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Abstract Amomum villosum grown in the tradi-

tional way for economic purpose in Xishuangbanna,

southwest China, causes some damages to the local

tropical seasonal rain forests. It is important to

evaluate the effects of irradiance and soil moisture

on A. villosum in order to find out ways to maintain

the local forest ecosystems on the one hand and to

promote its economic cultivation with agroforestry

practices on the other hand. Soil moisture was the

main determinant of plant growth. Seedling height,

leaf number and area, biomass, relative growth rate

(RGR) and net assimilation rate decreased signifi-

cantly with the decrease of soil moisture. There were

no interactions between soil moisture and irradiance

on all the plant traits evaluated in this study. The

effects of soil moisture and irradiance were orthog-

onal; drought reduced RGR at a similar degree at all

irradiance levels. The plant can acclimate to high

irradiance combined with low soil moisture. Under

this condition, A. villosum modified its biomass

allocation in favor to roots rather than to leaves so

that whole-plant level water balance could be well

maintained. Furthermore, many small-sized slender

leaves were formed to facilitate leaf thermal loss, its

carotenoid content increased in favor for photopro-

tection, and contents of chlorophyll and light-

harvesting complex of photosystem II decreased so

that its irradiance interception was better balanced for

plant adaptation. Our results indicated that soil

moisture is a more important factor to concern than

irradiance when planting A. villosum in agroforestry

practices and that A. villosum can be grown in high

light habitats such as secondary forests and artificial

forests when soil moisture is adequate.

Keywords Acclimation � Carotenoid � Chlorophyll �
Cultivation � Forest � Orthogonal effect

Introduction

Amomum villosum Lour. (Zingiberaceae) is a perennial

evergreen herb and is considered as an obligate shade

plant that occurs naturally in the understorey of humid

subtropical forests. Its fruit is of importance for

traditional medicine and spice in many Asian coun-

tries. For economic purpose, A. villosum was intro-

duced into tropical seasonal rain forests of

Xishuangbanna from Guangdong province, southeast

China in 1963. Farmers often thin out some 30% of

canopy trees and clear away all of the shrubs and herbs

when they grow this plant in the forest, consequently

leading to disappearance of 70%–90% of the species

and simplification of the community structure (Zheng

et al. 2004). Therefore, many ecologists and conser-

vationists urge to change the current way to grow A.
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villosum in the seasonal rain forests in China even

though the local minorities get used to this way and

about half of their income comes from this plant. A.

villosum can be grown in secondary forests (Feng et al.

2005) and artificial forests (Zhou et al. 1997) although

these agroforestry practices are uncommon in Xishu-

angbanna. To popularize its cultivation in these

agroforestry systems and to increase economic returns

from these practices it is necessary to study the effects

of ecological factors on A. villosum. Irradiance and soil

moisture are two main factors influencing growth and

yield of A. villosum.

A. villosum can grow in the understorey with 5%–

85% irradiance. It can grow and attain high yield even

in the environment with several hours direct sunlight

each day (He 1991; Feng et al. 2002). In a survey of 12

populations grown under primary and secondary

forests in Xishuangbanna, Feng et al. (2005) found

that A. villosum performs best in a secondary forest

located beside a brook. This is consistent with the

previous findings that A. villosum has a high yield

when grown at moisture sites (He 1991). A. villosum is

susceptible to drought due to its shallow root system

and low root mass fraction (Feng et al. 2005). However,

there are no experimental studies on the quantitative

effects of soil moisture and the combined effects of

irradiance and soil moisture on A. villosum.

The respective effects of irradiance and water on

plants have been studied intensively, but few studies

on their combined effects have been conducted (but

see Sack and Grubb 2002; Aranda et al. 2005) and the

results are inconsistent (Sack and Grubb 2002). The

influential trade-off hypothesis (Smith and Huston

1989) predicts that drought has stronger impacts on

individuals of a species grown in deep shade than on

those under higher irradiance. Compared with plant

grown at higher irradiance, shaded-plant generally

has a higher specific leaf area (SLA) and invests more

biomass to leaves but less to roots for efficient light

capture (Poorter 1999; Feng et al. 2007; Franck et al.

2007), which might decrease its drought tolerant

ability. According to above-ground facilitation

hypothesis (Holmgren 2000) shade decreases leaf

and air temperature, leaf-to-air vapour pressure

deficit (Ishida et al. 1999), oxidative stress, and

therefore can reduce the impacts of drought on

growth and photosynthesis (Valladare and Pearcy

1997). The interplay hypothesis (Holmgren et al.

1997) predicts that the impacts of drought are strong

at both high and low irradiances and weaker at

intermediate irradiance due to facilitation. The inde-

pendent effects model (Nobel 1999) predicts that the

impacts of irradiance and soil moisture are orthog-

onal and drought reduce relative growth rate (RGR)

by a given proportion at any irradiance.

The inconsistent results in literatures might be due

at least partially to the facts that it is difficult to

obtain the same soil moisture level at different

irradiance levels. In general, subject to the same

severe drought seedlings suffer more when grown in

the understorey than in gaps due to their smaller root

system. Therefore, such studies should be conducted

under controlled conditions for more precise analyses

and there are some of controlled experiments con-

ducted for these purposes. But in most of these

studies (Holmgren 2000; Sack and Grubb 2002), soil

moisture is controlled simply through natural evapo-

transpiration loss of soil water, leading to generally

severer drought for seedlings grown at high irradi-

ance than at lower irradiance (Sack and Grubb 2002).

Similar problem appears when soil moisture is

controlled with different watering frequency. Soil

moisture fluctuates greatly when the watering fre-

quency is too low if a severe drought treatment is

applied for more serious drought treatment. Further-

more, almost all of these studies focus only on forest

tree seedlings (but see Baruch et al. 2000) under low

levels of irradiance treatments. We hypothesized that

soil moisture was the main factor affecting growth of

A. villosum, and that there were significant interac-

tions between soil moisture and irradiance, i.e. the

optimal range of soil moisture contents for A.

villosum was different at different irradiance levels

and the same for irradiance. To test the hypotheses,

the combined effects of four soil moisture levels

(adjusted daily) and three irradiance levels in a wide

range on herbaceous A. villosum were analyzed in

this study. We also wanted to determine how the

obligate shade plant with shallow root system accli-

mates to high irradiance and low soil moisture.

Materials and methods

Study site

This study was carried out at Xishuangbanna Tropical

Botanical Garden (218560 N, 1018150 E) of the
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Chinese Academy of Sciences in Mengla county,

Yunnan province, southwest China. The mean annual

temperature is 21.78C in this area. The mean

temperature in July, the hottest month is 25.38C and

that of January, the coolest month is 15.68C. The

average annual precipitation is 1557 mm with the dry

period lasting from November to April (Feng et al.

2002). From November to February, there is a heavy

fog cover almost daily from midnight to next midday.

The fog contributes significantly to maintaining the

moistures of both air and soil. Therefore, this duration

of dry season is designated as foggy and cool season

in this area, and the remaining months of dry season

as dry and hot season. The fog also reduces integrated

daily irradiance (24.8 versus 28.1 mol photons

m�2 d�1 in sunny day).

Materials

From a 100-years-old seasonal rain forest, similar-

sized seedlings (with two or three small-sized leaves)

of A. villosum were collected in September 2003. The

main tree species in the forest were Terminalia

myriocarpa Van Heurck, Pometia tomentosa (Blume)

Teysm. Et Binn., Barringtonia fusicarpa Hu, Baccau-

rea ramiflora Lour., Horsfieldia tetratepala Wu,

Horsfieldia kingii (Hook. F.) Warb, Myristica yun-

nanensis Y. K. Li. The canopy height of the forest was

40–45 m. The transmission of daylight at the height of

A. villosum was 30%–60%. The seedlings were

transplanted singly into pots (35 cm in diameter and

25 cm in depth). The pots were filled with a mixture of

river sand and top layer of forest soil (3:7). The river

sand provided a texture with adequate drainage and

facilitated harvest of the whole plant root system,

including fine roots (Poorter 1999). The seedlings

were divided into three groups randomly after being

grown at 50% irradiance for three weeks, and each

group was grown under one of the three irradiance

levels applied in this study, respectively. The seed-

lings at each irradiance level were randomly divided

into four sub-groups on 23 October 2003 after being

grown for another three weeks, and each sub-group

was grown under one of the four soil moisture levels

applied in this study, respectively. Thirty seedlings per

soil moisture per irradiance were grown. Four seed-

lings, one from each soil moisture treatment, were put

together as a group in each shade house, and different

groups were randomly positioned in the shade house

and re-randomized within it fortnightly through the

experiment. Seedlings were fertilized monthly with

complex fertilizer (15% N, 7% P and 8% K) at 4 g per

pot and kept away from diseases and pests.

Irradiance and water treatments

The potted seedlings were grown in three shade

houses with 25%, 50% and 80% irradiance, respec-

tively, which were created by covering the shade

houses with different layers of nylon shade netting

and one layer of colorless transparent plastic film. The

plastic film was used to prevent rain from influencing

soil moisture control. The light intensity applied in

this study represented the light continuum that A.

villosum encountered in forests in Xishuangbanna.

The relative irradiance in each shade house was

estimated by comparing the integrated photosynthetic

photon flux density (PPFD) in the house during a clear

day in the summer with that in a fully open site. The

PPFD was measured with Li-1400 (Li-Cor, Lincoln,

Nebraska, USA). The lower 30 cm of each shade

house was open to facilitate air flow and to reduce the

potential effects of other environmental factors except

irradiance. Four soil moisture levels, i.e. 40%, 60%,

80% and 100% (percent of field capacity soil water

content), were used in this study. Before the seedlings

were transplanted, the weight of each pot (Wp) and the

weight of each pot plus soil with field capacity water

content (Wp+s+w), and field capacity soil water content

(0.21 g H2O g�1 dry soil in this study) were

determined. For controlling soil moisture, the total

weight of each pot (Wt, including the weight of pot,

soil, saturated water and seedling) was measured after

being fully watered. The weight of each pot under

designated soil moisture can be calculated as Wt�0.21

* (1-soil moisture) * (Wp+s+w�Wp)/(1 + 0.21), where

soil moisture were 0.4, 0.6, 0.8 and 1, respectively.

Soil moisture was controlled by watering daily at

17:00 according to the mean daily evapotranspiration

under each treatment, which was calculated by

weighing five pots per light per soil moisture. The

water was added to each pot through a 5 cm depth

(1.5 cm diameter) hole in the center of each pot.

Measurements

Height and leaf number of 20 seedlings per treatment

were recorded every 23–25 d. For each treatment, the
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initial harvest was carried out on 5 November 2003

after the seedlings grew under their new soil moisture

for two weeks. The final harvest was carried out on 5

May 2004. Eight seedlings per irradiance per soil

moisture were used at each harvest. Seedling height,

total leaf area, and biomass of leaves, stem and roots

were determined at the harvest. The length, width and

area of the third - seventh leaves (from tip) of each

seedling were measured for determining mean leaf

size (MLS) and the ratio of leaf length to width

(L:W). Leaf area was determined with Li-3000A leaf

area meter (Li-Cor, Lincoln, Nebraska, USA). Plant

parts were oven-dried for 48 h at 808C.

The following variables were derived from the

primary data: (1) root mass fraction (RMF, root mass/

total seedling mass, in g g�1); (2) stem mass fraction

(SMF, stem mass/total seedling mass, in g g�1); (3)

leaf mass fraction (LMF, leaf mass/total seedling

mass, in g g�1); (4) leaf area root mass ratio (LA:RM,

leaf area/root mass, in dm2 g�1 ); (5) leaf area ratio

(LAR, leaf area / total seedling mass, in cm2 g�1 );

(6) SLA (leaf area/leaf mass, in dm2 g�1); (7) MLS

(total leaf area/leaf number, in cm2); (8) L:W (leaf

length/width, in cm cm�1); (9) RGR (biomass growth

per unit plant biomass, in mg g�1 d�1); (10) net

assimilation rate (NAR, biomass growth per unit leaf

area, in mg cm�2 d�1); (11) mean leaf area ratio

(LARm, mean leaf area per plant mass, in cm2 g�1).

The growth analysis was conducted according to

Hunt et al. (2002).

Before the final harvest, the diurnal change of net

photosynthetic rate (Pn) was measured at the intervals

of 1.5 h from 09:00 to 17:00 on three clear days (12–

14 March 2004) using Li-6400 (LI-COR, Lincoln,

Nebraska, USA). Lately fully expanded leaves (the

third leaf from tip) of four randomly chosen seedlings

were measured for each treatment. The leaves for

determining Pn were also used to detect chloroplast

pigments content. Pigments were extracted with 80%

acetone (v/v) and determined using spectrophotom-

etry (Lichtenthale and Wellburn 1983).

Statistical analysis

Effects of soil moisture, irradiance and their interac-

tion on variables measured in this study were

evaluated with a two-way ANOVA. The relative

importance of each independent factor on each

variable was estimated according to the value of

Eta squared. The differences in each variable among

different levels of the same factor (irradiance or soil

moisture) were analyzed using a one-way ANOVA

(LSD test). SPPS 10.0 (SPSS Inc. Chicago, Illinois,

USA) was used for all the statistical analysis.

Results

Growth

Leaf number increased almost linearly with the time

of treatments (Fig. 1d–f). Seedling height increased

slowly at the beginning of the experiment but faster

100 days after treatments (Fig. 1a–c), and at this time

the effects of soil moisture on both height and leaf

number became evident. During the six months of

treatments, A. villosum grew by about 40 cm in height

and developed into 16 new leaves at 50% irradiance

and 100% soil moisture (Fig. 1b, e).

Soil moisture was the main determinant of the final

seedling height, leaf number, total leaf area, biomass,

RGR and NAR (Table 1). The six variables increased

significantly with the increase of soil moisture

(Fig. 2). The effects of irradiance were also signif-

icant on seedling height, leaf number, total leaf area

and biomass, but not on RGR and NAR (Table 1).

Across the irradiance levels, seedling height, total

leaf area and biomass were lowest at 80% irradiance,

while leaf number was lowest at 25% irradiance

(Fig. 2). The differences in LARm among treatments

were not significant (Table 1), indicating that the

differences in RGR among treatments were deter-

mined mainly by NAR.

Biomass allocation and morphology

Irradiance was the main determinant of RMF, SMF,

LA:RM and L:W, while soil moisture was that of

LMF, SLA and MLS (Table 1). At 80% and 50%

irradiance levels and with decreasing soil moisture,

RMF increased while LMF and LA:RM decreased

(Fig. 3a–c). The effects of irradiance on LMF were

not significant (Table 1). Root mass fraction was

significantly higher while LA:RM lower at 80% and

50% irradiances than at 25% irradiance. With

increasing soil moisture, SLA and L:W decreased

while MLS increased (Fig. 3d–f). The mean leaf size

was the highest at 50% irradiance. When soil
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moisture was in the range of 40%–80%, A. villosum

showed the lowest MLS and SLA and the highest

L:W at 80% irradiance, leading to small-sized, thin

and slender leaves.

Photosynthesis and chloroplast pigments

In the morning Pn increased and peaked at noon,

then decreased in the afternoon and the magnitude

of decrease was more significant at 80% irradiance

than at 50% and 25% irradiances (Fig. 4). At all

irradiances, Pn increased with the increase of soil

moisture.

Chlorophyll content per unit leaf area (Chl) was

lower, while the ratio of carotenoid to chlorophyll

(Car/Chl) and the ratio of chlorophyll a to b (Chl a/b)

were higher at 80% irradiance than at 25% and 50%

irradiances (Fig. 5). At 80% irradiance, Chl decreased

Fig. 1 (a–c) Seedling

height; and (d–f) leaf

number for Amomum
villosum after being treated

with 25% (a and d), 50% (b
and e), 80% (c and f)
irradiances and 40%

(circle), 60% (triangle up),

80% (triangle down) and

100% (square) relative soil

moistures. Mean ± SE

(n = 20)

Table 1 Results of a two-

way ANOVA with

irradiance (n = 3) and

relative soil moisture

(n = 4) as fixed factors. One

of the three F-values of

each variable was given in

bold, whose corresponding

factor was the main

determinant of the variable

according to the results of

the test of estimates of

effect size

*P < 0.05; **P < 0.01; ***

P < 0.001

Variables Irradiance Soil moisture Interaction n

Growth

Biomass (g) 5.22** 10.33*** 0.18 8

Height (cm) 4.17* 10.56*** 0.26 20

Leaf number 6.03** 19.43*** 1.21 20

Total leaf area (dm2) 8.11*** 15.81*** 0.12 8

Relative growth rate (mg g�1 d�1) 0.75 3.84* 014 8

Mean leaf area ratio (cm2 g�1) 2.23 2.09 0.55 8

Net assimilation rate (mg cm�2 d�1) 1.03 2.90* 0.26 8

Leaf morphology

Specific leaf area (dm2 g�1) 5.96** 15.37*** 2.21 8

Mean leaf size (cm2) 6.96*** 15.07*** 0.40 20

Leaf length : width ratio 3.38* 2.86* 1.02 20

Biomass allocation

Leaf mass fraction 0.79 8.09*** 0.83 8

Stem mass fraction 10.28*** 0.03 1.16 8

Root mass fraction 10.22*** 4.07*** 1.99 8

Leaf area : root mass ratio (dm2 g�1) 6.04** 3.68* 1.20 8

Leaf area ratio (cm2 g�1) 2.23 2.09 0.55 8
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whereas Car/Chl increased with the decrease of soil

moisture (below 80%). However, the effects of soil

moisture on Chl and Car/Chl were not significant at

25% and 50% irradiance levels. With the decrease of

soil moisture, Chl a/b increased although the increase

was not significant.

Discussion

Orthogonal effects of soil moisture and irradiance

As expected, soil moisture was the main determinant

of growth in A. villosum although the effects of

Fig. 2 (a) Seedling height; (b) leaf number; (c) total leaf area;

(d) biomass; (e) relative growth rate (RGR); and (f) net

assimilation rate (NAR) for Amomum villosum grown at 25%

(circle), 50% (triangle up), 80% (triangle down) irradiances

and 40%, 60%, 80% and 100% relative soil moistures for six

months. Mean ± SE (n = 8). Different small and capital letters

indicate significant differences among soil moistures and

among irradiances, respectively (LSD-test of a one-way

ANOVA, P < 0.05)

Fig. 3 (a) Root mass fraction (RMF); (b) leaf area root mass

ratio (LA:RM); (c) leaf mass fraction (LMF); (d) specific leaf

area (SLA); (e) leaf length to width ratio (L:W); and (f) mean

leaf size (MLS) for Amomum villosum grown at 25% (circle),

50% (triangle up), 80% (triangle down) irradiances and 40%,

60%, 80% and 100% relative soil moistures for 6 months.

Mean ± SE (n = 8). Different small and capital letters indicate

significant differences among soil moistures and among

irradiances, respectively (LSD-test of a one-way ANOVA,

P < 0.05)
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irradiance were also significant on some growth-

related traits (Table 1). This is different with the

results of Baruch et al. (2000). They found that the

effects of water stress on four Melastomataceae

species are weaker than those of light stress. In

contrast to our expectation, there were no interactions

between soil moisture and irradiance on all traits

measured in this study. The effects of soil moisture

and irradiance were orthogonal; drought reduced

RGR at a similar degree at all the three irradiance

levels (Fig. 2). The results are consistent with the

predictions of independent effects model (Nobel

1999). The model has no strong theoretical founda-

tion, and is considered as a null hypothesis (Sack and

Grubb 2002). However, several recent studies support

the hypothesis within irradiance below the excessive

range (Sack and Grubb 2002; Sack 2004; Aranda

et al. 2005). In this study, it was confirmed at

irradiance above excessive range with herbaceous

plant. Implications of this model for potential niche

differentiation and modeling plant performance are

discussed by Sack and Grubb (2002) and Sack

(2004).

Acclimation to high irradiance combined with

low soil moisture

At high irradiance and low soil moisture, A. villosum

invested more biomass to roots but less to leaves,

resulting in low LA:RM (Fig. 3a–c), which is

beneficial to maintaining water balance at whole-

plant level. Leaf morphological changes under

different irradiances were also beneficial for

A. villosum to acclimate to the environments

(Fig. 3d–f). These results are consistent with those

in literatures (Poorter 1999; Baruch et al. 2000; Sack

and Grubb 2002; Sack 2004; Feng et al. 2004, 2007).

The changes of root hydraulic conductivity and

osmotic adjustment might also contribute to main-

taining whole-plant level water balance at high

irradiance and low soil moisture condition (Aranda

et al. 2005; Shimizu et al. 2005).

In contrast to some previous reports, our results

showed that soil moisture was the main determinant

of SLA (Table 1). SLA increased significantly with

the decrease of soil moisture (Fig. 3d). It has been

reported that irradiance is the main factor influencing

Fig. 4 The diurnal changes

of net photosynthetic rate

(Pn) for Amomum villosum
grown at (a) 25%; (b) 50%;

and (c) 80% irradiances and

40% (circle), 60% (triangle

up), 80% (triangle down)

and 100% (square) relative

soil moistures for 6 months.

Mean ± SE (n = 4)

Fig. 5 (a) Leaf chlorophyll content per unit area (Chl); (b) the

ratio of carotenoid to chlorophyll (Car/Chl); and (c) the ratio of

chlorophyll a to b for Amomum villosum grown at 25% (circle),

50% (triangle up), 80% (triangle down) irradiances and 40%,

60%, 80% and 100% relative soil moisture for 6 months.

Mean ± SE (n = 4). Different small and capital letters indicate

significant differences among soil moistures and among

irradiances, respectively (LSD-test of a one-way ANOVA,

P < 0.05)

Agroforest Syst (2007) 71:89–98 95

123



SLA (Muraoka et al. 1997; Sack 2004; Aranda et al.

2005) and that the effects of soil moisture on it are

not significant (Sack 2004; Aranda et al. 2005). The

increased SLA at low soil moisture can decrease leaf-

level water utilization efficiency (McDowell 2002) as

thin leaf reduces the distance that water diffuses

within it, and therefore decreasing the retaining time

of water in it (Van den Boogaard and Villar 1998).

The increased SLA might also adversely affect water

balance at whole-plant level as it will contribute to

the increase of total plant leaf area, which is the

product of plant mass, LMF and SLA. However, LAR

(LMF * SLA) changed only slightly across all levels

of soil moisture and irradiance (from 37.27 cm2 g-1 at

40% moisture and 50% irradiance to 42.56 cm2 g�1 at

60% moisture and 25% irradiance) as LMF decreased

with decreasing soil moisture (Fig. 3c), which

counteracted the effects of the increased SLA on

LRA.

Forming small-sized leaves at low soil moisture

(Fig. 3f) would result in more leaf number when

compared to the similar-sized plant grown at higher

soil moisture because LAR changed little across

treatments. Indeed, with the decrease of soil moisture

leaf number per gram mass increased from 0.56 at the

treatment of 100% moisture and 25% irradiance to

0.75 at the treatment of 40% moisture and 80%

irradiance. Therefore, forming many small-sized

slender leaves at low moisture (Fig. 3e, f) can not

help A. villosum to reduce whole-plant level water

loss, which is also inconsistent with the general

viewpoint about leaf morphology (Gibson 1998). We

hypothesized that formation of such leaves in

A. villosum could facilitate thermal loss at low soil

moisture and maintain leaf area for carbon assimila-

tion as well. High leaf temperature could induce

photoinhibition of photosynthesis (Ishida et al. 1999)

and damage photosynthetic machinery. The decrease

of soil moisture will reduce leaf transpiration rate,

leading to a decreased thermal loss. Therefore, other

ways for leaf to dissipate heat are necessary. A small-

sized leaf has a thin boundary layer which allows for

a better convective heat loss to environment and can

decrease its temperature (Gibson 1998). Some desert

plants also form compact canopy with many small-

sized slender leaves (Gibson 1998; Klich 2000).

Forming many small-sized slender leaves at dry

condition might be a common characteristic of

different plant species occurred at different habitats.

At stressful conditions, A. villosum maintained

relatively high photosynthesis (Fig. 4), and no long-

term photoinhibition (Long et al. 1994) occurred, as

indicated by the high value (about 0.85) of maximum

photochemical efficiency of photosystem (PS) II at

dawn (data not shown). At high irradiance, thermal

dissipation and leaf rolling degree increased with the

decrease of soil moisture (data not shown), which can

help A. villosum to protect photosystem from photo-

damage (Feng et al. 2002). The increased thermal

dissipation was consistent with the increase of Car/

Chl (Fig. 5b). Carotenoid is not only associated with

thermal dissipation but also can scavenge reactive

oxygen species (Bungard et al. 1999). Plants can

protect photosystem from photodamage through

increasing Car/Chl (Munné-Bosch and Alegre 2000).

The increase of Chl a/b is an indicator of the decrease

of light-harvesting complex of PS II (Anderson and

Aro 1994). Therefore, a low level of Chl and high

value of Chl a/b at high irradiance under low soil

moisture (Fig. 5a, c) could help A. villosum to reduce

light capture, especially that of PS II, alleviating the

oxidation pressure of PS II (Park et al. 1997), which is

more vulnerable to photooxidation than PS I.

Implications for A. villosum cultivation

In this study, we proved for the first time that

A. villosum can acclimate to high irradiance com-

bined with low soil moisture with a controlled

experiment. Soil moisture is a more important

ecological factor to concern than irradiance when

growing A. villosum in agroforestry pratices; it can be

grown in high light habitats such as secondary forests

and artificial forests when water availability is

adequate. In forests, A. villosum often forms dense

populations (Feng et al. 2005), leading to serious

shading among different individuals, which can

further increase its high light tolerant ability at

whole-plant level. It has been reported that surface

soil moisture content is generally higher in gaps than

in the adjacent understorey (Denslow et al. 1998).

Thus, we hypothesize that A. villosum will grow

better in gaps than in understorey. This is consistent

with the result that fruit yield of A. villosum in a

tropical forest increased with the increase of irradi-

ance (Zheng et al. 2004).

During the first three months of treatments,

A. villosum grew slowly and responded sluggishly
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to different levels of soil moisture (Fig. 1a–f). This

may be associated with A. villosum’s inherent growth

rhythm and/or the low temperature in this duration.

For example, the mean monthly temperature in Nov,

Dec, Jan, Feb, Mar and April was 19.3, 17.3, 16.3,

18.0, 21.0 and 23.98C, respectively. The heavy fog

occurred daily in the duration might also reduce the

effects of soil moisture. Plants can absorb fog water

directly through leaf and recover water balance in 5 h

(Zheng and Feng 2006). These results indicated that

the low water availability in the first half of dry

season might not be a serious problem for A. villosum

in Xishuangbanna. However, our results were only

based on a one-year experiment with potted seed-

lings. Long-term field studies are necessary to

evaluate the combined effects of soil moisture and

irradiance on A. villosum.
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