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Abstract

Metal contaminated stormwater, i.e. surface runoff in urban areas, can be treated in
percolation systems, ponds, or wetlands to prevent the release of metals into receiving
waters. Plants in such systems can, for example, attenuate water flow, bind sediment,
and directly accumulate metals. By these actions plants affect metal mobility. This
study aimed to examine the accumulation of Zn, Cu, Cd, and Pb in roots and shoots of
plant species common in stormwater areas. Furthermore, submersed plants were used to
examine the fate of metals: uptake, translocation, and leakage. Factors known to influence
metal accumulation, such as metal ion competition, water salinity, and temperature, were
also examined. The following plant species were collected in the field: terrestrial plants
– Impatiens parviflora, Filipendula ulmaria, and Urtica dioica; emergent plants – Alisma
plantago-aquatica, Juncus effusus, Lythrum salicaria, Sagittaria sagittifolia, and Phalaris
arundinacea; free-floating plants – Lemna gibba and Lemna minor ; and submersed plants
– Elodea canadensis and Potamogeton natans. Furthermore, the two submersed plants,
E. canadensis and P. natans, were used in climate chamber experiments to study the fate
of the metals in the plant–water system.

Emergent and terrestrial plant species accumulated high concentrations of metals in
their roots under natural conditions but much less so in their shoots, and the accumulation
increased further with increased external concentration. The submersed and free-floating
species accumulated high levels of metals in both their roots and shoots. Metals accumu-
lated in the shoots of E. canadensis and were P. natans derived mostly from direct metal
uptake from the water column.

The accumulation of Zn, Cu, Cd, and Pb in submersed species was in general high,
the highest concentrations being measured in the roots, followed by the leaves and stems,
E. canadensis having higher accumulation capacity than P. natans. In E. canadensis
the Cd uptake was passive, and the accumulation in dead plants exceeded the of living
with time. The capacity to quickly accumulate Cd in the apoplast decreased with suc-
cessive treatments. Some of the Cd accumulated was readily available for leakage. In
P. natans, the presence of mixtures of metal ions, common in stormwater, did not alter
the accumulation of the individual metals compared to when presented separately. It is
therefore, proposed that the site of uptake is specific for each metal ion. In addition cell
wall-bound fraction increased with increasing external concentration. Further, decreasing
the temperature from 20� to 5� and increasing the salinity from 0� to 5� S reduced
Zn and Cd uptake by a factor of two.

In P. natans the metals were not translocated within the plant, while in E. canadensis
Cd moved between roots and shoots. Thus, E. canadensis as opposed to P. natans may
increase the dispersion of metals from sediment via acropetal translocation. The low
basipetal translocation implies that neither E. canadensis nor P. natans will directly
mediate the immobilisation of metal to the sediment via translocation.

To conclude, emergent and terrestrial plant species seem to enhance metal stabi-
lization in the soil/sediment. The submersed plants, when present, slightly increase the
retention of metals via shoot accumulation.



Let the rain kiss you.
Let the rain beat upon your
head with silver liquid drops.

Let the rain sing you
a lullaby.

The rain makes still pools on
the sidewalk.

The rain makes running pools
in the gutter.

The rain plays a little
sleep-song on our roof

at night

And I love the rain.

Langston Hughes
April Rain Song
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Chapter 1

Introduction

1.1 Stormwater: origin and quality

The natural water cycle is affected by the urban infrastructure, where a substantial num-
ber of types of hard surfaces hinder the infiltration of rainwater. Rainwater, which may
already have absorbed pollutants from the air, falls over urban areas, which contain
e.g. road surfaces, parking lots, vehicles, corrosive railings, brick, and copper roofs. Pol-
lutants are then resuspended and/or dissolved in the rainwater runoff, termed stormwater.
The transport capacity for particles and dissolved material in stormwater is dependent
on flow rate and topology as well as on the size of the particles and the properties of the
dissolved material, e.g. water solubility (Pettersson et al., 1999).

The quality of stormwater is subsequently greatly variable (Shutes et al., 1993; Sansa-
lone et al., 1996; Boller, 1997; Scholes et al., 1998; Pettersson et al., 1999). The amount
and proportion of toxic substances in stormwater not only depends on the origin of the
runoff, but also on the quantity, duration, and frequency of the runoff, all of which af-
fect stormwater quality. The problematic substances in stormwater have been identified
as suspended solids such as sand, clay, organic material, and metals (Ellis, 1986; Ellis
et al., 1987), as well as significant amounts of polycyclic aromatic hydrocarbons (PAHs)
(Sharma et al., 1997). Oxygen demand (from organic matter and other oxidizing materi-
als), toxicity (from pesticides and bacteria), and high levels of phosphorus and nitrogen
are also common in urban stormwater (Ellis, 1986). Furthermore, in a temperate climate
the temperature and salinity of stormwater vary seasonally. Water temperature may reach
above 20� in the summer, and surface water may drop below 0� during winter and thus
freeze. For most of the year stormwater is low in salinity (< 0.5� ); however, in winter,
due to the use of NaCl for de-icing roads, salinity can increase to 5� (Wittman, 1979;
Sandersson, 1997). Also, in the summer a slightly elevated salinity of 0.5� can be seen,
probably due to the resuspension of sediment (Odum, 2000).

Of the various metals in stormwater, copper (Cu), zinc (Zn), cadmium (Cd), and
lead (Pb) are identified as the most hazardous (Table 1) (Morrison, 1989; Sansalone et al.,
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Table 1. Measured concentrations of metals in stormwater and recipient values.
Stormwater Recipient

Parameter (unit) Concentration1 Limit value2 Natural Waters3

Zn (µg l−1) 25 - 1900 60 10
Cu (µg l−1) 3 - 320 9 1.8
Cd (µg l−1) 0.1 - 7 0.3 0.07
Pb (µg l−1) 2.1 - 1000 3 0.2

1 Morrisson, 1985; Morrisson, 1989; Boller, 1997; Pettersson et al., 1999
2 Wiederholm, 1999, Class 3: there may be effect on recipient
3 Förstner and Wittmann, 1979

1996; Boller, 1997; Pettersson et al., 1999). The free and weakly complexed proportion
of metals in urban runoff accounts for approximately 60, 45, 30, and 10% of the total
concentration of Cd, Zn, Cu, and Pb, respectively; while the rest of these metals are
more strongly associated with suspended particles (Morrison, 1985; Shutes et al., 2001).
However, speciation may vary depending on the origin and quantity of the stormwater;
for example, it has been shown that snow runoff is more highly correlated to suspended
solids than to rainfall events (Sansalone et al., 1995).

1.2 Toxicity of metals

Heavy metals in runoff may cause direct toxic damage to plants, animals (Pais and Jones,
1997), and micro-organisms (Aoyama and Nagumo, 1997) growing in the receiving water
bodies. In addition, there is a risk of the bioconcentration and biomagnification of metals
in the aquatic community (Helfield and Diamond, 1997). Bioassays measuring acute
toxicity over four days of exposure to undiluted highway runoff, showed negative effects
on all organisms tested, i.e. algae (Selenastrum), amphipods (Gammarus), mayfly nymphs
(Hexagenia), fish (fathead minnow), isopods (Asellus), and cladocerans (Daphnia) (Lord,
1987).

In man and animals the metals may result in kidney damage (in the case of Cd and
Zn), local irritation, liver damage, and skin changes (in the case of Cu), and negatively
affect the central nervous system (in the case of Pb) (Hapke, 1991).

In plants metals may cause damage via reduction of growth (Baker and Walker,
1989) and interaction with nutrient uptake (Hagemeyer, 1999). Metals may bind to
functional groups or replace essential metals in a complex (Vangronsveld and Clijsters,
1994). Disruption of plasma membranes has been observed in several plants (Vangronsveld
and Clijsters, 1994; Obta et al., 1996; Branquinho et al., 1997), and metals may alter RNA
synthesis (Shah and Dubey, 1995), inhibit photosynthesis (Krupa, 1988; Vangronsveld and
Clijsters, 1994), and induce chlorosis (Sanità di Toppi and Gabbrielli, 1999). Furthermore,
metals are known to stimulate the formation of free radicals and reactive oxygen species,
either by direct electron transfer involving metal cations, or as a consequence of metal-
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mediated inhibition of metabolic reactions (Halliwell and Gutteridge, 1984).

1.3 Remediation techniques

Fig. 1. Schematic drawing of the three different
stormwater treatment facilities i.e. a pond, a wetland,
which both have the water flowing on top of sediment,
and a percolation area, where the water percolates
through the soil before outlet.

Various approaches are used to treat
stormwater for the improvement of
water quality, e.g. use of wet-
lands, wet detention ponds (perma-
nent pools of water), percolation ar-
eas, infiltration into soil or porous
pavements, street sweeping, and mix-
ing of stormwater with sewage wa-
ter. However, it is preferable to keep
stormwater separate from sewage wa-
ter (Boller, 1997), since when mixed
capacity problems during heavy rains
may arise, and a decreased quality of
sludge and water at the wastewater
treatment plant. Stormwater infiltra-
tion into soils or porous pavements
may cause groundwater contamina-
tion (Mikkelsen et al., 1994), and
street sweeping is ineffective as the
smallest particles, to which most of
the pollutants are bound are difficult
to collect efficiently. The most effec-
tive methods for treating stormwa-
ter are the use of percolation areas,
wetlands, and wet detention ponds
(Maestri and Lord, 1987) (Fig. 1).

Wet detention ponds were orig-
inally built to reduce stormwater
flooding due to heavy rain. Water
flow is reduced in a wet detention
pond, allowing the sedimentation of
suspended material, and thus a decreased pollution load reaching the receiving waters
(Pettersson et al., 1999). However, particulate-bound metals may still be resuspended
and dissolved in the water if environmental conditions are altered (Wei, 1993). In an
evaluation wet detention ponds were found to be the best available method for treating
urban and highway runoff, with 40-90% of metals being removed (Yousef et al., 1994).
Percolation areas were also able to reduce concentrations of Cu, Zn, and Pb in runoff
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(Yousef et al., 1987). In addition, several studies have evaluated the efficiency of wet-
lands for the removal of metals, and it has been concluded that they can successfully be
used for the treatment of stormwater (Meiorin, 1989; Morrison, 1989; Shutes et al., 1993;
Pettersson, 1999) as well as industrial wastewater (Dunbabin et al., 1988). Nonetheless,
measures of effectiveness differ greatly between sites, probably due to the variability in
water quality, treatment area design, plant community structure, and climate. Efforts
have been made to describe design criteria for wetlands with respect to water flow veloc-
ities and water depth requirements in order to achieve maximum removal of suspended
solids, phosphates, and metals from the water column (Shutes et al., 1997); however, there
is a still a need for improvement.

The use of green plants to remove pollutants from the environment or render them
harmless is defined as phytoremediation (Cunningham and Berti, 1993). Phytostabiliza-
tion, phytoextraction, and phytofiltration are three processes involved in phytoremedi-
ation (Salt et al., 1998), processes which can help reduce metal content of for instance
stormwater (Fig. 2). In phytostabilization, root-accumulating plants are used to reduce
the mobility or bioavailability of metals, which are then stabilized in the substrate and/or
accumulated in root tissue. Phytostabilization has proved useful for metal remediation in
wastewater (Dunbabin and Bowmer, 1992) and mine tailings (Tordoff et al., 2000; Stoltz,
2004). Phytoextraction is a method using plants with high shoot-accumulation ability to
extract metals from soils/sediments, and it has been demonstrated to be an economically
feasible method of treating polluted land (Blaylock and Huang, 2000); in addition, it may
be a method of creating sustainable stormwater treatment areas. In phytofiltration, high
metal-accumulating plants function as biofilters, which can be remarkably effective in
accumulating metals from polluted waters (Dushenkov et al., 1995). According to Boyd
and Martens (1998), there is a need to screen still more plants and assess their function
in stormwater treatment facilities. Since phytofiltration mainly mediates the removal of
dissolved metals by means of extra- and intra-cellular accumulation, this process may be
important for the removal of metals from stormwater. However, the precise uptake mech-
anisms are largely unknown and are not necessarily similar for different metals, suggesting
a need for further investigation.

1.4 Fate of metal in ponds, wetlands, and percolation

areas

In both wetlands and detention ponds, the high water flow during storm events may resus-
pend sediment. In addition, burrowing animals may affect the sedimentation of particles
by bioturbation, causing increased resuspension of particles to the water column (Odum,
2000). Conversely, plant roots bind the sediment and thus reduce the resuspension of sed-
iment (Fig. 2) (Carpenter et al., 1983; Mungur et al., 1995). The high root accumulation
of metals may further decrease the mobility of metals in sediment. Plants can in other
ways have an impact on the metals bonding to sediment, via their ability to alter the



15

Fig. 2. Principles of phytoextraction, phytostabilization, and phytofiltration.

pH, oxygen, and organic content in the vicinity of roots. The cation exchange capacity
(CEC) of substrate is important for the metal-binding capacity – decaying plant parts
increase the organic content and thus the CEC (Odum, 2000). In particular, the roots
of emergent plants, but also of submersed aquatic macrophytes, release oxygen into the
rhizosphere (Sand-Jensen et al., 1982; Chen and Barko, 1988; Laan et al., 1989; Arm-
strong et al., 1992). This oxygen may keep the sediment oxidized, thus facilitating the
binding of metals to iron oxides and hydroxides (Armstrong et al., 1992; Peverly et al.,
1995). In deep ponds, the sediment may be anoxic and metals may be bound to sul-
phur compounds; in these cases oxygen increases the availability of nutrients and metals
by oxidation of organic matter and sulphides (Förstner and Salomons, 1991; Armstrong
et al., 1992), because submersed species have less ability to oxygenate the sediment than
do emergent species (Chen and Barko, 1988). Furthermore, plants in the water column
may accumulate dissolved metals. In addition, the foliage of rhizomatous macrophyte
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species attenuates water flow and facilitates the settlement of particles and associated
metals (Mungur et al., 1995). This feature has also been seen in macrophyte beds in a
lake where an understorey of submersed plants caused retarded water flow; this increased
the retention of clay, particularly of fine particles and thus of many associated metals
(Petticrew and Kalff, 1992; St-Cyr et al., 1994). Moreover, plants may indirectly cause
the precipitation of dissolved metals by the excretion of complexing substances, such as
peptides or organic acids (Wher et al., 2003; Greger, 2005).

In percolation areas, the stormwater percolates through the substrate before reaching
the recipient; in the process, the metals may bind to the substrate and thus the water
is remediate. The plants in such percolation areas may increase the stabilization of the
metals in the substrate, by accumulating metals in their root tissue, preventing erosion,
and providing surfaces for the sorption or precipitation of metal contaminants (Berti and
Cunningham, 2000). In addition, species with high metal accumulation in their shoots
provide the possibility of harvesting shoots and thus permanently removing the metals
from the system.



Chapter 2

The scope of the thesis

Knowledge of the metal accumulation properties of the plant species predominant in
stormwater treatment areas is essential in order fully to understand the process of re-
mediation. In addition, information about factors altering metal accumulation in the
submersed plants is central to improve phytofiltration properties. In the present thesis
several plant species from three stormwater treatment facilities were studied, and the
properties of two submersed species further examined under controlled climate chamber
conditions. The overall aim of this thesis was to investigate heavy metal accumulation by
plants in stormwater treatment facilities. The approach taken was to:

� Examine the accumulation properties of Zn, Cu, Cd, and Pb in terrestrial, emer-
gent, submersed, and free-floating plant species that commonly grow in stormwater
treatment facilities.

� Study the uptake, translocation, and leakage of metals in the submersed plants E.
canadensis and P. natans by examining the fate of metals in these plants.

� Identify factors that affect uptake of metals in the submersed plants E. canaden-
sis and P. natans. The focus was on the influence of metal ion competition, Cd
pretreatment, salinity, and temperature.
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Comments on materials and methods

3.1 Choice of species

The plant species used were chosen as they are commonly found in stormwater treatment
facilities in the region of Stockholm, Sweden (59°N, 18°E). Species screened in Paper
I were selected from three stormwater treatment facilities, namely a deep pond (Flem-
mingsbergsviken, Huddinge), a wetland (Kyrkdammarna, Huddinge), and a percolation
area (Farsta) (Fig. 1). A total of 12 species were divided into 4 groups, i.e. terrestrial,
emergent, submersed, and free-floating species. The terrestrial plant species used were
small balsam – Impatiens parviflora DC., meadowsweet – Filipendula ulmaria L., and
common nettle – Urtica dioica L.; the emergent plant species used were water plantain –
Alisma plantago-aquatica L., soft rush – Juncus effusus L., purple loosestrife – Lythrum
salicaria L., arrowhead – Sagittaria sagittifolia L., and reed canary grass – Phalaris arund-
inacea L.; the submersed plant species used were canadian waterweed – Elodea canadensis
Michx. and broad-leaved pondweed – Potamogeton natans L.; and the free-floating plant
species used were common duckweed – Lemna minor L. and fat duckweed – Lemna gibba
L.. Of the plants with the highest metal concentrations of Cu, Zn, Cd, and Pb in the field
screening, the submersed species P. natans, the emergent species A. aquatica, and the
terrestrial species F. ulmaria were selected. Whole plants of these species were collected
at a clean site (Dammtorpsjön, Stockholm) and used in an uptake experiment, along with
two additional species, E. canadensis from a wetland (Kyrkdammarna) and red pondweed
– Potamogeton alpinus L., from a deep pond (Flemmingsbergsviken) (Fritioff and Greger,
2001). The submersed species, E. canadensis and P. natans, were further used in sev-
eral climate chamber experiments to examine their metal accumulation properties. The
submersed species were chosen for further examination since the accumulation by these
species may have a direct effect on the metal retention in the pond by shoot accumulation,
and many of the factors that may influence the heavy metal accumulation in these plants
are poorly understood. P. natans is grouped among submersed species since its floating
leaves easily are submersed in stormwater ponds due to fluctuating water table and high
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water flow.

3.2 Metal concentrations used in experiments

In climate chamber experiments heavy metals were added to nutrient solutions at levels
corresponding to those in the runoff from storm events: 1310, 30, 170, and 310 µg L−1 of
Zn, Cu, Cd, and Pb, respectively (Papers I and III); 1310, 95, 112, and 836 µg L−1 of Zn,
Cu, Cd, and Pb, respectively (Paper II); 3270, 190, 1120, and 2070 µg L−1 (of Zn, Cu, Cd,
and Pb, respectively (Paper III); and 112 µg L−1 of Cd + radiotracer (Paper IV). The salts
used were ZnCl2, CuCl2, CdCl2, and Pb(NO3)2. However, the Cd concentrations used
were approximately 25 times above those measured in stormwater, in order to facilitate
the measurement of plant tissue concentration. The copper concentrations chosen were in
the lower or medium range of what has been measured in stormwater; this was to avoid
Cu toxicity, which was found in a pre-study using higher Cu concentration. Copper easily
forms complexes with organic matter, not present in the uptake experiment, and this
may decrease the dissolved and available fraction in stormwater treatment areas, where
no toxicity effects were observed.

3.3 Analysis of metals and isotopes

Metal concentration in plant tissue, sediment, and water was measured using flame or fur-
nace atomic adsorption spectroscopy (SpectrAA-100 and GTA 100, Varian, Springvalve,
Australia). Standards were added to the samples to eliminate the interaction of the sam-
ple matrix. The reference materials used were Lagarosiphon major (BCR No. 60 No
675, Commission of the European communities) (Papers I, II, and III) and Phalaris arun-
dinacea L. (Reference material NJV 94-4, Swedish University of Agricultural Sciences)
(Paper I).

The activity of the radioisotope (109Cd) in plant tissue and solutes was measured
using a Wallac 1409 liquid scintillation counter (Wallac Sverige AB, Minnesota, USA)
(Paper IV). To examine the distribution of Cd in plants, whole plants were treated with
109Cd and then used to expose KODAK storage phosphor screen SO230 (Molecular Dy-
namics, Amersham Biosciences AB, Uppsala, Sweden) prior to screen analysis using the
Typhoon 8600 variable mode imager (Molecular Dynamics). The distribution was further
investigated by exposing autoradiographic films (Structurix, D7, D4, Agfa, Middlesex,
UK) to leaves and sections of stem and root before developing at Nordic NDT (Nacka,
Sweden).
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Accumulation properties of plants

Plants may be both accumulators and excluders of metals such as Zn, Cu, Cd, and Pb
in either root or shoot (Greger, 1999), and this has implications for metal retention in
a stormwater treatment facility. To find out how the most common plant species found
in stormwater treatment facilities in a temperate climate act on the retention of metals,
several species were sampled in field.

4.1 Terrestrial species

In a percolation area, the most common species, Filipendula ulmaria (meadowsweet),
Impatiens parviflora (small balsam), and Urtica dioica (common nettle), were found to
have low shoot accumulation of Zn, Cu, Cd, and Pb (Paper I) (Fig. 3). Even though in
a greenhouse experiment metal levels were increased in the medium, shoot concentration
in F. ulmaria remained low (Paper I). Thus these species cannot be used for phytoex-
traction, which requires high translocation to the shoots to increase the sustainability of
the system and keep the substrate levels low. In contrast, the species may be useful for
phytostabilization since root concentrations of Zn and Cd were higher than those found in
the sediment. Furthermore, in the greenhouse experiment, F. ulmaria was shown to have
the capacity to further increase root accumulations of Cd and Pb (Paper I). In addition to
the three terrestrial species investigated (Paper I), other species may be suitable for the
phytostabilization of metals in a percolation area. Tree species, especially willow, have
received increasing attention for use in the phytostabilization of metal-contaminated land
(Pulford and Watson, 2003), together with hybrid Populus (poplar) trees (Schnoor, 2000).
However, some Salix (willow) species have been shown to have a high translocation of
metals to the shoots (Greger and Landberg, 1999; Stoltz and Greger, 2002). Thus species
or clones have to be selected with care, depending on whether root or shoot accumula-
tion is sought. Although tree species, due to high accumulation factors and large root
systems, possibly can be efficient, their large root systems can disrupt the structure of
the substrate. Furthermore, maintenance may be more complicated when woody rather
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Fig. 3. The terrestrial and emergent plant species increase the metal removal from water by
root accumulation.

than herbaceous species are used, since a common lawn mover cannot be used when the
area needs to be cut; thus Salix and Populus may be impractical in small-scale percola-
tion areas. To conclude, adding the species F. ulmaria, I. parviflora, and U. dioica to a
plant-free area will most likely increase the retention of metals in the substrate by means
of root accumulation.

4.2 Emergent species

The emergent species studied, namely Alisma plantago-aquatica (water plantain), Sagit-
taria sagittifolia (arrowhead), Juncus effusus (soft rush), Lythrum salicaria (purple
loosestrife), and Phalaris arundinacea (reed canary grass), all accumulated low concen-
trations of Zn, Cu, Cd, and Pb in their shoots and high concentrations in their roots (Fig.
3) (Paper I). Thus, in wetlands the emergent species may be used to stabilise the metals
in the substrate. The Zn concentrations in the roots of all tested species were higher than
in the surrounding sediment (Paper I). The metal concentrations in the species sampled
were further compared with those in two other species previously sampled, i.e. Phrag-
mites australis Cav. (common reed) and Typha latifolia L. (bulrush), in wetlands used
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Fig. 4. Submersed and free-floating plant species increase the metal removal by accumulation,
the metals are removed by harvested of plants or immobilized in sediment with decomposing
plants.

for treatment of highway runoff (Scholes et al., 1998) or landfill leachate (Peverly et al.,
1995). In P. australis and T. latifolia the metal concentration in shoots was low, as
was the case in the species sampled for this thesis. The root Cu and Zn concentrations
were also in the same range, independent of metal load in the sediment and water at the
specific site. Cd and Pb root concentrations were higher in P. australis, and especially
in T. latifolia as sampled by Scholes et al.(1998), than in the species used in the present
investigation (Paper I) and in P. australis as sampled by Peverly et al.(1995). In the
case of Pb this may be due to the higher load in the sediments at the sampling sites used
by Scholes et al.(1998) than in the sampling site used by Peverly et al.(1995) or in the
vicinity of all plants except A. plantago-aquatica sampled for Paper I. The Cd concentra-
tion in the sediment was not particularly high at the site of T. latifolia sampling (Scholes
et al., 1998); the high root concentration may thus be due to high bioavailability at the
T. latifolia sampling site, or because T. latifolia is very efficient at accumulating Cd and
Pb. Considering the similar ability of the species to accumulate metals in root tissue,
none of the studied species is to be preferred to the others for this purpose.
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4.3 Free-floating species

The free-floating species Lemna minor (common duckweed) and in particular Lemna gibba
(fat duckweed) accumulated higher levels of Zn, Cu, and Cd than did the other species
sampled (Fig. 4) (Paper I). As well, previously free-floating plant species such as Eichornia
crassipes Mart. (water hyacinth) and Spirodela polyrhiza L. (greater duckweed) have been
reported to accumulate very high metal concentrations (Sharma and Gaur, 1995; Debusk
et al., 1996; Vesk and Allaway, 1997; Zayed et al., 1998). Free-floating plants are fast
growing and are more easily harvested than emergent plants are (e.g. Typha domingensis
Pevs., or narrow-leaved bulrush), and have thus been concluded to be excellent for water
remediation (Debusk et al., 1996). However, even if they do fill up their floating habitat,
they have a small biomass compared to the total volume of water even in a shallow pond.
Additionally, they are easily flushed away by high flows during a storm event, and care
must be taken to decrease dispersion.

4.4 Submersed species

The submersed species from ponds and wetlands were found to accumulate high metal
concentrations in their roots and shoots at field sampling (Paper I; Fritioff, unpublished
data); as well, when treated with elevated levels of metals, both root and shoot con-
centration increased in Potamogeton natans (broad-leaved pondweed), Potamogeton alpi-
nus (red pondweed), and especially in Elodea canadensis (canadian waterweed) (Fig. 4)
(Papers I, II, III, and IV; Fritioff and Greger, 2001). Other submersed species, such
as Ceratophyllum demersum L. (hornwort), Myriophyllum brasiliense Camb. (parrot’s
feather), and Hippuris vulgaris L. (mare’s tail), have also been shown to accumulate high
amount of metals in their shoots when growing in polluted waters (Rai et al., 1995; Qian,
et al., 1999; Kamal et al., 2004). In natural systems, aquatic macrophytes are in general
believed to be dependent on root uptake and translocation to the shoot for nutrition
(Jackson and Kalff, 1993; Jackson, 1998). Field measurements suggest that uptake sites
for metal ions differ depending on the plant and metal species (Mayes et al., 1977; Welsh
and Denny, 1980; Heisey and Damman, 1982; Greger, et al., 1995; Jackson, 1998; Szy-
manowska et al., 1999). Direct measurements of Potamogeton pectinatus have indicated
direct shoot uptake (Welsh and Denny, 1979; Greger, 1999; Wolterbeek and van der Meer,
2002); as well, in the two submersed species examined in this thesis it was shown that
all the Zn, Cu, Cd, and Pb accumulated by the shoots of P. natans and at least 90%
of the Cd accumulated by the shoots of E. canadensis were derived directly from water
column (Papers III and IV). Thus both P. natans and E. canadensis, and possibly other
submersed freshwater macrophytes, derive metals directly via their shoots and thus may
be usable for phytoremediation.
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4.5 Summary

Depending on the depth and substrate, the establishment of species will vary (Green et al.,
1996). However, use of a mixture of emergent and submerged species has been recom-
mended in wastewater treatment in order to achieve the best remediation (Gunterspergen
et al., 1989; Hammer and Knight, 1994). The habitats of submersed and emergent plants
species differ substantially. Submersed species thrive in deep waters, but are restricted
from growth on the borders of ponds and wetlands due to the highly fluctuating water
levels. These borders must be populated by other growth forms, i.e. emergent and terres-
trial. In such locations, commonly found emergent and terrestrial species will possibly help
phytostabilize metals in the substrate. Free-floating and submersed species accumulate
metals directly from the water column via fronds and shoots, and thus directly decrease
metal concentration in stormwater. To examine the possibility of directly altering metal
concentrations in water, further studies of these submersed species are planned; however,
for the above reasons, free-floating species will not be examined to this end. There are
many poorly investigated and poorly understood factors, both within the plants and the
stormwater, that may influence the metal accumulation properties of these plants.



Chapter 5

Fate of metals in submersed species

The presence of submersed species in a pond slows down the water flow and thus promotes
the sedimentation of metals (Petticrew and Kalff, 1992; St-Cyr et al., 1994; Mungur
et al., 1995). In addition, the shoots of these species can, as shown above, take up metals
directly from the water column (Papers III and IV), thus further decreasing the metal
concentration of stormwater. However, the fate of such accumulated metals is largely
unknown; to address this knowledge gap by shedding light on some of the mechanisms
involved in metal uptake, translocation, and leakage, several studies were performed.

5.1 Metal accumulation

Plants can accumulate metals extracellularly in the apoplast and intracellularly. Increased
amounts of Zn, Cd, and Pb were found in the cell wall fraction of P. natans at increased
external metal concentrations (Paper III). In shoots of E. canadensis, the cell wall-bound
fraction has been reported to increase with increased external concentrations of Cd, but
not of Zn or Cu (Nyquist and Greger, 2005). The increased amounts of metals in cell
walls at increased external concentrations indicate that the cell wall fraction is more
dependent on equilibrium with the external solution than on intracellular concentration.
The intensity of the autoradiograms of both stem and root of E. canadensis indicated
that Cd accumulation was higher around the central cylinder and in the epidermal cell
layer (Paper IV); thus the whole apoplasm is likely available for metal accumulation, as
has also been found for Pb and Cd (Wierzbicka, 1987; Seregin et al., 2004). Investigation
of the Cd binding to the crude cell wall fraction in shoots of E. canadensis shows that all
Cd is bound in the plant tissue (walls and organelles), and thus no free ions are present,
neither within the cells nor in the apoplast (Paper IV). Since Cu and Pb usually are
considered to have a higher affinity for organic matter than Cd is (Alloway and Ayres,
1993), this indicates that in total only a few ions are present in the apoplast that are not
associated with the cell walls. Thus, in E. canadensis, and possibly in P. natans, the ions
not present in the cell wall are largely distributed in the protoplast.
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The intracellular accumulation of metals is possible in all organelles, however the
vacuole is the main compartment for storage. The plasma membrane and transport sys-
tems within the membrane such, as ion-efflux pumps, ion-selective channels, and carriers,
are important for the regulation of the intracellular uptake of metals (Marschner, 1995;
Sunda and Huntsman, 1998; Perfus-Barbeoch et al., 2002; Verret et al., 2004, Mills et al.,
2005). The intracellular uptake of metals may thus be both active and passive of E.
canadensis, i.e. the Cd accumulation was similar in dead and living roots and shoots (Pa-
per IV). In line with a previous study which found Cd accumulation in living and dead
material of the algae Cladophora to be similar after 12 h of treatment (Sternberg and
Dorn, 2002). Furthermore, the Cd uptake and shoot accumulation rate were not altered
when treated with the metabolic inhibitor 2,4, dinitrophenol (DNP) (Paper IV). Thus,
the results (Paper IV) do show that there is no or negligible active pump involvement
in Cd accumulation in E. canadensis. Thus intracellular uptake is achieved through pas-
sive diffusion over the plasma membrane, or is mediated via ion channels or carriers. To
decrease toxicity, the metals entering the cytoplasm may be compartmentalised in the
vacuole. In E. canadensis, such a process will also have to be passively mediated.

The Cd accumulation in dead E. canadensis plants significantly exceeded the Cd
accumulation in living plants after three days (Paper IV). This corroborates the results of
earlier studies of the macrophytes Azolla pinnata R.Br. (ferny azolla) and Spirodela
polyrhiza (Noraho and Gaur, 1996) as well as of the algal species Chlorella kessleri
(Kadukova and Vircikova, 2005). One reason may be that the membrane structure is
degenerated with decomposition of the dead tissue, and thus several sites otherwise un-
available for Cd ions become exposed. Another reason may be that living plants possibly
have the ability to produce complexing ligands, complexing the metals already in the
solution, and thus decreasing the uptake. In addition, the growth of living plants and
resulting development of new sites and biomass may cause a dilution of Cd concentration
in tissue, as previously seen in Pinus sylvestris L. (Scots pine) (Ekvall and Greger, 2003).
However, this is likely not the reason for the results found in the short-term experiments
of this thesis.

Although all plant parts accumulate metals directly, the tissue concentration differs
between plant species and plant tissues. P. natans accumulated more metals in leaves
than in stems when subject to elevated concentrations of Zn, Cu, Cd, and Pb (Paper
III). These differences may be due to the intracellular uptake capacity in each tissue.
Moreover, in P. natans the higher organic content in leaves than in stems (Paper III)
indicates the existence of more high-affinity binding sites. However, since the total cation
exchange capacity (CEC) was similar in leaves and in stems, the total number of binding
sites should be similar. In E. canadensis, both CEC and metal accumulation were higher
in roots than in shoots (Paper IV). Therefore, the total number of binding sites was
suggested to be higher in roots than in shoots. Previously, the uptake of divalent cations
has been shown to increase with increasing CEC (Heintze, 1961; White and Broadely,
2003). In addition, in E. canadensis a higher leakage of Cd was seen from roots into
growth medium than from shoots, and the Cd could to a greater extent be removed by
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Fig. 5. Sections of leaf, stem, and root of E. canadensis and P. natans. N-nerv, P-pith, C-cortex,
Ex-exodermids, En-endodermis, bars=0.25mm
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EDTA from shoots than from roots (Paper IV). Taken together, this indicates that there
are differences between the Cd–root tissue and Cd–shoot tissue bonding. The percentage
of low- and high-affinity binding sites has previously been shown to differ in Picea abies
(Norway spruce) bark (Öster̊as, 2004). Furthermore, the differences between leaves and
stems in P. natans, and roots and shoots in E. canadensis, may have been accentuated
due to obvious morphological differences between the respective tissues (Fig. 5). In P.
natans the surface area-to-volume ratio was larger in leaves than in stems, and this may
have facilitated metal accumulation by presenting a large contact surface to the medium
(Paper III).

The higher accumulation in E. canadensis than in the P. natans species may be due
to differences in morphology (Fig. 5) (Sculthorpe, 1967). The high surface-to-volume
ratio as well as the high proportion of leaves in E. canadensis plants may facilitate metal
uptake by diffusion, while the thick waxy cuticle and often floating leaves of P. natans may
obstruct metal uptake. However, root concentrations were also higher in E. canadensis
than in P. natans and P. alpinus (Fritioff and Greger, 2001). Since root morphology does
not differ visibly between the species (roots but not rootstock compared), the apoplastic
compartment and intracellular uptake mechanisms are suggested to have a higher capacity
or be more efficient in the roots of E. canadensis than in the other two species. Moreover,
in shoots the apoplastic differences may be important. The amount of the metals bound
in cell wall of shoots was about 60% in E. canadensis (Nyquist and Greger, 2005), while
in P. natans only about 40% of the metals were found in the cell walls of shoots (Paper
III), indicating that not only the total concentration of metals was higher but also the
proportion bound in the apoplast. To some extent this is suggested to be due to a higher
shoot CEC in E. canadensis (Papers III and IV).

5.2 Translocation of metals

Plants are able to translocate metals within their tissues. Most studies of submersed
species have shown that acropetal (upwards) translocation is greater than basipetal (down-
wards) translocation (Fig. 6) (Paper IV; Mayes et al., 1977; Welsh and Denny, 1979;
Greger, 1999; Wolterbeek and van der Meer, 2002); however, as with terrestrial plants,
there are occasions when the opposite is seen (Brinkhuis et al., 1980). In addition, there
are differences between metals in terms of translocation properties, and while some metals
(e.g. Cd and Cu) are quite mobile, others (e.g. Pb) remain at the uptake site (Welsh and
Denny, 1979). Yet, in some submersed species, such as P. natans, virtually no transloca-
tion was found from the treated plant part to untreated plant parts for any of the studied
metals, i.e. Zn, Cu, Cd, and Pb, with a few exceptions for Cd (Paper III).

Translocation of elements is possible in the apoplast, xylem, and phloem (Greger,
1999). The most common case, that is high acropetal translocation and low basipetal
translocation, suggests that if basipetal translocation is mediated only through passive
diffusion in the apoplast, then additional mechanisms should be driving acropetal translo-
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cation. In terrestrial plants, acropetal translocation has been shown to increase with the
transpiration stream (Hardiman and Jacoby, 1984; Ekvall and Greger, 2003), and thus the
ion translocation is increased with the increased water translocation. Also in submersed
macrophytes there is an acropetal water translocation, which is believed to be impor-
tant for the translocation of nutrients absorbed by roots (Pedersen and Sand-Jensen,
1993). In some species, such as P. pectinatus L. (fennel pondweed), most of the water
moves in the xylem while in others, such as E. canadensis, apoplastic water transloca-
tion has been suggested (Pedersen and Sand-Jensen, 1993). Autoradiographs of shoots
(when roots were treated) show that more of the Cd was located near the stem base,
especially in the lower leaves of E. canadensis (Paper IV). Since this accumulation of
Cd was not associated only with the vascular bundle, it strengthens the view that there
is an apoplastic translocation of Cd. The observed tendency for acropetal Cd translo-
cation to be lower in dead than living E. canadensis plants (Paper IV) is in line with
the decreased water transport observed in darkness (Pedersen and Sand-Jensen, 1993).

Fig. 6. Directions of acropetal and basipetal
translocation.

How can there be species with high wa-
ter translocation but low metal transloca-
tion? One suggestion is that they possess
an effective barrier in the roots inhibit-
ing the xylem loading of metal ions. In-
tracellularly, a high degree of metal com-
partmentalization in the vacuole would de-
crease the amount of ions available for
xylem loading. In addition, regulatory
mechanisms present in the plasma mem-
brane could decrease the loading of metals
directly by closures of ion channels and car-
riers (Marschner, 1995). Additionally, the
apoplastic pathway to the xylem may be
blocked, thus restricting the xylem load-
ing. The suberinized Casparian band in
the transverse and radial walls of the en-
dodermis forms an effective barrier against
the passive movement of metals into the
stele, in both submersed and terrestrial
species, such as Allium cepa, Avicennia
marina, and Salix (Wierzbicka, 1987; MacFarlane and Burchett, 2000; Lux et al., 2004;
Yaodong, 2004). Similar hydrophobic incrustations of suberin in the exodermis may re-
strict the apoplastic concentration of metals and thus the apoplastic movement of metals.
In P. natans, in which no translocation was seen, the total metal concentration and the
fraction in the cell walls (Papers II and III) were lower than in shoots of E. canadensis
(Paper II; Nyquist and Greger, 2005).
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5.3 Leakage - from plant tissue

In submersed species, the shoot is in constant contact with the water phase, and accu-
mulated Cd may leak from shoot tissue back to the water column or become irreversibly
bound in the tissue. After a loading phase, lead leaked to a great extent (90%) from
E. canadensis subject to high metal concentrations (1.0 mg Pb l−1), while no leakage
could be measured if external concentrations at loading were 0.1 mg Pb l−1 (Everard and
Denny, 1985). After loading at high concentrations, the leakage was very fast to start
with, and after 3 h 60% of the Pb was lost (Everard and Denny, 1985). Similarily, in E.
canadensis the leakage of Cd was shown to decrease with time (Paper IV). However, the
leakage from shoot tissue was only 6% after 3 h (Paper IV). The reason for the low Cd
leakage may be the low external concentration (0.112 mg Cd l−1) used during loading.
In comparison with Pb no leakage was expected at that loading concentration. However,
Cd could possibly to a greater extent be distributed extracellularly and thus more easily
leak. In P. natans Cd was shown to accumulate more in the cell walls than did Pb in P.
natans (Paper III).

Cd leakage was lowest in living shoots, but the leakage was also quite low in dead
shoots and living roots (Paper IV), indicating that Cd is quite immobile both intra- and
extracellularly. The greater leakage in dead than in living shoots indicates that there
is no active or passive excretion mechanism present for Cd in E. canadensis ; instead it
indicates that the disruption of membranes in dead plant tissue facilitates the diffusion of
intracellular Cd towards the outer solution. In roots, the existence of an active excretion
mechanism cannot be discounted, since leakage from dead tissue was not examined. Yet
there are other explanations, such as the above suggested differences in the bonding
between Cd and root or shoot tissues. Roots seem to have a larger pool of Cd very
loosely bound to the tissue, while shoots have a greater pool of Cd readily exchangeable
with EDTA. This suggest that all Cd accumulated is not irreversibly bound to the plant
tissue, and that E. canadensis plants to some extent can function to store Cd temporarily.

5.4 Biomass

Plants with high biomass showed a lower metal concentration and accumulation than did
plants with low biomass (Paper II); one reason for this may be species differences in the
stem-to-leaf ratio. In P. natans, leaves were shown to have a higher accumulation of Zn,
Cu, Cd, and Pb than were stems (Paper III). If a low biomass is due to a shorter or thinner
stem in P. natans, the proportion of leaves becomes higher and thus likely the concentra-
tion of metals. Similarly, a high proportion of roots may increase the metal accumulation
capacity of small plants, since roots were found to accumulate higher concentrations of
metals than did shoots (Papers III and IV).

Even if plants with low biomass have a higher metal accumulation capacity than do
plants with high biomass (Paper II), a high total biomass is suggested to be more efficient
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for metal retention. This is because a larger cover of plants will increase the adsorption
volume, thus increasing the total metal uptake from the water. This is in agreement
with earlier recommendations that, when constructing a wetland, plant biomass must be
considered and high growth is to be favoured (Gunterspergen et al., 1989). It seems as
though high biomass should preferably be achieved by many small plants rather than a few
big plants. As plant growth rate and biomass both increase with increasing temperature,
higher temperatures will result in a denser cover of submersed macrophyte communities
(Marschner, 1995; Rooney and Kalff, 2000). However, since water temperature is not
adjustable in stormwater facilities but rather follows seasonal changes, high biomass must
be achieved via the construction of the area and the choice of plant species.

5.5 Summary

Intracellular uptake and leakage of Cd by E. canadensis was passive and restricted by the
plasma membrane. Possibly living plants excrete complexing substances which decrease
the net uptake, since leakage was initially higher in dead shoots, but uptake differed
between living and dead plants only after some days.

Differences in uptake and leakage between tissues and species may partly be explained
by apoplastic differences, since the size of the cell wall fraction differed between species.
In addition, the total number of binding sites and the affinity and specificity of binding
sites probably differs between tissues and species. Furthermore, morphological divergence
is obvious between tissues and species.

It is concluded that metal translocation was passive; in E. canadensis the transloca-
tion appears to take place within the apoplast, basipetally by diffusion and acropetally
along with water translocation. The lack of translocation in P. natans is possibly due to
restricted xylem loading in the plasma membrane and by exo- and endodermal barriers
in the apoplast.
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Effects of abiotic factors

The accumulation of metals in plants may be affected by several abiotic factors in ter-
restrial and aquatic systems (Fig. 7). Aside from metal concentration, speciation, and
combination, metal accumulation is dependent on pH, redox potential, and organic content
(Förstner, 1979; Greger, 1999). Furthermore, light intensity, temperature, salinity, other
complexing agents (i.e. ionic strength, organic chelators, humic substances), together with
soil/sediment texture, clay, organic matter content, and cation exchange capacity (CEC)
are important factors affecting metal accumulation by plants (Förstner, 1979; Greger,
1999).

6.1 Sediment factors

Metal concentrations in rooted aquatic macrophytes are often proportional to metal con-
centrations in the underlying sediment if pH, redox potential, organic matter content, and
presence of other elements in the water and sediment are used as variables (Jackson and
Kalff, 1993; Jackson, 1998). For example, high pH and high organic content in sediment
decrease the availability of metals for macrophytes (Sprenger et al., 1987; Sprenger and
McIntoch, 1989; Greger and Kautsky, 1993). In the terrestrial, emergent, free-floating,
and submersed plants obtained from the field sampling, no correlation was found between
either plant shoot or root accumulations and soil or sediment concentrations, even when
using pH or the organic matter content of the sediment as covariables (Paper I). It has
been difficult to establish such a correlation between sediment and plant tissue concen-
trations in rivers and lakes in previous studies (Pip and Stepaniuk, 1992; Coquery and
Welbourn, 1995; Kähkönen et al., 1997). The highly varying metal concentrations of
stormwater rapidly alter soil/sediment concentrations, possibly explaining why no such
correlations have been found. Furthermore, the great extent of direct metal uptake from
the water column found in the submersed plant species (Papers III and IV) explains the
low dependency on sediment concentration. In a lake or a pond with stationary water,
sediment may induce changes in the water concentration; however, in running waters this



33

Fig. 7. Environmental factors that increase heavy metal availability to plants growing in soil/
sediment or water, respectively.

effect may be reduced, since water in contact with the sediment near plants constantly
flows away.

6.2 Competition among ions at uptake

In a stormwater treatment facility plants are subjected to a mixture of metals. The Cd
concentration in roots of P. natans significantly decreased in the presence of other metals
(Paper III). Similarly, the Cd uptake was inhibited in the freshwater macrophyte Lemna
polyrhiza L. (greater duckweed) and Eriocaùlon septangulàre With. (pipewort) in the
presence of other metals (Noraho, and Gaur, 1995; Stewart and Malley, 1999), and in the
diatom Thalassiosira pseudonana in the presence of Zn (Sunda and Huntsman, 1998).
Such competition has also been reported in terrestrial species (Jarvis et al., 1976; Salt
et al., 1997; Lombi et al., 2001). For all metals tested in leaves and stems, and for Zn,
Pb, and Cu in roots, no competition between the metals at uptake was seen in P. natans
(Paper III). In contrast, Cu concentration in leaves increased significantly in the presence
of the other studied metals (Paper III). The lack of competition may both be due both to
the existence of specific uptake and binding sites for each metal and to a total number of
uptake sites exceeding the number required. It was observed that if metal addition was
further increased above typical levels in stormwater, the accumulation in plants of all the
metals tested increased greatly (Paper III).
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6.3 Two closely succeeding rain events

Cadmium accumulation in shoots of E. canadensis tended to be lower after Cd pretreat-
ment, and the shoot accumulation time course and rate decreased significantly due to Cd
pretreatment (Paper IV). It has also been shown that Cd accumulation depends on the
concentrations of the two treatments (Nyquist and Greger, 2005). In E. canadensis, the
uptake showed a typical pattern, with a fast initial uptake rate, decreased uptake after
about 25 min, and a further decrease after an additional 100 min. The initial rapid up-
take phase is usually interpreted as a ”filling up” phase, in which uptake mainly into the
extracellular apoplastic compartment is most significant. The Cd accumulation rate of
Cd-pretreated plants was lower, especially during the first 25 min (Paper IV). In addition,
the crude cell walls of E. canadensis that were twice subjected to metal solutions tended
to decrease their uptake similarly (Paper IV). This indicates that the Cd pretreatment
of E. canadensis caused a depletion of free-exchange sites in the shoot apoplasm, rather
than altering the opening of ion channels for import or increased export rates of Cd as
suggested in the case of Salix (Landberg et al., 2005). This would indicate that sub-
mersed plants would have a decreased capacity quickly to accumulate dissolved metals
during the second of two rapidly successive periods of heavy rain. It was though shown
that at least half of the capacity to accumulate Cd remained in E. canadensis after two
weeks of successive exposure.

6.4 Salinity

Salinity variations in stormwater may affect plant growth rates by interacting with metal
uptake, both directly and through the indirect effects of Na+ and Cl− ions. When grown
in the absence of sediment, concentration and accumulation of Cu, Zn, and Cd in E.
canadensis and P. natans decreased with increasing salinity (Paper II). Similarly, in
another submersed species, P. pectinatus (Greger et al., 1995), and in the free-floating
species L. polyrhiza L. (Noraho and Gaur, 1995), Cd uptake decreased with increasing
salinity.

P. natans and E. canadensis are freshwater species, which have been found in salin-
ities up to 2� and 3� , respectively (Luther 1951). However, no toxic effect was found
in any of the salinity treatments examined in Paper II (Fritioff, unpublished results). It
is possible that increased salinity induces protective mechanisms, which affect the abil-
ity of the plant to accumulate metals. Furthermore, chloride in the solution may form
complexes with Zn and Cd, and to a lesser extent, with Cu, but not with Pb (Förstner,
1979; Williams et al., 1994; Greger et al., 1995) (Fig. 8). In the case of Cd, the stability
constant is higher for chloride than for humic acid (Williams et al., 1994). Consequently,
the free ion concentration of the former metals will be reduced. Thus, a decreased metal
accumulation with increasing salinity may be due to a decreased availability of free ions.
Another reason may be competition at the uptake sites, from Na+ at uniports and co-



35

Fig. 8. Possible mechanisms that decrease metal concentration (of Cu, Cd and Zn) in submersed
plant species at elevated salinities. Symbols in the cell wall indicate that there are several sorts
of negative charged functional groups on the polysaccharides (e.g. cellulose, pectin) that may
bind ions.

transporters (Marschner, 1995). Noraho and Gaur (1995) thought that this increased
competition by Na+ at uptake sites, both at the plasma membrane and in the apparent
free space of the cell walls, might be the reason for decreased Cd accumulation in L.
polyrhiza subject to increased salinity.

Lead accumulation in E. canadensis and P. natans was generally unaffected by
changes in salinity (Paper II). The lack of salinity effect on Pb accumulation may be
due to the absence of Pb–chloride complexes in the water (Förstner, 1979); instead, Pb
binds to organic matter in water (Förstner, 1979) and strongly so to extracellular binding
sites in the cell walls (Vásquez et al., 1999). Thus the competition effect from sodium
ions will be very low or non existent.

Under field conditions, sediment may somewhat complicate the salinity effect pic-
ture, due to the formation of colloid–sodium compounds that release metals from the
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soil/sediment and elevate the concentrations of metals available to plant roots and in the
water column (Boukhars and Rada, 2000; Greger et al., 1995). In general, crops collected
from agricultural land polluted with heavy metals and salinity have been found to contain
increased metal accumulations at increasing salinity levels (Helal et al., 1996; Boukhars
and Rada, 2000; Norvell et al., 2000; Zurayk et al., 2001). Thus, when sediment is present
the metal accumulation may actually increase instead of decrease; this was previously seen
for Cd in P. pectinatus (Greger et al., 1995). No correlation was seen between heavy metal
concentrations in plants and sediment in the field sampling performed (Paper I), and most
of the metals accumulated were derived directly from the water column (Papers III and
IV). In any case, the plants may be subject to higher metal concentrations, due to the
formation of colloid–sodium compounds that release metals from the suspended particles
in the water column. However, it has been shown that metals in snow runoff, which likely
contains higher salinity than does rain runoff, are more correlated to suspended solids
than to rainfall events (Sansalone et al., 1995). Thus, further experiments are needed to
evaluate the salinity effect in stormwater under field conditions.

6.5 Temperature

Temperature variations in stormwater may influence plant growth and metal uptake by
plants, either directly or through altered chemical conditions. According to Zumdahl
(1992), seasonal variations in temperature do not have any direct effect on metal solubility
in water. In the submersed species E. canadensis, the concentration and accumulation of
Cu, Zn, and Cd increased with increasing temperature (Paper II). Similarly, in P. natans,
the concentration and accumulation of Cu, Zn, Cd, and Pb increased as temperature
increased (Paper II). These findings agree well with earlier results pertaining to Cu and Cd
accumulation in the alga Dunaliella tertiolecta, the lichen Peltigera horizontalis Huds., and
the liverwort Dumortiera hirsuta SW. (Beckett and Brown, 1984; Gonzalez-Davila et al.,
1995; Mautsoe and Beckett, 1996). Some interactions were found between temperature
and salinity (Paper II), although metal accumulation still increased with temperature at
all salinities tested (Paper II).

In the submersed plant
species E. canadensis and P.
natans, the growth rate was
barely measurable during the
two-day experimental period,
so no effect of growth on
metal concentration in plants
could be found (Paper II).
However, a direct effect of
temperature on metal con-
centration was found (Paper II), possibly due to a change in the equilibrium between
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cell wall exchange sites and the metal in the solution, causing an increased extracel-
lular tissue concentration of metals at increasing temperatures (Gonzalez-Davila et al.,
1995; Mautsoe and Beckett, 1996). The extracellular binding of metal has been shown
to be less temperature dependent than intracellular uptake is (Beckett and Brown, 1984;
Marschner, 1995; Mautsoe and Beckett, 1996). It is possible that a slightly increased
extracellular uptake directly facilitates intracellular uptake by concentrating metals close
to the membrane. Likewise, higher temperatures may change the lipid constitution of
the plasma membrane (Lynch and Steponkus, 1987). Plant membrane fluidity is thereby
altered, resulting in higher membrane permeability at higher temperatures (Marschner,
1995). Furthermore, increased protein synthesis may result in greater metal uptake by
additional uptake sites at the membrane (Nilsen and Orcutt, 1996). These may facilitate
both passive and active metal flux through the membrane. However, the accumulation of
Cd by E. canadensis was shown to be passive (Paper IV)

Lead accumulation in E. canadensis was not influenced by temperature (Paper II).
This may be because Pb has a greater affinity for cell walls than do the other metals
(Vásquez et al., 1999), which makes Pb uptake less sensitive to alterations in cell wall
composition. Furthermore, such binding sites have been shown to be less temperature de-
pendent than intracellular uptake is (Beckett and Brown, 1984; Marschner, 1995; Mautsoe
and Beckett, 1996). At the same time, Pb accumulation was much higher in E. canadensis
than in P. natans (Paper II). This may also be because E. canadensis has a higher pro-
portion of extracellular binding sites for Pb than P. natans does (Paper III; Nyquist and
Greger, 2005). A greater number of extracellular binding sites was reported to increase
Pb uptake in an aquatic bryophyte species (Vásquez et al., 1999); however, this could not
be shown by comparing the CEC of E. canadensis and P. natans (Papers III and IV).

6.6 Summary

No correlation was found between plant shoot or root accumulation of Cu, Zn, Cd, and
Pb and sediment concentration for any of the terrestrial, emergent, free-floating, and
submersed species sampled in stormwater areas. This is likely because the constantly
flowing water and the continuous addition of new metals and sediment particles regularly
altered the conditions. In the submersed species, which were shown to take up most of
the metals directly from the water column, and in the free-floating plants the lack of
correlation with metal concentrations in sediment was not surprising.

In E. canadensis, Cd pretreatment was found in particular to decrease the apoplas-
tic uptake of Cd at the second treatment. This indicates that Cd accumulation in the
submersed species in a stormwater treatment pond may be decreased slightly during the
second of two rapidly successive storm events. In P. natans, no competition was found
between Cu, Zn, Cd, and Pb ions at uptake, possibly due to the presence in the cell
wall of specific binding sites for each metal ion present. In addition, increasing salinity
from 0� to 5� S especially decreased Cd and Zn but also Cu accumulation in both
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species. Although the existence specific binding sites for each metal ion was suggested
above, competition from Na at Cd- and Zn-uptake sites is possible, since Na concentra-
tion was comparatively high. The decreased accumulation may furthermore be due to
the decreased availability of ions due to the formation of complexes between metals and
chloride. Due to the amount of other complexing substances present in the stormwater,
it is difficult to foresee how metal accumulation will be affected by salinity in field.

At 20�, Cd and Zn concentrations in the submersed species approximately doubled
and Cu concentrations increased about 20% compared to concentrations at 5�. This
was possibly because the equilibrium with cell wall exchange sites was altered at the
increased temperature, or because the lipid constitution and the number of uptake sites
in the plasma membrane were altered. Although submersed plants are proven to be more
effective at accumulating metals at high temperatures, the results imply that they also can
also accumulate high concentrations of metals, especially Cu and Pb, at low temperatures.
Thus these two submersed plant species are suggested to be able to function for the
phytofiltration of stormwater under cold as well as warm conditions.



Chapter 7

Effect of submersed plants on
stormwater remediation

Both of the studied the submersed species common in stormwater ponds, P. natans and
E. canadensis, were found to accumulate metals directly from the water column via their
shoots (Papers III and IV). Many factors that may influence the metal accumulation
properties in these plants was investigated in this thesis. Altogether, the submersed
plants are suggested to have positive effects on metal retention, and the submersed species
appear to be useful for phytofiltration. Therefore, to be able to evaluate the submersed
plant species’ importance in a stormwater treatment pond, a rough calculation of the
phytofiltration capacity of submersed species was performed.

Plant density data was obtained by extensive sampling in the first pond (up to 2
m of depth) of the Flemmingbergsviken (Huddinge, Stockholm, Sweden, 59°N, 18°E)
stormwater treatment facility in September 2004 (Paper I). The pond was completely
covered by a mixture of E. canadensis and P. natans, giving a biomass of 183 and 79 g
dry weight m−2, respectively. The metal concentrations in the plants obtained from field
sampling (August 1999) and from climate chamber experiments (two days) were used
together with the plant density data to calculate the amount of metals accumulated by
submersed plants per square meter of the pond surface (Table 2). It has been suggested
that a stormwater treatment pond should be 2.5% of the area of the hard surfaces of
the catchments area (Pettersson, 1999). From this, the incoming load of metals could
be calculated per square meter of pond surface using data in the literature regarding
load from an average catchment area (Larm, 2000). In addition, the dissolved part of
the incoming load was calculated using data regarding the dissolved fraction of incoming
metals (Morrison, 1985).

Results from the first example using plant concentrations data from the climate
chamber experiments, the contribution of the submersed shoots seems substantial. About
10-15% of the Zn and Cu and 37-38 % of the Cd and Pb entering a normal stormwater
treatment wetland may be accumulated by the shoots of the two submersed species (Ta-
ble 2). If the incoming load is recalculated considering the dissolved metals only, the
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Table 2. Table shows calculated data of total incoming metal load calculated per squared
meter during one year, the dissolved metal load calculated per squared meter during one year,
the accumulation in plants per squared meter obtained both from field sampling and climate
chamber experiments, and the percent of total load in plant material.
Endpoint Unit Zn Cu Cd Pb
Incoming metal load during one year1 (mg m−2year−1) 2500 750 25 750
Dissolved metal load of total during one year2 (%) 45 32 61 5
Incoming dissolved metal load during one year1, 2 (mg m−2 year−1) 1125 240 15.3 37.5

Example 1
Amount in plants at climate chamber experiments3 (mg m−2) 383 85 104 285
Percent in plant of total load (%) 15 11 37 38
Percent in plant of dissolved load (%) 34 35 65 100

Example 2
Amount in plants at field sampling5 (mg m−2) 48.8 7.2 0.31 1.6
Percent in plant of total load (%) 2 1 1.2 0.2
Percent in plant of dissolved load (%) 4.3 3 2 4.3

1 Larm, 2002 2 Morrison, 1985 3 Paper II 4 Paper IV 5 Paper I

phytofiltration retention increases further. Literature data regarding the total removal
efficiencies of stormwater treatment ponds has been reported to be as high as 82, 75, 88,
and 82% for Zn, Cu, Cd, and Pb, respectively, calculated on a long-term basis (Pettersson
et al., 1999). However, in another pond, smaller than the recommended proportional size,
the total removal rate was only 30, 30, 11, and 48% of the incoming Zn, Cu, Cd, and Pb,
respectively (Pettersson, 1999). In the studies cited above the actual plant density was
not measured; however, a somewhat lower density than in the first pond of Flemming-
bergsviken stormwater treatment facility can be assumed, since the sampled pond was
totally covered with plants. Thus, overall, phytofiltration by submersed species may be
the major metal removal mechanism.

However, considering the second example, calculated using plant concentration ob-
tained from field sampling, it is indicate that only 2% of the Zn, 1% of the Cu and Cd,
and 0.1% of the Pb entering a normal stormwater treatment wetland is accumulated by
the shoots of the two different submersed species (Table 2). Even if the incoming load
is recalculated considering the dissolved metals only, the phytofiltration retention is still
below 5%. One reason for the great discrepancies between field sampling and climate
chamber experiments may be that plant growth results in a dilution of the previously
accumulated metals. Such a dilution of accumulated metals by growth was earlier seen
in Pinus sylvestris (Ekvall and Greger, 2003). If biomass is constantly renewed, and thus
older plant parts are continuously deposited onto the sediment, the submersed plants may
indirectly play a larger part in metal retention than is evidenced by calculations of direct
metal accumulation made using data derived form one field sampling. It may also be that
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under actual field conditions, metals leak from the plants during prolonged periods of
sunny weather, which actually preceded our field sampling (Paper I), as shown in the Cd
leakage experiment (Paper IV). Thus, the submersed plants’ high accumulation capacity
may function only for the temporary storage of Cd. However, such leakage was not seen
for Cu and Zn (Nyquist and Greger, 2005), and thus it may not explain why levels of all
metals were low in the field. To fully evaluate the possible effect of metal leakage, further
experiments and more extensive field sampling are suggested.



Chapter 8

Toxicity of plants in stormwater
areas

No matter which species are grown in a stormwater treatment facility, Cd dispersion in
particular must be considered, both because of its bioaccumulation in the food web due
to animals feeding on plants and from the dispersion of plant material after harvesting.
In the St. Lawrence River, Cd concentrations in invertebrates were shown to correlate to
the concentrations in the macrophytes on which they feed (Désy et al., 2002). The shoot
Cd concentrations (µg g−1) in the free-floating plant species L. gibba and L. minor were
35.49 and 24.23, in the submersed plant species E. canadensis and P. natans were 1.3 and
0.87, in the emergent plant specie J. effusus was 1.22, and in the terrestrial plant species
I. parviflora and F. ulmaria were 1.34 and 0.56 (Paper I). Several of the species sampled
in the field had Cd concentrations above the limit set as acceptable in domestic animal
forage (Table 3). Furthermore, shoot concentrations of metals were greatly increased when
treated with storm event levels of metals in uptake experiments; only Cu concentrations
remained within any of the acceptable limits for forage, sludge, and compost in the two
submersed species (Papers I, II, and III). Furthermore, metals in the roots of all species
are available to deposit feeders. It is advisable to keep stormwater treatment wetlands
enclosed to protect animals such as fish and birds that normally feed in such natural
systems, so as to avoid further spread of toxic metals throughout the food web.

Terrestrial and emergent species were not suggested for phytoextraction due to low
metal accumulation in their shoot tissue. However, vegetation in stormwater treatment
facilities is usually harvested once a year; this is done to keep the water open, so as
to prevent stormwater areas from becoming completely overgrown and finally dry and
clogged by the great amount of decaying tissue. At harvesting, it is mostly the shoots of
terrestrial and emergent plants that are cut, and thus metal concentrations in these should
be compared to those allowed for compost or sludge. The shoot Cd concentrations in the
terrestrial and emergent plant species were found to be below the acceptable limit for
compost and sludge. However, these concentrations were obtained from the field, and are
based on the weight of dry plant material; the weight of the plant material would probably
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Table 3. Tolerable metal levels in forage for domestic animals (cattle, sheep, swine, poultry,
horse and rabbit) (NRC, 1980), Limit values of sewage sludge (Kellberg, 1990), Suggested limit
values for compost (EU, 2004), Concentrations in plants grown in normal soil (Pais and Jones,
2000), Concentrations in plants sampled stormwater treatment areas (Paper I), Concentrations
in plants treated in climate chamber experiments (Paper I; II; III).

Limits values for Plant concentration grown in conditions as
Metal Forage Sludge Compost Normal Stormwater Experiments

µg g−1 DW µg g−1 DW µg g−1 DW µg g−1 DW µg g−1 DW µg g−1 DW
Zn 500-1000 800 400/470 15-200 16-220 600-2500
Cu 25-800 600 110/170 4-15 3-60 40-5001

Cd 0.5 2 1.3/1.9 0.2-0.8 0.04-35 7.4-3002

Pb 30 100 130/200 0.1-10 0-10 74-2200
1 low Cu concentrations were used in the experiments compared to stormwater average
2 high Cd concentrations were used in the experiments compared to stormwater average

decrease during composting, and thus the Cd concentration would increase. Thus, more
Cd may be found in the final compost, and care must be taken to avoid further dispersion
of Cd when the compost is used.



Chapter 9

Concluding remarks

Concluding remarks This thesis concerns plants growing in stormwater treatment areas in
a temperate climate, and contributes new knowledge about these plants’ Zn, Cu, Cd, and
Pb accumulation properties and how these properties are affected by various conditions.

Most terrestrial and emergent species common in stormwater treatment facilities in
temperate climates accumulate metals in their root tissue. Since the translocation to
shoots is low, these species function, as regards metal accumulation, as phytostabilizers
of metals in the substrate. In addition, the submersed species E. canadensis and P. natans
take up metals directly via both their roots and shoots, with E. canadensis having the
highest accumulation. Thus, by means of metal accumulation in tissue, they play a
direct role in the phytostabilization of sediment-bound metals and in the phytofiltration
of stormwater.

Examination of the submersed species indicates that the capacity quickly to remove
heavy metals from the water column may decrease in late autumn. Since results showed
that Zn and Cd and to some extent Cu accumulation decreased with decreasing tempera-
ture (from 20� to 5�) and increasing salinity (from 0� to 5� S) , metal accumulation
can be expected to decrease in the second of two rapidly successive storm events - given
that accumulation capacity was somewhat decreased after two or more rapidly successive
treatments. However, the presence of a mixture of ions common in stormwater will likely
not alter the accumulation of each metal individually. It is possible that the submersed
plants function to some extent as a temporary storage site for the metals, rather than as
a permanent sequestering site. Cd leakage was higher from dead than from living shoots,
suggesting that an intact plasma membrane functioned as an effective barrier in the living
plants. In line with this, Cd accumulation in dead plants was found to exceed that in
living plants after a few days. Finally, it can be concluded that the submersed plants do
not contribute to the direct immobilisation of metals from the water in the sediment, and
that no or a low dispersion of sediment-bound metals is mediated by plants. The tested
metals were not translocated in any direction in P. natans, while translocation of Cd in
both directions was found in E. canadensis, especially from the roots and shoots. The
apoplastically bound metals are possibly translocated together with the water; this was
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suggested by the fact that metal translocation was similar in both dead and living plants.

The differences found in terms of leakage, the possibility of washing out metals,
cation exchange capacity, and organic content, the variation in uptake and leakage be-
tween tissues and species are suggested to be due to the dissimilar properties of the cell
wall binding sites of each metal. Furthermore, both the total number and the affinity and
specificity of binding sites are suggested to depend on the specific tissue involved. In addi-
tion, metal concentrations in the different tissues can be restricted differently, depending
on the suberin barrier in the exodermis.

Considering the similar abilities of the species to accumulate metals in root tissue,
none of the studied terrestrial and emergent species is favoured over the others for use in
percolation areas or in wetlands for stormwater treatment. So as to further distinguish
between species, studies of other qualities are proposed, examining matters such as the role
of different plants in stabilizing substrate-bound metals by means of their effects on pH,
oxygen, and organic matter release, and their role in wetlands where they physically bind
the sediment with their root systems. Deeper areas should be constructed in wetlands and
ponds to facilitate the settling of submersed plants. This is proposed as submersed plants
were found to have positive effects on metal retention, although, under field conditions
they seem to account for only a small part of the total metal retained in a stormwater
treatment pond. In addition, the plants exert additional effects, for example, increasing
the sedimentation of particle-bound metals by attenuating the water flow.
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