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Abstract

To understand the population dynamics of tree popu-
lations at the range limit of a species’ range, it is impor-
tant to determine which population size and disturbance
regime are critical to genetic diversity. Siebold's beech
(Fagus crenata Blume) is a major canopy tree species of
cool-temperate forests in Japan, with the northernmost
distribution reaching the Kuromatsunai Depression in
southwestern Hokkaido, Japan. We examined the genet-
ic variation and dynamics of three beech forests, with
different disturbance history and population attribu-
tions in the northernmost population. The Tsubameno-
sawa (TSU) and Sannosuke (SAN), both natural forest,
have historically experienced little artificial distur-
bance, whereas the Soibetsu (SOI), a secondary forest,
was intensively logged, and thus strongly disturbed in
the past. In total, 35 alleles were detected among 12
loci, encoding 9 enzyme systems. At TSU, He and RS
were 0.141 and 2.280, respectively. At SAN, He and RS
were 0.142 and 2.604, respectively. At SOI were 0.182
and 2.628, respectively. Parameters of genetic diversity
changed with population size, small isolated population
indicated low values. Gene flow distance for low density
mature trees in the natural forests was greater than
that for high-density secondary forest. However, effec-
tive population sizes (Ne) were 34.7, 64.3 and 60.3 in
TSU, SAN and SOI, respectively, reflecting differences
in the density of mature individuals. The results sug-
gested that the population with the low density of
mature trees kept genetic diversity through long dis-
tance gene flow. The mature tree density affected the
effective population size in the northernmost beech pop-
ulations.

Key words: allozyme, population size, disturbance regime,
Fagus crenata, range limit.

Introduction

Siebold’s beech (Fagus crenata Blume) is one of the
widely distributed canopy tree species in cool-temperate

forests of Japan. The northern range limit of Siebold’s
beech is in the Kuromatsunai Depression, Oshima
Peninsula in southwestern Hokkaido (TATEWAKI, 1958).
This region is the boundary between typical cool-tem-
perate forests dominated by beech and pan-mixed
forests consisting of deciduous hardwood species, with
evergreen coniferous species (TATEWAKI, 1958). Palyno-
logical studies indicate that beech forests began to
extend its range northward after the last glacial period
at approximately 12,000 yr B.P., expanding its range at
the present northern front between 350 and 680 yr B.P.
(IGARASHI, 1994; TAKIYA and HAGIWARA, 1997; KITO and
TAKIMOTO, 1999; KITO, 2003).

Phytogeographical studies using genetic techniques
and analyses have demonstrated geographical genetic
diversity in plant species. Intraspecific allozyme varia-
tion in Siebold’s beech has been examined for northeast-
ern populations (NAGANO et al., 1990; NAGANO and NASU,
1991; TAKAHASHI et al., 1994) and populations through-
out the species’ distributional range (TOMARU et al.,
1997). TAKAHASHI et al. (1994) investigated genetic vari-
ations in beech populations in Hokkaido and northern
Honshu, and found that some alleles were absent in
Hokkaido. TOMARU et al. (1997) studied genetic diversity
in 23 beech populations over the species’ geographical
distribution, and revealed that within-population genet-
ic variation was higher than among-population differen-
tiation. Despite low genetic differentiation among popu-
lations, significant correlations have been found
between the average expected heterozygosity, and both
the latitudinal and longitudinal distributions of the pop-
ulations (TOMARU et al., 1997). 

TAKAHASHI et al. (1994) examined the genetic variation
of 14 beech populations in Hokkaido and northern Hon-
shu. The genetic compositions of Honshu and Hokkaido
populations were shown to be essentially the same,
except for five rare alleles that were absent in the
Hokkaido populations. This fact suggests that Hokkaido
populations may have experienced a bottleneck or an
effect of isolation from those in Honshu. TAKAHASHI et al.
(2002) suggested that a weak genetic structure in the
northern marginal beech population at the Utasai beech
forest was attributable to an insufficient number of gen-
erations to reach a quasi-stationary genetic structure.
COMPS et al. (2001) investigated the genetic variation of
12 polymorphic isozyme loci in European beech popula-
tions (Fagus sylvatica L.) throughout the species’ range.
Maximum allelic richness was estimated to occur in the
southeastern part of the range (southern Italy and the
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Balkans), where beech was isolated and survived during
the last Ice Age. They also reported that the levels of
heterozygosity were lower in the populations in refugia
than those in recently colonized regions. 

Several small isolated beech populations with low
density of beech were located at the distribution front
area (TATEWAKI, 1958). The decrease of genetic diversity
is expected in these areas. And, when populations are
exposed to natural or artificial disturbances, changes in
habitat conditions will result in changes in population
size and structure. The knowledge on the levels of genet-
ic dynamics in marginal populations of a species’ geo-
graphical range may contribute to the understanding of
the maintenance or expansion mechanisms of the plant
population in general. In order to understand the influ-
ence of population size and disturbance regime to genet-
ic parameters in the northernmost beech populations,
we investigated the difference in the genetic diversity
parameters of three populations located at the northern-
most distribution of the range in Oshima Peninsula,
Hokkaido: two natural isolated beech forest populations
that have experienced few artificial disturbances, and
another population that has been exposed to severe arti-
ficial disturbance.

Materials and Methods

Study sites and sample collections

The study was conducted at the northern range limit
of beech forests at Tsubamenosawa (TSU), Sannosuke
(SAN) and Soibetsu (SOI) in Oshima Peninsula, south-
western Hokkaido in Japan (Fig. 1). TSU beech forest,
the northernmost isolated natural population of
Siebold’s beech (Fagus crenata), is located on a steep
northwestern slope of Mt. Horobetsu at an elevation of
520–620 m. The canopy layer of the TSU forest is domi-

nated by Siebold’s beech and an oak, Quercus crispula,
with low frequencies of Tilia japonica, Acer mono, Betu-
la ermanii, Magnolia hypoleuca, and Sorbus commixta.
The forest floor is mainly dominated by Sasa kurilensis,
Daphniphyllum humile, and Cephalotaxus harringtonia.
Many seedlings and juveniles of Siebold’s beech occurred
at this site (KOBAYASHI and WATANABE, 2003). The area of
beech distribution is about 3-ha.

The SAN beech forest is one of the northernmost iso-
lated natural beech populations, on a steep northwest-
ern slope of Mt. Horobetsu at an elevation of about 500
m. The canopy layer of the SAN forest is dominated by
Siebold’s beech, and subdominant tree species are
 Quercus crispla, Abies sachalinensis, Tilia japonica,
Acer mono, Betula ermanii, Magnolia hypoleuca, and
Sorbus commixta. The area of beech distribution is
about 27.5-ha, larger than TSU forest.

The SOI beech stand was a secondary forest that has
been logged once approximately 80 years before; since
then, it has regenerated naturally. This forest stand
established on the plateau at an elevation of approxi-
mately 100 m above sea level in the Kuromatsunai
Depression. The canopy layer of the forests at SOI was
dominated by Siebold’s beech, with low frequencies of
several deciduous trees such as Quercus crispula, Tilia
japonica, Betula ermanii, Acer mono, and Magnolia
hypoleuca. The forest floor is dominated by Sasa
kurilensis, Daphyniphyllum humile and Skimmia japon-
ica. The area of beech distribution is 100-ha or more.

We have been monitoring beech phenology in this
region since 2005. During this period, we observed flow-
ering in trees greater than at least 20 cm in DBH. Thus,
we consider individuals of DBH > 20 cm as mature
trees. We established one 10 � 50 m transect in the
beech forests at TSU, SAN and SOI. The locations of all
beech trees within transects were recorded and mapped,

Figure 1. – Location of the three study sites. The solid line indicates the northern frontier of contin-
uous beech forest in the Kuromatunai Depression (KITO, 2003). However, small patches or low den-
sity mixed beech forest stands have been observed beyond this northern limit (TATEWAKI, 1958).
Tsubamenosawa and Sannosuke beech population represents one of these small patch populations. 
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and the diameter at breast (or ground) height (DBH or
DGH for trees <1.3 m tall) was measured. We collected
several fresh leaves from all individuals within two
study plots in August 2005 (TSU and SOI) and July
2008 (SAN) for allozyme analysis. In addition, we sam-
pled all mature trees (20cm ≤DBH) in the neighboring
3-ha area at TSU in September 2005. In April 2006, we
collected winter buds from 108 mature beech trees with-
in the neighboring 100-ha area at SOI, using a lattice
sampling design: a 100-m interval grid was laid out, and
all of the individuals closest to each grid intersection

were sampled. In August 2008, we sampled all mature
trees in the neighboring 27.5-ha area at SAN. These
samples were kept at low temperature, taken into the
laboratory, and stored in a deep freezer at –80°C until
enzymes were extracted.

The size class (diameter) distribution differed among
TSU, SAN and SOI (Fig. 2). The size class distribution
at TSU was L-shaped, with the highest peak in the
1–5 cm class; the maximum DBH was 92.4 cm (Fig. 2).
SAN had a mode at 5–10 cm class, and maximum DBH
was 46.5 cm. The size class distribution of mature trees
(DBH > 20 cm) at SAN was clear L-shaped distribution
(Fig. 2). SOI had a mode in the smallest size class
(diameter <1 cm), minor peaks in the 5–10 cm and
20–30 cm classes, and the maximum DBH was 47.7 cm
(Fig. 2).

Approximately 100 mg of sample tissue was frozen in
liquid nitrogen and crushed, using a mortar and pestle.
Immediately after crushing, 1 mL of extraction buffer
(0.1 M Tris-HCL at pH 7.5, 25% glycerol, 1% Tween 80,
10 mM DTT, 1% 2-mercaptoethanol) and 70 mg of
polyvinylpolypyrrolidone were added (Shiraishi 1988).
After centrifugation at 20,000 � g at 4°C for 10 min,
16 µL of supernatant was used per enzyme for vertical
discontinuous polyacrylamide slab gel electrophoresis
(DAVIS, 1964; ORSTEIN, 1964).

The following 12 loci encoding 9 enzyme systems were
analyzed: alanine aminopeptidase (Aap), amylase (Amy1
and Amy2), diaphorase (Dia), fumarase (Fum), gluta-
mate dehydrogenase (Gdh), glutamate oxaloacetate
transaminase (Got1 and Got3), 6-phosphogluconate
dehydrogenase (6pg), phosphoglucoisomerase (Pgi) and
phosphoglucomutase (Pgm1 and Pgm2).

Data analyses

The expected heterozygosity (He; NEI, 1987) and allel-
ic richness (Rs; MOUSADIK and PETIT, 1996) were calcu-
lated using the computer program FSTAT ver. 2.9
(GOUDET, 2002) for populations and size classes.

Spatial substructure was analyzed by spatial autocor-
relation using Moran’s I (MORAN, 1950; SOKAL and ODEN,
1978a, b; DUNCAN and STEWART, 1991), using the com-
puter program PSAwinD ver. 1.1.1 (TAKAHASHI, 2003) at
a distance class of 10 m intervals.

To evaluate gene flow distance by pollen and seed, we
used CERVUS software (MARSHALL et al., 1998; SLATE et
al., 2000), which is a maximum likelihood program
designed for use with co-dominant markers, to estimate
possible candidate parents of seedlings (DGH <1 cm)
from the log-likelihood ratios (LOD scores) based on
seedling and parent genotypes. Because CERVUS was
developed for microsatellite markers, we used a muta-
tion rate of zero. We have chosen the two individuals
with the highest LOD scores as parent candidates.
Based on distances from the designated juveniles, the
closer candidate was regarded as the seed parent, and
the other as the pollen parent.

We calculated the effective population size (Ne) from
the density of mature trees (DBH > 20 cm: we checked
flowering tree size by field observation) in each popula-
tion, the outcrossing rate (Muona, 1990; KAWANO and

Figure 2. – Histograms showing the size-class structures of
populations at the three study sites. We measured the diame-
ters at ground level (DGH) for individuals <1.3 m tall; all other
measurements are diameter at breast height (DBH). (a) Tsuba-
menosawa (TSU); (b) Sannosuke (SAN); (c) Soibetsu (SOI).
Upper right histogram of each histogram shows the size-class
structures of mature trees at the three study sites.
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KITAMURA, 1997), and the area centered on an individual
within which 86.5% of the parents were detected (CRAW-
FORD, 1984; SILVERSTOWN and LOVETT-DOUST, 1993). 

Results

Genetic variability

In total, 35 alleles were detected among 12 loci encod-
ing 9 enzyme systems. Amy1 was fixed for three popula-

tions. The remaining 10 loci at SOI had more than two
alleles. In contrast, at SAN and TSU, 8 loci had more
than two alleles and locus of 6pg and Got3 (SA) and
locus of 6pg, Gdh and Got3 were fixed (Table 1).

The calculated genetic parameters of Pl, He and Rs for
the entire population at TSU were 0.67, 0.141 and 2.28,
respectively (Table 2). At SAN were 0.75, 0.142 and
2.604, respectively (Table 2). At SOI were 0.92, 0.182
and 2.628, respectively (Table 2). 

Spatial genetic structure

We used the most frequent allele at each locus to cal-
culate Moran’s I at 10-m intervals (Table 3). Moran’s I
indicated significant positive values within the 0–10 m
distance class for six loci at SOI, five loci at SAN and
two loci at TSU (Table 3). The number of significant pos-
itive values decreased in the 10–20 m distance class for
three transects. The value decreased with distance, indi-
cating that genetic similarity decreases with distance.
The number of significant positive values of Moran’s I

Table 1. – Allele frequencies at Tsubamenosawa (TSU), Sanno-
suke (SAN) and Soibetsu (SOI).

Table 2. – The number of samples and genetic parameters at
three study sites, Tsubamenosawa (TSU), Sannosuke (SAN)
and Soibetsu (SOI).

N1: number of sample individuals within transects; N2:
 number of additional sample individuals from the neighboring
3-ha (TSU), 27.5-ha (SAN) and 100-ha (SOI) areas; Pl: propor-
tion of polymorphic loci. He: expected heterozygosity; RS: allel-
ic richness; Nmature: density of mature individuals in transect
(20 cm < DBH ha–1); Ne: effective population size; �2: variance
of the dispersal distance; l: gene flow distance; A: genetic
neighborhood area.

Table 3. – Spatial autocorrelation (Moran’s I) for common alleles.

**p<0.01, *p<0.05.
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for eight alleles within the 0–10 m distance class was
greater at SOI than at TSU and SAN. There were six
significant positive values of Moran’s I at SOI, five at
SAN and two at TSU.

Estimating parental candidates for juveniles

We estimated both pollen and seed parent candidates
for seedlings (DGH <1 cm). Among the candidates,
85.0%, 100% and 10.9% of seed parents and 95.8%,
100% and 13.9% of pollen parents were estimated to lie
outside the transect at TSU, SAN and SOI, respectively.
The exclusion probabilities of the first parent were
0.308, 0.437 and 0.452 for TSU, SAN and SOI, respec-
tively. Due to being not able to specify single parent for
offspring, we could not calculate the exclusion probabili-
ty of the second parent. The gene flow distances (l), vari-
ance of dispersal distance (�2), the genetic neighborhood
area (A) and Ne were shown in Table 2.

Discussion

Genetic diversity in northernmost beech forests

The average He of the northernmost natural beech
populations at TSU and SAN were 0.141 and 0.142,
those were different from the Utasai population (0.223)
in the same region (TAKAHASHI et al., 2002). TAKAHASHI et
al. (2002) compared the genetic variation at Utasai with
that of the Mt. Kurikoma population in northern Hon-
shu; parameters were similar between these two popula-
tions, suggesting that the Utasai and Kurikoma popula-
tions had similar degrees of genetic variation. In addi-
tion, TOMARU et al. (1997) compared values from popula-
tions all over Japan, and obtained an average beech He
of 0.187. The isolated beech forests at northernmost
(TSU and SAN) indicated low heterozygosity than SOI
in the continuous beech distribution area. Proportions of
polymorphic loci (Pl) at three forests (TSU, SAN and
SOI) were 0.67, 0.75 and 0.92, respectively (Table 2).
The lower values of Pl at two isolated beech populations
(TSU and SAN) reflected the population size, and Pl of
TSU was smaller than SAN. These results suggest the
effect of genetic drift in distribution front, and this effect
reflected population size. 

Genetic variation of the northernmost secondary
beech population (SOI) in continuous beech distribution
area was not different from those of other regions within
the distribution range of Siebold’s beech (TOMARU et al.,
1997), although heterozygosity of SOI was lower than
the Utasai population in the same region. This result
suggests that artificial disturbance in recent past affect
to genetic diversity of northernmost beech population.

Differences in genetic structure between three beech
forests at the northernmost range

The size class structures differed greatly between nat-
ural beech forests and secondary forest (Fig. 2). There
were many individuals smaller than the 10 cm in DBH
size class in TSU and SAN, the number decreased with
size classes. In contrast, the size structure at SOI was
unimodal, indicating the predominance of mid-sized
individuals (Fig. 2). This unimodal distribution in size
structure is attributable to simultaneous regeneration,

following a strong disturbance of the forest stands (e.g.
Ohsawa 1991), which is always a characteristic of sec-
ondary forests (KIKUZAWA et al., 1982; KAMITANI et al.,
1986; TAKAHASHI et al., 2000; TSUKAHARA et al., 2004). 

The density of mature (DBH ≥ 20 cm) beech individu-
als was much higher in SOI than TSU or SAN, reflect-
ing a successful regeneration. Individuals of middle-size
classes were maintained in the population, but the max-
imum size in SOI was smaller than that in the TSU and
SAN populations. TAKAHASHI et al. (2000) demonstrated
the effects of forest lumbering on the within-population
genetic structures of two beech stands (secondary and
primary) with contrasting past historical backgrounds.
Genetic variability was significantly lower in the sec-
ondary stand, and the genetic structures of these two
stands were strikingly different. TAKAHASHI et al. (2000)
suggested that the differences in genetic structure
would likely influence succeeding generations. CESPEDES

et al. (2003) have compared forest genetic diversity after
pasture abandonment of 6, 9, 15, and 20 years. In
mature forests of the dry forest species, Swietenia
macrophylla (Meliaceae), a much higher genetic diversi-
ty was found in the older stand. In contrast, results of
this study have indicated that genetic variability (He
and Rs) is higher in SOI than in TSU and SAN. 

The density of mature beech trees (DBH > 20 cm) was
higher at SOI (176 individuals ha–1) than at TSU (44
individuals ha–1) and SAN (74 individuals ha–1), and the
values of l at SOI were smaller (5.22 m; Table 2) than at
TSU (7.92 m) and SAN (8.31 m). The number of signifi-
cant positive values of Moran’s I was higher at SOI (six)
than at TSU (two) and SAN (five) (Table 3). Because
SOI had a higher density of mature individuals, the
gene flow distance was smaller, but spatial autocorrela-
tion was higher, resulting in significant genetic sub-
structuring within the population. The SOI forest might
have been occasionally disturbed, and as a result, simul-
taneous regeneration may have taken place from a
small number of mother trees.

In contrast, TSU and SAN had a lower density of
trees, forming an isolated natural beech forest stand.
The values of l were larger (7.92 m and 8.31 m in TSU
and SAN, respectively) than that of SOI, and the num-
ber of significant positive values of Moran’s I was lower
than that of SOI. Isolated and fragmented populations
are inclined to develop extreme genetic substructuring,
with much less genetic diversity (e.g. OHKAWA et al.,
1998). Although TSU and SAN are natural isolated pop-
ulation with a lower density, gene flow distance was
larger than that of SOI. The Ne was 60.3 at SOI, but
34.7 and 64.3 at TSU and SAN, respectively (Table 2),
which is an indicator of the number of reproductive
 individuals in the genetic neighborhood, obviously influ-
encing the maintenance of populations and genetic dete-
rioration over time. In addition, there was different
 tendency over the natural beech populations. 

In SAN, Rs values was higher (2.604) than TSU
(2.281). Genetic parameters such as A, l and �2 were at
similar between SAN and TSU (Table 2). However, Ne
was larger (64.3) in SAN than TSU (34.7). The distribu-
tion area of beech was larger in SAN than TSU, and the
density of mature trees was higher in SAN than TSU.
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This result suggested that the size of Ne might con-
tribute to the maintenance of Rs value in the northern-
most beech forest. 

Parameters of genetic diversity and genetic dynamics
among regeneration process reflecting the population size
and disturbance regime

KITAMURA et al. (2008) compared the genetic variation
of several small isolated beech populations at the Noto
Peninsula in Japan, indicated that population size reflect-
ed genetic variation. In this study, northernmost isolated
small population (TSU) indicated the lowest parameters
of genetic diversity (Pl, He and Rs) in three populations
(Table 2). Population size of TSU is the smallest; density
of mature individuals is 0.022, and area of population is
smallest (3-ha). In contrast, SOI which has high density
of mature individuals and widely area of population indi-
cated high genetic diversity. These parameters of genetic
diversity changed with population size. 

Despite being a northernmost isolated population, TSU
and SAN obviously have maintained a substantial genet-
ic variability through regeneration processes. These two
beech populations are also the northernmost isolated
beech forest stands, also containing additional canopy
tree species. Practically, TSU and SAN have a lower den-
sity of mature beech individuals than SOI. This differ-
ence in mature tree density contributed to genetic
dynamics, which caused the difference in effective popu-
lation size (Table 2). These population aspects (popula-
tion size and mature tree density) may contribute to pop-
ulation vulnerability during the expansion process of the
beech populations. Present northernmost beech popula-
tions are the distribution front of the beech distribution
range, therefore, it is important to clarify population
maintenance in distribution expansion. Results of this
study indicated slightly lower genetic diversity at the
northernmost isolated beech populations, yet the data
suggest that the genetic diversity of offspring in this nat-
ural forest will be restored by larger gene flow distances.
The beech populations at the distribution front seem to
increase their genetic diversity readily through regenera-
tion by outcrossing, and such genetic processes con-
tribute to the genetic diversity and maintenance of
robust populations in the distribution front.
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