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Eurya emarginata (Thunb.) Makino (Theaceae) is a dioecious, insect-pollinated tree, which combines
sexual reproduction and clonal spread. It is narrowly distributed in coastal areas from southern
China, along southern Korea, and extending to central and southern Japan. We used allozyme loci
and spatial autocorrelation statistics to examine the clonal structure and the spatial distribution of
allozyme polymorphisms of sexually reproduced individuals in a study population (70 m ´ 120 m
area) in Korea. The population maintains moderate levels of allozyme variability (mean He� 0.133),
and multilocus genotypic diversity is high (mean DG� 0.992). The frequency of clones was 0.377
(90/239), and the mean clone-pair distance was very large (35.06 m � 1.91 m [SE]), indicating that
clones can form at long distances away from their ancestors. In addition, it was found that genetic
patch width was at least 24 m. However, join-count statistics for the total number of unlike joins
showed that, contrary to expectation for such species, clonal reproduction does not contribute
substantially to genetic isolation by distance neither among the sexually reproduced individuals nor
the whole population. In contrast, limits to seed and pollen dispersal create substantial levels of
genetic structure.

Keywords: allozymes, clonal structure, Eurya emarginata, Moran's I, spatial autocorrelation, spatial
genetic structure.

Introduction

Eurya emarginata (Thunb.) Makino is a dioecious,
broad-leaved woody perennial that has both sexual
reproduction and clonal spread. It is distributed in
southern China, Japan (western region to Chiba Pref. of
Honshu, Shikoku, Kyushu, and Ryukyu Islands) and a
few localities in the southern coastal area of the Korean
Peninsula. Eurya emarginata occurs in rocky and humus
soils on talus slopes, rocky cli�s, or hillsides in the
coastal areas in this region. It is typically found with
Pinus thunbergii Parl., Eurya japonica Thunb., Quercus
spp., Camellia japonica L. and Rhaphiolepis umbellata
(Thunb.) Makino. Most populations of E. emarginata
in Japan and Korea are small and isolated (M. Chung,
pers. obs.). This may be in part because of: (i)
destruction of natural habitat; (ii) ability to spread
clonally on rocky cli�s; (iii) narrow-niched habitats; and
(iv) historical events. During four years of ®eld surveys
seedlings were rarely found in the study population
(M. Chung, pers. obs.). Eurya emarginata is pollinated
by bees and each female plant produces hundreds of

fruits (drupes »4±6 mm in diameter), each with 10±20
small seeds.

For plant species capable of reproducing both sexu-
ally and asexually, vegetative reproduction (by root
suckers or by rhizomes) is generally expected to have
marked e�ects on the spatial genetic structure of
combined asexual and sexual regeneration in plant
populations (e.g. Berg & Hamrick, 1994; Shapcott,
1995; Hossaert-McKey et al., 1996; Chung & Epperson,
1999). In addition, spatial genetic structure among
sexually reproduced individuals within plant popula-
tions is primarily determined by the e�ects of factors
such as limited seed and pollen dispersal, isolation in
small patches, di�erential mortality and microenviron-
mental selection (Levin & Kerster, 1974; Epperson,
1993). Conversely, spatial genetic structure of both
sexual and clonal individuals in¯uences the dynamics of
biparental inbreeding, inbreeding depression, and the
operation of natural selection (Epperson, 1993). For
predominantly outcrossers, if there are barriers to gene
¯ow among `patches' or local populations, vegetative
spread may reinforce initial genetic drift caused by
founder e�ects, and this may lead to the ®xation of
alleles, thus decreasing genetic diversity (e.g. Shapcott,*Correspondence. E-mail: mgchung@nongae.gsnu.ac.kr
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1995). With nearly random distributions of clones in
local populations, it is expected that clonal reproduction
should not substantially increase the degree of local
consanguineous matings. Thus, information on spatial
distribution of clones is of importance for understanding
the history of clonal vs. sexual reproduction establish-
ment in local populations. In this regard, it is of interest
to separate the spatial genetic structure caused by clonal
reproduction from that maintained in sexually repro-
duced individuals. Spatial genetic structure can be
quanti®ed using spatial autocorrelation statistics (Sokal
& Oden, 1978).
Genetic and demographic factors such as gene ¯ow

from neighbouring parents, past major reproductive
events, and selection might be detected as genetic
di�erences among age classes (Ritland, 1989). There
are few studies of the spatial distribution of genetic
variation in di�erent age or size classes of plants
(Hossaert-McKey et al., 1996; Leonardi et al., 1996;
Epperson & Alvarez-Buylla, 1997). These studies have
indicated that the genetic diversity within local popula-
tions is enhanced by means of genetic polymorphisms
accumulated both spatially and temporally during
di�erent generations. In this paper, we examine in detail
the clonal and spatial genetic structure in two size classes
within a study population of E. emarginata.

Materials and methods

In March 1998, all 239 individuals were mapped and
sampled (one leaf per individual was collected) within a
70 m ´ 120 m (altitude 5±20 m above sea level, 8%
gradient facing SSW) area on a pine forest hillside of
Haegumkang, Kojae Island, Province Gyeongsangnam,
Korea. Diameters at ground level (d.g.h.) rather than
diameters at breast height were recorded because there
are frequent so-called `Oskars' (trees that are stunted or
branched in the lower part of the tree). For the same
reason, chronological ages could not be precisely deter-
mined. Instead, the total sample was divided into two
size classes: juveniles (d.g.h. < 40 mm, 118 individuals,
hereafter referred to as size class 1), and juveniles and
adults (41 < d.g.h. < 290 mm, 121 individuals, here-
after referred to as size class 2). Leaf samples were kept
on ice, transported to the laboratory, and stored at 4°C
until protein extraction.
Leaves were cut ®nely, and crushed with a mortar and

pestle. A potassium phosphate extraction bu�er (Mitton
et al., 1979) was added and the crushed extract was
absorbed onto 4 mm ´ 6 mm Whatman 3MM chroma-
tography paper wicks which were stored at )70°C until
needed for analysis. Electrophoresis used 10% starch
gels. Twenty-three putative loci for E. emarginata from
15 enzyme systems were resolved using three gel/

electrode bu�er systems. A Poulik bu�er system, a
modi®cation (Hau¯er, 1985) of Soltis et al. (1983)
system 6 was used to resolve colorimetric esterase
(Ce-1, Ce-2), ¯uorescent esterase (Fe-1, Fe-2, Fe-3),
glutamate dehydrogenase (Gdh), leucine aminopeptidase
(Lap-1, Lap-2) and triosephosphate isomerase (Tpi-1,
Tpi-2, Tpi-3, Tpi-4). Two discontinuous histidine±citrate
bu�er systems were used: a modi®cation (Chung &
Kang, 1994) of Soltis et al. (1983) system 11 was used to
resolve isocitrate dehydrogenase (Idh), phosphogluco-
mutase (Pgm), aldolase (Ald) and bu�er system 1 (Soltis
et al., 1983) resolved fructose-1,6-diphosphatase (F1,6)
and diaphorase (Dia). Soltis et al. (1983) system 7
resolved aspartate aminotransferase (Aat) and menadi-
one reductase (Mnr). Finally, a morpholine citrate
bu�er system by Clayton & Tretiak (1972) was used
to resolve formate dehydrogenase (Fdh), phosphogluco-
isomerase (Pgi-1, Pgi-2) and peroxidase (Per). Stain
recipes were taken from Soltis et al. (1983), except for
diaphorase (Cheliak & Pitel, 1984) and formate dehyd-
rogenase (Wendel & Weeden, 1989). The genetic basis
of allozyme banding patterns was inferred from segrega-
tion patterns with reference to typical subunit structure
(Weeden & Wendel, 1989). Putative loci were designated
sequentially, with the most anodally migrating isozyme
designated 1, the next 2, and so on. Similarly, alleles
were designated sequentially with the most anodally
migrating alleles designated a.
Five standard genetic diversity parameters were

estimated using a computer program developed by
M. D. Loveless & A. Schnabel (pers. comm.): percent-
age polymorphic loci (P), mean number of alleles per
polymorphic locus (AP), mean number of alleles per
locus (A), e�ective number of alleles per locus (Ae), and
expected heterozygosity (He) or gene diversity.
The number of clone-pairs sharing the same multi-

locus genotype was graphed against distance to infer
the spatial distribution of clones within populations.
Departures from normality, as measured by skewness
(g1) and kurtosis (g2), were calculated for distributions
of clone-pair distances as described by Sokal & Rohlf
(1981). A negative g1 indicates skewness to the left;
a positive g1, skewness to the right. A negative g2
indicates platykurtosis, and a positive g2, leptokurtosis.
In addition, we assessed the amount of clonal diversity
within the population (Ellstrand & Roose, 1987). The
®rst measure of clonal diversity was the proportion of
distinguishable multilocus genotypes, or G/N where G
is the number of distinct multilocus genotypes in a
population and N is the number of sampled individuals
(Pleasants & Wendel, 1989). A second measure was the
probability of obtaining the most common multilocus
genotype by chance in each population (PG) (Sherman-
Broyles et al., 1992). The third measure of multilocus
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genotype diversity (DG) was calculated as a modi®ca-
tion (Pielou, 1969) of the Simpson index:
DG� 1 )

P
{[ni(ni ) 1)]/[N(N ) 1)]}, where ni is the

number of individuals of multilocus genotype i and N
is the total number of individuals in the population.
A fourth measure was the probability of randomly
drawing two identical multilocus genotypes (PR), based
on observed single-locus genotypic frequencies and the
assumption of linkage equilibrium (Berg & Hamrick,
1994).

For spatial autocorrelation analysis, the genotypic
data were coded so that allele frequency values of 1.0,
0.5 or 0.0 were assigned to each individual homozygous
for a given allele, heterozygous for that allele, or
genotypes with no copies of that allele, respectively,
for each polymorphic locus (Sokal & Oden, 1978). For
diallelic loci, only those with allele frequencies less than
0.95 and greater than 0.05 were used, but only one allele
was considered, because the second allele contributes
identical information. For loci having more than two
alleles, all alleles were used for the spatial analysis
regardless of their frequencies. Every possible pair of
individual trees was considered as a join (a connection
between two individuals) and assigned to one of 10
distance classes (according to the Euclidean distance
separating the pair). The ranges of the distance classes
were selected in a way that equalized the total number of
joins in each. Moran's I-values (Sokal & Oden, 1978)
were calculated for each of the 10 distance classes. Each
I-value was also used to test for signi®cant deviations
from the expected value, E(I )�)1/(N ) 1) under the
null hypothesis of a random distribution of genotypes
(Cli� & Ord, 1981). A signi®cant positive value of
Moran's I indicates that the pairs or joins of individuals
in that distance class have similar gene frequencies,

whereas a signi®cant negative value indicates that they
have dissimilar gene frequencies. Overall signi®cance of
each correlogram (a set of I-statistics for all distance
classes) was tested using Bonferroni's approximation
(Sakai & Oden, 1983). In addition, the spatial distribu-
tions of allozyme polymorphisms were analysed separ-
ately for size class 1 (118 individuals) and size class 2
(121), using Moran's I-statistics as outlined above. In
order to examine the spatial distributions of sexually
reproduced trees, we discarded multiples of the same
multilocus genotypes (because these must be clones, see
below) from the total samples, size class 1, and size class
2, after randomly choosing one of each to be retained.
This formed a parallel but reduced data set (149, 90 and
88 samples, respectively) in which multiple clonal
genotypes were excluded. These data sets were referred
to as the data sets of sexually reproduced genotypes, and
these were also analysed separately. All calculations of
Moran's I-statistics were conducted using the SAAPSAAP

program (version 4.3) written by D. Wartenberg.
To test the spatial distribution of the clonal structure

(multiple individuals of the same multilocus genotype)
for the size classes 1 and 2, additional spatial autocor-
relation statistics were calculated for the total number of
unlike joins (Sokal & Oden, 1978) among multilocus
genotypes using the JCSPJCSP program of Epperson. A test
statistic (standard normal deviate, SND) was formed
which has an asymptotically standard normal distribu-
tion under the random spatial distribution null hypo-
thesis. A SND with a value less than )1.96 would
indicate a de®cit of pairs of unlike multilocus genotypes
where pairs are separated by a given range of Euclidean
distances (Epperson, 1993). Hence this would indicate
an excess of pairs of identical multilocus genotypes
(clones) for that distance class and spatial autocorrela-
tion of clonal genotypes.

Fig. 1 The distribution of distances between pairs (197 pairs)
of plants sharing identical multilocus genotypes for the
Haegumkang population of Eurya emarginata.

Fig. 2 Number of Eurya emarginata individuals with the same
multilocus genotype.
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Table 1 Spatial autocorrelation coe�cients (Moran's I ) of 13 alleles in the Haegumkang population of Eurya emarginata for 10 distance classes
(239 individuals; the expected value (E[I ] ) is )0.004)

Distance class (upper bound, m)
Allele

Allele 1(12) 2(19) 3(25) 4(31) 5(38) 6(45) 7(53) 8(62) 9(74) 10(115) P  frequency

Ce-1a )0.0 )0.02 0.03** )0.00 )0.01 0.02** )0.03* 0.01 )0.00 )0.03* 0.001 0.8975
Diaa 0.17** )0.01 0.06** 0.01 )0.02* )0.02 )0.08** )0.04** )0.01 )0.10** 0.000 0.5021
Pera 0.01* )0.01 )0.01 )0.01 0.02** )0.02* 0.00 )0.01 )0.02* )0.01 0.003 0.0105
Perb 0.12** 0.11** 0.01 )0.02* )0.06** )0.06** )0.03* )0.04** )0.07** )0.01 0.000 0.1360
Perc 0.22** 0.09** )0.02 )0.04** )0.05** )0.02 )0.06** )0.11** )0.06** 0.00 0.000 0.0628
Perd 0.18** 0.05** )0.06** )0.11** )0.08** )0.03** 0.02** 0.02* )0.04** 0.00 0.000 0.7908
Fe-2a )0.00 )0.01 0.00 )0.02 0.01 0.01* )0.03* 0.00 0.01 )0.02 0.129 0.8975
Fe-3a 0.18** 0.05** 0.06** )0.06** )0.09** )0.06** )0.10** 0.01 0.00 )0.03* 0.000 0.1590
Tpi-1a 0.05** )0.02 )0.05** 0.01 )0.01 )0.00 )0.01 )0.02 )0.03* 0.04** 0.000 0.2782
Tpi-2a 0.01 0.01 )0.05** )0.00 )0.01 0.01 )0.01 )0.00 0.01 )0.00 0.000 0.3954
Tpi-2b 0.12** )0.00 )0.05** )0.05** )0.05** )0.02* 0.03** 0.03** )0.04** )0.01 0.000 0.1548
Tpi-2c 0.02* )0.00 )0.00 )0.02 )0.04** 0.02** 0.02* )0.03* )0.03* 0.02* 0.001 0.4498
Tpi-3a 0.06** )0.04** )0.01 )0.02* )0.03* )0.02* 0.03** )0.04** 0.04** )0.01 0.000 0.1715

Average 0.09 0.02 )0.01 )0.03 )0.03 )0.01 )0.02 )0.02 )0.02 )0.01
Averageà 0.09 0.01 )0.01 )0.04 )0.03 )0.03 )0.02 )0.00 )0.03 )0.02

(11) (18) (25) (32) (40) (46) (54) (62) (73) (114)
Average§ 0.08 0.01 )0.01 )0.04 )0.03 )0.01 )0.02 )0.01 )0.02 )0.02

(12) (19) (25) (31) (37) (44) (52) (62) (76) (114)

 Overall correlogram signi®cance (Bonferroni approximation).
à§ Total sample for size classes 1 and 2, respectively. Number in parentheses indicates upper bound (m).
* P < 0.05; **P < 0.01.

G
E

N
E

T
IC

S
T

R
U

C
T

U
R

E
IN

E
U

R
Y

A
E

M
A

R
G

IN
A

T
A

1
7
3

Ó
T
h
e
G
en
etica

l
S
o
ciety

o
f
G
rea

t
B
rita

in
,
H
ered

ity
,
8
4
,
1
7
0
±
1
7
7
.



Results

Of the 23 loci examined, eight were polymorphic; the
loci Aat, Ald, Ce-2, F1,6, Fdh, Fe-1, Gdh, Idh, Lap-1,
Mnr, Pgi-1, Pgi-2, Pgm and Tpi-4 were monomorphic.
In addition, although Lap-2 was expressed, it was not
scored because of poor activity and resolution. Moder-
ate levels of gene diversity within the population were
found: mean values of P, AP, A, Ae and He were 36.4%,
2.33, 1.57, 1.24 and 0.133, respectively. The estimate of
the probability of obtaining two identical multilocus
genotypes through sexual reproduction was small
(0.0033), indicating that wherever individuals have the
same multilocus genotype they are, with very high
probability, indeed clones of one another. The popula-
tion had high estimates of clonal diversity: G, 149; G/N,
0.62; DG, 0.992; PG, 0.041. The frequency of clones was
0.377 (90 out of 239, 1 ) G/N). The mean interpair
distance of plants with identical multilocus genotypes in
the population was large, 35.06 m � 1.91 m [SE]. The
frequency distribution of distances among clones in the
population is shown in Fig. 1. It is skewed to the right
and platykurtic (g1� 0.54, g2� 0.76). Most multilocus
genotypes occurred fewer than three times within the
population (Fig. 2).

According to the criteria described above, 13 alleles
were used for single-locus spatial autocorrelation ana-
lysis. For the total samples (239), Moran's I-values
were signi®cantly di�erent from the expected value
(E[I ]� 0.004) in 75 (57.7%) of 130 cases, and the overall
correlogram was signi®cant for all alleles except Fe-2a

(92%) (Table 1). For distance classes 1 and 2 (0±19 m),
14 signi®cantly positive values were observed, whereas
only one signi®cantly negative value was detected for the
same distance classes, indicating that genetic similarity
was shared among individuals within 19 m of each
other. The correlogram for the entire sample using

mean values of Moran's I and 10 distance intervals is
shown in Fig. 3. Moran's I-statistics for the population
samples excluding multiple clones are shown in Table 2
(N� 149).

Patterns of spatial genetic distribution observed
separately for size classes 1 and 2 are very similar (see
Tables 1 and 2). Most importantly, the average values
(over loci) for samples excluding clones (Table 2) are
very similar to those calculated for the entire sample
(Table 1). This shows that nearly all of the nonrandom,
spatial genetic structure is caused by sexually repro-
duced individuals, not by clones. Join-count statistics
for the total number of joins between unlike (noniden-
tical) multilocus genotypes supports this. The correlo-
grams showed no signi®cantly negative values (Fig. 4),
with one minor exception in the ®rst distance class
(<5 m, standard normal deviate test statistic, SND, of
)3.51 for size class 1 and )7.72 for size class 2). Beyond
5 m, the distribution of clonal genotypes is nearly
random for all distances, spanning the entire area of
the population.

Discussion

The study population of E. emarginata (He� 0.133)
harbours levels of allozyme diversity similar to the
average for narrow-ranging woody species (0.143,
Hamrick et al., 1992). Eurya emarginata has higher
genotypic diversity (DG� 0.992) than the average (0.61)
reported by Ellstrand & Roose (1987) in their review of
clonally reproducing species.

The percentage of statistically signi®cant Moran's
I-values in the population of E. emarginata is much
greater than the expected ®ve per cent type I error,
indicating that a substantial amount of genetic struc-
turing exists within the population. Fourteen signi®cant
positive I-values were detected in the distance classes 1
and 2, whereas 45 signi®cant negative I-values were
observed at and beyond distance class 3. For population
samples excluding clones (duplicate multilocus geno-
types), Moran's I-statistics show the same amount of
spatial autocorrelation (Table 2). There are no signi®-
cant di�erences in means between the total samples
and those excluding clones (t-test, t� 1.85, P� 0.09 in
the distance class 1; t� 1.23, P� 0.24 in the distance
class 2). In addition, spatial autocorrelation for sexually
reproduced individuals is very nearly the same as that
for the total population, which includes clones. The total
number of unlike joins indicated a moderate concentra-
tion of clonal individuals within distances less than 5 m
but not beyond. This indicates that groups of genotypes
caused by clonal reproduction could contribute only
slightly, and at small spatial scales, to the degree of
consanguineous matings, and hence to development of

Fig. 3 Correlograms for the Haegumkang population of
Eurya emarginata (total sample and samples excluding clones)
using mean value of Moran's I and 10 distance intervals.
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Table 2 Spatial autocorrelation coe�cients (Moran's I ) of 13 alleles in the Haegumkang population of Eurya emarginata, excluding clones, for 10 distance
classes (149 individuals, the expected value (E[I ]) is 0.007)

Distance class (upper bound, m)
Allele

Allele 1(12) 2(19) 3(25) 4(31) 5(37) 6(44) 7(51) 8(61) 9(73) 10(113) P  frequency

Ce-1a )0.01 0.01 0.04* 0.01 )0.00 )0.02 )0.01 )0.01 )0.05* )0.02 0.403 0.8523
Diaa 0.21** )0.07* 0.13** 0.06** )0.00 0.01 )0.10** )0.03 )0.13** )0.15** 0.000 0.4933
Pera 0.02 )0.01 )0.01 0.00 0.01 0.01 )0.03 )0.01 )0.03 )0.03 1.000 0.0168
Perb 0.23** 0.19** 0.08** )0.06* )0.07** )0.09** )0.10** )0.11** )0.06* )0.08** 0.000 0.1913
Perc 0.22** 0.03 )0.04 )0.03 )0.01 )0.03 )0.06* )0.03 )0.10** )0.02 0.000 0.0671
Perd 0.30** 0.01 )0.02 )0.16** )0.09** )0.10** )0.09** 0.06** 0.04 )0.01 0.000 0.7248
Fe-2a 0.04* 0.01 0.01 0.03 )0.00 )0.03 )0.04 )0.07* )0.07** 0.05* 0.081 0.8523
Fe-3a 0.10** )0.01 0.09** )0.04 )0.09** 0.03 )0.07* 0.01 )0.05 )0.03 0.000 0.2114
Tpi-1a 0.03 )0.04 )0.01 0.04 )0.09** )0.02 0.00 0.01 )0.03 0.03 0.013 0.3121
Tpi-2a 0.08** )0.04 )0.11** )0.09** 0.01 0.06* 0.07** 0.03 )0.09** 0.02 0.002 0.4161
Tpi-2b 0.16** )0.03 )0.12** )0.07* 0.01 0.00 0.06** )0.00 )0.07** )0.00 0.000 0.1208
Tpi-2c 0.01 )0.02 0.02 )0.01 )0.04 0.01 0.00 )0.03 )0.00 )0.01 1.000 0.4631
Tpi-3a 0.10** )0.02 )0.04 )0.06* )0.06* )0.05* 0.01 0.03 0.11** )0.08** 0.000 0.1711

Average 0.11 0.00 0.00 )0.03 )0.03 )0.02 )0.03 )0.01 )0.04 )0.03
Averageà 0.10 0.00 0.00 )0.07 )0.03 )0.03 )0.03 0.00 )0.03 )0.03

(11) (18) (24) (31) (38) (45) (53) (61) (72) (112)
Average§ 0.10 0.01 0.00 )0.04 )0.03 )0.04 )0.04 )0.01 )0.03 )0.03

(13) (20) (25) (31) (37) (43) (51) (60) (74) (113)

 Overall correlogram signi®cance (Bonferroni approximation).
à§ Samples excluding clones for size classes 1 and 2, respectively. Number in parentheses indicates upper bound (m).
*P < 0.05; **P < 0.01.
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genetic isolation by distance, contrary to common
predictions about clonal species (e.g. Hossaert-McKey
et al., 1996; Chung & Epperson, 1999). In theory, the
presence of unisexual (as the species is dioecious) clonal
groups, related through the previous generations
because of limited seed dispersal (in forming the
`founders' of a clonal patch), could increase attractive-
ness to pollinators and otherwise increase local concen-
trations of matings.

The average value of Moran's I-statistics for the ®rst
distance class (0.11; Table 2) corresponds to the value
expected with total dispersal equating to a value of 50
for Wright's neighbourhood size in populations of
constant size (Epperson et al., 1999). A neighbourhood
size of 50 is consistent with bee-pollinated plants having
gravity-dispersed seeds, such as E. emarginata. Cluster-
ing of sexually reproduced individuals with similar
genotypes within such spatial scales develops from the
combination of amounts of seed and pollen dispersal.
By counting annual rings of the widest stem in the
population (290 mm at d.g.h.), the maximum age of
the present individuals was determined to be about
120 years and the population probably has existed at
the site for many previous generations. Long-existing
populations usually have stronger spatial genetic struc-
ture, because genetic isolation by distance generally
increases over every round of population regeneration
(e.g. Epperson, 1993).

The spatial scale of structure can be estimated using
the distance at which the mean Moran's I-value ®rst
intersects the value of E(I ) (Sokal, 1979). The mean
correlogram of the population indicates that the mini-
mum genetic patch width is approximately 24 m
(Fig. 3). For conservation purposes, sampling methods

for seed stocks could be optimized by utilizing infor-
mation on spatial genetic structure within populations
(e.g. Chung & Park, 1998). As populations of
E. emarginata are small and isolated in a few localities
in Japan and Korea, it is suggested that, overall, the
sampling of E. emarginata within populations should be
conducted at 24 m intervals, in order to extract the
genetic diversity e�ciently across each population. The
scale of spatial genetic structure in a study population of
Eurya japonica (60 m ´ 100 m), a widespread congener
of E. emarginata, was similar (30 m; M. Chung &
B. Epperson, unpubl. data). However, the distances over
which homogeneous patches of clones occur in Eurya
emarginata (25±32 m) are much greater than in Quercus
margaretta (<5 m; Berg & Hamrick, 1994), but close to
Rhus javanica (mean 25 m; M. Chung & B. Epperson,
unpubl. data). Nonetheless, clonal growth neither
signi®cantly increases the spatial genetic structure in
standing populations of E. emarginata nor apparently
contributes to biparental inbreeding, generally expected
to be caused by spatial structure in dioecious species
with limited pollen and seed dispersal. Why do ramets,
as revealed in this study, often establish at long distances
from their progenitors? It has been suggested that the
extent of spatial spread may be dependent on compe-
tition with adjacent clones for light and nutrients,
disturbance (e.g. ®re), suckering ability of each ramet,
and frequency of seedling establishment (Barnes, 1966;
Kemperman & Barnes, 1976). As in the study popula-
tion, if few seedlings are established and there is little
competition with other plants, the size of clones may
increase. As E. emarginata is dioecious, inbreeding
except between relatives is not expected. It is suggested
that several ecological aspects could be the main reasons
for the observed spatial clonal distribution patterns. For
this reason, more biological and ecological studies of the
species are needed.

In summary, as revealed in this study, clones were
found at long distances away from their ancestors. In
addition, it was found that genetic patch width was at
least 24 m. However, spatial autocorrelation statistics
showed that, contrary to expectation for such species,
clonal reproduction does not contribute substantially to
genetic isolation by distance neither among the sexually
reproduced individuals nor the total sample. In contrast,
moderate levels of structure are created by limits to seed
and pollen dispersal.

Acknowledgements

The authors are grateful to M. Y. Chung, N. W. Lee and
S. K. Lee for their assistance in the ®eld studies and
M. Y. Chung for conducting the electrophoretic work.
This research was supported by a grant from the

Fig. 4 Correlograms showing the relationships between pairs
of the total number of unlike joins among multilocus geno-

types of Eurya emarginata in size classes 1 and 2.

176 M. G. CHUNG & B. K. EPPERSON

Ó The Genetical Society of Great Britain, Heredity, 84, 170±177.



Korea Science and Engineering Foundation (96-0500-
006-2) to M.G.C.

References

BARNESBARNES, B. V.B. V. 1966. The clonal growth habit of American
aspens. Ecology, 47, 439±447.

BERGBERG, E. E.E. E. ANDAND HAMRICKHAMRICK, J. L.J. L. 1994. Spatial and genetic

structure of two sandhills oaks: Quercus laevis and Quercus
margaretta (Fagaceae). Am. J. Bot., 81, 7±14.

CHELIAKCHELIAK, W. M.W. M. ANDAND PITELPITEL, J. P.J. P. 1984. Technique for starch gel

electrophoresis of enzymes from forest tree species. Pet-
awawa National Forestry Institute, Information Report
PI-X-42.

CHUNGCHUNG, M. G.M. G. ANDAND EPPERSONEPPERSON, B. K.B. K. 1999. Spatial genetic

structure of clonal and sexual reproduction in populations
of Adenophora grandi¯ora (Campanulaceae). Evolution, 53,
1068±1078.

CHUNGCHUNG, M. G.M. G. ANDAND KANGKANG, S. S.S. S. 1994. Genetic variation and
population structure in Korean populations of Eurya
japonica (Theaceae). Am. J. Bot., 81, 1077±1082.

CHUNGCHUNG, M. G.M. G. ANDAND PARKPARK, K. B.K. B. 1998. Spatial genetic structure in
populations of Hosta capitata and H. minor (Liliaceae). Isr.
J. Plant Sci., 46, 181±187.

CLAYTONCLAYTON, J. W.J. W. ANDAND TRETIAKTRETIAK, D. N.D. N. 1972. Amine citrate bu�ers

for pH control in starch gel electrophoresis. J. Fish. Res.
Board Can., 29, 1169±1172.

CLIFFCLIFF, A. D.A. D. ANDAND ORDORD, J. K.J. K. 1981. Spatial Processes Ð Methods

and Applications. Pion, London.
ELLSTRANDELLSTRAND, N. C.N. C. ANDAND ROOSEROOSE, M. L.M. L. 1987. Patterns of genotypic
diversity in clonal plant species. Am. J. Bot., 74, 123±131.

EPPERSONEPPERSON, B. K.B. K. 1993. Recent advances in correlation analysis of
spatial patterns of genetic variation. Evol. Biol., 27, 95±155.

EPPERSONEPPERSON, B. K.B. K. ANDAND ALVAREZALVAREZ--BUYLLABUYLLA, E. R.E. R. 1997. Limited seed

dispersal and genetic structure in life stages of Cecropia
obtusifolia. Evolution, 51, 275±282.

EPPERSONEPPERSON, B. K.B. K., HUANGHUANG, Z.Z. ANDAND LILI, T.T. 1999. Measures of spatial
structure in samples of genotypes for multiallelic loci. Genet.

Res., 73, 251±261.
HAMRICKHAMRICK, J. L.J. L., GODTGODT, M. J. W.M. J. W. ANDAND SHERMAN-SHERMAN-BROYLESBROYLES, S. L.S. L. 1992.
Factors in¯uencing levels of genetic diversity in woody plant

species. New Forests, 5, 95±124.
HAUFLERHAUFLER, C. H.C. H. 1985. Enzyme variability and modes of
evolution in Bommeria (Pteridaceae). Syst. Bot., 10, 92±104.

HOSSAERTHOSSAERT-M-McKEYKEY, M.M., VALEROVALERO, M.M., MAGDAMAGDA, D.D., JARRYJARRY, M.M.,
CUGUENCUGUEN, J.J. ANDAND VERNETVERNET, P.P. 1996. The evolving genetic
history of a population of Lathyrus sylvestris: evidence
from temporal and spatial genetic structure. Evolution, 50,

1808±1821.
KEMPERMANKEMPERMAN, J. A.J. A. ANDAND BARNESBARNES, B. V.B. V. 1976. Clone size in
American Aspens. Can. J. Bot., 54, 2603±2607.

LEONARDILEONARDI, S.S., RADDIRADDI, S.S. ANDAND BORGHETTIBORGHETTI, M.M. 1996. Spatial

autocorrelation of allozyme traits in a Norway spruce (Picea
abies) population. Can. J. For Res., 26, 63±71.

LEVINLEVIN, D. A.D. A. ANDAND KERSTERKERSTER, H. W.H. W. 1974. Gene ¯ow in seed plants.

Evol. Biol., 7, 139±220.
MITTONMITTON, J. B.J. B., LINHARTLINHART, Y. B.Y. B., STURGEONSTURGEON, K. B.K. B. ANDAND HAMRICKHAMRICK, J. L.J. L.

1979. Allozyme polymorphisms detected in mature needle

tissue of ponderosa pine. J. Hered., 70, 86±89.
PIELOUPIELOU, E. C.E. C. 1969. An Introduction to Mathematical Ecology.
Wiley, New York.

PLEASANTSPLEASANTS, J. M.J. M. ANDAND WENDELWENDEL, J. F.J. F. 1989. Genetic diversity in a

clonal narrow endemic, Erythronium propullans, and its
widespread progenitor, Erythronium albidium. Am. J. Bot.,
76, 1136±1151.

RITLANDRITLAND, K.K. 1989. Gene diversity and the genetic demography
of plant populations. In: Brown, A. H. D., Clegg, M. T.,
Kahler, A. L. and Weir, B. S. (eds) Plant Population

Genetics, Breeding, and Genetic Resources, pp. 181±199.
Sinauer Associates, Sunderland, MA.

SAKAISAKAI, A. K.A. K. ANDAND ODENODEN, N. L.N. L. 1983. Spatial pattern of
sex expression in silver maple (Acer saccharum L.):

Morista's index and spatial autocorrelation. Am. Nat.,
122, 489±508.

SHAPCOTTSHAPCOTT, A.A. 1995. The spatial genetic structure in natural

populations of the Australian temperate rain forest tree
Atherosperma moschatum (Labill.) (Monimiaceae). Heredity,
74, 28±38.

SHERMAN-SHERMAN-BROYLESBROYLES, S. L.S. L., GIBSONGIBSON, J. P.J. P., HAMRICKHAMRICK, J. L.J. L., BUCHERBUCHER,
M. A.M. A. ANDAND GIBSONGIBSON, M. J.M. J. 1992. Comparisons of allozyme
diversity among rare and widespread Rhus species. Syst.

Bot., 17, 551±559.
SOKALSOKAL, R. R.R. R. 1979. Ecological parameters inferred from spatial
correlograms. In: Petil, G. P. and Rosenzweig, M. L. (eds)
Contemporary Quantitative Ecology and Related Ecometrics,

pp. 167±196. International Cooperative Publishing House,
Fairland, NY.

SOKALSOKAL, R. R.R. R. ANDAND ODENODEN, N. L.N. L. 1978. Spatial autocorrelation in

biology. 1. Methodology. Biol. J. Linn. Soc., 10, 199±249.
SOKALSOKAL, R. R.R. R. ANDAND ROHLFROHLF, F. J.F. J. 1981. Biometry, 2nd edn. W. H.
Freeman, San Francisco.

SOLTISSOLTIS, D. E.D. E., HAUFLERHAUFLER, C. H.C. H., DARROWDARROW, D. C.D. C. ANDAND GASTONYGASTONY, G. J.G. J.

1983. Starch gel electrophoresis of ferns: a compilation of
grinding bu�ers, gel and electrode bu�ers, and staining
schedules. Am. Fern J., 73, 9±27.

WEEDENWEEDEN, N. F.N. F. ANDAND WENDELWENDEL, J. F.J. F. 1989. Genetics of plant
isozymes. In: Soltis, D. E. and Soltis, P. S. (eds) Isozymes
in Plant Biology, pp. 46±72. Dioscorides Press, Portland,

OR.
WENDELWENDEL, J. F.J. F. ANDAND WEEDENWEEDEN, N. F.N. F. 1989. Visualization and
interpretation of plant isozymes. In: Soltis, D. E. and Soltis,

P. S. (eds) Isozymes in Plant Biology, pp. 5±45. Dioscorides
Press, Portland, OR.

GENETIC STRUCTURE IN EURYA EMARGINATA 177

Ó The Genetical Society of Great Britain, Heredity, 84, 170±177.


	Clonal and spatial genetic structure in Eurya emarginata (Theaceae)
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	References


