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Abstract: In this study, we investigated responses of the mid-successional species Acer truncatum Bunge and 
the late-successional species Quercus variabilis Blume to three solar illumination conditions: (1) constant 
low light (CL), (2) constant high light (CH) and (3) low light first and high light afterwards (LH). The last 
treatment was to simulate a canopy opening. Both species exhibited increases in biomass, totally and in 
part, and decreases in leaf water content, specific leaf area and chlorophyll concentrations in LH treatment 
compared to CL treatment. For A. truncatum, exposure to high light condition (LH) increased crown area, 
and decreased root to shoot ratio, stem mass ratio and leaf perimeter. However, for Q. variabilis, LH treat-
ment increased stem diameter at ground height, effective quantum yield, photochemical quenching and 
decreased maximum photosystem II quantum yield. The biomass allocation pattern did not change in Q. 
variabilis among three light conditions. With respect to newly developed leaves, no significant differences 
were found in leaf size of Q. variabilis between LH treatment and CH treatment while that of A. truncatum 
decreased in LH treatment. All chlorophyll fluorescence parameters in newly developed oak leaves in LH 
treatment increased compared to those of CH treatment while no difference was found for A. truncatum 
between LH and CH treatment. A. truncatum displayed a greater overall plasticity than Q. variabilis although 
the oak seedlings have a greater plasticity with respect to chlorophyll concentration and chlorophyll fluo-
rescence parameters. A. truncatum should be a better candidate for vegetation recovery, especially in places 
with heterogeneous light conditions.
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Introduction
Tree seedlings regenerating in the understory ex-

perience much spatial and temporal heterogeneity of 
light conditions (Wyka et al., 2008). Increased light 
exposure, which may occur as the result of canopy gap 
formation produced by windfalls and similar events, 
accelerates the development of regenerating young 
plants (Naramoto et al., 2006). When excess light 
cannot be utilized, however, photoinhibition- which 
means the slow reversible decline of photosynthetic 
efficiency (Demmig-Adams & Adams, 1992; Kitao et 
al., 2000)- may occur, constraining seedling growth. 
Acclimation of shade plants to gap opening is critical, 
as it affects growth rates and eventually determines 
plant survival and fitness (Azevedo & Marenco, 
2012). Tree seedlings that can minimize photoinhi-
bition and acclimate rapidly to changes in light inten-
sity may gain a substantial advantage in growth and 
regeneration (Kitao et al., 2000). 

A number of investigations have been conduct-
ed to examine plant morphological and physiologi-
cal responses to variations in illumination (Gatti et 
al., 2011; Guo et al., 2013; Naramoto et al., 2006; 
Saldaňa-Acosta et al., 2009; Tobita et al., 2010; Val-
ladares et al., 2002; Yamashita et al., 2000). In some 
of these studies, plants were subjected to low light 
illumination for some time and then were trans-
ferred to high light condition. However, these stud-
ies focused on the effects of high light exposure on 
existing leaves rather than on the leaves produced 
in response to high light conditions. The new leaves 
sprouted after high light exposure, however, are im-
portant in determining the future of seedlings. 

One investigation carried out in subtropical is-
lands of Japan did focus on the new leaves sprouted 
after high light exposure (Yamashita et al., 2000). In 
that study, however, the leaves developed after high 
light exposure were compared to leaves that had de-
veloped in low light or high light before high light ex-
posure and grown continuously in low light or high 
light, respectively. As leaf age may have a significant 
effect on photosynthetic properties (Bertamini & Ne-
dunchezhian, 2002) and on the ability to acclimate to 
shifts in light intensity (Wyka et al., 2008), it would 
be more meaningful to compare the influence of light 
on leaves after high light exposure using leaves all 
at the same stages of development. Further informa-
tion concerning such newly developed leaves, which 
is crucial to regeneration of understory vegetation 
under gap conditions, is therefore needed. 

Acer truncatum Bunge (Shantung maple) and Quer-
cus variabilis Blume (Chinese cork oak) are two com-
mon deciduous species that are distributed widely in 
China and are also found in Japan and Korea. Both 
species play crucial roles in forest ecosystems and 
are used as important potential candidate species 

for revegetation in temperate area. A. truncatum has 
medical and ornamental uses. Q. variabilis is a valua-
ble timber tree commonly used as industrial raw ma-
terials and also used for tannin extract. A. truncatum 
can be seen frequently in forests, parks, both sides of 
roads and family courtyards. Q. variabilis, however, 
are mainly distributed in natural areas. A. truncatum 
is a mid-successional species (Wang, 2005), while Q. 
variabilis is late-successional (Wu et al., 2001; Yang 
et al., 2010). However, in despite of different succes-
sional status, the two species often co-occur in warm 
temperate forest. 

Many studies have been carried out using a vari-
ety of species to examine the relationship between 
shade tolerance, successional stage, and acclimation 
to sudden increases in light (Azevedo & Marenco, 
2012; Kitao et al., 2000; Naramoto et al., 2006; Valla-
dares et al., 2002). Generally, early successional spe-
cies exhibit higher plasticity than late successional 
shade-tolerant species (Azevedo & Marenco, 2012; 
Naramoto et al., 2006). For example, Minquartia 
quianensis, a late successional species, experienced 
severe photoinhibition and loss of leaves during 
transition to full-sun conditions due to lack of physi-
ological plasticity, compared to Swietenia macrophylla, 
a middle successional species. 

However, to the best of our knowledge, these two 
important tree species have not been compared with 
respect to the responses to various light conditions 
and sudden increase of light intensity. Given the 
above background, we implemented a study to sim-
ulate gap conditions by transferring potted seedlings 
from low light environments to high light environ-
ments, and recorded morphological and physiologi-
cal acclimation of leaves as well as entire seedlings. 
Both the leaves developed before and after transfer 
were measured. Our goals were to compare the re-
sponses of two species to varied light conditions and 
to a sudden increase in light intensity and provide 
suggestions for using two species for vegetation res-
toration. 

Methods
Study site and plant materials

The research was carried out at the Fanggan Re-
search Station of Shangdong University, Laiwu, 
Shandong Province, China (36°26'N, 117°27'E). 
This study site has a warm temperate monsoon cli-
mate, with an average temperature of 13 ± 1°C, and 
an average annual precipitation of 700 ± 100 mm, 
most of which falls during the summer (Zhang et al., 
2006). To avoid natural precipitation and ensure a 
controlled and homogenous environment, the entire 
experiment was conducted in the research station 
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greenhouse (20.0 × 9.0 × 5.0 m, length × width × 
height). Ventilation was controlled by raising and 
lowering the plastic side films. The plastic side films 
were raised in daytime to 2.0 meters high and low-
ered to 0.5 meters high at night. 

Seeds of both species were purchased from 
Dacheng Seed Company (Jinan, China). The seeds 
used in present study were harvested in early win-
ter of 2010. These seeds were air-dried and stored 
at 0–4 °C throughout the winter until the next May. 
In May of year 2011, A. truncatum seeds and Q. vari-
abilis acorns were soaked in water for 24 h and pre-
served in wet gauze at 0–4 °C to stimulate germina-
tion. For use as a substrate, silt soil and humic soil 
were collected near the station, air-dried, and mixed 
in a 2:1 (v/v) ratio. Healthy and uniform germinated 
seeds were selected and sown in these pots. The ger-
minated seedlings were transferred into 9-L plastic 
pots (32 cm high × 29 cm diameter, one seedling 
per pot) containing 6.0 kg of the silt soil /humic soil 
mixture. Prior to the beginning of the experiment, all 
pots were irrigated regularly and subjected to manual 
weed control. 

Experimental design 

All light treatments were carried out in shade shel-
ters covered by either plastic film or woven black ny-
lon nets. The mean photosynthetic photon flux den-
sity in the shelters covered by plastic film was 80% 
of that outside the greenhouse, and was designed 
to represent forest gap light conditions. The mean 
photosynthetic photon flux density under the black 
nylon nets was 8% of that outside the greenhouse, 
simulating understory illumination. The black ny-
lon nets (5.0×2.5×3.0 m, length×width×height) 
were built in the middle of the greenhouse. The 
photon flux density (PFD) of the outside, inside of 
the greenhouse and of the black nylon nets were 
1055.2±101.9, 844.0±81.8 and 85.0±8.0 umol 
m–2s–1 (average value from 7 a.m. to 7 p.m.; n=24; 
data recorded twice every hour). The temperatures 
within the greenhouse and the black nylon nets were 
27.46±0.25 and 27.14±0.21oC (average value from 
25 July to 25 August, 2011; n=752; data recorded 
every hour; recorded by MicroLog EC650, Fourtec, 
USA) respectively, and no significant difference was 
found (p=0.325). 

Seedlings were raised in both light environments 
in the first place. There were seven seedlings of each 
species in the light condition of 80% of full sun and 
fourteen plants of each species in the light condi-
tion of 8% of full sun, thus forty two seedlings were 
used for both species. After about two months of 
treatment, half of the understory seedlings (seven 
plants) were transferred to the gap condition, i.e. 
the light condition of 80% of full sun. The remaining 

seedlings were kept in their original environments, 
whether understory (low light) or gap (high light). 
Seedlings were therefore subjected to one of three 
different treatments: continuous low light (CL), con-
tinuous high light (CH), or transfer from low to high 
light conditions (LH). There were seven replicates 
for each treatment. 

All plants were watered when necessary to elimi-
nate the influence of drought during the experiment. 
The experiment was conducted over the entire grow-
ing season, from 5 Jun–9 Sep 2011. The transfer be-
gan at 1 Aug 2011. 

Measurements

The leaves were measured for leaf traits, chlo-
rophyll fluorescence parameters and pigment con-
centration. The measurements of these leaves were 
carried out at the end of the experiment. Two fully 
developed leaves (third to fifth leaves from the tip) 
of each replication were labeled in different colors 
before transfer. The leaves labeled in the first color 
were used to measure the chlorophyll fluorescence 
parameters and pigment concentration. The leaves 
labeled in the other color were used to measure leaf 
traits. The newly developed leaves were measured for 
leaf traits and chlorophyll fluorescence parameters 
and no label was attached to these leaves. 

Only fully expanded leaves were selected, for both 
the leaves developed before transfer and the leaves 
developed after transfer. Although every seedling 
developed new leaves after transfer, we were limited 
to four replications per treatment in the case of Q. 
variabilis because there were not as many fully devel-
oped ones as the maple seedlings (which were sev-
en replications per treatment). In CL environment, 
there were less than four replications developed new 
fully expanded leaves after transfer for both species. 
Therefore the comparison of new developed leaves 
was limited between CH and LH treatments. 

Ten soil samples were collected before the exper-
iment started to represent the soil background and 
were analyzed at Shandong Agricultural University. 
Organic matter concentration was analyzed using 
potassium dichromate-volumetric method. Availa-
ble soil nitrogen and available soil phosphorus were 
analyzed using the alkali-diffusion method and Ols-
en method, respectively. Total soil nitrogen and total 
soil phosphorus were analyzed using Kjeldahl meth-
od and fused sodium hydroxide Mo-Sb  colorime-
try method, respectively. The pH values were meas-
ured using a pH-meter (PHSJ-3F, Shanghai Precision 
Scientific Instrument Co., Ltd, Shanghai, China). 
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Leaf traits

Before transferring, seven leaves of each treatment 
were labeled to measure leaf parameters as below. 
Leaf features of seven (for A. truncatum) or four (for 
Q. variabilis) newly developed leaves per treatment 
were also recorded as below. 

Leaf morphology was measured in late August. 
Leaves were scanned with an Epson Perfection V700 
scanner (Seiko Epson, Nagano, Japan). Mean leaf 
area and mean leaf perimeter were calculated from 
the scanned images using an Image-Pro Plus Version 
4.5 image analyzer (Media Cybernetic, Silver Spring, 
MD, USA). To calculate leaf water content and spe-
cific leaf area, leaves were weighed before and after 
drying in an oven at 80°C for 48 h. Leaf water content 
was calculated as: (leaf fresh mass – leaf dry mass) / 
leaf fresh mass (Guo et al., 2013). 

Chlorophyll fluorescence parameters 

Chlorophyll fluorescence parameters were ob-
tained using a Mini-PAM pulse amplitude modula-
tion chlorophyll fluorometer (Walz GmbH, Effel-
trich, Germany). To ensure complete relaxation of 
all reaction centers, leaves were kept in the dark for 
at least 30 min prior to taking measurements. Max-
imum photosystem II (PSII) quantum yield (Fv/Fm) 
was calculated as: 

Fv/Fm = (Fm – F0)/Fm 

where F0 is the minimum chlorophyll fluorescence, 
determined using a measuring beam, and Fm is the 
maximum chlorophyll fluorescence, recorded after 
0.8 s saturating pulse light (ca. 8,000 μmol m–2 s–1 ). 

Maximum fluorescence in the light-saturated 
stage (F’

m) and fluorescence yield in the steady state 
(Fs) were determined after the application of actinic 
light (ca. 402 μmol m–2 s–1) for 50 s to drive photo-
synthesis. Effective quantum yield (yield) was calcu-
lated according to Geel et al. (1997) and Genty et al. 
(1989). Photochemical quenching (qP) and non-pho-
tochemical quenching (qN) were calculated accord-
ing to Schreiber et al. (1986). 

Chlorophyll fluorescence parameters were re-
corded the day before transfer and monitored eight 
times (day2, day4, day5, day9, day11, day15, day20, 
day31) afterwards over the course of 31 days, with 
four replicates per treatment of each species. These 
dates were selected because they are the only sunny 
days thereafter. 

Chlorophyll fluorescence parameters of new de-
veloped leaves were also measured at day 31, with 
four replicates per treatment of each species. All 
chlorophyll fluorescence parameters were recorded 
between 8:00 AM and 10:00AM. 

Leaf pigments 

These four fully expanded leaves of each treatment 
which were used for measurements of chlorophyll 
fluorescence parameters were also selected for chlo-
rophyll concentration measurements. Chlorophyll a 
and chlorophyll b were extracted and measured 31 
days after transfer according to the method of Li-
chtenthaler and Wellburn (1983) using a UV-2100 
spectrophotometer (Unico, ShangHai, China). Chlo-
rophyll a and chlorophyll b concentrations were cal-
culated per unit dry mass for four replicates of each 
treatment. 

Biomass and biomass allocation 

At the end of the experiment, the shoot height, 
stem diameter at ground height (about 1 cm above 
the ground line, DGH), and crown area of each 
seedling was recorded. Crown area of each seedling 
was calculated as: crown area= 0.5ab (a and b were 
the length of diagonal when look directly down the 
plant) (Guo et al., 2013). Then we got the average 
crown area from seven replicates of each treatment. 

All seedlings were then harvested and divided into 
main root, lateral root, stems, and leaves (leaf blade 
and petiole for maple tree). The main root was de-
fined as the root that developed directly from the seed, 
while the lateral roots were the roots that extended 
from the main root (Guo et al., 2013). Each portion 
was weighed after oven-drying at 80°C for 48 h. 

Total biomass, root mass ratios, stem mass ratios 
and leaf mass ratios were calculated as follows: 

total biomass = main root biomass + lateral root 
biomass + stem biomass + leaf biomass;

root mass ratio = (main root biomass + lateral root 
biomass)/total biomass;

stem mass ratio = stem biomass/total biomass;

leaf mass ratio = leaf biomass/total biomass.

Statistical analysis

Two-way analysis of variance (ANOVA) was used 
to compare the effects of species and light treatment. 
One-way ANOVA was performed to detect significant 
differences among the three treatments for every pa-
rameter within each species. All Two-way and one-way 
ANOVAs were accompanied by Duncan’s multiple 
range tests, with a 0.05 significance level. Before car-
rying out the ANOVAs, data were checked for normal-
ity and homogeneity of variance, and were log-trans-
formed when necessary. A T-test was conducted to 
detect differences between CH and LH treatments for 
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newly developed leaves. ANOVAs and T-tests were 
performed using SPSS 13.0 (SPSS, Chicago, Illinois, 
USA). Figures were drawn using Origin 8.0 (Origin-
Lab, Northhampton, Massachusetts, USA). 

Comparing the differences of the ecological accli-
mation between two species seems to be complex 
as there are so many parameters to consider. There-
fore, principal component analysis (PCA) account 
for most of the variability in the data was applied. A 
small number of linear combinations of parameters 
which vary significantly among different light con-
ditions and species were obtained. The components 
with eigenvalues greater than one were extracted. 
The principal component analysis was conducted by 
JMP 10.0 (SAS Institute Inc., North Carolina, USA), 
using all the data measured. The first two compo-
nents were selected to make the biplot. 

The phenotypic plasticity indices (PIs) of each 
species were calculated according to Valladares et 
al. (2006) to compare the degree of plasticity among 
the clones as a response to different light treatments. 
The index was calculated for all the morphological 
and physiological parameters as: PI = (maximum 
mean − minimum mean)/ maximum mean. Maxi-
mum mean and minimum mean stand for the maxi-
mum and minimum mean values for every parameter 
among all the treatments, respectively. 

Results

The organic matter concentration, available soil 
nitrogen, available soil phosphorus, total soil nitro-
gen, total soil phosphorus and pH of the soil before 

Table 1. Results of two-way analysis of variance (ANOVA) for both species on morphological and physiological parame-
ters, with species and light treatment as fixed factors

Parameter
Source of variation

Species (d.f.=1) Light treatment (d.f.=2) Species * Light treatment 
Growth and biomass parameters

Height 0.71 35.24** (CH) 16.89**
Crown 10.11**< 24.41** (CH) 5.01*
Leaf biomass 1.11 34.55** (CH) 3.77*
Stem biomass 0.26 26.36** (CH) 3.33*
Main root biomass 44.10**< 55.62** (CH) 8.05**
Lateral root biomass 1.04 13.40** (CH) 2.10
Total biomass 0.27 40.09** (CH) 1.43
Root to shoot ratio 13.54**< 3.69* (CL) 2.23
Main to lateral root ratio 7.86**< 0.18 2.79
Root mass ratio 25.07**< 7.99** (CL) 6.08**
Stem mass ratio 2.05 5.47** (CL, CH) 7.51**
Leaf mass ratio 19.73**> 14.38** (CH, LH) 9.48**

Leaf traits
LWC 175.86**> 61.67** (CL) 2.44
Leaf area 3.84 21.42** (CH) 11.59**
Leaf perimeter 3.77 78.18** (CH) 51.14**
SLA 163.26**> 238.54** (CL) 6.44**

Chlorophyll content and fluorescence parameters
Chl a 0.46 82.67** (CL) 4.17*
Chl b 0.004 97.45** (CL) 2.89
Chl a+b 0.16 89.05** (CL) 3.68*
Chla/b 38.38**< 112.20** (CH) 8.59**
Fv/Fm 0.74 12.46** (CL, CH) 1.48
Yield 12.11**> 40.11** (CH) 6.13**
Etr 12.11**> 40.11** (CH) 6.13**
qP 23.80**> 38.80** (CH) 11.16**
qN 10.86**> 0.93 7.24**

N=7 for growth parameters, biomass parameters, leaf traits and fluorescence parameters within each treatment, n=4 for chlorophyll 
content within each treatment.

< the mean value of A. truncatum is higher than that of Q. variabilis.
> the mean value of A. truncatum is lower than that of Q. variabilis.
The treatment(s) in brackets indicate(s) it has(they have) highest value(s) of the corresponding parameter(s). 
LWC leaf water content; SLA specific leaf area; ML main root mass to lateral root mass; Chl a Chlorophyll a; Chl b Chlorophyll b; Fv/Fm 

maximum photosystem II (PSII) quantum yield; Yield effective quantum yield; qP photochemical quenching; qN non-photochemical 
quenching. 

Significance level: *** p<0.001, ** p<0.01, * p<0.05, ns p>0.05.
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the experiment were 13.7±0.21 g kg–1, 59.46±1.08 
mg kg–1, 19.29±0.66 mg kg–1, 0.59±0.02 g kg–1, 
0.90±0.02 g kg–1 and 6.62±0.04 (n=10 for all pa-
rameters), respectively. Both species and light treat-
ment have greatly affected the performance of the 
seedlings (Table 1). Significant interactions between 
species and light treatment were found for most pa-
rameters measured (Table 1). 

Growth and biomass parameters

For most morphological parameters, including 
growth parameters and leaf traits, the CH treatment 
was the highest among the three light conditions 
(Table 1). The crown area, main root biomass, root to 
shoot ratio, main to lateral root ratio and root mass 
ratio of the oak tree were larger than those of the ma-
ple tree, while leaf mass ratio displayed the opposite, 
when the data of all three treatments were pooled 

together (Table 1). Height and crown area increased 
after exposure to high light for both species although 
significant differences were found only in the crown 
area of maple tree, compared to the CL treatment 
(Table 2). Stem diameter at ground height of oak tree 
increased significantly in LH treatment compared to 
CL treatment (Table 2). All growth traits displayed 
highest value in CH treatments for both species. 

All seedlings of both species that had been sub-
jected to the CH treatment displayed the largest bio-
mass production, in every part of the plant (Fig. 1a, 
b). For most of these biomass production parame-
ters displayed significant increases in LH treatments, 
compared to CL treatments (Fig. 1a, b). For the oak 
seedlings, lateral root biomass in LH condition was 
not significantly different from that of CL treatment. 

All biomass allocation parameters of A. truncatum 
seedlings displayed significant differences among 
varied light conditions (Fig. 1c). Nevertheless, no 

Fig. 1. Comparisons of biomass production and partitioning of A. truncatum and Q. variabilis seedlings under different light 
treatments. The data are means ± SE (n=7). Different letters indicate significant differences (p≤ 0.05) among different 
treatments according to Duncan’s multiple range test. 

LBB: leaf blade biomass; PB: petiole biomass; SB: stem biomass; MRB: main root biomass; LRB: lateral root biomass; TB: total biomass; 
LMR: leaf mass ratio; SMR: stem mass ratio; RMR: root mass ratio; RS: root to shoot ratio; CL: constant low light treatment; CH: 
constant high light treatment; LH: low light to high light treatment.
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differences were found for any of these parameters of 
Q. variabilis (Fig. 1d). In maple seedlings, root mass 
ratio and root to shoot ratio were largest in the CL 
groups while no significant differences were found 
between CH and LH seedlings. High light exposure 
increased leaf mass ratio of A. truncatum seedlings 
compared with CL treatment. High light exposure 
significantly decreased the stem mass ratio in the 
maple seedlings, compared to the seedlings subject-
ed always to low light or high light (Fig. 1c). 

Leaf traits

Wilting of the leaves was observed for both spe-
cies after transfer, with A. truncatum seedlings more 
apparent than Q. variabilis. 

The leaf water content and specific leaf area of the 
maple tree were larger than those of the oak tree, 
when the data of all three treatments were pooled to-
gether (Table 1). The leaf water content and specific 
leaf area were larger in CL conditions than in other 
light treatments, while leaf area and leaf perimeter 
were largest in CH conditions, when the data of two 
species were pooled together (Table 1). As shown in 
Fig. 2, mean leaf area and perimeter were unchanged 
for Q. variabilis following all light treatments, while 
mean leaf area and perimeter of A. truncatum seed-
lings grown in CH condition were biggest among the 
three conditions. Transferring seedlings to high light 
condition (LH) did not affect the leaf size of the oak 
seedlings, but the leaf perimeter of the maple tree de-
creased significantly in LH treatment compared to CL 
treatment (Fig. 2c). Leaf water content and specific 
leaf area were reduced after exposure to high light 
for both species (Fig. 2a, d). Leaf water content and 
specific leaf area of the two species displayed highest 
values in CL treatments (Fig. 2a, d). 

With respect to newly developed leaves in either 
species, transferred plants did not display any differ-
ences in water content and specific leaf area compared 
with ones continuously growing under high light con-
ditions (Fig. 2e, h). In maple, newly developed leaves 
following transfer were remarkably smaller than their 
counterparts from CH-treated seedlings (Fig. 2f, g). 
Mean leaf area and leaf perimeter of newly developed 

Table 2. Growth traits of Acer truncatum Bunge and Quercus variabilis Blume at the end of the experiment under different 
light treatments

Acer truncatum Bunge Quercus variabilis Blume
CL CH LH P CL CH LH P

Height (mm) 7.46±0.25 b 52.43±6.1 a 11.04±1.7 b 0.00** 20.23±2.7 31.37±3.9 26.76±2.4 0.06ns

Crown (mm2) 18.30±4.3 c 363.3±42.8 a 103.0±21.1 b 0.00** 200.5±23.7 329.9±46.1 231.0±41.7 0.07ns

DGH (mm) 1.81±0.07c 4.00±0.2a 2.46±0.1 b 0.00**

Each value is the mean ± SE of 7 replicates. Significant differences between means of different treatments are marked with different 
letters.

Crown crown area; DGH stem diameter at ground height (about 10 mm above the ground line).
Significance level: *** p<0.001, ** p<0.01, * p<0.05, ns p>0.05.

Fig. 2. Comparisons of leaf traits of A. truncatum and Q. 
variabilis seedlings under different light treatments. (a) 
Leaf water content, (b) mean leaf area, (c) leaf perime-
ter, and (d) specific leaf area were obtained from leaves 
that developed before transfer. (e) Leaf water content, 
(f) mean leaf area, (g) leaf perimeter, and (h) specific 
leaf area were measured from newly developed leaves 
that developed after transfer. The data are means ± SE 
(n=7, except n=4 for newly developed leaves of Q. var-
iabilis). Different letters indicate significant differences 
(p≤ 0.05) among different treatments according to Dun-
can’s multiple range test. 

CL: constant low light treatment; CH: constant high light treat-
ment; LH: low light to high light treatment.
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Fig. 3. Comparisons of chlorophyll fluorescence parameters before (day 0) and after (days 1–31) transfer of selected seed-
lings to high light conditions and the chlorophyll fluorescence parameters of newly developed leaves at the end of the 
experiment. 

a: Fv/Fm of the maple leaves developed before transfer during the 32 days; b: Fv/Fm of the oak leaves developed before transfer during the 
32 days; c: Yield of the maple leaves developed before transfer during the 32 days; d: Yield of the oak leaves developed before transfer 
during the 32 days after transfer; e: chlorophyll fluorescence parameters of the maple leaves at day 31; f: chlorophyll fluorescence 
parameters of the oak leaves at day 31; g: chlorophyll fluorescence parameters of the new leaves of the maple leaves at day 31; h: 
chlorophyll fluorescence parameters of the new leaves of the oak leaves at day 31. The data are means ± SE (n=4). Different letters 
indicate significant differences (p≤ 0.05) among different treatments according to Duncan’s multiple range test. 

Fv/Fm: maximum photosystem II (PSII) quantum yield; Yield: effective quantum yield; qP: photochemical quenching; qN: non-photo-
chemical quenching; CL: constant low light treatment; CH: constant high light treatment; LH: low light to high light treatment.
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oak leaves did not display any differences between 
CH treatment and LH treatment. 

Chlorophyll fluorescence

Most fluorescence parameters except maximum 
photosystem II (PSII) quantum yield of the maple 
tree were larger than those of the oak tree, when the 
data of all three treatments were pooled together 
(Table 1). The CL treatment had largest chlorophyll 
content, while most fluorescence parameters except 
non-photochemical quenching were largest in CH 
treatment, when the data of two species were pooled 
together (Table 1).

In seedlings of both species subjected to LH treat-
ment, Fv/Fm experienced a sharp decrease initially 
and then gradually recovered (Fig. 3a, b). Fv/Fm of A. 
truncatum in LH-treated seedlings reached the same 
level to that of CL and CH finally (Fig. 3e). Howev-
er, at day 31, Fv/Fm of the oak trees in LH condition 
was significantly lower than that of CL and CH con-
ditions (Fig. 3f). Yield of LH-treated maple seedlings 
also displayed a considerable initial decrease and then 
mild recovery (Fig. 3c). For oak seedlings subjected 
to LH treatment, yield decreased slightly and then in-
creased quickly over the following few days (Fig. 3d). 
At day 31, all chlorophyll fluorescence parameters 
except non-photochemical quenching of Q. variabilis 
displayed significant differences among varied light 
treatments (Fig. 3f). Transferred oak leaves have a 
significant higher yield and photochemical quenching 
than those of CL leaves while Fv/Fm was restrained 
after transfer for 31 days. For A. truncatum seedlings, 
the differences of Fv/Fm among varied light conditions 
were not significant (Fig. 3e). However, yield, photo-

chemical quenching and non-photochemical quench-
ing of transferred maple trees kept the same level 
with CL leaves, significantly lower than CH leaves. 

With respect to newly developed leaves, Fv/Fm, 
yield, photochemical quenching and non-photochem-
ical quenching of oak seedlings under LH treatment 
were significantly higher than under CH (Fig. 3h). In 
contrast, all chlorophyll fluorescence parameters of 
LH-treated A. truncatum were slightly lower than in 
seedlings subjected to CH treatment, but none of the 
differences is significant (Fig. 3g). 

Both species in this study exhibited similar trends 
with respect to chlorophyll concentration and chlo-
rophyll a to chlorophyll b ratios (Fig. 4). After trans-
fer, both chlorophyll a and chlorophyll b concentra-
tions of the two tree species decreased to the same 
levels found in CH leaves. Chlorophyll concentration 
of CL-treated leaves, including chlorophyll a, chlo-
rophyll b and chlorophyll a+b, were highest among 
three light treatments. The ratio of chlorophyll a to 
chlorophyll b was significantly lower in plants grown 
under LH conditions compared with those subjected 
to the CH treatment, but noticeably greater than in 
CL-treated plants (Fig. 4a, b). 

Principal component analysis

The principal component analysis extracted four 
components with eigenvalues greater than one, of 
all parameters among light treatments and species. 
The first two components accounted for 62.9% of the 
variability in the original data (Table 3, Fig. 5). The 
three treatments were separated clearly along the 
PC1 axis and the two species were separated clearly 
along PC2 axis. The first principal component (PC1 

Fig. 4. Comparisons of chlorophyll content and chlorophyll a to chlorophyll b ratio of (a) A. truncatum and (b) Q. variabilis 
seedlings under different light treatments. Leaves were labeled before transfer and sampled 31 days after transfer. The 
chlorophyll content was expressed in dry mass. Data are means ± SE (n=4). Different letters indicate significant dif-
ferences (p≤ 0.05) among different treatments according to Duncan’s multiple range test

Chl a: chlorophyll a; Chl b: chlorophyll b; CL: constant low light treatment; CH: constant high light treatment; LH: low light to high 
light treatment.
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axis) explained the largest percentage of the varia-
tion (46.57%, Table 3). This component had high 
loadings for leaf perimeter, chlorophyll fluorescence 
parameters, height, crown area, leaf biomass, stem 
biomass and total biomass and was, therefore, in-
terpreted as a ‘factor of absorbing and utilizing sun-
light’. The second principal component (PC1 axis) 
explained an additional 16.297% of the variation and 
had high loadings for root to shoot ratio and root 
mass ratio, thus this factor can be interpreted as a 
‘resource allocation factor’ (Table 3). The distribu-
tion order of two tree species seedlings along PC1 
axis is similar, mainly LH, CH and CL seedlings from 
positive coordinate to negative coordinate (Fig. 5).

Plasticity indices

As shown in Table 4, the overall PIdiff is 4.32, re-
vealing the overall plasticity index of A. truncatum is 

much higher than Q. variabilis. A. truncatum has great-
er plasticity index with respect to growth parame-
ters, leaf traits, biomass parameters and allocation 
parameters. Q. variabilis has greater plasticity index 
over the maple seedlings with respect to chlorophyll 
concentration and fluorescence parameters. 

Discussion

Both species and light treatments affected the per-
formance of the seedlings significantly. The signifi-
cant interactions of species and light treatment for 
most parameters measured suggest the responses of 
two species to various light treatments may be quite 
different. 

Plant growth

Upon exposure to strong illumination, transferred 
A. truncatum and Q. variabilis seedlings experienced 
increases in total biomass, and, for oak seedlings 
only, stem diameter at ground height, yield, photo-
chemical quenching and non-photochemical quench-
ing, compared to those parameters in CL seedlings. 

Table 3. Principal component analysis of morphological 
and physiological parameters of the two deciduous tree 
species under three light conditions. (Ntotal=24)

PC1 PC2
Eigenvalue 10.7110 3.7483
Proportion of variance (%) 46.570 16.297
Cumulative proportion of variance (%) 46.570 62.867

Variable
Growth and biomass parameters

Height 0.86111 0.11978
Crown area 0.82331 0.33576
Stem biomass 0.90252 0.14365
Main root biomass 0.65718 0.63171
Lateral root biomass 0.74624 0.10407
Total biomass 0.91191 0.26292
Root to shoot ratio –0.46333 0.76512
Main root to lateral root ratio –0.45169 0.42216
Root mass ratio –0.47620 0.78886
Stem mass ratio 0.03454 –0.12935
Leaf mass ratio 0.42755 –0.68109

Leaf traits
Leaf area 0.71933 0.16541
Leaf perimeter 0.82566 –0.03215
SLA –0.62767 –0.48112
Leaf water content –0.25546 –0.65331

Chlorophyll concentration and fluorescence parameters
Fv/Fm 0.18593 0.39826
Yield 0.83542 –0.16446
Etr 0.83542 –0.16446
qP 0.82592 –0.30466
qN 0.41054 –0.50442
Chlorophyll a –0.71197 0.02676
Chlorophyll b –0.73309 –0.01787

Variables with high loadings (score>0.8 for PC1; score>0.7 for 
PC2) are shown in bold.

SLA specific leaf area; Fv/Fm maximum photosystem II (PSII) 
quantum yield; Yield effective quantum yield; Etr electron 
transport rate; qP photochemical quenching; qN non–photo-
chemical quenching.

Fig. 5. Principal component biplots based on morpholog-
ical and physiological indexes of the two tree species 
under three solar illumination conditions. Four samples 
of each treatment per species were collected. The pa-
rameters of newly developed leaves were not included 
because there were no leaves for LH seedlings

TB: total biomass; LB: leaf biomass; SB: stem biomass; MRB: main 
root biomass; LRB: lateral root biomass; LMR: leaf mass ratio; 
SMR: stem mass ratio; RMR: root mass ratio; ML: main root 
to lateral root ratio; RS: root to shoot ratio; Fv/Fm: maximum 
photosystem II (PSII) quantum yield; Yield: effective quantum 
yield; qP: photochemical quenching; qN: non-photochemical 
quenching; Chl a: chlorophyll a; Chl b: chlorophyll b; CL: con-
stant low light treatment; CH: constant high light treatment; 
LH: low light to high light treatment.
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These results suggest that the introduction of intense 
light had a positive effect on both tree seedlings. 

Change of root to shoot ratio might reflect an 
acclimation to differences in available light: if light 
is the major limiting resource, a high resource allo-
cation to shoots would be a successful acclimation 
to out-compete neighboring plants (Hees & Clerkx, 
2003). This strategy was adopted by several species 
(Gatti et al., 2011; Saldaňa-Acosta et al., 2009; Valla-
dares et al., 2002). The present results obtained from 
the middle successional A. truncatum do not appear 
to support this hypothesis: the root to shoot ratio 
was higher in CL-treated plants than in those sub-
jected to CH or LH treatments, suggesting that under 
low light conditions, A. truncatum seedlings allocate 
more resources to the roots. A. truncatum seedlings 
thus adopted an opposite strategy, investing carbon 

in the roots in shade, which may aid survival during 
unfavorable periods, assist in recovery from herbi-
vore damage (Lusk, 2002). This conclusion could be 
inferred from the lower leaf mass ratio and higher 
root mass ratio of A. truncatum seedlings in shade as 
well (Fig. 1c). No difference of any biomass alloca-
tion parameters was observed under various light 
conditions for Q. variabilis, indicating the oak trees 
did not adopt either strategy. 

In A. truncatum seedlings, mean leaf area and pe-
rimeter of leaves developed before exposure were 
largest in CH treatment (Fig. 2b, c), whereas those 
parameters of Q. variabilis were unaffected by light 
availability (Fig. 2b, c). Furthermore, perimeter of 
shade-developed maple leaves decreased when they 
were exposed to high light conditions (Fig. 2c). The 
decreases might be explained by the increase in 

Table 4. Phenotypic plasticity of A. truncatum Bunge and Q. variabilis Blume under different light treatments

Parameters
A. truncatum Bunge Q. variabilis Blume PIdiff

Minimum Maximum Plasticity Index Minimum Maximum Plasticity Index PIA-PIQ

Growth parameters
Height 7.46 52.43 0.858 20.23 31.37 0.355 0.503
Crown 18.3 363.3 0.950 200.5 329.9 0.392 0.557

Leaf traits
LWC 0.62 0.74 0.162 0.49 0.62 0.210 –0.048
Leaf area 698.98 4941.72 0.858 1890.37 3742.74 0.495 0.364
Leaf perimeter 118 817.05 0.856 209.08 326.03 0.359 0.497
Leaf length 36.08 90.35 0.600 82.32 129.8 0.366 0.235
Leaf width 28.41 132.05 0.785 32.09 44.36 0.277 0.508
SLA 0.2 0.44 0.545 0.11 0.3 0.633 –0.088

Biomass and allocation parameters
Leaf biomass 0.02 4.57 0.996 0.8 2.73 0.707 0.289
Stem biomass 0.02 2.03 0.990 0.15 1.25 0.880 0.110
Main root biomass 0.03 1.23 0.976 0.36 3.19 0.887 0.088
Lateral root biomass 0.01 1.39 0.993 0.08 0.7 0.886 0.107
Total biomass 0.08 9.21 0.991 0.84 7.87 0.893 0.098
Root to shoot ratio 0.36 1.15 0.687 1.06 1.27 0.165 0.521
ML 1.3 5.67 0.771 4.94 7.48 0.340 0.431
Root mass ratio 0.26 0.53 0.509 0.5 0.53 0.057 0.453
Stem mass ratio 0.12 0.23 0.478 0.15 0.18 0.167 0.312
Leaf mass ratio 0.24 0.56 0.571 0.29 0.33 0.121 0.450

Chlorophyll concentration and fluorescence parameters
Chl a 5.56 10.98 0.494 4.47 13.28 0.663 –0.170
Chl b 2.93 6.88 0.574 6.57 21.12 0.688 –0.115
Chl a/ Chl b 1.6 1.9 0.158 1.7 2.14 0.206 –0.048
Fv/ Fm 0.47 0.81 0.420 0.54 0.82 0.341 0.078
Yield 0.14 0.35 0.600 0.07 0.29 0.759 –0.159
Etr 23 59.85 0.615 11.52 51 0.774 –0.159
qP 0.25 0.68 0.632 0.1 0.72 0.861 –0.229
qN 0.5 0.81 0.383 0.29 0.84 0.655 –0.272
Total 17.452 13.137 4.32

N=7 for growth parameters and biomass parameters within each treatment, n=4 for chlorophyll content within each treatment, n=7 
for leaf traits and fluorescence parameters of A. truncatum and old Q. variabilis leaves within each treatment; n=4 for leaf traits and 
fluorescence parameters of new Q. variabilis leaves within each treatment.

PIDiff the differences between plasticity index of A. truncatum (PIA) and plasticity index of Q. variabilis (PIQ); Crown crown area; LWC 
leaf water content; SLA specific leaf area; ML main root mass to lateral root mass; chl a Chlorophyll a; chl b Chlorophyll b; Fv/Fm 
maximum photosystem II (PSII) quantum yield; Yield effective quantum yield; qP photochemical quenching; qN non-photochemical 
quenching.
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thickness of shade-developed leaves following trans-
fer as indicated by decreased specific leaf area (Fig. 
2d). These results suggest the oak is less plastic than 
the maple seedlings. 

In addition to the root to shoot ratio, specific leaf 
area – the light-capturing area per unit of previous-
ly captured mass—is another important variable 
used to describe shade tolerance (Saldaňa-Acosta 
et al., 2009). In present study, the highest specific 
leaf areas of both species were detected under low 
light conditions (Fig. 2d), which consists with many 
previous studies (Gatti et al., 2011; Naramoto et al., 
2006; Valladares et al., 2002; Yamashita et al., 2000). 
A high specific leaf area under shady conditions al-
lows seedlings to capture light resources with less 
investment per area unit to the leaves, thus increas-
ing shade tolerance. 

With respect to newly developed LH leaves of Q. 
variabilis, we found that none of the measured leaf 
traits differed significantly from those CH-treated 
leaves (Fig. 2e, f, g, h). This result indicates that the 
newly developed oak leaves cannot adjust themselves 
to acclimate to the new environment and are simply 
not phenotypically plastic with regards to leaf size 
(mean leaf area and perimeter) and thickness. In 
contrast, newly developed LH leaves of A. truncatum 
were significantly smaller in size than those of their 
CH counterparts (Fig. 2f, g), indicating that this spe-
cies made certain adjustment and had a greater phe-
notypic plasticity. 

In maples, but not oaks, shoot height, crown area, 
all biomass allocation parameters, mean leaf area (for 
both leaves developed before and after transfer), leaf 
perimeter (for both leaves developed before and af-
ter transfer) were significantly affected by different 
irradiance treatments. All these provide support for 
the viewpoint that A. truncatum seedlings has great-
er plasticity in response to different light conditions 
than Q. variabilis, with respect to whole plant growth 
morphology and traits of leaves developed before and 
after transfer. This conclusion was strengthened by 
the plasticity indices in Table 4. 

Chlorophyll fluorescence

Fv/Fm, yield, photochemical quenching, non-pho-
tochemical quenching reflect the maximal and ef-
fective quantum yield of PSII (Colom et al., 2003), 
the proportion of PSII reaction centers that are open 
(Dai et al., 2009; Maxwell & Johnson, 2000), and the 
degree of plants harmlessly-dissipated excess excita-
tion energy that has already been absorbed as heat 
(Muller et al., 2001), respectively. Fv/Fm, the primary 
target of photoinhibitory processes (Hussner et al., 
2010), has been shown to be a reliable indicator of 
PSII activity (Demmig & Bjorkman, 1987; Dias & 
Marenco, 2006; Hussner et al., 2010; Tobita et al., 

2010). As in previous studies (Dias & Marenco, 
2006; Kitao et al., 2000; Naramoto et al., 2006; To-
bita et al., 2010; Valladares et al., 2002; Yamashita 
et al., 2000), we found that when shade-developed 
leaves were exposed to high light, Fv/Fm decreased 
at the first measurement and subsequently recovered 
gradually, indicating photoinhibition and recovery 
of photoinhibition. The decline of Fv/Fm can happen 
after a very short time of exposure (Dias & Maren-
co, 2006). Thirty one days after exposure, Fv/Fm in 
shade-developed A. truncatum leaves had recovered to 
pre-exposure level, whereas Fv/Fm of Q. variabilis had 
not. This result is consistent with previous conclu-
sions in that the recovery of photoinhibition is relat-
ed to the successional status of the species (Azevedo 
& Marenco, 2012; Yamashita et al., 2000), in which 
Fv/Fm recovered relatively quickly in mid-succession-
al species than in late-successional ones. However, 
both Fv/Fm of the two species reached similar values 
close to 0.8, which is considered the reference value 
for health leaves (Bjorkman & Demmig, 1987). 

Yield of shade-developed maple leaves did not 
change after 31 days of acclimation to strong light ex-
posure (Fig. 3c, e) while that of Q. variabilis increased 
significantly (Fig. 3d, f), indicating more efficient 
PSII of Q. variabilis after exposure. Decreasing in pho-
tochemical quenching is another indicator of chronic 
photoinhibition (Kitao et al., 2006). After 31 days of 
acclimation, A. truncatum kept pre-exposure level in 
respect to photochemical quenching, while Q. vari-
abilis seedlings increased (Fig. 3e, f). This indicates 
that the oak possesses a greater ability of using high 
light than the maple leaves but neither of two species 
was inhibited by strong light exposure in terms of 
photochemical quenching. 

Non-radiative energy dissipation of excess light 
energy can contribute to avoid chronic photoinhibi-
tion and prevent photoinhibitory damage (Iio et al., 
2004). Contrary to previous studies (Iio et al., 2004; 
Valladares et al., 2002), non-photochemical quench-
ing of A. truncatum shade-developed leaves decreased 
under LH condition (Fig. 3e). However, that of Q. 
variabilis under LH condition did not display signifi-
cant difference from CL and CH conditions (Fig. 3f). 
Q. variabilis therefore has a greater ability than A. 
truncatum in dissipation of excess light energy. This 
greater ability, together with larger photochemical 
quenching, may result in higher effective quantum 
yield of PSII of transferred Q. variabilis leaves. 

For all chlorophyll fluorescence parameters in 
newly developed leaves of A. truncatum, no significant 
difference was found between LH condition and CH 
condition (Fig. 3g). However, newly developed LH 
leaves of Q. variabilis displayed a good performance to 
the bright light, with all the chlorophyll fluorescence 
parameters significantly higher than counterparts of 
CH treatment (Fig. 3h). These results, together with 
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the results of the leaves developed before transfer, 
indicate that Q. variabilis has a greater plasticity and 
better acclimation capacity to sudden bright light ex-
posure than A. truncatum in aspect of physiological 
performances. Plasticity indices data also strength-
ened this observation (Table 4). 

As seen in previous research (Yamashita et al., 
2000), the highest chlorophyll concentrations were 
seen in CL plants, with chlorophyll concentration in 
LH conditions decreased after transfer (Fig. 4). Un-
der high light intensity conditions, low chlorophyll 
concentration can help plants to avoid excessive ab-
sorption of light energy (Kitao et al., 2000). Although 
PSII activity (Fv/Fm) of LH maple leaves returned to 
pre-exposure levels, the mass-based chlorophyll con-
centration did not restore in either species. This sup-
ports the viewpoint that PSII recovery processes are 
independent of chlorophyll concentration (Yamashi-
ta et al., 2000). For both species, the chlorophyll a to 
chlorophyll b ratios were highest in CH conditions 
and lowest in CL conditions, which is in accordance 
with previous results (Dai et al., 2009; Lei & Lechow-
icz, 1998; Yamashita et al., 2000). On the contrary, 
Wyka et al. (2008) found that chlorophyll a to chlo-
rophyll b ratio was not affected by irradiance. The 
variation of the chlorophyll a to chlorophyll b ratios 
among three light treatments in present study associ-
ated a greater investment in chlorophyll b to enhance 
photosystem II function under low irradiance (Lei et 
al., 1996) and is an avoidance mechanism to reduce 
excess light absorption (Ishida et al., 2000), suggest-
ing that the two species adopted smiliar strategies to 
cope with varied light conditions with respect to the 
chlorophyll content. 

Overall comparison

In present study, plants were grown under the 
same conditions of soil, nutrient and water. There-
fore, differences in responses to three light treat-
ments for the same species should be concluded to 
phenotypic plasticity. Differences in morphological 
and physiological responses of two species in the 
same light treatment are concluded to genetic varia-
tion. Also the different phenotypic plasticity perfor-
mances are also caused by genetic variation. 

Generally, according to the biplot (Fig. 5), the two 
tree seedlings of LH treatments were much close to 
the seedlings of CH than to CL seedlings. This sug-
gests that the current high light condition have a 
greater effect in the two tree seedlings than previous 
low light condition. Furthermore, the distribution 
pattern of the two species along PC1 axis is similar, 
indicating that the acclimation mechanisms in light 
absorbing and utilizing to different light conditions 
are to some extent similar. However, the range of A. 
truncatum along light absorbing and utilizing compo-

nent (PC1) is much wider than that of Q. variabilis, 
providing support to the greater phenotypic plastici-
ty of A. truncatum with respect to light absorbing and 
utilizing. The lower plasticity of the oak may due to 
the fact that late successional species is adapted to 
a generally less dynamic environment. The ranges 
of two species along PC2 are almost the same, indi-
cating the similar phenotypic plasticity with respect 
to biomass allocation. With regards to the biomass 
allocation component (PC2), the two tree species is 
different in every light condition, indicating the ge-
netically determined differences. The range of two 
tree seedlings along PC1 is much wider than that of 
PC2. Hence, the genetically determined differences 
between two species could be smaller than pheno-
typic plasticity within each species. 

When first exposed to excess light, both A. trun-
catum and Q. variabilis seedlings were inhibited, but 
in the long term they were benefited from strong 
illumination. The responses observed in our study 
indicate the two tree species generally employed 
somewhat similar strategies to cope with varied light 
conditions in respect to absorbing and utilizing sun-
light, but quite different strategies in respect to re-
source allocation. Seedlings of the mid-successional 
species A. truncatum exhibited greater plasticity than 
those of the late-successional species Q. variabilis. 
This was true both at the leaf level—for leaves de-
veloped before and after transfer—and at the whole 
plant level. Regulation of canopy density, e.g. release 
cutting and thinning, and control of competitors, es-
pecially tall rapidly-growing weeds that create shade, 
can enhance seedling growth and promote regenera-
tion of both species. Furthermore, either forest man-
agement plan or silvicultural practices should not be 
established without considering successional status 
and phenotypic plasticity. As A. truncatum seedling 
generally displayed greater phenotypic plasticity, the 
maple tree should be a better candidate for vegeta-
tion, especially in the areas with heterogeneous light 
environment or natural and human disturbances. 
Since present study mainly focused on light intensi-
ty, more work is needed to clarify the effects of light 
quality on both species, although it has been report-
ed that that forest maple seedlings responses mainly 
to light intensity rather than spectral quality (Lei & 
Lechowicz, 1998).
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