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Abstract—The effect of a metal mixture (Cu, Zn, Pb, and Ni) on Cd fractionation in sediment and its accumulation by the freshwater
macrophyte Eriocaùlon septangulàre was examined in an in situ experiment in the littoral zone at the Experimental Lakes Area,
northwestern Ontario, Canada. Fresh sediment was spiked with Cd alone and together with the metal mixture at three concentration
levels. Macrophytes were planted in the spiked sediment and placed at a water depth of 0.5 m. The distribution of Cd among
sediment fractions (easily reducible [ER], reducible [R-ER], and organic [ORG]), pore water, and macrophytes was determined
every 2 weeks for 10 weeks. Small differences among treatment levels in the recovery of Cd from the geochemical fractions were
observed after 2 and 8 weeks but not after 10 weeks. At the highest concentration of the metal mixture, Cd repartitioned from the
ER fraction onto the R-ER fraction after 2 weeks in situ. After 10 weeks, Cd was accumulated by the shoots (,2.6 mg/g dry
weight) and roots (,45 mg/g dry weight) of E. septangulàre and had not reached steady state. Significantly higher Cd concentrations
were found in the shoots of plants in the treatment with Cd alone and the treatment with the highest concentration of the metal
mixture than in treatments with intermediate levels of the mixture. Partitioning of Cd among geochemical fractions in sediment
alone did not explain differences in tissue Cd concentrations related to treatment level.
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INTRODUCTION

The distribution and toxicity of Cd in the aquatic environ-
ment are affected by pH, hardness, alkalinity, sulfate, and con-
centration of organic matter [1–4]. Attempts have been made
to take these factors into account when water- and sediment-
quality guidelines for Cd have been developed [5,6]. Never-
theless, trace metals may also affect the distribution and tox-
icity of Cd [7–9], and their influence is not generally consid-
ered in guidelines. This influence may be of critical importance
because Cd is released into the environment primarily in mix-
tures with other trace metals through nonferrous metal mining,
smelting and refining processes, industrial effluents, and do-
mestic sewage [10–12].

The study of the toxicity of metal mixtures has focused on
aqueous exposures under controlled laboratory conditions
[8,13–16]. Studies of this kind are helpful for understanding
the effect of metal interactions on uptake and toxicity, but
ecologically relevant information is needed on how metals
interact to affect their distribution and bioavailability in the
natural environment, particularly in sediments. This study is
one of the first attempts to examine effects of metal mixtures
in a field situation that represents the environments to be pro-
tected by regulatory criteria.

Sediments can be both a sink and a source of trace metals
in aquatic ecosystems. Assessing the potential risks that sed-
iment-based metals pose to aquatic organisms living both in,
or on, sediment depends on their bioavailability [17]. Chemical
extraction techniques that selectively partition metals into geo-
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chemical fractions have been useful in improving our under-
standing of metal bioavailability [4,18,19]. The distribution of
metals among geochemical fractions in sediment depends on
the relative affinity of metals for each fraction, the solubility
product (Ksp) of mineral phases containing metals in each frac-
tion, and the concentrations of all metals present [7]. The latter
effect was examined in this study.

Submerged aquatic macrophytes have recently been ex-
amined as potential bioindicators of trace metal contamination
in the aquatic environment [20,21]. Isoetids are rooted mac-
rophytes that possess an isoetoid growth form characterized
by a short stem and a rosette of stiff leaves [22]. Isoetids
possess characteristics that make them potential biological in-
dicator species; for example, they are widespread throughout
eastern North America [23,24], abundant [25], easy to collect
and identify unequivocally, and they concentrate metals [23].
Their predominantly sediment-based nutrition makes them
useful organisms for studying the availability of contaminants
from the sediment [26], and recent studies have examined the
relationship between metal concentrations in isoetids and total
metal concentrations in sediment [27,28].

The present work examined the effect of a metal mixture
on Cd partitioning in littoral sediment and on its accumulation
by an isoetid macrophyte in a field experiment. We hypothe-
sized that a mixture of metals (Cu, Zn, Pb, and Ni) experi-
mentally added with Cd to sediment would affect the distri-
bution of Cd among geochemical fractions compared to what
would be expected if Cd were added alone to the sediment.
Furthermore, we anticipated that differences in the partitioning
of Cd in the sediment with or without the metal mixture would
affect the availability of Cd for uptake by macrophytes, as
judged by differences in Cd concentrations in plant tissues.
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Fig. 1. Location of study site in Roddy Lake at the Experimental Lakes Area. Location of plant trays and the experimental design are also
shown.

Table 1. Surface water chemistry values of Roddy Lake and Lake
104a

Parameterb Roddy Lake Lake 104

NH4-N, g/L 9.7 6 4.0 9
DIC, mmol/L 143 6 8 120
DOC, mmol/L 413 6 23 940
Na1, mg/L 1.00 6 0.05 0.98
K1, mg/L 0.43 6 0.07 0.44
Ca21, mg/L 2.41 6 0.12 2.53
Mg21, mg/L 0.68 6 0.02 0.68
Fe, mg/L 0.02 6 0.01 0.14
Mn, mg/L 0.01 6 0.0 0.01
Cl2, mg/L 0.37 6 0.02 0.24
SO , mg/L22

4 3.23 6 0.09 1.64
Alkalinity, meq/L 134 6 4.7 123
pH 6.74–7.27 6.59
O2, mg/L 9.15 6 0.41 8.7

a Values for Roddy Lake are mean 6 SD of six samples from June 8
to October 15, 1992. Values for Lake 104 are based on a single
sample taken on September 15, 1992.

b DIC 5 dissolved inorganic carbon; DOC 5 dissolved organic car-
bon.

MATERIALS AND METHODS

Experimental site

The site of the in situ exposure experiment was a shallow,
protected bay in Roddy Lake (938439W, 498419N), which is
located at the Experimental Lakes Area (ELA), northwestern
Ontario, Canada (Fig. 1). The ELA is a research preserve located
52 km southeast of Kenora, Ontario, Canada, on the south-
western part of the Precambrian Shield [29]. Water chemistry
values of Roddy Lake are shown in Table 1.

Experimental design

The experiment consisted of four treatment levels with three
replicates (n 5 3) per treatment, for a total of 12 experimental
units (Fig. 1). Treatment replicates were arranged, nonrandom-
ly, on the bottom sediment as shown in Figure 1. The exper-
iment was designed to raise Cd sediment concentrations six
times above background levels in all treatments. Treatment
levels 2, 3, and 4 also received a mixture of Cu, Zn, Pb, and
Ni to raise sediment metal concentrations two, four, and six
times respectively above background levels (Table 2). Back-
ground metal concentrations were based on 0–4 cm deep sed-
iment samples collected at the experimental site in Roddy Lake
in October 1992. The target metal concentrations in sediments
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Table 2. Background, target, one-day postspike, and 10-week sediment metal concentrations in the four
treatmentsa

Treatment

Metal concn. (mg/g dry wt.)

Cd Cu Zn Pb Ni

Background level 0.15 6 0.01 0.54 6 0.02 5.33 6 0.67 1.57 6 0.09 1.86 6 0.10

Target level
1 0.90 (63) (03) (03) (03) (03)
2 0.90 (63) 1.08 (23) 10.7 (23) 3.14 (23) 3.72 (23)
3 0.90 (63) 2.16 (43) 21.4 (43) 6.28 (43) 7.44 (43)
4 0.90 (63) 3.24 (63) 32.0 (63) 9.42 (63) 11.2 (63)

Postspike
1 0.95 6 0.03 0.54 6 0.01 5.99 6 0.50 1.35 6 0.07 1.03 6 0.06
2 0.96 6 0.09 0.75 6 0.05 10.1 6 1.01 3.59 6 0.21 1.46 6 0.14
3 1.01 6 0.03 1.58 6 0.02 16.3 6 0.30 7.31 6 0.11 4.50 6 0.24
4 1.01 6 0.05 2.37 6 0.06 22.6 6 1.03 11.1 6 0.23 4.57 6 0.55

10 wk
1 0.73 6 0.21 0.86 6 0.07 5.64 6 0.15 1.70 6 0.02 1.67 6 0.11
2 0.75 6 0.04 1.11 6 0.06 9.13 6 0.36 3.09 6 0.18 1.92 6 0.28
3 0.75 6 0.04 1.88 6 0.01 13.7 6 0.35 5.93 6 0.04 4.23 6 0.16
4 0.79 6 0.03 2.76 6 0.19 20.5 6 0.90 9.73 6 0.36 3.86 6 0.04

a Values are mean 6 SE (n 5 3) acid-extractable metal concentrations. Values in parentheses are factors
by which the sediments were to be increased over background levels.

were at the lower range of those observed in areas receiving
atmospheric deposition from mining and smelting processes
[30].

Sandy, littoral sediment (top 4 cm, from ,2 m water depth)
collected from the experimental site in Roddy Lake on July
8, 1995, was mixed in a 10-L cement mixer and separated into
four homogeneous batches, each approx. 16 kg wet weight.
Each batch was then returned to the mixer and spiked ac-
cording to one of the four treatment levels on July 10 (Table
2). Metals were added to the sediments as salts (CdCl2·2.5
H2O, CuCl2·2 H2O, ZnCl2, Pb(NO3)2, and NiCl2·6 H2O, all
American Chemical Society grade; Fisher Scientific, Fair
Lawn, NJ, USA) dissolved in 250 ml of deionized distilled
water, and sediments were mixed for 5 min. Spiked sediment
at each treatment level was divided into three replicate batches
and placed in acid-washed polyethylene pails, which were
stored on the shore and allowed to equilibrate for 3 d. On July
11, 1 d after the metal spike, postspike samples were taken
from each replicate batch for analysis. Individual batches of
sediment were then placed in 30-cm-wide 3 60-cm-long 3 5-
cm-deep plastic potting trays before plants were added.

Nearby ELA Lake 104 (938509W, 498419N) was the source
of the macrophyte Eriocaùlon septangulàre, which was plant-
ed in the spiked sediment. Eriocaùlon septangulàre has been
successfully transplanted in other experiments at the ELA [31].
Lake 104 is a brown-water lake with a higher dissolved organic
carbon level and slightly lower pH than Roddy (Table 1), but
transferring plants from Lake 104 to Roddy did not expose
them to an appreciable change of water chemistry. On July
11, plants were collected from Lake 104 from water depths of
less than 2 m, placed in coolers, and transported to the field
camp, where they were stored at lake temperature for 2 d. The
plants were agitated in lake water to remove loosely attached
sediment and debris and then planted in the trays of spiked
sediment. On July 13 (time 0 for the introduction of the plants),
the trays were placed on the bottom of Roddy Lake in 0.5 m
of water and sampled after 2 (July 27), 4 (August 9), 6 (August
23), 8 (September 7), and 10 (September 26) weeks. The length
of exposure was estimated as sufficient for metals to diffuse

throughout the pore water (using Fick’s law diffusion coeffi-
cient, 2 3 1025 cm2/s).

Sampling of pore water and sediment

Sediment pore water and lake water just above the sedi-
ment–water interface were monitored throughout the experi-
ment using in situ samplers or ‘‘pore-water peepers’’ with a
0.2-mm Gelman HT-100 polysulfone membrane (Gelman, Ann
Arbor, MI, USA), similar to those described by Hesslein [32].
The peepers consisted of polyethylene sheets (1.3 cm thick)
into which compartments (12 rows of two parallel compart-
ments 1 cm apart, 1 cm vertical resolution, ;2.5 ml volume
each) had been placed. The peeper covers were composed of
Lexan plastic sheets (2 mm thick) held in place by stainless-
steel screws. Peepers were acid washed with 10% HNO3 and
rinsed with deionized, distilled water. Before installation, peep-
ers were filled with deionized, distilled water and deoxygen-
ated by bubbling with nitrogen for 12 h in deionized, distilled
water. Peepers were inserted vertically into two randomly se-
lected trays in each treatment level (n 5 2) and were sampled
and replaced every 2 weeks. Peepers extended 3 cm below
and 9 cm above the sediment–water interface. Pore waters were
sampled for metal analysis by piercing the membrane of each
compartment with an Eppendorf pipette fitted with an acid-
washed tip. The pore water was then transferred to an acid-
washed polypropylene tube and acidified to 0.1% HNO3. The
two compartments in each row were combined into one sample
to provide sufficient sample volume for analysis. Ambient pH
of the pore water at different depths was measured in the field.
Immediately upon removal of the peepers from the sediment,
a small volume of pore water (;100 ml) was extracted from
each compartment and injected into a vial. The pH was mea-
sured using a portable Orion pH meter (model 610) fitted with
the rapid-response Orion pHuture sure-flow probe.

Sediments in the trays were sampled with a 5-cm-internal-
diameter Plexiglast coring tube. One core per tray was col-
lected for a total of three replicate sediment samples per treat-
ment level. Because the plant’s root system extended from the
top to the bottom of the tray, the whole core (;4–5 cm) was
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Table 3. Simultaneous extraction procedure

Fraction Extraction solution and conditions

Acid extractable 3:1 HCl/HNO3 digest for 1 h at 808C
Easily reducible Hydroxylamine (NH2OH·HC1), 1 M in 0.01 HNO3, for 0.5 h
Reducible Hydroxylamine (NH2OH·HC1), 0.04 M in 25% acetic acid, for 6 h at 908C
Alkaline extracted NH4OH, 1 M, for 1 wk

placed in a prewashed centrifuge tube, filled with lake water,
and frozen within 2 h of collection. Before analysis, sediments
were thawed and centrifuged at 3,000 rpm for 30 min to re-
move excess overlying lake water. The redox potentials of
several samples were measured using a Radiometert calomel
half-cell (model K401) and platinum electrode (model P101).
At the time of analysis, sediments had a redox potential (Eh)
range of 1248 to 1400 mV, falling within that reported for
undisturbed sediments in the field colonized by isoetids
(;1300–1600 mV [33]).

Sampling of plants

Individual trays were divided into five quadrants to provide
plant material for five sample times. One quadrant was chosen
randomly at each sampling, and all plants were removed. Upon
removal from the sediment, plants were placed in clean Whirl-
pakt bags, filled with Roddy Lake water, and transported to
the field laboratory, where they were stored at the current lake
epilimnetic temperature until they were processed within 24
h. Plants were carefully cleaned in lake water using acid-
washed forceps to remove debris and dead or dying root and
shoot material; only healthy plant material was analyzed for
metals. Normally, plant material from a single developmental
stage is compared to control the effects of biological variability
on metal uptake, but this is not possible with E. septangulàre,
which lacks a clear demarcation between life stages.

Because many macrophyte species cause precipitation of
metals on their root surface by the release of ligands and by
oxygenating the area surrounding the root, steps were taken
to distinguish between intracellular and extracellular metals at
all sample times. To remove extracellular metals, half of the
plants (intact) were washed for 2 min in a titanium (III) chlo-
ride solution, then rinsed for 10 s in deionized, distilled water
[34]. Titanium (III) chloride stabilized at pH 7 by citrate and
ethylenediamine tetra-acetic acid has been shown to rapidly
reduce iron hydroxides with low cellular toxicity [35]. The
remaining plants were rinsed for 10 s in deionized, distilled
water to provide a measure of total metal concentrations for
comparisons between adsorbed and intracellular metals. The
concentration of adsorbed metal was obtained by subtracting
the metal concentration in titanium (III) chloride–washed
plants from the total metal concentration in H2O-washed
plants. After being washed, plants were separated into roots
and shoots and freeze-dried for metal analysis. Roots were
separated from the rest of the plant just below the stem (root–
shoot transition zone) and the shoots just above. The stem was
not included in the analysis because its morphologic charac-
teristics made it difficult to clean. Dry-weight/wet-weight ra-
tios were determined on a separate set of plants (n 5 3 plants
per replicate tray) by weighing separated roots and shoots,
drying them in an oven for 24 h at 608C, cooling them in a
dessicator, and weighing them again. Dry matter was calcu-
lated as follows:

Dry Weight (g)
% Dry Matter 5 3 100

Fresh Weight (g)

Dry matter in plants consists of cellular components from the
cell wall and within the cytosol [36]. Changes in dry matter
were used here as a basic assessment of the condition of the
transplanted E. septangulàre.

Analysis of pore water, sediment, and plant tissue

Metal concentrations (Cd and Fe) in acidified pore waters
were measured by flame atomic absorption spectrophotometry
(FAAS) and graphite furnace atomic absorption spectropho-
tometry (GFAAS) using a Varian GTA-95 spectrophotometer
(Varian Instruments, Georgetown, ON, Canada). All glassware
used in the analysis of metals in pore water, sediments, and
plants was washed with concentrated HNO3 (reagent grade)
and rinsed at least three times with deionized, distilled water.

Sediment-bound metals were partitioned into three opera-
tionally defined fractions, easily reducible (ER, associated with
manganese oxides), reducible (R, associated with manganese
and iron oxides), and alkaline extracted (ORG, bound to or-
ganic), using the simultaneous extraction method of Bendell-
Young et al. [37] (Table 3). Although the ER extraction was
expected to remove some of the most reactive amorphous Fe,
it is assumed that the majority of the Cd and metal mixture
recovered from the ER fraction was associated with the hy-
droxides of Mn. The fraction of metals associated with most
of the iron hydroxides (R-ER) was obtained by subtracting the
ER fraction (containing manganese oxides) from the R fraction
(containing iron and manganese oxides). Total sediment-bound
metals, defined as acid-extractable metals (AE), were also de-
termined in an aqua regia digest (3:1 HCl and HNO3, 808C
for 1 h). Sediment metal concentrations (Cd, Cu, Zn, Pb, Ni,
Fe, and Mn) were measured by FAAS and GFAAS, and stan-
dards were made up to volume with appropriate extraction
solutions. All metal concentrations in sediment were expressed
on a dry-weight basis. A separate aliquot of sediment was used
for a dry-weight/wet-weight comparison (dried at 608C for 24
h). The partitioning of metals in sediments is reported for
background, postspike, and 2-, 8-, and 10-week sediments. The
coefficient of variation (CV [SE/mean]) of the extraction tech-
nique, measured by subsampling (n 5 3) one core from each
treatment level during each extraction, was less than 12%, with
few exceptions, for all metal fractions.

Root and shoot tissues were digested with concentrated
HNO3, oxidized with 30% H2O2, and analyzed for metals using
FAAS and GFAAS or polarized Zeeman Z-8200 with Zeeman
background correction (Hitachi Scientific Instruments, Rex-
dale, ON, Canada). Duplicate samples of National Bureau of
Standards reference material 1572 citrus leaves were analyzed
with every set of plant samples and were within certified ranges
for each metal [38]. Variability in plant metal concentrations
among replicate trays was high (CV range, of 4–60% for
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Fig. 2. Pore-water Cd (ng/L) and Fe (mg/L) profiles in the spiked sediment and above the sediment–water interface after 4 and 10 weeks in situ.
v 5 Treatment 1; , 5 treatment 2; m 5 treatment 3; # 5 treatment 4. Values are means of two replicate peepers. Note that the sediment–
water interface begins at 0 cm depth.

shoots and roots) but similar to that for indigenous plant ma-
terial (Nuphar variegatum) reported by others [30].

Statistical methods

Data were tested for normality using the Shapiro-Wilk sta-
tistic, a ratio between the best estimator of the variance and
the corrected sum-of-squares estimator of the variance, and
log-transformed when required. Statistically significant dif-
ferences in metal concentrations in sediment fractions and
plant parts among treatment levels for each of the sample
weeks were determined using SASt version 6.08 analysis of
variance (ANOVA) with treatment level as a factor [39]. Dif-
ferences in metal concentrations in sediment fractions and
plant parts over the whole exposure period were determined
using repeated-measures ANOVA with treatment level and
time as factors and tested against the replicate tray error within
treatment level [39]. Correlations among Cd concentrations
extracted from the different sediment fractions were deter-
mined using SAS version 6.08 correlation analysis with Pear-
son correlation coefficients. Statistical significance was ac-
cepted at a confidence level of p 5 0.05.

RESULTS

Postspike sediment metal concentrations and losses of Cd
to the overlying water over time

The measured acid-extracted AE metal concentrations were
close to those targeted for Cd and Pb (Table 2). Zinc concen-
trations were approx. 80% of target in treatment levels 3 and
4, and Cu concentrations were approx. 72% of target in all
treatment levels. Nickel concentrations in spiked sediments

were the least similar to target values, with actual concentra-
tions only 47% of target.

From the time the trays were introduced into the lake (time
0) until the end of the exposure period (10 weeks), approx.
25% of the Cd was lost to the overlying water from all of the
treatment levels (Table 2). In treatment level 1, the greatest
losses of Cd occurred within the first 2 weeks, in contrast to
the treatment levels with the metal mixture, which had greater
losses during the final 2 weeks of the experiment.

Cadmium in pore water

Pore-water Cd concentrations were highest near the bottom
of the trays and decreased exponentially upward in the sedi-
ment and were near background above the sediment–water
interface (Fig. 2). A similar profile was observed for Fe, with
concentrations increasing below 2 cm depth (Fig. 2). These
profiles suggest that the sediments may have been partially
anoxic, in contrast to the measured redox potential of the sed-
iments at the time of analysis. At no time during the exposure
were significant differences found in pore water Cd concen-
trations among treatment levels. Variability in metal concen-
trations among the replicate peepers for each treatment level
was high (mean CV, ;60%). This may have been caused by
inadvertent contamination of pore water during sampling of
the compartments. For example, small metal-laden particles
attached to the outside of the peeper membrane could have
been taken up along with the water sample when the tip of
the pipette pierced the membrane. Pore-water pH tended to be
lower in the sediment than in overlying water, ranging from



Metal mixture affects Cd availability and bioaccumulation Environ. Toxicol. Chem. 18, 1999 441

Fig. 3. Cadmium concentration (mg/g) in each of the geochemical fractions: acid-extractable (AE), easily reducible (ER), reducible (R-ER), and
alkaline-extracted (ORG). Shown are background and postspike samples (a) and samples at 2 weeks (b), 8 weeks, (c), and 10 weeks (d). Values
are mean 6 SE (n 5 3).

approx. 6.2 to 6.7 below the sediment to approx. 6.7 to 7.5
above the sediment–water interface at 4 weeks.

Partitioning of Cd in the sediment

The total concentrations and the partitioning of Cd and the
other metals in background samples, postspike sediment, and
after 2, 8, and 10 weeks are shown in Figure 3. The amount
of Cd in the AE fraction (0.15 mg/g dry weight) was slightly
higher than that predicted (i.e., 0.085 mg/g dry weight) using
the regression equation for Cd in littoral sediments and %loss
on ignition developed by Stephenson and Mackie [40] but was
within the range they found for central Ontario littoral sedi-
ments (0.01–2.51 mg/g dry weight). The largest proportion of
Cd in background sediment from Roddy Lake, relative to AE
Cd, was associated with the ORG fraction (;80%), followed
by the ER (;60%) and R-ER (;25%) fractions (Figs. 3a and
4a). Note that when the concentrations of Cd in each fraction
are added together, the total amount exceeds that in the AE
fraction (average recoveries for Cd, ;145%). Several possible
explanations exist for the excess Cd recovered by the simul-
taneous extraction procedure. The simultaneous extraction pro-
cedure is done on individual aliquots of sediment, which may
have varied somewhat in total Cd concentrations. When the
Cd concentrations in individual fractions are summed and re-
ported as a proportion of total Cd in the treatment level, the
error due to variable sediment Cd concentrations is magnified.
A significant positive correlation (F 5 34, p , 0.0001) be-
tween the AE Cd and the sum of the individual fractions was
found, suggesting this to be the case. In addition, if the sed-
iment was partially anoxic, exposure to air during the extrac-
tion process may have affected the recoveries of Cd among
sediment fractions due to the introduction of metal sulfides.

Rapin et al. [41] report an approx. 10-fold increase in readily
exchangeable Cd (included in our ER fraction) in anoxic sed-
iments exposed to adventitious oxygen relative to samples
treated in a N2-atmosphere during a sequential extraction pro-
cedure. The simultaneous extraction procedure is designed for
oxidized sediments and therefore could produce unpredictable
results if used on anoxic sediments. Because of the operational
nature of the sediment extractions, references to specific geo-
chemical phases are tentative.

Small but statistically significant treatment level–related
differences in the partitioning of Cd in all of the sediment
fractions were observed in postspike sediments and after 2 and
8 weeks. Repeated-measures ANOVA on Cd concentration
data obtained at 2, 8, and 10 weeks found significant treatment
level effects for Cd in the ER, R-ER, and ORG fractions and
for the proportion of Cd associated with ER and R-ER fractions
relative to the AE fraction (Table 4). A significant interaction
was found for treatment level 3 week for Cd in the AE and
ER fractions (Table 4). Specific differences among treatment
levels in each of the geochemical fractions are described be-
low.

One day after spiking the sediments with Cd and the metal
mixture, the highest proportion of Cd was recovered from the
ER fraction (;55–75%) (Fig. 3a). Treatment levels with the
highest concentrations of the metal mixture also had the high-
est concentration of Cd associated with the ER fraction,
[Cd(ER)], such that treatment levels 3 and 4 [Cd(ER)] were
significantly higher than those in treatment levels 1 and 2 (F
5 9.6, p , 0.01). The relationship was reversed after 2 and
8 weeks, when the proportion of Cd in the ER fraction in
treatment levels 3 and 4 decreased to levels significantly lower
than those in treatment levels 1 and 2 (p , 0.05) (Fig. 4b and
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Fig. 4. Percentage of total acid-extractable Cd associated with the easily reducible (ER), reducible (R-ER), and alkaline-extracted (ORG) fractions.
Shown are background and postspike samples (a) and samples at 2 weeks, (b), 8 weeks (c), and 10 weeks (d). Values are mean 6 SE (n 5 3).

Table 4. Results of repeated-measures analysis of variance for
differences in the partitioning of Cd into geochemical fractions among

treatment levels over 2, 8, and 10 weeks

Geochemical
fractiona Factor df F p

AE Treatment 3 4.85 0.03
Tray (treatment) 8 4.34 0.006
Week 2 51.4 ,0.001
Treatment 3 week 6 3.43 0.02

ER Treatment 3 5.19 0.03
Tray (treatment) 8 2.52 0.05
Week 2 19.6 ,0.001
Treatment 3 week 6 3.76 0.02

R-ER Treatment 3 6.06 0.02
Tray (treatment) 8 2.27 0.08
Week 2 30.5 ,0.001
Treatment 3 week 6 2.50 0.07

ORG Treatment 3 8.67 0.007
Tray (treatment) 8 0.85 0.57
Week 2 51.2 ,0.001
Treatment 3 week 6 2.56 0.06

ER Treatment 3 7.71 0.01
% of AE Tray (treatment) 8 3.11 0.03

Week 2 10.32 0.001
Treatment 3 week 6 3.21 0.03

R-ER Treatment 3 2.68 0.012
% of AE Tray (treatment) 8 2.69 0.04

Week 2 13.3 ,0.001
Treatment 3 week 6 1.97 0.13

ORG Treatment 3 3.33 0.08
% of AE Tray (treatment) 8 1.28 0.32

Week 2 66.1 ,0.001
Treatment 3 week 6 2.96 0.04

a AE 5 acid extractable; ER 5 easily reducible; ORG 5 alkaline
extracted; R-ER 5 reducible.

c). After 10 weeks, the proportion of Cd associated with the
ER fraction was lower than in postspike sediments, accounting
for approx. 35 to 55% of the total Cd (Fig. 4d). No significant
differences were observed among treatment levels in the ER
fraction after 10 weeks (Fig. 3d).

In postspike sediments, there were no significant differ-
ences in the partitioning of Cd in the R-ER fraction among
treatment levels, although [Cd(R-ER)] appeared somewhat
lower in treatment levels 3 and 4 relative to treatment levels
1 and 2 (Fig. 3a). After 2 weeks, [Cd(R-ER)] significantly
increased in treatment levels 3 and 4 from postspike levels
corresponding to the lower Cd recoveries from the ER fraction
in treatment levels 3 and 4. Small increases in treatment levels
1 and 2 [Cd(R-ER)] over postspike concentrations were also
observed at 2 weeks, although values were significantly lower
than those in treatment levels 3 and 4 (p , 0.05). Similar
differences in concentrations among treatment levels were
found at 8 weeks and for the proportion of Cd associated with
the R-ER fraction (Fig. 4b to d). A significant inverse corre-
lation between treatment level [Cd(R-ER)] and treatment level
[Cd(ER)] was found in 2-, 8-, and 10-week samples (r 5
20.439, p 5 0.007).

The ORG fraction was not a major site for Cd during the
10-week exposure, except in postspike sediments and after 10
weeks in some treatment levels (Figs. 3 and 4). Approximately
30 to 45% of the Cd in postspike sediments was associated
with the ORG fraction, which was slightly higher than that
associated with the R-ER fraction (Fig. 4a). The [Cd(ORG)]
in postspike sediments was significantly higher in treatment
level 4 than in treatment levels 1 and 2 and in treatment level
3 than in treatment level 2 (F 5 6.2, p 5 0.02). This same
trend was found after 8 weeks of exposure (F 5 30, p 5
0.0001) (Fig. 3c). Some variability in the overall Cd concen-
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Table 5. Changes in % dry matter in Eriocaùlon septangulàre over the 10-week exposure period
compared to plants freshly collected from Lake 104a

Part Week

% Dry matter

Lake 104
Treatment

1
Treatment

2
Treatment

3
Treatment

4

Root 0 5.47
2 NA 9.06 6 3.87 5.78 6 1.27 8.73 6 1.06 7.24 6 0.46

10 4.47 5.22 6 0.75 6.91 6 1.07 6.66 6 1.06 7.99 6 0.98*
Shoot 0 7.33

2 NA 11.79 6 0.78 13.0 6 3.0 17.0 6 0.9 11.3 6 0.5
10 14.9 14.7 6 2.2 18.4 6 3.2 16.3 6 2.2 24.9 6 4.3**

a Values are mean 6 SE (n 5 3), except in Lake 104, for which n 5 1 (pooled sample).
* Treatment level 4 is significantly different from treatment level 1 and Lake 104 plants (p , 0.05).
** Treatment level 4 is significantly different from all other treatment levels and Lake 104 plants (p ,

0.01).

Fig. 5. Percentage of total Cd adsorbed on roots and shoots of Er-
iocaùlon septangulàre. Values are means (n 5 3) of four plants col-
lected over the entire 10-week exposure period. % Adsorbed 5 1 2
[Cd(TiCl3 washed)]/[Cd(H2O washed)] 3 100.

tration in the ORG fraction was observed among 2-, 8-, and
10-week samples that could not be explained.

Changes in percentage of dry matter in plants

Overall, the percentage of dry matter in shoots increased
from the beginning of the exposure to 10 weeks in treatment
levels and in Lake 104 specimens. The proportion of dry matter
in the roots and shoots of transplanted E. septangulàre in
treatment level 4 after 10 weeks in Roddy Lake was signifi-
cantly higher than that measured in specimens collected from
Lake 104 (Table 5). The percentage of dry matter in treatment
level 4 plants was also significantly higher than in the roots
of treatment level 1 plants and in the shoots of plants from all
of the other treatment levels.

Adsorbed Cd in H2O-washed plants—
External concentrations

The TiCl3 wash removed significant amounts of metal ad-
sorbed on the plants. Adsorbed Cd accounted for 57 and 35%
of the total Cd extracted from the roots and shoots, respectively
(Fig. 5). The difference in Cd concentration in TiCl3-washed
and H2O-washed plants was highly significant in the roots on
all sample days (2–10 weeks) and in the shoots from 4 to 8
weeks (p , 0.05). No treatment level–related differences in
the amount of Cd adsorbed on either the roots or shoots were
observed, although the proportion of adsorbed Cd on the roots

tended to decrease as the concentration of the metal mixture
increased.

Cadmium accumulation in TiCl3-washed plants—
Internal concentrations

Cadmium accumulated in the roots and shoots of E. sep-
tangulàre over the 10-week exposure period, as shown by the
analysis of TiCl3-washed plants (Fig. 6a and b). Cadmium
concentrations were approx. 10 times higher in the roots than
in the shoots. Cadmium uptake in the roots was initially slow
during the first 4 weeks of exposure but increased steadily
after this time. This increase may have continued after 10
weeks, except in treatment level 4, which showed a steady
increase from the beginning of the exposure. Root Cd con-
centrations were significantly different from background con-
centrations in Lake 104 plants (2.43 mg Cd/g dry weight) after
6 weeks of exposure (F 5 10.74, p 5 0.003). In the shoots,
there was an initial increase in Cd accumulation, followed by
a slight decrease from 4 to 6 weeks and then steady increase
thereafter until week 10. Cadmium concentrations in shoot in
all treatment levels were significantly different from back-
ground levels (0.16 mg Cd/g dry weight) after 2 weeks of
exposure (F 5 10.5, p 5 0.003). As with the roots, shoot Cd
concentrations did not show signs of reaching steady state after
10 weeks in situ.

Both root and shoot Cd concentrations increased signifi-
cantly over time (Table 6). No statistically significant effects
of treatment level on root Cd concentration were observed
during the entire exposure period. On the other hand, the re-
peated-measures test over the entire exposure period indicated
significantly higher shoot Cd concentrations in treatment levels
1 and 4 compared to treatment levels 2 and 3.

DISCUSSION

Effect of the metal mixture on the distribution of Cd in
spiked sediments

The metal mixture added with Cd to uncontaminated lake
sediments appeared to influence the distribution of Cd among
operationally defined geochemical fractions. At the highest
metal mixture concentrations, Cd initially sorbed onto the ER
fraction (postspike) but was later recovered in higher propor-
tions from the R-ER fraction (2 and 8 weeks). The literature
on Cd binding to sediment reports that the affinity of Cd for
natural substrates follows the order Mn . Fe (amorphous) .
chlorite . Fe (crystalline) 5 illite 5 humics . kaolinite .
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Fig. 6. Accumulation of Cd in TiCl3-washed Eriocaùlon septangulàre
over the 10-week exposure period. (a) Roots. (b) Shoots. Values are
means (n 5 3).

Table 6. Results of repeated-measures analysis of variance for differences in root and shoot Cd
concentrations among treatment levels over the entire exposure period (2–10 wk)

Factor

Root

df F p

Shoot

df F p

TiCl3-washed plants Treatment 3 0.99 0.44 3 6.79 0.01*
Tray (treatment) 8 1.36 0.26 8 1.30 0.28
Week 4 52.1 ,0.001* 4 48.4 ,0.001*
Treatment 3 week 12 0.88 0.57 12 0.79 0.66

H2O-washed plants Treatment 3 1.70 0.24 3 3.58 0.05
Tray (treatment) 8 2.09 0.07 8 1.27 0.31
Week 4 66.4 ,0.001* 4 34.8 ,0.001*
Treatment 3 week 12 0.90 0.56 12 0.58 0.84

* Significant.

silica [42], and there are examples of spiked Cd rapidly par-
titioning onto manganese oxides. For example, Cd applied to
estuarine sediments quickly partitioned onto an ER (manga-
nese oxide) fraction and repartitioned onto an organic and
sulfide fraction with time [7,43]. The repartitioning of Cd onto
the iron oxides over time might be expected through diagenetic

processes. For example, Cd added experimentally to the epi-
limnion of Lake 382 during the ice-free season associated with
manganese oxides and the ORG fraction in depositional zones
and with iron oxides in shallow sandy sediment (same ex-
traction scheme used here) [44]. The analysis of background
sediments from Roddy Bay indicated that a large portion of
the Cd was associated with the ORG fraction. Tessier et al.
[4] concluded that the majority of the Cd bound to natural
littoral sediments in 38 Ontario and Quebec lakes receiving
trace metals from atmospheric deposition was associated with
organic matter. The repartitioning of Cd in treatment levels
with the metal mixture among the different sediment fractions
may have been caused by changing redox conditions and com-
petition for binding sites on the preferred manganese oxide
fraction. If the spiked sediment developed an anoxic gradient
during the first 2 weeks in situ (stimulated by oxidative me-
tabolism of organic matter supplied by the mixing of fresh
sediments at the start of the experiment) then the manganese
and iron oxides at the bottom of the sediment trays would be
reduced. Dissolved Mn21 and Fe21 would then migrate to the
oxic upper sediments and precipitate as oxyhydroxides, which
readily adsorb Cd. The fact that the iron oxides tend to pre-
cipitate faster than manganese oxides might explain the higher
recoveries of Cd from the R-ER fraction after 2 weeks. The
inequitable partitioning of Cd among treatment levels might
be explained by competition between Cd and the other metals
for binding sites on manganese or iron oxides. The relative
affinities (calculated as Kd 5 concentration of sorbed metal/
concentration of dissolved metal) of the different metals for a
synthetic manganese oxide substrate (Buserite) followed the
order of Pb . Zn . Cd ø Ni [45]. Based on the overall lower
affinity of Cd for manganese oxides compared to the other
metals, it is possible that the other metals bound to the po-
tentially limited manganese oxide sites and forced Cd onto the
other available substrates, including iron oxides and organic
material. An increasing proportion of Zn was observed in the
ER fraction with increasing metal mixture treatment level at
2, 8, and 10 weeks (data not shown), which suggests that Zn
may have been involved in the repartitioning of Cd onto the
R-ER fraction. At the highest treatment level, the molar ratio
of Zn to Cd was approx. 40:1. Cadmium has an overall lower
affinity for freshly precipitated iron oxides than other metals
(Pb . Cu . Zn . Ni . Cd) that should have led to the
exclusion of Cd from the iron oxides [46–48]. The fact that
this did not occur suggests that the number of binding sites
on the iron oxides was not limiting, leading to higher adsorp-
tion of Cd onto the iron oxide as concentrations of the metal
mixture increased.
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After 10 weeks in situ, the distribution of Cd became more
equitable between the ER and R-ER fractions, and overall
metal concentrations had decreased in all fractions, except the
organic fraction. Losses were predominantly in the treatment
levels with the metal mixture and were most obvious at the
highest treatment level concentrations. The role of E. septan-
gulàre in determining the distribution of Cd in sediments after
10 weeks is discussed below.

Effect of transplantation and metal exposure on plant
percentage dry matter

Transplanting E. septangulàre from one lake to another
and exposure to metals did not appear to have a negative effect
on plant condition, because the percentage of dry matter in
the roots and shoots of transplanted E. septangulàre was the
same as or higher than that in Lake 104 plants after 10 weeks.
The significant increase in the percentage of dry matter in
treatment level 4 roots and shoots relative to the other treat-
ment levels and Lake 104 plants indicates that transplanting
and/or exposure to the metals may have influenced condition
in E. septangulàre. The fact that increases were observed only
in treatment levels 2 to 4 suggests that exposure to the metal
mixture may have led to the increase in the percentage of dry
matter, possibly through increased availability of essential met-
als (Cu, Zn, and Ni) or by a fertilization effect due to the
addition of Pb(NO3)2.

Despite the positive changes in the percentage of dry matter,
measured at the end of the 10-week exposure, the time course
of metal accumulation in the roots and shoots is interpreted
as indicating that the plants experienced a 4- to 6-week period
of transplant stress. Metal uptake in the roots and shoots
showed an initial lag period of approx. 4 weeks that was fol-
lowed by a steady increase in metal accumulation. This period
of steady increase may indicate that the plant had become
established and was physiologically stable, although it is im-
possible to be sure because there was no transplant control
(i.e., tray of plants in background sediment). Adverse effects
from exposure to Cd and the metal mixture may have been
possible, but no toxicological data on this species exists. The
toxicity threshold (median effective concentration) has been
measured at 130 to 1,200 mg Cd/g dry weight for Lemna
trisulca [49], which is considerably higher than the highest
root Cd concentration (,50 mg/g dry weight) observed after
10 weeks of in situ exposure in the present experiment.

Effect of the metal mixture on the accumulation of Cd
by plants

The repartitioning of Cd from the manganese oxide or ER
to the iron oxide or R fraction should have indirectly reduced
the bioavailability of the adsorbed Cd. Iron oxides are reduc-
tively dissolved at lower redox states than manganese oxides,
which favors the stability of the iron oxide substrates and
prevents the release of Cd into the sediment pore water, where
it can be accumulated by the plants. Nevertheless, Cd accu-
mulation in the roots and shoots of E. septangulàre among
treatment levels was not consistent with this hypothesis. De-
spite the apparent increase in the amount of Cd associated with
the less ER fractions, Cd concentrations in treatment level 4
roots and shoots were similar to those measured in treatment
level 1 and higher than those in treatment levels 2 and 3. The
higher Cd concentrations in shoots from treatment level 1 cor-
responds to the higher Cd concentration in treatment level 1
associated with the most easily reducible fraction.

We anticipated that any differences in the partitioning of
Cd in the sediment added with or without a mixture of metals
might affect the availability of Cd for uptake by macrophytes,
as judged by differences in plant tissue Cd concentrations.
Because of the small differences among treatment levels in
sediment Cd concentrations and the inconsistent trend among
treatment levels in plant Cd concentrations, it is difficult to
draw a relationship between the partitioning of Cd in the sed-
iment and Cd availability to the plants. Alternatively, the ap-
parent differences in plant tissue Cd concentrations might be
simply explained by competition among metals for uptake sites
on the plant surface. The higher shoot Cd concentrations in
plants from treatment level 1 relative to treatment levels 2 and
3 might be expected due to the lack of competition from the
other metals. The high shoot Cd concentration in treatment
level 4 does not conform to this theory but may have an al-
ternative explanation. At the high exposure concentrations in
treatment level 4, it is possible that the cell membranes became
leaky as a result of cellular damage, thus allowing more metal
to be absorbed relative to treatment levels 2 and 3. Damage
to the plasma membrane caused by metals such as Cu has been
associated with leakage of soluble constituents of the cell [50].

Alternatively, Huebert and Shay [8] found that in Lemna
trisulca with low external Zn concentrations (axenic culture,
aqueous exposure; 0.08–6.12 mM), Cd uptake was either not
affected or decreased; however, with high levels of Zn (12.2
mM), Cd uptake was enhanced. The investigators suggested
that above a certain concentration threshold, interactions with
other metals may biochemically enhance Cd uptake. Accu-
mulation of elements in plants is thought to be mediated by
element-specific transport proteins in the cell membrane [37].
Absorption of some elements may take place inadvertently via
ion pumps for other essential cations (e.g., Cd in a Ca pump).
A mechanism by which one metal could enhance the uptake
of another using these transport processes has not been de-
scribed.

Effect of the metal mixture on adsorbed Cd

Macrophytes that possess the isoetoid growth form are par-
ticularly effective at oxygenating their substratum by releasing
oxygen along the length of their root. This is thought to be
an adaptive response to living in areas with low dissolved
inorganic carbon, because the oxygen stimulates CO2-gener-
ating decomposition processes in the sediment [51]. Oxygen
released into the sediment has been shown to cause the pre-
cipitation of Fe and Mn as oxides, which also results in the
removal of other trace metals from the sediment pore water.
The TiCl3 wash removed a larger proportion of adsorbed metal
from the roots compared to the shoots, indicating that more
metals were precipitated on the roots, consistent with leakage
of oxygen from the roots [52]. Although no significant dif-
ferences among treatment levels were found, the decreasing
trend of adsorbed Cd with increasing concentration of the met-
al mixture might be expected from increased competition from
other metals for limited binding sites on the plant surface.

The oxygenating effect of E. septangulàre may have played
a role in the equitable distribution of Cd between ER and R-
ER fractions after 10 weeks. At this time, one-fourth of the
plants had been removed from the trays; as a consequence,
the sediments would have been less oxygenated. The oxidizing
effect of isoetid roots on the sediment is a local phenomenon
along the length of the root [53] and in very sandy sediments,
similar to those in this study, extends outward less than 0.1
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m2, which makes the above suggestion possible [50]. Fur-
thermore, photosynthesis in E. septangulàre at this time of
year would have been relatively lower compared to other sam-
ple periods, thus reducing the release of oxygen to acquire
photosynthetic inorganic CO2.

CONCLUSIONS

A metal mixture of Cu, Zn, Pb, and Ni influenced the dis-
tribution of Cd among geochemical fractions in spiked littoral
sediments over a 10-week exposure period. At the highest
concentrations of the metal mixture, small amounts of Cd re-
partitioned from the manganese oxide fraction to the iron oxide
and ORG fractions, where metals are considered to be poten-
tially less available for uptake by plants. The highest Cd con-
centrations in the roots and shoots of E. septangulàre were
found in treatment levels with Cd alone or with the highest
concentration of the metal mixture. Partitioning of Cd among
geochemical fractions in sediment alone did not explain treat-
ment level–related differences in tissue Cd concentrations.
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