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Abstract This study examines the levels of gene flow,

the distance and the patterns of pollen and seed dispersal,

the intra-population spatial genetic structure (SGS) and the

effective population size of a spatially isolated Myra-

crodruon urundeuva population using five microsatellite

loci. The study was carried out in the Paulo de Faria

Ecological Station, São Paulo State, Brazil and included

the sampling and mapping of 467 adult-trees and 149

juveniles. Open-pollinated seeds (514) from 29 seed-trees

were also sampled and genotyped. Significant SGS was

detected in both adult (Sp = 0.0269) and juveniles trees

(Sp = 0.0246), indicating short-distance seed dispersal.

Using maternity analysis, all juveniles had the mother-tree

assigned within the stand. A father-tree within the stand

was also assigned for 97.3% of the juveniles and 98.4% of

offspring. The average pollen dispersal distance measured

in juveniles d̂ ¼ 138� 169 m; mean� SD
� �

and off-

spring d̂ ¼ 252� 204 m
� �

were higher than the average

seed dispersal distance measured in juveniles

d̂ ¼ 124� 150 m
� �

. About 70% of the pollen from juve-

niles and 51% from offspring traveled less than 200 m and,

72% of the seeds traveled less than 50 m. The effective

population size of the studied sample indicates that the 467

adult-trees and 145 juveniles correspond respectively to

335 and 63 individuals that are neither inbred nor relatives.

The results are discussed in relation to their impact on seed

collection practices and genetic conservation.

Keywords Myracrodruon urundeuva � Tropical tree

species � Microsatellite loci � Seed dispersal � Pollen

dispersal � Spatial genetic structure

Introduction

The fragmentation of continuous forests into small, isolated

stands is a global problem affecting both tropical and

temperate forest ecosystems. Spatial isolation of popula-

tions by forest fragmentation changes the movement of

seeds and dispersal of pollen thus altering the gene flow

among populations (Hamilton 1999). Information about

distance and abundance of current pollen and seed flow is

fundamental to understanding whether remaining popula-

tions are functionally connected (Kamm et al. 2009). This

knowledge permits the appropriate design of management

and conservation strategies (Wang et al. 2007; Bittencourt

and Sebbenn 2008). Understanding the levels of gene flow

is also important for successful environmental restoration

in order to maintain corridors of gene flow and/or avoid

reproductive isolation among remnant populations (Wang

et al. 2007). Intensive pollen and/or seed flow maintains

genetic cohesion among populations, whereas low intensity

pollen and/or seed flow is expected to increase the genetic

differentiation through genetic drift and natural selection

(Young et al. 1996; Young and Boyle 2000; Bittencourt

and Sebbenn 2007). Gene flow also affects the genetic

diversity and the effective population size of the remaining

populations. If the gene flow among populations is high,

the genetic diversity and effective population size will

increase. In contrast, if populations are reproductively
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isolated, the genetic diversity and the effective population

size within populations will be reduced.

In this study we examine the contemporary pollen and

seed flow, intra-population spatial genetic structure, and

effective population size of an isolated population

([1,000 km)of the tropical tree Myracrodruon urundeuva

(F.F. & M.F. Allemão), occurring in a large forest fragment

in Brazil. The study area is located in the Paulo de Faria

Ecological Station, in the Northwest of São Paulo State,

Brazil. This stand is one of the last remaining forest frag-

ments in the Northwest of São Paulo State where M. uru-

ndeuva is found and therefore represents an important

population for conservation and regeneration within the

State.

Myracrodruon urundeuva is a bee- and wind-pollinated,

dioecious species which is characterized by a small flower

size. Insects, such as bees and trips have the potential to

disperse pollen over long distances (Ghazoul 2005; Dick

et al. 2008). This long distance dispersal is supported by

empirical data based on highly polymorphic genetic

markers such as microsatellite and paternity analysis

approaches (White et al. 2002; Dick et al. 2003; Lacerda

et al. 2008; Silva et al. 2008; Carneiro et al. 2009). Pollen

dispersal has been found to reach distances greater

than 800 m in various tropical species, including the insect-

pollinated Swietenia humilis (White et al. 2002),

bee-pollinated Dinizia excelsa (Dick et al. 2003) and trip-

pollinated Bagassa guianesensis (Silva et al. 2008). Long

pollen dispersal distance for insect-pollinated tree species

have also been found in the dioecious generalist subtropical

tree Eurycorymbus cavaleriei ([667 m, Wang et al. 2007)

and temperate tree Sorbus domestica (up to 16 km, Kamm

et al. 2009). Although these studies show that pollen dis-

persal can reach long distances, the frequency of these

events is low and the majority of the mating occurs

between the nearest neighbors (Byrne et al. 2008; Lacerda

et al. 2008; Silva et al. 2008; Carneiro et al. 2009; Kamm

et al. 2009). Nearest neighbor mating is the result of the

foraging behavior of many insects, such as bees, which

tend to move from one flowering tree to the nearest flow-

ering tree (Dick et al. 2008). However, forest fragmentation

may breakdown this pattern of nearest neighbor mating, as

has been found in isolated trees and populations occurring

in highly fragmented landscapes, including of Symphonia

globulifera (Aldrich and Hamrick 1998), Swietenia mac-

rophylla (White et al. 2002) and Dinizia excelsa (Dick

et al. 2003). Asynchronous flowering, pollen carryover and

the inability of some small insects to perceive flowering

trees beyond a specific distance can also explain the

breakdown in nearest neighbor foraging (Dick et al. 2008).

Long distance seed dispersal is also important in con-

necting isolated populations and colonization (Kamm

et al. 2009). In diploid species, seed flow introduces two

alleles in each locus in the population and has evolu-

tionary advantages for regeneration over pollen as it is far

more likely to contribute to the next generation (Kramer

et al. 2008). Wind dispersal of seeds also has the potential

to reach long distances. In the tropical species Jacaranda

copaia seed dispersal via wind has been shown to occur

between 2.7 and 710.5 m (Jones et al. 2005). In the

temperate tree Fraxinus excelsior, seeds has been found

dispersed by wind at distances greater than pollen dis-

persal (Bacles et al. 2006). However, the porosity of the

landscape may affect the distance of wind dispersed seeds.

In open landscapes such as pastures, seeds are likely to be

dispersed by wind in longer distance than within dense

forests.

As noted above, the aims of this study are to investigate

the levels of gene flow, the distance and the patterns of

pollen and seed dispersal, the spatial genetic structure

(SGS), and the effective population size of the spatially

isolated M. urundeuva population using microsatellite

loci. In order to address the aims of the study, the fol-

lowing questions were raised: (i) What are the levels of

pollen and seed immigration and the distances and pat-

terns of pollen and seed dispersal inside of the population?

(ii) Is there SGS in the population? (iii) Are there dif-

ferences in the levels of genetic diversity between adult-

trees, juveniles and offspring? (iv) What is the effective

population size of adults, juveniles and open-pollinated

progeny?

Materials and methods

The study species

Myracrodruon urundeuva has a large geographic distribu-

tion in South America (3�300 S to 25� S), occurring in

Brazil, Argentina, Bolivia and Paraguay (Carvalho 2003).

The species occurs in the Semidecidual Estacional Forest,

Decidual Estacional Forest, Savanna, Caatinga, Chaco Sul

Matrogrossense and Pantanal Mato-Grossense. The popu-

lation density of the species varies widely, ranging from 2

to 115 trees per hectare (Carvalho 2003). Trees can reach

30 m in height and 100 cm in diameter at breast height

(dbh), but the growth of the species is slow, ranging

between 0.45 and 0.62 cm year-1 (Baleroni et al. 2003).

The wood has a high economic value due to its quality and

durability (Carvalho 2003). In southwest Brazil, especially

in São Paulo State, naturally forested areas have been

drastically reduced through conversion to agriculture

(Ribeiro et al. 2009) and as a result M. urundeuva has

become a rare species. The species is now found in only a

few remaining small and isolated forest fragments of

generally less than 10 ha.
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Study site

The study was conducted in a forest fragment at Paulo de

Faria Ecological Station (PFES), located in the Northwest

of São Paulo State, in Brazil (Fig. 1). The forest fragment

has 436 ha and is located on the south side of the Rio

Grande (19�580 S and 49�320 W). The climate of the region

is characterized by two climatic seasons: one dry, from

April to September (average rainfall of 167 mm), and the

other humid, from October to March (average rainfall of

978 mm) (Barcha and Arid 1971). The altitude ranges

between 400 to 495 m and the vegetation is typically of

Seasonal Semi-deciduous Forest (one of the sub-categories

of the Atlantic Forest), characterized by a high diversity of

tree species. A floristic study done in the fragment detected

70 tree species (Stranghetti and Ranga 1998). The frag-

mentation of this area occurred before 1980 because of

land conversion for agricultural activities and in the past

Fig. 1 Spatial distribution

of M. urundeuva adult-trees,

juveniles and seed-trees in the

Paulo de Faria Ecological

Station. a grouped population;

(b) isolated trees

Conserv Genet (2010) 11:1631–1643 1633

123



the forest stand was exploited using selective logging. The

Ecological Station is geographically isolated by the river in

the north and pastures and sugar-cane on the south, east and

west sides. In this fragment, M. urundeuva occurs mainly

grouped in the Northern part of the forest, near to the river

(Fig. 1). In this section 470 M. urundeuva adult-trees were

found, with a diameter at breast height (dbh) ranging

between 11.03 and 94.54 cm (28.62 ± 13.52 cm; mean ±

standard deviation; Fig. 2) and ages likely ranging between

20 and 210 years. Many of these trees are remnants of the

pre-fragmentation population. This area also features

intense M. urundeuva regeneration, with dbh ranging from

0.64 to 10.98 cm (7.76 ± 2.39 cm), suggesting that these

individuals are between 1 and 20 years of age.

Sample size

For this study a census was carried out in the PFES in 2008.

All adult-trees identified in the census were sampled,

mapped and their dbh measured. However, due to poor

quality DNA samples, a male and two females were not

genotyped, and the analysis was carried out with 467

individuals. The open-pollinated seeds used for parentage

analysis in this study were collected 16 year ago (see

below). To ensure consistency with previous methodology,

only trees in the stand with a dbh of 11 cm or more (age

C19 years) were considered reproductive for this study; in

progeny tests has been observed that M. urundeuva starts

flowering at three years of age (trees with dbh of about

2 cm), although the intensity is very low (Moraes et al.

1992). Of the 467 adult trees, 175 were female, 268 were

male and 24 adult trees were not sexed due the absence of

flowers.

To study the seed and pollen dispersal distance and

spatial genetic structure of the regeneration, a sample of

149 juveniles and 29 open-pollinated families established

in a progeny test was carried out. Juveniles represent dif-

ferent reproductive events and were sampled within cir-

cular subplots with a radius of 30 m around 30 random

female-trees. The dbh of the female-trees ranged from 19.7

to 94.5 cm. These 30 female-trees were the source of open-

pollinated seeds which were used to establish a progeny

test at Selvı́ria Experimental Station (20�200 S, 51�230 W

and 370 m of altitude) in Selvı́ria, Mato Grosso do Sul

State in 1992. In the trial, 20 offspring were sampled from

each family, totaling 600 offspring. However, from these

600 offspring, 86 were excluded from the analysis because

they were genotyped with less than four loci (missing data

in more than one locus). The number of sampled families

was therefore reduced to 29. The cambium tissue was

sampled from 11 of the largest trees, leaves in other adult

trees, juveniles and offspring. The cambium tissue was

preserved in Eppendorf tubes with a solution of CTAB

buffer (1/3) and ethanol (2/3) and stored at -20�C before

DNA extraction. Leaf samples from juveniles and offspring

were stored in silica gel at room temperature before DNA

extraction.

Microsatellite analysis

DNA extraction followed the CTAB protocol (Doyle and

Doyle 1990), with the following modifications: the addition

of proteinase K (100 ug/ml), PVP-40 (4%), PVP-360 (1%),

and b mercaptoetanol (2%) in the extraction lid. The

analysis of the microsatellite loci was conducted at the

laboratory of Vegetable Genetics (CERNAGEN-EMB-

RAPA). The amplification reactions were carried out fol-

lowing Caetano et al. (2005), using five Auru initiators

(C072, D094, A392, D200 and E062). The amplification

reaction of 6 ll was realized using 1 ng genomic DNA,

200 lM of each dNTPs, 2.5 mM of MgCl2, 0.33 lM of

each initiator, MilliQ sterile water, and 19 Go Taq Master

Mix PROMEGA. The forward component of each primer

pair was marked in the 50 extremity with fluorophores. The

amplification reactions were carried out in a thermocicler

9600 and 9700 (Applied Biosystem) programmed for the

following conditions: a cycle of 94�C per 3 min., 35 cycles

of 94�C per 30 s, primer pareament temperature per 30 s,

72�C per 30 s, and a final cycle of 72�C per 5 min. After

the amplification products were diluted (1 ll of reaction to

5 ll of MilliQ water), they were mounted and a multiplex

of 2 and 3 distinct amplified loci were prepared, using 1 ll

of each amplified, 0.35 ul pattern of molecular size CEN-

ARGEN/ROX, 9 ll of formamide Hi Di and 0.65 ll of

Milli Q autoclaved water. Subsequently, the samples were

denatured at 94�C for 5 min and run on an ABI Prism 3700

capillary sequencer (Applied Biosystem). To detect and

estimate the size of the alleles the software ABI Prism

GeneScan version 3.7 (Applied Biosystems) was used. To

filter the peaks and to interpret the genotypes of the indi-

viduals, the estimated size of the alleles were imported

using the software ABI Prism Genotyper version 3.7 NT

Fig. 2 Diagram showing the distribution of class frequencies

of diameter at breast height (d.b.h.) for adults and juveniles of

M. urundeuva in the studied forest fragment
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(Applied Biosystems). Finally, the values of the alleles

were fitted into discrete categories, using the software

AlelloBin (Idury and Cardon 1997).

Analysis of genetic diversity and fixation index

The genetic diversity of adults, juveniles and offspring was

characterized by the number of alleles (k), allele richness

(R), observed heterozygosity (Ho), and expected hetero-

zygosity under Hardy–Weinberg equilibrium (He) for each

locus and for all loci together. The allele richness was

estimated by rarefaction (El Mousadik and Petit 1996). The

levels of inbreeding in the samples were estimated using

fixation index (adult-trees: Fa; juveniles: Fj; offspring: Fo).

The significance of the F values for each locus and for all

loci together was calculated by 10,000 permutations and

using a sequential Bonferroni correction for multiple

comparisons (95%, a = 0.05). All analyses were run using

program FSTAT, version 2.9.3.2. (Goudet 1995).

Parentage analysis

The theoretical power to exclude the parent pair

PParent�pair

� �
was calculated using the program CERVUS

3.0 (Marshall et al. 1998; Kalinowski et al. 2007). Par-

entage analysis was carried out by maximum-likelihood

maternity and paternity assignment (Meagher 1986) based

on multilocus genotype of 149 juveniles, 514 open-polli-

nated offspring and all 467 adult-trees, also using CER-

VUS 3.0. The most likely parents and parent pairs were

determined by D statistic (Marshall et al. 1998) using the

allele frequencies calculated in the adult population, as

suggested by Meagher and Thompson (1987). To deter-

mine the likely mother and father of each juvenile, all 175

females were used as maternal candidates and all 268

males were used as paternal candidates. The significance of

D was determined through maternity and paternity tests

simulated by the software (critical D) using a confidence

level of 80%. The calculation of critical D values used the

following parameters: 90% of candidates sampled were

located within the population, a genotyping error ratio of

0.01, and 100,000 repetitions. The confirmation of true

parenthood (a male or female individually, or a pair) was

obtained if an individual (male or female) or a pair of

individuals had a calculated D index higher than the cryptic

D derived from simulations. The cryptic gene flow (the

probability of finding a compatible mother or father can-

didate inside of population, when the true parent was

outside of the population) was calculated based on the

method described by Dow and Ashley (1996). The seed

immigration rate mSeedsð Þ in juveniles was calculated as the

proportion of juveniles that had no determined parents

nimmigrantðseedÞ
� �

inside of population, relative to the total

number of sampled juveniles ntotalð Þ: m̂Seeds ¼
n̂immigrantðseedÞ=ntotal. The pollen immigration rate mPollen in

juveniles and offspring was calculated by the proportion of

juveniles or offspring that had no pollen parent

nimmigrantðpollenÞ
� �

inside of the stand in relation to the total

number of sampled juveniles or offspring ntotalð Þ:
m̂Pollen ¼ n̂immigrantðpollenÞ=ntotal.

As all sampled individuals were mapped (x and y

coordinates) before sample collection, the seed dispersal

distance was calculated based on the location of the juve-

niles relative to their putative mothers. The distance of

pollen dispersal was calculated based on the position of the

identified mothers in relation to the identified father. In

order to investigate if mating success was a function of

distance between trees, we compared the frequency dis-

tribution of realized pollination with the frequency distri-

bution of the distances among all trees in the fragment

using the Kolmogorov–Smirnov test (Sokal and Rohlf

1995). To confirm the parent assignments, the coancestry

coefficient between juveniles/offspring and identified par-

ents inside of the population was also calculated. The

expected coancestry coefficient value for a parent-sib pair

is 0.25 for which the method of J. Nason (Loiselle et al.

1995) and the program SPAGEDI 1.3 (Hardy and Vekemans

2002) was used.

Spatial genetic structure analysis

Spatial genetic structure (SGS) was examined using the

average coancestry coefficient (hxy) between adult-tree and

juvenile pairs. The hxy values were calculated using the

program SPAGEDI 1.3. The hypothetical coancestry value

hxywas estimated using the allele frequencies of the parent

population. This is expected to produce hypothetical values

of coancestry between two relatives (half-sibs = 0.125;

full-sibs = 0.25; cousins = 0.0625; Hardy and Vekemans

2002). We used the allele frequencies calculated in adult-

trees for the analysis of juveniles. For the analysis of adult

trees, we assumed that the population has the same allele

frequencies as that found in the present adult generation.

To visualize the spatial genetic structure, hxy values were

averaged over a set of distance classes, and plotted against

the distances. We used 5 m distance intervals for both

adults and juveniles with a maximum distance of 70 m. In

order to test whether there was significant deviations from

SGS, the 95% confidence interval was calculated for each

observed value and each distance class, using 1,000 per-

mutations of individuals among locations. We also esti-

mated the coancestry coefficients between juveniles and

the fathers and mothers assigned by paternity and maternity

analysis (see above) and between juveniles determined as

full-sibs, half-sibs and non-siblings.To compare the extent

of SGS between adults and juveniles the statistic Sp
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(Vekemans and Hardy 2004) was calculated as follows:

�bk=ð1� h1Þ, where h1 is the average coancestry coeffi-

cient calculated between all pairwise individuals within the

first distance class (0–5 m), and bk is the slope of the

regression of coancestry coefficient on the logarithm of

spatial distance (0–70 m). To test for SGS, spatial position

of the individuals were permuted (10,000 times) to obtain

the frequency distribution of bk under null hypothesis that

h1 and ln(dxy) were uncorrelated.

Coefficient of coancestry and effective population size

The coancestry coefficient and the effective population size

were calculated separately for adult-trees, juveniles and

offspring. The effective population size (Ne) for adult-tree

was estimated as:

N̂e ¼
0:5

Ĥ n�1
n

� �
þ 1þF̂a

2n

(Cockerham 1969).The parameter H is the group

coancestry in adult-trees, calculated following the

approach for dioecious species proposed by Lindgren and

Mullin (1998):

Ĥ ¼
Pnf

x¼1

Pnf

y 6¼1 ĥf

4n2
f

þ
Pnm

x¼1

Pnm

y 6¼1 ĥm

4n2
m

þ
Pnf

x¼1

Pnm

y¼1 ĥfm

2nf nm
;

where: hf, hm, and hfm are the coancestry coefficients

between females, males, and males and females together,

and nf and nm are the number of female and male adult-

trees. The coancestry coefficients were calculated using

Loiselle0s estimator (described above) and the program

SPAGEDI. The effective population size (Ne) for juveniles

was calculated using the same expression as for adult-trees,

but substituting the coefficient of inbreeding in the

juveniles (Fj) by Fa. The group coancestry in juveniles

was calculated by:

Ĥ ¼
0:25 nMðhsÞ þ nPðhsÞ

� �
þ 0:5nMðfsÞ

n2 � n
;

where: n is the sample size, nMðhsÞ is the number of pairwise

maternal half-sibs, nPðhsÞ is the number of pairwise paternal

half-sibs and, nMðfsÞ is the number of pairwise full-sibs. It is

important to note that the later expression is used for

dioecious or self-incompatible species because the expres-

sion does not consider the self-coancestry of individuals

(the coancestry between an individual and itself; Lindgren

et al. 1996). As dioecious or self-incompatible species are

non-selfing, it was excluded from the expression.

For offspring, the coancestry coefficient was calculated

by Ĥ ¼ 0:125ð1þ F̂aÞð1þ r̂pÞ, where Fa is the inbreeding

coefficient in the parental population, and rp is the paternity

correlation (Sousa et al. 2005). The paternity correlation

was calculated by r̂p ¼
Pnp

i¼1 p̂2
i , where np is the number of

analyzed embryos within families and Pt is the number of

seeds fathered by a male-tree (i) within families. The

effective number of pollen donors was calculated by N̂ep ¼
1=r̂p ¼ 1=

Pnp

i¼1 p̂2
i (Burczyk et al. 1996). The effective

population size for offspring was calculated using the same

expression as for adult-trees and juveniles, but substituting

the coefficient of inbreeding in the offspring (Fo) by Fa.

The effective pollination neighbor area (Aep) was calcu-

lated for each seed-tree from the variance in the distance of

pollen dispersal (r2), assuming a circular area surrounding

each seed-tree, Âep ¼ 2pr̂2 (Levin 1988). The radius of

pollen dispersal was calculated from Aep by r̂ep ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Âep=3:1415

q
(Smouse et al. 2001).

Results

Genetic diversity and fixation index

From the DNA analysis of five loci and the total sample of

1130 genotypes (adults ? juveniles ? offspring), 60 alleles

were detected. The number of alleles per locus ranged from 7

(SR62) to 25 (SR72), with an average of 12 alleles per locus.

The observed heterozygosity ranged from 0.472 to 0.839,

with average of 0.713 and the expected heterozygosity ran-

ged from 0.581 to 0.866, with average of 0.662. The fixation

index ranged from -0.348 to 0.215, with average of -0.077

(P \ 0.05).

From the five loci, 60 alleles were found in adult-trees, 41

in juveniles, and 50 alleles in offspring (Table 1). Within the

population, 19 alleles were found exclusively in adult-trees,

suggesting genetic drift during mating. The average number

of alleles per locus in adults Â ¼ 12� 1:63
� �

was signifi-

cantly higher than in juveniles Â ¼ 8:2� 0:78
� �

and off-

spring Â ¼ 10� 0:54
� �

. However, the average allele

richness (R), estimated by rarefaction, and both the observed

and expected heterozygosities were not significantly differ-

ent between the adults, juveniles and offspring. The fixation

index was also significantly (P \ 0.05) lower in adults

F̂a ¼ �0:153� 0:064
� �

than juveniles F̂j ¼
�

�0:018�
0:069Þ and offspring F̂o ¼ �0:053� 0:053

� �
. Using a

sequential Bonferroni correction (95%, a = 0.05), the fixa-

tion index in three of the five loci were significantly different

from zero in adults, juveniles and offspring (Table 1). The

average fixation index for all loci was also statistically sig-

nificantly different from zero for adult-trees and offspring.

Parentage analysis

The hypothetical exclusion power of the parent-pair was

relatively high, 0.993 (Table 1), and the probability of
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cryptic gene flow was also high (0.42). Thus, about 42% of

assigned maternity and paternity matches could be incor-

rect. A probable mother-tree was found inside of the stand

for each of 149 sampled juveniles (Table 2). Of 175

candidate mother-trees, 74 (42%) mothered at least one

juvenile. The number of juveniles mothered by these

mother-trees ranged from 1 to 11. No significant association

was detected between the number of juveniles mothered by

each mother-tree and their respective dbh r̂ ¼ð
�0:368; P [ 0:05; df ¼ 72Þ. A probable father-tree was

found for 145 (97.3%) of the 149 studied juveniles and for

506 (98.4%) of the 514 offspring. Of the 268 candidate

male-trees, 78 (29%) fathered at least one juvenile (ranged

from 1 to 7) and 138 (51.5%) fathered at least one offspring

(ranged from 1 to 23). No significant association

was detected between the number of juveniles r̂ ¼ �0:201;ð
P [ 0:05; df ¼ 76Þ and offspring r̂ ¼ �0:065; P [ð
0:05; df ¼ 136Þ fathered by each pollen donor and their

respective dbh. No mismatching was observed between off-

spring and their respective seed-tree, indicating that the

progeny trial was established with the correctly sampled

family. To confirm these mother and father assignments, we

estimated the coancestry coefficient between identified

mother-trees and juveniles and father-trees with juveniles and

offspring. The estimated average coancestry coeffi-

cient between assigned mother-trees and juveniles (0:326�
0:037, ± CI95%), putative father-trees and juveniles 0:288�ð
0:046Þ, and putative father-tree and offspring

(0.234 ± 0.012) were significantly different from zero.

Seed and pollen dispersal distance

The distance of seed dispersal measured by paternity

analysis ranged between 0.8 and 887 m, with an average of

124 ± 150 m (± SD) and median of 46.3 m (Table 2).

The results indicate that about 53% of seeds grow within a

50 m of radius of the mother-tree and about 90% grow

within 400 m of the mother-tree (Fig. 3a). The correlation

between the number of juveniles mothered by mother-trees

and the distance from mother-tree was statistically signif-

icant (r̂ ¼ �0:83;P\0:01, df = 72).

Pollen was also predominantly dispersed in short-

distances, ranging from 2.9–863 m, with an average of

138 ± 169 m (median of 64.4 m), for juveniles and a

range of 3.1–890 m, with an average of 252 ± 204 m

(median of 191.7 m), for offspring (Table 2, Fig. 3b and

4). These average distances are shorter than the average

distance between all male and female-trees (374 ± 235 m)

in the stand. For juveniles, about 70% of the pollen was

dispersed in distances less that 200 m and 90% of the

pollen traveled less than 500 m (Fig. 3b). For offspring,

about 87% of the pollen was dispersed in distances less

that 500 m (Fig. 4). No juvenile or offspring was fatheredT
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Ĥ
e

F̂
a

P
P

a
re

n
t�

p
a
ir

k
R̂

Ĥ
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by a group of trees further than 4 km (Fig. 1). A significant

and strong negative correlation was detected between the

number of juveniles r̂ ¼ �0:96;P\0:01; df ¼ 76ð Þ and

seeds r̂ ¼ �0:92;P\0:01; df ¼ 136ð Þ fathered by the

pollen-donor and the distance between mother and father.

The comparison of the curve of frequency of pollen

dispersal and the curve of frequency between all male and

female-trees rejected the hypothesis of random mating for

both juveniles (Kolmogorov–Smirnov test: D ¼ 0:713;

P ¼ 0:0001) and offspring (Kolmogorov–Smirnov test:

D ¼ 0:224; P ¼ 0:0001).

Reproductive effective neighbor area

The reproductive neighbor area was estimated for each

family (Table 3). The result varied substantially among

seed-trees, indicating that seed-trees received pollen from

male-trees within circles of 3.8–56.1 ha, with an average of

22.1 ha. This produces a radius of effective pollen dis-

persal ranging from 110 to 422 m, with average of 251 m.

Spatial genetic structure (SGS)

Significant SGS was detected in both adult and juvenile

stages (Fig. 5a, b). In adults, the estimated coancestry

coefficient (hxy) was significantly positive in the distance

class 0 to 42 m and in juveniles in the distance class

0–32 m, suggesting isolation by distance. In adult trees, the

hxy value in the first distance class ĥxy ¼ 0:059 was similar

to that expected between first-cousins ĥxy ¼ 0:0625
� �

and

in juveniles ĥxy ¼ 0:121
� �

it was similar to the expected

value between half-sibs ĥxy ¼ 0:125
� �

. The regression

slope bk of pairwise coancestry coefficient on the logarithm

of spatial distance (0–70 m) was significantly negative for

both adults (bk = -0.0253, P \ 0.001) and juveniles

(bk = -0.0217, P \ 0.001), thus confirming the presence

of isolation by distance. The intensity of SGS as measured

by Sp statistic, was similar in adults (Sp = 0.0269) and

juveniles (Sp = 0.0246). These results indicate a strong

short distance SGS for both adults and juveniles.

Coancestry coefficient and effective population size

Both the coancestry coefficient between sexes and the

effective population size were estimated for the 443 adult-

trees whose sex was determined (Table 3). The average

Table 2 Pollen and seed dispersal in the M. urundeuva population and average coancestry between pollen and seed-parents with respective

juvenile and offspring

Sample n Dispersal Dispersal distance (m) Coancestry

Within Outside Mean Median Min/max Average Min/max

Juvenies: seeds 149 100% (149) 0% (0) 124 ± 150a 46.3 0.8/887 0.326 ± 0.037b -0.097/1.299

Juveniles: pollen 149 97.3% (145) 2.7% (4) 138 ± 169 64.4 2.9/863 0.288 ± 0.046 -0.180/1.521

Offspring: pollen 514 98.4% (506) 1.6% (8) 252 ± 204a 191.7 3.1/890 0.234 ± 0.012b -0.112/0.791

Min/max Minimum and maximum dispersal distance

n is the sample size
a Mean ± standard deviation
b Mean ± 95% confidence interval

Fig. 3 Frequency distribution of pollen (a) the white bars show the

expected pollen dispersal distance frequency and black the observed

pollen dispersal distance and (b) seed dispersal distances in

M. urundeuva)

Fig. 4 Frequency distribution of pollen (the white bars show the

expected pollen dispersal distance frequency and black the realized

pollen dispersal distance) in M. urundeuva offspring
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coancestry coefficient between females (hxyf), males and

females (hmf), and male trees (hm) were 0.000359,

0.00000409, and -0.00003869 (assumed as zero), respec-

tively. Thus, in random mating a low level of biparental

inbreeding is expected in this population (F \\ 1%). From

the effective population size it was determined that of the

443 adult-trees whose sex was identified in this study, 335

individuals were neither inbred, nor related N̂e=N ¼ 0:76
� �

.

In juveniles the sex was not determined; therefore, the

coancestry coefficient was estimated for 145 juveniles that

had both identified parents within the stand (Table 3).

From all paired juveniles (10,440 pairs), 2% were maternal

half-sibs, 0.29% full-sibs, 1.05% paternal half-sibs and

96.66% were not related. The average coancestry coeffi-

cient was 0.00454 and the effective population size was

62.9. Thus, the 145 juveniles consist of 63 individuals that

are neither inbred nor relatives N̂e=N ¼ 0:43.

For open-pollinated seeds, the paternity correlation (rp)

ranged among families from 0.061 to 0.167, with an average

of 0.100, indicating that the offspring are comprised of

mixtures of half- and full-sibs (Table 3). The effective

number of pollen donors (Nep) ranged among families from 6

to 16.61, with an average of 10.83. The average coancestry

coefficient and the effective population size within families

was lower than expected in open-pollinated seeds collected

from panmictic populations (H = 0.125; Ne = 4).

Discussion

Stand isolation

The results of parentage analysis in this study show a total

absence of seed immigration in established juveniles and

Table 3 Estimate of

coancestry, effective population

size, average pollen dispersal,

and effective pollination

neighbor area in the studied

M. urundeuva population

a Variation among families
b Average among families

Sample Values

Adult trees (sex determined) 443

Number of females: nf 175

Number of males: nm 268

Average coancestry between females: hf 0.00035900

Average coancestry between female and males: hmf 0.00000409

Average coancestry between males: hm -0.00003869

Effective population size: NeðadultsÞ 335

Relationship: NeðadultsÞ
�

N 0.76

Juveniles 145

Average coancestry between juveniles: Hjuveniles 0.004538

Effective population size: NeðjuvenilesÞ 62.9

Relationship: NeðjuvenilesÞ=N 0.43

Offspring 514

Number of seed-trees 29

Paternity correlation: rp 0.061–0.167a (0.100)b

Effective number of pollen donors: Nep 6–16.61 (10.83)

Average coancestry within family: Hwithin families 0.133–0.146 (0.140)

Average effective population size within family: Neðwithin familyÞ 2.85–3.25 (3.14)

Average pollen dispersal distance of each family: dfamily 80–657 m (233 m)

Effective neighbor pollination area: Aep 3.8–56.1 ha (22.1 ha)

Radius of effective pollen dispersal: rep 110–422 m (251 m)

Fig. 5 Correlograms of average coancestry coefficient (hxy) for (a) 14

distance classes of adults and (b) 14 distance classes of juveniles of

M. urundeuva, each with intervals of 5 m. The solid line represents the

average hxy values. The dashed lines represent the 95% (two-tailed)

confidence interval of the average hxy distribution calculated by 1000

permutation of spatial distance among pairs of adults and juveniles
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low levels of pollen immigration in both juveniles (2.7%)

and offspring (1.6%). Myracrodruon urundeuva seeds are

dispersed by anemochory and trees are pollinated mainly

by bees (Nunes et al. 2008). Theoretically, anemochory and

bees have the potential to disperse seeds and pollen over

long distances; however, many factors can limit the dis-

tance of such dispersal methods such as high vegetal

density and the absence of other seed and pollen sources

surrounding the stand. The high vegetal density of the

studied stand (personal observation) can limit both seed

and pollen dispersal due to the low porosity inside of the

stand. With regards to pollen, some studies have shown

that vegetal density can limit the distance of pollen dis-

persal of both wind (Dyer and Sork 2001; Robledo-

Arnuncio et al. 2004) and insect-pollinated tree species

(Sork et al. 2005). Thus, the high vegetal density of the

stand likely contributes to the observed absence of seed

immigration and low pollen immigration into the stand.

However, we believe that a more probable cause of the low

levels of immigration is the absence of others seed and

pollen sources in the vicinity of the stand. We observed

some small, isolated forest fragments in the region, but

M. urundeuva was not represented in these fragments.

Moreover, it is important to replicate the analysis of seed

and pollen immigration using more loci in order to

decrease the observed rate of cryptic gene flow and to

confirm the observed patterns and high levels of isolation.

Nevertheless, the detected high levels of genetic isolation

suggest an increase in the genetic differentiation of this

isolated population in relation to other populations of the

species. The genetic isolation of the population will likely

result in a reduction of genetic diversity and effective

population size in future generations.

Seed dispersal distance

The results of this study show a high frequency of seeds

dispersed over short distances in relation to the mother-tree

(Fig. 3a). The results also show a strong association

between the number of juveniles mothered by mother-trees

and their respective distance from the mother-tree, sug-

gesting isolation by distance. This short-distance seed

dispersal can explain the observed SGS in both adult trees

and juveniles (Figs. 4 and 5). A high frequency of short-

distance seed dispersal has been found in other wind seed

dispersed tropical tree species. Examining two yearly

events of seed dispersal in the tropical tree Jacaranda

copaia, Jones et al. (2005) found seed dispersal distances

ranging from 2.7 to 421.8 m, with average of 40.1 m, in

2000, and from 2.9 to 710.5 m, with average of 58.8 m, in

2002. This range of seed dispersal is similar to that

observed here (between 0.8 and 887 m), although the

average was smaller than detected in M. urundeuva

(124 ± 150 m). However, the average seed dispersal dis-

tance in Jacaranda copaia may be underestimated due the

fact that the authors were able to locate the mother tree of

only 23% of the sampled seeds in 2000 and 11% in 2002. A

high frequency of short-distance seed dispersal has been

also found in the wind seed dispersed temperate tree spe-

cies Fraxinus excelsior (38–100 m), although the majority

occurred over long distances (53% [ 2.7 km, Bacles et al.

2006). The authors concluded that the deforested landscape

in their case study favored long-distance seed and pollen

dispersal. Short-distance seed dispersal has also been found

in the animal seed dispersed subtopical/tropical tree

Araucaria angustifolia (* 80% under 160 m, Bittencourt

and Sebbenn 2007) and animal seed dispersed tropical tree

Copaifera langsdorffii (82% under 100 m, Sebbenn et al.

2009). In contrast, long distance seed dispersal has been

found in vertebrate seed dispersed species, such as the

tropical tree Simarouba amara (Hardesty et al. 2006) and

the tropical palm Iriartea deltoidae (mean 391.6 m, Sezen

et al. 2005).

Pollen dispersal distance

The observed pattern of pollen dispersal was the tipical

near-neighbor with a high frequency of short-distance

dispersal, with mating probabilities rapidly decreasing with

distance (Table 2, Figs. 3 and 4). The results also indicate

that the reproductive neighbor area of individual seed-trees

is smaller than the total area of the fragment (maximum

56.1 ha) because nearer male trees contribute to a higher

fraction of pollination events than more distant male trees.

Bees are able to travel long distances during foraging;

however, many bee species show local site fidelity or are

territorial (Ghazoul 2005). For example, forest honeybees

forage in very small patches (a few tens of meters wide)

and other bees tend to transport pollen between only one or

a few adjacent individuals (Wilmer et al. 1994). This pat-

tern of foraging can explain the observed short-distance

pollen dispersal. Another factor could be the high vegetal

density of the stand which can restrict the movement

of bees among more distant conspecifics, as already

discussed.

Intra-population spatial genetic structure

Short-distance seed dispersal resulted in family structures

inside of the stand. We found SGS in both adults and

juveniles and a higher level of SGS in juveniles compared

to adult-trees. The higher level of SGS in juveniles than

adult-trees indicates that the relatedness inside of the stand

is increasing. This is likely due to the isolation of the

population and short seed and pollen dispersal distances.

Since the population does not receive new immigrants and
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the levels of pollen immigration is also low, mating pre-

dominantly occurs only between individuals within the

population thus increasing relatedness in subsequent gen-

erations. In reproductive populations with SGS and a high

frequency of short-distance pollen dispersal, mating among

relatives is inevitable. Mating among relatives produces

biparental inbreeding. However, using the mixed mating

model and MLTR program (Ritland 2002), we did not find

significant mating among relatives (tm - ts = 0.007,

P [ 0.05) and inbreeding in offspring (Table 1). This

discrepancy can be explained by inbreeding depression

which eliminates inbred individuals between the fertiliza-

tion event and the moment of genotype analysis by

microsatellite markers. Inbreeding depression changes the

genetic structure between different ontogenetic stages and

has been reported in some tree species, such as Pseud-

obombax munguba (Gribel and Gibbs 2002), Platypodium

elegans (Hufford and Hamrick 2003), and Neobalanocar-

pus heimii (Naito et al. 2005). Within the present M. uru-

ndeuva population, inbreeding depression is possible

considering that the juveniles are individuals established in

the population and the studied offspring were established in

progeny tests.

Genetic diversity of different ontogenetic stages

The results of this study show that the effects of stand

isolation on genetic diversity in different ontogenetic

stages are unclear as the allele richness and heterozygosi-

ties were not significantly different between generations

(Table 1). The main explanation for this lack of evidence is

the long-life of the species and the small number of gen-

erations which have developed after isolation, as has been

discussed in other studies (Lowe et al. 2005; Kramer et al.

2008; Aguilar et al. 2008). Another issue affecting the

results is the slow depletion of expected heterozygosity by

genetic drift in large populations (Savolainen and

Kärkkäinen 1992).

Effective population size

The effective population size in both adults and juveniles

was lower than the number of individuals in the population

and this difference was greater among the juvenile popu-

lation than the adult (Table 3). This reflects the relatedness

between trees inside of the stand; as the relatedness was

higher among juveniles than adults, the relationship

NeðadultsÞ=N was lower in juveniles. These results suggest

that the frequency of related individuals is increasing in

new generations of the population, a phenomenon expected

in isolated populations. Regarding the open-pollinated

families, the effective population size (Ne) was lower than

expected in open-pollinated seeds collected from panmictic

populations. This result is due to non-random mating

(correlated mating) thus indicating that seeds for conser-

vation genetics must be collected from a large number of

seed-trees. Assuming that (i) seeds will be collected from

non related seed-trees, and (ii) the seed-trees sampled are

from different pollen pools, the number of seed-trees

needed for seed collection can be determined by dividing

the effective population size intended for conservation by

the average effective population size within families, m̂ ¼
NeðreferenceÞ=N̂eðwithin familesÞ (Sebbenn 2002). Thus, for

example, to conserve an effective population size of 150

(3 9 50, Nunney and Campbell 1993), the necessary

number of seed-trees for seed collection in this population

would be 48.

Conclusion

In conclusion, due to the large distances between the stand

and other conspecifics or populations of the species, no

seed immigration was detected in the stand and only low

levels of pollen immigration were observed. Inside of the

stand, a high frequency of seeds and pollen were dispersed

in short-distances, thus explaining the observed patters of

SGS. Consequently, the population was organized in

family structures, resulting in a reduction in the effective

population size of both adult and juvenile generations in

relation to the total number of individuals in the popula-

tion. This study has also shown that it is necessary to

collect seeds from a large number of seed-trees in order to

compensate for the increase in the relatedness within

sampled families due to non-random mating. Such results

indicate the need to consider pollen and seed dispersal and

SGS when designing sampling strategies for seed collec-

tion in conservation, breeding and environmental restora-

tion projects.
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Savolainen O, Kärkkäinen K (1992) Effect of forest management on

gene pools. New Forest 6:329–345
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