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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. 'Th assess current levels
and diBtribution 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, diBtributed among populations such that pop
ulations at the extremes of the distribution showed low
est dive::::rkiA large number (487) of AFLP markers
were ob· and indicated that diversity levels were
highest in the two coastal populations (Cobano, Matapa
10, H = 0.23, 0.28 respectively). Population differentia
tion was low overall, Fsr =0.12, although Matapalo was
strongly differentiated trom 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: cpDNAwas 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 10 conserve
the extant genetic resource base and further research
undertaken 10 investigate diversity levels in the progeny
generation.

Key words: AFLPs, chloroplast DNA, genetic differentiation,
genetic diversity, Lonchocarpus costaricensis, spatial genetic
structuring.

1) Centro Agrónomico Tropical de Investigación y Enseiianza,
Cartago, 'l\urialba 7170, Coats Biça

I) Centre for Ecology and Hydrology, Bush Estate, Penicuik,
Midlothian EH26 OQB, Scotland, UK.

8) Institute for Plant Biotechnology for Developing Countries,
Department ofMolecular Genetics, Gent University, KL. Lede
ganckstraat 35, B·9000 Gent, Belgiwn.

4) Institute for Forestry and Game Management, Research Sta
tion ofthe Flemish Community, Gaverstraat 4,9500 Geraards
bergen - Be1giwn.

6) School of Integrative Biology, John Hines Building, The Uni
versity ofQueensland, Brisbane, QLD 4072, Australia.

.) CARLOS NAvARRo, Centro Agrónomico Tropical de Investigaci6n
y Enseiisnza, Cartago, 'I\mialba 7170, Costa Rica. Email:
cnayll'l'Ofteatie,ac,cr

Silvae Genetica M. 6 (2005)

Introduction

Mesoamerica is home to more than 5000 endemie
plants, around 1.7% ofthe 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% ofthe origi
nal forest cover (SANCHEz-AzoFEIFA et al., 2001; CES
PEDES et al., 2003). From a genetic point of view, the pop
ulation 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
pertinent for regions with high endemism, given the
growing evidence for climate change (IPCC (lntergov
ernmental Panel on Climate Change) 2001), as species
with restricted niches are likely to be disproportionately
affected (BAWA and DAYANANDAN, 1998; MCLAUGHLlN et
al., 2002; HAMRICK, 2004).

For rare and endemic species, survival in the short
term will probably be determined by demographic and
ecological factors (LAND 1988; SCHEMSKE et al., 1994),
with the greatest thre t 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) endemie, narrowly distributed

293



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 (HAMIuCK, 1983; GITZENDANNER and SOLTIS, 2000).
Collection of empirical data on a case by case basis is
therefore vital.

The tropical tree species Lonchocarpus costarieensis
(Papilionaceae), known locally as Chapemo, 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 Lonehocarpus 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 northwestem Costa Rica and
Pacific Nicaragua, where L. costarieensis is found, have
been severely impacted by human activities and in gen
eral, little undisturbed vegetation remains.

Lonchoearpus eostarieensis 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. ruseata
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 sorhetimes 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 eomm),
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 weIl through abundant seed
production and fast and aggressive regeneration (0.
MÉNDEZ, pers eomm). 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. Lonehocarpus
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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. 'Th
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 tota! 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. costar}
censis individuals from 6 populations throughout nor,th
west Costa Rica (Guanacaste lowlands and the Nicbya
peninsula coast, Figure 1, Table 1). A population was
defined as .a group of trees, all at least 100 m apart bat
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 mCN (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.

Figure 1. - ReHefmap ofCosta Rica with names and locations
of Lonchocarpus costaricensis populations sampled. Inset
shows location of Costa Rica on agIobal scale. The distribution
of the two cpDNA haplotypes identified is shown. Haplotype A
- with insertion: black, Haplotype B - without insertion: whïte.
Charts are proportional 10 number of individuals charac
terised, population Palo Verde represents 20 individuals. Popu
lations Cobano and Matapalo He at south and north ends oftbe
Nicoya peninsula respectively: the land 10 tbe east of tbe
peninsula we describe here as tbe Guanacaste lowlands.



Lc abundant, young secondary forest I grassland
Regenerating forest, oung. area now protected
Lc highl abundant, mature secondaty forest

Lc abundant, young secondaty forest I grassland
Regenerating following complete cut I buming

Forest remnants, $Ome old Lc near rivers I fanus

10"73 85°59' 200 16.25 11.65
10°20 83°73' 240 14.55 11.65
9°92 84°25' 900 16.92 10.57
85000 10°22' 100 12.87 10.65
85°35' 10°34' 50 15.40 8.90
8°60' 82°90' 40 16.25 11.20

Population Lat Long. All DBH Hl ChaJactcristics
(N) (W) (m) (cm) (m)

LaCmz
PaloVenie
Matapalo
Cobano
Horizontes
Tarcoles

7bble 1. - Detaüs of popuiatioDS of L. costaricensis collec:ted for the study. AbbreviatioDS are Lat.-Iatitude,
Loq. - longitude, Alt. - altitude. DBH - Mean diameter at breast height, Ht. - Mean height.

Individuals were sampled by collection of leaf tissue,
whieh was dried on silica gel. The spatial position of
eaeh 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; IlAMILTON, 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: Hinfl, MspI, AluI, HaeIII;
6-base: Eco~ PstI, HindIII) and RFLP fingerprints
were visuaJised on 8% non-denaturing acrylamide gel in
a Hoefer sE600 electrophoresis unit (300V) using Tris
borate EDTA buffer (IX). 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 (H&.) and total
CH'Jh) diversity and for the level of population subdivision
(GST; (PONS and PET1T, 1995» using the program HAP
LONST (PONS and PET1T, 1995).

The AFLP protocol was as described in (Vos et al.,
1995), using the selective primer combinations Eco +
GTIMse + ACAT, Eco + CGIMse + ACAC, Eco + CG/Mse
+ ACCT, Eco + AG/Mse + ACAC, Eco + GAlMse + ACAC,
Eco + GAlMse + ACAA. AFLP fingerprints were visu
alised on a manual sequencing rig using 33P y-ATP,
(Amersham). Reactions were denatured for 5 min.s at
95°C prior to loading, then 1 ]l1 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 =
[(lIFSTb - 1) - 2(lIFSTm - 1)] / (lIFSTm - 1)

where F. is the population differentiation calculated
for .AFIi~oci 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'
distanee 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% Cl and lower 95% Cl) 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 %
Cl, 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% Cl, 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 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
Hinfl). 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). '!\vo 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).
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7hble 2. - Within-population (Hw) and total (H~ genetic diversity foxl Bix populations of L. costarice1l8is
from Costa Rica, with allele frequencies estimated using a Bayesian method with non-uniform prior dis-
tribution of allele frequencies, implemented in AFLP-BURv. The data set consisted of 487 loci from Irix
AFLP primer combinations.

Population Population size No. of %of H H,
polymoIphic loci polyDlOIpbic Std.Eaof

AFLP cpDNA
(5% level) loci (5%

level)

LaCroz 20 20 297 61.0 0.21 0.01
Palo Velde 20 20 291 59.8 0.19 0.01
Matapalo 20 20 395 81.1 0.28 0.01
Cobano 20 20 315 64.7 0.23 0.01
Horizontes 21 20 295 60.6 0.19 0.01
Tarcoles 20 20 300 61.7 0.20 0.01

MeanHw 0.22 0.01
TotalHT 0.24 0.01

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 H T = 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
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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.

furthermore grouping of populations La Cmz and ~o
Verde, and Horizontes and Tarcoles were strongly p
ported by bootstrapping. Levels of diversity in Mata alo
(Hw = 0.28) and Cobano (Hw = 0.23) populations were

G

GTarcoles

Horizontes e

P,I, V.""~

Matapalo

Cobano

'---- 442

1000

843

999

LaCruz •

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.
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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, matemally-inherited,
non-recombining locus. The pattem 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-di 
semination.

The ponen 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., calcu1ated in ENNOS, 1994, 2.5 for Argania
spinosa, (EL MOUSADIK and PETrr, 1996) assuming that
the inheritance of the chloroplast is matemal, 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 pattems of contemporary,
predominantly pollen-mediated, gene flow, respectively.
The pattem of cpDNA variation may be consistent with
either admixture of previously isolated northern and
southem 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 ifferential 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 pattem 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

fcnmd in the other four populations
= 0 19-41.1 CompariDg levels of population differ
:tiOD tbr AFLP and cpDNA loci, interpopulation

flow was calculated to be 8.55 times greater than
flow.

Significant positive spatial autocorrelation (i.e. indi
duals within a distance class more genetically similar

than expected at random) was detected for both AFLP
and cpDNA data sets CFigure 3). However the scale of
tbs genetic neighbourhood and the magnitude ofcorrela
tion. varied. greatly between the marker types. For
cpD A 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 spatîal scale (50 km). The difference between
these two measures is most likely a reflection of the
genetic differentiation contribution of pollen-mediated
genetlow.

Discuuion

Levels of diversity in rare or endemic species are gen
eraUy considered to be reduced (lIAMIuCK and GoOT,
1989), p~arly as small population size is likely to
th1'eaten I6ss 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 comparabie 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 pattem 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), [lex
paraguarensis <HT = 0.16, FST = 0.15, RAPDs, GAUER
and CAVAUJ-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 pattem of diversity estimated

7hble 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.

LaCroz Palo Verde MatapaIo Cobano Horizonles Tarcoles
LaCmz 0.00
Palo Venie 0.05 0.00
Matapalo 0.16 0.22 0.00
Cobano 0.05 0.09 O.ll 0.00
Horizontes 0.10 0.12 0.20 0.06 0.00
Tarcoles 0.10 0.13 0.20 0.05 0.03 0.00
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intact genetic entities, larger spatial genetic patterns
are difficult to identify. However, FST values (Thble 3)
indicate strong differentiation of Matapalo from the pop
ulations of the Guanacaste lowlands (FST = 0.16-0.22),
with otherwise generally low pairwïse 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
(Thbie 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 influentiallandscape 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 proeeed in a southeasterly direc
tion ending almost at the tip of the Peninsula, near
Cobano. It is notabIe 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). PotentiaIly, 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. Sueh 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
tIe ranching (Horizontes, Palo Verde) and have subse
quently regenerated show lowest diversity levels. Fur
thermore, populations with higher diversity, Matapalo
and Cobano, are loeated in more forested regions, with
potentially more mature and abundant L. costaricensis.
Therefore, it seems possibIe that the contrasting diversi
ty levels between populations may be an artefact of
recent human impact, with populations that have expe
rienced most substantial disturbanee showing corre
spondingly reduced diversity. However, the eollection
was designed only to sample diversity throughout the
distribution and did not seek specific eauses: a more sys
tematic approach to selection of populations will be
required to conclusively establish the link between dis
turbanee 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
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trees can he cut down once a year without causing
death. This aggressivt! resprouting may ensure that
eradication ofindividual trees is quite diflicult, 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 nat yet ha:'e
to impact diversity levels through random mss of all es
due to genetic drift with the increased population . er
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 diflicult 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 (WIDTE et al., 1999; DICK,
2001) and reduce it (HALL et al., 1996). 1b 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 endemie 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 weIl 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
ofextinction of this potentially useful species.
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