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The propagule supply, litter layers and canopy shade
in the littoral community influence the establishment
and growth of Myriophyllum aquaticum
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Abstract The exotic macrophyte species Myrio-
phyllum aquaticum (Vell.) Verdc. is widely dispersed,
mainly through stem fragments and rhizomes, in
shallow littoral zones in which uniform canopy
conditions are created by the pre-existing resident
wetland plant species. Therefore, interactions between
these two types of asexual propagules and the resident
species may occur during the early establishment
and growth phases of M. aquaticum. We tested the
hypothesis that the establishment and growth of M.
aquaticum are affected by three factors: the number of
propagules supplied, the presence of a standing
biomass of Carex japonica Thunb. and the presence
of thick litter layers in the littoral zone. M. aquaticum
rhizomes and stem fragments were introduced into
a standing biomass of C. japonica in mesocosms
using two types of sediments (littoral and sand-clay)
and two propagule supply levels. After 4 months, the
survival rates of both the rhizomes and stem frag-
ments were high under all of the experimental
treatments. The propagule supply positively affected
the survival rates and growth of M. aquaticum. The
survival of the rhizomes was unaffected by the
presence of either C. japonica or littoral sediments,
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whereas the survival of the stem fragments was
reduced by the presence of C. japonica. The presence
of litter layers is a primary factor facilitating the
growth of M. aquaticum propagules because of
the high nutrient content of the litter. In addition,
the presence of the standing C. japonica biomass and
newly growing Eleocharis yokoscensis (Franch.et
Sav.) Tang et Wang (a small ruderal species that,
unexpectedly, grew rapidly following the removal
of the standing biomass of C. japonica) reduced
the growth of the M. aquaticum stem fragments
and rhizomes, respectively. Our findings suggest that
the loss of vegetative cover resulting from intense
cattle herbivory and other factors in littoral zones may
accelerate the invasion of M. aquaticum. An effective
approach for preventing M. aquaticum invasion is to
reduce the propagule supply and prevent propagules
from dispersing.

Keywords Asexual propagule - Biological invasion -
Carex japonica - Littoral zone - Myriophyllum
aquaticum - Propagule supply

Introduction

The biological invasion of exotic species has caused
increasing damage to ecosystems and the environ-
ment and has become a global ecological problem
(Williamson 1996; Vitousek et al. 1997). In the case of
plants, the invasion of exotic species has decreased the
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survival rates of local species and significantly
affected their diversity and distribution (Funk and
Vitousek 2007; Pysek and Richardson 2007). Because
asexual reproduction is more common in aquatic
plants than in terrestrial plants, asexual propagules,
such as woody cuttings, leaf sections or stem sections,
play an important role in terms of plant invasion
in aquatic habitats (Santamaria 2002; Wright and
Davis 2006; Silvertown 2008; Dong et al. 2010b; Xie
et al. 2010). Recently studies revealed extremely
limited genotypic variation among populations of
aquatic invading species, indicating that these species
invade and become established in new habitats via
asexual propagules (Okada et al. 2009; Zhang et al.
2010). Indeed, certain asexual propagules, such as
stem fragments, are highly suited for dispersal in
aquatic habitats (Dong et al. 2010a; Xie et al. 2010).
Compared with other types of asexual propagation,
stem fragments have the advantages of easy produc-
tion and dispersal, long periods of survival and high
colonization and regeneration abilities (Riis and Sand-
Jensen 2006). For example, Myriophyllum spicatum
L. are invading 45 states in the US and also in the
Canadian provinces of British Columbia, Ontario and
Quebec via fragment dispersal (Jacono and Richerson
2008). In southern China, fragments of Alternanthera
philoxeroides (Mart.) Griseb. are also widespread in
water bodies and irrigation ditches, which causes the
invasion of this species (Dong et al. 2010a, 2012).
Once established in favorable environments, invasive
species may grow fast and produce large number of
branches, which would increase the propagule pool
(stem fragments) and potentially increase invasion
success in both local habitat and surrounding habitats
(Didham et al. 2007; Ehrenfeld 2010; Xie et al. 2010).
However, compared with numerous studies in terres-
trial habitats, fewer studies have focused on the
invasions in aquatic habitat. Therefore, a better
understanding of the determinants of the survival
and growth of aquatic asexual propagules is of both
scientific and practical interest.

Previous studies have shown that plant invasion is
the outcome of complicated interactions that involve
many biotic and abiotic factors (Davis et al. 2000;
Daehler 2003; Lockwood et al. 2005; Melbourne et al.
2007; Chun et al. 2010), which can be divided into
three broad categories: propagule supply, resource
availability, and ecological resistance (Davis et al.
2000; Daehler 2003; Sanders et al. 2007; Simberloff
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2009; Ehrenfeld 2010). Invasion dynamics can be
altered by increases in resource availability due to
resource enrichment or frequent disturbances within
ecosystems, such as eutrophication and grazing (Davis
et al. 2000). For instance, there are several types of
globally distributed submersed weeds (e.g., Hydrilla
and Myriophyllum) that are typically better adapted
and competitive than native species under eutrophic
conditions, conferring advantages over the native
species in terms of resource uptake, often resulting in
invasions (Ruiz et al. 1999; Chase and Knight 2006).
However, increased availability of resources are not
the only cause of invasion and must also coincide with
the sustained arrival of new propagules (Davis et al.
2000; Melbourne et al. 2007). As more propagules
arrive (because of either increased propagule numbers
or an increased frequency of arrival events), the
probability of successful invasion increases (Lock-
wood et al. 2005; Simberloff 2009). Although prop-
agule supply is an obvious and likely factor in plant
invasions, relatively few experimental studies have
addressed the role of propagule supply in shaping this
process, particularly with regard to asexual propagules
of aquatic plants (Von Holle and Simberloff 2005;
Simberloff 2009).

According to the “ecological resistance hypothe-
sis”, resident native communities may indirectly
control invasion success by reducing the input of
exotic propagules and resource availability (e.g.,
acting as a barrier, Levine et al. 2004), thereby
inhibiting the establishment and spreading phases of
the invaders (Elton 1958; Levine et al. 2004). These
indirect mechanisms are helpful in predicting invasion
dynamics and controlling the invasive species and to
elucidate the interaction between invasive and native
species in ecosystems (Levine et al. 2004). However,
most studies to date have focused on the direct
competition between the resident and exotic plant
species and have not include observations of such
phases (Vila and Weiner 2004; Tanentzap and Bazely
2009). Furthermore, for aquatic plants, buoyant asex-
ual propagules (e.g., stem fragments) are more likely
to be trapped in shallow water or riparian vegetation
than seeds and may establish fast through rapid
adventitious roots production under such relatively
stable environments (Boedeltje et al. 2003; Riis and
Sand-Jensen 2006). Thus, the complicated interactions
among the resource availability, propagule supply and
resident species may affect the establishment phase
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and growth of exotic species. Our understanding of
the factors contributing to the process of invasion in
freshwater habitats remains limited.

Myriophyllum aquaticum (Vell.) Verdc. is a semi-
submersed aquatic macrophyte that is native to the
Amazon River in South America, and has become a
harmful weed species in North America since it was
introduced circa the late 1800s (Sutton 1985). During
the twentieth century, this species colonized areas in
South Africa, East Asia, Europe, New Zealand and
Australia (Sheppard et al. 2005; Thiébaut 2007). Once
M. aquaticum reaches the water surface, extensive
vertical shoots occur as the growth of horizontal
stem, which facilitates the rapid covering of the water
surface (Wersal and Madsen 201 1a). This species can
cause many localized problems, such as forming thick
monospecific stands that reduces the relative abun-
dance and richness of other local species, impeding
water movement and increasing the eggs and larvae of
mosquito in streams and ditches in its invasion regions
(Sytsma and Anderson 1993a; Wersal et al. 2011).
After being introduced into East Asia as an ornamental
species, it escaped into the wild and became widely
distributed in aqueducts in Japan, Taiwan and main-
land China (Xie et al. 2001). M. aquaticum is
dioecious, but staminate plants are rare, even in its
native range, and seed production is, therefore, limited
in natural habitats (Sutton 1985). Previous study
reported that M. aquaticum can tolerate frost out of
its native range (Aiken 1981; Thiébaut 2007), sug-
gesting that this species may have the ability to invade
more northern places. The plants lack structures for
storage, dispersal, and perennation (e.g., tubers or
turions), and the stem fragments and rhizomes (older
submersed stems without leaves) are believed to serve
all of these functions in both native and invasive
ranges (Sytsma and Anderson 1993a). These asexual
propagules are able to float for a long time (six
months) and disperse over great distances (several
kilometers) between water bodies through the pro-
duction of adventitious roots which take up nutrients
from the water column (Boedeltje et al. 2003; Wersal
and Madsen 2011b; Sarneel 2012). Once these roots
attach to the sediment, M. aquaticum typically displays
high colonization and regeneration abilities (Xie
et al. 2010).

M. aquaticum usually invades shallow aquatic
habitats, such as wetlands, littoral zones of lakes,
ponds, sloughs, and backwaters (Wersal and Madsen

2011b). When propagules of M. aquaticum arrive in
such habitats, the nutrient-rich sediments arise from
the long decomposition of aboveground plant tissues
often support the nuisance growth of this species
(Wersal and Madsen 2011b). The pre-existing littoral
vegetation may also provide strong resistance (e.g.,
shading or competition for nutrients) against estab-
lishment of the propagules. However, it remains
unclear how these factors interact with each other and
influence the establishment and growth of M. aquat-
icum. In this study, the following hypotheses were
examined: (1) an increase in the propagule supply will
increase the establishment and growth of M. aquat-
icum, even under conditions of heavy resistance; (2)
littoral layers will facilitate the establishment and
growth of M. aquaticum through high nutrient avail-
ability; and (3) the removal of pre-existing native
species (e.g., Carex species) will increase the estab-
lishment and growth of M. aquaticum.

Materials and methods
Study-site

The study was conducted at the National Field Station
of Freshwater Ecosystem of Liangzi Lake, China
(30°5'-30°18'N, 114°21'-114°39’E). In the littoral
zone of Liangzi Lake, the vegetative cover was
dominated by Carex japonica Thunb. (Yu et al,
unpublished data), accounting for approximately
90 % of the standing biomass at the study site. The
water depth at the site was 5-10 cm.

Experimental design

A mesocosm study was conducted during a 4-month
period from May to September 2009. In April 2009,
48 mesocosms (40 x 30 x 20 cm) were constructed,
each containing one patch (40 x 30 x 15 cm) of C.
Jjaponica dug from the littoral zone. An additional 48
mesocosms were filled with local sediment (a sand-clay
mixture taken from beneath the littoral layer, 15 cm
deep). We hypothesize that survival and growth of M.
aquaticum should be lower in this sediment than in the
littoral layer due to lack of nutrients. The 96 mesocosms
were left in situ until the experiment began.

The experimental treatments were performed using
a randomized block design to separate microsite
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Fig. 1 Experimental design in one block. Rhizomes and stem
fragments of M. aquaticum were placed in mesocosms that were
subjected to different treatments. Two propagule supply levels
were introduced to littoral and mixed sediments, with or without
standing C. japonica biomass. To achieve a similar light
intensity under the C. japonica canopies, black plastic nets were

effects from the treatment effects. A factorial exper-
imental design was employed (Fig. 1) that included
two types of sediment (littoral and sand-clay mixture),
two levels of light treatment (unshaded and shaded),
and two propagule supply levels [10 propagules per
mesocosm (approximately 80 propagules m~2) and 5
propagules per mesocosm (approximately 40 propa-
gules m )] in 6 blocks, with one replicate per block.
The low propagule supply density approximated the
density observed in the natural populations of M.
aquaticum in Liangzi Lake. The littoral sediment was
obtained from the littoral layer (with few decomposing
litter on the surface and we did not cleared them away
during the experimental period) in which C. japonica
occurs and was mainly a mud substratum (mostly
composed of the decomposed shoot biomass of C.
Jjaponica); the mixed sediment was a mixture of the
sand and clay substrata located below the littoral layer
inhabited by C. japonica. In the unshaded treatment
with littoral sediment, the standing biomass of C.
Jjaponica was removed by cutting with scissors once a
week; approximately 1 cm of C. japonica was retained
because complete removal would have damaged the
sediment surface. In the mixture treatment, black
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used for shading in the mixed-substrate treatment. In the
experiment, there were 6 total blocks for rhizomes (48
mesocosms total, with 3 factors of 2 levels each), and another
6 blocks for stem fragments (48 mesocosms total, with 3 factors
of 2 levels each)

plastic nets were used for shading to achieve a light
intensity similar to that was observed under C. japonica
canopies. Detailed information on the treatments is
provided in Table 1.

A total of 360 rhizomes (in 48 mesocosms total,
with 3 factors of 2 levels each) and 360 stem fragments
(also in 48 mesocosms total, with 3 factors of 2 levels
each) of M. aquaticum were used as propagules in this
study and were collected from 4 different populations
(locations) in Liangzi Lake. For rhizomes/stem
fragments, 5 propagules were placed into each of 24
mesocosms to achieve the low propagule supply
treatment, and 10 propagules were placed into each
of 24 mesocosms to achieve the high propagule supply
treatment. The rhizomes and stem fragments were
cut into 7-cm long pieces (with at least 2 internodes),
their fresh weights were recorded, and they were
placed randomly (in terms of both their location within
mesocosm and the population of origin) into the
mesocosms. A total of 48 sediment cores (radius of
1 cm, depth of 5 cm) for each light treatment and
sediment type were sampled and digested with a
K-435 digestion unit (Biichi® Labortechnik AG,
Flawil Switzerland) for total nitrogen (TN) and total
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Table 1 Characteristics of the mesocomes used in this experiment
Characteristics n Littoral sediment Mixture sediment

Unshaded Shaded Unshaded Shaded
Total organic matter (%) 12 10.16 & 1.45 10.14 £+ 1.02 1.12 4+ 0.08 1.03 &+ 0.06
Total Nitrogen (mg g~' dry weight) 12 225 +£0.19 212 £0.22 0.23 + 0.01 0.25 £ 0.01
Total Phosphorus (mg g~ dry weight) 12 0.30 £ 0.33 0.32 £ 041 0.08 £ 0.01 0.08 £ 0.01
Standing biomass of native species (g) 24 11.46 + 1.23* 29.82 £ 1.32 ND ND
Temperature (°C) 123 28.96 £+ 0.50 27.69 £ 0.56 29.15 £ 0.58 26.23 £+ 0.52
Light intensity (umol photons m™2 s™) 123 1,371.82 £ 30.18 289.44 £ 6.68 1,447.24 £ 33.38 217.09 £ 5.00

 Standing biomass of C. japonica and E. yokoscensis

phosphorus (TP) analysis. For TP analysis, the sam-
ples were digested with a HCLO4H,SO, method
(Bray and Kurz 1945). All samples were analyzed for
the TN concentration using a KjelFlex B-324 nitrogen
analyzer (Biichi® Labortechnik AG, Flawil Switzer-
land) and for the TP concentration using a IL-500P
phosphorus analyzer (Hach® Company, Loveland,
USA) (Table 1).

During the experimental period, dead rhizomes and
stem fragments were removed from the mesocosms.
All of the rhizomes and stem fragments were planted
on 10 May 2009 and harvested on 10 September 2009.
Lake water [TN 0.33-0.57 mg L™!, TP 0.03-0.11
mg L' during the experimental period; water sam-
ples were analyzed once a week using a IL-500 N
nitrogen analyzer and a IL-500P phosphorus analyzer
(Hach® Company, Loveland, USA)] was added to the
mesocosms every day to compensate for evaporation
and to maintain a constant water level (5 cm) during
the experiment. The sediment surface temperature and
light intensity were recorded everyday at noon using
temperature and external quantum sensors (LI-6400,
Li-Cor Inc., Lincoln, Nebraska, USA) (Table 1). The
following characteristics were measured at the time
of harvest: propagule survival, number of new shoots
and stem length. The propagules were divided into
roots, leaves, and stems, dried at 70 °C, and weighed.
Following the removal of the standing biomass of C.
Japonica, we observed the sprouting of a small ruderal
species Eleocharis yokoscensis (Franch.et Sav.) Tang
et Wang; we did not remove these plants because they
grew rapidly and their complete removal might have
damaged the sediment surface. Instead, the E. yokosc-
ensis present were also harvested at the end of the
experiment (Table 1).

Statistical analyses

The data including the survival rate (expressed as the
percent of surviving propagules), plant total biomass,
root:shoot ratio, number of new apical shoots and the
total stem length per mesocosm, were analyzed using
three-way ANOVA, with the sediment type, light
intensity and propagule supply as the fixed factors and
the block as the random factor, all the interactions
among the fixed factors were tested. Duncan tests were
used to compare the levels within factors for signif-
icance (p < 0.05). All of the experimental data were
transformed using a log(x) function to meet the
homogeneity of variance or a normal distribution of
residuals and then analyzed. All of the data were
analyzed using the SPSS 19.0 program (SPSS,
Chicago, IL, USA).

Results

High survival rates were observed for both rhizomes
and stem fragments of M. aquaticum during the
4 months of the study. The propagule supply had a
significant effect on the survival of both the rhizomes
and stem fragments (Table 2): larger propagule sup-
plies were associated with higher survival rates
(Fig. 2a, f). The propagule supply showed a significant
positive relationship with all of the growth traits of the
M. aquaticum propagules, with the exception of the
root:shoot ratio (Fig. 2; Table 2).

Neither the survival of rhizome nor the survival
of stem fragments was significantly affected by the
sediment type (Table 2). The sediment type signifi-
cantly affected the total biomass, root:shoot rations,
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Table 2 F and p values for propagule pressure (PP), sediment
type (ST) and light treatment (L) for survival, mean total
biomass per mesocosm, mean root:shoot ratio per mesocosm,

number of new shoot per mesocosm and total stem length per
mesocosm (three-way ANOVAS)

Source df.  Survival Mean total biomass Mean root: shoot Number of new Total stem length
per mesocosm ratio per mesocosm  shoot per mesocosm per mesocosm

F P F P F P F P F P
Rhizome
Block 535 1237 0313 1.242 0.311 0.425 0.828 0.339 0.886 0.835 0.534
(PP) 1.35 24277 <0.001 181.063 <0.001 0.937 0.340 104.683  <0.001 101.566  <0.001
(ST) 1.35 0208  0.651 245404 <0.001 33352 <0.001 228527 <0.001 591.262  <0.001
L) 1.35 1.668  0.205 0.032 0.858 16.216  <0.001 38.046  <0.001 3.004 0.092
PP x ST 1.35 0.088  0.769 1.445 0.237 0.052 0.820 8.353 0.007 0.917 0.345
PP x L 135 0290 0593 <0.001 0.993 0.554 0.462 0.029 0.866 0.149 0.702
L x ST 1.35 0.887  0.353 2.702 0.109 0.551 0.463 9.054 0.005 0.039 0.845
LxSTxPP 135 0250 0.620 0.361 0.552 0.300 0.587 0.446 0.509 0.377 0.543
Stem fragment
Block 535 1.697 0.161 1.502 0.214 0.894 0.496 0.801 0.556 0.295 0.912
(PP) 1.35 32335 <0.001 241.818 <0.001 0.234 0.631 71.44 <0.001 71.241  <0.001
(ST) 1.35 0275  0.603 205.537 <0.001 246955 <0.001 695533 <0.001 1023.848 <0.001
L) 1.35 4473 0.042 25961 <0.001 52.14 <0.001 24.991 <0.001 10.087 0.003
PP x ST 1.35  0.004 0.948 1.256 0.270 0.103 0.751 3.001 0.092 0.433 0.515
PP x L 1.35  0.095 0.760 0.844 0.365 1.885 0.178 0.154 0.698 0.284 0.598
L x ST 1.35 0549 0.464 4.836 0.035 0.048 0.828 5.808 0.021 2.334 0.136
LxSTxPP 135 0.023 0.882 1.627 0.210 1.582 0.217 1.215 0.278 1.210 0.279

All data were transformed with log (x)
Significant p-values (p < 0.05) are indicated in bold

the number of new shoots production and the total
stem lengths of rhizomes and stem fragments
(Table 2). When growing on littoral sediments, both
of these propagules accumulated more biomass than
those grown on the mixed sediment (Fig. 2b, g), and
the propagules grown on littoral sediments had lower
root:shoot ratios than those grown on the mixed
sediment (Fig. 2c, h). In addition, the propagules
grown on the littoral sediments produced more new
shoots and exhibited a greater total stem length
compared with those grown on the mixed sediments
(Fig. 2d, e, 1, j).

Shading (the presence of standing C. japonica
biomass or plastic nets) only had a significant effect on
stem fragment survival (Table 2). The shading treat-
ment significantly reduced the total biomass of the
stem fragments in the littoral sediments, but had no
significant effect on the total biomass of the stem
fragments in the mixed sediment (Fig. 2 g), whereas
shading had no significant effect on the total biomass

@ Springer

of the rhizomes in either the littoral or mixed sediment
(Table 2; Fig. 2b). The root:shoot ratio of the stem
fragments grown under low light conditions was lower
than the stem fragments grown under high light
conditions (Table 2; Fig. 2c), and shading caused a
significant decrease in the root:shoot ratio only in the
littoral sediments at a low supply of rhizome (Table 2;
Fig. 2h). Shading significantly reduced the production
of new shoots for both types of propagules and the
total stem length of the stem fragments in the littoral
sediments, but had no significant effect on either of
these parameters for either types of propagule in the
mixed sediments (Fig. 24, e, i, j).

Discussion
Although previous studies have indicated the impor-

tance of asexual propagules in the invasion and
establishment of populations by exotic species in
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freshwater habitats, few of these studies have focused
on the mechanisms whereby pre-existing native plant
species and local environmental factors influence the
establishment and growth of exotic species (Lozon
and Maclsaac 1997; Dong et al. 2010b, 2012). In the
present study, a high survival rate was observed for

High propagule

High propagule
supply

Low propagule

supply supply

both rhizomes and stem fragments of M. aquaticum,
indicating that these two types of propagules are well
adapted for propagation (Sytsma and Anderson 1993a;
Hussner 2009; Wersal and Madsen 2011b). A greater
propagule supply was associated with the higher
survival and growth parameters (e.g., total biomass,
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number of new shoots, and total stem length) of both
types of propagules, supporting the concept that as
the release of more individuals into a community is
expected to buffer demographic decreases in survival
or reproduction in a population after its initial
introduction, even when environmental negative
influences are high (Lockwood et al. 2005; Von Holle
and Simberloff 2005; Melbourne et al. 2007; Simberl-
off 2009). Our results may seem counterintuitive as the
lack of density-dependent effect on survival and
growth. This may due to the following reasons: first,
the horizontal and vertical growth of M. aquaticum
shoots could mitigate the space limitation, coinciding
with results in marine ecosystems that more space will
lead to high survival of invaders and low intraspecific/
interspecific competitions (Britton-Simmons and
Abbott 2008; Clark and Johnston 2009); second, our
density of M. aquaticum biomass was lower than the
biomass in its invasive regions (e.g., 2 kg dry weight
m~? in Germany, with sediment TN 0.007 mg g~
and TP 0.35 mg g_l) (Hussner 2009). Therefore, if
our initial propagule density is larger or experiment
period lasts longer, the density-dependent effect
would emerge. Moreover, our results also suggest
that clonal invading species (e.g., M. aquaticum) have
great ecological impacts on native communities (Liu
et al. 2006; Jia et al. 2009), not only because the clonal
species have adaptive advantages in heterogeneous
environments (Hood and Naiman 2000), but more
importantly, multiple types of asexual propagule may
cause species-specific invasions (e.g., M. spicatum and
A. philoxeroides) (Smith et al. 2002; Liu and Yu
2009). However, there have been few studies to date
on the impact of asexual propagule pressure on native
communities, and further investigation is needed.
The survival of rhizomes and stem fragments
was not significantly affected by the sediment type,
consistent with our previous study on stem fragments
of M. aquaticum (Xie et al. 2010). A probable
explanation for this finding is that both of these
propagule types contain large amounts of storage
resources, helping M. aquaticum adapt to and survive
in heterogeneous environments (Sytsma and Anderson
1993a; Wersal et al. 2011). Although the growth on
littoral sediments did not increase the survival rates
of either of these two types of propagules, it did
significantly increase their growth parameters because
of the higher nutrient availability. Both the total
biomass and aboveground biomass (low root:shoot
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ratios) of these propagules in the littoral sediments
were higher than those of the propagules in the mixed
sediments, and similar results were obtained for the
number of new shoots and the total stem length. These
results are consistent with those of previous studies
showing that M. aquaticum prefers nutrient-rich sites
(Sytsma and Anderson 1993b; Hussner et al. 2009),
and plants tend to accumulate more shoot biomass
under nutrient-rich conditions (Hermans et al. 2006).
The M. aquaticum plants used in the present study,
which produced more apical shoots and longer stems
in littoral sediments, may have larger propagule pools
and potentially threaten both local and surrounding
habitats because M. aquaticum stems are brittle and
easily fragmented (Xie et al. 2010; Wersal et al. 2011).
Therefore, the eutrophication currently occurring in
many bodies of water in China may favor the
establishment of M. aquaticum (Xie et al. 2010),
similar to the manner in which eutrophication pro-
cesses allowed M. aquaticum to become the dominant
species in the lakes of Europe (Sheppard et al. 2005)
and North America (Sytsma and Anderson 1993a). In
the present study, the low root:shoot ratios (mostly
significant in stem fragments) associated with the
decreased number of new shoot, is thought to be a
relevant strategy for macrophytes under poor light
conditions (Aiken 1981; Barko and Smart 1981).
However, the values of the growth parameters (e.g.,
total biomass, number of new shoot and total stem
length) measured were relatively low and were not
significantly affected by high vs. low light intensity
for the M. aquaticum growing on mixed sediments.
Consistent with previous findings for M. aquaticum
and M. spicatum (Xie et al. 2007; Hussner et al. 2009),
we suggest that a low nutrient availability rather than a
low light intensity caused the decreased growth of M.
aquaticum in mixed sediments.

In the present study, the pre-existing populations of
C. japonica in the littoral sediments caused significant
reduction of the survival and growth rates of the M.
aquaticum stem fragments, a finding that is in contrast
to previous studies in which the M. aquaticum stem
fragments display strong regeneration and coloniza-
tion abilities, particularly in nutrient-rich habitats
(Sytsma and Anderson 1993b; Xie et al. 2010). Our
findings are consistent with those other studies indi-
cating that M. aquaticum populations are less com-
petitive and show poor growth under a sustained low
light intensity (e.g., when shaded by taller and more
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robust emergent macrophytes or under deep flood
conditions) (Sytsma and Anderson 1993b; Wersal and
Madsen 2011a). M. aquaticum has a relatively high
light saturation point with regard to gas exchange
(>2,000 pmol photons m~2 s™") and prefers a high
light intensity (Hussner 2009). Therefore, distur-
bances that reduce the C. japonica cover in the littoral
zone, such as increasing levels of cattle herbivory
(Kreyling et al. 2011), are likely to facilitate the
invasion of M. aquaticum stem fragments.

The total biomass and total stem length of the
rhizomes were not increased by a high light intensity
in the littoral sediments, indicating that other factors
affect rhizome growth. We hypothesize that the
aboveground biomass of C. japonica remaining after
cutting and the new E. yokoscensis growth may have
decreased the rhizome growth in the littoral sediments
under high light conditions. Because the remaining
C. japonica and the newly growing E. yokoscensis are
short and robust, they can impose a physical barrier
that decreases the probability of rooting for those
rhizomes that reach the sediment surface. Also, the
unclipped C. japonica we used as the shade treatment
in the littoral mesocosms could potentially have
imposed a physical barrier on rooting M. aquaticum
propagules. Similar results were obtained in H.
verticillata fragments invading V. americana popula-
tions in North America (Chadwell and Engelhardt
2008). Moreover, the number of newly produced
shoots of rhizomes growing in littoral sediments were
higher than in mixed sediment, suggesting that these
rhizomes still present a threat to the local aquatic
habitats, if the environmental conditions are favorable
(e.g., higher nutrient availability and light intensity)
(Barrat-Segretain 2005). Overall, it seems that M.
aquaticum stem fragments are subject to resistance
by C. japonica mainly through shading (or possible
physical barrier), whereas M. aquaticum rhizomes are
subject to resistance by remaining C. japonica above-
ground biomass and new E. yokoscensis growth
mainly through nutrient competition and physical
capture.

Stem fragments grew more than rhizomes, support-
ing the concept that stem fragments with leaves
are more invasive than rhizomes in aquatic habitats
(Hussner 2009; Dong et al. 2010a). For instance, the
number of new shoots produced by M. aquaticum stem
fragments was 5 fold higher than that produced by
the rhizomes over a period of 8 weeks (Hussner 2009).

The leaves of aquatic plants can have a short-term
storage function (Sytsma and Anderson 1993a; Wersal
et al. 2011), and also act as primary carbohydrate
producers through photosynthesis (Dong et al. 2010a).
For these reasons, stem fragments with more leaves may
withstand adverse environments more successfully.

Conclusions

In China, M. aquaticum is now considered to be an
introduced macrophyte species that is capable of
invading aquatic habitats. The present study revealed
that rhizomes and stem fragments are important means
of dispersal for this species. Both of these types of
asexual propagules can survive for a long period
(4 months) during dispersal. Increasing the propagule
supply can increase the rhizome and stem fragment
survival rates in M. aquaticum. Due to its high nutrient
content, the aboveground C. japonica litter is a
primary factor facilitating the establishment of M.
aquaticum. The presence of standing C. japonica
biomass and newly growing E. yokoscensis reduced
the growth of M. aquaticum stem fragments and
rhizomes, respectively. Thus, disturbances that reduce
the vegetative cover in the littoral zone, such as
increasing levels of cattle herbivory, are likely to
encourage M. aquaticum invasion if stem fragments
of this species are present. M. aquaticum rhizome
growth was not increased by decreasing the cover of
C. japonica, most likely because the remaining
C. japonica and newly growing E. yokoscensis
imposed a physical barrier to such growth. Our study
underscore how propagule supply, resource availabil-
ity and resident vegetation interact and shape the
invasion dynamics of exotic macrophyte, which could
help predict the spread and potential impact of exotic
macrophytes on natural aquatic ecosystems.
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