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Ardisia elliptica is an understory shrub endemic to Southeast Asia and has become a notorious invasive
plant in Florida. In this study, we determined the photosynthetic capacity of A. elliptica and phylogenetically related species under four levels of irradiations. In addition, the levels of damage from natural
insect herbivory of these four species under common garden conditions were investigated. The results
show that A. elliptica had the higher photosynthetic capacity and the relative growth rate (RGR) which
could be attributed to its high light-saturated photosynthetic rates (Pmax), relatively low respiratory rate
(Rd) and the increasing speciﬁc leaf area (SLA) with decreasing irradiation. A. elliptica also exhibited high
phenotypic plasticity for photosynthetic traits in response to different irradiations including LSPT, Pmax
and RGR. Comparing to its congeners, A. elliptica suffered consistently severe damage from natural
herbivory. Our results suggest that high photosynthetic capacity and high phenotypic plasticity could
enable A. elliptica become a nuisance with the absence of natural enemies in introduced habitats,
especially in those disturbed environments with high-light conditions.
Crown Copyright Ó 2011 Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction
Invasion of non-indigenous organisms into new habitats may
substantially threaten native biodiversity, the structure and function of ecosystems, and the productivity of industries such as
agriculture and forestry (Walker and Vitousek, 1991; D’Antonio and
Vitousek, 1992; Hobbs and Mooney, 1998; Mack et al., 2000). The
reason why some species become invasive after being introduced
from their native range and which traits allow them to disrupt the
systems they are introduced into, remains intensively debated (e.g.,
Elton, 1958; Callaway and Aschehoug, 2000; Agrawal and Kotanen,
2003; Colautti et al., 2004; Lambrinos, 2004). Several hypotheses
have been proposed to interpret biological invasions, e.g., the
enemy release hypothesis (Keane and Crawley, 2002) and phenotypic plasticity hypothesis (Williams and Black, 1994; Williams
et al., 1995; Sultan, 2000). Knowledge is still critically lacking in
the prediction of plant’s invasive ability (Baruch and Goldstein,
1999; Mack et al., 2000; but see Richardson and Pysek, 2006;
Theoharides and Dukes, 2007).
Many characteristics have been identiﬁed to facilitate the invasion of plants, such as rapid vegetative growth rates, high potential
for acclimation (Rejmanek, 1996) and photosynthetic capacity
(Baruch and Goldstein, 1999; McDowell, 2002). Among them,
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growth is an important index for plants because it implies
increased ﬁtness and enhanced survival (Shipley, 2006). Growing
fast may give invasive plants the competitive advantage in making
resource utilization over other species (Davis et al., 2000; Grotkopp
et al., 2002; Burns, 2004, 2006; Grotkopp and Rejmánek, 2007).
Additionally, higher speciﬁc leaf area (SLA) (Reich et al., 1997;
Poorter, 1999; Shipley, 2006; Zheng et al., 2009), low light
compensation points (LCPT) (Boardman, 1977), higher light-saturated photosynthetic rates (Pmax) and lower dark respiration rates
(Rd) (Pattison et al., 1998; Durand and Goldstein, 2001; McDowell,
2002; Zheng et al., 2009) have also been found to give invasive
species a competitive advantage over noninvasive congeners.
However, by comparing the invasive tropical shrub Clidemia hirta
genotype to its native genotype, DeWalt et al. (2004a) showed that
different genotypes between native and introduced of C. hirta displayed no signiﬁcant differences in the relative growth rate (RGR),
Pmax or SLA in different irradiation treatments.
Light is essential to plants but it will become harmful to
photosynthetic capacity when absorbed in excess which results in
photoinhibition and photodamage. Low light availability also limits
the plants to growth. However, phenotypic plasticity ensures plants
to have the potential ability to use light efﬁciently under various
environments (Williams and Black, 1994; Williams et al., 1995;
Sultan, 2000; Callaway et al., 2003; Funk, 2008). For example,
invasive C4 grass Pennisetum setaceum in Hawaii showed high
plasticity on photosynthetic rates, SLA, and number of inﬂorescences (Williams et al., 1995).
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Another important factor that may contribute to invasive plants
is escape from natural enemies in the introduced habitat. A series of
studies indicate that introduced plant populations are exposed to
fewer species of pathogens and insect herbivores (See reviews by
Colautti et al., 2004; Hinz and Schwarzlaender, 2004; Torchin and
Mitchell, 2004; but see Van der Putten et al., 2000), as a result
the introduced plant populations are less attacked by pathogens
and herbivores than native conspeciﬁc populations (DeWalt et al.,
2004b; but see Beckstead and Parker, 2003). In the absence of
natural enemies, trade-offs between high-light growth and lowlight survival may be relaxed (Kitajima, 1994; Walters and Reich,
1999, 2000). Thus, high survivorship may be coupled with fast
growth rates, resulting from greater allocation to light interception
(SLA) and less allocation to storage (e.g., roots).
Ardisia (Myrsinaceae) is a pan-tropic distributed genus with
about 400 species of trees or shrubs (Wu and Raven, 1996). Two
species, Ardisia elliptica and Ardisia crenata which are native to
Southeast Asia have being invasive to Florida and Hawaii (FLEPPC,
2005). Escape from gardens via bird and mammal dispersal is
probably the main way A. elliptica spread to natural areas. A. elliptica
receives less foliar damage than native congener species and
appears to lack specialist herbivores in its introduced habitat (Koop,
2003, 2004). Despite discussions about the invasion of A. elliptica
were carried on recently, relative little have been reported to
interpret why it is not notorious in native range and to better predict
the potential ability of its invasion. In this study, we contrasted
A. elliptica with three congeners which from its native range and
surveyed the photosynthesis of them under different irradiations.
Otherwise, the leaf damage of each species was also investigated
under common garden conditions. We supposed that compared to
its congeners, A. elliptica 1) shows higher relative growth rate and
photosynthetic capacity, 2) adapts easily to different irradiations,
and 3) suffers more damage from insect herbivory.
2. Materials and methods
2.1. Study species
We compared A. elliptica with three congeners: 1) Ardisia solanacea Roxburgh is a shrub or tree reaching 6 m tall and it is native
to Southeast Asia including south China at 400e1600 m attitude. 2)
Ardisia virens Kurz is a shrub or small tree reaching 1e3 m tall. It is
native to Southeast Asia at 300e2700 m attitude. 3) Ardisia chinensis Bentham is a shrub or subshrub reaching less than 1 m tall. It
is also native to Southeast Asia at 300e800 m attitude (Wu and
Raven, 1996). Many Ardisia species have been introduced from
Southeast Asia to Hawaii. Among the four species tested in this
study, three species (e.g., A. elliptica, A. solanacea and A. virens) were
introduced to Hawaii as ornamental plants about one hundred
years ago with only A. elliptica being invasive (Langeland and Burks,
1998; FLEPPC, 2005; Daehler and Baker, 2006).
2.2. Irradiance treatment
All the experiments were conducted in the Xishuangbanna
Tropical Botanical Garden (XTBG) of the Chinese Academy of
Sciences (21410 N, 101250 E, 570 m asl, annual mean temperature,
21.5  C, annual mean rainfall, 1560 mm). Experimental seeds were
collected from 3 to 4 year-aged fruiting plants from the living
collection of XTBG in December, 2004. Among which, A. elliptica
was introduced from North Thailand (about 374.4 km away) while
the other three species were from nearby forests in Xishuangbanna,
south Yunnan, China. Seeds were taken from at least ﬁve parent
plants of each species, cleaned of pulp, and stored in moist sand at
4  C for 2e4 weeks. Seeds were germinated in Petri dishes ﬁlled

with agar substrate at 30  C. Before leaf development, each seedling
(15 d after radicle emergence) was transferred to a deep pot (20 cm
top diameter) containing mixtures of soil and loam. The soil was
collected from natural forest near XTBG. Seedlings of each species
were then randomly separated into ﬁve groups of 20 individuals.
One group was harvested to determine initial biomass. Other
groups were randomly assigned to one of the four irradiances
(100%, 75%, 40%, and 4%), respectively. Seedlings were watered with
tap water every day. The irradiance used in this study was created
by covering shade houses with different layers of black shade
netting, including no netting to create 100% irradiance. We used
a LI-COR 6400 gas exchange system (LI-COR, Lincoln, NE) to
measure the different treatment of light, and the degrees of
different irradiance were 100%, 75%, 40% and 4% respectively.
Photosynthetic gas exchange and leaf analysis were measured after
seedlings grown under different light treatments for six months.
2.3. Photosynthetic gas exchange measurements and leaf analyses
Responses of net CO2 assimilation to PPFD were measured with
a LI-COR 6400 gas exchange system (LI-COR, Lincoln, NE) on three
randomly chosen seedlings from each species and irradiance
treatment between 5 and 10 January 2006. Measurements were
made on the most recently fully expanded leaf of each plant
between 0800 and 1400 h on clear days. Two leaves were measured
on each seedling. The order of species measured was random. Light
response curves were started after acclimation by decreasing PPFD
stepwise in the following order: 1500, 1000, 800, 500, 200, 150, 100,
50, and 20 mmol m2 s1. Light saturation points (LSPT), light
compensation points (LCPT), maximum photosynthetic rates (Pmax)
and dark respiration (Rd) were estimated by using nonlinear least
squares regression to calculate the values of these parameters that
best ﬁt the equations of the von Caemmerer and Farquhar (1981)
photosynthesis model (Harley et al., 1992; Wullschleger, 1993).
All seedlings were harvested and ovendried at 40  C until
constant mass was reached after photosynthetic gas exchange
measurements. Among the 20 seedlings under each treatment,
some seedlings of A. solanacea died (ten seedlings died for 100%
light treatment and 1e3 individuals died for light treatment 75%
and 4% respectively). To test the effects of species and irradiance on
morphological variables, we took ten seedlings each species each
treatment for data analysis. Leaf areas were measured with a LI3000A leaf area meter (LI-COR, Lincoln, NE). The speciﬁc leaf area
(SLA) was determined. Relative growth rate (RGR) was determined
using the following equation (Evans, 1972).
RGR (mg g1 d1) ¼ [ln (seedling mass at harvest)  ln (initial
seedling mass)]/[duration of study (d)]
Dry samples were then sent to the Biogeochemical Laboratory of
the Kunming Division of the Xishuangbanna Tropical Botanical
Garden for the measurement of carbon (C) and nitrogen (N)
contents. The C and N were determined using a wet digestion
procedure (Kalra and Maynard, 1991). Instead of 10 duplicates for
the analysis of C and N content, we combine 3e4 individuals into
one sample, thus we have three samples each species each treatment for chemical analysis.
2.4. Natural herbivory and leaf characteristics
To quantify the damage of herbivory on the four species, natural
areas of 20 acres which was recreated in 1996 including all of the
four species were sampled in XTBG. The plants grow in XTBG
arboretum where with rather dense forest canopy and managed by
gardeners without any use of pesticide and chemical fertilizer. Thus
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the plants exposing to herbivores are similar to natural forest. For
each species, 20 plants of 3e4 year-aged plants were haphazardly
selected. Five recently developed mature leaves from different
directions (one leaf from the inner tree crown) of each plant were
collected to measure consumed leaf area by the LI-3000A leaf area
meter (LI-COR, Lincoln, NE) in 2005 December and 2006 September,
respectively. Leaf toughness, carbon and nitrogen content of plants
per species were measured only in 2005 (n ¼ 20). The toughness was
surveyed with a punchameter model designed by Feeny (1970).
2.5. Statistical analyses
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irradiance on photosynthetic and morphological variables. Because
the effects of interactions were signiﬁcant, one-way analysis of
variance was performed to compare the effect of species on
photosynthetic and morphological variables for each irradiance
treatment. To evaluate the effect of irradiance on the photosynthetic variables and RGR, one-way ANOVA was performed. For the
PmaxeRd relationship, signiﬁcant differences between linear
regression slopes were tested using one-way ANOVA. To estimate
the effect of species on consumed area by herbivory and morphological variables of plants growing in the living collection, one-way
analysis of variance was performed. All statistical analyses were
carried out using SPSS 13.0 (SPSS Inc., Chicago, IL).

Distribution of each variable was normal, though analysis of
variance (ANOVA) was used to compare the effects of species and
3. Results
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As expected, species responded typically to variable PPFD, with
photosynthesis increasing until saturation (Fig. 1). Both irradiance
and species had signiﬁcant effects on photosynthesis, RGR and SLA
in this study according to a two-way ANOVA (Table 1). The interactions between them were also signiﬁcant for the variables except
LCPT.
LSPT and Pmax of A. elliptica were signiﬁcantly higher than its
three congeners (for LSPT and Pmax, P < 0.0001). A. elliptica also
received higher RGR and SLA than other species (for RGR,
P < 0.0001. SLA on average among four treatments of these four
species are 210.93  12.05, 160.28  6.68, 155.38  8.36,
200.48  10.33, respectively (P < 0.0001).). But A. elliptica showed

8
Table 1
Effects of species, irradiance and their interactions on each variable according to
a two-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001. LSPT, light saturation points;
LCPT, light compensation points; Pmax, light-saturated photosynthetic rate; Rd,
relatively low respiratory rate; RGR, relative growth rate; SLA, speciﬁc leaf area).

Photosynethesis (umolm-2 s-1)

6
4
2
0

75%

Variables

Source

Df

MS

F value P value

LSPT (mmol m2 s1) Species
Irradiance
Species  Irradiance
Error
Total

3 159,838.89
3 118,638.89
9 46,411.11
32
4382.29
48

LCPT (mmol m2 s1) Species
Irradiance
Species  Irradiance
Error
Total

3
3
9
32
48

12

Pmax (mmol m2 s1) Species
Irradiance
Species  Irradiance
Error
Total

3
3
9
32
48

10

Rd (mmol m2 s1)

Species
Irradiance
Species  Irradiance
Error
Total

3
3
9
32
48

RGR (g g1 d1)

Species
3
Irradiance
3
Species  Irradiance
9
Error
144
Total
160

SLA (cm2 g1)

Species
3
Irradiance
3
Species  Irradiance
9
Error
144
Total
1

14
12
10
8
6
A. elliptica
A. solanacea
A. virens
A. chinensis

4
2
0
14

40%

8
6
4
2
0

4%

-2
0

200 400 600 800 1000 1200 1400 1600
-2 -1

PPFD (umolm s )
Fig. 1. Leaf photosynthetic rates of the four species grown under four irradiance
treatments.

158.24
311.88
40.22
33.60

36.47 <0.0001
27.07 <0.0001
10.59 <0.0001

4.71
0.008
9.28 <0.0001
1.20
0.331

93.13 115.34 <0.0001
43.92 54.40 <0.0001
6.99
8.65 <0.0001
0.81
0.71
0.33
0.26
0.09
0.002
0.000
9.88E-005
1.61E-005
31,450.66
76,236.52
12,157.21
1621.87

7.65
3.54
2.80

0.001
0.026
0.015

101.06 <0.0001
14.81 <0.0001
6.14 <0.0001

19.39 <0.0001
47.01 <0.0001
7.50 <0.0001

280

J. Zhao, J. Chen / Acta Oecologica 37 (2011) 277e283

A. solanacea and A. chinensis, LSPT increased continuously with the
increase of irradiance and peaked at 75% irradiance (Fig. 3). For
A. virens, LSPT was similar at four irradiances. Pmax of A. elliptica and
A. solanacea peaked at 75% irradiance, but for A. virens and
A. chinensis, Pmax peaked at 40% irradiance (Fig. 3). RGR of A. elliptica
was similar among 40e100%, signiﬁcantly higher than that at 5%
irradiance; and for A. solanacea and A. chinensis, RGR was higher
signiﬁcantly at 40% than that at other three irradiances (Fig. 3). RGR
of A. virens was not signiﬁcantly inﬂuenced by irradiance.
3.3. Leaf herbivory level and leaf characteristics
For the plants grown under common garden conditions,
A. elliptica suffered constant signiﬁcant heavy herbivore damage
compared to the three congeners in both 2005 and 2006 (Fig. 4).
The leaf toughness of A. elliptica was signiﬁcantly lower than
A. solanacea and A. chinensis but not A. virens (Table 2). The leaf C
content of the four species did not differ signiﬁcantly while N
content of A. virens was signiﬁcantly higher than the other three
species (Table 2).
4. Discussion
In this study, A. elliptica exhibited much greater photosynthetic
capacity than the three congeners. A. elliptica showed higher RGR
than its congeners except at 4% irradiance and it displayed higher
LSPT, Pmax and SLA among the four species under four irradiances.
A. elliptica also showed relatively higher LSPT and lower LCPT
compared with its congeners except full sunlight.
The ability of plants to utilize light is an important determinant
of their competitive ability and ﬁtness (Chazdon et al., 1996). High
photosynthetic rates have often been suggested as a characteristic
shared by plant invaders (Baker, 1974; Bazzaz, 1979). High LSPT and
Pmax are considered to be advantageous for invasive species (Baker,
1974; Bazzaz, 1979; Reich et al., 1997; Poorter, 1999; Shipley, 2006;
Zheng et al., 2009). Low LCPT in the shade is advantageous because
it may help maintain a positive carbon balance under low light
levels (Boardman, 1977). High SLA also dictates lower carbon cost
per unit photosynthetic area which beneﬁts plants during invasion
(Pammenter et al., 1986; Williams et al., 1995; Reich et al., 1997;
Poorter, 1999; Shipley, 2006).
A signiﬁcant advantage of A. elliptica is that it displays higher
photosynthetic capacity under high-light conditions than

Fig. 2. Relationship between photosynthetic capacity and respiratory rate of four
Ardisia species under four irradiance treatments. Each point is the mean of three
individual plants grown at four irradiances (Mean  SE, n ¼ 3).

lower LCPT and Rd among four Ardisia species (LCPT on average
among four treatments of A. elliptica, A. solanacea, A. virens and
A. chinensis are 6.11  2.03, 14.57  2.97, 5.78  2.71, 8.19  2.17,
respectively (P ¼ 0.008). Rd of these four species are 0.33  0.12,
0.84  0.12, 0.36  0.12, 0.34  0.12, respectively (P ¼ 0.001).).
The positive linear relationship between Pmax and Rd for all
species indicates a leaf-level tradeoff between increased Pmax and
respiration cost (Fig. 2). However, the slope of the linear relationship of A. elliptica was signiﬁcantly steeper than A. virens (F ¼ 1.788,
P < 0.05) and marginally steeper than A. solanacea (F ¼ 1.788,
P ¼ 0.33) and A. chinensis (F ¼ 1.788, P ¼ 0.14).
3.2. Plasticity in photosynthetic capacity

-2 -1
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-2
RGR (gg-1d-1) Pmax (umolm s ) LSPT (umolm s )

Across all four species, irradiance and species inﬂuenced
photosynthetic characteristics and RGR (Table 1). For A. elliptica,
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Fig. 3. LSPT, Pmax and RGR of four Ardisia species under four irradiance treatments. Bars indicate SE (n ¼ 3 for LSPT and Pmax, n ¼ 10 for RGR). Different letters indicate signiﬁcant
differences (P < 0.05) among irradiances (LSPT, light saturation points; Pmax, light-saturated photosynthetic rate; RGR, relative growth rate).
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Fig. 4. The leaf area consumed by herbivore from different species in XTBG (a: data
collected in 2005, b: data collected in 2006. Mean  SE, n ¼ 20. Means with a common
letter do not differ from other means of the same species (P < 0.05)).

congeners (Fig. 1), which is probably ascribed to its high LSPT and
high Pmax, low Rd. Therefore, A. elliptica appears to be more efﬁcient
at capturing and utilizing light than the other three congeners,
particularly in high-light environments. In the present study,
A. elliptica’s larger range of LSPT and Pmax compared to its three
congeners shows a greater ability to adjust its photosynthetic
capacities across a wide range of light environments, indicating
that physiological plasticity may be an important component in its
invasion success. Physiological plasticity has been considered an
important characteristic of invasive species by many studies (Baker,
1974; Williams et al., 1995; Schweitzer and Larson, 1999; Weber
and D’Antonio, 1999; Daehler, 2003; Bossdorf et al., 2005; but see
Gonzalez and Gianoli, 2004; Brock et al., 2005). Baker (1974) suggested that plasticity can create a “general purpose genotype”
capable of invading multiple habitats and is therefore expected to
be associated with invasiveness (see also Rice and Mack, 1991;
Parker et al., 2003). More recently, Daehler (2003) reviewed
studies comparing the plasticity of invasive plant species and native
species and concluded that invasive species are generally more
plastic and that greater phenotypic plasticity contributes to success
as an invader (cf. Leger and Rice, 2003). A limitation of the empirical
data supporting greater phenotypic plasticity in invasive species is
that they come almost exclusively from comparisons of non-native
invasive species with native species whose invasive potential is
typically unknown (e.g., Baruch et al., 1985; Pattison et al., 1998;
Baruch and Goldstein, 1999; Kolb and Alpert, 2003; Niinemets
et al., 2003; also see references in Alpert et al., 2000; Daehler,
2003; but see Gerlach and Rice, 2003; Burns, 2004). Comparison
of successful invaders with noninvasive congeners in their native

Table 2
Interspeciﬁc differences in leaf characteristics of four Ardisia species that were
grown under common garden condition for the herbivore experiment (mean  SE,
n ¼ 20). Means showing the same letter are not signiﬁcantly different (P < 0.05).
Species

C (g kg

1

A.
A.
A.
A.

459.67
472.67
465.67
480.67






elliptica
solanacea
virens
chinensis

1

)

N (g kg

1.86a
10.48a
9.68a
7.06a

17.8233
14.8067
27.4567
16.39

)






Toughness (mN)
0.59a
0.431a
1.89b
0.33a

3325.11
6224.78
4060.44
6804.85






127.70a
300.02b
220.19a
410.86b
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range would provide a more appropriate test for traits related to
invasiveness.
It seems that high photosynthetic capacity and high plasticity
alone could not provide a full explanation of invasive success as the
invasive species are often not very dominating in their native range
(DeWalt et al., 2004a). In our study, A. elliptica suffered constant
signiﬁcant heavy herbivore damage compared to the three congeners in both 2005 and 2006 (Fig. 4). At the same time, the leaf
toughness of A. elliptica was signiﬁcantly lower than A. solanacea
and A. chinensis but not A. virens (Table 2). By comparing survival of
larvae by fed different toughness leaves, it has been demonstrated
that larvae performance better on soft leave (Kawasaki et al., 2009).
In addition, the leaf C content of the four species did not differ
signiﬁcantly, while N content of A. virens was signiﬁcantly higher
than the other three species (Table 2). Nitrogen is considered the
most limiting macronutrient for insect herbivores (Mattson, 1980;
White, 1993). Increases in foliar nitrogen concentrations have
been linked with increased insect density, shorter development
time, higher survival rates, and higher fecundity (Mattson, 1980;
Cisneros and Godfrey, 2001; Stiling and Moon, 2005; Huberty and
Denno, 2006). However, Koop (2003) found that A. elliptica experienced less damage by foliar herbivores compared with its native
congeners in Florida. The results of our study suggest that
A. elliptica in their native range may have higher growth rates than
congeners as a consequence of more plasticity for photosynthetic
capacities. However, herbivore pressure may affect potential
growth rates in ﬁeld conditions (Schierenbeck et al., 1994). This
kind of pattern might be found in other invasive species but
a sophisticated investigation is critically lacking (Durand and
Goldstein, 2001; McDowell, 2002; Williams et al., 1995; DeWalt
et al., 2004a). Compared with A. elliptica, its congeners also
showed relatively more plastic for some leaf traits including RGR.
Plasticity of these traits is likely to increase ﬁtness in multiple
environments (Burns and Winn, 2006). We speculate that these
three congeners also have the potential to be invasive.
Our study was conducted in the XTBG arboretum which is not
the same as the native habitats of the Ardisia species; the herbivore
assembly also might not be the same. However, the differences in
herbivores among the four species still could represent the degree
of herbivores of the four species in their natural habitats.
Although to provide a full explanation to plant invasion requires
a complete investigation on many factors including seed dispersal,
susceptibility to herbivores, plantesoil relationships, plant architecture, phenology, genetics and life history characteristics, etc. Our
results suggest that higher photosynthetic capacities and phenotypic plasticity coupled with escape from natural enemies may
contribute to the invasion of A. elliptica in its introduced habitats
especially in high-light disturbed habitats.

Acknowledgements
We thank Wei-Xiu Li, Meng Li and Li Zhang, for their help in ﬁeld
investigations and experiments, and Yun Fu for her help with leaf
chemical analyses. We also thank Yan-Juan Jiang, Jun-Wen Chen
and Qiang Zhang for their help with measurement for
photosynthesis.

References
D’Antonio, C.M., Vitousek, P.M., 1992. Biological invasions by exotic grasses, the
grass-ﬁre cycle, and global change. Annu. Rev. Ecol. Syst. 23, 63e87.
Weber, E., D’Antonio, C.M., 1999. Phenotypic plasticity in hybridizing Carpobrotus
species in coastal California. Can. J. Bot. 77, 1411e1418.
Agrawal, A.A., Kotanen, P.M., 2003. Herbivores and the success of exotic plants:
a phylogenetically controlled experiment. Ecol. Lett. 6, 712e715.

282

J. Zhao, J. Chen / Acta Oecologica 37 (2011) 277e283

Alpert, P., Bone, E., Holzapfel, C., 2000. Invasiveness, invasibility and the role of
environmental stress in the spread of non-native plants. Prespect. Plant Ecol.
Evol. Syst. 3, 52e66.
Baker, H.G., 1974. The evolution of weeds. Annu. Rev. Ecol. Syst. 5, 1e24.
Baruch, Z., Goldstein, G., 1999. Leaf construction cost, nutrient concentration, and net
CO2 assimilation of native and invasive species in Hawaii. Oecologia 121,183e192.
Baruch, Z., Ludlow, M.M., Davis, R., 1985. Photosynthetic responses of native and
introduced C4 grasses from Venezuelan savannas. Oecologia 67, 388e393.
Bazzaz, F.A., 1979. The physiological ecology of plant succession. Annu. Rev. Ecol.
Syst. 10, 351e371.
Beckstead, J., Parker, I.M., 2003. Invasiveness of Ammophila arenaria: release from
soil-borne pathogens? Ecology 84, 2824e2831.
Boardman, N.K., 1977. Comparative photosynthesis of sun and shade plants. Annu.
Rev. Plant Physiol. 28, 355e377.
Bossdorf, O., Auge, H., Lafuma, L., Rogers, W.E., Siemann, E., Prati, D., 2005.
Phenotypic and genetic differentiation between native and introduced plant
populations. Oecologia 144, 1e11.
Brock, M.T., Weinig, C., Galen, C., 2005. A comparison of phenotypic plasticity in the
native dandelion, Taraxacum ceratophorum and its invasive congener,
T. ofﬁcinale. New Phytol. 166, 173e183.
Burns, J.H., 2004. A comparison of invasive and non-invasive dayﬂowers (Commelinaceae) across experimental nutrient and water gradients. Divers. Distrib.
10, 387e397.
Burns, J.H., 2006. Relatedness and environment affect traits associated with invasive
and noninvasive introduced Commelinaceae. Ecol. Appl. 16, 1367e1376.
Burns, J.H., Winn, A.A., 2006. A comparison of plastic responses to competition by
invasive and non-invasive congeners in the Commelinaceae. Biol. Invasions 8,
797e807.
Callaway, R.M., Aschehoug, E.T., 2000. Invasive plants versus their new and old
neighbors: a mechanism for exotic invasion. Science 290, 521e523.
Callaway, R.M., Pennings, S.C., Richards, C.L., 2003. Phenotypic plasticity and
interactions among plants. Ecology 84, 1115e1128.
Chazdon, R.L., Pearcy, R.W., Lee, D.W., Fetcher, N., 1996. Photosynthetic responses to
contrasting light environments. In: Mulkey, S., Chazdon, R.L., Smith, A.P. (Eds.),
Tropical Plant Ecophysiology. Chapman and Hall, New York, pp. 5e55.
Cisneros, J.J., Godfrey, L.D., 2001. Midseason pest status of the cotton aphid
(Homoptera: aphididae) in California cotton: is nitrogen a key factor? Environ.
Entomol. 30, 501e510.
Colautti, R.I., Ricciardi, A., Grigorovich, I.A., MacIsaac, H.J., 2004. Is invasion success
explained by the enemy release hypothesis? Ecol. Lett. 7, 721e733.
Daehler, C.C., 2003. Performance comparisons of co-occurring native and alien
invasive plants: implications for conservation and restoration. Annu. Rev. Ecol.
Syst. 34, 183e211.
Daehler, C.C., Baker, R.F., 2006. New records of naturalized and naturalizing plants
noa Valley, O’ahu. In: Evenhuis, Neal L.,
around Lyon Arboretum, Ma
Eldredge, Lucias G. (Eds.), Records of the Hawaii Biological Survey for
2004e2005. Part 1: Articles. Bishop Museum Occasional Papers, vol. 87, pp. 3e18.
Davis, M.A., Grime, J.P., Thompson, K., 2000. Fluctuating resources in plant
communities, a general theory of invasibility. J. Ecol. 88, 528e534.
DeWalt, S.J., Denslow, J.S., Ickes, K., 2004a. Biomass allocation, growth, and
photosynthesis of genotypes from native and introduced ranges of the tropical
shrub Clidemia hirta. Oecologia 138, 521e531.
DeWalt, S.J., Denslow, J.S., Ickes, K., 2004b. Natural enemy release facilitates habitat
expansion of the invasive tropical shrub Clidemia hirta. Ecology 85, 471e483.
Durand, L.Z., Goldstein, G., 2001. Photosynthesis, photoinhibition, and nitrogen use
efﬁciency in native and invasive tree ferns in Hawaii. Oecologia 126, 345e354.
Elton, C.S., 1958. The Ecology of Invasion by Animals and Plants. Methuen, London.
Evans, G.C., 1972. The Quantitative Analysis of Plant Growth. Blackwell Scientiﬁc
Publications, Oxford, p. 734.
FLEPPC, 2005. List of Florida’s Invasive Species. Florida Exotic Pest Plant Council.
http://www.ﬂeppc.org/list/05list.htm.
Feeny, P., 1970. Seasonal changes in oak leaf tannins and nutrients as a cause of
spring feeding by winter moth caterpillars. Ecology 75, 86e98.
Funk, J.L., 2008. Differences in plasticity between invasive and native plants from
a low resource environment. J. Ecol. 96, 1162e1173.
Gerlach, J.D., Rice, K.J., 2003. Testing life history correlates of invasiveness using
congeneric plant species. Ecol. Appl. 13, 167e179.
Gonzalez, A.V., Gianoli, E., 2004. Morphological plasticity in response to shading in
three Convolvulus species of different ecological breadth. Acta Oecol. 26, 185e190.
Grotkopp, E., Rejmánek, M., 2007. High seedling relative growth rate and speciﬁc
leaf area are traits of invasive species: phylogenetically independent contrasts
of woody angiosperms. Am. J. Bot. 94, 526e532.
Grotkopp, E., Rejmánek, M., Rost, T.L., 2002. Toward a causal explanation of plant
invasiveness: seedling growth and life-history strategies of 29 p.ne (Pinus)
species. Am. Nat. 159, 396e419.
Harley, P.C., Thomas, R.B., Reynolds, J.F., Strain, B.R., 1992. Modelling photosynthesis
of cotton grown in elevated CO2. Plant Cell Environ. 15, 271e282.
Hinz, H.L., Schwarzlaender, M., 2004. Comparing invasive plants from their native
and exotic range: what can we learn for biological control? Weed Technol. 18,
1533e1541.
Hobbs, R.J., Mooney, H.A., 1998. Broadening the extinction debate: population deletions and additions in California and Western Australia. Conserv. Biol. 12, 271e283.
Huberty, A.F., Denno, R.F., 2006. Consequences of nitrogen and phosphorus limitation for the performance of two planthoppers with divergent life-history
strategies. Oecologia 149, 444e455.

Kalra, Y.P., Maynard, D.G., 1991. Methods Manual for Forest Soil and Plant Analysis.
Forestry Canada, Northwest Region, Northern Forestry Center, Alberta, Canada,
pp. 116.
Kawasaki, N., Miyashita, T., Kato, Y., 2009. Leaf toughness changes the effectiveness
of larval aggregation in the butterﬂy Byasa alcinous bradanus (Lepidoptera:
Papilionidae). Entomol. Sci. 12, 135e140.
Keane, R.M., Crawley, M.J., 2002. Exotic plant invasions and the enemy release
hypothesis. Trends Ecol. Evol. 17, 164e170.
Kitajima, K., 1994. Relative importance of photosynthetic traits and allocation
patterns as correlates of seedling shade tolerance of 13 tropical trees. Oecologia
98, 419e428.
Kolb, A., Alpert, P., 2003. Effects of nitrogen and salinity on growth and
competition between a native grass and an invasive congener. Biol. Invasions
5, 229e238.
Koop, A.L., 2003. Population Dynamics and Invasion Rate of an Invasive, Tropical
Understory Shrub, Ardisia elliptica. Dissertation, University of Miami.
Koop, A.L., 2004. Differential seed mortality among habitats limits the distribution
of the invasive non-native shrub Ardisia elliptica. Plant Ecol. 172, 237e249.
Lambrinos, J.G., 2004. How interactions between ecology and evolution inﬂuence
contemporary invasion dynamics. Ecology 85, 2061e2070.
Langeland, K.A., Burks, K.C., 1998. Identiﬁcation and Biology of Non-native Plants in
Florida’s Natural Areas. University Press of Florida, Gainesville, FL.
Leger, E.A., Rice, K.J., 2003. Invasive Californian poppies (Eschscholzia californica
Cham.) grow larger than native individuals under reduced competition. Ecol.
Lett. 6, 257e264.
Mack, R.N., Simberloff, D., Lonsdale, W.M., Evans, H., Clout, M., Bazzaz, F., 2000.
Biotic invasions: causes, epidemiology, global consequences, and control. Ecol.
Appl. 10, 689e710.
Mattson, W.J., 1980. Herbivory in relation to plant nitrogen content. Annu. Rev. Ecol.
Syst. 11, 119e161.
McDowell, S.C.L., 2002. Photosynthetic characteristics of invasive and noninvasive
species of Rubus (Rosaceae). Am. J. Bot. 89, 1431e1438.
Niinemets, U., Valladares, F., Ceulemans, R., 2003. Leaf level phenotypic plasticity of
invasive Rhododendron ponticum and non-invasive Ilex aquifolium co-occurring
at two contrasting European sites. Plant Cell Environ. 26, 941e956.
Pammenter, N.W., Drennan, P.M., Smith, V.R., 1986. Physiological and anatomical
aspects of photosynthesis of two Agrostis species at a sub-Antarctic island. New
Phytol. 102, 143e160.
Parker, I.M., Rodriguez, J., Loik, M.E., 2003. An evolutionary approach to understanding the biology of invasions: local adaptation and general-purpose
genotypes in the weed Verbascum thapsus. Conserv. Biol. 17, 59e72.
Pattison, R.R., Goldstein, G., Ares, A., 1998. Growth, biomass allocation and photosynthesis of invasive and native Hawaiian rainforest species. Oecologia 117,
449e459.
Poorter, L., 1999. Growth responses of 15 rain-forest species to a light gradient: the
relative importance of morphological and physiological traits. Funct. Ecol. 13,
396e410.
Reich, P.D., Ellsworth, D.S., Walters, M.B., 1997. Speciﬁc leaf area regulates photosynthesis-N relations: global evidence from within and across species and
functional groups. Funct. Ecol. 12, 948e958.
Rejmanek, M., 1996. A theory of seed plant invasiveness: the ﬁrst sketch. Biol.
Conserv. 78, 171e181.
Rice, K.J., Mack, R.N., 1991. Ecological genetics of Bromus tectorum. II. Intraspeciﬁc
variation in phenotypic plasticity. Oecologia 88, 84e90.
Richardson, D.M., Pysek, P., 2006. Plant invasions: merging the concepts of species
invasiveness and community invasibility. Prog. Phys. Geogr. 30, 409e431.
Schierenbeck, K.A., Mack, R.N., Sharitz, R.R., 1994. Effects of herbivory on growth
and biomass allocation in native and introduced species of Lonicera. Ecology 80,
1292e1299.
Schweitzer, J.A., Larson, K.C., 1999. Great morphological plasticity of exotic honeysuckle species may make them better invaders than native species. J. Torrey Bot.
Soc. 126, 15e23.
Shipley, B., 2006. Net assimilation rate, speciﬁc leaf area and leaf mass ratio: which
is most closely correlated with relative growth rate? A meta-analysis. Funct.
Ecol. 20, 565e574.
Stiling, P., Moon, D.C., 2005. Quality or quantity: the direct and indirect effects of
host plants on herbivores and their natural enemies. Oecologia 142, 413e420.
Sultan, S.E., 2000. Phenotypic plasticity for plant development, function and life
history. Trends Plant Sci. 5, 537e542.
Theoharides, K.A., Dukes, J.S., 2007. Plant invasion across space and time: factors
affecting nonindigenous species success during four stages of invasion. New
Phytol. 176, 256e273.
Torchin, M.E., Mitchell, C.E., 2004. Parasites, pathogens and invasions by plants and
animals. Front. Ecol. Environ. 2, 183e190.
Van der Putten, W.H., Mortimer, S.R., Helund, K., Van, D.C., Brown, V.K., Lepä, J., et
al., 2000. Plant species diversity as a driver of early succession in abandoned
ﬁelds: a multi-site approach. Oecologia 124, 91e99.
von Caemmerer, S., Farquhar, G.D., 1981. Some relationships between the
biochemistry of photosynthesis and the gas exchange of leaves. Planta 153,
376e387.
Walker, L.R., Vitousek, P.M., 1991. An invader alters germination and growth of
a native dominant tree in Hawaii. Ecology 72, 1449e1455.
Walters, M.B., Reich, P.B., 1999. Low-light carbon balance and shade tolerance in the
seedlings of woody plants: do winter deciduous and broad-leaved evergreen
species differ? New Phytol. 143, 143e154.

J. Zhao, J. Chen / Acta Oecologica 37 (2011) 277e283
Walters, M.B., Reich, P.B., 2000. Trade-offs in low-light CO2 exchange: a component
of variation in shade tolerance among cold temperate tree seedlings. Funct.
Ecol. 14, 155e165.
White, T.C.R., 1993. The Inadequate Environment: Nitrogen and the Abundance of
Animals. Springer, New York.
Williams, D.G., Black, R.A., 1994. Drought response of a native and introduced
Hawaiian grass. Oecologia 97, 512e519.
Williams, D.G., Mack, R.N., Black, R.A., 1995. Ecophysiology of introduced Pennisetum
setaceum on Hawaii e the role of phenotypic plasticity. Ecology 76, 1569e1580.

283

Wu, Z.Y., Raven, P.H. (Eds.), 1996, Flora of China, vol. 15. Science Press/Missouri
Botanical Garden Press, Beijing/St. Louis.
Wullschleger, S.D., 1993. Biochemical limitations to carbon assimilation in
C3 plants e a retrospective analysis of the A/Ci curves from 109 species. J. Exp.
Bot. 44, 907e920.
Zheng, Y.L., Feng, Y.L., Liu, W.X., Liao, Z.Y., 2009. Growth, biomass allocation,
morphology, and photosynthesis of invasive Eupatorium adenophorum
and its native congeners grown at four irradiances. Plant Ecol. 203,
263e271.

