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POPULATION GENETICS OF INTSIA PALEMBANICA
(LEGUMINOSAE) AND GENETIC CONSERVATION OF
VIRGIN JUNGLE RESERVES IN PENINSULAR MALAYSIAL
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A field survey of Virgin Jungle Reserve (VJR) compartments in Peninsular Malaysia allowed us to identify six populations of Intsia
palembanica for this study. These were Pasoh Forest Reserve (FR) (Pasoh), Sungali Lalang FR (Lalang), Bukit Lagong FR (Lagong),
Bubu FR (Bubu), Bukit Kinta FR (Kinta), and Bukit Perangin FR (Perangin). About 40 adult individuals were sampled in each
population. In addition, progeny arrays were collected from nine mother plants at Lagong for a mating system study. A total of nine
alozymes, encoded by 14 putative gene loci, were consistently resolved in |. palembanica. The mating system study showed that the
species exhibited a mixed-mating system, with multilocus outcrossing rate of 0.766. The levels of diversity were comparably high
(mean number of aleles per polymorphic locus = 2.4, mean effective number of aleles per polymorphic locus = 1.64, and mean
expected heterozygosity (H,) = 0.242), and the majority of the diversity was partitioned within population (Gs; = 0.040 and Fg; =
0.048). Significant levels of inbreeding were detected in Bubu and Perangin. Probability tests of recent effective population size
reduction using the Infinite Allele Model showed the occurrence of genetic bottlenecks on Lalang and Kinta. Two genetically unique
populations (Pasoh and Perangin) were inferred using jackknife analysis. By using the neutral mutation rates, effective population size
(N,) to maintain the H, was 80-800000 individuals. A simulation study based on pooled samples, however, circumscribed the N, to

200 and 210 individuals. Implications of the study for managing the species and the VJRs are discussed.
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Genetically sound conservation requires a robust under-
standing of the processes by which species display genetic
variation in local populations and the patterns of this variation
among populations throughout the ranges of these species
(Falk and Holsinger, 1991; Hamrick and Godt, 1996a). The
levels of genetic diversity reflect the genetic resources neces-
sary for short-term ecological adaptation and for long-term
evolutionary change; species must have available a pool of
genetic diversity if they are to survive environmental pressures
exceeding the limits of developmental plasticity (Lande and
Shannon, 1996). Because environmental changes are unpre-
dictable, it iscritical that sufficient genetic diversity be secured
to permit the species to continuously evolve in response to
environmental changes (Muller-Starck and Gregorius, 1986).

Range-wide survey of genetic diversity, based on genetic
markers, have now been performed on thousands of species
of plants, including some of the tropical tree species (e.g.,
Pérez-Nasser, Eguiarte, and Pifiero, 1993; Alvarez-Buylla and
Garay, 1994; Chase, Boshier, and Bawa, 1995; Lee, Ang, and
Norwati, 2000; Lee et al., 2000a). One of the goals of con-
servation genetics is to use this information to develop con-
servation policies for given species and in particular to identify
areas for in situ conservation (Riggs, 1990; Millar and Libby,
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1991). A similar problem has been discussed at length in the
ecological literature that identifies areas deserving conserva-
tion priority on the basis of maximum species richness (e.g.,
Van-Wright, Humphries, and William, 1991).

Recent reviews on plant alozymes have shown that abun-
dant and widely distributed plants tend to contain more allo-
zyme variation than species with a narrow distribution (Ham-
rick and Godt, 1989; Hamrick, Godt, and Sherman-Broyles,
1992). However, several studies reported that geographical
range is not always a good predictor of the genetic structure
of species (Lewis and Crawford, 1995; Young and Brown,
1996; Gitzendanner and Soltis, 2000; Mateu-Andrés and Se-
garra-Moragues, 2000). The objective for conservation of ge-
netic diversity within a widespread species differs from that
of a rare species. For rare species, the fina race against ex-
tinction is being fought. In contrast, for widespread species,
where species existence is not threatened, it is the long-term
evolutionary fitness of the species that is being protected.
There are two major sampling considerations for conservation
of widespread species; geographical placement of units and
size of individual units (Millar and Libby, 1991). Many factors
determine the final numbers, and these are categorized as ge-
netic, demographic, environmental, and catastrophic (Shaffer,
1981).

In the zoological literatures, there have been many debates
in the conservation community over the relative merits of a
few large vs. many small conservation areas. The history of
this debate has been reviewed by Simberloff and Abele (1982).
Most of these arguments have stemmed from ecological con-
siderations of island biogeography, in which the equilibrium
theory dictates that single large refuges are generaly prefer-
able to groups of small ones. In the plant literatures, Hamrick
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Details of Intsia palembanica populations included in the study. Sample collections were carried out in Virgin Jungle Reserve (VJR)

compartments (Pasoh, Bubu, Kinta, and Perangin) or compartments adjacent to VJR compartments (Lalang and Lagong) within a forest reserve
(FR). Compartments are located in the center of an FR or on the edge of an FR adjoining farmland or plantations.

Size of Location of
Population Compartment compartment Compartment compartment Size of
Forest reserve code State number (ha) atitude (m asl) in FR FR (ha)
Pasoh Pasoh Negeri Sembilan 51 108 152-534 Central 13910
Sungai Lalang Lalang Selangor 24 82 152-429 Edge 17 722
Bukit Lagong Lagong Selangor 15 161 279-575 Central 4 499
Bubu Bubu Perak 6,7 567 213-960 Edge 38 095
Bukit Kinta Kinta Perak 161 123 122-533 Edge 68 566
Bukit Perangin Perangin Kedah 24 866 152-483 Edge 13 097

et a. (1991) stated that to capture 95% of the genetic diversity
in a species with a degree of population differentiation of 0.6,
six populations should be sampled, assuming that each popu-
lation has equal levels of genetic diversity. To preserve ge-
notype frequencies at their natural levels and to insure the
capture of rare alleles, they also recommended that 50 indi-
viduals from each population be sampled.

The Virgin Jungle Reserves (VJRs) of Peninsular Malaysia
were established as a network of small protected patches of
natural forest largely located within commercially productive
forest (Wyatt-Smith, 1950). The usefulness and importance of
the VJR system in the conservation of forest patches has re-
ceived positive comment in reviews conducted by the Food
and Agriculture Organization (FAO, 1984) and a comprehen-
sive study by Laidlaw (1994). Wyatt-Smith (1963) suggested
an absolute minimum size of 81 hain an existing VJR system.
While silviculturists (e.g., Borhan and Cheah, 1986) have con-
sidered that an area of 81 ha is too small for VJRs, others
(e.g., Kochummen, La Frankie, and Manokaran, 1990) have
pointed out the effectiveness of small forest patches in cap-
turing good representations of a region’s flora. Based on the
size area proposed by Wyatt-Smith (1963), an arbitrary area
of 150 ha for VJRs, including a buffer strip of 20 m width,
was adopted in the formulation of criteria, indicators, activi-
ties, and management specifications for sustainable forest man-
agement at the national level (Thang, 1998). The feasibility of
an arbitrary area of 150 ha for the VJRs to serve these roles
is unknown and has never been investigated. A scientifically
sound approach is critically needed to mitigate thisissue. Laid-
law (1994), in the study of locality effects of the VJIRs with
reference to boundary of the forest reserve, showed that dis-
turbed VJRs are more likely to be found on the edge of forest
reserves, whereas undisturbed VJRs are more likely to be
found in the center of forest reserves. It might be of interest
to compare, in term of genetics, the VJRs located on the edges
of forest reserves with those in the center.

In the present study, we investigate allozyme variation in
Intsia palembanica, an important and widespread timber spe-
cies in Malaysia. Because the species is known to be more
valuable than others, when subjected to a greater degree of
exploitation, it is expected that the species will be more vul-
nerable to become endangered. Locally known as Merbau, it
occurs from the Andaman Islands, Thailand, and Ma esia east-
wards to western New Guinea in inland lowland forest up to
1000 m above sealevel (ad). In Peninsular Malaysia, it occurs
generaly throughout the country, except Perlis, Langkawi, and
Penang, along river valleys, in low hills near streams, and in
moist sites on aluvia soil (Wyatt-Smith, 1953). At the Pasoh
FR, the density of |. palembanica above 30 cm diameter at
breast height (dbh) in the 50-ha plot is ~1.3 trees/ha (Mano-

karan et al., 1992). The mature trees of |. palembanica are
large; they can reach 145 cm in dbh and 55 m in height. The
bole is slightly sinuous, the buttresses are steep, and the crown
is wide and domed, with big ascending limbs (Appanah and
Weinland, 1993). The bark is smooth, with shallow depres-
sions. It flowers and fruits regularly, and the flowers are pol-
linated mainly by bees, Apis sp. and Trigona sp. (S. Appanah,
FAO, personal communication). The fruit is a thick, woody
pod, and the seeds are heavy, not arillate, and can remain
dormant for several years (Strugnell, 1937). It is deciduous,
shedding all its leaves for a few daysin a year. The growth is
good while cotyledons are present, but then slows down. It
does not form a straight stem in the earliest stages of devel-
opment, its branches tending to be pulled down by climbers.
Intsia palembanica is a slow-growing species, growth data
from sample plots recorded an annual diameter increment of
~0.6 cm only. However, due to its fine timber and storable
seed, the species has been used in planting trials (Appanah
and Weinland, 1993). It is one of the main commercial heavy
hardwood species, with fine growth rings and deep color. The
timber is used for interior finishing, panelling, strip and par-
quet flooring, superior joinery, cabinet-making, musical instru-
ments, decorative and novelty items, veneers, and power trans-
mission poles.

This paper reports the results of an electrophoretic survey
to examine the mating system, genetic diversity, and popula-
tion genetic structure of 1. palembanica, based on VJRs in
Peninsular Maaysia. The objectives were (1) to describe the
distribution of genetic variation within and among populations,
(2) to characterize the mating system, (3) to identify geneti-
cally unique populations for conservation, (4) to test the lo-
cality effects of the VJRs with reference to boundary of the
Forest Reserve on |. palembanica, and (5) to estimate effective
population sizes of |. palembanica for the maintenance of ge-
netic diversity.

MATERIALS AND METHODS

Population sampling—The field survey of VIR compartments in Penin-
sular Malaysia allowed us to identify six natural populations of |. palembanica
for this study (Table 1; Fig. 1). Two populations (Pasoh and Lagong) are
located in the center of the forest reserve, whereas four (Lalang, Bubu, Kinta,
and Perangin) are located on the edge of the forest reserve adjoining farmland
or plantation. Approximately 40 adult individuals were sampled in each pop-
ulation, using the transect-line sampling method, as explained by Lee et a.
(2000a). Branch samples were collected and young leaves were removed for
further use in gel electrophoresis. In addition, for the mating system study,
open-pollinated seeds (16-25) were collected from nine progeny families,
which were chosen at random within an area of 30 hain Lagong. The species
produces heavy seeds in a thick, woody pod; seed dispersal appears to be
mainly by gravity and seeds fall around individual parent plants. If the mother
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Fig. 1. Location of collection sites in Peninsular Malaysia

tree was isolated from neighboring mother trees, seeds were collected from
the ground below the maternal tree. When mother trees were near each other,
seeds were harvested from a representative sample of branches within the
crown by a specialy trained tree climber.

Electrophoresis—Fresh pieces of young, actively growing leaf tissues or
seed embryos were ground in cold extraction buffer, as described by Lee et
a. (2000b). The extract was absorbed onto 1.2 X 1.5 mm filter paper wicks
(chromatography paper Whatman no. 3) and loaded directly into 12% (w/v)
starch gel. Standard methods for starch gel electrophoresis and enzyme activ-
ity staining were employed in this study (Wendel and Weeden, 1989). The
enzyme analysis was carried out using three systems of electrode and gel
buffers as described by Lee et al. (2000b). The morpholine citrate (MC) buffer
was used to assay glucose phosphate isomerase (GPI), phosphoglucomutase
(PGM), menadione reductase (MR), phosphogluconate dehydrogenase (PGD),
and uridine diphosphogluconate pyrophosphatase (UGP); the tris citrate (TC)
buffer was used for aspartate aminotransferase (AAT), peroxidase (PER), and
acid phosphatase (ACP); and the histidine (H) buffer was used for malic
enzyme (ME). The starch gels were run at 70 mA for 5-6 h on MC system,
80 mA for 5-6 h on TC, and 45 mA for 4-5 h on H. Isozymes and allozymes
were inferred by observing segregation of bands among individuals in the
populations sampled and from segregation patterns in the open-pollinated
progeny arrays. Assignment of genotypes was then conducted in accordance
with the known enzyme substructure (Wendel and Weeden, 1989). The locus
specifying the most anodally migrating isozyme was designated as 1, the next
2, and so on. Similarly, the most anodal alozyme of a gene (allele) was
labeled A, etc.

Statistical analyses—Allelic frequencies were obtained for each locus in
each population. Based on these data, the following levels of genetic diversity
within each population were estimated: average number of alleles per poly-
morphic locus (A.), percentage of polymorphic loci (P,; 95% criteria), effective
number of alleles per polymorphic locus (A,; Crow and Kimura, 1970), observed
heterozygosity (H,), and Nei's (1978) expected heterozygosity (H,). All of these
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parameters, except A,, were caculated with the program BIOSY S-1 (Swofford
and Selander, 1981).

Differentiation among populations was quantified using Nei's genetic di-
versity statistics (Nei, 1973, 1977); total genetic diversity at polymorphic loci
(H;) was partitioned into a within-population component (Hg) and among-
population component (D), so that H; = Hg + Dg;. Among-population var-
iation was compared to total genetic variation to give G5 = Dg/H;. The Gg;
values were calculated for each polymorphic locus and then averaged over
al loci. Relatedness among populations was quantified using Nei’s genetic
identities for pairwise comparison of divergence between populations (Nei,
1978), and cluster analysis on genetic identities via the unweighted pairwise
groups with arithmetic averaging (UPGMA, Sneath and Sokal, 1973). The
relationship between geographical distances among populations and levels of
genetic differentiation were determined with Mantel test to compare matrices
and by using Rousset’s (1997) isolation by distance procedure. Multilocus
estimates of the effective number of migrants (N,,) between populations were
calculated using the private allele method of Slatkin (1985) and were corrected
for sample size as given in Barton and Slatkin (1986), with the program
GENEPORP (version 3.2a; Raymond and Rousset, 2000).

In addition, Wright's F statistics (1951) were calculated to measure the
deviation from Hardy-Weinberg equilibrium at each polymorphic locus in
each population. The fixation indices, Fg (inbreeding within individua in
population; inbreeding coefficient) and Fg; (inbreeding due to population sub-
division, an indicator of the degree of differentiation among populations),
were calculated based on Weir and Cockerham'’s (1984) estimators f and 6,
respectively, using the program FSTAT (version 2.9.1; Goudet, 2000). Sig-
nificant positive or negative F,s was tested using 6600 randomization (default
parameter in FSTAT) for each locus and across loci for each population. The
standard error of Fg was calculated using unbiased jackknife analysis, and
the probability of the F5; > 0 was determined using bootstrap analysis with
a 95% confidence interval.

Cornuet and Luikart (1996) developed a test based on the assumption that
when populations experience a recent reduction in effective population size,
they generally have higher heterozygosity (H,) than predicted by their alelic
diversity (H,,) because allelic diversity is reduced faster than heterozygosity.
Heterozygosity was estimated using expected heterozygosity (Nei, 1978). Al-
lelic diversity was calculated from the number of alleles observed and the
sample size of individuals, assuming neutrality and mutation drift equilibrium
(Cornuet and Luikart, 1996). Both parameters were calculated for each poly-
morphic locus and then averaged over al loci. The significance of genetic
diversity excess (H, > H,,) was tested based on 5000 replications using Wil-
coxon sign-rank test (Luikart et a., 1998) in the BOTTLENECK program
(Piry, Luikart, and Cornuet, 1998).

The contribution of each population to species levels of genetic diversity
and genetic uniqueness of a specific population (a) was determined using
“jackknife”’ anaysis (Slatkin, 1985; Jaquish and El-Kassaby, 1998) as fol-
lows: (1) removing population a data from the original data set (i.e., —a),
(2) estimating the average of Gg;, Fsr, and | for the new data set, and (3)
comparing the estimates obtained from the original analysis to that of the six
new data sets (i.e., —a,, —a,, —a; —a, —a, and —ay).

To determine the effective population size (N,) needed to maintain current
level of allozyme heterozygosity, the heterozygosity formula of Crow and
Kimura (1970) for neutral aleles was calculated. It was estimated based on
the theory that for a population under selective neutrality, heterozygosity at
equilibrium is a function of N, and the neutral mutation rate. The general
relationshipisN, = HJ[4u (1 — H.)], where H, is the expected heterozygosity
and . is the neutral mutation rate. In addition, the low values of G4, and Fg;
(as described in the results) might suggest that the populations studied were
probably part of one continuous population in the recent past. Hence, the
alozyme data from all the studied populations were pooled (total number of
samples is 241) for simulation analysis. To determine the N, required for
maintaining H, and the total number of aleles (A;), 230 of the 241 samples
were sampled without replacement 50 times using a computerized agorithm.
The A; and H, were calculated. The A; and H, were also estimated for sample
sizes of 220 to 10, with a 10-sample reduction interval. The mean genetic
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Fig. 2. Schematic representation of banding patterns observed for polymorphic loci with more than two alelesin six natural populations of Intsia palembanica

in Peninsular Malaysia

diversity parameters with standard errors were plotted against sample sizes to
reveal trends.

Linkage among loci may effect the results of mating system analysis based
on a mixed-mating model (Ritland and Jain, 1981). Linkage disequilibrium
analysis was performed using contingency tables for all pairs of polymorphic
loci in the Lagong population and a probability test (Fisher exact test) was
performed for each table using the Markov chain method (Rousset and Ray-
mond, 1995) with the program GENEPOP (version 3.2a; Raymond and Rous-
set, 2000). Mating system parameters were determined using the multilocus
mating system program (MLTR) developed by Ritland (1996), based on the
procedure of Ritland and Jain (1981) for multilocus outcrossing rate (t.),
average single locus outcrossing rate (t.), pollen and ovule alele frequencies,
and the variances of the above quantities using the bootstrap method where
the progeny array (within families) is the unit of resampling (250 bootstrap
replicates). Maternal genotypes were inferred from progeny data by the meth-
od of Brown and Allard (1970), as described by Ritland (1996) in the esti-
mation program. The assumptions made in formulating maximum likelihood
estimates of mating system parameters are summarized in Lee et al. (2000c).
To test the assumption that allele frequencies in the outcross pollen pool are
distributed uniformly over the population of maternal trees, a chi-square test
was performed, where x2 = N X G'g; (A — 1), where N is the total number
of pollen gametes, G'; is the proportion of among-tree variance in pollen
dlele frequencies relative to the total variance in pollen allele frequencies,
and A is the number of alleles at a locus (James et al., 1998).

RESULTS

Allelic variation—A total of nine allozymes encoded by 14
putative gene loci (Gpi-1, Gpi-2, Pgm-1, Pgm-2, Ugp, Mr-1,
Mr-2, Aat-1, Aat-2, Me, Pgd, Per-1, Per-2, and Acp) were
consistently resolved in Intsia palembanica. Of these, three
loci (Gpi-1, Pgm-2, and Aat-1) were monomorphic throughout
the entire study, Per-1 and Acp were monomorphic in all but
one population (Pasoh and Lagong, respectively), while Pgd

was polymorphic in three populations (Pasoh, Bubu, and Per-
angin). The schematic representation of polymorphic loci with
more than two alleles is given in Fig. 2. The number of a-
lozymes and banding phenotypes within loci were comparable
to those of other diploid plants (Weeden and Wendel, 1989).
A complete list of allele frequencies for al the polymorphic
loci in each population is shown in Table 2. The 241 individ-
uals, representing six natural populations of I. palembanica,
produced a total of 37 alleles with 11 polymorphic allozyme
loci. The most frequent alele for some loci varied among pop-
ulations (Gpi-1, Ugp, Aat-2, Me, and Per-2). A total of six
private alleles were detected: three (Gpi-2A, Gpi-2I, and Per-
2C) in Laang, two (Pgd-B and Per-1B) in Pasoh, and one
(Acp-B) in Lagong. Most of these alleles, which have a re-
stricted distribution, occur at a low frequency.

Levels of genetic diversity—The average number of aleles
per polymorphic locus (A, ranged from 2.1 (Kinta) to 2.7
(Pasoh), with a mean of 2.4 (Table 3). Values of A, the ef-
fective number of alleles per polymorphic loci, were consis-
tently lower than A, averaging 1.64, and ranging from 1.57
(Kinta) to 1.74 (Lalang). This may indicate the presence of
rare alleles. The mean percentage of polymorphic loci (P,),
evaluated at the 95% confidence level, was ~56%. For each
population, over al loci, the observed heterozygosity (H,) was
generaly higher than Hardy-Weinberg expectation (H.) (ex-
cept for the Bubu and Perangin); the H, ranged from 0.188
(Bubu) to 0.270 (Pasoh), with a mean of 0.239, while the H,
ranged from 0.222 (Bubu) to 0.265 (Pasoh), with a mean of
0.242.

Fixation index and bottleneck—The fixation indices (F,g),
calculated for al polymorphic loci in each population (Table
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TaBLE 2. Allele frequencies for polymorphic loci in six natural pop-
ulations of Intsia palembanica.

Population
Lagong Bubu Kinta
0.000 0.000 0.000
0.013 0.000 0.063
0.397 0.244 0.338
0.051 0.077 0.000
0.154 0.205 0.050
0.026 0.026 0.000
0.359 0449 0.525
0.000 0.000 0.025
0.000 0.000 0.000
0.863 0.842 0.703
0.138 0.158 0.297
0.025 0.000 0.000
0.350 0.231 0.449
0.000 0.013 0.000
0.625 0.756 0.551
0.936 0.897 0.925
0.000 0.000 0.000
0.064 0.077 0.075
0.000 0.026 0.000
0.103 0.000 0.050
0.897 1.000 0.950
0.450 0.368 0.475
0525 0.632 0.525
0.025 0.000 0.000
0.359 0.500 0.628
0.641 0.473 0.359
0.000 0.027 0.013
1.000 0.962 1.000
0.000 0.038 0.000
0.000 0.000 0.000
1.000 1.000 1.000
0.000 0.000 0.000
0.436 0.393 0.365
0.564 0.607 0.635
0.000 0.000 0.000
0.974 1.000 1.000
0.026 0.000 0.000

Locus Allele Pasoh

Gpi-2 0.000
0.038
0.295
0.038
0.179
0.051
0.385
0.013
0.000
0.776
0.224
0.000
0.423
0.000
0577
0.782
0.026
0.167
0.026
0.051
0.949
0.692
0.269
0.038
0.167
0.833
0.000
0.769
0.103
0.128
0.974
0.026
0.569
0.431
0.000
1.000
0.000

Lalang

0.050
0.087
0.175
0.025
0.213
0.000
0.438
0.000
0.013
0.732

Perangin  Species

0.000
0.000
0.400
0.000
0.325
0.000
0.275
0.000
0.000
0.875
0.125
0.013
0.213
0.063
0.712
0.962
0.013
0.025
0.000
0.013
0.987
0.526
0.474
0.000
0.635
0.351
0.014
0.756
0.244
0.000
1.000
0.000
0.431
0.569
0.000
1.000
0.000

Pgm-I

Ugp

Pgd

Per-1

Per-2

Acp

T>OW>E>OW>O>OT>E>OO0T>O00RP>EO>"IOMMOTOT>

4), showed significant, positive or negative, deviation from
Hardy-Weinberg equilibrium in three loci (Gpi-2, Mr-2, and
Aat-2) at Bubu, two loci (Me and Per-2) at Lalang, and one
locus each at Lagong and Perangin (Per-2 and Pgd, respec-
tively). At the population level, an excess of homozygotes (F,g
> 0), or significant levels of inbreeding, were observed in
Bubu (0.155; P < 0.001) and Perangin (0.117; P < 0.05),
which may postulate that the plant practices some selfing and/
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or biparental mating in these two populations. Negative F,g
was detected in the four remaining populations, but these were
not significantly different from zero. The calculation of ex-
pected equilibrium heterozygosity (H,,) depends on the model
of mutation used to analyze the loci being studied; these are
the infinite allele model (IAM; Kimura and Crow, 1964), step-
wise mutation model (SMM; Ohta and Kimura, 1973), or two-
phase model (TPM; Di Rienzo et al., 1994). A bottleneck has
only been demonstrated for loci evolved under the IAM (Ma-
ruyama and Fuerst, 1985). For allozyme loci, heterozygosity
equilibrium and deficiency for a nonbottlenecked population
were detected using the IAM (Luikart and Cornuet, 1998). In
this study, a probability test of recent effective population size
reduction based on the IAM using polymorphic loci detected
bottlenecks on Lalang, Bubu, and Kinta (Table 4). A similar
analysis, using polymorphic loci in the Hardy-Weinberg equi-
librium, however, detected bottlenecks only in Lalang and Kin-
ta (Table 4).

Differentiation and relatedness among populations—M ost
of the total genetic diversity (H, = 0.321) was partitioned
within population (Hg = 0.309; Dg; = 0.013). The proportion
of genetic variation distributed among populations (Gg;) was
estimated as 0.040, thus only 4.0% of the genetic variability
was distributed among populations (Table 5). The mean Fg;
(0.048) estimate was dlightly higher than G, and was signif-
icantly greater than zero (F4; within 95% confidence interval
= 0.024-0.081; 95% confidence interval did not overlap with
zero; Table 5). Nei's (1978) genetic identities (1) among pairs
of populations for all loci were high and varied between 0.961
(Pasoh X Perangin) and 0.997 (Lalang X Kinta), with a mean
0.982 (Table 5; Fig. 3). At | = 0.985, cluster analysis among
populations formed three genetic clusters. Lalang, Kinta, La-
gong, and Bubu formed a common cluster, and Pasoh and
Perangin were the two outliers (Fig. 3). However, the genetic
distances between the populations are very small. Geograph-
ical distances between populations varied from 42 to 420 km.
A Mantel test to compare the matrices of genetic differentia-
tion and geographical distances showed that there was no re-
lationship between them (r = —0.015, P = 0.903). This may
indicate that the majority of the populations are geneticaly
very similar. Over al populations and loci, the number of mi-
grants (N,,,) using the private alleles method according to Bar-
ton and Slatkin (1986) was 2.04, which is >1, indicating high
levels of gene flow. It should be noted, however, that this value

TaBLE 3. Summary of allozyme diversity? and effective population size necessary to maintain current level of allozyme heterozygosity® for six
natural populations of Intsia palembanica in Peninsular Malaysia. Values in parentheses are standard deviations.

Population A, A P, H, H. =103 W =107
Pasoh 2.7 (0.5) 1.70 64.3 0.270 (0.065) 0.265 (0.064) 90 900 000
Lalang 2.5 (0.5) 1.74 57.1 0.269 (0.078) 0.263 (0.071) 89 890 000
Lagong 2.4 (0.4) 1.62 57.1 0.251 (0.073) 0.234 (0.067) 76 760 000
Bubu 2.3 (0.4) 1.58 50.0 0.188 (0.059) 0.222 (0.066) 71 710 000
Kinta 2.1 (0.3) 1.57 57.1 0.247 (0.070) 0.231 (0.066) 75 750 000
Perangin 2.4 (0.3) 1.60 50.0 0.208 (0.062) 0.235 (0.066) 77 770 000
Mean 2.4 (0.2) 1.64 55.9 0.239 (0.034) 0.242 (0.018) 80 800 000

a Average number of alleles per polymorphic locus (A,), effective number of alleles per polymorphic locus (A.), percent polymorphic loci (P,
95% criterion), observed heterozygosity (H,), and Nei’'s (1978) expected heterozygosity (H,).
b Effective population size (N,). Estimates are calculated from Crow and Kimura's (1970) equilibrium heterozygosity formula for neutral alleles.

Two mutation rates (p.) are given as a range.
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TaBLE 4. Fixation index (F;J),* expected heterozygosity (H,),” and expected equilibrium heterozygosity (He,)° for six natural populations of Intsia
palembanica in Peninsular Malaysia. Significance of gene diversity excess (H, > H,), an indication of recent effective population size reductions
(bottlenecks), was tested using Wilcoxon signed ranks test (Luikart et al., 1998) based on 5000 replications. * P < 0.05; ** P < 0.01.

Locus Pasoh Lalang Lagong Bubu Kinta Perangin
Fis
Gpi-2 0.096 —0.096 —0.071 0.196* 0.060 0.140
Pgm-1 0.028 —0.106 0.064 0.024 —0.151 0.326
Ugp —0.090 0.051 —0.016 —0.014 —0.075 0.054
Mr-2 —0.201 0.020 —0.056 0.465* —0.068 —0.017
Aat-1 —0.041 —0.104 —0.101 MONO¢ —0.040 0.000
Aat-2 0.209 0.218 0.101 0.567** —0.090 0.241
Me —0.188 0.309* —0.101 0.139 —0.118 0.156
Pgd 0.206 MONO MONO —0.027 MONO 0.385*
Per-1 —0.013 MONO MONO MONO MONO MONO
Per-2 —0.290 —0.487** —0.344* —0.180 —0.094 —0.290
Acp MONO MONO —0.013 MONO MONO MONO
All —0.017 —0.023 —0.071 0.155** —0.070 0.117*
He
Gpi-2 0.737 0.731 0.695 0.700 0.611 0.667
Pgm-1 0.352 0.397 0.240 0.269 0.424 0.222
Ugp 0.495 0.501 0.492 0.379 0.501 0.449
Mr-2 0.364 0.274 0.122 0.190 0.141 0.074
Aat-1 0.099 0.191 0.186 MONO 0.096 0.026
Aat-2 0.453 0.504 0.528 0.472 0.505 0.505
Me 0.281 0.541 0.466 0.533 0.483 0.479
Pgd 0.386 MONO MONO 0.075 MONO 0.373
Per-1 0.051 MONO MONO MONO MONO MONO
Per-2 0.497 0.541 0.498 0.486 0.470 0.497
Acp MONO MONO 0.051 MONO MONO MONO
Mean 1¢ 0.372 0.460 0.364 0.388 0.404 0.366
Mean 2 0.372 0.433 0.348 0.348 0.404 0.365
H eq
Gpi-2 0.650 0.638 0.589 0.527 0.524 0.335
Pgm-1 0.204 0.198 0.191 0.203 0.198 0.199
Ugp 0.191 0.193 0.354 0.338 0.195 0.437
Mr-2 0.442 0.337 0.197 0.339 0.201 0.342
Aat-1 0.200 0.203 0.198 MONO 0.196 0.197
Aat-2 0.334 0.200 0.343 0.203 0.199 0.196
Me 0.191 0.331 0.196 0.335 0.340 0.333
Pgd 0.335 MONO MONO 0.186 MONO 0.198
Per-1 0.195 MONO MONO MONO MONO MONO
Per-2 0.196 337 0.195 0.123 0.199 0.198
Acp MONO MONO 0.198 MONO MONO MONO
Mean 1¢ 0.295 0.304** 0.271 0.294* 0.255* 0.272
Mean 2 0.295 0.293* 0.281 0.257 0.255* 0.281

aF,s was estimated according to Weir and Cockerham (1984). Significant positive or negative F,q was tested using 6600 randomization.

b H, was estimated according to Nei's (1978) based on polymorphic loci.

¢ He, was estimated from the number of alleles observed and the sample size of individuas, under the infinite allele model, assuming neutrality

and mutation drift equilibrium (Cornuet and Luikart, 1996).
4 MONO = monomorphic loci.
¢ Mean across all the polymorphic loci.
f Mean across polymorphic loci in Hardy-Weinberg equilibrium.

of N,, represents historical average levels of gene flow and
may not represent present-day levels.

Genetic uniqueness of a specific population—The genetic
uniqueness of each population was concluded by calculating
the Gg;, F4, and | for the remaining populations after the
elimination of this specific population from the data. As shown
in Table 5, low genetic diversities among populations (Gg; and
Fsr) were observed for the analysis without Pasoh (0.026 and
0.033, respectively) and without Perangin (0.037 and 0.045,
respectively). These values were lower than that obtained from
the analysis of the six populations altogether (0.040 and 0.048,
respectively), as well as for the remaining four analyses (Table
5). Similarly, the genetic identity analysis produced higher av-

erages of | without Pasoh (0.987) and without Perangin
(0.985) in comparisons with the average of the six populations
(0.982) and the remaining four analyses (Table 5).

Effective population sizes—Direct estimates of mutation
rate are not easily obtained, and they are only available for
model organisms. However, the theory of molecular evolution
predicts that at neutral sites of the genome, the rate of nucle-
otide substitution between two species will equal the mutation
rate. Nei (1975) suggested that the average mutation rate (p.)
of codon substitution detectable by allozyme electrophoresis
was 10-7. However, this low estimate of mutation rates is
somewhat surprising, given the high levels of variation that
have been observed in many trees (Hamrick and Godt, 1996b).
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Fig. 3.  Unweighted pairwise groups with arithmetic averaging (UPGMA)
dendogram based on mean genetic identity values for six natural populations
of Intsia palembanica in Peninsular Malaysia. Mean genetic similarity =
0.982, in the range of 0.961-0.997.

Recent evidence has shown that generational mutation ratesin
long-lived woody plants are higher (e.g., 10-3) than those in
other organisms (Klekowski and Godfrey, 1989; Lowenfeld
and Klekowski, 1992). Thus, estimates of effective population
sizes needed to maintain the current level of allozyme hetero-
zygosity (N,), based on the formula of Crow and Kimura
(1970), were calculated using these two mutation rates as a
range. The N, ranged from 71 (Bubu) to 90 (Pasoh) when
= 1073 and subsequently 710000-900000 when p. = 1077
(Table 3). Mean across the six populations ranged from 80 to
800000. Changes in total number of alele (A;) and expected
heterozygosity (H.) with changes in the number of samplesis
shown in Fig. 4. The basic relationship between A; with sam-
ple size and between H, with sample size was logarithmic; A;
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TaBLE 5. Nei's (1987) genetic diversity statistic (Hg, Hy, Dgr and Ggy),
Wright's (1951) F4r value, and mean genetic identity (1) in Intsia
palembanica populations from Peninsular Malaysia. —Pasoh rep-
resents an analysis that contained all populations after the removal
of the Pasoh population.

Hy Hs Der Ger Fer I

L ocus
Gpi-2 0.705 0.691 0.014 0.020 0.025 —
Pgm-1 0.323 0317 0.005 0.016 0.020 —
Ugp 0490 0469 0.020 0.041 0.051 —
Mr-2 0.198 0194 0.004 0.022 0.027 —
Aat-2 0511 049 0.016 0.031 0.036 —
Aat-1 0.102 0100 0.002 0.022 0.023 —
Me 0519 0464 0.055 0.106 0.128 —
Pgd 0.159 0140 0.020 0.125 0.135 —
Per-1 0501 049 0.005 0.010 0.012 —
Per-2 0.009 0.008 0.000 0.010 0.023 —
Acp 0.009 0.008 0.000 0.011 0.025 —
Overall 0.321 0309 0.013 0.040 0.0482  0.982

Population
—Pasoh 0.310 0302 0.008 0.026 0.033 0.987
—Laang 0.315 0302 0.013 0.041 0.051 0.981
—Lagong 0.324 0310 0.014 0.043 0.056 0.979
—Bubu 0326 0.313 0.013 0.040 0.053 0.980
—Kinta 0.324 0310 0.014 0.043 0.051 0.981
— Peran_

gin 0.321 0309 0.012 0.037 0.045 0.985

aThe standard error of F5; = 0.016. The probability of the Fg; > 0
was determined using bootstrap analysis. Fg; within 95% confidence
interval = 0.024-0.081.
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Fig. 4. Changes in genetic diversity with changes in the number of individuas of Intsia palembanica. () Total number of aleles (A;) and (b) expected
heterozygosity (H,). All values were based on a mean of 50 resamplings with standard errors (SE). The pointed arrows indicate the optimum population size.
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TaBLE 6. Single locus outcrossing rate (t;), multilocus outcrossing rate
t,,» and pollen pool allele frequencies for Intsia palembanica from
Bukit Lagong Forest Reserve. A x? test was performed to assess
homogeneity of the pollen pool reaching each mother tree. Values
in parentheses are standard deviations * P < 0.01.

Pollen pool alele frequency

Locus s A B C D x?
Gpi-2 0.607 (0.079) 0.014 0.389 0.349 0.249 254.93*
Pgm-1 0.896 (0.340) 0.892 0.102 0.007 — 32.51*
Ugp 0.716 (0.274) 0.311 0.689 — — 176.87*
Mr-2 0.547 (0.328) 0.822 0.178 — — 92.22*
Aat-2 0.401 (0.278) 0.602 0.398 — — 93.52*
t, (mean) 0.711 (0.087)
tn 0.766 (0.091)

t,—t.  0.054 (0.025)

and H, at first increased with sample size and then reached a
plateau. The A; and H, levels plateau at around 200 and 210
individuals, respectively (Fig. 4).

Mating system parameters—The Me and Acp loci showed
good activity in leaf tissues, but were not expressed in embry-
os. The Gpi-1, Pgm-2, Aat-1, Pgd, and Per-1 loci were mono-
morphic in the Lagong population. A probability test of link-
age disequilibrium in the Lagong population detected signifi-
cant linkage between two pairs of loci: Pgm-1 and Me (P =
0.041) and Pgm-1 and Per-2 (P = 0.005). Hence, only Gpi-
2, Pgm-1, Ugp, Mr-2, and Aat-2 were used in the mating sys-
tem study. Intsia palembanica at Lagong has a mixed-mating
system with ~23% of the seeds produced from selfing (Table
6). The mean single locus outcrossing rate (t.) for the five loci
was 0.711, while the multilocus outcrossing rate (t,) was
0.766. Genetic substructuring, in terms of biparental inbreed-
ing (detectable by the difference between multilocus and single
locus outcrossing rates), was not significant (t,, — t, = 0.054).
The null hypothesis of homogeneity of the pollen pool gene
frequency over maternal parents was rejected for all the loci
(Table 6), indicating that the maternal tree did not receive pol-
len randomly from all synchronously flowering trees. Differ-
ences among mating system parameters for different loci were
observed in the range of 0.401 (Aat-2) to 0.896 (Pgm-1). The
most reasonable explanation of this phenomenon seems to be
the spatial and temporal variation among trees in flowering
phenology and fecundity, which causes heterogeneity of the
pollen pool. The consequence of this phenomenon is not read-
ily measurable, but as shown by Ritland and Jain (1981), it
has a minor effect on the multilocus estimate of population
outcrossing rate.

DISCUSSION

Outcrossing rate and population structure—Intsia palem-
banica at Lagong exhibited a mixed-mating system (t, =
0.766); this value was comparable to the report on outcrossing
rates for some tropical tree populations (O'Malley et al., 1988;
Murawski and Hamrick, 1991, 19923, b; Kitamuraet a., 1994;
Murawski and Bawa, 1994; Murawski, Dayanandan, and
Bawa, 1994; Murawski, Gunatilleke, and Bawa, 1994; Doligez
and Joly, 1997; Lee, 2000; Lee et al., 2000c). The present
study also showed that I. palembanica harbors higher levels
of genetic diversity than other regionally distributed tropical
long-lived tree species (A, = 1.51, A, = 1.16, P = 40%, and
H, = 0.125; Hamrick, Godt, and Sherman-Broyles, 1992). The
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Gg value (0.040) is lower than the mean for regionaly dis-
tributed tropical long-lived tree species (G = 0.119), long-
lived outcrossing animal-pollinated tree species (Gs = 0.099),
long-lived tree species with seed dispersed by gravity (Gg; =
0.131), and long-lived tree species that reproduce sexually
(Gsr = 0.086; Hamrick, Godt, and Sherman-Broyles, 1992).
The genetic diversity maintained within and among popu-
lations is a function of historical events and recent evolution-
ary processes. Because very little is usually known of a spe-
cies evolutionary and ecological history, explanations for the
levels and patterns of genetic diversity found within and
among populations rely primarily on inference. High levels of
genetic diversity for |. palembanica might be attributed to the
species life history and ecological traits, such as its common,
long-life, wide ranges, and its mixed-mating system. Low val-
ues of population differentiation (G, = 0.017-0.085), com-
parable to the present study (Gs; = 0.040), have been reported
for other tropical trees (Pérez-Nasser, Eguiarte, and Pifiero,
1993; Alvarez-Buylla and Garay, 1994; Chase, Boshier, and
Bawa, 1995; Lee, Ang, and Norwati, 2000; Lee et al., 2000a).
Seed dispersal mechanisms were shown to be significantly
correlated with G¢; (abiotically dispersed species showed more
than twice as much population differentiation as biotically dis-
persed species; Loveless, 1992), and this was somewhat sur-
prising when we considered the fact that no primary special
seed dispersal mechanisms were apparent in the species. The
species produces heavy seeds in a thick, woody pod; seed
appears to be mainly dispersed by gravity and fall around in-
dividual parent plants. However, we cannot rule out the pos-
sibility of secondary seed movement by water stream, as the
species occurs along river valeys and in low hills near
streams, or by animals, as the edible seed is preferred by mon-
keys and squirrels. In addition, the species is pollinated by
energetic pollinators, mainly by bees. These factors suggest
that pollen and seed dispersal in this species occur over long
distances. However, the observed high rate of historical gene
flow among populations (N,, = 2.04), aso suggests that the
speciesis not at a genetic equilibrium under the present levels
of gene flow, with populations derived from each other in the
recent past. Rapid and recent fragmentation of abig population
should result in populations being more similar genetically
than if populations were isolated for longer periods of time.
One of the major sampling considerations for conservation
of wide-ranging species such as |. palembanica is geographical
placement of units. If afew of these were strategically placed
on the basis of patterns of genetic variation, much of the var-
iability among population could aso be captured (Millar and
Libby, 1991). Hamrick (1993) suggested that for tropical tree
species, if 80% of the total genetic diversity resides within a
population, five strategically placed populations should capture
99% of their total genetic diversity. However, because I. pa-
lembanica is an outcrossed species and variation in adaptive
traits is not known, more than five populations should be con-
served. Thelow Gg; and F4; and high | obtained without Pasoh
and without Perangin analyses may indicate that these two
populations harbor some unique genetic characters and they
should receive additional attention for conservation purposes.
Although the allozyme alleles probably do not confer adap-
tation, attempts also should be made to conserve populations
with private aleles, such as Gpi-2A, Gpi-2l, and Per-2C in
Lalang; Pgd-B and Per-1B in Pasoh; and Acp-B in Lagong.
A comprehensive review by Hamrick, Godt, and Sherman-
Broyles (1992) of woody plant species showed that life history


https://www.researchgate.net/publication/250270404_Population_Genetics_of_Cordia_alliodora_Boraginaceae_a_Neotropical_Tree_1_Genetic_Variation_in_Natural_Populations?el=1_x_8&enrichId=rgreq-722055784fd3ee95067cf32ae6272b44-XXX&enrichSource=Y292ZXJQYWdlOzUxMjEyMDMyO0FTOjEwNjUxMTk1NTEzNjUxNEAxNDAyNDA1ODM4NzQ3
https://www.researchgate.net/publication/51253095_Mating_System_of_Carapa_procera_Meliaceae_in_the_French_Guiana_Tropical_Forest?el=1_x_8&enrichId=rgreq-722055784fd3ee95067cf32ae6272b44-XXX&enrichSource=Y292ZXJQYWdlOzUxMjEyMDMyO0FTOjEwNjUxMTk1NTEzNjUxNEAxNDAyNDA1ODM4NzQ3
https://www.researchgate.net/publication/51253095_Mating_System_of_Carapa_procera_Meliaceae_in_the_French_Guiana_Tropical_Forest?el=1_x_8&enrichId=rgreq-722055784fd3ee95067cf32ae6272b44-XXX&enrichSource=Y292ZXJQYWdlOzUxMjEyMDMyO0FTOjEwNjUxMTk1NTEzNjUxNEAxNDAyNDA1ODM4NzQ3
https://www.researchgate.net/publication/272012817_Outcrossing_Rates_of_Two_Endemic_Shorea_Species_from_Sri_Lankan_Tropical_Rain_Forests?el=1_x_8&enrichId=rgreq-722055784fd3ee95067cf32ae6272b44-XXX&enrichSource=Y292ZXJQYWdlOzUxMjEyMDMyO0FTOjEwNjUxMTk1NTEzNjUxNEAxNDAyNDA1ODM4NzQ3
https://www.researchgate.net/publication/272012817_Outcrossing_Rates_of_Two_Endemic_Shorea_Species_from_Sri_Lankan_Tropical_Rain_Forests?el=1_x_8&enrichId=rgreq-722055784fd3ee95067cf32ae6272b44-XXX&enrichSource=Y292ZXJQYWdlOzUxMjEyMDMyO0FTOjEwNjUxMTk1NTEzNjUxNEAxNDAyNDA1ODM4NzQ3
https://www.researchgate.net/publication/235710569_Factors_Influencing_Levels_of_Genetic_Diversity_in_Woody_Plant_Species?el=1_x_8&enrichId=rgreq-722055784fd3ee95067cf32ae6272b44-XXX&enrichSource=Y292ZXJQYWdlOzUxMjEyMDMyO0FTOjEwNjUxMTk1NTEzNjUxNEAxNDAyNDA1ODM4NzQ3
https://www.researchgate.net/publication/235710569_Factors_Influencing_Levels_of_Genetic_Diversity_in_Woody_Plant_Species?el=1_x_8&enrichId=rgreq-722055784fd3ee95067cf32ae6272b44-XXX&enrichSource=Y292ZXJQYWdlOzUxMjEyMDMyO0FTOjEwNjUxMTk1NTEzNjUxNEAxNDAyNDA1ODM4NzQ3
https://www.researchgate.net/publication/289616337_Genetic_diversity_of_Dryobalanops_aromatica_Gaertn_F_Dipterocarpaceae_in_Peninsular_Malaysia_and_its_pertinence_to_genetic_conservation_and_tree_improvement?el=1_x_8&enrichId=rgreq-722055784fd3ee95067cf32ae6272b44-XXX&enrichSource=Y292ZXJQYWdlOzUxMjEyMDMyO0FTOjEwNjUxMTk1NTEzNjUxNEAxNDAyNDA1ODM4NzQ3

March 2002]

and ecological traits explain a significant proportion (34%) of
the variation among species for the genetic parameters mea-
sured. Woody species with large geographical ranges, out-
crossing breeding systems, and wind or animal-ingested seed
dispersal mechanisms have more genetic diversity within spe-
cies and populations but less variation among popul ations than
woody species with other combinations of traits. Some authors
(e.g., Holsinger and Gottlieb, 1991; Frankel, Brown, and Bur-
don, 1995) have argued that there are no guidelines about the
levels of genetic diversity in plants; it isin general not possible
to relate variability at neutral marker loci directly to population
viability (Holsinger, 1996). This is affirmed by observations
of high levels of genetic diversity on narrow ranges or rare
species (e.g., Lewis and Crawford, 1995; Young and Brown,
1996; Mateu-Andrés and Segarra-Moragues, 2000). A recent
review by Gitzendanner and Soltis (2000) on rare and wide-
spread plant congeners also showed no significant difference
between rare and widespread species in terms of how genetic
variation is partitioned within and among populations. How-
ever, for predominantly outcrossed or mixed-mating plant spe-
cies, such as |. palembanica and other tropical tree species
(Pérez-Nasser, Eguiarte, and Pifiero, 1993; Alvarez-Buyllaand
Garay, 1994; Chase, Boshier, and Bawa, 1995; Lee, Ang, and
Norwati, 2000; Lee et al., 2000a), a high level of genetic di-
versity and alow level of population differentiation were con-
sistently observed. Thisis somewhat supported in that life his-
tory and ecological traits, in particular the mating system, can
be used as guidelines to infer the levels of genetic diversity
and how the level of genetic diversity is partitioning within
and among populations in plants. A more recent review by
Hamrick and Godt (1996b) also showed that the outcrossing
vs. selfing mating system is the most powerful single deter-
minant of the level of variation in trees. The average level of
variation (measured as expected heterozygosity) at marker loci
for selfing plantsis 0.12 and is 0.16 for outcrossers. The level
of differentiation of population (measured as F;) for outcros-
sersison average ~0.1 and 0.5 for selfers (Hamrick and Godit,
1996b).

Genetically sound conservation requires a robust under-
standing of the processes by which species organize genetic
variation in local populations and the patterns of this variation
among populations. Tropical forests are rich in plant species
diversity. An area of 50 ha in the Pasoh Forest Reserve was
reported to contain 814 different tree species (Kochummen,
1997). For the majority of these species, we will never obtain
adequate knowledge of the genetic structure. It is suggested
that for the genetic conservation of widespread and common
tree species in VJRs, we might want to group the species ac-
cording to mating system. Genetic information generated for
a species then can be adapted to speciesthat have similar types
of mating systems. High levels of genetic diversity require big
effective population size for capturing genetic diversity, and
subsequently, effective population size is proportionate to the
areas to be conserved. Hence, conservation of outcrossing spe-
cies will require the largest area, and this in turn will favor
the conservation of other species with mixed-mating systems,
selfing, or apomixis.

Bottleneck and fixation index—Identification of recently
bottlenecked populations is important because such popula-
tions may not yet have had time to adapt to the problems often
caused by small population size and therefore may have ahigh
risk of extinction. The more recent a bottleneck, the greater
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the probability that the deleterious effects of a bottleneck can
be avoided or minimized by mitigative management proce-
dures, such as habitat enhancement or introduction of immi-
grants (Luikart et al., 1998). Probahility test of recent effective
population size reduction using polymorphic loci detected bot-
tlenecks on Lalang, Bubu, and Kinta. Luikart et al. (1998),
while restating the assumptions of Cornuet and Luikart (1996),
suggested that inclusion of loci deviating from Hardy-Wein-
berg equilibrium might cause violations. With a similar test,
but using polymorphic loci in Hardy-Weinberg equilibrium,
genetic bottlenecks were detected only on Lalang (mean H, =
0.433; mean H,, = 0.293; P < 0.05) and Kinta (mean H, =
0.404; H,, = 0.255; P < 0.05). This may suggest that inclu-
sion of loci not in Hardy-Weinberg equilibrium could cause
nonbottlenecked populations to appear to have been recently
bottlenecked.

A genetic bottleneck can aso be detected by the changesin
alele frequencies (Nei, Maruyama, and Chakraborty, 1975);
recently bottlenecked populations are more likely to have lost
their rare alleles than their common alleles. One way of mea-
suring the change in alele frequencies is by examining the
ratio of effective to observed number of aleles. If al aleles
in a population were present at the same frequencies, this num-
ber would be one. The presence of rare alleles or variance in
allele frequencies reduces this ratio. The ratios for Lalang and
Kinta are 0.70 and 0.75, respectively, and these values are
higher than Pasoh (0.63), Lagong (0.68), Bubu (0.69), and
Perangin (0.67), suggesting that the allele frequency distribu-
tions in Lalang and Kinta are more even, with fewer rare al-
leles or lower variance in allele frequencies. Both of these
patterns would be expected in a population following a bot-
tleneck (Nei, Maruyama, and Chakraborty, 1975)

One of the main genetic effects of inbreeding within pop-
ulations is to increase levels of homozygosity relative to those
expected under conditions of random mating (Wright, 1931;
Brown, 1979; Hamrick, Linhart, and Mitton, 1979). Thus,
comparisons of genotype frequencies within populations with
genotype frequencies expected under Hardy-Weinberg equilib-
rium conditions (i.e., large populations with no genetic drift,
random mating, no selection on aleles, and no inflow of a-
leles into the population via mutations or gene flow) are often
used to detect historical levels of inbreeding in natural popu-
lations.

Positive significance of fixation indices (F,s), an indication
of excess of homozygotes, was observed in Bubu (F g =
0.155; P < 0.01) and Perangin (F,s = 0.117; P < 0.05). Pop-
ulations that have experienced a long period of bottleneck
should have high rates of inbreeding, low levels of genetic
variation, and fixation of mildly deleterious alleles, which
might reduce evolutionary potential and increase the proba-
bility of population extinction (summarized by Luikart et al.,
1998). In this study, however, high levels of inbreeding in
Bubu and Perangin may not be caused by long periods of
severe reduction of population sizes because population bot-
tlenecks were not detected in these two populations. This high
level of inbreeding might be due to other historical distur-
bances that could not be deduced from the present study, or
the Bubu and Perangin populations may be genetically sub-
structured; sampling across subpopulation patches that differ
in gene frequency would probably generate high values of the
positive fixation index, due to biparental inbreeding. Numer-
ous studies have shown that most tree species have reduced
viability and growth after selfing or other close inbreeding
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(reviewed in Williams and Savolainen, 1996). This feature
must be considered in the conservation of VJRs because in
natural populations, inbreeding may lower the viability of pop-
ulations (Saccheri et al., 1998).

As summarized by Luikart et a. (1998), populations that
have experienced a long period of bottleneck should have high
rates of inbreeding and low levels of genetic variation. How-
ever, these were not observed in the two bottlenecked popu-
lations. The lack of significant levels of inbreeding (—0.023
and —0.070, respectively) and high levels of observed genetic
diversity (0.269 and 0.247, respectively) in Lalang and Kinta
might be due to the short time frame of the population bottle-
neck compared to the generation time of the species. Intsia
palembanica may grow for 30-35 yr before flowering. Be-
cause the severe decline of the Lalang and Kinta populations
can only occur within 60-100 yr, it seems unlikely that the
populations have experienced a sufficient number of genera-
tions at such a small population size that significant genetic
variation would be lost. Species with large, outcrossing pop-
ulations and high levels of variation might actually be the most
threatened by reduction in population size due to logging ac-
tivities and fragmentation (Tilman et al., 1994). If actions are
not taken, and the two bottlenecked populations are allowed
to exist in small population sizes for a long period of time,
they are expected to exhibit lower levels of genetic diversity
due to inbreeding. Inbreeding causes the loss of heterozygosity
with no change in allele frequencies, because continuous mat-
ing between relatives will purge the deleterious recessive a-
leles and expose them as homozygotes to the environment.
Small populations with low levels of genetic diversity might
gtill able to sustain short- to medium-term fitness, but in the
long term, they may be unable to respond to environmental
changes.

Laidlaw (1994), in the study of locality effects of the VJRs
with reference to boundary of the forest reserves, showed that
disturbed VJRs are more likely to be found on the edge of
forest reserves, whereas undisturbed VJRs are more likely to
be found in the center of forest reserves. In addition, her re-
sults also indicated that distortions within certain sectors of
the mammal community and the vegetation can occur in the
more accessible VJIRs on the edge of reserves. This analysis
agrees with the present study, in which high levels of inbreed-
ing and bottlenecks were detected in VJRs that are located on
the edge of forest reserves (Lalang, Bubu, Kinta, and Peran-
gin). Thus, we suggest that establishment of the newly pro-
posed VJRs should consider compartments that are located in
the center of the forest reserves.

Effective population size—In terms of conservation, the
concept of minimum viable population size implies that a pop-
ulation in a given habitat cannot persist if the number of in-
dividuals is reduced below a certain threshold (ITTO, 2000).
Generally, three broad approaches could be taken to determine
the minimum viable population sizes for targeted species: (1)
the effective population size could be estimated on the basis
of ability to withstand loss of genetic variability due to drift,
which is apparent in small populations; (2) the effective pop-
ulation size could be estimated on the basis of the mating
system and the minimum number of reproductive individuals
required to prevent inbreeding or reduced fitness of regener-
ants; and (3) the effective population size could be estimated
based on calculating the population size that will minimize the
sampling loss of alleles occurring at low frequencies (ITTO,
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2000). Wright (1931) defined the effective population size as
the size of an ideal population whose genetic composition is
influenced by random processes in the same way as the real
population. Various genetic and ecological approaches have
been proposed to estimate the effective population size (re-
viewed by Nunney and Elam, 1994).

One method for quantitative analysis of effective population
size of widespread species that calls for conserving popula-
tions that are large enough to maintain current levels of genetic
diversity is derived from the equilibrium eguation for neutral
mutations (Crow and Kimura, 1970). Calculation of effective
population size using the equilibrium equation for neutral mu-
tation is very much dependent on mutation rates. The effective
population sizes that are required to maintain expected allo-
zyme heterozygosities in equilibrium for most forest trees are
large. For instance, in Pinus ponderosa and Pseudotsuga men-
ziesii populations, when conservative mutation rates are used
(210-7) in the equilibrium formula, the effective population siz-
es necessary to maintain the expected alozyme heterozygos-
ities ranged from 223300 to 910600 (Millar and Libby, 1991).
At appropriate stand densities, these numbers would corre-
spond to areas far larger than are currently protected or po-
tentially can be protected. Recently, evidence has shown that
generational mutation rates in long-lived woody plants are
higher (e.g., 10-3) than those in other organisms (Klekowski
and Godfrey, 1989; Lowenfeld and Klekowski, 1992). By us-
ing mutation rates in the range of 10-3-10-7, the mean effec-
tive population sizes for |. palembanica were estimated as 80—
800000 individuals. Several criticisms of this approach have
been raised; neutral mutations may not be the variants of con-
cern to conservation. The rates of advantageous mutation are
not known, but are probably much lower (Millar and Westfall,
1992). Lande and Barrowclough (1987) have shown that es-
timates of variability based on allozymes are much lower than
the estimates based on quantitative traits, even if neutral mu-
tation rates prevail. Another criticism questions the value of
maintaining current levels of heterozygosity. Most populations
are in nonequilibrium states (Namkoong, 1986), and current
levels of population heterozygosity may have little to do with
population stability or vitality (Lande, 1988).

The low Gg; and Fg; among populations and the high rate
of historical gene flow among populations might suggest that
the populations studied were probably part of one continuous
populations in the recent past. To further circumscribe the ef-
fective population size, the allozyme data from all the studied
populations were pooled for simulation analysis. At sample
sizes of ~200 and 210 individuals, the total number of aleles
(A;) and expected heterozygosity (H,), respectively, reach as-
ymptotic levels, indicating no aleles will be lost at the sample
size >200. Reduction of H, can be avoided if 210 individuals
or more were maintained. From the survey data of the big
trees in the Pasoh Forest Reserve (Manokaran et a., 1992),
the mean density of |. palembanica >30 cm dbh is ~1.3 trees/
ha. Applying this estimate to the effective population sizes
based on pooled data may suggest that for the maintenance of
allozyme genetic diversity, the effective population size for the
species, in term of area size, should be at least 154-162 ha.
Hamrick and Murawski (1990) suggested that the effective
breeding unit area for a common tropical tree species could
be in the order of 25-50 ha (estimation based on pollen move-
ment within and among populations). With a similar method,
Konuma et a. (2000) reported that the breeding unit area for
five reproductive trees of Neobalanocarpus heimii was 86.3
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ha. However, for figs (Ficus sp.), a tropical keystone plant
resource, the breeding unit areas were reported to be 10 600—
63200 ha (Nason, Herre, and Hamrick, 1998). Koski, (1996)
in his guideline for the in situ gene conservation of wind-
pollinated temperate conifers, without stating a general for-
mula, stated that the target area should be >100 ha, and in
areas where the species in question is uncommon, smaller ar-
eas (<100 ha) may sometimes be acceptable.

In the zoological literature, Franklin (1980) and Soulé
(1980) have proposed the 50/500 rule. According to this rule,
a population size of 50 individuals is considered the minimum
size necessary to avoid inbreeding depression (based on the
experience of animal breeders, who generally accept a 1% in-
crease in the inbreeding coefficient, which increases by 1/[2N]
each generation), and a population of 500 individuals is
deemed sufficient to avoid the risk of genetic drift (derived
empirically using evidence from experiments on fruit flies).
The universal validity of the 50/500 rule has been challenged
frequently, particularly as a general prescription for managing
natural populations. In the general consensus, there is no uni-
versally applicable population size below which a serious re-
duction in genetic diversity will occur or above which a pop-
ulation is safe from genetic erosion (Gray, 1996). The concept
of genetically effective population size refers to the risk of
extinction from genetic causes; to this we aso must add the
risks imposed by environmental stochasticity, which are often
harder to estimate (Stewart and Hutchings, 1996). Our esti-
mate was solely based on genetics. Moreover, the simulation
analysis will undoubtedly provide different estimates of effec-
tive population sizes between species and between popula-
tions, depending on levels of genetic diversity and population
density. Hence, this estimate should be considered as explor-
atory, preliminary information on the management of the spe-
cies and the VJRs.
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