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Abstract—Cadmium distribution and bioaccumulation were examined over a 2-year period (1991–1992) in two nutrient-enriched
and two control littoral enclosures and in the littoral zone in Lake 382 (L382). Lake 382, a small oligotrophic lake, is located
within the Experimental Lakes Area in northwestern Ontario, Canada, and received experimental Cd additions from 1987 to 1992.
In the second year of this study, chlorophyll a and suspended C concentrations in the nutrient-enriched enclosures increased by
6.6 and 3.4 times, respectively, compared to the controls. As a result of increased particulate produced by the nutrient additions,
Cd concentrations in water from the nutrient-enriched enclosures were higher (46–114 ng/L) compared to the controls (23–84 ng/
L). Estimated Cd/C concentrations in water were lower in the nutrient-enriched enclosures relative to the controls because of higher
particle concentrations. Effects on Cd bioaccumulation were limited even though mesotrophic to eutrophic conditions were reached
in the nutrient-enriched enclosures. Trends for lower Cd concentrations in mussels and crayfish from the nutrient-enriched enclosures
compared to the controls were observed; however, significant differences were rarely detected. Zooplankton and immature Chi-
ronomidae from the nutrient-enriched enclosures had consistently higher Cd concentrations compared to the controls, but significant
differences were not detected. Enhanced accumulation of Cd-rich particulate matter by these organisms may account for this trend.
Mussels and crayfish accumulated significantly more Cd when exposed in the lake compared to the enclosures. This observation
is due to elevated Cd water concentrations in the lake compared to the enclosures because of continued Cd additions to the lake.
These results suggest that the water route of exposure is an important pathway for Cd accumulation by these organisms.
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INTRODUCTION

Dissolved organic matter (DOM) and particulate organic
matter (POM) in water and organic matter in the sediment are
thought to influence the fate and bioavailability of organic and
metal contaminants [1–5]. Sorption of both hydrophobic and
particle-reactive contaminants to organic carbon and particu-
lates decreases the freely dissolved fraction in the water col-
umn [5–8]. As a result, contaminants may be removed from
water because of sedimentation of particulates [6], with de-
position and burial eventually taking place in the sediments
[9]. Conversely, depending on the type of DOM or POM pres-
ent in the water, contaminant remobilization from sediment to
water may be enhanced [10]. In the case of metals the for-
mation of soluble organometallic complexes may increase met-
al concentrations in the water column [10].

The effect of organic matter in the water and sediment on
the bioaccumulation of contaminants will depend on the hab-
itat, feeding mechanisms, growth efficiency, and the route of
accumulation for the organism. Consequently, generalizations
on the effect of organic matter on bioaccumulation of contam-
inants are not possible. High quantities of organic matter in
the sediment may enhance contaminant exposure for infaunal
organisms through increased chemical scavenging by the sed-
iment [11,12] or shift the potential for accumulation to the
benthic food chain when particles settle out of the water col-
umn [9]. These particles may then be consumed by lower
trophic organisms and begin moving up the food chain. Ele-
vated biotic exposure may also result from the ingestion of
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fresh phytoplankton that has accumulated contaminants [13].
However, over the long term, organic matter may dilute sed-
iment contaminant concentrations and decrease biotic exposure
if contaminant inputs stop [14].

The experimental addition of Cd to Lake 382 (L382) in the
Experimental Lakes Area (ELA) in northwestern Ontario, Can-
ada [15,16], provided a unique opportunity to study the effect
of organic matter on the fate and bioaccumulation of Cd. The
objectives of the study described here were to determine the
effect of nutrient additions in littoral enclosures on the distri-
bution of Cd in water, particulates, pore water, and sediment;
and the bioaccumulation of Cd by freshwater mussels, crayfish,
zooplankton, and immature Chironomidae. Addition of N and
P to a nutrient-limited aquatic system results in increased pro-
duction of phytoplankton, consequently increasing the amount
of C-based particulates present in the system [17]; C necessary
for increased productivity is obtained from the atmosphere
[18].

We hypothesized that under such eutrophic conditions, fil-
ter-feeders (mussels and zooplankton) would have decreased
Cd accumulation as Cd is removed from the water column
through sedimentation of particles. Infaunal organisms such
as immature Chironomidae and organisms that inhabit the wa-
ter–sediment interface (e.g., crayfish) should also be exposed
to decreased Cd concentrations over time as settling material
dilutes Cd concentrations in the sediment.

MATERIALS AND METHODS

Study site

This study was conducted during the final 2 years of the
addition phase of a whole-lake Cd-addition experiment at the
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ELA. Cadmium as CdCl2·2½H2O was added to the epilimnion
of L382 beginning on June 23, 1987, and continued every ice-
free season up to and including 1992. In total, 6.68 kg of Cd
was added experimentally from 1987 to 1992, in annual
amounts ranging from 641 to 1,546 g [16]. Lake 382 (468429N,
948419W) is a soft water, oligotrophic lake located on the Ca-
nadian Shield. The lake has a surface area of 36.9 ha, a max-
imum depth of 13.1 m, a mean depth of 5.8 m, and a lake
volume of 21.3 3 105 m3 [19]. Details of the whole-lake Cd
experiment can be found in Malley et al. [15,19], Stephenson
et al. [20], and Lawrence et al. [16].

Enclosure experiment

In early 1991 (year 1), four enclosures (5-m diameter 3 2-
m deep) with polyethylene walls and open bottoms, were
placed in the littoral zone (1.75 m depth) of the southeast bay
of L382. The enclosures were sealed to the sediment with
sandbags. Details on enclosure design are found in Fairchild
et al. [21]. The enclosures remained in place for the duration
of the study. Water and sediment within the enclosures were
consequently isolated from the ongoing Cd additions to the
whole lake for approximately 18 months.

Solubilized nutrients, at a molar ratio of approximately 10:
1 N:P, were added to two randomly chosen enclosures weekly
from June 5 to September 15, 1991, and from May 14 to
October 15, 1992. The nitrogen source was NaNO3 fertilizer
(N:P:K ratio 13:0:0) and the phosphorus source was reagent-
grade H3PO4. Approximately 56 g of NaNO3 and 1 ml of H3PO4

were added in year 1 and 89.6 g and 1.6 ml were added in
year 2 to each of the nutrient-enriched enclosures. In 1991 and
1992 approximately 0.47 and 0.74 g of P, respectively, were
added to the nutrient-enriched enclosures. Overall, greater
amounts of nutrients were added to the nutrient-enriched en-
closures in year 2 because of longer treatment duration and
increased quantities.

Concentrations of dissolved and particulate C, N, and P,
chlorophyll a, and pH levels were determined from duplicate
water samples collected in 2-L Nalgenet bottles every 2 weeks
from each enclosure and from the lake in the same bay where
the enclosures were located. The bottles were submerged to
approximately 0.5 m depth at the center of the enclosures.
Analyses are described in Stainton et al. [22].

In year 1, Cd was determined in filtered water (142-mm-
diameter Nucleoporet polycarbonate filter [SinCon, Calgary,
AB, Canada] with 3-mm pores) and particles (M. Holoka, per-
sonal communication). Samples were obtained from one nu-
trient-enriched and one control enclosure at two dates. In year
2, Cd was determined in duplicate unfiltered water samples
collected during each biota sampling day (see below) and at
additional time periods. Cadmium/C concentrations in water
were estimated using total concentrations of Cd and dividing
by the suspended C concentrations measured at each sampling
date. Cadmium in water and in duplicate samples of dissolved
NaNO3 fertilizer was measured on a Varian 975 atomic ab-
sorption spectrophotometer (AAS) equipped with a GTA-95
graphite furnace (Varian, Walnut Creek, CA, USA) 24 h after
acidification to 0.5% with HNO3 [16].

Concentrations of Cd in sediment were determined in the
0- to 2-cm layer of duplicate sediment cores taken during each
biological sampling (see below). Sediment cores were obtained
with a Kajak–Brinkhurst corer (Wildlife Supply, Saginaw, MI,
USA), and the 0- to 2-cm layer was extruded and collected.
The sediment was freeze-dried and duplicate subsamples of

approximately 0.5 g from each core were digested and then
analyzed by graphite furnace AAS using methods detailed by
Currie [23]. In brief the analysis consisted of a 15-min digest
at 1008C in an aqua regia mixture (1:3 volumetric ratio of
nitric and hydrochloric acid).

Concentrations of Cd in pore water were determined in
duplicate sediment cores by centrifuging the 0- to 2-cm layer
of duplicate sediment cores in acid-washed Nalgene centrifuge
tubes at 4,000 rpm (2,520 g) for 30 min. Cores were obtained
in the same manner and during the same dates as for the
sediment described above. The supernatant was siphoned off
and analyzed by graphite furnace AAS as described for water.

Biota in enclosures and L382

Floater mussels, Pyganodon grandis (Say), were collected
from ELA Lake 104, transported to L382, and placed into
mesh-bottomed, plastic-mesh cages constructed with a wooden
frame (50 3 50 3 35 cm). Two cages, containing 34 mussels
in total, were placed into each enclosure and the lake at the
beginning of each uptake experiment: June 20, 1991, and June
10, 1992. Six mussels were sampled from each enclosure and
the lake on days 53, 88, 119, and 339 starting in year 1 and
days 14, 33, 61, 90, and 126 in year 2. Background Cd con-
centrations in the mussels (sample day 0 in results) were de-
termined for each year. Mussel samples were stored at 2408C.
Prior to analysis, soft tissues from individual mussels were
removed, placed in polyethylene bags, weighed after blotting
dry, freeze-dried, ground, and homogenized in the bags. Du-
plicate subsamples of approximately 0.5 g of dried tissue were
digested using methods detailed in Currie [23]. The analysis
consisted of a 3-h digest in a 4:1 volumetric ratio of nitric
acid:perchloric acid at 1408C followed by 8 h at 2008C. The
digest was diluted to 25 ml with deionized, distilled water.
Cadmium was analyzed by flame AAS with an air–acetylene
flame and background correction. Where necessary, low con-
centrations of Cd (,0.70 mg/g) were analyzed by flame AAS
after extraction with 5% diethyl dithioaminocarbamate in butyl
acetate [24].

Male freshwater crayfish, Orconectes virilis (Hagen), were
collected from ELA Lake 468, transported to L382, and placed
into 30 3 40-cm plastic-mesh cages. Six cages containing three
crayfish per cage were placed into each enclosure and the lake
at the beginning of one uptake experiment in year 1 (starting
June 26) and two uptake experiments in year 2 (beginning
June 16 and July 5). Up to three crayfish were collected from
each enclosure and the lake on each sampling day in year 1
(day 0, 48, 83, and 114). In year 2 shorter exposure periods
were chosen (day 0, 8, 15, 27, and 64 and day 0, 8, and 36)
because of high mortality rates in the later sampling periods
of year 1. Crayfish were stored at 2408C until analysis. The
whole organism including the exoskeleton was analyzed as
described for the floater mussels.

Duplicate zooplankton samples were obtained using a 30-
cm diameter Wisconsin net (Wildlife Supply; mesh size 200
mm) pulled vertically through the top 1 to 1.5 m of each
enclosure and from the lake and stored at 2408C. Samples
were obtained from the enclosures monthly in 1991 and every
second month in 1992. Samples were thawed, filtered through
Nitext screening, and dried. Samples were pooled within treat-
ments where ,6 to 10 mg of material was obtained. Zoo-
plankton were combined with 2.5 ml of concentrated nitric
acid and heated to dryness two times. The mixture was then
oxidized with 1 ml of 50% H2O2 and heated to dryness. The
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Fig. 1. Concentrations of chlorophyll a (A), suspended carbon (B), total phosphorus (C), and pH levels (D) in nutrient-enriched and control
enclosures and Lake 382, Experimental Lakes Area, Ontario, Canada, in 1992. Error bars equal 61 SE.

remaining ash was dissolved in 250 ml of nitric acid and diluted
with 12.5 ml of deionized water [19]. Cadmium was analyzed
by graphite furnace AAS.

Immature Chironomidae were obtained on each sampling
day using a 15 3 15-cm Ekman grab (Wildlife Supply). Sam-
ples were obtained in July, August, and October of year 1,
and May, July, and September of year 2. Organisms and sed-
iment were sieved through a 400-mm mesh, hand sorted into
acid-washed glass vials, and stored at 2408C until analyzed.
Chironomids were blotted dry and approximately 10 to 15 mg
of wet tissue was analyzed in the same manner as the zoo-
plankton described above. Samples were pooled within treat-
ments if insufficient sample weight was obtained; therefore,
between one and two samples were analyzed from each treat-
ment on each sample day.

Quality assurance and statistical analysis

Recovery of Cd from all reference materials including
PACS-1 reference marine sediment (National Research Coun-
cil of Canada [NRCC], Ottawa, ON, Canada), DOLT-1 ref-
erence material (NRCC), and citrus leaves reference material
(standard 1572, National Institute of Standards and Technol-

ogy, Washington, DC, USA) were within product specifica-
tions.

Where necessary, the data were log-transformed prior to
statistical analysis to correct nonhomogeneity of variances.
The general linear model (GLM) procedure (SAS Institute,
Cary, NC, USA) and Tukey’s multiple range tests were used
to test for differences in Cd concentrations between treatments
(control vs nutrient-enriched enclosures) due to nutrient ad-
ditions and to test for differences between the enclosures and
the lake. Linear regression using the GLM procedure (SAS
Institute) was used to determine if concentrations of Cd in
water were affected by suspended C concentrations. All sig-
nificance levels were set at a 5 0.05.

RESULTS

Effects of nutrient additions on Cd distribution

Mean concentrations of chlorophyll a in the nutrient-en-
riched enclosures were 1.2 times higher than the controls in
year 1 (data not shown) and 6.6 times higher in year 2 (Fig.
1A). Concentrations of suspended C in the water column of
the nutrient-enriched enclosures also increased by 1.2 times
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compared to the controls in year 1. In year 2, the increase was
much greater; mean concentrations of suspended C were 3.4
times higher in the nutrient-enriched enclosures compared to
the controls (Fig. 1B). Total phosphorus concentrations were
also higher in the nutrient-enriched enclosures than in the con-
trols (Fig. 1C). In year 2, pH in the nutrient-enriched enclo-
sures was generally higher than in the controls (Fig. 1D). This
was not seen in year 1 (data not shown). The lake and control
enclosures had very similar concentrations of chlorphyll a,
suspended C, and total phosphorus during 1992 (Fig. 1). How-
ever, pH was slightly lower compared to both the nutrient-
enriched and control enclosures.

In year 1, the nutrient-enriched enclosures had significantly
( p , 0.05) higher concentrations of Cd in water than did the
control enclosures (82.0–114 ng/L vs 25.0–29.0 ng/L, re-
spectively; Table 1). In year 2, Cd concentrations in the nu-
trient-enriched enclosures ranged from 46.0 to 103 ng/L com-
pared to 23.0 to 84.0 ng/L in the control enclosures (Table 1).
Cadmium water concentrations in the nutrient-enriched enclo-
sures were higher than in the controls but not as pronounced
as in year 1; a statistically significant difference was found
only on September 8. Linear regression analysis indicated a
nonsignificant relationship ( p . 0.05) between Cd concentra-
tions in the water column of the nutrient-enriched enclosures
and suspended C. Concentrations of Cd in the water column
of the lake in years 1 and 2 were significantly ( p , 0.05)
higher than in all enclosures on all sample days because of
ongoing Cd additions.

At the prevailing pH and particle concentrations in the en-
closures, most Cd present in the water column was particle
bound [25]. Higher suspended C in the nutrient-enriched en-
closures resulted in lower estimated Cd/C concentrations com-
pared to the control enclosures on most sampling dates in year
2, but not in year 1 (Fig. 2).

No statistically significant differences occurred between Cd
concentrations in the sediment (0–2 cm) of the nutrient-en-
riched and control enclosures or the lake except for the August
1991 sample. Mean concentrations in sediment ranged from
0.3 to 0.6 mg/g dry weight in years 1 and 2 (Table 1).

Concentrations of Cd in pore water from the nutrient-en-
riched and control enclosures were not affected by nutrient
additions on any sampling date. However, concentrations of
Cd in the pore water of the lake sediment were significantly
higher ( p , 0.05) than in the enclosures on three of six sam-
pling days: October 1991, May 1992, and September 1992
(Table 1).

Effects of nutrient additions on Cd bioaccumulation

Nutrient additions did not have a consistent effect on Cd
concentrations in mussels in year 1 (Fig. 3). In year 2, mean
concentrations of Cd in mussels from the nutrient-enriched
enclosures were slightly lower than those from the controls on
most sample days. However, statistically significant differ-
ences were only observed on day 14 in year 2. Concentrations
in the mussels in year 2 were similar to concentrations detected
on comparable sampling days in year 1 (Fig. 3), even though
the enclosures had been isolated from the lake for more than
12 months. Concentrations of Cd in mussels caged in the lake
were statistically greater (p , 0.05) than Cd in mussels caged
in the enclosures on every sample day in each year.

Nutrient additions had no consistent effect on Cd accu-
mulation by the crayfish O. virilis in year 1 (data not shown),
but in year 2 Cd concentrations were consistently lower in
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Fig. 2. Mean estimated concentrations of Cd in suspended C from nutrient-enriched and control littoral enclosures in Lake 382, Experimental
Lakes Area, northwestern Ontario, Canada, in 1991 and 1992. Error bars equal 61 SE.

Fig. 3. Mean concentrations of Cd in the floater mussel, Pyganodon
grandis (Say), in nutrient-enriched and control littoral enclosures in
Lake 382, Experimental Lakes Area, Ontario, Canada, and in the lake
itself in 1991 and 1992. Error bars equal 61 SE.

crayfish from the nutrient-enriched enclosures compared to the
controls (Fig. 4). However, these differences were not statis-
tically significant ( p . 0.05). Greater Cd accumulation was
observed in crayfish from the lake relative to the enclosures
over most sample dates. Statistically significant differences ( p
, 0.05) between the lake and enclosures occurred on sample
day 48 in year 1, day 64 in experiment 1 in year 2, and during
all sample days in experiment 2 in year 2.

The zooplankton sampled from the enclosures were mostly
copepods. They accumulated approximately the same Cd con-
centrations as the mussels (3.0–60 mg/g dry weight; Fig. 5).
Zooplankton in the nutrient-enriched enclosures had higher
mean concentrations of Cd than those in the controls during
the early part of the accumulation studies in both years, but
the differences were not statistically significant at any date ( p
. 0.05). Cadmium levels in zooplankton from the lake were
not significantly different ( p . 0.05) from those in the en-
closures except in October 1991, when they were lower.

Mean Cd concentrations in chironomid larvae from the nu-
trient-enriched enclosures were consistently higher than those
in the control enclosures, but concentrations were not signif-
icantly different ( p . 0.05) at any sampling time (Fig. 6).
Concentrations of Cd in chironomids from the enclosures
ranged from 0.6 to 1.8 mg/g wet weight in year 1 and from
1.2 to 2.6 mg/g wet weight in year 2. Concentrations of Cd in
chironomid larvae from the enclosures and lake were also not
significantly different ( p . 0.05) at any sampling time.

DISCUSSION

Effects of nutrient additions on Cd distribution

In year 2, chlorophyll a concentrations in the control en-
closures were within the range for oligotrophic lakes (0.3–4.5
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Fig. 4. Mean concentrations of Cd in crayfish, Orconectes virilis
(Hagen), in nutrient-enriched and control littoral enclosures in Lake
382, Experimental Lakes Area, Ontario, Canada, and in the lake itself
in 1992. Two uptake experiments were conducted in 1992. Error bars
equal 61 SE. NS indicates that there was no sample because of mor-
talities.

Fig. 6. Mean concentrations of Cd in immature Chironomidae in nu-
trient-enriched and control littoral enclosures in Lake 382, Experi-
mental Lakes Area, Ontario, Canada, and in the lake itself in 1991
and 1992. Error bars equal 61 SE. NS indicates that a sample could
not be obtained; reasons for this are unclear.

Fig. 5. Mean concentrations of Cd in zooplankton in nutrient-enriched
and control littoral enclosures in Lake 382, Experimental Lakes Area,
Ontario, Canada, and in the lake itself in 1991 and 1992. Error bars
equal 61 SE. NS indicates that there was no sample because of low
sample weight.

mg/L), whereas those in the nutrient-enriched enclosures were
generally associated with mesotrophic (3–11 mg/L) or eutroph-
ic lakes (3–78 mg/L) [26]. Elevated chlorophyll a levels in the
nutrient-enriched enclosures were not achieved in year 1, pos-
sibly as a result of benthic uptake of the nutrients, which
rendered them unavailable to the phytoplankton. Schindler et
al. [17] observed that 62% of added P and 44% of added N
were lost to the sediment during the first year of nutrient ad-
ditions to Lake 227 at the ELA. Higher production of chlo-
rophyll a and suspended C in year 2 compared to year 1 was
likely a result of both decreased benthic uptake of nutrients
and earlier, more prolonged nutrient additions to the enclosures
that overcame the benthic demand.

Cadmium concentrations were generally higher in the water
column of the nutrient-enriched enclosures compared to the
controls on most sample days. Cadmium added to the enclo-
sures via the NaNO3 fertilizer (2.1 and 3.4 mg Cd per nutrient-
enriched enclosure in years 1 and 2, respectively) was insuf-
ficient to cause the observed increase. The NaNO3 fertilizer
would have contributed ,1% of the prevailing Cd concentra-
tions in the nutrient-enriched enclosures during year 2. Con-
centrations of Cd were higher in lake water than in the enclo-
sures because of the new Cd additions to the lake. In total,
1,546 and 1,289 g of Cd were added to the lake in 1991 and
1992, respectively [16].

Higher Cd concentrations in the water column of the nu-
trient-enriched enclosures, compared to the control enclosures,
were likely a result of elevated levels of DOM and POM,
particularly phytoplankton [15], in year 2. This likely increased
available binding sites for Cd in the water column. Other stud-
ies have shown that increased POM and DOM in water will
increase concentrations of metals in water [10,27]. Although
linear regression analysis showed a nonsignificant effect of
suspended C (particles .1 mm) on Cd concentrations in water,
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smaller size fractions of particles were likely responsible. In
our enclosures Malley et al. [15] found that twice as much Cd
was bound in the 0.1- to 3.0-mm particle size fraction in the
nutrient-enriched treatments compared to the controls. Most
particles were microalgae that bloomed because of the nutrient
additions [15]. Slauenwhite and Wangersky [6] also found an
increase in Cd associated with particulate matter during a phy-
toplankton bloom in a mesocosm. They reported a 5.4 times
increase due to scavenging of Cd from the dissolved to the
particulate phases.

It is not surprising that Cd in the enclosures is particle
bound. At pH $7.5, .85% of Cd in the water column of L382
is associated with suspended particles and DOM [25]. Cad-
mium will mainly be associated with particles in the nutrient-
enriched enclosures and control enclosures because mean pH
ranged from 7.40 to 7.60 and 7.33 to 7.41, respectively (Fig.
1). This evidence validates our findings that higher concen-
trations of suspended C in the water column of the nutrient-
enriched enclosures resulted in lower estimated Cd/C concen-
trations (or dilution) compared to the control enclosures (Fig.
2). Dilution was especially apparent from late July to late
August in year 2 when suspended C concentrations were high-
est in the nutrient-enriched enclosures. Dilution was not ob-
served in year 1 or in early summer and late fall of year 2
because suspended C concentrations were not altered by the
nutrient additions at these times.

Relatively constant Cd concentrations in the enclosure wa-
ter for the 18-month duration of the study suggest that Cd was
being resupplied to the water column via the sediment or pore
water. In the whole-lake experiment, Lawrence et al. [16] ob-
served decreasing annual average Cd concentrations in the
epilimnion from 77.6 ng/L in 1992 to 21.4 ng/L in 1994.
Stephenson et al. [28] estimated a whole-lake Cd flux from
sediment to water of 220 g/year. Using a simple mass balance
compartment model, Stephenson et al. [28] estimated that at
equilibrium an internal Cd loading of 200 g/year would result
in an epilimnetic Cd concentration in the water of about 25
ng/L. Concentrations of Cd in the water column of our enclo-
sures were still above this after almost 18 months of enclosure.

The lack of substantial decline in Cd concentrations in water
of the enclosures could be accounted for by elevated POM
(especially in the nutrient-enriched enclosures), release of Cd
from the sandy sediments, and enclosure effects (e.g., in-
creased mixing caused by side-wall movements) that may have
resulted in increased cycling of Cd compared to the whole
lake. Stephenson’s et al. [28] model may also have underes-
timated the return flux of Cd from epilimnetic sediments. Leh-
man and Mills [10] observed a 400 to 500% increase from
initial dissolved Cu concentrations in in situ flux chambers
amended with sodium humate but not with the addition of
freeze-dried, powdered phytoplankton. This indicates that
long-term decomposition products such as humiclike sub-
stances have the potential to remobilize Cu from sediments
back into the water column as soluble organometallic com-
plexes [10]. Cadmium remobilization from sediments may also
have helped maintain elevated Cd concentrations in the water
of our enclosures in the same manner.

Concentrations of Cd in the sediment or pore water were
not affected by nutrient additions even though Cd dilution in
suspended particles was observed in year 2. Tessier et al. [29]
found that Cd in littoral, oxic sediments was bound mainly to
organic carbon. Therefore, assuming that Cd inputs are low,
the addition of sedimenting material may result in dilution of

the sediment concentrations over time [14]. The time period
for this to occur was insufficient in this study to observe de-
creased concentrations in the sediment. Inputs of organic mat-
ter may decrease the bioavailable fraction of Cd by increasing
acid-volatile sulfide (AVS) in the sediment [30] and change
the speciation of metals in the pore water and sediment [30,31],
consequently reducing bioaccumulation.

Effects of nutrient additions on Cd bioaccumulation

Mussels and crayfish had trends for slightly lower Cd con-
centrations in the nutrient-enriched enclosures compared to the
controls over most sample days in 1992, although these dif-
ferences were usually not statistically significant (Figs. 3 and
4). Decreased accumulation in nutrient-enriched conditions
could result from two mechanisms: changes in metal speciation
in the water and sediment and biomass dilution. Changes in
metal speciation may occur in the water because of increased
sorptive sites for freely dissolved metals [2], consequently
decreasing bioaccumulation from the dissolved phase [32] or
because of changes in partitioning of metals in sediment to
less available species via AVS [30], redox conditions [33], or
organic or other metal complexes [31]. Biomass dilution can
occur either by increased organism growth under more eu-
trophic conditions [1,5] or increased population biomass, re-
sulting in less contaminant per unit biomass [4].

Biomass dilution through increased growth was not a factor
affecting Cd accumulation in mussels and crayfish because
weights were not significantly different from early to late sam-
pling periods in either year in the two treatments (t test, p .
0.05). Population biomass of crayfish and mussels also re-
mained similar in the two treatments. Therefore, the trend for
slightly lower Cd accumulation by mussels and crayfish in the
nutrient-enriched enclosures (especially in year 2) may be due
to complexing of Cd in the water column. Complexes would
occur because of prevailing pH levels and particulate matter
concentrations (Fig. 1) and is demonstrated by the twofold
increase in Cd bound in the 0.1- to 3-mm particle size fraction
in the nutrient-enriched enclosures compared to the controls.
Depending on concentrations, organic matter has been shown
to decrease bioaccumulation or toxicity of metals in phyto-
plankton [34,35], Daphnia magna [36,37], salmon and algae
[38], and Hyalella azteca [32] or have no effect on mussels
[29] or D. magna [37,39].

Increased organic matter and particulates in the water col-
umn of the nutrient-enriched enclosures may decrease Cd con-
centrations in the water column as particles settle out of the
water. Therefore, mussels should be exposed to lower Cd con-
centrations over time. Lower concentrations in the water col-
umn are important as mussels accumulate Cd from the water
column quite readily. This is demonstrated by significantly
higher Cd concentrations in mussels when exposed to the high
Cd water concentrations in the lake compared to the enclosures
on most sampling dates (Fig. 3). Uptake from the water phase
is generally accepted as the most likely route of metal accu-
mulation for many mussels and bivalves [40,41]. This process
may also be important for crayfish because organisms from
the lake had higher concentrations of Cd than did crayfish
from the enclosures on one half of the sampling days (Fig. 4).

Although a trend towards higher Cd concentrations in zoo-
plankton and chironomids from the nutrient-enriched enclo-
sures relative to the controls was detected (Figs. 5 and 6), the
differences were generally not statistically significant. Con-
sequently, we are unable to conclude based on the 2 years of
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this study that nutrient additions will affect Cd accumulation
by these organisms. Evidence exists that some biota exposed
to contaminated organic matter or suspended particulates may
have enhanced accumulation of metals [13,37,42–44]. Luoma
et al. [13] concluded that 98 to 99% of the Se levels observed
in Macoma balthica in San Francisco Bay, California, USA,
could be explained by ingestion of particulate Se. Schaanning
et al. [44] observed a six to eight times increase in Cd ac-
cumulation in Abra alba when exposed to Cd in aquaria with
algal enrichment compared to nonenriched aquaria. Schaan-
ning et al. [44] attributed the increased accumulation to effi-
cient feeding on Cd-contaminated algae by A. alba. However,
Schaanning et al. [44] did not see differences in Cd accu-
mulation in other biota tested, including another bivalve. In-
creased concentrations of chlorophyll a and particulate C in
the nutrient-enriched enclosures compared to the control en-
closures in this study may have resulted in increased bioac-
cumulation of Cd for the zooplankton and chironomids in
much the same manner as these authors found in some biota.

Trends for higher Cd accumulation observed in chiron-
omids and zooplankton from the nutrient-enriched enclosures
suggest that these organisms may be receiving Cd from the
particulate matter generated from the nutrient additions. Zoo-
plankton may be feeding on the suspended material, whereas
immature chironomids may be accumulating Cd from material
that has settled to the sediment. Of course, multiple pathways,
including food, sediment, pore water, and water likely con-
tribute Cd.

CONCLUSIONS

Our results demonstrated that high particle concentrations
potentially both increased or decreased Cd concentrations in
aquatic biota, but overall the short-term effect was weak even
at chlorophyll a concentrations similar to eutrophic environ-
ments. Although tendencies existed for decreased Cd concen-
trations in mussels and crayfish in the nutrient-enriched en-
closures compared to the controls, the effect was not statis-
tically significant. Higher Cd concentrations were observed in
zooplankton and Chironomidae from the nutrient-enriched en-
closures, but differences were generally not significant. Longer
term nutrient additions may have resulted in more significant
effects on the bioaccumulation of Cd by biota as Cd parti-
tioning changes and the enclosures reach a steady state.

The results from this experiment mirror the disparity in
other reports investigating the effect of organic matter on the
bioaccumulation of metals in biota. Complex interactions of
metals with organic and inorganic ligands, chemical properties
of the water and sediment, and various biotic factors preclude
generalizations on the bioaccumulation of metals under vary-
ing concentrations of organic matter.
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