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Abstract Deforestation in southeast Brazil has led

to the extinction of Hymenaea courbaril var. stilbo-

carpa and ex situ conservation has been established.

In this study, the levels of genetic diversity and the

effective population size of H. courbaril in a germ-

plasm bank were investigated using six nuclear

microsatellite loci. A total of 79 and 91 alleles were

found in 65 seed-trees and their 176 offspring,

respectively. Offspring have a higher average number

of alleles per locus (A = 15.2) than seed-trees

(A = 13.2), but lower observed heterozygosity (off-

spring: Ho = 0.566; seed-trees: Ho = 0.607). The

estimate of outcrossing rate shows that the study

population is perfectly outcrossed (tm = 0.978, P [
0.05). Significant deviations from random mating

were detected through mating among relatives and

correlated matings. The average variance in effective

population size for each family was 2.63, with a total

effective population size retained in the bank of 170.1.

These results confirm that the preserved population of

H. courbaril retains substantial genetic variability.
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Introduction

The Atlantic forest of Brazil is one of the world’s most

important biodiversity hotspots for conservation pri-

ority (Myers et al. 2000). In Brazil, Atlantic forest

formations have been almost completely destroyed

and less than 5% of the original vegetation

remains, dispersed among several thousand fragments

(Zorzetto et al. 2003). Landscapes have become

increasingly fragmented; in the case of semideciduous
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tropical forest, populations of forest species are being

reduced and ecosystems are being altered, resulting in

a progressive erosion of biological diversity (Tilman

et al. 1994).

Until the mid nineteenth century, the natural

vegetation of the Ribeirão Preto region, in North-

eastern São Paulo State (southeast Brazil), had

remained essentially intact. However, following the

rapid expansion of cultivation areas, particularly

coffee and sugar-cane monocultures, the original

vegetation was destroyed and fragmented causing a

drastic loss of genetic forest patrimony. In 1997, the

University of São Paulo’s Forest Project initiated

plantation sites at the Ribeirão Preto Campus, with

the goal of rescuing and conserving regional vegeta-

tion cover. One of the objectives of this project was to

establish a germplasm bank (BG/USP/RP) to rescue

native tree species in the Ribeirão Preto region.

Among approximately 75 ha available for reforesta-

tion, 45 have been reserved for a genetic bank

containing the offspring of 44 endangered native

forest tree species, including Hymenaea courbaril

var. stilbocarpa (Hayne) Lee et Lang (Leguminosae).

This species has also been recognized as a priority

species for the conservation program of forest tree

genetic resources. H. courbaril is an economically

and ecologically important tropical tree species of the

Brazilian Atlantic rainforest.

Conservation and utilization strategies require

fundamental knowledge about levels of genetic

diversity, population genetic structure and effective

population size, because these are the key elements

that determine a species’ ability to respond to

selection, either natural or artificial procedures (Reis

and Grattapaglia 2004). Ex situ conservation proce-

dures which prioritize the preservation of germplasm,

making it available for research and the recovery of

degraded areas are rare (FAO 1984). The present

studies are, therefore, not only important to describe

the existing level and distribution of genetic variation

for conservation, but are also essential to optimize the

allocation of resources for germplasm conservation

and enrichment projects (Reis and Grattapaglia

2004).

At present, a range of powerful molecular genetic

techniques, based on the polymerase chain reaction

(PCR), are available for studying genetic diversity

and structure, mating systems and gene flow (White

and Powell 1997). Molecular genetic techniques,

primarily using genetic markers, can also aid in the

management of ex situ populations, by confirming the

identity of accessions and monitoring genetic changes

in collections. In particular, microsatellite markers

(SSRs–Simple Sequence Repeats) are among the best

molecular markers for the study of a population’s

genetic diversity, due to the higher level of informa-

tion they produce (Chase et al. 1996). SSRs are

highly polymorphic, inherited in a co-dominant

Mendelian manner, neutral and multiallelic.

In the present study, the level of genetic diversity

and the effective population size of a germplasm

bank of Hymenaea courbaril are investigated and

quantified using six nuclear microsatellite loci.

Material and methods

Species studied

Hymenaea courbaril var. stilbocarpa (jatobá or

guarnipol) is a wide-ranging forest species occurring

only in Brazil. It is mostly found in gallery forests in

the Cerrado (Savannah) region, but radiates into

the northeastern Caatinga and southern rainforests

(Leite 2007). Although the species has such a wide

distribution, it generally occurs in a low-density

population (\1 tree/ha). Individual size varies mark-

edly and is directly related to the habitat occupied:

populations that grow in tropical forests can reach

heights of 65 m, while those in the Cerrado and semi-

arid forests reach a height of just a few meters

(Lacerda et al. 2008a). H. courbaril is a diploid

(n = 12) species with alternated leaves, bifoliolate

and shortly petiolate; it is hermaphroditic with

inflorescences composed of a few racemes; the fruits

are indehiscent pods 5–12 cm long and 3–5 cm wide

with a thick, floury and sweet endocarp (Lee and

Langenheim 1974, 1975; Cowan and Polhill 1981;

Leite 2007). Pollination is performed by bats, bees,

hummingbirds and flies, with bat pollination occur-

ring at night in the sparsely distributed trees, and

other pollinators visiting diurnally (Crestana and

Mariano 1985). Bawa (1974) and Jansen (1983)

report this species to be self-incompatible. Studies by

Dunphy et al. (2004) and Lacerda et al. (2008a) use

genetic markers to demonstrate that H. courbaril is

perfectly outcrossed, confirming the results of Bawa

(1974) and Jansen (1983). According to Gibbs et al.
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(1999), this apparent incompatibility may result from

post-pollination events. Hydrochory is the main

mechanism for seed dispersal of the buoyant fruits,

but zoochory is also involved, with rodents and other

mammals aiding dispersing by transporting fruits or

eating seeds (Lee and Langenheim 1975). In addition,

the trees produce a high density, extremely decay

resistant wood, intensively used and valued in

carpentry and construction ranging from civil projects

to naval building and furniture (Lee and Langenheim

1975). The fruits and resin are also commercially

important products, with the latter exploited in Brazil

for use in varnish, incense and folk medicine (Lee

and Langenheim 1975). The dimensions reached by

the typical forest species (height and diameter),

combined with the good physical features of the

timber, make this species one of the most valuable

and most intensively exploited wood species in the

Brazilian Amazon (Lacerda et al. 2008a).

Sampling sizes

The study was conducted in an ex situ germplasm

bank established by the University of São Paulo, at

the Campus of Ribeirão Preto (northeastern São

Paulo State, Brazil 21�100S 47�480W) (BG/USP/RP),

and on its respectively seed-trees. Seeds used in

the germplasm bank were collected for three years

(1999–2001) in different rainforest remnants across

the Ribeirão Preto region, between Pardo and Mogi-

Guaçu basins (Fig. 1), mostly in farms. Aiming to

minimize genetically related samples, open-polli-

nated seeds were collected from 75 seed-trees

located at least 500 m apart each other. On average,

ten offspring were generated from each seed-tree

used to establish the germplasm bank (750 offspring).

However, many offspring died and ten families were

completely lost, leaving the remaining 65 families

and about 360 offspring to form the bank. Aiming to

quantify the genetic diversity in seed-trees and the

germplasm bank, leaves were collected from 65 of

the 75 seed-trees and from 176 offspring, with 1–8

individuals sampled from each family (an average of

three offspring per family). Approximately five

leaves were collected from each tree and placed into

plastic sealable bags with a small amount of silica gel

to assist in rapid drying and preservation of DNA.

DNA extraction

Genomic DNA was extracted from approximately

150 mg of frozen leaves, following by the standard

CTAB procedure (Doyle and Doyle 1990). Purity and

concentration of genomic DNA were determined using

a spectrophotometer (Spectronic Genesys, model 5).

SSR amplification

The SSR markers Hc12, Hc14, Hc17, Hc33, Hc40

and Hc42 (Ciampi et al. 2008) were used for this

study. Microsatellite loci were amplified via PCR in a

final volume of 10 ll containing 0.3 lM of each

Fig. 1 Geographic

localization of the

H. courbaril seed-trees
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primer, 1 U Taq DNA polymerase, 0.25 mM of each

dNTP, 19 MgCl2-free reaction buffer [75 mM Tris–

HCl pH 9.0, 50 mM KCl and 20 mM (NH4)2SO4],

1.5 mM MgCl2 and 2.5 ng of template DNA. The

PCR profile used to amplify the microsatellites was

96�C for 5 min; 30 cycles of denaturation at 94�C for

30 s, annealing at 58�C for 1 min, 72�C for 1 min,

and a final elongation step at 72�C for 7 min.

Amplifications were performed in a MasterCycler

Eppendorf. PCR products were denatured and sepa-

rated on 10% denaturing polyacrylamide gels stained

with silver nitrate (Sanguinetti et al. 1994). Allele

sizes were estimated by comparison to a 10 bp DNA

ladder standard (Invitrogen).

Genetic diversity and fixation index analysis

Genetic diversity for each locus and averaged loci

were calculated for sampled seed-trees and offspring.

The indices examined were the total number of

alleles over loci (k), observed heterozygosity (Ho)

and expected heterozygosity under the Hardy-Wein-

berg equilibrium (He). All cited indices and paternity

exclusion of the first [Pr(Ex1)] and second parent

[Pr(Ex2)] were estimated using the CERVUS 3.0

program (Kalinowski et al. 2007). The effective

number of alleles per locus was estimated by the

expression Âe ¼ 1=ð1� ĤeÞ: The fixation index (F)

was calculated for offspring and reproductive adults

as F̂ ¼ 1� ðĤo=ĤeÞ. The statistical significance of F

values was assessed from 10,000 bootstrap replicates

across loci, using GDA (Lewis and Zaykin 2000).

Genetic differentiation between seed-trees and off-

spring was estimated using the Fst statistic (method of

Weir and Cockerham 1984) and the program GDA.

Mating system analysis

Mating system analyses were conduced in two steps:

(1) all families (65) were used to estimate outcrossing

rates, even those families that had only one offspring;

and (2) families with three or more offspring (17)

were used to estimate paternity correlations, or the

proportion of full-sibs within families.

The mixed-mating and correlated mating models

were used to characterize the mating system, using

the software Multilocus MLTR version 3.1 (Ritland

2002). The calculated parameters were: multilocus

outcrossing rate (tm); single-locus outcrossing rate

(ts); mating among relatives rate (tm - ts); and

multilocus paternity correlation (rp(m)). The number

of effective pollen donors was calculated from

paternity correlations by the expression: N̂ep ¼ 1=r̂p:

This analysis was performed at the population

level, using the Newton-Raphson numerical method.

The 95% confidence interval of the parameters was

calculated from 1,000 bootstraps. For the population

analysis, the standard deviation was calculated by

resampling individuals within families. The average

proportions of self-sibs (Pss), half-sibs (Phs) and full-

sibs (Pfs) within families were estimated asP̂ss ¼ s;

P̂hs ¼ t̂mð1� r̂pðmÞÞ and P̂fs ¼ t̂mr̂pðmÞ; respectively.

Estimation of effective population size

from mating system parameters

The effective population size was calculated using

the variance effective population size. For mating

system analysis, the average variance effective size

(Ne(v)) was estimated using the Cockerham (1969)

estimator, in which an idealized population was

taken as reference (infinite size; random matings; no

selection, mutation and migration):

N̂eðvÞ ¼
0:5

Ĥxy

;

where Hxy is the coancestry coefficient among

plants within families, estimated from mating system

parameters and from the averaged relatedness coef-

ficient within families (rxy):

r̂xy ¼ 0:25ð1þ F̂pÞ½4ŝþ ðt̂2
m þ r̂st̂mŝÞð1þ r̂pÞ�

(Ritland 1989), where Fp is the inbreeding coefficient

in the parental generation, s is the self-fertilization

rate (1� t̂m), and rs is the selfing correlation, assumed

to be zero (rs = 0) as the study species is reportedly

self-incompatible (see Results and Discussion); other

parameters follow the definitions presented above.

Thus, assuming that Ĥxy ¼ r̂xy=2; the average coan-

cestry coefficient within families was calculated as:

Ĥxy ¼ 0:125ð1þ F̂pÞ½4ŝþ t̂2
mð1þ r̂pðmÞÞ�:

The total effective population size in the germplasm

bank was calculated multiplying the number of sampled

families (m) by the averaged variance effective size:

N̂eðvÞðtotalÞ ¼ mN̂eðvÞ:
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Results

Genetic diversity in seed-trees

All six microsatellite loci analyzed in seed-trees were

polymorphic (Table 1). A total of 79 alleles were

found in 65 seed-trees, where three low frequency

alleles were privates (not found in any offspring). The

number of alleles per locus ranged from six (Hc33) to

22 (Hc42) with a mean of 13.2. The effective number

of alleles per locus ranged from 3.60 to 7.87,

averaging 5.82, which suggests that although many

alleles were found at the loci, a large proportion

were of low frequency. The observed heterozygosity

ranged from 0.292 to 0.828, with a mean of 0.607;

this is lower than the expected heterozygosity, which

ranged from 0.722 to 0.873, averaging 0.813. A

significant deficiency in heterozygosity was observed

in three of six loci. The other loci fitted to Hardy-

Weinberg proportions. The average fixation index

was significantly different from zero (F̂ ¼ 0:259;

P \ 0.05). The probability exclusion of the first and

second parent was high, 0.9799 and 0.9982, respec-

tively, indicating that the number of loci used here is

sufficient for parentage studies.

Genetic diversity in offspring

A total of 91 alleles were found in 176 offspring

(Table 1). Fifteen low frequency alleles were privates

and were not found in the seed-trees gene pool. The

number of alleles per locus ranged from seven (Hc33)

to 27 (Hc42); average of 15.2. The effective number

of alleles per locus ranged from 3.82 to 7.69,

averaging 5.64. Observed heterozygosity ranged from

0.291 to 0.824, averaging 0.566, and expected

heterozygosity ranged from 0.738 to 0.870, averaging

0.813. The fixation index was significantly different

from zero (P \ 0.05) and positive in four of the six

analyzed loci. The average fixation index over all loci

was 0.310, suggesting inbreeding.

Table 1 Characteristics of six microsatellite loci from H. courbaril in adult and offspring

Generation/Locus n k Âe Ĥo Ĥe F̂ Pr(Ex1) Pr(Ex2)

Seed-trees

Hc12 63 17 7.87 0.365 0.873 0.581** 0.420 0.265

Hc14 65 11 6.41 0.815 0.844 0.034 0.487 0.319

Hc17 65 8 4.76 0.831 0.790 -0.052 0.589 0.408

Hc33 65 6 3.60 0.292 0.722 0.596** 0.690 0.511

Hc40 64 15 7.81 0.828 0.872 0.050 0.424 0.267

Hc42 63 22 4.46 0.508 0.776 0.345** 0.571 0.387

Means 13.2 5.82 0.607 0.813 0.259** 0.9799 0.9982

95% standard errora 2.34 0.71 0.098 0.024 0.113

Offspring

Hc12 146 18 6.80 0.390 0.853 0.543** – –

Hc14 176 12 5.75 0.824 0.826 0.002 – –

Hc17 175 9 4.78 0.629 0.791 0.205 – –

Hc33 172 7 3.82 0.291 0.738 0.606** – –

Hc40 174 18 7.69 0.764 0.870 0.122 – –

Hc42 145 27 5.03 0.497 0.801 0.380** – –

Means 15.2 5.64 0.566 0.813 0.310** – –

95% standard errora 2.89 0.55 0.082 0.019 0.094

Sample size (n); number of detected alleles per locus (k); effective number of alleles per locus (Ae); observed heterozygosity (Ho);

expected heterozygosity (He); exclusion probability of the first [Pr(Ex1)], and second parent [Pr(Ex2)]

** P \ 0.01
a 95% standard error was calculated by jackknife method

Genet Resour Crop Evol (2009) 56:797–807 801

123



Mating system

Because the employed sample size was small in terms

of individuals sampled within families (1–8 individ-

uals per family) and this large variation could affect

the estimates (especially the paternity correlation),

we carried out a mating system analysis for three

different scenarios, namely: (a) total sample with 65

families and one to eight individuals per family; (b)

47 families and two to eight individuals per family,

and (c) 28 families and three to eight individual per

family (Fig. 2). The estimates of multilocus (tm)

and single-locus outcrossing rate (ts), mating among

relatives (tm - ts) and paternity correlation (rp)

showed very small differences between the scenarios.

Estimates of multilocus outcrossing rates were high

and did not significantly differ (P [ 0.05) among

scenarios, ranging from 0.975 (for 28 families) to

0.981 (for 47 families), indicating that H. courbaril

is a perfect outcrossing species. The estimative of

single-locus outcrossing rate was lower than and

significantly different from the multilocus outcross-

ing rate (P \ 0.05), which ranged from 0.690 (for 65

families) to 0.710 (for 28 families). Differences

between multilocus and single-locus outcrossing

rates were high and significantly different from zero

(P \ 0.05), indicating mating among relatives (rang-

ing between 26.5 and 28.8%). Paternity correlation

was also significantly different from zero (P \ 0.05),

ranging from 0.175 to 0.177 between scenarios. The

standard deviation of the estimates of multilocus,

single-locus and differences between multilocus and

single-locus outcrossing rates (Fig. 3) increased as

the sample size moved from 65 to 28 families, except

for a substantial reduction in multilocus and single-

locus estimates between sampled sizes of 47 to 28

families. This suggests a reduction in the accuracy of

estimates. However, for estimates of paternity corre-

lation, a reduction in standard deviation between

sample sizes of 65 to 47 and 28 families, suggests, as

expected, increasing estimate precision with an

increased number of offspring sampled within fam-

ilies. These results indicate that the best strategy

would be to estimate outcrossing rates using 65

families and paternity correlation using 28 families.

Thus, differences between the scenarios were very

small. Therefore, scenario involving 65 families (1–8

individuals per family) was used to estimate the

outcrossing rate and the scenario involving 28

families (4–8 individuals per family) was used to

estimate the paternity correlation. The combination of

these two estimated parameters was used to calculate

the number of pollen donors, the coancestry coeffi-

cient and effective population size (Table 2).

Coancestry coefficient and effective variance size

Combining the estimate of the paternity correlation

(rp(m)) with the estimated multilocus outcrossing rate

(tm) it is possible to determine the proportion of

different kinship types within families (Table 2). The

families were composed predominantly of half-sibs

(80.6%), following by full-sibs (17.2%) and some

self-sibs (2.2%), although the outcrossing rate was

Fig. 2 Estimates of

multilocus outcrossing rate

(tm), single-locus

outcrossing rate (ts), mating

among relatives (tm - ts),
and paternity correlation

(rp) for three different

sample size. Vertical lines
are maximum the 95%

standard error
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not significantly different from unity (1.0). The

coancestry coefficient (Ĥxy ¼ 0:190) was higher than

expected for half-sib families (Hxy = 0.125). The

variance effective size was also low (N̂eðvÞ ¼ 2:63)

compared to the expected value for half-sib families

(Ne(v) = 4). The total effective variance size of the

sample was estimated to be 170.7.

Discussion

Sample size, mating system estimates and number

of SSR loci

Correct estimates of the genetic diversity index of

populations require at least 60 sampled individuals,

unless the population itself is smaller than that

value (Kirst et al. 2005). As this study uses at least

65 individuals sampled from the populations; thus,

we believe our sample to be sufficient. For a good

estimate of outcrossing rate (standard error of 0.03–

0.05), at least 200 offspring must be assayed for

several co-dominant loci (Ritland 2004). Though our

sample (176 offspring) is smaller, for the hyper-

variable microsatellite loci used here, the standard

error of the estimates will be close to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tð1� tÞ
p

=n,

and sample sizes over 50 individuals should be

sufficient (Ritland 2004). For the sample used here,

the expected standard error is 0.0008, indicating that

our data is sufficient to estimate the outcrossing rate.

The number of individuals sampled per family is also

important for good estimates of paternity correlation

to be obtained. A low number of individuals sampled

per family, or a large variation in that number can

affect estimates of paternity correlation. Although no

great variation was observed in the average paternity

correlation estimated from the different scenarios (65

families with 1–8 individuals per family; 48 families

with 2–8 individuals per family; 28 families with 3–8

individuals per family), the standard deviation of the

estimates was reduced in scenarios with less variation

in the number of individuals sampled per family (3–8

vs. 1–8) (Fig. 2). Thus, to obtain a reasonable

estimate of paternity correlation we use the 28 family

scenario. However, it is important to note that good

estimates of paternity correlation require a relatively

large number of individuals to be sampled from each

family (e.g. 20 individuals). Sampling fewer than 10

individuals per family can underestimate the pater-

nity correlation via sampling error. Future studies

Fig. 3 Estimates of standard deviation of the multilocus

outcrossing rate (tm), single-locus outcrossing rate (ts), mating

among relatives (tm - ts), and paternity correlation (rp) for

three different number of sampled families

Table 2 Parameters of

mating system for 47

families of H. courbaril

95% CI Confidence interval

for 95% error probability is

shown in brackets

Parameter Estimation

Multilocus outcrossing rate: tm 0.978 (0.959–1.200)

Single-locus outcrossing rate: ts 0.690 (0.664–0.760)

Mating among relatives rate: t̂m � t̂s 0.288 (0.086–0.258)

Multilocus paternity correlation: rp(m) 0.176 (0.028–0.211)

Average number of pollen donors: Nep 5.68 (4.74–35.71)

Proportion of self-sibs: Pss 0.022 (0.0–0.041)

Proportion of half-sibs: Phs 0.806 (0.757–0.972)

Proportion of full-sibs: Pfs 0.172 (0.027–0.211)

Average coancestry coefficient within families: Hxy 0.190 (0.148–0.300)

Variance effective size: Ne(v) 2.63 (1.67–3.37)

Total variance effective size: N̂eðvÞt ¼ mN̂eðvÞ 170.7 (108.5–219.0)
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will aim to sample more individuals per family,

ideally more than 20 individuals per family.

Although the number of loci used in this study is

small, high levels of polymorphism make SSR

markers useful for population genetic studies. In

addition, the combined probabilities of paternity

exclusion were very high (Table 1), demonstrating

that these markers have enough resolution to be used

for mating system analysis in H. courbaril.

Genetic diversity

The H. courbaril germplasm bank was established

with a large number of families (75), ensuring that the

ex situ procedure would preserve the population’s

genetic diversity. Our results show small differences

in gene frequencies among seed-trees and offspring.

The effective number of alleles and expected heter-

ozygosity were similar in offspring and seed-trees.

The Fst statistic was null (ĥp ¼ �0:0002, following

Weir and Cockerham 1984) between seed-trees and

offspring, indicating that the genetic diversity of the

original population was retained in the germplasm

bank. The largest genetic changes were observed in

genotypic frequencies: between adult and offspring

generations, observed heterozygosity was reduced

and fixation index increased (Table 2), indicating

inbreeding. Mating system analyses did not detect

self-fertilization, but found a high rate of mating

among relatives (tm - ts = 0.288). Thus, the inbreed-

ing in offspring can be explained by biparental

inbreeding. However, the high and significant fixation

index observed in adult trees (F̂ ¼ 0:259), cannot be

due to inbreeding, but rather, it is an artifact of the

sampling strategy, which produces a Wahlund effect

due to the wide distance between sampled seed-trees

(Fig. 1). The sampled seed-trees probably occur in

different subpopulations, producing an artificial

increase in the fixation index determined here.

Low frequency private alleles were observed in

both generations. Among the adult trees, three private

alleles were found. However, as only 1–3 offspring

were sampled for some families, and all families have

unsampled individuals which remain in the bank, it is

possible that these alleles have been retained. In a

diploid genotype, there is a 50% chance of transmit-

ting a given allele at a locus to the next generation,

showing a perfect 1:1 Mendelian segregation ratio.

Fifteen low frequency, private alleles are found in the

offspring, and probably come from other, unsampled

reproductive individuals in the population, further

indicating that the bank retains allelic diversity.

Mating system

Our results for outcrossing rate (t̂m ¼ 0:978, P [ 0.05,

Table 2) agree with previous mating system studies of

H. courbaril and indicate an absence of self-fertiliza-

tion. Dunphy et al. (2004), studying a H. courbaril

population in Costa Rica, and Lacerda et al. (2008a)

studying a population in Brazil’s Amazon region,

described this species as perfectly outcrossed (t̂m ¼ 1)

and probably self-incompatible. Self-incompatible

systems have been described in many tropical tree

species (Cascante et al. 2002; Fuchs et al. 2003; Lobo

et al. 2005); this system of mating prevents inbreeding

due self-fertilization and, consequently, inbreeding

depression. Self-fertilization is the strongest mecha-

nism producing inbreeding in plants, responsible for at

least 50% of inbreeding (homozygosis for identical per

descending alleles) in the offspring of each generation.

Another mechanism producing inbreeding is mating

among relatives (biparental inbreeding), but the degree

of inbreeding created through this mechanism depends

on the coancestry coefficient between the outcrossed

individuals. For example, the mating between two

half-sibs (hxy = 0.125) will produce 12.5% biparental

inbreeding, while mating between two full-sibs

(hxy = 0.25) will produce 25% inbreeding. In sum-

mary, H. courbaril seems to be perfect outcrossed and

self-incompatible; inbreeding probably occurs only by

mating among relatives.

It was observed that part of the mating in the

population occurred between related trees (t̂m � t̂s ¼
0:288, P \ 0.05), indicating biparental inbreeding.

As previously mentioned, mating among relatives

can explain the high and significant fixation index

observed in offspring (Table 1). This result also

suggests that the parental population, in which seed

were collected, presents a spatial genetic structure,

possibly due to near-neighbor relative trees originat-

ing from seed dispersal close to the parent seed-tree.

Lacerda et al. (2008b) studied this aspect of a H.

courbaril population in Brazil’s Amazon and found

spatial genetic structures in different ontogenic stages

of the population (seedlings, juveniles, adults). Bipa-

rental inbreeding is also an indicative of a deviation

from random mating.
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Deviation of random mating was also indicated

by the levels of correlated mating (r̂pðmÞ ¼ 0:176,

P \ 0.05), suggesting that part of the open-pollinated

offspring are full-sibs. Correlated mating may result

from the fragmentation of Atlantic forest which

reduced both the number of populations of the species

and the density of reproductive trees, limiting gene

flow between populations and individuals via isola-

tion. Alternatively, changes in the behavior of the

trees’ pollinating species, i.e., bats, could be respon-

sible. Bats tend to forage in the same area (Handley

and Morrison 1991), sometimes visiting just a few

trees. Thus, the low-population density and pollinator

behavior are likely to be the cause of correlated

matings.

From paternity correlations it was estimated that

about 5.68 (Nep) pollen donors visit each sampled

seed-tree. This value is comparable to the patterns

observed for other tropical tree species, with values

from 2 to 7 (James et al. 1998; Rocha and Aguilar

2001; Dunphy et al. 2004; Moraes et al. 2004;

Azevedo et al. 2007; Carneiro et al. 2007), and is

similar to those detected for other populations of

H. courbaril, where the number of pollen donors,

estimated by paternity analysis, was determined to be

6.9 in Costa Rica (Dunphy et al. 2004) and 4 in the

Brazilian Amazon (Lacerda et al. 2008a).

Effective population size and conservation

genetics

We estimated the variance effective size of H.

courbaril in the germplasm bank (BG/USP/RP). This

value (170.1) was lower than the census number of

individuals retained in the bank (N = 464); this is to

be expected, considering that the preserved popula-

tion is structured in progeny arrays. As progeny

arrays are compounded by relatives, there are many

genes identical per descend. This causes allelic

redundancy, reducing the effective population size

as compared to census numbers. The average coan-

cestry coefficient within families (Hxy) was estimated

at 0.190, 34% higher than expected for seeds

collected from panmictic populations (0.125: half-

sibs). Our analysis of mating systems suggests that

about 81% of offspring are half-sibs and 18% are full-

sibs (Table 2). Thus, the calculated average variance

effective size within families (Ne(v)) is only 2.63. This

value, equal to the coancestry coefficient, was about

34% lower than expected in half-sibs families

(Ne(v) = 4).

For loci with two alleles in outcrossing species

with discrete generation, it has been determined that

an effective population size of 50 is sufficient to

retain 95% of the actual level of genetic variation

(heterozygosity) over approximately ten generations

(Frankel and Soulé 1981). However, in species with

overlapping generations, a larger population is nec-

essary (Nunney and Campbell 1993). For these

species, Nunney and Campbell (1993) suggest

increasing the values of 50 two or three fold (100

or 150) to compensate. Therefore, an effective

population size on the order of 170 can retain a

substantial part of the present genetic diversity of

H. courbaril, at least over short terms (\10 gener-

ations). This may represent, in this long-lived tree

species, at least 500 years. In agreement with this

estimate, Lacerda et al. (2008a) show that to retain an

effective population size of 150 in H. courbaril seed

pool samples, it is necessary to collect seeds from at

least 56 trees. Thus, the present results confirm the

hypothesis that the GB/USP/RP germplasm bank

retains substantial genetic variability of H. courbaril

populations. This study validates that the existing

H. courbaril germplasm collection is representative,

and helps delineate future strategies for the conser-

vation of this species.
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