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Abstract. Dipteryx alata (Fabaceae) is a threatened tropical tree of the Bra-
zilian Savanna. Due to deforestation of its biome, many individuals and
populations are now spatially isolated in forest fragments, pastures, and
along roads. Plans for in situ and ex situ conservation of the species are
urgently needed. To support conservation, the mating system and pollen dis-
persal patterns must be better understood as they determine the levels of ge-
netic diversity, inbreeding, and effective size of seed generations. Microsat-
ellites were used to investigate the mating system, pollen dispersal, genetic
diversity and spatial genetic structure (SGS), in isolated trees in pastures
and along roads from two populations with different densities in the Brazil-
ian Savanna. Our aim is to determine the potential of these trees to contrib-
ute to seed collection for genetic conservation. We found that the species
presents a mixed mating system, strong individual variation in outcrossing
rate (0.01-1.0), and non-random mating. Low population density resulted in
lower levels of outcrossing (7, = 0.45) and mating among relatives (¢, - ¢ =
0.12), but longer pollen dispersal distances (6 = 6,572 m) than in the higher
density populations (¢, = 0.90, ¢ -t = 0.26, 6 = 1,395 m). Mating among
relatives was explained by SGS detected in the populations, associated with
near-neighbor pollinator foraging behavior. Correlated mating indicates that
a low effective number of pollen donors (1.5-10.3) fertilized the trees. Thus,
open-pollinated seedling families present mixtures of different levels of re-
latedness and inbreeding. Our results are discussed in light of strategies for
in and ex situ conservation.
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Introduction

The Brazilian savanna is one of the world’s
biodiversity hotspots and among the top 25
priority areas for conservation (Simon et al.
2009). With more than 7,000 plant species, it
is considered the most diverse tropical savan-
na in the world (Mendonga et al. 2008). Cur-
rently, this biome is experiencing extensive
deforestation and its area has been drastically
reduced and fragmented (Sano et al. 2007).
The significant fragmentation of the savanna
biome may decrease or even interrupt many
reproductive and demographic processes of
tree species, such as pollen and seed flow and
colonization (Collevatti et al. 2013, Baldauf
et al. 2014, Ibanes et al. 2016). Studies have
shown that forest fragmentation can lead to de-
creased population size (genetic bottleneck ef-
fect), spatially isolated trees and populations,
reductions in gene flow, genetic diversity, and
effective population size, and increases in self-
ing rates, spatial genetic structure, and genetic
divergence among populations of remnant tree
species (Bittencourt & Sebbenn 2007, Melo &
Franceschinelli 2016, Tambarussi et al. 2016).
All of these processes increase the probability
of population extinction. To mitigate the neg-
ative effects of reproductive isolation, refor-
estation strategies, such as the establishment
of populations between remaining fragments
or biodiversity corridors, are important to
promote gene flow. Studies have also shown
the importance of conserving spatially iso-
lated trees in the landscape as they can act as
stepping-stones, enabling gene flow between
isolated populations in forest fragments (Bit-
tencourt & Sebbenn 2007, Lander et al. 2010,
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Fuchs & Hamrick 2011, Sebbenn et al. 2011,
Rymer et al. 2015). Thus, the in situ conser-
vation of trees both in forest remnants and of
spatially isolated trees in the landscape are ex-
tremely important, as well as seed collection
strategies for ex sifu conservation and environ-
mental restoration.

To establish effective strategies to maintain
gene flow among remaining fragmented pop-
ulations for in situ conservation and to guide
seed collection for ex sifu conservation and
environmental reforestation, it is essential to
understand the pollen and seed dispersal dis-
tances and mating patterns of the species. Pol-
len and seed dispersal distances determine the
maximum distance at which populations must
be located to maintain gene flow and where
populations must be established to ensure ge-
netic connectivity. Mating patterns are espe-
cially important for seed collection in the con-
text of ex situ conservation and environmental
restoration (established populations) because
they determine the levels of relatedness, in-
breeding, genetic diversity, and effective size
of sampled progeny arrays (Sebbenn 2006).
In particular, sampling strategies for seed col-
lection should be guided by the effective size
of open-pollinated seedling families (Sebbenn
2006).

Assessing gene flow and mating patterns can
effectively be carried out using gene markers,
such as microsatellite loci, due to their high
polymorphism and codominant inheritance
(Burczyk et al. 2004, Ashley 2010, Ellstrand
2014). Based on genetic markers, gene dis-
persal distance and mating patterns can be
estimated directly using parentage analyses
(Burczyk et al. 2004, Ashley 2010, Leonar-
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duzzi et al. 2012, Ellstrand 2014) and indi-
rectly using models of gene dispersal distance,
such as TWOGENER analysis (Austerlitz &
Smouse 2001, Leonarduzzi et al. 2012, Ro-
bledo-Arnuncio et al. 2007). Parentage analy-
sis requires extensive sampling of adult trees
within a defined area and samples of descen-
dant populations, which can be seeds or regen-
erants. TWOGENER analysis requires only
samples of seed trees and their seeds. Both
indirect and direct methods produce robust
estimates of gene dispersal, but TWOGENER
analysis only provides information about pol-
len dispersal distances (Austerlitz and Smouse
2001, Leonarduzzi et al. 2012, Robledo-Ar-
nuncio et al. 2007).

In the present study, we investigate the po-
tential to include isolated trees in agricultural
landscapes in the Brazilian savanna in seed
collection strategies. Among the vastly diverse
tree species in the biome, we selected Dipteryx
alata Vog. (Fabaceae) since it is classified as
threatened in the endangered tree species list
(IUCN 1998). Its biome has been strongly de-
forested and many populations have gone ex-
tinct. . The species is economically important;
oil is extracted from its seeds, which is con-
sumed or used as raw material for pharmaceu-
tical and oleochemical industries (Takemoto et
al. 2001), and the wood is highly durable and
widely used for civil and naval construction
(Lorenzi 2002). The species is recommended
for silvopastoral systems and pasture foresta-
tion serving as both food and shade for ani-
mals (Oliveira & Sigrist 2008). Dipteryx alata
reaches 25 m in height and 70 cm in diameter
at breast height (dbh) and can live up to 60
years (Lorenzi 2002). The species is hermaph-
roditic, presents a late acting self-incompat-
ibility, and is pollinated by bees, mainly Xy-
locopa suspecta, Pseudaugochlora graminea,
and Apis mellifera (Oliveira & Sigrist 2008).
Fruiting starts when the tree reaches about six
years of age and reproduction occurs mainly
by outcrossing (Tarazi et al. 2010). Seeds are
primarily dispersed by barochory and second-

Dipteryx alataVogel (Fabaceae) , a neotropical tree with high levels of selfing ...

arily by mammals, such as monkeys, bats, and
rodents (Sano et al. 2004), which may restrict
seed dispersal distance, although seed disper-
sal can reach up to 8.2 km (Soares et al. 2015).

Molecular genetic studies have indicated
that fragmented populations of D. alata are
strongly genetically structured, presenting low
levels of genetic diversity and some inbreed-
ing (Tarazi et al. 2010, Collevatti et al. 2013,
Soares et al. 2015). However, many remaining
individuals of the species are spatially isolat-
ed in pastures and along roads, and there are
no studies of the genetic diversity, inbreeding,
and pollen dispersal distances for such popu-
lations. Due to the need to include this species
in genetic conservation and environmental re-
forestation programs, isolated trees in the land-
scape may be an alternative for seed collection,
especially considering the increased ease of
collecting in open areas. Thus, in this study we
use six microsatellite markers to describe the
mating system, pollen dispersal distance, spa-
tial genetic structure (SGS), genetic diversity,
and inbreeding in isolated trees of two D. ala-
ta populations. The goal of the study is to de-
termine an appropriate sample size for ex situ
conservation, environmental reforestation, and
tree breeding. We address four main questions:
i) do the adult tree populations show SGS? ii)
is genetic diversity higher and inbreeding low-
er in adults than in open-pollinated seeds, an
indicator of inbreeding depression? iii) what
are the rates of population and individual out-
crossing, mating among relatives, and correlat-
ed mating? and iv) what is the mean pollen dis-
persal distance to estimate the number of seed
trees and the distance between neighboring
seed trees to be used for seed collection aiming
at ex situ conservation and breeding programs.

Material and methods

Site and sampling

The study was carried out in two populations
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located about 560 km apart, with one in the
municipality of Paulo de Farias (PF), Sao
Paulo State, and one in Campo Grande (CG),
Mato Grosso do Sul State, Brazil (Figure 1).
PF is located on the left bank of the Rio
Grande in a transitional zone between
semi-deciduous and savanna forests in
the northern region of Sdo Paulo State;
CG is located within savanna forest rem-
nants surrounding the capital of Mato
Grosso do Sul. The climate in both study
areas is classified as tropical hot and hu-
mid (AW), characterized by a dry season
(April to September) with average rainfall
of 167 mm, and a rainy season (October
to March) with average rainfall of 978
mm. Sampling occurred in 2014 in forest
fragments, pastures, and along roads, in
an area of 124,911 ha in PF (population
density estimated from our data is 0.00055
trees/ha) and 45,365 ha in CG (0.00119
trees/ha). We sampled 69 trees in PF and 54
in CG. All trees were mapped (GPS Garmin

Mato Grosso
do Sul State

Brazil

0 10.000 20.000 Meters
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Colorado 300, Olathe, KS, USA), sampled
(leaf tissue), and measured for total height
(mean of 16.0 m) and diameter at breast
height (dbh, mean of 50 cm). Fruits were
collected from 12 seed trees in PF and from
11 seed trees in CG. Seed trees were ran-
domly selected, without consideration of
growth, vigor, or stem form, but were sep-
arated by at least 50 m in order to decrease
the probability of seed collection from
related trees. In PF, the distance between
trees ranged from 16 to 51,917 m (mean of
12,801 m) and between seed trees from 69
t0 29,466 m (mean of 8,371 m). In CG, the
distance between trees ranged from 40 to
26,469 m (mean of 6,124 m) and between
seed trees from 208 to 8,550 m (mean of
3676 m). More than 100 fruits were col-
lected per tree due to the fact that each
fruit contains a single seed. Seeds were
germinated in the nursery at the Education,
Research, and Extension Farm (EREF) of
FEIS/UNESP, located in the municipali-

Séo Paulo
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Figure 1 Spatial distribution of sample trees in Paulo de Farias (PF) and Campo Grande (CG) populations.

Red circles - seed trees, green circles - adult trees from which seeds were not sampled.
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ty of Selviria, Mato Grosso do Sul, Bra-
zil. The first leaf pair from 20 to 30 day old
seedlings was collected for DNA extraction.
Leaves were sampled from 30 seedlings of
each seed tree, for a total of 690 individu-
als. However, 91 seedlings were excluded
from the analysis due to missing data for
two or more loci; thus only 298 and 301
seedlings from PF and CG, respectively,
were used in the statistical analyses. In
March 2015, the genotyped seedlings were
used to establish a provenance and progeny
test at EREF, using a random block design,
with 23 treatments (seedling families), six
repetitions (blocks), five plants per plot,
and spacing of 3 x 2 m, for a total of 30
seedlings per family.

Microsatellite analysis

DNA was extracted from 100 mg of fresh leaf
tissue from adults and seedlings using the
method described by Doyle & Doyle (1990).
We used five specific microsatellite loci
(DaE12, DaE41, DaE46, DaE63, and Dod08)
developed by Soares et al. (2012) and BM 164
transferred from Phaseolus vulgaris (Gaitan-
Solis et al. 2002). Amplification reactions were
performed in an ABI Veriti 96 thermocycler,
under the following thermal profile: 2 min at
96 °C, followed by 33 cycles of 1 min at 94 °C,
annealing at 56 °C for 1 min and at 72 °C for 2
min, followed by 5 min at 72 °C. The total re-
action volume was 25 pL, as specified for the
Qiagen 10 Multiplex PCR Kit. Amplification
products were subjected to electrophoresis in
an ABI3100XL— D Filter (FAM-HEX-NED-
ROX) sequencer. Genotypic data generated
were exported using Genotyper® software
(Applied Biosystems Inc., Foster City). Data
were analyzed with the software TANDEM
9.0 (Matschiner & Salzburger 2009), which
provides the best statistical approximation for
discrete allele classes, considering microsatel-
lite motifs (di-, tri-nucleotide, etc.).
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Analysis of genetic diversity and structure

The genotypic disequilibrium between pair-
wise loci was estimated only for adult sam-
ples. Seedlings were excluded because gene
frequencies of open-pollinated seedling fami-
lies are biased due to the fact that all seedlings
from the same family receive at least one ma-
ternal allele, thus genotypic disequilibrium is
very likely to be observed as an artifact of the
maternal contribution. Statistical significance
of genotypic disequilibrium was tested by per-
muting alleles among individuals, associated
with a Bonferroni correction for multiple tests
(95%, a=0.05). Genetic diversity was estimat-
ed for adults and seedling families based on:
total number of alleles across loci (k), allelic
richness (R), and observed (/) and expected
heterozygosity (#,). All estimates were calcu-
lated using the FSTAT 2.9.3.2 software (Gou-
det 2002). To check for inbreeding in adults
(F), seed trees (F ), and seedling families (F)),
we estimated the fixation index F as follows.
For adults, was estimated using FSTAT and
the statistical significance was tested by per-
muting alleles among individuals, associated
with a Bonferroni correction. The frequency of
null alleles (Null) and the fixation index cor-
rected for null alleles (£, ,) was estimated for
adults in each population using a Bayesian ap-
proach (IIM), with 200,000 cycles and a burn-
in of 50,000, implemented in INEST 1.1 soft-
ware (Chybicki & Burczyk 2009). Mean and
individual seed tree fixation index (F) was
estimated using the SPAGEDI 1.3 software
(Hardy & Vekemans 2002). For seeds, mean
population and family fixation indices [F, =
1 - (H/H )] were estimated using / calculated
in each population and H, estimated from pol-
len pool gene frequencies of each population,
due to the fact that each plant within a family
receives at least one maternal allele, which can
bias I estimates (Tambarussi et al. 2015). The
pollen pool gene frequencies were estimated
using the MLTR 3.4 software (Ritland 2002).
To investigate whether estimates of genetic
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diversity and the fixation index were signifi-
cantly different between adults and seedling
families, we used an unpaired z-test. Genetic
differentiation between pairwise adult, family,
and adult and family samples was estimated
using the standardized G, statistic (Hedrick
2005). However, these indices were estimated
manually between adults and seeds and be-
tween seed samples using the gene frequencies
in the pollen pool calculated with MLTR, be-
cause sampling of family structures may result
in overestimates of gene frequencies of mater-
nal alleles, as noted above.

Analysis of spatial genetic structure

The spatial genetic structure (SGS) for adult
individuals of each population was estimated
for eight distance classes, using the coances-
try coefficient (6 ) described in Loiselle et al.
(1995), and the SPAGEDI 1.3 software (Hardy
& Vekemans 2002). To compare populations,
similar distance classes were used and selected
based on CG, where the density was lower, and
considering the criteria that each class must
present at least 100 pairwise 0, estimates. The
statistical significance of &  per distance class
was determined by the limits of the confidence
interval at 95% probability, calculated with
1,000 Monte Carlo permutations of individu-
als between distance classes. To compare the
extent of SGS between populations, the S, sta-
tistic (Vekemans & Hardy 2004) was used.

Mating system analysis

Mating system indices were estimated at the
population and individual seed tree levels (fam-
ily), using the method of maximum likelihood
(Expectation Maximization algorithm) imple-
mented in MLTR software (Ritland 2002). The
estimated indices were: multilocus (¢, ) and sin-
gle-locus (#) outcrossing rate, mating among
related individuals (¢, - 7 ), correlation of self-
ing (r), multilocus paternity correlation (r)
and correlation of selfing among loci (7). The

95% confidence interval for each estimate was
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obtained with 1000 bootstraps, using individu-
als within seedling families as the re-sampling
unit. We also calculated the effective number
of pollen donors (N, = 1/r,, Ritland 2002),
proportions of self- 51bs (P, = s’ wheres = 1
- ¢, is the selfing rate), half sibs (P, =1 (1

-r )) full-sibs (P, = v ., and self- half-sibs
(P?h‘ = 2st ), mean coancestry coefficient (©),
and Variance effective size (V) as described in
Tambarussi et al. (2016). The number of seed
trees necessary for seed collection to retain a
reference effective population size (V,,) of
150 (Lacerda et al. 2008) was calculated as:
M=N M/Ne (Sebbenn 2006). The estimate of
m is based on three assumptions: (i) seed trees
are not related, (ii) seed trees do not receive an
overlapping pollen pool (each seed tree mates
with a different set of pollen donors) and (iii)
seed trees do not mate with each other. Thus,
related individuals in the whole progeny sam-
ple occur only within a progeny array, but not
among different progeny arrays. Details for the
estimation of 95% confidence intervals for @,
N, and m are given in Tambarussi et al. (2016).
We used the Spearman’s rank correlation coef-
ficient (p) to investigate if the sum of the rate
of selfing (s) and mating among relatives (¢,
- t), and the sum s + (¢ - ¢ ), decreased the
allelic richness (R) and observed heterozygosi-
ty (H ) and increased the fixation index within
seedling families (F)), and if the within family
coancestry (@) decreased the allelic richness
(R) and (H).

Pollen dispersal analysis

As we did not sample all trees in the very large
sampling areas, the true pollen donors for many
seedlings may remain undetected by paterni-
ty analysis. Thus, we opted to use an indirect
method to estimate pollen dispersal distance.
Pollen dispersal distance was estimated using
the POLDISP software (Robledo-Arnuncio
et al. 2007). Because this method assumes an
absence of selfing, we used the CERVUS 3.1
software (Kalinowski et al. 2007) to identify
selfed seeds (PF= 154; CG= 34) and excluded
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them from the analysis. The KINDIST module
was used to estimate the paternity correlation
for each family (rp) and pairwise r, and spa-
tial distance (D) between seed trees. Mean r,
per family was used to calculate the mean ef-
fective number of pollen donors (N, = 1/rp).
Pairwise r and D between seed trees was used
to test if 7 declines as D increases, using the
Spearman ranking correlation (p). Since (p)
did not indicate a significant decrease in r, for
PF (-0.111; P = 0.421) and CG (-0.004, =
0.977), pollen dispersal distance was estimat-
ed using the TWOGENER module, based on
normal and exponential power distributions.
The dispersal distribution that best explained
the pollen dispersal was selected based on the
lowest standard error. We also estimated the ef-
fective reproductive pollen donor density (D),
pollen pool genetic differentiation among seed
trees (¢,), and mean, axial variance (8), scale
(a) and shape (b) of pollen dispersal distance.

Results
Genetic diversity and structure

For the adult sample, no genotypic disequilib-
rium between pairwise loci was detected after
Bonferroni correction (data not shown). A total
of 48 alleles were scored for adults and seed-
ling families of both populations. Based on
an unpaired t-test, the allelic richness (R), ob-
served (H) and expected heterozygosity (/)
were not significantly different between adults,
seedling families, and between adults and
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seedling families together, of both populations
(Table 1). The uncorrected fixation index for
null alleles (F) was significantly higher than
zero (P < 0.05) in adults and seedling families
of both populations (range 0.19-0.33), sug-
gesting inbreeding. The estimated frequency
of null alleles for adults in PF ranged among
loci from 0.005 (DalL12) to 0.129 (DaE46)
and from 0.06 (DaL12) to 0.048 (DaE41) in
CG. The fixation index corrected for null al-
leles (£, ,) was not significantly greater than
zero for the adult populations. The F value was
significantly lower (P < 0.05) in adults than in
seedling families. Genetic differentiation G,
was significantly higher than zero (P < O.OSA)
for all pairwise sample comparisons between
adults (0.268: 0.199-0.336, mean: 95% confi-
dence interval), PF and CG seedling families
(0.340: 0.271-0.409), and between adults and
seedling families of PF (0.018: 0.005-0.031)
and CG (0.153: 0.095-0.210).

Spatial genetic structure

Spatial genetic structure (SGS) was detected
in both populations, with the mean pairwise
coancestry coefficient (0 ) decreasing with
increasing distance between adults (Figure 2).
SGS was significantly (P < 0.05) higher than
expected for the hypothesis of an absence of
SGS at distances up to 275 m in PF and 700 m
in CG, indicating that individuals located with-
in these distances may be related. Although the
mean pairwise 0 in the first distance class was
higher in PF (0 112) than in CG (0.075), no
significant differences were detected between

Table 1 Genetic diversity for adults and seedling families of PF and CG populations

Sample n R (95% CI)

H_(95% CI)

H (95% CI) F(95%Cl) F

mik

PF: adults
CG: adults

69 3.4(2.4/43) 0.45(0.36/0.54)
54 3.8(2.9/4.8) 0.43(0.27/0.60)
PF: seedling families 298 3.1 (2.2/4.0) 0-36(0.31/0.42)
CG: seedling families 301 5.5 (3.0/8.0) 0-50(0.30/0.70)

0.55 (0.44/0.66)  0.19 (0.07/0.31)* 0
0.59 (0.44/0.74)  0.27 (0.01/0.53)* 0
0.56 (0.54/0.67)* 33 (0.23/0.43)% -
0.64 (0.5200.77Y (25 (0.03/0.46)* -

Note. Abbreviations: n - sample size, R - allelic richness for 51 genotypes, H and H, observed and expected het-

erozygosity, respectively; Fand F,

- fixation index uncorrected and corrected for null alleles, respectively; 95%

CI: 95% confidence interval; *P < 0.05. A: was estimated from pollen pool gene frequencies.
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ly different from zero in CG
(0.09). Paternity correlations
(rp) were significantly higher
than zero in both populations
(PF = 0.59; CG = 0.47) and
in all seedling families of PF
(0.10-0.65) and CG (0.10-

0.16 - ——FPF
---u---CG

0.12

0.08
> 0.04
2 0.00 ‘ —~
: CE
8 g

0.04 |

171 407 1, 1 1,968 ___ 4179 5813
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-0.16 - Distance (m)

Figure 2 Correlogram with the mean pairwise coancestry coefficient
(lines) and 95% confidence interval for adult trees of PF and

CG populations

populations. The extent of SGS inferred by the
Sp-statistic (up to 1300 m) was not significant-
ly different between PF (0.037: 0.018-0.056,
mean: min. and max. 95% CI) and CG (0.043:
0.030-0.056).

Mating system

Maternal fixation index () was variable
among trees of both populations (-0.56-0.70),
but the means of both populations were not
significantly different from zero (Tables 2
and 3). Outcrossing rate (¢, ) was significantly
lower than unity (1) in both populations (PF
= 0.45, CG = 0.90), in 11 and four seedling
families from PF and CG, respectively, as well
as significantly lower in PF than in CG. At the
population level, mating among related indi-
viduals (¢, - ¢) was significantly greater than
zero in both PF (0.12) and CG (0.26), but at
the individual level, it was significantly great-
er than zero in seven seedling families of CG
ranging from 0.12 to 0.37. Mating among rel-
atives was also significantly lower in PF than
CG, suggesting biparental inbreeding. The
selfing correlation () was significantly high-
er than zero, indicating individual variation in
¢t within populations. Correlation of selfing
among loci (r, ) was significantly higher than

zero in PF (0.62), but it was not significant-
250

0.53), indicating a low effec-
tive number of pollen donors
(N,,) fertilizing the seed trees
of both populations (PF:
mean of 1.7, range: 1.5-9.8;
CG: mean 2.1, range: 1.9 to
10.3). PF seedling families
were composed mainly of
self-half-sibs (P, = 49.5%)
and self-sibs (P = 30.3%),
while CG seedling fami-
lies were composed mostly of half-sibs (P, =
43.3%) and full-sibs (P,= 38.2%). These re-
sults produced a significantly higher coances-
try and lower effective size (N,) in PF (@ =
0.322, N,= 1.47) than in CG (@ = 0.200, N, =
2.26). The number of seed trees (m) for seed
collection was significantly higher in PF (102)
than in CG (66). The indices I, R and H were
also variable among seedling families (F:
-0.18-0.65, R: 1.5-3.9, H : 0.21-0.75); while
the indice s, ¢ -t,[s + (¢ -t )] and () signifi-
cantly decreased R and H , as suggested by the
negative and significant (P < 0.05) Spearman’s
rank correlation coefficient (p) values between
sVsR(p=-0.726),t -t vs R(p=-0.663),s +
(¢, -t)vs R (p=-0.527),0 vs R (p = -0.620),
svs H (p=-0.488),¢t -t vsH (p=-0.413),
[s +(t -t)]vsH (p=-0.488),and O vs H,
(p=-0.513).

Pollen dispersal

According to the Spearman correlation, the in-
dividual paternity correlation () of seed trees
estimated using MLTR and POLDISP (Tables
2 and 3) were highly associated (0.810, P <
0.001). Mean r, population values were not
different between MLTR and POLDISP esti-
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Table 2 Mating system and pollen dispersal indices based on normal and exponential distributions in PF

and CG populations

PF (SE) GC (SE)

Mating system

Fixation index of seed trees: F
Multilocus outcrossing rate: ¢,
Mating among relatives: ¢ - ¢
Correlation of selfing: r,

Correlation of selfing among loci: 7 o
Correlation of paternity: r,

Effective number of pollen donors: N,
Frequency of pairwise self-sibs: P
Frequency of pairwise half-sibs: P,
Frequency of pairwise full-sibs: P,
Frequency of pairwise self-half-sibs: P
Coancestry within family: ©

Variance effective size: N,

0.07 (-0.28/0.13)

0.616 (0.39/0.91)

0.303 (0.242/0.367)
0.082 (0.067/0.087)
0.120 (0.068/0.191)
0.495 (0.478/0.500)
0.322 (0.296/0.348)

-0.01 (-0.37/0.16)
0.90 (0.87/0.94)
0.26 (0.23/0.26)
0.12 (0.06/0.23)
0.09 (-0.09/0.26)
0.47 (0.38/0.55)
2.1 (1.8/2.6)
0.009 (0.004/0.017)
0.433 (0.399/0.466)
0.382 (0.288/0.480)
0.175 (0.116/0.229)
0.200 (0.184/0.236)
2.26 (1.94/2.46)

0.45 (0.39/0.51)
0.12 (0.11/0.12)
0.14 (0.07/0.22)

0.59 (0.44/0.74)
1.7 (1.3/2.3)

1.47 (1.37/1.60)

Number of seed trees for seed collection: m 102 (94/110) 66 (61/77)
Pollen dispersal

Sample size for outcrossed seedlings: n 144 267
Correlation of paternity: r, 0.39 (0.21/0.53) 0.37 (0.28/0.46)
Effective number of pollen donors: N, 2.7 (0.4/5.0) 2.7(1.9/3.4)
Global pollen pool differentiation: 0, 0.260 0.241
Normal dispersal distance: 8 + 6 (m) 6,572 + 5,244 1,395+ 1,113
Exponential dispersal distance: 8 (m) 7,402 1,585
Scale parameter for exponential: a 3,701 793
Error: normal dispersal distribution 1.885 0.832
Error: exponential dispersal distribution 1.788 0.729

Note. Abbreviations: PF - Paulo de Faria population and CG - Campo Grande populations, SE: standard error; o:

squared rooted axial variance.

mates and between populations (Tables 2 and
3). The effective number of pollen donors (Nep)
estimated using POLDISP ranged among seed
trees in PF from 1 to 14.5 (mean of 2.7) and
from 1.6 to 5.2 (mean of 2.7) in CG. Global
pollen pool differentiation among seed trees
(¢ ﬁ) was similar for PF (0.260) and CG (0.241).
The dispersal distribution was obtained with
the normal and exponential dispersal kernel;
the exponential power dispersal distribution
did not converge in both populations (Table 2).
The best dispersal distribution fit was obtained
by the exponential dispersal kernel in both

populations (lowest standard error). The mean
pollen dispersal distance estimates were 6,572
m in PF and 1,395 m in CG.

Discussion
Mixed mating system

In both populations, we found a non-random
mating pattern due to the occurrence of self-fer-
tilization, mating among related individuals (¢,
- t), and correlated mating (r). These results
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Table 3 Mating system indices estimated using MLTR and POLDIS for seed trees of PF and CG populations
MLTR (SE) POLDISP
n F t t -t r N (€] F N R H n r N

m m mn i) ep. 0 73 ep

9 25
14 25

0.28
0.70

0.38 (0.20) -0.30 (0.08) 0.10(0.04) 9.8
0.33 (0.18) -0.15 (0.08) 0.11 (0.04) 9.3
27 25 0.20 0.55(0.22) -0.07 (0.12) 0.17(0.10) 5.9
3225 0.05 0.01(0.01) -0.24 (0.01) 0.11(0.01) 9.5
33 24 -0.10 0.66 (0.22) -0.14 (0.14) 0.18(0.12) 5.7
36 25 -0.37 0.47(0.20) -0.13 (0.12) 0.13 (0.06) 7.8
37 25 -0.02 0.38(0.20) -0.23 (0.10) 0.12(0.04) 8.4
42 24 -0.38 0.46 (0.20) -0.19 (0.14) 0.41 (0.16) 2.4
51 24 -0.34 0.46(0.24) -0.34 (0.16) 0.11 (0.04) 9.3

57 25 -0.50 0.92(0.18) 0.02(0.14) 0.65(0.08) 1.5
66 26 0.06 0.59(0.22) -0.15(0.12) 0.36(0.18) 2.8
71 25 -0.45 0.71(0.22) -0.09 (0.12) 0.30 (0.18) 3.3

0.422
0.593
0.325
0.516
0.235
0.297
0.329
0.307
0.300

0.215
0.281
0.228

026 126 25 043 9 0.15 6.7
022 090 2.1 042 8 0.28 3.5
0.10 1.63 2.7 0.51 11 031 3.2
040 1.04 23 030 0 NE NE
0.52 225 24 026 16 0.25 4.0
035 1.78 2.7 0.35 11 0.31 3.2
0.50 1.61 2.3 0.30 10 0.26 3.8
0.65 1.73 23 021 11 1.06 1.0
033 1.77 2.5 0.38 12 0.07 14.8

038 245 1.5 028 23 0.56 1.8
0.12 1.87 2.8 0.50 15 0.50 2.0
0.19 231 2.6 043 18 035 29

79 27 0.05 1.00(0.01) 0.15(0.06) 0.46(0.16) 2.2
81 29 0.00 0.84(0.14) 0.20(0.10) 0.29 (0.16) 3.4
89 24 -0.56 0.66(0.20) -0.03 (0.14) 0.25(0.18) 3.9 0.238
113 23 -0.27 0.93(0.10) 0.14 (0.10) 0.23(0.20) 4.3 0.169
116 28 0.26 1.00(0.01) 0.12(0.06) 0.10(0.08) 10.3 0.174
120 28 0.43 1.00(0.01) 0.19(0.08) 0.48(0.24) 2.1 0.265
122 29 -0.23 0.97 (0.03) 0.02(0.06) 0.24(0.16) 4.1 0.161
123 30 0.05 0.80(0.16) 0.09 (0.10) 0.26(0.14) 3.9 0.209
131 28 0.33 0.90(0.12) 0.37(0.08) 0.53(0.20) 1.9 0.273
139 25 -0.07 0.83 (0.16) 0.09 (0.10) 0.21(0.12) 4.9 0.189
142 30 -0.08 0.86(0.14) 0.23(0.10) 0.37(0.20) 2.7 0.198

0.191
0.194

0.29
0.24
0.25
0.16

240 3.3 046 27 043 23
2.71 32 053 24 026 3.9
222 33 047 16 035 2.8
3.10 3.8 0.54 21 042 24
0.18 3.03 3.9 0.57 28 0.19 5.2
0.29 1.99 33 049 28 0.64 1.6
-0.18 3.26 3.2 0.75 28 0.24 4.1
043 252 29 040 23 0.20 5.0
033 1.94 3.7 044 26 0.62 1.6
032 2.78 2.6 0.46 20 0.34 29
037 2.66 2.9 039 26 035 2.9

Note. Abbreviations: n - sample size, F/, and F, - fixation index for mother and family, respectively; ¢, - out-
crossing rate, £, — ¢ - mating among relatives, - paternity correlation, N, - effective number of pollen donors,
U - coancestry coefficient, N, - effective size, R - allelic richness for 19 genotypes, /, - observed heterozygosity,
SE - standard error, NE - not estimated as the selfing rate was practically 1.0.

indicate genetic drift in the studied reproduc-
tive events. Deviation from random mating has
also been reported for another D. alata pop-
ulation (Tarazi et al. 2010), along with many
other tropical tree species (Degen and Sebbenn
2014). Our estimates of outcrossing rate (¢, ) at
the population and individual tree levels show
that D. alata has a mixed mating system, pro-
ducing seeds through combinations of self-fer-
tilization and outcrossing, especially in PF
(Tables 2 and 3). We also found wide variation
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between populations (PF = 0.45, CG = 0.90)
and individual seed trees within PF (0.01-0.92)
and CG (0.66-1.00). These results are similar
to a previous study in one population of the
species located close to Sao Paulo state by
Tarazi et al. (2010), who detected a population
outcrossing rate of 0.711 and high individual
variation among trees (0.338-0.998). Since the
species has been determined as self-incom-
patible (Oliveira & Sigrist 2008), our results
suggest that there is individual and population
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variation for self-compatibility. The self-in-
compatibility was determined using hand pol-
lination in 20 trees located close to our CG
population, within Campo Grande municipal-
ity, Mato Grosso do Sul state (Oliveira & Sig-
rist 2008), where we detected the highest out-
crossing rate and low variation for outcrossing
rate (¢, ). These results indicate that individuals
of the PF population have lower frequencies of
self-incompatibility or deleterious alleles than
the CG population to avoid seed production
from selfing. However, the results from both
our analysis and that of Tarazi et al. (2010)
may be overestimates of outcrossing rates due
to the likely occurrence of inbreeding depres-
sion between the fertilization and seedling
stages. Inbreeding depression can result in
either a lack of seed germination or seedling
mortality of some inbred individuals. There-
fore, analyses based only on germinated seeds
underestimate the rates of selfing and mating
among related individuals. Oliveira and Sigrist
(2008) detected a late acting self-incompati-
bility system and a high rate of fruit abortion
(45%) for the species, which may be a result
of inbreeding depression. Inbreeding depres-
sion between fertilization and seed, seedling,
juvenile and adult stages has been observed
for many tropical trees (Hufford and Hamrick
2003; Chaves et al. 2011; Ismail et al. 2014,
Tambarussi et al. 2017), which supports the
idea that it may also occur in D. alata.

The lower ¢ in PF than CG may also be
explained by the lower population density in
PF (0.00055 trees/ha) than CG (0.00119 trees/
ha), which may affect pollinator foraging be-
havior. The species is pollinated by the bee
species Xylocopa suspecta, Pseudaugochlora
graminea, and Apis mellifera, which generally
visit many flowers of the same tree for at least
60 minutes before flying to the next tree (Ol-
iveira & Sigrist 2008). The effect of popula-
tion density on ¢ estimates has been evaluated
for other tropical trees, and populations with
low densities tend to have lower ¢ than popu-
lations with higher densities, such as Pachira

Dipteryx alataVogel (Fabaceae) , a neotropical tree with high levels of selfing ...

quinata (Jacq.) W.S. Alverson (Rymer et al.
2015), Guaiacum sanctum L. (Fuchs and Ham-
rick 2011), Tabebuia rosea alba (Ridl.) Sand.
(Feres et al. 2012), Swietenia macrophylla
King (Breed et al. 2012), and Cariniana le-
galis (Mart.) Kuntze (Tambarussi et al. 2016).
Alternatively, the difference in £ between pop-
ulations, as well as between individual trees,
can derive from differences in genetic load or
number and frequency of identical by decent
deleterious alleles (IBDA) among populations
and individuals. If the frequency of IBDA
causing inbreeding depression in CG was ex-
tensive, a large number of inbred seeds would
not have germinated nor would seedlings have
survived at the nursery stage. This could result
in an even greater underestimation of selfing
and mating among related individuals in CG
than PF, as discussed above.

Pollen dispersal

Our indirect estimates of pollen dispersal dis-
tance (8) based on the TWOGENER meth-
od (Austerlitz and Smouse 2001) represent a
novel result for D. alata (Table 2) as they are
based on spatially isolated trees in pastures,
along roads, and in agricultural fields. Pol-
len dispersal distribution was better explained
by the exponential dispersal kernel for both
populations, showing long-distance pollen
dispersal, which is greater in PF (6,572 m)
with low population density (0.000552 trees/
ha) than in CG (1,395 m) with a higher pop-
ulation density (0.00119 trees/ha). Estimates
of & based on TWOGENER are dependent on
the assumed effective population density (D)
and a low D, results in high & (Austerlitz and
Smouse 2001), which can explain the longer
dispersal distance estimated for PF. However,
it is important to examine the pollen and seed
dispersal distances using a direct method such
as parentage analysis, to directly assess gene
flow patterns without depending on density
dispersal models.
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Genetic differentiation

Genetic differentiation (G ) between popula-
tions for adults (0.268) and pollen pool mea-
sured in seedling families (0.340) indicate
important differences in gene frequencies be-
tween populations. High levels of genetic dif-
ferentiation among D. alata populations were
also detected in three populations from central
Brazil (G’ = 0.803, Tarazi et al. 2010) and 25
populations from central and northern Brazil
(F,=0.267, Collevatti et al. 2013). The detect-
ed genetic differentiation can be explained by
the distance between study populations (560
km in this study, at least 219 km in Tarazi et
al. (2010), and ranging from 20 to 1350 km
in Collevatti et al. (2013), associated with an
isolation by distance (IBD) gene dispersal pat-
tern. Collevatti et al. (2013) also found that
historic gene immigration was generally very
low (N m <0.5), with few populations present-
ing more than one migrant per generation. Our
results support these findings, showing that
contemporary pollen dispersal follows the IBD
pattern, with strong decreases in mating fre-
quency as the distance among trees increases,
and strong genetic drift due to selfing, mating
among relatives, and correlated mating. The
results presented herein and in Tarazi et al.
(2010) indicate that IBD is caused by the be-
havior of the D. alata pollinators, which tend
to visit near-neighbor trees.

The high levels of G, and inbreeding de-
tected within populations for seedlings in our
study, and for adults and seeds in Tarazi et al.
(2010) and Collevatti et al. (2013), reinforced
the need for the conservation of D. alata genet-
ic resources. Increased inbreeding ultimately
leads to a loss of heterozygosity in populations,
which may result in a reduction of fitness due
to the negative effects of inbreeding depres-
sion, thus compromising the long-term surviv-
al of populations (Tambarussi et al. 2017). In
order to obtain a satisfactory representation of
allelic diversity for ex sifu conservation of D.
alata genetic resources, seed collection must
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sample from both populations, given the ge-
netic divergence between them. Future breed-
ing programs aiming at genetic gains and the
maintenance of genetic diversity may benefit
from crossings between highly divergent in-
dividuals selected for economic traits. On
the other hand, if the genetic structure found
between the D. alata populations evaluated
in this study partly reflects selection for dif-
ferential adaptive variation, mating between
individuals from different populations may re-
sult in out-breeding depression. This may also
cause a reduction in fitness of inter-specific hy-
brid seedlings in natural environments or prog-
eny trials due to the breakup of locally adapted
genomic combinations (Allendorf et al. 2013).

Mating among relatives

Mating among related individuals (¢, - ) was
detected in both populations, but it was lower
in PF (0.12) than in CG (0.26). Mating among
relatives indicates the occurrence of related
individuals or intrapopulation spatial genetic
structure (SGS) within the populations. We
detected SGS in both populations, which can
explain the observed rates of mating among
relatives. Tarazi et al. (2010) also detected 7
- £,(0.135) and SGS (196 m) in their study of
the species, while Soares et al. (2008) found
SGS in several D. alata populations. SGS in
plants is caused by the dispersal of seeds
near to mother trees, vegetative propaga-
tion, as well as isolation by distance pol-
len dispersal patterns (Vekemans & Hardy
2004, Degen & Sebbenn 2014, Duminil et al.
2016). Dypteryix alata seeds are dispersed
primarily by barochory and secondarily
by monkeys, bats, and rodents (Sano et al.
2004), which may restrict seed dispersal dis-
tances and result in SGS (Soares et al. 2008).
Furthermore, pollen dispersal is mediated by
bees, which generally restricts pollen foraging
to near-neighbor individuals. If such trees are
genetically related due to SGS, mating among
related individuals is inevitable.
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The high ¢ - ¢ in CG can be explained by
the combination of the distance at which SGS
was detected, the behavior of pollinators, and
probable differences in genetic load between
the studied populations, resulting in inbreed-
ing depression. Relatedness estimates based
on gene markers are robust, but can be subject
to estimation errors due to the number of gene
markers used and assumptions about gene
frequencies in parental populations (Hardy &
Vekemans 2002, Moraes et al. 2012). We as-
sumed that the gene frequencies of the current
adult population represent the gene frequencies
of their parental populations. Very likely, this
assumption is incorrect, as the studied adults
originated from various reproductive events
and were subject to genetic drift. It is possible
that this assumption resulted in an error in the
estimation of the pairwise coancestry between
adults. However, based on Ismail et al. (2014),
related individuals may present pairwise esti-
mates of 0 > 0.099. The number of pairwise
related individuals with 6} > 0.099 in the first
distance class (171 m) was lower in PF (31)
than in CG (49); it was also lower within the
second distance class, where SGS was signif-
icant in CG (275 m; PF = 49, CG = 67). Fur-
thermore, bee species that pollinate D. alata
generally forage among near-neighbor trees
(Oliveira & Sigrist 2008). Therefore, the high-
ert -t in CG than PF may be explained by
the greater frequency of near-neighbor related
trees in CG and near-neighbor foraging be-
havior of pollinators. Even though significant
differences were not detected between popula-
tions, the extent of SGS was higher in CG (Sp
= 0.043) than in PF (§,=0.037), suggesting a
greater probability of mating occurring among
related individuals in CG. The S, values also
indicate strong SGS in both populations, and
are at least two times higher than the general
estimate for animal pollen dispersed species
(0.0171) and four times greater than for ani-
mal seed dispersed species (0.0088) (Veke-
mans and Hardy, 2004). The mean 6 in the
first (171 m) and second (275 m) distance class
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was higher in PF 0,=0.112 and 6_= 0.103)
than CG (0,=0.075 and 0 0.049). These re-
sults suggest that there is a greater probability
of inbreeding occurring through random mat-
ing of related individuals within these two dis-
tance classes (as well as a greater probability
of inbreeding depression) in PF than CG. The
level of inbreeding from mating among related
individuals is equal to the 6} between parents
and a higher Hy will result in increased rates
of inbreeding and inbreeding depression in
descendants. Thus, the greater ny in PF prob-
ably resulted in higher inbreeding depression
thus affecting seedling survival. As such, some
individuals were not analysed, resulting in an
underestimation of z - ¢. Pollen dispersal dis-
tance may also explam the higher ¢ -t in CG,
as mean pollen dispersal distance was higher
and ¢ -t lower in PF than that detected in CG.

Correlated mating

Based on the MLTR software, correlated mat-
ing was detected in both populations (PF =
0.59, CG = 0.47) and all seed trees of PF and
CG (0.10 - 0.65), although the results were not
significantly different between populations.
These results indicate that there are some full-
sibs within seedling families and that a low ef-
fective number of pollen donors (¥, ,p) fertilized
the seed trees (1.5 - 10.3). Similarly, r, esti-
mates using POLDIS were strongly correlated
with MLTR results, supporting the idea that
seed trees of both populations were effective-
ly fertilized by a low number of pollen donors
(1 - 14.5). Global pollen pool differentiation
among seed trees (d) ) was also similar for PF
(0.260) and CG (0. 240) suggesting that the
pollen pool that fertilized the seed trees was
equally diverse in the two populations. The
pollinators of D. alata likely pollinate flowers
with a limited set of pollen collected from pre-
viously visited conspecifics, producing many
offspring from the same seed tree that are full-
sibs. Correlated mating may also be the result
of a small number of potential pollen parents,
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as is the case in both populations (low popula-
tion density), and due to the foraging behavior
of the pollinators (Oliveira & Sigrist 2008).
Together, these factors can explain correlated
mating and mating among related individuals.
Due to the differences in rates of selfing and
correlated mating between populations, the
mean coancestry coefficient (©) was higher
and effective size (V) lower within seedling
families from PF (© = 0.322, N,= 1.47) than
seedling families from CG (@ = 0.200, N, =
2.26). For ex situ conservation, tree breeding,
and environmental reforestation, the number
of seed trees (m) required for seed collection
must be at least 102 trees in populations with
low density (approximately 0.00055 trees ha
"), such as PF, and 66 in populations with a
density around 0.00119 trees ha'.

Inbreeding from selfing and mating among
relatives

Selfing and mating among related individ-
uals can produce inbreeding and decrease
genetic diversity in terms of allelic rich-
ness, heterozygosity, and effective size
within seedling families. Self-fertilization (s
= I -t ) and mating among related individuals
(¢, - t) were detected in both populations and
in almost all seed trees, indicating that there
is inbreeding within seedling families (Table
2). These results can explain the inbreeding
detected within seedling families (# ) from PF
(0.10-0.65) and CG (0.16-0.43). In PF, 11 of
the 12 seed trees presented self-fertilization;
in CG, four of the 11 seed trees presented
self-fertilization and seven seed trees present-
ed mating among relatives. The correlation of
selfing among loci (7, (/)) in PF (0.62) indicates
that inbreeding in seedlings mainly originated
from selfing, where in CG inbreeding origi-
nated from mating among relatives (0.91 = 1
- 0.09). The higher ¢ - ¢ value in CG (0.26) is
likely related to SGS, pollinators behavior, and
pollen-dispersal distances, as well as the likely
low genetic load producing inbreeding depres-
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sion in this population, as discussed above.
Selfed individuals are expected to present
higher levels of inbreeding [, = 0.5(1 + F )],
where £ is the inbreeding coefficient of the
mother] than individuals resulting from mating
among relatives. In the latter case, inbreeding
will be equal to the coancestry coefficient be-
tween parents (FO = xy), which for a mixed
mating system is expected to vary between
the degree of coancestry expected for second
cousins (ny = 0.03125) and full-sibs (6 =
0.25). Mating between two selfed individuals
from the same mother (Qxy: 0.5) are unlikely
to occur in tree populations due to the expected
inbreeding depression, which removes inbred
individuals between the fertilization and adult
stages, as discussed below. Although the esti-
mated inbreeding in PF (£, = 0.33) was higher
than in CG (F, = 0.25), these values were not
significantly different. The results, howev-
er, did follow the expected pattern of higher
values for inbreeding originating from selfing
than mating among relatives. Furthermore, al-
though not statistically different, the values of
allelic richness (R), observed (/) and expect-
ed heterozygosity (/1)) were lower in seedlings
from PF than CG, supporting the idea that self-
ing decreases genetic diversity more than mat-
ing among relatives. The Spearman correlation
also showed that higher levels of the indices s,
t -t,[s+ (¢, - 7] and @ decreased R and H,
within seedling families.

The fixation index corrected for null al-
leles (F,,,) in adults was significantly lower
than the fixation index estimated for seedling
families (F,) of both populations (Table 1),
indicating selection against inbred individuals
between seedling and adult stages (inbreeding
depression). The same result was detected by
Tarazi et al. (2010) and is a common pattern in
tropical tree species (Degen & Sebbenn 2014),
with the levels of inbreeding being more pro-
nounced in the initial life stages and adults
generally presenting lower levels of inbreed-
ing than seeds, seedlings, and juveniles (Bit-
tencourt & Sebbenn 2007, Duminil et al. 2016,
Tambarussi et al. 2016).
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Genetic diversity

Our results support previous studies that re-
port low levels of genetic diversity and the
presence of inbreeding in D. alata populations
(Tarazi et al. 2010, Collevatti et al. 2013).
However, our results for mating system and
pollen dispersal provide evidence that explains
the low genetic diversity and inbreeding in the
populations. We found a maximum observed
heterozygosity (/) of 0.5 and a minimum fix-
ation index (F) of 0.19 in adults. However, the
fixation index corrected for null alleles (F, )
for adults was zero, indicating an absence of
inbreeding (Table 1). Using nine microsat-
ellite loci, Tarazi et al. (2010) studied adults
from three D. alata populations in Brazil and
found H ranging from 0.32 to 0.35 and sig-
nificant positive F values (range: 0.08 - 0.16),
suggesting inbreeding. Collevatti et al. (2013),
using eight microsatellite loci, studied adult
trees from 25 populations across the natural
geographic distribution of the species in Bra-
zil. They found H ranging from 0.16 to 0.64,
with 24 populations presenting H lower than
0.5, and significant positive g values for 16
populations (range: 0.12 - 0.51), which also
indicates inbreeding. The low levels of H and
inbreeding in the populations may be partly at-
tributed to the fact that the species presents a
mixed mating system, as detected in this study
and by Tarazi et al. (2010). As such, seeds are
produced by mixtures of self-fertilization and
outcrossing, and part of the outcrossing occurs
among related individuals, some seeds present
endogamy. Combined with correlated mating
(full-sibs produced by the mating between the
same mother and father trees), the mixed mat-
ing system can decrease genetic diversity, thus
explaining the low genetic diversity and high
inbreeding detected in seedling populations of
the species.
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Conclusions and implications for genetic
conservation and breeding

The studied D. alata populations present a
mixed mating system and mating was not ran-
dom, as outcrossed seedlings were produced in
part by mating among related individuals and
correlated mating. Pollen dispersal distanc-
es indicate an isolation by distance dispersal
pattern due to the behavior of pollinators, re-
sulting in high genetic differentiation among
populations and contributing to SGS. Thus,
open-pollinated seedling families may pres-
ent inbreeding from both selfing and mating
among related individuals and are composed
of mixtures of self-, half-, full-, and self-half-
sibs. Because of this mating pattern, the coan-
cestry coefficient (@) was higher and the ef-
fective size (N,) within seedling families was
lower than that expected for panmictic popu-
lations (© = 0.125, N = 4). This mating pattern
explains the low genetic diversity and the de-
tected inbreeding, as well as the high levels of
genetic differentiation found both in our study
and in previous studies (Tarazi et al. 2010,
Collevatti et al. 2013). These results have prac-
tical implications for the genetic conservation
and breeding of the species. In terms of con-
servation, the low levels of genetic diversity
within populations, as well as the presence of
inbreeding at adult and seed stages, highlight
the importance of both in situ and ex situ ge-
netic conservation of D. alata genetic resourc-
es. Increased inbreeding ultimately leads to a
loss of heterozygosity in populations, which
may result in reduced fitness due to the nega-
tive effects of inbreeding depression, and may
compromise the long-term survival of these
populations.

As the Brazilian savanna biome is current-
ly experiencing strong deforestation rates, D.
alata exhibits ecological and economic impor-
tance. Because it is a threatened tree species
(IUCN 1998), all remaining populations are
potentially important for in situ and ex situ
conservation. For in situ conservation, our re-
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sults indicate that spatially isolated populations
located more than 5 km apart must be linked
via biodiversity corridors, or in other words,
by establishing new populations through refor-
estation between remnant populations. Olivei-
ra and Sigrist (2008) also emphasize the im-
portance of D. alata in silvopastoral systems
and pasture recovery, as it is an evergreen tree
with a leafy canopy that can provide shade for
cattle and fruit for their consumption during
the dry season. Silvopastoral systems can play
an important role in the establishment of bio-
logical corridors, which enable the exchange
of genes via pollination and seed dispersal,
thus connecting scattered forest fragments and
isolated populations across a landscape.
Furthermore, the high genetic divergence
and differences in selfing rate, which suggests
differences in gene frequencies for self-in-
compatibility alleles or genetic load between
the populations studied herein, reinforces the
importance of these populations for genetic
conservation. The genetic diversity of these
populations can be recombined in germplasm
banks or seed orchards with other provenances
and used for tree improvement and environ-
mental reforestation. To obtain a satisfactory
representation of the allelic diversity for ex situ
conservation, tree breeding, and environmen-
tal conservation of D. alata genetic resources,
our results indicate that the number of seed
trees (m) required for seed collection for ex
situ conservation must be determined based
on population density and extent of SGS. For
populations with a density of about 0.00119
trees/ha, our results indicate that seeds must be
collected from at least 66 seed trees to retain
an effective size in progeny arrays of 150. For
populations with a lower population density, or
0.00055 trees/ha, our results indicate that col-
lection must occur from at least 102 seed trees.
Furthermore, our results for SGS indicate that
seed trees identified for collection must be at
least 275 m apart to avoid collecting seeds
from related trees, which can decrease the ef-
fective size of progeny arrays due to the oc-
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currence of related seedlings among seedling
families. In populations from PF region, but
as well as from other regions, special attention
must be taken in the nursery stage. For ex situ
conservation and environmental reforestation
only seedlings without indication of inbreed-
ing such as albinisms, low growth, presence of
diseases, bad stem form should be selected do
avoid mortality in the newly established popu-
lations.

In terms of population breeding of the spe-
cies, populations with mixed mating systems
differ from outcrossing and self-fertilizing
populations because they are composed of
individuals with different degrees of inbreed-
ing and relatedness. The selection process for
breeding programs is therefore more complex.
Previous studies have assessed mixed mating
systems in the context of breeding programs
(Burgess et al. 1996; Miranda et al. 2013) and
such systems can have a significant impact on
the performance of individuals with regard
to economically important silvicultural traits
(Tambarussi et al. 2016). Our results for D.
alata show deviations from random mating,
with open-pollinated seedling families pre-
senting different levels of relatedness as well
as inbreeding. Thus, to avoid overestimations
of heritability and expected genetic gains in
selections, the additive genetic variance (c*, =
o’,/20, Cockerham & Weir 1984) of progeny
tests based on open-pollinated seedling fami-
lies must be estimated by at least 6*, = GZP/O.4)
(20 =2-0.2) and not by c*, = Gzp/0.25, which
is used in the case of true half-sib seedling
families. Inbreeding has an impact on indi-
vidual phenotypic values and genetic varianc-
es and as such the effect of selection is more
complex in this type of species.
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