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Abstract: Forest fragmentation, habitat loss and isolation may have a strong effect on biodiversity in tropical forests.
This can include modification of the genetic diversity and structure of plant populations. In this study, we assessed the
genetic diversity and structure of the tree Manilkara zapota in 15 naturally formed fragments of semi-evergreen tropical
forest, as well as in an adjacent continuous forest for comparison. Forest fragments were scattered within a matrix of
wetlands and were highly variable in terms of size and degree of isolation. The naturally fragmented populations of
M. zapota had slightly less allelic diversity (Ar: 3.4) than those of the continuous forest (Ar: 3.6), when corrected for
sample size. However, populations in the fragments and continuous forest had very similar heterozygosity levels (HE:
0.59 in both cases). Low levels of genetic differentiation were observed among populations (FST: 0.026) and genetic
structure was not consistent with isolation by distance, indicating high levels of gene flow. Genetic diversity was not
explained by fragment size or degree of isolation. The relatively high genetic diversity and low inter-population genetic
differentiation observed in M. zapota may be the result of long-distance pollen and seed dispersal, as well as the high
proximity among patches.

Key Words: forest fragmentation, gene flow, genetic diversity, Manilkara zapota, patch spatial configuration, Yucatan
Peninsula

INTRODUCTION

Forest fragmentation, a process that can be natural
or anthropogenic, involves the reduction of continuous
forest into small, remnant patches, scattered within a
matrix of different species composition (Fahrig 2003,
Saunders et al. 1991). Due to the reduced size of these
patches, their plant populations are also smaller and
spatial isolation from other populations is often increased
(Ellstrand & Elam 1993, Haddad et al. 2015, Laurance
et al. 2006). Fragmentation per se (sensu Fahrig 2003),
patch size and patch isolation are important factors
influencing the genetic diversity and genetic structure of
plant populations; however, the current literature reports
contrasting results in this regard (Barrett & Kohn 1991,
Ellstrand & Elam 1993, Vranckx et al. 2012, Wang et al.
2010, Zhang et al. 2012).
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The most common prediction in the literature is that
fragmentation per se, patch size and isolation act to
increase genetic drift, inbreeding and loss of genetic
variability (Couvet 2002, Ellstrand & Elam 1993, Young
et al. 1996). This is particularly true for plants with low
density, self-incompatible breeding systems and short-
distance pollen and seed dispersal (Aguilar et al. 2008,
Lowe et al. 2015, Nason & Hamrick 1997). Contrary to
this prediction, some empirical evidence suggests that the
genetic diversity and structure of tropical plant species
are sometimes unaffected or affected only partially, by
these variables (Bacles & Jump 2011, Breed et al. 2015,
Kramer et al. 2008, Lowe et al. 2005, 2015; Vranckx et al.
2012). This apparent resilience of plant species may be
due to an extensive gene flow among fragments in species
with highly mobile pollinators and/or seed dispersers
(Breed et al. 2015, Kremer et al. 2012, Lowe et al. 2005,
White et al. 2002). Heterogeneity in the response of
tropical tree populations to fragmentation per se and the
spatial configuration of forest patches may be also due
to variation in pre-fragmentation genetic and population

https://doi.org/10.1017/S0266467417000268
Downloaded from https://www.cambridge.org/core. CINVESTAV, on 23 Aug 2017 at 15:03:34, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/S0266467417000268
mailto:munguiarma@cinvestav.mx
https://doi.org/10.1017/S0266467417000268
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


286 DANIELA A. MARTÍNEZ-NATARÉN, VÍCTOR PARRA-TABLA AND MIGUEL A. MUNGUÍA-ROSAS

structure, life-history traits and mating systems (Breed
et al. 2015, Cordeiro et al. 2009, Hadley & Betts 2012,
Kremer et al. 2012).

Another important source of variation in the effect
of fragmentation per se and the spatial configuration
of forest patches on the genetic diversity and structure
of the vegetation is the period of time elapsed since
fragmentation initiated (Aguilar et al. 2008, Wiberg et al.
2016). For instance, in an extensive review and meta-
analysis, Aguilar et al. (2008) found that the magnitude
of the effect of forest fragmentation on genetic diversity
and gene flow increases with fragment age. This review
also revealed that very few studies have been conducted
in fragments of more than a century in age, even though
this represents a short period of time considering the long
lifespan of tropical trees (�190 years, Lieberman et al.
1985). There is therefore some risk of underestimating
the effect of forest fragmentation on tropical tree genetics
in recently shaped fragments. Naturally fragmented
forests, which have presented this form for thousands
or even millions of years, may therefore be good models
with which to assess the long-term effects of forest
fragmentation on the genetic diversity and structure
of several generations of long-lived tropical tree species
(Pither & Kellman 2002, Shapcott 2000).

In this study, we assessed the effects of fragmentation
per se, patch size and isolation on genetic diversity and
genetic structure of the animal-pollinated and dispersed
tree Manilkara zapota in a naturally fragmented forest in
the Yucatan Peninsula with relatively constant species
composition and little anthropogenic influence for at
least the last 5000 y (Gutiérrez-Ayala et al. 2012). We
also compared the genetic diversity of the fragments to
that of a contiguous continuous forest in the interior of
the Peninsula. The study area also represents an island-
mainland system that gave us the opportunity to test
whether spatial variables of fragments, such as size and
isolation, can affect genetic diversity or structure. Owing
to the wide variation among the fragments, in terms of
size and isolation (Mas & Correa 2000), this area also
represents a useful model for a transversal study of the
long-term effect of habitat loss and patch isolation on
plant genetic diversity and structure.

METHODS

Study system

The study area was the Petenes-Celestún-Palmar
biological corridor (20°10′–21°9′N, 90°22′–90°2′W),
which is located along the north-west coast of the Yucatan
Peninsula (Figure 1). In general, the weather is warm
subhumid with rains from June to September (Acosta-
Lugo et al. 2010). The representative biomes of the

study area are mangrove forest, flooded lowlands, flooded
grasslands and naturally shaped semi-evergreen tropical
forest fragments scattered within a matrix of wetlands
(Durán 1987, Rico-Gray 1982). Vegetation in these forest
fragments is characterized by taller and more diverse plant
species dominated by Manilkara zapota, Metopium brownei,
Bursera simaruba, Laguncularia racemosa and Avicennia
germinans, compared with that of the matrix, which
is dominated by salt- and flood-tolerant plant species,
such as the shorter mangrove species (Rhizophora mangle,
Conocarpus erectus), sedges (Eleocharis cellulosa, Cladium
jamaicense) and cattails (Typha dominguensis) (Durán
1987, Rico-Gray 1982). Forest fragments are highly
variable in size and degree of isolation (Mas & Correa
2000); however, toward the interior of the Peninsula the
forest becomes continuous (Munguı́a-Rosas et al. 2014).
The adjacent continuous forest presents similar abiotic
conditions, species composition and canopy openness to
those of the forest fragments; canopy openness is also
similar in the matrix, where trees are the dominant
life form. This was the case for most of the fragments
(14) (Munguı́a-Rosas & Montiel 2014). Palaeoecological
research conducted in the study area suggest that only
minor variation has taken place in the distribution of
halophytic vegetation over the last 5000 y, due to the
limited variation in sea level; however, forest species
composition has been relatively constant with little
anthropogenic influence, at least during this period of
time (Gutiérrez-Ayala et al. 2012).

The study species was Manilkara zapota (Sapotaceae),
which is a long-lived emergent tree, distributed from
central Mexico to Central America. It is a dominant
canopy species, occurring in a broad range of habitats
such as the margins of seasonal swamps, dry upland forest
and secondary forest (Pennington 1991). The flowers are
self-incompatible, bee-pollinated hermaphrodites and are
produced throughout the year (Salinas-Peba & Parra-
Tabla 2007). The fruit is a round to elliptical berry of
4–10 cm in diameter that can hold up to 12 seeds (Pen-
nington 1991). The seed dispersers are flying vertebrates
(birds and fruit bats) and terrestrial mammals (tapirs, pec-
caries and spider monkeys) (O’Farrill et al. 2006, Reyna-
Hurtado et al. 2009, Rivera & Calmé 2006, Weterings
et al. 2008). Natural populations of M. zapota are found
in nearly all forest fragments in the region, as well as in
the adjacent continuous forest (Munguı́a-Rosas & Montiel
2014, Munguı́a-Rosas et al. 2014). However, the high
salinity present impedes the survival of this tree species in
the habitat matrix (Rico-Gray & Palacios-Rios 1996).

Sampling

From August to October 2013, we sampled 237
adult M. zapota trees located in 15 different fragments
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Figure 1. Distribution map of the 15 fragments sampled (dark-green) located in the Petenes-Celestún-Palmar biological corridor of the Yucatan
Peninsula, Mexico. All bars represent 3 km. A contiguous continuous forest is also shown.
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selected based on accessibility (distance between sampled
fragments range 0.5–116 km). From five to seven leaves
were collected from each individual in the forest fragments
(16 adult trees per patch on average were sampled; range:
5–20 individuals per patch) and in the continuous forest
(21 randomly selected trees were sampled). The collected
leaves were taken to the laboratory and conserved in silica
gel (Chase & Hills 1991). Sampled trees had a height of
between 10 and 30 m, mean dbh of 59 cm (range: 20–
206 cm) and were located a minimum of 10 m apart.
Variation in the number of sampled individuals was due
to variation in the number of available plants (density
ranges 10–540 trees ha−1) or limitation in accessibility to
the trees and/or leaves. While more trees were available in
the continuous forest, we selected only a random sample,
which was similar in size to the sample in the fragments
in order to avoid sample size effects. No other continuous
forest suitable for comparison was found in the
study area.

Because plant density affects gene flow of tropical trees
(Murawski & Hamrick 1991), we obtained the density
of the study species in each sampled fragment and the
continuous forest from a database belonging to one of
us (MAM-R). The density of the study species and others
was estimated within four belt transects (50 × 4 m; total
sampled area: 0.1 ha) randomly placed (see Munguı́a-
Rosas & Montiel 2014 for sampling details). In addition,
the geographic position of each sampled fragment was
recorded with a GPS. Fragment area (mean: 61.5 ha,
range: 5–320 ha), edge-to-edge distance to the nearest
fragment (mean: 331 m, range: 30–1620 m) and edge-to-
edge distance to continuous forest (mean: 15.4 km, range:
3.8–90 km) were calculated from digital cartography,
using the most recent images available (2009–2011) and
Google Earth Pro 7.2. The spatial data were validated
through field observation as a part of another study
(Munguı́a-Rosas & Montiel 2014).

Genetic analysis

Genomic DNA was isolated from the collected tissue
following a modified cetyltrimethylammonium bromide
(CTAB) protocol (Doyle & Doyle 1987). The set of
seven microsatellite primer pairs used in this study
(Mh04, Mh06, Mh07 Mh08, Mh12, Mh17 and Mh22)
were directly selected and tested from those originally
developed for the congener M. huberi (loci characteristics
and accession numbers are given in Azevedo et al. 2005).
Some of these primer pairs have been successfully used
for the species M. zapota and M. maxima (Ganzhorn
et al. 2015, González-Hernández et al. 2012, Thompson
et al. 2015). Due to the fact that some PCR products
presented inconsistent amplification (i.e. potential PCR
artefacts that might be incorrectly scored), four of

the seven primers tested were discarded, leaving only
three microsatellite primers: Mh08, Mh12 and Mh22 to
measure genetic variation in all samples. Even though
only three microsatellite loci were used, we consider
our results to be reliable because the genetic diversity
reported is very close to that reported in recent studies,
even with the same species in Mesoamerica, as well as
with other congeners (Ganzhorn et al. 2015, Thompson
et al. 2015). Moreover, previous studies with tropical trees
addressing similar questions have successfully utilized a
similar number of loci (Dayanandan et al. 1999, Ganzhorn
et al. 2015, Lowe et al. 2005, White et al. 2002). All this
suggests that the number of genetic markers we used
was sufficient to detect the levels of genetic variability
exhibited by the study species in the study area.

Polymerase chain reaction (PCR) was carried out in
a final volume of 20 μL using a PCR Core Kit (Coret
Sigma), comprising of 2.0 μL of 1× PCR buffer, 1.5 mM
of MgCl2, 250 μM of each dNTP, 1 U of Taq polymerase,
0.28 μM of each of the primer pairs (Invitrogen), 50 ng
of template DNA and H2O. The PCR amplifications
were conducted in a Thermal Cycler (Bio-Rad T100TM)
under the following conditions: initial denaturation at
94°C for 3 min, followed by 30 cycles of denaturation
at 94°C for 15 s, annealing at 56°C for 1 min and
extension at 72°C for 30 s, and a final extension step
at 72°C for 7 min. To confirm band presence and size,
the PCR products were separated on a 2.0% (wv−1)
agarose gel electrophoresis. The amplification products
were separated by electrophoresis on a 6.0% (wv−1)
polyacrylamide gel, using a Sequi-Gen R© GT nucleic acid
sequencing cell system, following the procedure described
by the manufacturer. Following electrophoresis, the gels
were stained with silver nitrate (Creste et al. 2001)
and images captured with a digital camera. Alleles
were identified for each locus, and their sizes (bp) were
estimated by direct comparisons with the DNA ladders
(20, 50 and 100 bp, Sigma) using GelAnalyzer 2010a.
To minimize genotyping errors, all allele scorings were
double-checked and any uncertainties were confirmed by
re-amplification and comparison.

Data analysis

Null alleles, stuttering and large allele dropout were
tested using Micro-Checker v2.2.3 (Van Oosterhout et al.
2004). Null alleles were not widespread throughout the
populations; only one locus showed evidence of null alleles
in only two populations, and these were later corrected
using the Brookfield method (Brookfield 1996). Errors due
to stuttering or allelic dropout were not detected. The
results for data with corrected and uncorrected null alleles
were the same. Tests for Hardy–Weinberg equilibrium
(HWE) and linkage disequilibrium (LD) were conducted
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Table 1. Genetic diversity metrics for Manilkara zapota populations in fragmented forest (Fragments) and a contiguous
continuous forest on the Yucatan Peninsula, obtained from three microsatellite loci. Genetic diversity metrics were
estimated from 21 adult trees in the continuous forest. Data presented for the fragmented forest (n=15 fragments, 5–
20 trees sampled per population) are mean values per fragment. A 95% confidence interval per metric is also shown.
Different lowercase letters indicate statistical differences between forest conditions (fragmented vs. continuous).
A = average alleles per locus, Ar = allelic richness, HO = observed heterozygosity, HE = expected heterozygosity.

Genetic diversity metric

Condition A Ar HO HE

Continuous forest 5.7 a 3.6 a 0.524 b 0.591 a
Fragments 4.5 b 3.4 b 0.601 a 0.590 a

(4.1, 4.9) (3.2, 3.5) (0.558, 0.644) (0.566, 0.615)

with Genepop v4.2 (Raymond & Rousset 1995, Rousset
2008) and evaluated using a Fisher’s exact test.

The genetic diversity indices of each studied population
were estimated by calculating the number of alleles
per polymorphic locus (A), observed heterozygosity (HO)
and expected heterozygosity (HE) and associated 95%
confidence intervals (CI), using GenAlEx v6.501 (Peakall
& Smouse 2012). Allelic richness (Ar) based on minimum
sample size was calculated using FSTAT v2.9.3 (Goudet
1995). Estimates of the inbreeding coefficient (FIS) were
also calculated using Arlequin v3.1 (Excoffier et al. 2005).
Pairwise comparisons, using Student’s t-test, were also
conducted to test for differences between fragmented
populations and continuous forest (null hypothesis: the
mean value of genetic diversity recorded in the fragments
will be equal to the value of genetic diversity in the
continuous forest; with 14 degrees of freedom), for each
diversity index (Crawley 2013, Zar 1984).

Mean pairwise FST values were calculated and an
analysis of molecular variance (AMOVA) was conducted
to estimate structure across populations, using Arlequin
v3.1 (Excoffier et al. 2005). To explore the genetic
structure, a multidimensional approach was adopted,
using a Principal Coordinates Analysis (PCoA). Plots
were constructed using the standardized covariance
of genetic distances among individuals with 999
permutations (Martı́nez-Natarén et al. 2014) in GenAlEx
(Peakall & Smouse 2012). Isolation by distance was
tested by assessing the significance of the correlation
between Nei’s genetic distance and geographic distance
among populations, performing 999 permutations using
GenAlEx (Peakall & Smouse 2012) to conduct a Mantel
test.

Multiple regression models were performed in order to
explore the effect of patch size and isolation (measured
as distance to the nearest fragment and distance to the
continuous forest), as well as that of M. zapota density on
A, Ar, HO, HE and FIS. In the regression models, genetic
diversity indices and inbreeding coefficient were included
as response variables (five models in total), and fragment
area (log-transformed to achieve linearity), distance to
the nearest fragment, distance from the focal fragment

to the continuous forest and M. zapota density (on a
logarithmic scale) were used as explanatory variables.
Regression models were run in R 3.3.1.

RESULTS

The Fisher’s test revealed significant deviations from
HWE at the loci of Mh08 and Mh12 (P < 0.05;
P < 0.001, respectively), but this was not constant
across all fragments. LD tests detected no significant
difference between any two loci for any population. Allelic
diversity was significantly lower in the fragments, but
the magnitude of this difference was low, particularly in
Ar (the difference between continuous and fragmented
forest was −21% in A and −5.6% in Ar). In contrast,
the fragments showed higher levels of HO in relation to
the continuous forest while non-significant differences
between forests were observed in HE (Table 1).

The inbreeding coefficient (FIS) did not differ from zero
in any fragment (mean: −0.042, 95% CI: −0.094 to
0.009) or in the continuous forest (0.159). The analysis
of molecular variance (AMOVA) revealed that only a
small proportion of the variation was partitioned among
the 15 fragmented populations (FST = 0.03, P < 0.05)
and most genetic diversity was distributed within the
populations (97.4%). The results were similar when the
analysis included the continuous forest (FST = 0.03, P =
0.0001). Differences among populations were very low,
representing only 3% of the total variance. Likewise, in the
PCoA (Figure 2), the considerable overlap of individuals or
no distinct clustering from different populations revealed
that there was no differentiation at the population level,
and the first two axes explained only 18.6% and 16.7%
of the total variation in the data, respectively. The Mantel
test revealed that the landscape-scale genetic structure of
M. zapota was not shaped by isolation through distance
(r = 0.01, P = 0.2).

No significant relationships were found between A, Ar,
HO, HE and FIS and fragment size, distances to the nearest
fragment and to the continuous forest or M. zapota density
(Table 2).
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Figure 2. Principal coordinates analysis plot base on genetic distances. Relationships among individuals from 16 populations of Manilkara zapota on
the Yucatan Peninsula are shown. Numbers in parentheses represent the percentage of the variation explained by each axis.

Table 2. Results of multiple regression models to assess the effect
of fragment size (Size), distance to the nearest fragment (D nearest
fragment), distance to the continuous forest (D continuous forest) and
species density (Density) on genetic diversity metrics (A = average
number of alleles per locus, Ar = allelic richness, HO = observed
heterozygosity, HE = expected heterozygosity) and inbreeding
(FIS = inbreeding coefficient) of populations of Manilkara zapota on
the Yucatan Peninsula. Data shown are the statistics (F values with
1 and 11 degrees of freedom in all cases). No source of variation was
statistically significant for any explanatory variable.

Source of variation A Ar HO HE FIS

Size 0.263 0.015 0.318 0.092 0.366
D nearest fragment 0.019 0.008 0.033 0.045 0.010
D continuous forest 0.447 0.086 0.572 0.059 0.425
Density 1.856 0.581 0.009 0.265 0.430

DISCUSSION

In general, our results suggested that fragmentation had
only a minor effect on the allelic diversity of M. zapota (a
reduction of less than 6% when corrected by sample size),
while heterozygosity was either unaffected (HE) or even
increased (HO) by fragmentation. In addition to providing
evidence of poor genetic structure, the lack of isolation

by distance or influence of patch size and isolation on M.
zapota genetic diversity supported the notion of high-gene
flow among populations. We suggest that the high gene
flow mediated by highly mobile seed dispersers conferred
some resilience to the M. zapota populations against the
long-term effects of fragmentation per se, habitat loss and
isolation.

While allelic diversity, measured as the number of
alleles per loci, was 21% lower in the fragmented forest
compared with the continuous forest, this difference was
dramatically reduced to only 5.6% when we took sample
size differences into account (Ar; Kalinowski 2004).
On the other hand, the heterozygosity estimates (HO:
0.44–0.72; HE: 0.54–0.68) were similar between the
fragmented and the continuous populations. Previous
studies have found that allelic diversity (A) is more
sensitive than genetic diversity (H) to variation in
population size and isolation. This may account for
contrasting patterns between metrics of genetic diversity
(Comps et al. 2001). In general, we suggest that the long-
term effect of forest fragmentation was only minor in
the M. zapota of the study area and can be explained
by genetic drift or random variation due to low sample
size or a reduced number of loci (Ellstrand & Elam 1993).
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In fact, the number of alleles and heterozygosity levels
found in the fragmented and continuous populations
of M. zapota in the study area were similar to those of
other natural populations of the same species in Central
America (A: 5.8–6.2, HO: 0.43–0.46, HE: 0.49–0.52;
Thompson et al. 2015). In the congener tree species M.
maxima, genetic diversity (HO and HE) in large forests
and recently shaped forest fragments (35 y old) also fell
within the same range (0.50–0.74; Ganzhorn et al. 2015).
Manilkara zapota (and closely related species) therefore
seems to maintain high genetic diversity in a variety
of habitats, including continuous forest, young and old
forest fragments and managed populations (Thompson
et al. 2015). This is likely to be due to the actions of
highly mobile seed dispersers (bats, birds, monkeys and
peccaries), which are able to cross the matrix. Such
mobility may be facilitated by the close proximity among
fragments (distance to the nearest fragment ranges from
30 to 1620 m), which is shorter than the commuting
distance of the seed dispersers (Reyna-Hurtado et al. 2009,
Rivera & Calmé 2006). Patch size, isolation and plant
density did not affect the genetic diversity and inbreeding
coefficient. As explained previously, this may be also
due to the reduced distance among fragments and high
mobility of seed vectors. Moreover, fragment isolation
can be measured in many ways (Tischendorf & Fahrig
2000) and we therefore cannot rule out the possibility
that other isolation metrics may have an effect on genetic
diversity.

Due to the limited number of loci, and the fact that only
one continuous forest was sampled, our results must be
interpreted with some caution; however, the fact that our
estimated genetic diversity falls within the same range
as that estimated in a previous study (Thompson et al.
2015) also suggests that, despite the low number of loci,
our estimated values of genetic diversity are reasonably
accurate. Regarding replication of the continuous forest,
it was not possible to have replicates in this case because
only one continuous forest was available. Once again,
however, our results are highly concordant with a
previous study of a closely related species (M. maxima)
that did have more replicates (eight fragments and two
large forests) (Ganzhorn et al. 2015).

The genetic structure of M. zapota was not consistent
with geographical distance. In fact, only a small
proportion of the genetic variation (3%) was partitioned
among the fragments, suggesting that the genetic
differentiation of populations was low. In contrast, most of
the genetic variation was distributed within populations.
Weak genetic structure is actually not uncommon in
animal-dispersed, long-lived tropical tree species with an
outcrossing breeding system (da Silva et al. 2008, Loveless
& Hamrick 1984). Similar genetic structure (large genetic
variation within populations and little variation among
populations) has been found in other populations of M.

zapota under contrasting land uses (natural populations,
cultivars and home gardens) in different regions of Central
America (Heaton et al. 1999, Thompson et al. 2015) and
for M. maxima in a fragmented forest of Brazil (Ganzhorn
et al. 2015). The weak genetic structure reported for M.
zapota under contrasting habitats may be indicative of
extensive gene flow and also of the fact that the seed
dispersers and, to a lesser extent, pollinators are able to
move large distances across different habitat matrices.
Furthermore, inter-patch movement of pollinators and
seed dispersers may be promoted by a patchy distribution
of resources i.e. the vectors of pollen and seeds must
visit several fragments in order to fulfil their energetic
requirements (Loveless & Hamrick 1984).

While M. zapota is pollinated by bees (Salinas-Peba &
Parra-Tabla 2007), and these pollinators cannot move
large distances, mean distance to the nearest patches in
the study area is less than one kilometre (Mas & Correa
2000), which thus falls within the dispersion range of
bee species such as Apis mellifera (up to 6 km; Dick
2001, Hagler et al. 2011) and Scaptotrigona sp. (up to
1.7 km; León et al. 2015) that visit the flowers of M.
zapota in the Yucatan Peninsula (Salinas-Peba & Parra-
Tabla 2007). Greater gene flow may be mediated by
seed dispersers: fruits of M. zapota are consumed and the
seeds are dispersed by birds (Weterings et al. 2008) and
fruit bats (Artibeus sp., Heithaus et al. 1975), which can
fly over the habitat matrix in the study area for more
than 30 km (Montiel et al. 2006). Other highly mobile
dispersers are medium-sized terrestrial vertebrates such
as spider monkeys (Burgos-Solı́s & Montiel 2016), tapirs
(Reyna-Hurtado et al. 2009) and peccaries (Perez-Cortez
& Reyna-Hurtado 2008), which have large home ranges
(up to �60 km2, Reyna-Hurtado et al. 2009) and are
able to cross the matrix. Therefore, gene flow mediated
by seeds and pollen vectors is a likely explanation for
the weak genetic structure of M. zapota seen in the
study area.

In conclusion, only minor effects of forest fragmenta-
tion could be detected on allelic diversity of M. zapota in
the study area, while heterozygosity levels were relatively
high regardless of the condition of the forest (continuous
vs. fragmented). Furthermore, genetic diversity is not
influenced by the spatial configuration of forest patches
or by tree density. Weak genetic structure was found
and this was likely to have been the result of high
gene flow mediated by seed dispersers and, to a lesser
extent, pollinators. Manilkara zapota provides a good
example of the fact that, when vectors of pollen and
seeds are highly mobile, the long-term effects of forest
fragmentation, habitat loss and isolation may have
relatively little effect on genetic diversity and structure,
especially when the distance among patches is exceeded
by the home ranges of these vectors of pollen and/or
seeds.
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Campeche, México. Acta Zoológica Mexicana 32:404–406.

CHASE, M. W. & HILLS, H. H. 1991. Silica gel: an ideal material for field

preservation of leaf samples for DNA studies. Taxon 40:215–220.
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M. M. & CALVO-IRABIÉN, L. M. 2014. Genetic diversity

and genetic structure in wild populations of Mexican oregano

(Lippia graveolens H.B.K.) and its relationship with the chemical

composition of the essential oil. Plant Systematics and Evolution 300:

535–547.

MAS, J. F. & CORREA, J. 2000. Análisis de la fragmentación del paisaje
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MUNGUÍA-ROSAS, M. A. & MONTIEL, S. 2014. Patch size and isolation

predict plant species density in a naturally fragmented forest. PLoS

ONE 9:e111742.
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