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Abstract

Tropical canopy tree species can be classified into two types by their heterobaric and homobaric leaves. We studied the
relation between both leaf types and their water use, together with the morphological characteristics of leaves and xylem,
in 23 canopy species in a tropical rain forest. The maximum rates of photosynthesis and transpiration were significantly
higher in heterobaric leaf species, which also underwent larger diurnal variations of leaf water potential compared to
homobaric leaf species. The vessel diameter was significantly larger and the stomatal pore index (SPI) was significantly
higher in heterobaric than that in homobaric leaf species. There was a significant positive correlation between the vessel
diameter, SPI, and maximum transpiration rates in all the studied species of both leaf types. However, there was no
significant difference in other properties, such as leaf water-use efficiency, leaf mass per area, leaf nitrogen content, and
leaf 8'3C between heterobaric and homobaric leaf species. Our results indicate that leaf and xylem morphological
differences between heterobaric and homobaric leaf species are closely related to leaf water-use characteristics, even in
the same habitat: heterobaric leaf species achieved a high carbon gain with large water use under strong light conditions,
whereas homobaric leaf species can maintain a high leaf water potential even at midday as a result of low water use in the
canopy environment.
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Introduction

Plant leaves display diverse structural and physiological
traits, within and among species, in order to cope with
a very wide range of environmental conditions (Sack and
Frole 2006, Liakoura ef al. 2009, Brodribb et al. 2013). In
particular, tropical rain forests have a highly complex and
multilayered vertical structure (Whitmore 1998), giving
rise to great variations in light availability and vapor
pressure deficit (VPD) with height (Yoda 1974, Kimmins
1997, Kenzo et al. 2006, 2007; Zach et al. 2010). We can
predict, as a result, that tropical trees will have large inter-

and intraspecific differences in physiological capacity and
structural features, and that these differences are important
in determining tree life forms in tropical rain forests.
Previous studies have found that tropical canopy and
emergent trees achieve a high photosynthetic capacity by
developing a leaf mesophyll structure that adjusts to the
tropical forest canopy environment of strong irradiance
and high temperature (Kenzo et al. 2004, 2006).
Understory species with a low stomatal density and low
leaf mass per area (LMA) show a low photosynthetic
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capacity, but they can adapt to the light-limited understory
because they have low photosynthetic light compensation
points (Yéfiez-Espinosa et al. 2003, Kenzo et al. 2006).
Other anatomical traits, such as whether bundle-sheath
extensions (BSE) are found in the leaf, may be further
factors in determining the tree distribution in tropical rain
forests. Kenzo et al. (2007) reported that heterobaric leaf
species, which had BSE in the leaf, were distributed
mainly in environments of high irradiance and drought,
such as the canopy, emergent layers, and gaps in a forest;
in contrast, homobaric leaf species, which had no BSE in
their leaves, were found in shady and moist environments
such as the forest floor. Heterobaric leaf species can
undergo patchy stomatal closure under drought conditions
(Hiromi et al. 1999, Jones 1999, Beyschlag and Eckstein
2001, West et al. 2005, Takanashi et al. 2006, Mott and
Peak 2007, Kamakura ef al. 2011), because the mesophyll
of the heterobaric leaf is separated into many small bundle-
sheath extension compartments by BSE (Terashima 1992).
Heterobaric leaf species also show higher photosynthetic
capacity per unit of leaf mass than homobaric leaf species
(Liakoura et al. 2009). Furthermore, lack of BSE in
homobaric leaves may improve their ability to exploit
available sunflecks, because lateral CO, diffusion from
shaded to illuminated areas of leaves enhances photosyn-
thesis (Lawson and Morison 2006, Pieruschka et al. 2006,
2008, 2010; Morison et al. 2007). Homobaric leaves also
increase the proportion of their leaf area that is photosyn-
thetically active (Terashima 1992). Nevertheless, according
to Kenzo et al. (2007), more than half of the species in the
canopy layer of a tropical rain forest possess homobaric
leaves despite the high irradiance and drought environ-
ment. How do heterobaric and homobaric leaf species
adapt to the canopy environment of strong water stress?
Differences of internal leaf anatomy may be closely
related to the architecture of water conductive pathways,

Material and methods

Study site: Our study was conducted in lowland, mixed
dipterocarp forest in Lambir Hills National Park, Sarawak,
Malaysia (4°12'N, 114°00'E, 150-250 m a.s.l.). The mean
canopy height of the stands was about 40 m; some
emergent trees reached 50 m. Measurements were made at
a 4-ha experimental plot (200 x 200 m). An 85-m-tall
canopy crane with a 75-m-long rotating jib was construc-
ted in the center of the plot, so as to provide access to the
top of the canopy (Sakai ef al. 2002). The emergent layer
in the area accessed by the canopy crane (1.77 ha) was
mostly occupied by Dipterocarpaceae (72% of all the
individuals), but the canopy layer was shared by various
families, such as Dipterocarpaceae (38%), Anacardiaceae
(15%), Burseraceae (8%), Saporaceae (6%), and Myrta-
ceae (5%). In our study plot, the flora composition in
emergent and canopy species was in the range of typical
tropical rain forests in Borneo Island including canopy
species (Ashton 2005). The study area has a humid tropical
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such as vessels and stomata, and in turn to the water supply
within a tree. It is known that BSE may be an important
route for water to run from minor veins to mesophyll
and/or epidermis evaporation sites in the leaf (Wylie 1952,
Sack et al. 2005, Sack and Frole 2006, Zwieniecki et al.
2007, Scoffoni et al. 2008, Boyce et al. 2009, Brodribb et
al. 2010b, McKown et al. 2010, Walls 2011) and thus
heterobaric leaf species with BSE may allow themselves
larger water supply in the leaf than homobaric leaf species
without BSE under canopy conditions. To support this
water demand in the leaf, heterobaric leaf species might
also need a large vessel diameter and/or high stomatal
density, both of which have high hydraulic efficiency and
then close link to high photosynthetic capacity in the leaf
(Brodribb and Field 2000, Santiago et al. 2004, Zhang and
Cao 2009, Tanaka et al. 2013). In contrast, homobaric leaf
species without BSE would have their mesophyll and
epidermis relatively hydraulically disconnected from the
xylem, which is not efficient in utilizing the hydraulic
system to maximize photosynthetic activity, and would
tend to close stomata well before xylem pressures reach a
ctitical stage (Zwieniecki et al. 2007). Therefore,
homobaric leaf species may tend to have a small vessel
diameter and/or low stomatal density to keep their
conservative water use compared with heterobaric leaf
species. In this study, we hypothesize that there are
different strategies for water use with different
morphological characteristics of leaf and xylem, such as
vessel diameter and stomatal density, between heterobaric
and homobaric leaf species even in the same canopy
environment. To test our hypothesis, we examined
physiological and morphological parameters related to leaf
water use in 23 canopy or emergent tree species, of which
15 possessed heterobaric leaves and 8 had homobaric
leaves, in a Bornean tropical rain forest.

climate, with weak seasonal changes in rainfall and
temperature (Kumagai and Kume 2012). The mean annual
rainfall and temperature at Lambir Hills National Park from
2000-2009 were approximately 2,600 mm and 25.8°C,
respectively (Kume et al. 2011). In the canopy and emer-
gent layers, the daily maximum temperature and photo-
synthetic photon flux density were sometimes above 35°C
and 2,000 umol m 2 s7%, respectively (Hiromi et al. 2012).

Plant material: We selected 42 individuals of 23 species,
all of which were typical canopy or emergent species in the
study plot. The species selected were those which had as
many individuals as possible for measurement and nearly
completely exposed crowns accessible by the canopy
crane. These contained 26 individuals of 15 species having
heterobaric leaves, and 16 individuals of 8 species having
homobaric leaves (Table 1) according to Kenzo et al.
(2007) classification of the leaf types. Only in two species,



Artocarpus obtusus and Swintonia sp., which were out of
the species list of Kenzo et al. (2007), we classified
ourselves according to their leaf types by observing leaf
transverse sections. Transverse slices were prepared by
using a sliding microtome and observed with or without
bundle sheath extensions with an optical microscope
(BIOPHOT, Nikon, Japan).

Field measurements: We measured leaf maximum photo-
synthetic (Pmax) and transpiration (Emax) rates and stomatal
conductance at Pmax (gs) at light saturation and diurnal
variations of leaf water potential at the top of the sun-
exposed crown of each individual. All field measurements
were performed at least once for each individual from July
2007 to October 2009, on days as clear as possible,
although a totally cloudless day was very rare in the area
and some overcast hours were included. Some micro-
climate factors, including solar radiation, air temperature,
and relative humidity, were measured and recorded at the
top of the canopy access crane during the study period
(Kumagai et al. 2004, Kume et al. 2011). Vapor pressure
deficits (VPD [kPa]) were calculated from measured air
temperature and relative humidity according to Buck
(1981). More details about meteorological measurements
can be found in Kume et al. (2011).

Leaf gas-exchange parameters, such as Pmax, Fmax, and
gs, were measured by using a portable photosynthesis
apparatus (LI-6400, Li-Cor, Lincoln, NE, USA). All
measurements were made from 09:00 to 11:00 h, in order
to avoid the midday depression in photosynthesis and
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transpiration (Ishida et al. 1996, Kenzo et al. 2003). In
each tree specimen, we measured fully expanded and
apparently nonsenescent leaves gathered from the top of
the crown. The PPFD and CO, concentration in the
chamber were 1,500 umol(photon) m2 s™! and 360 ppm,
respectively. The intrinsic water-use efficiency (WUE)
was defined as the ratio of Pmax to Emax (Buckley et al.
2002). It may cause overestimation of photosynthesis due
to CO, diffusion in the homobaric leaf without bundle
sheath extension, because the leaf was partly clamped by
the clamp-on leaf chamber of LI-6400 (Pieruschka et al.
2006). However, Pons and Welschen (2002) showed no
effect of CO, diffusion in the homobaric leaf on photo-
synthesis measurement under high light conditions (PPFD
of 1,200 pmol m? s"). Therefore, we measured leaf
photosynthesis under high light conditions (PPFD of
1,500 pmol m 2 s7!) to compare the differences in physio-
logical ability in situ between homobaric and heterobaric
leaf species.

Leaf water potential was measured in the field with
apressure chamber (Model 1002, PMS Instruments, USA),
between 06:00 and 07:00 h (predawn, Wpq) and between
12:00 and 14:00 h (midday, Wmiq). A total of 3—5 exposed
shoots were excised from each individual with pruning
shears, and immediately underwent measurement. Diurnal
variation in the leaf water potential (A¥.) was defined as
the difference between Wniq and Wpa.

Leaf morphological and chemical properties: We
obtained six mature leaves from the canopy surface in

Table 1. List of tree species in a Malaysian lowland tropical rainforest, showing leaf type, number of individuals (), and tree height.
Height is mean + SD. Hetero — heterobaric leaf tree, Homo — homobaric leaf tree.

Family Species n Leaf type Height [m]
Dipterocarpaceae Dipterocarpus globosus 3 Hetero 43.5+3.1
Dryobalanops aromatica 3 Hetero 44.1+4.7
Shorea beccariana 3 Hetero 498+24
Shorea bullata 1 Hetero 38.4
Shorea crassa 3 Hetero 422+44
Shorea kunstleri 1 Hetero 40.4
Shorea laxa 1 Hetero 393
Vatica oblongifolia 1 Hetero 35.7
Fagaceae Lithocarpus luteus 1 Hetero 37.6
Leguminosae Koompassia malaccensis 2 Hetero 46.0
Sindora coriacea 1 Hetero 36.2
Magnoliaceae Magnolia ashtonii 1 Hetero 37.7
Moraceae Artocarpus obtusus 1 Hetero 38.7
Sapotaceae Madhuca crassipes 3 Hetero 352+09
Palaquium sp. 1 Hetero 36.5
Anacardiaceae Swintonia acuta 3 Homo 40.1+2.9
Swintonia sp. 3 Homo 43.7+3.6
Clusiaceae Garcinia parvifolia 1 Homo 344
Ctenolophonaceae Ctenolophon parvifolius 1 Homo 413
Loganiaceae Fagraea caudata 2 Homo 35.8
Myristicaceae Mpyristica gigantea 1 Homo 41.5
Mpyrtaceae Syzygium sp. 3 Homo 393+1.7
Sapotaceae Madhuca sessilis 2 Homo 35.0
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each studied individual. Three of these were fixed in
fixation medium (FAA, 40% formaldehyde:acetic acid:
70% ethanol, 2:1:17, v/v/v) for the observation of the
stomatal traits; the others were used to determine leaf dry
mass, nitrogen content, and stable carbon isotope compo-
sition (8'3C [%o]).

To observe the stomatal traits, a replica of the abaxial
surface of each collected leaf was made and observed by
Suzuki’s Universal Micro-Printing method, by using
adhesive for the plastic model (Koike ef al. 1998). These
replicas were observed under an optical microscope
(BIOPHOT, Nikon, Japan), and the length and density of
stomata were measured. They were counted in three leaf
areas of the microscopic field of view (0.2 x 0.3 mm) on
each leaf. In species with hairy or papillate leaves,
trichomes were removed from the leaves by a razor blade
and their remnants were cleared off by sodium hypochlorite
solution (a 50% solution of household bleach). When the
leaves appeared transparent, the bleach solution was
vacuumed off and they were rinsed several times in
distilled water. The abaxial leaf surfaces of the cleared
leaves could be directly observed under the optical
microscope. The length and density of stomata were
measured according to the same procedure as the Suzuki’s
Universal Micro-Printing method. We defined a stomatal
length (guard cell length) as the distance in micrometers
between the junctions of the guard cells at each end of the
stoma (Xu and Zhou 2008). The stomatal pore index (SPI,
a dimensionless index of stomatal pore area per lamina
area), was calculated as (stomatal density) x (guard cell
length)? on the abaxial surface of the lamina (Sack et al.
2003).

For measurement of leaf nitrogen and 3'°C, the leaves
were dried at 60°C for three days, and the leaf dry mass
was measured. The leaves were ground to fine powder and
then passed through a 250-mesh sieve (250 pum). Leaf
nitrogen was measured by an NC analyzer (SUMIGRAPH
NC-95, Shimadzu, Kyoto, Japan). The stable carbon isotope
composition of the leaf samples was determined by using
an isotope ratio mass spectrometer (MAT252, Thermo
Electron, Bremen, Germany). The overall carbon isotope
ratio was expressed in delta notation relative to the PD
Belemnite standard: 8'*C [%o] = (Rsample/ Rstandara — 1) X 1000,
where Rsumple is the *C/12C ratio of the sample, and Ryundard
is the ratio of the standard (Tanaka-Oda et al. 2010).

Xylem structure and wood density: Using an increment
borer (5.15 mm in diameter, Haglof, Langsele, Sweden),
we obtained two wood core samples at breast height from
all the individual specimens. We fixed one sample for
microscopic analysis by FAA; the other was used to
measure the wood density shortly after sampling. For
microscopic analysis, we used a sliding microtome, and
obtained segments of the radial side of the core from the
outer layer of the cambium, 2-3 cm deep. This depth
corresponds to the greatest sap flow velocity in the radial
profile in some tropical rain forest trees (Kume et al.
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2008). These segments were stained with a 1% fuchsin
acid solution, and photographed by a digital camera
(DP12, Olympus, Japan) connected to a stereomicroscope
(SZX12, Olympus, Japan). Only three species, Artocarpus
obtusus, Koompassia malaccensis, and Lithocarpus luteus,
had their wood core polished by the sliding microtome,
after which a transverse section of the wood core surface
was directly photographed; this is because their stem was
too hard for segments to be made. The images were
analyzed by software (Image J, National Institute of
Health, Bethesda, MD, USA) for estimation of the vessel
diameter and density. A stage micrometer (resolution
10 um) was used for scale reference. In estimating the
vessel diameter, we measured at least 100 vessels per stem
wood core. To determine the vessel density, an area of
15-40 mm? was chosen and the number of all vessels in
this area was counted for each stem wood core. Stem
samples for determining the wood density were oven-dried
at 70°C for at least 3 d, and then weighed. The volume was
calculated by measuring the diameter and the length of
each core sample and assuming that the core was
cylindrical (Osunkoya et al. 2007, Ishida et al. 2008).

Relative growth rate: The relative growth rates (RGR [%
per year]) for stem diameter at breast height (DBH) of all
the individuals were calculated as follows: RGR =
{[In(DBHn) — In(DBH;)]/n} x 100, where DBH; is DBH
in the year ¢, and it becomes DBH, after n years
(Nakagawa et al. 2000). DBH was calculated from tree
census data; all trees in the study plot > 10 cm in diameter
at breast height (1.3 m above ground) were tagged and
measured annually from 2000-2008 (Nakagawa et al.
2013).

Statistical analysis: After we checked the normality of all
the parameters studied by Shapiro-Wilk's test, one-way
analysis of variance (ANOVA) and Kruskal-Wallis test
were used to compare differences in each parameter
studied between heterobaric and homobaric leaf species.
Phylogenetically independent contrasts (PIC) were calcu-
lated by using the APE package for the R environment
(Paradis et al. 2004). A phylogenetic tree was first
constructed by using PHYLOMATIC (ver. 3) (Webb et al.
2008). Phylogenetic relationship of species belonging to
Dipterocarpaceae was determined to dissolve polytomy of
the phylogenetic tree according to Tsumura et al. (2011).
Branch lengths of the phylogenetic tree were assigned by
using the BLADJ function of PHYLOCOM (Webb et al.
2008). The correlation between the parameters was tested
to consider the effect of phylogenetic bias on the studied
species by Pearson’s cross-species and phylogenetically
independent contrasts correlation test. Principal component
analysis was made to assess the relationships of measured
plant structural and functional traits between heterobaric
and homobaric leaf species. For all statistical analyses, we
used the R version 2.15.1 (The R Foundation for Statistical
Computing, Vienna, Austria).



Results

Diurnal patterns of microclimate change: The value of
solar radiation began to increase in the early morning and
rose rapidly from about 08:00 to 11:00 h, reaching a peak
of approximately 800 W m™2 at 12:00 h, then dropping
sharply (Fig. 1). The maximum solar radiation sometimes
exceeded 900 W m 2. The air temperature began to rise
after sunrise, reaching about 30°C by 13:00 h and plateau-
ing until 16:00 h, after which it gradually fell to a minimum
of approximately 23°C just before dawn. VPD increased
during the morning, reaching a peak of approximately
1.5 kPabetween 13:00 and 15:00 h, after which it gradually
decreased until just before dawn (Fig. 1).
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Fig. 1. Diurnal changes in solar radiation (4), air temperature (B),
and vapor pressure deficit (VPD) (C) recorded at the top of the
crane by the meteorological stations in Lambir Hills National
Park.

Relation between leaf types and leaf physiological and
growth traits: Prax, Emax, and gs were significantly higher
in heterobaric than in homobaric leaf species (Table 2; Fig.
1S, supplement available online). There were large
interspecific variations in each trait among all the species

Discussion

Heterobaric and homobaric leaf species clearly possessed
different physiological traits closely related with water
conductive pathways, such as vessel diameter and SPI,
regardless of phylogenetic effect, even when growing
under the same canopy conditions.

The two leaf types differed significantly in Pmax and
Eax; values were higher in heterobaric than in homobaric
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studied, even under the same canopy conditions (Table 1S,
supplement available online). There was no significant
difference in water-use efficiency (WUE) between homo-
baric and heterobaric leaf species (Table 2). The Wmiq was
significantly lower in heterobaric than that in homobaric
leaf species, although there was no significant difference
in Wya between the two types. Diurnal variation of leaf
water potential (AWr) was significantly larger in hetero-
baric than that in homobaric leaf species. The relative
diameter growth rate (RGR) was significantly higher in
heterobaric than in homobaric leaf species.

Relation between leaf types and chemical and morpho-
logical properties: Heterobaric and homobaric leaf species
were similar to each other in leaf photosynthetic nitrogen
use efficiency (PNUE, the ratio of CO, assimilation rate to
leaf organic nitrogen content) and leaf chemical para-
meters, such as nitrogen content per unit of leaf area
(Narea), mass-based leaf nitrogen concentration (Nmass), and
8'3C (Tables 18, 2). Interspecific variations in Narea, Nimass,
and PNUE were large and the differences were
approximately three times across all the species studied.
Of leaf morphological properties, stomatal density, guard
celllength, SPI, and LMA showed higher values in hetero-
baric leaf species than in homobaric leaf species, although
the difference between heterobaric and homobaric leaf
species was significant only in SPI (Tables 1S, 2). There
was no difference in wood and vessel density, although
heterobaric leaf species had significantly larger vessel
diameter than homobaric leaf species (Table 2).

Correlation between parameters: In all the species
studied, Emax, Pmax, and gs increased significantly with SPI
(Fig. 24-C,E,F), both for cross-species means and PIC,
but correlation between Em.c and SPI became nearly
significant when analyzed by using phylogenetically
independent contrasts (Fig. 2D). Vessel diameter was also
significantly correlated with SPI, both for cross-species
means and PIC (Fig. 34,C). Emax increased significantly
with vessel diameter (Fig. 3B,D) and with AYy (Fig. 4),
both for cross-species means and PIC. There was no
significant correlation between AWy and vessel diameter,
both for cross-species means and PIC (Table 2S,
supplement available online).

species. BSE of heterobaric leaf species comprise trans-
parent tissue, guiding visible light to the internal layers of
mesophyll (Karabourniotis et al. 2000, Nikolopoulos ef al.
2002). BSE also act as an efficient water pathway from
minor veins to mesophyll and/or epidermic evaporation
sites (Wylie 1952, Sack et al. 2005, Sack and Frole 2006,
Zwieniecki et al. 2007, Scoffoni et al. 2008, Boyce et al.
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Table 2. Comparison of functional and structural traits in heterobaric and homobaric leaves. Significant correlations are shown in bold

type. Traits are mean + SD. Emax — maximum transpiration rate; gs —

maximum stomatal conductance; LMA — leaf mass per area;

Narea — nitrogen per unit of leaf area; Nmass — mass-based leaf nitrogen concentration; Pmax — maximum photosynthetic rate;
PNUE — photosynthetic nitrogen-use efficiency; RGR —relative growth rate; WUE — intrinsic water-use efficiency; 8'3C — stable carbon
isotope ratio; AW¥L — diurnal leaf water potential; Wmid — leaf water potential at midday; Wpa — leaf water potential at predawn.

Trait Heterobaric Homobaric P

AYL [MPa] 1.30 +£0.30 0.90 +0.17 0.002

Emax [mmol m™2s™] 5.34+£0.96 4.01 +£0.66 0.002

gs [mmol m2s71] 0.38+0.10 0.28 +0.07 0.025

Guard cell length [um] 23.26+4.41 20.42 +£5.02 0.175

LMA [g m™2] 154.5 +37.16 143.6 + 52.60 0.565

Mean annual diameter RGR [% y™!] 0.81+0.45 0.49 £0.34 0.049

Narea [g m’z] 2.54+0.73 2.26 £0.26 0.287

Nmass [mg gil] 17.02 £5.32 17.29 £ 5.57 0.949

Prmax [umol m™2 s71] 12.94 +£2.35 10.43 +1.81 0.016

PNUE [mmol g ' s7'] 5.36+1.20 4.64 £0.62 0.128

Stomatal density [No. mm 2] 537.54+£198.30  421.57 +270.80 0.252

Stomatal pore index [x1072] 27.73£9.77 15.71 £7.59 0.007

Vessel density [No. mm™2] 5.89 +3.32 6.14+2.78 0.857

Vessel diameter [pum] 180.00 + 59.15 134.33 + 18.85 0.013

Wood density [g cm™] 0.68 +£0.16 0.70 + 0.04 0.679

WUE [umol mmol ] 2.45+0.37 2.69+0.74 0.409

313C [%o] -29.41 +1.31 —28.78 £0.99 0.245

Pmia [MPa] ~1.69 £0.31 ~1.31£0.15 0.004

Wpd [MPa] -0.39£0.05 -0.41 £0.06 0.321
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Fig. 2. Relation between SPI and maximum transpiration rate
(Emax) (4,D), maximum photosynthetic rate (Pmax) (B,E), and
stomatal conductance at Pmax (gs) (C,F). Black and white circles
represent heterobaric and homobaric leaf species, respectively.
Pearson’s cross-species (Rc¢) and phylogenetically independent
contrast (Rp) correlation coefficients are shown. "P<0.05;
"P<0.01.
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et al. 2012). Such an effective water use in heterobaric leaf
species might allow them to achieve similar values of
WUE and leaf §'*C to those in homobaric leaf species in
the same canopy environment.

The difference in water demand between homobaric
and heterobaric leaf species is strongly correlated with
their water conductive pathway parameters, such as SPI
and vessel diameter. In our study, the two leaf types differed
significantly in SPI. Several studies have previously found
that SPI is a determinant of maximum stomatal
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Fig. 3. Relation between vessel diameter and stomatal pore index
(SPI) (4,C) and maximum transpiration rate (Emax) (B,D). Black
and white circles represent heterobaric and homobaric leaf
species, respectively. Pearson’s cross-species (R.) and
phylogenetically independent contrast (Rp) correlation coeffi-
cients are shown. "P<0.05; **P<0.01; ***P<0.001.
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Fig. 4. Relation between maximum transpiration rate (Emax) and
diurnal variations of leaf water potential (AWL). Black and white
circles represent heterobaric and homobaric leaf species.
Pearson’s cross-species (Rc) and phylogenetically independent
contrast (Rp) correlation coefficients are shown. *P<0.05;
*P<0.01.

conductance (Nobel 1999) and reflects the transpirational
demand related to a range of environmental factors
(Nardini et al. 2005, Sack et al. 2005, Brodribb and Jordan
2011). Also in vessel diameter in the stem, heterobaric- and
homobaric-leafed species differed significantly in the
canopy species studied, and it was correlated with SPI and
the maximum transpiration ratio regardless of phylo-
genetic effect. Since it is known that there is a significant
correlation between the vessel sizes in the stem and the
twig in the same tree species (Anfodillo et al. 2006,
Lintunen and Kalliokoski 2010, McCulloh et al. 2010,
Schuldt et al. 2013) including mid-story and canopy tree
species in aseasonal tropical rainforests in Southeast Asia
(Zach et al. 2010), the vessel diameter in the stem may be
hydraulically linked closely to leaf transpirational demand
in the twig. Therefore, heterobaric leaf species with higher

LEAF WATER USE IN TROPICAL CANOPY TREE SPECIES

SPI might be able to maintain a higher leaf physiological
capacity and thus a faster growth rate than homobaric leaf
species.

Differences in the leaf and xylem structures of tropical
tree species might be crucial for determining plant distri-
bution in tropical rain forests. Heterobaric leaf species
dominate the emergent layer (96%), but homobaric leaf
species are nearly equal in distribution (57%) to hetero-
baric leaf species (43%) in the canopy layer (Kenzo ef al.
2007), which receives high solar irradiance equal to the
emergent layer in tropical rain forests (Yoda 1974, Kenzo
et al. 20006). It is well known that vessel cavitation impairs
water conduction and increases midday water stress in
leaves in a high water stress environment (Tyree and Dixon
1986, Brodribb et al. 2010a). Previous studies showed that
trees with large vessel diameter were enabled to respond to
larger water demand, but at the same time they were more
vulnerable to cavitation than those with the smaller vessel
diameter (Wheeler et al. 2005, Hacke et al. 2006, Cai and
Tyree 2010, Christman et al. 2012). Moreover, it also
accelerates the cavitation risk; a more negative xylem
water potential provides a larger driving force for water
transport (Manzoni et al. 2013). Heterobaric leaf species
therefore may suffer from increased susceptibility to
cavitation during the midday and drought period
(Martinez-Vilalta et al. 2002, Hiromi et al. 2012). On the
other hand, homobaric leaf species had the smaller vessel
diameter, lower SPI, and lower transpiration rates and A¥.
than heterobaric ones even in the same canopy environ-
ment, thus, the former might maintain their physiological
capacity as a result of reduced cavitation risk. They might
therefore be distributed evenly over the canopy layer,
though a low photosynthetic rate may also limit their
growth rate even under bright canopy conditions.

Conclusions: We found distinct strategies for adaptation
to the canopy environment in heterobaric and homobaric
leaf species in a tropical rain forest in Southeast Asia.
Among canopy species, the difference between the two
leaf types was closely related to the vessel diameter,
stomatal traits, and water-use characteristics. Heterobaric
leaf species develop a high photosynthetic and transpira-
tion capability by having high SPI and the large vessel
diameter suited to efficient water transport and carbon gain
under bright canopy conditions. Homobaric leaf species,
with the low SPI and small vessel diameter, adopt a more
conservative strategy to cope with diurnal water stress,
maintaining a favorable water status for the whole day. An
increase in the severity and frequency of drought is
predicted by models of global climate change (Corlett and
Lafrankie 1998, Christensen et al. 2007, Overpeck and
Cole 2007, Wright 2010), with implications for the
dynamics of tropical rain forests (Bebber 2002, Engel-
brecht et al. 2007). Our results may suggest that different
strategies for leaf water use between heterobaric and
homobaric leaf species in the same habitat might be closely
related to sensitivity and resistance to unusual severe
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drought events, e.g., associated with El Nifio. Further
studies of drought tolerances of different leaf types should
provide a better understanding of the response of tropical

References

Anfodillo T., Carraro V., Carrer M. et al.: Convergent tapering of
xylem conduits in different woody species. — New Phytol. 169:
279-290, 2006.

Ashton P.S.: Lambir’s Forest: The world’s most dive known tree
assemblage? — In: Roubik D.W., Sakai S., Hamid Karim A.A.
(ed.): Pollination Ecology and the Rain Forest. Pp. 191-216.
Springer, New York 2005.

Bebber D.P.: Dipterocarp susceptibility to drought: A role for
wood structure? — J. Trop. For. Sci. 14: 425-427,2002.

Beyschlag W., Eckstein J.: Towards a causal analysis of stomatal
patchiness: The role of stomatal size variability and hydro-
logical heterogeneity. — Acta Oecol. 22: 161-173, 2001.

Boyce C.K., Brodribb T.J., Field T.S. Zwieniecki M.A.: Angio-
sperm leaf vein evolution was physiologically and environ-
mentally transformative. — Proc. R. Soc. Ser. B-Bio. 276: 1771-
1776, 20009.

Brodribb T.J., Bowman D.J.M.S., Nichols S. et al.: Xylem
function and growth rate interact to determine recovery rates
after exposure to extreme water deficit. — New Phytol. 188:
533-542, 2010a.

Brodribb T.J., Field T.S.: Stem hydraulic supply is linked to leaf
photosynthetic capacity: Evidence from New Caledonian and
Tasmanian rainforests. — Plant Cell Environ. 23: 1381-1388,
2000.

Brodribb T.J., Field T.S., Sack L.: Viewing leaf structure and
evolution from a hydraulic perspective. — Funct. Plant Biol. 37:
488-498, 2010b.

Brodribb T.J., Jordan G.J.: Water supply and demand remain
balanced during leaf acclimation of Nothofagus cunninghamii
trees. — New Phytol. 192: 437-448, 2011.

Brodribb T.J., Jordan G.J., Carpenter R.J.: Unified changes in cell
size permit coordinated leaf evolution. — New Phytol. 199: 559-
570, 2013.

Buck A.L.: New equations for computing vapour pressure and
enhancement factor. —J. Appl. Meteorol. 20: 1527-1532, 1981.

Buckley T.N., Miller J.M., Farquhar G.D.: The mathematics of
linked optimisation for water and nitrogen use in a canopy. —
Silva Fenn. 36: 639-669, 2002.

Buckley T.N., Sack L., Gilbert M.E.: The role of bundle sheath
extensions and life form in stomatal responses to leaf water
status. — Plant Physiol. 156: 962-973, 2011.

Cai J., Tyree M.T.: The impact of vessel size on vulnerability
curves: Data and models for within-species variability in
saplings of aspen, Populus tremuloides Michx. — Plant Cell
Environ. 33: 1059-1069, 2010.

Christensen J.H., Hewitson B., Busuioc A. et al.: Regional
climate projections In Climate Change 2007: The Physical
Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate
Change. — In: Solomon S., Qin D., Manning M. et al. (ed.):
Climate Change 2007. Pp. 847-940. Cambridge University
Press, Cambridge and New York 2007.

Christman M.A., Sperry J.S., Smith D.D.: Rare pits, large vessels
and extreme vulnerability to cavitation in a ring-porous tree
species. — New Phytol. 193: 713-720, 2012.

Corlett R.T., Lafrankie J.V.: Potential impacts of climate change

184

canopy and emergent trees to severe drought events caused
by future climate change.

on tropical Asian forests through an influence on phenology. —
Clim. Chang. 39: 439-453, 1998.

Crocker, WM.: Aeration systems of leaves. — Bot. Gaz. 67:
517-518, 1919.

Engelbrecht B.M.J., Comita L.S., Condit R. et al.: Drought
sensitivity shapes species distribution patterns in tropical
forests. — Nature 447: 80-82, 2007.

Hacke U.G., Sperry J.S., Wheeler J.K., Castro L.: Scaling of
angiosperm xylem structure with safety and efficiency. — Tree
Physiol. 26: 689-701, 2006.

Hiromi T., Ichie T., Kenzo T. et al.: Interspecific variation in leaf
water use associated with drought tolerance in four emergent
dipterocarp species of a tropical rain forest in Borneo. — J. Forest
Res.-Jpn. 17: 369-377, 2012.

Hiromi T., Ninomiya I., Koike T. ef al.: [Regulation of trans-
piration by patchy stomatal opening in canopy tree species of
Dipterocarpaceae in tropical rainforest, Sarawak, Malaysia.] —
Jap. J. Ecol. 49: 83-91, 1999. [In Japanese with English
abstract]

Ishida A., Nakano T., Yazaki K. et al.: Coordination between leaf
and stem traits related to leaf carbon gain and hydraulics across
32 drought-tolerant angiosperms. — Oecologia 156: 193-202,
2008.

Ishida A., Toma, T., Matsumoto Y. et al.: Diurnal changes in leaf
gas exchange characteristics in the uppermost canopy of a rain
forest tree, Dryobalanops aromatica Gaertn. f. — Tree Physiol.
16: 779-785, 1996.

Jones H.G.: Use of thermography for quantitative studies of
spatial and temporal variation of stomatal conductance over
leaf surfaces. — Plant Cell Environ. 22: 1043-1055, 1999.

Kamakura M., Kosugi Y., Takanashi S. et al.: Patchy stomatal
behavior during midday depression of leaf CO2 exchange in
tropical trees. — Tree Physiol. 31: 160-168, 2011.

Karabourniotis G., Bornman J.F., Nikolopoulos D.: A possible
optical role of the bundle sheath extensions of the heterobaric
leaves of Vitis vinifera and Quercus coccifera. — Plant Cell
Environ. 23: 423-430, 2000.

Kenzo T., Ichie T., Ninomiya I., Koike T.: Photosynthetic activity
in seed wings of Dipterocarpaceac in a masting year:
Does wing photosynthesis contribute to reproduction? —
Photosynthetica 41: 551-557, 2003.

Kenzo T., Ichie T., Watanabe Y., Hiromi T.: Ecological distri-
bution of homobaric and heterobaric leaves in tree species
of Malaysian lowland tropical rainforest. - Am. J. Bot. 94: 764-
775, 2007.

Kenzo T., Ichie T., Watanabe Y. ef al.: Changes in photosynthesis
and leaf characteristics with tree height in five dipterocarp
species in a tropical rain forest. — Tree Physiol. 26: 865-873,
2006.

Kenzo T., Ichie T., Yoneda R. et al.: Interspecific variation of
photosynthesis and leaf characteristics in canopy trees of five
species of Dipterocarpaceae in a tropical rain forest. — Tree
Physiol. 24: 1187-1192, 2004.

Kimmins J.P.: Forest Ecology. A Foundation for Sustainable
Management. — Prentice Hall, Upper Saddle River, New Jersey
1997.



Koike T., Miyashita N., Toda H.: Effect of leaf structural
characteristics in successional deciduous broadleaved tree
seedlings and their silvicultural meaning. — For. Resour.
Environ. 35: 9-25, 1997.

Koike T., Watanabe T., Toda H., Haibara K.: Morphological
diversity of stomata of representative broadleaved trees in
a temperate region: detection with the Sump method. — For.
Resour. Environ. 36: 55-63, 1998.

Kumagai T., Katul G.G., Saitoh T.M. et al.: Water cycling in
a Bornean tropical rain forest under current and projected
precipitation scenarios. — Water Resour. Res. 40: W01104, doi:
10.1029/2003WR002226, 2004.

Kumagai T., Kume T.: Influences of diurnal rainfall cycle on CO2
exchange over Bornean tropical rainforests. — Ecol. Model.
246: 91-98, 2012.

Kume T, Komatsu H, Kuraji K, Suzuki M.: Less than 20-min time
lags between transpiration and stem sap flow in emergent trees
in a Bornean tropical rainforest. — Agr. Forest Meteorol. 148:
1181-1189, 2008.

Kume T., Tanaka N., Kuraji K. ez al.: Ten-year evapotranspiration
estimates in a Bornean tropical rainforest. — Agr. Forest
Meteorol. 151: 1183-1192, 2011.

Lawson T., Morison J.: Visualising patterns of CO2 diffusion in
leaves. — New Phytol. 169: 641-643, 2006.

Liakoura V., Fotelli M.N., Rennenberg H., Karabourniotis G.:
Should structure -function relations be considered separately
for Homobaric vs. Heterobaric leaves? — Am. J. Bot. 96:
612-619, 2009.

Lintunen A., Kalliokoski T.: The effect of tree architecture on
conduit diameter and frequency from small distal roots to
branch tips in Betula pendula, Picea abies and Pinus sylvestris.
— Tree Physiol. 30: 1433-1447, 2010.

Lynch D.J., Mclnerney F.A., Kouwenberg L.L.R. et al.: Plasticity
in bundle sheath extensions of heterobaric leaves. — Am. J. Bot.
99: 1197-1206, 2012.

Manzoni S., Vico G., Katul G. et al.: Hydraulic limits on
maximum plant transpiration and the emergence of the safety-
efficiency trade-off. — New Phytol. 198: 169-178, 2013.

Martinez-Vilalta J., Prat E., Oliveras I. ef al.: Xylem hydraulic
properties of roots and stems of nine Mediterranean woody
species. — Oecologia 133: 19-29, 2002.

McCulloh K., Sperry J.S., Lachenbruch B. et al.: Moving water
well: Comparing hydraulic efficiency in twigs and trunks of
coniferous, ring-porous, and diffuseporous saplings from
temperate and tropical forests. — New Phytol. 186: 439-450,
2010.

McKown A.D., Cochard H., Sack L.: Decoding leaf hydraulics
with a spatially explicit model: Principles of venation archi-
tecture and implications for its evolution. — Am. Nat. 175: 447-
460, 2010.

Morison J.I.L., Lawson T., Cornic G.: Lateral CO: diffusion
inside dicotyledonous leaves can be substantial: Quantification
in different light intensities. — Plant Physiol. 145: 680-690,
2007.

Mott K.A., Peak D.: Stomatal patchiness and task-performing
networks. — Ann. Bot. 99: 219-226, 2007.

Nakagawa M., Momose K., Kishimoto-Yamada K. et al.: Tree
community structure, dynamics, and diversity partitioning in
a Bornean tropical forested landscape. — Biodivers. Conserv.
22: 127-140, 2013.

Nakagawa M., Tanaka K., Nakashizuka T. et al.: Impact of severe
drought associated with the 1997-1998 El Nino in a tropical
forest in Sarawak. — J. Trop. Ecol. 16: 355-367, 2000.

LEAF WATER USE IN TROPICAL CANOPY TREE SPECIES

Nardini A., Gortan E., Salleo S.: Hydraulic efficiency of the leaf
venation system in sun- and shade-adapted species. — Funct.
Plant Biol. 32: 953-961, 2005.

Nikolopoulos D., Liakopoulos G., Drossopoulos I., Karabournio-
tis, G.: The relationship between anatomy and photosynthetic
performance of heterobaric leaves. — Plant Physiol. 129:
235-243,2002.

Nobel P.S.: Physicochemical and Environmental Plant Physio-
logy, 2" Ed. — Academic Press, San Diego 1999.

Osunkoya O.0., Sheng T.K., Mahmud N.A., Damit N.: Variation
in wood density, wood water content, stem growth and
mortality among twenty-seven tree species in a tropical rain-
forest on Borneo Island. — Austral Ecol. 32: 191-201, 2007.

Overpeck J.T., Cole J.E.: Climate change: Lessons from a distant
monsoon. — Nature 445: 270-271, 2007.

Paradis E., Claude J., Strimmer K.: APE: analyses of phylo-
genetics and evolution in R language. — Bioinformatics 20:
289-290, 2004.

Pieruschka R., Chavarria-Krauser A., Cloos K. et al.: Photo-
synthesis can be enhanced by lateral CO> diffusion inside
leaves over distances of several millimeters. — New Phytol.
178: 335-347, 2008.

Pieruschka R., Chavarria-Krauser A., Schurr U., Jahnke S.:
Photosynthesis in lightfleck areas of homobaric and heterobaric
leaves. — J. Exp. Bot. 61: 1031-1039, 2010.

Pieruschka R., Schurr U., Jensen M. et al.: Lateral diffusion of
CO: from shaded to illuminated leaf parts affects photo-
synthesis inside homobaric leaves. — New Phytol. 169:
779-788, 2006.

Pons T.L., Welschen R.A.M.: Overestimation of respiration rates
in commercially available clamp-on leaf chambers.
Complications with measurement of net photosynthesis. —
Plant Cell Environ. 25: 1367-1372, 2002.

Roth I.: Stratification of Tropical Forests as Seen in Leaf
Structure. — Springer Netherlands, The Hague 1984.

Sack L., Cowan P.D., Jaikumar N., Holbrook N.M.: The
'hydrology' of leaves: Co-ordination of structure and function
in temperate woody species. — Plant Cell Environ. 26:
1343-1356, 2003.

Sack L., Frole K.: Leaf structural diversity is related to hydraulic
capacity in tropical rain forest trees. — Ecology 87: 483-491,
2006.

Sack L., Tyree M.T., Holbrook N.M.: Leaf hydraulic architecture
correlates with regeneration irradiance in tropical rainforest
trees. — New Phytol. 167: 403-413, 2005.

Sakai S., Nakashizuka T., Ichie T. et al.: Lambir Hills canopy
crane, Malaysia. — In: Mitchell A.W., Secoy K., Jackson T.
(ed.): The Global Canopy Handbook. Pp. 77-79. Global Canopy
Programme, Oxford 2002.

Santiago L.S., Goldstein G., Meinzer F.C. et al.: Leaf photo-
synthetic traits scale with hydraulic conductivity and wood
density in Panamanian forest canopy trees. — Oecologia 140:
543-550, 2004.

Scoffoni C., Pou A., Aasamaa K., Sack L.: The rapid light
response of leaf hydraulic conductance: New evidence from
two experimental methods. — Plant Cell Environ. 31:
1803-1812, 2008.

Schuldt B., Leuschner C., Brock N., Horna V.: Changes in wood
density, wood anatomy and hydraulic properties of the xylem
along the root-to-shoot flow path in tropical rainforest trees. —
Tree Physiol. 33: 161-174, 2013.

Takanashi S., Kosugi Y., Matsuo N. et al.: Patchy stomatal
behavior in broad-leaved trees grown in different habitats. —

185



Y. INOUE et al.

Tree Physiol. 26: 1565-1578, 2006.

Tanaka Y., Sugano S.S., Shimada T., Hara-Nishimura I.:
Enhancement of leaf photosynthetic capacity through increased
stomatal density in Arabidopsis. — New Phytol. 198: 757-764,
2013.

Tanaka-Oda A., Kenzo T., Koretsune S. et al.: Ontogenetic
changes in water-use efficiency (8'°C) and leaf traits differ
among tree species growing in a semiarid region of the Loess
Plateau, China. — Forest Ecol. Manag. 259: 953-957, 2010.

Terashima I.: Anatomy of non-uniform leaf photosynthesis. —
Photosynth. Res. 31: 195-212, 1992.

Tsumura Y., Kado T., Yoshida K. et al.: Molecular database for
classifying Shorea species (Dipterocarpaceae) and techniques
for checking the legitimacy of timber and wood products. —
J. Plant Res. 124: 35-48, 2011.

Tyree M.T., Dixon M.A.: Water stress induced cavitation and
embolism in some woody plants. — Physiol. Plantarum 66: 397-
405, 1986.

Walls R.L.: Angiosperm leaf vein patterns are linked to leaf
functions in a global-scale data set. — Am. J. Bot. 98: 244-253,
2011.

Webb C.O., Ackerly D.D., Kembel S.W.: Phylocom: software for
the analysis of phylogenetic community structure and trait
evolution. — Bioinformatics 24: 2098-2100, 2008.

West J.D., Peak D., Peterson J.Q., Mott K.A.: Dynamics of
stomatal patches for a single surface of Xanthium strumarium
L. leaves observed with fluorescence and thermal images. —
Plant Cell Environ. 28: 633-641, 2005.

Wheeler J.K., Sperry J.S., Hacke U.G., Hoang N.: Inter-vessel
pitting and cavitation in woody Rosaceae and other vesselled
plants: A basis for a safety versus efficiency trade-off in xylem

186

transport. — Plant Cell Environ. 28: 800-812, 2005.

Whitmore, T.C.: An Introduction to Tropical Rain Forest, 2" Ed.
— Oxford University Press, Oxford 1998.

Wright S.J.: The future of tropical forests. — Ann. N.Y. Acad. Sci.
1195: 1-27, 2010.

Wylie R.B.: Principles of foliar organization shown by sun-shade
leaves from ten species of deciduous dicotyledonous trees. —
Am. J. Bot. 38: 355-361, 1951.

Wylie R.B.: The bundle sheath extension in leaves of dicotyle-
dons. — Am. J. Bot. 39: 645-651, 1952.

Xu Z., Zhou G.: Responses of leaf stomatal density to water
status and its relationship with photosynthesis in a grass. —
J. Exp. Bot. 59: 3317-3325, 2008.

Yaiez-Espinosa L., Terrazas T., Lopez-Mata L., Valdez-Hernan-
dez J.I.: Leaf trait variation in three species through canopy
strata in a semi-evergreen neotropical forest. — Can. J. Bot. 81:
398-404, 2003.

Yoda K.: Three-dimensional distribution of light intensity in
a tropical rain forest of West Malaysia. — Jpn. J. Ecol. 24: 247-
254, 1974.

Zach A., Schuldt B., Brix S. et al.: Vessel diameter and xylem
hydraulic conductivity increase with tree height in tropical
rainforest trees in Sulawesi, Indonesia. — Flora 205: 506-512,
2010.

Zhang J.L., Cao K.F.: Stem hydraulics mediates leaf water status,
carbon gain, nutrient use efficiencies and plant growth rates
across dipterocarp species. — Funct. Ecol. 23: 658-667, 2009.

Zwieniecki M.A., Brodribb T.J., Holbrook N.M.: Hydraulic
design of leaves: Insights from rehydration kinetics. — Plant
Cell Environ. 30: 910-921, 2007.



