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Abstract

Fragmentation of tropical forests has changed continuous tropical landscapes into a network of pootly connected
fragments, reducing population sizes and potentially increasing genetic isolation. This study quantifies genetic diversity
within and among the 7 extant populations of the endangered tropical tree Guaiacum sanctum in Costa Rica. We describe how
genetic diversity differs between populations representing continuous and fragmented habitats. Allozyme analyses were
conducted on adult samples from populations representing 2 geographic regions in northwestern Costa Rica. We found high
levels of genetic diversity within the species (., = 0.329) and significant but relatively small differences in allele frequencies
among populations (Ggr = 0.101) and between regions (Ggr = 0.053). We found no differences in genetic diversity
between fragmented and continuous populations. Evidence for significant isolation-by-distance (IBD) was seen only when
all populations were analyzed. If populations within the 2 regions were analyzed separately, IBD ceased to be significant.
Our results suggest that the patterns of genetic diversity observed for G. sanctum may be caused by the ancient separation of
populations into 2 disjunct geographic regions with extensive historical rates of gene flow among populations within each

region. Recent forest fragmentation has not yet affected patterns of genetic diversity in this species.
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Endangered species are often characterized by small
population sizes, limited geographic distributions, and/or
specific habitat requirements (Soulé 1986). Many endan-
gered species have also suffered reductions in their popu-
lation sizes due to exploitation and habitat reduction and
fragmentation. Such changes can have both demographic
and genetic consequences. Loss of genetic variation within
populations of an endangered species may affect its ability
to adapt to changing environmental conditions (Huenneke
1991). As a result, detailed analyses of the levels and
spatial distribution of genetic diversity are important for
the development of effective conservation strategies and
management practices for endangered species (Hedrick
and Miller 1992). Populations with higher levels of genetic
diversity could serve as potential sources of propagules
and reservoirs of genetic variation and, thus, are impor-
tant conservation targets. Conversely, populations contain-
ing little genetic variability may be candidates for the
introduction of novel genetic variation (Lande and
Barrowclough 1987; Holsinger and Gottlieb 1991).
Fragmentation of tropical forests by deforestation and
human expansion has changed once continuous tropical
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landscapes into a network of poorly connected fragments
surrounded by agticultural fields, urban settlements, or
abandoned sites. The immediate effects of fragmentation
are a reduction of population sizes, local population
extinction, and increased genetic isolation (Ellstrand and
Elam 1993; Young et al. 1996). Reduction in population
size may also lead to a loss of genetic diversity and
the fixation of potentially deleterious alleles due to in-
creased inbreeding (Alvarez-Buylla et al. 1996; Hedrick and
Kalinowski 2000). In combination, these effects may
increase the risk of extinction from stochastic and
catastrophic events.

Tropical dry forests are threatened by deforestation
and fragmentation and are considered among the most
endangered tropical ecosystems (Janzen 1988). Tropical
tree species are often more susceptible to forest frag-
mentation due to their long generation times, low
densities, and commercial importance (Cascante et al
2002). Despite their significance, only a few studies have
quantified the effects of forest fragmentation on the
genetic diversity of these species (Lowe et al. 2005, and
references therein). Studies conducted on fragmented
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populations of ecologically important tree species such as
Pachira gquinata, Samanea saman, and Symphonia globulifera
(Aldrich and Hamrick 1998; Cascante et al. 2002; Fuchs
et al. 2003) have shown that fragmentation alters
pollinator visitation rates and the genetic composition of
progeny.

Guaiacum sanctum L. (Zygophyllaceae) has a wide geo-
graphic distribution but is often locally scarce and is con-
sidered endangered due to overexploitation. Also known as
Lignumvitae, G. sanctum has one of the densest woods
known and was commonly harvested to manufacture
propeller shafts for steam ships. Currently, even under the
protection of the CITES convention (CITES 2000),
G. sanctum is still used as an ornamental wood and for
handicrafts. Additionally, G. sanctuns’s bark produces a resin
called guaiacin, which possesses antibiotic properties and has
been used since the 1500s to cure sexually transmitted
diseases, such as gonorrhea and syphilis (Voeks 2004). Its
extensive use has led to a significant reduction in population
sizes, and presently, large continuous populations are found
almost exclusively within protected areas. Cutrently, there is
little knowledge of the status of G. sanctum populations
throughout its distribution. The continuous exploitation of
this species requires an accurate description of genetic
diversity to identify populations of special conservation
concern.

In Costa Rica, G. sanctum is locally rare and is only
found in the tropical dry forests of Guanacaste province
in northwestern Costa Rica. To our knowledge, there
are only a few remnant populations, some are protected
within national parks; others are located within frag-
mented or disturbed habitats under private ownership.
These populations are of special interest because they
comprise the southernmost distribution of the species
(Jiménez 1993). It is generally accepted that these
peripheral populations are at greater risk due to smaller
population sizes and reduced potential for gene flow,
making them prone to extinction through stochastic
processes (Lesica and Allendorf 1995).

This study quantifies genetic diversity within the 7
extant G. sanctum populations in Costa Rica and describes
how this diversity is structured among populations. We
also describe how genetic diversity differs between
populations located within relatively continuous national
park habitats and populations located in fragmented sites
within agricultural/urban settings. Because populations of
G. sanctum in Costa Rica are at the southern extreme of
the species’ range and deforestation has fragmented
its populations, we expect to observe low levels of
genetic diversity within its remaining populations. We also
hypothesized that due to restricted gene flow, genetic
differentiation among populations should be correlated
with geographic distance as suggested by the isolation-by-
distance (IBD) model (Rousset 1997). Finally, trees within
disturbed habitats should have less genetic diversity and
more evidence of inbreeding than populations in more
protected habitats, as a direct consequence of smaller
population sizes and reduced gene flow.
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Figure |. Location of sampled Guaiacum sanctum populations
in Costa Rica. Population codes are shown in Table 1.

Materials and Methods
Study Species

Guaiacum sanctum L. (Sapindales: Zygophyllaceae) is a slow
growing tropical and subtropical dry-forest tree, distributed
from southern Central America to northern Mexico and
Florida and throughout the Greater Antilles (Holdridge and
Poveda 1975). Trees grow to 1015 meters and are usually
found in the subcanopy of tropical dry forests (Gonzalez-
Rivas et al. 20006). Trees are evergreen with opposite
compound leaves about 7-12 cm long, with oblong to
lanceolate leaflets. Guazacum sanctum has conspicuous perfect
blue—purple flowers that open between March and July. In
Costa Rica, the most important visitors are introduced
Africanized bees, but native wasps and solitary bees have
also been observed visiting flowers (Jiménez 1993). Fruiting
occurs from May to November; fruits are 5-lobed ovoid
capsules, with one arilloid seed per locule. Seeds are dark
brown to black, oblong and are 1-2 cm long. Mature seeds
are covered by a bright red aril that attracts birds, the main
dispersers (Wendelken and Martin 1987).

Study Sites

We located all extant populations of G. sanctum in
northwestern Costa Rica (Figure 1 and Table 1). Populations
were separated into 2 regions: Northern populations: Santa
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Table | Geographic location, sample size, and Habitat
type for 7 populations of Guaiacum sanctum in Costa Rica

Latitude Longitude
Site Code N Habitat type Region (N) (W)

Cuajiniquil CU 32 Fragmented North 11°00" 85°41’
RaboMico RM 30 Fragmented North 10°55" 85°38’
Santa Rosa SR 40 Continuous North 10°18"  85°39’
Rosario RO 35 Continuous South 10°16" 85°23’
PozoAgua PA 27 Fragmented South 10°17" 85°20’
Palo Verde PV~ 30 Continuous South 10°21" 85°20'
Catalina CA 47 Continuous South 10°20" 85°15’

N, number of individuals sampled.

Rosa (SR), Cuajiniquil (CU), and RaboMico (RM) and ate
separated by at least 70 km from the 4 southern populations;
Rosario (RO), Pozo Agua (PA), Palo Verde (PV), and
Catalina (CA) (Figure 1). Populations were also grouped into
continuous and disturbed (fragmented) habitats. Popula-
tions PV, CA, SR, and RO are located within national patks
or forest reserves and have been protected since the late
1960s or 1970s. Remaining populations are located within
pastures, fields, or are part of living fences or gardens.
Within each population, we located, marked, and mapped all
adults with a Global Positioning System. During Spring,
2006, 2 mature leaves were collected from each adult, placed
in liquid nitrogen, and transported to the University of
Georgia for allozyme analysis. Between 27 and 47 individuals
were sampled from each population (Table 1).

Allozyme Electrophoresis

Leaves were crushed in chilled mortars and pestles with
liquid nitrogen in a phosphate buffer according to Wendel
and Weeden (1989). Protein extracts were absorbed onto
4 x 6-mm paper wicks (Whatmann 3M chromatography
papet) and stored at —70 °C until needed for electrophoretic
analyses. We performed starch-gel electrophoresis (10%) on
5 buffer systems. We scored 15 polymorphic loci from 11
enzyme systems. Buffer and stain recipes followed Soltis
et al. (1983) except uridine triphosphate (UTP)-glucose-1-
phosphate (UGPP) and diaphorase, which were adapted
from Manchenko (1994). Buffer system numbers are also
derived from Soltis et al. (1983). We resolved triosephos-
phate isomerase (TPI1, TPI2, EC 5.3.1.1) in system 8; malate
dehydrogenase (MDH1, MDH2, EC 1.1.1.37), phospho-
glucomutase (PGM, EC 5.4.2.2) and shikimic acid dehy-
drogenase (SKDH, EC 1.1.1.25) on system 4; aspartate
aminotransferase (AAT1, AAT2, EC 2.6.1.1), diaphorase
(DIA1, DIA2, EC 1.6.99), and superoxide dismutase (SOD,
EC 1.15.1.1) on system 7; and UTP-glucose-1-phosphate
(UGPP, EC 2.7.7.9) and isocitric acid dehydrogenase (IDH,
EC 1.1.1.42) on a morpholine-citrate buffer. System 6 was
used to score phosphoglucoisomerase (PGI, EC 5.3.1.9) and
colorimetric esterase (CE, EC 3.1.1.-). Banding patterns
were consistent with expectations based on Wendel and
Weeden (1989), and we considered a locus polymorphic if at
least 2 alleles were observed.
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Genetic Analysis

Genetic diversity parameters and allele frequencies were
calculated within populations (subscript “p”), at the regional
level (subscript “r”), and pooled over all populations
(subscript “s”). Genetic diversity was also analyzed by
averaging across populations belonging to “continuous” or
“fragmented” habitats (subscript “h”). Standard measures of
genetic diversity were calculated: proportion of polymorphic
loci (%P), mean number of alleles per locus (A), number
of alleles per polymorphic locus (AP), effective number
of alleles (A.), mean observed heterozygosity (/7,) and
expected heterozygosity (). These statistics were calcu-
lated separately for each locus and averaged over loci.
Pooled estimates and means across populations were used
to estimate diversity parameters for the different regions
(i.e., North and South) and for different habitat types (i.e.,
Continuous and Fragmented). All calculations were per-
formed using the Lynsprog program created by Loveless
MD and Schnabel A (University of Georgia, unpublished
program) and GenAlEx 6.1 (Peakall and Smouse 2006).

We used Wright’s fixation index (/) to measure the
deviation of observed heterozygosity from Hardy—Weinberg
expectations (Wright 1969). Significance of the f values
was assessed by 10 000 permutations among loci, using
F-stat  (http://www2.unil.ch/popgen/softwares/fstat.htm).
A mean fixation index for the entire species (f;) was
calculated by averaging across loci and populations. We
estimated Nei’s Gy, statistic to determine genetic structure
among populations.

To assess differences in pooled estimates of genetic
diversity (/) between regions and between habitat types,
we performed a permutation test conducted in R (Thaka and
Gentleman 1996). Differences in genetic diversity between
regions or habitats were calculated from 10 000 permuta-
tions of individuals among categories. The proportion of
values smaller than the calculated difference was used to
estimate o (i.e., critical value). Average estimates were
compared with a Mann—Whitney test due to small sample
sizes.

Genetic structure was also analyzed by means of
hierarchical F-statistics (Weir and Cockerham 1984) using
an analysis of molecular variance (AMOVA) to test differ-
ences in allele frequencies among regions, among popula-
tions within regions, and within populations. These analyses
were performed using Arlequin 3.1 (Excoffier et al. 2005).
Differences in allele frequencies were also assessed by
AMOVA between fragmented and continuous populations.
Statistical significance of F-statistics was attained by 30 000
permutations of individuals or populations depending on
the level of the analysis.

Spatial Analysis of Genetic Diversity

To test whether population differentiation is caused by
dispersal limitation (i.e., IBD), we estimated the correlation
between log geographic distance and genetic differentiation
Fo/(1 — F) between populations as suggested by Rousset
(1997). Pairwise values were calculated for all population
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Table 2  Genetic diversity estimates for Guaiacum sanctum at the species, region, and population levels

Fuchs and Hamrick * Genetic diversity in Guaiacum sanctum

%P A AP A. H,? H. f?
Overall 100 3.33 3.33 1.63 — 0.329 (0.057) —
Regions
North 100 2.93 2.93 1.58 — 0.296 (0.053) —
Mean 95.6 2.70 2.62 1.55 0.253 0.287 (0.024) 0.094 (0.028)
South 100 3.00 3.00 1.61 — 0.327 (0.049) —
Mean 93.3 2.64 2.74 1.59 0.254 0.311 (0.020) 0.174 (0.051)
Populations
CU 93.3 2.67 2.85 1.69 0.284 0.332 (0.056) 0.137 (0.147)
RM 100 2.73 2.73 1.49 0.247 0.280 (0.048) 0.084 (0.107)
SR 93.3 2.47 2.57 1.47 0.227 0.249 (0.054) 0.060 (0.185)
RO 100 2.67 2.67 1.65 0.264 0.335 (0.053) 0.180 (0.382)
PA 100 2.80 2.80 1.69 0.299 0.356 (0.047) 0.230 (0.386)
PV 86.7 2.47 2.69 1.49 0.250 0.286 (0.045) 0.085 (0.162)
CA 86.7 2.60 2.85 1.52 0.204 0.268 (0.060) 0.201 (0.242)
Mean 94.3 2.63 2.74 1.57 0.254 (0.012) 0.301 (0.015) 0.139 (0.025)
Fragmentation
Continuous 100 2.87 2.87 1.57 — 0.302 (0.051) —
Mean 91.7 2.55 2.70 1.53 0.236 (0.013) 0.285 (0.018) 0.132 (0.084)
Fragmented 100 3.27 3.27 1.68 — 0.348 (0.051) —
Mean 97.8 2.73 2.77 1.62 0.277 (0.015) 0.322 (0.022) 0.156 (0.132)

Diversity statistics were also computed for populations in fragmented and continuous habitats. %/, percent polymorphic loci; A4, average number of alleles;

AP, alleles per polymorphic locus; A, effective number of alleles; /H,,, observed heterozygosity; H,, Hardy—Weinberg equilibrium expected heterozygosity;

/, inbreeding coefficient. (Standard errors are shown in parenthesis).

“ Pooled estimates include Wahlund effect and are thus omitted.

pairs, using Arlequin 3.1. A Mantel correlation was
performed between the geographic and genetic distance
matrices, and its significance was assessed by 10 000
permutations in R. Given the geographic distances between
northern and southern populations, we analyzed the effect
of region on IBD by means of a partial Mantel test,
controlling for populations belonging to the same region.
Significance was attained by 10 000 permutations using the
Vegan package in the R statistical language.

To determine if genetic differences between populations
correspond to geographic distribution patterns, genetic
distance (D) of Nei (1972) was used to construct an unrooted
phenogram with the neighbor joining (NJ) algorithm.
Calculations and graphics were produced using the APE
(Analysis in Phylogenetics and Evolution) library in R.

Results

We resolved 15 allozyme loci with an average of 3.4 alleles
(Table 2). Three loci (ITPI2, CE, and IDH) were mono-
morphic in at least one population. Two loci were highly
polymorphic (CE and UGPP) with 5 alleles each, and AAT1
and PGI each had 4 alleles. On average, most loci in the
sample had at least 3 alleles (4 = 3.33; standard deviation =
0.211).

Pooling across populations resulted in all loci being
polymorphic (%P = 100). Across populations the percent-
age of polymorphic loci ranged between 87% and 100%,
with a mean of 94.3% (Table 2). Two southern populations
(RO and PA) had 100% polymorphism, whereas the other

2 southern populations (CA and PV) had the lowest %P
values (87%). At the regional level, the mean percentage of
polymorphic loci was slightly higher in the northern
populations than in southern populations. Pooled estimates
show no difference among regions, with both having 100%
polymorphism. On average, individuals located in frag-
mented populations had a slightly higher proportion of
polymorphic loci compared with populations in relatively
undisturbed sites (Table 2).

Across populations, allele number per locus ranged
between 2.47 and 2.85. On average, the number of alleles
did not differ significantly (Mann—Whitney’s U = 7, P =
0.685) between regions nor did pooled estimates. A similar
pattern was observed for number of alleles at polymorphic
loci and effective number of alleles. All pooled estimates of
allelic diversity were slightly higher in fragmented than in
continuous populations (permutation test, 2 = 0.057). Trees
in fragmented habitats have on average 2 private alleles,
contrasted to 3 in continuous habitats. Averages across
populations in fragmented and continuous habitats echo the
results for pooled samples.

Observed heterozygosity (f4,,) across loci ranged
between 0.033 and 0.760. The highest average for
a population was found in PA (H,, = 0.299) and the
lowest in CA (H,, = 0.204), both southern populations.
Average observed heterozygosity values for populations
within regions were not significantly different (U = 5; P =
0.85). Although populations in fragmented habitats had
higher observed values, no statistical differences were found
for mean observed heterozygosity across habitat types (U = 2;
P = 0.23).
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Genetic diversity (/) estimates for each locus ranged
between 0.033 and 0.716 (CEF: give loci), the pooled value
was  F 0.329, and mean genetic diversity across
populations was /., = 0.301. The population with the
highest average was PA, whereas SR had the lowest estimate
of genetic diversity (Table 2). Across regions, southern
populations exhibited higher expected heterozygosity values
than northern populations (U = 1; P = 0.042). No
differences were found in /. values between fragmented
and continuous populations for pooled estimates (permu-
tation test; P = 0.42) or averages across populations (U = 3;
P = 04).

The mean inbreeding coefficient (0.139 £ 0.025)
estimated as an average across loci and populations,
indicated a significant deficit of heterozygotes (f; P <
0.05). Fis values ranged between —0.095 and 0.465, with
most loci displaying an excess of homozygotes. Unusually,
high Fig values (CE: Fijs = 0.465) were observed in loci
with low genetic diversity (.e., CE = 0.05), if these loci
were removed from the analysis, an average heterzygote
deficiency was still observed. Fragmented and continuous
habitats showed no significant heterozygote deficiency.

Significant heterogeneity in allele frequencies was found
across populations (G, = 0.101). G, values across loci
ranged between 0.016 (CE) and 0.252 (AAT1); loci with low
values were characterized by very skewed allele frequencies
(frequency of most common allele >0.90). A hierarchical
AMOVA revealed significant structure among regions (8, =
0.070; P = 0.022) and among populations within regions
(0, = 0.064; P < 0.001). Our results showed no significant
effect of habitat type on allele frequencies (6, = —0.014;
P = 0.7725).

Populations within regions were separated by an average
distance of 11.5 km, but separation in northern populations
(16.7 km) was significantly greater than interpopulation
distances among southern populations (7.2 km, U = 2; P =
0.033). A significant IBD pattern was observed when
genetic differentiation (i.e., F/[1 — F]) was correlated with
the natural logarithm of pairwise spatial distances among
populations (» = 0.653; P = 0.0061). This correlation was
significant only when all populations were analyzed regard-
less of region. The correlation ceased to be significant,
however, when region was taken into account (Mantel—
Partial correlation: » = 0.035; P = 0.437); within regions
there is no correlation between genetic differentiation and
geographic separation (i.e., no IBD).

The unrooted NJ phenogram created with Nei’s
distances cleatly depicts 2 clades separated by a large
distance, corresponding to the northern and southern
regions (Figure 2). Within the southern region, 2 smaller
clusters correspond to the PV-CA populations, located
within 10 km of each other in Palo Verde National Park.
The second group consists of RO and PA, located on the
Nicoya Peninsula west of the Tempisque River (Figure 1).
A comparison of the phenogram (Figure 2) and the
geographic position of populations (Figure 1) show a matked
correspondence (with the exception of RM) between
geographic location and genetic differences. Average genetic
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Figure 2. NJ phenogram based on Nei’s genetic distance,
depicting populations of Guaiacum sanctum in Costa Rica.
Population codes are shown in Table 1.

identity for populations within a region (/ = 0.963) was sig-
nificantly higher than the average identity among popula-
tions in different regions (/ = 0.929; # = 5.94, P < 0.001).

Discussion
Genetic Diversity

We observed high levels of genetic diversity for G. sanctum,
even though these populations are located at the southern
margin of its Central American range. All loci were poly-
morphic in the pooled sample, with only 2 loci monomorphic
in some populations. Heterozygosity for the pooled
populations (/.s = 0.329) was higher than the mean for
species with similar life-history characteristics. Even though
our populations represent a restricted geographic area,
G. sanctum exceeds the mean values for long-lived tropical
woody species (H., = 0.191; Hamrick et al. 1992) and for
long-lived species with animal-dispersed seeds (s = 0.225;
Hamrick and Godt 1996). Although no genetic studies have
been conducted on other Guaiacum species, genetic diversity
estimates for G. sanctum are consistent with values for 6 other
Zygophyllaceae (species mean H., = 0.234) (Cortes and
Hunziker 1997; Lia et al. 1999; Ge et al. 2003; Duran et al.
2005; Cuevas et al. 2006). These results contrast markedly
with our initial expectation that this endangered, uncommon
tree would have low genetic diversity. However, tree species
with wide geographic distributions, predominantly outcross-
ing mating systems and long-distance seed and pollen
dispersal generally have high levels of genetic diversity
(Hamrick and Murawski 1990; Hamrick et al. 1993).
Although G. sanctum is locally scarce, it is widely distributed
(Holdridge and Poveda 1975) and has the potential for long-
distance pollen and seed dispersal (Fuchs EJ, Hamrick JL,
unpublished data).
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There is a consistent deficiency of heterozygotes, which
is usually indicative of some form of inbreeding. Analyses of
the mating system in 2 G. sanctum populations (PV and CU)
show that outcrossing rates were 7, = 0.72 and 0.94,
respectively, suggesting that G. sanctum is a mixed-mating
species (Fuchs EJ, Hamrick JL, unpublished data). Addi-
tionally, a temporal Wahlund effect may contribute to the
observed excess of homozygotes. By using all adults within a
population, different reproductive cohorts may be grouped
together. Ignoring this temporal subdivision may tesult in
a slight increase in homozygosity.

Genetic Structure

The G, values suggest a low but significant structuring of
genetic diversity among populations (G, = 0.101; P <
0.001). This value is slightly lower than that observed for 26
long-lived tropical woody species (G, = 0.119; Hamrick
et al. 1992). Because statistics such as Gy, and AMOVA’s
0 measure the results of historical levels of gene flow,
these results suggest that prior to fragmentation G. sanctum
experienced high to moderate levels of gene flow.

However, it is likely that G. sanctum was never
continuously distributed throughout its range in Costa Rica.
Currently, its populations occur on thin, xeric soils located
on limestone hills, which arose during the eatly Pleistocene
(Burnham and Graham 1999). Based on data from Costa
Rica’s digital Atlas (Provided by Costa Rica’s National
Geographic Institute www.mopt.go.cr/ign) only 2 areas
have these conditions: the Tempisque River basin, where
Palo Verde National Park is located and northwestern
Guanacaste province (populations in the northern region).
Furthermore, herbarium collections suggest that these 7
populations are the only known sites for G. sanctum in Costa
Rica.

High levels of historical gene flow between populations
within regions seems to be a better explanation for the
current patterns of genetic structure in Gl sanctum.
Pollination of G. sanctum is performed mostly by bees and
wasps, which are capable of transporting pollen over large
distances (Janzen 1971; Frankie et al. 1976). We have data
from CU that indicates that pollen routinely dispersed more
than 4 km (Fuchs EJ, Hamrick JL, unpublished data). Seed
dispersal is mostly performed by birds belonging to the
Momotidae, Trogonidae, and Tyranidae (Fuchs EJ, personal
observation). Populations within regions ate separated by
less than 20 km, well within the flying capabilities of pollen
and seed dispersers (Fleming 1992). Previous work
conducted on a population of G. sanctum within Palo Verde
National Park has shown that seed dispersal over distances
of 150 m is commonplace (Fuchs EJ, Hamrick JL,
unpublished data). Pairwise [, values among populations
within a region (mean = 0.04) suggest that interpopulation
migrations may frequently occur. Other studies conducted
in tropical dry-forest tree species have shown similar results,
with high rates of pollen movement between populations
located in fragmented habitats (Apsit et al. 2001; White et al.
2002; Hamrick and Apsit 2004).

Fuchs and Hamrick * Genetic diversity in Guaiacum sanctum

More than 50% of the variation among populations is
due to regional differences in allele frequencies, indicating
that gene flow between regions is more limited than gene
flow within regions. The 2 regions are separated by
70 kilometers, probably beyond the normal range of
pollinators and seed dispersers. Alternatively, differences
between regions may be explained by historical vicariance
events. Populations in the northern and southern regions
may have been separated since the late Pliocene (Burnham
and Graham 1999). This separation, coupled with limited
contemporary gene dispersal among regions, may have
produced the genetic differences observed. The NJ pheno-
gram (Figure 2) corroborates these conclusions by clustering
populations in almost perfect association with their geo-
graphic locations. The most evident separation is between
northern and southern clades, indicating that although gene
flow occurs frequently enough to minimize genetic drift,
gene exchange occurs predominantly among populations
located within a few kilometers (~10 km) of each other.

Effects of Fragmentation

Guaiacum sanctum located in disturbed or fragmented habitats
had very similar levels of genetic diversity to populations in
national parks or forest reserves (Table 2). Although this is
in contrast to population genetics theory (e.g., Young et al.
1996; Hedrick and Kalinowski 2000), this result should not
be surprising because most dry-forest fragmentation has
occurred within the lifetime of adult trees (Lowe et al. 2005,
and references therein). Although G. samctum has been
actively used and extracted due to its valuable wood and
medicinal uses since the 1500s (Voeks 2004), fragmentation
of tropical dry forests in Costa Rica has primarily occurred
in the last 100 years with a drastic increase in the second half
of the 20th century (Quesada and Stoner 2003). Because
G. sanctum is a long-lived species with individuals surviving
up to a 1000 years (Wilson and Eisner 1968), it is likely that
the adult trees analyzed in this study were alive before most
of the habitat fragmentation occurred. Therefore, factors
such as genetic drift and inbreeding would not have had
enough time since European intervention to have changed
genetic diversity within these 7 populations. Habitat frag-
mentation influences genetic diversity by reducing effective
population sizes within populations and reducing gene flow
into populations (Frankham 1996). Our results indicate that
historically gene flow was probably not limited between
populations separated by less than 20 km. The elimination
of continuous habitat between populations may alter the
behavior of pollen or seed vectors and, thus, modify gene
movement between fragments (Hall et al. 1996). Thus, the
impacts of forest discontinuity may become more obvious
in progeny produced by trees found in low densities in
disturbed habitats (Fuchs et al. 2003). Finally, many national
parks and forest reserves in the dry forest region of Costa
Rica were previously ranches or were logged prior to
protection. Populations PV and CA, for example, were
subject to selective logging and periodic fires until the 1970s
when PV National Park was created. Although harvesting
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may have occurred, forest cover was not eliminated.
Nevertheless, selective logging in these sites may have
reduced allelic diversity somewhat, perhaps explaining the
lack of observed differences between continuous and
fragmented populations.

Implications for Conservation

Results of the present study can be used to directly infer
conservation strategies for G. sanctum. Populations RO and
PA display somewhat higher levels of genetic diversity,
making them appropriate candidates for in situ consetrva-
tion. Additionally, trees in fragmented habitats within this
region are commonly found next to gravel roads, in gardens,
agricultural fields, or as part of living fences (Fuchs EJ,
personal observation); ateas susceptible to further pertut-
bation. Guanacaste province has the only remaining tropical
dry forest in Costa Rica, currently estimated to represent less
than 0.01% of its original cover (Janzen 1988). This area
continues to be threatened due to tourism related develop-
ments and agriculture. Guanacaste Province has the second
largest rural population growth rate (Estado de la Nacion
2005) and one of the highest urbanization rates relative to
the rest of Costa Rica. Therefore, extant populations of
G. sanctum in Guanacaste Province are threatened and
should receive high priority for conservation.

Low levels of genetic differentiation among populations
have direct implications for ex situ consetvation strategies.
A large number of individuals may be collected from fewer
populations, properly representing the species’ genetic
diversity. Because populations such as CU and PA have
high levels of genetic diversity and ate threatened by human
activities, seedlings and vegetative clones should be collected
from these sites and grown in nurseries or plantations. This
may ensure the preservation of important allelic diversity
found in these populations.

Finally, because we have documented substantial levels
of gene flow over at least 4 km (Fuchs EJ, Hamrick JL,
unpublished data), it is likely that pollen immigration can
occur into fragmented populations located within 10 km of
continuous habitats (Dick 2001; Dick et al. 2003). Trees in
fragments and isolated trees may also function as stepping-
stones between larger populations and, thus, are important
components of the population dynamics of endangered
tropical trees (Fuchs EJ, Hamrick JL, unpublished data).
Conservation strategies should provide sufficient protection
for these trees to ensure their continued presence in
disturbed landscapes.

Funding

Idea Wild; Universidad de Costa Rica and Organization for
Tropical Studies (to E.J.F.); National Science Foundation
(0211526 to J.L.H.).

Acknowledgments

The authors would like to thank T. Robles, R. Blanco, and M. Chavarria
from Area de Conservacion Guanacaste; C. Deen and D. Trapnell for

290

technical assistance. ] Ross-Ibarra, M Poelchau, and 2 anonymous reviewers
provided valuable comments on eatlier versions of this manuscript.

References

Aldrich PR, Hamrick JL. 1998. Reproductive dominance of pasture trees in
a fragmented tropical forest mosaic. Science. 281:103-105.

Alvarez-Buylla ER, Garcia-Barrios R, Lara-Moreno C, Martinez-Ramos M.
1996. Demographic and genetic models in conservation biology: applica-
tions and perspectives for tropical rain forest tree species. Ann Rev Ecol
Syst. 27:387-421.

Apsit V], Hamrick JL, Nason JD. 2001. Breeding population size of
a fragmented population of a Costa Rican dry forest tree species. ] Hered.
92:415-420.

Burnham R]J, Graham A. 1999. The history of neotropical vegetation: new
developments and status. Ann Mo Bot Gard. 86:546-589.

Cascante A, Quesada M, Lobo JJ, Fuchs EA. 2002. Effects of dry tropical
forest fragmentation on the reproductive success and genetic structure of
the tree, Samanea saman. Conserv Biol. 16:137-147.

CITES. 2000. Proposal to transfer Guaiacum sanctum from Appendix II to
Appendix I of CITES. New York: Speller & Sons.

Cortes MC, Hunziker JH. 1997. Isozymes in Larrea divaricata and Larrea
tridentata (Zygophyllaceae): a study of two amphitropical vicariants and
autopolyploidy. Genetica. 101:115-124.

Cuevas E, Arias DM, Dominguez CA, Castillo RA, Molina-Freaner F. 20006.
The genetic structure of the gynodioecious Kallstroemia grandiflora (Zygo-
phyllaceae): the role of male sterility and colonization history. Heredity.
97:269-274.

Dick CW. 2001. Genetic rescue of remnant tropical trees by an alien
pollinator. Proc R Soc Lond Ser B Biol Sci. 268:2391-2396.

Dick CW, Etchelecu G, Austetlitz F. 2003. Pollen dispersal of tropical trees
(Dinizia excelsa: Fabaceae) by native insects and African honeybees in
pristine and fragmented Amazonian rainforest. Mol Ecol. 12:753-764.

Duran KL, Lowrey TK, Parmenter RR, Lewis PO. 2005. Genetic diversity
in Chihuahuan desert populations of creosotebush (Zygophyllaceae: Larrea
tridentata). Am ] Bot. 92:722-729.

Ellstrand NC, Elam DR. 1993. Population genetic consequences of small
population size: implications for plant conservation. Ann Rev Ecol Syst.
24:217-242.

Estado de la Nacion. 2005. Décimo primer Informe Estado de la Nacion en
Desarrollo Humano. San José (Costa Rica): Programa Estado de la Nacion.

Excoffier L, Laval G, Schneider S. 2005. Arlequin ver. 3.0: an integrated
software package for population genetics data analysis. Evol Bioinform
Online. 1:47-50.

Fleming TH. 1992. How do fruit- and nectar-feeding birds and mammals
track their food resources. In: Hunter MD, Ohgushi T, Price PW, editors.
Effects of resource distribution on animal-plant interactions. New York:
Academic Press Inc. p. 355-391.

Frankham R. 1996. Relationship of genetic variation to population size in
wildlife. Conserv Biol. 10:1500-1508.

Frankie GW, Opler PA, Bawa KS. 1976. Foraging behavior of solitary bees:
implications for outcrossing of a neotropical forest tree species. ] Ecol.
64:1049-1057.

Fuchs EJ, Lobo JA, Quesada M. 2003. Effects of forest fragmentation and
flowering phenology on the reproductive success and mating patterns of the
tropical dry forest tree, Pachira quinata. Conserv Biol. 17:149-157.

Ge X]J, Yu'Y, Zhao NX, Chen HS, Qi WQ. 2003. Genetic variation in the
endangered Inner Mongolia endemic shrub Zetraena mongolica Maxim.
(Zygophyllaceae). Biol Conserv. 111:427-434.

Zz0z 1snbny Lz uo1senb Aq 650018/782/€/10 L/81o1e/palayl/wod dno-ojwepeoe//:sdiy wolj papeojumoq



Gonzalez-Rivas B, Tigabu M, Gerhardt K, Castro-Marin G, Oden PC.
2006. Species composition, diversity and local uses of tropical dry deciduous
and gallery forests in Nicaragua. Biodivers Conserv. 15:1509—1527.

Hall P, Walker S, Bawa K. 1996. Effect of forest fragmentation on genetic
diversity and mating system in a tropical tree, Pithecellobinm elegans. Conserv
Biol. 10:757-768.

Hamrick JL, Apsit VJ. 2004. Breeding structure of neotropical dry-forest
tree species in fragmented landscapes. In: Frankie GW, Mata A, Vinson SB,
editors. Biodiversity conservation in Costa Rica: learning the lessons in a
seasonal dry-forest. Berkeley (CA): University of California Press. p. 30-37.

Hamrick JL, Godt MJW. 1996. Effects of life history traits on genetic
diversity in plant species. Philos Trans R Soc Lond Ser B Biol Sci.
351:1291-1298.

Hamrick JL, Godt MW, Sherman-Broyles SL. 1992. Factors influencing
levels of genetic diversity in woody plant species. New For. 6:95-124.

Hamrick JL, Murawski DA. 1990. The breeding structure of tropical tree
populations. Plant Species Biol. 5:157-165.

Hamrick JL, Murawski DA, Nason JD. 1993. The influence of seed
dispersal mechanisms on the genetic structure of tropical tree populations.
Vegetatio. 108:281-297.

Hedrick PW, Kalinowski ST. 2000. Inbreeding depression in conservation
biology. Annu Rev Ecol Syst. 31:139-162.

Hedrick PW, Miller PS. 1992. Consetvation genetics: techniques and
fundamentals. Ecol Appl. 2:30—46.

Holdridge LR, Poveda LJ. 1975. Arboles de Costa Rica. Vol. 1. San José
(Costa Rica): Centro Cientifico Tropical.

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

Huenneke L. 1991. Ecological implications of genetic variation in plant
populations. In: Falk DA, Holsinger KE, editors. Genetics and conserva-
tion of rare plants. Oxford: Oxford University Press. p. 31-33.

Thaka R, Gentleman R. 1996. R: a language for data analysis and graphics.
J Comput Graph Stat. 5:299-314.

Janzen DH. 1971. Euglossine bees as long distance pollinators of tropical
plants. Science. 171:203-205.

Janzen DH. 1988. Tropical dry forests: the most endangered major tropical
ecosystem. In: Wilson EO, editor. Biodiversity. Washington (DC): National
Academy Press. p. 130-137.

Jiménez QM. 1993. Atboles maderables en peligro de extinciéon en Costa
Rica. San José (Costa Rica): Museo Nacional de Costa Rica.

Lande R, Barrowclough GF. 1987. Effective population size, genetic
variation, and their use in population management. In: Soulé ME, editor.
Viable populations for conservation. Cambridge: Cambridge University
Press. p. 87-123.

Lesica P, Allendorf FW. 1995. When are peripheral populations valuable for
conservation. Conserv Biol. 9:753-760.

Fuchs and Hamrick « Genetic diversity in Guaiacum sanctum

Lia V, Comas CI, Cortes MC, Hunziker JH. 1999. Isozyme variation in
Larrea ameghinoi and Larrea nitida (Zygophyllaceae): genetic diversity and its
beating on their relationship. Genetica. 106:197-207.

Lowe AJ, Boshier D, Ward M, Bacles CFE, Navarro C. 2005. Genetic
resource impacts of habitat loss and degradation; reconciling empirical
evidence and predicted theory for neotropical trees. Heredity. 95:255-273.

Manchenko, G. 1994. Handbook of detection of enzymes on electrophoretic
gels. Ann Arbor (MI): CRC Press.

Nei M. 1972. Genetic distance between populations. Am Nat. 106:283-292.

Peakall R, Smouse PE. 2006. GENALEX 6: genetic analysis in Excel.
Population genetic software for teaching and research. Mol Ecol Notes.
6:288-295.

Quesada M, Stoner KE. 2003. Threats to the conservation of tropical dry
forests in Guanacaste, Costa Rica. In: Frankie GW, Mata A, Vinson SB,
editors. Conservation biology in a tropical dry forest in Costa Rica: learning
the lessons in the Costa Rican dty forest. Berkeley (CA): University of
California Press. p. 150-162.

Rousset F. 1997. Genetic differentiation and estimation of gene flow from
F-statistics under isolation by distance. Genetics. 145:1219-1228.

Soltis DE, Haufler CH, Darrow DC, Gastony GJ. 1983. Starch gel
electrophoresis of ferns: a compilation of grinding buffers, gel and electrode
buffers, and staining schedules. Am Fern J. 73:9-27.

Soulé ME. 1986. Conservation biology: the science of scarcity and diversity.
Sunderland (MA): Sinauer Associates.

Voeks RA. 2004. Disturbance pharmacopoeias: medicine and myth from
the humid tropics. Ann Assoc Am Geogr. 94:868-888.

Weir BS, Cockerham CC. 1984. Estimating F-statistics for the analysis of
population structure. Evolution. 38:1358—1370.

Wendelken PW, Martin RF. 1987. Avian consumption of Guaiacun sanctum
fruit in the arid interior of Guatemala. Biotropica. 19:116-121.

Wendel JF, Weeden NF. 1989. Visualisation and interpretation of plant
isozymes. In: Soltis DE, Soltis PS, editors. Isozymes in plant biology.
Portland (OR): Dioscorides Press. p. 5-45.

White GM, Boshier DH, Powell W. 2002. Increased pollen flow counteracts
fragmentation in a tropical dry forest: an example from Swietenia humilis
Zuccarini. Proc Natl Acad Sci USA. 99:2038-2042.

Wilson EO, Eisner T. 1968. Lignumvitae—Relict island. Nat Hist.
72:52-57.

Wright S. 1969. Evolution and the genetics of populations. Volume 2. The
theory of gene frequencies. Chicago (IL): University of Chicago Press.
Young A, Boyle T, Brown T. 1996. The population genetic consequences
of habitat fragmentation for plants. Trends Ecol Evol. 11:413-418.

Received June 17, 2009; Revised November 23, 2009;
Accepted December 9, 2009

Corresponding Editor: Dr David B. Wagner

291

Zz0z 1snbny Lz uo1senb Aq 650018/782/€/10 L/81o1e/palayl/wod dno-ojwepeoe//:sdiy wolj papeojumoq



