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Abstract Microsatellites were used to evaluate the
mating system of the remaining trees in a logged
population of Swietenia macrophylla, a highly valu-
able and threatened hardwood species, in the Brazil-
ian Amazon. A total of 25 open pollinated progeny
arrays of 16 individuals, with their mother trees, were
genotyped using eight highly polymorphic microsat-
ellite loci. Genotypic data analysis from the progeny
arrays showed that 373 out of the 400 seedlings
(93.25%) were unambiguously the result of out-
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crossed matings and that the remaining 6.75% had
genotypes consistent with self-fertilisation. Apomixis
could be ruled out, since none of the 400 seedlings
analysed had a multi-locus genotype identical to
its mother tree. The high estimate of the multi-locus
outcrossing rate (f,, = 0.938 + 0.009) using the mixed
mating model also indicated that the population in
this remnant stand of S. macrophylla was predomi-
nantly allogamous. The relatively large difference
between the multi-locus and single-locus outcrossing
estimates (¢,,—t, = 0.117 £ 0.011) provides evidence
that, in spite of the high outcrossing rate, a consid-
erable degree of biparental inbreeding has contrib-
uted to the genetic structure of this population. Levels
of outcrossing were not evenly distributed among
maternal trees (#,, ranging from 0.39 to 1.00), sug-
gesting the occurrence of a variable degree of self-
incompatibility and/or dichogamy among individual
trees of this monoecious species. Due to its generalist
pollination system and some level of tolerance for
selfing, S. macrophylla seems to be resilient to
environmental disturbances such as those caused by
logging, since it sets fruits with predominantly out-
crossed seeds even at low stand densities. Therefore,
the remaining individuals in logged areas or in relict
fragments may be very important for long-term pop-
ulation recovery and genetic conservation programmes.

Keywords Amazon - DNA microsatellites - Genetic

conservation - Genetic diversity - Mahogany -
Outcrossing
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Introduction

The mating system determines how the transition of
genotypic frequencies in a population occurs from one
generation to the next (Ritland 1988). The classifica-
tion of the mating system in plants is based on the
genetic relatedness between the male and female
gametes (derived from the pollen and ovule, respec-
tively) in the newly formed zygotes (Ritland 1983).
The mating system can be characterised in terms of the
proportion of mature seeds resulting from selfing or
outcrossing events (Murawski and Hamrick 1991).
The mating system is an important factor in determin-
ing how genetic variation is distributed among subdi-
visions of a population and among individuals in those
subpopulations, as well as among progenies, with a
direct impact on the long-term maintenance of genetic
variation in existing populations. The susceptibility of
a population to the loss of genetic diversity and
inbreeding depression following for example logging
or habitat fragmentation will depend, to a considerable
extent, on the characteristics of its mating system.
The pattern of mating in tropical trees is complex,
reflecting the influence of several genetic and ecological
factors such as the demography of adult trees, flower-
ing intensity, synchrony of flowering among and
within individuals, the nature and intensity of self-
incompatibility mechanisms, the foraging behaviour of
pollinators, and the selective abortion of young fruits.
Although many plant populations and species appear to
produce mixtures of selfed and outcrossed progeny
(Barrett and Husband 1990), most tropical tree species
appear to exhibit morphological and physiological
adaptations, which promote outcrossing and prevent
or reduce selfing (Bawa 1990). As a result, the mating
system of the majority of neotropical trees investigated
so far by using molecular markers, such as allozymes or
DNA microsatellites showed predominant or complete
outcrossing (see review in Ward et al. 2005). Addition-
ally, a number of studies have shown that inbreeding of
biparental origin is frequently very low or undetectable
among tropical trees, at least with isozyme markers
(Eguiarte et al. 1992; Murawski and Hamrick 1992a, b;
Hall et al. 1994; Boshier et al. 1995; Doligez and Joly
1997; James et al. 1998; Loveless et al. 1998). These
findings contrast with previous ideas that autogamy
and inbreeding would be favoured in widely spaced
conspecific tropical forest trees (Fedorov 1966). Based
on data available so far, species of fast growing,
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gap-colonising tropical trees with light-requiring juve-
niles and adults persistent in the mature forest—
examples include the malvaceous Ceiba pentandra L.
Gaertner and Cavanillesia platanifolia (Bonpl.) Kunth,
the legumes Senna multijuga (Rich.) H. S. Irwin &
Barneby and Dinizia excelsa Ducke, and Cariniana
legalis (Mart.) Kuntze (Lecythidaceae)—tend to be
somewhat tolerant to selfing (Murawski and Hamrick
1991; 1992a, b; Murawski et al. 1994; Gribel et al.
1999; Dick 2001; Ribeiro and Lovato 2004; Sebbenn
et al. 2000).

The conservation status of Swietenia macrophylla
King (Meliaceae) has been the subject of increasing
concern due to over-exploitation of this species by
selective logging and increasing habitat destruction
(Grogan and Barreto 2005). Despite the high socio-
economic importance of S. macrophylla, information
on the processes maintaining genetic variation in
natural populations of this species is scarce. Studies
on the population genetics of S. macrophylla have
focused mainly on estimates of genetic diversity and
population structure in Central and South America
and implications for its conservation (Gillies et al.
1999; Lemes et al. 2003; Novick et al. 2003).

In this study, the outcrossing rate (#,,) and other
mating system parameters (f; = the single-locus
population outcrossing rate, F = the single-locus
inbreeding coefficient of maternal parents, and
r, = the correlation of paternity) were estimated for a
population of S. macrophylla in the Brazilian Amazon,
using eight highly polymorphic microsatellite loci
(SSR—simple sequence repeat). The main aims were
to understand how the mating system may contribute to
shaping and maintaining the levels of genetic variation
of the population and to infer how logging and habitat
fragmentation may affect the reproduction of remain-
ing individuals and the recovery capacity of the
population. These findings, coupled with information
on pollination and seed dispersal mechanisms, have
important implications for the long-term conservation
and management of this valuable hardwood species.

Materials and methods

Study site

Field work was conducted at the Marajoara Manage-
ment Project site (c. 07 50'S, 50 16'W) in southeast
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Para State, Brazil. The project site of about 4,100 ha
(13 x 3.15 km) of selectively logged forest was sub-
divided into 12 plots of approximately 340 ha each
(1.08 x 3.15 km). Samples for the present study were
collected from trees randomly selected in plots 1, 2,
and 3 (c. 1,020 ha) at the northern end of the project
area. These plots were selectively logged between
1992-1994 at a relatively low intensity because the
intended showcase status of the management project.
Even so, a full inventory covering an area of 204 ha
within the study area at Marajoara demonstrated that
only 16% of commercial-sized trees (>45 cm diam-
eter at breast height (dbh) at the time of cutting)
remained after logging, compared to c¢. 8% survival
after conventional logging (and <5% survival by
trees >60 cm dbh, the current legal minimum cutting
limit for mahogany; Grogan et al. in press). Stand
density of mahogany trees >45 cm dbh was therefore
reduced from approximately one tree per 2 ha
(0.51 ha™") to one tree per 12 ha (0.08 ha™!). Within
the study area, Swietenia macrophylla is nearly
always found at highest densities along the banks of
small seasonally dry streams and in adjacent low-
lying, flat areas with poorly drained soils, sharing this
habitat with the palm species Orbignya phalerata
Mart. and Maximiliana maripa (Aublet) Drude
(Grogan and Galvao 2006). It is usually not found
in the denser and taller upper slope or middle slope
forest communities.

Sampling and genetic analysis

Seeds and leaves were collected from 25 adult trees
of Swietenia macrophylla in the study area. Seeds
from a given tree were sampled from the same
capsule. We collected the capsules directly from the
crown of each mother tree. We avoided seed
collections beneath the trees in order to exclude
interference of factors such as low-density seedfall,
putative conspecific inter-tree wind dispersal, trans-
port by animals, and low viability due to pathogen
attacks. As most of the 25 sampled trees had only one
capsule at the proper maturation stage in the crown,
seeds were sampled from one capsule per tree and
germinated in a greenhouse. Genomic DNA was
extracted from the leaves of 400 seedlings of 25
open-pollinated families (16 seedlings/family) and
the 25 maternal trees using a standard CTAB
procedure (Doyle and Doyle 1987). All seedlings

and mother trees were genotyped at eight highly
polymorphic microsatellite loci previously developed
and optimised in multiplexed fluorescence-based
systems for Swietenia macrophylla (Lemes et al.
2002).

Microsatellite amplification was carried out in a
final volume of 10 or 25 pl for single and multiplexed
reactions, respectively, containing 1.25-2.0 uM of
each forward and reverse primer, 1 unit 7ag DNA
polymerase, 200 pM of each dNTP, 1x reaction
buffer (10 mM Tris-HCI, pH 8.3, 50 mM KCI,
1.5 mM MgCl,), BSA (2.5 mg mlfl), 5.0 ng of
template DNA, and distilled ultrapure H,O. Ampli-
fications were performed using a MJ Research PTC-
100 thermal controller using the following program
for all loci: an initial denaturation at 96°C for 2 min,
followed by 30 cycles of 94°C for 1 min, 56°C for
1 min, and 72°C for 1 min, and a final elongation step
at 72°C for 7 min. PCR products were electrophor-
esed on a 5% denaturing polyacrylamide gel in an
ABI Prism 377 sequencer. GeneScan and Genotyper
software (Applied Biosystems Inc.) were used for
data collection and allele size estimation.

Data analysis

The inbreeding coefficient (f) at each locus for the
parent and seedling generations was calculated by the
formula f = 1 — (H,/H,), where H, is the observed
proportion of heterozygotes and H, is the expected
heterozygosity under Hardy—Weinberg equilibrium.
Deviations (excess or deficiency) of heterozygotes in
adults and seedlings from the Hardy—Weinberg
proportions were tested by calculating the U-test
(Raymond and Rousset 1998) and the inbreeding
coefficient (Weir and Cockerham 1984) using Gene-
pop version 3.1.b program (Raymond and Rousset
1998). Estimation of exact p values was determined
by the Markov chain method (Guo and Thompson
1992).

Mating system analysis was based on the mixed
mating model of Ritland and Jain (1981) by using the
multi-locus mating system program MLTR 3.0
(Ritland 2002). The MLTR estimation method is
based on the maximum-likelihood procedure (Ritland
and Jain 1981; Ritland and El-Kassaby 1985). The
expectation-maximisation method was used for max-
imising the likelihood equation for both population
and individual family estimates. The MLTR program
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estimated the following mating system parameters:
multi-locus outcrossing rate (¢,,), minimum variance
single locus outcrossing rate (), average single locus
inbreeding coefficient of maternal parents (f), corre-
lation of outcrossing rate within progeny arrays (r;),
correlation of outcrossed paternity within progeny
arrays (r,,), and gene frequencies of the pollen and
ovule pools (p). The paternity correlation (r,) is
equivalent to the probability that any two randomly
chosen outcrossed seeds were sired by the same
father (Ritland 1989). Therefore, r, is inversely
related to the number of outcross parents (1) by
r, = I/n, where n is the effective number of pollen
donors. Variances of the mating system parameters
were estimated by bootstrapping, by re-sampling
individuals within progeny arrays 1000 times. If a
high number of polymorphic loci are used in the
analysis, as in the present study, multi-locus estimates
tend to be robust and violations of the assumptions of
the mixed-mating system model have a minor impact
on estimates of the mating system parameters
(Ritland 2002). Due to the use of eight hypervariable
loci, the outcrossed seeds were directly identified

based on the presence of at least one locus with a
different allele from those present in the mother tree.

Results
Genetic diversity in adults and seeds

All 25 adult trees and their 400 offspring were
genotyped for the eight SSR loci developed for
Swietenia macrophylla. All offspring had at least one
maternal allele, suggesting typical diploid Mendelian
inheritance at all loci and showing no evidence of
null alleles in this population.

Data on number of alleles, expected and observed
heterozygosities, and inbreeding coefficient per locus
for the adult and seedling cohorts are shown in
Table 1. The number of alleles per locus ranged from
4 to 13 (mean 9.2) among the seed parents and from 8
to 19 (mean 14.2) among the offspring seedlings. The
expected heterozygosities were similar (0.79) for
both adult and offspring stages. No excess of
heterozygotes (i.e. significantly negative f) was found

Table 1 Genetic diversity for adult and offspring cohorts of Swietenia macrophylla at Marajoara, south-eastern Amazonia, Brazil,

using eight microsatellite loci

Locus Generation N Number of alleles He Ho f
sm01 Parents 25 13 0.904 0.920 -0.018"
Offspring 393 17 0.903 0.832 0.079%%*
sm22 Parents 25 9 0.826 0.720 0.131™
Offspring 398 17 0.822 0.724 0.119%*
sm31 Parents 25 13 0.914 0.840 0.083*
Offspring 398 19 0.911 0.894 0.018%**
sm32 Parents 25 10 0.899 0.830 0.021™
Offspring 396 14 0.891 0.828 0.071%%*
sm40 Parents 25 10 0.749 0.840 —0.125"
Offspring 394 14 0.781 0.708 0.093#**
sm46 Parents 25 8 0.834 0.760 0.091™
Offspring 392 11 0.823 0.747 0.092%*
sm47 Parents 25 0.494 0.360 0.275%%%*
Offspring 393 0.464 0.371 0.200%**
sm51 Parents 25 0.722 0.600 0.171™
Offspring 396 14 0.723 0.677 0.064#%**
Over all loci Parents 25 9.2 0.799 0.740 0.068***
Offspring 395 14.2 0.790 0.723 0.085%**

N, number of individuals; A, number of alleles; He, expected heterozygosity; Ho, observed heterozygosity; f, inbreeding coefficient
Significance levels: ™ p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001
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among offspring seedlings or adults for any of the
eight loci. The inbreeding coefficients for all eight
loci were significantly positive for offspring seed-
lings, suggesting an excess of homozygous individ-
uals at this stage, whereas only two loci showed
significant positive departures from Hardy—Weinberg
proportions for adults. Over all loci, the inbreeding
coefficient was significantly positive for adults and
offspring seedlings, pointing to an overall heterozy-
gote deficiency at both stages if the sampled popu-
lation is considered to be a single panmitic unit. The
inbreeding coefficient in offspring seedlings was
slightly higher than in adults (f = 0.085 and 0.068,
respectively), suggesting weak (or no) selection
favouring heterozygotes from seed to the adult stage.

Mating system

The studied population of Swietenia macrophylla
exhibited a predominantly outcrossed mating system
(t,, = 0.938; mean ¢, = 0.821). The values of ¢, for
each locus were consistently lower than ¢,,, except for
locus sm31 (Table 2).

Multi-locus outcrossing rates for individual trees
varied from 0.39 to 1.00 (Table 3). The inbreeding in
the population was concentrated mainly in two trees
(#3 and #18, 1, = 0.50 and 0.39), whereas the
remaining trees were highly or fully outcrossed.
Direct genotypic data analysis from the progeny
arrays showed that 373 seedlings (93.25% of the
total) unambiguously resulted from outcrossed

Table 2 Single-locus (#,) and multi-locus (t,,) outcrossing rate
estimates, index of correlated matings (r,), and maximum
likelihood estimates of ovule and pollen frequency of the most

matings, exhibiting at least one locus with a different
allele from those present in the maternal parent. The
remaining 27 seedlings had genotypes consistent with
a self-fertilisation origin, but may also result from
outcrossing to an individual having a similar geno-
type. However, cryptic outcrossing was very unlikely
in this study due to the highly polymorphic micro-
satellite loci used in the analysis. Apomixis was ruled
out in this population of S. macrophylla since none of
the 400 seedlings had a multi-locus genotype iden-
tical to its mother tree. The multi-locus correlation of
paternity (probability that siblings shared the same
father) within the progeny arrays in the population
was 1, = 0.428 x 0.055, suggesting that seeds within a
capsule were, on average, sired by 2-3 outcross
pollen donors, calculated as the inverse of 7, (Ritland
1989). Estimates of r,, at the family level were highly
variable (ranging from 0.044 to 0.803), suggesting
that the paternal mating pool among families usually
varies from one to seven male parents, but in a few
families the number of pollen donors may be higher
than 20.

Discussion
Sampling

In order to standardise our sampling among the 25
open-pollinated families, we sowed all seeds from
one capsule collected directly from the crown of each

common allele, for Swietenia macrophylla at Marajoara, south-
eastern Amazonia, Brazil

Locus ts Tp Ovule Pollen

sm01 0.835 (0.020) 0.398 (0.042) 0.180 (0.050) 0.141 (0.046)
sm22 0.737 (0.032) 0.406 (0.054) 0.300 (0.070) 0.288 (0.024)
sm31 0.884 (0.017) 0.391 (0.037) 0.180 (0.050) 0.224 (0.018)
sm32 0.796 (0.023) 0.397 (0.041) 0.180 (0.046) 0.166 (0.021)
sm40 0.730 (0.027) 0.541 (0.063) 0.440 (0.066) 0.329 (0.031)
sm46 0.859 (0.027) 0.453 (0.052) 0.280 (0.070) 0.236 (0.020)
sm47 0.502 (0.040) 0.326 (0.080) 0.649 (0.033) 0.680 (0.050)
sm51 0.897 (0.031) 0.445 (0.049) 0.380 (0.072) 0.427 (0.024)
Average t, = 0.821 (0.011)

Multi-locus t,, = 0.938 (0.009)

tu—t, = 0.117 (0.011)

r, = 0.429 (0.020)

Standard deviations are shown in parentheses
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Table 3 Number and

. . Family Number Number of Proportion of ¢, (SE) 7, (SE) n (1/ r,)
proportion of unambiguous . .
. of unambiguous  unambiguous
outcrossed seedlings, .
. . seedlings  crossed crossed
estimates of outcrossing ) .
. seedlings seedlings
rate (t,,), correlation of
paternity (), and number 1 16 16 1.000 0.987 (0.005)  0.643 (0.076) 1.6
of pollen donors per capsule
(n) for 25 open-pollinated 2 16 16 1.000 0.987 (0.006) 0.493 (0.123) 2.0
families of Swietenia 3 16 5 0.312 0.498 (0.027)  0.231 (0.063) 4.3
macrophylla at Marajoara, 4 16 16 1.000 0.987 (0.006) 0.601 (0.054) 1.7
]SSOr';tZ};faStem Amazonia, 5 16 16 1.000 0.987 (0.005)  0.044 (0.010) 22.7
6 16 14 0.875 0.878 (0.001) 0.209 (0.081) 4.8
7 16 16 1.000 0.987 (0.006)  0.093 (0.028) 10.8
8 16 16 1.000 0.987 (0.006) 0.182 (0.059) 5.5
9 16 15 0.937 0.948 (0.009) 0.339 (0.107) 2.9
10 16 16 1.000 0.987 (0.006) 0.496 (0.085) 2.0
11 16 16 1.000 0.987 (0.006) 0.597 (0.113) 1.7
12 16 16 1.000 0.987 (0.006) 0.443 (0.072) 2.3
13 16 16 1.000 0.987 (0.006) 0.117 (0.042) 8.5
14 16 16 1.000 0.987 (0.006) 0.238 (0.076) 4.2
15 16 14 0.875 0.878 (0.001) 0.072 (0.030) 13.9
16 16 16 1.000 0.987 (0.006)  0.302 (0.060) 33
17 16 16 1.000 0.987 (0.005) 0.803 (0.014) 1.2
18 16 5 0.312 0.389 (0.035) 0.238 (0.086) 4.2
19 16 16 1.000 0.987 (0.005) 0.084 (0.083) 11.9
20 16 16 1.000 0.987 (0.006) 0.148 (0.050) 6.8
21 16 16 1.000 0.987 (0.005) 0.316 (0.061) 3.2
22 16 16 1.000 0.987 (0.006) 0.567 (0.099) 1.8
23 16 16 1.000 0.987 (0.006) 0.176 (0.054) 5.7
24 16 16 1.000 0.987 (0.006) 0.143 (0.048) 7.0
25 16 16 1.000 0.987 (0.006) 0.173 (0.061) 7.0

mother tree, choosing randomly after germination 16
seedlings per family for the genetic analysis. The
highly standardised sampling effort used here con-
trasts with those used in most other published studies
on mating systems of tropical trees where no
standardised sampling procedure was used—usually
there are vague descriptions of seed collection made
“beneath the trees’ or ‘‘from the crown” with no
clarification about the number of fruits involved in
the progeny analysis. Even though the sampling
method used here ensures equivalent among-family
comparisons, it is nevertheless likely that this method
underestimated the number of pollen donors per
progeny array since each capsule is formed from the
fertilisation of a single flower. Caution is therefore
necessary when comparing the size of paternal
mating pools among different tropical tree species
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due to the diverse sampling regimes used in mating
system studies.

Genetic diversity in adults and seeds

An excess of heterozygotes has often been reported
for natural populations of temperate trees (Bush and
Smouse 1992) and for some tropical trees (Eguiarte
et al. 1992; Doligez and Joly 1996), whereas a
significant excess of homozygotes among adult
trees has rarely been found (but see Gibson and
Wheelwright 1995; White et al. 1999). The excess of
homozygous seeds in Swietenia macrophylla for a
high proportion of the loci, despite a high outcrossing
rate, is likely to have arisen via self-fertilisation in a
few individuals and/or correlated matings (see
below). This homozygote excess suggests some level
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of self-compatibility and/or weak selection against
homozygous zygote genotypes. The slightly higher
inbreeding coefficient in seeds than in adults could
also be a reflection of an increase in the selfing rate
produced in the population subsequent to logging, but
further evidence is necessary for this conclusion since
no pre-logging estimate is available.

The inbreeding coefficient found in the adult
cohort (f = 0.076) is considerably higher than that
expected if the inbreeding was only due to selfing
(fog = 1 — /1 + t = 0.031), suggesting that this
population is likely to have experienced higher levels
of inbreeding in the past and has not yet reached an
inbreeding equilibrium. The high proportion of
homozygous genotypes in the adult stage, although
less than in the seed generation, also suggests that
selection against inbred seedlings and juveniles, if
any, seems not to be strong enough to totally
overcome the excessive production of homozygous
seeds by maternal trees. The presence of null alleles
has been detected in microsatellite markers and has
also been cited as a possible cause for deficiency of
heterozygotes (Jarne and Lagoda 1996). As no
mismatches between progeny and maternal tree were
detected for the eight microsatellite loci assayed
among the 25 families, it is unlikely that null alleles
had any influence on the estimate of homozygote
proportions in the Marajoara population.

The ability to reproduce by selfing may be
advantageous for tree species that disperse seeds into
spatially and temporally unpredictable environments
such as open areas formed by tree-fall gaps, blow-
downs or landslides (Murawski et al. 1994). The
clumped distribution of S. macrophylla trees at
Marajoara reflects the adaptation by the species to
colonise gaps created by canopy disturbances occur-
ring at a higher frequency on low ground compared to
high ground, coupled with more nutrient-rich soils
along seasonal streams (Grogan et al. 2003; Grogan
and Galvao 2006). Swietenia macrophylla popula-
tions established in new areas are likely to have
experienced demographic bottlenecks due to the
putative small number of founders following suc-
cessful establishment. Previous theories predict that
after demographic bottlenecks and/or prolonged
inbreeding, most deleterious recessive mutations
would be exposed to selection and purged from
inbred populations, reducing the genetic load (Lande
and Schemske 1985; Uyenoyama 1986). A plausible

explanation for the current excess of homozygous
trees and the putative weak selection against homo-
zygotes observed for this population may therefore be
that individuals with lower levels of detrimental
recessive or lethal mutations (and consequently, with
more tolerance for selfing) have adaptive advantages
during sporadic colonisation events.

It is noteworthy that another mahogany species
from Central America with similar life history traits,
Swietenia humilis Zucc., also exhibited a significant
deficit of heterozygotes among adult trees using
microsatellites (White and Boshier 2000). In contrast,
populations of two other Meliaceae species, Carapa
procera D. C. and C. guianensis Aubl., with distinct
life history traits (animal-dispersed seeds, shade
tolerant juveniles, adults reaching mid-canopy height,
climax species) showed no departure from Hardy—
Weinberg genotypic proportion (Hall et al. 1994;
Doligez and Joly 1996; Dayanandan et al. 1999). The
data available so far therefore suggest that the source
of heterozygote deficits in pioneer, gap-colonist
Meliaceae species might be the founder effects and
population bottlenecks experienced by these popula-
tions during the colonisation process, when the rate of
selfing or the levels of correlated matings normally
increase even in non-selfing organisms (Wright
1921).

Mating system

Swietenia macrophylla trees in the Marajoara popu-
lation are completely or predominantly outcrossed
(23 out of 25), agreeing with data for the majority of
Neotropical rain forest tree species investigated so far
(Ward et al. 2005). The high multi-locus outcrossing
found for Swietenia macrophylla (this study and
Loveless and Gullison 2003) was similar to those
recorded for the neotropical Meliaceae species Ced-
rela odorata L. (James et al. 1998), Carapa guian-
ensis (Hall et al. 1994; Cloutier et al. 2007) and
Swietenia humilis (White and Boshier 2000), but
considerably higher than the one found for Carapa
procera (t,, = 0.78, Doligez and Joly 1997) in French
Guyana.

Estimated values of 7,, among families were not
evenly distributed among maternal trees, implying
that the degree of self-incompatibility, or the level of
dichogamy—the temporal separation between pollen
exposition and stigma receptivity—may be variable
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among individuals. A wide range in individual
outcrossing rates has also been observed in other
Neotropical tree species such as Ceiba pentandra
L. Gaetrn., Cavallinesia platanifolia (H. & B.) H. B.
K. (Murawski and Hamrick 1992a, b; Murawski et al.
1990), Cariniana legalis (Mart.) Kuntze (Sebbenn
et al. 2000), and Dinizia excelsa Ducke (Dick 2001).
Like S. macrophylla, these are late successional
species whose light-demanding juveniles colonise
large gaps, with long-lived adults persisting in mature
forest as emergent trees. Tropical trees belonging to
this ecological class probably have plastic mating
systems allowing isolated individuals to eventually
set seeds after colonising large gaps.

The significant excess of homozygote seeds and
considerable biparental mating provide evidence of
inbred mating in S. macrophylla at the Marajoara site.
Both mating parameters suggest that gametes are
not uniting totally at random from adults to seed
generations, probably due to factors such as self-
fertilisation coupled with correlated mating. Given
that S. macrophylla is a monoecious species, self-
pollination is possible. Monoecism may enhance
outbreeding, but not as effectively as dioecism or as
an efficient self-incompatibility mechanism.
Although temporal separation between anthesis of
male and female flowers has been cited in the
Meliaceae at the inflorescence level (Styles 1972),
some overlap in flowering times of the two sexes
apparently occurs on individual trees (White and
Boshier 2000) which may allow self-pollination.

The relatively large difference between the mul-
tilocus and single locus estimates (f,—t;, = 0.117)
provides evidence that, despite the high outcrossing
rate, a considerable degree of inbreeding of biparental
origin (caused by correlated matings) contributed to
the levels of genetic variation of the seed population.
The relatively high bi-parental inbreeding suggests a
spatial genetic structure among adult trees. Assorta-
tive mating would instead reflect tighter synchrony in
flowering phenology between genetically related indi-
viduals, as suggested for Carapa procera (Doligez
and Joly 1996). Further studies comparing flowering
phenology and demographic genetics are necessary to
test these hypotheses.

The small and variable size of the paternal mating
pool among families (i.e. the number of pollen donors
siring seeds per capsule) may reflect combined
ecological and demographic factors such as variable
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density of remnant adult trees in the logged popula-
tion, asynchronous flowering, pollen competition, and
limited pollinator foraging. However, an increase in
the number of pollen donors per progeny would be
expected if sib-pairs were sampled from different
capsules on the same tree, since these capsules would
likely be derived from flowers pollinated on different
days.

Outcrossing measures based on direct observation
of the number of outcrossers provide a reliable and
useful indication of the minimum number of out-
crossed progeny (Shaw et al. 1981; Brown et al.
1985), despite the simplistic approach. When a large
number of highly polymorphic loci are used, as in
the current study of S. macrophylla, it is likely that
the detected outcrossing represents a close estimate
of the actual outcrossing. Owing to the high paternity
exclusion probability (Weir 1996) of the eight
microsatellite loci used here (p > 0.999, Lemes
et al. 2002), the fraction of undetected (cryptic)
outcross progeny was probably very low.

Overall, this population of S. macrophylla seems
to have adaptations that preferentially produce out-
crossed progeny but also allow for selfing. Around
80% of maternal trees had 100% of seeds in the
sampled fruit resulting from outcrossing. Despite the
high outcrossing rate, the potential for inbreeding was
not negligible. Some fruit capsules had a considerable
proportion (>60%) of selfed seeds, suggesting vari-
able degrees of self-incompatibility (or different
levels of dichogamy) among individuals.

Conclusions

The findings described here on the mating system of
Swietenia macrophylla have important consequences
for the conservation biology and management of the
species. Owing to its generalist pollination system
and some level of tolerance for selfing, S. macrophylla
appears very resilient to environmental disturbances,
setting fruit and seed even at low densities of adult
trees. Although the impact of logging on seed output
remains an unanswered question, the surviving trees
in the Marajoara population have maintained their
capacity to set fruit annually, with predominantly
outcrossed seeds, even in a logged area where tree
density dropped to 16% of the original population. It
appears that S. macrophylla has a plastic pollination
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system and that logging has not disrupted pollen
movement among remnants trees in the Marajoara
population. In fact, fruit- and seed-set in S. macro-
phylla have been observed in anthropogenic land-
scapes located outside of its natural distribution, such
as in the urban areas of Brasilia in central Brazil and
Manaus in central Amazonia.

Despite the high genetic diversity observed within
S. macrophylla populations in Brazilian Amazonia
and Central America (Lemes et al. 2003; Novick
et al. 2003), this species demonstrates some levels of
inbreeding as suggested by the excess of homozyg-
otes found among adult trees and by the proportion of
selfed offspring in some progeny arrays. These traits,
likely reflecting the gap-colonist life history of
S. macrophylla, suggest that population reductions
due to logging and fragmentation may not seriously
affect the reproductive potential of all remaining
individuals. This is likely the case with most tropical
rain forest tree species, which probably retain high
genetic loads (Alvarez-Buylla et al. 1996). Moreover,
since the pollen and seed vectors of S. macrophylla—
widespread small generalist insects and wind, respec-
tively—are unlikely to be heavily affected by logging
activities, pollination and dispersal capabilities will
persist even in these exploited and disturbed areas. A
similarly resilient mating system was found for the
congeneric S. humilis in a degraded and fragmented
landscape in Central America (White et al. 2002).

Many of the remaining trees in logged areas and
relict fragments may persist as reproductively viable
individuals and would therefore be very important
both for future natural and artificial regeneration and
for long-term population recovery and genetic con-
servation programmes. Intensive logging followed by
forest conversion to pastures and extensive planta-
tions (e.g., soybean) as has been occurring at
alarming rates throughout Brazilian Amazonia,
remains the primary short-term threat to the main-
tenance of S. macrophylla populations. On the other
hand, low-intensity logging which retains some
proportion of reproductive trees, followed by activ-
ities that conserve forest cover (e.g. extraction of
non-timber forest products, agroforestry) and accel-
erate natural or silviculturally induced S. macrophylla
regeneration, may represent the best strategy for
combining conservation and economic use of Brazil-
ian mahogany in areas with increasing human
pressure.
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