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ABSTRACT

Recent studies suggest that tropical tree species exhibit low inbreeding and high gene dispersal levels despite the typically low density of conspecifics in tropical forests.
To examine this, we undertook a study of pollen gene dispersal and mating system of two Amazonian tree species. We analyzed 341 seeds from 33 trees at four
microsatellite loci in a Carapa guianensis population from Brazil, and 212 seeds from 22 trees at four microsatellite loci in a Sextonia rubra population from French
Guiana. Differentiation of allele frequencies among the pollen pool of individual trees was �FT = 0.053 (95% CI: 0.027–0.074) for C. guianensis and �FT = 0.064
(95% CI: 0.017–0.088) for S. rubra. The mean pollen dispersal distances were estimated at 69–355 m for C. guianensis, and 86–303 m for S. rubra, depending on
the pollen dispersal model and the estimate of reproductive tree density used. The multi-locus outcrossing rate was estimated at 0.918 and 0.945, and the correlation
of paternity at 0.089 and 0.096, for C. guianensis and S. rubra, respectively, while no significant levels of biparental inbreeding were detected. Comparing trees with
high and low local density of conspecifics, we found no evidence for differences in inbreeding levels. The results are discussed within the framework of the emerging
picture of the reproductive biology of tropical forest trees.

Abstract in French is available at http://www.blackwell-synergy.com/loi/btp
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EARLY PREDICTIONS ABOUT MATING AND POLLEN DISPERSAL IN TROP-
ICAL TREE SPECIES were that relatively low population densities
would lead to high levels of inbreeding and limited pollen dispersal
due to restricted among-tree movement of pollinators (e.g., Baker
1959, Federov 1966). However, direct investigations of tropical tree
breeding systems soon revealed that obligate outcrossing is the main
mode of reproduction in tropical trees (e.g., Bawa 1974). Moreover,
early studies based on mark–recapture experiments with pollinators
and direct observations of pollinator flight patterns revealed that
some pollinators of tropical trees forage over large distances and
thereby may mediate pollen flow among widely spaced conspecific
trees (Bawa 1990).

Genetic markers such as allozymes or microsatellites have been
used recently to infer realized mating and gene flow patterns in
tropical tree species. Such investigations have revealed that most
tropical tree species are predominantly outcrossing (reviewed in
Doligez & Joly 1997, Nason & Hamrick 1997, Loveless 2002,
Ward et al. 2005), although a number of species investigated showed
a significant proportion of progeny produced by selfing. Other
genetic marker-based studies suggest that pollen movement is the
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principal contributor to gene flow and can occur over large distances
(reviewed in Nason & Hamrick 1997). For instance, a paternity
analysis unambiguously showed that animal-mediated movement of
pollen can occur at a distance of 3.2 km (Dick 2001), but estimates
of average pollination distances are usually in the range of a few
hundred meters (reviewed in Nason & Hamrick 1997, Loveless
2002). Other studies based on comparisons among populations
suggest that pollen dispersal (Stacy et al. 1996, Degen et al. 2004)
and selfing rate (Murawski & Hamrick 1991, 1992) are negatively
correlated with tree density. As well, comparisons of pollen flow in
undisturbed and disturbed habitats suggest that larger among-tree
distances resulting from habitat fragmentation lead to increases in
pollination distances and enhance pollen flow (Chase et al. 1996,
Dick 2001, White et al. 2002, Dick et al. 2003), though in some
cases, artificial reduction of tree density by selective logging increases
levels of self-fertilization (Murawski et al. 1994, Doliguez & Joly
1997). Indirect estimates of historical gene dispersal distances also
found a negative relationship with local population densities (Hardy
et al. 2006).

Diverse factors such as the prevalence of animal pollination
and the interactions between pollinator and plant populations, the
diversity of breeding systems, the lack of seasonality of pollination
at the community level, and the typically shorter longevity of the
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flowers may impact upon mating and gene flow patterns in trop-
ical tree populations (Bawa 1990). Several authors have stressed
the importance and possible application of understanding mating
and gene flow patterns in the context of sustainable management
of tropical forests (Bawa 1990, Ledig 1992, Kanashiro et al. 2002,
Loveless 2002). Moreover, recently developed and powerful analyt-
ical tools are available (Austerlitz & Smouse 2001, Smouse et al.
2001, Ritland 2002), but relatively few attempts have been made
to apply these to studies of the mating system and gene dispersal in
high biodiversity Amazonian forests.

Our aim was to examine the hypotheses that Amazonian trop-
ical trees in continuous forests are highly outcrossing and effectively
disperse their pollen over large distances. As such, we selected two
canopy forest tree species, Carapa guianensis from Brazil and Sex-
tonia rubra from French Guiana, sharing two ecologically relevant
features: (1) an unspecialized pollination system based on small di-
verse insects, and (2) a high local population density (> 1 tree/ha)
relative to other Amazonian tree species. In addition to these fea-
tures, both species are commercially exploited for timber in the local
and international markets, and as such, they are representative of
many exploited tree populations. Our results are discussed within
the framework of the emerging picture of the reproductive biology
of tropical forest trees. Specifically, this paper examines the follow-
ing hypotheses regarding these species: (1) tropical insect pollinators
disperse pollen to other conspecifics over hundreds of meters, even
though the small size of the pollinators suggests restricted between-
tree movement; (2) tropical tree populations are largely outcrossing,
and have limited opportunities for mating among relatives in natural
settings, even though tropical tree species have sexual systems (i.e.,
hermaphrodite or monoecious) that enable self-fertilization; (3) a
large number of fathers pollinate maternal parent trees in a single
reproductive episode, even though factors such as population den-
sity and reproductive phenology suggest that near-neighbor mating
may prevail; and (4) maternal parent trees with reduced local den-
sity of conspecific neighbors produce seed crops with higher levels
of inbreeding, depending on the reproductive biology of the tree
species.

METHODS

STUDY SPECIES AND STUDY SITES.—Carapa guianensis Aublet (Meli-
aceae) is a canopy tree species widely distributed in the Caribbean
islands, Central America, and northern South America. It can reach
1 m in diameter at breast height (DBH) and 30–40 m in height. In
the Brazilian Amazon, it is found in various habitats, from seasonally
flooded river edges to dry uplands, and is occasionally planted by
local indigenous and riverine communities where it grows. In Brazil,
it is an important timber tree species, and the oil extracted from the
seed is extensively traded and used for its medicinal properties.

Carapa guianensis is a monoecious species harboring both male
and female flowers on the same tree. The flowers are small, white,
and are found on conspicuous inflorescences. During several hours
of observation on a few branches of a tree, small stingless bees,

beetles, and moths have been seen in small numbers visiting the
flowers in the morning (D. Cloutier, pers. obs.; M. Maues, pers.
comm.), suggesting that it is pollinated by small insects. The fruit
is a four-valved capsule containing 4–20 seeds weighting 20–40
g each. The seed may float on water and be dispersed over large
distances in flood-prone forests (Scarano et al. 2003, Cloutier et al.
2005). In the upland terra firme populations, the seeds are dispersed
by gravity and secondarily by medium-sized scatterhoarding rodents
for distances less than 25 m (Guariguata et al. 2002). This species
flowers intensively from August through May in the Tapajós river
area, and fruits are released from January through July.

The study site for C. guianensis is Flona Tapajós (03◦01′ S,
54◦58′ W), Para state, Brazil. Under the auspices of the Dendrogene
project (Kanashiro et al. 2002), an intensive study plot is currently
being monitored within the Flona Tapajós. This is part of a larger,
ongoing study focusing on genetic conservation in managed forests
of Amazonia. Prior to this study, a commercial prelogging inventory
was conducted in the study plot (500 ha), and every tree larger than
20 cm DBH was identified and mapped. A mean density of 2.5
C. guianensis trees/ha ≥30 cm DBH was found in the 400 ha of
the central plot area (Fig. 1), indicating that C. guianensis has the
second highest average tree density at this site.

Sextonia rubra (Mez) van der Werff (Lauraceae) is a canopy
tree species reaching 1 m DBH and 40 m in height. It is found in
the Guyanas and the Eastern Amazon basin. It is one of the most
intensely harvested timber tree species in French Guiana.

Plants of S. rubra produce small hermaphroditic, scented, white
flowers in August and September in French Guiana. The pollinators
of S. rubra have not been observed, but the size and the color of the
flowers suggest that pollination is mediated by small insects (sensu
Bawa et al. 1985). The fruits contain a single seed and are produced
in January in French Guiana. It has been reported that the seeds
are dispersed by birds (Hardy et al. 2006), but the bulk of seeds are
released on the ground beneath the trees.

The study site for S. rubra is Paracou (5◦18′ N, 52◦53′ W),
French Guiana. Paracou is composed of 16 noncontiguous perma-
nent study square plots (15 of 6.25 ha plus 1 of 25 ha; Fig. 1)
administered since 1984 by CIRAD-Forêt (French Agricultural Re-
search Centre for International Development-Forestry Department)
to study forest regeneration under natural and logging conditions
(Schmitt & Bariteau 1988). All trees larger than 10 cm DBH have
been identified and mapped in the plots. A total of 154 S. rubra
trees above 30 cm DBH are found in the 119 ha of the Paracou
plots, for an estimated average density of 1.3 trees/ha.

FIELD SAMPLING.—For C. guianensis, fruits were collected directly
beneath 33 maternal parent (mother) trees between April and July
2003 at the Tapajós site. These trees were selected to provide a
range of interindividual distances, from trees that are close enough
to receive pollen from the same source trees, to those far apart and
likely to receive pollen from different source trees. The intertree
distances varied between 6 m and 1883 m, averaging at 722 m.
The number of fruits collected from each tree varied from 8 to
13, for a grand total of 341 progeny analyzed. A separate genetic
analysis conducted on C. guianensis multiseeded fruits collected in
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FIGURE 1. Distribution of (A) Carapa guianensis at Tapajos and (B) Sextonia rubra at Paracou with sizes >30 cm DBH. For both sites, the plots are embedded

within continuous forest for which the distribution of C. guianensis and S. rubra trees is not shown here. Filled circles are the trees from which seed was sampled.

2004 at Tapajós revealed that seeds within individual fruits are sig-
nificantly more likely to share the same father than are seeds taken
from different fruits of the same mother tree (D. Cloutier, pers.
obs.), suggesting correlated pollen dispersal events (i.e., pollen co-
dispersal from the same male parent(s) to single flowers). Thus, to
sample as many independent pollination events as possible, only
one seed per fruit was genotyped. In order to get information on
the C. guianensis adult trees, a piece of cambium (∼150 mg) was
extracted from 199 trees with known spatial location, including or
distributed around the mother trees from which seeds were col-
lected. The cambium samples were stored in a buffer of 70 percent
ethanol and 0.3 percent β-mercaptoethanol before being sent to the
lab.

For S. rubra, single-seeded fruits were collected directly beneath
mother trees in January 2000 at Paracou. Preliminary trials sug-
gested that the DNA extracted from roots of germinated seedlings
gave the best PCR results when used at low concentrations. There-
fore, seeds were planted and the roots of the seedlings were collected
and kept in the freezer until DNA extraction in 2002. Fewer seed
genotypes were available than in the C. guianensis population—the
final data set was composed of 212 seeds taken from 22 mother
trees, with each of the 22 seed families containing between 2 and
15 seeds. For population level analyses of mating system, the 22
families were used, while only the 15 families with at least 8 seeds
genotyped were used for pollen dispersal analyses. The intertree
distances of the 15 families with at least 8 seeds genotyped varied
between 33 m and 2128 m, with a mean of 833 m.

The maternal parent trees of the fruits collected on the ground
were identified with certainty in most cases—at both sites, there
was no evidence that fruits were previously handled by animals, and
because large distances separate conspecific trees, the probability
that seed shadows overlap is low. In a few cases, however, fruits
could have been incorrectly assigned to a mother tree because of
the proximity of a conspecific, or because of incorrect labeling of

the fruits sampled. To rule out incorrect assignment of progeny
to the mother trees, and to check the inheritance and segregation
of alleles at the microsatellite loci used, we compared mother tree
and seed genotypes to detect and remove mismatched individuals
from the data set. Maternal parent genotypes were available from
the adult tree sample of C. guianensis, while most maternal parent
genotypes of S. rubra were known from another study (Hardy et al.
2006). The genotypes of the few trees missing were inferred from
seed family genotypes (Brown & Allard 1970).

LABORATORY ANALYSES.—Carapa guianensis cambium and seed sam-
ples were brought into the plant genetic laboratory of EMBRAPA-
CENARGEN (Brazilian Agricultural Research Corporation—
Center for Genetic Resources and Biotechnology) in Brasilia, Fed-
eral District, Brazil. The samples were ground in liquid nitrogen
and total genomic DNA was extracted from cambium samples,
fresh embryos, and dried leaves of germinated seed using a stan-
dard CTAB-chloroform-isoamyl alcohol protocol. Genotypes were
scored at four microsatellite loci (i.e., Cg1, Cg6, Cg16, and Cg17),
described by Vinson et al. (2005). The PCR amplification cocktail
(total volume of 13 µl) contained: PCR reaction buffer (Invitrogen),
forward (labeled with fluorescence) and reverse primer (0.28 µM),
MgCl2 (1.5 mM), BSA (0.25 mg/ml), dNTP (0.25 mM), Taq DNA
polymerase (1.3 U, Invitrogen), and DNA (∼3 ng). PCR condi-
tions were: denaturation at 94◦C for 5 min; 35 cycles of denatu-
ration at 94◦C for 1 min, annealing at 53–59◦C for 1 min, and
extension at 72◦C for 1 min, followed by a final extension at 72◦C
for 30 min. Optimal annealing temperature and concentrations of
primers, DNA template, and MgCl2 were adjusted empirically for
each locus. Reaction products were separated by electrophoresis
on an ABI 377 automatic sequencer (Applied Biosystems, Foster
City, California, USA) jointly with a custom-made size standard.
Genotypes were determined using the software Genotyper (Applied
Biosystems).
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Sextonia rubra seed samples were brought to the laboratory
of INRA (French National Institute for Agricultural Research) at
Kourou, French Guiana, France. DNA was extracted using a stan-
dard CTAB-chloroform-isoamyl alcohol protocol from frozen roots
of germinated seed grounded in liquid nitrogen. Genotypes were
scored at four microsatellite loci (i.e., Sr3, Sr9, Sr10, and Sr51) de-
veloped by H. Caron (Veron et al. 2005). The PCR cocktail (10.0
µl total) contained reaction buffer (Invitrogen), 0.04 µM of each
dNTP, 0.01–0.04 µM of MgCl2, 0.5 U of Taq DNA polymerase
(Invitrogen), 0.001–0.01 µM of each primer (forward primer la-
beled with fluorescence) and ∼0.2 ng of DNA. The PCR protocol
was: 5 min at 94◦C; 35 cycles of 45 sec at 94◦C, 45 sec at 55–60◦C,
and 45 sec at 72◦C; ending with 45 min at 72◦C. Optimal anneal-
ing temperature and concentrations of primers, DNA template, and
MgCl2 were adjusted empirically for each primer pair. The ampli-
fication products were determined by electrophoresis with a ROX-
500 size standard on an ABI 310 automated sequencer (Applied
Biosystems). Allele sizes were scored using the program Genotyper
(Applied Biosystems).

Standard genetic diversity parameters were estimated from the
seed samples for the microsatellite loci used with the program
GENEPOP (Raymond & Rousset 1995). Using the same program,
no linkage disequilibrium among the C. guianensis loci was detected
in the adult sample, while no sample was available to test this for S.
rubra.

ADULT GENETIC STRUCTURE ANALYSES.—The mating system and
pollen dispersal analyses presented in this study require some knowl-
edge of the genetic structure of the adult trees of each population.
The adult tree sample of C. guianensis was analyzed, therefore, us-
ing the program SPAGEDI (Hardy & Vekemans 2002) to estimate
adult fixation index (FIS) and the statistic “Sp.” This statistic, based
on the regression of genetic similarity between pairs of individu-
als over the natural logarithm of the physical distance separating
them, allows quantitative comparison among species of the inten-
sity of spatial genetic structure (SGS), and is described in detail
by Vekemans and Hardy (2004). The standard error for Sp was
obtained by jackknifing genetic loci and the Sp value was tested
against the null hypothesis of random distribution of genotypes
(i.e., no SGS) by permuting the spatial positions of the adults 1000
times. The genetic structure estimates of the S. rubra adult trees
from Paracou are published elsewhere (Hardy et al. 2006) and gave
a FIS of 0.076, and a Sp value of 0.005 (0.001), indicating very
weak (but statistically significant) SGS among the adult trees.

“TWOGENER” POLLEN DISPERSAL ANALYSES.—Pollen dispersal was
analyzed with the “TwoGener” algorithm developed by Smouse
et al. (2001) using a program obtained from F. Austerlitz (Uni-
versité Paris-Sud, France). The statistic φFT, which measures the
differentiation in allelic frequencies among the pollen clouds sam-
pled by different seed parents whose spatial coordinates are known,
was computed to estimate pollen dispersal parameters. The for-
mal relationship between φFT and pollen dispersal parameters has
been derived for different pollen flow models (Austerlitz & Smouse
2001). A global φFT, based on average pollen pool differentiation

and average physical distance over all pairs of sampled mothers, or a
pairwise φFT, based on pollen pool differentiation and physical dis-
tance between each pair of sampled mother, can be used to estimate
pollen dispersal parameters.

First, we estimated the effective number of pollen donors con-
tributing to the progeny of the average mother tree (Nep)— this is
derived directly from the global estimate of φFT as Nep = 1/2φFT

(Austerlitz & Smouse 2001, Smouse et al. 2001). Second, we esti-
mated δ (i.e., the average distance of realized pollen dispersal) from
the φFT estimates (Austerlitz & Smouse 2001, 2002; Austerlitz
et al. 2004). The global estimate of φFT from the whole set of
sampled mother trees (Austerlitz & Smouse 2001), or the pairwise
estimates of φFT between each pair of sampled mother tree (Auster-
litz & Smouse 2002, Austerlitz et al. 2004) are used to estimate δ

by assuming an underlying density of reproducing trees (d) and a
pollen dispersal model (i.e., normal, exponential, or power expo-
nential). Because Ne/N ratios in plant populations vary from values
close to one, to values as low as 1/10 (e.g., due to varying fertility
and nonsynchronous flowering; Frankham 1995), we estimated δ

from global φFT assuming an upper bound estimate of the density
of reproducing trees (dmax) (i.e., the global density of conspecific
trees > 30 cm DBH in the field), and a lower bound estimate of
d (dmin = dmax/10). The pairwise φFT can also be used to jointly
infer δ, d, and the shape of the pollen dispersal curve (i.e., whether
the curve is exponential, thin-tailed and decreasing faster than the
exponential, or fat-tailed and decreasing slower than the exponen-
tial). A least squares criterion is used to optimize the fit between
observed pairwise φFT values and those expected from the pollen
dispersal model. The residual error for the different dispersal models
tested can be compared to assess which provides the better fit to the
data (Austerlitz et al. 2004). To assess the 95% CI of the global φFT

dispersal estimates and the pairwise φFT dispersal estimates based
on the normal model, 100 bootstrap estimates were calculated using
the seed families as the resampling unit. Because of the prohibitive
amount of computer processing time required for the calculations,
the bootstraps for the pairwise φFT were not performed for the
exponential and the power exponential model of pollen flow.

MATING SYSTEM ANALYSES.—The mating system analyses were done
using the mixed-mating model with the MLTR program (Version
3.1, Ritland 2002). This program calculates maximum likelihood
estimates of: (1) the rate of outcrossing; (2) the level of biparental
inbreeding—this is estimated as the difference between multi- and
single-locus estimates of outcrossing rate, using the fact that the
likelihood of confusing selfed and biparentally inbred progeny is
reduced when the number of loci used in the estimation increases;
and (3) the correlation of paternity, i.e., the extent to which siblings
share the same male parent. We assumed no apomixis and no seed
mortality due to inbreeding prior to the assay. The MLTR program
options were set to their default values, except that the parental
fixation indices were constrained to values estimated from the adult
tree samples (i.e., 0.029 for C. guianensis and 0.076 for S. rubra).
The variance of the MLTR estimates was estimated by bootstrapping
1000 times at the level of seed family.
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Two types of mating system analyses were conducted. In the
first type, we estimated the mating system at the level of the whole
population. In the second type, we assessed the impact of within-
population variation in local density of conspecific neighbors on
the mating system. To do this, we classified each mother tree into
one of two groups: (1) trees with higher neighbor density than
global density; and (2) trees with lower density of neighbors relative
to the global density. “Neighbors” were defined as conspecific trees
found within the average pollination distance of the mother trees, as
estimated by TwoGener when effective density and pollen dispersal
are jointly estimated. Since the study plots at the Paracou field site
were small and not contiguous, estimates of neighbor density for
S. rubra were based on individual plot tree density.

RESULTS

MICROSATELLITE LOCI.—Table 1 shows the allele frequencies, gene
diversities (He), observed heterozygosity (Ho), and fixation indices
(FIS) obtained with the four microsatellite loci used in each species.
We detected high levels of gene diversity, varying between 0.42
and 0.83 for C. guianensis, and between 0.80 and 0.86 for S. rubra,
indicating that the microsatellite loci diversity is adequate for mating

TABLE 1. Allele frequencies, number of seed genotyped (N), gene diversity (He),

observed frequency of heterozygotes (Ho), and fixation index (FIS ) in

microsatellite loci of Carapa guianensis and Sextonia rubra.

Carapa guianensis microsatellite loci Sextonia rubra microsatellite loci

Allele Cg1 Cg6 Cg16 Cg17 Sr3 Sr9 Sr10 Sr51

1 0.729 0.285 0.015 0.031 0.300 0.193 0.227 0.003

2 0.215 0.054 0.011 0.034 0.008 0.050 0.002 0.065

3 0.055 0.006 0.034 0.275 0.029 0.024 0.024 0.013

4 0.001 0.105 0.056 0.037 0.147 0.268 0.182

5 0.039 0.414 0.201 0.086 0.009 0.085 0.240

6 0.010 0.233 0.029 0.026 0.110 0.080 0.138

7 0.271 0.023 0.141 0.081 0.088 0.002 0.214

8 0.188 0.027 0.099 0.117 0.211 0.251 0.005

9 0.095 0.011 0.133 0.144 0.066 0.051 0.016

10 0.017 0.001 0.003 0.086 0.002 0.055

11 0.013 0.020 0.016 0.018 0.007 0.070

12 0.020 0.012 0.003

13 0.003 0.071 0.140

14 0.013 0.008

15 0.007 0.003

16 0.004

N 320 317 331 341 176 212 191 176

He 0.42 0.80 0.76 0.83 0.84 0.86 0.80 0.83

Ho 0.37 0.83 0.73 0.80 0.81 0.85 0.80 0.79

FIS 0.12 −0.04 0.03 0.04 0.03 0.02 −0.01 0.05

system and pollen dispersal estimation (Austerlitz & Smouse 2002,
Ritland 2002).

ADULT GENETIC STRUCTURE.—The fixation index (FIS) of C. guia-
nensis adult trees was 0.029 and the value of Sp was 0.0045 (0.0024).
This very weak level of SGS was, nevertheless, statistically signifi-
cant with the permutation test at the 0.05 level.

POLLEN DISPERSAL.—The global estimate of pollen pool differenti-
ation (φFT) was 0.053 for C. guianensis with a 95% CI of 0.027–
0.074, and 0.064 (95% CI: 0.017–0.088) for S. rubra. Both values
are significantly greater than 0, indicating significant substructure
of pollen pool allele frequencies. These global estimates of φFT yield
estimates of effective number of fathers per seed parent (Nep) of 9.4
(6.8–18.5) for C. guianensis, and of 7.8 (5.7–29.4) for S. rubra.

The results for the mean pollen dispersal distance (δ) based on
global estimates of φFT are presented in Table 2. Using the estimated
density of trees above 30 cm DBH in size (dmax), and assuming the
normal model of pollen dispersal, we estimated δ at 69 m (58–96
m) for C. guianensis and 86 m (74–167 m) for S. rubra. Using
the estimated minimum effective density (dmin), δ is estimated at
218 m (184–288 m) for C. guianensis and 271 m (233–448 m) for
S. rubra. Assuming the exponential model, we obtained slightly
larger values of 78 m (66–109 m) for C. guianensis and 97 m (83–
188 m) for S. rubra using dmax, compared with 244 m (207–317 m)
for C. guianensis and 303 m (262–491 m) for S. rubra using dmin.
Overall, both species have similar levels of pollen dispersal that are
influenced more by the estimate of density than by the dispersal
model assumed.

The results of the pairwise estimates of φFT are presented in
Table 3. Overall, these results are similar to those derived from the
global φFT estimates, with estimates of δ varying between 71 and
355 m for C. guianensis, and between 81 and 287 m for S. rubra.
The joint estimation of density and dispersal distance suggests that
the effective density of reproducing individuals is lower than the
estimated field density for both species—approximately an order
of magnitude lower than the true density of reproductive trees in

TABLE 2. Mean pollen dispersal distance (δ) under the normal and exponential

dispersal models using maximum and minimum estimates of the ef-

fective density of reproductive trees (dmax and dmin) (trees/ha) based

on global estimates of pollen pool differentiation in Carapa guianensis

and Sextonia rubra.

Dispersal Carapa guianensis Sextonia rubra

model δ (m) (95% CI)a δ (m) (95% CI)

dmax = 2.50 dmin = 0.25 dmax = 1.30 dmin = 0.13

Normal 69 (58–96) 218 (184–288) 86 (74–167) 271 (233–448)

Exponential 78 (66–109) 244 (207–317) 97 (83–188) 303 (262–491)

aBootstrap 95% CI in parentheses.
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TABLE 3. Mean pollen dispersal distance (δ) based on pairwise pollen pool dif-

ferentiation estimates for Carapa guianensis and Sextonia rubra. The

density of reproductive trees (d) was constrained or estimated jointly

with δ for different dispersal models. The error indicates the level of de-

parture of the observed pairwise estimates to the dispersal model fitted.

Carapa guianensis

d (trees/ha) δ (m)

Dispersal model Error Constrained Estimated Estimated

Normal 2.129 2.50 71

Normal 2.063 0.23 218

Exponential 2.127 2.50 80

Exponential 2.062 0.18 276

Exponential powera 2.127 2.50 91

Exponential powerb 2.062 0.13 355

Exponential powerc 2.062 0.14 338

Sextonia rubra

d (trees/ha) δ (m)

Dispersal modeld Error Constrained Estimated Estimated

Normal 0.263 1.30 81

Normal 0.228 0.14 231

Exponential 0.264 1.30 92

Exponential 0.229 0.11 287

aEstimated shape parameter = 0.73.
bShape parameter constrained to 0.73.
cEstimated shape parameter = 0.77.
dThe exponential power model was not applicable (see results for details).

the population. For C. guianensis, the exponential power model of
pollen dispersal provides the best fit to the observed data. The joint
estimation of the three parameters gave a shape parameter of 0.77
(indicating that the dispersal curve is more fat-tailed than an expo-
nential distribution), an estimated effective density of 0.14 trees/ha,
and a mean pollen dispersal distance of 338 m. For S. rubra, the best
fit is the normal model, which gave an estimated effective density
of 0.14 trees/ha, and a mean pollen dispersal distance of 231 m.
The program failed to converge in the case of the exponential power
model in the case of S. rubra, possibly because of the reduced data
set for this species. The 95% CI on the normal model parameters
jointly estimated by the pairwise analysis were large, with δ (43–
514) m and d (8.2–0.018) tree/ha for C. guianensis, and δ (49–460)
m and d (3.1–0.024) tree/ha for S. rubra.

MATING SYSTEM.—The results of the population level mating sys-
tem analyses are presented in Table 4. Similar results were obtained
for both species. The multi-locus outcrossing rate was estimated at
0.918 for C. guianensis and at 0.945 for S. rubra. Both values are
significantly less than 1.0, suggesting that these species are able to

TABLE 4. Mating system estimates for Carapa guianensis and Sextonia rubra,

where tm represents the multi-locus outcrossing rate, ts the single-lo-

cus outcrossing rate, and rp the multi-locus correlation of outcrossed

paternity.

Mating system parameters Carapa guianensis Sextonia rubra

tm (SE) 0.918a (0.033) 0.945a (0.022)

ts (SE) 0.902a (0.038) 0.941 (0.042)

tm − ts (SE) 0.015 (0.015) 0.004 (0.026)

rp (SE) 0.089b (0.024) 0.096b (0.035)

aLess than 1.000 at 5 percent level.
bGreater than 0.001 at 5 percent level.

self-fertilize. We did not detect any significant levels of biparental
inbreeding in either species, as measured by the difference between
multi- and single-locus estimates. The estimated multi-locus cor-
relation of paternity was low for both species, but significantly
different to 0.

The impact of local variation in density of neighbors on the
mating system is presented in Table 5. For both species, we found
modest variation in the density of conspecific neighbors within
pollination neighborhood of individual mother trees, with values
between 1.8 and 3.2 neighbors/ha for C. guianensis, and between
0.5 and 2.6 neighbors/ha for S. rubra. When the mother trees were
classified into two groups of lower and higher neighbor density,
C. guianensis had a mean of 2.2 (N = 16) and 2.8 neighbors/ha
(N = 17), respectively, while S. rubra had a mean of 1.0 (N = 8)
and 2.6 neighbors/ha (N = 10). When estimating mating system
parameters separately for those two groups, we found no evidence for
an impact of neighbor density on inbreeding levels. The estimates
of outcrossing rate, level of biparental inbreeding, and correlation
of paternity for both species were not significantly different between
the groups (0.05 level). For S. rubra, the correlation of paternity was
only marginally higher for mother trees with lower local density of
neighbors compared to trees with higher local density of neighbors.

TABLE 5. Impact of variation in local density of conspecific neighbors on the

mating system of Carapa guianensis and Sextonia rubra, where tm

represents the multi-locus outcrossing rate, ts the single-locus outcrossing

rate, and rp the multi-locus correlation of outcrossed paternity.

Carapa guianensis Sextonia rubra

Local densitya Low density High density Low density High density

tm (SE) 0.92 (0.06) 0.93 (0.04) 0.95 (0.09) 0.90 (0.02)

ts (SE) 0.93 (0.07) 0.90 (0.05) 0.88 (0.09) 0.92 (0.03)

tm − ts (SE) −0.02 (0.02) 0.02 (0.03) 0.07 (0.08) −0.02 (0.03)

rp (SE) 0.11 (0.08) 0.05 (0.02) 0.19 (0.18) 0.03 (0.05)

aMother trees are classified into two groups of low and high mean number of

neighbors/ha (see text for details).
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DISCUSSION

POLLEN DISPERSAL.—We found low pollen pool differentiation
and high levels of pollen dispersal for both C. guianensis and S.
rubra, with estimates of average pollination distances (δ) vary-
ing between ∼70 m and ∼350 m. This suggests that trees
in both species mate with a large number of conspecifics, dis-
tributed over a large area in their vicinity, despite (or owing
to) the large distances separating conspecifics in tropical forests.
The pollen dispersal distance estimates from this study appear
larger than other high-density (i.e., >10 trees/ha) tropical trees
found in similar habitats, such as Symphonia globulifera (De-
gen et al. 2004), and also larger than high-density tropical
species with different ecological requirements, such as Gliricidia
sepium (Dawson et al. 1997) and Cordia alliodora (Boshier et
al. 1995). On the other hand, the pollen dispersal distances in
C. guianensis and S. rubra are similar to other tropical tree species in
continuous undisturbed rain forest, commonly found at low density
(i.e., <1 tree/ha), such as Dinizia excelsa (Dick et al. 2003), Swiete-
nia humilis (White et al. 2002), or Neobalanocarpus heimii (Konuma
et al. 2000). This comparison of our results to previous studies adds
support to the hypothesized negative relationship between popula-
tion density and gene dispersal, and suggests that density variation
below ∼5 trees/ha may not have a strong impact on the mean
distance of pollen dispersal, and that other factors related to the
reproductive biology of the tree species may be more important.

It is worth noting that our estimates of pollen dispersal dis-
tances, which represent “ongoing” dispersal, are substantially lower
than “historical” estimates of gene dispersal distances derived from
the observed level of SGS among adult trees. For S. rubra, the his-
torical estimate of gene dispersal was between 728 m and 848 m
(Hardy et al. 2006), while even higher estimates may be expected
for C. guianensis since its SGS is weaker than S. rubra. This suggests
that the contribution of seed dispersal to global gene flow may be
significant, at least for S. rubra, whose seeds are potentially dispersed
by birds. Moreover, at least for C. guianensis, whose seed are unlikely
to be dispersed at large distances at the study site, this suggests that
gene dispersal estimated from a single episode of reproduction (e.g.,
this study) is more restricted than the cumulative effect of gene
flow over hundreds of years, as measured by indirect estimates of
historical gene dispersal based on SGS. In other words, ecological
time-scale estimates of gene dispersal, such as obtained in our study,
may be lower simply because they measure a different parameter,
with different effective density perhaps, than historical estimates of
gene dispersal based on levels of SGS among adults.

Among the assumptions required to estimate pollen disper-
sal distances using the TwoGener algorithm (see also Hardy et al.
[2004] for a discussion of additional aspects), the two that have
potential to bias estimates are the pollen dispersal model and the
tree density used. For instance, models with a thin-tailed dispersal
curve (e.g., the normal model) may result in the underestimation of
the true dispersal distances in cases when the actual pollen dispersal
curve is fat-tailed. However, estimates of δ that assume different
dispersal models are actually quite similar (Tables 2 and 3), sug-
gesting that any bias introduced by these assumptions may be low.

In comparison, the assumed tree density has a significant impact
on δ estimates. Since some trees in the population may be more
successful than others at pollinating their neighbor flowers, simply
using trees above 30 cm DBH to estimate density may lead to an
overestimate of the effective tree density, and an underestimate of
mean pollen dispersal distances (Austerlitz & Smouse 2002). For
that reason, we have estimated δ: (1) with global φFT using maxi-
mal (dmax) and minimal (dmin) estimates of the effective population
density, providing, respectively, lower and upper bound estimates of
pollen dispersal distance; and (2) with pairwise φFT to jointly infer
density and dispersal distance.

The joint estimation revealed that the effective density of repro-
ducing trees was about one-tenth that of the estimated field density
of trees. This is among the smallest Ne/N ratios observed in plant
populations (Frankham 1995). However, the 95% CI estimated for
the effective density estimates were very large (i.e., between about
8 and 0.02 trees/ha for both species), reflecting the fact that data
sets larger than ours are needed to estimate d precisely (Austerlitz
& Smouse 2002). Nonetheless, the low estimated d likely indicates
that there is variation in male reproductive success in our pop-
ulations. Treecrown observations to determine which individuals
were flowering in a sample of C. guianensis trees in 2003, and S.
rubra trees in 2002, revealed that about 75 percent of trees above
30 cm DBH at the flowering peak had the potential to exchange
pollen (Dendrogene project for C. guianensis, M. Kanashiro, pers.
comm.; D. Cloutier and O. Hardy for S. rubra, pers. obs.), which
suggests that some sampled trees were not perfectly synchronized
with the population. Paternity analyses of animal-pollinated tropi-
cal trees (e.g., Konuma et al. 2000) also revealed some asymmetry
among pollen contributors to a single mother, which could not be
explained by “isolation by distance” alone. Other factors, such as
variation in the number of male gametes produced by each pollen
donor, may play an additional role in fertility variation if there are
differences in tree size and/or access to light.

MATING SYSTEM.—The high outcrossing rates found in this study
(tm > 90%) fall within the range of typical values estimated for
tropical tree populations (Loveless 2002). Some significant, but low,
selfing levels were detected in this study, as in other studies of tropical
tree populations (Loveless 2002), suggesting that C. guianensis and
S. rubra are able to self-fertilize. It is worth noting that because
of the potential presence of inbreeding depression, the observed
level of selfing may depend on the developmental stage at which
the progenies are analyzed. Thus, we may have underestimated
the level of self-fertilization for both species because we measured
inbreeding levels in the seeds (for C. guianensis) or in the seedlings
(for S. rubra), i.e., after early acting inbreeding depression may
have selected out some inbred progeny. Our results nevertheless
reinforce the perception of a predominance of outcrossing in tropical
tree mating systems that has developed over the past three decades
(Loveless 2002, Ward et al. 2005).

When inferring levels of biparental inbreeding from differ-
ences between single- and multi-locus estimate of outcrossing rate
(Ritland 2002), we do not detect any significant levels of biparental
inbreeding in our populations. In the case of S. rubra, this result
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may be due to the small data set we used for the estimation, as an-
other study reported significant levels of biparental inbreeding for
this species (Veron et al. 2005). Weak levels of biparental inbreeding
could be interpreted as a consequence of extensive pollen flow in
these populations, and weak genetic structure among reproducing
trees, since opportunities for mating among near-neighbor relatives
in such a situation may be infrequent.

We estimated the correlation of paternity at less than 0.1 in
both C. guianensis and S. rubra. This indicates that the seed crop of
individual trees is composed mostly of half-sibs. For both species,
the values of correlation of paternity are approximately two times
the values of φFT, reflecting the fact that these statistics estimate
the same quantity (Hardy et al. 2004). In the case of tropical trees,
which are mostly animal-pollinated, we might expect varying levels
of correlated paternity depending on the reproductive biology of
the species, but most tropical rain forest trees studied to date show a
pattern of low correlated paternity (e.g., Doligez & Joly 1997). The
large pool of potential pollen donors inferred for C. guianensis and
S. rubra likely explains the low level of correlated paternity observed
in these species.

Assuming pollinator behavior follows an optimal cost/benefit
foraging strategy, reduced density of flowering trees has been hy-
pothesized to increase levels of inbreeding (Murawski & Hamrick
1991, 1992; Murawski et al. 1994). We found no evidence, how-
ever, for an impact of local density of neighbors on mating system
parameters within our populations. Moreover, applying a different
approach (Hardy et al. 2004) which estimates correlated paternity
for each mother tree and regresses this value on local density, again
we found no significant impact of local density on the correlation of
paternity (D. Cloutier, pers. obs.). This could be partly explained by
the scale of effective pollen dispersal, and by the relative abundance
of conspecifics for C. guianensis and S. rubra compared to other
tree species found in the same sites. For both species, we found
extensive pollen dispersal, i.e., beyond the distances separating the
mother trees to their immediate near-neighbors. Since the mother
trees are pollinated by a large pool of potential pollen donors dis-
tributed over a large area, local variation in neighbor density within
pollination neighborhood may be smoothed out, and thus may be
insufficient to have significant consequences on variation in the
outcrossing rate. On the other hand, the correlation of paternity
seemed to be more influenced by variation in conspecific density,
but consequences on inbreeding levels appear to be marginal at best.
In the case of S. rubra, the small data set and the lack of information
about the density of conspecifics in between the plots at Paracou
also limited our ability to detect any impact of neighbor density on
inbreeding levels in the first place.

Comparisons of our results with other studies on C. guianensis
and S. rubra may also help to detect potential mating system con-
sequences associated with population density. An allozyme study in
Costa Rican populations of C. guianensis with more than 10 trees/ha
revealed high outcrossing rates (0.97–0.99; Hall et al. 1994). An-
other microsatellite study in the same area, based on adult and
sapling genotypes, found that the population is completely out-
crossed (Dayanandan et al. 1999). Comparison of our Amazonian

low-density population to the Costa Rican high-density populations
suggests that higher outcrossing rates may be favored by an increase
in population density. In other studies, there was no evidence for
reduced inbreeding in high-density populations of the Neotropical
S. globulifera in French Guiana (Degen et al. 2004) compared to
lower density populations in Panama (Stacy et al. 1996). Further-
more, a genetic study of S. rubra seeds at Paracou, collected 2 yr
after those analyzed in this study, revealed similar levels of pollen
dispersal, but slightly higher outcrossing rate (0.99) with significant
levels of biparental inbreeding (Veron et al. 2005), despite having
the same field population density between the 2 yr. The limited
precision of estimates obtained from genetic data may explain some
of the differences between studies, but also these differences sug-
gest that tree density is not the only factor influencing the mating
system, and that nonoverlapping phenologies, variation in pollen
production among trees, and variation in the composition and the
behavior of the animal pollinators might play an important role.
It appears that only large changes in population density, such as a
tenfold increase or decrease, could have significant mating system
consequences. This also suggests that for tree species that have rela-
tively dense populations and are pollinated by small insects, minor
changes in population density (e.g., as when a small proportion of
trees are exploited for timber) may not result in significant popula-
tion genetic impacts.

To conclude, the two Amazonian tree species investigated here
produce genetically diverse seed crops in their natural settings, have
high levels of pollen flow, and minimal levels of inbreeding. How-
ever, variation in local density of neighbors within pollination neigh-
borhood did not have a significant impact on inbreeding levels in
the populations investigated here. The mating system and pollen
flow parameters estimated in this study are strikingly similar for
these two timber species with high population density and polli-
nated by small insects, but having different sexual systems that do
not completely prevent selfing. These results, while adding sup-
port to the emerging paradigm that tropical trees have evolved in a
context of regular outcrossing with distant individuals, also suggest
that tropical tree populations pollinated by small insects can bypass
near-neighbor mating, not only in low density populations (Stacy
et al. 1996), but also for medium-to-high density populations such
as those examined here.
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