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a b s t r a c t

Biological invasions represent one of the significant components of global change. A comparative study of
invaders and co-occurring natives is a useful approach to gaining insights into the invasiveness of exotic
plants. Spartina alterniflora, a C4 grass, is a widespread invader in the coastal wetlands in China and other
regions of the world. We conducted a comparative study of S. alterniflora and native C3 species, Phrag-
mites australis and Scirpus mariqueter, in terms of their gas exchange and efficiencies in resource utili-
zation. We tested the hypothesis that S. alterniflora has growth-related ecophysiological advantages over
the natives in its non-native range, which result in its rapid growth and enhance its invasiveness.
Photosynthesis, leaf area index (LAI), specific leaf area (SLA), and the efficiency of resource use (light,
water, and nitrogen) were examined monthly for eight months in 2004. Overall, S. alterniflora had greater
LAI, higher maximal net photosynthetic rate (Amax), and longer growing season than those of the native
species. On average, the efficiencies of S. alterniflora in light, water, and nitrogen utilization were
respectively 10.1%, 26.1%, and 33.1% higher than those of P. australis, and respectively 70.3%, 53.5%, 28.3%
higher than those of S. mariqueter. However, SLA of S. alterniflora was significantly lower than those of
P. australis and S. mariqueter. Although there was no general pattern in the relationship between inva-
siveness and plant photosynthetic types, in this study, most of the ecophysiological characteristics that
gave S. alterniflora a competitive advantage in the Yangtze River estuary were associated with photo-
synthetic pathways. Our results offer a greater understanding of the relationship between invasiveness
and plant photosynthetic type. Our results also indicate that LAI and the length of the photosynthetic
season, which vary with habitats, are also important in invasion success.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Biological invasions are among the most serious environmental
problems (Sala et al., 2000) and are considered to be one of the
significant components of human-induced global change (Vitousek
et al., 1997; Mack et al., 2000). The invasion of exotic species has
various profound effects on native ecosystems, from the genetic to
the ecosystem levels (Grosholz, 2002). For example, invasive
species reduce biodiversity (McKinney and Lockwood, 1999;
Rodrı́guez et al., 2005), alter nutrient cycling processes (Ehrenfeld,
2003; Windham and Ehrenfeld, 2003), affect ecosystem func-
tioning (D’Antonio and Vitousek, 1992; Walker and Smith, 1997;
Christian and Wilson, 1999), and even have evolutionary conse-
quences (Mooney and Cleland, 2001).

Invasive plants are often characterized by rapid growth, so they
can crowd out native species (Cronk and Fuller, 1995). Apart from

their growth rates, other growth-related features that are probably
associated with the competitive success of invasive species usually
include high photosynthetic rates, low tissue construction costs
(CC), and high total leaf area (McDowell, 2002). Specific leaf area
(SLA) is an indirect indicator of leaf CC (Durand and Goldstein, 2001;
McDowell, 2002). A lower CC (i.e. higher SLA) suggests a more
efficient use of carbon resources because less energy is invested per
unit leaf mass produced, which can potentially contribute to
a higher growth rate (Lambers and Poorter, 1992; Durand and
Goldstein, 2001). Invaders tend to have a higher SLA or a lower CC,
giving them a growth advantage (Baruch and Goldstein,1999; Nagel
and Griffin, 2001; Smith and Knapp, 2001; Daehler, 2003).

The photosynthesis or growth rates of plants are usually limited
by the available resources. Therefore, the efficient use of available
resources is very important for competitive success among plants.
For example, invasive species may more efficiently utilize light
(Kloeppel and Abrams, 1995; Pattison et al., 1998; Durand and
Goldstein, 2001), water (Kloeppel and Abrams, 1995; McDowell,
2002), and nitrogen than native plants (Kloeppel and Abrams,1995;
Baruch and Goldstein, 1999; McDowell, 2002), which facilitates
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their invasion. Photosynthetic rates and resource use efficiency are
associated with the plant photosynthetic types. To the best of our
knowledge, there is however no general pattern in the relationship
between invasiveness and plant photosynthetic types (e.g., Sym-
stad, 2000), although some researchers have reported that fast-
growing C4 annuals are more likely to invade C3 grasslands (White
et al., 2001).

Estuaries, which offer the greatest ecosystem services per unit
area (Costanza et al., 1997), are among the most heavily invaded
ecosystems in the world (Cohen and Carlton, 1998; Grosholz, 2002).
Wetlands, including estuarine salt marshes, seem to be highly
vulnerable to invasions (Zedler and Kercher, 2004). Wetlands in the
Yangtze River estuary in China are under threat of an invasive
perennial C4 grass, Spartina alterniflora, which is native to the east
and Gulf coasts of North America and has become a worldwide
invasive species (Callaway and Josselyn, 1992; Daehler and Strong,
1996; CSCC, 2004; Zedler and Kercher, 2004; Li et al., 2008). In 1979,
S. alterniflora was deliberately introduced into China from North
America to check erosion and promote sediment accretion (Chung,
1993), but it has become highly invasive in many coastal wetlands
in China. Although S. alterniflora still provides the anticipated
ecological benefits in the Yangtze River estuary (e.g., Wang et al.,
2008), its negative effects on the native ecosystems have become
more and more obvious (Li et al., 2008). It has locally displaced the
native dominant species Phragmites australis and Scirpus mariqueter
(Chen et al., 2004; Wang et al., 2006a), altered the structure of the
trophic functional groups of benthic nematode communities (Chen
et al., 2007) and macroinvertebrates (Chen et al., 2005), and
reduced the species richness and density of shorebirds by reducing
habitat quality (Chen et al., 2004; Li et al., 2008).

It is well accepted that C4 plants have ecophysiological advan-
tages (e.g., Sage, 2004), which seems true in our case, judging from
the observed growth advantages of S. alterniflora. Therefore, we
conducted a comparative study of gas exchange characteristics and
resource use efficiency throughout a growing season. Our purpose
was to test the hypothesis that S. alterniflora has growth-related
ecophysiological advantages over the native C3 species, which
result in its rapid growth and thus enhance its invasiveness in the
Yangtze River estuary, China.

2. Materials and methods

2.1. Study site

The field study was conducted on the Jiuduansha Islands in the
Yangtze River estuary (31�130N, 121�580E) for eight months in 2004.
The Jiuduansha Islands are young alluvial islands which are about
50-years-old. The species composition of the vegetation on the
islands is relatively simple (Chen et al., 2003). There are only three
dominant species, Scirpus mariqueter, Phragmites australis, and
Spartina alterniflora, each forming extensive monocultures. Since its
first introduction to the islands in 1997, the invasive species
S. alterniflora has been rapidly replacing the native species.

The Jiuduansha Islands have a subtropical monsoonal climate,
featuring abundant precipitation and four distinct seasons. The
mean annual precipitation is 1145 mm and the mean annual air
temperature is 15.7 �C. Rainfall usually comes with high tempera-
tures. Seasonal variations are characterized by cold winters and hot
summers, and the length of the growing season is about 254 days.
Monthly rainfall and air temperature of the Yangtze River estuary
during the measuring period in 2004 are shown in Fig. 1.

2.2. Species

Spartina alterniflora Loisel. (Poaceae), an invasive perennial,
grows much taller and stronger in non-native range than in its

native habitats. The height of the erect stems can be taller than
2.5 m and the basal diameter of the stems can be more than 1 cm in
our site. S. alterniflora is distributed in intertidal zone and has high
tolerance to salinity and water logging. Leaves of S. alterniflora are
with glands that can secrete salt absorbed by roots. S. alterniflora
spreads asexually by a subterranean rhizome system or by seeds.

Phragmites australis (Cav.) Trin. ex Steud (Poaceae) is perennial
grass and is distributed at higher elevation in coastal wetlands than
Spartina alterniflora and Scirpus mariqueter because its adaptability
to salinity is not as good as S. alterniflora and S. mariqueter. The erect
stems of P. australis can grow up to 3 m tall. P. australis has long and
dense rhizomes that can extend several meters away and is the
main means by which P. australis spreads.

Scirpus mariqueter Tang et Zhang (Cyperaceae), a perennial, is
endemic to China. This species can only grow in costal wetlands and
is pioneer species on the mudflats playing an important role in the
early stage of the salt marshes. It is distributed at the lowest
elevation among the three dominant species on Jiuduansha Islands.
The stems and leaves (0.5–0.8 m in height) of S. mariqueter are
triangular prismatic. S. mariqueter produces rhizomes and corms
mainly by which it forms new shoots at the beginning of the next
growing season.

Phragmites australis and Scirpus mariqueter form extensive and
dense mono-specific stands on the Islands. Generally, the individ-
uals of the invasive Spartina alterniflora arrive in the native stands
of P. australis or S. mariqueter by seeds or subterranean rhizomes.
Once starting its growth in the native stands, S. alterniflora can
quickly spread by the subterranean rhizomes, crowd out the native
species, and form dense mono-specific stands. Therefore, on the
Jiuduansha Islands, extensive mono-specific stands of the above
three dominant plant species are quite common while mixed
stands of S. alterniflora and P. australis or S. mariqueter are very rare.
To avoid possible confusion caused by environmental differences
(e.g., elevation and salinity), we selected adjacent stands of each
species to ensure that the differences measured were attributable
to the plant species.

2.3. Measurements

Leaf area index (LAI) was measured monthly for consecutive
eight months. For each species, five randomly selected 0.5� 0.5 m2

plots were sampled in measuring the leaf area and leaf mass. Leaf
area was measured using an area meter (model LI-3000A, LI-COR,
Inc., Lincoln, NE, USA). Because the leaves of Scirpus mariqueter are
triangular prismatic and the area of each plane is almost the same,
the leaf area of this species was calculated by multiplying the
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Fig. 1. Monthly rainfall and air temperature of the Yangtze River estuary during the
measuring period in 2004 (data were provided by ‘‘The Island Investigation Project of
Shanghai’’ processed by Shanghai Marine Environmental Forecasting Centre).
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projected area by 1.5. SLA was calculated by dividing the leaf area by
the dried leaf mass.

Leaf gas exchange was also measured monthly. The plants used
for the measurements of leaf gas exchange were randomly selected
within each stand of a specific species. Leaf gas exchange was
measured in situ using a portable photosynthesis system (model LI-
6400, LI-COR, Inc., Lincoln, NE, USA) with the standard Li-Cor
chamber (6 cm2). Variations in light intensity were achieved with
a red–blue light-emitting diode (LED) array. Light response curves
were constructed by measuring the assimilation rates at different
intensities of photosynthetically active radiation, from 2500 to
0 mmol m�2 s�1. Other parameters inside the leaf chamber, such as
temperature and relative humidity, varied with the ambient envi-
ronments. For all of the light curves that we obtained, the variations
of the temperature and relative humidity inside the chamber
during the period that a curve was acquired were 2.5� 0.9 �C and
7.0� 3.6%, respectively. In addition, the lasting time for construct-
ing a light curve was 9.2� 2.5 min.

To make the results comparable and to avoid the possible effects
of leaf age, when the seasonal changes were determined, all
measurements of leaf gas exchange were made with relatively
young leaves and from the same position in the canopy, i.e., the
second fully expanded leaf from the top. Three to five individuals of
Spartina alterniflora and Phragmites australis were sampled in total
for each time.

Unlike the leaves of Spartina alterniflora and Phragmites australis,
which are large enough to cover the standard 6 cm2 chamber, the
leaves of Scirpus mariqueter are too narrow to do so. To ensure that
the CO2 flux was high enough for infrared gas analyzer (IRGA) to be
detected, 5 leaves from different S. mariqueter plants were lined up
together inside the chamber for one measurement. Compared with
the other two species, S. mariqueter had fewer leaves on each plant
(usually 2–5 leaves). In fact, only one leaf was very vigorous on each
plant. However, the CO2 flux of the photosynthesis of only one leaf
might be too small for the IRGA to be detected. Therefore, to make
the data comparable among species, i.e., to measure the photo-
synthetic rates of vigorous leaves, we chose 5 vigorous leaves from
different plants as replicates.

To understand the variation in photosynthesis with the canopies
of Spartina alterniflora and Phragmites australis, light response
curves for leaves from the different layers were measured in
August. The canopy was partitioned into three layers for both
species, the upper (Up), middle (Mid), and lower (Low) layers, by
dividing the total leaves evenly into three parts according to their
positions in the canopy of the plant. Three to four plants were
sampled in total for each species. We did not measure the leaf gas
exchange in different canopy layers for Scirpus mariqueter, because
there were no obvious layers in this species.

All leaf gas exchange measurements were made in the morning
on sunny days. The leaves were collected to determine the total
nitrogen (TN) content immediately after the photosynthetic
measurements were made. Leaf samples were dried at 50 �C to
a constant mass and then ground, sieved, and analyzed for TN with
an NC (nitrogen–carbon) Analyzer (model Flash EA1112 series,
Thermo Electron Corporation, Waltham, MA, USA). Thirty leaves of
Spartina alterniflora and Phragmites australis and 80 leaves of Scir-
pus mariqueter were used to establish the relationship between leaf
area and dry mass, which was needed to transform the mass-based
leaf TN into the area-based leaf TN. Pilot experiments indicated that
the relationship between leaf area and dry mass in S. mariqueter
was more variable than were those in the other two species.
A larger sample size for S. mariqueter than for the other species was
required to achieve similar precision in the measured data (r2 of the
regressions between leaf area and dry mass for S. alterniflora,
P. australis, and S. mariqueter were 0.98, 0.87, and 0.65, respectively;
and P< 0.001 for all three species).

The response of the leaf net photosynthetic rate (A) to light
intensity was modelled with a non-rectangular hyperbolic equation
proposed by Prioul and Chartier (1977):

A ¼
f Q þ Amax �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðf Q þ AmaxÞ2�4 f Q k Amax

q

2k
� Rday

where A is the leaf net photosynthetic rate; Q is the light intensity; 4

is the apparent quantum yield (QY); the maximal net photosynthetic
rate (Amax) is the light-saturated A, i.e., the upper asymptote; Rday is
day respiration, i.e., the release of CO2 in the light by processes other
than photorespiration; and k, denoting convexity, is required to
describe the progressive rate of bending between the linear gradient
and the maximal value. The light compensation point (LCP) and the
apparent respiration were estimated from the intercepts. The light
saturation point (LSP) was estimated by extrapolating the linear
function described by 4 and Rday to its intersection with Amax

(Walker, 1989). The calculations for all these parameters were made
using Photosynthesis Assistant (Dundee Scientific, Scotland, UK).
Water use efficiency (WUE) was calculated as the ratio of instanta-
neous A to the transpiration rate at the saturated photosynthetic
photon flux density (2000 mmol m�2 s�1). Photosynthetic nitrogen
use efficiency (PNUE) was calculated as the ratio of Amax to leaf TN
expressed per unit leaf area.

2.4. Data analysis

For seasonal changes in LAI, Amax, LSP, LCP, Rday, QY, WUE, TN,
PNUE, and SLA, repeated measures ANOVA was used to test the
differences in the parameters among Spartina alterniflora, Phragmites
australis and Scirpus mariqueter. For changes in Amax, LSP, LCP, Rday,
QY, WUE, TN, and PNUE with canopy layers, nested design ANOVA
was used to test the differences between S. alterniflora and P. australis.
And post hoc tests were included in the above two kinds of statistics.
All of the statistical analysis was performed with Statistic 6.0.

3. Results

3.1. Seasonal changes in LAI

LAI of the three species showed significant seasonal changes
with higher values in summer (Fig. 2A; Table 1). There were
significant differences among the three species, with which Spar-
tina alterniflora exhibited greater mean LAI (1.74–6.86) than those
of Phragmites australis (0.37–5.06) and Scirpus mariqueter (2.13–
7.98), especially in the later half of the growing season. S. alterni-
flora had a longer photosynthetic season than the two native
species. The time of shoot sprouting in spring was almost the same
for S. alterniflora and P. australis, but was much later for S. mar-
iqueter. At the end of the growing season, S. alterniflora senesced
much later than the two native species. The two native species had
only very low LAI in October, whereas S. alterniflora maintained
a high LAI even in December.

3.2. Photosynthetic characteristics in relation to light

Most photosynthetic parameters for Spartina alterniflora,
Phragmites australis, and Scirpus mariqueter were consistent with
the general differences between C4 and C3 plants. Significant vari-
ations in Amax were detected in both species and seasons (Fig. 2B;
Table 1). S. alterniflora showed higher Amax, of 11.7–
40.6 mmol m�2 s�1, than P. australis (17.0–28.0 mmol m�2 s�1) in
most months and S. mariqueter (6.7–17.0 mmol m�2 s�1) in all of the
measured months. S. alterniflora also had significantly higher Rday,
of 0.18–4.90 mmol m�2 s�1, than P. australis (0.78–
2.64 mmol m�2 s�1) and S. mariqueter (0.63–1.37 mmol m�2 s�1,
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Fig. 2C; Table 1) throughout the growing season except in October
for P. australis. C4 plants are usually characterized by higher LSP and
LCP than those by C3 plants. However, in our case, we did not find
any significant differences in LSP among the three species although
the seasonal variations were significant (Fig. 2D, E; Table 1).

Consistent with the seasonal changes, analysis on the photosyn-
thetic characteristics of different layers indicated that except for LSP,
all the other parameters, including Amax, Rday, and LCP, showed
significant differences between Spartina alterniflora and Phragmites
australis, of which S. alterniflora had higher values of Amax, Rday, and
LCP than P. australis (Fig. 3; Table 2). Overall, photosynthetic param-
eters of S. alterniflora and P. australis decreased significantly from the
canopy top to the lower layers. Amax of both S. alterniflora and
P. australis could be divided to three significantly different layers but
Rday, LSP, and LCP of the middle layer of both S. alterniflora and
P. australis did not significantly differ with either the upper layer or
the lower layer.

3.3. Light, water, and nitrogen use efficiency

The measurements made across seasons showed that QY, WUE,
TN, and PNUE had significant differences not only among species
but also among different seasons (Fig. 4; Table 1). On average, QY of
Spartina alterniflora was 10.1% and 70.3% higher than those of
Phragmites australis and Scirpus mariqueter, respectively; and WUE
of S. alterniflora was 26.1% and 53.5% higher than those of P. australis
and S. mariqueter, respectively. The leaf TN values were significantly
different among the three species. The leaf TN of S. alterniflora was
significantly lower than that of P. australis except in April and
October, but significantly higher than that of S. mariqueter
throughout the growing season. With higher Amax, PNUE of
S. alterniflora was 33.1% and 28.3% higher than those of P. australis
and S. mariqueter, respectively.

Unlike the photosynthetic parameters, QY, WUE, and PNUE had
no significant differences among canopy layers but significantly
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differed between Spartina alterniflora and Phragmites australis
(Fig. 5; Table 2). TN of both S. alterniflora and P. australis was not
significantly different between the upper layer and the middle layer
although the overall differences among canopy layers were
significant.

3.4. Seasonal changes in SLA

SLA of the three species showed significant seasonal variations
(Fig. 2F; Table 1). However, contrary to the general pattern of SLA
between the invaders and natives, SLA of Spartina alterniflora (57.6–
77.7 cm2 g�1) was significantly lower than that of Scirpus mar-
iqueter (85.8–112.4 cm2 g�1) throughout the growing season, and
significantly lower than that of Phragmites australis (20.7–
115.8 cm2 g�1) except in October.

4. Discussion

Species invasiveness, habitat invasiveness, and the effects of
invasion are three main topics in invasion biology (Alpert et al.,
2000). Many studies have been conducted to compare the perfor-
mances of invasive species and their co-occurring native species to
explore whether invasive plants perform better than the natives. In
the present study, because the spreading process of the invasive
Spartina alterniflora is so quick that typical ongoing mixed stands of
S. alterniflora and the native species Phragmites australis or Scirpus
mariqueter were seldom found on the Islands, a comparative study
between the invader and the natives was done in adjacent mono-
specific stands of the above three species.

Most previous studies have found that the photosynthetic rates
of invasive species are higher than those of natives (e.g., Pattison
et al., 1998; Baruch and Goldstein, 1999; McDowell, 2002), whereas
others have found no significant differences or even higher
photosynthetic rates in the natives (e.g., Smith and Knapp, 2001;
Bastlova and Kvet, 2002). Whether the photosynthetic rates of the
invaders are higher than their native congeners seems to be related
to the growing conditions (Daehler, 2003; Nagel and Griffin, 2004;
Wang et al., 2006a). In our study, as expected from our general
knowledge of the C4 and C3 photosynthetic pathways, we observed
higher net photosynthetic rates and respiration rates in the invasive
C4 species Spartina alterniflora than in the native C3 species

Table 1
Summary of repeated measures ANOVA to test the differences of the parameters
measured among species.

Parameters Source of variation df F P

Leaf area index (LAI) Species 2, 12 149.6 < 0.0001
Season 5, 60 63.4 < 0.0001
Species� season 10, 60 5.1 <0.0001

Maximal net photosynthetic
rates (Amax)

Species 2, 6 340.2 <0.0001
Season 5, 30 144.2 <0.0001
Species� season 10, 30 18.4 <0.0001

Day respiration (Rday) Species 2, 6 158.8 <0.0001
Season 4, 24 31.1 <0.0001
Species� season 8, 24 12.7 <0.0001

Light saturation point (LSP) Species 2, 6 1.3 0.34
Season 4, 24 5.5 <0.01
Species� season 8, 24 4.7 <0.01

Light compensation point (LCP) Species 2, 6 18.7 <0.01
Season 4, 24 20.1 <0.0001
Species� season 8, 24 9.8 <0.0001

Quantum yield (QY) Species 2, 6 175.7 <0.0001
Season 5, 30 71.2 <0.0001
Species� season 10, 30 8.8 <0.0001

Water use efficiency (WUE) Species 2, 6 125.6 <0.0001
Season 5, 30 16.4 <0.0001
Species� season 10, 30 76.1 <0.0001

Total nitrogen (TN) Species 2, 6 294.6 <0.0001
Season 4, 24 22.7 <0.0001
Species� season 8, 24 31.9 <0.0001

Photosynthetic nitrogen use
efficiency (PNUE)

Species 2, 6 75.8 <0.0001
Season 5, 30 147.2 <0.0001
Species� season 10, 30 20.0 <0.0001

Specific leaf area (SLA) Species 2, 12 358.5 <0.0001
Season 4, 48 77.8 <0.0001
Species� season 8, 48 106.6 <0.0001
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Phragmites australis and Scirpus mariqueter. The higher net photo-
synthetic rates of S. alterniflora that might result in faster growth
may help to explain why it has become so successful (Daehler,
2003) although the respiration rates of S. alterniflora were also
higher than the native species. Furthermore, the photosynthetic
rates of S. alterniflora as an invader at our site were much higher
than those grown in their native habitats (e.g., Dai and Wiegert,
1996, 1997; Pennings et al., 2002; Farnsworth and Meyerson, 2003).

C4 plants are characterized by higher LSP and LCP than C3 plants.
As for LCP, this was exactly the situation, but no significant differ-
ence in LSP was found between Spartina alterniflora and the other

two species. These two C3 species exhibited as high LSP as C4

species probably because they always grow in high-light environ-
ments and may have been adapted to the high light.

Compared to photosynthesis, differences in the total leaf areas
between invaders and natives are more consistent among studies,
i.e., invaders usually have a significantly higher total leaf area than
their co-existing native species (Daehler, 2003). In our study, as the
general pattern, Spartina alterniflora had a higher LAI than Phrag-
mites australis and Scirpus mariqueter. In addition, LAI of
S. alterniflora at our site (4.80 on average) was much higher than
that in their native habitats (Dai and Wiegert, 1996, 1997; Farns-
worth and Meyerson, 2003).

Comparative studies on the length of the growing seasons of
invaders and native species have not drawn a general conclusion
(Daehler, 2003). As some studies showing that invaders tend to
maintain net photosynthesis over a longer period of the year than
non-invasive species (McDowell, 2002; Farnsworth and Meyerson,
2003), in our case, Spartina alterniflora maintained net photosyn-
thesis at least one month longer than Phragmites australis and
Scirpus mariqueter. The higher net photosynthetic rates, greater LAI,
together with longer growing season might all have contributed to
the higher net primary productivity of S. alterniflora
(2.16 kg C m�2 yr�1) than that of P. australis (1.69 kg C m�2 yr�1) and
S. mariqueter (0.72 kg C m�2 yr�1) in the Yangtze River estuary (Liao
et al., 2007).

In contrast, in Farnsworth and Meyerson’s study (2003),
Phragmites australis was the invasive species while Spartina alter-
niflora was the native species. P. australis had a greater LAI and
a longer growing season than S. alterniflora. In our case, all rela-
tionships were reversed. However, photosynthetic rates kept
consistent between the two studies, i.e., S. alterniflora had higher

Table 2
Summary of nested design ANOVA to test the differences of the parameters
measured in different canopy layers between Spartina alterniflora and Phragmites
australis.

Parameters Source of variation df F P

Maximal net photosynthetic
rates (Amax)

Species 1, 15 28.06 <0.0001
Canopy layer 4, 15 23.72 <0.0001

Light saturation point (LSP) Species 1, 15 0.46 0.51
Canopy layer 4, 15 8.24 <0.01

Light compensation point (LCP) Species 1, 15 8.56 <0.05
Canopy layer 4, 15 5.74 <0.01

Day respiration (Rday) Species 1, 15 44.45 <0.0001
Canopy layer 4, 15 5.12 <0.01

Quantum yield (QY) Species 1, 15 34.31 <0.0001
Canopy layer 4, 15 1.45 0.27

Water use efficiency (WUE) Species 1, 15 89.60 <0.0001
Canopy layer 4, 15 0.88 0.50

Total nitrogen (TN) Species 1, 15 42.30 <0.0001
Canopy layer 4, 15 10.21 <0.001

Photosynthetic nitrogen use
efficiency (PNUE)

Species 1, 15 57.67 <0.0001
Canopy layer 4, 15 2.79 0.06
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photosynthetic rates. These results suggested that LAI and growing
season length, which depend on the habitats, play very important
roles in invasion success. If a species with a great invading capacity
encounters a habitat in which the species experiences a longer
photosynthetic season and can express an increased LAI, it tends to
become invasive. Ecophysiological differences, like LAI and growing
season length, between invasive P. australis and native S. alterniflora
in the USA were considered to result from variations in the soil
salinity of the salt marshes (Burdick et al., 2001; Gratton and
Denno, 2005; Vasquez et al., 2006). In the Yangtze River estuary, the
greater LAI and longer growing season of S. alterniflora compared
with those of P. australis may also be associated with the soil salinity
of the habitat and climatic conditions (Wang et al., 2006b).

Invasion by plants may also be achieved by the more efficient
use of available resources relative to native species. Pattison et al.
(1998) point out that invasive species appear to be better suited
than native species to capturing and utilizing light resources. The
efficient use of light is important for Spartina alterniflora because its
stands were usually very dense and canopy shading was quite
common at our site. QY, an indicator of light use efficiency, was
higher in S. alterniflora than in Phragmites australis or Scirpus mar-
iqueter, which was favourable for S. alterniflora to sequester carbon.
WUE of S. alterniflora was also higher than were those of the other
two native species. A higher WUE is essential for plants growing in
salt marshes because the major effect of salt stress is water deficit
(Hester et al., 2001). PNUE of S. alterniflora was not only higher than
were those of P. australis and S. mariqueter at our site but also higher
than that in its native habitats (Dai and Wiegert, 1997). The
capacity of S. alterniflora to use light, water, and nitrogen more
efficiently may help it outperform its co-occurring native species.
These results also followed the theoretical patterns of plant
photosynthetic types that C4 species display higher ‘‘efficiencies’’ in
radiation, nutrient, and water utilization than C3 species, and hence
achieve higher productivity (Sage, 2004).

TN of Spartina alterniflora was lower than that of Phragmites
australis but was higher than that of Scirpus mariqueter, which is
inconsistent with our understanding of the differences between
C4 and C3 plants. This might correlate with leaf morphology of
triangular prismatic of S. mariqueter. Wetland plants grown under
saline conditions often develop smaller leaves (Shea et al., 1975;
Hester et al., 1998). S. mariqueter should have high salt tolerance
because it is distributed only at very low elevations near mudflats
(Sun et al., 2001), which might partially benefit from its leaf
shape in terms of water conservation (Van den Boogaard and
Villar, 1998; Hester et al., 2001; McDowell, 2002). This kind of leaf
shape results in smaller photosynthetic area and therefore less
photosynthetic enzymes, which are the major existing form of
leaf nitrogen.

Whereas most of the indices examined here conferred a growth
advantage on Spartina alterniflora, SLA (other than LCP and Rday)
seems to be disadvantageous for S. alterniflora in the accumulation
of carbon. SLA is important in regulating plant performance,
including carbon assimilation and allocation (Lambers and Poorter,
1992; Reich et al., 1997). A larger SLA can usually bring about rapid
growth (Lambers and Poorter, 1992; Reich et al., 1997). However,
contrary to the general relationship between invaders and native
species, in this study, S. alterniflora had a lower SLA (or higher CC)
than Phragmites australis and Scirpus mariqueter. SLA is one of the
morphometric variables that influence transpiration water loss.
A lower SLA (i.e., thicker leaves) increases the distance through
which water must diffuse out of the leaf, and thus leads to water
conservation (Van den Boogaard and Villar, 1998; McDowell, 2002).
Therefore, the lower SLA of S. alterniflora might have contributed to
its increased WUE and resulted in higher salt tolerance of S. alter-
niflora at our site (Wang et al., 2006b).

No general pattern of the relationship between invasiveness
and plant photosynthetic type has been drawn until now.
However, in this study, most growth-related ecophysiological
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advantages of the invasive Spartina alterniflora over the native
species might be attributed to their different photosynthetic
pathways. These advantages enhanced the invasion capacity of
S. alterniflora in the Yangtze River estuary, China. Our results
further our understanding of the relationship between invasive-
ness and plant photosynthetic type, i.e., some ecophysiological
advantages resulting from different photosynthetic pathways may
help to explain the success of invasion when a C4 species invades
the ecosystem dominated by C3 species.

5. Conclusions

In the Yangtze River estuary, the invasion of Spartina alterniflora
has changed the vegetation composition by replacing the native
species. Invasive S. alterniflora exhibited growth-related ecophysi-
ological advantages, including a higher Amax, greater LAI, longer
growing season, and higher efficiency of resource utilization, which
might all have contributed to its successful invasion of this region.
Most of the results support the general pattern that invaders
usually tend to express a high growth rate. Furthermore, most of
these differences can be attributable to different photosynthetic
pathways. As well as these ecophysiological characteristics associ-
ated with photosynthetic pathways, LAI and photosynthetic season
length are also important in determining invasion success.

Acknowledgments

We thank Chengzhang Liao, Qing Wang, and Weimin Quan for
their help with field measurements, and Changming Fang for the
critical reading of our manuscript. We thank the reviewers for their
invaluable suggestions. We are also grateful to Shanghai Marine
Environmental Forecasting Centre for providing the data of rainfall
and air temperature of the Yangtze River estuary. This study was
supported by the National Basic Research Program of China (grant
No. 2006CB403305) and the National Natural Science Foundation of
China (Grant nos. 30370235 and 30670330).

References

Alpert, P., Bone, E., Holzapfel, C., 2000. Invasiveness, invasibility and the role of
environmental stress in the spread of non-native plants. Perspectives in Plant
Ecology, Evolution, and Systematics 3, 52–66.

Baruch, Z., Goldstein, G., 1999. Leaf construction cost, nutrient concentration, and
net CO2 assimilation of native and invasive species in Hawaii. Oecologia 121,
183–192.

Bastlova, D., Kvet, J., 2002. Differences in dry mass partitioning and flowering
phenology between native and non-native plants of purple loosestrife (Lythrum
salicaria L.). Flora 197, 332–340.

Burdick, D.M., Buchsbaum, R., Holt, E., 2001. Variation in soil salinity associated with
expansion of Phragmites australis in salt marshes. Environmental and
Experimental Botany 46, 247–261.

Callaway, J.C., Josselyn, M.N., 1992. The introduction and spread of smooth cordgrass
(Spartina alterniflora) in south San Francisco Bay. Estuaries 15, 218–226.

California State Coastal Conservancy (CSCC), 2004. San Francisco Estuary Invasive
Spartina Project. Available from: http://www.spartina.org.

Chen, H.L., Li, B., Hu, J.B., Chen, J.K., Wu, J.H., 2007. Benthic nematodes in the Yangtze
River estuary as influenced by Spartina alterniflora invasions. Marine Ecology –
Progress Series 336, 99–110.

Chen, J.K., Ma, Z.J., Li, B., Yuan, J.F., Zhang, Z., 2003. Comprehensive surveys on
Shanghai Jiuduansha Wetland Nature Reserve, the Yangtze River estuary.
Science Press, Beijing, 251 pp. (in Chinese, with English abstract).

Chen, Z.Y., Fu, C.C., Wang, H.Y., Li, B., Wu, J.H., Chen, J.K., 2005. Effect of Spartina
alterniflora invasions on the benthic macroinvertebrates community at Dongtan
of Chongming salt marsh, the Yangtze River Estuary. Wetland Science 3, 1–7 (in
Chinese, with English abstract).

Chen, Z.Y., Li, B., Zhong, Y., Chen, J.K., 2004. Local competitive effects of introduced
Spartina alterniflora on Scirpus mariqueter at Dongtan of Chongming Island, the
Yangtze River estuary and their potential ecological consequences.
Hydrobiologia 528, 99–106.

Christian, J.M., Wilson, S.D., 1999. Long-term ecosystem impacts of an introduced
grass in the northern Great Plains. Ecology 80, 2397–2407.

Chung, C.H., 1993. Thirty years of ecological engineering with Spartina plantations
in China. Ecological Engineering 2, 261–289.

Cohen, A.N., Carlton, J.T., 1998. Accelerating invasion rate in a highly invaded
estuary. Science 279, 555–558.

Costanza, R., d’Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K.,
Naeem, S., O’Neill, V.R., Paruelo, J., Raskin, R.G., Sutton, P., van den Belt, M.,1997. The
value of the world’s ecosystem services and natural capital. Nature 387, 253–260.

Cronk, Q.C.B., Fuller, J.L., 1995. Plant Invaders: The Threat to Natural Ecosystems.
Chapman & Hall, New York, 241 pp.

Daehler, C.C., 2003. Performance comparisons of co-occurring native and alien
invasive plants: implications for conservation and restoration. Annual Review
of Ecology, Evolution, and Systematics 34, 183–211.

Daehler, C.C., Strong, D.R., 1996. Status, prediction and prevention of introduced
cordgrass Spartina spp. invasions in Pacific estuaries, USA. Biological
Conservation 78, 51–58.

Dai, T., Wiegert, R.G., 1996. Estimation of the primary productivity of Spartina
alterniflora using a canopy model. Ecography 19, 410–423.

Dai, T., Wiegert, R.G., 1997. A field study of photosynthetic capacity and its response
to nitrogen fertilization in Spartina alterniflora. Estuarine, Coastal and Shelf
Science 45, 273–283.

D’Antonio, C.M., Vitousek, P.M., 1992. Biological invasions by exotic grasses, the
grass/fire cycle, and global change. Annual Review of Ecology, Evolution, and
Systematics 23, 63–87.

Durand, L.Z., Goldstein, G., 2001. Photosynthesis, photoinhibition, and nitrogen use
efficiency in native and invasive tree ferns in Hawaii. Oecologia 126, 345–354.

Ehrenfeld, J.G., 2003. Effects of exotic plant invasions on soil nutrient cycling
processes. Ecosystems 6, 503–523.

Farnsworth, E.J., Meyerson, L.A., 2003. Comparative ecophysiology of four wetland
plant species along a continuum of invasiveness. Wetlands 23, 750–762.

Gratton, C., Denno, R.F., 2005. Restoration of arthropod assemblages in a Spartina
salt marsh following removal of the invasive plant Phragmites australis.
Restoration Ecology 13, 358–372.

Grosholz, E., 2002. Ecological and evolutionary consequences of coastal invasions.
Trends in Ecology and Evolution 17, 22–27.

Hester, M.W., Mendelssohn, I.A., McKee, K.L., 1998. Intraspecific variation in salt
tolerance and morphology in Panicum hemitomon and Spartina alterniflora.
International Journal of Plant Science 159, 127–138.

Hester, M.W., Mendelssohn, I.A., McKee, K.L., 2001. Species and population variation
to salinity stress in Panicum hemitomon, Spartina patens, and Spartina
alterniflora: morphological and physiological constraints. Environmental and
Experimental Botany 46, 277–297.

Kloeppel, B.D., Abrams, M.D., 1995. Ecophysiological attributes of the native Acer
saccharum and the exotic Acer platanoides in urban oak forests in Pennsylvania,
USA. Tree Physiology 15, 739–746.

Lambers, H., Poorter, H., 1992. Inherent variation in growth rate between higher
plants: a search for physiological causes and ecological consequences. Advances
in Ecological Research 23, 188–261.

Li, B., Liao, C.Z., Zhang, X.D., Chen, H.L., Wang, Q., Chen, Z.Y., Gan, X.J., Wu, J.H.,
Zhao, B., Ma, Z.J., Cheng, X.L., Jiang, L.F., Chen, J.K., 2008. Spartina alterniflora
invasions in the Yangtze River estuary, China: an overview of current status and
ecosystem effects. Ecological Engineering. doi:10.1016/j.ecoleng.2008.05.013.

Liao, C.Z., Luo, Y.Q., Jiang, L.F., Zhou, X.H., Wu, X.W., Fang, C.M., Chen, J.K., Li, B., 2007.
Invasion of Spartina alterniflora enhanced ecosystem carbon and nitrogen
stocks in the Yangtze Estuary, China. Ecosystems 10, 1351–1361.

Mack, R.N., Simberloff, D., Lonsdale, W.M., Evans, H., Clout, M., Bazzaz, F.A., 2000.
Biotic invasions: Causes, epidemiology, global consequences, and control.
Ecological Applications 10, 689–710.

McDowell, S.C.L., 2002. Photosynthetic characteristics of invasive and noninvasive
species of Rubus (Rosaceae). American Journal of Botany 89, 1431–1438.

McKinney, M.L., Lockwood, J.L., 1999. Biotic homogenization: a few winners
replacing many losers in the next mass extinction. Trends in Ecology and
Evolution 14, 450–453.

Mooney, H.A., Cleland, E.E., 2001. The evolutionary impact of invasive species.
In: Proceedings of the National Academy of Sciences, USA, vol. 98, pp.
5446–5451.

Nagel, J.M., Griffin, K.L., 2001. Construction cost and invasive potential: comparing
Lythrum salicaria (Lythraceae) with co-occurring native species along pond
banks. American Journal of Botany 88, 2252–2258.

Nagel, J.M., Griffin, K.L., 2004. Can gas-exchange characteristics help explain the
invasive success of Lythrum salicaria? Biological Invasions 6, 101–111.

Pattison, R.R., Goldstein, G., Ares, A., 1998. Growth, biomass allocation and photosyn-
thesis of invasive and native Hawaiian rainforest species. Oecologia 117, 449–459.

Pennings, S.C., Wall, V.D., Moore, D.J., Pattanayek, M., Buck, T.L., Alberts, J.J., 2002.
Assessing salt marsh health: A test of the utility of five potential indicators.
Wetlands 22, 406–414.

Prioul, J.L., Chartier, P., 1977. Partitioning of transfer and carboxylation components
of intracellular resistance to photosynthetic CO2 fixation: a critical analysis of
the methods used. Annals of Botany 41, 789–800.

Reich, P.B., Walters, M.B., Ellsworth, D.S., 1997. From tropics to tundra: global
convergence in plant functioning. In: Proceedings of the National Academy of
Sciences, USA, vol. 94, pp. 13730–13734.

Rodrı́guez, C.F., Bécares, E., Fernández-Aláez, M., Fernández-Aláez, C., 2005. Loss of
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