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Abstract

Habitat disturbance in tropical forests has affected the viability of several tree species. In Mexico, popu-
lations of Guaiacum sanctum have disappeared in some regions due to a strong habitat reduction which
could endanger the genetic diversity and connectivity of remnant populations. In this study, 17 popula-
tions from the Yucatdn Peninsula were analyzed with seven nuclear microsatellites. Several parameters
describing the genetic diversity were estimated. The genetic structure was evaluated using Bayesian clus-
ter analysis. Population bottlenecks, effective population size, and genetic connectivity were estimated.
Populations of G. sanctum showed high values of genetic diversity. Two genetic groups with contrasting
distributions were detected, the first one located in northern Yucatdn and Quintana Roo and the second,
in southern Campeche. Evidence of population bottleneck was detected only for Campeche populations.
Also, we found indications of significant levels of inbreeding and a low effective population size. The
connectivity analysis revealed exchange among populations of G. sanctum but the habitat fragmentation
may act to impede gene flow, contributing to the division observed between clusters. This genetic differ-
entiation was possibly caused by environmental pressures, although effects of historical extensive logging
practices occurred in southern Mexico during the last few decades cannot be discarded. Fragmentation has
a negative effect on ecosystem services and on the availability of favorable sites for seedling establish-
ment, which could disturb pollination and dispersion processes, modifying in the long term the effective
population size.

Key words: Bayesian clustering, connectivity, Guaiacum sanctum, genetic diversity and structure, popu-
lation bottleneck.

Estructura genética poblacional de una especie de arbol Guaiacum sanctum L.
extremadamente diezmada en la Peninsula de Yucatan, México

Resumen

La perturbacion del hdbitat en los bosques tropicales ha afectado la viabilidad de varias especies de drbo-
les. En México, poblaciones de Guaiacum sanctum han desaparecido en algunas regiones debido a una
fuerte reduccion del hdbitat poniendo en peligro la diversidad genética y conectividad de las poblaciones
remanentes. En este estudio, 17 poblaciones de la Peninsula de Yucatdn se analizaron con siete loci de
microsatélites nucleares. Se estimaron varios pardmetros de diversidad genética. La estructura genética fue
evaluada usando un andlisis de agrupamiento Bayesiano. Fueron estimados cuellos de botella y tamaiios
efectivos poblacionales y la conectividad genética. Las poblaciones de G. sanctum mostraron latos valores
de diversidad genética. Se detectaron dos grupos genéticos con distribuciones contrastantes, el primero en
el norte de Yucatdn y Quintana Roo y el segundo en el sur de Campeche. Evidencias de cuello de botella
fueron detectadas solo en las poblaciones de Campeche. También se encontraron niveles significativos de
endogamia y un bajo tamafio efectivo poblacional. El andlisis de conectividad reveld intercambio entre po-
blaciones de G. sanctum pero la fragmentacion de los hdbitats pueden actuar para impedir el flujo de genes,
contribuyendo a la division observada entre grupos. Esta diferenciacién genética fue causada posiblemente
por presiones ambientales, aunque no se puede descartar los efectos de las prdcticas extensas de extraccion
histéricas que ocurrieron en el sur de México en las dltimas décadas. La fragmentacién tiene un efecto
negativo en los servicios de los ecosistemas y la disponibilidad de sitios favorables para el establecimiento
de plantulas, lo que podria perturbar los procesos de polinizacion y dispersion, modificando en el largo
plazo, el tamaiio efectivo de las poblaciones.

Palabras clave: Agrupamiento Bayesiano, conectividad, Guaiacum sanctum, cuellos de botella poblacio-
nal, diversidad y estructura genética.
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reservation of genetic diversity and the maintenance of the evolutionary potential in tropical
species are of key importance to maintain the probability of population persistence (Lowe et
al., 2005). Therefore, studies on conservation genetics are very important to evaluate the effects
of habitat destruction on population connectivity (Farwig et al., 2008; Griffiths er al., 2008).
Habitat degradation could affect the ability of populations to respond to environmental changes
(Young and Clarke, 2000; Jacquemyn et al., 2012), reducing population genetic variability and
affecting long term establishment (Fahrig 2003; Lowe et al., 2005). Habitat destruction in the
tropical and subtropical forests has been one of the main causes of vulnerability of tropical eco-
systems (Trejo and Dirzo, 2000; Lowe et al., 2005). Several species show a reduction in their
genetic diversity and in the connectivity between populations, and an increase in their levels of
inbreeding (Andre et al., 2008; Moreira et al., 2009; Young and Pickup, 2010).

The species of the genus Guaiacum L. have been logged due to their economic value as
wood. Six of these tree species have been reported in Florida, Mexico, Central America, and the
Caribbean Islands (Grow and Schwartzman, 2001; Martinez and Galindo-Leal, 2002). Due to
the extreme logged practices in at least 11 countries, Guaiacum species have been declared as
endangered or almost extinct (CITES 2000; Chavarria et al., 2001; Vivero et al., 2006). Guaia-
cum sanctum L. has been classified as threatened species in Mexico since 1994 (NOM-059-
SEMARNAT 2002; Gonzdlez-Espinosa, 2009), but Lopez-Toledo et al. (2008, 2011) proposed
that G. sanctum should be considered as endangered species because it is one of the most largely
harvested tree species during the past few decades (Oldfield, 2004). Furthermore, a dramatic
and progressive loss of its habitat in 28.2 % in the last few generations has been reported IUCN
2010; Dertien and Duval, 2009; Lépez-Toledo et al., 2008).

In recent years, the exportation of Guaiacum timbers has declined gradually in Mexico due
to a lower demand explained by the use of new available substitute woods in the market (Old-
field, 2004; Vivero et al., 2006). Natural forests have been reduced by clearing and deforestation
for agriculture and the development of hotels and resorts in the Yucatdn Peninsula (Grow and
Schwartzman, 2001; Vester et al., 2007; Gonzélez-Espinosa, 2009). However, it is unknown
how such deforestation rates have impacted the amount of genetic diversity, structure, and con-
nectivity between populations of G. sanctum in the Yucatdn Peninsula. We expected to find
lower levels of genetic diversity on remnant populations, a moderate genetic differentiation
between populations as a product of restricted gene flow, evidence of inbreeding, signals of
population bottleneck, and changes in the effective population size than populations in undis-
turbed landscapes.

Material and methods

Study species. Guaiacum sanctum (Zygophyllaceae) is a slow-growing tree distributed in tropi-
cal and subtropical forests from northern Costa Rica to southeast Mexico, the Florida Keys,
and the Caribbean Islands (Holdridge et al., 1975). In Mexico, G. sanctum is distributed in the
states of Oaxaca, Chiapas, Quintana Roo, Yucatdn and Campeche. It is an evergreen tree that
grows up to 25-30 m in height and 60 cm diameter at breast height (dbh). Its compound leaves
are paripinnate and opposite with 4-12 oblong to obovate leaflets. Perfect flowers are solitary
or in terminal panicles with blue-violet petals 0.7-1.2 cm long and yellow stamens. Flowering
occurs between March and July. Wasps and bees are the reported pollinators. Fruits are capsules
1.5-2.0 cm long, winged, that turn yellow-orange when ripe. Seeds are enclosed by an intensely
red aril, which attract birds, the main dispersers (Chavarria et al., 2001; Grow and Schwartz-
man, 2001).

Sampling. Within the Yucatdn Peninsula 17 populations of Guaiacum sanctum were sampled as
follows: six in Yucatdn, three in Quintana Roo, and eight in Campeche (Figure 1). On average,
from 7-10 individuals were sampled. In most of the cases, we collected the remaining reproduc-
tive individuals. In denser populations such as some populations of Campeche State, we ran-
domly chosen ten reproductive trees with at least 10 m of separation among trees. Leaf samples
were frozen until genetic analysis. Genomic DNA from each individual was extracted from 100
mg of frozen leaf following the protocol proposed by Lefort and Douglas (1999). Seven nuclear
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Figure 1. Potential geographic

distribution of Guaiacum sanc-

tum in Mexico. Red dots rep-

resent the localities obtained

in Herbarium specimens and
GBIF web site.

DNA (nSSR) microsatellite loci were selected and amplified in multiplex polymerase chain
reactions (PCR). Two groups of primers were arranged according to allele size and fluorescent
labels. The first group was formed by the primers pairs for Geoult_1, Geoult_2 and Geoult_5,
whereas the second group included the primer pairs for Geoult_10, Geoult_12, Geoult_14 and
Geoult_15 (McCauley et al., 2008). PCR was performed using the QIAGEN Multiplex PCR
kit (QIAGEN) in a volume of 5 ul containing 1X Multiplex PCR Master Mix, 2 uM each primer,
dH20, and 20 ng template DNA. The thermal cycling conditions consisted of 40 cycles, each at
95 °C for 1 min, annealing for 1 min (i.e. first and second primer groups 58 °C and 60 °C, respec-
tively), extension for 2 min at 72 °C and a final extension at 72 °C for 10 min. Multiplex PCR
products were combined with a GeneScan-500 LIZ size standard and ran in an ABI-PRISM
3100 Avant sequencer (Applied Biosystems). Fragments were analyzed and registered with the
Peak Scanner program 1.0 (Applied Biosystems).

Genetic diversity. To test for the presence of null alleles, upper alleles dropout or errors due to
stutter in the microsatellite data obtained from all the individuals of 17 populations of Guaia-
cum sanctum, the MICRO-CHECKER 2.2.3 software was used (Van Oosterhout et al., 2004)
with 10? bootstrap simulations and a 95 % confidence interval. We also tested departures from
Hardy-Weinberg equilibrium (e.g. heterozygosity excess and deficit F',) with the GENEPOP 4.1
software (Raymond and Rousset, 1995) using the Markov-chain approach (e.g. 10° dememo-
rization steps, 10% batches and 10 iterations per batch). Additionally, we estimated the effective
number of alleles (N ), observed heterozygosity (H,)), and expected heterozygosity (H,) for each
population were performed with 10? iterations using GENETIX 4.05 program (Belkhir et al.,
1996-2004).

Genetic structure. A Bayesian cluster analysis was conducted using STRUCTURE version 2.3.3
(Pritchard et al., 2000; Falush et al., 2003; Hubisz et al., 2009). In this approach, individuals
were assigned probabilistically to one of the predefined K populations (gene pools) to identify
the optimal number of genetic groups (Evanno et al., 2005). The optimum number of groups
(K) was determined by varying the value of K from 1 to 10 and running the analysis ten times
per K value to determine the maximum value of posterior likelihood [LnP (D)]. Each run was
performed using 50* burn-in periods and 10°® Markov Chain Monte Carlo (MCMC) repetitions
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after burn-in. We used a model allowing admixture with correlated allelic frequencies without
any prior information. Also, we determined the most probable value of K using the maximum
value of AK according to Evanno et al. (2005) implemented in the program Structure Harvester
0.6.1 (Earl and vonHoldt, 2012). A hierarchical test of population structure was estimated using
both mutation models [i.e. stepwise mutation model (SMM), the infinite allele model (IAM)]
performed with AMOVA in ARLEQUIN 3.5. (Excoffier et al., 2005). The variance distribution
between groups, among populations between groups, and within populations was compared.
The statistical significance was tested using 10* permutations utilizing the resulting groups of
genotypes obtained by STRUCTURE.

To identify possible geographic and genetic discontinuities among populations of Guaiacum
sanctum, we used the Monmonier’s maximum difference algorithm with BARRIER version 2.2
(Manni et al., 2004). This program creates a map of the sampling locations from geographical
coordinates, where barriers are represented on the map by identifying the maximum values
within the population pairwise genetic distance. We used a matrix of average square distance
(ASD) (Goldstein et al., 1995; Slatkin, 1995), estimated for the 17 populations of G. sanctum.
Resampling random subsets of individuals within populations provided 100 bootstrap replicate
distances that were constructed utilizing MSA program (Dieringer and Schlétterer, 2003) to
achieve statistical significance for the predicted barriers.

The connectivity among Guaiacum sanctum populations was analyzed using the POPGRAPH
software (http://dyerlab.bio.vcu.edu/software.html). This analysis creates a network of popula-
tion linkages and describes the amount of genetic variation within populations (Dyer and Nason,
2004). In the POPGRAPH framework, the set of nodes represents sampled populations, and the
edges represent the multivariate measures of genetic covariance among populations. The dif-
ference in node size reflects differences in within-population genetic variability, while the edge
length represents the among-population component of genetic variation due to the connecting
nodes. Thus, this analysis examines specifically the connections among individual populations
that maintain genetic connectivity among all populations (Dyer and Nason, 2004). POPGRAPH
identifies pairs of populations where long distance migration may have occurred by indicating
population pairs with significantly greater inter-site distances (Dyer et al., 2010). It also identi-
fies pairs of populations that are located significantly closer than predicted by inter-site separa-
tion, which suggests that a direct barrier might exist between the linear distances.

Population size change and bottleneck detection. The software BOTTLENECK 1.2 (Piry et al.,
1999) was used to detect recent population bottlenecks that could be defined as a population
where the rare alleles are the first to be lost decreasing the mean number of alleles per locus. In
contrast, heterozygosity is less affected, producing a transient excess in heterozygosity relative
to that expected given the resulting number of alleles (Cornuet and Luikart, 1996; Luikart and
Cornuet, 1998). To test the data set, we used 90 % stepwise and 10 % multistep mutations 10*
iterations with the Wilcoxon signed-rank test, and the stepwise mutation (SMM), the infinite
allele (IAM) and two-phase mutation (TPM) models. Additionally, we also estimated the ef-
fective population size in populations of G. sanctum with the program LDNe (Waples and Do,
2008), which implements the bias-correction method developed by Waples (2006) to obtain
N, from each sample of individuals. For LDNe, we used the criterion Pcrit = 0.02 (alleles with
frequency < 0.02 are excluded), which generally provides a good balance among accuracy and
bias (Waples and Do, 2009). Confidence intervals (Cls) for Ne were based in the chi-square ap-
proximation implemented by LDNe (Waples, 2006).

Results

Genetic diversity. We did not find evidence for null alleles overall sample-loci combinations,
and tests for error due to stutter and upper allele dropout resulted negatives in all cases. Popula-
tions of Guaiacum sanctum in the Yucatdn Peninsula had, on average, 26.4 alleles for the seven
loci. Average number of alleles per locus indicated that the loci Geoult_1, 5, 10, 12 were the
most polymorphic (e.g. 7.94, 7.88, 6.17 and 7.88, respectively), then followed moderate to low
polymorphism shown by the loci Geoult_2, 14, 15 (e.g. 3.29, 5.94 and 5.29, respectively). The
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Table 1. Nuclear microsatellite (i.e. nSSR) parameters of genetic diversity and the exact test of Hardy-Weinberg equilibrium estimated in 17 popula-

tions of G. sanctum in the Yucatan Peninsula Mexico.

Population N Ne Private alleles H, (s.d.) H, (s.d.) HW (HD) HW (HE)
Group 1

Yucatan 1 10 6.71 226, 131, 0.828(0.160) 0.735(0.155) n.s. (2) 0.03**
Yucatan 2 10 7.85 214,212,294 0.836(0.176) 0.811(0.085) (12) 0.03 ** (2) 0.01**
Yucatan 3 10 8.0 242,216, 230 0.800(0.152) 0.830(.096) (14) 0.02** n.s.
Yucatan 4 10 8.42 264, 236, 260 0.723(0.097) 0.839(.080) (5,6) 0.003** n.s.
Yucatan 5 11 7.85 190, 192 0.792(.125) 0.811(.081) n.s. n.s.
Yucatan 6 10 6.71 250, 174,153 0.742(.190) 0.769(.105) (1) 0.04** (2) 0.005**
Total 7.56 23 0.790 0.80

Quintana Roo 1 11 6.71 159,173, 193 0.550(.241) 0.755(.126) (1,2,12) 0.0001** n.s.
Quintana Roo 2 8 5.85 175, 143, 163 0.632(.214) 0.755(.230) (1,15) 0.03** n.s.
Quintana Roo 3 10 6.57 255,229, 158 0.623(.267) 0.731(.285) (12) 0.04** n.s

Total 6.37 14 0.600 0.750

Group 2

Campeche 1 10 4.71 240, 161 0.523(.186) 0.692(.095) (5) 0.0015** n.s.
Campeche 2 10 5.0 258, 204, 0.657(.214) 0.733(.160) (12,14) 0.001** (15) 0.03**
Campeche 3 10 6.14 245,169, 254 0.637(.179) 0.756(.160) (12) 0.0001** n.s.
Campeche 4 10 6.14 360, 158, 178 0.560(.199) 0.797(.067) (1,2,5,12) 0.001**  n.s
Campeche 5 10 5.42 258, 243,238 0.665(.101) 0.761(.101) (5,12) 0.003** n.s
Campeche 6 10 6.42 245,247, 0.741(.211) 0.766(.109) (12) 0.004** (12) 0.004**
Campeche 7 10 5.42 213, 0.622(.274) 0.735(.176) (5) 0.004** n.s.
Campeche 8 7 4.42 265, 164, 0.659(.268) 0.720(.169) (12) 0.01** n.s.

Total 5.42 21 0.630 0.740

average number of alleles per locus per population and the observed and expected heterozygos-
ity (H, and H,) were higher in populations from Yucatdn (N,=7.56, H,=0.790, H,_ = 0.80) fol-
lowed by populations in Quintana Roo (e.g. N, = 6.37, H,=0.600, H, = 0.750), and Campeche
(e.g. N, =542, H,=0.630, H, = 0.740; Table 1). Significant deviation from Hardy-Weinberg
equilibrium due to heterozygosity excess was observed in the loci Geoult-2 and 15, whereas
heterozygosity deficiency was more frequent in the locus Geoult-1, 2, 5, 6, 12, 14 and 15 (Table
1). The highest positive values of the coefficient of endogamy (F,) (i.e. heterozygote deficit)
were observed in populations from Quintana Roo (¥, = 0.182; P = 0.001), whereas in popula-
tions from Campeche (F ;= 0.035; P = 0.001) and Yucatdn (¥, = 0.003; P = 0.001) significant
negative values for F', were observed (i.e. heterozygote excess; Table 1).

Genetic structure. The highest posterior probability obtained from Bayesian likelihood [LnP
(D)] and AK with the Evanno et al. (2005) approach, revealed that K = 2 is the effective num-
ber of genetic clusters. Cluster 1 (in red) was more common in the populations from Yucatdn
and Quintana Roo whereas the Cluster 2 (in green) was well represented in populations from
Campeche (Figure 2). Hierarchical analysis of molecular variance (AMOVA), performed for
both mutation models (i.e. F, and R_), indicated that most of the genetic variation resided
within populations (®., = 88.2 %, P = 0.001; & =89.5 %, P = 0.001) followed by variation
among populations within groups (®,.= 8.7 %, P=0.001; ®_.=6.7 %, P = 0.001), while the
differentiation among groups only accounted for the remaining variation (®_.. = 2.9 %, P =
0.001 and @, = 3.6 %, P =0.001; Table 2).

Seven barriers with more than 50 % bootstrap support were detected (Figure 2). Single bar-
riers were observed, such as Barrier 1 that divided Quintana Roo 3 from the rest of the popula-
tions, the Barriers 2 and 3 that divided Yucatdn 1 from Yucatdn 2, and this one from other popu-
lations of Yucatdn, respectively, whereas Barrier 6 splitted Campeche 7 from Quintana Rool.
Barriers 4 and 7 divided red genotypes in northern populations (i.e. Yucatdn and Quintana Roo)
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Table 2. Analysis of molecular variance (AMOVA) performed on the nSSR data and using F; and R, for the

two group genetic clusters obtained by means of STRUCTURE for populations of Guaiacum sanctum. Aster-
isks indicate statistically significant values (P < 0.01). Tests were based on 10* random permutations.

Source of variation SS Variance Percentage Fixation index
components of variation

FST
Among groups 19.870 0.089 2.9 D =0.029***
Among populations 108.78 0.268 8.7 D, =0.087***
within groups
Within populations 764.970 2.693 88.2 D =0.882%**
Total 893.624 3.050

RST
Among groups 5,696.8 31.662 3.6 ®_ =0.036%**
Among populations 24,935.8 58.151 6.7 ®, =0.067***
within groups
Within populations 212,482 770.167 89.5 @ =0.895%**
Total 243,114 859.981

Figure 2. Each pie chart rep-
resents the proportions in each
population of the two genetic
groups as assigned by the pro-
gram STRUCTURE. Green
Genotype and red Genotype
are representing the genetic
ancestry groups correspond-
ing to G. sanctum populations.
Genetic discontinuities (bold
lines B-1-7) obtained with
Monmonier’s maximum dif-
ference algorithm on genetic
distances derived from micro-
satellite allele frequencies.

% o \

16 Qroo2

[B7]

15 QRoo1
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from green genotypes observed in southern populations from Campeche. Finally, the Barrier 5
is a complex barrier that divided population from Campeche 4 and Campeche 5 from the rest of
the populations (Figure 2).

The POPGRAPH network of populations based on nSSR genotypes had 17 edges out of
the 22 possible ones and indicates extensive historical connectivity among most populations
(Figure 3). The most common colonization patterns occurs in a north- south axis along Yuca-
tdn and Quintana Roo throughout southern portions of Campeche to the Calakmul Reserve,
but it is not uncommon to see east—west gene exchanges, especially across the north-east to
the south-west part of the species range. Our data indicate occasional long distance gene ex-
change across the central portion of Campeche to the north of Yucatdn where the genotypes
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Figure 3. Map of inter-popula-
tion genetic structure comput-
ed from seven microsatellite
loci in G. sanctum, imple-
mented in the PopGraph R
package. Populations are rep-
resented by nodes connected
by the minimal set of edges
that sufficiently describes the
total among-population cova-
riance structure. Circles rep-
resent the differences in node
size that reflects the within and
between populations differ-
ences in their heterozygosities.
Numbering of populations is
as in Table 1.

Cam;."

fCam3

Campeche

Table 3. Bottleneck analysis for G. sanctum populations in the Yucatan Peninsula using Wilcoxon rank test
under infinite allele, stepwise mutation and two phase model. Parameters for TPM: variance = 10%, propor-
tion of SMM= 90%, estimation based on 104 replications. P, probability. IAM, infinite allele model; TPM,

two phase model; SMM, stepwise mutation model. ** Indicate significant deviation from equilibrium as
value less than 0.05. Also, we include the results obtained for the estimation of the population effective size
for Yucatan, Campeche and Quintana Roo populations. Values obtained with the program LDNe.

Models Yucatan Campeche Quintana Roo
IAM 0.468 0.039** 0.187

TPM 0.988 0.992 0.996

SMM 0.988 1.000 0.996

LDNe 262 123 100

are significantly more similar than expected based on spatial distance. Our analysis also iden-
tifies a great amount of network connection between the Campeche and Quintana Roo, but
not much connectivity with Yucatdn that resulted more genetically dissimilar than predicted
by spatial distance (Figure 3).

Bottleneck detection and population size change. The results of detection of a recent bottleneck
in populations of Guaiacum sanctum in Yucatdn and Quintana Roo were non-significant (P <
0.50) for any of the models (IAM, TPM and SMM) analyzed. Populations of Campeche exhib-
ited evidence of bottleneck only with the IAM (P = 0.039) (i.e. particularly in the loci Geoult_2
and 5), but not with the models TPM and SMM (Table 3).

The results of estimation of effective population size (N performed with the program
LDNe in populations of Guaiacum sanctum showed that Yucatdn populations had the highest
values (N, = 262 individuals), followed by populations of Campeche (N, = 123) and Quintana
Roo (N, = 100); in all cases, estimates had high Jackknife support and a good confidence in-
terval (CIs) (Table 3).
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Discussion

Current situation of Guaiacum sanctum. Lépez-Toledo et al. (2011) modeled the ecological
niche of G. sanctum to know the historical changes in the extent of available habitat and to
project future trends on the basis of contemporary rates of habitat loss. They found strong evi-
dence of habitat loss in the states of Oaxaca, Chiapas, northern Yucatdn and Quintana Roo.
These results assessed the negative effects of dramatic changes in land use across southern and
eastern Mexico during the last two decades (Miles et al., 2006). In Mexico, G. sanctum has
suffered a considerably habitat loss of about 28.2 % in the last decades and a great reduction in
population size (Lépez-Toledo et al., 2008, 2011). Possible causes can be attributed to a rapid
increase in deforestation rates, selective removal of trees in forest fragments, changes of for-
est use to agriculture or pasture for cattle raising, and other human activities (Oldfield, 2004;
Lopez-Toledo et al., 2008).

Genetic diversity. Previous studies on a related endemic species, Guaiacum unijugum from the
Cape region in Baja California, Mexico, showed low values of genetic diversity (N, = 1.076,
H, =0.070, H, = 0.073) obtained with nuclear microsatellite loci (McCauley et al., 2010).
Populations of G. unijugum are also endangered due to human activities such as tourism and
excessive logging. In contrast, in our study and using the same nuclear microsatellite loci, we
found higher levels of genetic diversity in all populations of G. sanctum (Table 1) than G. uniju-
gum, despite the fact that some populations at Yucatdn Peninsula are strongly affected by forest
fragmentation. Current levels of genetic diversity indicate that enough number of individuals
of G. sanctum escape logging retaining moderate to high levels of genetic diversity, suggesting
that only rare and low frequency alleles were lost. Populations of G. sanctum still had different
private alleles in each region (Table 1). Therefore, we suggested that the effect of a recent habi-
tat fragmentation processes, like in our case, may have left a moderate signature in the genetic
diversity of this species as were also previously reported in other tree species (Aguilar et al.,
2008; Moreira et al., 2009; Figueroa-Esquivel et al., 2010).

Additionally, we observed the highest positive values of endogamy F in populations from
Quintana Roo (F, = 0.182, P = 0.001), whereas in populations from Campeche and Yucatdn
both significant positive values (i.e. heterozygote deficit) and negative (i.e. heterozygote excess)
for F; index were observed (Table 1). The deficit of heterozygotes in populations out of Hardy-
Weinberg equilibrium indicates the existence of biotic and abiotic factors causing change during
the periods of pre-and post-disturbance populations (Andre et al., 2008; Schaberg et al., 2008;
Jacquemyn et al., 2012). Habitat disturbance seems to be one of the factors that caused the iso-
lation of populations from one another, the progressive reduction in pollen flow into stands and
the reduction in the population size (Young and Clarke, 2000; Vergeer et al., 2003; Young and
Pickup, 2010).

Genetic structure. At the landscape level, the distribution of genetic ancestry in populations
of Guaiacum sanctum in southern Mexico showed two groups of populations. Both, STRUC-
TURE and BARRIERS inferences are coincident and may represent a case of habitat fragmenta-
tion or could indicate historic differences associated with the colonization of distinct geographic
regions from southern populations. For instance, the Barriers 4 and 7 divides the genetic group
1 (red genotype) in northern populations of Yucatdn and Quintana Roo from the genetic group
2 (green genotype) observed in southern populations in Campeche. Even if, we observed very
different geographically distributed genotypes, the AMOVA indicated that most of the genetic
variation resides within populations while the differentiation among groups only accounted for
Fo, (®..=29%,P=001)and R, (P, =3.6 %, P=0.001).

Given the general low genetic differentiation in Guaiacum sanctum, we suggest that the
detected genetic connectivity is a consequence of the dispersion ability of this species. Previ-
ous studies indicated the potential of G. sanctum for long distance pollen and seed dispersal
(Wendelken and Martin, 1987; Fuchs and Hamrick, 2010). The known floral morphology with
purple color of petals and yellow anthers suggest pollination by bees and wasps which are able
to disperse pollen over quite large distances (Holdridge et al., 1975). Seed dispersion in G. sanc-
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tum occurs mainly by mammals and birds (Fuchs and Hamrick, 2010). The flying capabilities
of seed dispersers range between 5 to10 km on average in populations of G. sanctum in Costa
Rica (Wendelken and Martin, 1987; Fuchs and Hamrick, 2010). However, the observed pattern
of fragmented habitats may act to impede gene flow due to remaining heterogeneity of the land-
scape across the Yucatdn Peninsula.

Bottleneck detection and population size change. We observed evidence of recent bottleneck
only for Campeche populations with the IAM model but not with TPM and SMM models (Table
3). This discrepancy in results between the IAM and TPM and SMM models is the consequence
of different heterozygosity expectations at mutation equilibrium (Shaffer, 1981; Luikart and
Cornuet, 1998). Given that microsatellite mutation is thought to occur largely through the step-
wise process, a combination of the SMM and TAM is expected to provide the best estimate of
equilibrium heterozygosity for the bottleneck analysis. The absence of heterozygosity excess
using both the strict SMM and the mixed TPM suggest that the contemporary population is
at mutation-drift equilibrium (Luikart and Cornuet, 1998). On the other hand, several authors
have pointed out that these tests often failed to detect bottlenecks in populations known to have
experienced population reductions because they have low statistical power as a result of limited
sample size (Piry et al., 1999; Peery et al., 2012). Power to detect significant bottlenecks based
on the levels of heterozygosity is generally limited (Williamson-Natesan, 2005; Bouzat, 2010).
Therefore, results on bottleneck estimations should be taken with caution.

With respect to the effective population size for Guaiacum sanctum, ecological studies are in
agreement with genetic estimates. Both estimations showed a tendency to low population size;
populations from Yucatdn have the highest N, = 262 individuals, followed by Campeche with a
N, =123 individuals and by Quintana Roo populations with a N, = 100 individuals. Ecological
studies registered historically higher densities of large trees of G. sanctum (up to 70 cm diameter
at breast height - dbh) in Campeche, Yucatdn, Quintana Roo, Oaxaca, and Chiapas, but remain-
ing trees currently available in Campeche do not reach more than 55 cm in dbh (Oldfield, 2004;
Lopez-Toledo et al., 2008). Population densities currently registered in Campeche seems to be
acceptable with up to 1,200 potentially reproductive individuals per hectare (Lépez-Toledo et
al., 2008). However, towards the edges of its distribution the situation drastically change in
Oaxaca, Yucatdn, and Quintana Roo with densities of only 150-470 individuals per hectare
(Vester et al., 2007; Lopez-Toledo et al., 2008). Also, the reproductive system of G. sanctum
seems to be impacted by fragmentation because fruits of trees that occurred at lower densities
tend to produce less seeds than in non-fragmented habitats (Vester et al., 2007). According to
the rules used by conservation practitioner to estimate the population numbers, 50 individuals
are needed to prevent an unacceptable rate of inbreeding, 500 to retain evolutionary potential
and 5,000 to ensure overall genetic variability (Franklin, 1980; Frankham, 1996; Leimu et al.,
2006; Frakham et al., 2014). Several authors have suggested that population size, plant fitness
and genetic diversity are generally associated, which probably due to the negative effects of
small population size on genetic variation and plant fitness (Vergeer et al., 2003; Traill et al.,
2007). In G. sanctum, despite the severity of habitat fragmentation we observed a moderate ef-
fect on population genetic diversity and population bottleneck.

Concluding remarks. Greater population densities of Guaiacum sanctum occurred in porous
karst terrain soils which are prevalent in northern Yucatdn, the eastern portion of Quintana Roo
and the southern portion of Campeche (Orellana et al., 1999). In contrast, very low popula-
tion densities occurred at the seasonally flooded terrains that prevail in the western portion of
Campeche and northern and central Tabasco (Martinez and Galindo-Leal, 2002; Lépez-Toledo
et al.,2008; 2011). The current geographic distribution of G. sanctum is the result of combined
effects of environmental pressures (i.e., soil types) and extensive habitat loss (White and Hood,
2004; Vester et al., 2007; Lopez-Toledo et al., 2008; 2011) that in turn, may explain the ob-
served population genetic diversity, connectivity and differentiation.

Guaiacum sanctum is facing a high risk of extinction and it has been classified as an endan-
gered species by the International Union for the Conservation of Nature (IUCN) (CITES 2000,
Vivero et al., 2006). Successful strategies to conserve this species depend on detailed knowledge
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of the levels and distribution of genetic diversity within and between populations but most impor-
tantly we need to protect large fragments of remnant forests such as the population of G. sanctum
at the natural biosphere reserve of Calakmul, Campeche to maintain the actual levels of genetic
diversity of this species. Smaller fragments are also important to protect in order to maintain the
genetic connectivity among populations of different regions in the Yucatdn Peninsula.
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