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Abstract.—Fruit type in the genus Lithocarpus (Fagaceae) includes both classic oak acorns and novel
modi�cations. Bornean taxa with modi�ed fruits can be separated into two sections (Synaedrys and
Lithocarpus) based on subtle shape differences. By following strict criteria for homology and repre-
sentation, this variation in shape can be captured and the sections distinguished by using elliptic
Fourier or eigenshape analysis. Phenograms of fruit shape, constructed by using restricted maximum
likelihood techniques and these morphometric descriptors, were incorporated into combined and
comparative analyses with molecular sequence data from the internal transcribed spacer (ITS) region
of the nuclear rDNA, using branch-weighted matrix representation. The combined analysis strongly
suggested independent derivation of the novel fruit type in the two sections from different acorn-
like ancestors, while the comparative analysis indicated frequent decoupling between the molecular
and morphological changes as inferred at well-supported nodes. The acorn fruit type has under-
gone little modi�cation between ingroup and outgroup, despite large molecular distance. Greater
morphological than molecular change was inferred at critical transitions between acorn and novel
fruit types, particularly for section Lithocarpus. The combination of these two different types of data
improved our understanding of the macroevolution of fruit type in this dif�cult group, and the com-
parative analysis highlighted the signi�cant incongruities in evolutionary pattern between the two
datasets. [Branch length estimates; continuous characters; eigenshape; enclosed receptacle; Fourier;
matrix representation.]

Taxonomic classi�cation of infrageneric
groups and species within the genus Litho-
carpus Bl. (Fagaceae) is based largely on
morphological features of the mature fruit
and its subtending cupule (Barnett, 1944;
Camus, 1952–1954; Liao, 1969; Soepadmo,
1968a; Soepadmo, 1968b; Soepadmo, 1970;
Soepadmo, 1972; Julia and Soepadmo, 1998;
Cannon and Manos, 2000), because little vari-
ation in sterile and �oral morphology ex-
ists at even the subfamily level (Forman,
1966a; Forman, 1966b). Traditional cladis-
tic analysis of the genus is further compli-
cated by the narrow range of variation and
large amount of parallel evolution in cupule
features (Soepadmo, 1970; Soepadmo, 1972;
Jenkins, 1993). This dif�cult situation re-
quires innovative and objective methods to
properly investigate the evolutionary dy-
namics of fruit type.

Outline analysis (Ferson et al., 1985) of
radial dissections of mature fruit has re-
vealed informative variation in the internal
structure of the fruit wall and receptacle at

3Current address and address for correspondence:
Department of Biology, Duke University, Durham,
North Carolina 27708, USA; E-mail: chc2@duke.edu

many taxonomic levels, including individ-
ual populations (Cannon and Manos, 2000).
Two main fruit types exist in the genus: 1)
the “acorn” which is almost identical to the
Quercus acorn (Soepadmo, 1968b) and 2) the
enclosed receptacle or “ER” fruit which is
marked by the seed being enclosed within
a woody receptacle (Fig. 1). In this plane
of dissection, several homologous points are
consistently present in all fruit and outline
shape of the various fruit layers are separated
by smooth distinct boundaries. The creation
of discrete character states to capture sub-
tle shape variation between and within these
two fruit types is dif�cult and simply sepa-
rating the fruit types into two states, “acorn
vs. ER,” would ignore a great deal of infor-
mation. Therefore, we explored the use of
morphometric techniques for shape analysis
and developed a method for incorporating
these continuous descriptors into phyloge-
netic and evolutionary analyses.

Although many types of morphometric
shape descriptors exist, two main techniques
are suitable for structures with few land-
marks and an outline shape described by a
closed smooth contour: elliptic Fourier (Kuhl
and Giardina, 1982; Kincaid and Schneider,
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FIGURE 1. Homology in the two main fruit types of genus Lithocarpus (Fagaceae). (a–b) “acorn” fruit—(L. cono-
carpus; M. Leighton T12607) where the seed has developed above the �attened receptacle, expanding the fruit wall.
Points B&E mark the perimeter of the concave to �at abscission layer between cupule and fruit receptacle. Points
A&D are the proximal and distal edges of the exocarp, which forms a hard cone over the seed. Points B&C measure
the thickness of the outer edge of the receptacle. Points A&B measure the distance between the proximal ends of
exocarp and receptacle, separated by the layers of the pericarp. (c–d) “enclosed receptacle” or ER fruit—(L. kalk-
mannii; W. Meijer SAN42460), where the seed remains embedded in the receptacle and the vestigial exocarp forms
a small �at apical layer. Scale bar D 5 mm. Due to the fruit’s radial symmetry, only one side of the exocarp (black)
was used in the analysis, the other side is shown in dark gray. All images were oriented horizontally using point A
on both the black and grey exocarp outlines.

1983; Rohlf and Archie, 1984; Rohlf, 1990;
Crampton, 1995; McLellan and Endler, 1998)
and eigenshape analysis (Lohmann and
Schweitzer, 1990; MacLeod, 1999). These
descriptors have been used in both phe-
netic and evolutionary studies (Mou and

Stoermer, 1992; Ray, 1992; Lestrel et al.,
1993; Ferrario et al., 1996; Renaud et al.,
1996; Laurie et al., 1997; Richards and
Esteves, 1997; Cronier et al., 1998; Kincaid
et al., 1998; Mancuso, 1999; McLellan, 2000;
Torres et al., 2000) and only minor differences
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exist in their mathematical derivation (Rohlf,
1986).

To address major evolutionary questions
about fruit type in Lithocarpus, we combined
and compared fruit shape variation, using
both morphometric techniques, with molec-
ular sequences from the internal transcribed
spacer (ITS) regions of the nuclear ribosomal
DNA. The main questions addressed by this
study were:

1. Are the chosen outline shape descriptors
informative at this taxonomic level and
how do they differ?

2. Given informative variation, how can
these descriptors be incorporated into
a combined phylogenetic analysis with
molecular data?

3. Given the best estimates of phylogenetic
relationship, what can be inferred about
morphometric and molecular divergence
patterns?

MATERIALS AND METHODS

Fruit Tissue Types and Homology

Several authors have described structural
morphology of the mature cupule and
fruit in Lithocarpus (Camus, 1948; Liao, 1969;
Soepadmo, 1970; Kaul, 1987; Kaul, 1989). The
two tissue types under study here form the
bulk of the mature fruit wall. The laminate
exocarp forms the outer layer of the fruit or
pericarpium (Roth, 1977; Spjut, 1994) and
consists of a single layer of columnar cells,
harder and more brittle than underlying
tissues. In the majority of the species of
Fagaceae, the exocarp encloses most of
the fruit and the abscission scar formed
between the receptacle and the cupule is
small and concave (Fig. 1). In radial section,
its boundaries are clearly different from
other fruit tissues.

The portion of the fruit receptacle internal
to the abscission layer between the seed and
the cupule forms the second tissue type. It
closes the bottom of the carpels and its edge
lies near the exocarp at its basal fringe (Fig. 1).
The mature morphology of this woody layer
varies among species, particularly in the de-
gree to which it encloses the developed seed.
Its boundaries are distinct from other inter-
nal fruit tissues because of its granular tex-
ture arising from extensive vascularization
(Langdon, 1939). The sometimes numerous

pericarp layers are mostly laminate, cre-
ating multiple layers separated by dense
tomentum.

After numerous dissections, only four
landmarks could be consistently recognized
in all specimens: the A) basal and D) apical
edges of the exocarp and the C) inner and
B) outer perimeters of the fruit receptacle
(Fig. 1). Other landmarks were not consis-
tently present in all taxa. The number and
density of the pericarp layers were highly
variable and their shape at maturity was
largely dependent on the exocarp and recep-
tacle shapes, therefore these layers were not
included in the analysis.

Samples

Radial sections of 192 mature nuts were
made from 21 Lithocarpus , two Quercus, and
one Chrysolepis species (see Appendix A).
Representatives from the latter two genera
were chosen as outgroups. Potentially more
closely related species of the genus Castanop-
sis were excluded from the analysis because
many of the modi�cations in fruit type ex-
amined in this study are also found in this
genus (Camus, 1952–1954; Forman, 1966b;
Soepadmo, 1968a), thus requiring a separate
analysis to assess evolutionary pattern and
polarity in the outgroup. Chrysolepis chryso-
phylla (Douglas ex Hooker) Hjelmquist rep-
resents a relictual genus in North America
of the largely paleotropical Castaneoideae
subfamily (Nixon, 1997). It possesses a com-
plex and unique cupule type but fruit wall
structure is similar to that found in Lithocar-
pus. Secondly, the genus Quercus possesses a
fruit type almost identical to the Lithocarpus
“acorn” type and therefore these taxa can be
used to root both the molecular and morpho-
logical reconstructions.

Although the twenty-one species of Litho-
carpus included in this study represent less
than half of the total diversity found on the is-
land of Borneo, the selected taxa encompass
all of the morphological variation found in
fruit type. No Bornean taxa possessing the ER
fruit type are absent from the analysis. Molec-
ular sequence data were obtained for ten ad-
ditional taxa, all possessing the acorn fruit
type, but preliminary analysis indicated little
change in resolution or topology of relation-
ships pertaining to the evolution of the ER
fruit type. Because of limited morphological
samples for these taxa and a desire to limit
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the overall complexity of this analysis, an ex-
emplar approach seemed advantageous for
the remaining acorn-fruited taxa.

Radial symmetry of mature nuts allowed
the stylar column to de�ne the plane of
dissection for all specimens. Because of the
range in size and thickness of the fruit wall,
dissecting equipment ranged from an elec-
tric band saw to a razor blade. Images of
the dissected nuts were captured in various
ways, primarily with a Burle electronic ana-
log camera mounted with a Nikkor 55 mm
lens. Additional images were captured with
an Olympus D-400 digital camera. Images
were checked for planar distortion with a
1 cm testgrid toensure shape �delity, as some
lenses at certain magni�cations can warp im-
ages at their margins. Outlines of the two tis-
sue typeswere traced both manually and dig-
itally. The proximal ends of the exocarp were
aligned with the horizontal coordinate sys-
tem to standardize image orientation (Point
A, Fig. 1). Maintaining proper orientation of
fruit structures to the central axis, along the
plane of dissection, was important for consis-
tent data capture. The basal and apical ends
of exocarp outlines were further aligned with
the horizontal plane, to standardize for ro-
tation. The angle of rotation from the hori-
zontal of the original outline was measured
for each sample and means were calculated
for each species. Mean angle of rotation was
used as an additional observation in the ex-
ocarp data matrix.

Coordinate lists were obtained in either
Image 1 or tpsDIG 1.20 (Rohlf, 1998b) and
exported into EFAWIN (Isaev and Denisova,
1995) to perform the elliptic Fourier (EF)
transformation. Coef�cients were made in-
variant to size and location, as performed by
EFAWIN (Rohlf and Archie, 1984), but not to
rotation or starting point, both of which were
standardized before transformation. Twenty
harmonics were collected for each specimen.
Outlines produced by these coef�cients were
reproduced in Mathematica 4.0 (Wolfram,
1998) for visual comparison against the orig-
inal to ensure accuracy. Mean species shapes
were obtained by taking the species mean for
each coef�cient and reconstructing the out-
line. Because eigenshape analysis requires
equal spacing of points around the outline,
a coordinate list of one hundred steps for
each mean species shape was produced from
all twenty EF coef�cients. Principal compo-
nents analysis was performed on the covari-

ance matrix of the EF descriptors (EF-PCA)
of mean species shape for both tissue types
and axes scores were recorded until 95% of
the total variance was captured. Eigenshape
analysis (EGS) was performed on the stan-
dardized 100 step coordinate lists by using
free software programs (MacLeod, 1999).

Four size measurements were taken for
each specimen between the homologous
landmarks (Fig. 1). Measurements between
A–D and A–B were chosen for exocarp size
and between B–E and B–C for receptacle size.
These measurements not only capture out-
line size but also distance between the exo-
carp and receptacle margins. All individual
measurements were standardized to one by
the maximum value and species means were
calculated.

Analysis of Morphometric Data

Datasets for further analysis then consisted
of only the signi�cant axes from the EF-PCA
and EGS analyses, plus two size measure-
ments for each tissue type and a mean angle
of rotation for the exocarp. Initially, a clus-
ter analysis, using a hierarchical model based
on between-group linkage and squared Eu-
clidean distance, was performed in SPSS
for Windows 9.0 (SPSS Inc., 2000). The re-
sulting dendrograms were then rearranged
for easy visual comparison with likelihood
phenograms rooted with Q. alba, maintain-
ing distances between nodes.

The datasets were also analyzed with the
PHYLIP v. 3.6 program, ContML Felsenstein,
1973, 1981, 2000), under the conditions of
continuous data, global rearrangements, and
ten random addition sequences. The re-
sulting maximum likelihood tree was then
taken as the most likely transformation se-
ries of shape change, with branches leading
to particular clades explaining a common de-
gree of change. Node support was analyzed
by conventional bootstrapping methods
(Felsenstein, 1985).

Molecular Data

Total DNA was extracted from fresh leaf
samples in the �eld using Qiagen DNEasy
preps (Qiagen Inc.; Santa Clarita, CA), pre-
cipitated, dried and shipped back to the labo-
ratory. Product for both ITS1 & 2 and the 5.8S
regions of the rDNA were obtained using di-
rect PCR and universal primers (Baldwin,
1992). Sequence reactions were prepared
using the ABI Prism Dye Terminator Cycle
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Sequencing Reaction Kit (The Perkin-Elmer
Corporation, 1999). Occasionally, the pres-
ence of sequence heterogeneity would re-
quire subsequent cloning of PCR product
(TA Cloning Kit, Invitrogen; Carlsbad, CA).
Clones were chosen by their length and se-
quence similarity within the context of this
study and previous studies of the Fagaceae
(Manos et al., 1999; in press). Sequences were
veri�ed from both directions and all ques-
tionable and informative calls in Sequencher
(GeneCodes; Ann Arbor, MI) were compared
directly against the chromatograms.

Sequences were aligned by eye and to-
tal length was 645 bases. Numerous indels
were present. Fourteen were coded absent
or present, nine of which were parsimony-
informative. Single base pair extensions were
removed from the analysis. Both parsimony
and maximum likelihood reconstructions of
phylogenetic structure were performed us-
ing PAUP¤ 4.0b8 (Swofford, 2001). Twenty-
�ve random addition sequences were per-
formed and heuristic searches were allowed
to swap to completion. Characters were
weighted equally. Branch lengths not signif-
icantly different from zero were collapsed.

Combined Analysis

Combined parsimony analyses were per-
formed using the raw molecular sequence
data and matrix representations (Brooks,
1990; Baum, 1992; Doyle, 1992; Ragan, 1992)
for each of the four separate morphometric
analyses: 1) EF-PCA cluster; 2) EF-PCA Con-
tML; 3) eigenshape (EGS) cluster; and 4) EGS
ContML. In modi�cation of standard matrix
representation parsimony, “MRP” (Bininda-
Emonds and Bryant, 1998), inferred morpho-
logical difference between nodes from the
maximum likelihood phenogram was ap-
plied as a weighting scheme. These weights
were divided by the maximum inferred mor-
phological difference onan internal branch of
each phenogram to standardize the weight-
ing scheme between datasets. Because no a
priori argument exists for weighting matrix
elements, relative weighting by inferred
morphological difference and standardiza-
tion was deemed appropriate. Under this
method, nodes with little inferred morpho-
logical difference have a weight near zero
and thus contribute little to the analysis.

All nodes in the four unrooted morpho-
metric transformation series were included

in the MRP datasets, thus 45 characters (2n-
3) were contributed by each dataset and in-
corporated directly with the ITS molecular
sequence data. Further exploration of this
method for incorporating continuous data
into a combined analysis and attempts at
simultaneous maximum likelihood analyses
are currently being pursued. Standard con-
gruency tests, such as the ILD (Farris et al.,
1995), are inappropriate because of the dif-
ferent types of characters or elements in each
dataset. Until an adequate test can be de-
veloped, we present both separate and com-
bined analyses.

Bootstrapping was performed in two
ways: 1) treating the elements of the MRP
datasets like conventional characters and
2) bootstrapping the molecular and mor-
phometric datasets separately, producing
phenograms for each morphological boot-
strap replicate, converting it into a MRP
dataset and then subsequently performing
a combined analysis with a randomly cho-
sen molecular bootstrap replicate. One hun-
dred bootstrap replicates were used in both
cases. The process of separate bootstrapping
was necessary because using MRP data sets
as independent characters imposes an in-
herent nesting of taxa (Purvis, 1995), there-
fore violating the assumption of character
independence. Bootstrapping such a dataset
would determine the in�uence of exclusion
of random nodes on the analysis and not ex-
plore the original variance in the morpho-
metric data, as the bootstrap was originally
intended (Felsenstein, 1985).

Congruence between the datasets is dif�-
cult to assess for two reasons. Firstly, given
our current understanding of morphological
evolution as it relates to morphometric
change (Felsenstein, 1988), we must accept
the ContML reconstructions of fruit shape
variance as phenograms and not phylo-
genetic hypotheses. Therefore, combining
the MRP datasets with the molecular data
has more in common with adding two
complex ordered characters to the molecular
dataset than to combining two separate
and complete sources of phylogenetic
information. Exploring the impact of ac-
cepting a few such characters from a second
independent source, even with mixed phy-
logenetic signal, seems necessary. These
morphometric characters should also be
incorporated into a complete cladistic anal-
ysis of morphology. Only then do questions
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of congruence between datasets seem
appropriate.

Secondly, MRP elements cannot be con-
sidered independent characters as discussed
previously. The bootstrap or partition ho-
mogeneity tests require sets of indepen-
dent characters. Using MRP datasets for
both molecular and morphometric partitions
does not overcome the lack of independence
among matrix elements. Despite these limita-
tions, the ILD test on the combined dataset,
assuming the same method and weighting
scheme as described above, was performed.
An additional ILD test ona combined dataset
comprised of MRP datasets for both molec-
ular and morphometric topologies was also
performed. Matrix elements were weighted
by branch length and standardized by the
longest internal branch, following meth-
ods used for the morphometric data. Given
the violations discussed above, alternative
strategies for testing the congruency between
such datasets should be explored.

Comparative Analysis

To identify signi�cant differences in evo-
lutionary pace between the two datasets, we
compared the inferred amount of change
at critical nodes for each dataset. Each of
the separately bootstrapped datasets from
the previous test was mapped onto the best
phylogenetic reconstructions obtained from
both the molecular and combined analy-
ses. Branch lengths at well-supported nodes
(>50% bootstrap value) from each repli-
cate and each dataset were estimated us-
ing the parsimony accelerated and delayed
transformation and minimum F character
optimizations (Farris, 1972; Swofford and
Maddison, 1987) and the default maximum
likelihood HKY model (Hasegawa et al.,
1985). They were standardized by the to-
tal tree length from each replicate for direct
comparison among replicates and between
data sets. Only variable sites were included
in these estimates. The mean relative branch
length for each dataset was calculated and
frequency distributions were compared. Be-
cause many of the distributions were not nor-
mal, Mann-Whitney U pair-wise tests of sig-
ni�cance were performed for corresponding
nodes between datasets. Branch length es-
timates using the bootstrap technique have
been shown to be reliable, even when the dis-
tributions are not normal (Sitnikova, 1996).

RESULTS

Morphometric Data

Exocarp.—More than 95% of shape vari-
ance was captured by EGS analysis on the
�rst two axes while EF-PCA required an ad-
ditional two axes to capture equal amounts
of variance (Fig. 2). Even with orientation re-
moved, ER and acorn fruit types were gen-
erally separated by both techniques, sug-
gesting distinctive shape changes that occur
with the reduction of the exocarp in the ER
fruit type. Within each of these fruit types,
exocarps forming simple curves were dis-
tinguished from ones with more sinusoidal
shapes.

In cluster analyses of shape, including
size and orientation (Figs. 3A,C), only the
large and thickened exocarp of L. revolu-
tus (#14) was distinguished in both analy-
ses from other acorn fruits (Fig. 3C), while
EF-PCA additionally separated the sharply
curved L. havilandii (#6, Fig. 3A). Lithocarpus
keningauensis (#19), with an almost inverted
and sinusoidal exocarp, was placed halfway
between the two fruit types. The EF-PCA
groupings of ER fruited taxa more closely fol-
lowed traditional taxonomic classi�cations
than the EGS groupings. Sections Lithocarpus
(black squares, Fig. 3) and Synaedrys (black
circles, Fig. 3) formed groups, although two
previously unclassi�ed taxa, L. ruminatus
(#21) and L. rotundatus (#20), were placed in
the “wrong” group, based upon current sec-
tional limits fCamus, 1952–1954 #2196g. The
EGS grouping mixed the two sections along
with the previously unclassi�ed taxa.

The restricted maximum likelihood phe-
nograms (ContML) of morphometric vari-
ance, including size and orientation, were
nearly identical in topology (Figs. 3B,D). The
two descriptors (EF-PCA and EGS) differed
mainly in branch length and little in topol-
ogy. The grouping of L. revolutus (#14) and L.
lampadarius (#12) was a signi�cant improve-
ment over the cluster analysis, since many
other aspects of morphology support this
close relationship fSoepadmo, 1970 #2188g.
The ER-fruited taxa were strongly separated
from the acorn-fruited ones, with the exo-
carp morphologies of L. sericobalanus (#17)
and L. echinifer (#18) suggested as inter-
mediate between the two types. Lithocarpus
keningauensis (#19), instead of being sepa-
rated from the other ER fruit types as an id-
iosyncratic morphology, was nested in the
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FIGURE 2. Position of mean exocarp shape on the �rst two axes of a) principal components analysis of the �rst
twenty harmonics of an elliptic Fourier transformation (EF-PCA) and b) an eigenshape (EGS) analysis. All outlines
were standardized for size, starting and relative position, and orientation. 85% and 98% of total variance was
described, respectively. ER-fruited taxa are clear and acorn-fruited taxa are black. Shapes are numbered according
to Appendix A. Labels for section Lithocarpus are enclosed within squares, while section Synaedrys are enclosed
within circles.

ER group and section Lithocarpus. Both Con-
tML groupings disagreed with current sec-
tional limits. Bootstrap values for the two
descriptors were not highly correlated with
branch length (Figs. 3B,D). Both descriptors
appeared to possess signi�cant structure, as
likelihood values for the best topology were
much greater than 100 random topologies.

Receptacle.—The EF-PCA and EGS analy-
ses distinguished the two fruit types on the
�rst two axes (Figs. 4A,B). The latter anal-
ysis required more axes (6 vs. 5) to capture
95% of total variance. The deeply invagi-
nated and thick walled ER fruits of section
Lithocarpus plus L. keningauensis (#19) form a
tight cluster in both analyses and were more
clearly distinct from section Synaedrys in the
EF-PCA analysis. Lithocarpus ruminatus (#21),
with its thickened base and slender enclosing
upper extensions, was obviously unique in
the genus, although it lies close to L. revolu-
tus (#14) in the EGS analysis. The acorn fruit

types with thin and �attened receptacles, are
tightly grouped in both analyses, with small
variations in curvature and thickness.

Cluster analysis of receptacle shape
descriptors provided abundant structure
within acorn fruits, clear separation between
the two fruit types, and largely congruent
divisions between ER sections (Figs. 5A,C).
In the EF-PCA cluster analysis, L. clemen-
tianus (#3), L. luteus (#13), L. lucidus (#5), and
L. lampadarius (#12), were placed approxi-
mately equidistant between the acorn and
ER fruit types (Fig. 5A), while EGS descrip-
tors of L. sericobalanus (#17) and L. revolutus
(#14) also fell into this group (Fig. 5C). The
highly divergentmorphologies of L. revolutus
(#14) and L. ruminatus (#21) were grouped to-
gether by the EF-PCA descriptors but widely
separated by the EGS descriptors. Lithocarpus
keningauensis (#19), highly divergent in
exocarp shape, clustered within section Litho-
carpus.
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FIGURE 3. Phenograms of morphometric descriptors for mean exocarp shape. (a) Cluster analysis and (b) re-
stricted maximum likelihood analysis (ContML) of four axes from EF-PCA; (c) Cluster analysis and (d) ContML
analysis of two axes from EGS. Both analyses also included two size measurements and one measure of orientation.
Histograms represent ContML scores of one thousand random trees and arrows point to scores of observed ContML
phenograms. Mean outline shape for each species is shown in the position of each OTU and numbers correspond
to those in Appendix A. Members of section Lithocarpus are marked with black squares while members of section
Synaedrys are marked with black circles. Bootstrap values (>50%) are shown on the ContML phenograms.

The ContML phenograms were similar to
the cluster analyses but with several inter-
esting differences (Figs. 5B,D). The interme-
diate types did not form a distinct group but
rather a stepwise transition between acorn
and ER-fruited taxa. In the EF-PCA, L. rev-
olutus (#14) with L. lampadarius (#12) were
grouped together, which is appropriate as
discussed for the exocarp. In the EGS results
however, L. ruminatus (#21) was placed be-
tween the two taxa (Fig. 5D). The two main
sections with ER-fruited taxa were separated
on both ContML phenograms but only sec-
tion Lithocarpus for the EF-PCA data formed
a uni�ed clade. Section Synaedrys formed a
grade in both analyses but was interspersed
withL. rotundatus (#20) and L. ruminatus (#21)
for the EF-PCA data and with L. rotundatus
(#20) and L. echinifer (#18) for the EGS data.
Nodes among ER-fruited taxa were well sup-
ported by bootstrap values while little sup-
port existed among acorn-fruited taxa. A

large amount of hierarchical structure is also
apparent in the data.

Molecular Data

The monophyly of individuals represent-
ing several taxa was tested by sampling mul-
tipleaccessionsacross their geographic range
whenever possible and performing prelimi-
nary reconstructions. No polyphyletic taxa
were present in this analysis and the dataset
was reduced to single exemplar sequences
to facilitate direct comparison with the mor-
phometric data, which only included mean
shapes for each taxa.

A total of 79 parsimony-informative char-
acters (50 with the outgroup excluded) were
found in the pruned dataset. Two equally-
parsimonious trees (264 steps, CI D 0.72,
RCI D 0.49) were found, differing only in
the relationship among three acorn-fruited
taxa (L. blumeanus, L. enclesiacarpus, and L.
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FIGURE 4. Position of mean receptacle shape on the �rst two axes of (a) principal components analysis of an
elliptic Fourier transformation (EF-PCA) and (b) an eigenshape (EGS) analysis. All outlines were standardized for
size, starting point, relative position, and orientation. 86% and 76% of total variance was described, respectively.
ER-fruited taxa are clear and acorn fruited taxa are black. Shapes are numbered according to Appendix A. Labels
for section Lithocarpus are enclosed within squares, while section Synaedrys s.s. are enclosed within circles.

havilandii). Numerous transitions from acorn
fruit morphology to ER fruit morphology
can be inferred from this reconstruction, al-
though only two are well supported (Fig. 6).
Section Lithocarpus was monophyletic while
the clade formed by section Synaedrys also
included L. keningauensis.

Within the context of this study, the
genus Lithocarpus was not monophyletic, as
Chrysolepis chrysophylla was well-supported
(76% bootstrap value) between the Bornean
taxa and the North American disjunct, L. den-
si�orus (Fig. 6). Given these results and those
from a comprehensive family level study
(Manos et al., in press), L. densi�orus appears
to be distinct from the Asian taxa within the
genus. The taxonomic status of this relictual
species requires further study.

Combined Analysis

No current statistical test of dataset con-
gruence exists for testing a standard molecu-
lar dataset and aMRP dataset because of their

different statistical properties, as discussed
in the methods. A standard ILD test suggests
that the two datasets should not be com-
bined but the signi�cance level is marginal
(p D 0.05). Performing an ILD test on com-
bined MRP datasets also indicated signi�-
cant incongruence (p < 0.01). As discussed
in the methods, “incongruence” between the
molecular and morphometric data is also
dif�cult to interpret because of the phenetic
nature of the ContML topologies. The most
obvious difference between the topologies
obtained from the separate analyses is the
placement of L. keningauensis (Figs. 3, 5, and
6). The fruit morphology in this extremely
rare taxon is very unusual and the incon-
gruity between these datasets may suggest
a hybrid origin. Overall, in the exploratory
spirit of this study, incorporating the mor-
phometric data into a combined analysis
seemed worthwhile.

The combined analyses using MRP
datasets from the cluster phenograms
(Figs. 3A,C and 5A,C) both produced a
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FIGURE 5. Phenograms of morphometric descriptors for mean receptacle shape. (a) Cluster analysis and
(b) restricted maximum likelihood analysis (ContML) of �ve axes from EF-PCA plus two size measurements;
(c) Cluster analysis and (d) ContML of six axes from EGS plus two size measurements. Histograms represent Con-
tML scores of one thousand random trees and arrows point to score of each ContML phenograms. Mean outline
shape for each species is shown in the position of each OUT and numbers correspond to Appendix A. Members
of section Lithocarpus are marked with black squares while members of section Synaedrys are marked with black
circles. Bootstrap values (>50%) are shown on the ContML phenograms.

single most parsimonious tree while
combined analyses using the ContML
phenograms (Figs. 3B,D and 5B,D) for
EF-PCA and EGS data produced three and
six equally-parsimonious trees, respectively.
When each of the separate and combined
datasets was mapped onto the different

TABLE 1. Tree scores for all data sets, separate and combined, when mapped onto the best topology generated
from each analysis. Consistency indices are shown in parentheses. Rows 2 and 3 are positive likelihood scores from
ContML (Felsenstein, 2000).

Topology

ITS ITS C EF-PCA ITS C EF-PCA ITS C EGS ITS CEGS
alone cluster CML cluster CML

Data (2 trees) (1 tree) (3 trees) (1 tree) (6 trees)

ITS 264 (0.72) 265 (0.72) 265 (0.70) 272 (0.70) 267 (0.72)
EF-PCA 463 492.8 486.6 509.6 496.4
EGS 356 378.4 379.1 391.8 382.8
ITS C EFPCA cluster 302 (0.70) 297 (0.71) 297 (0.71) 298 (0.71) 298 (0.71)
ITS C EFPCA CML 302 (0.70) 298 (0.70) 298 (0.70) 301 (0.70) 299 (0.70)
ITS C EGS cluster 317 (0.69) 308 (0.71) 309 (0.71) 306 (0.71) 310 (0.70)
ITS C EGS CML 316 (0.68) 311 (0.69) 311 (0.69) 314 (0.69) 309 (0.70)

topologies, little difference in scores were
apparent, although each dataset did score
best on its own topology (Table 1). Since
choosing a “best” method for combining
the datasets cannot be done objectively,
the EF-PCA phenograms produced by the
ContML method were chosen because of
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FIGURE 6. One of two equally-parsimonious trees
for ITS sequence data (264 steps, CI D 0.72, RCI D
0.49) with ¸50% bootstrap value/>1 decay index. 636
characters were used, of which 79 were parsimony-
informative, 50 excluding outgroup. Black stars in-
dicate well-supported transitions from acorn to ER-
fruited taxa; grey stars, poorly-resolved transitions.
Black squares indicate members of section Lithocarpus;
black circles, members of section Synaedrys.

their general agreement with current taxono-
mic limitations and appropriate placement
of several key taxa. Between the three
equally-parsimonious trees (score D 298.03,
CI D 0.70, RC D 0.47) produced by the com-
bined analysis, the only difference among
them is the placement of L. luteus (Fig. 7),
being 1) sister to all Bornean taxa, 2) unre-
solved among all Bornean taxa, and 3) sister
to the clade containing section Synaedrys. To
simplify matters, the unresolved position for
this taxon was used for further analysis and
discussion.

Estimates of bootstrap support, using ei-
ther the conventional or the method de-
scribed above, were similar, although the
latter method supported two additional
nodes (Fig. 7). Like the molecular analy-
sis, two acorn-fruited taxa (L. clementianus
and L. lucidus) were well-supported basally
to the members of section Synaedrys C L.
keningauensis . In contrast to the molecular
tree, all remaining ER-fruited taxa formed a
clade, with L. ruminatus as sister to (section

FIGURE 7. Combined analysis of ITS and EF-PCA
ContML MRP characters. Single most parsiminous tree
(score D 298, CI D 0.70, RCI D 0.47) is shown. A to-
tal of 732 characters (121 informative; 89 without out-
group) were used. Bootstrap support was estimated in
two ways: conventional bootstrapping of the combined
dataset (shown after slash) and separate bootstrapping
with subsequent combination (shown before slash). The
black stars indicate inferred transitions to ER fruit type
from acorn fruit type, while the white star indicates a
reversion to the acorn fruit type. Black squares indicate
members of section Lithocarpus; black circles, members
of section Synaedrys.

Lithocarpus C L. echinifer and L. rotundatus).
The monophyly of several acorn-fruited
taxa was an additional well-supported
node not found in the separate molecular
analysis.

Comparison of Inferred Molecular
and Morphometric Change

Given our current inability to objectively
accept or reject the combined analysis, the
comparative analysis was performed on
both the separate molecular topology and
the combined molecular/EF-PCA ContML
topology. Only well-supported nodes were
examined. Generally, the method of char-
acter state optimization or morphometric
description did not in�uence the relative
patterns between data sets (Figs. 8–9). The
difference in topology between the two anal-
yses only in�uenced inferences concern-
ing the ingroup, as would be expected, as
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FIGURE 8. Inferred phylogram for each dataset on best reconstruction of molecular data. (a) EF-PCA, (b) EGS,
(c) ITS using ACCTRAN character optimization, (d) ITS using DELTRAN, (e) ITS using MinF, and (f) ITS using
HYK model for maximum likelihood. Well-supported nodes are labeled A–J.

outgroup/ingroup relationships are iden-
tical.

The inferred amount of change between
ITS sequence and morphometric descrip-
tors was signi�cantly different at most well
supported nodes (Figs. 10–11). The large

amount of molecular divergence between
the Quercus taxa and the taxa of sub-
family Castaneoideae has occurred without
detectable change in fruit shape (Figs. 8–
11, node a). As would be expected, the in-
ferred amount of change was greater with
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FIGURE 9. Inferred phylogram for each dataset on best combined reconstruction of molecular and morphometric
data. (a) EF-PCA, (b) EGS, (c) ITS using ACCTRAN character optimization, (d) ITS using DELTRAN, (e) ITS using
MinF, and (f) ITS using HYK model for maximum likelihood. Well-supported nodes are labeled A–K.

accelerated transformation (ACC) rather
than delayed transformation (DEL) char-
acter optimization. Similarly, the inferred
change at the node separating the Bornean
species from the outgroups C L. densi-
�orus was greater for the molecular data,

although in this case, the amount of mor-
phometric change was also appreciable
(Figs. 10–11, node c). At node b, separating
Quercus C L. densi�orus and the Bornean taxa
C Chrysolepis, molecular and morphological
change were relatively similar (Figs. 10–11,
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FIGURE 10. Comparison of inferred branch lengths on best molecular reconstruction. Each dataset was boot-
strapped separately and mapped on the molecular tree. Distributions indicate range of inferred change for each
well-supported node from 0–10% total variance, relative to tree length. Labels correspond to the nodes in Figure 8.
The EF-PCA data is shown in white bars, the EGS in grey bars, and the ITS data, under four different assumptions
of character optimization, in black bars.

node b). The range of variance in the EF-PCA
dataset revealed by the bootstrap analysis for
this node was quite large.

The two nodes supporting L. clementianus
and L. lucidus sister to section Synaedrys (d
and e) suggested morphological stasis while
a moderate amount of molecular change has
occurred (Figs. 10–11, nodes d and e). At the
node separating acorn and ER-fruited taxa
in this clade (Figs. 8–9, node f), the rela-
tive amount of inferred change depended on
the assessed topology and type of charac-
ter optimization used. The combined anal-
ysis suggested greater morphological under
all models, particularly for the EGS dataset
(Figs. 10–11, node f). Using the ITS tree,
maximum likelihood inferred the least and
MinF the most molecular change at this
node, while inferences from ACCTRAN and
DELTRAN optimization were indistinguish-
able from either morphometric descriptor.
Within section Synaedrys, the node group-
ing L. pulcher and L. palungensis (Figs. 8–
11, node g) suggested greater morpholog-
ical change while the node grouping L.

sericobalanus and L. keningauensis (Figs. 8–
11, node h) suggested greater molecular
change.

Morphological change inferred at the node
supporting the members of section Lithocar-
pus (Figs. 8–11, node i) was much greater
than molecular change for all models and
topologies. Within the clade (Figs. 8–11, node
j), small amounts of change were apparent
in both datasets. The bimodal distribution
of branch lengths inferred for the EF-PCA
dataset at node i suggested an unequal distri-
bution of variance among the morphometric
characters.

DISCUSSION

Morphometric Descriptors

The shape descriptors chosen for this
study capture relevant phenotypic variation.
The two main fruit types, acorn and ER,
are clearly distinguished and form taxonomi-
cally reasonable groups, largely in agreement
with current de�nitions. Both morphometric
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FIGURE 11. Comparison of inferred branch lengths on best combined reconstruction. Each dataset was boot-
strapped separately and mapped on the combined tree. Distributions indicate range of inferred change for each
well-supported node from 0–10% total variance, relative to tree length. Labels correspond to the nodes in Figure 9.
The EF-PCA data is shown in white bars, the EGS in grey bars, and the ITS data, under four different assumptions
of character optimization, in black bars.

methods, EF-PCA and EGS, are effective in
describing important shape variation and
produce similar results. The difference in
the relative ef�ciency of the two methods—
four vs. two major axes for the exocarp, and
�ve vs. six for the receptacle, respectively—
probably lies in the relative complexity of the
two shapes. The EF-PCA analysis transforms
the change in x and y coordinate lists sepa-
rately while EGS transforms them simultane-
ously. The exocarp outline, which consists of
simple curves, contains less variation, which
is probably more highly correlated between
the two coordinate systems, thus generally
requiring fewer axes in the EGS analysis.

The relative success of any morphometric
analysis will depend greatly on the relevance
of the shape variation being described to the
questions being addressed. Choosing a mor-
phological feature appropriate to the level of
the study is an essential �rst step. This fea-
ture must meet all traditional homology cri-
teria (Roth, 1984; Roth, 1991) plus geometric
aspects of rotation, size, and starting point
(Crampton, 1995; Ferson et al., 1985). The
feature should include both taxonomically

and phylogenetically important shape vari-
ation. The two methods used in this study
will not be useful for all purposes, there-
fore we would encourage initial exploration
of several morphometric techniques (Rohlf
and Bookstein, 1990; Ray, 1992; Rohlf, 1998a;
Borkowski, 1999).

The restricted maximum likelihood es-
timations of morphometric transformation,
using ContML (Felsenstein, 2000), provided
less traditional grouping structure than the
cluster analyses but contained several ad-
vantages: 1) placement of L. revolutus with
L. lampadarius for both exocarp and recepta-
cle shape; 2) the placement of L. keningauen-
sis within the ER-fruited taxa for exocarp, in-
stead of being transitional between the two
types; 3) phenetic distances among acorn-
fruited taxa seem to be exaggerated in the
cluster analyses, relative to differences be-
tween fruit types and among ER-fruited
taxa; and 4) ContML phenograms are not
ultrametric and uncertainty is expressed by
near-zero branch lengths along a grade of
taxa. The results from the combined analysis
with the molecular data did not demonstrate
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any signi�cant differences for the different
morphometric phenograms. The ContML
phenogram of the EF-PCA data was chosen
merely to simplify further analysis and dis-
cussion.

The use of a Brownian motion model of
neutral evolutionary change is fairly robust
in estimating independent contrasts of con-
tinuous characters under models that vio-
late assumptions of neutrality (Diaz-Uriarte
and Garland, 1996). Results from this model
are comparable or better than other models
at estimating independent contrasts under
various simulated conditions (Diaz-Uriarte
and Garland, 1998; Martins, 1996) and in
testing patterns of morphometric variation
against different macroevolutionary models
(Mooers et al., 1999). Although neutral evo-
lutionary change of fruit type in Lithocarpus
should not beassumed, thismodel appears to
be suf�ciently robust in the absence of more
appropriate models.

Overall, the use of continuous quantitative
shape descriptors appears to be powerful in
distinguishing phenetic differences among
groups. Cluster analyses of shape variation
could provide objective criteria for tradi-
tional taxonomic groupings but may pro-
vide unrealistic information about the mor-
phometric relationships among groups. The
use of multidimensional axes as independent
characters in a restricted maximum likeli-
hood analysis also provides groupings based
upon morphometric similarity but more ac-
curately captures subtle relationships among
taxa and relative distances among groups.
Although these phenograms should not be
accepted as a phylogenetic hypothesis, they
can be used as a morphometric transforma-
tion series (sensu Mickevich, 1982). The in-
corporation of these transformation series
would then be analogous to a suite of cor-
related and ordered characters represent-
ing the morphometric similarity among the
study taxa.

Molecular Phylogeny

Parsimony analysis of ITS sequences
strongly supports two clades containing ER-
fruited taxa. One consists entirely of ER
fruited taxa and can be de�ned taxonomi-
cally as section Lithocarpus (L. turbinatus, L.
beccarianus, and L. kalkmanii), while the other
consists of both acorn and ER fruited taxa
(L. lucidus—acorn, sister to section Synaedrys

sensu lato). These relationships suggest that
the ER fruit type has been derived at
least two times in the evolutionary history
of the genus. The unresolved positions of
three other ER-fruited taxa, L. echinifer, L.
rotundatus, and L. ruminatus, weakly suggest
multiple separate derivations.

Combined Analysis

The use of MRP coding to combine the
morphometric transformation serieswith the
molecular data appears to be informative.
The most parsimonious trees support two
separate derivations of the ER fruit type,
placing the three ER-fruited taxa mentioned
above in a single clade with section Lithocar-
pus. Although bootstrap support for this ar-
rangement is not signi�cant, the reduction of
inferred derivations of the ER fruit type from
�ve to two is more parsimonious. An addi-
tional node, grouping several acorn-fruited
taxa together (L. blumeanus, L. conocarpus, L.
enclesiacarpus, and L. havilandii), is also sup-
ported in the combined analysis. This group-
ing includes a wide variety of cupule types,
from smooth and enclosed to bracteolate and
reduced. Additionally, the ITS tree (Fig. 6)
scores poorly when either the morphomet-
ric descriptors alone or the combined data
are mapped onto it, while the scores for the
ITS-EF-PCA combined trees are only onestep
longer when the ITS data is mapped onto
them (Table 1).

The addition of 90 MRP elements from
each set of two phenograms only increased
the score of the resulting tree by only 40–50
“steps.” Our conservative weighting scheme
for these elements, which applies a max-
imum weight of one to the largest inter-
nal branch length and a relative weight to
all other nodes, greatly minimizes the effect
of nodes supported by little morphometric
transformation. Different weighting schemes
could be applied and should be explored
when other information is available. An ad-
ditional way to combine the datasets, instead
of mixing raw molecular data with morpho-
metric MRP datasets, is the conversion of the
molecular data into a MRP dataset. The rel-
ative weight of each MRP dataset could be
adjusted according to a priori assumptions
or iterative approximation schemes, such as
relative number of informative characters in
each data set. We chose to use the raw molec-
ular data to conserve the empirical weight
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of the dataset, without having to impose a
weighting scheme, but of course, this deci-
sion imposes a weighting scheme implicitly.

Testing congruence across the separate
datasets for combined topology by rank-
ing their scores on the resulting combined
topologies provides an objective way of
choosing the best morphometric descriptors
in a particular situation. Although the suit-
ability of congruence as the appropriate cri-
terion for this purpose is questionable, it does
generally satisfy the objectives of parsimony
(Miyamoto and Fitch, 1995; Wiens, 1998).
Because of the mathematical similarity of
the two morphometric techniques used, the
de�nitive selection of the best technique is
dif�cult. The EGS descriptorsappear to affect
thecombined analysismore strongly than the
EF-PCA, particularly the EGS-cluster analy-
sis (Table 1). The EF-PCA descriptor was cho-
sen because of its greater relative agreement
of the resulting combined analyses with each
separate dataset. This technique cannot be
expected to provide the best solution under
all circumstances and examination of several
different morphometric and analytical tech-
niques should always be performed.

The use of conventional bootstrap meth-
ods on MRP datasets has been questioned on
the grounds of lack of independence of ma-
trix elements (Purvis, 1995; Bininda-Emonds
et al., 1999). In our comparison of direct boot-
strapping of MRP characters with separate
bootstrapping and subsequent combining of
datasets, we found that the direct bootstrap-
ping technique supports two more nodes
than separate bootstrapping, with generally
higher values at all nodes. Because conven-
tional bootstrapping of the MRP dataset does
not assess the original variance, but merely
the robustness of the hypothesis against
loss of supporting nodes, we feel that sep-
arate bootstrapping and subsequent combi-
nation is necessary to avoid over-estimation
of support.

Rates of Evolution

Given the best phylogenetic reconstruc-
tion for the study group using either molec-
ular data alone or a combined dataset, in-
ferred morphological and molecular change
was seldom equal at most well-supported
nodes. The difference in topology between
the two phylogenetic analyses does not
affect these differences, although it does

affect the relative amount of change inferred
within a single dataset, e.g. node g (Figs. 10–
11). Although preliminary tests, where each
bootstrap replicate is allowed to opti-
mize the topology constrained of the well-
supported nodes, suggest that the phyloge-
netic uncertainty in the reconstruction affects
the amount of inferred change, the major
patterns remain the same. This aspectof com-
paring datasets using this technique needs
further examination.

The decoupling of morphological and
molecular change between ingroup and out-
group re�ects either convergent evolution
or evolutionary stasis in fruit type between
distantly related groups. Although the fos-
sil record is limited for the Southeast Asian
Lithocarpus and some dif�culty exists in dis-
tinguishing between Quercus and Lithocarpus
fruit fossils, the classic acorn fruit evolved
40 million years ago and remains present un-
til modern times (Daghlian and Crepet, 1983;
Manchester, 1994). This apparent stasis is not
only apparent at the basal nodes but also
among acorn-fruited taxa within the ingroup
(nodes d and e, Figs. 8–11).

On the other hand, the derivation of the ER
fruit type occurs rapidly with little correlated
molecular change. This decoupling is most
marked at the node subtending section Litho-
carpus and involves a remarkable change in
fruit wall shape and thickness. Despite the
large amount of molecular change inferred
at the node subtending section Synaedrys, the
morphological change is relatively larger un-
der most conditions of this analysis. Because
of the large degree of molecular divergence
between section Synaedrys and the remain-
ing Bornean taxa, this split may suggest ei-
ther great age of the group or an accelerated
rate of molecular evolution. If morphological
change does occur in a punctuated fashion,
as suggested by most of the well-supported
nodes of this study, then increasing age of a
group may allow molecular change to slowly
accumulate and eventually surpass the de-
gree of morphological change.

Fruit Type Evolution

In the transition from acorn to ER-fruited
taxa, the protective function of the fruit wall
has shifted from the exocarp to the receptacle.
The seed in the classic acorn fruit type is pro-
tected almost entirely by the exocarp, which
forms a thin, brittle shell. In the extreme ex-
amples of the ER fruit type, the exocarp has
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been reduced to a small, �attened disc and
the thick, ligni�ed receptacle encloses the
seed. This morphological transition appears
to have occurred in at least two separate lin-
eages now present on Borneo and perhaps in
other lineages currently found in Indochina
(Manos et al., in press). This recurrent pattern
suggests strong directional selection towards
mechanical protection of the seed against
predation. Further evidence for this selection
can be found in the other tropical genus in the
chestnut subfamily, Castanopsis, where par-
allel trends in fruit evolution exist (Camus,
1952–1954, Soepadmo, 1968a).

In the evergreen tree communities on
the island of Borneo, synchronized and
suprannual (“mast”) fruiting often involves
a wide range of woody taxa (Appanah, 1993).
Numerous mechanisms causing this phe-
nomenon have been suggested (Isagi et al.,
1997; Kelly, 1994; Sork, 1993). Satiation of
seed predators has been commonly pro-
posed as the main mechanism (Janzen, 1974)
and participation in large mast events has
been shown to increase the percentage of
seeds that successfully survive to germina-
tion (Curran and Webb, 2000). Little evidence
suggests that the members of Fagaceae par-
ticipate in this general masting event (Sakai,
1999). This lack of synchrony may be due to
the inability of the family to rapidly mature
fruit, which must occur to synchronize fruit-
ing with masting membersof the community.

The apparent morphological correlates
with the ER fruit type are overall fruit size
and seed volume, which may re�ect greater
investment by the parent tree in each seed
because of the reduced risk of seed preda-
tion. The additional mechanical protection
may also allow longer dormancy before ger-
mination (Ng, 1991) and reduce the effect of
density dependent mortality (Givnish, 1999;
Webb and Peart, 1999). Observations of Litho-
carpus reproduction and regeneration remain
vague (Kaul, 1989)but the evolution of the ER
fruit type may coincide with an inability to
participate in community-wide mast fruiting
and high seed predation pressure.
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APPENDIX A
Taxa and specimens examined, arranged by puta-

tive section. Samples in bold were sampled for ITS se-
quence. All other specimens were included in the mor-
phometric sample. Sectional names are provisional and
based on A. Camus (1952–1954). Several transfers be-
tween sections have been made. New designations are
based upon morphology and sequence. GenBank ac-
cession numbers are shown and the data matrix and
results have been archived at TreeBase (Study
#S637, Matrix #991). Collection locality abbreviations:
B—Brunei, SB—Sabah, NA—North America, SW—
Sarawak, WK—West Kalimantan, Collection numbers
proceeded by SAN are part of the Sandakan Herbarium
collection series. AllC.H.Cannon collections are housed
at Duke.

Section Cyclobalanus

1. L. bennettii (Miq.) Rehd.—SW C.H. Cannon 67 (Gen-
Bank #AF389093) , C.H. Cannon 632.

2. L. blumeanus (Korth.) Rehd.—SW C.H. Cannon 743
(GenBank #AF389091) .

3. L. clementianus (King ex Hook. f.) A. Camus—SB
C.H. Cannon 496, C.H. Cannon 259: WK C.H. Cannon
596, C.H. Cannon 599, C.H. Cannon 638 (GenBank
#AF389107).

4. L. encleisacarpus (Korth.) A. Camus—SW C.H. Can-
non, Jemree, Army 70 (GenBank #AF389094) .

5. L. lucidus (Roxb.) Rehd.—SW C.H. Cannon, Jemree,
Army 76 (GenBank #AF389088) : WK C.H. Cannon
252.1.
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Section Gymnobalanus

6. L. havilandii (Stapf) Barnett—SB C.H. Cannon, J.R.
Harting 506 (GenBank #AF389092) .

Section Lithocarpus

7. L. beccarianus (Benth.) A. Camus—B K.M. Wong
1565 HUH: SB G. Mikil 41790 HUH: SW Haji Suib
SAN23425 HUH; C.H. Cannon 727; C.H. Cannon 828:
WK C.H. Cannon 612; C.H. Cannon 682 (GenBank
#AF389101); C.H. Cannon 256.

8. L. kalkmanii S. Julia & Soepadmo—SB C.H. Can-
non 15; C.H. Cannon 17; C.H. Cannon 24 (GenBank
#AF389102); W. Meijer 42460 HUH.

9. L. turbinatus (Stapf) Forman—SB C.H. Cannon
223; C.H. Cannon, J.R. Harting 510 (GenBank
#AF389100); C.H. Cannon, J.R. Harting 513; C.H.
Cannon, J.R. Harting 517; C.H. Cannon, J.R. Harting
523; C.H. Cannon 798; W. Meijer 20389 HUH;
B.E. Smythies 10624 HUH; C.H. Cannon 827;
C.H. Cannon 828: SW J.A.R. Anderson 20209
HUH.

Section Pasania

10. L. conocarpus (Oudem.) Rehd.—EK F.H. Endert 2232
HUH: SB J. & M.S. Clemens 27346 HUH: SW
C.H. Cannon 110 (GenBank #AF389095) : WK M.L.
Leighton 12308 DUKE.

11. L. densi�orus Rehd. NA K. Nixon 4585 (GenBank
#AF389086) BH.

12. L. lampadarius (Gamble) A. Camus—SB C.H. Can-
non 88 (GenBank #AF389099) : SW C.H. Cannon
766.

13. L. luteus Soepadmo—SB C.H. Cannon784 (GenBank
#AF389096); C.H. Cannon 824.

14. L. revolutus Soepadmo—SW C.H. Cannon 761 (Gen-
Bank #AF389098) .

Section Synaedrys

15. L. palungensis Cannon & Manos—SW C.H. Cannon
769; C.H. Cannon 768 (GenBank #AF389103) .

16. L. pulcher (King) Markgr.—SW E. Soepadmo SAN
27607 HUH; E.C. & L.B. Abbe 9862 HUH; Bojeng
Sitam 15061 HUH; J.A.R. Anderson 13395 HUH;
C.H. Cannon 702: WK C.H. Cannon 652 (GenBank
#AF389104).

17. L. sericobalanus E.F. Warb.—SW B.E. Smythies 12603
HUH; C.H. Cannon 127 (GenBank #AF389105) : WK
C.H. Cannon 634; C.H. Cannon 238.

Incertae sedis

18. L. echinifer (Merr.) A. Camus—SB M. A. Mujim 40664
HUH; W. Meijer 24792 HUH: SW C.H. Cannon 717
(GenBank #AF389089) ; C.H. Cannon 718.

19. L. keningauensis S. Julia & Soepadmo—SB F. Sadau
50208 HUH; W. Meijer 42677 HUH: SW C.H. Cannon
751 (GenBank #AF389106) .

20. L. rotundatus (Bl.) A. Camus—SB Francis Sadau 49504
HUH; C.H. Cannon 548 (GenBank #AF389090) ; C.H.
Cannon 555: SW Ilias Paie 2857 HUH.

21. L. ruminatus Soepadmo—SB C.H. Cannon 37; C.H.
Cannon 47; C.H. Cannon 545; C.H. Cannon 218: SW
C.H. Cannon 113 (GenBank #AF389097) ; C.H. Can-
non 116; C.H. Cannon 122; C.H. Cannon 123; C.H. Can-
non 841: WK C.H. Cannon 255; C.H. Cannon 613.

Outgroups

Chrysolepis chrysophylla (Douglas ex Hooker)
Hjelmquist NA P. Manos 1467 (GenBank #AF389087)
DUKE.

Quercus alba L. NA P. Manos s.n. (GenBank
#AF098410) BH.

Quercus acutissima Carruth. NA P. Manos s.n. (Gen-
Bank #AF098428) BH.


