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Although leaf toughness is an essential plant adaptation to herbivore pressure

and environmental stress, the relationships of leaf toughness with leaf

anatomy and photosynthetic traits, and its spatial variations within tropical

rainforests, remain poorly understood. We measured these traits in 103

tree species belonging to 27 families from the canopy to understory using

a canopy crane system in a tropical rainforest in Sarawak, Malaysia. We

focused on the leaf anatomical trait of bundle-sheath extensions (BSEs)

around the vascular bundle due to their diverse ecophysiological functions.

We divided the trees into heterobaric species with BSEs and homobaric

species lacking BSEs, to investigate the relationships of leaf toughness with

tree height, leaf functional traits such as carbon (C) and nitrogen (N) content,

thickness, leaf mass per area (LMA) and the maximum photosynthetic rate

(Pmax). Leaf toughness, LMA, thickness and C and N contents increased with

height regardless of BSE presence. Heterobaric leaves had greater toughness

than homobaric leaves, whereas leaf thickness, LMA and C were similar

between the two leaf types throughout the height gradient. We found that

standardized toughness per thickness or C was greater in heterobaric species,

as BSEs consist mainly of fibrous tissue. Pmax was higher for heterobaric

than homobaric leaves in the upper canopy presumably due to the functions

of BSEs, including water conductivity, but did not differ with plant type in

the lower layers. In other words, heterobaric species efficiently exploit the

advantages of tougher leaves and higher Pmax by having BSEs. The increased

proportion of heterobaric species, with their tougher leaves and higher Pmax,

in the upper canopy is consistent with adaptation to physically stressful

conditions in the tropical rainforest canopy, including high herbivore pressure

and strong light.
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Introduction

Leaf toughness is a key functional trait in plant adaptation
to herbivore pressures and physically stressful environmental
factors, such as strong wind (Lucas et al., 2000; Onoda et al.,
2011). In addition, leaf toughness is related to forest ecosystem
function through the decomposition of leaf litter (Pérez-
Harguindeguy et al., 2000; Li et al., 2009). Leaf toughness varies
by plant form and climatic zone (Onoda et al., 2011), with
variations of up to 820-fold between species being reported; this
exceeds the variability in other traits such as leaf thickness and
leaf mass per area (LMA; 40–50-fold; Onoda et al., 2011). This
high variability has major implications for ecological processes
and adaptation.

In tropical rainforests, where herbivore pressure is high,
leaf toughness is important for maintaining photosynthetic
production through protection of the leaves (Coley, 1983; Coley
and Barone, 1996; Caldwell et al., 2016). Toughness may vary
with spatial location in the forest, as environmental stresses
and herbivore pressure vary with tree height. Variations in leaf
toughness may be important for tree adaptation to different
growth heights (Ribeiro and Basset, 2007; Thomas et al., 2010).
Leaf traits such as thickness, LMA, nitrogen (N) content and
photosynthetic traits vary with tree height in tropical rainforests,
thus supporting acclimation to environmental changes (Kenzo
et al., 2006, 2015; Cavaleri et al., 2010; Lloyd et al., 2010; Ichie
et al., 2016). For example, increased LMA and reduced leaf
size with increasing tree height increase tolerance to drought
and high temperature in canopy environments with strong
light, high temperature and low water potential (Thomas and
Ickes, 1995; Turner, 2001). On the other hand, few studies
have explored the variation of toughness across the height
gradient in tropical rainforests, and those that have reported
conflicting results: several researchers reported higher leaf
toughness in canopy compared to juvenile trees in South
American tropical rainforests (Dominy et al., 2003; Kitajima
and Poorter, 2010), whereas some understory tree species had
similar toughness to canopy tree species in Southeast Asia
(Turner et al., 1993). Kitajima and Poorter (2010) reported that
the relationships between leaf toughness and leaf traits persisted
even when phylogenetic constraints were considered and thus
the relationship between tree height and toughness might be a
general trend regardless of phylogeny. In the forest canopy, leaf
toughness may be a major contributor to plant protection due to
the high herbivore pressure and physical stress compared with
the forest understory (Kato et al., 1995; Turner, 2001; Novotny
and Basset, 2005; Yoneyama and Ichie, 2019). Therefore, leaf
toughness may change with height, although the pattern of
change is unclear due to the difficulty of accessing canopy leaves
in forests. In addition, due to the high species richness of tropical
rainforests, large variations in leaf toughness among species
within a forest are likely.

Although various leaf traits including thickness, LMA, and
carbon (C) content are related to toughness, several studies have
indicated that internal leaf structure may have the strongest
impact on toughness (Lucas et al., 1991; Choong et al., 1992;
Turner et al., 2000; Turner, 2001). Although leaf age also affects
toughness, the effect stabilizes with maturity (Yoneyama and
Ichie, 2019). A worldwide meta-analysis revealed that < 50%
of leaf toughness is explained by LMA (mean = 34.3% ± 8.2%
based on tear, punch, and shear tests; Onoda et al., 2011).
Thus, other factors such as C content and anatomical structure
may determine leaf toughness (Onoda et al., 2011). Among
leaf anatomical structures, the presence or absence of bundle
sheath extensions (BSEs) around leaf vascular bundles may be
strongly associated with leaf toughness, as BSEs are comprised
of parenchyma or sclerenchyma cells, and are very physically
strong (Lucas et al., 1991; Turner, 2001). The leaves of broadleaf
trees can be divided into heterobaric leaves containing BSEs
and homobaric leaves without BSEs (Figure 1). Due to the
absence of chloroplasts in the BSEs of heterobaric leaves, light
penetrates the leaf and the vein network is typically clearly
visible (Figures 1A,C), whereas it is not visible in homobaric
leaves (Figures 1B,D). Moreover, BSEs have strong effects on
leaf ecophysiological traits including the photosynthesis rate, N
content and water use (Wylie, 1952; Terashima, 1992; Scoffoni
et al., 2008; Inoue et al., 2015; Taneda et al., 2016). For example,
the presence of BSEs leads to higher photosynthetic rates due
to increased leaf water conductivity and light penetration into
the leaf blade compared with homobaric leaves lacking BSEs
(Karabourniotis et al., 2000, 2021; Nikolopoulos et al., 2002;
Scoffoni et al., 2008; Liakoura et al., 2009; Sack and Scoffoni,
2013). On the other hand, greater cell wall thickness is necessary
for leaf toughness. Cell walls that are thick and fibrous generally
increase the leaf ’s internal resistance to CO2 diffusion, leading
to greater allocation of N for the construction of cell walls in
the leaf, and thus a possible trade-off characterized by reduced
photosynthesis (Hikosaka, 2004). The relationship between leaf
toughness and photosynthetic ability is not well understood, and
photosynthesis in heterobaric species may be less limited by
leaf toughness due to the photosynthetically advantageous BSE
functions of water conduction and light transmission into the
leaf.

The presence or absence of BSEs affects not only
physiological functions but also the ecological distribution of
plants in tropical rainforests. Specifically, there is clear evidence
of niche segregation, with a higher proportion of homobaric
species found among forest floor shrubs, and a higher
proportion of heterobaric species in high-light environments,
such as the canopy and canopy gaps (Kenzo et al., 2007; Boeger
et al., 2016). In addition, leaf type does not vary ontogenetically
within species (Wylie, 1952). As BSEs lack chloroplasts, the
allocation of C to leaves may be greater in heterobaric than
homobaric leaves. The presence of BSEs in leaves may be a
key trait for predicting leaf toughness and photosynthetic traits,
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FIGURE 1

Photographs of leaf surfaces (upper panels) and transverse sections of leaves (lower panels). (A) Heterobaric leaf from the canopy (Dacryodes
incurvata), (B) homobaric leaf from the subcanopy (Syzygium griffithii), (C) heterobaric leaf from the canopy (Lithocarpus luteus), and (D)
homobaric leaf from the understory (Dimorphocalyx denticulatus). Black arrows in the lower panels indicate the positions of vascular bundles,
and white arrows indicate BSEs. Due to the absence of chloroplasts in BSEs, the light penetrates the leaf, and thus the vein network is clearly
visible in heterobaric leaves (A), but not in homobaric leaves (B).

which remain poorly understood. In this study, we focused
on heterobaric leaves with BSEs, and homobaric leaves lacking
BSEs, to investigate the relationships of leaf toughness with tree
height, other leaf traits such as LMA and thickness, and leaf
photosynthetic function. We hypothesized that leaf toughness
varies with the forest height, that heterobaric leaves have greater
leaf toughness (according to C content) than homobaric leaves,
and that BSEs may contribute to higher leaf toughness and
photosynthesis levels in heterobaric leaves.

Materials and methods

Study site

This study was conducted at the Crane Plot (4 ha;
200 m × 200 m), which is located in a lowland tropical
rainforest in Lambir Hills National Park, Sarawak, Malaysia
(4◦20′N, 113◦50′E; 150–250 m a.s.l.). The canopy layer in the
stand was approximately 30–40 m, and some emergent trees
reached 50 m in height. An 85-m-tall canopy crane with a 75-
m-long rotating jib was constructed in the center of this plot to

provide three-dimensional access to the canopy from near the
forest floor (Kenzo et al., 2015). The study site is in a humid
tropical area with no distinct dry season. The average annual
precipitation at the study site from 2000 to 2009 was 2,600 mm,
and the average annual temperature over that period was 25.8◦C
(Kume et al., 2011).

Plant materials and measurements of
leaf toughness

We analyzed 135 individuals of 103 species, representing
66 genera and 27 families, and all strata between the
understory and canopy trees (Appendices 1, 2). Species
composition varied with height. The occurrence of BSEs was
determined by microscopy (Kenzo et al., 2007). Although
most specimens were collected from mature individuals, we
sampled juvenile and mature trees of eight species from
four families (Swintonia foxworthyi, Dipterocarpus globosus,
Dryobalanops aromatica, Shorea beccariana, Shorea macroptera,
Vatica oblongifolia, Mallotus eucastus, and Allantospermum
borneense). The presence of BSEs was unaffected by ontogeny.
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Most measurements were conducted in March 2006 and
July 2007. Five mature leaves were collected from the top
of the crown of each individual plant, and leaf thickness
was measured with a micrometer (CLM1-15QMX; Mitsutoyo,
Kawasaki, Japan). Leaf toughness (MPa) was measured using
a penetrometer (RX-1; Aikoh Engineering Co., Tokyo, Japan)
with a straight metal rod 2 mm in diameter (Kenzo et al.,
2012). This method measures the load required for the metal
rod to penetrate a leaf blade (Onoda et al., 2011). Toughness was
measured five times per leaf, and the average value was used in
analyses. Measurements were taken on the leaf blades, excluding
the main vein but in most cases including BSEs.

Leaf mass per area, density, and C and
N contents

After measurement, a sample of the leaf blade was punched
out with a 5-mm diameter punch and dried at 60◦C for 3 days
to calculate the LMA. Leaf density was calculated by dividing
the LMA by the leaf thickness (Niinemets, 2001). The N and C
contents of the punched leaf sample were determined using an
NC analyzer (Sumigraph NC-900; Shimadzu, Kyoto, Japan).

Leaf photosynthesis

A portable photosynthesis apparatus (LI-6400; Li-Cor,
Lincoln, NE, USA) was used to determine the maximum
photosynthetic rate (Pmax) in the morning (between 08:00 and
11:00 h), to avoid the midday depression in photosynthesis
(Kenzo et al., 2015). The measurement was conducted while
the leaf was attached to the plant using a canopy crane
system (Kenzo et al., 2015). We used three fully expanded
and apparently non-senescent leaves, generally overlapping with
the leaves used for toughness measurement. Environmental
conditions inside the chamber were controlled to maintain a
leaf temperature of 30◦C, relative humidity of approximately
60%, CO2 concentration of 360 ppm, and saturation levels of
active photosynthetic photon flux density (800 µmol photon
m−2 s−1 for understory trees and 1,700 µmol photon m−2

s−1 for mid- and upper-canopy trees, respectively). Notably, a
large Pmax dataset was used in our previous study (Kenzo et al.,
2015), although we were unable to measure approximately 10
individuals.

Statistical analyses

Scatterplots of leaf toughness against tree height and leaf
traits were plotted and linearly fitted, and the significance
of the resulting equations was tested through regression
analysis. Although we attempted log transformations to analyze

relationships such as that between leaf traits and tree height,
the regression coefficients (r2) were approximately 10% lower
than when we used the normal scale. Thus, we used normally
scaled data for all analyses. We used an ordinary latest-squares
regression to investigate changes associated with height and
leaf traits. Differences in the intercepts of the linear regressions
between heterobaric and homobaric leaves associated with tree
height or leaf traits were examined using analysis of covariance
(ANCOVA, Sokal and Rohlf, 1995).

To characterize tree species and families, despite the small
number of individuals, we created lists of species with high and
low toughness and used them to compare leaf morphology and
habitat. Habitats were classified into three types based on tree
height at maturity (Kenzo et al., 2007): understory (<12.5 m),
subcanopy (12.5–27.5 m), and canopy (>27.5 m) (Appendix 2).
Differences in leaf toughness, LMA, and thickness among 10
families that included three or more species were assessed by
ANOVA and post hoc Tukey’s HSD tests. The proportion of
heterobaric species in each family was tested using Fisher’s exact
test (Sokal and Rohlf, 1995).

The leaf traits related to leaf toughness were identified
through stepwise multiple regression (Sokal and Rohlf, 1995).
LMA, leaf thickness, leaf density, C content, and the presence
of BSEs (heterobaric or homobaric leaf type) were used as
explanatory variables. For the presence of BSEs, a dummy
variable was used, with a heterobaric leaf represented by 1 and
homobaric leaf by 0. In addition to the multiple regression, we
conducted a principal component regression (PCR) to explore
the relationships between leaf toughness and other leaf traits.
Before the PCR, we conducted a principal component analysis
(PCA) using leaf thickness, density, LMA, C content, and the
presence of BSEs as variables, and calculated a PCA score
for each tree. Similar analyses were conducted to identify the
variables explaining leaf Pmax using LMA, leaf thickness, density,
N content, and the presence of BSEs as explanatory variables.
All statistical analyses were performed with SPSS software for
Windows (ver. 27.0; IBM Corp., Armonk, NY, USA).

Results

Relationship between leaf toughness
and tree height

Leaf toughness increased significantly with tree height,
regardless of the presence of BSEs (heterobaric leaves:
y = 0.04 + 0.84x, r2 = 0.45, P < 0.0001; homobaric leaves:
y = 0.02 + 0.76x, r2 = 0.24, P < 0.0001; Figure 2A). Greater
toughness was observed in canopy leaves, although toughness
values varied more than fivefold among canopy trees. Most
homobaric canopy leaves had toughness values < 2 MPa,
whereas several heterobaric leaves had toughness values of
3–4 MPa. Thus, leaf toughness was significantly greater
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FIGURE 2

Changes in leaf toughness (A), toughness per leaf blade thickness (B), toughness per leaf blade volume (C), and toughness per carbon (D) with
tree height between heterobaric and homobaric leaf trees. Regression lines are: (A) heterobaric leaf, r2 = 0.45, P < 0.0001; homobaric leaf,
r2 = 0.24, P < 0.0001; (B) heterobaric leaf, r2 = 0.12, P < 0.01; homobaric leaf, ns; (C) heterobaric leaf, r2 = 0.23, P < 0.001; homobaric leaf, ns;
(D) heterobaric and homobaric leaf, ns. “ns” means not significant. Details of the results of ANCOVA appear in Appendix 6. Dotted line means
regression line for pooled data for both leaf types.

for heterobaric than homobaric leaves, even at the same
height (ANCOVA, P < 0.0001). Toughness according to
leaf blade thickness increased slightly with tree height in
heterobaric species (y = 0.00003 + 0.005x, r2 = 0.12,
P < 0.01), although it was nearly constant across tree height
in homobaric species (r2 = 0.005, P > 0.05; Figure 2B).
The toughness value was significantly higher in species with
heterobaric than homobaric leaves (ANCOVA, P < 0.001). The
toughness per leaf blade volume of both leaf types increased
with tree height in heterobaric leaves (y = 0.06 + 2.4x,
r2 = 0.23, P < 0.001; homobaric leaves: P > 0.05), and
was significantly higher in heterobaric than homobaric leaves
(ANCOVA, P < 0.01; Figure 2C). For both leaf types,
the relationship between toughness and leaf C content did
not vary with tree height (P > 0.05; Figure 2D), but
toughness was significantly higher in heterobaric species
(ANCOVA, P < 0.001).

We observed differences in toughness among ontogenetic
stages (Table 1). Leaf toughness of the eight species from which
we sampled mature and juvenile trees was 0.98 ± 0.05 MPa
for juveniles and 1.93 ± 0.22 MPa for mature trees. The

leaves of mature trees were twice as tough, (P < 0.01, t-test;
Table 1). The mature leaves of Dipterocarpus globosus and
Shorea beccariana were nearly three times tougher than were
the juvenile leaves, whereas the mature leaves of Mallotus
eucastus were less than 10% tougher than juvenile leaves
(Table 1).

Variations in leaf toughness among
species and families

Few families occurred in both the list of the 20 species
with the highest toughness and the list of the 20 species
with the lowest toughness (Tables 2, 3). The tougher-leaved
species represented 11 families, and the softer-leaved species
represented 13 families. Whereas the families Rubiaceae and
Sapotaceae occurred in both lists, no genus in these families
was common to both lists (Tables 2, 3). Calophyllum sp.
had the toughest leaves (>4 Mpa). By contrast, Gomphandra
cumingiana had the lowest toughness value (0.38 MPa), less
than one-tenth that of Calophyllum sp. LMA of Gomphandra
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TABLE 1 Comparison of average leaf toughness (MPa) with standard error between juvenile and mature trees.

Species Family Leaf type Leaf toughness

Juvenile Mature

Swintonia foxworthyi Anacardiaceae Homobaric 0.89± 0.05 1.38± 0.12

Dipterocarpus globosus Dipterocarpaceae Heterobaric 0.69± 0.05 1.98± 0.12

Dryobalanops aromatica Dipterocarpaceae Heterobaric 1.08± 0.03 2.03± 0.10

Shorea beccariana Dipterocarpaceae Heterobaric 1.04± 0.04 3.20± 0.12

Shorea macroptera Dipterocarpaceae Heterobaric 1.03± 0.05 1.87± 0.22

Vatica oblongifolia Dipterocarpaceae Heterobaric 0.86± 0.06 2.09± 0.24

Mallotus eucastus Euphorbiaceae Heterobaric 1.06± 0.05 1.13± 0.26

Allantospermum borneense Ixonanthaceae Heterobaric 1.20± 0.02 1.79± 0.06

Average 0.98± 0.06* 1.93± 0.22*

Asterisks indicate significant differences (P < 0.01, t-test).

TABLE 2 The 20 species with the highest leaf toughness with LMA, shown in descending order of average toughness (MPa), and their LMA (g m−2)
of three leaves.

Species Family Leaf type Habitat Toughness LMA

Calophyllum sp. Clusiaceae Heterobaric Canopy 4.02± 0.11 155± 3

Mussaendopsis beccariana Rubiaceae Heterobaric Canopy 3.67± 0.11 201± 5

Vatica micrantha Dipterocarpaceae Heterobaric Canopy 3.66± 0.59 151± 13

Artocarpus anisophyllus Moraceae Heterobaric Canopy 3.57± 0.01 226± 2

Shorea acuta Dipterocarpaceae Heterobaric Canopy 3.39± 0.06 223± 7

Shorea beccariana Dipterocarpaceae Heterobaric Canopy 3.32± 0.17 219± 2

Shorea ochracea Dipterocarpaceae Heterobaric Canopy 3.28± 0.22 266± 2

Pentace adenophora Malvaceae Heterobaric Canopy 3.24± 0.16 174± 8

Dacryodes incurvata Burseraceae Heterobaric Canopy 3.22± 0.05 161± 5

Sindra coriacea Legminosae Heterobaric Canopy 2.89± 0.20 147± 4

Shorea quadrinervis Dipterocarpaceae Heterobaric Canopy 2.87± 0.06 131± 2

Shorea excelliptica Dipterocarpaceae Heterobaric Canopy 2.72± 0.19 134± 1

Pentace borneensis Malvaceae Heterobaric Canopy 2.45± 0.39 157± 4

Gironniera subaequalis Ulmaceae Heterobaric Canopy 2.42± 0.08 132± 3

Lithocarpus luteus Fagaceae Heterobaric Canopy 2.38± 0.03 195± 2

Dryobalanops aromatica Dipterocarpaceae Heterobaric Canopy 2.30± 0.04 244± 7

Teijsmanniodendron simplicifolilum Verbenaceae Heterobaric Sub-canopy 2.24± 0.14 142± 15

Palaquium sp. Sapotaceae Heterobaric Canopy 2.23± 0.07 266± 1

Hydnocarpus pinguis Flacourtiaceae Homobaric Sub-canopy 2.21± 0.15 173± 9

Dipterocarpus globosus Dipterocarpaceae Heterobaric Canopy 2.21± 0.22 196± 4

Data were obtained from trees of nearly mature size. Values are means± standard errors.

cumingiana was less than 3.2-fold compared with Calophyllum
sp. Among the commonly occurring Rubiaceae species, the
highest toughness was observed in Mussaendopsis beccariana
(3.67 MPa) and the lowest in Pavetta axillaris (0.48 MPa),
a 7.8-fold difference. In the Sapotaceae, Palaquium sp. had
the highest toughness (2.23 MPa) and Madhuca crassipes had
the lowest toughness value (0.66 MPa), a 3.4-fold difference.
Eight Dipterocarpaceae were among the species with highest
toughness. There was a clear trend in the 20 species with high
leaf toughness with respect to habitat and leaf type: 90% were
canopy species (mature height > 27.5 m; Kenzo et al., 2007),
and 95% were heterobaric species. The only homobaric species
on this list was Hydnocarpus pinguis, a sub-canopy species

(Table 2). By contrast, 90% of the softer-leaved species had
homobaric leaves, 60% were understory species, and 30% were
sub-canopy species (Table 3). The proportion of leaf types
in different habitats, based on tree height, also exhibited a
clear gradient between the understory and the canopy. Most
(78%) canopy trees had heterobaric leaves, whereas 93% of
understory trees and 67% of sub-canopy trees had homobaric
leaves (Appendix 3).

A comparison of the leaf toughness in the 10 families
containing at least three species indicated significant
differences between families (P < 0.001, ANOVA; Table 4).
Dipterocarpaceae species had the highest toughness
(2.19 ± 0.12 MPa), more than double that of the family with

Frontiers in Forests and Global Change 06 frontiersin.org

https://doi.org/10.3389/ffgc.2022.1002472
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-05-1002472 November 3, 2022 Time: 15:57 # 7

Kenzo et al. 10.3389/ffgc.2022.1002472

TABLE 3 The 20 species with the lowest leaf toughness, shown in ascending order of average toughness (MPa), and their LMA (g m−2) of three
leaves.

Species Family Leaf type Habitat Toughness LMA

Gomphandra cumingiana Icacinaceae Homobaric Understory 0.38± 0.02 49± 2

Xylopia malayana Annonaceae Homobaric Understory 0.39± 0.02 45± 2

Myristica cf. malaccensis Myristicaceae Homobaric Sub-canopy 0.44± 0.03 49± 1

Aglaia tomentosa Meliaceae Homobaric Understory 0.47± 0.03 41± 0

Pavetta axillaris Rubiaceae Homobaric Understory 0.48± 0.01 49± 0

Fagraea caudata Loganiaceae Homobaric Understory 0.49± 0.03 124± 4

Aporusa chalarocarpa Euphorbiaceae Homobaric Sub-canopy 0.49± 0.07 39± 2

Macaranga sp. Euphorbiaceae Heterobaric Understory 0.50± 0.03 51± 2

Syzygium cf. griffithii Myrtaceae Homobaric Canopy 0.51± 0.01 113± 3

Unknown sp. Euphorbiaceae Homobaric Understory 0.54± 0.02 75± 1

Unknown sp. Rubiaceae Homobaric Understory 0.57± 0.03 51± 1

Urophyllum hirsutum Rubiaceae Homobaric Understory 0.58± 0.08 72± 2

Memecylon sp. Melastomataceae Homobaric Understory 0.58± 0.02 91± 1

Tapoides villamilii Euphorbiaceae Homobaric Sub-canopy 0.60± 0.04 70± 5

Anisophyllea disticha Anisophyllyleaceae Homobaric Understory 0.61± 0.03 53± 2

Endospermum diadenum Euphorbiaceae Homobaric Sub-canopy 0.64± 0.07 135± 4

Madhuca crassipes Sapotaceae Heterobaric Canopy 0.66± 0.03 149± 8

Dillenia sp. Dilleniaceae Heterobaric Understory 0.68± 0.07 38± 3

Baccaurea sarawakensis Euphorbiaceae Homobaric Sub-canopy 0.73± 0.02 105± 1

Dehaasia firma Lauraceae Homobaric Sub-canopy 0.77± 0.04 73± 2

Data were obtained from trees of nearly mature size. Values are means± standard errors.

TABLE 4 The numbers of individuals and species, proportion of heterobaric species, leaf toughness, thickness, and LMA among 10 families.

Family Number of Heterobaric leaf ratio (%) Toughness (MPa) Thickness (µ m) LMA(g m−2)

Individual Species

Anacardiaceae 6 4 0.0 1.39± 0.15ab 265± 19ns 136.5± 18.7abc

Annonaceae 5 5 0.0 1.16± 0.22ab 281± 50ns 90.8± 14.6bc

Burseraceae 7 7 14.2 1.66± 0.29ab 280± 26ns 120.7± 9.2abc

Dipterocarpaceae 37 22 100.0 2.19± 0.12a 333± 13ns 170.3± 7.7a

Euphorbiaceae 11 9 22.2 0.75± 0.07b 273± 24ns 91.9± 9.6c

Leguminosae 5 4 50.0 1.66± 0.32ab 281± 21ns 148.9± 11.3abc

Melastomataceae 3 3 0.0 0.99± 0.27ab 276± 41ns 102.3± 5.8abc

Myristicaceae 3 3 0.0 1.12± 0.47ab 324± 112ns 118.3± 41.0abc

Rubiaceae 4 4 25.0 1.33± 0.78ab 258± 82ns 93.3± 36.3bc

Sapotaceae 7 4 50.0 1.23± 0.20b 300± 36ns 166.6± 19.3ab

Letters indicate significant differences (P < 0.05, ANOVA); ns indicates non-significant differences. Values are means± standard errors.

the lowest toughness (Euphorbiaceae; 0.75 ± 0.07 MPa). The
proportions of heterobaric and homobaric species also differed
significantly among families (χ2 = 41.1, df = 9, P < 0.0001,
Fisher’s exact test). For example, all 22 Dipterocarpaceae species
had heterobaric leaves, whereas approximately 78% of species in
the Euphorbiaceae had homobaric leaves. Leaf thickness did not
differ significantly among families (P > 0.05, ANOVA; Table 4),
whereas the LMA differed significantly (P < 0.001, ANOVA;
Table 4). The LMA was highest in the Dipterocarpaceae
(170.3 ± 7.7 g m−2) and significantly lower in the Annonaceae

(90.8 ± 14.6 g m−2), Euphorbiaceae (90.9 ± 9.6 g m−2), and
Rubiaceae (93.3± 36.3 g m−2).

Relationships between leaf traits and
tree height

Leaf blade thickness increased with tree height in both
homobaric (y = 3.0 + 215.0x, r2 = 0.24, P < 0.001) and
heterobaric species (y = 4.4 + 171.7x, r2 = 0.53, P < 0.0001;
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Figure 3A). Although large variations of thickness were
found among individuals and species, no significant difference
was detected between heterobaric and homobaric species
(ANCOVA, P > 0.05; Figure 3A). LMA was positively related
to tree height, and had higher correlation coefficients than the
relationship of tree height with thickness (homobaric species:
y = 2.3 + 63.9x, r2 = 0.67; heterobaric species: y = 2.8 + 62.3x,
r2 = 0.65; P < 0.0001; Figure 3B). This relationship did not
differ significantly between leaf types (ANCOVA, P > 0.05;
Figure 3B). Leaf density also increased significantly with tree
height in both heterobaric (y = 0.003 + 0.40x, r2 = 0.21,
P < 0.01) and homobaric species (y = 0.003 + 0.40x, r2 = 0.33,
P < 0.001; Figure 3C). Heterobaric leaves had significantly
higher leaf density than homobaric leaves (ANCOVA, P < 0.05;
Figure 3C). Leaf C content increased with increasing height
in both homobaric (y = 0.10 + 47.6x, r2 = 0.19, P < 0.01)
and heterobaric leaves (y = 0.12 + 47.3x, r2 = 0.20, P < 0.01),
and no significant difference was detected between leaf types
(ANCOVA, P > 0.05; Figure 3D).

Relationships between leaf toughness and leaf
traits

Significant correlations were found between leaf toughness
and leaf blade thickness in both heterobaric (y = 0.008 + 0.21x,
r2 = 0.72, P < 0.001) and homobaric species (y = 0.003 + 0.21x,
r2 = 0.37, P < 0.001; Figure 4A). At the same leaf thickness,
heterobaric leaves had significantly greater toughness than
homobaric leaves (ANCOVA, P < 0.001). A similar trend
was found between toughness and LMA in heterobaric
(y = 0.011 + 0.27x, r2 = 0.52, P < 0.001) and homobaric
species (y = 0.007 + 0.23x, r2 = 0.50, P < 0.001; Figure 4B).
Greater toughness was observed in heterobaric than homobaric
species, even at the same LMA (ANCOVA, P < 0.001).
A positive relationship was found between leaf toughness and
leaf density in homobaric species (y = 1.48 + 0.43x, r2 = 0.13,
P< 0.01), but this relationship was not significant in heterobaric
species (r2 = 0.01, P > 0.05; Figure 4C). Leaf toughness was
positively correlated with leaf C content in homobaric species
(y = 0.03–0.61x, r2 = 0.10, P < 0.05), but this relationship was

FIGURE 3

Changes in leaf traits with tree height for heterobaric and homobaric leaves: height in relation to leaf blade thickness (A), LMA (B), leaf density
(C), and carbon content (D). Regression lines are as follows: (A) heterobaric leaf, r2 = 0.53, P < 0.0001; homobaric leaf, r2 = 0.24, P < 0.001;
(B) heterobaric leaf, r2 = 0.65, P < 0.0001; homobaric leaf, r2 = 0.67, P < 0.0001; (C) heterobaric leaf, r2 = 0.21, P < 0.0001; homobaric leaf,
r2 = 0.21, P < 0.0001; (D) heterobaric leaf, r2 = 0.20, P < 0.001; homobaric leaf, r2 = 0.19, P < 0.001. Details of the results of ANCOVA appear in
Appendix 7. Dotted line means regression line for pooled data for both leaf types.
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FIGURE 4

Leaf toughness in relation to leaf blade thickness (A), LMA (B), leaf density (C), and leaf carbon content (D). Regression lines are as follows:
(A) heterobaric leaf, r2 = 0.72, P < 0.0001; homobaric leaf, r2 = 0.37, P < 0.0001; (B) heterobaric leaf, r2 = 0.53, P < 0.0001; homobaric leaf,
r2 = 0.50, P < 0.0001; (C) heterobaric leaf, ns; homobaric leaf, r2 = 0.13, P < 0.01; (D) heterobaric leaf, ns; homobaric leaf, r2 = 0.09, P < 0.05.
Details of the results of ANCOVA appear in Appendix 8. “ns” means not significant. Dotted line means regression line for pooled data for both
leaf types.

not significant for heterobaric species (r2 = 0.02, P > 0.05;
Figure 4D). Heterobaric species had tougher leaves than
homobaric species at the same leaf density and leaf C content
(ANCOVA, P < 0.001; Figures 4C,D).

We compared four models to identify the variables driving
leaf toughness. We developed three models using stepwise
multiple regression and calculated Akaike’s information
criterion (AIC) for each one (Table 5). Model 1 included only
the LMA as an explanatory variable and had the largest AIC
value. Model 2 included the LMA and the presence of BSEs
as explanatory variables, and Model 3, which had the lowest
AIC value (Table 5), included the LMA, leaf thickness, and
the presence of BSEs. All three multiple regressions indicated
that leaf toughness correlated positively with the LMA, leaf
thickness, and presence of BSEs (P< 0.0001; Table 5). Although
the AIC value for Model 4 (PCR) was higher than those for
Models 2 and 3, PC axes 1 and 2 also significantly explained leaf

toughness (Table 5). Axis 1 corresponded to dense leaves (high
LMA and leaf density, PCA1; Appendix 4), which correlated
positively with toughness. By contrast, axis 2 corresponded
to positively with thin leaves, as it was related negatively to
toughness. Similar to the multiple regression, these results
indicate that higher toughness was associated with leaves that
are dense, thick, or have high LMAs.

Leaf photosynthesis rate and N
content in relation to tree height and
toughness

Pmax increased with tree height regardless of leaf type
(homobaric species: y = 0.20 + 2.99x, r2 = 0.84; heterobaric
species: y = 0.24 + 2.71x, r2 = 0.77; P < 0.0001; Figure 5A).
Although similar relationships with tree height were found in
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TABLE 5 Comparison of models including different trait
combinations to explain the variation in leaf toughness.

Model Excluded
traits

Selected traits β P AIC

Model 1 Leaf thickness,
density, carbon
content,
presence of BSEs

LMA 0.713 < 0.0001 –139.6

Model 2 Leaf thickness, LMA 0.645 < 0.0001 –160.8

density, carbon
content

Presence of BSEs 0.295 < 0.0001

Model 3 Leaf density,
carbon content

LMA 0.280 < 0.001 –181.8
Presence of BSEs 0.357 < 0.0001

Leaf thickness 0.441 < 0.0001

Model 4 PC score 1 0.695 < 0.0001 –150.1

PC score 2 − 0.266 < 0.0001

Values are standardized regression coefficients (β) and P-values. The lowest AIC value
is shown in bold.

homobaric and heterobaric species (P> 0.05, ANCOVA), upper
canopy trees with heterobaric leaves (tree height > 27.5 m;
Kenzo et al., 2007) had significantly higher Pmax values (n = 48,

11.9 ± 0.4 µmol m−2 s−1) than homobaric species (n = 17,
10.4± 0.4 µmol m−2 s−1, P< 0.05, ANOVA). We also assessed
interspecific and between-family differences in heterobaric
species among the upper canopy trees. Four of the families
(Burseraceae, Dipterocarpaceae, Leguminosae, and Sapotaceae)
did not differ significantly (P > 0.05, ANOVA; Table 6). By
contrast, we observed significant interspecific differences among
four species of Dipterocarpaceae (P < 0.05, ANOVA; Table 7).
In particular, the Pmax of Shorea beccariana was approximately
1.5 times higher than those of S. acuta and Dipterocarpus
globosus. Leaf N content also increased significantly with
tree height (homobaric species: y = 0.04 + 0.93x, r2 = 0.71;
heterobaric species: y = 0.04 + 0.84x, r2 = 0.77; P < 0.0001),
although the difference between leaf types was not significant
(P > 0.05, ANCOVA; Figure 5B). A positive correlation was
found between Pmax and N in both heterobaric (y = 4.62–
0.12x, r2 = 0.77, P < 0.0001) and homobaric (y = 3.84 + 0.26x,
r2 = 0.73, P < 0.0001) species (Figure 5C). Pmax was higher
in heterobaric than homobaric leaves at the same N content
(P < 0.05, ANCOVA; Figure 5C).

Pmax increased with leaf toughness regardless of leaf
type, although the r2 value for heterobaric species was

FIGURE 5

Relationships of tree height with Pmax (A) and leaf nitrogen content (B), and of Pmax with leaf nitrogen content (C). Regression lines are as
follows: (A) heterobaric leaf, r2 = 0.77, P < 0.0001; homobaric leaf, r2 = 0.84, P < 0.0001; (B) heterobaric leaf, r2 = 0.77, P < 0.0001; homobaric
leaf, r2 = 0.71, P < 0.0001; (C) heterobaric leaf, r2 = 0.77, P < 0.0001; homobaric leaf, r2 = 0.73, P < 0.0001. Details of the results of ANCOVA
appear in Appendix 9. Dotted line means regression line for pooled data for both leaf types.

Frontiers in Forests and Global Change 10 frontiersin.org

https://doi.org/10.3389/ffgc.2022.1002472
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/


ffgc-05-1002472 November 3, 2022 Time: 15:57 # 11

Kenzo et al. 10.3389/ffgc.2022.1002472

TABLE 6 Results of between-family comparisons of Pmax in
heterobaric canopy species.

Family Number of
individuals

Number of
species

Pmax
(µ mol m−2 s−1)

Burseraceae 5 5 11.6± 0.8

Dipterocarpaceae 29 17 12.0± 0.6

Leguminosae 3 2 11.6± 1.7

Sapotaceae 3 2 11.3± 1.4

Values are means± standard errors.

TABLE 7 Results of interspecific comparison of Pmax in heterobaric
canopy species.

Species Number of
individuals

Number of
leaves

Pmax
(µ mol m−2 s−1)

Dipterocarpus globosus 4 12 10.6± 0.8b

Dryobalanops aromatica 3 9 12.7± 0.9ab

Shorea acuta 4 12 10.7± 0.6b

Shorea beccariana 3 9 16.4± 2.0a

Letters indicate significant differences between species (P < 0.05, Kruskal–Wallis test).
Values are means± standard errors.

approximately twice that for homobaric species (homobaric
species: y = 3.13 + 3.69x, r2 = 0.18; heterobaric species:
y = 2.95 + 3.74x, r2 = 0.36; P < 0.01; Figure 6A). Although
the ranges of leaf toughness and Pmax were 1.5–2.0 times
greater for heterobaric species, the slope and intercept of the
regression were similar among leaf types (ANCOVA, P > 0.05;
Figure 6A). Leaf N content also increased with leaf toughness
(homobaric species: y = 0.87 + 0.80x, r2 = 0.28; heterobaric
species: y = 0.63 + 0.81x, r2 = 0.50; P < 0.01; Figure 6B).
Homobaric species showed higher N contents than heterobaric

TABLE 8 Comparison of models including different trait
combinations to explain the variation in leaf Pmax.

Model Excluded
traits

Selected traits β P AIC

Model 1 Leaf thickness,
density, carbon
content,
toughness,
presence of BSEs

Nitrogen content 0.852 <0.0001 190.0

Model 2 Leaf thickness, Nitrogen content 0.601 <0.0001 176.6

density, carbon
content,
presence of BSEs

LMA 0.311 <0.0001

Model 3 Leaf density,
carbon content

Nitrogen content 0.625 <0.001 171.5

LMA 0.269 <0.001

Presence of BSEs 0.121 <0.01

Model 4 PC score 1 0.794 <0.0001 232.2

PC score 2 − 0.002 Ns

The values in the table are standardized regression coefficients (β) and P-values. The
lowest AIC value is shown in bold.

species at the same toughness value (ANCOVA, P < 0.01;
Figure 6B).

The drivers of leaf Pmax were inferred using multiple
regression, and included the leaf N content alone (Model 1),
leaf N content and LMA (Model 2), and leaf N content, LMA,
and the presence of BSEs (Model 3; Table 8). These variables
correlated positively with Pmax in all models. By contrast, only
PC score 1 correlated positively with Pmax in Model 4, which was
obtained using PCR. The first PCA axis was associated strongly
with the LMA, leaf N content, and toughness, suggesting that
these traits are associated strongly with higher Pmax (Appendix
5). Among the four models, Model 3 had the lowest AIC value
(Table 8).

FIGURE 6

Leaf toughness in relation to Pmax (A) and leaf nitrogen content (B). Regression lines are as follows: (A) heterobaric leaf, r2 = 0.36, P < 0.0001;
homobaric leaf, r2 = 0.18, P < 0.01; (B) heterobaric leaf, r2 = 0.50, P < 0.0001; homobaric leaf, r2 = 0.28, P < 0.0001. Details of the results of
ANCOVA appear in Appendix 10. Dotted line means regression line for pooled data for both leaf types.
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Discussion

Leaf toughness among species and
families

Leaf toughness varied more than 10-fold, though that of
LMA was less than 3.2-fold between the species with the
lowest (Gomphandra cumingiana) and highest (Calophyllum
sp.) values, consistent with other reports that leaf toughness is
a highly variable trait (Onoda et al., 2011). Species in the genus
Calophyllum have been reported to have tougher leaves than do
co-occurring species in other regions, such as Singapore and
Cambodia (Lucas and Pereira, 1990; Kenzo et al., 2012), and
the strong fibers in BSEs contribute to their toughness (Lucas
et al., 1991). Although additional research is required, toughness
is partly constrained by phylogeny (Kitajima and Poorter, 2010).
Among the studied leaf traits, leaf toughness was highly variable
among families. For example, leaves of Dipterocarpaceae species
were three times tougher than those of Euphorbiaceae species,
whereas leaf thickness did not differ between these families,
and differences in the LMA were less than twofold. Species
in the Dipterocarpaceae family had the toughest leaves and
highest LMA, which may contribute to their dominance in the
canopy with higher physical stress, drought and herbivore attack
condition.

Vertical variations in leaf toughness
and leaf morphological traits

Increasing leaf toughness with tree height was observed in
both leaf types, and may be an adaptation to the high levels
of herbivore pressure and physical stresses, such as strong
winds, in the forest canopy (Dominy et al., 2003; Yoneyama
and Ichie, 2019). In accordance with our prediction, heterobaric
species had tougher leaves than homobaric species, although
large variations were observed according to tree height. Tougher
heterobaric leaves indicate that fibrous BSEs may strengthen
the leaf blade, as higher toughness in association with BSEs
has been reported in several tropical rainforest tree species
(Lucas et al., 1991, 1995; Choong et al., 1992; Choong, 1996).
We also found that leaf toughness may be more sensitive
to height in heterobaric than homobaric species, which may
indicate that heterobaric leaves can achieve high plasticity
in terms of toughness through alterations of the density of
BSEs. In addition, we observed a positive relationship between
tree height and leaf toughness, standardized by leaf thickness,
in heterobaric, but not homobaric, species. This finding
indicates that the toughness of homobaric leaves depends on
leaf thickness, whereas the toughness of heterobaric leaves
is influenced by the structure of the BSEs, independent of
thickness. Denser BSEs in the canopy compared with the forest
floor have been reported in several trees, including the species

studied here (Wylie, 1952; Kenzo et al., 2007; Lynch et al.,
2012), and the presence of denser BSEs in canopy leaves is
consistent with the observed increase in leaf toughness with
tree height and the increment of toughness, independent of leaf
thickness. However, it should be noted that tree species differed
along the height gradient in our study. For example, many
of the softer-leaved species were understory and sub-canopy
trees that grow only in the forest interior and had homobaric
leaves. Such species were common in the Euphorbiaceae and
Rubiaceae families. By contrast, canopy species, such as the
Dipterocarpaceae, had tougher leaves and were predominantly
heterobaric. Even within the same family, homobaric understory
trees had softer leaves, whereas heterobaric canopy trees had
tougher leaves, with a 7.8-fold difference observed among
Rubiaceae species. In other words, although species composition
varies with height, there is a continuous shift in leaf toughness
with tree height, which may indicate convergence based
on height-related changes in environmental conditions and
herbivory at the community level. Furthermore, similar changes
in leaf traits between juveniles and mature trees, with increased
toughness and LMA observed in leaves in mature trees,
indicate that this convergence is important for survival and
environmental adaptation in tropical rainforests.

In this study, the thicker and higher-LMA leaves observed
in both the heterobaric and homobaric species in the upper
canopy protect against heat and drought conditions in the
forest canopy, consistent with previous studies (Niinemets,
2007; Leigh et al., 2012; Kenzo et al., 2015; Ichie et al.,
2019). Furthermore, we found that the increases in thickness
and LMA contributed to increased leaf toughness with tree
height. These results are supported by a previous meta-analysis
showing positive correlations of leaf toughness with LMA and
thickness (Onoda et al., 2011). However, when the results were
examined by leaf type, heterobaric species had tougher leaves
than homobaric species with the same leaf thickness, LMA
and density values. The meta-analysis showed that LMA alone
explained only 50% of leaf toughness, suggesting that anatomical
characteristics of the leaf, among others, are also related to
toughness (Onoda et al., 2011). Our approach to explaining leaf
toughness confirms this, as the AIC value for the model based
only on the LMA was higher than those for models that included
other leaf traits, such as the presence of BSEs. In accordance
with our findings, that analysis of the correlation between leaf
type and other factors demonstrates the importance of leaf
anatomical structure to leaf toughness, particularly the presence
or absence of BSEs in tropical forest trees. Leaf toughness
showed a positive correlation with fiber mass (Kitajima et al.,
2012, 2016), and heterobaric leaves likely have more fiber mass
than homobaric leaves due to the presence of BSEs, which are
fiber-rich structures (Wylie, 1951, 1952; Terashima, 1992; Sack
and Scoffoni, 2013). Although quantifying the amount of fiber
in leaves in the field is difficult, homobaric and heterobaric
leaves can be readily distinguished in field observations, and
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may serve as a simple indicator of leaf toughness. In terms of
leaf C resource allocation, heterobaric species more efficiently
increase their toughness compared with homobaric species,
where greater leaf toughness was observed in heterobaric than
homobaric leaves at the same C content. It is not clear why
the C content is similar across leaf types, although C may be
distributed unevenly within leaves. In other words, BSEs may
be high in C whereas other tissues, such as leaf mesophyll cells,
may be lower in C, thus offsetting the differences between leaf
types at the whole leaf scale.

In addition to the greater toughness of heterobaric species
protecting against herbivory and physical stress, tougher leaves
are also likely to have greater drought tolerance due to their
lower leaf water potential, which could prevent cell collapse.
Upper canopy leaves must reduce their water potential to absorb
water from the soil (Scholander et al., 1965; Meinzer et al.,
2001), and thus the leaf water potential of canopy and emergent
trees reaching 40 m in height was generally < –2.0 MPa at our
study site (Hiromi et al., 2012; Inoue et al., 2015; Kenzo et al.,
2015). Lower midday water potential was observed in leaves with
denser BSEs in temperate trees, consistent with our prediction
(Kawai et al., 2017). In various forest ecosystems, the proportion
of heterobaric species to homobaric species increases with tree
height (McClendon, 1992; Boeger et al., 2016; Kenzo et al., 2016).
For example, in the studied tropical rainforest, 78% of canopy
trees have heterobaric leaves, whereas 93% of understory trees
and 67% of sub-canopy trees have homobaric leaves (Appendix
3). Heterobaric leaves are advantageous and may increase as a
proportion of total leaves in the upper canopy due to their higher
photosynthetic and water conductivity capacities, as well as their
greater toughness relative to homobaric leaves. In other words,
BSEs increase the plasticity of traits related to leaf structure and
function in accordance with irradiance levels and tree height
(Barbosa et al., 2019).

Leaf toughness in relation to
photosynthetic capacity and nitrogen
content

In forest canopy environments, leaves can receive strong
light; consequently, leaves with higher photosynthetic rates
have an advantage due to their higher rates of C fixation
(Ellsworth and Reich, 1993; Koike et al., 2001; Kenzo et al.,
2006; Niinemets et al., 2015). Heterobaric species generally have
higher photosynthesis rates than homobaric leaves in strong
light environments, driven by higher water conductivity and
increased light penetration into the inner leaf through BSEs
(Scoffoni et al., 2008; Buckley et al., 2011; Zsögön et al., 2015;
Karabourniotis et al., 2021). The Pmax of forest canopy tree
species, including those found at our study site, is higher for
heterobaric than homobaric species (Liakoura et al., 2009; Inoue
et al., 2015). In the present study, trees above the forest canopy
(taller than 27.5 m) with heterobaric leaves also had higher Pmax

values than those with homobaric leaves, although the Pmax of
trees below the forest canopy differed little between leaf types.
Although there were few family-level differences in Pmax among
canopy species with heterobaric leaves, significant interspecific
differences among the four Dipterocarpaceae species were
observed. These differences in Pmax may be due to differences
in BSEs amount, and other leaf traits, such as the N content and
LMA (Kenzo et al., 2004; Inoue et al., 2015). Conversely, smaller
differences in Pmax among families may be due to the small
number of species per family and the high variability of Pmax.
This possibility should be reassessed in future studies including
more species.

On the other hand, tougher leaves have increased internal
resistance to CO2 diffusion, which limits photosynthesis, i.e.,
increased toughness due to thick cell walls may lower the
photosynthesis rate (Hikosaka, 2004; Niinemets et al., 2005;
Morison et al., 2007; Niinemets, 2007; Terashima et al.,
2011). In heterobaric species, leaf toughness had a strong
positive correlation with photosynthesis, whereas for homobaric
species the correlation was weaker. This suggests that BSEs
in heterobaric leaves support a higher photosynthesis rate
by increasing water transport and light penetration, and
simultaneously make leaves tougher due to their fibrous tissue.
Thus, heterobaric leaves with BSEs exhibit high plasticity not
only for toughness but also for Pmax, consistent with the
hypothesis that BSEs function as a hub promoting the plasticity
of various physiological properties, as demonstrated previously
(Barbosa et al., 2019). In other words, BSEs may mitigate the
trade-off between plant growth and defense against herbivory
(Züst and Agrawal, 2017).

Increased photosynthesis requires investment of N in
photosynthetic enzymes, such as ribulose-1,5-bisphosphate
(RuBP), in the leaves (Evans, 1989; Evans and Poorter, 2001).
In this study, leaf N content increased with tree height
for both homobaric and heterobaric leaves, and a positive
correlation between photosynthesis and N was found for both
leaf types. In the model analysis of leaf traits related to
Pmax, the contribution of the leaf N content was significant,
although the LMA and the presence of BSEs also enhanced
photosynthesis. These correlations between photosynthesis and
N hold true across a broad range of plants, including tropical
trees (Evans, 1989; Ellsworth and Reich, 1993; Reich et al., 1994;
Hikosaka, 2004; Kenzo et al., 2012, 2015; Ellsworth et al., 2022).
Interestingly, the intercept of the photosynthesis–N relationship
was higher in heterobaric species, indicating that heterobaric
species had greater photosynthetic N use efficiency (PNUE,
leaf photosynthetic rate per N) than homobaric species. The
higher PNUE of heterobaric leaves may be attributable to
the contribution of BSEs to high Pmax. Future studies of the
intracellular allocation of N between heterobaric and homobaric
leaves may further elucidate differences in N usage between leaf
types (Hikosaka, 2004).

Although canopy leaves may have a high risk of herbivore
damage due to their high N content (Coley and Barone, 1996;
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Yoneyama and Ichie, 2019), positive correlations between leaf N
and toughness were found for both heterobaric and homobaric
leaves in this study, indicating that leaves with higher N are more
resistant to herbivore attack. Herbivore defense is comprised of
physical and chemical defenses, and BSEs contribute to physical
defense by increasing leaf toughness (Coley and Barone, 1996;
Züst and Agrawal, 2017). Homobaric leaves had higher N levels
than heterobaric leaves of the same toughness, which put them
at greater risk of herbivory (Coley, 1983; Yoneyama and Ichie,
2019). Homobaric leaves may have stronger chemical defenses
against herbivory, which could be elucidated in detail in future
research by quantifying tannins, phenols and alkaloids (Züst and
Agrawal, 2017).

Conclusion

As hypothesized, leaf toughness varied significantly with
tree height, indicating that heterobaric leaves are tougher
than homobaric leaves. Based on our modeling approach, leaf
toughness cannot be explained by the LMA alone, as reported
in previous studies; rather, it is influenced by a combination
of other leaf functional traits, particularly the occurrence of
BSEs. The C contents of both leaf types were similar, which
did not support our hypothesis; in other words, heterobaric
leaves increased their toughness more efficiently in terms of
C allocation. Furthermore, the higher Pmax values of the
canopy leaves of heterobaric species suggests that BSEs promote
toughness and photosynthesis, and also increase the proportion
of heterobaric leaves in the canopy environments of tropical
rainforests, which are characterized by high light, physical stress,
and herbivore pressure.
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