
Abstract

In Mesoamerica, tropical dry forest is a highly threat-
ened habitat, and species endemic to this environment
are under extreme pressure. The tree species, Lon-
chocarpus costaricensis is endemic to the dry northwest
of Costa Rica and southwest Nicaragua. It is a locally
important species but, as land has been cleared for agri-
culture, populations have experienced considerable
reduction and fragmentation. To assess current levels
and distribution of genetic diversity in the species, a
combination of chloroplast-specific (cpDNA) and whole
genome DNA markers (amplified fragment length poly-
morphism, AFLP) were used to fingerprint 121 individ-
ual trees in 6 populations. Two cpDNA haplotypes were
identified, distributed among populations such that pop-
ulations at the extremes of the distribution showed low-
est diversity. A large number (487) of AFLP markers
were obtained and indicated that diversity levels were
highest in the two coastal populations (Cobano, Matapa-
lo, H = 0.23, 0.28 respectively). Population differentia-
tion was low overall, FST = 0.12, although Matapalo was
strongly differentiated from all other populations (FST =
0.16–0.22), apart from Cobano (FST = 0.11). Spatial
genetic structure was present in both datasets at differ-
ent scales: cpDNA was structured at a range-wide distri-
bution scale, whilst AFLP data revealed genetic neigh-
bourhoods on a population scale. In general, the habitat
degradation of recent times appears not to have yet
impacted diversity levels in mature populations. Howev-
er, although no data on seed or saplings were collected,
it seems likely that reproductive mechanisms in the
species will have been affected by land clearance. It is
recommended that efforts should be made to conserve
the extant genetic resource base and further research
undertaken to investigate diversity levels in the progeny
generation.
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Introduction

Mesoamerica is home to more than 5000 endemic
plants, around 1.7% of the world’s plant species (MYERS

et al., 2000). Such high levels of endemism combined
with a rapid rate of habitat loss have identified it as one
of the world’s biodiversity hotspots, where action to con-
serve biodiversity can have maximum impact. Within
this region, tropical dry forest is arguably the most
threatened of habitats (JANZEN, 1988; KWON and MOR-
DEN, 2002; CESPEDES et al., 2003) and widespread clear-
ance for agriculture has left only approx. 1% of the origi-
nal forest cover (SANCHEZ-AZOFEIFA et al., 2001;
CESPEDES et al., 2003). From a genetic point of view, the
population size reduction and fragmentation that tree
species in this habitat are experiencing are highly likely
to adversely affect long-term survival, erode diversity
and degrade ecological and evolutionary processes (HAM-
RICK and GODT, 1996). Such concerns are particularly
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pertinent for regions with high endemism, given the
growing evidence for climate change (IPCC (Intergov-
ernmental Panel on Climate Change) 2001), as species
with restricted niches are likely to be disproportionately
affected (BAWA and DAYANANDAN, 1998; MCLAUGHLIN et
al., 2002; HAMRICK, 2004).

For rare and endemic species, survival in the short
term will probably be determined by demographic and
ecological factors (LANDE, 1988; SCHEMSKE et al., 1994),
with the greatest threat likely to be anthropogenic.
However, survival in the long term depends, at least
partly, on the maintenance of genetic variability and of
gene flow mechanisms (HAMRICK and GODT, 1996). In a
landscape of forest fragments, the potential to maintain
connectivity between remnant populations will dictate
the ability to maintain genetic diversity (HAMRICK,
2004). Furthermore, an understanding of the level and
distribution of genetic diversity can allow evaluation of
the effects of habitat fragmentation and inform manage-
ment strategies for remnant populations. For example,
where ex-situ conservation or restoration are considered,
empirical data can direct collection of a representative
sample of variation, allow matching of provenances to
recipient populations and assess the impacts of seed col-
lection on remnant populations (HAMRICK and GODT,
1996).

Recently, comparative analyses drawing on studies
using allozymes (HAMRICK and GODT, 1989) and DNA
markers (NYBOM and BARTISH, 2000) have explored how
different life history characteristics affect levels and dis-
tribution of genetic diversity. In these syntheses, long-
lived, outcrossing species were found to maintain most
variation within populations. In allozyme studies (HAM-
RICK and GODT, 1989) endemic, narrowly distributed
species were found to maintain lower levels of genetic
diversity relative to widespread species, although little
difference in partitioning of variation was observed. In
contrast, NYBOM and BARTISH (2000) failed to detect a
relationship between within-population diversity and
geographic range. Logically, there seems no reason why
local endemics, if outcrossing and able to maintain
genetic connectivity across large population sizes,
should necessarily show reduced levels of genetic varia-
tion (BAWA and ASHTON, 1991). Indeed, once phylogenetic
relationships are taken into account through compar-
isons between rare and widespread congeners (AYRES

and RYAN, 1999; GITZENDANNER and SOLTIS, 2000), whilst
average levels of diversity are lower in rare species, they
show as wide a range of levels of diversity and of popula-
tion differentiation as widely distributed species. In
other words, generalisations are fraught with difficulty
and each species should be considered a novel, unique
entity (HAMRICK, 1983; GITZENDANNER and SOLTIS, 2000).
Collection of empirical data on a case by case basis is
therefore vital.

The tropical tree species Lonchocarpus costaricensis
(Papilionaceae), known locally as Chaperno, is endemic
to the lowland deciduous forests on the Pacific side of
Costa Rica and Nicaragua (HOLDRIDGE et al., 1997),
although it may be found in moist forest up to 1000 m
above sea level (HOLDRIDGE et al., 1997). Despite being of
considerable utility due to its production of a natural
nematicide (many Lonchocarpus species produce insecti-
cidal or pharmacologically-useful compounds; BALAN-
DRIN et al., 1985) the species has to date been little stud-



ied. The dry forests of northwestern Costa Rica and
Pacific Nicaragua, where L. costaricensis is found, have
been severely impacted by human activities and in gen-
eral, little undisturbed vegetation remains.

Lonchocarpus costaricensis is a medium to large-sized
deciduous tree that grows to 20 m in height and may
live to over 100 years (JANZEN et al., 1990). It is report-
edly pollinated by Centris aethyctera and C. fuscata
anthophorid bees, (JANZEN et al., 1990); (JANZEN, 1991).
Adult trees normally produce hundreds to tens of thou-
sands of flat indehiscent wind-dispersed fruits, at inter-
vals of 2 years and sometimes longer (JANZEN, 1982).
Fruits are tough legumes, with a smooth texture; most
are single-seeded, but a few have 2 or 3 seeds. The seeds
are often eaten by the larvae of several species of host-
specific bruchid Ctenocolum beetles, but are rejected by
vertebrate seed predators (JANZEN et al., 1990).

In Costa Rica L. costaricensis is commonly associated
with pioneer species (such as Cecropia sp., Cordia
alliodora and Erythrina sp., C Navarro pers comm),
although it is encountered in all stages of forest succes-
sion. Individuals are usually found scattered throughout
the forest, rather than in patches (JANZEN, 1982; JANZEN

et al., 1990), preferring slopes and eroded or rocky soils.
Despite the heavy impact of farming for cattle, L.
costaricensis has survived well through abundant seed
production and fast and aggressive regeneration (O
Méndez, pers comm). Indeed, for some farmers, this can
cause problems as when cut it will coppice and, if weed-
ing is not intense, pure stands can form. Lonchocarpus
costaricensis is not a valuable timber species but is used
locally to construct fences and for fuelwood. 

The aim of this study is to use molecular markers to
assess levels of genetic diversity and population differ-
entiation in L. costaricensis, and evaluate the extent of
connectivity between populations through gene flow. To
assess the relative contributions of pollen versus seed
flow to genetic connectivity between populations, a com-
bined approach of universal chloroplast markers
(assumed to be maternally inherited and therefore seed-
specific) and total genomic (AFLP) markers are used.
The data are compared with those derived for other
endemic tree species and the likely implications for long
term persistence of the species are considered.

Methods

Samples were collected from a total of 121 L. costari-
censis individuals from 6 populations throughout north-
west Costa Rica (Guanacaste lowlands and the Nicoya
peninsula coast, Figure 1, Table 1). A population was
defined as a group of trees, all at least 100 m apart but
within a coherent geographic area, such that they are in
potential reproductive contact. After the collection made
for this study Lonchocarpus costaricensis is considered
Vulnerable according to the IUCN (2001) based on the
following criteria: A. Reduction in population size based
on any of the following: 1. An observed, population size
reduction of 50% over the last 10 years, where the caus-
es of the reduction are: clearly reversible and under-
stood and ceased; B. Geographic range in the form of
either B2 (area of occupancy) a. Severely fragmented or
known to exist at no more than 10 locations.

Individuals were sampled by collection of leaf tissue,
which was dried on silica gel. The spatial position of



each tree was recorded during collection using a hand
held GPS. Genomic DNA was extracted from leaves
using a modified CTAB protocol as described in GILLIES

et al. (1997).

Chloroplast DNA (cpDNA) was screened for variation
using PCR-RFLP in the conserved regions identified by
(TABERLET et al., 1991; DEMESURE et al., 1995; DUMOLIN-
LAPEGUE et al., 1997; HAMILTON, 1999). The PCR protocol
was as described in DEMESURE et al. (1995). PCR frag-
ments were digested using combinations of several
restriction enzymes (4-base: HinfI, MspI, AluI, HaeIII;
6-base: EcoRV, PstI, HindIII) and RFLP fingerprints
were visualised on 8% non-denaturing acrylamide gel in
a Hoefer SE600 electrophoresis unit (300V) using Tris
borate EDTA buffer (1X). Once polymorphic markers
had been detected, the whole collection was charac-
terised for cpDNA haplotype, using these loci. The data
set was analysed for within-population (HSc) and total
(HTc) diversity and for the level of population subdivision
(GST; (PONS and PETIT, 1995)) using the program HAP-
LONST (PONS and PETIT, 1995). 

The AFLP protocol was as described in (VOS et al.,
1995), using the selective primer combinations Eco +
GT/Mse + ACAT, Eco + CG/Mse + ACAC, Eco + CG/Mse
+ ACCT, Eco + AG/Mse + ACAC, Eco + GA/Mse + ACAC,
Eco + GA/Mse + ACAA. AFLP fingerprints were visu-
alised on a manual sequencing rig using 33P γ-ATP,
(Amersham). Reactions were denatured for 5 min.s at
95°C prior to loading, then 1 µl of reaction was loaded
onto a 5% denaturing polyacrylamide gel (Roth). Gels
were manually scored for presence/absence of bands and
a binary matrix was prepared. Levels of genetic diversi-
ty within populations (HW) and for the data set as a
whole (HT) and level of population subdivision (FST) were
determined using the program AFLP-SURV (VEKEMANS

et al., 2002), employing the Bayesian method with non-
uniform prior distribution (ZHIVOTOVSKY, 1999) to esti-
mate allele frequencies from dominant data. Based on a
matrix of pairwise FST values and 1000 resampled
datasets (generated using AFLP-SURV) to compute
bootstrap support values, a consensus Neighbour-Join-
ing tree was produced using NEIGHBOR and CON-
SENSE in the PHYLIP package (FELSENSTEIN, 1993).
The tree was visualised using TREEVIEW 1.6.6 (Page
1996).

The ratio of pollen to seed flow was estimated accord-
ing to (ENNOS, 1994), using the equation: 

Pollen flow / Seed flow = 
[(1 /FSTb – 1) – 2(1/FSTm – 1)] / (1 /FSTm – 1)

where FSTb is the population differentiation calculated
for AFLP loci and FSTm is the population differentiation
calculated for (assumed maternally inherited) cpDNA
loci (i.e. GST).

Spatial genetic structure was analysed by autocorrela-
tion of spatial distance and genetic distance based on
both chloroplast and AFLP datasets (using the software
package Spatial Genetic Software, SGS, (DEGEN et al.,
2001)). Genetic distance between trees was estimated
using Tanimoto’s distance for AFLP data and Gregorius’
distance for cpDNA data. Mean pairwise genetic dis-
tance (observed) was determined for eight distance
classes of 20 km; upper and lower 95% confidence inter-
vals (upper 95% CI and lower 95% CI) were determined
for each distance class based on 1000 random resam-



plings of genotypes among the existing tree coordinates.
Where the observed value was less than the lower 95%
CI, there was significant positive spatial genetic struc-
ture, with individuals more genetically similar than
expected at random: where the observed value exceeded
the upper 95% CI, there was significant negative spatial
genetic structure, with individuals more genetically dis-
tant than expected at random. Oscillation from signifi-
cant lower to upper 95% CIs indicated the size of genet-
ic neighbourhood for a particular data set. A plot of
mean pairwise genetic distance against distance class (a
distogram) was prepared for easy visualisation of the
spatial scale of genetic structure within a population.

Results

A single clearly polymorphic cpDNA locus was identi-
fied (psbC-trnS, DEMESURE et al., 1995, digested with
HinfI). This 30 bp length mutation allowed characteri-
sation of two haplotypes: Haplotype A – insertion pre-
sent, Haplotype B – insertion absent. The mean within
population diversity (HW) was 0.23 (SE 0.09) and total
diversity level (HW) was 0.55 (SE 0.03). 

The level of population subdivision (GST) was 0.59 (SE
0.18). Two populations (La Cruz and Cobano) were fixed
for single, different halotypes (Figure 1). The other pop-
ulations contained both haplotypes. In general, moving
from north to south through the region sampled, haplo-
type A was found in fixation (La Cruz), then intermedi-
ate populations (Horizontes, Palo Verde, Matapalo)
show both haplotypes, with decreasing frequency of hap-
lotype A until in the south haplotype B is in fixation
(Cobano) or predominant (Tarcoles). 

AFLP analysis obtained 487 fragments, of which
98.6% were polymorphic (Table 2). Genetic diversity
levels for individual populations ranged from HW =
0.19–0.28 and total diversity was HT = 0.24. The level 
of population differentiation was relatively low overall
(FST = 0.12), however Matapalo was strongly differenti-
ated from all other populations (FST = 0.16–0.22) apart
from Cobano (FST = 0.11). This divergence was evident in
cluster analysis (Neighbour-joining tree, Figure 2) and
furthermore grouping of populations La Cruz and Palo
Verde, and Horizontes and Tarcoles were strongly sup-
ported by bootstrapping. Levels of diversity in Matapalo
(HW = 0.28) and Cobano (HW = 0.23) populations were
higher than those found in the other four populations
(HW = 0.19–0.21). Comparing levels of population differ-
entiation for AFLP and cpDNA loci, interpopulation
pollen flow was calculated to be 8.55 times greater than
seed flow. 

Significant positive spatial autocorrelation (i.e. indi-
viduals within a distance class more genetically similar
than expected at random) was detected for both AFLP
and cpDNA data sets (Figure 3). However the scale of
the genetic neighbourhood and the magnitude of correla-
tion varied greatly between the marker types. For
cpDNA very strong and significant spatial autocorrela-
tion was identified (observed genetic distance between
0.20 and 0.95) over a large genetic neighbourhood scale
(up to the largest distance class of 150 km). For the
AFLP data a much lower, though still significant spatial
autocorrelation was identified (0.46 to 0.62) over a more
limited spatial scale (50 km). The difference between
these two measures is most likely a reflection of the



genetic differentiation contribution of pollen-mediated
gene flow.

Discussion

Levels of diversity in rare or endemic species are gen-
erally considered to be reduced (HAMRICK and GODT,
1989), particularly as small population size is likely to
threaten loss of diversity through stochastic processes
alone. However, whilst comparative analyses of
allozyme datasets detected reduced diversity in endemic
species, analogous studies of rare and widespread con-
geners have shown that the range of diversity levels in
rare species is comparable to that in widespread species
(GITZENDANNER and SOLTIS, 2000). In other words,
endemism as a characteristic is not a good predictor of
diversity level.

In L. costaricensis, levels of whole-genome (AFLP)
diversity are relatively high (0.19–0.28), with little dif-
ferentiation between populations (FST = 0.12). The
species appears to be maintaining high levels of within-
population variation and effectively ensuring connectivi-
ty between populations. The pattern of genetic diversity
partitioning is within the range observed for many other
outcrossing tropical tree species, with the large majority
contained within-population: e.g. Swietenia macrophylla
(HT = 0.36, FST = 0.12, RAPDs, GILLIES et al., 1999), Ilex
paraguarensis (HT = 0.16, FST = 0.15, RAPDs, GAUER

and CAVALLI-MOLINA, 2000), Calycophyllum spruceanum
(HT = 0.28, FST = 0.09, AFLPs, RUSSELL et al., 1999),
Vochysia ferruginea (HT = 0.26, FST = 0.15, AFLPs,
CAVERS et al., 2005). The pattern of diversity estimated
by chloroplast markers also indicates high within-popu-
lation diversity (HW = 0.23) and, though the level of pop-
ulation differentiation is much higher (GST = 0.59), this
is expected for a slow-evolving, maternally-inherited,
non-recombining locus. The pattern of divergence in
cpDNA haplotype frequency between the North and
South of the sampled range does suggest some limita-
tion in gene flow via seed over the long term, probably
indicating that the large, flat seeds tend to be locally
dispersed despite apparent adaptations for wind-dis-
semination. 

The pollen flow/seed flow ratio obtained for L. costari-
censis (8.55) is low in comparison with other species (e.g.
pollen/seed flow = 196 for Q. robur /petraea, 24–68 for
Pinus sp., calculated in ENNOS, 1994, 2.5 for Argania
spinosa, (EL MOUSADIK and PETIT, 1996) assuming that
the inheritance of the chloroplast is maternal, as in
most angiosperms (BIRKY, 1995). Given the strong geo-
graphic structure observed for the chloroplast data, the
low pollen/seed flow ratio may suggest some limitation
in pollen dispersal, perhaps due to some aspect of polli-
nator behaviour. Certainly, the highest values of
pollen/seed flow tend to be observed in species with
wind- rather than insect-dispersed pollen. 

The spatial scales of spatial genetic structure for
cpDNA and AFLP data are likely to reflect differences in
colonization dynamics and patterns of contemporary,
predominantly pollen-mediated, gene flow, respectively.
The pattern of cpDNA variation may be consistent with
either admixture of previously isolated northern and
southern source populations or with an ancient original
population somewhere near the centre of the distribu-
tion, with fixation of different haplotypes occurring in



populations near the extremes of the distribution
through lineage sorting during dispersal. Spatial analy-
sis indicated that individuals at short distance separa-
tion were more likely to share haplotypes whilst those
at long distance were more likely to have different hap-
lotypes, reflecting the differential fixation observed in
the populations at the edges of the distribution. The
area around La Cruz and nearby Santa Elena is geologi-
cally the oldest part of Costa Rica (COATES and ABANDO,
1996), and would be a likely location for an ancient pop-
ulation. However, the formation of the Nicoya peninsula
may also have provided opportunities for dispersal and
isolation that could have produced multiple source popu-
lations

The pattern of AFLP variation is likely to result from
more contemporary influences. The size of genetic
neighbourhood is only at the scale of single populations.
Thus whilst individual populations appear to represent
intact genetic entities, larger spatial genetic patterns
are difficult to identify. However, FST values (Table 3)
indicate strong differentiation of Matapalo from the pop-
ulations of the Guanacaste lowlands (FST = 0.16–0.22),
with otherwise generally low pairwise differentiation,
(FST = 0.05–0.13). Such a pattern indicates that popula-
tions have, in general, been experiencing substantial
gene flow throughout the distribution and the small
divergence observed is likely to be due only to isolation
by distance. Despite strong bootstrap support for clus-
ters of populations within the distribution (Figure 2),
none of these populations are highly differentiated
(Table 3), and the principal observation therefore
remains the isolation of Matapalo. 

The differentiation of Matapalo may reflect interac-
tion of pollen-mediated gene flow dynamics and this
landscape. The most influential landscape feature in the
range of L. costaricensis is the mountains of the Nicoya
Peninsula (rising to >1000 m), which begin about 10 km
north of Matapalo and proceed in a southeasterly direc-
tion ending almost at the tip of the Peninsula, near
Cobano. It is notable therefore that Matapalo also main-
tains the highest level of within-population diversity,
and similar in magnitude to Cobano (and from which it
is least differentiated). Potentially, long term gene flow
may have occurred principally on an axis parallel to the
Nicoya mountains, linking Cobano and Matapalo via the
Nicoya peninsula and maintaining isolation between
Matapalo and the populations of the Guanacaste low-
lands. Such a process would also explain the lack of dif-
ferentiation between Cobano and the other populations. 

However, there are additional factors that potentially
may be confounding this interpretation. Characteristics
of the populations themselves and the way in which
they were sampled must also be taken into account. The
entire distribution has been impacted heavily by human
activity and the populations sampled have contrasting
recent histories (Table 1). In particular, those popula-
tions on sites that have been completely cleared for cat-
tle ranching (Horizontes, Palo Verde) and have subse-
quently regenerated show lowest diversity levels.
Furthermore, populations with higher diversity, Mata-
palo and Cobano, are located in more forested regions,
with potentially more mature and abundant L. costari-
censis. Therefore, it seems possible that the contrasting
diversity levels between populations may be an artefact
of recent human impact, with populations that have



experienced most substantial disturbance showing cor-
respondingly reduced diversity. However, the collection
was designed only to sample diversity throughout the
distribution and did not seek specific causes: a more sys-
tematic approach to selection of populations will be
required to conclusively establish the link between dis-
turbance history and diversity.

In general, L. costaricensis maintains high levels of
diversity, despite relatively small population size, and
effective levels of gene flow between populations. Given
the dramatic anthropogenic impact experienced by the
species in recent years, it appears that certain of the
species’ characteristics act to maintain diversity in the
face of considerable disturbance. For example, mature
trees can be cut down once a year without causing
death. This aggressive resprouting may ensure that
eradication of individual trees is quite difficult, and pop-
ulations may persist despite clearance. As a conse-
quence, the widespread deforestation of the last fifty
years, converting forests to grasslands for cattle farming
may not yet have impacted the genetic resources of L.
costaricensis. In addition, abundant production of seeds
ensures that opportunities for regeneration are taken. 

In fact, as for most of the region, large scale deforesta-
tion and habitat fragmentation are relatively recent
phenomena, with the majority of the clearance having
taken place during the last fifty years or so. Diversity
levels therefore most probably reflect the pre-clearance
situation, when populations were more continuous, a
hypothesis supported by the low levels of population dif-
ferentiation observed. The reduction in population size
that has undoubtedly taken place has not yet had time
to impact diversity levels through random loss of alleles
due to genetic drift with the increased population differ-
entiation that would accompany it. However, it seems
highly likely that reproductive mechanisms in the
species will be affected and fragmentation effects will
become apparent in the progeny generation (LOWE et al.,
2005). The directionality of this impact is difficult to
predict however, as it depends on the effect of fragmen-
tation on pollinators and has been observed to both
increase levels of gene flow (WHITE et al., 1999; DICK,
2001) and reduce it (HALL et al., 1996). To verify the
impact of fragmentation on the species will require
analysis of seed and sapling populations - ideally under-
taken using co-dominant markers to allow exploration of
the mating system (LOWE et al., 2005).

For L. costaricensis the most pressing concerns, as for
most of the endemic species of Mesoamerica, are anthro-
pogenic. The dramatic loss of habitat and consequent
demographic and ecological impacts will have outcomes
that have yet to become apparent. Nevertheless, the
species is resilient and regenerates strongly and should
be well placed to recover given the right protection.
What remains unclear, is how the demographic impacts
of the past fifty years will affect the population in the
future. Gene flow mechanisms in the species appear to
be effective, but the estimates derived here most proba-
bly reflect a pre-clearance situation and the operation of
those mechanisms in the contemporary landscape needs
to be explored. A diverse genetic base still persists in the
remnant populations of L. costaricensis but it will be
important for the long-term survival of the species that
the connectivity between these populations is main-
tained, or future environmental changes are likely to



force a rapid loss of diversity and increase the likelihood
of extinction of this potentially useful species.

Acknowledgements

The work reported in this paper was conducted as part
of the European Union funded project “Assessment of lev-
els and dynamics of intra-specific genetic diversity of
tropical trees” (contract # ERBIC18CT970149 http://
www.nbu.ac.uk/geneo) which was coordinated by A. LOWE.
Funding is gratefully acknowledged from the EU and
NERC. The AFLP analysis was carried out at IPBO, Uni-
versity of Gent, Belgium. The hospitality and assistance
of the staff there is gratefully acknowledged. The authors
wish to thank MARVIN HERNANDEZ and LIONEL H for assis-
tance in obtaining samples, and JULIA WILSON and
KATHERINE WALKER (CEH) for constructive contributions
to the manuscript.

References 

AYRES, D. R. and F. J. RYAN (1999): Genetic diversity and
structure of the narrow endemic Wyethia reticulata and
its congener W. bolanderi (Asteraceae) using RAPD and
allozyme techniques. American Journal of Botany 86:
344–353.

BALANDRIN, M. F., J. A. KLOCKE, E. S. WURTELE and W. H.
BOLLINGER (1985): Natural plant chemicals: sources of
industrial and medicinal materials. Science 228:
1154–1160.

BAWA, K. and S. DAYANANDAN (1998): Global climate
change and tropical forest genetic resources. Climatic
change 39: 473–485.

BAWA, K. S. and P. S. ASHTON (1991): Conservation of rare
trees in tropical rain forests: a genetic perspective., pp.
in Genetics and conservation of rare plants., edited by
D. A. FALK and K. E. HOLSINGER, Oxford University
Press., New York.

BIRKY, C. W. (1995): Uniparental Inheritance of Mitochon-
drial and Chloroplast Genes – Mechanisms and Evolu-
tion. Proceedings of the National Academy of Sciences
of the United States of America 92: 11331–11338.

CAVERS, S., C. NAVARRO, P. HOPKINS, R. A. ENNOS and A. J.
LOWE (2005): Regional and population-scale influences
on genetic diversity partitioning within Costa Rican
populations of the pioneer tree Vochysia ferruginea
Mart. Silvae Genetica.

CESPEDES, M., M. V. GUTIERREZ, N. M. HOLBROOK and O. J.
ROCHA (2003): Restoration of genetic diversity in the dry
forest tree Swietenia macrophylla (Meliaceae) after pas-
ture abandonment in Costa Rica. Molecular Ecology 12:
3201–3212.

COATES, A. G. and J. A. OBANDO (1996): The Geologic Evo-
lution of the Central American Isthmus, pp. 21–56 in
Evolution and Environment in Tropical America edited
by JACKSON, B. C., A. F. BUDD and A. G. COATES. The
University of Chicago Press, Chicago. 

DEGEN, B., R. J. PETIT and A. KREMER (2001): SGS – Spa-
tial Genetic Software: A computer program for analysis
of spatial genetic and phenotypic structures of individu-
als and populations. Journal of Heredity 92: 447–448.

DEMESURE, B., N. SODZI and R. J. PETIT (1995): A set of
universal primers for amplification of polymorphic non-
coding regions of mitochondrial and chloroplast DNA in
plants. Molecular Ecology 4: 129–131.

DICK, C. W. (2001): Genetic rescue of remnant tropical
trees by an alien pollinator. Proceedings of the Royal
Society of London B 268: 2391–2396.

DUMOLIN-LAPEGUE, S., M.-H. PEMONGE and R. J. PETIT

(1997): An enlarged set of consensus primers for the
study of organelle DNA in plants. Molecular Ecology 6:
393–397.



EL MOUSADIK, A. and R. J. PETIT (1996): Chloroplast phy-
logeography of the argan tree of Morocco. Molecular
Ecology 5: 547–555.

ENNOS, R. A. (1994): Estimating the relative rates of
pollen and seed migration among plant populations.
Heredity 72: 250–259.

FELSENSTEIN, J. (1993): PHYLIP: Phylogeny Inference
Package. University of Washington, Seattle, Washing-
ton.

GAUER, L. and S. CAVALLI-MOLINA (2000): Genetic varia-
tion in natural populations of mate (Ilex paraguarensis
A. St.-Hil., Aquifoliaceae) using RAPD markers. Heredi-
ty 84: 647–656.

GILLIES, A. C. M., J. P. CORNELIUS, A. C. NEWTON, 
C. NAVARRO, M. HERNANDEZ and J. WILSON (1997):
Genetic variation in Costa Rican populations of the
tropical timber species Cedrela odorata L., assessed
using RAPDs. Molecular Ecology 6: 1133–1145.

GILLIES, A. C. M., C. NAVARRO, A. J. LOWE, A. C. NEWTON,
M. HERNANDEZ, J. WILSON and J. P. CORNELIUS (1999):
Genetic diversity in mesoamerican populations of
mahogany (Swietenia macrophylla), assessed using
RAPDs. Heredity 83: 722–732.

GITZENDANNER, M. A. and P. S. SOLTIS (2000): Patterns of
genetic variation in rare and widespread plant con-
geners. American Journal of Botany 87(6): 783–792.

HALL, P., S. WALKER and K. BAWA (1996): Effect of forest
fragmentation on genetic diversity and mating system
in a tropical tree, Pithecellobium elegans. Conservation
Biology 10: 757–768.

HAMILTON, M. B. (1999): Four primer pairs for the amplifi-
cation of chloroplast intergenic regions with intraspecif-
ic variation. Molecular Ecology 8: 521–522.

HAMRICK, J. L. (1983): The distribution of genetic varia-
tion within and among natural plant populations, pp.
335–348 in Genetics and Conservation, edited by C. M.
SCHONEWALD-COX, S. M. CHAMBERS, B. MACBRYDE and
W. L. THOMAS, Benjamin/Cummings, Menlo Park, CA.

HAMRICK, J. L. (2004): Response of forest trees to global
environmental changes. Forest Ecology and Manage-
ment 197: 323–335.

HAMRICK, J. L. and M. J. W. GODT (1989): Allozyme diver-
sity in plant species., pp. 43-63 in Plant population
genetics, breeding and genetic resources., edited by 
A. H. D. BROWN, M. T. CLEGG, A. L. KAHLER and B. S.
WEIR, Sinauer Associates Inc., Sunderland, MA.

HAMRICK, J. L. and M. J. W. GODT (1996): Conservation
genetics of endemic plant species., pp. in Conservation
Genetics: case studies from nature., edited by J. C.
AVISE and J. L. HAMRICK, Chapman & Hall, New York.

HOLDRIDGE, L. R., L. POVEDA and Q. JIMENEZ (1997):
Arboles de Costa Rica, Vol. 1, 2nd Edition. Centro Cien-
tifico Tropical, San Jose, Costa Rica.

IUCN (2001): IUCN Red List Categories and Criteria:
Version 3.1. IUCN Species Survival Commission. IUCN,
Gland, Switzerland and Cambridge, UK. ii + 30 pp.

IPCC (Intergovernmental Panel on Climate Change)
(2001): Impacts, adaptation and vulnerability to climate
change: 2001, third assessment report of the IPCC,
Cambridge, UK, University Press.

JANZEN, D. H. (1982): Weight of dry seeds in 1-3-seeded
fruits of Lonchocarpus costaricensis (Leguminosae), a
Costa Rican wind-dispersed tree. Brenesia 19/20:
363–368.

JANZEN, D. H. (1988): Tropical dry forests, the most
endangered major tropical ecosystem, pp. 130-137 in
Biodiversity, edited by E. O. WILSON, National Academy
Press, Washington, DC.

JANZEN, D. H. (1991): How to save tropical biodiversity.
American Entomologist 37: 159–171.



JANZEN, D. H., L. E. FELLOWS and P. G. WATERMAN (1990):
What protects Lonchocarpus (Leguminosae) seeds in a
Costa Rican dry forest ? Biotropica 22: 272–285.

KWON, J. A. and C. W. MORDEN (2002): Population genetic
structure of two rare tree species (Colubrina oppositifo-
lia and Alphitonia ponderosa, Rhamnaceae) from
Hawaiian dry and mesic forests using random amplified
polymorphic DNA markers. Molecular Ecology 11:
991–1001.

LANDE, R. (1988): Genetics and demography in biological
conservation. Science 24: 1455–1460.

LOWE, A. J., S. A. HARRIS, P. ASHTON (2004): Ecological
Genetics: Design, Analysis and Application. Blackwells,
Oxford. 326 pp.

MCLAUGHLIN, J. F., J. J. HELLMANN, C. L. BOGGS and P. R.
EHRLICH (2002): Climate change hastens population
extinctions. Proceedings of the National Academy of Sci-
ences of the United States of America 99: 6070–6074.

MYERS, N., R. A. MITTERMEIER, C. G. MITTERMEIER, 
G. A. B. DA FONSECA and J. KENT (2000): Biodiversity
hotspots for conservation priorities. Nature 403:
853–858.

NYBOM, H. and I. V. BARTISH (2000): Effects of life history
traits and sampling strategies on genetic diversity esti-
mates obtained with RAPD markers. Perspectives in
Plant Ecology, Evolution and Systematics 3: 93–114.

PAGE, R. D. M. (1996): TREEVIEW: An application to dis-
play phylogenetic trees on personal computers. Comput-
er Applications in the Biosciences 12: 357–358.

PONS, O. and R. J. PETIT (1995): Estimation, variance and
optimal sampling of gene diversity I. Haploid locus.
Theoretical and Applied Genetics 90: 462–470.

RUSSELL, J. R., J. C. WEBER, A. BOOTH, W. POWELL, 
C. SOTELO-MONTES and I. K. DAWSON (1999): Genetic
variation of Calycophyllum spruceanum in the Peruvian
Amazon Basin, revealed by amplified fragment length
polymorphism (AFLP) analysis. Molecular Ecology 8:
199–204.

SANCHEZ-AZOFEIFA, G. A., R. C. HARRISS and D. L. SKOLE

(2001): Deforestation in Costa Rica: a quantitative
analysis using remote sensing imagery. Biotropica 33:
378–384.

SCHEMSKE, D. W., B. C. HUSBAND, M. H. RUCKELSHAUS, 
C. GOODWILLIE, I. M. PARKER and J. G. BISHOP (1994):
Evaluating approaches to the conservation of rare and
endangered plants. Ecology 75: 584–606.

TABERLET, P., L. GIELLY, G. PAUTOU and J. BOUVET (1991):
Universal primers for amplification of three non-coding
regions of chloroplast DNA. Plant Molecular Biology 17:
1105–1109.

VEKEMANS, X., T. BEAUWENS, M. LEMAIRE and I. ROLDAN-
RUIZ (2002): Data from amplified fragment length poly-
morphism (AFLP) markers show indication of size
homoplasy and of a relationship between degree of
homoplasy and fragment size. Molecular Ecology 11:
139–151.

VOS, P., R. HOGERS, M. BLEEKER, M. REIJANS, T. VAN DE

LEE, M. HORNES, A. FRIJTERS, J. POT, J. PELEMAN, 
M. KUIPER and M. ZABEAU (1995): AFLP:a new tech-
nique for DNA fingerprinting. Nucleic Acids Research
23: 4407–4414.

WHITE, G. M., D. H. BOSHIER and W. POWELL (1999):
Genetic variation within a fragmented population 
of Swietenia humilis Zucc. Molecular Ecology 8:
1899–1909.

ZHIVOTOVSKY, L. A. (1999): Estimating population struc-
ture in diploids with multilocus dominant DNA mark-
ers. Molecular Ecology 8: 907–913.



Figure 1. – Relief map of Costa Rica with names and locations
of Lonchocarpus costaricensis populations sampled. Inset
shows location of Costa Rica on a global scale. The distribution
of the two cpDNA haplotypes identified is shown. Haplotype A
– with insertion: black, Haplotype B – without insertion: white.
Charts are proportional to number of individuals charac-
terised, population Palo Verde represents 20 individuals. Popu-
lations Cobano and Matapalo lie at south and north ends of the
Nicoya peninsula respectively: the land to the east of the
peninsula we describe here as the Guanacaste lowlands.

Figure 2. – Neighbour Joining tree constructed using a pair-
wise FST matrix (bootstrapped using 1000 resampled datasets).
The matrix was based on AFLP variation at 487 loci in six
Lonchocarpus costaricensis populations. Figures alongside
branches indicate the number of times out of 1000 that branch
ocurred. Pie charts show number of two cpDNA haplotypes
found in each population; charts proportional to number of
individuals characterised, population Palo Verde represents 20
individuals.



Table 1. – Details of populations of L. costaricensis collected for the study. Abbreviations are Lat.– latitude,
Long. – longitude, Alt. – altitude, DBH – Mean diameter at breast height, Ht. – Mean height.

Figure 3. – Distograms for spatial autocorrelation analysis of
mean pairwise genetic distance for datasets comprising a), top,
two cpDNA haplotypes and b), bottom, 487 AFLP loci.



Table 2. – Within-population (HW) and total (HT) genetic diversity for six populations of L. costaricensis
from Costa Rica, with allele frequencies estimated using a Bayesian method with non-uniform prior dis-
tribution of allele frequencies, implemented in AFLP-SURV. The data set consisted of 487 loci from six
AFLP primer combinations.

Table 3. – Pairwise Fst between populations for six populations of L. costaricensis from Costa
Rica.  The data set consisted of 487 loci from six AFLP primer combinations.


