMDS ordinations
were based on Sørensen (Bray-Curtis) distance
measure, which works well with presence/absence
data (McCune and Grace 2002). Random starting
configurations were used with a maximum of 6
axes, stability criterion = 0.00005, 50 permuta-
tions with real data, and Monte Carlo tests based
on 50 permutations. The final ordination solution
was determined after examining all possible solu-
tions from Monte Carlo tests. The solution with
the minimum number of dimensions (axes) that
provided the lowest stress (i.e., an inverse measure
of fit to the data) and lowest instability (i.e., the

standard deviation of stress) over 500 iterations
was chosen. Once the final ordination solution was
obtained, a cluster analysis was performed to
define groups based on their similarities in ordi-
nation space. We used the Sorensen (Bray-Curtis)
distance and the group average as the linkage
methods and Multi-Response Permutation Proce-
dures (MRPP) to determine the solution that
represents the best structure of groups in ordina-
tion space. MRPP was applied for each grouping
solution, and the grouping solution with the larg-
est A statistic was selected. The A statistic is a
measure of observed-group homogeneity com-
pared to random homogeneity (McCune and
Grace 2002). This statistic assumes values from )1
to 1. In ecological community data, values of
A>0.3 are high and can be interpreted as groups
whose members are more similar within than
among groups.

Results

Watershed scale

Six AFLP primer combinations produced a total
of 252 bands (mean ± SE, 42±4 per primer
combination), of which 155 (63%) were polymor-
phic (Table 1). An average of 63 polymorphic
bands was produced per primer combination. The
percent of polymorphism across the six primers
ranged from 51% to 74% (Table 1).

The levels of genetic diversity, represented by
average heterozygosity, ranged from H=0.43 in
Rio Sabana watershed to H=0.38 in Rio
Mameyes watershed, and there was no significant
di!erence among coastal and montane popula-
tions (Table 2). The percent of polymorphic loci
was similar among populations within watersheds
with the exception of Rio Espiritu Santo wa-
tershed. In the Espiritu Santo watershed, the per-
cent of polymorphic loci between coastal and
montane populations were 86% and 73%,
respectively (Table 2). Most of the genetic varia-
tion at this spatial scale occurred within popula-
tions (82%, P<0.01), although a significant
percent of the variation was explained by the
among population component within watersheds
(22%, P<0.01, Table 3). The among watershed
component showed no significant variation
(P=0.77, Table 3).



A significant ordination solution was obtained
by NMDS (stress=19.948, instability =0.027)
explaining 85.9% of variation (Figure 2a), but
MRPP did not detect significant groupings of indi-
viduals that separated coastal and montane popu-
lations (A=0.020). Most individuals were clustered
in a single group. The variation among individuals
in the Espiritu Santo coastal population was similar
to the variation among watersheds (Figure 2a).

Island scale

Four AFLP primer combinations produced a total
of 240 bands (mean ± SE, 60±9 per primer
combination), of which 100 (42%) were polymor-
phic (Table 1). An average of 25 polymorphic
bands was produced per primer combination. The

percent of polymorphism across the four primers
ranged from 27% to 56% (Table 1).

The levels of genetic diversity ranged from
H=0.23 in Humacao to H=0.26 in Sabana Seca,
but there was no significant di!erence in the diver-
sity levels among populations (P=0.5970) (Ta-
ble 2). The percent of polymorphic loci varied from
59% in Patillas to 73% in Sabana Seca (Table 2).

Most of the genetic variation occurred within
population (63%), but 37% of the variation was
among populations (Table 3). The among popu-
lation variation was supported by the population
di!erentiation estimate (FST=0.37) (Table 4) and
also by the NMDS analysis, which showed a sig-
nificant ordination solution (stress=12.696,
instability=0.034) that explained 68.6% of varia-
tion (Figure 2b). The MRPP detected four signif-

Table 2. Estimates of genetic diversity of Pterocarpus o!cinalis populations for the three spatial scales*. Comparisons of diversity
levels (He) are not feasible among spatial scales because a di!erent set of primers were used at each scale

Spatial scale Population Population IDa Nb Hec±CI % Polymorphic locid

Population Watershed

Watershed Espiritu Santo ESM 13 0.33±0.03 0.40±0.02 73

ESC 16 0.36±0.03 86

Mameyes RMM 17 0.33±0.03 0.38±0.02 77

RMC 23 0.32±0.03 75

Sabana RSM 18 0.35±0.03 0.43±0.03 81

RSC 9 0.38±0.04 80

Total 96 0.40±0.03 0.35±0.02 100

Island Sabana Seca SS 19 0.26±0.04 73

Mayaguez M 19 0.24±0.04 61

Patillas PT 16 0.24±0.04 59

Humacao H 19 0.24±0.04 67

Total 73 0.24±0.01 65

Regional Caribbean Trinidad T 13 0.26±0.03 74

Guadeloupe G 12 0.18±0.03 55

Puerto Rico PR 19 0.16±0.03 50

Dominican Republic Re DR 20 0.15±0.03 47

Total 64 0.19±0.05 57

Continental Venezuela V 18 0.26±0.03 74

Darien PD 5 0.19±0.03 50

Panama P 13 0.24±0.03 72

Costa Rica CR 20 0.25±0.03 79

Total 56 0.24±0.03 69

a For each watershed, there were two populations: a montane (M) and a coastal (C) population.
b Number of individuals per population. The totals are the sum of all individuals from each population.
c Heterozygosity estimate is based on Nei’s (1972) unbiased heterozygosity procedure; the totals are the mean from all populations in
each spatial scale.
d Percent of AFLP polymorphic loci= Percent of loci with frequencies >0.05 and <0.95 in each population. The totals are the mean
% from all populations in each spatial scale.
*Each spatial scale was analyzed independently. A total of 155 polymorphic loci were used to calculate the genetic diversity parameters
for the watershed scale, 100 for the island scale, and 230 for the regional scale.



icant groups of individuals, each group repre-
senting each of the four localities in Puerto Rico
(A=0.347, P<0.0001) (Figure 2b). The pairwise
FST values between populations did not corre-
spond to geographical distance. For example, the
FST values between Patillas and all the other
populations were similar despite the di!erence in
geographical distance (Figure 1; Table 4).

Regional scale

Five AFLP primer combinations produced a total
of 340 bands (mean ± SE, 68±10 per primer
combination), of which 230 (68%) were polymor-
phic (Table 1). An average of 46 polymorphic
bands was produced per primer combination. The
percent of polymorphism across the five primers
ranged from 52% to 80% (Table 1).

The levels of genetic diversity estimate ranged
from H=0.15 in the Dominican Republic to

H=0.26 in Trinidad and in Venezuela (Table 2).
The percent of polymorphic loci varied from 47%
in the Dominican Republic population to 79% in
the Costa Rica population (Table 2).

There was a significant di!erence (P<0.001)
among the regions (i.e., islands vs. continental
populations) within the Caribbean basin (Table 3).
Analysis of molecular variance showed that 26%
of the genetic variation occurred among regions,
26% among populations within regions, and 48%
occurred among individuals within populations
(Table 3) (Rivera-Ocasio et al. 2002). This intra-
regional di!erentiation was supported by the
NMDS analysis, which separated all P. o!cinalis
individuals into two major clusters, one corre-
sponding to the individuals from the Caribbean
islands and the other to the individuals from
the continental areas (stress=17.083, instabil-
ity=0.040) explaining 84.9% of variation)
(Figure 2c). Within each cluster the individuals

Table 4. Matrix of pairwise PhiST (FST) between pairs of populations from the island scale

Population

Sabana Seca Mayaguez Humacao Patillas

Sabana Seca –

Mayaguez 0.31 –

Humacao 0.45 0.34 –

Patillas 0.40 0.39 0.40 –

Table 3. An analysis of molecular variance for the three spatial scales of the study: watershed, island and regional scales

Spatial Scale Source of Variation df SSDa MSDb VCc % Total P-value Ud
ST

Watershed Among Watersheds 2 199 99 )1 )4 0.77 0.19

Among population within watersheds 3 385 128 7 22 <0.002

Within population 90 2127 24 24 82 <0.002

Total 95 2711 252 30

Island Among population 3 411 137 7 37 <0.001 0.37

Within population 69 795 12 12 63

Total 72 1206 148 18

Regional Between regions 1 941 951 12 26 <0.001 0.53

Among populations within regions 6 1191 199 12 26 <0.001

Among individuals within population 112 2506 22 22 48 <0.001

Total 119 4638 1171 46

a Sum of squared deviations.
b Mean squared deviations.
c Variance components.
d Fst analog that represent the proportion of genetic variation expressed by the among population component.
Results are based on 155 polymorphic loci for watersheds, 100 polymorphic loci for islands and 230 polymorphic loci for regional
scale. At the regional scale populations were separated in two regions: Caribbean (DR, PR, G, and T) and continent (V, P, PD, and
CR) (Rivera-Ocasio et al. 2002).



Figure 2. Non-metric multidimensional scaling ordination plots for the three spatial scales considered; (a) watershed, (b) island and (c)
regional scales. Each point represents an individual of Pterocarpus o!cinalis. All of the NMDS ordinations plots were based on a
Sorensen (Bray–Curtis) distance measure. Significance of groups representing individuals with similar within variation in ordination
space are represented graphically by ellipses.



were grouped by locality, all of the continental
individuals were separated into three groups,
which correspond to Costa Rica, Panama, and
Venezuela populations. Individuals from the
Caribbean islands were separated into two groups:
one group included the Trinidad population, and
the other included individuals from Dominican
Republic, Puerto Rico, and Guadeloupe
(Figure 2c). This classification grouping was
highly significant based on the MRPP procedure

(A=0.27, P<0.0001). The separation of popula-
tions into a Caribbean and continental cluster was
also observed from the UPGMA dendrogram
based on Nei’s genetic distance (Figures 2 and 3).

Multiscale comparison

The Amova using the three common primers re-
vealed a negative relationship between spatial scale
and within population component of genetic var-
iation (Figure 4). The within population compo-
nent of variation decreased from 75% at the
watershed scale, to 48% at the regional scale
(Figure 4). The increase in genetic structuring with
an increase in spatial scale is also evident in the
NMDS ordination plots (Figure 2). The grouping
of individuals was stronger as spatial scale in-
creased.

Discussion

Genetic structuring increased with spatial scale;
with no structuring at the watershed scale and
significant structuring at the island and regional
scales (Figure 2). The increase in genetic structur-
ing with the increase spatial scale is supported by
the percent of among population variation as well
as the NMDS ordination plots. The weak di!er-
entiation observed at the watershed scale suggests
that gene flow level among populations is high

Figure 3. UPGMA dendrogram based on 230 AFLP polymorphic loci from 120 individuals of Pterocarpus o!cinalis. Genetic distance
was calculated using Nei’s genetic distance (Nei 1972). Support for branching pattern was determined using 1000 bootstrap
permutations. Codes for each population are listed in Table 2. (Rivera-Ocasio et al. 2002).
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Figure 4. Comparison of the within population variation
component among the three spatial scales. Analyses of molec-
ular variance (AMOVA) were done using only the three primer
combinations shared among the three spatial scales. The per-
cent of among population variation in this figure are slightly
di!erent than the percent of variation based on the total
number of primers (Table 3).



enough to prevent di!erentiation, despite their
restricted distribution along each river channel. On
the other hand, the striking di!erence observed at
the regional scale suggests a long history of sepa-
ration (i.e., isolation by distance) and limited gene
flow. The general pattern of an increase in popu-
lation structuring and di!erentiation with
increasing spatial scale has been reported for other
tree species (e.g., Young et al. 1993), but what are
the factors and processes creating this structure at
the di!erent spatial scales?

Watershed scale

At the watershed scale, we found no genetic
divergence among watersheds and the gene flow
levels were the highest among all spatial scales.
Despite the low variation at the watershed level,
the variance analysis showed a significant varia-
tion among populations within watershed. This
result contradicts the expected pattern for riparian
species with water dispersal (Ouborg et al. 1999).
For these species, a high di!erentiation among
watersheds, and a low di!erentiation within
watersheds is expected, given that dispersal along
the river channel and unidirectional seed dispersal
should maintain a high connectivity among pop-
ulations (Ritland 1989; Akimoto et al. 1998; Liao
and Hsiao 1998; Ouborg et al. 1999). Nonetheless,
the di!erentiation of coastal and montane popu-
lation was not observed in the ordination analysis.
The di!erence identified by the AMOVA analysis
is largely influenced by the large variation in the
Espiritu Santo coastal population, rather than a
general pattern of montane populations di!ering
from coastal populations. When Espiritu Santo
populations are excluded from the AMOVA
analysis the percent of variation among popula-
tions within watershed is reduced from 23.3% to
17.5%.

Although the genetic structure of some riparian
plants can be influenced by hydrochory, other
factors (e.g., pollen dispersal and local environ-
mental condition) can be important in reversing
genetic homogeneity and generating genetic
structure (Russell et al.1999; Imbert and Lefèvre
2003). For example, there was no evidence to
support the hypothesis that hydrochory influenced
genetic structure in Calycophyllum spruceanum, a
riparian tree in the Amazon basin (Russell et al.
1999). In this species, downstream populations

were not more diverse than upstream populations,
an expectation for species dispersed by water, and
water volume and pollen dispersal appear to have
a greater influence on the genetic structure (Russell
et al. 1999). Another example is Populus nigra, a
riparian tree species in Europe, which also showed
a genetic structure that was not explained by
hydrochory (Imbert and Lefèvre 2003). In this
species, seed dispersal by wind had a greater e!ect
on the genetic structure, in comparison with sec-
ondary dispersal by water.

At the watershed scale, gene flow appears to be
the most important factor homogenizing popula-
tions. At this scale, gene flow levels were the
highest among the P. o!cinalis populations stud-
ied (FST=0.19). The physical separation of pop-
ulations among the di!erent watersheds was not
enough to prevent connectivity among popula-
tions. Furthermore, the exposure to di!erent levels
of salinity did not cause a di!erentiation between
coastal and montane populations, although this
factor could explain some of the variability
observed among populations.

Island scale

At the island scale, populations showed similar
diversity values, but there was significant genetic
di!erentiation among populations (37%). Histor-
ical levels of isolation have to be considered when
population di!erentiation is found (Williams et al.
2003). In Puerto Rico, populations of Pterocarpus
o!cinalis are restricted to disjunct riparian zones
and coastal wetlands, which could enhance the
di!erentiation among populations and result in
high genetic variation. The natural disjunct dis-
tribution of forest patches has been increased by
deforestation and wetland drainage, which have
resulted in further isolation of populations.

During the last two centuries, forest of
P. o!cinalis in Puerto Rico have been deforested,
and converted to agricultural lands. This frag-
mentation probably resulted in an immediate loss
of alleles caused by the reduction of population
size, but it also will make these forests more vul-
nerable to the e!ects of genetic drift and inbreed-
ing. Over time, the remnant stands of P. o!cinalis
could lose additional alleles due to genetic drift,
decreasing the within population diversity. In
addition, the di!erentiation among populations at
the island scale will increase as a result of limited



gene flow and the possibility of a reduced viability
of o!spring due to higher inbreeding. At this scale,
we found more di!erentiation among populations
than at the watershed scale due to greater geo-
graphic distance, and presumably less gene flow
among populations.

The NMDS ordination di!erentiated
Pterocarpus individuals of each population as
discrete groups. This separation among popula-
tions could be explained not only by the frag-
mentation and relatively low gene flow (FST=
0.37), but also by the colonization history and the
seed sources of each population. The clear sepa-
ration of populations in di!erent groups could
also be a response to local sea currents. Although
general current pattern could connect populations
along the costal margins, (e.g., currents along the
north and southeastern coasts of Puerto Rico)
local currents and eddies could be acting as bar-
riers of gene flow. The pairwise FST values be-
tween populations suggest that there is limited
gene flow even in nearby populations (e.g., Patillas
and Humacao).

At the island scale, we found that the di!er-
entiation of P. o!cinalis populations in Puerto
Rico was higher in comparison with the watershed
populations. Although populations across the
island had similar levels of genetic diversity, they
show significant among population di!erentiation,
emphasizing the importance of conserving popu-
lations from di!erent regions of the island. In
addition to gene flow and habitat heterogeneity,
which were important in influencing genetic
structuring at the watershed scale, at the island
scale, colonization history, ocean currents, and
fragmentation are factors contributing to the
genetic structure. To determine the relative impor-
tance of these factors, sampling from intermediate
populations (i.e., populations geographically
closer), from di!erent life-stage categories (i.e.,
seeds, seedling and adults), and seed dispersal
experiments are necessary.

Regional scale

At the regional scale, NMDS, UPGMA and
AMOVA analyses showed significant genetic dif-
ferentiation between continental and Caribbean
populations. The separation of the two regional
groups was supported by 24 unique AFLP bands.
In addition, there were clear di!erences among

populations within the two regions. Genetic
diversity was on average 1.5 times lower in the
Caribbean in comparison with continental popu-
lations. Within the Caribbean populations there
was a loss in genetic diversity with increasing dis-
tance from Trinidad, a pattern that was not
observed in the continental populations. The sep-
aration of the Caribbean and continental popula-
tions together with the high di!erentiation among
populations within each region suggests that past
colonization history together with genetic drift
within local populations are the major forces
shaping variation within this species (Rivera-
Ocasio et al. 2002).

At this scale, the historical factors are the
major determinants of the genetic structure and
diversity in contrast with the watershed and island
scales, which were influenced by gene flow and
fragmentation. The lower levels of genetic diversity
among the island populations in comparison with
continental populations suggest that even at the
Caribbean and continental sub-scales there are
di!erent factors determining the distribution of
genetic diversity within these regions. Bottleneck
events, genetic drift, and isolation may be more
important on island populations than on conti-
nental populations (Frankham 1997) and, conse-
quently, they have lower levels of genetic diversity.
On the other hand, continental populations are
also more likely to receive new alleles from nearby
populations and establish larger populations,
which would increase genetic diversity.

Besides the di!erences in genetic diversity
between the Caribbean and continental popula-
tions, there was significant di!erence in genetic
diversity within and among populations within
each region, and also among individuals within
populations. The within and among population
components between regions, accounted for
!50% of the variation, which indicates that each
population throughout the Caribbean is contrib-
uting a significant amount of genetic information
to the genetic diversity of the species.

The use of two di!erent approaches to analyze
the spatial genetic patterns has allowed us to
identify general congruencies among methods, but
also di!erences that may have biological mean-
ings. From the NMDS and the UPGMA tree we
can observe a clear separation of populations in
two major groups, which represent the insular
populations and the continental populations.



When the variation within the groups is consid-
ered, the NMDS does not discriminate each pop-
ulation into individual groups as does the
UPGMA analysis. This di!erence in resolution
between these two approaches could be explained
by the di!erence in the operational unit, individ-
uals versus populations. NMDS does not require
an a priori identification of populations because, it
is the similarity (or dissimilarity) among individ-
uals what defines significant groups or populations
(McCune and Me!ord 1999). On the other hand,
the UPGMA grouping is based on allele frequen-
cies per population, which require the identifica-
tion of discrete populations a priori. Thus, the use
of non traditional tools, such as NMDS, to ana-
lyze genetic data could help to avoid potential bias
in identifying populations (Manel et al. 2003), and
could help to identify the spatial scale at which
genetic structuring can be detected by AFLP
markers (Krauss and Koch 2004).

Multiscale comparison

Although most studies recognize that there should
be an increase in the di!erentiation among popu-
lations with an increase in spatial scale, few studies
have measured the magnitude of the di!erences
(Young et al. 1993; Caron et al. 2000; Franks
et al. 2004). Overall, P. o!cinalis showed an
increase in genetic di!erentiation from the
watershed to the regional scale. Moreover, a
strong e!ect of spatial scale on the structure was
observed when the within and among population
variation were compared between the watershed,
island, and regional scales. The degree of di!er-
entiation among populations increased as the dis-
tance between populations increased, from a few
kilometers at the watershed scale (FST=0.19), to
hundreds at the island scale (FST=0.37), to more
than 1000 km at the regional scale (FST=0.53).
The increase in di!erentiation is also supported by
the ordination analyses, where initially no genetic
structure was found at the watershed scale, and
high di!erentiation occurred at the regional level
(Figure 2). Similar results have been found in the
tropical tree species, Dicorynia guianensis in
French Guiana (Caron et al. 2000). This species
showed higher genetic diversity and di!erentiation
at the regional scale (Guianan plateu, Gst=0.41),
in comparison with the local scale (Paracou
(350 ha) Gst=0.15). The authors attributed this

variation to historical factors (migration from
di!erent Pleistocene refugia) at the large scale, and
di!erential pollen and seed dispersal at the local
scale (Caron et al. 2000). Young et al. (1993) also
found an increase in genetic structure in Acer
saccharum as spatial scales increased from the
local (Fst=0.017) to regional scale (Fst=0.049). At
regional scale, the genetic structure was attributed
to climate variation (i.e., wet/dry conditions) and
historical migration during glacial periods. At the
local scale, structure was attributed to local selec-
tive pressures, gene flow limitation and gap
regeneration dynamics.

In P. o!cinalis, the variation among popula-
tions at the di!erent spatial scales is also dependent
on the relative importance of di!erent factors. At
the watershed scale, gene flow by pollen seems to be
an important factor determining genetic structure.
At the island scale, the genetic e!ects of fragmen-
tation, geographical isolation, and local ocean
currents could explain the present genetic struc-
ture. At the regional scale, the di!erentiation
between the Caribbean and Continental popula-
tions and the high di!erentiation among popula-
tions within these two regions is mainly explained
by historical factors (e.g., colonization, founder
events, genetic drift) (Rivera-Ocasio et al. 2002).

Conservation implications

Despite the large scale of habitat degradation and
the uncertainty of plant responses to global cli-
mate changes, few studies have determined the
patterns of genetic diversity across a species’ dis-
tribution (Aide and Rivera 1998; Dick et al.
2003b; Lemes et al. 2003; Novick et al. 2003).
Furthermore, a limited number of studies have
compared the distribution of genetic diversity
within a single species among di!erent spatial
scales (Young et al. 1993; Caron et al. 2000). To
develop appropriate conservation recommenda-
tions for a species, it is necessary to determine the
patterns of genetic structure throughout the spe-
cies’ geographic range. Even local conservation
and restoration e!orts need estimates of genetic
di!erentiation and levels of gene flow among local
populations to guarantee the evolutionary poten-
tial of restored populations (Millar and Libby
1991).

In this study, the major patterns of genetic
structure were: strong regional di!erentiation



between Caribbean and Continental populations,
relatively high population di!erentiation within
Puerto Rico, and a weak di!erentiation at a
watershed scale. The conservation implication of
this genetic structure forP. o!cinalis at the regional
scale is that it is important to conserve populations
from the two main regional groups. Within the
Caribbean populations, Trinidad is very important
because, it has the most diverse population. Within
the continental populations, Venezuela is an
important area for conservation because, it has a
high genetic diversity. In addition, conservation
e!orts should consider populations at the extreme
of the species distribution because, they could have
genetic information that may facilitate species sur-
vival during periods of climate change.

At the local scale, the relatively large di!eren-
tiation among populations (FST=0.37) in Puerto
Rico suggest that reforestation projects must
consider the source of propagules. The lack of
genetic structure at the watershed scale suggests
that sources of propagules should be collected
within 5–10 km of the restoration site. By taking
these precautions, it will be possible to maintain
the historical patterns of di!erentiation.

Given that genetic structure can occur from
local to regional spatial scales, it is critical that
comparative studies and conservation recommen-
dations be based on genetic information collected
at the appropriate spatial scale.
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Imbert E, Lefèvre F (2003) Dispersal and gene flow ofPopulus nigra
(Salicaceae) along a dynamic river system. J. Ecol., 91, 447–456.

Jones CJ, Edwards KJ, Castaglione S (1997) Reproducibility
testing of RAPD, AFLP and SSR markers in plants by a
network of European laboratories. Mol. Breeding, 3, 381–
390.

Krauss SL, Koch JM (2004) Rapid genetic delineation of
provenance for plant community restoration. J. Appl. Ecol.,
41, 1162–1173.

Lemes M, Gribel R, Proctor J, Grattapaglia D (2003) Popu-
lation genetic structure of mahogany (Swietenia macrophylla
King, Meliaceae) across the Brazilian Amazon: Implications
for conservation. Mol. Ecol., 12, 2875–2883.

Lessa EP (1990) Multidimensional analysis of geographic ge-
netic structure. Syst. Zool., 39, 242–252.

Liao LC, Hsiao JY (1998) Relationship between population
genetic structure and riparian habitat as revealed by RAPD
analysis of the rheophyte Acorus gramineus, Soland
(Araceae) in Taiwan. Mol. Ecol., 7, 1275–1282.

Linhart YB, GrantMC (1996) Evolutionary significance of local
genetic structure in plants.Annu.Rev. Ecol. Syst., 27, 237–277.

Loiselle BA, Sork VL, Nason JD, Graham D (1995) Spatial
genetic structure of tropical understory shrub Psychotria
o!cinalis (Rubiaceae). Am. J. Bot., 82, 1420–1425.

Lynch M, Milligan BG (1994) Analysis of population genetic
structure with RAPD markers. Mol. Ecol., 3, 91–99.

Manel S, Schwartz MK, Luikart G, Taberlet P (2003) Land-
scape genetics: Combining landscape ecology and popula-
tion genetics. Trends Ecol. Evol., 18, 189–197.

McCune B, Grace JB (2002) Analysis of Ecological Communi-
ties, MjM Software Design, Gleneden Beach, Oregon, USA.

McCune B, Me!ord MJ (1999) PC-ORD. Multivariate Analysis
of Ecological Data, MjM Software Design, Gleneden Beach,
Oregon, USA, Version 4.

Millar CI, Libby WJ (1991) Strategies for conserving clinal,
ecotypic, and disjunct population diversity in widespread
species. In: Genetics and Conservation of Rare Plants (eds.
Falk DA, Holsinger KE), pp. 149–170. Oxford University
Press, New York.

Miller MP (1997a) Tools for Population Genetics Analysis
(TFPGA), Version 13. A Windows Program for the Analysis
of Allozymes and Molecular Population Genetic Data,
Department of Biological Sciences, Northern Arizona Uni-
versity, Flagsta!, AZ.

Miller MP (1997b) AMOVA-Prep A Program for the Preparation
of Input Files for use With WINAMOVA, Department of Bio-
logical Sciences, Northern Arizona University, Flagsta!, AZ.

Mitsch WJ, Gosselink JG (2000) Wetlands. Van Nostrands
Reinhold Company, New York, NY, USA.

Moritz C, Faith DP (1998) Comparative phylogeography and
the identification of genetically divergent areas for conser-
vation. Mol. Ecol., 7, 419–429.

Mueller UG, Wolfenbarger LL (1999) AFLP genotyping and
fingerprinting. Trends Ecol. Evol., 14, 389–394.

Nei M (1972) Genetic distance between populations. Am. Nat.,
106, 283–292.

Novick RS, Dick CW, Lemes M, Navarro C, Caccone A,
Bermingham E (2003) Genetic structure of Mesoamerican
populations of big-leaf mahogany (Swietenia macrophylla)
inferred by microsatellite analysis. Mol. Ecol., 12, 2885–
2893.

Oddou-Muratorio S, Demesure-Musch B, Pélissier R, Gouyon
(2004) Impacts of gene flow and logging history on the local
genetic structure of a scattered tree species, Sorbus torminalis
L. Crantz. Mol. Ecol., 13, 3686–3702.

O’Malley DM, Bawa KS (1987) Mating system of tropical
forest tree species. Am. J. Bot., 74, 1143–1149.

Ouborg NJ, Piquot Y, Van Groenendael M (1999) Population
genetics, molecular markers and the study of dispersal in
plants. J. Ecol., 87, 551–568.

Ritland K (1989) Genetic structure, diversity, and inbreeding in
the mountain monkey flower (Mimulus caespitosus) of the
Washington Cascades. Can. J. Bot., 67, 2017–2024.



Rivera-Ocasio E, Aide TM, McMillan WO (2002) Patterns of
genetic diversity and biogeographical history of the tropical
wetland tree, Pterocarpus o!cinalis (Jacq.), in the Caribbean
basin. Mol. Ecol., 11, 675–683.

Russell JR, Weber JC, Booth A, Powell W, Sotelo-Montes C,
Dawson IK (1999) Genetic variation of Calycophyllum
spruceanum in the Peruvian Amazon Basin, revealed by
amplified fragment length polymorphisms (AFLP) analysis.
Mol. Ecol., 8, 199–204.

Schaal BA, Hayworth DA, Olsen KM, Rauscher JT, Smith WA
(1998) Phylogeographic studies in plants: Problems and
prospects. Mol. Ecol., 7, 465–474.

Vos PR, Hogers H, Bleeker M, Reijans M, van de Lee T,
Hornes M, Frijters A, Pot J, Peleman J, Kupier M, Zabeu M
(1995) AFLP: A new technique for DNA fingerprinting.
Nucleic Acids Res., 23, 4407–4414.

Williams BL, Brawn JD, Paige KN (2003) Landscape scale
genetic e!ects of habitat fragmentation on a high gene
flow species: Speyeria idalia (Nymphalidae). Mol. Ecol., 12,
11–20.

Young AG, Merriam HG, Warwick SI (1993) The e!ects of
forest fragmentation on genetic variation in Acer saccharum
Marsh. (Sugar maple) Populations. Heredity, 71, 413–418.


