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Abstract Acer buergerianum Miq. (Trident maple) is a

native species of China with a large distribution, but exist

in small population. Water and light are two important

factors limiting plant growth and are crucial in the

framework of forest regeneration. However, there is no

consensus on how shade interacts with drought. Four

hypotheses in the recent literature variously predict that

shade will have a stronger, weaker or equal impact on

seedlings under drought stress. This study investigated the

interactive responses of A. buergerianum to light and water

focusing on seedling growth, leaf morphology and biomass

partitioning by performing a growth experiment in pots

with different water supply regimes [15, 35, 55, 75, 95 %

of field capacity (FC)] combined with two light regimes

(10 and 66 % of full sunlight). After 123 days treatment,

the results showed that shade greatly reduced growth and

biomass, in contrast enhancing the amount of chlorophyll,

the amount of water in the leaves, and the specific leaf area.

Drought reduced growth, biomass, and the bulk of the

leaves. Most leaf traits and biomass characteristics had

strong interactions in their responses to light and water

treatments. Allometric analysis revealed that water and

light had no effects on root to shoot ratios, main root to

lateral root ratios, and root mass ratios. Shade alleviated the

negative impact of drought. A. buergerianum successfully

adapted to the various light and water conditions. We

recommend a water supply above 15 % FC to keep the

seedlings vigorous, under both sunlight conditions.

Keywords Acer buergerianum Miq. � Shade � Drought �
Interaction � Specific leaf area � Biomass

Introduction

Light is one of the most important ecological factors in

plant ecophysiology due to its essential function in auto-

trophic plants (Humbert et al. 2007). However, the quantity

of light required by plants in a specific environment,

particularly in their natural habitats varies both spatially

and temporarily (Björkman 1981). In addition, water lim-

itation is one of the most general types of stress experi-

enced by plants and is a main factor limiting plant growth

(Guo et al. 2007).

The interactive effects of drought and shade on woody

seedling have been reported in many previous studies

(Holmgren 2000; Quero et al. 2006; Aranda et al. 2005),

but no consensus has been reached. The trade-off theory

(Smith and Humston 1989) is the most influential (Yang

et al. 2008) among the several hypotheses suggested. This

theory predicts that shade aggravates the drought stress,

and plants in the shade invest more to produce shoots and

leaves rather than roots, increasing irradiation capture at

the expense of the amount of water obtained.

In contrast to the trade-off theory, the above-ground

facilitation hypothesis illustrates that shade is a shelter for
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the plants from high leaf and air temperatures, high vapour

pressure deficits and oxidation, which may aggravate the

stress caused by drought. Thus, shade can reduce the

impact of drought (Holmgren 2000).

According to the interplay hypothesis, the impact of

drought is relatively strong at high irradiance, weaker in

moderate shade (because of facilitation), and strong in deep

shade (Holmgren et al. 1997). Another hypothesis, the

independent effects model put forward by Nobel (1999),

predicts the impacts of shade and drought are orthogonal,

i.e., dry soil should have a proportional impact across

illuminations. The theory has been triumphantly validated

in cacti, agaves (Nobel 1999, 1984; Nobel and Hartsoek

1986) and woody seedlings (Sack and Grubb 2002).

Acer buergerianum Miq. (Trident maple) is a native

deciduous species covering a large area of China and

commonly cultivated in Japan, Korea and the USA. Tri-

dent maple is a pioneer species and can grow quickly

throughout the whole growth season. Besides distributing

in forests, this species is broadly cultivated as landscape

plant in urban areas, such as parks, gardens, two sides of

the roads, etc. In conclusion, it is important for its eco-

logical and ornamental function. However, trident maple

trees are always interspersing among other trees in forests

and only rarely can forests of trident maples be found

today in China. Moreover, trident maples produce a large

number of seeds every year when reaching maturity,

indicating its low recruitment success ratio in living

environments.

The broad distribution means trident maple trees are

likely to be exposed to diverse situations with different

levels of irradiation and moisture, which may be the main

factors limiting trident maple regeneration and recruit-

ment. The effects of different levels of light and water on

the growth of some species of the Aceraceae family

treated have been reported (Lei and Lechowicz 1998;

Adams et al. 1990; Hanba et al. 2002). However, trident

maple trees were often excluded in these studies, and the

interaction of light and water was not included. Whether

trident maple trees are drought tolerant or shade tolerant is

unclear. We hypothesize that the small numbers of this

species is at least partly due to its intolerance to drought,

as there is little rainfall during the spring in east and north

China, which is the distribution area of trident maple

trees.

In this study, the morphological and biomass charac-

teristics of trident maple trees under different levels of light

and water were measured to determine (1) whether trident

maples are intolerant to drought or shade, (2) which of the

four hypotheses explains the responses of trident maples to

the interactions of shade and drought, (3) whether drought

or lack of light is responsible for the low numbers and

provide suggestions for its regeneration.

Materials and methods

Study site and plant materials

The study was conducted at Fanggan Research Station of

Shandong University in Laiwu, Shandong Province, China

(36�260N, 117�270E). The site has a warm temperate mon-

soon climate, 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). The soil

type is yellow cinnamon soil with limestone as parent

material (Zhang et al. 2006). The whole experiment was

carried out in the greenhouse of the station to maintain a

controlled environment. The greenhouse was well ventilated

by rolling the plastic side films.

The seeds were purchased from Dacheng Seed Com-

pany (Jinan, China), who collected the seeds in its own

garden in early winter of 2009. The seeds were stored at

0–4 �C through the winter. Then, the seeds were soaked in

water for 24 h and preserved in wet sand at 0–4 �C to

stimulate germination in March. The germinated seedlings

were transferred into plastic pots (320 mm

height 9 290 mm diameter) with one seedling per pot.

Each pot was loaded with a mixture of 2:1 (v/v) of sandy

loam and humic soils. The total weight of the substrate was

6.5 kg.

Experimental design

Two light levels (10 and 66 % of full sunlight, i.e., L1, L2),

and a broad range of water regimes from 15 to 95 % of

field capacity (FC) were set to simulate the heterogeneous

conditions under which trident maples may occur. The light

intensity was measured with a micro-quantum sensor (Xu

et al. 2009). The FC of the soil was 1.833 kg ± 0.066

(n = 6). Water regimes were applied to simulate the dif-

ferent moisture condition. The two light levels represented

the illumination status of understorey and moderate forest

gap in northern China. The 10 % (L1) light level was

achieved with shade shelters covered with plastic film and

the 66 % (L2) level was produced with woven black nylon

nets.

At each light level, we arranged five water supply

regimes: 15, 35, 55, 75, and 95 % FC (designated W1, W2,

W3, W4, and W5). Thus, the experiment was arranged in a

completely randomized design with two factors. Seven pots

were included for each treatment.

Throughout the experiments, the pots received com-

pensatory irrigation by weighing daily at 17:00 to maintain

a constant soil moisture level. Pots were randomly arranged

in the glasshouse and re-randomized at regular intervals

throughout the experiment. No further fertilization was

added to the pot through the experiment. The experiment
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was carried out from 8 June to 18 October, which is the

primary growth period for trident maples in a year and

lasted for 123 days.

Measurements

Seedling height was recorded approximately every 15 days

from the time the light and water treatments were started.

The number of leaves, seedling diameter at ground height

(about 0.5 cm above the ground line) and crown area were

recorded at the end of the treatment. The crown area was

calculated as: crown area = 0.5ab (a and b were the length

of diagonal).

Leaf morphology was measured at the end of August.

Ten fully expanded leaves (fifth or/and sixth leaves from

the tip) per treatment were scanned with a scanner (Epson

Perfection V700, Seiko Epson, Japan). Leaf area and leaf

perimeter were calculated with an image analyzer (Image-

Pro Plus Version 4.5, Media Cybernetic, Inc., Silver

Spring, MD, USA) using the scanned images. Detailed

information on the morphological measurements is shown

in Table 1. The leaves were weighted before and after oven

drying at 80 �C for 48 h to calculate the water content of

the leaves (LWC) and specific leaf area (SLA).

Leaf elongation was calculated as: leaf elonga-

tion = leaf length/leaf width

Chlorophylls a and b were extracted and measured in the

middle of August according to the method by (Lichtenthaler

and Wellburn 1983), using a spectrophotometer (722S visi-

ble light spectrophotometer, Leng Guang, Inc., Shanghai,

China). Seven fully expanded leaves (the fifth or sixth from

the tip) were sampled for chlorophyll measurement.

All plants from each treatment were harvested at the end

of the experiment, which is after 123 days of treatment.

The whole plant was divided into five parts: main root,

lateral roots, stem, leaf blades and petioles. The main root

was defined as the root that developed directly from the

seed, while the lateral roots were the roots that extended

from the main root.

The weight of every part was quantified after oven

drying at 80 �C for 48 h. The weight of the leaves collected

for leaf morphological measurements was added to the

final biomass. Fallen leaves were collected every 3 or

4 days beginning September 20. The number of fallen

leaves was added to the growth parameters, and the dry

mass was added to the biomass of the leaves.

Total biomass, root mass ratios, stem mass ratios and

leaf mass ratios were calculated as follows:

total biomass = main root biomass ? lateral root bio-

mass ? stem biomass ? leaf blades biomass ? petioles

biomass;

root mass ratio = (main root biomass ? lateral root

biomass)/total biomass.

stem mass ratio = stem biomass/total biomass;

leaf mass ratio = (leaf blades biomass ? petioles bio-

mass)/total biomass.

Statistical analysis

Two-way analysis of variance (ANOVA) was used to

compare the effects of light and water stress and one-way

Table 1 Results of two-way analysis of variance (ANOVA) for Acer
buergerianum on growth parameters, leaf morphology and biomass

partitioning, with water and light as fixed factors

Parameters F and its significance

W L W*L

Growth parameters

Height (cm) 18.399** 50.793** 3.316*

Number of leaves 17.130** 74.978** 3.753**

Diameter at ground height (cm) 30.953** 187.678** 4.407**

Crown (cm2) 19.339** 24.850** 5.991**

Leaf morphological traits

Leaf length (mm) 23.172** 2.276** 2.457**

Leaf width (mm) 15.674** 7.684** 3.054**

Area (mm2) 17.966** 4.095* 3.708**

Perimeter (mm) 16.955** 3.488ns 2.845*

Leaf elongation 1.517ns 1.745ns 1.121 ns

Leaf length to petiole length 2.597* 1.134ns 2.977*

LWC 6.572** 24.79** 0.762ns

LAR (dm2/g) 4.768** 211.208** 3.118*

SLA (mm2/g) 1.714ns 292.956** 0.498ns

Chlorophyll content

Chlorophyll a (mg/g) 4.760* 121.279** 1.802ns

Chlorophyll b (mg/g) 0.588ns 124.969** 0.700ns

Total chlorophyll (mg/g) 3.100* 144.352** 1.343ns

Chlorophyll a/chlorophyll b 6.171** 5.126* 3.403*

Biomass and partitioning

Leaf blade biomass (g) 153.598** 35.594** 4.880*

Petiole biomass (g) 81.105** 27.340** 4.393*

Leaf biomass (g) 179.002** 33.385** 6.165**

Main root biomass (g) 180.933** 21.743** 7.766**

Lateral root biomass (g) 242.485** 21.538** 8.005**

Root biomass (g) 249.600** 24.444** 9.190**

Stem biomass (g) 126.907** 26.296** 5.696**

Total biomass (g) 179.002** 33.385** 6.164**

Root to shoot ratio 5.686* 8.395** 1.686ns

Main root to lateral root ratio 24.868** 2.237ns 0.497ns

Root mass ratio 5.977* 16.584** 3.571*

Stem mass ratio 4.652* 6.935** 1.557ns

Leaf mass ratio 148.296** 35.493** 4.983**

LWC leaf water content, LAR total leaf area to total dry biomass, SLA
specific leaf area

*, **, ns indicate p B 0.05, p B 0.01 and p [ 0.05, respectively
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ANOVA was applied to detect the differences among the

10 treatments for both parameters. All two-way ANOVAs

and one-way ANOVAs were accompanied with Duncan’s

multiple comparison tests at p B 0.05.

Before ANOVAs, data were checked for the normality

and homogeneity of variance, and were log-transformed

when necessary. All of the statistical analyses were per-

formed using the SPSS 13.0 software package (SPSS Inc.,

IL, USA). Figures were drawn using Origin 8.0 software

(OriginLab Co., Massachusetts, USA).

Allometric analysis was conducted to investigate the

relationships between shoot biomass and root biomass, leaf

biomass and total biomass, stem biomass and total bio-

mass, root biomass and total biomass and main root bio-

mass and lateral root biomass, with SMATR 2.0 using a

standardized major axis (SMA) method (Warton et al.

2006; Falster et al. 2006).

Results

There was no seedling death recorded during the experi-

ment. All growth parameters exhibited significant differ-

ences among light, water and their interactions by two-way

ANOVAs (Table 1). Height changes and growth parame-

ters at the end of the experimental period for Acer buer-

gerianum seedlings are shown in Figs. 1 and 2,

respectively. All parameters initially increased and then

gradually decreased with the increase in humidity with L2

treatment. However, no significant difference was found

between W4 and W5 under L2 conditions. With regard to

L1 treatment, four parameters increased as moisture

increased. The diameter at ground height was significantly

higher with the L2 treatment as compared to the L1

treatment at every level of water treatment.

Significant differences were found in leaf morphological

features among various light and water treatments by

one-way ANOVAs (Fig. 3). Almost all leaf traits exhibited

significant differences among light, water and interaction by

two-way ANOVAs (Table 1). Only leaf elongation was

unaffected by water treatment, light treatment and light and

water interaction. SLA was only influenced by light treat-

ment. SLA and LWC were higher at every water level under

L1 conditions than under L2 conditions, although the dif-

ferences were not significant for LWC. Leaf length, leaf

width and perimeter were increased first as humidity

increased, but descended at the W5 treatment. Interestingly,

under W1 conditions, leaf length, leaf width, perimeter and

area were lower under the L2 treatment than under the L1

treatment, which was the opposite of the other water condi-

tions. Leaf length to petiole length was affected by humidity

rather than illumination and the interaction was significant.

The F values and their significance with regard to the

amounts of chlorophyll by two-way ANOVAs are listed in

Table 1, while the significance using one-way ANOVAs

are shown in Fig. 4. The amounts of chlorophyll a, chlo-

rophyll b and total chlorophyll were higher under L1

conditions than L2 conditions. Under low irradiation, no

water treatment exhibited any difference in terms of

chlorophyll a, chlorophyll b and total chlorophyll. Under

high irradiation, the W1 treatment had the lowest chloro-

phyll levels. For the chlorophyll a to chlorophyll b ratios,

the L2 treatment was higher than L1 at every moisture

level except W1.

The F values and their significance with regard to bio-

mass production and partitioning by two-way ANOVAs are

listed in Table 1. Except for the main root to lateral root

ratios, all the other parameters were significantly different

under various light and water stress conditions. The light

and water interaction was significant for all parameters

except for the root to shoot ratios, main root to lateral root

ratios and stem mass ratios. Biomass production parame-

ters are shown in Fig. 5. In the L2 treatment, all parameters

decreased proportionately with the severity of drought. It

should be noted that the W5 treatment was smaller than the

W4 treatment, although only the main root parameter was

significantly decreased. In the L1 treatment, the tendency

was similar, but the decrease was not as large as L2.

Regression models between different biomass parame-

ters are shown in Table 2. p values did not reach the critical

Fig. 1 Height changes in Acer
buergerianum seedlings under

the two light treatments (a for

L2 and b for L1) and five water

treatments over the whole

experimental period. The data in

the figure are mean ± SE

(n = 7)
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level (0.05) indicating there was no evidence that the group

slopes were heterogeneous among the ten treatments. Thus,

root to shoot ratios, main root to lateral root ratios, and root

mass ratios were not affected by water and light conditions.

The significance of root to shoot ratios, main root to lateral

root ratios, and root mass ratios between different treat-

ments with two ANOVA was due to allometric growth

rather than plasticity.

Regression models between shoot biomass and root

biomass under two conditions are shown in Table 3. The

p values for both light conditions did not reach the critical

point, indicating water conditions had no effects on root to

shoot ratios.

Sorted pairwise significance matrices for stem biomass

and total biomass regression and leaf biomass and total

biomass regression are shown in Tables 4, 5, 6, 7,

respectively. The slopes for the stem biomass and total

biomass regression model were higher in the shade than in

high light under all water conditions except the W5 water

treatment. The slopes for the leaf biomass and total bio-

mass regression model were higher in the shade than under

high light with drought conditions (W1, W2), and the

tendency reversed under well-watered conditions (W3, W4,

and W5).

Discussion

It was demonstrated in previous research that simulated

experiments can achieve similar effects to those in wild

habitats (Xu et al. 2008). Based on the greenhouse results,

trident maples were able to adapt to diverse light and water

conditions, even at the lowest illumination and extreme

aridity. Trident maples are relatively a drought- and shade-

tolerant species.

The heights of the seedlings approximately did not

change during the last 2 weeks, indicating the end of the

growth season. Shade and drought inhibited the growth of

trident maple seedlings, and the interaction between light

and water was significant. As has been reported, shoot

height, crown area, diameter at ground height and leaf area

would be inhibited by drought (Du et al. 2010) and shade

lowered leaf length, leaf width leaf area (Xu et al. 2008),

diameter at ground height and number of leaves (Jiménez

et al. 2009). However, different from our results, shoot

height increased in shade and number of leaves did not

influenced by humidity for cork oak (Jiménez et al. 2009),

indicating the different sensitivity among species.

Adjusting the leaf characteristics was suggested to be

the most efficient way to acclimate and forage for light

(Rozendaal et al. 2006). Leaf length, leaf width, perimeter

and area were restricted by drought and shade, however as

reported, leaf elongation was unaffected. The trident maple

changed the size of its leaves to acclimatize to the stress,

but did not change the shape properties.

The ratio of leaf length to petiole length ratio reflected the

architectural balance between lamina and petiole (Noda et al.

2004). The decrease in leaf length to petiole length ratio

along the increasing moisture in L2 leaves in our study

indicated that the resistance of water flow from roots to

lamina under water stress was reduced (Noda et al. 2004).

Leaf length to petiole length ratio decreased when soil

Fig. 2 Comparisons of height

(a), diameter at ground height

(b), number of leaves (c) and

crown (d) of A. buergerianum
seedlings under different light

and water treatments at the end

of the experimental period. The

data are mean ± SE (n = 7).

Different letters indicate

significant differences

(p B 0.05) with Duncan’s

multiple range test
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Fig. 3 Comparisons of leaf

morphological traits variables of

A. buergerianum seedlings

under different light and water

treatments. The data are

mean ± SE (n = 10). The leaf

morphological traits include

length (a), width (b), length

elongation (c), area (d),

perimeter (e), LL/PL (f), LAR

(g), SLA (h) and LWC (i).
Different letters indicate

significant differences

(p B 0.05) with Duncan’s

multiple range test. LL/PL leaf

length to petiole length, LAR
total leaf area to total dry

biomass, SLA specific leaf area,

LWC leaf water content
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humidity increased in L2 condition, while did not change in

shade. Furthermore, under L1 conditions, the leaf area was

remarkably smaller at the W5 level than the W4 level,

indicating the W5 level may have inhibited the plant and the

W4 level may be the optimal humidity for low illumination.

Under L2 irradiation, neither parameter presented such

changes. Thus, irradiation had an effect on moisture condi-

tions. Leaf area ratio (m2 g-1), calculated as photosynthetic

surface to total respiring plant biomass (Smith and Humston

1989), indicated the balance between photosynthesis and

respiration, and could determine C accumulation

(lmol g-1 day-1) by multiplying photosynthetic rate

Fig. 4 Comparisons of the

amounts of chlorophyll a (a),

chlorophyll b (b), the ratio of

chlorophyll a to chlorophyll

b ratio (c), the total amount of

chlorophyll (d) from A.
buergerianum seedlings under

different light and water

treatments at the end of the

experimental period. The data

are mean ± SE (n = 7).

Different letters indicate

significant differences

(p B 0.05) with Duncan’s

multiple range test

Fig. 5 Comparisons of total

biomass (a), root mass (b), leaf

mass (c), stem mass (d) of A.
buergerianum seedlings under

different light and water

treatments at the end of the

experimental period. The data

are mean ± SE (n = 7).

Different letters indicate

significant differences

(p B 0.05) with Duncan’s

multiple range test
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(lmol m-2 day-1) (Holmgren 2000). Leaf area ratio of

shade leaf decreased when soil humidity increased, however,

that of well-illuminated leaf did not change along the water

regime, also indicating the remarkable shade effect on

drought. Nevertheless, it is not the case in the former study

(Holmgren 2000), where leaf area ratio decreased in drought

status, regardless of the illumination conditions.

Among the leaf morphological traits, SLA was one of

the major contributors to an axis of resource capture, usage

and availability (Grime et al. 1997). In the present study,

SLA was notably affected by illumination status, but not

humidity. Trident maples tended to use less investment by

thinning their shaded leaves to capture more irradiation and

thicken the leaves in high light to resist overheating, sim-

ilar to results in previous study (Sack et al. 2003) on

understory plants in Spain. The SLA of cork oak was

modified by light availability rather than water conditions

(Jiménez et al. 2009), which is comparable to results in our

study. Changes in SLA with light availability, but not with

water conditions, might be interpreted as a homeostatic

mechanism to prioritize the optimization of light capture

(Aranda et al. 2005; Lambers and Poorter 1992).

Seedlings grown in low light significantly increased

their chlorophyll content on a mass basis, as exhibited in

previous studies (Aranda et al. 2005; Jiménez et al. 2009).

Decreases in chlorophyll b content have been suggested

to be an indication of chlorophyll destruction by excess

irradiation (Jason et al. 2004), and the marked increase

after shade treatment demonstrated the plant’s ability to

maximize the light-harvesting capacity under low light

conditions (Lei et al. 1996). The chlorophyll a/b ratios

were lower for 11 species of maple saplings under low light

regimes, including trident maples (Lei and Lechowicz

1998), in accordance with that, the greater investment

expectation in chlorophyll b would enhance PSII function

in low light environments (Lei et al. 1996; Lei and

Lechowicz 1998).

As previous studies (Du et al. 2010; Holmgren 2000)

demonstrated, both drought and shade exceedingly reduced

the production of seedlings. When resources are limiting,

plants usually adapt by allocating more photosynthates to

produce organs that are able to acquire the resources

(Wang et al. 2008). Here, we certainly found that the

seedlings invested more in leaves under shade and drought

conditions, but this was not the case under well-watered

conditions. The slopes of leaf biomass and total biomass

regressions were higher under high illumination in well-

watered conditions. This did not agree with the previous

results that described a high allocation to above-ground

under shade conditions (Poorter and Nagel 2000) and

unchanged leaf mass ratios under low light (Navas and

Garnier 2002). Furthermore, the unchanged root to shoot

ratios among various moisture conditions also indicated

seedlings did not allocate more resources to underground

organs that are proficient to acquire more water.

However, leaves as a water-losing organ, their area

became smaller under drought stress. Thus, leaves with

small size and high SLA can contribute to drought

Table 2 Regression models between different biomass parameters

for A. buergerianum

Log (Y) = a ? b 9 log (X) N Common

slope

p

Log (root biomass) = a ? b 9 log (shoot

biomass)

70 0.8935 0.298

Log (main root biomass) = a ? b 9 log

(lateral root biomass)

70 0.8797 0.838

Log (root biomass) = a ? b 9 log (total

biomass)

70 0.9236 0.146

Log (stem biomass) = a ? b 9 log (total

biomass)

70 1.3209 0.005

Log (leaf biomass) = a ? b 9 log (total

biomass)

70 0.6340 0.001

Data are the results of regressions: log (Y) = a ? b 9 log (X)

H0 the slopes among all treatments are equal

a intercept, b slope, p probability of H0

Table 3 Regression models between shoot biomass and root biomass

for A. buergerianum

Light Water Log (root) = a ? b 9 log (shoot) r2

L1 W1 Log (root) = -0.2873 ? 0.7784 9 log

(shoot)

0.074

W2 Log (root) = -0.1717 ? 0.5741 9 log

(shoot)

0.687

W3 Log (root) = -0.3612 ? 0.6634 9 log

(shoot)

0.880

W4 Log (root) = -0.6490 ? 1.1350 9 log

(shoot)

0.544

W5 Log (root) = -08703 ? 1.1811 9 log

(shoot)

0.672

p = 0.282

L2 W1 Log (root) = -0.20402 ? 0.7817 9 log

(shoot)

0.780

W2 Log (root) = -0.21550 ? 0.8943 9 log

(shoot)

0.961

W3 Log (root) = -0.98545 ? 1.3616 9 log

(shoot)

0.823

W4 Log (root) = 0.02077 ? 0.7331 9 log

(shoot)

0.073

W5 Log (root) = -0.69869 ? 1.2177 9 log

(shoot)

0.646

p = 0.309

Data are the results of regressions: log (root biomass) = a ? b 9 log

(shoot biomass)

H0 the slopes among the five water levels are equal

a intercept, b slope, r2 regression coefficient, p probability of H0
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tolerance and shade conditions simultaneously. Actually,

the approximately LWC among various moisture condi-

tions except the W1 level demonstrated the leaves did

sustain a well-hydrated situation. Drought levels as low as

15 % FC led to remarkable injuries of the photosynthesis

apparatus to the leaves, indicating that, under this moisture

condition, A. buergerianum could not adjust its plasticity to

maintain the leaves in their natural states.

Most leaf traits, biomass and partitioning characteristics

showed strong interactions in their responses to light and

water treatments; hence, their variation was not according to

the independent-effects model. Under W1 conditions, no

biomass parameters showed any significant differences

between L1 and L2. However, all biomass parameters in L2

were several-fold higher than L1 under other moisture con-

ditions. As the moisture was enhanced, the distinction

between L2 and L1 became larger, and peaked at the W4

treatment level, becoming smaller thereafter. Therefore, our

results failed to support the trade-off model (Smith and

Humston 1989) as drought alleviated shading effects.

According to the above-ground facilitation hypothesis, shad-

ing effects decreased under dry conditions and moisture

effects decreased under shade conditions. Thus, our results are

in agreement with the above-ground facilitation hypothesis.

Allometric analysis showed that drought had no effects on root

to shoot ratios, despite light conditions. This is in accordance

with the above-ground facilitation hypothesis (Holmgren

2000), but not with the trade-off model (Smith and Humston

1989) and some other research (Achten et al. 2010).

Noticeably, total leaf area to total biomass ratios

decreased in more severe drought conditions under low

irradiation; however, water had no significant effects on the

total leaf area to total biomass ratios under high irradiation.

This did not agree with the trade-off model (Smith and

Humston 1989) nor the above-ground facilitation (Holm-

gren 2000) hypothesis since the two models expect the total

leaf area to total biomass ratios to decrease under drought

conditions for shaded plants. Our results definitively

demonstrated that shade and drought effects had positive

interactions.

The presented results could not be arbitrarily classified

as supporting the interplay hypothesis (Holmgren et al.

1997), since the two light regimes (10 and 66 % of full

sunlight) we applied were not enough to recognize which

was high illumination, moderate shade or deep shade, nor

could it be shown how much the light intensity should be

regarded as the criterion to judge the three different degrees

for trident maples.

As a native species of China, A. buergerianum has a

large distribution throughout the world. However, the

quantity of trees of this species in China is much fewer than

expected. The present study showed that the seedlings can

tolerate water stress through morphological and physio-

logical responses even when facing extreme drought stress.

Thus, neither drought nor shade conditions can decrease

numbers of this species.

Table 4 Sorted pairwise significance matrix for critical p = 0.05

Slope Group 10 7 6 8 9 5 2 1 3 4

0.99 10 0 x x x x x x x

1.024 7 x 0 x x x x

1.081 6 x x 0 x x x x x

1.155 8 x x x 0 x x x x x

1.325 9 x x x 0 x x x x x

1.327 5 x x x x x 0 x x x x

1.402 2 x x x x x 0 x x x

1.406 1 x x x x x x x 0 x x

1.445 3 x x x x 0 x

1.522 4 x x x x x x 0

Data are the results of regressions: log (stem biomass) = a ? b 9 log (total biomass)

b Slope, x is indicated where p [ 0.05

Group is ordered by the value of slope

Group 1 stands for L1W1, Group 2 stands for L1W2, Group 3 stands for L1W3, Group 4 stands for L1W4, Group 5 stands for L1W5, Group 6

stands for L2W1, Group 7 stands for L2W2, Group 8 stands for L2W3, Group 9 stands for L2W4, and Group 10 stands for L2W5

Table 5 The values of slopes for stem biomass and total biomass

regressions

L W

W1 W2 W3 W4 W5

L1 1.406 1.402 1.445 1.522 1.327

L2 1.081 1.024 1.155 1.325 0.99

Data are the results of regressions: log (stem biomass) = a ?

b 9 log (total biomass)
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Drought and shade had a positive interaction to the

seedlings. The effects of drought or shade cannot be con-

sidered solely without also considering their interaction.

The seedlings under W1 conditions had almost no increase

in height through the 123 days, indicates the seedlings had

little or no growth after a whole growth season. Thus,

approximately 15 % FC is likely the critical point for

keeping A. buergerianum seedlings alive under pot condi-

tions, which excludes the stress of competition and insect

pests. A critical point may increase with competition from

other vegetation, when considering natural regeneration of

maples in the field. Thus, water supplies above 15 % FC

are recommended to keep seedlings vigorous, under all

sunlight conditions. In addition, as compared to gap con-

ditions (66 % of full sunlight), A. buergerianum seedlings

grow slowly in the understory (10 % of full sunlight).

Regulation of canopy density, e.g., release cutting and

thinning and control of competitors, especially tall rapidly

growing weeds, would enhance seedlings growth and

promote regeneration.

Based on the above-ground facilitation hypothesis,

plants under dry conditions and high irradiance had lower

daily photosynthetic rates than plants under low irradiance,

and the whole-shoot light compensation point tended to

decrease under more severe drought conditions (Holmgren

2000). Further measurements including daily photo-

synthetic rates and the whole-shoot light compensation

point are needed to confirm our conclusions.
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