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Abstract The sorption and bioconcentration of Hg,
Se, and As were measured in Schoenoplectus cal-
ifornicus and Typha angustifolia in a pilot constructed
wetland receiving wastewater inflows containing
these elements at potentially hazardous levels. Results
indicated that these species bioconcentrated Hg, Se,
and As at factors of up to 1,911, 10,981, and 4,927,
respectively. Plant tissue concentrations decreased as
Hg, Se, and As were translocated from the roots to the
aerial portions of the plant. Greatest element concen-
trations in S. californicus were found in roots,
indicating that an exclusion mechanism may be
responsible for element tolerance by this plant
species. Greater root:shoot transfer of Hg, Se, and
As was observed with T. angustifolia than with
S. californicus, suggesting that element tolerance was
more likely due to an internal detoxification mecha-
nism. To completely assess ecological risks associated
with the use of constructed wetlands, contaminant

bioavailability for plant uptake, translocation, and
bioconcentration must be considered.
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1 Introduction

In an effort to decrease the amount of sulfur dioxide
released into the air as regulated by the Clean Air Act
of 1963 and the Clean Air Act Amendments of 1990,
fossil-fueled power plants have installed flue gas
desulfurization (FGD) systems, or scrubber systems.
While FGD systems are effective in decreasing sulfur
dioxide emissions, this process results in wastewater
containing high concentrations of Hg, Se, and As
(Electric Power Research Institute 1999). This waste-
water must then be treated to eliminate these
contaminants in order to achieve discharge limitations
established under the National Pollution Discharge
Elimination System (NPDES) and Clean Water Act
(CWA). Constructed wetland treatment systems
(CWTS) have considerable potential to remove Hg,
Se, and As from FGD wastewater (Sundberg et al.
2006).

In constructed wetland treatment systems receiving
wastewater inflows containing elements such as Hg,
Se, and As, emergent vegetation may concentrate
these elements. Macrophytes in constructed wetlands
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have been used in the remediation of a wide variety of
contaminated wastewaters, including industrial and
municipal wastewater, acid mine drainage, storm
water runoff, and agricultural runoff (Moshiri 1993).
Phytoremediation is a treatment technology that uses
various plant species and their associated microbio-
logical communities to remove contaminants from
soil and water. Phytoextraction is the process of using
a plant species to take up contaminants from the soil
and water and concentrating the contaminants in the
roots, shoots, and/or leaves of the plant (US Environ-
mental Protection Agency 2000). Uptake and reten-
tion of elements such as Hg, Se, and As by
macrophytes are controlled by four variables: (1)
sediment geochemistry, (2) water physicochemistry,
(3) plant physiology, and (4) plant genotypic differ-
ences (Outridge and Noller 1991). The first two
factors control element speciation in sediments and
overlying water, whereas the latter two factors control
the ability of plants to concentrate bioavailable
elements.

In addition to bioconcentrating contaminants, mac-
rophytes perform important functions in constructed
wetlands. Macrophytes help stabilize the sediment
surface and reduce the risk of erosion, which will
prevent re-suspension of precipitated elements (Brix
1997). The roots and submerged shoots of macro-
phytes provide a large surface area for biofilms, and
may provide significant binding sites for elements.
Many macrophytes are also known to release oxygen
from roots into the rhizosphere, termed radial oxygen
loss, which influences the biogeochemistry of Hg, Se,
and As in the sediment. Radial oxygen loss may
create an oxidized condition in the hydrosoil and may
stimulate both aerobic decomposition of organic
matter and growth of bacteria. There is evidence that
at least some macrophytes actively change element
bioavailability in sediments by oxidizing their root
zones, either through diffusion of oxygen from root
surfaces or the secretion of oxidizing compounds,
resulting in the formation of a ferric oxide plaque on
roots. The presence of this plaque on roots has been
shown to both reduce and enhance essential and toxic
element accumulation by macrophytes (Outridge and
Noller 1991).

In addition to performing functional roles in
wetland systems, macrophytes also present potential
risks to invertebrates and other wetland inhabitants.

The features that allow plants to take up nutrients and
water from sediment also allow them to concentrate
contaminants. There are three possible fates for
elements bioconcentrated by macrophytes: (1) entry
into food chain through consumption by herbivores,
(2) excretion into the water column, or (3) release or
re-sedimentation upon decomposition of macrophyte
tissues (Outridge and Noller 1991). If macrophytes
utilized in a CWTS concentrate contaminants such as
Hg, Se, and As, there is concern that invertebrates and
other herbivores or detritivores may be exposed to
these contaminants through ingestion of plant shoots,
leaves, seeds, or detritus. Although elements associ-
ated with roots would presumably remain in the
sediments bound to organic matter, it has been
speculated that elements in decaying above-ground
plant matter could be released into the water column
following senescence. Rather than being released,
however, the concentrations and total mass of ele-
ments in the detritus often increase during decom-
position, as a result of metal adsorption from the
water column. Several studies (Giblin et al. 1980;
Lacher and Smith 2002; Lindberg and Harriss 1974;
Schneider and Rubio 1999; Sundberg et al. 2006;
Windham et al. 2004; Zawislanski et al. 2001) have
demonstrated that biomass of nonliving aquatic
macrophytes, or detritus, behaves as weak cation
exchange materials. During detritus decomposition,
most elements are retained in the detrital structure,
and their concentrations increase, often exponentially.

Plant species capable of extracting and concentrat-
ing Hg, Se, and As have been identified. Beath et al.
(1937) observed a leaf content of 14,900 ppm Se in
Astragalus racemosus grown in Se-contaminated
soil. In field studies by Compton et al. (2001),
Potomogeton illinoiensis concentrated As nearly eight
times greater than contaminated water levels (As was
8.87 mg kg−1 in roots and 4.59 mg kg−1 in shoots and
leaves). Following accumulation, P. illinoiensis tis-
sues detoxified As by forming an As–glutathione
complex. Ceratophyllum demersum, a submerged,
rooted aquatic species common in North America,
exhibited a 20,000-fold concentration factor of As
from contaminated surface waters (Reay 1972). In the
same study Typha orientalis only displayed a 100-fold
concentration factor. In a laboratory microcosm study,
Polypogon monspeliensis accumulated higher concen-
trations of Se and Hg than Scirpus robustus. In both
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species, the translocation from root to shoot was
greater for Se than Hg (de Souza et al. 1999).

Several studies have suggested that certain non-
hyperaccumulating macrophytes concentrate Hg
(Guthrie and Cherry 1979; Heller and Weber 1998;
Weis et al. 2002), Se (Ansede et al. 1999; Estabrook
et al. 1985; Shardendu et al. 2003; Wu and Guo
2002), and As (Estabrook et al. 1985; Qian et al.
1999) in varying amounts. Guthrie and Cherry (1979)
reported a Hg concentration of 0.5 mg kg−1 dry
weight in Typha latifolia growing in an unspecified
polluted environment. Estabrook et al. (1985) inves-
tigated heavy metal concentrations in aquatic plants
located 15 km from known heavy metal sources.
Selenium was found in T. latifolia leaves, roots, and
fruits at concentrations of 0.17, 0.14, and 0.43 mg
kg−1, respectively. Arsenic was found in leaves, roots,
and fruits (seeds) of T. latifolia at concentrations of
0.34, 0.45, and 0.28 mg kg−1, respectively. In
addition, Typha angustifolia concentrated up to
0.30 mg kg−1 As in the roots and fruits (Estabrook
et al. 1985). Shardendu et al. (2003) investigated the
use of T. latifolia to phytoremediate selenium in
subsurface flow constructed wetland treatment sys-
tems. Results from this study indicated that T. latifolia
concentrated 2.2, 0.6, and 1.8 mg Se kg−1 dry matter
in the roots, leaves and stems, respectively.

Schoenoplectus californicus and T. angustifolia
were utilized in a pilot-scale constructed wetland
treatment system designed to mitigate risks associated
with FGD wastewater, which contained elevated Hg,
Se, and As concentrations. Information on the ability
of these macrophytes to take up, translocate, and
bioconcentrate these wastewater constituents in a
constructed wetland is limited. Therefore, the primary
objective of this research was to characterize plant
uptake and physical sorption of Hg, Se, and As by
S. californicus and T. angustifolia harvested from the
CWTS. In addition, concentrations of Hg, Se, and As
in water and sediment collected from the CWTS were
measured to determine plant exposure. Sediment
characteristics, including particle size distribution,
percent solids, cation exchange capacity (CEC),
oxidation–reduction (redox) potential, percent organic
matter, and pH, were determined for sediment
collected from the CWTS to determine if any
significant correlations between plant uptake, sorption,
and sediment characteristics exist.

2 Materials and Methods

2.1 Pilot Constructed Wetland Treatment
System Design

The pilot-scale CWTS was constructed at the Clem-
son University facility in Pendleton, South Carolina.
Briefly, this system consists of a 6,800-l upstream
retention basin followed by three parallel treatment
systems (Fig. 1). Each wetland treatment system
consisted of four wetland cells in series, including
two cells planted with S. californicus (#1 and #2), a
gravel cell, and a final cell planted with T. angusti-
folia. This CWTS was used to remove Hg, Se, and As
from simulated FGD wastewater. The targeted inflow
concentrations of these elements in the simulated
FGD wastewater ranged from 0.002 to 0.16 mg Hg
l−1, 1.8 to 8.5 mg Se l−1, and 0.002 to 0.34 mg As l−1.
These three constituents of FGD wastewater are
recognized as toxicants of concern, and their dis-
charge into the environment is monitored by the
NPDES. Additional information about this CWTS can
be found in Sundberg (2006).

2.2 Water and Sediment Collection

Water and sediment were collected from the planted
wetland cells of the CWTS (Fig. 1) after 7 (water) and
17 months (sediment) of treating simulated FGD
wastewater. All samples were collected and stored in
high density polyethylene bottles that were pre-
soaked in a 50% concentrated trace metal grade nitric
acid for 24 h and rinsed thoroughly with Milli-Q
(18 MΩ cm) water. Water blanks were used to ensure
the bottles were not contaminated. Wetland cells
from which sediment and water were collected in-
cluded S. californicus #1, S. californicus #2, and
T. angustifolia.

Sediment grab samples were taken from three
locations in each wetland cell: the front, middle, and
back of the cell in the upper 15 cm of sediment,
which represents the most biologically active portion
of the sediment (Burton 1991). These samples were
collected after 17 months of continuously treating
simulated FGD wastewater. The three grab samples
were combined into one homogenized composite
sample per planted wetland cell and stored wet in an
air-tight plastic bag at 4°C in the dark (Burton 1991).
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Sediment was also collected from a local stream to
serve as a control. Samples were air dried and sieved
through a 2-mm sieve. Three 1.5±0.1 g of dried
sediment (exact weight recorded) were transferred to
a 12-ml glass digesting vial. Three milliliters concen-
trated HNO3 and 9 ml concentrated HCl (Gleyzes et al.
2002) were added to the vial and inverted to ensure all
sediment was exposed to acid. Vials were placed in a
dry incubator to digest for 4 h. The digestates were
diluted and brought to a known volume with Milli-Q
water and filtered with a Kimwipe® (Ellington and
Evans 2000) to remove any undigested material.
Milli-Q water acidified with concentrated trace metal
grade nitric acid to a pH<2 was used to rinse the
Kimwipe® of any residual elements. The rinsate was
then added to the corresponding filtered sample and
the sample brought to a known volume with acidified
Milli-Q water. The sample was further filtered
through a 0.45 μm pore size Millipore 25 mm syringe
filter. Samples were stored at 4°C in the dark until
analysis.

Water samples were collected from the wetland cell
outflows by gravity flow into the sample bottles and
filled to the brim. The samples were acidified with

concentrated trace metal grade nitric acid to a pH<2
and stored at 4°C. Prior to analysis, water samples
were filtered though a 0.45 μm filter.

2.3 Sediment Characterization Procedures

Sediment samples were characterized within 1 week
of collection. Particle size distribution, percent solids,
cation exchange capacity (CEC), oxidation–reduction
(redox) potential, percent organic matter, and pH were
determined for sediment collected from each wetland
cell. Sediment pH, which is often one of the most
important factors controlling elemental speciation and
equilibrium, was measured using an YSI pH meter
placed into the wet sediment. Redox potential was
measured using a digital millivolt meter and platinum-
tipped electrodes (Faulkner et al. 1989) in situ prior to
removing sediment samples from the wetland cell to
avoid false measurements due to sediment distur-
bance. Particle size distribution analyses yielded three
fraction sizes: sand, silt, and clay. The hydrometer
method was used, as described by Gee and Bauder
(1986). Percent solids of the sediment were measured

1st Wetland Cell 2nd Wetland Cell 3rd Wetland Cell 4th Wetland Cell 

Contents 
Schoenoplectus 

californicus 
Schoenoplectus 

californicus 
Granite gravel Typha angustifolia 

pHa 7     6 NAd  7 

Redoxb - 410 ± 31 mV - 337 ± 21 mV NA - 26 ±  37 mV 

CECac 7      5 NA 5 

% Organic Mattera 3% 2%    NA    2% 

% Solidsa 79%    79% NA 75% 

Particle Size Distributiona   

    % Sand 91%    92% NA 89% 

    % Clay 6% 6%            NA                      6% 

    % Silt 3% 3%                                                NA                     5% 

    
a  Measurements from composited sediment samples after collection (n=1). 
b  Redox potential (average ± standard deviation, n=2), measured in millivolts.  Recorded before sediment collection.  
c  Cation exchange capacity (meq 100g-1) 
d  NA = not available since the wetland cell contained only granite gravel. 

Reservoir 

Fig. 1 Schematic of the pilot constructed wetland system for evaluating treatment of flue gas desulfurization wastewater and
characteristics of corresponding wetland cells after 17 months of wastewater treatment
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according to Black (1986). Percent organic matter in
the sediment was measured using the loss-on-ignition
method, as described by Nelson and Sommers (1996).
Sediment CEC is a measure of the reversibly bound
cations in the sample and was determined according
to methods presented by Plumb (1981).

2.4 Macrophyte Harvest and Analysis

Three plants were harvested from each planted
wetland cell (front, middle, and back) of one
treatment train. Uncontaminated plants were also
harvested from on-site nursery wetland cells to serve
as controls. Plants were rinsed with deionized water to
remove sediment, and separated into roots, submerged
shoots (from roots to water surface), emerged shoots,
and seeds (Murray-Gulde et al. 2005). Adsorbed Hg,
Se, and As were measured by separately rinsing
submerged shoots and roots with 15% trace metal
grade nitric acid. The rinsate was collected, brought
up to 100 ml with Milli-Q water, filtered through a
0.45 μm filter, and stored at 4°C in the dark until
analysis. Absorbed and concentrated Hg, Se, and As
were measured by drying the rinsed plant segments at
105°C for 24–48 h, grinding the tissues into pieces
<0.5 cm in size, and digesting 0.5 g in 10 ml
concentrated trace metal grade nitric acid in a dry
bath incubator for 3 h. Digested material was brought
up to 100 ml with Milli-Q water, filtered through a
0.45 μm filter, and stored at 4°C in the dark until
analysis.

2.5 Sample Analysis

Ten milliliters of water and digested detritus samples
were analyzed for total Hg, Se, and As. Analyses
were performed at the Laboratory for Environmental
Analysis at the University of Georgia according to the
standard method EPA 200.8 (USEPA 1994) using a
Sciex Elan 9000 Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS) (Perkin-Elmer, Norwalk,
CT). Three levels of standards for Hg (0.1, 0.5, and
1.0 μg l−1) and three levels for Se and As (50, 100,
250 μg l−1) were used for calibration. Quality control
(QC) checks were run in 20-sample intervals,
prepared from a different stock at a concentration
level in the middle of the calibration standards. QC
checks were considered acceptable if concentrations
were within three standard deviations of the average

recovery (US Environmental Protection Agency 1994).
Method blanks (Milli-Q water acidified with trace
metal grade nitric acid to a pH<2) were run after
calibration and before QC checks. Fifty microliters
aliquots of a 10 mg l−1 solution of Rh in a 5% nitric
acid solution were added as an internal standard to
each 10-ml sample prior to analysis. The isotopes
quantified were 202Hg, 82Se, and 75As, with method
detection limits of 0.02, 0.107, and 0.05 μg l−1,
respectively.

2.6 Plant Bioconcentration and Root:Shoot
Transfer Factors

Bioconcentration factors (BCF) are ratios of concen-
trations of a contaminant in the media and dissolved
in water (the presumed source of contamination)
(Newman 1998). Plant tissue bioconcentration factors
(BCFs) and plant surface BCFs were calculated to
report the concentration of elements in plant tissues
relative to the overlying water, using the following
equations:

Plant Tissue BCF ¼ element½ �whole plant

element½ �water

Plant Surface BCF ¼ element½ �sum of plant surfaces

element½ �water
In these equations, the concentration of Hg, Se, or

As in either the whole plant (sum of concentrations in
all plant tissues; mg kg−1) or plant surfaces (sum of
concentrations on root and submerged shoot surfaces;
mg kg−1) were divided by the concentration of that
element in the water (mg l−1) from the corresponding
wetland cell. Plant tissue and plant surface BCF
values (l kg−1) greater than 1 indicate the bioconcen-
tration of Hg, Se, and/or As in the specified plant or
plant surface.

Root:shoot transfer factors (TFs) were calculated to
compare the concentrations of elements in roots
versus shoots using the following equation:

Root : Shoot TF ¼ element½ �sum of shoots and seeds

element½ �roots

In this equation, the concentration of Hg, Se, or As
in the shoots and seeds (sum of the two; mg kg−1) was
divided by the concentration of that element in the
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roots (mg kg−1). Root:shoot transfer factors (kg kg−1)
greater than one indicate significant cross-membrane
transport of elements from the roots to shoots in
plants.

2.7 Statistical Analysis

Significant differences in macrophyte sorption and
bioconcentration were determined by Tukey’s Multi-
ple Comparison Test using the computer software
program GraphPad Prism, Version 3.0 (GraphPad
Software Inc., San Diego, CA). WINKS, Version 4.80
(TexaSoft, Dallas, TX) statistical software was used to
determine correlations between macrophyte sorption
and bioconcentration and sediment characteristics.

3 Results

As shown in Figs. 2 and 3, Hg and Se concentrations
measured in the overlying water samples decreased in
the planted wetland cells from the wastewater inflow
to final outflow. Mercury concentrations ranged from
28.2 to 1.0 μg l−1, and Hg was below the detection
limit of 0.02 μg l−1 in moderately hard laboratory
water. Mercury in water from S. californicus #1 was
significantly different (p<0.05) from S. californicus
#2 and T. angustifolia, but S. californicus #2 was not
significantly different (p>0.05) from T. angustifolia.
Selenium concentrations ranged from 1,674 to
44.6 μg l−1, compared to a concentration of 8.2 μg
l−1 in moderately hard laboratory water. Like Hg, Se
in water from S. californicus #1 was significantly

different (p<0.05) from S. californicus #2 and T.
angustifolia, but S. californicus #2 was not signifi-
cantly different (p>0.05) from T. angustifolia. Finally,
As concentrations ranged from 118.2 to 12.2 μg l−1,
but were not significantly different (p>0.05) from
each other (Fig. 4). The concentration of As in
moderately hard laboratory water was 0.5 μg l−1.
The large variance measured between water samples
may be due to analytical methods.

Mercury and As concentrations measured in
sediment did not vary significantly (p>0.05) from
the inflow to outflow of the CWTS (Figs. 2 and 4).
The highest concentration of Se (15.6 mg kg−1) was
found in sediment from the second planted wetland
cell (S. californicus #2; Fig. 3). Mercury concen-
trations in the CWTS sediment ranged from 0.03 to
0.04 mg kg−1, Se concentrations ranged from 3.5 to
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Fig. 2 Concentrations of Hg in water (lines) and sediment
(bars) collected from the first, second, and fourth wetland cells.
Solid error bars represent standard deviations (n=3) for
sediment, dotted error bars represent standard deviations
(n=3) for water
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8.8 mg kg−1, and As concentrations ranged from 11.9
to 14.1 mg kg−1. Overall, sediment concentrations of
Hg, Se, and As were one to two orders of magnitude
less than concentrations measured in detritus from the
CWTS (Sundberg et al. 2006). Sediment character-
istics, including pH, CEC, organic matter, percent
solids, and particle size distribution did not vary
between wetland cells (Table 1).

In general, root surfaces sorbed greater amounts of
Hg, Se, and As than surfaces of submerged shoots
(Table 2). Sorbed element concentrations decreased
from wastewater inflow to outflow (S. californicus #1
to T. angustifolia) of the treatment system. Selenium
ranged from 4.8 to 0.5 mg kg−1 on root surfaces and
4.0 to 0.8 mg kg−1 on submerged shoots. Arsenic
ranged from 7.6 to 0.4 mg kg−1 on roots and from 2.5
to 0.6 mg kg−1 on submerged shoots. Mercury
concentrations ranged from 0.1 mg kg−1 to less than
0.01 mg kg−1 on roots and from 0.3 to less than
0.01 mg kg−1 on submerged shoots. Because of the
large standard deviations among samples due to the
natural variability of plants, Hg, Se, and As concen-
trations did not vary significantly (p>0.05) in many

cases. Concentrations of Hg adsorbed to root and
submerged shoot surfaces of plants collected from the
nursery cells did not exceed 0.01 mg kg−1, while Se
ranged from 0.06 to 0.3 mg kg−1, and As averaged
about 0.1 mg kg−1.

Concentrations of Hg, Se, and As sorbed to root
and submerged shoot surfaces were in most cases
greater than concentrations found in water and
sediment (plant surface BCFs were in most cases
greater than 1; Table 3). This suggests that the
surfaces of roots and submerged shoots have a greater
affinity for these constituents than the water and
sediment in the system. Since Hg concentrations on
roots and submerged shoots of T. angustifolia were
below the detection limit, a BCF could not be
calculated. Plant surface BCFs reached 5 for Hg, 29
for Se, and 111 for As. Based on these BCFs, sorption
may be an important mechanism of removal of Hg,
Se, and As from wastewater moving through the
constructed wetland treatment system.

Mercury, Se, and As primarily concentrated in the
root tissues of S. californicus and T. angustifolia
(Table 4). Despite the higher concentrations of Hg,

Table 1 Summary of sediment characteristics measured after 17 months of treated simulated flue gas desulfurization wastewater

Sediment pH Redoxa CECb Percent OMc Percent solids Particle size distribution

Percent sand Percent clay Percent silt

S. californicus #1 6.74 −410±31 7 2.5 79 91 6 3
S. californicus #2 6.63 −337±21 5 2 79 92 5 3
T. angustifolia 6.80 −26±38 5 2 75 89 6 5

a Redox potential, measured in millivolts.
b Cation exchange capacity (meq 100 g−1 ).
c Organic matter.

Table 2 Adsorption (dry weight) of Hg, Se, and As to surfaces of roots and submerged shoots of macrophytes in the constructed
wetland treatment system, expressed as mg per kg of dry weight of plant tissue

Plant tissue As (mg kg−1)a Se (mg kg−1) Hg (mg kg−1)

S. californicus #1 Root 7.6±4.6 4.8±2.6 0.1±0.04
S. californicus #1 Submerged Shoot 1.7±0.2 1.8±0.2 0.03±0.002
S. californicus #2 Root 6.1±3.3 4.0±2.7 0.02±0.01
S. californicus #2 Submerged Shoot 2.5±1.6 4.0±2.1 0.01±0.002
T. angustifolia Root 0.4±0.4 0.5±0.4 0.0006±0.00008b

T. angustifolia Submerged Shoot 0.6±0.1 0.8=±0.1 0.003±0.001

a n=3, average±standard deviation unless otherwise noted.
b n=2.
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Se, and As in S. californicus in the second wetland
cell (#2), minimal (<7%) translocation was observed
compared to S. californicus in the first wetland cell
(up to 40%). Roots consistently contained the greatest
amounts of Hg, Se, and As in the individual plant
tissues. Up to 64% of the total Hg, Se, and As in
T. angustifolia were found in the shoots and seeds
(Figs. 5, 6 through 7). In general, Hg, Se, and As
content declined from the roots up to the seeds. Seeds
from T. angustifolia in the fourth wetland cell
contained the greatest Hg, Se, and As compared to
the other wetland cells.

Despite the relatively low concentrations of Hg,
Se, and As on the surfaces of roots and submerged
shoots, the calculated BCFs for the plant surfaces

were all greater than 1 (Table 3). The highest plant
surface BCFs were for As, ranging from 78 to 111 l
kg−1. Plant surface BCFs for Se increased from
wastewater inflow (4 l kg−1) to outflow (29 l kg−1)
of the treatment system, and plant surface BCFs for
Hg did not exceed 5 l kg−1 in S. californicus. Root:
shoot TFs for Hg, Se, and As in S. californicus did
not exceed 1, indicating that these plants were not
efficiently translocating these elements to the aerial
portions of the plant. T. angustifolia, on the other
hand, was more efficient in translocating Hg, Se, and
As to its shoots, as evident by TFs averaging 2 kg
kg−1. Plant tissue BCFs ranged from 170 to 1911 l
kg−1 for Hg, 483 to 10,981 l kg−1 for Se, and 766 to
4,927 l kg−1 for As.

Table 4 Absorption and bioconcentration (dry weight basis) of Hg, Se, and As in roots, submerged shoots, emerged shoots, and seeds
of macrophytes in the constructed wetland treatment system

Plant tissue As (mg kg−1)a Se (mg kg−1) Hg (mg kg−1)

S. californicus #1 Root 133±89 580±256 2.9±1.0
S. californicus #1 submerged shoot 7.7±1 143±62 1.1±0.8
S. californicus #1 emerged shoot 1.3±0.8 66±45 0.3±0.2
S. californicus #1 seedb 0.4 19 0.6
S. californicus #2 root 368±321 4224±2843 12.0±6.5
S. californicus #2 submerged shoot 14±4.2 148±43 0.4±0.2
S. californicus #2 emerged shoot 1.7±0.4 125±52 0.1±0.1
S. californicus #2 seedb 0.4 22 0.1
T. angustifolia root 3.7±2.4 170±109 0.1±0.1
T. angustifolia submerged shoot 4.3±2.1 72±15 0.1±0.1
T. angustifolia emerged shoot 0.7±0.4 136±5 0.1±0.02
T. angustifolia seedb 0.6 112.65 0.1

a n=3, average±standard deviation unless otherwise noted.
b n=1.

Hg Se As

Plant Surface Bioconcentration Factors (l kg−1)
S. californicus #1 3 4 78
S. californicus #2 5 17 111
T. angustifolia 4 29 78
Root:Shoot Transfer Factors (kg kg−1)
S. californicus #1 0.7 0.4 0.1
S. californicus #2 0.1 0.1 0.04
T. angustifolia 2 2 2
Plant Tissue Bioconcentration Factors (L kg−1)
S. californicus #1 170 483 1,206
S. californicus #2 1,911 9,593 4,927
T. angustifolia 384 10,981 766

Table 3 Mercury, Se, and
As bioconcentration and
root to shoot transfer factors
(dry weight) for plants col-
lected from the pilot-scale
constructed wetland treat-
ment system
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A simple correlation matrix was used for the
correlation analysis of Hg, Se, and As. There were
no significant correlations (p<0.05) between macro-
phyte sorption, bioconcentration, and root:shoot
transfer with water and sediment concentrations or
sediment characteristics.

4 Discussion

Water concentrations of Hg, Se, and As decreased as
the wastewater moved through the CWTS. The final
outflow concentrations of 1.0 μg l−1 Hg and 45 μg l−1

Se were below NPDES limits of 1 μg l−1 Hg and
400 μg l−1 Se for the site for which this system was
designed (permits for As were not available at the
time this study was completed). Sediment concen-
trations were greater than those measured in water but
were one to two orders of magnitude less than
concentrations measured in detritus (Sundberg et al.
2006). Sediment from S. californicus #2 contained the
highest Hg and Se, while As was greatest in sediment
collected from T. angustifolia.

High levels of elements in sediment can be
phytotoxic. Poor plant growth and sediment cover
caused by element toxicity can lead to remobilization
of Hg, Se, and As in the CWTS, which could
potentially lead to noncompliance with discharge
regulations. It is well known that metals are associ-
ated with several sediment fractions: (1) in sediment
solution, as free metal ions and soluble metal
complexes, (2) adsorbed to inorganic sediment con-
stituents at ion exchange sites, (3) bound to sediment
organic matter, (4) precipitated as sulfides, oxides,
hydroxides, or carbonates, and (5) embedded in the
structure of the silicate minerals (Tessier et al. 1979).
Contaminants must be in bioavailable forms in
sediment for plant uptake to occur. Bioavailability
depends on element solubility in the sediment
solution; only elements associated with the sediment
solution (free metal ions and soluble metal com-
plexes) and adsorbed to inorganic sediment constitu-
ents at ion exchange sites are potentially available for
plant uptake (Filgueiras et al. 2002). Based on
sequential extraction procedures, which are common-
ly employed to isolate and quantify metals associated
with the different fractions, approximately 80% of the
total Hg, 35–60% of the total Se, and less than 5% of

the total As in the CWTS sediment was available for
plant uptake (Sundberg 2006).

Previous attempts have been made to determine
correlations between metal uptake by aquatic plants
and sediment concentrations (Cardwell et al. 2002).
However, these studies have generally shown only
poor correlations. Total sediment metal concentrations
do not distinguish between different metal fractions,
including those which are bioavailable for plant
uptake and those which are not. No significant
correlations were observed in this study between
element uptake and sediment concentrations.

In general, sorption to sediment particles reduces
the activity of metals in the system. Thus, the higher
the CEC, the greater the sorption and immobilization
of cationic elements (which includes some forms of
Hg, but not Se or As). Sandy sediments, such as
sediments found in this CWTS (only 2% organic
matter), generally had low CECs ranging from 5 to
7 meq 100 g−1. In comparison, organic soils generally
have a CEC of 50–100 meq 100 g−1. Since sediment
characteristics, with the exception of redox, didn’t
vary in this CWTS, no generalizations of the effect of
the characteristics on macrophyte sorption and con-
centration can be made. No significant correlations
(p>0.05) between element uptake and sediment char-
acteristics were observed in this study.

Sorption of element ions to plant surfaces is known
to occur through a specific ion exchange mechanism,
involving the replacement of protons, alkali, alkaline
earth, or other cations by element ions (Schneider
et al. 2001). Researchers have provided evidence that
for each element ion sorbing, an equivalent of protons
and/or other element ions appear in solution (Crist
et al. 1991; Schneider et al. 1999). An alternative
sorption mechanism is the surface precipitation or
condensation of element hydroxides onto the bio-
surfaces of aquatic plants (Schneider et al. 2001).
However, it was not possible to differentiate between
the two mechanisms based on sorption data alone in
the present study.

Mercury, Se, and As primarily concentrated in the
root tissues of S. californicus and T. angustifolia
(Fig. 3 and Table 3). Differences in uptake and root:
shoot transfer were measured in plants from the first
and second wetland cells (S. californicus #1 and #2).
Approximately 40% of the total Hg and 30% of
the total Se in plant tissues of S. californicus #1
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translocated to the shoots and seeds. Interestingly, less
than 10% of the total Hg and Se in plant tissues of
S. californicus #2 translocated to shoots and seeds.
Although root:shoot TFs for all three elements in
S. californicus were less than 1, the TFs were greater
in the first wetland cell than the second despite the
much greater total tissue concentrations in S. califor-
nicus #2. Root:shoot transfer of these elements is
therefore not dependent on total plant tissue concen-
trations. It has been shown that of the total amount of
ions associated with the root, only a part is absorbed
into cells resulting in root:shoot transfer (Estabrook et
al. 1985; Shardendu et al. 2003). A significant ion
fraction in roots may be physically adsorbed at the
extracellular negatively charged sites of the root cell
walls. This cell wall-bound fraction cannot be trans-
located to the shoots. This may explain the decrease
in root:shoot transfer in S. californicus #2 despite
higher metal concentrations. This difference in root:
shoot transfer was not measured for As.

Water concentrations of Hg, Se, and As declined
from S. californicus #1 to S. californicus #2, while
sediment concentrations increased. This suggests that
S. californicus root uptake may be dependent on
sediment concentrations. In constructed wetlands,
elements may be bound to insoluble fractions in anoxic
sediments. However, plants can oxidize the sediment
immediately adjacent to the roots through the move-
ment of oxygen downwards through aerenchyma tissue
(radial oxygen loss). This oxidation can potentially
remobilize the element contaminants, thus increasing
the otherwise low availability of elements in anoxic
wetland sediments (Weis and Weis 2004).

Significant root:shoot transfer of Hg, Se, and As
was measured for T. angustifolia in the last wetland
cell. Over 60% of the total Hg, Se, and As in
T. angustifolia tissues translocated to the shoots and
seeds, resulting in root:shoot transfer factors of ≥1.50
(Fig. 3 and Table 3). However, T. angustifolia
contained the least amount of Hg, Se, and As in
tissues compared to all S. californicus in the system.
Therefore, the greater root:shoot transfer did not
depend on tissue metal concentrations. Physiological
differences between S. californicus and T. angustifolia
may account for the differences in root:shoot transfer
of metals. S. californicus may have developed
specific mechanisms to prevent or exclude the
movement of metal ions into shoots, or the root cell

walls may absorb much greater amounts of metals
than those of T. angustifolia. The low total concen-
trations of Hg, Se, and As in tissues of T. angustifolia
may be due to the low water concentrations in the
wetland cell. Another possible explanation for the low
amounts of Hg, Se, and As taken up by roots of
T. angustifolia may be that the bioavailabilities of Hg,
Se, and As in the sediment decreased, resulting in less
root uptake. However, according to sediment sequen-
tial extraction data (Sundberg 2006), the fractions of
Hg, Se, and As available for plant uptake in the last
wetland cell did not significantly vary from the first two
wetland cells. Sediment characteristics were similar
as well, except for the increase in redox potential.

Plant tissue BCFs were calculated for both
S. californicus and T. angustifolia (Table 3), and did
not only indicate the importance of plant uptake in a
constructed wetland treatment system as a removal
mechanism of Hg, Se, and As, but also indicate the
potential hazard to herbivores and detritivores. As
stated previously, above-water plant tissues fall back
into the water column during senescence. The result-
ing detritus would be expected to not only retain the
element concentrations in the tissues, but also absorb
additional elements from the water column, increasing
the total element concentration significantly. In a
previous study (Sundberg et al. 2006), element
concentrations were measured in detritus from S. cali-
fornicus #1, S. californicus #2, and T. angustifolia
in this CWTS. Concentrations of Hg, Se, and As
found in detritus of these plants were one to two
orders of magnitude greater than the concentrations
found in shoots in the present study. These results
suggest that although macrophytes in this CWTS
bioconcentrate Hg, Se, and As, the emerged shoot
concentrations contribute little to the final detritus
concentrations. Since the system may not have been
at equilibrium at the time samples were collected, the
distribution of Hg, Se, and As throughout the CWTS,
including within the plants, may vary with time.
However, the amounts of Hg, Se, and As bioconcen-
trated in above-water plant tissues, including seeds,
may still be potentially hazardous to wetland inhab-
itants through ingestion.

Selenium toxicity had been reported to be a cause of
death and deformities of embryos and chicks within the
Kesterson Reservoir National Wildlife Refuge in the
Central Valley of California. Selenosis was caused by
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high concentrations of Se in the run off, which had
bioaccumulated in the bird’s food chain by plants,
invertebrates, and fish (Spallholz and Hoffman 2002).
In recent studies, the emerged macrophytes Typha
domingensis (cattails) and Scirpus maritima (alkali
bulrush) were harvested from the Kesterson area and
analyzed to determine Se concentrations within plant
tissues. These plants contained Se concentrations at
17–160 mg kg−1 in leaves, 89–320 mg kg−1 in
rhizomes, and 2–34 mg kg−1 in seeds (Wu 2004).
By comparison, plants from the pilot CWTS for FGD
wastewater treatment contained Se concentrations at
66–136 mg kg−1 in shoots, 170–4,224 mg kg−1 in
roots, and 19–113 mg kg−1 in seeds. Therefore, it may
be necessary to use plant species with seeds that are
unfavorable to wildlife, or to use genetically engi-
neered plants that do not produce seeds.

There are two mechanisms proposed to explain the
tolerance of plants to metals (Kupper et al. 1999).
Some plant species are able to cope with elevated
concentrations of metals inside of their tissues
through production of metal-binding compounds,
cellular and subcellular compartmentilization, or
alternations of metabolism. Plants that use this
strategy are often referred to as hyperaccumulators.
The second proposed mechanism is exclusion, by
which uptake and root:shoot transport of metals in
plants are restricted. Results from this research
indicate that S. californicus contained elevated con-
centrations of metals in root tissues, but not in the
plant tissues. Therefore, the first mechanism does not
explain the tolerance of this plant species to metals. It
is evident that the exclusion mechanism is likely
responsible for the tolerance of S. californicus to
elements in the constructed wetland treatment system,
whereas the tolerance of T. angustifolia may be
explained by the first mechanism.

5 Conclusions

Results from this research provided information on the
sorption and bioconcentration of Hg, Se, and As by
macrophytes in a pilot constructed wetland. The
importance of macrophytes in element cycling in a
constructed wetland treatment system depends on the
fate of elements contained within the tissues. Surface
sorption and, to a more significant extent, root uptake
appeared to be important mechanisms of removal for

these constituents, as apparent by water concentra-
tions. The element content in the above-water portions
of the plant constitutes an indicator of the bioavailabil-
ity of the element of concern in the host sediment. The
extent of uptake and how elements are distributed
within plants can have important effects on the
residence time of metals in plants and in constructed
wetlands, and the potential release of metals. For
example, a majority of emerged shoots become
dormant and fall back into the water during senes-
cence. This potentially releases any elements that may
have been contained within the tissues, and may also
introduce the potentially toxic elements to the detrital
food chain. In addition, if elements are accumulated in
above-water plant tissues, particularly in the seeds,
they may potentially be passed on to herbivores.

As industries such as coal-fired power plants
attempt to comply with the Clean Water Act and
NPDES permits, cost-effective and ecologically
sound wastewater treatment systems such as con-
structed wetlands are being utilized across the nation.
This pilot-scale CWTS reduced aqueous concentra-
tions of targeted constituents, primarily Hg, Se, and
As, in wastewater. To completely assess ecological
risks associated with the use of CWTSs, contaminant
bioavailability for plant uptake, translocation, and
bioconcentration must be considered

Disclaimer The research described in this dissertation has
been funded in part by the United States Environmental
Protection Agency (EPA) under the Greater Research Opportu-
nities (GRO) Graduate Program. EPA has not officially
endorsed this publication and the views expressed herein may
not reflect the views of the EPA.
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