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® Background and Aims Knowledge of pollen dispersal patterns and variation of fecundity is essential to under-
standing plant evolutionary processes and to formulating strategies to conserve forest genetic resources.
Nevertheless, the pollen dispersal pattern of dipterocarp, main canopy tree species in palaeo-tropical forest
remains unclear, and flowering intensity variation in the field suggests heterogeneity of fecundity.

e Methods Pollen dispersal patterns and male fecundity variation of Shorea leprosula and Shorea parvifolia ssp.
parvifolia on Peninsular Malaysian were investigated during two general flowering seasons (2001 and 2002),
using a neighbourhood model modified by including terms accounting for variation in male fecundity among
individual trees to express heterogeneity in flowering.

e Key Results The pollen dispersal patterns of the two dipterocarp species were affected by differences in con-
specific tree flowering density, and reductions in conspecific tree flowering density led to an increased selfing
rate. Active pollen dispersal and a larger number of effective paternal parents were observed for both species
in the season of greater magnitude of general flowering (2002).

e Conclusions The magnitude of general flowering, male fecundity variation, and distance between pollen donors
and mother trees should be taken into account when attempting to predict the effects of management practices on
the self-fertilization and genetic structure of key tree species in tropical forest, and also the sustainability of poss-
ible management strategies, especially selective logging regimes.
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pollen dispersal, Shorea, tropical forest.

INTRODUCTION

Identifying pollen dispersal patterns is important because they
play key roles in determining the rates of successful outcrossing
and shaping the genetic diversity and structuring of natural
plant populations (e.g. Wright, 1946; Crawford, 1984; Ennos,
1994). Therefore, pollen dispersal patterns have profound impli-
cations for forest succession, evolutionary plant biology and con-
servation strategies. Most tropical tree species depend on insects
for pollination (Bawa et al., 1985), and in species-rich tropical
forests low population densities of conspecific adult trees have
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led biologists to predict that tropical trees are likely to be highly
dependent on self-fertilization, and thus to have high inbreeding
coefficients (e.g. Corner, 1954; Fedorov, 1966). However,
control pollination studies and recent mating system studies
with genetic markers have revealed that insect-pollination can
yield unexpectedly high rates of outcrossing and long-distance
pollen dispersal (e.g. Bawa, 1974; Murawski and Hamrick,
1991; Ward et al., 2005). In addition, a wide variety of pollination
symbioses have evolved in tropical forests, which are likely to
lead to differences in pollen dispersal patterns between plant
species, especially as the population dynamics of pollinator
species may show considerable spatial and temporal variation.
Variability in other factors, notably conspecific flowering tree
densities, flowering phenology and its synchronicity, may also
lead to major between-species differences in pollen dispersal pat-
terns, effective pollination distances and, possibly, degrees of
genetic isolation.

Estimations of ecological parameters relative to reproductive
success and gene flow in dense tropical forests have been hindered
by difficulties in observing reproductive phenomena in high
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canopies. However, by modelling pollen dispersal and reproduc-
tive parameters it is possible to circumvent these problems, and
thus: to quantify inter-population patterns of pollen and seed
movements in a spatially explicit manner; to obtain insight into
contemporary patterns of gene flow in a landscape context; and
to consider various factors affecting reproductive success
(Burczyk et al., 1996, 2002; Burczyk and Prat, 1997; Bacles
et al., 2005). Many authors have also attempted to estimate the
fecundities of individual males within populations directly
using genetic information (e.g. Meagher, 1991; Devlin et al.,
1992; Burczyk and Prat, 1997). In addition, the heterogeneity
of male fecundity has been incorporated into models by including
appropriate ecological and physiological variables in order to
obtain more reasonable parameter estimates and to account for
factors influencing male fecundity variation within populations
(Burczyk et al., 2002; Oddou-Muratorio et al., 2005; Burczyk
and Prat, 1997). Klein et al. (2008) estimated parameters for
male reproduction fecundity of all potential pollen donors in
the neighbourhood based on paternity assignments and detected
wide variability in individual male fecundity. This approach
should be very valuable especially in tropical forests because dif-
ficulty of accessibility to the tall canopy makes it difficult to
conduct direct observation of mating processes.

Shorea leprosula and Shorea parvifolia ssp. parvifolia are
ecologically and economically important members of the
Dipterocarpaceae, the dominant timber family in south-east
Asia. Generally, Shorea species produce small, hermaphroditic
flowers and are pollinated by small insects, such as thrips and
small beetles (Appanah and Chan, 1981; Momose ef al., 1998;
Sakai et al., 1999). Previous studies have examined aspects of
pollen dispersal patterns, effective pollination and gene flow in
various members of the Dipterocarpaceae. These studies have
identified a hermaphrodite flower-adopted mixed-mating
system (Murawski er al., 1994a; Lee et al., 2000) and have
demonstrated tendencies for their selfing rates to increase
with reductions in population density (Murawski et al.,
1994b; Nagamitsu et al., 2001; Obayashi et al., 2002; Fukue
et al., 2007). Direct estimates of Dipterocarpaceae pollen dis-
persal patterns have revealed that a high proportion of pollen
originates from outside study plots and that pollen dispersal
frequency rapidly declines with increasing distance from the
pollen source (Konuma et al., 2000; Fukue et al., 2007,
Naito et al., 2008). However, pollen dispersal curves and
male fecundity variation in this important family have not
been discussed in detail and remained to be elucidated. In par-
ticular, it was reported that a reduction of population density,
such as by selective logging activity, increased selfing in
Shorea species (Murawski et al., 1994b; Obayashi et al.,
2002), and therefore estimates of these parameters will be
valuable for developing effective conservation strategies and
improving the sustainability of management practices in tropi-
cal forests.

MATERIALS AND METHODS
Research plot, sampling strategy and DNA extraction

The Pasoh Forest Reserve (Pasoh FR) located at Negri,
Sembilan State, in the centre of the southern Malaysian
Peninsula (2°58'N, 102°18'E) is a designated conservation
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area of lowland dipterocarp forest (details are described in,
for example, Manokaran and LaFrankie, 1990; Condit et al.,
1996, 1999; He et al., 1997). A 40-ha (500 x 800 m) plot in
the Reserve has been established since 1998 that is located
at the edge of a 50-ha long-term demographic research plot
and includes a 6-ha International Biological Plot (IBP), used
for molecular ecological research (Konuma et al., 2000;
Takeuchi et al., 2004; Naito et al., 2005, 2008). All trees of
two important dipterocarp species, Shorea leprosula Miq.
and Shorea parvifolia Dyer. ssp. parvifolia, in the 40-ha plot
with a diameter at breast height (dbh) exceeding 30 cm were
mapped (Figs 1 and 2). Inner bark or leaf samples of all
mapped individuals of both species (n = 61 and 70, respect-
ively) were collected. In 2001 and 2002, sporadic and mass
general flowering events were observed in the Malaysian
Peninsula (Numata et al., 2003; Sun et al., 2007). All individ-
uals that flowered in the plot during the two events were care-
fully monitored by monthly direct observations from
4 September, 2001 to 14 February 2002 during the 2001 flow-
ering event, and once every 2 weeks from 2 April, 2002 to the
26 September, 2002 during the 2002 flowering event. Seeds
were collected from under the canopies of five and eight
S. leprosula trees and four and five S. parvifolia trees
(assumed to be the respective seeds’ maternal trees), in 2001
and 2002, respectively. Part of the seeds in 2002 were col-
lected under the canopy of mother trees and sown in a
nursery at the Pasoh FR research station; therefore, DNA
was extracted from the embryos or leaves of the germinated
seedlings of 9—112 offspring per tree in each year (mean =
40-0, SD = 29-4; see Table 3 below). Genomic DNA was
extracted from leaves, inner bark and embryo tissues using a
method described by Murray and Thompson (1980). The
extracted DNA was further purified using a High Pure PCR
Template Preparation Kit (Roche).

Molecular analysis

All samples were genotyped at ten microsatellite loci, using
primers developed by Ujino et al. (1998) and Lee et al. (2004).
Polymerase chain reaction (PCR) amplifications were carried
out in total reaction volumes of 10 puL using a GeneAmp
9700 (Applied Biosystems, Foster City, CA, USA) instrument.
The PCR mixture contained 0-2 pM of each primer, 0-2 mm of
each dNTP, 20 mm Tris—HCI (pH 8-4), 50 mm KCI, 1-5 mm
MgCl,, 0-25 U of Tag DNA polymerase (Promega, Madison,
WI, USA) and 0-5-3 ng of template DNA. The temperature
programme was as follows: 3 min at 94 °C, then 30-35
cycles of 45 s at 94 °C, 45 s at 50-57 °C and 45 s at 72 °C,
followed by a 5-min extension step at 72 °C. Amplified PCR
fragments were electrophoretically separated by using an
ABI3100 genetic analyser (Applied Biosystems) with a cali-
brating internal size standard (GeneScan ROX 400HD). The
genotype of each individual was determined from the resulting
electrophoregrams by GENOTYPER ver. 3.7 software
(Applied Biosystems).

Paternity assignment and mating system

Before assigning paternal parents, offspring genotypes that
conflicted with the assumed maternal tree genotypes were
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Fig. 1. The distribution of adult trees (dbh > 30 cm), pollen dispersal routes and flowering events according to field observations in Shorea leprosula. Open

squares represent the locations of the mother trees from which seeds were collected (shown with tree IDs); circles represent the locations where adult trees flow-

ered, did not flower and flowering was not determined, as indicated. The lines and arrows show pollen routes within the plot and cryptic pollen dispersal, respect-

ively (from the paternity analysis). The widths of the lines and arrows correspond to the number of pollen dispersal events detected, as indicated in the scale on
the right-hand side of the figure.

excluded from the offspring genotype array. Such conflicts can
arise because seed dispersal and canopy overlaps of individ-
uals of the same species sometimes cause the misallocation
of maternal parents when seeds are collected from under the
canopy of presumed maternal trees. The numbers of excluded
offspring were 67 (10 %) and 84 (17 %) for S. leprosula and
S. parvifolia, respectively [not included in the number of off-
springs analysed (see Table 3 below)]. After the exclusion of
erroneous maternal offspring, the paternity of each offspring
was determined by a combination of likelihood and simple
exclusion procedures implemented in Cervus ver. 2.0
(Marshall et al., 1998). The likelihood ratios and their confi-
dence levels (>95 %) were used for paternity assignment.
However, if the significant paternal candidates identified
from the likelihood procedure had more than two loci mis-
matches in the simple exclusion procedure, the paternal tree
of the offspring was assumed to be located outside of the
plot and the offspring was not assigned to any paternal candi-
dates. The electrophorograms were double checked to confirm
mismatch between the offspring and paternal candidate in
these cases to minimize genotyping error. Selfing rate was esti-
mated by dividing the number of self-fertilized offspring by
the total number of analysed offspring per mother tree, sup-
ported by the paternity analysis. In this procedure, the selfing
rate was presumably over-estimated if erroneous assignment

of selfing had occurred, which was mainly caused by cryptic
pollen dispersal.

Estimation of pollen dispersal parameters

Pollen dispersal parameters were estimated using the
maximum likelihood (ML) method described below, which
is similar to that used in several previous studies (Burczyk
et al., 1996; Burczyk and Koralewski, 2005; Klein et al.,
2008). It is necessary to take account of the accuracy of parent-
age assignments when the resolution of parentage analyses is
low, i.e. when the genotypes of offspring frequently match
more than one candidate father in a plot, or there is a signifi-
cant possibility that the true fathers of the offspring are located
outside the plot. Burczyk et al. (1996, 2002) proposed the use
of ML methods for considering the effects of parentage accu-
racy and cryptic gene flow. However, if parentage accuracy is
very high, simpler likelihood functions can be validly applied,
as in the present study. Therefore, the probability of paternal
contribution for each mother tree was estimated using a
simpler model, rather than the neighbourhood model, to esti-
mate the genetic transition probabilities between the offspring
and unknown local fathers or a local pollen donor.

The pollen sources of offspring from a particular mother
tree, i, were categorized as n; (the number of allogamous
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F1G. 2. The distribution of adult trees (dbh > 30 cm), pollen dispersal routes, and flowering events according to field observations and pollen production esti-

mates derived from the parameter &; in Shorea parvifolia. Open squares represent the locations of the mother trees from which seeds were collected (shown with

tree IDs); circles represent the locations where adult trees flowered, did not flower and flowering was not determined, as indicated. The lines and arrows show

pollen routes within the plot and cryptic pollen dispersal, respectively (from the paternity analysis). The widths of the lines and arrows correspond to the number
of pollen dispersal events detected, as indicated in the scale on the right-hand side of the figure.

offspring whose paternal donor was detected in the plot), n;
(the number of offspring whose paternal donor was not
detected in the plot, i.e. the number of offspring resulting
from pollen originating from outside of the plot) and n
[the number of offspring of the ith mother tree whose assigned
paternal donor ( jth) was the same adult tree as the mother tree
(synonym of selfing, ignoring possible cryptic pollen disper-
sal)]. The model used to describe pollen movement within
the plot was n;. The categorical relationships for number and
rate of offspring were n; + n; + n;;(5), equivalent to the total
number of offspring analysed, and a; =1 — m; — s;, respect-
ively, where a; is the rate of allogamous offspring of the ith
mother tree sired by a pollen donor inside of the plot, m; is
the rate of pollen dispersal from outside the plot to the ith
mother tree (migration rate from outside of the plot) and s; is
the direct rate of selfing of the ith mother tree without consid-
ering the occurrence of the same adult tree genotype outside
the plot (Table 1).

In modelling of pollen dispersal with male fecundity vari-
ation (MPM), a pollen dispersal kernel of e 9" was
assumed, where 3 and x were defined as the pollen dispersal
parameter and the shape parameter of the dispersal curve,
respectively, similar to their counterparts in the neighbourhood
model (Burczyk et al., 1996; Adams, 1992). The fixed par-
ameter (X ) was then added to the kernel to modify the shape
of the dispersal curve (four values of X were assumed: 0-5,

1, 1.5 and 2.-0). To investigate possible improvements to the
fit of the model by considering the heterogeneity of pollen pro-
duction by different adult trees, a term describing the amount
of pollen produced by each adult tree (¢;) was included. «; was
constrained by its distribution (polynomial). As for the neigh-
bourhood model, these parameters were estimated only from
pollen exchange events within the plot in the absence of
selfing. The notations of the model parameters and data are
summarized in Table 1. In these models the relative pollen
contribution of the jth pollen donor throughout N pollen
donors to the ith mother tree was expressed as

azexp(—(Bd;))
S0, aexp(—(Bdi)®)

pij = (1)

where p;; is the expected rate of allogamous ith mother tree’s
offspring sired by the jth pollen donor [self-fertilization (ith
tree was same tree as jth tree) was excluded]. Given the high
accuracy of the parentage assignments, any candidate tree in
the plot meeting the paternal criteria described above was
assumed to be the true paternal tree of the offspring. Note
that only one or no candidate fathers were assigned for each
offspring. The likelihood function for K mother trees was
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TaBLE 1. Description of the parameters, data and estimates

used in this study

Parameter Datum Rate Derivation Description

Pollen attenuation parameter for
the dispersal curve

X Shape parameter of the dispersal

curve

Q; Parameter from the magnitude of

male fecundity for the jth adult
tree in the plot
n; Number of allogamous offspring
produced by the ith mother tree

n; Number of the ith mother’s
offspring whose paternal donors
were not detected in the plot

Mij(r) Number of the ith mother’s

allogamous offspring sired by jth

pollen donor in the plot

Number of offspring of the ith

mother tree whose assigned

paternal tree was the jth adult tree
when the ith mother tree was
located at the same position as the

Jjth paternal donor

(self-fertilization)

d;; Horizontal distance in metres
between the ith mother tree and
the jth adult tree in the plot

a; 1 -m; - Rate of allogamous offspring sired
S by a pollen donor inside the plot

Rij(s)

m; n;lo; Rate of pollen dispersal from
outside the plot to the ith mother
tree (migration rate from outside
the plot)

S; nij(s)/0; Direct rate of selfing of the ith

mother tree without considering
the occurrence of the same adult
tree genotype outside the plot

expressed as

N
[1ri" 2)

1 j=1

i
:]w

I

where n;;(,y was the number of the ith mother’s allogamous off-
spring sired by the jth pollen donor in the plot. The
log-likelihood function for K mother trees was expressed as

K N K N
InL = — Z Z n,'j(,)(,Bd,'j)X + Z Z nijinlney
- =1 j=1

i=1 j=I1
K

N
— > mln) {ajexp(—(Bdy)*)}] 3)

i=1 j=1

This equation was solved by the quasi-Newton method (using
the Solver function in MS EXCEL). To identify effects of par-
ameters, three scenarios with variants of the models were
examined by parameter fixation. Model 0 (M0) assumed a con-
stant pollen dispersal from the source, which was expressed by
assigning zero to 3. M0-2 expressed male fecundity variation
between the adult trees inside the plot, and was a variant of the
simpler model (MO-1; constant male fecundity, o; = 1). M1
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was a model to express pollen dispersal being exponentially
attenuated with increasing distance (0 < 3 <1) and male
fecundity assumed to be constant (o = 1). M2 was a model
to express pollen dispersal as exponentially attenuated with
increasing distance (0 < 8 < 1) and male fecundity variation
was assumed («; variable under polynomial distribution; see
Table 4 below). We then calculated InL for the ML estimation
and the Akaike Information Criterion (AIC, Akaike, 1973) for
each of the models. A model with a smaller AIC value is more
appropriate for explaining a given dataset than one with a
larger AIC value (Sakamoto, 1991). Likelihood ratio tests
(LRTs) were then applied to the combinations to evaluate
the effects of pollen dispersal parameters (see Table 4).
Descriptions of the parameters, data and estimates are sum-
marized in Table 1. The confidence intervals of the parameters
were estimated by bootstrapping based on 1000 iterations. The
random re-sampling did not address the contribution of non-
contributory paternal adult trees in the plot to the offspring
population, pollen dispersal from outside the plot or cryptic
pollen dispersal. Paternity assignments of each mother tree
were re-sampled for each iteration.

Given estimates of the paternity contribution parameters
() in the best-fitting model for the M2 scenario («; assigned
as a variable parameter), fertilities of individual males within
the plot with respect to the mother trees can be inferred from
the model, and from the estimated value of &; the effective
number of males in the plot siring offspring of given mother
trees can be derived from

/Z(Zk lak>2, 4)

which is modified from Burczyk et al. (1996).

RESULTS
Paternity analysis and selfing rate

The ten microsatellite markers were highly variable; 5-29 and
2—17 alleles per locus were detected in the S. leprosula and
S. parvifolia samples, respectively. The observed and expected
heterozygosites for S. leprosula ranged from 0-414 to 0-902
(average, 0-739) and from 0-419 to 0-895 (average, 0-797),
respectively. The observed and expected heterozygosities for
S. parvifolia were lower than those for S. leprosula, ranging
from 0-086 to 0-814 (average, 0-637) and from 0-083 to
0-880 (average, 0-664), respectively. The high variability of
the markers resulted in high theoretical exclusionary power
for identifying the second parents of the offspring in the pater-
nity analyses (0-99999 for S. leprosula and 0-99931 for
S. parvifolia), which allowed paternity assignments to be per-
formed with high resolution (Table 2).

The rates of pollen dispersal within the plot (m;) were vir-
tually synonymous with the rate of pollen dispersal from
outside the plot, because the high paternity exclusionary
power of the microsatellite markers reduced the rate of
cryptic pollen dispersal to a negligible level. The rates of
pollen dispersal from outside the plot were very high for the
offspring of some maternal trees at the margins of the plot
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TABLE 2. Genetic diversity and exclusion indices for adult individuals of Shorea leprosula and S. parvifolia in the Pasoh 40-ha
ecological plot

Heterozygosity Exclusion probability

No. of No. of adult No. of No. of First Second Null
Locus alleles trees surveyed heterozygotes homozygotes ~ Observed Expected PIC*  parent parent HWE**  frequency
S. leprosula
sle079 19 61 55 6 0-902 0-895 0-878  0-636 0-778 n.s. —0-014
slel05 6 60 42 18 0-700 0-755 0714 0356 0-537 <0-01 0-034
slel11 20 61 51 10 0-836 0-882 0-865 0612 0-759 n.s. 0-024
sle290 29 59 42 17 0712 0-947 0936 0781 0-877 <0-001 0-139
sle294 8 61 35 26 0-574 0-647 0-607 0245 0-424 <0-001 0-054
sle303 14 59 49 10 0-831 0-860 0-839 0556 0717 n.s. 0-014
sle392 16 61 49 12 0-803 0-843 0-820  0-521 0-688 n.s. 0-017
sle475 13 61 50 11 0-820 0-850 0-826 0527 0-692 <0-01 0-013
shc03 5 58 24 34 0-414 0-419 0391  0-092 0-237 n.s. —0-015
shc07 14 59 47 12 0-797 0-872 0-852  0-581 0-737 <0-01 0-043
Average 14-4 60 44-4 15-6 0-739 0-797 0773 0491 0-645 0-031
Total exclusionary power (first parent): 0-999425
Total exclusionary power (second parent): 0-99999
S. parvifolia
sle079 7 68 41 27 0-603 0-539 0511 0-166 0-341 n.s. —0-072
sle105 2 70 6 64 0-086 0-083 0-079  0-003 0-039 n.s. —0-013
slel11 11 70 52 18 0-743 0-787 0752 0410 0-587 n.s. 0-029
s51e290 17 70 52 18 0-743 0-782 0750 0413 0-591 <0-01 0-016
sle294 7 70 39 31 0-557 0-630 0-556 0212 0-358 <0-001 0-060
sle303 10 70 55 15 0-786 0-784 0-748  0-400 0-579 <0-05 —0-004
sle392 11 70 57 13 0-814 0-862 0-841 0555 0-716 n.s. 0-026
sle475 8 69 43 26 0-623 0-638 0-603 0242 0-424 n.s. 0-004
shc03 5 67 43 24 0-642 0-654 0-603 0236 0-408 n.s. 0-003
shc07 17 70 54 16 0771 0-880 0-863  0-605 0-754 n.s. 0-064
Average 9-5 69-4 44.2 252 0-637 0-664 0-631 0324 0-480 0-011

Total exclusionary power (first parent): 0-98613
Total exclusionary power (second parent): 0-:999313

*Polymorphism information content.
**Hardy—Weinberg equilibrium.
All statistics were estimated from Cervus ver. 2.0 (Marshall et al., 1998).

(>70 %), and rates >50 % were even found for offspring of
some maternal S. leprosula trees located near the centre of
the plot. However, these rates were lower for S. parvifolia
(generally less than 50 %; Table 3). Sampled offspring of
S. leprosula mother trees had contributions from 1-12
(average, 5-1) paternal donors, while corresponding numbers
for S. parvifolia were 2-11, with an average of 4.7
(Table 3). The lowest and highest estimated selfing rates by
the paternity analysis (0-000 and 0-843) were obtained for
the GO147 S. leprosula mother tree in 2001, and the G0326
S. parvifolia mother tree in 2002, respectively. The average
selfing rates for the S. leprosula population were lower than
those for S. parvifolia for both flowering seasons.

In 2001, the total number of offspring analysed for the two
species was lower than in 2002 because of less seed masting.
Moreover, the high rate of pollen dispersal from outside the
plot and self-fertilization reduced the number of allogamous
offspring that were paternally contributed by adult trees
within the plot. These allogamous offspring were informative
for estimating pollen dispersal and paternal contribution par-
ameters in the MPM. In 2001, only 12 and 21 allogamous off-
spring whose paternal candidates were located inside the plot
for S. leprosula and S. parvifolia, respectively, were detected.
In contrast, 111 and 48 allogamous offspring with paternal
candidates were located inside the plot according to the

paternity analysis in the 2002 flowering year for S. leprosula
and S. parvifolia, respectively. Therefore, MPM analysis was
conducted only for paternity results in 2002.

Modelling of pollen dispersal with male fecundity variation
(MPM)

Using the MPM, pollen dispersal patterns and other par-
ameters related to pollen dispersal and male fecundity were
inferred. For models M0-1 and MO-2 for the two species, the
null hypotheses of the likelihood ratio tests (i.e. that pollen
was constantly dispersed from adult trees) could be rejected.
With respect to the amount of pollen produced by different
trees (parameter «;), the null hypothesis was rejected for
both species. With respect to the parameters associated with
the dispersal curve shape (X), for S. leprosula and
S. parvifolia the AIC values indicated that models M2-3 and
M2-1, which yielded exponential dispersal kernels, gave the
best fits, respectively (Table 4).

Pollen dispersal pattern

Based on paternity analysis, the overall average rate of
pollen dispersal from outside the plot (m;) reached 44-5 %
(Table 3). However, pollen dispersal from outside the plot
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TaBLE 3. Number of offspring analysed in the parentage analysis, selfing and outcrossing rates, and rates of crossing mediated by
pollen from outside the plot

Number of offspring Rate of pollen dispersal Selfing rate estimated Rate of allogamous offspring
analysed* from outside the plot from paternity analysis sired by paternal donor
inside the plot
Maternal Masting No. of paternal Total Total
tree year Seed Seedling Total donors’ Seed  Seedling  (m;) Seed  Seedling (s) a;
S. leprosula
GO0142 2001 40 - 40 3 0300 - 0300 0625 - 0-625 0-075
G0147 2001 20 - 20 2 0-850 - 0-850 0000 - 0-000 0-150
G0260 2001 9 - 9 2 0-556 - 0556 0333 - 0-333 0-111
G0269 2001 32 - 32 4 0781 - 0781 0094 - 0-094 0-125
G2952 2001 28 - 28 2 0-786 - 0786 0179 - 0-179 0-036
Population 2001 129 - 129 3-000 0-628 - 0-628 0279 - 0279 0-093
estimate
G0005 2002 62 38 100 0-452 0632 0520 0-194 0026 0-130 0-350
G0351 2002 5 18 23 1 0-200 0778 0652  0-000 0-000  0-000 0-348
G0371 2002 64 48 112 10 0-484 0-563 0518 0219 0250 0232 0-250
G0530 2002 11 27 38 2 0-455 0259 0316 0545 0-667  0-632 0-053
G1423a 2002 15 31 46 9 0-467 0-613 0565 0200 0097  0-130 0-304
G1437 2002 15 48 63 12 0-467 0563  0-540 0-267 0125  0-159 0-302
G1470 2002 5 18 23 2 0-800 0722 0739 0200 0222 0217 0-043
Gl1716 2002 39 - 39 3 0-179 - 0179 0744 - 0-744 0-077
Population 2002 216 228 444 6-375 0-417 0-575 0498 0319 0-193 0255 0-248
estimate
Total or mean of 345 228 573 5077 0-496 0-575 0527 0304 0-193 0260 0-213
S. leprosula
S. parvifolia
G0690 2001 35 - 35 6 0229 - 0229 0629 - 0-629 0-143
G2083 2001 37 - 37 5 0486 - 0486 0378 - 0-378 0-135
G2131 2001 11 - 11 6 0273 - 0273 0-091 - 0-091 0-636
G2622 2001 23 - 23 5 0217 - 0217 0609 - 0-609 0-174
Population 2001 106 - 106 4-250 0-321 - 0321 0481 - 0-481 0-198
estimate
G0122 2002 7 41 48 8 0-286 0-488 0458 0429 0317 0333 0-208
G0326 2002 41 48 89 4 0-171 0-063 0112 0-805 0-875 0843 0-045
G0933 2002 - 15 15 5 - 0333 0333 - 0-400  0-400 0-267
G1102 2002 24 25 49 11 0-417 0-360 0388  0-042 0-000  0-020 0-592
G2276 2002 15 - 15 3 0400 - 0400 0467 - 0-467 0-133
Population 2002 87 129 216 5-000 0-287 0287 0287 0506 0473 0-509 0-204
estimate
Total or mean of 193 129 322 4-667 0-306 0287 0298 0492 0473 0495 0-207
S. parvifolia
Total or mean of all 538 357 895 4-909 0-428 0-471 0445 0372 0294 0353 0-202

mother trees

*The numbers in the columns represent the mean values for the total number of samples analysed in the paternity analysis.
"The paternal donor was detected within the plot, but the paternal donors outside the plot were not identified.

could not be taken into account when attempting to quantify
pollen dispersal patterns, because no information was available
about the location of trees outside the plot. Nine maternal trees
used for seed and seedling sampling were located at the
margins of the plot, and adult trees located outside the plot
boundary, but near the maternal trees, may have contributed
as pollen donors. Therefore, only the data from paternal trees
detected within the plot were used to describe pollen dispersal
patterns. Most of the paternal donors for the two species were
located within 100 m of the maternal trees. However, long-
distance pollen dispersal exceeding 700 m was detected for
S. leprosula, but not for S. parvifolia. It should be noted that
most of the mother S. leprosula trees from which seeds
could be collected were located at the margin of the plot,
and thus received high proportions of pollen from outside
the plot. A high frequency of pollen dispersal occurred over
distances ranging from 250 to 450 m for S. parvifolia (Fig. 3).

Due to the lower number of allogamous offspring with
paternal pollen donors within the plot in 2001, the 95 % con-
fidence intervals of these dispersal parameters (obtained by
bootstrapping) were wider in 2001 than in 2002 (data not
shown). Although high rates of pollen migration from
outside the plot and self-fertilization for both species in
2002 were detected, the larger sample sizes for both species
in 2002 allowed dispersal curve parameters with relatively
narrow 95 % confidence intervals to be estimated (Fig. 4).
The AIC values indicated that the different shape parameters
(X = 1-5 and 0-5) for exponential distribution curves provided
the best fits to the S. leprosula and S. parvifolia data in 2002,
respectively. The dispersal curves for S. leprosula in 2002
indicated that there were higher rates of pollen exchange
within the middle distance range (over distances of less than
approx. 300 m) than for S. parvifolia, and the half-lives of
their dispersal probabilities were 219-7m (S. leprosula) and
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TaBLE 4. All combinations of parameter settings, log-likelihoods and Akaike Information Criterion (AIC) values for MPM used in
the paternity analyses, excluding selfing data, of both S. leprosula and S. parvifolia in the 2002 flowering season

Parameter setting Pollen attenuation Pollen amount
Model H, Species B a X d.f. InL AIC Hy p-value d.f. Hy p-value d.f.
MO-1 SL 0 1 - 0 —456-31 912-61
MO-2 SL 0 Q; - 60 —248-44 616-87 MO-1 <0-1% 64
MI-1 SL B 1 0-5 1 —384-67 771-34 MO-1 <0-1% 1
MIl-2 SL B 1 1 1 —371-96 74591 MO-1 <0-1% 1
MI1-3 SL B 1 1-5 1 —376-26 754-52 MO-1 <0-1% 1
MIl-4 SL B 1 2 1 —383-88 769-77 MO-1 <0-1% 1
M2-1 SL B a; 0-5 61 —241.78 605-55 MO-2 <0-1% 1 MI-1 <0-1% 64
M2-2 SL B a; 1 61 —231.75 585-51 MO-2 <0-1% 1 MI1-2 <0-1% 64
M2-3 SL B a; 1-5 61 —228-98 579-95 MO-2 <0-1% 1 MI-3 <0-1% 64
M2-4 SL B a; 2 61 —229:-19 580-38 MO-2 <0-1% 1 Ml1-4 <0-1% 64
MO-1 SP 0 1 - 0 —203-86 407-73
MO-2 N 0 Q; - 69 —114-03 366-06 MO-1 <0-1% 69
MI-1 SP B 1 0-5 1 —177-52 357-04 MO-1 <0-1% 1
MIl-2 SP B 1 1 1 —178-10 358:20 MO-1 <0-1% 1
MI1-3 SP B 1 15 1 —180-87 363-74 MO-1 <0-1% 1
Mil-4 SP B 1 2 1 —183-17 368-35 MO-1 <0-1% 1
M2-1 SP B a; 0-5 70 —109-39 358-79 MO-2 <1% 1 MI-1 <0-1% 69
M2-2 SP B Q; 1 70 —109-66 359-31 MO-2 <1% 1 MI1-2 <0-1% 69
M2-3 SP B a; 15 70 —110-18 360-36 MO-2 <1% 1 MI-3 <0-1% 69
M2-4 SP B Q; 2 70 —110-57 361-14 MO-2 <1% 1 <0-1% 69
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Fic. 3. The amount of pollen siring offspring detected by the paternity analysis (black bar) and the number of pairs between the mother trees and all adult trees
(open bar) for every 50-m distance class in S. leprosula and S. parvifolia.

229 m (S. parvifolia); however, these dispersal curves had to the paternity analysis, were assigned values greater than
different tail forms (Fig. 4). zero. The 95 % confidence interval obtained by the bootstrap pro-
cedure showed that estimation of «; in 2001 was uncertain,
because the number of informative allogamous offspring was
low (data not shown). In 2002, the larger number of informative

Although we assigned «; parameter values to the jth adult tree  allogamous offspring reduced the 95 % confidence interval.
from all trees with dbh exceeding 30 cm, only those adult trees However, the confidence intervals for some paternal donors

contributing to offspring samples as paternal donors, according  were still large. Hence, only seven and four adult S. leprosula

Male fecundity variation
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function was derived from Clark et al. (1999). Black and grey lines indicate dispersal curves derived from the parameters when the MPM selected optimal con-

ditions for S. leprosula and S. parvifolia in 2002, as indicated. Dotted lines represent 95 % upper and lower confidence intervals obtained by bootstrap analysis
based on 1000 iterations.

and S. parvifolia trees, respectively, were assigned bootstrap-
supported values of the parameter that were significantly differ-
ent from 0 in 2002. The effective numbers of males in the plot
siring offspring with the mother trees [N, (N,/N)] were 8-790
(0-144) for S. leprosula and 10-903 (0-156) for S. parvifolia in
2002. Thus, although heterogeneity in the production of effective
pollen occurred in these mating events, the estimates of «; values
had large 95 % confidence intervals in some cases (Fig. 5).
Field observations of the flowering of each tree of the two
species during the two flowering seasons showed that 40-0 and
462 % adult S. leprosula and 45-8 and 229 % adult
S. parvifolia trees flowered in 2001 and 2002, respectively. To
test for correlations between field observations of flowering
trees and the parameter oAzj estimated by the MPM, McNemar’s
test was applied. In this statistical test, &, estimators were
derived from M2-3 for S. leprosula, and M2-1 in 2002 for
S. parvifolia, as these models yielded the highest AIC values
for the models (Table 4). The &; values of all adult trees were con-
verted to nominal data (flowering or not flowering) and were then
compared with field observation data. Although the null hypoth-
esis (that there was no difference between field observations and
the nominal parameter) was rejected for S. leprosula in 2002, the
null hypothesis was not rejected for S. parvifolia in 2002 (Fig. 6).

DISCUSSION

Modelling of pollen dispersal with male fecundity variation
(MPM)

The MPM is a modified form of the neighbourhood model
(Adams, 1992; Burczyk et al., 1996), which estimates pollen

dispersal patterns from likelihoods, based on Mendelian tran-
sition probabilities that fertilization by three types of pollen
sources have given rise to offspring with observed genotypes:
(1) self-fertilization; (2) pollination by a distant, unknown
father located outside the local population; and (3) pollination
by a local, genotyped father (Burczyk et al., 2002). The
present model provides estimates of the male fecundity from
potential pollen donors to each mother tree considering
pollen dispersal kernels. As Burczyk et al. (2002) pointed
out, if paternity assignments are not reliable, then the appli-
cation of models such as the MPM will not provide reliable
estimates of pollen dispersal curves or ecologically and geneti-
cally relevant mating success parameters. However, recent
advances in molecular biology enable the identification and
use of highly polymorphic microsatellite markers, and thus
accurate genotyping. Used in conjunction with such markers,
the MPM allows direct parameter estimates to be made
because, unlike the neighbourhood model, it is not necessary
to calculate Mendelian transition probabilities.

Devlin & Ellstrand (1990) and Burczyk and Chybicki
(2004) have suggested that due to low exclusion probabilities
and the likelihood that large amounts of immigrating pollen
will be genetically compatible with local paternal trees
(leading to high levels of cryptic gene flow), immigration
levels may often be underestimated in pollen dispersal ana-
lyses. However, in the present study relatively high exclusion
power (for candidate second parents) and low densities of
adult trees in the tropical forest allowed precise paternity
exclusion. Nevertheless, data acquired from the offspring of
several trees, particularly for S. leprosula, provided evidence
of high rates of pollen immigration from outside the plot
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(Table 3), mainly associated with mother trees located at the
plot margins (Fig. 1). Therefore, the parameters for such
trees might be somewhat different from the real values at the
landscape level, as pollen dispersal from outside the plot
was not taken into account when estimating these parameters.

Pollen dispersal patterns

Various attempts have been made to elucidate pollen disper-
sal patterns of several tree species in palaeco-tropical and neo-
tropical regions (e.g. Konuma et al., 2000; Kenta et al., 2004;
Ward et al., 2005). First, tracking studies of rare allozyme
alleles and fractional paternity analysis have shown that long-
distance pollen dispersal can occur over hundreds of metres in
low-density tree species that are pollinated by large insects,
such as bees (Hamrick and Murawski, 1990; Boshier et al.,
1995; Loveless et al., 1998). In addition, Stacy et al. (1996)
have shown that pollen dispersal distances of tree species pol-
linated by small insects, including beetles, small bees and
moths, exceeded the mean distances to their nearest potential
mates, violating the nearest-neighbour mating hypothesis

(Levin and Kerster, 1974). We found evidence of substantial
long-distance pollen dispersal for both studied species during
two flowering events (Fig. 3). However, the estimated pollen
dispersal curves showed a rapid decline with increasing dis-
tance from the pollen sources in their immediate vicinity
(Fig. 4). Similarly, previous studies on three Shorea species
also found evidence of a rapid decline in pollen dispersal
(Lee et al., 2006; Fukue et al., 2007; Naito et al., 2008).
Shorea produces small, hermaphroditic flowers and is
pollinated by small insects, such as thrips and small beetles
belonging to the families Chrysomelidaec and Curculionidae
(Appanah and Chan, 1981; Momose et al, 1998; Sakai
et al., 1999). During flowering seasons, many thrips have
been observed visiting flowers, and some carnivorous shield
bugs have been attracted to thrips as a food source (T. K.
Kondo et al., Hiroshima University, Japan, pers. comm.).
Hence, these small beetles and shield bugs might contribute
to the infrequent long-distance pollen dispersal observed in
Shorea species. Thrips possibly carry pollen by floating long
distances on air currents, but this frequency is unlikely to
exceed the range of the estimated dispersal -curves.
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Alternatively, most of the pollen might be carried by thrips
from the pollen donor trees, which might contribute to the
high rate of self-fertilization and the rapid decline in the
immediate vicinity of the pollen source seen in the pollen dis-
persal curves obtained for S. leprosula and S. parvifolia
(Table 3 and Fig. 4).

In 2002, different shapes to the optimal dispersal curves was
detected between S. leprosula and S. parvifolia. The flower
structure and physiological and ecological features of the
two species are similar; therefore, the apparent differences in
the dispersal curves of the two species are presumably due
to differences in their flowering tree densities. Comparison
of two pollen dispersal curves in 2002 showed that the prob-
ability of pollen dispersal decreased rapidly with increasing
distance, but a low probability of pollen dispersal was detected
in the further range of distance in S. parvifolia (L-shaped dis-
persal pattern), which was probably caused by the lower flow-
erin% tree density of S. parvifolia in 2002 (0-213 vs. 0-725 trees
ha " in S. leprosula; Fig. 4). By contrast, the selfing rate of
S. parvifolia in 2002 was higher than of S. leprosula
(Table 3). This observation was consistent with previous
observations in Shorea species, i.e. that the lower flowering
tree density surrounding mother trees caused increased
selfing (Murawski er al., 1994b; Nagamitsu et al., 2001;
Obayashi et al., 2002; Fukue et al., 2007; Naito et al.,
2008). Therefore, the lower flowering tree density would
promote an L-shaped pollen dispersal pattern and increased
selfing due possibly to allogamous pollen resource limitation.

Male fecundity variation estimated by the MPM and flowering
observations in the field

There were strong, significant inconsistencies between the
@; estimates for the adult trees and the field observations of
the flowering trees of S. leprosula in 2002 (Fig. 6). First, no
flowering of some trees with &; values exceeding O was
detected in the field, probably due to the inherent limitations
of observing flowering trees from the ground (notably, the
failure to detect flowering because dipterocarps sometimes
only produce flowers on certain, hidden branches). In addition,
it is difficult to quantify the magnitude of flowering from field
observations. Secondly, some adult trees bloomed even though
their &; values were 0, possibly due to sampling insufficient
numbers of offspring from mother trees and/or sampling
mother trees. Although sufficient offspring samples were col-
lected to provide an accurate estimate of &; in the population,
an inconsistency between &; and flowering observations could
have occurred because &; is a composite parameter that
describes the probability of paternal contribution in the
absence of any distance effect, and therefore should be
affected by various ecological factors, such as flowering
phenology, pollinator behaviour and wind direction, that
were not addressed in this study.

The magnitude of general flowering possibly affects pollina-
tor dynamics and behaviour, which would subsequently affect
mating patterns, such as mating system and male fecundity
variation. The flowering tree densities of S. leprosula in the
two flowering seasons were almost the same (0-650 and
0-750 trees ha ' in 2001 and 2002, respectively), whereas
the density of S. parvifolia in 2001 (0-950 trees ha™') was
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higher than in 2002 (0-475 trees ha™'). The variation of
male fecundity among adult trees and the effective number
of paternal trees were expected to be smaller and larger,
respectively, when flowering tree density was high, because
the larger number of paternity candidates should contribute
to mating events. However, a larger effective number of
paternal trees (shown as N, and N./N statistics) for both
species in 2002 was detected (N, and N,/N statistics in 2001
not shown) and pollen dispersal activity of S. parvifolia in
2002 was not reduced (Figs 2 and 3). Numata et al. (2003)
summarized the magnitude of mass flowering events in the
Pasoh FR between 1976 and 2002. They categorized the
2001 flowering event, in which they found 24 % of the dipter-
ocarp trees found to be in bloom, as a sporadic flowering
event, while 55 % of the dipterocarp trees bloomed in 2002
and this was categorized as a mass flowering event. It was
reported that synchronized flowering of many species caused
an increase in pollinator activity through immigration and
population growth (Sakai, 2002). This phenomenon might
promote active pollen dispersal for the two species in 2002
(Figs 1 and 2); consequently, a lower variation of male fecun-
dity among adult trees and a larger effective number of
paternal trees in 2002 were detected. Therefore, we need to
consider the magnitude of general flowering, which increases
activity and population size of pollinators, to explain the
breeding pattern of lowland dipterocarp forest.

In 2002, the densities of flowering S. leprosula and
S. parvifolia trees were 0-75 and 0-23 ha™', respectively.
However, a previous study conducted on a neo-tropical tree
species showed that at sites where flowering trees were
clumped, most mating occurred between near neighbours,
although long-distance pollen dispersal, well beyond the
nearest reproductive neighbours, was recorded at sites where
flowering trees were evenly spaced (Stacy et al., 1996). In
addition, reductions in tree density due to logging have been
found to have an effect in increasing the effective number of
pollen donors of the insect-pollinated tree species Cornus
florida (Sork et al., 2005). Cloutier et al. (2007) found selec-
tive logging had little effect on either the mating system or
pollen dispersal of the Amazonian tree species Carapa
guianensis. Nevertheless, we speculate that any reduction in
the abundance of flowering trees may hinder pollinators from
flying between flowering trees, which may consequently
increase the selfing rate and prevent active pollination in the
middle distance range (Table 3, Figs 3 and 4). Although low-
frequency, long-distance pollen dispersal might result from the
activities of small beetles (Momose et al., 1998; Sakai et al.,
1999), very high-frequency pollen dispersal within the
middle distance range (within a few hundred metres) might
occur through the movement of thrips (Appanah and Chan,
1981). This suggests that the mating system of tree species
whose pollen dispersal is mediated by weak-flying insects,
particularly Shorea spp., might be more sensitive to reductions
in tree density (and thus in levels of pollen reaching distant
trees) than tree species with pollination mediated by energetic
insects. Therefore, the mating system of Shorea species will be
affected by reductions in tree density, with selective logging
being the main cause of tree density reductions in natural
forests (Obayashi et al., 2002). Thus, appropriate tree density
controls need to be developed and incorporated into forest
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management plans to ensure the remaining genetic resources
are sustainably utilized and managed for future generations.
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