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ABSTRACT. The concentrations of heavy metals such as copper and lead in the environment are currently
increasing, due mainly to human activities. Any of these metals, at sufficiently high concentrations, can
cause severe damage to physiological and biochemical activities of plants. This damage to plants can be
intensified when two or more metals present in the soil act synergistically. This study assessed the effects
of two metals, copper and lead, on the growth of an invasive plant species, Lythrum salicaria. Treat-
ments consisted of control; high and low concentrations of lead; high and low concentrations of copper;
and high and low concentrations of both copper and lead. Although the treatment of plants with metals
significantly reduced growth and survival of the plants, no synergistic relationship between the metals
was found because of the extreme toxicity of the concentrations of metals used in this investigation.
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INTRODUCTION
Anthropogenic pollutants such as heavy metals enter

our environment in a variety of ways. These include
mining, metal smelting, electroplating, gas exhaust, energy
and fuel production, down wash from power lines,
intensive agriculture, power transmission, sludge dump-
ing, and military operations (Kumar and others 1995;
Nedelkoska and Doran 2000). Because of these activi-
ties, the levels of heavy metals, such as lead and copper,
in the environment are currently of great concern
(Cooper and others 1999). Although some of these
metals, such as copper and zinc, have known functions
as micronutrients and are needed by plants as parts of
coenzymes and enzymatic prosthetic groups (An-
tosiewicz 1992), lead and mercury have no known
biological functions (Antosiewicz 1992; Xiong 1998).
Whether they are required for plant growth or not, all
heavy metals are toxic to plants at high levels (An-
tosiewicz 1992; Nedelkoska and Doran 2000).

The levels of metals found in plants are often cor-
related to the levels present in the environment (Vesk
and Allaway 1997). For example, Salim and others (1993)
showed that the concentrations of lead, cadmium, and
copper increased in radish plants when treated with an
increasing concentration of these metals. The absorp-
tion of metals from the soil by plants is influenced by a
variety of factors, including pH, temperature, soil ions,
the cation exchange capacity of the soil, organic matter
content of the soil, the type and concentration of metal,
and the species of plant (Antosiewicz 1992; Salim and
others 1993). The metals enter the root in the form of
dissolved ions and move with the inflow of water
apoplastically through the root hairs and into the cortex
and are then translocated to other parts of plants (Punz
and Sieghardt 1993).

Heavy metals act as stressors to plants when en-
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countered in the environment (Baker 1987). They inter-
act with the physiological and biochemical activities of
plants to reduce their vigor and in extreme cases can
completely inhibit growth (Baker 1987). Numerous studies
have demonstrated the deleterious effects of copper on
plant growth (Salim and others 1993; Zhu and others
1999; Mal and others 2002a). Lead also exerts negative
effects on both growth and leaf expansion of plants
(Kumar and others 1995; Uveges and others 2002). Lead
has been shown to have toxic effects on a variety of
metabolic processes essential to plant growth and de-
velopment, including photosynthesis, transpiration, DNA
synthesis, and mitotic activity (Wierzbicka 1999). Of
these processes, photosynthesis was found to be the most
sensitive to lead contamination (Singh and others 1997).

Lead has been acknowledged to be the most abundant
metal pollutant in the environment (Watanabe 1997;
Xiong 1998). The level of lead in the environment has
increased significantly as a result of industrialization
and urbanization (Singh and others 1997). Since the half-
life of lead in biological systems is one of the longest
among metals, the consequence of lead pollution can
be far-reaching and devastating (Lane and Martin 1977;
Kumar and others 1995). The half-life of lead is esti-
mated to be 150-5000 years (Kumar and others 1995).

Lead occurs in soils in the form of insoluble and
soluble salts (Singh and others 1997). It tightly binds to
organic soil particles (Kumar and others 1995; Singh
and others 1997), which may decrease the mobility of
lead in most soils and may reduce uptake by plants
(Salim and others 1993; Kumar and others 1995; Cooper
and others 1999). It has been suggested that the mobility
of lead and copper is greater in sandy soils, which tend
to lack organic matter, than in organic soils.

Copper, unlike lead, is necessary for the growth of
plants (Cook and others 1997). It functions as a structur-
al and catalytic component of several enzymes and
proteins (Cook and others 1997). Despite this require-
ment, excess copper when absorbed by plants can be
toxic, leading to reduced growth, chlorosis, and mal-
formation of roots (Kjaer and Elmegaard 1996; Cook
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and others 1997). The amount of copper that is absorbed
by plants and its toxicity depends on several factors. For
example, the toxicity of copper on plants is dependent
on their nutritional status (Pahlsson 1989). In addition,
the toxicity of copper is directly related to the exposure
time and the concentration of copper in the soil
(Pahlsson 1989; Kjaer and Elmegaard 1996). The toxicity
also depends on the genotype of a species. Some geno-
types can resist damage due to the toxicity of copper,
whereas others are more vulnerable (Pahlsson 1989).

Part of the damage that copper inflicts on plants
arises from the interaction of excess copper with other
nutrients, such as potassium, zinc, magnesium, and iron
(Kjaer and Elmegaard 1996; Cook and others 1997). This
may be due to either displacement or altered uptake
of the elements by plants (Cook and others 1997). The
alteration in uptake may come about through the com-
petitive exclusion of other metals by copper at the
uptake sites.

We studied the effects of two heavy metals, lead and
copper, on the growth of an invasive plant species Ly-
thrum salicaria (Mai and others 1992). The treatments
were added to the soil in solution with water (control)
only, with one metal, or with a mixture of both metals.
The mixture of metals was included in order to de-
termine the occurrence of any synergistic interactions
between lead and copper on L. salicaria. Each metal
or combination of metals was added at high and low
concentrations in order to determine whether an in-
crease in concentration would lead to an increased
toxicity to the plants.

MATERIALS AND METHODS
Lythrum salicaria L. (Lythraceae, purple loosestrife)

is an invasive emergent weed of North American wet-
lands (Mai and others 1992; Mai and others 1997). Open
pollinated seeds were collected from a monoculture of
L. salicaria in LaSalle, Essex County, Ontario, Canada, in
1996. Seeds were germinated in petri dishes on moistened
filter paper in a growth chamber in a 16/8 hr light/dark
cycle. Individual seedlings were then transplanted to 10
cm pots filled with sand. The plants were allowed to
grow in a l6/8hr light/dark cycle in a growth chamber.
Liquid fertilizer (Miracle-Gro®, Stern's Miracle-Gro
Products, Inc., Port Washington, NY 11050) was added
in the recommended dose to each pot every two weeks,
and the size of each plant was measured weekly so that
temporal changes in growth could be detected.

Either lead, copper, or their mixture was added to dif-
ferent plants in seven groups of treatments: control - no
pollutants; high (2000 ppm) and low (1000 ppm) con-
centrations of lead; high (2000 ppm) and low (1000
ppm) concentrations of copper; and high (1000 ppm
lead + 1000 ppm copper) and low (500 ppm lead + 500
ppm copper) concentrations of lead and copper mix-
ture (Azar and others 1973; Mai and others 2002b;
Uveges and others 2002). There were 12 individual
genotypes within each treatment group. The plants were
assigned treatments randomly.

Before treating the plants, the total length of the main
axis and all side branches of each plant was measured.

Following the treatment, plants were identified as either
being dead or alive. Dead shoots were removed and
placed in individually tagged paper bags for the an-
alysis of dry-mass. Weekly measurements of shoot
length of the surviving plants were taken.

Fifty-five days after treatment, the plants were har-
vested and dried at 60° C for one week until they
reached constant dry-mass. Root and shoot dry-mass
were recorded separately. One-way ANOVAs with Tukey
post-hoc tests were conducted on initial length, final
length, total dry-mass, shoot and root dry-mass. Repeated
measures analysis was used to investigate the patterns of
change in growth over time among treatments. Statistical
analyses were done using SYSTAT (Wilkinson 1998).

RESULTS
The total length of plants from the different treatment

groups did not differ prior to the addition of lead and
copper treatments (Table 1). Application of lead and/or
copper, however, caused complete withering and death
of the above ground parts of all plants. No such damage
to the shoots was seen in the control plants. Following
the treatment and subsequent death of the above-
ground parts of the plants, re-growth occurred in
several plants that were treated exclusively with lead
(Fig. 1). However, the total length of shoots at harvest
was significantly greater in the control than in the metal
treatments, even when re-growth occurred (Table 1;
Fig. 1).

The dry-mass of dead shoots, collected immediately
after treatments were applied, was significantly greater
in plants exposed to metals than those in the control
treatment (Table 1; Fig. 2). The dry-mass of roots and
living shoots at harvest was significantly greater in
control plants compared to treatment plants (Table 1;
Fig. 2). There was no significant difference in the dry-
mass of the roots or shoots in the lead and copper
treated plants.

Time had a significant effect on growth both before
and after treatments were applied (Tables 2, 3). Al-
though there was no interaction of time and treatment
before treatment application, a significant interaction
was observed on height after treatment application
(Tables 2, 3). The control plants continued to grow,
while almost all treatment plants stopped growing,
except where new shoots emerged (Fig. 3).

DISCUSSION
Heavy metals are thought to be one of the most

dangerous stressors that occur in the environment
(Szalontai and others 1999)- For this reason, there have
been numerous studies on the toxicity of heavy metals,
including lead and copper (Pahlsson 1989)- Heavy
metals impede growth of plants, leading to smaller leaves
that tend to be chlorotic (Kovacevic and others 1999;
Sayed 1999). These effects can be explained physio-
logically and biochemically. The treatment with heavy
metals can lead to the interruption of activities of sev-
eral essential enzymes, various aspects of the photosyn-
thetic processes, uptake of essential nutrients, and the
ultrastructure and water usage of cells (Sayed 1999). For
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TABLE 1

Results o/ANOVA testing the effects of lead and copper treatments on growth q/Lythrum salicaria.

Dependent Variable Multiple r2 df Mean-square F ratio

Total length prior to treatment

Error

Total length at harvest

Error

Dry mass of living shoots

Error

Dry mass of dead shoots

Error

Dry mass of roots

Error

0.09

0.84

0.84

0.28

0.75

6
40

6
40

6
40

6
40

6
40

0.26
0.36

36511.62

1064.19

10.23

0.3

2.14

0.81

1.55

0.07

0.73

34.31

33.96

2.63

20.6

0.626

0.000

0.000

0.030

0.000

example, copper can damage the permeability of plasma
membranes, which can lead to the leakage of potas-
sium ions and other substances dissolved in the cell
(Ouzounidou and others 1992).

The photosynthetic apparatus may be especially sensi-
tive to damage from heavy metals (Kovacevic and others
1999). Wong and Chang (199D demonstrated that the
reduced photosynthetic efficiency can lead to reduced
growth in algae. Heavy metals affect many processes
vital to the photosynthetic pathway. For example, excess
heavy metals have been shown to negatively affect chlor-
ophyll biosynthesis (Ouzounidou and others 1992), to
alter the action of Ribulose 1,5-bisphosphate carboxylase-
oxygenase (Cook and others 1997), to interfere with the
dynamics of the thylakoid membrane (Szalontai and
others 1999), and to inhibit electron transport system in
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Cu+Pb low
Cu+Pb high

MEASUREMENT DATES (MONTH/DAY)

FIGURE 1. Effect of heavy metal exposure on the height of Lythrum
salicaria during the observation period.

both photosystem I and photosystem II (Ouzounidou
and others 1992). Any or all of these effects can explain
the significant damage and death of the stems and leaves
of the chemically treated plants in the present study.

C CuH CuL CuPbH CuPbL PbH PbL

HEAVY METAL TREATMENT

FIGURE 2. Effect of heavy metal exposure on dry biomass of shoots
of Lythrum salicaria at harvest (C = Control; CuH = Copper high;
CuL = Copper low; CuPbH = Copper + Lead high; CuPbL = Copper +
Lead low; PbH = Lead high; PbL = Lead low).

In this study, we observed shoot growth and above
and below ground biomass of plants in order to test the
effects of exposure of these plants to lead and copper.
Treatment with lead and copper, irrespective of the con-
centration of metals, led to complete and rapid death
of the above ground stems and leaves. The leaves were
affected first, followed shortly by the stems. When and
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TABLE 2

Results of repeated measures ANOVA testing the effects of
time on height of plants assigned to different treatment

groups prior to administering heavy metals.

Source

Between subjects

Treatment

Error

Within subjects

Time

TimeTreatment

Error

MS

16.08

84.55

1666.83

3.05

5.14

df

3
i3

8

24

544

F

0.19

324.53

0.59

P

0.9025

0.000

0.681

how the roots were affected was not apparent until
harvest. In most previous studies, roots were affected
most severely when plants were exposed to heavy
metals. For example, it has been reported that the
growth of roots is the most rapid and sensitive response
of plants to pollution with heavy metals (Ouzounidou
and others 1992; Romeu-Moreno and Mas 1999). Ouzoun-
idou and others (1992) also observed that the cells of
roots are affected more severely by the exposure to
copper than are other parts of the plant. Many studies
have indicated that the heavy metals are mostly accumu-
lated in the roots rather than in the leaves and stems
(Ouzounidou and others 1992; Kovacevic and others
1999).

The difference in the vigor between control and treat-
ment groups was measured and shown to be significant
in four ways. Most of the metal-treated plants died. The
total length of shoots at the time of harvest was signifi-
cantly greater in the control plants (also see Uveges and
others 2002). The dry-mass of living shoots and roots har-
vested at the end of the experiment was significantly

TABLE 3

Results of repeated measures ANOVA testing the effects of time
on height of plants assigned to different treatment groups

after administering heavy metals.

Source

Between subjects

Treatment

Error

Within subjects

Time

Time*Treatment

Error

MS

66556.1

229.56

2552.45

7758.22

12298

df

3
43

7
21

301

/•

289.88

8.92

9.04

P

0.000

0.000

0.000

higher in the control plants.
When a plant is exposed to more than one pollutant,

interactions between those pollutants may occur. Al-
though heavy metals may have antagonistic, additive, or
synergistic effects in plants, synergistic interactions are
found to be most common (Keltjens and van Beusichem
1998; Luo and Rimmer 1995; Wong and Chang 1991;
Pahlsson 1989). Synergistic interactions are very im-
portant to the ecological processes in the natural world
because, in many polluted environments, pollution is
caused by more than one pollutant (Keltjens and van
Beusichem 1998). This is especially true in areas where
sewage sludge is disposed on land or in areas where
river and harbor dredgings and metal mining wastes
are dumped (Luo and Rimmer 1995). We attempted to
simulate a multi-metal contaminated environment in
this experiment, but a synergistic relationship was not
observed. This may be due to the fact that the metals
were added at a level that was too damaging to detect
interactive effects of both metals.

^ 200
B
o

fS 150
O

H
O
O
X

O
H

100

50

0

Before treatment
At harvest

i i
C CuH CuL CuPbH CuPbL PbH PbL

HEAVY METAL TREATMENT

FIGURE 3- Effect of heavy metal exposure on the total shoot length
of Lythrum salicaria before treatment and at harvest (C = Control;
CuH = Copper high; CuL - Copper low; CuPbH = Copper + Lead
high; CuPbL = Copper + Lead low; PbH = Lead high; PbL = Lead low).

Prior to the addition of metals, there was no significant
difference between the total lengths of plants placed
in different treatments. The addition of metals, however,
reduced the total length of the treated plants to virtually
nothing, since all dead material was removed from the
pots. The control plants continued to grow. However, in
some of the lead-treated pots, regrowth of new shoots
occurred. Although the total length of these new shoots
did not cause the mean of lead-treated plants to be sig-
nificantly higher than the mean of copper-treated
plants, it is interesting to note that regrowth only oc-
curred in pots that had been treated exclusively with
lead. The addition of copper, at a concentration at or
above 500 ppm, seemed to entirely inhibit regrowth.
This may be because copper is more toxic to plants than
is lead, perhaps especially to the roots. The lead-treated
plants may have had some living tissue in the roots,
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thereby allowing regrowth of the shoots. If copper dam-
aged the roots of the treated plants more severely, the
roots may not have been able to support the regrowth of
above ground parts.

Our results suggest that lead destroyed all initial
above ground parts of the plants but apparently not the
roots, which were later able to support the regrowth of
shoots in some cases. It could therefore be possible that
L. salicaria is able to translocate some of the toxic lead
ions out of the roots and concentrate them in the shoots,
which then die and are later replaced by regrowth from
healthy portions of the root. If this process of death and
regrowth is allowed to continue, much of the excess
lead that is available for up-take by plants will be re-
moved from the soil by the roots of L. salicaria plants
and transported to the expendable shoots, thus making
the soil suitable for the growth of healthy plants. The
process of using plants to remove harmful substances
from the soil in this way is known as phytoremediation
and is a new and promising method of remediation of
soils contaminated with metals (Nedelkoska and Doran
2000). There are many advantages to this technique
when compared to more traditional forms of remedia-
tion, such as minimal destruction of the ecosystem
surrounding the treatment area and maintenance of the
physical attractiveness of the area and surrounding
areas (Nedelkoska and Doran 2000). It has been found
that plants that are successful phytoremediators are
also hyperaccumulator (Watanabe 1997). These plants
are able to absorb large amounts of metals from the
environment and are able to concentrate them in their
roots, shoots, or leaves (Watanabe 1997). For example,
Reeves and others (1983) identified several western
North-American genera that accumulate nickel and zinc.
If L. salicaria is proved to be a hyperaccumulator, it may
translocate and concentrate the absorbed metals in its
shoots and leaves, given the survival of some of the
roots in lead-treated plants observed in this experiment.
Further research, using lower concentrations of metals,
is required to investigate the feasibility of the use of L.
salicaria in phytoremediation of soils contaminated
with lead and other metals.
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