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Abstract Anisophylly. having leaves different in size and/or
shape, was quantified in adult Aucuba japonica and simula-
tions were carried out to evaluate the effects of anisophylly
on the extent of self-shading at the single-shoot level as well
as at the whole-canopy level. Clear anisophylly was
observed in the individual after switching from the single-
stemmed juvenile stage to the multi-stemmed adult stage.
In such plants, leal area in the canopy abruptly increased.
The effective display of adult foliage involved a variety of
morphological changes in addition to anisophylly, most
prominently reduction in leaf size compared to juveniles.
The simulation results indicate that diversity of leaf size and
shape is an effective means of minimizing self-shading as
well as allowing the efficient exploitation of a larger canopy
volume in adult plants. Anisophylly also increased the bio-
mass use cfficiency of individual plants at maturity. Taken
together, having diverse leafl forms is superior to having a
single leal form for maximizing area acquisition and for
efficiently filling the acquired area. We therefore conclude
that the anisophylly expressed in A. japonica is adaptive.

Keywords Aucubajaponica- Anisophylly - Dorsiventrality -
Self-shading - Leaf diversity

Introduction

Plants show morphological adjustments at both the shoot
and the whole-crown levels to intercept light efficiently
(Fisher 1978; Chazdon 1985; Niklas 1992; Kikuzawa et al.
1996; Yamada and Suzuki 1996). The adjustment of shoot
morphology is critically important for avoiding self-shading
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(Osada et al. 2002; Takenaka 1994) because inefficient light
capture lowers photosynthetic production (Takenaka 1994;
Yamada et al. 2000) and survivorship (Yamada et al. 2000).
Therefore, the ability to adjust shoot morphology to reduce
self-shading should be under selection pressure (Takenaka
1994). A variety of features like leaf size and shape, inter-
nodal length, petiole length (Niklas 1988). leal lamina
narrowness (Takenaka 1994), dynamic adjustment of leaf
deployment, pattern of leaf growth (Yamada et al. 2000)
and leaf orientation (Niklas 1988; Yamada et al. 2000), all
contribute to efficient display of photosynthetic surfaces to
avoid self-shading (Valladares et al. 2000). Because of the
number of interacting traits that can contribute to minimiz-
ing self-shading, various shoot morphologies with very dif-
ferent phyllotactic patterns and crown architecture are
capable of efficient light capturing (Valladares et al. 2002),
compensating even for phylogenetically determined phyllo-
taxis that may be somewhat sub-optimal in a given environ-
ment (Niklas 1988).

The leaf is the principal photosynthetic organ, and as
such, its effective function in light capture and photosynthe-
sis is critical to plant survival (Kessler et al. 2001). In the
light-deficient understorey, a low degree of self-shading
could have a large impact on net photosynthesis near the
compensation-point light level (Givnish 1984). Minimum
leaf overlap in the horizontal plane increases the mean light
capture per unit leaf area in shaded habitats (Pearcy and
Yang 1998; Pearcy and Valladares 1999); and in small gaps
where stems are present in extremely high density (Brokaw
1985), light coming from angles nearer to the horizon is
mostly intercepted and plants depend on light mostly com-
ing from angles nearer to the vertical (Yamada et al. 2000).
Thus, effective acquisition and efficient use of light can be
critical in the forest understorey where light is very variable
and also strongly limiting to plant life (Muraoka et al. 2003).
This is particularly important for seedlings in the understo-
rey where light scarcity causes growth suppression (Canham
1985). Because of their smaller size and limited tolerance,
seedlings are more vulnerable to shade stress.

Leaves are the key components of the shoot system
(Tsukaya 1998) upon which the functional shoot
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morphology largely depends. For effective tailoring of leaf
area to maximize light capture, having a single leaf form
(shape and size) or having only smaller leaves (Osada et al.
2002) within a crown might not offer sufficient flexibility to
compensate for phyllotactic constraints. In these instances,
anisophylly, the formation of leaves differing in shape and/
or size (Ali and Kikuzawa 2005), may be advantageous.
Orientation of anisophyllous leaves would have significant
impact on light interception (Goebel 1900) as well as on
capture of canopy space by individual plants. Anisophylly is
associated with a range of phyllotactic patterns (Dengler
1999) and is viewed as an expression of adjustment of leaf
arca to light interception (Morley 1973). Different species
expressed anisophylly to varying degrees in all or part of
the shoot system (Sanchez-Burgos and Dengler 1988). Thus,
from the view of optimal adjustment of leaf area to maxi-
mize light interception, different degrees of anisophylly are
acceptable (Morley 1973), depending on. for example, plant
structure and shoot orientation.

Anisophylly occurs exclusively upon plagiotropic shoots
(Goebel 1900) and from the earliest documentation of anis-
ophylly, it has been thought to be an adaptation to dimly lit
understory environments (Goebel 1900; Givnish 1984), yet
there is a dearth of ecological studies dealing with aniso-
phylly (Dengler 1999). In this paper, we use Aucuba japon-
ica (Cornaceae), an understory shrub, to explore the
ecological implications of anisophylly in the forest under-
story. Over time, A. japonica could suffer from severe self-
shading due to sudden increase in leaf deployment in the
tree canopy (Takenaka et al. 1998), for example, when a
canopy gap closes in which the seedling A. japonica is estab-
lished. Mature A. japonica shrubs express moderate aniso-
phylly (Ali and Kikuzawa 20035) that could be a rescue
mechanism  for  reducing  self-shading (Goebel  1900;
Dengler 1999; Morley 1973).

We address the following questions with regard to
Aucuba japonica: (1) Does anisophylly reduce self-shading?
(2) Does anisophylly enhance area acquisition and eco-
nomic filling of acquired area? To answer these questions,
we estimated sclf-shading and area occupation by individual
canopy through simulations at a single-shoot level (consid-
ering different shapes of leaf) as well as at the whole-canopy
level (considering anisophylly and isophylly).

Material and methods

To evaluate the ecological implications of anisophylly, we
selected juvenile (yet to flower) and adult (flowering)
Aucuba japonica Thunb. plants growing in the Botanical
Garden, Faculty of Science, Kyoto University, situated at
35°02’'N and 135°47’E and 60 m above sea level. The site is
on the Kitashirakawa alluvial fan with sandy soil. Annual
mean temperature was 16.1°C, ranging from a maximum of
36.0°C in July to a minimum of -5.0°C in January. Mean
annual precipitation was 1,539 mm.

The genus A. japonica is distributed from the Himalayan
region through south China and Taiwan to the Japanese

archipelago: Aucuba japonica is distributed at the eggtern-
most edge of the range (Kanai 1963 and Hara 1966 as cited!
in Ohi et al. 2003). A. japonica is an evergreen, dioecious,’
woody understory shrub species widely distributed from,

warm temperate to cool temperate forests in Japan. Thef
minimum age of flowering is 4 years but reproductive matu- |
rity can be delayed for as many as 15 years (Kume and Ino
2000). A. japonica produces two types of terminal buds,
vegetative and reproductive, that commonly have two pairs i
of bud scales. Phyllotaxis is almost always decussate from !
vegetative appendages, including bud scales, to the repro-
ductive ones (Hara 1980). Juvenile plants extend a single
new shoot every year (Kume and Ino 2000) from the termi-
nal vegetative bud until reproductive maturity is attained.’ ‘“
Once a plant is mature (flowering), successive new shoots
generally keep flowering each season, and multiple shoots
extend from the shoot apex. Adult plants produce terminal &
reproductive and/or terminal vegetative buds. Axillary buds
in the axils of bud scales of the terminal reproductive bud
develop into new shoots and a terminal reproductive bud
has the potential to yield up to four shoots (Hara 1980).
In adult plants, shoots are produced through syllepsis
(Tomlinson 1978). A. japonica expresses moderale aniso-
phylly on every other node of the adult shoot system. The
degree of anisophylly varies depending on nodal position
on the shoot system, and on crown light regime (Ali and
Kikuzawa 2005). Depending on light conditions, shoot
orientation ranged from nearly horizontal to almost
orthotropic.

Geometric measurements

We selected naturally growing juvenile plants (n = 14) of ©
25-70 cm in height and adult plants (flowered for the first
time) (n=40) of 38-122 cm, all within the age range 5-7
years to measure the following parameters: (1) laminar
length and maximum width of all leaves, (2) petiole length
of all leaves, (3) distance of maximum width from petiole
base (the attaching point to the stem) of all leaves, (4)
internode (IN) lengths and stem diameters, (5) distance
between daughter shoot tips, and (6) crown diameter in two
directions perpendicular to each other for all the individual
plants. Further, along with current-year growth, we mea-
sured annual growth characteristics in the previous years
(identified by bud scale scars), IN length, and the number
of leaves (by leaf scars) produced in a previous year.

Measurement of area of mature leaves

We estimated individual leaf area by the equation:
Y =0.682 x X (r=0.999),

where X equals lamina length x width. This relationship was
established between leaf area (measured by scanning) and
lamina dimensions (lamina length x width) of fresh sample
leaves (1 =81). Lamina length was measured as the distance
from the attaching point of the petiole to the tip of the
lamina. Lamina width was measured as the distance
between the lamina margins at the widest point.




Mca?uremem of the degree of anisophylly

To express the degree of anisophylly, we used leaf area ratio,
the ratio of the leaf areas of the two leaves opposite to each
other on the same node. For the even-numbered nodes (e.g.,
5. Ny) on an adult shoot, we used the ratio of outer to inner
leal area. For odd-numbered nodes (e.g., N;, Ny where
leaves grown tangential to the inflorescence) and shoots
emerging from a terminal vegetative bud on adult plants
and juveniles, we selected the numerator and the denomi-
nator of the ratio for each nodal position randomly because
of difficulty in distinguishing the inner leaf versus outer leaf.
For adult plants, the position in between the sides of
inner leaves of the shoots was designated as the inner can-
opy and that between the sides of the outer leaves of the
shoots as outer canopy (Fig. 1a); this distinction was impos-
sible for juvenile plants. The smaller leaf of an anisophyllous
pair is always oriented to the inner canopy position and that
of the larger leaf to the outer canopy.

(d)

Fig. 1a-d. Canopy stature, leaf shape index and alternative canopy
forms. a Canopy structure of adult Aucuba japonica plant assuming
two sister shoots (each with two pairs of leaves) grown from the ter-
minal reproductive bud at maturity. Shoot orientation almost orthotro-
pic with nearly horizontal leaf display. Integers 7 and 2 conslitute the
basal pair (isophyllous) and 3 and 4 constitute the second pair (aniso-
phyllous) while font size indicates intra-pair leaf size difference. /n and
our indicate inner and outer canopy. respectively. b Determination of
LSI. I denotes distance between the petiole base at the stem and the
point on the midrib where the line for maximum width of the lamina
crosses. L denotes total distance from the petiole base to the lamina
tip. The black circle indicates stem cross-section wherever shown. Two
different leaf shapes shown on a node. ¢ Varying shapes to simulate
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Leaf-lamina narrowness

We defined leaf lamina narrowness as the ratio of laminar
length to the maximum width for all leaves; a larger value
indicates a narrower lamina.

Leaf-shape index

We defined leaf-shape index (LSI) as the ratio of the dis-
tance from the petiole base on the stem to the point on the
midrib where the lamina width was the maximum to the
total distance from the petiole base to the lamina tip
(Fig. Ib). For a given size of a leaf. if the maximum width
occured at distances of 0, 20, 40, 60, 80 and 100% away from
the shoot stem, then LSI value would be 0, 0.2, 0.4, 0.6, 0.8
and 1.0, respectively. The leaves with larger LSI values

would reduce crowding of leal area around the stem and
thus,

reduce mutual shading among the neighbouring

S

(c)

TEY
T

(e)

self-shading at shoot level (/-6 in regard to LS values of 0, 0.2 2, 0.4,
0.6. 1.8 and 1.07. The juvenile plant canopy was comprised of a ‘sIT]E_,]L,
Jeaf shape very similar to S, while the adult canopy possessed two
different shapes similar to S; and Sy d Determination of DPSS of a
shoot having two pairs of leaves (with $;). Top view of a shool.
e Alternative canopy forms depending mainly on size and change in
orientation of anisophyllous leafl pair. Extreme anisophylly gives rise
to hollow canopy (A,). A, is the prototype of crown [orm in field
condition. In these simulations, only two pairs of current leaves (one
isophyllous and one anisophyllous pair} have been considered
although number of pairs could vary from one to four. Also. the year-
old leaves beneath the current leaves were ignored
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leaves. For each value of LSI, we modelled leaf shapes, Sy,
S-. S5, Si. Ss and S, (Fig. 1c), for simulating the self-shading.

Simulating effects of the leaf shape

To quantify the effect of the diversity of leal shapes, we
estimated the degree of potential self-shading (DPSS) at
current shoot level for both isophyllous juvenile and aniso-
phyllous adult shoots. Occurrence of the maximum width
along petiole-leaf lamina length could be an important fac-
tor for self-shading on a shoot (here we considered a single
shoot and ignored the effect of neighbouring shoots).
Assuming leaves on a shoot are arranged decussately on the
circumference of a circle that encircles the shoot stem on a
horizontal plane, we defined DPSS as the ratio of sum of
maximum width of all the leaves residing on the circumfer-
ence to the circumference of the circle. Circumference of a
circle equals 2mr, where r denotes radius of the circle. The
centre of the circle was the centre of shoot stem cross-
section. From the centre. we measured the distances to the
maximum width for all the leaves on the shoot. Then we
determined the mean of the measured distances to get the
radius of the circle. DPSS > | indicates overlapping among
the neighbouring leaves on the circumference, DPSS =1
indicates no overlap with leaves just touching cach other,
and DPSS < 1 indicates distant arrangement of leaves. For
a given leaf size, we simulated DPSS by changing the leaf
shape (S.. S,, Ss, S, Ss and S) but keeping the maximum
width constant. In the case of Sy, the circumlerence of the
circle was the circumference of the stem cross-section. For
each leaf shape, we determined the radius and circumfer-
ence of the circle, and then DPSS.

Measurement of canopy arca

We measured crown diameter (a, b) in two directions per-
pendicular to each other and then averaged. Canopy area
we estimated as:

C

“Ared

=Tr?,

where r denotes the radius estimated as (a + b)/4.

Leaf-area index at canopy level

For both juvenile and adult plants, we estimated leaf-area
index (LAI) (expressed as cm’ cm ™) as the amount of leaf
arca displayed by the crown per unit ground area occupied
by the canopy.

Simulating percent leaf-area overlap at canopy level

We estimated percent leaf-arca overlap (PLAO) in the
Crown as.

AP
pLAo:(M

-~ ]x 100,
TLA

where TLA denotes the total leaf area (cm”) per crovgsand
PLA denotes projected leaf area (cm’). To simulatc’?own
leaf area, we measured 40 adult plants. Then, we calculated
mean dimension of leaf lamina, stem diameter and distance
between the tips of sister shoots. Depending on leafl laminar
dimensions, we determined TLA as the sum of the area of
all the simulated leaves of the canopy; we determined the
area of each leaf using Adobe Photoshop soltware. We also
determined PLA using the same software. In these simula-
tions, for a single canopy. we used two different leaf shapes,
S, (similar to the smaller leaf of the anisophyllous pair) and
S, (similar to the larger leaf of the anisophyllous pair), at a
time.

To compare PLAO and canopy size of adult plants, we
used six alternative scenarios (A~A,) representing changes
in orientation and size ol anisophyllous leaves in the N,
position. The orientation of the isophyllous (N;) pair was
unchanged for all the alternatives. A, is the prototype in
which the smaller anisophyllous leaf in the N, position is
oriented to the inner canopy and the larger leaf is oriented
to the periphery of the canopy as is observed in real plants.
A-. the opposite of Ay, has the larger leaf oriented to the
inside and the smaller leaf to the periphery of the canopy.
This could happen if the initial primordial size were to
dominate the leal developmental course, since at inception,
the inner primordium is much larger than the outer one (Al
and Kikuzawa 2005). For A;, we considered leaves similar
to the anisophyllous smaller leafl on both sides of the shoot.
This could also happen if growth of both the primordia were
suppressed equally. For A, we considered leaves similar to
the larger leaf of the anisophyllous pair on both sides of the
shoot. This could occur in the absence of an inflorescence
as in juvenile plants. For As, we used average leaf size of
two anisophyllous leaves on both sides of the shoot. It can
be thought that the outer leal became larger at the cost of
the inner leaf by taking advantage of the unfavourable
growth conditions of the inner leaf. If there were equal
opportunity, then isophyllous leaf size would be about the
mean size of existing leaves. A, was the case of extreme
anisophylly. This could happen if growth of the inner
smaller leaf was extremely suppressed or turn into a bud
scale.

In these simulations, we considered two sister shoots
(cach with two pairs of leaves) extended from a single sup-
porting axis of a juvenile plant at maturity. Under natural
conditions, the number of leaf pairs varied from two to four
and there were year-old leaves beneath the current-year
leaves. However. we neglected these for simplicity. We
assumed that the model leaves were oriented decussately
on a horizontal plane.

Determination of aboveground biomass

For determination of plant aboveground biomass (dry
weight of stem, petiole and leaves), we collected five juve-
nile and five adult plants among the previously measured
sample plants. Immediately after harvesting, we separated




eachr=lant into stem and leaf with petiole. Samples were
oven-dried at 80°C to constant weight.

To estimate aboveground biomass for the other sample
plants measured, we used the following equations:

(1) Stem weight (g) is expressed as
Ys = 0.1369(SL x SD) - 0.0276 (r = 0.9; P <0.001),

where SL and SD are stem length (cm) and stem
diameter (cm), respectively. We assumed similar wood
density for juvenile and adult plants because of the
relatively small range of plant ages.

—
[a*)
S

Petiole weight (g) is expressed as

Y, =0.0069(PL x PD)-0.0013 (r = 0.91; P <0.001),
where PL and PD are petiole length (cm) and petiole
diameter (cm), respectively.

Leafl weight (g) is expressed as

Y, = 0.0066LA —0.0004 (r =0.95; P <0.001),

where LA denotes individual leaf area (cm’). We
assumed similar leaf thickness for all the individuals
(juveniles and adults).

Determination of C:F ratio

We determined C:F ratio as the ratio of total dry mass of
leaf support tissues (stem plus petiole) to total foliage
weight at individual plant level.

Fig. 2a—c. Leaf area ratio along
shoot length. a Juvenile plant

(a)

Biomass use index

We defined biomass use index as the ratio of canopy area
to aboveground biomass of the individual plant. The unit of
the index is cm” g . We used this as an indicator of biomass
use efficiency in terms of the occupation of canopy space.

Statistical analyses

For comparing leaf size and degree of anisophylly, we used
the Mann-Whitney U-test in SPSS software. one-way
ANOVA for leaf lamina narrowness and LSI. and Excel
software for graphs.

Results

Single-stemmed juvenile plants turned into m ulti-stemmed
adult form upon achieving reproductive maturity. Repro-
ductive maturity was also accompanied by anisophylly. In
juveniles, two leaves on any node grew almost equally, and
thus the index of anisophylly was close to unity (Fig.2a).
Conversely, adult shoots showed well-marked anisophylly
on alternate nodal positions (Fig. 2b). When leaves of a pair
(e.g.. N;. N3) were grown tangentially to the inflorescence
axis, the ratio was close to unity, but when leafing direction

(b)

(dash), b adult plant (filled 3 3 |
diamond) and ¢ comparison of
leaf laminar lengths on e 25 o 2
anisophyllous nodes. Vertical bar 'E; 'E; 1
indicates SD. Leaf area ratio is - 2 = 2
used to express the degree of 8 ) g 15
anisophylly, i.c., the magnitude of © 1.9 - T T et B :
difference between two leaves of © A % o 1 E {
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changed by 90° (e.g.. N1, N,), the mean ratio (outer to inner)
was significantly greater than unity (P <0.001, Mann-
Whitney U-test; more than 2 for N, and nearly 2 for Ny
Fig. 2b). The mean ratio for N, was significantly larger than
N, (P < 0.01, Mann-Whitney U-test), i.c.. the degree of anis-
ophylly reduced acropetally (Fig. 2b). Anisophylly caused
significantly larger leaf area display in the outer compared
to the inner canopy (2.38 times the inner leaf in the N; and
1.79 times in the N, position; Fig. 2b). For anisophyllous
pairs, mean laminar lengths of outer and inner leaves were
15.5+341 (mean+SD) and 10.65+2.68 for N, and
13.45+1.97 and 849 +2.0 for N, positions, respectively
(Fig. 2c).

Juvenile plants were shorter than adult plants (Table 1).
Before maturity, shoot structure of juvenile plants, e.g.,
length of comparable INs and number of INs between two
consccutive years did not change remarkably (Fig. 3a—c).

Even after entering the adult stage, shoot structure did
not change significantly (Fig. 3d) except in the total num-

ber of shoots. Until maturity, leaf production (numkar of
leaves per year per individual) between 2 consecutive-years
did not change significantly, but the transition from juve-
nile to adult form caused a sudden significant increase in
leaf production (Fig.3e) without significant increase in
canopy area (Table 1). As a result, mean LAI was signifi-
cantly larger for adult plants than juvenile plants (Table 1).
The distance between tips of two sister shoots (extended
from a single supporting axis at maturity) ranged from 5
20 em, and the mean distance was 12.3 = 3.92 cm (Fig. 3f).
This distance is shorter than the leaf lamina length espe-
cially on anisophyllous nodes where inner leaves on neigh-
bouring shoots face each other (Fig.2¢c) and thus, could
shade each other casily.

Adult plants produced a larger number of leaves and
mean leaf size was reduced significantly at the switch from
the juvenile to adult stage (Table 1). Both stages showed
acropetal reduction in leaf size (Fig.4a). Anisophylly
caused additional, position-dependent reduction in leaf size

Fig. 3a—f. Shoot structurc and — o
leal production in the canopy. a— £ 20- (a) E 20+ (b) 2001
¢ Shoot structure during juvenile o 15 015
phase (in years 2000-2002), — 2000 e
d shoot structure during adult 10 I 10 I
phase (in vear 2003). e leaf = ﬁ 5
production in different years,and ~ + 9 ¥ v B ‘ ¢+ 3 +
f frequency distribution of o0 04 = ¢ c 00— .
distance (cm) between two & IN IN IN IN O IN! IN2 IN3 IN4
daughter shoots extended from a i‘" L 2 3 4 P
single mother axis. Arrow
indicates transition from juvenile n 0
to adult form. /N denotes o 20 (C) o 20- (d) 2003
internode - ‘ o 15 ‘
o 19 I 2002 g 10'
[ L
10- . by
1.
Ly Vo w B ¥ 7 =
c ) . I 5 0- S : -
- IN, IN, IN, N, N, IN, Ny N,
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N
>
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=
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Table 1. Size parameters of juvenile and adult Aucuba japonica plants

Parameters Juvenile plant (mean £ SD)

Adult plant {mean £ 5D) Level of significance

50.5+13.36
1.291.74 £ 396.98
01.41 £40.99
.67 £ 0.14

Plant height (cm)
Canopy area (cm’)
Leaf size (cm®)
LAI (cm® ¢cm™)

P < 0.05 (one-way ANOVA)

P =0.05 (Mann-Whitney U-test)
P <0.001 {one-way ANOVA)

P <0.01 (Mann-Whitney U-test)

7297 +£21.54

1,378.91 £ 606.3

62.35 £ 32.19
1.05 £0.42

To estimate mean leal size, only current-year leaves were taken into account




(Fig.ga). For an anisophyllous pair. the mean size of the
outeMeaf. i.e..leaf no. 3 (88.82 + 36.61). was not significantly
different in size from any other position. Following leaf size,
petiole length showed a similar descending pattern towards
the tip of the shoot (Fig.4b). Leaf lamina narrowness
increased acropetally except for the inner leaves of the anis-
ophyllous pairs (Fig. 4c).

For the anisophyllous pairs, the inner leaf, i.c., leaf no. 4
of N, was significantly wider (proportionally) than the
outer leaf (leaf no. 3. P<0.001, one-way ANOVA), while
those in the N, position did not differ significantly. For
juvenile plants, LSI was almost similar to any leaf in any
nodal position (0.61 £ 0.06) where maximum width of lam-
ina occurred after the midpoint (Fig. 4d). For adult plants.
LSIfor N, (0.61 + 0.09) was similar to that of juvenile plants,
but the indices for N, and N, were significantly smaller
(P <0.05, one-way ANOVA). The LSI between the outer
(0.57 £ 0.07) and the inner leaf (0.47 £ 0.07) in the N, posi-
tion was significantly different (P<0.001, one-way
ANOVA) but the difference was not significant in the N,
position. A smaller LSI indicates closer occurrence of max-
imum width to the stem. which was conspicuous for the
inner leaves in the N, and N, positions (Fig. 4d).

19z
230

At the shoot level, a consideration of DPSS using the
different simulated leaf shapes indicated that the closer the
occurrence of the maximum width to the stem the higher
the self-shading and vice versa (Table 2). There was a sharp
decline in DPSS between S, and S, while DPSS reduction
was rather gradual from S, (Table 2). For a given leaf
shape, DPSS was significantly smaller for adult shoots
(Table 2).

Although occurrence of the maximum width farther
from the stem reduced self-shading, proportionally higher
biomass investment into the petiole (Fig. 5a) was needed for
leaf display.

The mean arca of the simulated crown was significantly
larger for A, (328.25+24.86), the prototype of naturally
grown seedlings, than for any other alternative canopy
forms except Ay and Aq (P <0.05, Mann-Whitney U-test;
Fig. 5a). A, acquired an area similar to A, but PLAO was
significantly larger (Fig. 5b). PLAO was significantly smaller
(P < 0.05, Mann-Whitney U-test) for A, (0) followed by A,
relative to other alternatives. The very high crowding of leaf
arca in the inner canopy caused maximum PLAO
(13.55 £ 0.96) for A., while the inner canopy of A, was
vacant due to extreme anisophylly.

Fig. 4a-d. Comparison of foliage ( ) . (b)
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Table 2. Results of simulation of varying leaf shapes on the degree of potential self shading

—» A p e x

Leaf shape

Juvenile plant (mean + SD)

Adult plant (mean £ SD)

Level of significance

S, 26.25+4.36
S. 2.06+0.39
Ss 1.03+0.19
S. 0.69+0.13
S< 0.52+0.09
Si 0.41+0.09

22.73+8
1.82+£0.29
0.91 £0.15
0.61 + 0.09
045 +0.07
0.36 £ 0.06

£ < 0.05 (Mann-Whitney U/-test)
P < 0.01 (one-way ANOVA)
P <0.01 (one-way ANOVA)
P <0.01 (one-way ANOVA)
P <0.01 (one-way ANOVA )
P <0.01 (one-way ANOVA)

In this simulation, variations in the occurrence of maximum width were made for a single leaf shape for juveniles and for two different leaf
shapes for adult shoots. because on adult shoots, the shape of anisophvllous leaves was different. The difference in DPSS between juvenile and

adult plants was mainly due to anisophylly




336

Fig. Sa—d. Leaf display cost, g (b) 6&\
relative size of alternative crown (a) NE 400 e
forms and cost of area T 0.016 - o _}
acquisition. a Relationship b _ (o=
between the occurrence of + 0.012 r=1084 b4 E 300
maximum width of leaf lamina O P <0.01 . Aa @
and the biomass of petiole of the = | + » = 200
leal. b Mean canopy size of ic-: 0.008 ! g |
simulated crown, ¢ Percentage ol .5 | et © |
leaf area overlap of simulated ® 0.004 it o o 100
crown. d Mean ground arca = + =
occupation per unit biomass 0 T 1 § 0 T !
under field conditions compared 0 5 10 15 Al A2 A3 A4 A5 A6
to other alternatives . ) Al .
Maximum width (cm) ternatives

- (c) £ 2100 T (d)

2 Bl —

[ © & 80

> 15 o =

2 a8 l

@ 3 60

L 10 T 2 @

@ il

U © g 40

s 5 o &

= = E 20 1

== ‘ ‘ < S

-
0 T T T 1 [ T T T T
Al A2 A3 A4 A5 A6 Al A2 A3 A4 A5 AB
Alternatives Altenatives

Table 3. Biomass use efficiency of Auciba japonica plants

Parameters Juvenile plant (mean £ SD)

Adult plant {(mean + SD) Level of significance

0.76£0.12
13572 £33.24

C:F ratio
Biomass use index (cm” g™')

1.09 +0.23
84.13+31.9

P < (L001(Mann-Whitney U-test)
P<0.001 (one-way ANOVA)

The C:F ratio for adult plants was significantly larger
than the ratio for juvenile plants. Because of greater invest-
ment of biomass into foliage. the biomass use index of juve-
nile plants was significantly larger than adult plants
(Table 3). In contrast, despite proportionally reduced
investment into foliage, anisophylly increased biomass use
efficiency of adult Aucuba japonica plants. In the context of
field conditions, A, had significantly greater biomass use
efficiency than A,, A;, and As. The canopy space occupied
per unit aboveground biomass was due to less self-shading
as a consequence of anisophylly. A, showed similar effi-
ciency to A, but less than A, (Fig. 5d).

Discussion

Juvenile plants maintained nearly a constant leaf area in the
crown until maturity (Fig. 3e), most probably due to struc-
tural limitation (single-stemmed structure) for leaf deploy-
ment. Isophyllous leaves could find accommodation in
rotation around the single stem without significant overlap
(Morley 1973). Only at maturity were Aucuba japonica
plants able to overcome this structural limitation by produc-
ing multiple shoots from a single supporting axis. This led
to a sudden increase in leaf production (Fig. 3¢) without a

simultaneous increase in canopy area (Table 1), which
necessitated morphological readjustment of leaf size and
shape and also petiole length to minimize potential self-
shading. Reduction in leal size was the dominant trait in
these morphological readjustments. As plants matured.
mean leaf size was reduced in general (Table 1). Adult
plants produced a large number of smaller leaves instead of
making a smaller number of larger leaves; making smaller
leaves acts to reduce mutual shading of adjacent shoots
(Osada et al. 2002) and thus, enhances light penctration in
the crown (Horn 1971). This may be particularly important
for evergreen A. japonica because the older leaves, espe-
cially the year-old leaves (immediately below the current
leaves), which are still photosynthetically active, would oth-
erwise suffer from light starvation. As part of the correlated
morphological readjustments, anisophylly contributed to
further place-dependent reductions in leaf size. Making var-
iously sized leaves is more important for efficiently tailoring
leal arca on the shoot (Goebel 1900; Givnish 1984) than
making only smaller leaves because efficient tailoring is
essential for avoiding mutual shading at the shoot level as
well as at the whole-crown level (Osada et al. 2002;
Takenaka 1994; Valladares et al. 2002).

Diversity of leaf shape is clearly an important factor for
the efficient display of leaf area. Differentiation in leal
shape caused greater reduction in leaf overlap (Osada et al.




2002@by positional adjustment of leaves around the stem
(Tak®aka 1994). A larger LSI (outer leaf of anisophyllous
pair) placed leaves more in the crown periphery of the
shoot while a smaller LSI (inner leaf of anisophyllous pair)
with proportionally wider leaf lamina (Fig. 4c, d) filled the
nearby space of the supporting stem on one hand and
reduced potential shading of neighbouring sister shoots on
the other hand. Both basipetal increase in petiole length
and acropetal increase in leaf lamina narrowness (Ali and
Kikuzawa 2005; Takenaka 1994) reduced crowding of leal
area in close vicinity of the stem and consequently, reduced
leaf overlap (Takenaka 1994). The occurrence of maximum
leaf width closer to the stem, e.g., S, (Fig. lc), although
_economically and mechanically safer, casts the highest
DPSS. To reduce self-shading, leaf size must be reduced. In
contrast, placing maximum leal width distally, e.g., S
(Fig. 1c), reduces the probability of self-shading, but such a
leaf shape needs proportionally greater biomass investment
in non-photosynthetic petioles (Yamada et al. 2000). Given
all these considerations, leaf shape S,. which is similar to
actual leaf shape. does indeed appear to be most suitable
for minimizing the risk of self-shading. Combinations of
different leaf shapes, e.g., S; (as inner leaf) and S, (for all
other leaves), appeared to be the most efficient leaf area
arrangement in terms of space filling and reducing self-
shading, in contrast to the single-shaped leaves typical of
juvenile plants (Fig.4d), which inefficiently fill the space
near the stem. Self-shading was significantly lower on adult
shoots due to the combination of diverse leaf shapes and
double (general and place-dependent) reduction in leaf
size. Reduction in leaf size caused reduction in width, while
variation in shape (Fig. 4d) was due to anisophylly, as shape
was independent of leaf size (Dale 1986). Therefore, aniso-
phylly, accompanied by a combination of modified charac-
ters such as leaf size and shape, petiole length, and lamina
narrowness (Fig. 4), and thus, serving as a synthetic charac-
ter, played a significant role in displaying the components
of photosynthetic surfaces to maximize light capture
(Niklas 1988: Takenaka 1994; Valladares et al. 2002) at the
shoot level as well as at the whole-crown level of Aucuba
japonica.

Anisophylly not only caused effective filling of space but
also resulted in acquired greater total arca per individual
(Fig. 5b) as the larger leaf in the pair was oriented with the
longer petiole in the outer canopy. This developmentally
correlated leaf orientation increased both canopy projec-
tion area (Yamada et al. 2000) and biomass use efficiency,
and thus should increase competitive ability of Aucuba
japonica seedlings. Greater space acquisition by anisophylly

helped A. japonica to provide space for suddenly increased
leaf area at maturity and thus, diluted the crowding of leaf
area. This was particularly conspicuous for anisophyllous
pairs where plants displayed significantly greater leaf area
towards the outer canopy. Because of this dilution effect
(Goebel 1900), leaf overlap was minimal (Fig. 5¢) and light
capture per unit leaf area increased (Pearcy and Yang 1998;
Pearcy and Valladares 1999). From the perspective of
photosynthesis, this architecture should enhance plant
performance (Niklas 1988). Anisophylly increased arca
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acquisition, economic filling of acquired area and minimi-
zation of leaf area overlap, and thus can be viewed as a
rescue mechanism ensuring an effective transition in light-
capture systems from juvenile to adult A. japonica plants.

The ontogenetic disruption of light-capture systems due
to disproportionate increases in annual leaf area production
versus woody shoot structure (Fig. 3a—c, e) forces Aucuba
japonica plants to readjust morphologically to minimize
self-shading. Responding to this ontogenetic imperative, A.
japonica leaves show evidence of adaptive plasticity (Dale
1986). Anisophyllous leaves exhibited plastic responses in
both shape and size. In the adult shoot system. occurrence
of anisophylly was not random but rather occurred at spe-
cific position(s) where possibility of sclf-shading was
greater, This was perhaps due to selection pressure to
reduce self-shading. Isophyllous development of adult
shoots due to desuppression by excision of inflorescence
(Ali and Kikuzawa 2005) indicated that the anisophvllous
leaf did not permanently lose its potential to grow larger,
but rather that growth was just suppressed (Basile and
Basile 1993). This clearly indicated that anisophylly is an
adaptation lending the advantage of less self-shading,
increased biomass use efficiency, and greater area occu-
pancy to Aucuba. Although extreme anisophylly eliminated
the possibility of self-shading, it caused a hollow crown and
inefficient use of acquired space. In overall consideration,
A. japonica expressed anisophylly to the necessary extent
and is adaptive to it.

While analyzing biomass cost of area occupancy, it
appeared that, compared to adult plants, greater investment
of aboveground biomass into foliage (Table 1) relative to
the support structure might enable juvenile plants to occupy
significantly greater areas per unit biomass. Since juvenile
plants are smaller in size and thus less vulnerable to stresses,
such as wind, maximizing area occupation through invest-
ment in foliage might be cheaper and more efficient for
them. Larger investment into foliage increases competitive
ability of juvenile plants in two ways, by increased area
occupancy and by increased light capture through horizon-
tal spreading of foliage, a key factor for plant growth and
survival in the understory (Canham 1985, 1988). In contrast,
greater proportion of biomass investment into leaf support
structure of adult plants could not increase area occupancy
or decrease self-shading without anisophylly.

Conclusion

The form and the extent of anisophylly expressed by
Aucuba japonica are adaptive. The problem of potential
self-shading posed by unparallel production of leaf area and
supporting shoot structure was resolved in an integrated
way by making smaller leaves in general and by making
anisophyllous leaves on the same node. Anisophylly caused
greater arca acquisition to accommodate excess leal arca
produced in the crown with minimal self-shading. For elfi-
cient tailoring of leaf area, diverse leaf forms accompanied
by anisophylly are superior to monotonic single lea f forms.
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The plants increased biomass use efficiency and economic
filling of the acquired area.
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