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INTRODUCTION

The distribution of the invasive aquatic plant Eich-
hornia crassipes (Mart) Solms is considered to be  limited
to tropical or subtropical regions (Aurand 1982, Tyn-
dall 1982, Madsen et al. 1993). Based on recent
climate change models, the distribution of E. crassipes
will expand into higher latitudes under climate warm-
ing (Hellmann et al. 2008, Rahel & Olden 2008). In-
deed, climate warming in winter is more significant
than that in summer (Karl et al. 1993). For example,
over the past 40 yr, the mean summer temperature in
China did not change significantly but the mean win-
ter temperature increased up to 0.42°C every 10 yr
(Ding 1997). In the context of future climate warming,
few studies have addressed the effects of winter
warming on winter survival and the distribution range
of this invasive plant (Owens & Madsen 1995).

Winter survival is a complex process that does not
solely depend on a plant’s ability to endure the direct

effects of extreme low temperature. During long
overwintering periods, plants are exposed to multi-
ple environmental stresses, such as drought, flood-
ing and ice cover (Bertrand & Castonguay 2003). In
aquatic ecosystems associated with flooding, sedi-
mentation can cause burial of aquatic plants by sand
(Lowe et al. 2010, Pan et al. 2012).  Previous studies
have demonstrated that burial may change abiotic
and biotic conditions such as light radiation (Brown
1997), temperature (Baldwin & Maun 1983, Zhang &
Maun 1990) and activity of pathogens (van der Put-
ten et al. 1993, D’Hertefeldt & van der Putten 1998),
thus modifying plant morpho logy and physiology,
and affecting survival and growth (Little & Maun
1996, Maun 1998, Yu et al. 2002). Moreover, organic
reserves in plant tissue are critical for winter stress
tolerance and rapid regrowth (Volenec et al. 1996).
Storage organs, such as stolons and stem bases, can
store soluble carbohydrates and proteins that can
be retranslocated among inter connected ramets to
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improve the survival and growth of clonal plants
under natural disturbances and environmental stresses
(Madsen et al. 1993, Stuefer & Huber 1999, Dong et
al. 2010). Therefore, greater stored resources con-
tained in larger storage organs can be retranslocated
to attached ramets and may facilitate the biomass
accumulation and production of new ramets (Danck-
werts & Gordon 1989, Baur-Höch et al. 1990, Stuefer
& Huber 1999). Although sediment burial and stor-
age organ size may contribute to winter survival and
regrowth of plants during the overwintering period,
their effects on overwintering of plants are still largely
unknown, especially for invasive aquatic plants.

Biomass allocation is a fundamental aspect of the
competive ability of invasive aquatic plants, which
often allocate a large fraction of their biomass to form
canopy and to support the rapid spring growth that
allows them to suppress other species (Madsen 1991,
Sytsma & Anderson 1993). For instance, 2 invasive
aquatic plants, water hyacinth Eichhornia crassipes
and alligator weed Alternanthera philoxeroides, can
form dense stands above the water surface that
exclude almost all other species (Aston 1977, Julien &
Bourne 1988). Villamagna & Murphy (2010) stated
that greater allocation to shoots may enhance water
hyacinth’s ability to shade out other aquatic plants and
algae in the water column. However, to our knowl-
edge, little information exists on the effects of winter
warming on the biomass allocation pattern of regrowth
after winter survival for invasive aquatic plants.

Eichhornia crassipes, originating from tropical South
America, is a mat-forming aquatic plant with floating
and rooted forms, and is one of the world’s most
prevalent invasive aquatic plants, causing severe
ecological and socio-economic changes in invaded
habitats (Center 1994, Villamagna & Murphy 2010).
It is thermophilous and is regarded as one of the
fastest-growing plants in the world when conditions
are favorable (Abbasi & Nipaney 1986, Abbasi 1998).
Water hyacinth was introduced into China as an orna -
mental plant in the early 1900s and is now widely dis-
tributed in 17 provinces or cities and causes severe
damage in more than 10 provinces. In several other
provinces, E. crassipes is still being planted but it
cannot overwinter (Ding et al. 1995). Previous studies
have demonstrated that low winter temperature is a
major limiting factor in its overwintering survival and
thus determines the northern boundary of its distri-
bution (Aurand 1982, Luu & Getsinger 1990). Mature
plants consist of shoots (leaves and petioles), stem
bases (short stems) and roots, producing new plants
apically by stolons (Abbasi 1998). The stem base is
the overwintering organ of the water hyacinth, in

which carbohydrates can be stored as energy re -
serves to withstand low temperature stress (Madsen
et al. 1993). Owens & Madsen (1995) found that ex -
posure to low-temperature (below 5°C) conditions for
long periods could markedly increase the mortality
rate of the plants, thereby affecting the overwinter-
ing capacity of E. crassipes in cold winters.

We conducted a greenhouse experiment to investi-
gate the effects of simulated winter warming and
stem base treatments (size or burial) on winter sur-
vival, regrowth and thus performance of floating or
rooted forms of Eichhornia crassipes. Specifically, we
tested the following hypotheses: (1) the percentage
survival of E. crassipes will be improved by winter
warming; (2) a larger stem base (more storage mate-
rial), water cover and sediment burial of the stem
base (temperature protection) can facilitate winter
survival and regrowth of E. crassipes; and (3) after
winter survival, biomass allocation to shoots of E.
crassipes will increase to support its rapid propaga-
tion and spread under winter warming conditions.

MATERIALS AND METHODS

Study site

The experiments were conducted in glasshouses at
Liangzi Lake in the Hubei province of south-central
China (30° 05’− 30° 18’ N, 114° 21’−114° 39’ E). Liangzi
Lake is a shallow, mesotrophic lake of intermediate
area located on the central reaches of the Yangtze
River. Average winter temperatures range from 3.0 to
7.0°C in this region (Liu & Yu 2009).

Plant material

In early December 2008, a large number of healthy
Eichhornia crassipes were collected from Liangzi
Lake and cultivated in a greenhouse. One week
later, 480 ramets were divided into 2 subsets accord-
ing to the size of the stem base (small: n = 360 ramets,
diameter = 0.65 ± 0.09 cm, length = 2.0 ± 0.38 cm;
large: n= 120 ramets, diameter = 1.0 ± 0.15 cm, length
= 3.5 ± 0.30 cm) and used for further experiments.

Experimental design

Simulated warming system in the greenhouse

A simulated warming system was set up in a green-
house with the south door open to produce a south−
north temperature gradient (Fig. 1A) at The National
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Field Station of Lake Ecosystem of Liangzi Lake,
Wuhan University. This system was passively
warmed by solar radiation, and a thermal current
flowed from the north of the greenhouse to the south
through the exchange of
indoor warm air and out-
door cool air via the opened
south door. A temperature
gradient of ap proxi mately
4°C from south to north
(marked as A, B, C, D,
from outside to inside, in
Fig. 1A) was simulated in
winter rising about 1°C at
6 m intervals (Table 1).
The elevated temperature
was within the average
temperature in crease am -

pli tude in 2100 (1.4−5.8°C) predicted
by the IPCC (IPCC 2007). Microclimate
parameters including temperature (air,
water and soil), light intensity and
air CO2 concentration were monitored
using a weather station (PC-3, Jinzhou
Sunshine Technology), and none of these
parameters exhibited any significant
differences along the temperature gra-
dient (except for temperature) during
the 3-mo experimental period (Table 1).
Based on our hypotheses, we set up 2
experiments using a 2-way factorial
design. Both experiments started on 20
December 2008, and ended in late
March 2009.

Expt 1: Floating form—
simulated warming and variation in

stem base size

For each temperature ‘position’ in the
glasshouse (A, B, C and D, Fig. 1A), 8
aquaria (50 × 50 × 45 cm) were filled
with lake water (54.69 mmol m−3 total
nitrogen [TN], 1.41 mmol m−3 total
phosphorus [TP]) at each temperature.
Four aquaria were randomly selected
and planted with 10 plants with small
stem bases per aquarium, and the other
4 aquaria were planted with 10 plants
with large stem bases per aquarium
(Fig. 1B). Each aquarium was treated as
a treatment unit, so each treatment was

replicated 4 times. To mimic the natural environment
in the lake, lake clay (3.55 mg g−1 TN, 0.15 mg g−1 TP)
was added to the bottom of each aquarium to a depth
of 10 cm.
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Fig. 1. Schematic representation of the experimental design. (A) Simulated
warming system in the greenhouse; (B) stem base treatments of Eichhornia cras-
sipes (stem base size for the floating form; sediment burial for the rooted form)

Temperature CO2 concen- Light intensity Temperature
gradient tration (ppm) (µmol m−2 s−1) Air (°C) Water (°C) Soil (°C)

A 378.6 ± 1.2 900 ± 13 4.8 ± 0.2a 6.1 ± 0.2a 5.9 ± 0.1a

B 378.4 ± 1.1 904 ± 10 6.2 ± 0.1b 7.2 ± 0.2b 7.0 ± 0.1b

C 379.1 ± 1.4 901 ± 12 7.3 ± 0.2c 8.1 ± 0.1c 8.0 ± 0.1c

D 378.9 ± 0.9 898 ± 12 8.2 ± 0.1d 8.9 ± 0.2d 8.8 ± 0.2d

F3,63 0.49ns 1.30ns 65.72*** 49.66*** 163.24***

Table 1. Microclimate parameters (mean ± SE) of the simulated warming system during the
experimental period and ANOVA results for each parameter along the temperature gradi-
ent. Values with different superscripted letters are significantly different from each other 

within a column (*p < 0.05; **p < 0.01; ***p < 0.001; ns: not significant)
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Expt 2: Rooted form—simulated warming and stem
base burial

The warming system was the same as in Expt 1. At
each temperature, 8 aquaria were filled with fine-
textured, homogeneous lake soil to a depth of 20 cm.
Forty plants with small stem bases were randomly
transplanted to 4 aquaria with stem bases buried in
10 cm sediment. Additionally, 40 plants with small
stem bases were planted in the other 4 aquaria with
the stem bases exposed to air (Fig. 1B). Each treat-
ment was replicated 4 times. Aquaria were kept well-
drained and watered every other day.

Data collection

During the experimental period, diurnal variations
of temperature (air, water and soil) were re corded by
temperature loggers every half hour and the mean
daily temperature was calculated (Table 1). Before
harvest, the number of plants that survived was
counted to calculate the winter percentage survival
in each aquarium. The experiment was ended in late
March 2009, and all the plants were harvested; the
number of new ramets per plant in each aquarium
was then counted. Each plant (including the initial
plant and new ramets) was separated into shoot, stem
and root, and their biomass was determined after
drying to a constant weight at 70°C for 72 h.

Data analysis

Before analysis, data were log-transformed if neces-
sary, and percentage survival and biomass allocations
were arcsine-transformed to meet assumptions of
 normality and homoscedasticity. One-way
ANOVA was performed to examine the dif-
ferences in microclimate parameters along
the temperature gradient. Two-way ANOVA
was used to test the effects of simulated
warming and stem base treatments (size or
burial) on percentage survival, mean biomass
per plant, mean number of new ramets and
percentage biomass allocation of Eichhornia
crassipes. If a significant treatment effect was
de tected, post hoc pair-wise comparisons of
means were carried out to examine differ-
ences between treatments using a studen-
tized Tukey’s HSD for multiple comparisons
at the 0.05 significance level. All data analy-
ses were performed using SPSS 17.0.

RESULTS

Winter survival

Warming, stem base size and their interaction had
significant effects on the percentage survival of Eich-
hornia crassipes. The percentage survival of the
large stem base plants was 100% at all temperature
treatments, while that of the small stem base plants
increased with increasing temperature, up to 100%
in the maximum temperature treatment (Table 2, Fig.
2A). In Expt 2, warming, stem burial and their inter-
action significantly affected the percentage survival
of E. crassipes. The percentage survival of the plants
with stem bases buried in the sediment was
markedly higher than that of plants with stem bases
exposed to air. The percentage survival in both stem
base treatments increased with temperature. All of
the un buried plants died at the control temperature,
while at the maximum temperature, plants in all
treatments survived (Table 2, Fig. 2B).

Regrowth after winter survival

The number of new ramets per plant after winter
survival was significantly affected by warming and
stem base size, but not by their interaction (Table 2).
The number of new ramets per plant was signifi-
cantly greater in plants with large stem bases than in
plants with small stem bases, and both increased
with temperature (Table 2, Fig. 3A). Biomass per
plant was much higher in plants with large stem
bases than in plants with small stem bases, and both
were significantly improved by warming (Table 2,
Fig. 3B). In Expt 2, warming and stem base burial
 significantly affected the number of new ramets
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Warming Stem base W × S
(W) treatment (S)

Trait F3,24 F1,24 F3,24

Floating form
Percentage survival 28.812*** 15.950*** 7.098**
Mean biomass of plant 67.326*** 29.597*** 8.263**
Mean no. of new ramets 4.985* 8.609* 1.885

Rooted form
Percentage Survival 31.154*** 22.984*** 8.369**
Mean biomass of plant 105.090*** 18.650** 8.819**
Mean no. of new ramets 149.454*** 6.472* 1.509

Table 2. Effects of simulated winter warming and stem base treatments
(size or burial) on percentage survival and growth measures of Eich-

hornia crassipes. *p < 0.05; **p < 0.01; ***p < 0.001 (2-way ANOVA)
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per plant, but their interaction was not significant
(Table 2). The number of new ramets per plant was
greater in plants with the stem base buried than in
plants plants with the stem base unburied, and both
increased with temperature (Table 2, Fig. 3C). Bio-
mass per plant was significantly affected by the 2
 factors (warming, stem base burial) and their inter -
action, and the responses in terms of biomass to the 2
factors were similar to that of number of new ramets
per plant (Table 2, Fig. 3D).

Biomass allocation after winter survival

In summary, warming and stem base size both had
significant effects on biomass allocation in Eichhor-
nia crassipes, but their interaction was not significant
in Expt 1 (Table 3). Warming increased biomass allo-
cation to the shoots and decreased that to the stems,
and this effect was more notable in the plants with
large stem bases. Biomass allocation to stems in
plants with large stem bases was much higher than
that in plants with small stem bases. Biomass alloca-
tion to roots was not affected by warming, but was sig -
nificantly larger in plants with small stem bases than
plants with large stem bases (Table 3, Fig. 4A−C). In
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Fig. 2. Eichhornia crassipes. Percentage survival of E. cras-
sipes along a temperature gradient: (A) with different sizes
of stem base and (B) with and without stem bases buried by 

sediment. Data are means ± SE

Fig. 3. Eichhornia crassipes. Number of new ramets per plant and mean biomass of E. crassipes with (A,B) different sizes of
stem base for the floating form and (C,D) with and without the stem base buried by sediment for the rooted form along a 

temperature gradient (see Table 1). Data are mean ± SE
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Expt 2, biomass allocation of E. crassipes was only
significantly affected by winter warming (Table 3).
Biomass allocation to shoots increased with in -
creasing temperature at the expense of that to roots
(Table 3, Fig. 4D−F).

DISCUSSION

In both experiments, winter survival rate of Eich-
hornia crassipes significantly increased with increas-
ing temperature, up to 100% at the highest tempera-
ture. This was most likely due to winter warming
buffering the damage caused by low temperatures.
Previous studies (Li et al. 1995, Wilson et al. 2005)
showed that survival, growth and clonal integration
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Warming Stem base W × S
(W) treatment (S)

Trait F3,24 F1,24 F3,24

Floating form
Shoot (%) 29.388*** 0.747 1.429
Stem (%) 35.826*** 55.321*** 4.695
Root (%) 0.643 26.138*** 0.795

Rooted form
Shoot (%) 72.482*** 3.314 1.018
Stem (%) 1.164 0.520 0.247
Root (%) 36.328*** 0.001 1.868

Table 3. Effects of simulated winter warming and stem base
treatments on percentage biomass allocation to the shoots,
stems and roots of Eichhornia crassipes. *p < 0.05; **p < 

0.01; ***p < 0.001 (2-way ANOVA)

Fig. 4. Eichhornia crassipes. Biomass allocation to the (A,D) shoot, (B,E) stem and (C,F) root along a temperature gradient (see
Table 1) with (A−C) different sizes of stem base and with and (D−F) without stem bases buried by sediment. Data are mean ± SE
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in E. crassipes were limited by low temperature (air
temperature and water temperature). In our study,
the percentage survival of this invasive plant was
significantly improved by elevated temperature in
winter, which supported our first hypothesis, suggest-
ing that winter warming facilitates overwinter sur -
vival of E. crassipes and may influence its potential
invasiveness into  central and north China.

The survival rate of floating plants with small stem
bases was much higher than that of rooted plants
with unburied stem bases (87.2 versus 52.5%). This is
probably because water cover of stem bases can pre-
vent direct damage from freezing. This result is in
accordance with a previous study (Owens & Madsen
1995), which also showed that the percentage sur-
vival of floating stem bases in Eichhornia crassipes
populations decreased with the reduction of water
levels due to the absence of temperature protection
through water during winter. Moreover, stem bases
buried in sediment are subject to temperatures dif-
fering from air temperature (Baldwin & Maun 1983,
Zhang & Maun 1990), which may play a similar role
in temperature buffering as does water cover. Thus,
the percentage survival of rooted E. crassipes with
stem bases buried deep in the sediment was higher
than that of plants with stem bases exposed to the air.
This is probably be cause the mean soil temperature
was 0.6 to 1.1°C higher than the air temperature, and
buried stem bases were protected from cold air tem-
peratures by a thick layer of sediment and pieces of
dead plants (Owens & Madsen 1995). Therefore, lake
bends may be perfect refuges for overwintering of E.
crassipes and for its growth (and perhaps outcom -
petition of other species) in the following growing
season, because the aquatic plants, plant detritus and
the water itself can provide temperature protection
for E. crassipes.

The survival rate of plants with large stem bases
was much higher than that of plants with small stem
bases. This is most likely because Eichhornia cras-
sipes can store carbohydrates in the stem base during
the fall as energy reserves to withstand environmen-
tal stresses such as low temperatures in winter (Mad-
sen et al. 1993). More resources stored by large stem
bases could result in more protective substances such
as soluble carbohydrates and proteins (Morgan 1984).
E. crassipes has no other mechanisms to survive
low temperature except for seed dormancy (Larcher
1980). Thus, temperature buffering by the water
body and more protective substances stored in the
stem base may explain why the percentage survival
of floating plants with large stem bases was greater
than that of floating or rooted plants with small stem

bases and was still 100% at the lowest tem perature.
Similarly, Fry (1993) found that survival rate of the
stoloniferous terrestrial plant Eremochloa ophiruoides
was positively correlated with carbo hydrate content
in the stolon internodes at low temperatures.

The number of new ramets and the mean biomass
per plant after winter survival increased with tem-
perature in all treatments. This is most likely because
Eichhornia crassipes is a thermophilous aquatic plant
(Abbasi & Nipaney 1986, Abbasi 1998), thus moder-
ate winter warming in our study promoted its growth
and clonal propagation. The growth (in terms of
number of new ramets and mean biomass per plant)
of floating plants with large stem bases was greater
than of plants with small stem bases. Dong et al.
(2010) also found that the survival and growth of
ramets of the invasive plant Alternanthera philoxe-
roides increased with the length of connected stolons
after fragmentation. Although we did not measure
the mobilization of carbohydrates and nitrogen in
E. crassipes, we found that the stem bases were dra-
matically depleted, especially large stem bases. Thus,
it is very likely that carbohydrates and nitrogen were
mobilized and used by new ramets. These results
suggest that the resources stored in the organs of
clonal plants are very important for their survival and
regrowth in stressful environments. The number of
new ramets and the mean biomass per plant of
rooted plants with stem bases buried were slightly
higher than plants with unburied stem bases, but this
trend was not significant, indicating that burial of the
stem base mainly affected the percentage survival of
the plants because of the limited stored resources in
the small stem bases. These observations supported
our second hypothesis, suggesting that stem base
size is critical in overwintering, growth, clonal prop-
agation and thus distribution of E. crassipes.

Biomass allocation in both plant forms was signifi-
cantly modified by winter warming, suggesting that
changes in resource allocation of Eichhornia cras-
sipes may be an important mechanism for its adap-
tion to changed environments (Xie et al. 2004). Bio-
mass allocation to shoots (leaves and petioles) of
floating plants increased with temperature at the
expense of that to stems, in agreement with previous
studies (Madsen 1991, Sytsma & Anderson 1993),
which showed that invasive aquatic plants often allo-
cate a large fraction of their biomass to form canopy
and support the rapid spring growth that allows them
to suppress other species. In addition, this pattern of
biomass allocation was more pronounced in plants
with large stem bases (20.4 versus 10.5% decrease in
biomass allocation to stems along the temperature
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gradient). This is probably because more resources
stored in the large stem bases were used to support
the rapid regrowth of E. crassipes, and the percent-
age of stem biomass decreased because of the
resource depletion of the stem bases of the initial
plant. In rooted plants, biomass allocation to shoots
increased with temperature at the expense of that to
roots. This result most likely occurred because rooted
plants had limited resources in their stem bases, and
nutrients in the sediment were much higher than that
in the water, so plants could allocate a small fraction
of their biomass to the roots to acquire sufficient
nutrients to support their rapid regrowth and pro -
liferation. The obtained results confirmed our third
hypothesis, suggesting that greater allocation to
shoots may enhance the water hyacinth’s ability to
shade out other aquatic plants and algae in the water
column, thus increasing its competitive advantage
after winter survival (Villamagna & Murphy 2010).

In conclusion, winter warming and stem base char-
acteristics (larger, covered by the water and buried in
sediment) can facilitate winter survival of Eichhornia
crassipes, and subsequently promote its regrowth
and clonal propagation after winter survival. More-
over, allocating more biomass to shoots may allow
the plants to form a canopy and result in suppression
of other species in the following growth season.
These results suggest that the invasion potential of
E. crassipes populations to central and northern China
may be enhanced and its normal distribution may
extend northwards under climate warming (Hell-
mann et al. 2008, Rahel & Olden 2008). Furthermore,
lake bends may be suitable refuges for E. crassipes to
survive winter and in turn become likely areas for its
invasion. However, to allow generalization and robust
extrapolation, more field studies are needed.
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