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Leaf Size, Sapling Allometry, and Corner’s Rules: Phylogeny
and Correlated Evolution in Maples (Acer)
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interact with each other and with environmental condi-
tions to influence plant performance. As a consequence,
marked patterns of correlated evolution are observed
among traits at various levels, resulting in constellationsabstract: We studied the evolution of leaf size, sapling canopy
or suites of characteristics in species of different habitatsallometry, and related traits in 17 Acer species growing in the un-

derstory of temperate deciduous forests, using parsimony meth- and life histories (e.g., Horn 1971; Givnish 1984; Kiku-
ods, randomization tests, and independent contrasts calculated on zawa et al. 1996). Studies of leaf and canopy form have iden-
a phylogeny inferred from nuclear ribosomal internal transcribed tified two important trait constellations that covary in forest
spacer (ITS) sequences. Bivariate correlations and multivariate trees. First, Corner (1949) argued that twig thickness, leaf
analyses indicated two independent suites of coevolving traits, and

size, and inflorescence size are positively correlated in thethe results were robust over a range of alternative phylogenies. The
evolution of tree morphology and inversely related to thefirst suite consisted of strong positive correlations among twig
density of branching in the crown (‘‘Corner’s rules,’’ Halléthickness, leaf size, inflorescence length, and branch spacing (Cor-

ner’s rules). Seed size and mature height were also weakly corre- et al. 1978; see also Sinnott 1921; Troll 1937, 1939). These
lated with these traits. The second suite reflected aspects of sapling patterns have been confirmed in several quantitative studies
crown allometry, including crown size, stem diameter, and total (White 1983a, 1983b; Midgley and Bond 1989; Chazdon
leaf area, which appear to be related to shade tolerance. There was 1991), though the implications for interactions among
a weak negative correlation between sapling crown size and ma-

vegetative and reproductive evolution have received little
ture height, but no correlation with leaf or seed size. Most correla-

attention (Primack 1987; Bond and Midgley 1988). Second,tions were similar in magnitude for ahistorical and independent
the allometry of sapling crown dimensions in relation tocontrasts analyses, and discrepancies between these two measures

were greater in traits with lower levels of convergent evolution. tree life history and understory regeneration has been stud-
The evolutionary correlations among twig, leaf, seed, inflorescence, ied from theoretical and empirical perspectives (Horn 1971;
and canopy dimensions emphasize the need for integrated theories King 1981, 1990, 1991; Givnish 1986, 1988; Kohyama 1987;
of evolution and function of these disparate traits. Kohyama and Hotta 1990; Sakai 1995). These studies sug-

gest there is a trade-off in sapling growth between invest-Keywords: tree life history, canopy architecture, independent con-
trasts, internal transcribed spacer, randomization methods, con- ment in lateral crown extension, to maximize light inter-
vergent evolution. ception and persistence in the shade, and investment in

height growth, which enhances the opportunistic utiliza-
tion of light following disturbance. Givnish (1988) and King
(1990) suggested that sapling allometry is associated with aPlant canopies are complex structures, reflecting a large

number of component traits at several levels of organiza- species’ mature height, with broader crowns in understory
species than in equivalent height saplings of canopy species.tion, including the leaf, the leaf cluster and individual
In addition, King (1991) found evidence of an inverse rela-
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temperate trees, a trend that is apparent in tropical species94305; E-mail: dackerly@leland.stanford.edu.
as well (King 1990; Kohyama and Hotta 1990).† E-mail: mdonoghue@oeb.harvard.edu.

These studies raise two intriguing questions, which areAm. Nat. 1998. Vol. 152, pp. 767–791.  1998 by The University of Chicago.
0003-0147/98/5206-0001$03.00. All rights reserved. the focus of this article. First, are these two suites of traits
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independent of each other or, as suggested by overlap- gions of the Northern Hemisphere, with a few species ex-
tending into the subtropics (van Gelderen et al. 1994).ping relationships with leaf size, are they parts of a larger

constellation of leaf and canopy characteristics in forest Based on morphological cladistic analyses, Acer and its
sister group Dipteronia (one to two species in China andtree species? Second, do the phenotypic correlations ob-

served among species reflect historical patterns of corre- Tibet), which make up the Aceraceae, are nested within
the Sapindaceae and are most closely affiliated with thelated evolutionary change? Most studies of leaf size and

canopy function have examined coexisting species within genera Diatenopteryx, Serjania, and Bridgesia (Judd et al.
1994). A phylogeny based on rbcL sequences also identi-a particular community, and studies of related species

(e.g., White 1983a; Givnish 1987; Chazdon 1991) have fies a clade composed of Sapindaceae, Aceraceae, and
Hippocastanaceae but suggests that the latter are sisternot formally incorporated phylogenetic information into

comparative analyses. In recent years, advances in com- taxa (Gadek et al. 1996). The fossil record of Acer dates
to the late Cretaceous (100 m.y.b.p.) and implies a spreadparative biology have made it possible to conduct explicit

tests of correlated evolution, based on patterns of charac- from the Pacific Rim around the Northern Hemisphere
during the Tertiary (Wolfe and Tanai 1987; Boulter et al.ter variation coupled with information on phylogenetic

relationships among species (e.g., Harvey and Pagel 1996). Morphological systematic studies of Acer have ar-
ranged the species into a number of well-supported sec-1991). For the study of continuous characters, Felsen-

stein’s (1985b) method of independent contrasts provides tions (taxonomy in this article follows van Gelderen et al.
1994, unless otherwise noted). However, previous treat-the most powerful quantitative tool to test for correlated

evolutionary change underlying contemporary trait varia- ments based on overall morphology (Delendick 1981;
van Gelderen et al. 1994), leaf venation (Wolfe and Tanaition and covariation (Garland et al. 1992; Pagel 1993).

In this article, we present the first phylogenetic com- 1987), and restriction fragment length polymorphisms
(M. Hasebe, personal communication), as well as a pro-parative study of correlated evolution among leaf traits,

canopy allometry, and tree life history, based on field visional phylogenetic analysis of morphological data (D.
Ackerly, unpublished analyses of data in Delendickstudies and phylogenetic analyses of temperate, decidu-

ous tree species in the genus Acer. We have two primary 1981), provide inconsistent or inconclusive results re-
garding the relationships among sections. Molecular phy-empirical objectives. The first is an explicit test of a small

number of a priori hypotheses of correlated evolution re- logenetic analyses have been conducted for a small num-
ber of Acer taxa, predominantly from Korea (Suh et al.lated to Corner’s rules and sapling allometry, and a sensi-

tivity analysis of these results with respect to uncertainty 1996; Cho et al. 1997), but these are insufficient to re-
solve overall phylogenetic relationships within the genus.in the phylogeny. Second is a multivariate analysis, based

on principal components analysis of independent con- Maples exhibit considerable diversity in life history, re-
generation ecology, seed size, leaf size, and canopy struc-trasts, to evaluate the predominant suites of coevolving

traits and their relationship to two morphological proxies ture. Mature height ranges from 6–10 m in understory
species (e.g., A. spicatum in North America; A. crataegi-of tree life history: mature height and seed size. Simulta-

neously, we illustrate and explore several problems of folium in Japan) to 25–35 m in canopy species (e.g., A.
saccharum, A. rubrum in North America; A. palmatum inmethodology and interpretation that arise in phyloge-

netic tests of comparative ecological hypotheses. Our Japan), and there are both early and late successional
species (e.g., A. rubrum and A. saccharum, respectively).methodological objectives include exploration of meth-

ods for handling multiple alternative phylogenetic hy- Seed size spans over two orders of magnitude, from 20
mg in A. rubrum to over 255 mg in the closely relatedpotheses in comparative studies, in particular the role of

sensitivity analyses and random phylogenetic trees, and riparian species A. saccharinum (Olson and Gabriel
1974); in all species, seeds are wind dispersed. There isthe introduction of the Quantitative conVergence Index

(QVI) to assess levels of parallel and convergent evolu- considerable variation in growth strategies within the
genus; branch growth may be determinate (section Pal-tion (i.e., homoplasy) in continuous traits, and the rela-

tionship between levels of homoplasy and the overall mata) or indeterminate (e.g., A. rubrum), branch orien-
tation plagiotropic or orthotropic, and apical dominanceamount of evolutionary change in a trait. Randomization

tests were also used to test for levels of homoplasy sig- of lateral branch growth strong or weak (Sakai 1990).
Leaf length ranges from 5–10 cm (A. rubrum, A. palma-nificantly less than or greater than expected by chance.
tum) to .40 cm in A. negundo and in the aptly named
A. macrophyllum. Acer species are important components

Background on Maple Systematics and Ecology
of forests in eastern North America and Japan and have
been the subject of numerous studies in community ecol-The genus Acer includes approximately 125 species, pri-

marily deciduous shrubs and trees of temperate forest re- ogy and regeneration biology (e.g., Canham 1988; Naka-
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shizuka et al. 1995). Comparative studies of Acer have senting 32 Acer species, and one species of its presumed
sister group Dipteronia (see appendix). Acer accessionsdocumented significant interspecific variation in life his-

tory, morphology, and physiology and in the plasticity of included representatives of 12 of the 16 sections of the
genus (van Gelderen et al. 1994; sections Wardiana, Tri-these traits in relation to forest light environments (Lei

and Lechowicz 1990, 1997; Sipe and Bazzaz 1994, 1995; foliata, Hyptiocarpa, and Pubescentia, with a total of 10
species, were not represented). Emphasis was placed onTanaka 1995). Such variation among closely related spe-

cies, occupying broadly similar habitats, makes Acer an selection of species included in the comparative study of
sapling allometry, as well as on those included in previ-excellent system to explore evolutionary correlations

among ecological traits. ous comparative ecophysiological studies (e.g., Lei and
Lechowicz 1997).

Sequences of the internal transcribed spacer (ITS) re-Methods
gion of nuclear ribosomal DNA were utilized for phylo-

Choice of Species
genetic analysis. The two ITS regions flanking the 5.8S
nrDNA show moderately high levels of sequence diver-Our study of ecological and morphological traits related

to canopy structure focused on a set of 17 focal taxa, all gence and have proven useful for intrageneric phylo-
genetic analysis in flowering plants (Baldwin et al. 1995).of which exhibit natural regeneration in forest under-

story in temperate deciduous forests of eastern North DNA extraction, amplification, and sequencing followed
standard protocols, as described elsewhere (Eriksson andAmerica and Japan. The decision to restrict the ecological

component of this study to understory-regenerating spe- Donoghue 1997). Sequences were obtained using an Ap-
plied Biosystems 377 automated fluorescence sequencercies was based on two considerations. First, canopy de-

velopment and sapling allometry exhibit considerable (Applied Biosystems, Foster City, Calif.), and sequence
output was captured and processed with Applied Biosys-phenotypic plasticity in relation to light environments

(e.g., Bonser and Aarssen 1994). Differences observed tems software (Applied Biosystems 1992). Twenty-five
accessions were newly sequenced as part of this study (inamong species living in the common environment of the

understory primarily reflect interspecific, evolutionary collaboration with S. Wiegrefe, Morton Arboretum, Lisle,
Ill.), and 14 sequences were obtained from GenBank (in-differentiation rather than environmentally dependent

variation. Second, the functional significance of leaf and cluding six duplicate accessions of species included in the
sequencing above; Suh et al. 1996; Cho et al. 1997). Se-canopy traits is dependent on environmental conditions,

so comparisons of values obtained in the understory are quences of three distant outgroups (Fabaceae: Vicia faba,
Yokota et al. 1989; Malvaceae: Hibiscus costatus, Seelananmore ecologically meaningful. As described below, there

is considerable life-history variation among the selected et al. 1996; and Malvaceae: Gossypium trilobum, Wendel
et al. 1995) were also obtained from GenBank to test thespecies, although species that regenerate primarily in high

light environments (e.g., Acer negundo, A. tschonoskii) assumption of Acer monophyly with respect to Dipter-
onia.were excluded. In order to minimize bias in species selec-

tion with respect to the ecological hypotheses tested here, Sequences for the 39 Aceraceae accessions were as-
signed numeric codes by a third party to prevent any biasall species encountered in each study site were included

in the study if sufficient sample sizes were available (see during alignment. Sequences were aligned using Clustal
W (Thompson et al. 1994), and subsequently modifiedWestoby 1998; Westoby et al. 1998).
by visual inspection, resulting in an aligned sequence
length of 643 base pairs (bp; aligned lengths of 259, 164,

Phylogenetic Analysis
and 220 bp for ITS1, 5.8S, and ITS2, respectively). Eight
distinct shared insertion/deletion (‘‘indel’’) regions wereIn order to conduct a comparative study of trait evolu-

tion in a sample of species selected from a larger clade recognized in the final alignment and were coded as bi-
nary characters for phylogenetic analysis (Baldwin et al.of interest, one would like to obtain the best estimate of

phylogenetic relationships among those species. Short of 1995). One 60-bp region of ITS2 with ambiguous align-
ment was identified for inclusion/exclusion experiments.including all species of the clade in question in a phylo-

genetic analysis (which is neither practical for a large After completing the alignment of Aceraceae sequences,
sequences of the three distant outgroups (Vicia, Hibiscus,group nor necessary in order to obtain a robust hypothe-

sis of relationships), the best estimate of relationships and Gossypium) were added to the data set and visually
aligned; this required the addition of 75 gaps within theamong the focal taxa may be achieved by sampling a

broad array of species, representing the major lineages Aceraceae alignment, but alignments among the Acera-
ceae sequences themselves were not altered. Parsimonywithin the clade. Our phylogenetic analysis of Acer was

based on DNA sequence data from 39 accessions repre- analyses were conducted with PAUP 3.1.1 (Swofford
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1993). Heuristic searches were conducted with at least 10 simple relationship between seed size and overall shade
tolerance or establishment environment (Foster and Jan-random addition replicates, and TBR branch swapping,

MULPARS, and steepest descent options in effect. All se- son 1985; Kelly 1995; Grubb and Metcalfe 1996). Here,
we treat seed size as a potential correlate of seedling es-quence positions and inferred base changes, as well as the

indel characters, were weighted equally. Support for the tablishment ecology and conduct nondirectional tests of
relationships with leaf size and canopy structure. Seedresulting clades was evaluated with bootstrap (Felsenstein

1985a) and decay analyses (Bremer 1988; Donoghue et sizes were obtained from published sources (Olson and
Gabriel 1974; Tanaka 1995) supplemented by nonde-al. 1992), the latter using the reverse constraint option in

PAUP and AutoDecay software (Eriksson 1995). DNA structive measurements of herbarium specimens com-
bined with a calibrated regression of seed mass versussequences have been deposited in GenBank (appendix)

and the aligned matrix has been deposited in TreeBASE locule volume (r 2 5 0.72, N 5 12, details not shown).
(Sanderson et al. 1994).

For comparative analyses, the resulting Acer phyloge-
Sapling Allometry. The allometry of canopy structure was

nies were pruned to show relationships among the 17
studied in naturally regenerating saplings of 17 species

taxa for which we obtained the set of morphological
growing in forest understory in two sites in eastern

measurements described above (two of the 17 species
North America and six sites in Japan (see locations in ap-

were added to the phylogeny based on independent mor-
pendix). At least 40 individuals of each species were se-

phological evidence; see below). Methods have been de-
lected for study (except A. palmatum, N 5 16), and 13

veloped to handle polytomies resulting from the consen-
of the 17 species were sampled at two or more sites (ap-

sus of equally parsimonious trees (e.g., Grafen 1989;
pendix). Saplings selected for study had at least one lat-

Pagel 1992); we opted to approach this problem by
eral branch (generally .0.5 m tall) and were up to 2.5 m

choosing one fully resolved tree for illustration (desig-
in height. The distribution of sizes was inspected during

nated tree number 1), and then to conduct sensitivity
sampling to guarantee a broad representation within this

analyses over all alternative equally parsimonious trees, as
height range. Damaged individuals and saplings growing

described below (cf. Losos 1994; Donoghue and Ackerly
in or at the edge of large canopy gaps were excluded. In-

1996).
dividual leaf area was estimated for each sapling based on
the length of three leaves and independently derived re-
gressions of leaf area versus length. The following param-Comparative Data
eters of sapling height and canopy size were measured on

Based on the following procedures, a total of 32 traits
each individual (fig. 1): HT: plant height, measured verti-

were obtained from field and herbarium samples and
published sources, including mature height and seed size
as proxies of tree life history; eight shoot-level characters
related to leaf, twig, and inflorescence size; bifurcation
angle and dominance index of the terminal shoot in sap-
lings (Sakai 1987); and estimates of slope and predicted
value (5 elevation) based on 10 allometric analyses of
sapling crown dimensions. (The full data set is available
on request from D. D. Ackerly or see Ackerly 1998a).

Life-History Variables. Maximum height presents an im-
portant axis of life-history variation in forest trees, with
important implications for light environments, physiol-
ogy, and allocation (Givnish 1988; Thomas 1996). Ma-
ture height values were obtained from floras and tree
manuals (Canada Department of Forestry 1963; Ogata
1965; Phillips 1978), and averages were used where mul-
tiple values were reported for a species.

Seed size is an important aspect of tree regeneration
and dispersal biology, and variation among species is as- Figure 1: Measurements of sapling size and crown dimensions
sociated with capacity to survive defoliation and physical utilized for study of sapling allometry. Bivariate allometric rela-
damage, drought, and extended periods in deep shade or tionships derived from these measurements are summarized in

table 1.darkness (Westoby et al. 1996). However, there is not a
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cally from the ground to the highest leaf; SL: primary TA and TP versus CA, providing allometric analogs of
leaf area index and growing tip density, respectively; andstem length, measured along the trunk to the uppermost

growing tip; DM: basal stem diameter, measured at 1/10 TA versus DM, as a measure of leaf area display relative
to stem conductive potential.of stem length; TL: total length of the trunk and all

branches; TP: number of active growing tips (apical meri- Allometric relationships are identified by concatena-
tion of the X and Y variable codes, with an S or P ap-stems) in the crown; CA: projected crown area, based on

the area of an ellipse, where d1 and d2 are the diameter pended to indicate the slope or predicted value, respec-
tively (e.g., CATA-S indicates the slope of the regressionof the crown in the major and minor axes (respectively)

and CA 5 πd1d2/4; CV: crown volume, based on an el- with crown area as the independent and total area as the
dependent variable). All variables were ln-transformed,lipsoid, where d3 is the depth of the foliage and CV 5

πd1d2d3/6; and TA: total leaf area, the product of number and separate regression equations were calculated for
each species. For 44 of the 170 cases (10 relationships 3of leaves and mean individual leaf area.

Allometric analysis was used to assess the trajectory of 17 species), nonlinear regression was used due to sig-
nificant quadratic regression terms. Based on the regres-sapling development and canopy structure and as an

analog of the ratios frequently used to describe plant sions developed for each species, the predicted value of
the Y variable was calculated at the grand mean of the in-form. For example, leaf area index for an individual plant

can be calculated as the ratio of total leaf area to the pro- dependent variable to provide a comparison of the eleva-
tion of the regression lines across species (for nonlinearjected crown area; here we use the allometric relationship

between these traits (leaf area vs. crown area) rather than regressions, the slope was calculated as the first derivative
of the polynomial regression equation, evaluated at thetheir ratio (Coleman et al. 1994). Type I regression was

used for these analyses, with an explicit assignment of a grand mean). For HTCA, the predicted value of CA at
a sapling height of 2.5 m (HTCA@2.5) was calculateddependent and independent variable, due to ease of sta-

tistical analyses, and the parallel to a ratio with numera- instead of HTCA-P, to facilitate direct comparison
with previous studies (King 1990, 1991; Kohyama andtor and denominator. (As discussed below, the r 2’s of

these regressions were generally high, so the choice of re- Hotta 1990). ANCOVA, using linear regression for all
species and designating species as fixed effects, was usedgression model is not expected to alter strongly the re-

sults). Ten allometric relationships were chosen from the to test for significance of differences in elevation and
slope for each relationship.28 pairwise combinations of the eight variables, based on

the following considerations (table 1): CA, CV, DM, SL,
TA, TL, and TP versus height (HT), providing a standard Branch Angles. Sakai (1987) studied canopy form in 20

Japanese Acer species, 14 of which were included in thebasis for comparing canopy development in relation to
sapling growth and vertical position in the understory; present study. He measured the bifurcation angle of the

Table 1: Summary of 10 allometric relationships used in this study

Species r 2 values
Sample Grand mean of

Relationship: X, Y size X variable Mean Minimum Maximum Nonlinear

CA, TA 740 .28 m2 .927 .842 .982 2
CA, TP 794 .29 m2 .910 .806 .982 3
DM, TA 738 8.2 mm .927 .845 .927 5
HT, CA 794 76.9 cm .838 .658 .961 3
HT, CV 780 77.0 cm .888 .769 .976 4
HT, DM 792 76.9 cm .880 .752 .972 9
HT, SL 794 76.9 cm .948 .836 .989 5
HT, TA 740 75.2 cm .871 .795 .969 2
HT, TL 735 75.3 cm .906 .823 .982 5
HT, TP 794 76.9 cm .853 .706 .967 6

Note: Sample size is the total number of all saplings; there were 17 species in all cases. The grand mean of the X variable is the value at which
the elevations of the allometric lines were compared (see text and fig. 4). Values of r2 show mean, minimum, and maximum r2 of the individual
regressions for each allometric relationship across the 17 species. Nonlinear: number of individual species’ allometric regressions that were signifi-
cantly nonlinear (see text). For abbreviations, see figure 1.
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terminal shoot (Bif, the angle between the leader and For H5, (leaf 1 petiole) and (inflorescence 1 peduncle)
length were used to represent the length of the entirethe dominant lateral) and the leader dominance index

(Dom, the length of the leader divided by the sum of the vegetative and reproductive appendages.
Four relationships between leaf size, tree height, andleader and the lateral; it ranges from 0.5 for equal length

branches to almost 1 when the lateral is very short). sapling allometry were examined as a test of whether
these traits vary independently or are linked as suggestedThere was a negative relationship between these two pa-

rameters among the species in his study, and the two val- in the introduction to this article: H6, leaf size versus
crown area (HTCA@2.5, negative); H7, mature heightues were used to parameterize a simple model of canopy

architecture that predicted characteristic differences in versus crown area (HTCA@2.5, negative); H8, leaf area
index (CATA-P) versus crown area (HTCA@2.5, nega-sapling form. For this study, the same variables were

measured for the three North American species (A. pen- tive); and H9, leaf size versus leaf area index (CATA-P,
positive). Hypotheses 6 and 7 test whether crown breadthsylvanicum, A. saccharum, and A. spicatum) and were

combined with Sakai’s published values for comparative in 2.5 m tall saplings is negatively correlated with leaf
size or tree height (Givnish 1988; King 1990, 1991;analysis.
Kohyama and Hotta 1990). Hypothesis 8 tests whether
leaf overlap (total area vs. crown area, the allometricLeaf, Inflorescence, and Seed Size. Leaf, twig, seed, and in-

florescence size were measured from herbarium speci- equivalent of leaf area index) is lower in species with the
putative broad crown, shade persistence strategy (Hornmens, as it was not possible to obtain reproductive mate-

rial for all species in the field. Five specimens of each 1971), and H9 is a corollary of H6 and H8.
Finally, the negative correlation between sapling leaderspecies were selected from the collections of the Harvard

University Herbaria, with at least one complete repro- dominance and bifurcation angle (Sakai 1987) was reana-
lyzed, and the prediction that greater leader dominanceductive shoot present, and the following measurements

were obtained: number of leaf pairs subtending the in- should be correlated with narrower crowns was tested:
H10, leader dominance versus bifurcation angle (nega-florescence; basal twig diameter at the bud scars below

the current year growth; leaf length, leaf width, and peti- tive); and H11, leader dominance versus crown area
(HTCA@2.5, negative).ole length on a representative leaf; inflorescence length

(from the first branch to the most distal fruit); and pe-
duncle length. In studies of leaf energy balance, effective

Comparative Methods
leaf size (the diameter of the largest circle that can be in-
scribed in the leaf outline) is more relevant than total Three types of comparative analyses were conducted for

this study: the quantitative convergence index (QVI, seesize (Horn 1971; Givnish 1978). In this study, we utilized
leaf length and individual leaf area, which are more ap- below) was used to quantify levels of convergent evolu-

tion for each trait, based on the hypothesized phylog-propriate for light interception and the study of shoot al-
lometry. eny(ies); comparisons of pairs of traits, using indepen-

dent contrasts, were conducted to test for correlated
evolutionary change, based on a priori hypotheses as de-

A Priori Hypotheses
scribed above; and a multivariate analysis was conducted
based on principal components analysis of independentA set of 11 prior predictions was chosen for explicit tests

of correlated evolution among the characters available in contrasts to determine the primary constellations of co-
evolving traits among these species. Sensitivity analysesthis study; the direction of the predicted relationships

was specified (positive/negative) to allow one-tailed sig- were conducted for all analyses, by examining the range
of outcomes over two sets of trees (cf. Richman and Pricenificance testing, and sequential Bonferroni correction

was employed to maintain table-wide α 5 0.05 error lev- 1992; Losos 1994; Donoghue and Ackerly 1996; Martins
1996; Abouheif 1998): a set of 16 equally parsimoniousels (Rice 1989). All analyses were based on correlations,

as it is impossible to designate dependent and indepen- trees resulting from the phylogenetic analysis, and a set
of 1,000 random trees generated by the MacClade equi-dent traits from a biological perspective.

Five relationships arising from Corner’s rules were ex- probable trees algorithm (Maddison and Maddison
1992). The Macintosh software program ACAP (Ackerlyamined: H1, twig thickness versus growing tip density per

unit crown area (CATP-P, negative); H2, twig thickness 1998b) was used for all analyses. ACAP calculates inde-
pendent contrasts, ahistorical and contrast correlationsversus shoot leaf area (positive); H3, twig thickness versus

individual leaf area (positive); H4, twig thickness versus between pairs of traits and values of QVI, and conducts
significance testing of QVI based on randomization ofinflorescence length (positive); and H5, leaf 1 petiole

length versus inflorescence 1 peduncle length (positive). trait values and/or trait changes; it also facilitates sensi-
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tivity analyses by allowing batch processing of analyses based randomization methods, to test for levels of homo-
plasy greater or less than expected by chance (cf. Maddi-over multiple phylogenies, using slightly modified

‘‘nexus-format’’ files generated by PAUP (Swofford 1993) son 1990). The set of evolutionary changes for each trait
was calculated from the trait values reconstructed by lin-or MacClade (Maddison and Maddison 1992).
ear parsimony, based on the differences between basal
and apical nodes of each branch. Trait evolution wasSingle Character Analyses. For each of the 32 traits, linear

parsimony methods, which minimize the sum of recon- then simulated by selecting changes from this set and
randomly assigning them to the branches of the tree,structed changes over the entire tree (Swofford and Mad-

dison 1987), were used to calculate the minimum generating a set of trait values among terminal taxa. Sim-
ulations were repeated 1,000 times, calculating QVI foramount of evolutionary change (L) for each trait over the

phylogeny (this is the equivalent for continuous charac- each run, in order to calculate mean QVI and two-tailed
critical values (α 5 0.05) to test for significant conservedters of the minimum number of steps for a discrete char-

acter). For continuous traits, the algorithms for these re- and convergent trait evolution, relative to the null model.
Results reported here are based on MINSTATE recon-constructions are identical to those for ordered, discrete

traits. We define a new index, the quantitative conver- structions (Maddison and Maddison 1992) and sampling
of changes with replacement; the use of MAXSTATE re-gence index (QVI), to quantify the amount of convergent

evolution in each trait. The QVI is based on methods for constructions and sampling without replacement did not
alter the outcomes. We also examined randomizations ofordered, discrete traits and is equivalent to 1—Retention

Index (RI; Farris 1989; see review in Archie 1996). It is the original trait values across the tips of the tree, rather
than randomizing reconstructed changes. However, thiscalculated as:
approach does not incorporate the phylogenetic structure

QVI ik 5
Lik 2 mi

Mi 2 mi

, (1) inherent in trait evolution (T. Garland, personal commu-
nication), resulting in a null expectation of very high lev-
els of convergent evolution.where Lik is the tree length of character i on tree k, and

Mi and mi are the maximum and minimum amounts of Calculation of Independent Contrasts. Phylogenetic inde-
change, respectively, given the same set of trait values pendent contrasts (Felsenstein 1985b) were calculated in
over any conceivable phylogeny. These are calculated as: order to test for patterns of correlated evolutionary

change among particular pairs of traits and among the
entire suite of traits using principal components analysis.Mi 5 ^

N

j51

|Xij 2 Xmedian(i)| (2)
Independent contrasts are calculated as the difference be-
tween the trait values of sister taxa (at either terminal or

and
internal nodes; N taxa provide N 2 1 contrasts), provid-

mi 5 Xmax(i) 2 Xmin(i) , (3) ing a measure of evolutionary divergence in a trait that is
independent of the divergence taking place among all

where Xij is the trait value for character i and terminal
other pairs of sister taxa. In order to meet the assump-

taxon j, N is the number of terminal taxa, and Xmax(i), tions of parametric statistics, independent contrasts are
Xmin(i), and Xmedian(i) are the maximum, minimum, and

usually standardized by dividing them by the standard
median values, respectively, for trait i over all terminal

deviation of the expected amount of change along each
taxa (Swofford and Maddison 1987). QVI varies from 0,

branch (the branch length; Garland et al. 1992). How-
for a trait in which phenotypically similar species are also

ever, the determination of appropriate branch lengths is
closely related, to 1, for a trait in which similar species

difficult, as it depends on the specification of an appro-
are distantly related and convergent evolution is max-

priate model of trait evolution (Garland et al. 1992). For
imized (cf. Maddison and Maddison 1992). In addition,

the results reported here, contrasts were calculated on the
for ln-transformed trait values, Li provides a directly

basis of equal branch lengths; branch lengths based on
comparable measure of the amount of evolutionary

Grafen’s (1989) clade diversity method, on topological
change, as each change of one unit is equivalent to a pro-

node depth, and on trait changes calculated with
portional change of 2.718 times in the absolute trait

squared-change parsimony (Maddison 1991) were also
value. As all traits were evaluated over the same phylog-

examined, but in each case results were quite similar to
eny, differences in the total amount of evolution corre-

those reported here (results not shown).
spond to differences in mean rate of change among traits,
though the total amount of evolutionary time repre- Pairwise Trait Correlations. The Pearson correlation coef-

ficient was calculated from the species data, without con-sented on this phylogeny is not known.
Significance of QVI was examined using parsimony- sidering the phylogeny, as a descriptive statistic measur-



774 The American Naturalist

ing the degree of association between the traits among with weak support for deeper nodes. In order to select a
tree for illustration, the parsimony analysis was repeatedcontemporary taxa (AC 5 ahistorical correlation). To

test the hypothesis of correlated evolution between pairs with the ambiguous alignment region included; this re-
sulted in two equally parsimonious trees of length 707,of traits, correlations of independent contrasts (CC 5

contrast correlation or evolutionary correlation) were both of which were among the 36 trees found in the ini-
tial analysis. The consensus of these two trees, with boot-calculated using the coefficient of correspondence (a cor-

relation analysis forced through the origin, because the strap (N 5 100) and decay values for each node (based
on the entire sequence data set), is shown in figure 2. Allsign of the contrasts of each pair of data points is arbi-

trary; see Garland et al. 1992 for details of computation). branches with decay values 5 1 collapse in the strict con-
sensus of the 36 trees found in the initial analysis. TwoCC in this article corresponds to the FL1P statistic in

Martins and Garland (1991). Exact significance values for additional species that were included in field sampling,
but from which we were unable to obtain ITS sequences,CC results, which were needed for Bonferonni correc-

tions, were determined by Monte Carlo simulation, based were added to the phylogeny based on morphological
taxonomy: A. amoenum was added as the sister taxon ofon 1,000 randomizations of independent contrast values,

to obtain null distributions for the coefficient of corre- A. palmatum (these are considered subspecies by van
Gelderen et al. 1994), and A. tenuifolium was added asspondence. Alternative null models that incorporate phy-

logenetic structure into the randomization process are the sister taxon of A. shirasawanum (these are also con-
sidered subspecies by van Gelderen et al. 1994 and werecurrently under development (T. Garland, personal com-

munication). identified as sister taxa in a morphometric analysis by
Chang 1991). Note that the placement of these taxa,
while based on morphological criteria, was not influ-Principal Components Analysis. Finally, patterns of multi-

variate correlated evolution were examined using Princi- enced by the ecological and allometric traits analyzed
here.pal Components Analysis (PCA, DataDesk 5.0; Velleman

1995), with independent contrasts as the raw input data. The results of our phylogenetic analysis are consistent
with many aspects of Acer morphological systematics butBecause the sign of each contrast is arbitrary, the con-

trasts corresponding to each node were entered into two suggest several novel relationships. Three well-supported
clades in this analysis correspond to sections Palmata,data rows, with the signs reversed in the second entry.

This is a simple technique to guarantee that the principal Rubra, and Platanoidea (van Gelderen et al. 1994). The
species of section Macrantha fall into two lineages, corre-components axes will pass through the origin, as re-

quired for independent contrasts. The loadings from the sponding to the series Tegmentosa and Micrantha pro-
posed by Pojárkova (1949); these are directly linked inunrotated factor matrix were used to identify the suites

of coevolving characters associated with the first two trees requiring one additional step. The relationships be-
tween sections Rubra and Acer (including A. saccharum)principal components.
and between A. macrophyllum and section Platanoidea
were suggested by Mai (1984). In contrast, the connec-Results
tions between A. distylum and A. ginnala, and between A.

Phylogenetic Analysis
spicatum and A. negundo, have not been previously sug-
gested. Our analysis also strongly supports the placementPreliminary analyses were conducted using all taxa, ITS

sequence positions and indels, with and without the re- of A. oblongum within section Palmata (cf. Cho et al.
1997). Four of the six pairs of duplicate accessions (A.gion of ambiguous alignment, using Vicia, Gossypium,

and Hibiscus for rooting purposes. These analyses re- buergerianum, A. platanoides, A. spicatum, and A. gin-
nala) were strongly supported as monophyletic, while insulted in a total of 61 trees, and in the strict consensus of

these trees all Acer species formed a clade (united by 10 two cases the accessions did not appear together. In the
case of A. mono, this may reflect extensive intraspecificunambiguous synapomorphies), with Dipteronia as the

sister group. In all subsequent analyses, only Dipteronia variation and difficulty in establishing species limits in
section Platanoidea. The separation of A. japonicum ac-was included for rooting purposes.

Parsimony analysis of the Acer ITS data set, excluding cessions requires further attention; for our comparative
analyses we chose our accession (number 1) because it isthe region of ambiguous alignment and including the in-

del characters, resulted in 36 equally parsimonious trees of Japanese origin and because the voucher specimen was
available to us. Many of the deeper nodes in our ITSof length 623 and CI 5 0.58. The strict consensus of

these trees indicates consistent support for several higher trees were weakly supported, highlighting the importance
of sensitivity analyses that incorporate phylogenetic un-level lineages (e.g., sections Palmata and Platanoidea),



Figure 2: Consensus of two most parsimonious ITS trees representing 34 Acer species and Dipteronia sinensis (accession informa-
tion is provided in appendix; accessions marked with * were obtained from GenBank). Numbers above and below branches are
bootstrap (N 5 100) and decay values, respectively; unlabeled branches had bootstrap ,50 and decay 5 1. Taxonomic sections
and series, following van Gelderen (1994), are listed on the right, with the total number of species in parentheses. Series Micrantha
and Tegmentosa of section Macrantha were recognized by Pojárkova (1949) but were not included in van Gelderen et al. (1994).
ITS sequences were not obtained for two species included in our comparative studies (A. amoenum and A. tenuifolium; see the
dashed branches), and these were added based on morphological taxonomy (see text). Four sections with a total of 10 species
(Wardiana, Trifoliata, Hyptiocarpa, and Pubescentia) were not represented in the analysis.
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Figure 3: Tree number 1 of 16 most parsimonious trees for the 17 taxa included in the comparative study of canopy architecture.
Evolution of leaf size (ln-transformed) is illustrated on this tree, based on linear parsimony. For nodes with a range of values,
there are alternative solutions to the linear parsimony algorithm spanning this range. Thickness of branches indicates decrease, no
change, or increase in leaf size, based on the lower limit (MINSTATE) of the parsimony reconstructions of ancestral states (ob-
tained from MacClade, Maddison and Maddison 1992). The minimum amount of evolutionary change under linear parsimony is
8.33 ln units, corresponding to a 4,000-fold cumulative change in leaf size over the phylogeny (see text).

certainty. Definitive answers to many questions in Acer magnitude between species (table 2: characters 1–13).
For all traits in which intraspecific variation was availablesystematics await further study with additional genes and

taxa. to permit statistical testing, differences between species
means were highly significant (ANOVA results notFor our comparative analyses, the 36 trees obtained in

the analysis described above were pruned to show only shown). Figure 4 illustrates intraspecific allometric rela-
tionships, in this case the regression of growing tip num-the 17 species for which we obtained morphological mea-

surements. After pruning, there were 16 topologically ber on crown area for four species with contrasting tip
density. Elevation of each regression line was calculateddistinct trees. Figure 3 shows the first of these 16 trees;

this corresponds to one of the two trees supported by the at the grand mean X value, indicated by the vertical
dashed line. For the entire study, the r 2 of the individualentire sequence data set and is designated tree number 1

for illustration. All analyses were conducted over the en- species regressions ranged from 0.658 to 0.989, and the
mean r 2 for the 10 allometric relationships ranged fromtire set of 16 trees to assess the sensitivity of the results

to phylogenetic uncertainty. 0.841 to 0.948 (table 1). The elevation values are ex-
pressed in the units of the respective Y variables (ln-
transformed), so comparisons of the absolute values

Interspecific Character Variation
across the different relationships are not meaningful. The
slopes express the allometric coefficients for each rela-Size related traits at the leaf, inflorescence, and branch

level exhibited at least a fourfold range of variation, and tionship (table 2). Values range from around 1, for iso-
metric relationships in which the two variables increaseboth seed size and leaf size varied by over an order of
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(A. palmatum and A. pensylvanicum) were paired, and so
on to construct the overall phylogeny (Maddison and
Maddison 1992). The reconstructed evolution of leaf size
on tree number one (L9,1) was 8.33 ln units, correspond-
ing to a 4,000-fold cumulative change over all lineages.
Therefore, QVI9,1 5 0.87, suggesting a very high level of
convergent evolution in leaf size. The null expectation of
QVI based on 1,000 randomizations of reconstructed
evolutionary changes in leaf size on tree number 1
(QVI9,R1) was 0.48 (60.186 SD), and the observed value
of 0.87 was significant relative to the null distribution at
P 5 .036. Values of QVI over the 16 parsimonious trees
ranged from 0.62 to 0.98, indicating that estimates of
convergence are highly sensitive to alternative trees. Over

Figure 4: Illustration of allometric relationships for growing tip the 1,000 random trees, QVI ranged from 0.46 to 1, with
number (TP) versus crown area (CA) for four species with con-

a mean of 0.83 (60.11 SD).
trasting tip density. The dotted line indicates the weighted

Table 2 provides summary statistics for the evolutionmean value of crown area for all species, where the elevation of
of all 32 traits. Overall, the convergence index (QVI i ,1)each allometric regression was calculated to determine CATA-P.
ranged from 0.35 (for bifurcation angle) to 1 (for petioleThe r2 for the four relationships illustrated here were (top to
length and the number of leaf pairs per shoot), withbottom) 0.982, 0.970, 0.895, and 0.820.
an average of 0.72, based on tree number 1. Values based
on randomized trait changes (QVI i ,1 R1) ranged from

in proportion to each other (e.g., HTDM, stem diameter 0.36 to 0.49, with an average of 0.45. Seven traits (includ-
vs. height), to around 3, indicating that the dependent ing mature height and leaf size; see table 2) exhibited sig-
variable increases in proportion to the third power of the nificantly elevated convergence, but no traits were
independent variable (e.g., HTCV, crown volume vs. significantly conserved, based on a two-tailed, P 5 .05
height). ANCOVA (not taking into account nonlinear re- significance level. However, for all 32 traits, there was a
lationships) indicated that there were highly significant wide range of QVI values over the 16 parsimonious trees,
differences among species in both the slope and elevation and there was no case where significant trait convergence
of all 10 relationships. Due to the significant differences was observed across all of the alternative trees. Means
among slopes, differences in the elevation of the species and standard deviations of QVI over 1,000 random trees
regressions may not be maintained over the entire range were much higher than those for the randomized
of the independent variables. changes, and in fact were identical to the values obtained

by randomizing trait values themselves across the tips of
a single phylogeny (results not shown). Minimum and

Character Evolution and Homoplasy
maximum values of QVI over random trees ranged from
#0.5 to 1 in all cases, again illustrating the enormousThe calculation of minimum, maximum, and recon-

structed amount of evolutionary change, under linear importance of the phylogenetic hypothesis for estimating
levels of convergent evolution.parsimony, is illustrated for leaf size (fig. 3; character 9

in table 2). Among the 17 species included in this study, Minimum, maximum, and reconstructed amounts of
change can be compared among traits measured in simi-mean individual leaf area (ln-transformed) ranged from

2.97 (ln[19.5 cm2]) in A. tenuifolium to 5.43 (ln[227 lar units or on a proportional scale as provided by ln-
transformed data. For the 19 ln-transformed size traitscm2]) in A. nipponicum. The minimum amount of evolu-

tion that could account for this variation (mi, eq. [1]) is (including the predicted values of the allometric relation-
ships) the minimum amount of evolution (mi), rangedthe range of values, equal to 2.46 or a 12-fold range in

leaf size. The maximum amount of change (Mi, eq. [2]) from 0.42 (1.5-fold, for HTSL-P) to 3.73 (41.6-fold, for
HTTP-P). The reconstructed amount of evolutionarythat could have occurred given the observed leaf size

value is 10.43, corresponding to cumulative changes of change on tree number 1 (Li ,1) ranged from 1.13 (3.1-
fold, again for HTSL-P) to 13.02 (4.5 3 105–fold, again34,000-fold. This maximum change, representing the

highest possible level of convergent evolution, would be for HTTP-P). Among these 19 traits, there was no corre-
lation between QVI i ,1 and Li,1 (R 5 20.035, P . .5), theobserved on a phylogeny in which the species with the

most disparate leaf sizes (A. tenuifolium and A. nipponi- level of convergent evolution, and the amount of evolu-
tionary change, respectively. For the slopes of the 10 allo-cum) were sister taxa, then the next most disparate taxa
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Table 3: Tests of 11 predictions of correlated character evolution in species of Acer

Alternative parsimonious trees

Tree no. 1 (fig. 3) CC Over 1,000 random trees, CCRTNumber
Test Trait 1 Trait 2 Pred AC CC P Minimum Maximum Significant X (6SD) Minimum Maximum

H1 TCSA CATP-P 2 2.936 2.924 ,.001** 2.935 2.920 16 2.935 (6.018) 2.974 2.863
H2 TCSA ShLA 1 .946 .943 ,.001** .931 .955 16 .944 (6.016) .878 .978
H3 TCSA IndLA 1 .889 .885 ,.001** .882 .909 16 .888 (6.030) .728 .952
H4 TCSA Infl 1 .621 .590 .010a .484 .657 11 .617 (6.085) .278 .857
H5 LfPt InflPd 1 .680 .742 ,.001** .663 .769 15 .677 (6.074) .373 .871
H6 IndLA HTCA@2.5 2 2.316 2.123 .235a 2.137 2.015 0 2.312 (6.124) 2.698 .102
H7 MatHt HTCA@2.5 2 2.195 2.453 .060a 2.453 2.223 0 2.190 (6.122) 2.564 .224
H8 CATA-P HTCA@2.5 2 .113 .083 .488a .040 .186 0 .109 (6.136) 2.371 .542
H9 IndLA CATA-P 1 .614 .718 .001* .718 .803 16 .611 (6.082) .324 .832
H10 Bif Dom 2 2.796 2.287 .088a 2.407 2.025 0 2.793 (6.053) 2.924 2.537
H11 Dom HTCA@2.5 2 2.450 2.120 .330a 2.190 .078 0 2.449 (6.112) 2.759 .007

Note: Character abbreviations follow table 2. Pred: direction of the predicted correlation. AC: ahistorical correlation. CC: correlation of inde-
pendent contrasts based on the phylogeny shown in figure 3. P: one-tailed significance of CC calculated by randomization. Critical values for
significance testing based on sequential Bonferroni correction (Rice 1989); N 5 17 for all tests. CC, minimum and maximum: minimum and
maximum values of CC over 16 alternative phylogenies. Number significant: number of significant CC correlations over 16 alternative phylogenies,
based on randomization tests. CCRT: X (6SD), minimum, and maximum values of CC calculated over a set of 1,000 randomly generated trees.

a Not significant; P . corrected critical value.
* P , corrected value.
** P , 1/10 of corrected value.

metric relationships, mi ranged from 0.17 (1.18-fold, for and crown breadth (H7, fig. 5E, F). For the first nine
tests, the ahistorical correlations (AC) were generallyCATA-S) to 1.4 (4.0-fold, for HTTL-S), and Li ranged

from 0.64 (1.6-fold, again for CATA-S) to 3.8 (45-fold, comparable to the evolutionary correlations (CC) re-
sulting from the comparative analysis.for HTTP-S). There was a positive but nonsignificant

correlation between QVI i ,1 and Li ,1 (R 5 0.40, P , .3). The negative correlation between leader dominance in-
dex and bifurcation angles (H10), as reported by Sakai
(1987), was strong for the ahistorical analysis (AC 5

Pairwise Trait Correlations
20.796), but the magnitude of the correlation was mark-
edly reduced in tests of independent contrasts, and theSignificant correlations were observed for five of the 11 a

priori tests, based on independent contrasts calculated on contrast correlation (CC 5 20.287) was not significant
(fig. 5G, H). Leader dominance was not correlated withtree number 1 (table 3). Correlations related to Corner’s

rules were significant as predicted (H1–H3, H5): positive crown breadth (H11). The reduction in the magnitude of
these correlations occurred because a low dominance in-correlations between twig thickness and both shoot leaf

area (fig. 5A, B) and individual leaf area; a negative cor- dex and high bifurcation angles were observed only in A.
carpinifolium and in the five species of section Palmata;relation between twig area and density of growing tips; a

positive correlation between the length of vegetative and consequently, marked evolutionary change was concen-
trated in only two divergence events, subtending thesereproductive appendages (leaf 1 petiole vs. inflorescence

1 peduncle) (fig. 5C, D). The correlation between twig taxa, providing weak evidence for a statistical association
in the evolutionary changes of these traits. The strongthickness and inflorescence length (H4, CC 5 0.59) was

not significant on tree number 1 following Bonferroni evolutionary conservation of these two traits is confirmed
by their low values of the QVI (0.37 and 0.35, respec-correction, but was significant on 11 of the 16 alternative

phylogenies. In addition, there was a highly significant tively; table 2).
Sensitivity analyses indicated that the results of thesepositive correlation between leaf size and leaf area index

(H9). In contrast to predictions based on previous studies tests were generally robust over the set of 16 parsimoni-
ous trees; the minimum and maximum values of CCof allometry and tree life history, there was no correla-

tion between leaf size and crown breadth (H6) or be- measured over the alternative trees were generally within
0.1 of the value on tree number 1. Significant results re-tween crown breadth and leaf area index (H8), and only

a weak, nonsignificant correlation between tree height mained significant over at least 11 of the 16 alternative



780 The American Naturalist

trees, and the nonsignificant results were nonsignificant
over all alternatives (table 3). In contrast, a wide range
of evolutionary correlations was observed over the 1,000
random trees, in particular for correlations that were ini-
tially lower in magnitude. For example, for H6 the CC on
the parsimonious trees ranged from 20.14 to 20.02, but
on the random trees the corresponding range was 20.70
to 0.1. This wide range illustrates that alternative phylog-
enies do exist that lead to markedly different conclusions
regarding some of these tests. Furthermore, the mean
value of CC calculated over the 1,000 random trees was
virtually identical to AC, the ahistorical correlation in the
absence of a phylogeny. In other words, the mean corre-
lation over all possible phylogenies is equivalent to the
correlation in the absence of any phylogenetic informa-
tion, suggesting that random trees provide little guidance
in estimating evolutionary correlations (Abouheif 1998;
cf. Martins 1996).

Character Constellations: Principal Components Analysis

Principal components analysis of independent contrasts
provides an overall picture of multivariate patterns of
correlated evolution among traits (Bauwens et al. 1995;
cf. Faith and Belbin 1994). The first and second axes of
the PCA explained 39% and 17%, respectively, of the
variation in the independent contrasts for the 32 traits in
this study. The variation explained by each axis and the
weightings of individual characters were quite similar for
contrasts calculated over all 16 alternative trees, and the
results in figure 6 show the mean (61 SE) of the unro-
tated factor scores for each trait on the first two axes.

The first axis reflected Corner’s rules, with very strong
positive covariation among twig thickness, shoot leaf
area, leaf size, and, to a lesser extent, both inflorescence
length and seed size (fig. 6). These traits were negatively
associated with number of growing tips per unit crown

Figure 5: Illustrations of pairwise correlations between traits for
area and height (CATP-P, HTTP-P), total shoot length

species values (AC correlations, on left), and corresponding
versus height (HTTL-P), and main stem length versusplots for independent contrasts (CC correlations, on right). A,
height (HTSL-P; i.e., large-leaved species had more verti-B, H2, twig cross-sectional area versus shoot leaf area; C, D, H5,
cally oriented saplings). The second axis of variation in-leaf 1 petiole length versus inflorescence 1 peduncle length; E,
volved covariation in sapling crown dimensions; 12 ofF: H7, mature height versus crown area of 2.5-m-tall saplings
the top 15 variables associated with this axis were allo-(in F, the outlier in the lower right is the contrast between A.

saccharum and A. carpinifolium; if this point is excluded CC de- metric parameters. The four most important traits were
clines to 20.13); G, H, H9, bifurcation angle versus leader dom- HTDM-P, HTTA-P, HTCV-P, and HTCA@2.5, all with
inance index. Correlation coefficients correspond to results in negative scores, indicating covariation in stem diameter,
table 3. All traits in A–F were ln-transformed, and original crown area, crown volume, and total leaf area in saplings
measurement units are listed in table 2. of equivalent height. Seed size was positively associated

with the first axis, and negatively with the second. Ma-
ture height was positively associated with both axes, but
the individual loading factors were lower than those for
seed size. This reflects the weak negative relationship, as
discussed above (H7), between sapling crown size and
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Figure 6: Arrangement of 32 traits in this study along first two principal components axes, constructed from independent con-
trasts. Points represent the mean factor loading (61 SE) resulting from analyses over 16 alternative parsimonious phylogenies. Axis
1 (37% of the variation) corresponds to Corner’s rules with associations among twig thickness, shoot leaf area, tip density, and
related traits. Axis 2 (17%) reflects evolution of sapling allometry, particularly crown breadth, canopy leaf area, and trunk diame-
ter, for saplings compared at a similar height. Trait abbreviations follow table 2, figure 1, and text.

species stature. Contrast correlations between individual size and inflorescence size (we examined leaf 1 petiole
and inflorescence 1 peduncle length as these are moreleaf size and HTDM-P were positive and significant over

eight of the 16 parsimonious trees, indicating a possible indicative of the space these appendages occupy in the
crown). There was also a very strong negative correlation,relationship between leaf size and trunk diameter; no

other correlations between leaf size and these four allo- corresponding to Corner’s first rule, between twig diame-
ter and branching density, which we determined frommetric parameters were significant. As discussed below,

the second axis of the PCA may be related to sapling the allometry of number of growing tips in relation to
sapling height and crown area. These results confirm pre-shade tolerance, though the evidence is not conclusive.
vious studies addressing twig thickness, leaf size, and
branch density (e.g., White 1983a) and regarding the as-Discussion
sociations between leaf and inflorescence size (Midgley

Allometry of Leaf, Twig, and Inflorescence Size
and Bond 1989). The evolution of larger leaves, thicker
twigs, and sparser branching was also correlated withThe most striking patterns in the evolution of canopy

structure in Acer involve the constellation of traits associ- greater seed size and, to a lesser extent, with maximum
tree height (fig. 6).ated with Corner’s rules (the first axis of the PCA re-

sults). The strongest relationship was the positive correla- Early work on branch and appendage size in plants fo-
cused on developmental constraints and ontogenetiction between twig diameter and shoot leaf area (leaf

number 3 individual leaf size); significant positive corre- changes related to meristem size, which would result in
large inflorescences and leaves on large shoots (Sinnottlations were also observed between twig diameter and

both individual leaf area and inflorescence length, corre- 1921; Troll 1937, 1939; see discussion in Chazdon 1991).
However, there are various exceptions of plants withsponding to Corner’s second rule regarding the size of

appendages (Hallé et al. 1978). Consequently, there was large axes producing narrow, often strap-like leaves (e.g.,
some Espeletia species), suggesting that meristem sizealso a positive correlation between the evolution of leaf
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may put an upper limit on leaf size, but not a lower not shown). Thompson and Rabinowitz (1989) hypothe-
sized that in species with wind-dispersed seeds (such aslimit. A variety of adaptive explanations have also been

considered (White 1983a; Primack 1987; Chazdon 1991), Acer), larger plants would potentially have larger seeds
because the greater height of release would compensateincluding the following: twig thickness should scale with

the total mass of leaves and reproductive structures to for the reduced dispersability of the larger seed. Rees
(1996) found a significant correlation (based on the anal-maintain biomechanical stability under the stress of

weight and wind (Niklas 1993, 1994); larger leaf area re- ysis of independent contrasts) between seed size and
plant height in wind-dispersed species of the Sheffieldquires greater xylem area for supply of water, also leading

to a larger twig (Shinozaki et al. 1964); and if the leaves flora, but not in animal-dispersed ones, supporting this
hypothesis.on a branch are the primary carbon source for fruit mat-

uration, then leaf size (scaled by photosynthetic rate)
may be directly related to inflorescence size and total

Sapling Allometry and Tree Life History
fruit mass (Primack 1987). It is likely that all of these fac-
tors play a role, depending on the particular environ- The traits associated with the second PCA axis are all re-

lated to the allometry of sapling crown dimensions, in-mental and life-history characteristics of different groups
of species, but critical tests to distinguish their relative cluding positive correlations among total leaf area, pro-

jected crown area, and trunk diameter (the pairwiseimportance have not been conducted.
In addition, none of the hypotheses above explain the contrast correlation for HTTA-P and HTDM-P was

0.75). These are precisely the traits that various authorscorrelation of leaf and branch size with branching den-
sity. The number of growing tips on a plant limits the have suggested are related to dynamic strategies of light

harvesting in the forest understory (Kohyama 1987;number of locations for production of both leaves and
inflorescences (particularly if inflorescences are terminal Kohyama and Hotta 1990; Givnish 1988; King 1990,

1991). Species with broad crowns (relative to height)on the branches). As a result, there may be simultaneous
size/number trade-offs for leaves and inflorescences in maximize current light harvesting in the shade; those

with narrow crowns reduce light interception but max-relation to whole plant leaf area and reproductive output,
respectively (cf. Venable 1996). Thus strong selection on imize the opportunity to exploit increases in light avail-

ability associated with gap formation (Kohyama andeither leaf size or inflorescence size could drive the evolu-
tion of this constellation of characters. Inflorescence size Hotta 1990; cf. Sakai 1995). On the basis of our quantita-

tive results alone, we cannot identify the life-history sig-and number can influence both male and female repro-
ductive success, depending on pollination mechanisms nificance of this variation. However, based on knowledge

of the individual species ecology, it does appear thatand breeding system (Schoen and Dubuc 1990; Fishbein
and Venable 1996). In the dioecious South African genus crown size is related to shade tolerance. (Note that here

we address trait values in the terminal taxa, rather thanLeucadendron, Bond and Midgley (1988) observed
marked sexual dimorphism in inflorescence size, twig the independent contrasts that are the inputs to the

PCA.) Four of the five species with smallest canopy leafthickness, and leaf size and suggested that the dimor-
phism is the result of sexual selection on floral display area, A. crataegifolium, A. mono, A. micranthum, and A.

saccharum, are understory to canopy species that growand pollination success. Acer exhibits a complex array of
breeding systems (de Jong 1976) and pollination biology rapidly in gaps and either reproduce at small stature

(Ogata 1965; D. Ackerly, unpublished observations) or(Matsui 1991). It is possible that the evolution of these
reproductive traits, and their effects on inflorescence size, reach maturity in the canopy after several gap opening

and closure events (Canham 1985; Peters et al. 1995).have been important factors in the evolution of leaf size
and canopy architecture, but we do not have direct evi- The five species with the largest canopy leaf area are A.

shirasawanum, A. tenuifolium, A. carpinifolium, A. japoni-dence for this hypothesis at this point.
Seed size and maximum tree height in Acer were also cum, and A. pensylvanicum, all considered moderately to

strongly shade tolerant (e.g., Ogata 1965; Hayashi 1969;positively correlated with twig diameter and associated
traits (fig. 6, pairwise correlations not shown). Positive Hibbs and Wilson 1980). Correlations with leaf thickness

provide additional, though weak, support for this inter-interspecific correlations between seed size and leaf size
have been reported in several genera (Primack 1987; pretation. In temperate species, leaves are generally thin-

ner in more shade-tolerant species (Givnish 1988; Nii-Andersson 1993), but these relationships have not figured
prominently in the literature on the comparative ecology nemets and Kalevi 1994; but see Reich et al. 1992). For

12 of the species in this study, which were also includedof seed size (e.g., Westoby et al. 1996). Seed size in Acer
was also positively correlated with species height (pair- in Powers’s (1967) study of leaf thickness in Aceraceae

species growing in a common environment, the correla-wise correlation based on independent contrasts, results
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tion between leaf thickness and total crown leaf area rated photosynthetic rate. These traits are also associated
with whole plant allocation patterns and seedling growth(HTTA-P) was 20.4 (not significant based on this small

sample size), suggesting that broad crown species have rates (Reich et al. 1992) and with light environments in
forest tree species (e.g., Williams et al. 1989). However,thinner leaves. Based on these considerations, we tenta-

tively conclude that the second PCA axis is associated leaf size was not correlated with these functional traits
(P. Reich, personal communication), again suggestingwith shade tolerance, supporting earlier studies of the

importance of sapling allometry in relation to forest tree that leaf size evolution may be largely independent of
these regeneration-related characteristics and that morelife history.

The importance of these results is that the first and attention must be paid to the allometric relations among
leaf size, inflorescence size, branch thickness, and branch-second axes of the principal components analysis are, by

definition, orthogonal and independent of each other. ing density.
There was no correlation between leaf size and crown
area, and only weak negative correlations of crown area,

Variation and Convergent Evolution
canopy leaf area, and stem diameter with tree height and
seed size (results not shown). If the second axis is in fact In this study, we have introduced the quantitative con-

vergence index (QVI), a parsimony-based method de-connected to shade tolerance, this means that the evolu-
tion of leaf size and seed size are largely independent of rived from the consistency and retention indices (Farris

1989; Archie 1989, 1996), to evaluate levels of convergentshade tolerance in Acer. This runs counter to the view
that high light environments favor smaller leaves, but in evolution (i.e., homoplasy) in continuous ecological and

morphological characters. We have introduced QVI tofact the relationship between leaf size and light environ-
ments is highly variable. Within species, smaller leaves distinguish its application to continuous characters and

to emphasize our interest in evolutionary convergenceare almost always observed in high light, due to direct re-
sponses to environment (except in very deep shade as rather than the ‘‘retention’’ or ‘‘consistency’’ of traits on

a phylogeny. For continuous characters, it is not possibleoverall growth declines). Across species, patterns are less
consistent. In forest herbs, Givnish (1987) demonstrated to map discrete instances of character change or homo-

plasy onto the phylogeny, but the total amount of evolu-that spring ephemerals, which experience high light be-
fore canopy closure, have smaller leaves than summer- tionary change (analogous to number of steps) can be

calculated based on either linear (Swofford and Maddi-growing species. However, in temperate woody plant spe-
cies, Niinemets and Kalevi (1994) found only a very weak son 1987; fig. 3) or squared change parsimony (Maddi-

son 1991). We have chosen linear parsimony methodsnegative correlation between leaf size and growth light
levels. In tropical forest trees, a wide and largely overlap- due to the simplicity of calculating minimum and maxi-

mum tree lengths; we do not suggest that this providesping range of leaf size is observed across early and late
successional species; in fact, the largest and smallest an intrinsically superior model of trait evolution.

QVI ranged from a low of 0.35 for leader bifurcationleaved species in tropical forests are often found among
high light, early successionals (Ashton 1978; cf. Ackerly angle to a high of 1 in petiole length and number of leaf

pairs per shoot. Traits related to Corner’s rules (twig1996). The large-leaved species are apparently found on
sites with higher moisture and soil fertility (T. Givnish, area, leaf size, etc.) and the life-history traits seed size

and mature height all had relatively high QVI values,personal communication) and possibly with less wind (P.
Ashton, personal communication), but these patterns suggesting high levels of convergent evolution. The low-

est values were observed for the shoot bifurcation anglehave not been carefully examined.
Overall, the results of this study suggest the relatively and dominance index, inflorescence length, and several

allometric traits (including some associated with the sec-independent evolution of two suites of traits in Acer, one
related to leaf size and twig thickness, and the other in- ond axis of the PCA). The low QVI for bifurcation angle

and shoot dominance reflects the evolutionary shift involving various aspects of sapling allometry. Maximum
height and seed size are more strongly associated with the branching architecture shared among species in section

Palmata. Growth in these species is determinate andfirst set of traits, while shade tolerance and regeneration
ecology may be more closely correlated with the second. sympodial, as the apical meristem either flowers or aborts

at the end of the growing season and lateral branches ex-Further research to resolve these patterns should focus
on studies of leaf structure and function and on field tend from the uppermost node. This leads to high bifur-

cation angles between the two laterals (65°–80°), and lowstudies of seedling growth and regeneration. Reich et al.
(1997) have documented consistent patterns of covaria- dominance values (approximately 0.6) as they tend to be

similar in length. In contrast, extension growth in mosttion, in widely contrasting habitats, among leaf mass per
area, leaf nitrogen content, leaf life span, and light satu- other species (except A. carpinifolium, in this study) is
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monopodial, with bifurcation angles of 40°–60° and theoretical expectations under the Brownian motion
model. If two traits evolve with a correlation ρ betweendominance values of 0.7–0.9 (Sakai 1990).

Significant convergent evolution was only detected for the changes occurring in each generation, then the ex-
pected value of both the ahistorical and the contrast cor-seven traits, and no traits were significantly conserved.

Mean QVI values based on randomized changes were rel- relations will also equal ρ. However, the variance in the
correlation coefficients resulting from multiple evolu-atively low (0.36–0.49), due to the similarity among close

relatives that occurs under a phylogenetically structured tionary ‘‘runs’’ will be much greater for the ahistorical
correlation (Martins and Garland 1991). As a result, dis-null model. In this study of 17 taxa, critical values (two-

tailed, α 5 0.05) for detection of significant conserved or crepancies between the ahistorical correlations and evolu-
tionary correlations are to be expected, although there isconvergent traits were approximately 0.19 and 0.85, re-

spectively, reflecting the broad distribution of outcomes little or no overall bias in the direction of the differences
(cf. Price 1997). On the one hand, divergences in deepfor randomized changes. Critical values based on ran-

domizations of an artificial data set were 0.25–0.77 on a nodes, coupled with reduced divergence within the de-
scendent lineages, can create strong correlations among32-taxon tree, and 0.23–0.59 on a 100-taxon tree, indi-

cating that the critical significance values become less traits in extant taxa, even if the correlations in the under-
lying evolutionary changes are weak. This is the patternstringent with increasing number of taxa. Results of ran-

domizations are also sensitive to tree topology and the that is illustrated by Felsenstein (1985b, fig. 7) and Mad-
dison and Maddison (1992, p. 28) and that is most fre-distribution of trait changes (results not shown), so sim-

ulation methods are the only reliable approach to sig- quently invoked to justify the importance of calculating
independent contrasts. On the other hand, the conversenificance testing. It is important to note that randomiza-

tion of trait values on the tips of the tree, rather than can also happen, where a deep divergence masks subse-
quent correlated evolutionary change such that correla-randomization of changes on the branches, led to much

higher values of QVI as there is no tendency for close rel- tions among extant taxa are weakened. The differences in
the outcome of analyses conducted with and without aatives to be phenotypically similar. Analyses over random

trees resulted in an identical outcome because species are phylogeny are of considerable interest and may reveal
important patterns in the evolution of a trait or potentialpaired with each other in the phylogeny without respect

to their phenotypic resemblance. departures from the Brownian motion model that de-
serve further attention (Price 1997).For traits measured on a ln-transformed scale, and for

the slopes of the allometric relationships, there was not a Several authors have argued that if there is no signifi-
cant ‘‘phylogenetic effect’’ on variation in a particularsignificant relationship between QVI and the total

amount of reconstructed evolutionary change (L). Thus, trait, then analyses using independent contrasts or other
phylogenetic methods are not necessary. For example,for these traits the amount of convergent evolution is in-

dependent of the total amount of evolutionary change Gittleman and Luh (1992) suggested that traits of interest
first be examined using hierarchical ANOVA, and if most(and hence the mean rate of evolution, since all traits

were evaluated over the same phylogeny). This contrasts variation is found at the species level, then the influence
of common descent is low and the ahistorical correla-with simulations of discrete character evolution, in which

greater rates of evolution result in more frequent rever- tions may be a reliable guide to correlated evolution. We
have found some support for this proposition based onsals among the limited set of states and thus greater

homoplasy (Givnish and Sytsma 1997). our calculations of QVI (which avoids the problems of
taxonomic ranks associated with hierarchical ANOVA).
Based on all 32 traits, we calculated 496 pairwise correla-

Independent Contrasts and Correlations
tions with and without consideration of the phylogeny
(AC vs. CC, fig. 7A), and then calculated the absoluteThe discussion of trait correlations above focused on the

correlations between traits derived from the analysis of value of the difference between the two coefficients as a
measure of the discrepancy between the ahistorical andindependent contrasts. Overall, the results obtained from

the phylogenetic analyses were comparable to ahistorical phylogenetic correlation analysis. A regression of this dif-
ference versus the mean QVI for the two traits involvedcorrelations calculated directly from the species values

(cf. values of AC with CC in table 3). Ricklefs and Starck in each correlation was negative and highly significant
(P , .001), though it explained only a moderate portion(1996) and Price (1997) recently reviewed applications of

the independent contrast method and also found a of the variance (r 2 5 0.249, fig. 7B). Therefore, for traits
with more homoplasy, the ahistorical and evolutionarystrong correspondence of the results of both correlation

and regression analyses conducted with and without con- correlations tended to be more similar, but individual
cases can still vary considerably in their outcome. It issideration of phylogeny. These results are consistent with
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worth remembering that the calculation of QVI or hier-
archical ANOVA require a phylogenetic hypothesis to be-
gin with (albeit a crude one for the latter approach), so
we recommend incorporating whatever phylogenetic in-
formation is available into comparative tests.

Phylogenetic Sensitivity, Random Trees, and
Randomization Tests

The correlation analyses conducted for this study were
examined over a set of 16 alternative, equally parsimoni-
ous phylogenies resulting from the phylogenetic analysis
of ITS sequence data and also over a set of 1,000 random
trees generated by the MacClade equiprobable trees algo-
rithm. The correlation results were quite robust over the
alternative trees, similar to our results for over 7,000 al-
ternative seed plant rbcL phylogenies (Donoghue and
Ackerly 1996). One of the features of independent con-
trasts is that they are calculated from the tips down and
are not influenced by changes in ancestral or sister lin-
eages. As a result, the movement of a particular clade
within the phylogeny will only alter the contrasts in
nodes ancestral to the clade’s former and subsequent po-
sition. Therefore, rearrangements of major groups within
a phylogeny may have the least effect on the overall anal-
ysis because they will affect the fewest individual contrast
values. This is of particular importance in this study, in
which the deeper nodes of the phylogeny are least well
supported. The results of the correlation analyses were
also fairly robust to the alternative methods of calculating
branch lengths and contrasts (results not shown; cf. Mar-
tins and Garland 1991; Diaz-Uriarte and Garland 1996).

In contrast, there was a fairly wide range of outcomes
for tests conducted over the 1,000 randomly constructed
trees (see table 3). Martins (1996) suggested that analyses
over random trees could provide a provisional estimate
of the evolutionary correlation between two traits, in the

Figure 7: A, Scatterplot of the ahistorical correlation (AC) vs. absence of a phylogenetic hypothesis. However, the mean
contrast correlation (CC) for all 496 pairwise combinations of correlation over a large set of random trees is equivalent
the 32 traits in this study (cf. Price 1997, fig. 1; and Ricklefs and

to the ahistorical correlation calculated in the absence
Starck 1996, fig. 1). B, Plot of mean quantitative convergence

of a phylogeny (table 3; Donoghue and Ackerly 1996;index (QVI) of the two traits in each correlation versus the ab-
Abouheif 1998); in addition, the confidence intervalssolute value of the difference between AC and CC (square-root
calculated based on random trees are extremely broad,transformed, r2 5 0.25, N 5 496). This plot illustrates that for
leading to very high Type II error rates if this approachtraits with greater homoplasy, the discrepancies between corre-
is used for significance testing (Abouheif 1998). The dis-lations calculated with and without consideration of the phylog-

eny are reduced. tribution of contrast correlations on random trees em-
phasizes the potential range of outcomes, and this could
prove useful when no phylogeny is available to help de-
cide whether and how much phylogenetic information is
needed (Losos 1994). We only observed one test in which
the correlations on the most parsimonious trees fell out-
side the range of outcomes over the random trees (test
H10, table 3). Because the mean correlation on the ran-
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dom trees approximates the ahistorical correlation, this divergence, as measured by independent contrasts, and
convergent evolution (e.g., the evolution of similar char-occurs when there is a large discrepancy between the

ahistorical and evolutionary correlations (AC and CC). acter state values from different ancestral conditions).
Future work in this area needs to incorporate all of theseAs shown above, this discrepancy is most likely for traits

with low homoplasy. Low levels of homoplasy may also components of evolution, the historical process and the
resulting contemporary patterns, into analytical modelssuggest that the Brownian motion model of trait evolu-

tion is not a good choice; Brownian motion is inherently for the analysis of trait variation and covariation.
Markovian and should lead to repeated evolutionary re-

Acknowledgmentsversals and parallelism. This suggests a paradoxical situa-
tion: if two traits do exhibit Brownian motion, the ahis- We are very grateful to a large number of people who

contributed to this study. Phylogenetic analyses weretorical and evolutionary correlations on average should
generate the same result (Pagel 1993). On the other conducted in close collaboration with S. Wiegrefe, who

also provided DNA samples for many taxa. D. Hollandhand, if the two correlations are very different, then the
underlying model of Brownian motion that was used to and S. Sweet provided assistance in lab, field, and herbar-

ium work. R. Cook and S. Spongberg provided supportconduct the analysis is called into question, so the result
may be least reliable in the very situation in which it is and permission for work at the Arnold Arboretum. In Ja-

pan, T. Hirose, K. Kikuzawa, and H. Tanaka were gener-most interesting. Recently, Price (1997) provided an al-
ternative model of correlated evolution based on niche ous hosts, and N. Anten, H. Ishii, C. Kranendonk, K.

Matsui, H. Ogawa, S. Sakai, and H. Tanaka assisted withpartitioning that predicts consistent differences in the
ahistorical and independent contrast correlations. Meth- fieldwork. T. Eriksson, D. Ferguson, D. Hibbett, and E.

Pine provided guidance with laboratory work and phylo-ods to distinguish random versus biologically meaningful
variation between these measures of trait correlations genetic analyses. W. Maddison provided assistance with

software development. Discussions and comments fromneed to be developed.
Overall, the development of explicit statistical models D. Baum, T. Garland, T. Givnish, D. Karpa, W. Maddi-

son, E. Martins, K. Preston, T. Price, P. Reich, and M.of character evolution in a phylogenetic context has been
extremely valuable as it has sharpened the distinction be- Sanderson greatly improved this article. This research

was funded by a Putnam Fellowship from the Arnold Ar-tween correlated evolutionary change and correlated phe-
notypic states in the resulting species. Further work is re- boretum of Harvard University and by National Science

Foundation grant DEB 94-03252 to D.D.A.quired to understand the relationship between correlated

APPENDIX

Table A1: List of species included in this study

Family or section (series) Species* Range† Study sites‡ (N) Accession§ GenBank ID i

Aceraceae:
Acer (Saccharodendron) A. saccharum# ENA HF, L (78) MOR 113-88 AF020363
Ginnala A. ginnala**–1 EAs ⋅ ⋅ ⋅ MOR 308-83 AF020364

A. ginnala–2 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U89912††
Glabra A. glabrum WNA ⋅ ⋅ ⋅ AA 15-80-A AF056017
Indivisa A. carpinifolium# J S, C, O (43) AA 10648 AF020365
Lithocarpa (Lithocarpa) A. diabolicum# J C (36) AA 2625-A AF020366
Lithocarpa (Macrophylla) A. macrophyllum WNA ⋅ ⋅ ⋅ MOR 545-83 AF020367
Macrantha A. crataegifolium# J O (40) MA 87-001-A AF020368

A. micranthum# J K, C, A (40) WPA 848-40 AF020369
A. pensylvanicum# ENA HF, L (76) MOR 111-82 AF020370
A. rufinerve# J S, K, C, O (48) AA 1430-77-D AF020371
A. tegmentosum EAs ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U98807
A. tschonoskii EAs ⋅ ⋅ ⋅ MOR 289-73 AF020372

Negundo A. negundo NA ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U89909
Palmata (Palmata) A. amoenum#,‡‡ EAs H, O (40) ⋅ ⋅ ⋅ No sequence

A. japonicum#–1 J S, H (51) MOR 572-53 AF020374
A. japonicum–2 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U57776
A. palmatum# EAs O, A (16) AA 585-88 AF020375
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Table A1 (Continued)

Family or section (series) Species* Range† Study sites‡ (N) Accession§ GenBank IDi

A. shirasawanum# J C (40) AA 270-81-A AF020376
A. sieboldianum# J S, O (40) AA 3919-A AF020377
A. tenuifolium#,§§ J O (40) ⋅ ⋅ ⋅ No sequence
A. circinatum WNA ⋅ ⋅ ⋅ AA 724-72-A AF020373
A. pseudosieboldianum EAs ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U57778
A. takesimensei i Kor ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U57777

Parviflora (Caudata) A. spicatum#–1 ENA HF, L (78) AA 945-79-C AF020378
A. spicatum–2 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U89911

Parviflora (Distyla) A. distylum# J K, C, O (42) AA 1184-77-A AF020379
Parviflora (Parviflora) A. nipponicum# J K, A (40) S. Tsugaru 13672## AF020380
Pentaphylla (Trifida) A. buergerianum–1 EAs ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U89908

A. buergerianum–2 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ MA 32-1676-A AF020381
A. oblongum EAs ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U89910

Platanoidea A. mono#–1 EAs S, K, H, O (69) AA 5358-A AF020383
A. mono–2 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U57775
A. campestre Eur ⋅ ⋅ ⋅ MOR 531-38 AF020382
A. okamotoanum EAs ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U57772
A. platanoides–1 Eur ⋅ ⋅ ⋅ MOR 153-57 AF020384
A. platanoides–2 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U57773
A. truncatum EAs ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U57774

Rubra A. rubrum ENA ⋅ ⋅ ⋅ MOR 322-81 AF020385
A. saccharinum ENA ⋅ ⋅ ⋅ MOR 339-81 AF056018
Dipteronia sinensis CAs ⋅ ⋅ ⋅ WPA 500-70 AF020386

Fabaceae Vicia faba ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ X17535
Malvaceae Gossypium trilobum ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U12723

Hibiscus costatus ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ U56774

* Nomenclature follows van Gelderen et al. (1994), with exceptions as noted.
† ENA: Eastern North America; WNA: Western North America; J: Japan; EAs: East Asia; Kor: Korea; CAs: Central Asia; Eur: Europe.
‡ Study sites and sample size for allometric samples are listed. USA: HF: Harvard Forest, Petersham, Mass. (42°26′N, 72°11′W); L: Lyme Center,

N.H. (43°50′N, 72°4′W); JAPAN: S: Sendai Botanic Garden, Sendai (38°11′N, 140°55′E); K: Mount Kurikoma National Park (38°53′N, 140°45′E);
H: Mount Hakkoda Biological Station and Oirase Gorge (40°38′N, 140°54′E); C: Lake Chuzenji, Nikko National Park (36°44′N, 139°32′E); O:
Ogawa Forest Reserve, National Forestry and Forest Products Research Institute (36°55′N, 140°35′E); A: Ashiu Forest Reserve, Kyoto University
(35°19′N, 135°46′E).

§ Accession numbers for living collections from which DNA samples were obtained. AA: Arnold Arboretum, Boston, Mass.; MA: Morris Arbore-
tum, Philadelphia, Pa.; MOR: Morton Arboretum, Lisle, Ill.; WPA: Washington Park Arboretum, Seattle, Wash.

i GenBank accession numbers starting with ‘‘AF’’ indicate new sequences obtained in this study. Accessions of Acer starting with ‘‘U’’ are from
Suh et al. (1996) and Cho et al. (1997).

# Species included in the comparative analyses.
** A. tataricum subsp. ginnala in van Gelderen et al. (1994).
†† Sequence accession U95779 appended to U89912 for analysis.
‡‡ A. palmatum subsp. amoenum in van Gelderen et al. (1994).
§§ A. shirasawanum subsp. tenuifolium in van Gelderen et al. (1994).
i i A. pseudosieboldianum subsp. takesimense in van Gelderen et al. (1994).
## Specimen in Arnold Arboretum Herbarium (A), Harvard University.

Literature Cited
———. 1998a. Ackerly and Donoghue, Acer data. http:/ /

www.stanford.edu/,dackerly/acerdata.html.Abouheif, E. 1998. Random trees and the comparative
method: a cautionary tale. Evolution 52:1197–1204. ———. 1998b. Another comparative analysis program,

v2. http:/ /www.stanford.edu/,dackerly/ACAP.html.Ackerly, D. D. 1996. Canopy structure and dynamics: in-
tegration of growth processes in tropical pioneer trees. Andersson, S. 1993. Population differentiation in Crepis

tectorum (Asteraceae): patterns of correlation amongPages 619–658 in S. S. Mulkey, R. L. Chazdon, and
A. P. Smith, eds. Tropical forest plant ecophysiology. characters. Biological Journal of the Linnean Society

49:185–194.Chapman & Hall, London.



788 The American Naturalist

Applied Biosystems. 1992. Data Collection 1.1.1, Analysis cation (in Korean). Korean Journal of Plant Taxonomy
26:271–291.1.1.1, Seq Ed 1.0.3. Applied Biosystems, Foster City,

Calif. Coleman, J. S., K. D. M. McConnaughay, and D. D. Ack-
erly. 1994. Interpreting phenotypic variation in plants.Archie, J. W. 1989. Homoplasy excess ratios: new indices

for measuring levels of homoplasy in phylogenetic sys- Trends in Ecology & Evolution 9:187–191.
Corner, E. J. H. 1949. The Durian theory or the origin oftematics and a critique of the consistency index. Sys-

tematic Zoology 38:253–269. the modern tree. Annals of Botany 13:367–414.
de Jong, P. C. 1976. Flowering and sex expression in Acer———. 1996. Measures of homoplasy. Pages 153–188 in

M. J. Sanderson and L. Hufford, eds. Homoplasy: the L.: a biosystematic study. Mededelingen Landbouwho-
geschool Wageningen 76:1–201.recurrence of similarity in evolution. Academic Press,

San Diego, Calif. Delendick, T. 1981. A systematic review of the Aceraceae.
Ph.D. thesis. City University of New York, New York.Ashton, P. S. 1978. Crown characteristics of tropical

trees. Pages 591–615 in P. B. Tomlinson and M. H. Diaz-Uriarte, R., and T. Garland, Jr. 1996. Testing
hypotheses of correlated evolution using phylogeneti-Zimmerman, eds. Tropical trees as living systems.

Cambridge University Press, Cambridge. cally independent contrasts: sensitivity to deviations
from Brownian motion. Systematic Biology 45:27–47.Baldwin, B. G., M. J. Sanderson, J. M. Porter, M. F.

Wojkiechowski, C. S. Campbell, and M. J. Donoghue. Donoghue, M. J., and D. D. Ackerly. 1996. Phylogenetic
uncertainties and sensitivity analyses in comparative1995. The ITS region of nuclear ribosomal DNA: a

valuable source of evidence on angiosperm phylogeny. biology. Philosophical Transactions of the Royal Soci-
ety of London B, Biological Sciences 351:1241–1249.Annals of the Missouri Botanical Garden 82:247–277.

Bauwens, D., T. Garland, Jr., A. M. Castilla, and R. Van Donoghue, M. J., R. G. Olmstead, J. F. Smith, and J. D.
Palmer. 1992. Phylogenetic relationships of DipsacalesDamme. 1995. Evolution of sprint speed in Lacertid

lizards: morphological, physiological and behavioral based on rbcL sequences. Annals of the Missouri Bo-
tanical Garden 79:333–345.covariation. Evolution 49:848–863.

Bond, W., and J. Midgley. 1988. Allometry and sexual dif- Eriksson, T. 1995. AutoDecay, release 2.0. http:/ /
www.botan.su.se/systematik/folk/Torsten.html.ference in leaf size. American Naturalist 131:901–910.

Bonser, S. P., and L. W. Aarssen. 1994. Plastic allometry Eriksson, T., and M. J. Donoghue. 1997. Phylogenetic re-
lationships of Sambucus and Adoxa (Adoxoideae, Ad-in young sugar maples (Acer saccharum): adaptive re-

sponses to light availability. American Journal of Bot- oxaceae) based on nuclear ribosomal ITS sequences
and preliminary morphological data. Systematic Bot-any 81:400–406.

Boulter, M. C., J. N. Benfield, H. C. Fisher, D. A. Gee, any 22:555–573.
Faith, D. P., and L. Belbin. 1994. Distinguishing phyloge-and M. Lhotak. 1996. The evolution and global migra-

tion of Aceraceae. Philosophical Transactions of the netic effects in multivariate models relating Eucalyptus
convergent morphology to environment. Pages 169–Royal Society of London B, Biological Sciences 351:

589–603. 188 in P. Eggleton and R. I. Vane-Wright, eds. Phylo-
genetics and ecology. Academic Press, London.Bremer, K. 1988. The limits of amino acid sequence data

in angiosperm phylogenetic reconstruction. Evolution Farris, J. S. 1989. The retention index and the rescaled
consistency index. Cladistics 5:417–419.42:795–803.

Canada Department of Forestry. 1963. Native trees of Felsenstein, J. 1985a. Confidence limits on phylogenies: an
approach using the bootstrap. Evolution 39:783–791.Canada. Duhamel, Ottawa.

Canham, C. D. 1985. Suppression and release during ———. 1985b. Phylogenies and the comparative
method. American Naturalist 125:1–15.canopy recruitment in Acer saccharum. Bulletin of the

Torrey Botanical Club 112:134–145. Fishbein, M., and L. Venable. 1996. Evolution of inflores
cence design: theory and data. Evolution 50:2165–———. 1988. Growth and canopy architecture of shade-

tolerant trees: response to canopy gaps. Ecology 69: 2177.
Foster, S. A., and C. H. Janson. 1985. The relationship786–795.

Chang, C.-S. 1991. A morphometric analysis of genus between seed size and establishment conditions in
tropical woody plants. Ecology 66:773–780.Acer L., section Palmata Pax, series Palmata. Korean

Journal of Plant Taxonomy 21:165–186. Gadek, P. A., E. S. Fernando, C. J. Quinn, S. B. Hoot,
T. Terrazas, M. C. Sheahan, and M. W. Chase. 1996.Chazdon, R. L. 1991. Plant size and form in the un-

derstory palm genus Geonoma: are species variations Sapindales: molecular delimitation and infraordinal
groups. American Journal of Botany 83:802–811.on a theme? American Journal of Botany 78:680–694.

Cho, H.-J., S. Kim, Y. Suh, and C.-W. Park. 1997. ITS se- Garland, T., Jr., P. H. Harvey, and A. R. Ives. 1992. Pro-
cedures for the analysis of comparative data using phy-quences of some Acer species and phylogenetic impli-



Phylogeny and Functional Ecology of Acer 789

logenetically independent contrasts. Systematic Biology tween leaf phenology and shoot architecture in sapling
trees. Functional Ecology 10:252–257.41:18–32.

Gittleman, J. L., and H.-K. Luh. 1992. On comparing King, D. 1981. Tree dimensions: maximizing the rate of
height growth in dense stands. Oecologia (Berlin) 51:comparative methods. Annual Review of Ecology and

Systematics 23:383–404. 351–356.
King, D. A. 1990. Allometry of saplings and understoryGivnish, T. J. 1978. Ecological aspects of plant morphol-

ogy: leaf form in relation to the environment. Acta trees of a Panamanian forest. Functional Ecology 4:
27–32.Biotheoretika, Supplement 27:83–142.

———. 1984. Leaf and canopy adaptations in tropical ———. 1991. Tree allometry, leaf size and adult tree size
in old-growth forests of Western Oregon. Tree Physi-forests. Pages 51–84 in E. Medina, H. A. Mooney, and

C. Vázquez-Yanes, eds. Physiological ecology of plants ology 9:369–381.
Kohyama, T. 1987. Significance of architecture and al-of the wet tropics. Junk, The Hague.

———. 1986. Biomechanical constraints on self-thinning lometry in saplings. Functional Ecology 1:399–404.
Kohyama, T., and M. Hotta. 1990. Significance of allom-in plant populations. Journal of Theoretical Biology

119:139–146. etry in tropical saplings. Functional Ecology 4:515–521.
Lei, T. T., and M. J. Lechowicz. 1990. Shade adaptation———. 1987. Comparative studies of leaf form: assessing

the relative roles of selective pressures and phyloge- and shade tolerance in saplings of three Acer species
from North America. Oecologia (Berlin) 84:224–228.netic constraints. New Phytologist 106:S131–S160.

———. 1988. Adaptation to sun and shade: a whole ———. 1997. The photosynthetic light response of eight
species of Acer to stimulated light regimes from theplant perspective. Australian Journal of Plant Physiol-

ogy 15:63–92. centre and edges of gaps. Functional Ecology 11:
16–23.Givnish, T. J., and K. J. Sytsma. 1997. Consistency, char-

acters and the likelihood of correct phylogenetic in- Losos, J. B. 1994. An approach to the analysis of compar-
ative data when a phylogeny is unavailable or incom-ference. Molecular Phylogenetics and Evolution 7:

320–330. plete. Systematic Biology 43:117–123.
Maddison, W. P. 1990. A method for testing the corre-Grafen, A. 1989. The phylogenetic regression. Philosoph-

ical Transactions of the Royal Society of London B, lated evolution of two binary characters: are gains or
losses concentrated on certain branches of a phyloge-Biological Sciences 326:119–157.

Grubb, P. J., and D. J. Metcalfe. 1996. Adaptation and in- netic tree? Evolution 44:539–557.
———. 1991. Squared-change parsimony reconstruc-ertia in the Australian tropical lowland rain-forest

flora: contradictory trends in intergeneric and intra- tions of ancestral states for continuous-valued charac-
ters on a phylogenetic tree. Systematic Zoology 40:generic comparisons of seed size in relation to light de-

mand. Functional Ecology 10:512–520. 304–314.
Maddison, W. P., and D. R. Maddison. 1992. MacClade:Hallé, F., R. A. A. Oldeman, and P. B. Tomlinson. 1978.
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