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Phenotypic plasticity acts to increase the performance of plants under stress. Leaf morphological plasticity and
its causes in different environments are incompletely understood. We measured the leaf morphological param-
eters of Quercus acutissima Carr. seedlings, including leaf size, leaf shape and venation pattern, assessing the
effects of different habitat conditions on leaf morphological plasticity. A field study in forest edge and understo-
ry was combined with experiments simulating different light and water conditions. Leaf morphology variations
occurred over most of the parameters, and the causes were consistent between the field study and lab experi-
ment. Leaf size decreased with low supply of light and water. Leaf length and width were only affected by leaf
area. The leaf petiole did not lengthen under shade stress, suggesting a trade-off relationship between function-
al tissues and support structures. Leaf shape became narrower in drought and broader in the shade, as reflect-
ed in changes in three leaf fractions. Higher vein density played a part in enhancement of mechanical support
and water supply. Leaves with more teeth show more active photosynthesis, but are disadvantageous in xeric
environments because of higher transpiration. Light was the main factor inducing leaf morphological plasticity.
The variations caused by drought were due mainly to the allometry. Our results showed that the leaves of
Q. acutissima seedlings respond to different habitats with phenotypic plasticity of morphology, suggesting that
this is an important mechanism for seedlings to adapt to broader ecological amplitudes.
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INTRODUCTION

Plasticity is one solution to the problem of adaptation
to heterogeneous environments. Plant morphological
plasticity enables a plant to change its growth pattern
as it encounters different stresses (Guo et al., 2007).
Morphological plasticity plays an important role in
resource acquisition by plants; variation of the size
and placement of resource-acquiring organs such as
leaves are critical to a plant's adjustment to resource
availability (Navas and Garnier, 2002). As the pri-
mary photosynthetic organs, leaves have an impor-
tant role in the survival and growth of a plant. They
also provide evidence for plant taxonomy. Leaf phys-
iognomy can serve as an excellent tool for ecological
studies (Wright et al., 2004; Traiser et al., 2005). With
the development of digital scanning technology, it
becomes easier to identify leaf traits (Lu et al., 2004;
Du et al., 2007). Some leaf traits, such as the leaf area
index, can reflect the status of the whole plant
(Tsialtas and Maslaris, 2007). Leaves have to be opti-
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mally adapted to environmental conditions, and react
most sensitively to the environment. Thus, the causal
relationships between various environmental factors
and leaf traits can be recognized (Roche et al., 2004),
such as the effects of soil moisture and irradiance
(Cescatti and Zorer, 2003; Liao et al., 2007). The
development of plant morphology is gene-regulated
and environmentally affected (Kessler and Sinha,
2004; Barkoulas et al., 2007). Many previous stud-
ies have shown variations in leaf traits to be the
result of adapting to growth habitats (Sis6 et al.,
2001; Pandey and Nagar, 2002), and there are con-
sistent relationships across species (Karst and
Lechowicz, 2007). The forest edge and understory
are commonly considered as typically contrastive
habitats. Microclimatic gradients occur in forests
towards their edges (Young and Mitchell, 1994). It is
known that irradiance increases with decreased
canopy cover. Edge effects enhance transpiration and
present a drought challenge for seedling recruitment
and forest regeneration (Lopez-Barrera et al., 2006;
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Herbst et al., 2007). Although there are numerous
studies of edge effects in forest fragments (reviewed
in: Murcia, 1995), our understanding of leaf morpho-
logical variations in the forest edge and the understo-
ry is still limited.

Quercus acutissima Carr. is the main deciduous
broadleaved species in northern China, widely dis-
tributed on mountains and hills in Shandong
Province (Wang and Zhou, 2000). Many forests of
Q. acutissima show patch distributions due to anthro-
pogenic disturbance. Seedlings should engage certain
mechanisms to adapt to different habitats, including
variation of leaf morphology. There have been studies
employing geometric measurements of leaf morpholo-
gy in other oak species (Blue and Jensen, 1988; Li et
al., 2005), but the results indicated instability of some
parameters, and with size correction the differences
were not significant. Here we focused on the leaf mor-
phological plasticity of Q. acutissima seedlings in the
differing habitats of forest edge and understory, and
sought the causes of morphological variation in the
field and under experimental treatments.

The objectives of this study were (1) to investi-
gate whether leaf morphological differences occur;
(2) to clarify the causes underlying variations of
leaf shape and venation pattern; and (3) to distin-
guish environmentally induced or size-dependent
morphological differences as responses to the
effects of different habitats, especially under differ-
ent light and water conditions.

MATERIALS AND METHODS

STUDY SITE AND APPROACH TO FIELD STUDY

The study was conducted at the Fanggan Research
Station of Shandong University, Shandong Province,
China (36°26'N, 117°27'E). The site is characterized
by warm temperate monsoon climate, with mean
annual temperature of 13+1°C and average annual
precipitation of 600-850 mm, falling mostly during
the summer. The soil type of this area is yellow cin-
namon soil, and the parent material is limestone
(Zhang et al., 2006). Field measurements were taken
in a stand of Q. acutissima on a hill 2 km from the
research station in July 2007. The dominant layer of
canopy was 14 m high. The leaf area index (LAI) was
5.12. Five 1-year-old seedlings were sampled from the
forest edge and from the understory; 3-5 leaves were
taken from each seedling for morphological measure-
ments. They were taken from the top of the plant to
avoid self-shading.

SEEDLING EXPERIMENTS

Acorns of Q. acutissima were collected from the
same field in early spring and planted in plastic
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pots (9 1 volume, 32 cm high, 29 cm diam.). The
soil contained a 64:22:14 (v/v/v) mixture of humic
soil, sand and loam. Its saturated water content
was 36% by mass, the largest volumetric water con-
tent was 28%, and porosity was 68%; pH was 4.4,
and the major chemical components included 88.4 g
organic matter, 3.7 g total nitrogen and 42.3 mg
available phosphorus per kilogram. The experi-
ment was carried out during July and August
2007. The seedlings were subjected to water and
light stress (ten plants per stress type). Drought
stress was achieved by maintaining soil moisture at
30-40% of water holding capacity (WHC), while the
controls received daily irrigation to maintain the
soil water content between 70% and 80% of WHC.
The light-stress treatment was conducted in shad-
ed shelters covered by woven black nylon nets.
Light transmission under the stress conditions was
10% of the controls. The seedlings were divided
into four groups: (Group 1) well-watered and sun-
light; (Group 2) drought and sunlight; (Group 3)
well-watered and shade; and (Group 4) drought
and shade. After a one-month treatment period, fif-
teen leaves from three seedlings per treatment
were taken for morphological measurements.

MORPHOLOGICAL MEASUREMENTS

Leaf area was measured with a CI-203 laser area
meter (CID Inc., Washington, U.S.A.). Linear meas-
urements were taken with a digital caliper. Leaf dry
mass was measured after oven-drying at 80°C for
48 h. Detailed information on the morphological
parameters is given in Figure 1 and Table 1.

STATISTICAL ANALYSIS

Analysis of variance (ANOVA) was used in the field
study to test for differences between the two sites.
To distinguish the effect of allometry under differ-
ent treatments in the seedling experiments (Vretare
et al., 2001; Kolb et al., 2002), analysis of covari-
ance (ANCOVA) was used to test for differences
between treatments in morphological parameters
in relation to leaf area, and the means were com-
pared by Duncan's multiple range test. All statisti-
cal analyses were done with SPSS 13.0 (SPSS Inc.,
Chicago, U.S.A.). Plots were drawn using Origin
7.5 (OriginLab Co., Massachusetts, U.S.A.).

RESULTS

To eliminate morphological variations resulting
from development stage or plant size, seedlings for
the field study were selected for uniform size.
There was no significant difference in height or in
diameter at ground height (DGH) between the
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Fig. 1. Diagram of leaf measurements. Dashed lines per-
pendicular to the midrib indicate the widest (above) and
bulgy (below) parts of the leaf lamina. The two lines are
determined by the angles between the midrib and the edge
of the lamina. The positions where the angle is the small-
est and largest represent the widest and the bulgy parts of
the leaf lamina, respectively. The leaf is divided into three
fractions by these two lines. The capital letters along the
lines represent the positions located at the midrib or the
edge of the lamina. See Table 1 for more details.

plants from the forest edge and understory (Tab. 2).
Leaf area (LA), leaf length (LL), leaf width (LW), leaf
bulgy division (LBD) and leaf middle fraction (LMF)
did not significantly differ between the two sites. The
values of leaf dry mass (LDM), leaf petiole length
(LPL), leaf elongation (LE), leaf bottom fraction (LBF)
and mean distance between veins (MDV) were signifi-
cantly lower in the understory, while the values of
specific leaf area (SLA), LL/LPL, leaf widest division
(LWD), leaf top fraction (LTF) and number of leaf
teeth (NLT) were significantly higher in the understo-
ry than in the forest edge (Tab. 3).

In the seedling experiments, water stress
decreased nearly all the morphological parameters
in both sunlight and shade. The shade treatments
significantly increased SLA, LWD, LBD and NLT,
and significantly lowered the values of LA, LDM,
LL, LW, LL/LPL and MDV. There was no significant
difference in LPL or LE in any treatments (Fig. 2).
Treatment differences also altered the ratio of leaf
fractions. The leaf top and middle fractions were
significantly increased in the shade treatments.
Accordingly, the leaf bottom fraction contributed

TABLE 1. Leaf morphological parameters and their defi-
nitions. The two capital letters in the definition demon-
strate the linear distance between the corresponding two
points indicated in Figure 1

Variable Definition

LA (cm?) Leaf area

LDM (g) Leaf dry mass

SLA Specific leaf area (ratio of leaf area to leaf dry

(cm? g1) mass)

LL (cm) Leaf length=AB

LW (cm) Leaf width=FG

LPL (cm) Leaf petiole length=BC

LE Leaf elongation (ratio of leaf length to leaf
width)

LL/LPL Leaf length to petiole length ratio

LWD Leaf widest division=AD/BD

LBD Leaf bulgy division=AE/BE

LTF (%) Leaf top fraction=AD/AB

LMF (%) Leaf middle fraction=DE/AB

LBF (%) Leaf bottom fraction=BE/AB

NLT Number of leaf teeth

MDV Mean distance between veins=2AB/(NLT+1)

(cm)

TABLE 2. Height and diameter at ground height (DGH)
of Q. acutissima seedlings in the forest edge and under-
story. Data represent means + SE. df=1,9. ns — not sig-
nificant at p>0.05

Forest edge Understory F p
Height 50.60£2.20  44.80%+2.29 3.33 0.105w
(cm)
DaH 5.40+0.37 6.00£0.45  1.08 0.330ns
(mm)

significantly less to the leaf architecture. The
effects of drought were the reverse of those caused
by the shade treatments. They were also more sig-
nificant in sunlight than in shade (Fig. 3). If the
conditions for Group 2 (drought and sunlight) and
Group 3 (well-watered and shade) are considered
to be simulating factors in the forest edge and the
understory, the trends of leaf morphological varia-
tion in the seedling experiments were consistent
with those in the field study (Tab. 3, Figs. 2, 3).
The results of two-way ANCOVA are given in
Table 4 for the effects of light and water treatments
on leaf morphological parameters, using allometric
relationships of seedlings. The differences in LL
and LW between treatments were derived from the
difference in LA between treatments. This is con-
sistent with the field study results (Tabs. 3, 4).
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TABLE 3. Effect of forest site on leaf morphological parameters of Q. acutissima seedlings, by one-way ANOVA. Data
are means + SE. df=1,46. Significance levels: "p>0.05, 'p<0.05, “'p<0.01, ""p<0.001

Xu et al.

Forest edge Understory ANOVA

F p
LA (cm?) 31.97+£2.39 29.37+1.36 0.91 0.345n0s
LDM (g) 0.27+0.02 0.18+0.01 17.27 0.000™
SLA (cm? g} 118.50+1.94 168.67+3.74 138.24 0.000™
LL (cm) 10.68+0.37 10.3940.28 0.39 0.535n
LW (cm) 4.20+0.11 4.41+0.09 2.08 0.156n0
LPL (cm) 0.58+0.02 0.48+0.03 9.93 0.003™
LE 2.55+0.08 2.36+0.04 5.00 0.030"
LL/LPL 18.51+0.59 22.77+0.83 17.42 0.000™
LWD 0.50£0.02 0.57+0.02 6.05 0.018"
LBD 2.54+0.20 3.1340.22 3.91 0.054rs
LTF (%) 33.19+0.71 35.93+0.84 6.14 0.017"
LMF (%) 37.08+1.27 39.31£1.60 1.17 0.286 18
LBF (%) 29.73+1.29 24.76x1.40 6.74 0.013"
NLT 26.26+0.62 28.17+0.67 4.35 0.043"
MDYV (cm) 0.76x0.03 0.69+0.02 4.42 0.041"

There was no difference in LPL, so the differences
for LE and LL/LPL, which were calculated by LL,
LW and LPL, were also derived from the difference
of LA. Water had no effects on leaf morphological
parameters except for LBF. Light had significant
effects on LDM, SLA, LWD, LBD, LTF, LMF, LBF,
NLT and MDV. The effects of LA on LDM, SLA and
MDV were responsible for some of the differences
between the effects of light treatments.

DISCUSSION

The final size of a leaf depends on cell division and
expansion. Any factor that can influence the num-
ber and size of leaf cells may affect the dimensions
and size of the leaf (Tsukaya, 2003). Under short
supply of light and water, leaf area and dry mass
were obviously restricted in our experiments.
Corresponding changes in leaf thickness also
occurred, especially under shade conditions.
Higher SLA is an accommodation to decrease self-
shading of chloroplasts in the lower part of leaves
(Parker and Mohammed, 2000; Quero et al., 2006;
Feng et al., 2007). Increased efficiency of internal
diffusion and investment of nitrogen in photosyn-
thetic enzymes is reflected in a negative relation-
ship between leaf photosynthetic capacity per dry
mass and leaf dry mass per unit area (Niinemets et
al., 2006a). Leaf shape is determined mainly in the
brief period of primary morphogenesis, based on
the possible participation of reaction-diffusion sys-

tems, and can be altered by allometric expansion
(Franks and Britton, 2000; Dengler and Kang,
2001). In this present study, the lower values of
leaf length, width and elongation under stress
arose by allometry. However, it cannot be conclud-
ed that the effects of abiotic stress on leaf shape are
negligible, because the changes in the three leaf
fractions significantly differed. Drought caused the
leaf bottom fraction, which represents the narrow
part of the leaf, to increase in proportion to the
whole leaf lamina. Overall the leaves narrowed,
presumably as an adaptation to a xeric environ-
ment; narrow leaves can reduce transpiration by
reducing the size of the boundary layer (Farris,
1984). The effects of shade on the leaf fractions
were just the opposite, maximizing the light cap-
ture area (Takenaka, 1994). Changes of the three
leaf fractions will also affect the location of the lam-
ina centroid.

Leaf size and shape can modify the distribu-
tion of leaf biomass between support and function-
al tissues, and thus can alter the leaf venation pat-
tern and leaf functioning in environments with dif-
ferent levels of resource availability (Niinemets et
al., 2006b). As the plant develops, leaf display
should be optimized to deal with canopy density.
Possible strategies to minimize the amount of self-
shading are to make fewer but larger leaves or to
distribute leaves in a larger volume of canopy space
(Niinemets and Fleck, 2002). This requires
changes in petiole and vein architecture. In our
study the changes of petiole length were correlated
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Fig. 2. Changes of leaf morphological parameters of Q. acutissima seedlings under different light and water treatments.
Boxes represent means and error bars represent the SE of the means (n=15). Values with different letters differ signif-

icantly at p<0.05 by Duncan's multiple range test.
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Fig. 3. Changes of the three leaf fractions of Q. acutissima
seedlings under different light and water treatments.
Boxes represent means and error bars represent the SE of
the means (n=15). Values with different letters differ sig-
nificantly at p<0.05 by Duncan's multiple range test.

with the changes of leaf area and dry mass, indi-
cating a positive relationship between leaf petiole
length and leaf size. Considering the larger values
of LL/LPL under the shade treatments, however,
petiole elongation was not the main way of reduc-
ing self-shading, as the plants faced a trade-off
between the needs to increase the interception area
and the support structures. Increasing the invest-
ment in petioles demands synthesis of more xylo-
gens, and longer petioles will cause the leaf to bend
(Pickup et al., 2005). Year-old seedlings of
Q. acutissima are nonbranching single-stem trees.
Few leaves are produced, and only the upper leaves
were selected for measurement. The measure-
ments confirmed that to reduce self-shading there
was no need to elongate the leaf petiole, as pointed
out by Takenaka et al. (2001). Niinemets et al.
(2007) also suggested trade-offs between the
investments in central support and veins, which
compensated for differences in leaf shape. The rel-
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TABLE 4. Two-way ANCOVA for the effects of light and water treatment on leaf morphological parameters of Q. acutis-
sima seedlings, with leaf area as covariate. Data are means = SE, n=60. Significance levels: "p>0.05, ‘p<0.05,

"p<0.01, "'p<0.001

Light Water Covariate
F p F p F p
LDM (g) 165.08 0.000™ 0.67 0.418ms 111.81 0.000™
SLA (cm? g'1) 443.65 0.000™ 1.18 0.283ns 8.99 0.004™
LL (cm) 1.42 0.238ns 1.04 0.312n0s 401.83 0.000™
LW (cm) 0.78 0.381ns 0.06 0.811ns 729.37 0.000™
LPL (cm) 1.61 0.209xns 0.36 0.552n0s 1.18 0.28 1ns
LE 0.64 0.426ns 0.01 0.962ns 10.78 0.002™
LL/LPL 2.56 0.115ns 0.12 0.731ns 22.12 0.000™
LWD 13.51 0.001™ 1.12 0.296n0 0.34 0.56 10
LBD 33.47 0.000™ 3.87 0.054ns 0.66 0.419n0s
LTF (%) 15.31 0.000™ 1.27 0.2650 0.41 0.524ns
LMF (%) 4.36 0.041" 1.32 0.256ns 1.64 0.206ns
LBF (%) 37.12 0.000™ 5.23 0.026" 0.34 0.560n0s
NLT 9.21 0.004™ 3.32 0.074ns 3.10 0.084ns
MDYV (cm) 9.09 0.004™ 1.63 0.207n0s 14.26 0.000™

atively broader and thinner leaf shape under the
shade treatments showed higher vein density
(lower MDV), preventing leaf margin drooping,
because the centroid was far from the leaf base,
increasing the overall bending moment. Apart from
the role of mechanical support, veins also function
in water import and photosynthate export (Park et
al., 2008). There was a weak trend of increased
vein density under drought stress, to obviate leaf
dehydration.

Leaf lobation, like leaf teeth, is a functional
trait, as shown by Sis6 et al. (2001). Huff et al.
(2003) found significant differences between tropical
and temperate sites for several teeth characters. The
relationship between leaf teeth and climate has been
shown in woody and herbaceous species (Royer and
Wilf, 2006; Semchenko and Zobel, 2007). Plants
with toothed leaves have growth advantages, espe-
cially in non-optimal environments. Toothed leaves
have smaller effective dimensions, reduced bound-
ary layer thickness and higher heat transfer than
leaves without teeth (Stokes et al., 2006). This
makes toothed leaves more active with respect to
photosynthesis and transpiration than non-toothed
leaves (Royer and Wilf, 2006). Number of teeth,
teeth area and degree of blade dissection are corre-
lated with climate (Royer et al., 2005). This can
explain why the leaves in the present experiments
had more teeth in the understory and the shade
treatments. As they can enhance sap flow and water
loss rates, however, leaf teeth are disadvantageous
for plants in water-stressed environments. We found

fewer leaf teeth in the drought treatments. It has
been suggested that tooth area correlates negatively
with leaf mass per area (Royer et al., 2005). The
changes of the number of teeth and SLA (the recip-
rocal of leaf mass per area) in the present study
showed a consistent trend under different treat-
ments. There may be a nexus between leaf shape
and leaf teeth in response to the environment.
Allometric relationships can result in appar-
ent shape differences which are actually bypro-
ducts of size differences. This has been termed
apparent plasticity, which is not real phenotypic
plasticity (Weiner, 2004). Real plasticity is a
change of the allometric trajectory. Plastic (treat-
ment-induced) variations should be distinguished
from nonplastic (developmental or size-induced)
variations in order to reflect the degree of plant
plasticity in response to environmental factors.
Lopez-Serrano et al. (2005) showed that allometric
relationships may vary depending on the site. In
the present study, leaves of Q. acutissima
seedlings did show strong responses of several
morphological characters to different habitats, and
as allometric methods were used, these responses
must be considered to be evidence of leaf morphol-
ogy plasticity, due mainly to the effect of light.
This study of leaf trait differences may con-
tribute to our understanding of optimum habitat
conditions and the ecophysiological adaptations of
plants. It argues for the need to consider intraspe-
cific heterogeneity based on leaf allometry and
phenotypic plasticity in resolving taxonomic prob-
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lems (McLellan, 2000). Besides the effects of light
and water, air temperature and humidity in the
different forest habitats can also be expected to
affect leaf morphological plasticity (Codarin et al.,
2006; Koch et al., 2006). Further work on the
morphological plasticity of Q. acutissima should
include leaf positional and directional variation.
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