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a b s t r a c t

Wetestedthe hypotheses that invasive species hadhigher irradiance plasticity, capture ability

and efficiency than noninvasive species using two invasive aliens – Ageratina adenophora and

Chromolaena odorata, and one noninvasive alien – Gynura sp. The three aliens were grown at

4.5%, 12.5%, 36%, 50% and 100% irradiances for 64 days before harvesting. The plastic response

of specific leaf area (SLA) contributed to improved light interception at low irradiance, carbon

gain and water balance at high irradiance. It was a good predictor for intraspecific irradiance

responses of leaf area ratio (LAR), leaf area:root mass ratio, maximum photosynthetic rate

(Pmax) and net assimilation rate (NAR). Biomass allocation-related traits were species specific

and their plasticity to irradiance was low. The high root mass fraction, leaf mass fraction and

LAR distinguished the two invaders from Gynura. However, other resource capture-related

traits, such as SLA, NARandPmax, were not always higher for the invaders than forGynura. Fur-

thermore, plasticity to irradiance was not different between the invasive and noninvasive ali-

ens. With increasing irradiance, Gynura decreased biomass investment to roots and leaves but

increased the investment to support structures adversely affecting both low and high irradi-

ance acclimation. Ageratina might invade new habitat successfully through tolerating shading

at low irradiance and outshading competitors by forming dense stands when irradiance is

increased. The results suggested that both resource capture-related traits and irradiance ac-

climation conferred competitive advantage to the two invaders and some traits were common

for invasive and noninvasive aliens but others were specific for invaders.

ª 2006 Elsevier Masson SAS. All rights reserved.
1. Introduction

Identifying the factors that influence invasions by exotic

plants is very important for improving prediction and control
of potentially invasive species. Comparisons across phyloge-

netically related invasive and native species and comparisons

across ecologically similar, sympatric invasive and noninva-

sive species are two important methods used to explore plant
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traits that are associated with invasiveness (Mack, 1996;

McDowell, 2002). Most of these comparative studies have fo-

cused only on invasive exotic species (Davis et al., 2000). Few

studies have compared traits of invasive aliens with those of

less or noninvasive aliens (Nijs et al., 2004), indicating that

the factors underlying variation in invasiveness have

remained largely unidentified. A majority (ca. 90%) of success-

ful exotic species are noninvasive (Williamson and Fitter,

1996) as they are able to establish and persist but not outcom-

pete native species (Rejmanek, 2000).

The ability of plants to capture and utilize light is an impor-

tant determinant of growth potential and fitness. Competition

for light is the primary factor influencing weed invasion

(Standish et al., 2001; D’Antonio et al., 2001). Generally, growth

rate is higher in invasive than in native species (Witkowski and

Lamont, 1991; Pattison et al., 1998; Maillet and Lopez-Garcia,

2000). Pattison et al. (1998) hypothesized that successful inva-

sive species have other morphological and physiological traits,

which increase light capture and utilization efficiency.

Leaf area ratio (LAR) is the main factor explaining the vari-

ation in growth rate among different tree and herbaceous spe-

cies (Witkowski and Lamont, 1991; Pattison et al., 1998; Poorter,

1999). Specific leaf area (SLA) is another important trait regu-

lating and controlling plant functions such as carbon assimila-

tion and carbon allocation (Reich et al., 1997; Feng et al., 2004;

Zhang and Feng, 2004). The great success of invasive species is

partly attributed to thinner leaves, and therefore lower carbon

cost per unit photosynthetic area (Baruch and Goldstein, 1999;

Durand and Goldstein, 2001; Nagel and Griffin, 2001; Smith and

Knapp, 2001). Knee and Thomas (2002) found that net assimi-

lation rate (NAR) is higher in invasive than in native species. In-

vasive plants may realize success through maximizing growth

by maximizing photosynthesis (Baruch and Goldstein, 1999;

Durand and Goldstein, 2001). Furthermore, compared with na-

tive species, successful invasive species generally have stron-

ger stress tolerance, can acclimate to a wider range of

environmental conditions (Albert et al., 2000; Annapurna and

Singh, 2003) and can use fluctuating resources better (Davis

et al., 2000). Hence, greater phenotypic plasticity is likely to

confer greater vigor on invasive species (Yamashita et al.,

2000; Durand and Goldstein, 2001).

Invasive species have been shown to exhibit high plasticity

in response to light (Niinemets et al., 2003) but there is con-

trary evidence available. For example, compared with native

species, invasive species exhibit similar or even lower LAR

(Knee and Thomas, 2002), SLA (McDowell, 2002; DeWalt

et al., 2004) and light-saturated photosynthetic rate (Pmax)

(Smith and Knapp, 2001; Ewe and Sternberg, 2003). In addition,

higher root mass fraction (RMF) (D’Antonio et al., 2001; DeWalt

et al., 2004) and lower RMF plasticity (D’Antonio et al., 2001)

have been demonstrated. High RMF may adversely affect car-

bon gain by plants through decreasing leaf mass allocation

and increasing root respiratory loss although it is beneficial

to water and nutrition absorption. In this study, we hypothe-

size that invasive exotics will have higher irradiance capture

efficiency and greater phenotypic plasticity than noninvasive

exotics. The main objectives of this study are to determine: (1)

how the exotic species acclimate to different irradiance levels

in terms of biomass allocation, growth, and photosynthesis;

(2) whether the invasive species exhibit higher irradiance
plasticity, resource capture ability and efficiency, i.e. higher

leaf mass fraction (LMF), LAR, SLA, Pmax and NAR, than the

noninvasive species; and (3) the relationship between inte-

grated light acclimation ability and invasiveness.

2. Materials and methods

This study was carried out in the Xishuangbanna Tropical

Botanical Garden (21�560 N, 101�150 E, 570 m altitude) of the

Chinese Academy of Sciences in Mengla county, Yunnan

province, southwest China. The mean annual temperature is

21.7 �C in this area; mean temperature of the hottest month

(July) is 25.3 �C and 15.6 �C during the coolest month (January).

The mean annual precipitation is 1557 mm with the dry

period lasting from November until April (Feng et al., 2002).

In this study, the following three perennial exotic Composi-

tae forbs were investigated. Ageratina adenophora (Sprengel)

R.M. King and H. Robinson and Chromolaena odorata (L.) R.M.

King and H. Robinson, native to Central and South America,

have invaded much of the tropics and subtropics in the world.

Gynura sp., native to Burma, is a less or noninvasive alien (Nijs

et al., 2004), as its impact on recipient habitats is very weak in

the study area. Hereafter, only generic names are used for the

three studied species.

To obtain similar sized seedlings, seeds of Ageratina and

Gynura were sown in May 2002 and July 2002, respectively, in

seedbeds under 36% irradiance. When the seedlings of the

two species were approximately 10 cm tall, similar sized vig-

orous seedlings were transplanted singly into 15 dm3 pottery

pots. Current-year seedlings of Chromolaena were collected

as wildings from the field and transplanted to the same type

of pots. Vigorous seedlings were chosen from a partially

shaded site and were selected on the same basis as sown seed-

lings. Pots were filled with equal proportions of river sand and

forest topsoil. Forest topsoil was used to provide a substrate

with a natural supply of macro- and micronutrients and the

river sand provided a texture with adequate drainage and fa-

cilitated harvest of the whole plant root system, including

fine roots (Poorter, 1999). All the seedlings were grown at

36% irradiance for 2 weeks, then seedlings of each species

were randomly divided into five groups, 20 seedlings per

group, and one group was grown under one of the five irradi-

ances used in this study, i.e. 4.5%, 12.5%, 36%, 50%, and 100%,

respectively. Seedlings were watered daily and fertilized

monthly with complex fertilizer.

Irradiance levels used in this study were created by cover-

ing the shade houses with different layers of black nylon

shade netting, including no netting to create 100% irradiance.

The relative irradiance in each shade house was estimated by

comparing the integrated photosynthetic photon flux density

(PPFD) in a shade house during a clear day in the summer with

that in a shade house with no netting. Ten quantum sensors

were used to measure PPFD with two sets of Li-1400 (Li-Cor,

Lincoln, Nebraska, USA). Two sensors were installed 1 m

above ground and 5 m apart in each shade house. The lower

30 cm of each shade house remained open to facilitate airflow

and to reduce the potential effects of other environmental

factors except irradiance.
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For each species and treatment an initial harvest was car-

ried out after seedlings had acclimated to their new light envi-

ronment for 2 weeks. The final harvest was carried out 50 days

after the initial harvest. For each species and treatment, five

and eight individuals were used for the initial and final har-

vest, respectively. No growth data were provided for the

4.5% irradiance level as Gynura did not survive and Ageratina

and Chromolaena grew very slowly and did not produce enough

leaves for measurement. At the initial harvest, seedling

height, total leaf area, and dry biomass of leaf, support organs

(including stems, branches and petioles) and roots were deter-

mined. In addition to the above variables, at the final harvest

the branch number and crown width in two perpendicular di-

rections were measured. Leaf area was determined with Li-

3000A leaf area meter (Li-Cor, Lincoln, Nebraska, USA). Plant

parts were oven-dried for 48 h at 80 �C. According to Poorter

(1999) and Poorter and Van der Werf (1998), the following vari-

ables were derived from the measured data: RMF, LMF, sup-

port organ mass fraction (SMF), LAR, leaf area:root mass

ratio (LA:RM), SLA, mean leaf area (MLA), crown area, leaf

area index (LAI), RGR, NAR, mean leaf area ratio (LARm),

growth response coefficients of LARmðGRCLARm Þ and NAR

(GRCNAR).

Before the final harvest, photosynthetic rate (Pn) of fully ex-

panded leaves of five plants per species per treatment was

measured with Li-6400 (Li-Cor, Lincoln, Nebraska, USA), using

an open, steady-state gas analysis system. Conditions in the

leaf chamber were controlled automatically by the equip-

ment, with 360 mmol mol�1 CO2, 60% relative humidity and

a constant temperature of 30 �C. Photosynthetic responses to

light were measured using 15 different PPFD, i.e. 2000, 1500,

1000, 800, 650, 500, 400, 300, 250, 200, 150, 100, 50, 20,

0 mmol m�2 s�1, starting from the highest PPFD. The light

was provided automatically by the LED light resource of the

Li-6400. Data were recorded when the leaf was illuminated

for 200 s under each light step. Prior to the measurement,

the leaf was placed under 1500 mmol m�2 s�1 artificial ‘‘cold

light’’ for 30 min in order to achieve full photosynthetic capac-

ity. The ‘‘cold light’’ was provided by several metal halide

lamps hanging above a glass water bath cooled with flowing

tap water. The measurements were taken between 8:30 and

11:30 a.m. Following Bassman and Zwier (1991), Pmax was cal-

culated with the photosynthetic light response curves fitted

with the following equation:

Pn ¼ Pmax

�
1� C0e�aPPFD=Pmax

�

where a was quantum yield under low PPFD, and C0 was the

dimensionless coefficient when Pn approaches zero under

low PPFD.

Plasticity indices of different variables were calculated as

(maximum�minimum)/maximum (Valladares et al., 2000).

Plant morphogenetic responses to irradiance were evalu-

ated using a two-way ANCOVA, with light treatment and spe-

cies as independent variables and biomass as a covariate. All

dependent variables were transformed to natural logarithms

prior to analysis. Plant biomass may have differed between

treatments and species by the end of the experiment so natu-

ral logarithm transformed biomass was therefore included as

a co-variable in the analysis. In this way, the effects of the
main factors on plant variables could be evaluated by compar-

ing plants of a similar biomass. The interaction between spe-

cies and biomass was included in the analysis, as ontogenetics

trajectories may differ between species. The ANCOVA was

carried out using SPPS 10.0 (SPSS Inc., Chicago, Illinois, USA)

for all species and treatments (following Poorter, 1999).

3. Results

Most of the allocation and morphological variables showed

curvilinear responses to irradiance, with the largest changes

in the low irradiance range (Fig. 1). Both light intensity and

plant species had significant effects on all of the allocation

and morphological traits except light on RMF and species on

LA:RM (Table 1). Plant height, LAR, MLA, and crown area

were significantly co-related to biomass, but only crown area

was determined by biomass. Light was the most important de-

terminant of variations in SLA, LAR, LA:RM, while plant

height, RMF, SMF, LMF, MLA, and LAI appeared to be species

specific.

With the increase of irradiance, RMF increased for Agera-

tina and Chromolaena, but surprisingly decreased for Gynura

(Fig. 1A). In contrast, SMF decreased for the former two

species, and increased for Gynura (Fig. 1B). For Gynura LMF de-

creased slightly with irradiance and for Chromolaena it

remained quite stable whereas for Ageratina, LMF dropped to

the lowest value at intermediate irradiance (Fig. 1C). Plant

height decreased with irradiance for Ageratina and Gynura

(Fig. 1D) but for Chromolaena it increased with irradiance, and

peaked at the intermediate irradiance. Branch number and

LAI increased with irradiance for all species (Fig. 1E and F). Re-

sponse of LAI to irradiance was irregular in Gynura, but its

value at 100% irradiance was obviously lower than those of

Ageratina and Chromolaena. For all the three species SLA,

LAR, LA:RM and MLA decreased significantly with irradiance

(Fig. 1G–J). Specific leaf area was the main determinant of in-

traspecific changes in LAR and LA:RM with irradiance. With

the increase of SLA, LAR and LA:RM increased, with the largest

changes in the high range of SLA (Fig. 2A and B). Among the

species, Ageratina showed the lowest height and MLA; Chromo-

laena the lowest branch number and SLA, and the biggest MLA;

Gynura the lowest RMF, LMF and LAR, and the highest SMF.

For all the three species, Pmax increased sharply with irradi-

ance until 36% irradiance, then increased more gradually

(Fig. 1K). Under high irradiance, Pmax of Gynura was higher

than those of Ageratina and Chromolaena. Light-saturated Pn

was negatively correlated with SLA (Fig. 2C).

For all the three species, LARm decreased with increase in

irradiance, while NAR and RGR increased, but Gynura attained

highest RGR at intermediate irradiance levels (Fig. 3A–C). Sur-

prisingly, we did not find consistent differences in RGR among

the three exotic species although Ageratina was much smaller

than the others. The contribution of NAR to growth increased

with irradiance, while that of LARm decreased, but the latter

was higher than the former at all irradiances (Fig. 3D–F). Net

assimilation rate was positively related to Pmax and negatively

to SLA (Fig. 4A and B). As with LAR, LARm increased with SLA

(Fig. 4C). A close association between SLA and RGR was not
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Fig. 1 – Responses to irradiance for Ageratina adenophora, Chromolaena odorata and Gynura sp. Mean ± SE (n [ 5 for Pmax, n [ 8

for other variables). See Tables 1 and 2 for abbreviations.
found although SLA was the main determinant of Pmax, NAR

and LARm.

For most of the variables the interaction between irradi-

ance and species was statistically significant (Table 1), indicat-

ing that phenotypic plasticity was significantly different

among the species. Phenotypic plasticity of biomass alloca-

tion-related variables was lower than that of most other vari-

ables (Table 2). Among the three exotic species, Chromolaena

showed the lowest plasticity indices in RMF, SMF, LMF and

LAI, while Gynura exhibited the lowest plasticity indices in

height, SLA and LA:RM.

4. Discussion

High LAR, LMF and RMF may be more relevant for explaining

the invasiveness of the two invaders. Pattison et al. (1998)

found that under low irradiance LAR is 20% higher in invaders

than in natives. In this study, the lower LMF of Gynura could
not be ascribed to the high plant height although LMF might

decrease with height. Chromolaena was much taller than Ager-

atina, but its LMF was not lower than that of Ageratina. Further-

more, species was the main determinant of LMF. D’Antonio

et al. (2001) found that invaders have higher RMF than natives.

However, Pattison et al. (1998) did not find consistent differ-

ences between invasive and native species in the ratio of

root to shoot. There is a trade-off between below- and above-

ground resources’ capture efficiency. High RMF can facilitate

nutrient and water uptake, while influence light interception

and utilization. Maybe RMF should be maintained in adequate

scales according to environmental conditions. The RMF of the

two invasive species was not higher than that of other light-

demanding species (Poorter, 1999). Other resources capture-

related traits, such as SLA, Pmax and NAR may be less relevant

with invasiveness of the two invasive species. High SLA might

be a common attribute for exotic species. Smith and Knapp

(2001) also found that SLA is not different between invasive

and noninvasive exotics, but significantly higher than natives.
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Table 1 – Results of a two-way ANCOVA with irradiance (n [ 4) and species (n [ 3) as independent variables and natural
log-transformed biomass as a co-variable

Variables Irradiance Species Biomass Irradiance� species r2

Allocation

RMF 1.03 13.37*** 0.42 2.43* 0.57

SMF 4.47** 113.69*** 4.02 7.46*** 0.89

LMF 3.45* 105.43*** 1.94 4.19** 0.87

Architecture

Height 20.92*** 140.23*** 20.85*** 3.83* 0.95

Branch number 4.62** 4.151* 3.95 5.78** 0.82

Crown area 21.19*** 6.49** 51.81*** 8.31*** 0.87

LAI 6.73*** 23.08*** 0.24 10.69*** 0.75

Morphology

SLA 109.02*** 10.93*** 3.89 2.36* 0.93

LAR 43.11*** 16.33*** 4.74* 2.53* 0.89

LA:RM 11.46*** 1.66 0.24 2.88* 0.69

MLA 18.69*** 59.20*** 7.96** 0.89 0.87

RMF, root mass fraction (g g�1); SMF, support mass fraction (g g�1); LMF, leaf mass fraction (g g�1); height (cm); crown area (cm2); LAI, leaf area

index (m m�2); SLA, specific leaf area (cm2 mg�1); LAR, leaf area ratio (cm2 mg�1); LA:RM, leaf area:root mass (cm2 mg�1); MLA, mean leaf area

(cm2).

The dependent variables were natural log-transformed prior to analysis. The F-value of each variable given in bold is the corresponding factor

that is the main determinant of the variable. *P< 0.05; **P< 0.01; ***P< 0.001.
The results suggested that other traits (such as good irra-

diance acclimation) besides resources capture-related traits

may also confer competitive advantage to the invaders

(Maillet and Lopez-Garcia, 2000; Smith and Knapp, 2001).

The three exotics showed relatively high phenotypic plas-

ticity, which is a common characteristic of light-demanding

species (Feng et al., 2004). It had been hypothesized that en-

hanced phenotypic plasticity could play an important role in

successful colonization of new habitats by exotic species

(Williams et al., 1995; Yamashita et al., 2000; Durand and

Goldstein, 2001; Annapurna and Singh, 2003). However, in

this study, differences in phenotypic plasticity between inva-

sive and noninvasive aliens were not found, indicating that

exotic species with high phenotypic plasticity, just as in the

case of Gynura, was not always an invasive species.

In contrast to both invaders, Gynura could not acclimate

adequately to irradiance in term of biomass allocation. At

high irradiance, decreasing RMF can induce water stress as

suggested by higher LA:RM; increasing biomass allocation to

branch with less leaves inevitably increases respiratory load
by decreasing LMF, i.e. by increasing the ratio of non-

photosynthetic organs to photosynthetic organs (Matsumoto

et al., 2000). The high NAR and Pmax of Gynura did not offset

the negative effect of low LAR on RGR (Fig. 3C), as LARm was

the main determinant of RGR (Fig. 3F). Increasing SMF could

increase seed production at high irradiance since the apical

bud of each branch would differentiate into a flower bud

and then produce seeds. Gynura may require a trade-off be-

tween seed production and growth or water uptake. Trade-

off between current reproduction and growth has been well

documented (McDowell and Turner, 2002). Even so, seed

production of Gynura was still much lower than that of Chro-

molaena and Ageratina (personal observation), which might

partially be associated with its weak invasiveness.

At low irradiance, the increased RMF of Gynura is evidently

not associated with transpiration demand, but maybe associ-

ated with increasing belowground carbon storage (Poorter and

Rose, 2005). The increased RMF enhanced roots’ respiratory

losses and therefore decreased the shade tolerance of the

whole plant, which at least partially explained why Gynura
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did not survive at 4.5% irradiance. The results indicated that

the ability to acclimate to both low and high irradiance might

be important for invasiveness of exotic plants.

Compared with Chromolaena and Gynura, the leaves of Ager-

atina were arranged in a smaller space at 100% irradiance be-

cause of its higher LAI and lower height, leading to much

higher leaf densities in crown (leaf area or leaf number per

unit crown volume) and higher levels of self-shading. For ex-

ample, at 100% irradiance, leaf area (m2) and leaf number

per meter cube crown were 3–8 and 2–15 times greater for

Ageratina and Chromolaena than for Gynura, respectively.

Self-shading in Ageratina did not result in decrease in NAR

and RGR. Fast leaf formation and high Pmax would contribute

to improving whole plant level carbon gain in high light envi-

ronment and offset any reduction in assimilation due to self-

shading (Hikosaka et al., 1994; Ackerly and Bazzaz, 1995;

Yamashita et al., 2002). Ageratina showed strong shade-

tolerant ability, it could survive and maintain relative high

Pmax at 4.5% irradiance. In field we also found that Ageratina
could survive at 2% light regimes. Shade-tolerant ability is of

prime importance for Ageratina because its seedlings are lo-

cated at a low layer of community in the early stage of inva-

sion. In addition, the rate of seed germination of Ageratina is

low and seedling growth is slow. The mean height at harvest

of this species was much lower than that of Gynura although

it was sown more than 2 months earlier.

When irradiance increases after disturbance, Ageratina can

increase growth rate and form dense crowns and stands

which out shades competitors. In the field, Ageratina can

form mono-dominated communities; light under its canopy

is very low, only about 1.8% irradiance in Yunnan province,

southwest China (personal observation). This creates unfavor-

able light conditions for other plants. Hoffmann et al. (2004)

found that the abundance of native species in the ground layer

is negatively related to community LAI and to the presence of

invasive species. Shade tolerance is important for invasive

species (Yamashita et al., 2002; Niinemets et al., 2003). Compe-

tition for light is often cited as the primary mechanism for
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Fig. 4 – NAR as a function of Pmax and NAR, and LARm as a function of SLA for Ageratina adenophora, Chromolaena odorata

and Gynura sp. grown at four irradiance levels. Mean ± SE (n [ 5 for Pmax, n [ 8 for others). See Tables 1 and 2 for abbreviations.
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changes after invasion yet resulting in shading of native

plants by invasive species (Standish et al., 2001; D’Antonio

et al., 2001).
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