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Abstract We examined 15 traits in leaves and stems
related to leaf C economy and water use for 32 co-existing
angiosperms at ridge sites with shallow soil in the Bonin
Islands. Across species, stem density was positively corre-
lated to leaf mass per area (LMA), leaf lifespan (LLS), and
total phenolics and condensed tannins per unit leaf N
(N-based), and negatively correlated to leaf osmotic poten-
tial and saturated water content in leaves. LMA and LLS
were negatively correlated to photosynthetic parameters,
such as area-, mass-, and N-based assimilation rates.
Although stem density and leaf osmotic potential were not
associated with photosynthetic parameters, they were asso-
ciated with some parameters of the leaf C economy, such as
LMA and LLS. In the principal component (PCA) analysis,

the Wrst three axes accounted for 74.4% of total variation.
Axis 1, which explained 41.8% of the total variation, was
well associated with parameters for leaf C and N economy.
Similarly, axis 2, which explained 22.3% of the total varia-
tion, was associated with parameters for water use. Axis 3,
which explained 10.3% of the total variation, was associ-
ated with chemical defense within leaves. Axes 1 and 2
separated functional types relatively well, i.e., creeping
trees, ruderal trees, other woody plants, C3 shrubs and
forbs, palms, and CAM plants, indicating that plant func-
tional types were characterized by similar attributes of traits
related to leaf C and N economy and water use. In addition,
when the plot was extended by two unrelated traits, leaf
mass-based assimilation rates and stem density, it also sep-
arated these functional types. These data indicate that
diVerences in the functional types with contrasting plant
strategies can be attributed to functional integration among
leaf C economy, hydraulics, and leaf longevity, and that
both leaf mass-based assimilation rates and stem density
are key factors reXecting the diVerent functions of plant
species.
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Introduction

Plant species often exhibit substantial variation in leaf and
stem traits even within sites, and can be classiWed into
diVerent functional types that share a similar attribute of
particular traits (Grime 1977; Leishman and Westoby 1992;
Craine et al. 2001; Westoby et al. 2002; Díaz et al. 2004).
The functional diversity of plant species can be understood
through identifying why a similar attribute of traits is
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favored and understanding how the sets of attributes link
with plant strategy (Grime et al. 1997; Ackerly 2004;
McGill et al. 2006; Westoby and Wright 2006; Wright et al.
2006). When two or more plant traits are well correlated
across species, the continuous traits with a wide spectrum
can reXect a fundamental trade-oV (e.g., Reich et al. 2003).
A well-known example is leaf lifespan. Leaf lifespan is
positively correlated to leaf mass per area, and negatively
correlated to mass-based photosynthetic rates and N con-
tents across a wide array of biome and angiosperm taxa
(Reich et al. 1994, 1997; Wright et al. 2004). At one end of
the leaf-lifespan spectrum, long-lived leaves retain nutri-
ents for a long period of time (e.g., Chapin 1980; Aerts
1995), but they must invest a large amount of C resource
for defense against physical damage and herbivory (e.g.,
Coley 1988). At the opposite end of the spectrum, short-lived
leaves achieve high productivity, but they must retrieve the
cost of leaf construction for a short period of time.

Leaf longevity is associated with leaf gas exchange, and
leaf gas exchange is regulated by plant hydraulic conduc-
tance. Hydraulic conductance in the roots controls leaf
osmotic potentials and plant morphology, such as the ratio
of leaf area to Wne-root area (Shimizu et al. 2005), and twig
hydraulic conductance regulates stomatal conductance and
thus the rate of photosynthesis (Uemura et al. 2004). Wood
density, in addition to being positively associated with
mechanical strength of stems (Givnish 1995), is negatively
associated with hydraulic conductivity in twigs (Santiago
et al. 2004), percent loss of twig hydraulic conductivity
under drought conditions (Hacke et al. 2001; Sperry 2003),
and daily minimum water potentials in leaves (Ackerly
2004; Bucci et al. 2004; Santiago et al. 2004). Leaf C econ-
omy and whole-plant hydraulic system are thus coordinated
with each other, and the coordination may be associated
with life history features of a plant species. However, it is
still unclear how leaf and stem traits related to C, nutrients,
and water use are coordinated across species (Wright et al.
2006).

In this study, we examined relationships between 15
traits of leaves and stems related to leaf C economy and
water use across 32 co-existing angiosperms in sub-tropical
oceanic islands, Japan. Good correlations (high r 2-values)
between two traits suggest that functional integration can
exist. On the other hand, weak correlations (low r 2-values)
are also of particular interest because a matrix extended by
unrelated traits can deWne niche partitioning with diVerent
functional strategies (Ackerly 2004). Our primary objective
was to examine the extent to which leaf and stem traits
related to leaf C economy and water use can explain the
variation in functional types. To do this, we: (1) constructed
a matrix of correlations among all examined variables to
determine a possible set of the leaf and stem attributes, and
(2) performed a principal component analysis (PCA) to

reveal how such sets were correlated within given func-
tional types.

Materials and methods

Study sites and plant species

The Bonin Islands are small oceanic islands that formed as
a result of volcanic activity during the Tertiary period. The
study was conducted on Chichi-jima island (27°04�N,
142°13�E), one of the Bonin islands, located in the subtrop-
ical North PaciWc Ocean about 1,000 km south of Tokyo.
Chichi-jima island has an maximum elevation of 317.9 m
above sea level and an area of 24 km2. For the period from
1969 to 2005, the mean annual temperature was 23.1°C
with mean temperatures of 27.6°C in the hottest month
(July) and 17.7°C in the coolest month (February) (Chichi-
jima Meteorological Observatory, the Meteorological
Agency of Japan). The year-to-year variation in annual pre-
cipitation was relatively large. The mean annual precipita-
tion was 1,277 mm with a minimum of 750 mm in 1971
and a maximum of 1,857 mm in 1989. The soil (Chromic
Cambisols) on Chichi-jima island is sandy, acidic, and of
volcanic origin. The nutrient contents in the soil are low,
and the pH values are 4.6–5.3 (Morita 1981).

A large part of the islands is covered by broad-leaved
evergreen forests and, like the Galapagos and Hawaiian
Islands, they have a rich Xora with a high degree of ende-
mism (70% for tree species; Kobayashi 1978). The ridge
sites on the islands are characterized by relatively shallow
soil (<30 cm thick) and can favor dwarf plants with sclero-
phyllous and xerophitic leaves (Shimizu and Tabata 1991).
Although the top canopy reaches a height of 15 m at valley
sites with deep soil, the top canopy at the ridge sites is only
2–3 m high. The forest canopies are well closed even at the
ridge sites, but the bedrock is exposed in several places.
Almost all creeping trees, shrubs, and forbs with low plant
heights (<50 cm plant heights) are found at the crack or
edge of the bedrock. The co-occurring plants exhibit
substantial interspeciWc variations in leaf lifespan (LLS)
(Shimizu 1983), daily leaf water potentials (Mishio 1992),
and photosynthetic rates (Yamashita et al. 2000; Ishida
et al. 2001). The leaf water potentials in the dark just before
dawn are notably low, e.g., ¡0.9 MPa in Dodonaea viscose
(a creeping tree) (Mishio 1992). Thus severe drought seems
to occur frequently, especially in summer. The forest vege-
tation has been occasionally damaged by strong wind and
salt spray caused by typhoons, but no conspicuous damage
due to typhoons was found during this study (2000–2005).
Forest Wres do not occur on the islands.

We selected 32 angiosperm species representing 24
families (19 orders) at the ridge sites (Table 1). All
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angiosperms usually found at the ridge sites in the islands
were included, although we could not treat some species
with low population density due to conservation of plant
species. The plant species were divided into seven
discrete functional types: (1) trees (except for creeping
and ruderal trees) (18 species), (2) creeping trees
(three species), (3) ruderal trees (four species), (4)
climber (two species), (5) C3 shrub (one species) and

forbs (two species), (6) CAM (one species), and (7) palm
(one species) (Table 1). Santalum boninense and Korthal-
sella japonica (order Santales) are hemiparasite trees
attached to the stem and the root systems of a host tree,
respectively. Although all 32 species are relatively
drought adapted, Trema orientalis and Fagara boninensis
cannot live at sites with extremely shallow soils. Of the 32
species, seven are alien to the Bonin Islands.

Table 1 Species names, species codes, life forms and species scores for axes of the principal component analysis (PCA) in Fig. 1b

a T. orientalis and F. boninsimae trees cannot live at sites with extremely shallow soil; creeping trees, shrubs, and herbs favor sites with relatively
shallow soil
b Alien plant species in the Bonin Islands
c S. boninense is a root semi-parasite
d K. japonica is a stem semi-parasite

Class/family Species name Code Functional type PCA1 PCA2 PCA3

Class Magnoliopsida

Hamamelidaceae Distylium lepidotum Nakai Dl Tree 3.09 1.47 2.00

Ulmaceae Trema orientalis Blumea To Ruderal tree ¡4.35 0.62 ¡0.31

Casuarinaceae Casuarina equisetifolia Forst.b Ce Tree

Theaceae Schima mertensiana (Sieb. et Zucc.) Koidz. Sm Tree

Malvaceae Hibiscus glaber Matsum. Hg Tree ¡0.53 ¡0.04 0.20

Elaeocarpaceae Elaeocarpus photiniifolius Hook. et Arn Ep Tree 0.99 ¡0.43 ¡0.29

Sapotaceae Planchonella obovata H.L.Lam var. dubia 
(Koidz.) Hatusima

Po Tree 0.80 0.97 ¡0.90

Crassulaceae Bryophyllum pinnatum (Lam.) Kurz.b Brp Forb (CAM) 2.84 ¡7.82 1.30

Rosaceae Osteomeles boninensis Nakai Ob Creeping tree ¡0.34 2.03 2.76

Rosaceae Photinia wrightiana Maxim. Pw Tree 3.26 1.68 ¡0.28

Rosaceae Rhaphiolepis wrightiana Maxim. Rw Tree 2.14 1.79 ¡0.89

Fabaceae (Leguminosae) Acacia confusa Merrill Ac Ruderal tree ¡3.69 0.68 ¡0.94

Fabaceae (Leguminosae) Leucaena glauca (L.) Benth.b Lg Ruderal tree ¡5.83 ¡0.17 ¡0.62

Thymelaeaceae Wikstroemia pseudoretusa Koidz. Wp Tree ¡0.24 0.00 0.67

Myrtaceae Psidium cattleianum Sabineb Pc Tree

Myrtaceae Syzygium cleyeraefolium (Yatabe) Makino Syc Tree 2.47 1.39 1.87

Santalaceae Santalum boninense (Nakai) Tuyamac Sb Tree 1.28 1.57 ¡0.90

Viscaceae Korthalsella japonica (Thunb.) Englerd Kj Tree

Aquifoliaceae Ilex mertensii Maxim. Im Tree 2.50 ¡0.35 ¡1.16

Euphorbiaceae Drypetes integerrima (Koidz.) Hurusawa Di Tree 2.35 0.41 ¡1.41

Sapindaceae Dodonaea viscosa (L.) Jacquin Dv Creeping tree ¡0.03 1.44 1.32

Rutaceae Zanthoxylum beecheyanum Koch Za Creeping tree ¡0.75 0.40 1.30

Rutaceae Fagara boninsimae Koidz.a Fb Ruderal tree ¡2.55 0.50 ¡1.23

Apocynaceae Ochrosia nakaiana Koidz. On Tree ¡0.57 ¡0.74 ¡1.23

Apocynaceae Trachelospermum asiaticum Nakai Ta Climber 0.23 ¡0.75 0.72

Verbenaceae Lantana camara L.b La Shrub ¡3.16 ¡0.51 0.01

Verbenaceae Stachytarpheta jamaicensis (L.) Vahlb Sj Forb ¡1.88 ¡1.39 ¡0.24

Oleaceae Ligustrum nicranthum Zucc. Ln Tree 2.57 0.57 ¡0.66

Oleaceae Osmanthus insularis (Koidz) Oi Tree 2.18 0.57 ¡1.70

Compositae (Asteraceae) Bidens pilosa var. minor (Blume) Sherfb Bip Forb ¡4.32 ¡1.40 0.93

Class Lilliopsida

Pandanaceae Pandanus boninensis Warb. Pb Palm 1.90 ¡2.25 ¡2.11

Smilacaceae` Smilax china var. L. yanagitai Honda Smc Climber ¡0.35 ¡0.24 1.80
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Examination of plant traits

Fifteen leaf and stem traits related to leaf morphology, leaf gas
exchange, and water use were examined (Table 2). For four
species, we were unable to collect data on some of the traits.
For example, leaf area and LLS could not be determined in
K. japonica because it is leaXess (due to degeneration) and in
Casuarina equisetifolia that has needle-like leaves only. We
collected young, fully expanded sun leaves with no or little
sign of herbivory or pathogen damage, during the productive
season (Cornelissen et al. 2003). Except for LLS, plant traits
were examined during the summer season.

Leaf lifespan

LLS (Lleaf) was examined from 2000 to 2005. More than
seven sunlit twigs or shoots from three individual plants
were selected for each species. Shoots or individuals that
died during the examination period were replaced with new
shoots or individuals. In June and December of each year,
some nodes of each shoot were marked with water- and
photo-proof maker pens (PC-3M; Mitsubishi Pencil,
Tokyo) and the number of leaves produced during the pre-
ceding 6 months and number of attached leaves were
counted for each shoot. LLS was deWned as: Lleaf

(year) = (the number of attached leaves/the number of
newly produced leaves for a year).

Leaf gas exchange, N, and morphology

Light-saturated net assimilation rate and leaf conductance
were measured in seven sunlit, mature leaves for at least

four individuals. The measurements were done in the morn-
ing (8–11 a.m) to avoid the midday depression (Ishida et al.
2001) with an LI-6400 portable photosynthesis open sys-
tem (LI-COR, Lincoln, Neb.). Measurement of H2O and
CO2 concentrations in the gas stream within the system is
based on infrared absorption. The CO2 concentration of the
inlet gas stream was 370 �mol mol¡1 and the photon Xux
density supplied by red–blue LED lamps was 2,000 �mol
m¡2 s¡1 at the leaf surface. After the measurement, the area
of individual leaves excluding petioles was determined
with a LI-3000A portable area meter (LI-COR). Where
leaves were smaller than the LI-COR chamber (3 cm in
length and 2 cm in width), the lamina inside the chamber
was cut and then the area was determined. The examined
leaves were dried at 70°C for at least 3 days and weighed to
determine leaf mass per area (LMA, Mleaf). Area-based net
assimilation rates (Aa) and mass-based net assimilation
rates (Am) were calculated with Mleaf. N content of leaves
(green stems in the case of K. japonica) was determined
with an NC-800 N-C analyzer (Sumigraph, Sumitomo-
Kagaku, Osaka). Mass-based N concentrations (Nm) and
net assimilation rates per unit N (N-based) (AN; photosyn-
thetic N-use eYciency) were calculated with LMA. �13C
ratios were determined with a MAT 525 stable isotope ratio
mass spectrometer (Finnigan-MAT, Bremen, Germany).
The �13C values of dried leaves (green stems in the case
of K. japonica) were calculated with reference to the
Peedee Belemnite (PDB) standard as follows: �13C
(‰) = [(Rsample–RPDB)/RPDB]1000, where Rsample and RPDB

are the 13C/12C ratio in the samples and the PDB standard
(RPDB = 0.0112372), respectively. The leaf thickness was
examined in Wve sun leaves from each of Wve individual

Table 2 Plant traits and trait codes, units of traits, number of examined species (n), means, coeYcients of variation (CV), and correlations (r) with
PCA axes 1, 2 and 3

* P < 0.05, ** P < 0.01, *** P < 0.001, n.s. non-signiWcant

Plant trait Code Unit n Mean CV r with axis 1 r with axis 2 r with axis 3

Leaf osmotic potential at full turgor �o MPa 32 ¡1.47 0.30 ¡0.44* ¡0.62*** n.s.

Saturated water content Wsat g g¡1 32 2.34 0.80 n.s. ¡0.92*** n.s.

Leaf dry mass per leaf area Mleaf g m¡2 30 147 0.39 0.83*** 0.39* n.s.

N content per leaf dry mass Nm mol kg¡1 32 1.19 0.50 ¡0.84** n.s. n.s.

N resorption rate at leaf senescence Nr % 31 50 0.36 n.s. n.s. ¡0.53**

Leaf thickness Tleaf �m 30 450 0.58 0.56** ¡0.72*** n.s.

Net photosynthetic rate per leaf area Aa �mol m¡2 s¡1 30 10.7 0.52 ¡0.87*** n.s. n.s.

Net photosynthetic rate per leaf dry mass Am nmol g¡1 s¡1 32 94.6 1.04 ¡0.93*** n.s. n.s.

Net photosynthetic rate per leaf N AN �mol mol¡1 N s¡1 32 69.5 0.64 ¡0.81*** n.s. 0.41*

Water vapor leaf conductance per leaf area Ga mol m¡2 s¡1 30 0.200 0.70 ¡0.73*** n.s. n.s.

C isotope ratio (�13C) �C ‰ 30 ¡27.8 0.06 ¡0.60*** ¡0.60*** n.s.

Total phenolics per leaf N TPN g g¡1 N 32 7.03 0.70 0.57** n.s. 0.59***

Condensed tannins per leaf N CTN g g¡1 N 32 1.12 0.93 n.s. n.s. 0.69***

Wood or stem density Dstem g cm¡3 32 0.6 0.36 0.43** 0.72*** n.s.

Leaf lifespan Lleaf Year 30 1.0 0.69 0.74** 0.72*** n.s.
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plants. Immediately after leaf collection, the thickness of
the lamina between thick veins was measured using a digi-
tal micrometer (CLM1-15QM; Mitsutoyo, Kanagawa,
Japan) with a measuring force of 0.5 N.

In the present study, leaf area may have been underesti-
mated because of the curvature of leaf surface (thick lami-
nae were often not truly Xat), or overestimated because of
the edge eVect in small leaves (Wilson et al. 1999). Also,
leaf thickness can change with the measuring force of the
digital micrometer. Although measuring errors were
included in the present study, most errors would have been
smaller than the species-to-species variations.

To calculate N resorption rates (Nr) during leaf senes-
cence, dead leaves were sampled from plants just before
leaf fall. In K. japonica (a stem hemiparasite), no dead parts
were found. The dead-leaf samples were dried at 70°C for
at least 3 days before determination of N contents. N
resorption rate (%) was deWned as [(Nleaf ¡ Nlitter)/Nleaf]100,
where Nleaf and Nlitter are the mean values of dry-mass-
based N contents in green and dead leaves, respectively.

Leaf water relations

The osmotic potentials and water contents in water-satu-
rated leaves (green stems in the case of K. japonica) were
examined in seven shoots from at least three individuals.
Stems were recut under water immediately after sampling.
To rehydrate to saturation, the collected shoots were cov-
ered with plastic bags and their cut ends kept under water
for more than 7 h in dark conditions at room temperature.
Leaves in which water was observed to inWltrate into lam-
ina were excluded. After determination of fresh mass, the
leaves were dried at 70°C for at least 3 days and weighed
again. The saturated water content (Wsat %) was deWned as
[(fresh mass–dry mass)/dry mass]100. Some leaf samples
were frozen and melted to break cell walls. Osmotic poten-
tials at full turgor were determined at room temperature
(20°C) with extract from these samples, using a VAPRO
5520 Osmometer (Wescor, Utah).

Leaf total phenolics and condensed tannins

Phenolics and tannins possibly have defensive functions
against herbivores (cf. Coley 1988) and play regulatory
roles in nutrient cycling within an ecosystem
(cf. Hättenschwiler and Vitousek 2000). The concentration
of total phenolics and condensed tannins within leaves were
determined in at least eight leaves (green stems in the case
of K. japonica) from four individuals. The leaf samples
were dried at room temperature (25°C) with an FDC-830
vacuum drier (EYELA, Tokyo). The concentrations of total
phenolics and condensed tannins were determined by the
Folin–Ciocalteu method (Julkunen-Tiitto 1985) and the

proanthocyanidin method (Bate-Smith 1977), respectively,
and were expressed on an N basis (g g¡1 N) (Cunningham
et al. 1999).

Stem or wood density

Stem or wood density (Dstem) was measured for three indi-
viduals for each species. We collected wood cores in trees
with an increment borer, and the cores were taken at
heights of <0.5 m. In the case of forbs or vines, we sampled
parts of the stems with a pair of shears. Fresh volumes were
determined with a measuring cylinder with a narrow diame-
ter or calculated from the length and diameter of a wood
core. The samples were oven-dried at 70°C for at least
3 days and weighed. Dstem was calculated as the ratio of dry
mass to fresh volume.

Statistical analysis

A non-parametric Spearman rank correlation between the
pairs of all traits (Table 1) was analyzed with StatView
(version 4.5J; ABACUS Concept, USA). The PCA was
conducted with R (version 2.2.0; Development Core Team,
Austria). For the PCA, we used the mean values in each
species, but four species (C. equisetifolia, Schima mertensi-
ana, Psidium cattleianum, K. japonica) that have an incom-
plete data set were excluded from the analysis. It is known
that plant traits often vary with season and this can aVect
the results of the PCA (Craine et al. 2002), but most of our
measurements were made only in the summer.

Results

A matrix of rank correlation and coeYcients of determina-
tion (r2) between all possible pairing of the 15 examined
traits is shown in Table 3. Of a total of 105 possible pair-
ings, 58 were signiWcantly correlated (P < 0.05). The pair-
ing of Am and AN had the largest coeYcient of
determination (r2 = 0.863). Across species, Am, AN, and Nm

were positively correlated to each other, and each of these
three traits was negatively correlated to LMA and LLS.
Mass-based traits in relation to leaf gas exchange (Am, AN,
and Nm) were positively correlated to area-based traits
(Aa and Ga). Parameters of photosynthetic traits (Aa, Am,
and AN) were not correlated to traits related to water rela-
tions (�o, Wsat, and Dstem), except that Am was positively
related to Wsat. High �13C (i.e., less negative �13C) was
associated with high LMA, leaf thickness, and LLS, and
with low Nm, Am, Aa, AN, and Ga.

Within parameters of water relations, Wsat was nega-
tively correlated to Dstem, indicating that plants with succu-
lent leaves favor succulent stems. High �o (i.e., less
123
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negative leaf osmotic potential) was linked with high Wsat

and Nm, low LMA and Dstem, and short LLS. Although the
parameters of water relations (�o and Dstem) were not corre-
lated to photosynthetic parameters (Am, AN, and Nm), they
were associated with some parameters of leaf C economy
(LAM and LLS).

LLS was associated with some photosynthetic and
hydraulic parameters. LLS was positively correlated to
LMA, leaf thickness, and Dstem and negatively correlated to
�o, Wsat, Nm, Am, AN, and Aa. N resoption rate was not cor-
related with any variables, indicating that it is determined
independently from the other examined traits. Although the
leguminous trees, Acacia confusa and Leucaena glauca,
showed higher Nm (3.12 § 0.22 mol kg¡1, mean § 1 SD)
than did the other plants (1.07 § 0.33 mol kg¡1, mean §
1 SD), the value of N resoption rate in the leguminous trees
(57 § 17%, mean § 1 SD) was equivalent to that in the
other plants (51 § 16%, mean § 1 SD). LLS was not asso-
ciated with N-based total phenolic and condensed tannin
contents. N-based total phenolics was positively correlated
to LMA and N-based condensed tannins, and negatively
correlated to Wsat, Nm, Am, and Aa. N-based condensed tan-
nins was positively correlated to Dstem, and negatively cor-
related to Wsat and Nm.

In a PCA of the 15 traits in 28 species, the Wrst three axes
accounted for 74.4% of the total variation. Axis 1 explained
41.8%, axis 2 explained 22.3%, and axis 3 explained 10.3%
of the total variation. The results for axes 1, 2, and 3 for
each species are shown in Table 1, and the correlations (r)
with axes 1, 2, and 3 for each plant trait are shown in
Table 2. N resorption rate showed the lowest contribution

among the traits. Functional types grouped separately along
axes 1 and 2, except that the climbers were positioned
within the group of the trees (Fig. 1b).

Axis 1 was positively correlated to LMA and LLS, and
negatively correlated to Am, AN, and Nm (P < 0.001)
(Table 2), representing a contrast between “tough leaves”
and “productive leaves” (Fig. 1a). Axis 1 was thus associ-
ated with diVerent strategies for leaf C economy and nutri-
ent use. The ruderal trees and the shrub and forbs are
located at more negative positions along axis 1, which are
associated with high photosynthetic capacity, fast leaf turn-
over, and low LMA. In contrast, the trees are located at
more positive positions along axis 1, which are associated
with lower photosynthetic capacity, slower leaf turnover,
and higher LMA.

Axis 2 was positively correlated to Dstem and LLS, and
negatively correlated to �o, Wsat, �

13C, and leaf thickness
(P < 0.001) (Table 2), representing a contrast between
“hard tissue” and “watery tissue” (Fig. 1a). Axis 2 was
thus associated with diVerent strategies for water use.
Bryophyllum pinnatum (Crassulaceae) exhibited an
extremely negative position along axis 2 (Fig. 1b), because
of their extreme leaf traits, i.e., CAM metabolism (¡22.2‰
in �13C) and succulency (11.4 g g¡1 in Wsat, 1,586 �m in
leaf thickness). Axis 2 signiWcantly separated the trees and
the creeping trees from the shrub and forbs (Table 4).

Axis 3 was positively correlated with N-based total
phenolics and condensed tannins (P < 0.001) (Table 2), and
therefore can be considered as an axis of the secondary
metabolic compounds that possibly determine defense
against herbivory and decomposability of leaves. The

Table 3 Spearman’s rank correlation for each pair of traits. CoeYcients of determination (r2) are given in the lower left section, and the positive
(+) or negative (¡) relationship for each pair is given in the upper right section of the matrix. See Table 2 for abbreviations

* P < 0.05, ** P < 0.01, *** P < 0.001

�o Wsat Mleaf Nm Nr Tleaf Aa Am AN Ga �C TPN CTN Dstem Lleaf

�o ** (+) ** (¡) * (+) ** (¡) ** (¡)

Wsat 0.346 *** (¡) ** (+) * (+) ** (¡) * (¡) *** (¡) *** (¡)

Mleaf 0.318 0.593 *** (¡) *** (+) ** (¡) *** (¡) *** (¡) * (¡) * (+) * (+) *** (+) *** (+)

Nm 0.127 0.283 0.533 *** (¡) ** (+) *** (+) * (+) ** (+) * (¡) *** (¡) ** (¡) ** (¡)

Nr

Tleaf 0.514 0.513 *** (¡) *** (¡) *** (¡) *** (¡) ** (+) *** (+)

Aa 0.315 0.359 0.517 *** (+) *** (+) *** (+) ** (¡) * (¡) ** (¡)

Am 0.160 0.570 0.444 0.738 0.863 *** (+) *** (+) *** (¡) * (¡) *** (¡)

AN 0.406 0.186 0.637 0.771 0.872 *** (+) *** (¡) *** (¡)

Ga 0.178 0.283 0.413 0.61 0.573 0.446 ** (¡) * (¡)

�C 0.215 0.177 0.358 0.391 0.529 0.504 0.361 * (+)

TPN 0.303 0.223 0.514 0.115 0.146 *** (+) * (+)

CTN 0.138 0.231 0.486 * (+)

Dstem 0.339 0.626 0.461 0.141 0.127 *** (+)

Lleaf 0.224 0.482 0.733 0.268 0.377 0.347 0.524 0.472 0.188 0.164 0.378
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ruderal trees had negative values, and the creeping trees had
positive values along axis 3 (Table 4).

The results of the PCA analysis showed that the diVerent
functional types took diVerent positions along the axes of
leaf C economy and nutrient use (axis 1) and water use
(axis 2). However, axes 1 and 2 could not separate climbers
from trees (Fig. 1). Am and Dstem were not correlated with
each other (Table 3), and the vectors for Am and Dstem were
obliquely angled (Fig. 1a). As a result, the matrix of two
unrelated traits, Am and Dstem, separated the functional

types well (Fig. 2). This matrix enhances the results of the
PCA analysis, and shows that Am and Dstem can be repre-
sented as key traits of leaf C economy and water use,
respectively. The ruderal trees and the shrubs and forbs
showed high Am (>100 nmol g¡1 s¡1), and were separated
by a value of 0.35 g m¡3 in Dstem. The trees, the creeping
trees, and the climbers showed low Am (<100 nmol
g¡1 s¡1), and the climbers and the trees and the creeping
trees groups were separated by a value of 0.55 g m¡3 in
Dstem. Am at a given Dstem was higher in the creeping trees
than in the trees.

Discussion

The PCA analysis showed that axis 1, which was related to
leaf C and N economy, and axis 2, which was related to
water use, explained 41.8 and 22.3% of the total variation,
respectively. Axes 1 and 2 separated plant functional types
relatively well, indicating that plant functional types were
characterized by a similar attribute of particular traits
related to leaf C and N economy and water use.

The Wrst PCA axis reXects a fundamental trade-oV
between rapid acquisition and conservation of nutrient
resource. The ruderal trees and the shrub and forbs with
more negative values of axis 1 exhibited high Nm, Am, Aa,
AN, and Ga, low LMA, and short LLS, indicating a non-
conservative nutrient use. In contrast, the trees with more
positive values of axis 1 exhibited the opposite properties,
indicating a conservative nutrient use strategy. It has been
known that high LMA needs high C investment for leaf
construction (Garnier and Laurent 1994; Garnier et al.
1997; Wilson et al. 1999), and imposes high resistance to
CO2 diVusion within the leaf (Vitousek et al. 1990; Kogami
et al. 2001), lowering photosynthetic capacity. However, it
contributes to the notable toughness of the canopy leaves
which allows them a long LLS and long resident time of
nutrients within the plant body (Chabot and Hicks 1982;
Escudero et al. 1992; Aerts 1995; Eamus and Prichard
1998; Ishida et al. 2006).

The second most important axis (axis 2) in the PCA was
associated with water use. The trees and the creeping trees
exhibited more positive values of axis 2 than did the ruderal
trees and the shrubs and forbs. Our results show a negative
correlation between Dstem and �O, and the trees and creep-
ing trees had high Dstem and low �O. This is consistent with
other studies, which have shown negative relationships
between wood density and daily minimum leaf water
potentials (Meinzer 2003; Ackerly 2004; Bucci et al. 2004;
Santiago et al. 2004), because low osmotic potentials con-
tribute to the maintenance of turgor under low leaf water
potentials (Turner and Jones 1980). Thus, the trees and the
creeping trees with high Dstem and low �O can have more

Fig. 1 Principal component analysis for (a) 15 traits and (b) 28 plant
species. Species codes and the value on each axis are shown in Table 1.
Trait codes and the correlations between axes and traits are shown in
Table 2. Filled circles represent the trees (except for non-creeping and
non-ruderal trees), open squares represent the creeping trees, Wlled
squares represent the ruderal trees, Wlled triangles represent the C3
shrub and forbs, open triangles represent the climbers, open circles
represent the palm, Wlled diamonds represent CAM, and asterisks rep-
resent alien plant species in the Bonin Islands
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negative leaf water potentials in the daytime, i.e., stronger
force to pull water up from the soil. The high Dstem will
contribute to the avoidance of xylem conduit implosion
under low leaf or stem water potentials (Hacke et al. 2001).
It has been known that drought-induced xylem cavitation in
the absence of freezing and thawing is not strongly related
to the diameters of xylem conduits (Hacke and Sperry
2001), and wider conduits can lead to high hydraulic
conductivity in stems as according to Poiseuille’s Law.
Among the examined woody plants, the tree species with
higher photosynthetic capacity exhibited wider xylem con-
duits in stems, but the ratio of total conduit area to sap
wood area was not correlated to photosynthetic capacity
(data not shown). This suggests that the canopy leaves with
high gas exchange rates favor wide conduits in stem
xylems.

Dstem was negatively correlated to �O across species
(Table 3). Nevertheless, the hemiparasitic species
(S. boninense and K. japonica) had more negative �O at a
given Dstem than did the other species (data not shown). The
low �O values in hemiparasites allow them to endure more
negative minimum leaf water potentials (i.e., larger water
potential gradients), in order to extract sap and its solutes
from the host plants (Schulze and Ehleringer 1984).

The ruderal trees and the shrubs exhibited low Dstem

(0.469 § 0.136 g m¡3, mean § 1 SD), short LLS (0.5 §
0.2 year, mean § 1 SD), and low LMA (84 § 23 g m¡2,
mean § 1 SD), reXecting an opportunistic life strategy. In
spite of the combination of low Dstem, short LLS, and low
LMA across species (Table 3), the palm had a low Dstem

(0.187 g m¡3), a long LLS (1.3 years), and a high LMA
(209 g m¡2). Because monocotyledons cannot produce sec-
ondary vascular tissue in stems, the xylem in palms seems
to dysfunction easily. Tomlinson et al. (2001) suggested
that palm plants either prevent embolism in the xylem ves-
sels or reWll the embolized vessels to maintain stem func-
tion for a long time. However, in palm plants, it is still
unclear how hydraulic function in stem xylem is main-
tained for a long time.

Axis 3 was positively correlated to N-based total pheno-
lics and condensed tannins. These attributes were associ-
ated with anti-herbivory mechanisms (Cunningham et al.
1999) or decomposability (Hättenschwiler and Vitousek
2000). The association between LLS and total phenolic and
condensed tannin contents is not general among biomes.
Across 41 rainforest trees, LLS was positively correlated to
mass-based condensed tannin contents (Coley 1988).
Across seven winter-deciduous trees in Japan, LLS was
positively correlated to mass-based total phenolic contents,
but it was not correlated to mass-based condensed tannin
contents (Matsuki and Koike 2006). In the present study,
LMA was positively correlated to N-based condensed tan-
nins, but LLS was not correlated to either N-based con-
densed tannins or total phenolics (Table 3) nor to mass-
based condensed tannins or total phenolics (data not
shown). Our results show that N-based condensed tannins
were positively correlated to Dstem; the combination may
result in low decomposition rates of plants, and subse-
quently, in slow nutrient recycling within an ecosystem
(Hättenschwiler and Vitousek 2000).

Our primary aim was to examine the extent to which the
variation of leaf and stem traits that are related to leaf C
economy and water use can explain variation in plant func-
tional types. A closed correlation between Dstem and �o was
found, and these water relation parameters were not corre-
lated to leaf gas exchange parameters, such as Aa, Am, AN,
and Ga (Table 3). However, Dstem and �owere associated

Table 4 Mean values of functional groups on PCA axes. SigniWcant diVerences (P < 0.05, ScheVe’s F-test) among the functional typesa for each
PCA axis are indicated by diVerent letters

a Climber, palm, and CAM plants are excluded from the statistical analysis, because there were less than two species in each of these groups

Tree Creeping tree Ruderal tree Shrub and forb Climber Palm CAM

PCA 1 1.59 a ¡0.37 a ¡4.10 b ¡3.12 b 0.91 1.88 2.84

PCA 2 0.63 a 1.29 a 0.41 ab ¡1.10 b ¡2.93 ¡2.25 ¡7.82

PCA 3 ¡0.33 a 1.79 b ¡0.78 a 0.23 ab 1.27 ¡2.11 1.30

Fig. 2 Species plot of mass-based net photosynthetic rate (Am) and
stem or wood density (Dstem). See Fig. 1 for explanation of symbols
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with parameters of the leaf C economy, such as LMA and
LLS, which were closely associated with leaf gas exchange
parameters. This is probably due to the negative correlation
of �o and Wsat or Nm. Although we have accumulated much
knowledge of correlations between leaf gas exchange and
leaf longevity (e.g., Reich et al. 1997; Wright et al. 2004),
we still only poorly understand whether such complex
coordination between hydraulic properties and leaf form, or
leaf longevity, or leaf gas exchange is found across a wide
array of biome or angiosperm taxa. Wright et al. (2006)
showed that woody plants with relatively low Dstem devel-
oped more leaf area per unit shoot mass. This seems to be
consistent with our result, in which LMA was positively
correlated to Dstem (Table 3), because the low LMA of
plants with low Dstem can lead to a large individual leaf
area, which, in turn, leads to high leaf area per unit shoot
mass. Our data indicate that diVerent functional types have
diVerent sets of attributes of traits related to photosynthesis
and water use, and both Am and Dstem are key factors reXect-
ing the diVerent functions of plant species. Such functional
integration will be a key aspect not only of biodiversity, but
also of ecosystem functioning, such as productivity and
nutrient and water cycling.
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