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Quercus crispula and Q. dentata (Fagaceae) are dominant members of cool-temperate forests of Japan and are assumed to hybridize
in nature. To characterize and discriminate these two species and their hybrids, we carried out multivariate analysis using several
morphological traits and principal coordinate analysis using molecular (amplified fragment length polymorphism [AFLP]) data. Further,
we examined the composition of Phyllonorycter species (leafmining insects) on individuals from a mixed forest. Morphological traits
and Phyllonorycter composition differ enough in these two oak species to be useful for identification of species and hybrids. AFLP
data, however, are less informative because the degree of molecular differentiation between the two species is low. Nine out of 105
individuals from a mixed stand had intermediate morphologies according to the multivariate analysis, and eight out of the nine
individuals had intermediate Phyllonorycter composition in either one or both of the two study years. These eight individuals were
tentatively assigned as hybrids or backcross individuals, and the remaining individual with intermediate morphologies was assigned
as Q. dentata according to its Phyllonorycter composition and the AFLP analysis.
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The genus Quercus (Fagaceae) shows complex patterns of
genetic and morphological variation at the inter- and intraspe-
cific levels and has played an important role in the develop-
ment of concepts of species, speciation, and evolution (An-
derson, 1949; Burger, 1975; Van Valen, 1976; Rieseberg and
Wendel, 1993). Previous studies on Q. robur-Q. petraea-Q.
pubescens, Q. rubra-Q. ellipsoidalis, and Q. gambelii-Q. gri-
sea complexes have indicated that sibling pairs are more dis-
tinctly discriminated by morphological or ecologica (i.e.,
adaptive) traits than by isozyme or DNA markers (Jensen et
al., 1993; Kleinschmit et a., 1995; Howard et al., 1997; Brus-
chi et al., 2000; Tomlinson et al., 2000). Morphological or
adaptive traits might have differentiated faster than isozymes
or DNA markers. In addition, isozymes or DNA markers,
which are probably not affected by natural selection, might
have been transferred from species to species through hybrid-
ization, while alleles responsible for differential adaptation
might not have been transferred despite hybridization (Wu,
2001). To address these issues, information on the extent of
morphological, ecological, and genetic differentiation and the
frequency of hybridization is important, but still insufficient.
Thisis partly because even identification of hybrid individuals
of oaks is not simple (Jensen et al., 1993; Kleinschmit et al.,
1995; Bruschi et a., 2000; Tomlinson et al., 2000).

In this paper, we investigate differentiation and hybridiza
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tion between Q. crispula Blume and Q. dentata Thunberg on
the basis of morphological traits, amplified fragment length
polymorphism (AFLP) markers, and leafminer (Phyllonoryc-
ter; Gracillariidae; Lepidoptera) composition. These two oaks
are widely distributed in central and northern Japan and often
co-occur. They are normally discriminated by the presence or
absence of stellate hairs on the lower surface of leaf and char-
acteristics of the acorn cap (Ooba, 1989). These two species
also differ in some other traits such as leaf thickness and num-
ber of lobes of leaf (Ooba, 1989). However, continuous vari-
ation is observed in these traits, especialy among individuals
from mixed stands (Miyazaki, 1989; Ooba, 1989; Hashizume
et a., 1994). In addition, there are individuals that are Q. cris-
pula-type in some traits and Q. dentata-type in other traits.
These situations, probably due to hybridization and introgres-
sion, often prevent the identification of species and hybrid in-
dividuas. In the present study, therefore, morphologica data
were subjected to multivariate analysis to identify linear com-
binations of variables that best discriminate between the spe-
cies studied.

For discrimination of oak species, molecular markers such
as isoenzymes, microsatellite DNA, and randomly amplified
polymorphic DNA (RAPD) have aso been used (Kleinschmit
et a., 1995; Samuel et al., 1995; Bondénés et a., 1997; Du-
molin-Lapégue et a., 1997; Bruschi et al., 2000; Tomlinson
et a., 2000), but no diagnostic markers have been obtained
except for a set of RAPD markers that distinguish between Q.
gambelii and Q. grisea from North America (Howard et al.,
1997). The AFLP technique used in this study yields a large
number of stable markers with which multivariate analysis can
be performed. Previous studies using this technique have suc-
cessfully analyzed genetic diversity and identified closely re-
lated species and their hybrids in a number of plants and an-
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imals (Hill et a., 1996; Lu et a., 1996; Sharma et al., 1996;
Ajmonemarsan et al., 1997; O’Hanlon et al., 1999; Cresswell
et al., 2001; Young et a., 2001), but it has not yet been applied
in oak taxonomy.

The patterns of herbivore attack of hybrid plants are variable
(Fritz, 1999; Orians, 2000), most likely due to variation in the
mode of inheritance of chemical traits that affect herbivore
behaviors and performance (Orians, 2000). If parental species
have species-specific herbivores and if attractants to these her-
bivores show codominant or intermediate inheritance, hybrid
individuals may harbor herbivores of both parental species. In
such case, herbivore composition can be used as a surrogate
for detection of hybrid individuals. It has been reported that
the present two oak species harbor different Phyllonorycter
species (Sato, 1991; Fujihara et a., 2001). Here we examined
Phyllonorycter composition on oak individuals from a mixed
stand and ascertained its usefulness in the detection of hybrid
individuals.

MATERIALS AND METHODS

Study sites and sampling—The main study area was a belt-shaped forest
(about 500 m in width and about 20 km in length) along the Ishikari Coast
(43°12' N, 141°19’ E) in Hokkaido, northern Japan. In this forest, nearly pure
stands of Q. dentata develop at the seaside, while mixed stands of Q. crispula
and Q. dentata develop in the inner areas. Trees in this area, especialy near
the forest edge at the seashore, are dwarfed, probably because of winds from
the sea.

Collections of leaves were made from 96 individuals that are found along
a transect (about 500 m) across this Ishikari forest from the coastal side to
inland. In addition, leaves were collected from nine individuals having inter-
mediate appearance between Q. crispula and Q. dentata. These nine trees
grow at distances of 5-50 m from the transect.

As references, leaves were also collected from pure populations of Q. cris-
pula in Hamamasu and Toishiyama and a pure population of Q. dentata in
Nakaotofuke. Hamamasu (43°00" N, 141°17' E) is located about 40 km north
of Ishikari; Toishiyama (43°35' N, 141°28' E) is located about 40 km south
of Ishikari; and Nakaotofuke (43°07" N, 143°05’ E) is situated about 300 km
east of Ishikari. The forests in Hamamasu and Toishiyama are dominated by
broad-leaved trees such as Q. crispula, Acer mono, and Betula platyphylla,
while the forest in Nakaotofuke is a windbreak dominated by Q. dentata.
Leaves were collected from 50 oak trees at each location.

Morphological data—From each of 255 trees, 10 shade leaves were col-
lected in mid-summer 1999 and measured for area, perimeter, length, width,
number of lobes, and dry mass (i.e., mass after dehydration at 60°C for 48
h). The first two traits (area and perimeter) were measured using the public
domain NIH Image program (developed at the U.S. Nationa Institutes of
Health and available on the Internet at http://rsh.info.nih.gov/nih-image/) after
leaf shape was scanned by an image scanner (JX-270, Sharp, Tokyo, Japan).
In addition, the density and length of stellate hairs and the presence or absence
of solitary and short hairs (Hardin, 1975; Ooba, 1989; Kim et al., 1992) on
the lower surface were determined for three leaves from each tree. The mea-
surements were made on a piece (3.46 mm?) that was punched off from the
intervein area near the base of each leaf. Analyses were made using mean
values of 10 or three leaves.

AFLP data—The AFLP data were collected only for individuals from the
mixed stand at Ishikari. Winter buds were collected from 104 out of 105 trees
at Ishikari in autumn 1999 and stored at —70°C (buds could not be obtained
from one individual). Buds (100 mg) were ground in liquid nitrogen, and total
genomic DNA was extracted with QIAquick DNeasy Plant Mini Kit (QIA-
GEN, Valencia, California, USA) according to the supplier’s instruction. The
DNA extracts (about 1.5 g from each tree) were stored in 70% ethanol until
further manipulations.
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The AFLP Ligation and Presel ective Amplification Module and EcoRI/Msel
primers were purchased from PE Applied Biosystems (Foster City, California,
USA). The extensions of the primer pairs used in this study are EcoRI-ACA/
Msel-CAG, EcoRI-AAG/Msel-CAC, and EcoRI-AAC/Msel-CTG. Digestion
and amplification of sample DNA were performed according to the supplier's
instruction, and amplified products were electrophoresed on an ABI 373A
automated sequencer (PE Applied Biosystems).

The relative mobility of fragments was calculated by the inclusion of an
internal size standard within each sample. Digital profiles were visualized with
the aid of ABI GENEScAN software (PE Applied Biosystems). The consistency
of amplification was ascertained using DNA samples from two or three dif-
ferent buds on each of five trees; fragments that were not observed in all the
samples from the same trees were assumed to be unstable and were not scored.

Phyllonorycter composition—Nine species of Phyllonorycter (leafminers)
were observed on oaks in the study area; seven species have been reported
to be specific to Q. crispula [P. acutissimae (Kumata), P. similis Kumata, P.
crenata (Kumata), P. pseudolautella (Kumata), P. pygmaea (Kumata) and P.
mongolicae (Kumata) and P. matsudai Kumata] and two to Q. dentata [P.
persimilis Fujihara, Sato and Kumata and P. leucocorona (Kumata)] (Sato,
1991; Shibata et al., 2001). They are discriminated to species by the pupal
exuviae (Sato, 1991; Fujihara et al., 2001).

The Phyllonorycter composition was examined only for individuals from
the mixed stand at Ishikari. In the pure populations at Nakaotofuke, Toishi-
yama, and Hamamasu, the density of Phyllonorycter species was low, and it
was also difficult to collect alarge number of leaves because they were located
at 20-30 m in height. In 2000, 61-476 leaves were collected from each of
104 oak trees at Ishikari in late October. In 2001, 123-259 |eaves were col-
lected from each of 36 selected trees at Ishikari in mid-October: 15 trees had
morphological characteristics of Q. dentata, 13 had those of Q. crispula, and
eight had intermediate morphology (see Results). These leaves were stored
outdoors until amost all of Phyllonorycter larvae grew to pupae. Phyllono-
rycter pupae were then collected from these leaves and identified to species.
Individuals remaining as larvae were reared in plastic cases until pupation.

Analysis—The morphological characteristics of individuals from the mixed
Ishikari stand were examined with reference to morphology of pure popula
tions at Nakaotofuke (Q. dentata), Toishiyama, and Hamamasu (Q. crispula).
First, we examined whether each morphologica trait significantly differed
between Q. dentata and Q. crispula from the pure populéations. In this anal-
ysis, ANOVA was applied for traits that showed normal distribution according
to a Kolmogorov-Smirnov test (P > 0.05); a Kruskal-Wallis test was applied
for traits that did not show normal distribution; and a x? test was made for
contingency data. The traits that showed significant difference between the
two species were then applied to factor analysis to examine multicollinearity,
which may bring confusion in discriminant analysis, and traits that varied
independently were selected. Then, using the selected traits, canonical dis-
criminant analysis was made on individuals from the three pure populations.
A discriminant formula obtained with the above analysis was then used to
calculate canonical variate (CV) scores for individuas from the mixed stand
at Ishikari. All the statistical analyses except for the Kolmogorov-Smirnov
test were performed with JIMP 4.0 (SAS Institute, Cary, North Carolina,
USA); the Kolmogorov-Smirnov test was made with SPSS 6.1 (SPSS, Chi-
cago, Illinois, USA).

On AFLP data, we performed principal coordinate analysis (PCOA) to as-
sess genetic differentiation between these two oak species. A PCOA alows
the assessment of the dimensionality of the data and a description of the major
patterns of variation within and between populations (Cresswell et al., 2001).
The similarity between each pair of trees was estimated using the Dice's
ecological similarity index, §; (Dice, 1945): §; = 2Ny/(N, + N)), where N; is
the number of markers shared by plantsi and j, N, is the number of markers
found in plant i, and N; the number of markers found in plant j. The genetic
dissimilarity was expressed by the formula D; = 1 — §;. The analysis was
performed with a dissimilarity matrix using R PACKAGE 4.0 (Casgrain and
Legendre, 2001).

With data on Phyllonorycter composition, a Phyllonorycter index (Pl) was
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TaBLE 1. Leaf traits (mean = SD) of pure populations of the two Quercus species.

Quercus crispula Quercus dentata

Leaf traits Hamamasu Toishiyama Nakaotofuke

Dry mass (g) 0.35 = 0.10 0.41 = 0.14 1.22 + 0.36
Area (cm?) 80.7 = 189 103.0 = 29.5 192.4 = 44.6
Perimeter (cm) 50.8 = 5.88 60.6 + 9.86 69.7 + 10.0
Length (cm) 152 + 1.63 17.1 = 2.27 21.2 £ 250
Width (cm) 8.49 *+ 1.15 9.63 = 1.53 13.77 = 1.63
Length/width proportion 1.82 + 0.16 1.81 = 0.15 157 = 0.13
Number of lobes 22.6 = 2.05 23.7 £ 2.29 16.7 = 1.64
Leaf mass per area (mg/cm?) 4.32 = 0.55 3.97 = 0.49 6.24 = 0.53
Density of stellate hairs (hairs/mm?) 0.32 = 0.34 0.14 = 0.21 3.63 + 0.91
Length of stellate hairs (p.m) 88.2 = 704 72.8 £ 78.8 396.7 = 41.8
Individuals with solitary hairs (%) 66 24 6
Individuals with short hairs (%) 88 70 100

calculated for each tree with the following formula, Pl = (P, — P)/(P, +
Po), where P, is the number of individuals of two Phyllonorycter species
specific to Q. dentata and P, is the number of individuals of seven species
specific to Q. crispula.

RESULTS

Morphological analyses—Morphologica data for the three
pure populations are given in Table 1. One-way ANOVA,
Kruskal-Wallis, and x? tests revealed significant differencesin
all leaf traits between the two species and in some traits among
the three pure populations (Table 2). Factor analysis was per-

formed on these traits for the three pure populations (Table 3).
Dry mass, area, perimeter, length, and width showed high
loadings to Factor 1 in all populations. Therefore, only area
was used among these five traits in the canonical discriminant
analysis.

The discriminant analysis was made first for individuals
from the three pure populations on the basis of area, length/
width proportion, number of lobes, leaf mass per area (LMA),
density of stellate hairs, length of stellate hairs, the presence
or absence of solitary hairs, and the presence or absence of
short hairs. In this analysis, the data for Q. crispula from the

TaBLE 2. Results of one-way ANOVA, Kruska-Wallis test, and x? test for leaf traits of pure populations of Quercus dentata and Q. crispula
(***P < 0.001). T-K = Tukey-Kramer honestly significant difference (HSD) test.

Sum of F statistics
squares or Mean and/or
Leaf traits Source df chi-square square P value T-Ka

Dry mass Locality 2 23.676 11.838 221.095*** B
Error 147 7.871 0.054
Total 149 31.546

Area Locality 2 349 960 174 980 163.360*** A
Error 147 157 456 1071
Total 149 507 417

Perimeter Locality 2 8995 4497.64 58.241*** A
Error 147 11 352 77.23
Total 149 20 347

Length Locality 2 957.8 478.896 102.063*** A
Error 147 689.8 4.692
Total 149 1647.5

Width Locality 2 773.6 386.821 183.247*** A
Error 147 310.3 2111
Total 149 1083.9

Length/width proportion Locality 2 2.024 1.012 46.708*** B
Error 147 3.185 0.022
Total 149 5.210

Number of lobes Locality 2 1394.2 697.113 172.838*** A
Error 147 592.9 4.033
Total 149 1987.1

Leaf mass per area Locality 2 149.71 74.854 274.667*** A
Error 147 40.06 0.273
Total 149 189.77

Density of stellate hairs® 2 104.4 il

Length of stellate hairs® 2 41.69 xkk

Presence of solitary hairs® 2 46.15 il

Presence of short hairs® 2 23.71 xkk

aA = significantly different between every pair of the populations; B = significantly different between Q. dentata (Nakaotofuke) and Q. crispula

(Hamamasu and Toishiyama).
b Kruskal-Wallis test.
©x? test.
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TaBLE 3. Results of factor analysis performed on pure populations of
Quercus crispula and Q. dentata.
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TaBLE 4. Canonica variate (CV) loadings for each morphological
trait.

Q. crispula Q. dentata Trait (&Y
HM T NO Area 0.836
Eactor 1 T;Tber of lobes —883?
Eigenvalue 4577 4.659 5.104 Mass per area :
Contribution (%) 38139 38825 42533 'E)z”ng?th;"gfd? | propertion 0.8%
Fa(lzjt%r/ Irﬂ?;lsng 0.871 0.842 0.986 Length of stellate hairs 0.939
Area 0'970 0'921 0'955 Presence of solitary hairs —0.404
Perimeter 0.919 0.936 0.925 Presence of short hairs 0.292
Length 0.928 0.937 0.868
Width 0.932 0.876 0.931
Length/width proportion -0.353 —0.199 —0.093 .
Number of lobes 0.359 0.654 0.156 groups: Q. crispula-type (CV score < 0.1), Q. dentata-type
Leaf mass per area 0.178 0.203 0.701 (CV score > 0.4), and intermediate type (CV score 0.1-0.4)
Eenstthy Off ;tefle:laitehhalrs *8-842‘; *8—(})22 8'23? with reference to the distribution of CV scores in the pure
engin Ol e nhars A —U. A H 1
Presence of solitary hairs 0.090 -0.224 0.414 populations (Rg. 1).
Presence of short hairs —0.082 0.000 0.000 . . .
Genetic analysis—A total of 175 fragments ranging from
Factor 2 approximately 100 to 400 base pairs (bp) were identified from
Efr’i'r‘i‘ﬁ#ﬁn ) éggg 1%?% 1%-2%31 individuals from Ishikari in the present analysis using the three
Factor loading > ' : ' primer pairs. Additional fragments were present but could not
Dry mass 0048  —0.059 —0.052 be scored either because of faint, inconsistent amplification or
Area 0.035 —0.037 0.004
Perimeter —0.034 -0.135 0.185
Length —0.004 —0.084 0.381 ‘
Width 0056  —0.057 ~0.270 x 1 Pure populations
Length/width proportion 0.187 —0.084 0.301
Number of lobes 0.844 0.829 —0.433
Leaf mass per area 0.888 0.877 0.022
Density of stellate hairs 0.064 —0.100 -0.215
Length of stellate hairs -0.118 —0.040 0.926
Presence of solitary hairs 0.155 —0.045 0.000
Presence of short hairs 0.049 0.149 0.395
Factor 3
Eigenvalue 1.413 1.254 1.441
Contribution (%) 11.772 10.446 12.004
Factor loading
Dry mass 0.020 —0.191 —0.014 )
Area —0.065 -0.222 —0.044 s
Perimeter 0046  —0.089 0.211 =
Length 0.242 0.042 0.138 g
Width —0.346 —0.429 0.099 =
Length/width proportion 0.728 0.339 0.827 A= : :
Number of lobes 0058  —0051 0.802 S o Ishikari
Leaf mass per area —0.015 0.003 0.053 R
Density of stellate hairs 0.029 —0.003 0.170 2 7-
Length of stellate hairs 0.832 0.920 -0.010
Presence of solitary hairs -0.013 —0.083 0.000 64 B
Presence of short hairs -0.017 0.055 -0.074

Note: HM = Hamamasu, Tl = Toishiyama, NO = Nakaotofuke.

Toishiyama and Hamamasu populations were pooled, because
the difference in each trait between these two populations was
not large (Table 1). The first canonical axis explained 97.3%
of the morphological variation. Table 4 gives canonical variate
loadings. Area, number of lobes, LMA, density of stellate
hairs, and length of stellate hairs showed high contributions to
the canonical variate (CV). Figure 1 shows the distribution of
CV scores. The two oaks Q. crispula and Q. dentata from the
pure populations were clearly discriminated by CV scores.
Next, CV scores were calculated for individuas from the
mixed stand at Ishikari using the discriminant formula ob-
tained by the above analysis. Trees were divided into three

il 4

0.3 0.1 0.5 0.7 0.9

Canonical variate score

Fig. 1. Distribution of the first canonical variate (CV) scores based on
morphological traits. Individuals from pure populations: black bars = Quercus
dentata from Nakaotofuke, white bars = Q. crispula from Hamamasu,
hatched bars = Q. crispula from Toishiyama. Individuals from Ishikari: black
bars = putative Q. dentata, white bars = putative Q. crispula, hatched bars
= morphologically intermediate individuals.
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Fig. 2. Digtribution of the first (A) and second (B) principal coordinate
(PCO) scores based on AFLP data sets for individuals from Ishikari. Black
bars = putative Quercus dentata, white bars = putative Q. crispula, hatched
bars = morphologically intermediate individuals.

difficulty in differentiating two or more fragments of a similar
mass.

The principa coordinate analysis was performed using these
175 markers for individuals from Ishikari. The first principal
coordinate, which accounted for 6.7% of the variance, showed
two clusters that discriminated between the two species, but
individuals with intermediate morphological scores occurred
in both clusters. The second principa coordinate, which ac-
counted for 4.3% of the variance, did not separate the present
oaks (Fig. 2). There was an association between the first PCO
score in the AFLP analysis and the CV score in the morpho-
logical analysis (Fig. 3).

Phyllonorycter composition—A total of 2391 Phyllonoryc-
ter pupae were collected from 101 trees at Ishikari in 2000.
Three individuals with —0.148, —0.086 and —0.026 CV
scores were dead or cut off by accidents, and no Phyllonoryc-
ter individual was collected on leaves from a tree with a CV
score of 0.734. A total of 568 pupae were collected from 36
selected trees in 2001 (Table 5). The abundance of Phyllono-
rycter differed considerably between the two years; P. pseu-
dolautella (on Q. crispula) and P. leucocorona (on Q. dentata)
were abundant in 2000, but rare in 2001. Figure 4 shows the
association between the Phyllonorycter index (PI) and the CV
score in the morphological analysis. The Pl was 1 in most
individuals having high CV scores and —1 in those having
low CV scores, although the association was somewhat weaker
in 2001 than in 2000.
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Fig. 3. Relation between the first canonical variate (CV) score in mor-
phological analysis and the first principal coordinate (PCO) score in AFLP
analysis. The overall relationship is highly significant (P < 0.0001). e, pu-
tative Quercus dentata; O, putative Q. crispula; @, morphologicaly inter-
mediate individuals.

Among the nine individuals with intermediate CV scores,
one (individual G in Table 5) had a Pl of 1 in both years. The
Pl values of the other eight individuals fell between —1 and
1 in either or both of the years (one oak tree having an inter-
mediate Pl value in 2000 were cut off by accident in spring
in 2001, and then its Pl vaue in 2001 could not be deter-
mined). Based on CV score and P, the above eight individuals
were tentatively assigned to be hybrids or have hybrid origins
(e.g., backcross individuals), and one individual having Pl
score of 1 was presumed as Q. dentata. This individual aso
has a PCO score (0.433) typical of Q. dentata individuals.
Thus, 105 individuals at Ishikari were tentatively classified
into three categories: Q. dentata (57 individuals), Q. crispula
(40 individuals), and hybrids or backcross individuals (eight
individuals). Among these eight putative hybrids, five were
found on the transect, and three were found among nine ad-
ditiona individuals.

DISCUSSION

Differentiating oak species is often very difficult because
of continuous variation in morphological, ecological, and ge-
netical traits due to shared ancient polymorphism and/or hy-
bridization (Jensen et al., 1993; Kleinschmit et al., 1995; Brus-
chi et al., 2000; Tomlinson et al., 2000). Thisis true for Quer-
cus crispula and Q. dentata, predominant members of cool-
temperate forests of Japan. These two species differ in various
morphological, ecological, and genetical traits (also see Ooba,
1989; Lee et a., 1996; Fujihara et al., 2001), and the density
of stellate hairs and the characteristics of the acorn cap have
been claimed asreliable criteriafor their discrimination (Ooba,
1989). However, the detection of hybrids is not always pos-
sible only by these traits, because there is considerable within-
species variation but only a small between-species gap. For
example, the mean density of stellate hairs was 0-1.4 hairs/
mm? in Q. crispula trees from pure stands at Toishiyama and
Hamamasu and 2.2-6.8 hairs/mm? in Q. dentata trees from a
pure stand at Nakaotofuke. If the density of stellate hairs
shows intermediate inheritance, hybrids between an individual
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TaBLE 5. Number of Phyllonorycter moths (P. = species specific to Quercus crispula, P, = species specific to Q. dentata) on putative Q. crispula,
putative Q. dentata, and morphologically intermediate individuals (A-1) in 2000 and 2001. Canonical variance (CV) and first principal coordinate

(PCOL1) scores are indicated.

Pc

Py

Morphologica No. of
type trees Sl AC MO PS CR PY MA LE PE cv PCO1
2000
Q. crispula 37 601 23 4 248 8 3 128 1 2 —0.254-0.055 —1.737-0.051
Intermediate
A 1 24 0 0 3 0 1 4 0 0 0.107 —1.563
B 1 7 1 0 0 0 0 2 0 1 0.137 —1.359
C 1 16 2 0 5 0 0 6 1 4 0.151 —0.599
D 1 35 3 0 1 5 0 5 0 1 0.169 —
E 1 16 1 0 4 0 1 7 0 0 0.275 —0.737
F 1 7 3 0 0 0 0 0 0 12 0.296 0.626
G 1 0 0 0 0 0 0 0 0 2 0.304 0.433
H 1 4 2 0 0 0 0 5 0 7 0.314 —-0.890
| 1 1 1 0 0 0 0 2 0 5 0.332 0.345
Q. dentata 56 2 0 0 0 0 0 3 257 904 0.422-0.791 —0.231-2.308
2001
Q. crispula 13 65 3 0 6 5 1 43 0 14
Intermediate
A 1 1 0 0 0 0 0 4 0 2
B 1 3 0 0 0 0 0 1 0 2
C 1 5 0 0 0 0 0 7 0 6
D 1 6 0 0 0 0 0 2 0 1
E 1 6 0 0 0 0 0 12 0 2
G 1 0 0 0 0 0 0 0 0 12
H 1 0 1 0 1 0 0 9 1 1
| 1 4 0 0 0 1 0 0 0 14
Q. dentata 15 0 0 0 0 0 0 6 7 314

Note: SI = P. similis, AC = P. acutissimae, MO = P. mongolicae,
matsudai, LE = P. leucocorona, PE = P. persimilis.

of Q. crispula with 1 hair/mm? and an individual of Q. dentata
with 5 hairs'mm? are expected to have 3 hairsmm?, a score
within the range of Q. dentata. In addition, hybrids may have
characteristics of either of the parental species due to dominant
or recessive inheritance. These problems can be solved by
multivariate analysis that identifies linear combinations of var-
iables. In this study, we carried out canonical discriminant
analysis with eight morphological traits using pure populations
of the two oak species as reference and revealed that nine out
of 105 individuals in a mixed stand at Ishikari had interme-
diate morphology.

The composition of Phyllonorycter (leafminer) species was
applied for the discrimination of hybrid oaks for the first time
in this study. The Phyllonorycter composition analysis was
consistent with the multivariate analysis of morphological
traits for eight individuals among nine, suggesting the useful-
ness of the leafminer information for predicting hybridization.
The utility of leafminers for the identification of hybrids relies
on their high host specificity. In general, leafminers are known
to have narrow host preferences (Schoonhoven et al., 1998).
In fact, the present Phyllonorycter species seem to be specific
to either of Q. dentata or Q. crispula (Sato, 1991; Fujihara et
al., 2001). At Ishikari, however, some putative Q. crispula and
Q. dentata were mined by the species that were not specific
to the species. The Phyllonorycter species may not be com-
plete in host selection, or leaf chemical characteristics of these
oaks may have changed according to introgression (host se-
lection of leafminers is expected to depend on chemical char-
acteristics of leaves).

The PCOA using AFLP data revealed that Q. dentata and

PS = P. pseudolautella, CR = P. crenata, PY = P. pygmaea, MA = P.

Q. crispula have aso differentiated at the molecular level.
However, the degree of differentiation was low, and the AFLP
data were less informative for the identification of hybrids. In
addition, no diagnostic AFLP marker was obtained; i.e., mark-
ers that were observed in all individuals of one species were
also observed in the other species at high frequencies (>0.95),
and markers observed only in either of the two oak species
were low in frequency (<0.16). Previous studies also reported
that the degree of molecular differentiation is low between
some sibling pairs; Q. robur-Q. petraea (Kleinschmit et al.,
1995), Q. grisea-Q. gambelii (Howard et al., 1997) and Q.
petraea-Q. pubescent (Bruschi et a., 2000).

Despite Q. crispula and Q. dentata hybridizing in nature,
they remain morphologically, genetically, and ecologically dis-
tinct as do other sibling pairs of Quercus (Kleinschmit et al.,
1995; Howard et a., 1997; Bruschi et a., 2000; Tomlinson et
al., 2000). Jiggins and Mallet (2000) suggested that such bi-
modal hybrid zones are more effectively maintained by eco-
logical divergence between parental species than by their ge-
netic incompatibility. In fact, most pairs of Quercus species
that remain distinct despite hybridization differ in ecological
niches (Kleinschmit et al., 1995; Howard et a., 1997; Bruschi
et a., 2000; Tomlinson et a., 2000; Williams et al., 2001).
The difference in leaf traits (e.g., the density of stellate hairs
or LMA) between the present study species would also reflect
the difference in their adaptations to environmental conditions
such as humidity or light regimes (Zhou et al., 1995; Lambers
et al., 1998). In addition, Wu (2001) suggested that if repro-
ductive isolation has once developed between species or pop-
ulations to some degree, genes responsible for that isolation
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and submitted to differential selection might not transfer across
species even if hybridization occurs.

In conclusion, Q. crispula and Q. dentata were revealed to
have differentiated in morphological traits, molecular (AFLP)
markers, and composition of Phyllonorycter species. Morpho-
logical traits and Phyllonorycter composition were useful for
the identification of hybrids, while AFLP data were less in-
formative because the degree of molecular differentiation be-
tween the parental species was low. Out of 105 individuals
from a mixed forest, nine were morphologically intermediate,
and eight out of these nine individuals were also intermediate
in the Phyllonorycter composition. These eight individuas
were tentatively assigned to be hybrids or to have hybrid or-
igins.
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