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Abstract Solidago canadensis, a perennial Compositae
plant originating from North America, was introduced into
China as a horticultural plant in 1935. Under natural condi-
tions, S. canadensis allocates large amounts of energy to
sexual reproduction and produces many seeds, which reflects
an r-strategy with high seed number and small seed size.
In addition, naturalized populations have a great capacity to
grow clonally with underground stems. S. canadensis has
become an invasive weed in eastern China, and has caused
serious damages to agricultural production and ecosystems
in several provinces in China. In order to understand the
reproductive characteristics of S. canadensis and effectively
control its spread, we examined soil conditions, seed charac-
teristics, seed germination and the capacity for asexual
reproduction in different plant parts. We investigated the
population dispersion of S. canadensis in fixed sites for
three years, and analyzed the seasonal dynamics of the
morphological parameters of the underground parts and the
caloric values of different organs of S. canadensis. We also
compared differences in the root systems of S. canadensis
and composite exotic weeds. The following results were
obtained:

1) Under natural conditions, the germination season of
S. canadensis lasts from March to October, with a peak from
April to May. Vegetative growth and asexual reproduction are
especially vigorous during summer due to high temperatures
and soil drought stress. On the other hand, the rainy season
proves suitable for seed germination. Most S. canadensis
flower between September and January, and fruit in late
October. A mature plant can produce about 20000 seeds. The
mean weight of 1000 seeds ranges from 0.045 g to 0.050 g,
and the mean seed moisture content ranges from 60% to
80%. The light-winged seeds disperse readily by air, water,
vehicles, human activity or through livestock.

2) S. canadensis seeds have a wide tolerance for different
values of pH, salinity and soil moisture. The mean percent
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germination of seeds is 30% under suitable conditions. The
results of seed germination under various environmental
stresses and investigation of soil conditions indicate that
well-aerated, slightly acidic soils with low salinity are
suitable for the growth of S. canadensis. Additionally, S.
canadensis has a high tolerance for contamination by
heavy metal elements including Zn, Cu and Pb, but has low
accumulation coefficients for these elements.

3) S. canadensis reproduces asexually via underground rhi-
zomes and nodes on the stem base to recruit new individuals,
and in plants that experience mechanical damage, this repro-
ductive strategy is used to produce clonal shoots.
The capacity for asexual reproduction among different plant
parts rank as follows: underground parts > stem-base (20 cm)
> stem-base (30 cm) > stem-base (45 cm)>stem. Further,
with increasing mechanical damage, the quantity of shoots
produced by the plant decreases.

4) The morphological parameters of the root system of
S. canadensis including length, surface area, volume, and
average diameter are greater than for composite exotic
weeds. These parameters indicate that S. canadensis has the
physiological potential to widely invade China.

5) The aboveground growth rate and most of the under-
ground morphological parameters vary remarkably among
the seasons, with a peak normally occurring in September.
In August, a fraction of the energy in leaves and stems is
allocated underground to increase fine root growth and water
uptake during hot weather. Additionally, the seasonal dynam-
ics of the underground morphological parameters and the
caloric values of different organs of S. canadensis enhance its
reproductive ability. Based on the results above, we conclude
that S. canadensis has great invasive potential in China. We
suggest that urgent measures should be taken to control its
further spread, and to minimize its impact on local plant
diversity.

Keywords exotic invasive plants, Solidago canadensis,
reproductive strategy, seed germination, clonal growth,
caloric values



1 Introduction

Solidago canadensis, a perennial exotic herbaceous plant
of the family Compositae, is native to North America. This
species was introduced into China as a horticultural plant in
the early 1930’s and became naturalized in Shanghai, Jiangsu,
Zhejiang and other regions. Since 1980’s, S. canadensis has
spread rapidly as an exotic invasive weed in eastern China.

S. canadensis is a robust herbaceous plant with an obvious
main root, dense and thin fibres and a long rhizome. The
aboveground part is usually about 2 m. Its small yellow
capitulums, arranged as a scorpion-tail on the ramification
of the inflorescence, form alarge panicle on the upside of
the plant. Each mature plant can produce as much as 20 000
fruits, and a fruit measures about 1 mm in length with
3—4mm’s white pappi. S. canadensis has appeared in different
habitats, from abandoned farmlands and roadsides to gardens,
orchards, and even green belts in the city (Guo and Fang,
2003). With traits such as a robust asexual reproductive
ability of the underground part and the ability of rapid spread
and germination of the seeds, S. canadensis spreads rather
quickly. Field surveys on the occurrence of S. canadensis
showed that in areas it has invaded, particularly in abandoned
farmlands, this species is markedly abundant and out-
competes other plants. It has significantly reduced overall
species abundance and diversity, and has caused serious
consequences on agricultural practice, especially on the
natural reversion of vegetation in badlands (Huang and Guo,
2004). Therefore, S. canadensis has been included in the list
of the important deleterious exotic plants in China (Li and
Xie, 2002).

Domestic scholars have conducted some research on
S. canadensis in relation to its biological characteristics (Ruan
et al., 2004), physiological adaptation to environments (Guo
and Fang, 2003), its population expansion model and forecast-
ing of its potential distribution areas (Huang and Guo, 2004),
the genetic differences among different populations from
different habitats in the Yangtze River Delta area (Huang and
Guo, 2005), and its influences on seed germination and seed-
ling growth of some crop plants by studying the aqueous
extract of their stems and leaves (Fang et al., 2004). In order to
elucidate the mechanisms of its successful invasion of
eastern China, forecast the potential distribution area, and help
put forward an integrated management strategy for this trou-
blesome weed, the present paper studied the seed germination,
seasonal dynamics of the underground part’s morphological
parameters, and the caloric values and asexual reproductive
characteristics of the different organs of S. canadensis.

2 Materials and methods
2.1  Growth rhythm and spread patterns
To observe the growth rhythm of S. canadensis, a total of

ten sites with populations of S. canadensis were sampled in
the suburb of Jinhua city, Zhejiang province.
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Ten rhizomes of S. canadensis were transplanted in the ar-
boretum of Zhejiang Normal University with sunny condi-
tions and the rhizomes arrayed in rows of three and separated
from each other by 0.5 m intervals. Their diffusion areas,
growth densities and average height and leaf amounts were
determined periodically upon survival.

2.2 Soil factors of the environments

Soil samples were collected from habitats with prosperous
populations of S. canadensis in Shanghai (SH), Jiaxing
(JX), Hangzhou (HZ), Jinhua (JH) respectively. 3-5 sites
with at least 100 m distance from each other in each district
were sampled. Three surface soil samples (1-10 cm) were
gathered randomly from each site. After adequately mixing
the soil samples, the content of sands of different sizes,
moistures, heavy metals, electrical conductivities, and pH
values were determined.

Sand content: determined by soil sieves with different-
diameter meshes;

Soil moisture content: determined after 108°C roasting for
12 h;

pH value and conductivity: soil samples, collected from
fresh soil and segregated by soil sieves with 0.9 mm-
diameter-mesh, were dissolved in de-ionized water by a
proportion of soil: water = 1: 5, which was then used to
determine the pH value (HANNA-pH211C Ion Instrument)
and the electrical conductivity (DDS-307 conductivity meter,
Shanghai Thunder Magnetism Instrument Plant, Shanghai,
China), respectively;

Content of heavy metal elements in soil: determined by
Flame Atom Absorbability Spectrum (FAAS) using a flame
atomic absorption spectrophotometer (Shimadzu AA670,
Shimadzu, Japan) (Xi, 1997).

2.3 Thousand-seed weight and seed moisture content

Mature seeds of S. canadensis were collected at random from
Jinhua, Zhejiang province in September, 2003 (no rain for
several days before the collecting time). After being air-dried
and sifted preparatorily, seeds were stored in a ventilated, dry
room.

One hundred seeds were utilized to determine thousand-
seed weights with 12 replications, and roasted in an oven
(105°C for 12 h) to determine water content.

2.4 Factors influencing seed germination

The germination experiments were conducted in April, 2004.
Unless otherwise stated, all S. canadensis seeds were pre-
treated as follows: after being washed two times in de-ionized
water, 100 seeds were each placed in 10 cm Petri dishes con-
taining two pieces of filter paper moistened with deionized
water or test solution. Each Petri dish was then sealed with
Parafilm “M” to prevent desiccation and contamination by
microorganisms. The Petri dishes were placed in a growth
chamber under constant light at 25°C. Germinated seeds with
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visible radicle or hypocotyl (1-2 mm long) were counted
every 24 h and the seedlings were subsequently removed
from the dish. All experiments were conducted using a
completely randomized design with three replications.

24.1 pH

S. canadensis seeds were exposed to Phosphate Buffer
Solution (PBS) of pH 4, 6, 7, 8, 10.

2.4.2 NaCl stress

S. canadensis seeds were germinated in NaCl aqueous
solutions of three concentrations (0.02 mol/L, 0.05 mol/L,
0.1 mol/L) and compared with seeds treated with de-ionized
water as the control.

2.4.3 Soil moisture

Sterilized sand (100 g) was encased in a 10 cm Petri dish
containing two pieces of filter paper on its bottom. Different
soil moistures were achieved by adding de-ionized water
at 10 g, 15 g, 25 g, 35 g, 45 g respectively. Vaporized water
was added to the Petri dishes everyday.

2.5 Characteristics of clonal propagation

Several biennial vigorous S. canadensis individuals were
divided into three parts: underground part, basal stem, and
above-ground stem at least 20 cm in length. Underground
partitions were cut by 1/8, 1/3, 1/2 part respectively to simulate
different mechanical damages. The remaining parts were
cultivated in plastic pots with sility loam and placed on
windowsills under room temperature and watered daily
with 100 ml water. The vegetative status was observed every-
day, and seedling number, seedling height and the change
of biomass 15d later were determined. The experiments were
conducted in May, 2005, with five replications per treatment.

2.6 Seasonal dynamics of morphological parameters of
underground parts

Morphological parameters of the underground parts of
S. canadensis annual seedlings in the Jinhua district were
determined by STD 1600+ Root measurement (Regent
Instruments Inc.) from March, 2004 to January, 2005 with
five replications using similar biomass. The root systems of
other Compositae accompanying exotic weeds including
Aster subulatus, Erigeron bonariensis, Eeigeron annuus,
Conyza canadensis of parallel height were also determined in
October, 2004.

2.7 Seasonal dynamics of the caloric values of different
organs of S. canadensis

From March to December in 2004, gross caloric values
(GCV) of different organs of S. canadensis annual seedlings

collected in Jinhua were determined by an adiabatic bomb
calorimeter (HR-15, Changsha Changxing Gaojiao apparatus
& equipment Company), after drying at 80°C until constant
weight was achieved. Ash contents (P) were determined by
Dryashin, i.e. the sample is burned in a porcelain crucible at
500°C for 5h to decompose the organic matters completely.
Energy contained in a unit dry substance was determined
as ash-free caloric value (AFCV): AFCV = GCV / (1-P). In
all the experiments, benzoic acid was applied as the standard
for emendation and the environment temperature was kept
to about 20°C. At least three plants were tested using three
sample replicates per plant.

3 Results

3.1 Annual growth rhythm and dispersing pattern

Investigations on the individuals transplanted to a fixed site
and field surveys on S. canadensis showed following results.
Seedlings appeared from March to October in the suburb
of Jinhua, Zhejiang Province. Vegetative growth period of
S. canadensis was mainly from March to September, and
summer was the overgrowth period for vegetative growth
and clonal reproduction (Fig. 1). Ramets formed serried tufts
after quick development; buds appeared in the middle of
September and bloomed into flowers in October. Fruits
started ripening in November while florescence ended in
early January. Pedicels and the upper parts of the plant began
to dry and rot as seeds matured. Perennial rhizome and
basal stems were able to produce new ramets under favorable
conditions of moisture and temperature in the spring. Field
surveys showed that efflorescence of S. canadensis persists
from September to December in the suburb of Jinhua,
Zhejiang Province, whereas Li (1998) once remarked that the
flowering period of S. canadensis is from July to November
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Fig.1 The seasonal dynamics of average plant height and leaf
numbers
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Fig.2 The dynamics of plant density and invasive area

in China. In Kastamonu (Turkey) and Ontario (Canada), its
flowering period is from August to October! (Salih et al.,
2003), and is from July to September in Connecticut,
America.? The cause of fluctuating florescence among differ-
ent populations might result from both genetic differences
and the variation in altitude and latitude of different regions.

The change in tress density and spreading area in the
arboretum of Zhejiang Normal University from February,
2002 to August, 2004 is shown in Fig. 2. Six months after
transplantation, S. canadensis spread to 43.6 ind/m?, mainly
by clonal propagation of the underground stem. 1a later
there were 1160 ramet-plants at a density of 196 ind/m?. Seeds
were able to germinate from March to October. In the second
year since transplantation, the distribution acreage increased
to 154/m? whereas the plant density decreased. In the third
year, due to the appearance of many seedlings as well as
the favorable climate and abundant rain, more than 75% of
the seedlings came out from April to May, and the density
reach 86.2199 ind/m? in May. The distribution area reached
as high as 369 ind/m?, therefore the tress density slightly
declined due to the expansion of habitat area and self-
thinning.

Table 1 Soil habitat factors in 4 sites
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3.2 Soil physical and chemical properties

In the soils with S. canadensis from four districts, sand content
was from 60.55% to 82.55%, water content from 10.59%
to 18.52%, and conductance from 0.084 to 0.127, with a
pH value of about 7. For the heavy metals, Zn, Cu, and Pb,
their concentration in the soil were 250 mg-kg™!, 100 mg-kg™!
and 300 mg-kg' respectively (Table 1). According to
National Soil Hygeian standard II, S. canadensis has high
endurance against these three heavy metals (Xia, 1996).

3.3 1000-seed weight and seed moisture content

One thousand seeds of S. canadensis weighed about 0.045—
0.050 g, which allows the plant’s light cypsela to spread
with the help of pappi. Seed moisture content was
about 60%—80% (Table 2), revealing the higher vitality of
S. canadensis seeds. A higher moisture content is correlated
positively with the reproductive ability of the seed. On the
other hand, small and light seeds with limited nutrition
are negatively associated with reproduction. In short, its
r-strategy and underground alimentative reproduction favor
S. canadensis’ adaptation to the environmental restrictions
of propagation.

3.4 Factors influencing seed germination of S. canadensis

The seed germination percentage of S. canadensis under
favorable conditions is about 30%. 2d after treatment,
seedlings began to come out and after 3—7d reached germina-
tion peak. 7d after treatment, germination speed obviously
decreased (Table 3).

3.4.1 pH effect

Acid and alkaline conditions would advance seed germination
by facilitating the radicle to breach the seed capsule (Fig. 3).
The sequence of germination ratios under different pH values
are: pH 6>pH 7>pH 8>pH 10>pH 4, implying that the

Sites Gravel granule/% Soil water/% CON/(ms-cm™) pH Zn/(mg-kg™") Cu/(mg-kg™) Pb/(mg-kg™)
Shangahia SH 60.55+14.68 14.86 £4.31 0.104 +0.029 7.0240.61 185.4+47.4 78.8+12.8 91.6+11.6
JiaXing JX 77.15+11.82 16.05+6.34 0.084+0.032 6.89+0.25 122.84+62.1 63.7+20.4 164.44+15.6
Hangzhou HZ 82.55+6.37 18.52+5.35 0.11240.021 6.8540.21 219.34+46.5 90.4+9.4 249.74+19.6
Jinghua JH 73.18 +£15.46 10.594+4.98 0.12740.018 6.9240.19 229.64+27.9 81.4+7.5 220.04+24.9
Note: The granule diameter of sand is >1 mm.
Table 2 1000-seed weight and seed moisture content of S. canadensis from Jinhua, China

Mean value NO. Sd. CV /%
1000-seed weight/g 0.0475 12 0.0062 13.0863
Seed moisture content /% 70.1389 12 9.7042 13.8357

"http://www.ontariowildflower.com/goldenrods.htm#canadagoldenrod

Zhttp://www.ct-botanical-society.org/galleries/solidagocana.html
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Table 3 Seed germination of S. canadensis from Jinhua treated with different solutions

Seed germination/%

Treatment with pH solutions

Treatment with NaCl/(mol-L™)

Treatment with water solution/g

pH4 6.33+1.53* 0
pH6 30.33+2.528 0.02
pH7 28.00 +2.008¢ 0.05
pHS8 23.67+1.53¢P 0.1
pH10 21.67+2.08°

29.33 £2.08* 10 4.334+0.58*
22.3343.068 15 8.67+1.16°
15.33 +£2.52€ 25 14.00 + 1.00°¢
5.00+2.00° 35 22.3342.52°
— 45 9.67+0.58"

Note: The same superscript letter in the same column indicates no significant differences among treatments at 0.01 level.
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Fig. 4 Seed germination treated with different NaCl concentrations

appropriate pH value for germination of S. canadensis is
pH 6-7.

3.4.2 NaCl stress effect

Seed germination of S. canadensis obviously responded to
NaCl stress (Fig. 4). Analysis showed significant differences
(P <0.01) among different treatments. The control treatment
showed that the highest germination percentage and rate
decreased markedly as the concentration of NaCl increased.

3.4.3 Moisture effect

Germination ratio evidently increased, with a peak of 22.33%
when the water added into Petri dish varied from 10 mL to
30 mL, while it decreased to 9.67% when 45 mL water was
added (Fig. 5). Germination percentages were all significant
(P <0.01) from each other except for that between the 15 ml
and 45 ml water treatments.
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Fig. 5 Seed germination treated with different water solutions
3.5 Characteristics of vegetative reproduction

Although the underground plant part, basal stem and remain-
der stem of S. canadensis all hold reproductive abilities to a
certain extent, their differences in such ability is palpable
(Fig. 6). Seedlings of the underground part, basal stem and
remainder stem respectively emerged 3d, 8d, 10d and 15d
after treatment, with each respective plant generating 17.4,
3.5, 1.0 sprouts on average. Average sprout height was
8.6 cm, 3.5 cm, and 7.8 cm, respectively. Analysis shows that
the number and height of sprouts dropped as the length of the
basal stem increased. Lots of energy in the remaining part of
the plant was consumed for reproduction, while a certain
number and height of the seedlings enabled them to obtain
some energy from seedling photosynthesis, which then was
transported back to the remaining parts. As a result, after 15d
cultivation, there were varying increases in the biomass for
the underground part, basal stem of 20 cm and above stem
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of 30 cm. However the biomass of the 30 cm basal stem and
45 cm basal stem decreased.

Experiments on underground parts with different degree
of damage, and individuals with different heights after the
removal of 1/8 part showed that all the treated individuals
survived after 15d sand-cultivation (Table 4). The number of
sprouts became fewer as the damage to plant increased. The
sprout of the underground part was correlated to the size of
the individual plants when the plant was slightly damaged by
removal of 1/8 part. The biomass of the plants ranged mainly
according to the damaging degree and treatment dates. More
gross sprouts of thizome were found in the damaged rhizome
compared with a natural rhizome.
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3.6 Morphological parameters of the underground part

From seedlings produced directly by seed germination, to
the aboveground part perishing in January of the next year,
the gross length of the underground part reached its maximal
value in August, while the other morphological parameters
achieved their peak in July and September. During the
high temperatures and drought in August, these parameters
decreased slightly (Table 5). When S. canadensis entered its
period of flowering and fruiting in September, the morpho-
logical parameters of the underground part reduced quickly.
Total length, surface area, root volume, and projection area all
increased to an extent in December, but the average diameter
and rhizome length reduced as a result of the aboveground
part withering away and the partial energy shifting of the
underground part to begin rooting (so as to set substantial
preparation for perennial underground living through the
winter).

Aster subulatus, Erigeron bonariensis, Eeigeron annuus,
Conyza canadensis are four pervasive, widely distributed,
baleful, exotic Compositae weeds. Compared to these four
other exotic weeds, S. canadensis is greater in terms of total
length, surface area, root volume, and projection area, imply-
ing a greater ability for absorption and fixation in arid and
barren fields. The average diameter of the underground part
of S. canadensis is also bigger than the others because
S. canadensis has a mass of rhizomes with the ability to pro-
pagate vegetatively (Table 6). These features thus indicated
that the underground part of S. canadensis provides the
morphological and structural foundation for its extensive
pervasiveness.

Table 4 Reproduction of S. canadensis rhizome treated with different degrees of damage

Degree of damage

The underground part after excising 1/8

Integrated Excise 1/8 Excise 1/3 Excise 1/2 A B C
Weight after excising/g 113.72+5.34 96.84+4.81 72.38+5.41 52.2743.63 119.19+4.38 82444271  43.1243.04
Change of biomass/g 5.61+4.23 -3.64+2.34 —6.44+3.13 -1.73+1.22 —4.43+1.84 —247+1.18  -0.52+1.37
Increased buds/(ind.plant™) 17.40+5.94 15.20+2.84 13.40+1.94 10.80+2.34 20.40+2.17 13.40+1.94  10.80+1.42

Table 5 Seasonal variation of some parameters of the underground part of S. canadensis

Month Total length/cm Surface area /cm*>  Root volume /cm? Projection area /cm? Average Diameter/mm  Rhizome length /cm
(Diam. >3 mm)
3 52.414+6.99 4.65+0.94 0.0340.01 1.4840.30 0.2840.03 0
4 501.41+£57.39 196.77+37.55 6.21+1.78 62.63+11.95 1.254+0.16 20.61+3.61
5 1213.344+104.65 284.24+31.46 6.73+1.42 98.67+10.84 1.03+0.08 27.84+4.12
6 2292.414190.02 453.05+28.81 7.01+1.13 151.03+9.17 0.7240.07 32.87+4.68
7 2311.86+235.92 694.65+70.86 17.61+3.50 221.11+22.56 1.01+0.14 127.69 +45.99
8 2354.864+250.90 671.44+70.61 15.69+4.14 213.73 +22.47 0.93+0.17 118.46+50.61
9 1638.79 £225.35 693.154+97.13 24.04+7.36 220.64+30.92 1.3740.26 201.09+49.61
10 1046.574+199.67 422.13+58.94 15.19+3.74 134.374+24.56 1.60+0.21 74.35+18.24
11 753.84+161.87 283.43+4.87 8.99+1.28 87.31+18.74 1.24+0.19 35.19+12.74
12 637.154+155.20 217.90+35.62 6.02+0.81 69.36+11.34 1.1240.15 21.73+10.59
1 988.09+217.11 307.21+77.61 7.70+2.69 97.79+24.70 0.9240.11 8.13+7.11
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Table 6 Differences between the root systems of S. canadensis and composite coordinal plants

Species Height Total length /cm Surface area /cm? Root volume /cm*®  Projection area /cm?>  Average Diameter /mm
Solidago canadensis ~ 138.78 +7.64  1046.57 +199.67 422.134+58.94 15.19+3.74 134.37424.56 1.60+0.21
Aster subulatus 134.83+4.32 504.83 +£50.61 191.07 £22.17 6.384+1.02 60.82+8.48 1.334+0.13
Erigeron bonariensis ~ 135.15+9.11 648.84 +63.48 197.74 +24.97 5.01+0.83 62.94 +8.99 1.09+0.11
Eeigeron annuus 126.64+7.84 610.44+49.27 152.02+18.46 3.114+0.46 48.39+5.23 0.84+0.06
Conyza canadensis 130.73 +£6.67 549.27 +54.86 207.37+26.11 6.35+1.35 66.01 +7.52 1.2440.09
Table 7 The ash-free caloric values of different organs of S. canadensis in different seasons /(kJ-g™)

Month Root and rhizome Stem Leaf Spike

3 17.180+0.197 — 19.740+0.426 —

4 16.75240.370 17.49240.284 19.798 +0.531 —

5 17.0774+0.336 17.3004+0.371 19.1324+0.262 —

6 17.612+0.524 18.203 +0.437 19.874 +0.371 —

7 18.0614+0.530 19.2564+0.832 20.982+0.338 —

8 18.643 +0.449 16.8254+0.318 19.586 +0.820 —

9 18.151+0.337 16.727+0.172 20.585+0.174 16.824+0.124
10 17.7384+0.375 16.99440.267 20.378 +0.254 17.6394+0.226
11 17.55140.565 17.119£0.438 20.065+0.371 18.77040.327
12 15.8614-0.344 17.4214+0.410 21.265+0.561 20.575+0.266

3.7 The seasonal dynamics of the caloric values of
different organs of S. canadensis

Analysis of the seasonal dynamics of energy investment
presented in Table 7 showed: (1) vegetative growth from
March to July enabled vegetative organs to gradually accu-
mulate a lot of energy; (2) growth was impacted by high tem-
peratures and drought in August; (3) from September, energy
was transferred from the underground part, especially
from the rhizome, to the sexual organs; and the number of
leaves increased in order to produce more organic matter via
photosynthesis. Thereupon, energy for anthotaxy increased
gradually as sexual organs developed to maturation.

4 Discussion

4.1 Ecological adaptability to different environments of
S. canadensis

Plasticity in heterogenetic environments, including sensitivity
and reactive ability to changes in the environment, is an im-
portant mechanism in ecological invasion by exotic weeds.
(Silvertown and Gordon, 1989). The elucidation of the adap-
tation by exotic weeds to heterogenetic environments in terms
of physiological and ecological strategies (different texture,
pH value, water stress and moisture etc.) would help us to
institute effectual synthetical manipulating schemes, forecast
potential distribution areas and accumulate data for establish-
ing a hazard-estimating system for other exotic weeds. The
characteristics of S. canadensis in its adaptation to climate
has been elucidated by comparing the physiological indices
and peroxidase isozymograms under different temperature
conditions of S. canadensis with other exotic weeds such as

Erigen annual (Guo et al., 2003; Guo et al., 2002). According
to research on soil features of S. canadensis habitats in
Shanhai and Zhejinag, the authors concluded that S. canaden-
sis mainly distributes in soil which have relatively constant
features such as dry, well-aerated, acidic, and low salt-
containing sandy land or sandy loam. The seeds of S.
canadensis can germinate well under different environmental
stresses, and the germination rate can reach 30% under
favorable conditions with pH 6-7. Nevertheless, it would be
obviously restrained in soils with salt concentrations of over
0.1 mol/L or moisture content over 30%. Similar conclusions
have been gained from laboratory experiments (Guo et al.,
2003). Though S. canadensis has a high endurance to Zn, Cu,
Pb in soil, its accumulation of Zn, Cu, Pb is not high, with
rates of 0.246, 0.489, and 0.570, respectively (Guo et al.,
2002)

4.2 Reproductive strategy to experience jamming of
S. canadensis

The seeds of S. canadensis can spread through long distances
by all sorts of means, including jamming, wind, and animals,
to form several “satellite populations”. They then fill the
interspaces through rhizome reproduction, and finally domi-
nant communities of S. canadensis are established and local
plants are excluded. Disturbance by human activities is the
key factor contributing to the success of exotic weed invasion
in the so-called “step-by-step spreading model”. The activity,
permanence, and ability to spread and propagate over spatio-
temporal restrictions are reinforced by human interference,
which enables finite resources to be preserved for future
utilization by the plant, leading to physiological integration
and venture apportionment between different seedlings
growing on the same clonal genets (Cook, 1983). Our



researches showed that the residual parts after mechanical
damage of S. canadensis would generate much more adventi-
tious buds than seedlings in the “natural state” in integrated
plants. Accordingly, the residual parts after mechanical or
manual resecting should be effectively cleared in time, other-
wise young leaves and adventitious buds could generate from
the residual parts and become new troublesome sources
of diffusion. Field experiments indicated that an individual
S. canadensis plant can generate more branches and seeds if
the apical dominance is annulled in the vegetative growth
period or at prophase of the flowering and fruiting periods.
However, branches in the flowering period have always been
used as material for cutting flowers, at which some seeds may
mature rapidly and become potential sources of spread.

In China, S. canadensis became naturalized in Shanghai,
Nanjing, etc. in the 1980s. In the 1990s it dispersed to
many districts, such as Zhejiang, Shanhai, Anhui, Hubei,
Jiangsu, Jiangxi and so on, and the species has diffused
into Yunnan, Heilongjiang, Hebei, Hunan, Liaoning, Tianjin,
Shanxi, and Guangxi. Among these provinces, Zhejiang is
one of the most seriously affected by S. canadensis invasion.
After being recorded on the beach in 1996, S. canadensis
spread all over the 11 cities and covered 11200 hm? in
Zhejiang province (data before September, 2004). A hyperac-
tive reproductive strategy in response to disturbance by
S. canadensis maybe one important cause to its quick
diffusion.

4.3 Correspondence among reproductive and
morphological features of the underground part, and energy
investment of S. canadensis

S. canadensis cannot only clonally grow by its rhizome
but can also generate tremendous seeds. There is a certain
correspondence in its growth cycle among the reproductive
features, the morphological parameters of the underground
part, and energy investment. A series of indices, such as the
growth rate of the aboveground part, leaf amount, surface
area and projection area of the underground part, root volume,
and rhizome length reach their peak values in September,
therefore, its vegetative growth lays a substantial foundation
for the period of flowering and fruiting in the middle of
September. Analyses of the seasonal dynamic of energy
investment indicates that: (1) vegetative growth during March
to July enables the plant to accumulate a lot of energy gradu-
ally; (2) the aridity and drought in August influence growth
rhythm, and the energy of the plant shifts to the underground
parts to favor the formation of the fibre to facilitate water
absorption, shown by the increase in total root length and the
reduction of its average diameter; (3) from September, energy
in the underground part, especially in the rhizome, transfers
to the sexual organ rapidly, while the energy in the leaves
increases to enhance photosynthesis and produce more
energy, and that in anthotaxy increases gradually along with
sexual organ development to maturation.
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The genetic seed-yield of S. canadensis depends on the
number of ramets and the number of fruits per ramet. Gener-
ally speaking, genetic seed-yield of clonal plant individuals
would not infinitely increase following clonal growth. When
the gross resource is limited, the energy for clonal growth
increase and the energy for sexual reproduction decreases
accordingly. That is to say, there is a tradeoff between
clonal growth and sexual propagation. Additionally, resource
allocation would change with variations in environmental
conditions, plant density and size, and so on. Resource alloca-
tion strategies may also vary from the ramet plant’s plasticity
adaptation to different environments (Ronsheim et al., 2000;
Nishitami et al., 1999; Sato et al., 2002). Weis et al (1987)
reported that no direct tradeoff between clonal growth and
sexual propagation of S. canadensis was found, and such a
relationship depends on the quantity of obtainable resources.
This tradeoff would not emerge until nutrients in the environ-
ment become seriously scarce (Biere, 1995). With a strong
perennial underground part and sturdy aboveground part,
S. canadensis can get ample resources, hence, restrictions
from the tradeoff of reproductive resource allocation is not
distinct for this species. Based on the above analyses, we con-
clude that S. canadensis has the basic reproductive biology
for rapid invasion by sexual and asexual propagation.

According to the reproductive biology characteristics of
S. canadensis, we should pay attention to the following
aspects in trying to control the troublesome invasive exotic
weed: (1) the scattered populations of S. canadensis, espe-
cially those in widely-distributed habitats, should be pointed
out and eradicated in time; (2) its seeds are so easily spread
and germinate even under environmental stress, with a long-
standing germination period, and with a strong adaptability
to acidic and alkali environments that we should try our best
to control its spread. Human and mechanical control of
S. canadensis by eradication should be avoided after its
florescence; (3) after the plants are uprooted mechanically or
controlled chemically, the management and monitoring of the
remnant parts should be reinforced lest the remains form a
second diffusing source; (4) in the drought season, the energy
of S. canadensis in the leaves and stem shift to the under-
ground part, thus conductive herbicides such as glyphosate
are recommended to control it in this period.
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