
Biochemical Systematics and Ecology 71 (2017) 147e154
Contents lists available at ScienceDirect
Biochemical Systematics and Ecology

journal homepage: www.elsevier .com/locate/biochemsyseco
Fine-scale spatial genetic structure and gene flow in
Acrocomia aculeata (Arecaceae): Analysis in an overlapping
generation

Maircon Rasley Gonçalves Araújo a, Afrânio Farias de Melo Júnior a,
Elytania Veiga Menezes a, Murilo Malveira Brand~ao a, *, Leide Gonçalves Cota b,
Dario Alves de Oliveira a, Vanessa de Andrade Royo a, F�abio Almeida Vieira c

a Universidade Estadual de Montes Claros, UNIMONTES, Postgraduate Program in Biotechnology, 39400-000, Montes Claros, MG, Brazil
b Universidade Estadual de Montes Claros, UNIMONTES, Postgraduate Program in Biological Sciences, 39400-000, Montes Claros, MG,
Brazil
c Universidade Federal do Rio Grande do Norte, Department of Forest Engineering, Brazil
a r t i c l e i n f o

Article history:
Received 15 December 2016
Received in revised form 6 February 2017
Accepted 11 February 2017

Keywords:
Macaw palm
Mating system
Microsatellite markers
Outcrossing rate
Genetic conservation
* Corresponding author.
E-mail addresses: maicon.araujo@gmail.com (M

Menezes), murilomalveira@yahoo.com.br (M.M. Bra
(V.A. Royo), vieirafa@gmail.com (F.A. Vieira).

URL: http://www.ppgb.unimontes.br/, http://w
www.ppgcb.unimontes.br/, http://www.ppgb.unimo

http://dx.doi.org/10.1016/j.bse.2017.02.005
0305-1978/© 2017 Elsevier Ltd. All rights reserved.
a b s t r a c t

This study aimed to assess the fine-scale spatial genetic structure (SGS) and gene flow
among the developmental stages of Acrocomia aculeata (Arecaceae) in a natural population
of the Brazilian savannah. The study was conducted in a 4.5 ha area using a population
census composed of 72 adult and 144 juvenile plants. Six-hundred embryo samples were
analyzed to investigate the gene flow of plant progenies. All individuals were genotyped
using seven microsatellite loci. The microsatellite loci generated 10.1 alleles on average.
Observed heterozygosity (Ho) was lower than expected heterozygosity (He) in all stages of
development. The mean Ho and He values were 0.496 and 0.688, respectively. The A.
aculeata population presented high genetic diversity despite its significant positive fixation
index (0.279, p ¼ 0.001). Significant SGS was observed for adults at the 2-m distance class
and for juveniles at the 2 and 4-m distance classes. Average pollen flow distance was
105 m. High multilocus outcrossing rate was observed (1.2), indicating that the species is
preferentially allogamous with evidence of self-incompatibility mechanisms. The A. acu-
leata population presents high potential for in situ and ex situ genetic conservation and
germplasm collection.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The intensive and uncontrolled exploitation of natural habitats has harmed the Brazilian tropical ecosystems, which are
usually unprotected by the local legislation (Nazareno et al., 2012). Fragmentation of natural populations reduces the size of
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the effective population, directly affecting the genetic diversity and reproduction and, consequently, the gene flow of plants
(Aguilar et al., 2008). The immediate reduction of genetic diversity in populations is one of the effects of forest fragmentation.
Thus fragmentation changes the genetic structure of plant population and increases inbreeding, which causes heavy losses to
forest species populations (Young et al., 1996).

Due to ecological, historical, and evolutionary factors, the genotype distribution in a plant population may not occur
randomly, creating spatial genetic structuree SGS (Vekemans and Hardy, 2004) and determining genetic diversity within and
between populations, identified in the macro and micro scales (Slatkin, 1987). SGS can be defined as the genotype spatial
distribution within a population, which results from different processes such as selection, demographic disorders, or envi-
ronmental heterogeneity (Brand~ao et al., 2015; Vieira et al., 2012). The presence of SGSmay affect genetic diversitymost likely
because of the creation of local family structures originated by restricted gene flow via seeds (Vekemans and Hardy, 2004).

Knowledge on SGS is important for application in conservation programs because it supports seed collection strategies for
in situ and ex situ conservation projects, indicating the distance between genetically divergent trees in the population. In
addition, it assists the management of natural populations, in which operating standards tend to affect genetic diversity
(Doligez and Joly, 1997). In fact, genetic diversity is one of the necessary conditions for evolutionary change and, therefore, an
essential component in the development of ecosystem conservation plans. The higher the inheritable genetic diversity of
adaptive characteristics, the greater the phenotypic plasticity of individuals. Also, genetic diversity is important for main-
taining the species in the long term, because knowing how this diversity is spread within and between populations allows for
understanding the evolutionary history thereof and, thereby generating conservation and management strategies.

The study of gene flow refers to the movement of alleles within and between populations. Gene flow acts as an evolu-
tionary force that homogenizes the genetic diversity within and between populations. However, with deforestation and the
isolation of populations owing to fragmentation, low gene flow rates reduce genetic diversity and, eventually, decrease the
adaptation of plant species (Dick et al., 2008). Currently, determination of pollen and seed dispersionwithin tree populations
has been effectively performed based on highly polymorphic genetic markers, such as microsatellites (Bittencourt and
Sebbenn, 2007). Nowadays, this tool is widely used in genetic maps, paternity tests, gene flow, population analysis, and
ecological and conservation biology studies (Bittencourt and Sebbenn, 2007).

The species Acrocomia aculeata (Jacq.) Lodd. ex Martius (Arecaceae) is native to the tropical forests and is present from the
south of Mexico to the south of Brazil, Paraguai and Argentina. Macaw Palm is mainly found in semi-deciduous forest valleys
and slopes. Regarding the botanic aspects, its stipe may reach 10e15 m in height and 20e30 cm in diameter (Motta et al.,
2002). It is a monoicous species, with spadix inflorescence, and unisexual flowers (Henderson et al., 1995). They are
visited by bees of the genus Trigona, which collect pollen from male flowers and pollinate the female flowers (Henderson
et al., 1995). Coleoptera are also among the main pollinators, including the families Curculionidae, Nitidulidae and Escar-
abaeidae (Henderson et al., 1995). Nevertheless, no detailed studies on this species mating system are available in the specific
literature. A. aculeata dispersion is facilitated by large fruit production, which are consumed by several animal species such as
macaws, capybaras, tapirs, rheas, etc.

The A. aculeata is among the palm trees of greater geographic dispersion in Brazil, with natural populations occurring in
almost all Brazilian territory. Because its adapts well to arid and semi-arid regions, macaw palm can be cultivated in marginal
areas or in areas with certain degree of environmental degradation, contributing to the reduction of environmental impacts
arising from the successive deforestation to plant oilseeds.

Unplanned extractivism results in the fragmentation and loss of local populations, increasing inbreeding and decreasing
genetic diversity. In view of this, conservation programs aiming to maintain the existing levels of genetic diversity have been
implemented (Nazareno et al., 2012). This fact highlights the importance of research on population genetics for the con-
servation of species, which is one of the objectives of this work. Production of data to support this aspect determines the
success of any conservation program, because they depend on knowledge on the genetic diversity within the species.

The following hypotheses were considered in the present study: 1) genetic diversity between Acrocomia aculeata prog-
enies is lower than that between adult individuals because the area of study is degraded and fragmented, and these factors
contribute to the reduction of genetic diversity over the generations; 2) the A. aculeata population presents high gene flow
and outcrossing rate considering that allogamy is suggested as a means of reproduction for this species according to the
expectations for tree species (Murawski, 1995; Collevatti et al., 2001); 3) fine-scale spatial genetic structuring is present in
different distance classes considering that outcrossings between related individuals have been reported by studies on the
mating system of several natural populations of tropical tree species (Carneiro et al., 2007), reinforcing the hypothesis of fine-
scale SGS, and that part of the gene flow is restricted to the vicinity of mother trees. In view of this, this study aimed to assess
the fine-scale spatial genetic structure and gene flow among different developmental stages of an A. aculeata population in
the transition area of Brazilian savanna and semi-arid region, in the north of Minas Gerais state.

2. Material and methods

2.1. Study site, sampling, and DNA extraction

The study was conducted in a 4.5 ha area located in the rural area of the municipality of Montes Claros, State of Minas
Gerais, Brazil (16�4800400 S; 43�5509900 W) (Fig. 1). The north of Minas Gerais state is characterized by a transition between
domains of Brazilian savannah and Stational Deciduous Tropical Forest (SDTF); it is a priority area for conservation (Cavalcanti



Fig. 1. Geographical distribution of Acrocomia aculeata individuals in the sampled population in the municipality of Montes Claros, State of Minas Gerais, Brazil.
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and Joly, 2002). The physiognomic classification of the area is dirty field, based on field observations and according to the
description by Bittencourt and Sebbenn (2007). The method proposed by Santos and Vieira (2005) was used to assess the
state of preservation of the sampled area. Assessment was conducted with regard to the presence of livestock, fire, and se-
lective logging. Scores vary from 1 to 5, with 1 referring to sites with the worst state of conservation and 5 to sites with the
best state of conservation. The area was classified as 2, because it shows few and scattered vegetation individuals, presence of
livestock, recent fire history, in addition to plant species selective logging due to pasture and planting.

A census of the population was conducted in a demarcated rectangular plot (4.5 ha). Outside the collection area, the
shortest distance between individuals of the species was 1.5 km. Small fragments were found in the adjacent areas. Therewas
an unpaved road west of the collected area. Results of the census showed 72 adult plants in fruiting phase, with height
ranging from 3 to 22 m and 144 juvenile plants below the height, measuring between 0.1 and 1.5 m. All individuals were
identified, sampled, and georeferenced. In order to study the gene flow among generations 20 mature fruits were collected
from each of 30 adult individuals, selected by simple random sampling, for progeny analysis, totaling 600 samples for embryo
DNA extraction. Thus the sampling size was 816 individuals. During the field collection, leaf samples were placed in plastic
bags with silica gel, and subsequently stored at�80 �C. The DNA of the adult and juvenile individuals was extracted according
to the CTAB 5%. DNA from the embryos was extracted according to the protocol proposed by Mogg and Bond (2003).

2.2. Analysis of microsatellites

Seven microsatellite loci (Aacu07, Aacu10, Aacu12, Aacu26, Aacu30, Aacu32, Aacu35), developed to Acrocomia aculeata by
Nucci et al. (2008), were used to genotype all the sampled individuals. The amplification reactions were performed in 15 mL
volume, with 1X buffer (10 mM Tris-HCl, pH 8.0, 50 mM KCl), 0.7 mM of each primer, 250 mM of each dNTPs, 1 unit of Taq DNA
polymerase (Phoneutria, BR), 0.25 mg of BSA,1.0 mM ofMgCl2, and 9 ng of DNA. Amplifications were performed using a Veriti
96 Well Thermal Cycler (Applied Biosystems, CA) under the following conditions: initial denaturation at 94 �C for 5 min (one
cycle), 94 �C for 1 min, 45 �C to 56 �C for 1 min (according to each pair of primers), 72 �C for 1 min (35 cycles), and 72 �C for
30 min (one cycle). The amplified products were submitted to electrophoresis in an automatic DNA sequencer, model ABI
3500 (Applied Biosystems, CA) and dimensioned by comparison with a known length DNA: Liz 600 (Applied Biosystem, CA)
using the software Gene Mapper v. 4.1 (Applied Biosystems, CA). Analyze of gametic disequilibriumwas performed using the
software Fstat 2.9.3.2 (Goudet, 2002), with Bonferroni correction (Rice, 1989). Detection of errors in genotyping was verified
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by Micro Checker 2.2.3 software (Van Oosterhout et al., 2004). The frequency of the null alleles was calculated by the method
of Dempster et al. (1977), using FreeNA software (Chapuis and Estoup, 2007).

2.3. Genetic diversity and structure

Genetic diversity was estimated by the number of alleles by loci (A), observed heterozygosity (Ho), expected heterozygosity
(He) under the Hardy-Weinberg equilibrium, and fixation index (f) using the software Genetic Data Analysis - GDA 1.1 (Lewis
and Zaykin, 2001).

To verify whether the developmental stages (adult, juvenile, and progenies) presented differences, the genetic structure
was estimated based on the Weir and Cockerham (1984) coancestry coefficient. The coefficients were estimated from the
variance of allelic frequencies of individuals, with F (total fixation index), f (fixation index), and q (differentiation between
progenies, juveniles, and adults), using the software Fstat 2.9.3.2, with 1000 randomizations and Bonferroni correction
(Goudet, 2002).

The genetic differentiation between the developmental stages analyzed was also estimated by the GST (Goudet et al., 1996)
index, a genetic differentiation measurement adequate for mutation rates of microsatellite loci; test significance was esti-
mated by genotype randomization among the samples to obtain the G log-likelihood statistics (Hedrick, 2005). After analysis
using the Fstat software, the alleles that presented allelic frequency lower than 0.05 were considered as rare.

2.4. Fine-scale spatial genetic structure

The fine-scale spatial genetic structure (SGS) analysis of the adult and juvenile genotypes was performed based on the
estimated coancestry coefficient (kinship) between pairs of individuals for 10 classes of distances, not defined a priori (Hardy,
2003) using the software SPAGeDI, version 1.2 (Hardy and Vekemans, 2002). Based on the mean standard error of the es-
timates, obtained by permutation of individuals, confidence intervals of the mean estimated coancestry coefficient for the
distance classes were constructed at 95% probability according to Hardy and Vekemans (2002). The occurrence of SGS was
tested by 1000 permutations within each class, and its magnitudewas calculated using the formula: Sp¼-blog/(1- Fij(1)) (Hardy
and Vekemans, 2002); where blog is the regression slope of the coancestry coefficient and Fij(1) is the coancestry coefficient (Fij)
of the first class of distance for all loci. The Sp values were used to compare the extension of the SGS between adult and
juvenile individuals.

2.5. Gene flow and mating system

Paternity of individuals, with known mother, was inferred using the software Cervus 3.0.3 (Marshall et al., 1998). The
software inferred the paternity through the likelihood ratio expressed as LOD scores (likelihood ratio log) considering two
possible pollen donors. The following parameters were used: 10,000 cycles, 1.0% error rate, 99% strict level of confidence for
distribution generation, and critical values of the difference in LOD scores between two most closely related individuals.

The gene flow through pollen was assessed by analysis of progeny structure using the software TWO-GENER (Austerlitz
and Smouse, 2001). The principle of this method is to estimate the differentiation of allelic frequency among the crossed-
pollen set (Fft) between different mother trees in the study area. The Fft parameter is calculated by analysis of molecular
variance (AMOVA) (Excoffier et al., 1992) as a male gamete (pollen) intra-class correlation within mother trees, where s2

a is
the variance in pollen frequency between trees and s2

d is the variance in pollen frequencywithin trees. TheFft parameter was
estimated on gamete haplotypes of pollen captured for an average of 30 mother trees assessed.

The outcrossing rates for all loci (tm) and for a single locus (ts) were estimated and compared between the open pollination
families. The single locus outcrossing rate concerns the crossover between unrelated individuals (ts). The difference between
the multilocus and single locus outcrossing rates (tm - ts) indicates the occurrence of outcrossing between related individuals.
The analysis was based on the mixed-mating model using bootstrapping (Ritland, 2004), whose model is based on progeny
analysis in which the detection of the non-maternal allele in the progeny genotype indicates the occurrence of outcrossing.
Standard error was obtained for each parameter based on 1000 permutations.

3. Results

3.1. Genetic diversity and structure

After a Bonferroni correction no locus analyzed showed significant deviation of the Hardy-Weinberg equilibrium. The
estimation of genotyping errors revealed a presence of null alleles in the Aacu12 locus, only for the juvenile samples (fre-
quency 10%). On the other hand, there was no presence of dropout and/or stutters for the analyzed alleles. The frequency of
errors was adjusted using the Oosterhout estimator which considers as non-amplified samples such as degraded DNA or
human error, for example.

The sevenmicrosatellite loci assessed for the A. aculeata population indicated an overall average of 10.1 alleles for the plant
developmental stages (Table 1). Observed heterozygosity (Ho) was lower than expected heterozygosity (He) in all



Table 1
Genetic diversity of the Acrocomia aculeata population individuals based on sevenmicrosatellite loci; Â - mean number of alleles per developmental stage;He

- expected heterozygosity; Ho - observed heterozygosity; f - fixation index, SE (95%): standard error.

Developmental stage Â He Ho f

Adult 9.4 0.733 0.516 0.296*
Juvenile 10.4 0.680 0.575 0.155*
Progeny 10.5 0.651 0.398 0.388*
Average 10.1 0.688 0.496 0.279*
-SE (95%)
þSE (95%)

3.33
3.49

0.144
0.131

0.101
0.098

0.058
0.096

*p ¼ 0.001, significant values; SE ¼ Standard Error.
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developmental stages, resulting in high, significant fixation indices (f) for adults, juveniles, and progenies. The f overall mean
value was significantly positive for the developmental stages of A. aculeata (Table 1).

The fixation index (f) and the total fixation index (F) were significant for the loci Aacu07, Aacu10, Aacu12, Aacu26, and
Aacu30, with Aacu07 and Aacu12 showing the highest values (Table 2). Aacu32 and Aacu35 presented non-significant values,
and Aacu35 showed negative f and F values. However, the mean estimates of f (0.338) and F (0.385) for the developmental
stages were significant (p ¼ 0.001) (Table 2).

Population differentiation was verified by the values of the q and GST indices, which were significant for most loci
(p ¼ 0.001), except for locus Aacu12. The means for the q and GST indices were 0.072 and 0.036, respectively (Table 2). Genetic
differentiation was significant between the different stages of development analyzed, with lower differentiation between
adults and juveniles (q ¼ 0.026) and higher differentiation between juveniles and progenies (q ¼ 0.089).

3.2. Fine-scale spatial genetic structure (SGS)

Significant SGS was found for juveniles and adults, with significant positive coancestry coefficient values (p < 0.05). The
genotypes are non-randomly distributed among adults in the 2-m class (Fij ¼ 0.02; p ¼ 0.005) and among juveniles in the 2
(Fij ¼ 0.04) and 4-m (Fij ¼ 0.013) classes. Significant negative kinship was observed among juvenile individuals (p < 0.05) in
the 7, 9, 15, and 17-m distance classes. The Sp values evidenced genetic structuring for adult (Sp ¼ 0.014, P < 0.001) and
juvenile individuals (Sp ¼ 0.014, P < 0.001), with kinship coefficient in the first distance class (Fij) of 0.021 and 0.046,
respectively.

3.3. Gene flow and mating system

Gene flow through pollen estimated by the mean distance between the pollen donor and the reproductive palm tree was
105.2m, withminimum andmaximumdistances of 0.5m and 287m, respectively. Eighty-three percent of the possible pollen
donors in the study area participated in the pollination of trees. However, 30% of the adult reproductive palm trees were not
pollinated by plants from the same area. Paternity was inferred for 10.5% of the assessed progenies, and it is likely that palm
trees were pollinated by plants from other areas.

Pollen flowmean distance (gene flow) was 105m, with pollen dispersion standard deviation of 0.7m. The estimatedmean
spatial distance between mothers was 10.51 m and the density of reproductive trees by hectare (d) was 16. The global Fft,
which measures the crossed-pollen genetic divergence across reproductive palm trees, was 0.353. Considering Fft > 0, it is
possible to conclude that the area presents restricted pollen dispersion for this species.

The multilocus outcrossing rate (tm) was high (1.2), with standard deviation of ±0.13, indicating that the species is pref-
erably allogamous. However, the single locus outcrossing rate (ts) was lower (0.701), with a standard deviation of ±0.275, and
significantly different from tm considering a confidence interval of 95% probability. The difference between themultilocus and
single locus outcrossing rates (tm - ts) was 0.499, with standard deviation of ±0,278. Considering the 95% confidence interval
obtained for the difference tm - ts, this estimate is statistically significant.

4. Discussion

4.1. Genetic diversity and structure

The Acrocomia aculeata population assessed presents high genetic diversity despite its significant positive fixation index
(f). It was possible to observe that the genetic diversity tends to reduce over the generations probably due to inbreeding. In
addition, genetic diversity among adults is relatively higher than among juveniles, which, in turn, is higher than among
progenies. The effects of fragmentation can lead to loss of genetic diversity, generally, in the generations established after
these processes, due to reduction of the effective population size and other factors (Goverde et al., 2002). The results obtained
for A. aculeata are similar to those reported by other studies on microsatellite markers, which show a tendency of lower
genetic diversity for progenies compared with that for adult trees (Resende et al., 2011; Sebbenn et al., 2011).



Table 2
Genetic structure of Acrocomia aculeata based on variance analysis of allelic frequencies and allele size for seven microsatellite loci. f (fixation index), F (total
fixation index), q (stage differentiation) and GST (genetic differentiation between stages).

Locus Repeated reason f F q GST

Aacu07 (GA)13 0.657 0.696 0.114 0.053
Aacu10 (AG)16 0.475 0.544 0.13 0.063
Aacu12 (TC)20 0.574 0.582 0.018* 0.007*
Aacu26 (AC)13 (AG)14 0.344 0.383 0.059 0.033
Aacu30 (CA)18 0.338 0.351 0.02 0.016
Aacu32 (TG)22 0.04* 0.057* 0.018 0.009
Aacu35 (TG)20 �0.215* �0.057* 0.115 0.058
For all loci e 0.338 0.385 0.072 0.036

*p > 0.001, non-significant values.
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In recent years the Acrocomia aculeata has shown a promising palm for extractivism. However, the irrational exploitation
of natural resources, environmental degradation and climate change undermine the survival of their populations in the long
term. Environmental degradation and fragmentation of natural populations can influence the behavior of agents that promote
the gene flow of tree species (Resende et al., 2011). Similarly, the pollinators of A. aculeata, which are beetles of the families
Curculionidae, Nitidulidae and Escarabaeidae (Henderson et al., 1995), have most likely been affected by the low preservation
index of the study area. Moreover, dispersion of A. aculeata fruits, facilitated by several animal species such as macaws,
capybaras, tapirs, rheas, etc., may also be affected by environmental changes, because the presence of these animals is little
observed in open and fragmented areas (Motta et al., 2002).

Low genetic differentiation was observed for the stages analyzed (q ¼ 0.072; GST ¼ 0.036), because according to Frankham
et al. (2002), only differentiation values higher than 0.15 are considered indicative of significant differentiation between
populations. The pairwise differentiation indicated that progenies are further away from the other stages. As noted, the
presence of alleles observed in progenies and not in adults may be due to pollen from outside the sampled area, as the group
of progenies presents different alleles from those found in other stages.

The presence of exclusive alleles in these natural populations is important to decision making on conservation of genetic
resources Kalinowski (2004). Therefore, having observed unique alleles in different stages of development of the A. aculeata
population, in situ and ex situ genetic conservation strategies are essential to preserve and ensure the maintenance of the
genetic diversity of this species.

4.2. Fine-scale spatial genetic structure (SGS)

Several studies on tree species have shown that seed dispersion is the main cause of SGS (Lacerda et al., 2008; Bittencourt
and Sebbenn, 2007; Carneiro et al., 2007). This process reveals that the seeds are removed from the mother plant vicinity to
“safe” distances; where predation and competition are lower (Howe and Miriti, 2004). Thus the dispersing agents - gravity,
water, wind, or animals - may directly influence the maximum distance of seed dispersion (Guariguata and Pinard, 1998).
However, the results of this study show the presence of genetic structures in short distance classes (2 and 4 m) among adult
and juvenile individuals, indicating that seed dispersion occurs in distances adjacent to the parent.

In spite of the literature reports of zoochorous dispersion (Motta et al., 2002), the SGS in A. aculeata adults and juveniles
suggests a predominantly barochoric seed dispersion, with fruits falling next to the reproductive palm trees and remaining
there until germination, without the action of other vectors. The mean spatial distance of seed dispersion (105 m) in the
population studied was lower than that observed in other forest species, whose seeds are dispersed primarily by zoochory
(Copaifera langsdorffii - Sebbenn et al., 2011), autochory (Araucaria angustifoliae Carneiro et al., 2007), and barochory (Quercus
salicina e Howe and Miriti, 2004). The genetic structure in the A. aculeata population, associated with other biological fea-
tures of the species such as reproductionmethod and dispersion standards, must be considered when preparing strategies for
genetic material collection of the species for conservation.

4.3. Gene flow

Not all plants in the reproductive stage were pollinated by trees from the same area; individuals from other areas have
probably contributed to the pollination of these plants. In fact, through field observation, reproductive individuals of A.
aculeatawere found at a distance of approximately 1.5 km. Generally, anthropized areas present low diversity and density of
species, causing the immigration of pollination vectors to new foraging areas (Llorens et al., 2012). Thus the pollen dispersal
radius in a population may vary depending on pollination.

The presence of unique alleles in juveniles and progenies confirms that the A. aculeata population sampled is not isolated
reproductively, reinforcing that the gene flow originates from individuals from other areas. Adult individuals also presented
unique alleles, which may indicate that not all alleles present in this developmental stage were transmitted to the progenies.

Regarding density analysis, a high rate (16 breeding plants/ha�1) was observed for the species studied, taking into account
that this density is considered high for populations of tropical species with more than 10 plants/ha�1 (Degen et al., 2004). A
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positive relation between the highest population density and the allelic dispersion in short distances is observed when the
density variation is > 5 plants/ha�1 (Silva et al., 2008). In addition, the average pollen dispersion distance found (105 m)
confirms the restricted gene flow, which has also been reported for other species (Carneiro et al., 2007; Llorens et al., 2012). In
fact, the contemporary gene movement at short distances for A. aculeata is consistent with the presence of fine-scale spatial
genetic structure in adults and juveniles.

The preservation of gene flow among populations is of relevant importance for the maintenance of genetic diversity in-
dexes. Thus, the conservation of forest fragments and the fauna involved in the processes of pollination and dispersal of A.
aculeata becomes critical action.

4.4. Reproductive system

The Acrocomia aculeata has a high multilocus outcrossing rate (1.200), suggesting an inbreeding preference with evidence
of self-incompatibility, as described by Scariot et al. (1991). Themultilocus outcrossing rates for A. aculeata are similar to those
found in other preferably allogamous tropical tree species such as Quararibea asterolepis (tm ¼ 1.008) (Murawski, 1995),
Caryocar brasiliense (tm ¼ 1.000) (Collevatti et al., 2001), Hymenaea courbaril (tm ¼ 1.002) (Lacerda et al., 2008), and Euterpe
edulis (tm ¼ 0.900e0.980) (Conte et al., 2008). The high difference value between Acrocomia aculeata multilocus and single
locus outcrossing rates indicates inbreeding, which may justify the high fixation index found.

The paternity correlation, which indicates the percentage of plants generated through bi-parental outcrossing, was high,
suggesting a non-random crossed-pollination process. The species presents restricted pollen dispersion in the studied area as
the values of crossed-pollen genetic divergence between reproductive plants were greater than zero. The causes of bi-
parental outcrossing may be attributed to the behavior of pollinators, systematically visiting nearby trees, and to the asyn-
chrony in flowering trees (Sun and Ritland, 1998). In fact, a lack of flowering was observed in the field, where reproductive
plants showed different phenological stages, with predominance of buds or flowers on separate plants. The variation in the
degree of synchrony between individuals within the same population changes the effective distance between flowering trees,
and may limit the actual number of mattings between individuals. Environmental variations can also affect the behavior and/
or density of pollinating animal populations, leading to changes in the outcrossing rates of species in different populations
and times (Murawski, 1995).
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