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Abstract

Several types of bioassays were used in 1986 and 1987 to investigate the effect of contaminated sediments
on natural populations of bacteria and phytoplankton from the Trenton Channel, Detroit River . The
approach included the measurement of uptake of 3H-glucose or 3H-adenine by bacteria and 14C-
bicarbonate by phytoplankton in the presence of different amounts of Trenton Channel and Lake
Michigan (control) sediments . Trenton Channel sediments are contaminated by high levels of toxic
organic compounds and metals, especially zinc, lead, and copper . Because levels of biomass of bacteria
and phytoplankton varied widely among the different bioassays, it was necessary to adjust uptake rates
for biomass. Biomass adjustments were made using acridine orange counts for bacteria and chlorophyll
measurements for phytoplankton . The results show a statistically significant suppression of uptake of
substrates for both bacteria and phytoplankton with increasing amounts of sediment . Uptake was
suppressed as much as 90 percent for bacteria and 93 percent for phytoplankton at 1200 mg 1 -1 of
Trenton Channel sediments compared to bioassays without sediment . Uncontaminated Lake Michigan
sediment suppressed uptake much less than Detroit River sediment ; the difference in suppression of
uptake between the two types of sediment was statistically significant for both bacteria and phyto-
plankton.

1 . Introduction

A large number of studies have attempted to
quantify the degree to which various components
of the food web are affected by contaminated
sediment (Struger et al., 1985 ; Smith et al., 1985 ;
Pugsley et al., 1985) . Some of these have
employed bioassay techniques which have
evolved into a protocol for the investigation of the
effects of contaminated sediment on biota
(Mount & Norberg, 1984). Results of these
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studies lead to the general conclusion that a large
number of factors are determinants in the
outcomes of the experiments (Munawar et al.,
1983). Some of these factors are : the type and
concentration of contaminants, the location of the
contaminant in the sediment (bound to particle,
pore water, etc .), the amount of organic matter in
the sediment, the pH of the sediment and the
overlying water, the Eh of the sediment, the tem-
perature, and the intensity of mixing of sediment
and water (Munawar et al., 1985). Further, the
response of the organisms toward the contami-
nant depends upon the species and its location in
the water column or sediment (Wong et al., 1978) .
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In effect, the bioassay of sediment has been
species, site, and date specific .

Experience from the Great Lakes Basin sup-
ports the same general conclusions discussed
above. Results from the Detroit River, Niagara
River, and Lakes Erie and Ontario could not be
readily extended to other locations within the
basin. In effect, these conclusions predicate that
a generic bioassay be developed to answer
questions from specific locations (U .S . Environ-
mental Protection Agency/U.S . Army Corp of
Engineers, 1977) . The generic nature of the bio-
assay allows a common yardstick upon which to
compare the degree of toxicity at many locations ;
this common yardstick can then be used for man-
agement decisions .

These concerns were the rationale behind this
study which had as its focus contaminant prob-
lems associated with sediment in connecting
rivers and water bodies. Realistic appraisals of
the potential exposure of organisms to toxicants
and the response to those exposures was the pri-
mary objective of the study . This paper deals with
a subset of that problem, the response of phyto-
plankton and bacteria to contaminated sediment
from the Trenton Channel .

The objective of the phytoplankton and bac-
teria studies was to estimate the suppression of
bacterial metabolism and phytoplankton produc-
tivity from exposure to Detroit River sediments .
From this objective a set of experiments was
developed which attempted to determine biologi-
cal effects with several types of bioassays . These
experiments, carried out during the ice-free
season in 1986 and 1987, focused on the use of
bioassays incorporating the uptake of several dif-
ferent types of radioactive-labelled organic and
inorganic compounds . The different bioassays
were designed to investigate these hypotheses :
(1) the response of microorganisms to contami-
nated sediment is a combination of a particle
effect and a toxic effect, (2) toxicity is primarily
from the sediment rather than the pore water, and
(3) toxicity varies seasonally and spatially .

The study location was the Trenton Channel
which is a branch of the southern portion of the
Detroit River west of Grosse Ile . The Trenton
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Fig. 1 : Sampling locations in the Detroit River .

Channel is analogous to the main portion of the
Detroit River in that it is dredged for 2/3 of its
length resulting in a hard gravel and rock bottom .
Streamflows average 2 100 m3 s -' in the Trenton
Channel which is approximately 1 /3 of the total
flow of the Detroit River . The dredging activity
and the large streamflows keep the bottom of the
channel scoured. There are numerous small
creeks and embayments which have accumula-
tions of soft sediment along the length of the
Trenton Channel. Three of these areas served as
the primary sampling locations for this study
(Fig. 1) .

Much of the western shore of the Trenton
Channel is heavily industrialized including steel
manufacturing, chemical processing plants, auto-
motive parts manufacturing, and electrical gen-
eration facilities (coal fired) . In conflict with these
industrial processes, the Trenton Channel has
many waterfront homes, parks, and boat
launching facilities which provide ready access for
recreation . The banks of the Trenton Channel
also hold a hazardous waste storage site which
shows evidence of leaking of toxic materials into
the river (Furlong et al ., 1988) . Finally, the



Trenton Channel receives extensive input of
treated sewage effluent including some of the City
of Detroit treatment plant discharge . These
numerous environmental insults have resulted in
designating the Trenton Channel and the Detroit
River as one of the 42 Areas of Concern in the
Laurentian Great Lakes .

2. Methods

2.1 . Field procedures

Samples were collected three times during the
1986 field season, spring (May-June), summer
(August), and autumn (October), and seven times
during 1987, approximately once per month from
April through October. Sediment was collected
with a Ponar grab from three sites, Monguagon
Creek, Black Lagoon, and Gibraltar Bay (Fig. 1) .
Sediment was stored in 250-ml wide-mouth
polyethylene bottles which had been acid-washed
and thoroughly rinsed. River water was collected
in 20-1 carboys from just below the surface at the
center of the Trenton Channel, near each station
in 1986 and near Monguagon Creek in 1987 . This
water was the source of bacteria and phyto-
plankton populations used in the bioassays .
Water and sediment samples were kept cool until
they reached Ann Arbor. All samples were then
refrigerated in darkness, in sealed containers, until
bioassays were performed, usually within 48
hours of collection .

2 .2. Bacterial bioassays

Bioassays with bacteria were conducted during
the 1986 and 1987 field seasons with sediment
from the three Trenton Channel stations . These
bioassays were conducted with three different
protocols : clean versus contaminated sediment,
elutriate, and pore water. Metabolism of bacteria
was measured by uptake of 3H-glucose or 3H-
adenine (New England Nuclear) .

Sediment-water solutions for the clean versus
contaminated and elutriate bioassays were pre-
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Table 1 . Dry weight of sediment as percent of wet weight ;
mean of two replicates .

pared as follows: The prescribed amount (see
below) of unprocessed sediment (unscreened)
was weighed on an electronic balance to the
nearest 0.1 mg. Leaves, small twigs and other
debris were excluded from the sediment . Sedi-
ment was weighed as wet weight in order to keep
handling to a minimum after collection. Labora-
tory analysis showed that wet weight of sediment
varied between two and four times oven-dried
weight (Table 1) . The sediment was then washed
into 1000 ml of bioassay water, thoroughly mixed
and rapidly dispensed into the bioassay incuba-
tion vessels . Incubation vessels consisted of
Pyrex-type hard glass 15-ml screw-top test tubes
which were sterilized just before use .

The clean versus contaminated sediment bio-
assays consisted of incubation of four matched
pairs of samples per bioassay . One member of
each pair received clean (central Lake Michigan)
sediment and the other member contaminated
sediment from one of the Detroit River stations .
One bioassay was conducted for each site for
each time period . Bacterial bioassays were com-
pleted for all sites (Lake Michigan plus the three
Trenton Channel stations) in one day foi a given
time period. Sediment concentrations were 0, 12,
120, and 1200 mg 1 - 'wet weight in 1986 ; in 1987
a 600 mg 1 - ' weight was added, and the control
was not assayed with a 0 mg 1 - ' `contaminated'
matched pair .

The sterile test tubes were filled with 15 ml of
sediment-water solution . These samples were
inoculated with 2 pCi of carrier-free, high-specific
activity (30 Ci/mmole) 3H-isotope in 0.2 ml of
sterile water. The charge of isotope contained
0.012 µg glucose (New England Nuclear - NET
100) or 0.016-0.018 pg adenine (New England
Nuclear - NET 350). Glucose was only used in
the first experiments (May-June 1986), with all

Lake Michigan 52
Monguagon Creek 37
Black Lagoon 32
Gibraltar Bay 26
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other bioassays in 1986 and 1987 employing 3H-
adenine. After inoculation, the tubes were imme-
diately tightly capped and wrapped in aluminum
foil. Tubes were then placed in an incubator and
rotated, at 1 rpm on a 46-cm-diameter vertical
disk-shaped rotator, to keep sediment in sus-
pension. Samples were incubated for two hours in
darkness with the incubator set to the river water
temperature .

The elutriate bioassays followed the above pro-
tocol except that the isotope was not added imme-
diately after the sediment-water mixture was
placed in the test tubes . Rather, the bioassay
samples were rotated for 0 .5 hour, allowed to
settle for one hour, then inoculated with isotope
and incubated for two hours in the dark without
rotation . The clean sediment from the bioassays
described above served as the other half of the
matched pair for the elutriate bioassays . The
elutriate bioassays were not conducted in 1987 .

Pore water was extracted from sediment by
centrifuging 250 ml of wet sediment at 2000 rpm
for 45 min and then drawing off the supernatant .
Pore water was diluted to concentrations of 0 .5,
1 .0 and 10.0 ml of pore water (corresponding to
approximately 1 .9, 3 .7, and 37 g of sediment, wet
weight) per liter bioassay water .

Pore water bioassays followed the same proto-
col as the clean versus contaminated bioassays
after the pore water-river water solution was
mixed. The solution was dispensed into the sterile
test tubes and the tubes inoculated with 2 µCi of
3H isotope (glucose or adenine) . Incubations were
conducted in the dark for two hours without
rotation . The pore water bioassays were not con-
ducted in 1987 .

All bacterial bioassays were conducted in tripli-
cate, three incubation tubes per treatment . The
average of the three tubes was considered the
response of the bioassay at one sediment concen-
tration at one location. Bacterial bioassays were
corrected for instantaneous and abiotic uptake of
isotope by subtracting a time zero blank from
each uptake value . Time zero blanks were deter-
mined by inoculating three test tubes with the 120
or 1200 mg 1 -1 sediment-water mixture and
immediately filtering the samples without any in-

cubation period. The amount of radioactive iso-
tope injected into each test tube (standards) was
determined by injecting 0 .2 ml of isotope and ste-
rile water directly into a scintillation vial .

Immediately after incubation the contents of
the test tubes were filtered onto Millipore SA
filters (0.2-µ pore size) with a low vacuum . Each
filter was rinsed with five 1-ml aliquots of ice-cold
trichloroacetic acid (5 % v/v) except for the glu-
cose experiments (May-June 1986) where each
filter was rinsed with 5 ml of sterile water . The
damp filters were placed into scintillation vials
containing 10 ml of Safety-Solve, a water-dispers-
ing cocktail . All samples, standards, and blanks
from each bioassay were assayed with a liquid
scintillation counter at the same time .

2.3 . Phytoplankton bioassays

The phytoplankton bioassays used the same over-
all protocol as the bacterial bioassay . The sedi-
ment-water and pore water assay solutions were
prepared with the same technique as the bacterial
bioassays. The differences between the two bio-
assays were the use of 14C-sodium bicarbonate
(New England Nuclear-NEC 086H), larger incu-
bation vessel, incubations in the light and dif-
ferent sediment concentrations in 1987 . Results
from 1986 showed that sediment concentrations
approaching 1200 mg 1 - ' suppressed uptake of
isotope to such an extent that differences between
matched pairs were difficult to determine. In 1987
sediment concentrations for phytoplankton
bioassays were changed to 75, 150, 300, and
600 mg 1 - ' wet weight .

Phytoplankton bioassays consisted of three
125-m1 bottles per sediment weight and type (the
bottles actually held 145 ml) . Each triplicate was
comprised of two light bottles and one dark
bottle. After the bottles were filled with the appro-
priate solution, 2 ml of incubation water was
removed to provide space for the charge of iso-
tope. Two µCi of 14C-sodium bicarbonate in 2 ml
water was added to each bottle which was imme-
diately capped . Incubations were conducted in a
well-lit incubator (300-500 pE m -Z s - ') which



was maintained at river water temperature .
Samples were rotated for the 4-hour incubation .
Elutriate bioassays were conducted by rotating
the samples for 0 .5 hour, then letting them settle
for one hour followed by injecting with the 14C
and a 4-hour incubation without rotation . Pore
water bioassays were incubated for four hours
without rotation . Similar to the bacterial bio-
assays, only clean versus contaminated bioassays
were conducted in 1987 .
The 14C isotope was prepared by using con-

ventional methods in 1986 and ultra-clean metal-
free methods in 1987 (Fitzwater et al., 1982). The
conventional methods consisted of purchasing
1 .0 mCi of bicarbonate 14C, diluting the 1 .0 ml to
1000 ml with sterile water with the pH adjusted to
approximately 8.5, and dispensing this solution
into glass ampoules which were immediately
sealed with a torch. Sealed ampoules were steri-
lized and stored in a refrigerator until use . The
ultra-clean modification of the inoculation proce-
dure consisted of the following: The initial charge
of 14C was cut to 100 ml with sterile water which
had a pH of about 8 .5. This 100 ml was then
stored in a Teflon bottle in the dark in a refrigera-
tor until the day of bioassay . In the morning
before the bioassays began, the stock was cut to
working strength by diluting 12 ml of the stored
14C solution to 60 ml with sterile water. This
working solution was kept in another Teflon
bottle and dispensed with non-metallic pipettes,
1 ml (2 MCi) per incubation bottle .
Bioassays were terminated by removing the

bottles from the incubator and placing them in the
dark until filtration . Samples were filtered
through Millipore HA filters (0 .45 µ pore size)
and the damp filters placed in a scintillation vial
with 1 .0 ml of 10 percent HCI . After a 2-hour soak
in the dilute acid to remove carbonates on the
filter, 10 ml of water-dispersing scintillation
cocktail was added .

The dark bottle of the triplicate incubation was
taken to represent non-photosynthetic uptake of
14C. The dark uptake was subtracted from the
uptake of the two light bottles. The amount of 14C
reaching the samples was determined by injecting
one charge (1 .0 ml) into a scintillation vial contain-
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ing 10 ml of cocktail and 1 .0 ml of scintillation-
grade phenethylamine . The latter substance was
used to keep the 14C trapped in the vial by prevent-
ing any 14C02 from escaping from solution .

The uptake of the samples was converted to
units of uptake of pg C 1 - ' h - ' which required
the determination of alkalinity in the Detroit River
water. The alkalinity determination was made by
mixing 20 .0 ml of sample with 5 .0 ml of 0 .010 N
HCl and measuring the pH of the resultant mix-
ture .

2.4. Isotope assays

Activity of samples with 3H and 14C was deter-
mined with a Beckman LS 7500 liquid scintil-
lation counter. Each type of isotope was meas-
ured with a separate program which optimized
counting efficiency by an external standard and
Compton Edge. Samples were counted for up to
10 minutes or until the standard error of counting
efficiency fell below 2 percent of the mean counts
per minute. Counts per minute for each sample
were converted to disintegrations per minute by
external standards, a quench curve, and H num-
bers. The quench curve was determined by
counting external quenched standards of known
specific activity .

2.5. Biomass estimates

At the time of each bacterial bioassay, 5-ml
samples were taken from all sediment-water con-
centrations, preserved with one drop of glutar-
aldehyde, and stored in a refrigerator . Within a
few weeks bacteria samples were processed for
acridine orange direct counts using a modification
(Moll & Brahce, 1986) of the technique of Hobbie
et al. (1977). A Leitz Wetzlar Dialux 20 micro-
scope was used to count bacteria, at a magnifica-
tion of 787 x or 1250 x . Bacteria were counted in
6 to 10 fields of view, depending on variability of
the counts .

During each algal bioassay, water from each
sediment-water type and concentration was fil-
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tered for chlorophyll measurement, using meth-
ods based on those in Davis & Simmons (1979) .
Chlorophyll measurements involved collection of
algae on a Whatman GF/C filter, initial extraction
in 90 percent acetone buffered with magnesium
carbonate, and further extraction by grinding . The
amount of chlorophyll in the sample was esti-
mated with a Turner Designs Model 10 fluorome-
ter. The fluorometer was calibrated by taking
measurements of known dilutions of 1 g chloro-
phyll a . These same dilutions were also measured
with a Beckman spectrophotometer . Chlorophyll
equations were obtained from Strickland &
Parsons (1972) .

2.6 . Statistical analyses

All statistical techniques described below were
conducted with the Michigan Interactive Data
Analysis System (MIDAS) and BMDP Statisti-
cal Software (Fox & Guire, 1976 ; Dixon et al.,
1981). Clean versus contaminated sediment
bioassays were analyzed using two-factor Analy-
sis of Variance (ANOVA) where the main effects
were sediment type (clean or contaminated, or site
from which sediment was collected) and concen-
tration of sediment. Elutriate bioassay results
were contrasted with clean and contaminated
sediment results using two-factor ANOVA, where
the main effects were sediment concentration and
experimental treatment . A one-factor ANOVA
contrasted the four pore water concentrations .
Levene's Test for equality of variances was con-
ducted for all two-factor ANOVAs and for pore
water assays (Brown & Forsythe, 1974) . The
Brown-Forsythe Test, similar to ANOVA but less
sensitive to violations of the assumptions of
parametric analysis, was also used for all bioassay
results . In those instances where the Levene's
Test indicated that intergroup variances were not
homogeneous, the Brown-Forsythe Test was con-
sidered the more reliable form of analysis . Other-
wise, the ANOVA results were viewed as the
definitive statistical analysis .

3. Results

3.1 . Bacterial bioassays

3.1 .1 . Clean versus contaminated sediment bio-
assays
The clean versus contaminated sediment bio-
assays comprised the major portion of the bac-
terial studies in 1986 and 1987 . This strategy was
adopted on the basis of 1986 studies where these
types of bioassays were found to yield reproduci-
ble results . Consistent results were observed
despite a change in substrates from glucose to
adenine during 1986 and adjustment to tech-
niques between 1986 and 1987 .

During 1986, the uptake of substrate for the
clean versus contaminated sediment bioassay
showed a pattern with relatively constant uptake
among the four different clean sediment concen-
trations. The average of three sets of bioassays
showed a reduction in uptake of about 20 percent
between the 0 and 1200 mg 1 - ' clean sediment
concentrations . In contrast, bioassays with con-
taminated sediments showed a large suppression
of uptake, typically about 50 percent between the
0 and 1200 mg l - ' sediment concentrations .
These trends were generally observed throughout
1986 but differed among the three sampling
locations .

The results of the bacterial bioassays were
transformed into units of uptake adjusted for
biomass. The rationale for this transformation
was that the sediment additions significantly
increased bacterial biomass . The resultant in-
crease in bacterial numbers caused a subsequent
increase in uptake which could mask the sup-
pression of isotope uptake by the contaminated
materials. The transformation yielded units of
picograms per hour per million cells (pg h -' M -'
cells), which are referred to as adjusted uptakes .

Adjusted uptake results from the 1986 bio-
assays showed a decline in uptake with both clean
and contaminated sediment additions . Sup-
pression of uptake of glucose and adenine with
clean sediment ranged from 34.3 to 52.0 percent
(Table 2). Suppression of uptake with contami-
nated sediment ranged from 65.2 to 79.2 percent



Table 2 . Bacteria uptake adjusted for biomass (pg h - ' M - '
cells) at various concentrations of sediment from Lake
Michigan (Clean), Monguagon Creek (MC), Black Lagoon
(BL), and Gibraltar Bay (GB), pooled over all months, 1986 .

(Table 2) . This pattern of suppression of adjusted
uptake with increasing sediment concentration
was observed in every set of bioassays except the
May-June experiments using Monguagon Creek
sediment and August using clean (Lake
Michigan) sediment .

The 1987 studies were modified based on the
results of the 1986 experiments . The clean versus
contaminated sediment bioassay became the pri-
mary mechanism of investigating the effects of
Trenton Channel sediments on bacteria in 1987 .
Bioassays were conducted once per month from
April through October inclusive . The basic format
of the bioassay remained unchanged although an
additional sediment concentration of 600 mg 1 - '
was added while the 0 mg 1 - ' concentration was
viewed as the no-sediment control for both the
clean and contaminated bioassays .

The uptake of adenine by bacteria followed a
somewhat different pattern in 1987 compared to
the 1986 results . Both years had similar trends for
bioassays with clean sediment ; uptake remained
relatively constant among all sediment concentra-
tions. Bioassays with contaminated sediment
showed an increase in uptake with seasonal aver-
ages of 9.31 and 17.21 ng 1 - ' h -' for 0 and
1200 mg 1 - ' of sediment respectively. The trend
in uptake of adenine was relatively uniform

Table 3 . Bacteria uptake adjusted for biomass (pg h - ' M -'
cells) at various concentrations of sediment from Lake
Michigan and Trenton Channel sites, pooled over all months,
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among the three sampling sites . Uptake was
slightly lower at Gibraltar Bay than the other two
locations . These patterns of uptake for both clean
and contaminated sediment were observed for all
1987 bioassays .

Despite the increase in uptake with contami-
nated sediment from the 1987 bioassays, when
uptake was adjusted for bacterial biomass, the
patterns followed those observed in 1986
(Table 3). Average adjusted uptake for 1987 for
the clean sediment bioassays declined from 9 .81
to 4.75 pg h - ' M -' cells, as clean sediment con-
centrations increased from 0 to 1200 mg 1 - '
(Table 3). For a similar increase in contaminated
sediments, average adjusted uptake declined from
9.81 to 3 .10 pg h - ' M - ' cells. These trends of
decline in adjusted uptake with increasing sedi-
ment concentrations were observed at all three
locations for most bioassays . Also, in all but 2 of
21 sets of experiments, the suppression of
adjusted uptake was greater for the contaminated
sediments than the clean sediments . Figures 2
and 3 show examples of the 1987 experiments
with adjusted uptake for increasing sediment
additions and differences between adjusted and
unadjusted uptake results for one location,
respectively .

The similarities of results from 1986 and 1987
were striking considering that the method
changed between years and the experiments were
conducted on natural bacteria populations which
were not preconditioned to the substrate. Experi-
ments conducted in 1986 showed a decline in the
average adjusted uptake of 41 and 75 percent

Site Sediment concentration (mgt ')

0(control) 12 120 1200

Clean 17 .2 21 .1 22.8 11 .3
Contam : MC 12 .3 15 .7 16.1 4 .28
Elutriate : MC 24.6 17.3 16.2 5 .53

Clean 27.7 21 .9 33 .2 13 .3
Contam : BL 27 .6 30.6 10.6 5 .73
Elutriate : BL 20 .1 22.8 8.02 2.16

Clean 20 .0 20.9 17 .3 13 .5
Contam: GB 23 .7 26 .7 29 .6 5 .83
Elutriate : GB 33 .7 36.3 25 .5 11 .8

1987 .

Site Sediment concentration (mg 1 - ')

0(control) 12 120 600 1200

Lake Michigan 9.81 6.11 7 .02 5 .68 4.75
Monguagon Creek 9.81 7.12 5 .14 4 .55 3 .76
Black Lagoon 9.81 7.02 5 .52 2.46 2.27
Gibraltar Bay 9.81 6.31 6 .83 3 .42 3 .27
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Fig . 2 . Average 1987 3H uptake adjusted for bacteria
biomass. Each observation is the mean of 21 incubations .

from 0 to 1200 mg 1- 'for clean and contaminated
sediment, respectively . Likewise, the same aver-
ages from 1987 showed a decline of 51 and 67
percent for clean and contaminated sediment,
respectively . Further, these patterns were
repeated for most bioassays in both years . The
key to reproducing and understanding the bio-
assays appears to arise from transforming the
uptake values to adjusted uptake values, i .e., cor-
recting for biomass .

While the results from the clean versus con-
taminated experiments provided many useful in-
ferences, the overall experimental design also con-

1987

a

1200

x dusted

0

	

12
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600
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1200

Fig. 3 . Black Lagoon average 1987 3H uptake, adjusted and
unadjusted for bacteria biomass . Each observation is the

mean of 21 incubations .

formed to a specific statistical model. A two-
factor ANOVA was used to test two hypotheses :
that uptake levels were significantly affected by
sediment concentration (from 0 to 1200 mg 1 - ' ),
and that uptake levels were significantly affected
by sediment type (clean or contaminated) . Two
different types of ANOVAs are presented in each
table, the conventional parametric analysis and a
modified version called the Brown-Forsythe
ANOVA. The latter form has less restrictive
assumptions because the equality of within-group
variances is not required (Dixon et al ., 1981) .
Generally, the Brown-Forsythe ANOVAs are
more conservative than their parametric counter-
parts. Because more often than not the assump-
tion of equality of variances was met (tested with
Levene's Statistic), the results discussed below
refer only to the regular parametric ANOVA . The
Brown-Forsythe results are presented in every
case as a comparison to the regular analysis .
The ANOVAs from 1986 were conducted on

each of the three sites for each of three months for
a total of nine analyses (Table 4) . Two out of nine

Table 4 . Summary of ANOVAs for 1986 bacteria clean ver-
sus contaminated sediment bioassays, uptake rates adjusted
for biomass .

GB = Gibraltar Bay.

Site and
Date

Standard ANOVA Brown-Forsythe

Treat Conc Int Treat Conc Int

MC, May ** * ns ns ns ns
BL, June ns ** ** ns ns ns
GB, June ns ** ns ns ** ns
MC, August
BL, August

ns
ns

ns
**

ns
**

ns
ns

ns
*

ns
**

GB, August ns ** ns ns * ns
MC, October
BL, October
GB, October

ns
ns
**

ns
**
**

ns
**
**

ns
ns
**

ns
**
**

ns
**
**

**
= significant at 0 .01
= significant at 0 .001

ns = not significant
Treat = experimental treatment, Conc concentration,

Int interaction .=
MC = Monguagon Creek, BL = Black Lagoon,



Table 5 . Summary of ANOVAs for 1987 bacteria clean ver-
sus contaminated sediment bioassays, uptake rates adjusted
for biomass .

•

	

= significant at 0.01
•

	

= significant at 0.001
ns

	

= not significant
Treat = experimental treatment, Conc = concentration,

Int = interaction .

analyses showed significant effects due to sub-
strate type and seven out of nine were significant
for sediment concentration . Four interactions
were significant for the adjusted uptake results .

The experimental design shifted slightly in 1987
with one ANOVA used to analyze data for all
three sites plus the clean sediment . This resulted
in seven ANOVAs, one for each set of experi-
ments each month (Table 5) . Results from the
ANOVAs with adjusted uptake results showed
significant effects from sediment concentration
for six out of seven analyses and four significant
interactions . Five out of seven ANOVAs showed
significant effects due to sediment type . The
increase in the number of statistically significant
treatment effects for sediment type for 1987
appeared to arise from a reduction in the within-
group variance (among replicate incubations)
between the two years .

3.1 .2. Elutriate bioassays
Patterns of uptake for the elutriate bioassays
matched those of the clean versus contaminated
experiments . Average unadjusted uptakes declin-
ed almost 60 percent from 48 .3 to 20 .2 ng 1 - ' h -'
as Black Lagoon sediment concentrations in-
creased from 0 to 1200 mg 1 - ' . Likewise,

Monguagon Creek unadjusted uptakes declined
51 percent and Gibraltar Bay uptakes 54 percent .
When adjusted for bacterial biomass, reductions
in 1986 average uptakes were 77 percent for
Monguagon Creek, 89 percent for Black Lagoon,
and 65 percent for Gibraltar Bay (Table 2) . These
same trends were observed for almost every elu-
triate experiment conducted in 1986 .

The statistical significance of sediment concen-
tration and type for the elutriate experiments was
tested with two-factor ANOVA . As with the clean
versus contaminated experiments, nine ANOVAs
were conducted, one for each of three sampling
locations and each of three field trips . In these
analyses, sediment type was actually a contrast
between the contaminated elutriate bioassay and
the Lake Michigan sediment from the clean ver-
sus contaminated experiments . The ANOVAs
showed that for adjusted uptake, six of nine
experiments had significant effects due to sedi-
ment type and six of nine for sediment concen-
tration (Table 6). Five of the nine ANOVAs had
significant interaction terms .

Table 6. Summary of ANOVAs for 1986 bacteria elutriate
versus clean sediment bio assays, uptake rates adjusted for
biomass .
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•

	

= significant at 0.01
•

	

= significant at 0.001
ns

	

= not significant
Treat = experimental treatment,

Int = interaction .
MC = Monguagon Creek, BL = Black Lagoon,

GB = Gibraltar Bay .

Conc = concentration,

Site and
Date

Standard ANOVA Brown-Forsythe

Treat Conc Int Treat Conc Int

MC, May ns ** ns ns * ns
BL, June ** ** ** ns ns ns
GB, June ** ** * ** * ns
MC, August * ns ns ns ns ns
BL, August ** ns ** ** ns
GB, August * ns ns * ns ns
MC, October ns ** ns ns ns ns
BL, October ns ** ** ns
GB, October ** ** * ** * ns

Date Standard ANOVA Brown-Forsythe

Treat Conc Int Treat Conc Int

April
May

ns
**

ns
**

ns
**

ns
ns

ns
ns

ns
ns

June
July

**
**

**
**

*
ns

*
*

**

**

*

ns
** ** ** ** ** *August

September
October

**
ns

**
**

*
ns

**
ns

** ns
ns
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3.1 .3 . Pore water bioassays
Bioassays using pore water were intended to de-
termine if the locus of toxicity was the pore water
alone or bulk sediment. The results showed that
the pore water was much less toxic than bulk
sediment. The results of the pore water bioassays
were uneven with some suppression, enhance-
ment, and unchanged rates of uptake (Table 7) .
The levels of bacterial biomass remained rela-
tively constant with the addition of pore water ; at
two locations the amount of pore water added to
the river water had little effect on bacterial abun-
dances, while at Gibraltar Bay the biomass almost
doubled .

There was no consistent trend in the uptake of
substrate in bioassays using pore water . At
Monguagon Creek, the addition of pore water
stimulated uptake, while at Black Lagoon and
Gibraltar Bay the pore water suppressed uptake
(Table 7). The patterns were relatively unchanged
after the uptake rates were adjusted for biomass .
The bioassays from three different locations
yielded three different results . Uptake at
Monguagon Creek was highly stimulated by the
addition of pore water, remained unchanged at

Table 7. Bacteria biomass (million cells ml - '), uptake
(ng 1 - ' h - '), and uptake adjusted for biomass (pg h - ' M`
cells) at various concentrations of pore water from Trenton
Channel sites, pooled over all months, 1986 .

Black Lagoon, and was suppressed at Gibraltar
Bay .

3.2 . Phytoplankton bioassays

3 .2.1 . Clean versus contaminated sediment bio-
assays
Phytoplankton were extremely sensitive to the
addition of sediment to the bioassay water .
Uptake of 14C by phytoplankton, unadjusted for
biomass, showed approximately a linear decrease
with increasing concentration of sediment .

Increasing chlorophyll concentrations with
addition of sediment indicated Trenton Channel
sediment contained algae . Because higher
biomass could increase uptake and thus mask the
effect of contaminated sediment, uptake rates
were adjusted by dividing by chlorophyll concen-
trations . Uptake adjusted for biomass showed a
somewhat more complex pattern than unadjusted
uptake. Averaged over all months and sites,
adjusted uptake also declined with concentration,
but in a less linear fashion than unadjusted
uptake. During 1986, two sites had approximately
the same average adjusted uptake, while Gibraltar
Bay uptakes were about 30 percent higher
(Table 8). The results show a reduction in uptake

Table 8 . Phytoplankton uptake adjusted for biomass
(µg 14C h - ' µg - ' chlorophyll-a) at various concentrations
of sediment from Lake Michigan (Clean), Monguagon Creek
(MC), Black Lagoon (BL), and Gibraltar Bay (GB), pooled
over all months, 1986 .

Site Pore water concentration (ml 1- ')

0(control) 0 .5 1 .0 10.0

Biomass
Monguagon Creek 2.20 2 .15 2 .33 2.15
Black Lagoon 1 .73 1 .98 2.78 2 .09
Gibraltar Bay 2.58 4.00 3 .09 4 .57

Uptake
Monguagon Creek 27.4 24 .7 17.3 29 .1
Black Lagoon 44.0 34 .9 35 .1 30 .1
Gibraltar Bay 58.6 32 .4 28 .8 27 .8

Adjusted uptake
Monguagon Creek 12.3 20 .7 13 .0 33 .2
Black Lagoon 24.8 19 .7 14.4 20 .6
Gibraltar Bay 22.5 20 .1 20.0 9 .27

Site Sediment concentration (mg 1 - ' )

0(control) 12 120 1200

Clean 15 .1 14.2 8 .3 2.2
Contam : MC 14 .1 12 .9 8 .4 1 .7
Elutriate: MC 15 .6 10 .8 6 .9 0.7

Clean 22.5 15 .8 12 .9 1 .8
Contam : BL 16 .1 16 .4 5 .2 0.4
Elutriate: BL 14.4 10.2 4 .6 0.5

Clean 19.7 17 .8 13 .8 2.2
Contam: GB 23 .2 16 .5 9 .7 1 .7
Elutriate : GB 8 .2 14.8 7 .1 0.9
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Fig. 4. Phytoplankton uptake adjusted for biomass, May
and June 1986 . Each observation is the mean of 2 incuba-

tions .

at all concentrations of sediment. Uptake was
reduced approximately 15 percent for clean and
contaminated sediment at low concentrations
(12 mg 1 - ' - Table 8). The reduction was about
40 percent for the clean sediment and 56 percent
for the contaminated sediment at 120 mg 1 - ', and
89 and 93 percent at 1200 mg 1 - ' for clean and
contaminated sediment, respectively (Table 8) .
Figure 4 shows the trend in uptake with increas-
ing sediment for two locations for the May 1986
bioassay .

Because of the extreme suppression of uptake
at the sediment concentration of 1200 mg 1 - ', in
1987 the highest concentration was changed to
600 mg 1 - ' and intermediate concentrations were
adjusted to 75, 150, and 300 mg 1 - ' . For 1987,
uptake adjusted for biomass dropped approxi-
mately 50 percent from 0 to 600 mg 1 - ' (Table 9).
The biggest drop in adjusted uptake occurred
between 75 and 150 mg l - ' added sediment
(Table 9) .

During both 1986 and 1987, there was some
variation among, and sometimes within, bio-
assays in both rates of unadjusted uptake and
uptake adjusted for biomass . Some individual
treatment groups in the bioassays showed results
contrary to the general trends of reduced uptake
with increasing sediment concentration, while
other bioassays expressed the trends intensely .

Table 9 . Phytoplankton uptake adjusted for biomass
(µg 14C h - ' tg - ' chlorophyll-a) at various concentrations
of sediment from Lake Michigan and Trenton Channel sites,
pooled over all months, 1987 .

Site
Sediment concentration (mg 1 - ' )

Two-factor ANOVA was used to test the
hypothesis that uptake rates were not significantly
affected by sediment concentration or sediment
type (site from which sediment came). In 1986
bioassays, uptake adjusted for biomass was
always significantly different among sediment
concentrations and was significantly different
between sediment types for four out of nine bio-
assays (Table 10) . Interactions were significant
for five out of the nine ANOVAs . In both 1986

Table 10 . Summary of ANOVAs for 1986 phytoplankton
clean versus contaminated sediment biossays, uptake rates
adjusted for biomass .

significant at 0 .01
significant at 0 .001

ns

	

- not significant
Treat = experimental treatment,

Int = interaction .
MC - Monguagon Creek,

GB = Gibraltar Bay .

29 1

Cone = concentration,

BL = Black Lagoon,

0
(control)

75 150 300 600

Lake Michigan 21 .0 23 .4 19 .3 17 .5 14.6
Monguagon Creek 21 .0 31 .1 21 .6 14.9 8 .7
Black Lagoon 21 .0 19 .2 15 .5 8 .8 5 .2
Gibraltar Bay 21 .0 34.7 22 .7 18 .4 14 .1

Site and
Date

Standard ANOVA Brown-Forsythe

Treat Conc Int Treat Conc Int

MC, May ** ** ns ns * ns
BL, June ** ** ** * * ns
GB, June ns ** ** ns ns ns
MC, August ns ** ns ns ** ns
BL, August ** ** ** ns * ns
GB, August * ** ** ns ** ns
MC, October ns ** ns ns ns ns
BL, October ns ** ** ns **
GB, October ns * ns ns ns ns
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and 1987, significant interactions were usually
due to large uptake differences between sediment
types at one or two concentrations and not at
other concentrations .
The experimental design used in the 1987

studies permitted direct comparison among all
three Trenton Channel sites and Lake Michigan
sediment. Pairwise t-tests showed that Gibraltar
Bay uptake rates were often higher, and Black
Lagoon uptake often lower, than uptake at other
sites for a given concentration of sediment .
Uptake not adjusted for biomass was always sig-
nificantly different (ANOVA) among sediment
concentrations, and was significantly different
among sites in four of seven months . Uptake
adjusted for biomass similarly was always signifi-
cantly different among sediment concentrations,
and was significantly different among sites in five
of seven months (Table 11) . Four interactions
were significant for adjusted uptake (Table 11) .
For the June and August bioassays, adjusted
uptake was notably different in one cell (Lake
Michigan 300 mg 1 -1 and Monguagon Creek
75 mg 1 _ 1, respectively), causing significant inter-
actions. Brown-Forsythe tests revealed a pattern
similar to the standard ANOVA, but with a some-
what lower level of significance (Table 11) .

•

	

= significant at 0.01
•

	

= significant at 0 .001
ns

	

= not significant
Treat = experimental treatment,

Int = interaction .
Conc concentration,

3.2.2 . Elutriate bioassays
The elutriate bioassays yielded results similar to
the clean versus contaminated sediment bio-
assays. Uptake of 14C adjusted for biomass was
slightly reduced (about 6 %) at the 12 mg 1 -1 sedi-
ment concentration, substantially reduced (51 %)
at the 120 mg 1 - 1 concentration, and severely
reduced (94%) at the 1200 mg 1 -1 concentration
(Table 8). These results show the extreme sensi-
tivity of the algae to the incorporation of sediment
in the incubation even if that sediment is allowed
to settle out of the incubation water .
Two-factor ANOVA was used to test the

hypothesis that uptake was not significantly dif-
ferent among concentrations or treatments, where
treatment refers to rotated clean sediment, rotated
contaminated sediment, or non-rotated contami-
nated sediment (elutriate) . All of the nine stand-
ard ANOVAs showed significant differences in
both unadjusted and adjusted uptake among sedi-
ment concentrations (Table 12) . Most Brown-
Forsythe tests (seven of nine for unadjusted up-
take, six of nine for adjusted uptake) also showed
uptakes were significantly different among sedi-
ment concentrations. However, only four Brown-
Forsythe ANOVAs out of nine showed significant

•

	

= significant at 0.01
•

	

= significant at 0.001
ns

	

= not significant
Treat = experimental treatment, Conc = concentration,

Int = interaction .

Table 12 . Summary of ANOVAs for 1986 phytoplankton
elutriate versus clean versus contaminated sediment bio-
assays, uptake rates adjusted for biomass .Table 11 . Summary of ANOVAs for 1987 phytoplankton

clean versus contaminated sediment bioassays, uptake rates
adjusted for biomass . Site and

Date
Standard ANOVA Brown-Forsythe

Site and
Date

Standard ANOVA Brown-Forsythe Treat Conc Int Treat Conc Int

Treat Conc Int Treat Conc Int MC, May ** ** * ** ** ns
BL, June
GB, June

**

**
**
**

**
**

**
*

**
*

*
nsApril **

	

**

	

ns ns

	

ns

	

ns
May **

	

**

	

** **

	

**

	

** MC, August ns ** ns ns ** ns
June
July

**

	

**

	

**
ns

	

*

	

ns
*

	

**

	

*

ns

	

ns

	

ns
BL, August
GB, August

**
ns

**
**

**
*

*
ns

**
ns

ns
ns

August **

	

**

	

* **

	

**

	

ns MC, October ns ** ns ns ns ns
September **

	

**

	

* ns

	

*

	

ns BL, October ** ** ** ns * ns
October ns

	

**

	

ns ns

	

*

	

ns GB, October ns ** ns ns ns ns



differences in adjusted uptake between experi-
mental treatments (Table 12) . Five standard
ANOVAs were likewise significant . Six of the
nine standard ANOVAs had significant inter-
action terms .

3.2 .3 . Pore water bioassays
The addition of up to 1 percent v/v pore water had
little effect on the uptake of 14C by phytoplankton
(Table 13), in contrast to the incubations using
sediment, which showed a very large reduction in
the amount of uptake with increasing amounts of
sediment. The only pore water bioassay that
showed significant differences in uptake among
concentrations was Black Lagoon in October .
Pairwise comparisons showed that unadjusted
uptake was significantly higher for controls than
for treatments, and that 0 .5 and 1 ml l -1 samples
had higher adjusted uptake than 0 or 10 ml l - ' .

3.3 . Sensitivity, accuracy, and precision of methods

Bioassays reported in this study were relatively
sensitive measures of toxicity, as a small amount
of sediment yielded a large reduction in uptake .

Table 13 . Phytoplankton biomass (µg chlorophyll-al - '),
uptake (µg 14C 1 - ' h - '), and uptake adjusted for biomass
(µg 14C h - ' µg - ' chlorophyll-a) at various concentrations
of pore water from Trenton Channel sites, pooled over all
months, 1986 .
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Sediment concentrations were chosen to include
those likely in a moderate resuspension event (12
to 150 mg 1 - ' wet wt), and concentrations prob-
able under extreme mixing conditions (600 to
1200 mg 1 - ' ). The lowest concentrations, 12 to
75 mg 1 - ', had little effect on or enhanced uptake,
while medium concentrations (120 to 150 mg 1 - ' )
began to show inhibition of uptake . Thus a rela-
tively severe resuspension event could cause a
decrease in productivity of phytoplankton or
metabolism of bacteria, while a less severe event
might have little effect as shading and toxicity
would be offset by nutrient or substrate availa-
bility .

Accuracy of bioassays in terms of the real
world was difficult to determine . No doubt, the
bioassays simplified the situation, as one small,
well-mixed water mass under constant conditions
was used for all treatments, whereas field condi-
tions would be heterogeneous, complex, and
changing. However, baseline data on biological
effects under controlled conditions are needed
before hypotheses can be formulated for design of
field research. Absolute uptake values probably
reflected higher phytoplankton productivity than
most field conditions, because of the bright light
in the incubator . In contrast, bacterial metabo-
lism was probably underestimated because only
one substrate was used in the bioassays .

Bioassay results were reasonably precise . The
standard error of uptake for phytoplankton bio-
assays for a given date and treatment was gen-
erally an order of magnitude less than the mean
uptake. The results were not quite as good for
bacteria as for algae, but the standard error was
seldom more than half of the mean. The precision
of the results was reflected in the similarity among
replicates and contributed to significant differ-
ences between treatments as shown by ANOVAs .

4. Discussion

4 .1 . Bacterial bioassays

Bacteria were chosen as one of the two functional
groups of organisms for this investigation because

Site Pore water concentration (ml l - ')

0(control) 0 .5 1 .0 10 .0

Biomass
Monguagon Creek 1 .88 1 .80 1 .95 2.04
Black Lagoon 1.06 0.60 0 .60 0 .67

Gibraltar Bay 0.67 0.72 0 .64 0.65

Uptake
Monguagon Creek 30.5 29 .0 24.7 27 .3

Black Lagoon 17 .1 11 .8 13 .3 13 .0
Gibraltar Bay 13 .5 14.1 13 .9 14 .8

Adjusted uptake
Monguagon Creek 14.1 14 .1 11 .7 12.5
Black Lagoon 18 .4 18 .4 22.0 19 .9
Gibraltar Bay 17.8 16 .7 18 .5 18 .7
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they constitute a major link in the food web that
comes in contact with toxic materials in the sedi-
ments . Further, some bacteria are known to thrive
on certain toxic materials, while others respond
negatively to the presence of the same materials
(Colwell & Grimes, 1986) .

A large variety of metabolic effects could lead
to the suppression of uptake of substrates by bac-
teria in the presence of both synthetic organic
compounds and metals . Some of these effects
include : alteration to the chemistry of cell mem-
branes, suppression of the uptake of certain
amino acids, interference in the synthesis of
nucleic acids, and the disruption in certain
catabolic pathways (Lal & Saxena, 1982) .
Because these effects change due to both the con-
centration of the toxic substance and the type of
bacteria present, a priori it is difficult to predict the
response of the community to the presence of the
materials. Combinations of certain substances
appear to have a synergistic effect that is as yet not
fully understood (Wong et al., 1978). For these
reasons, bioassays become site- and time-depend-
ent and must be repeated frequently .

The use of adenine as a substrate is somewhat
surrounded in controversy with some authors
(Karl & Winn, 1984, 1986 ; Karl, 1981) attributing
uptake to both algae and bacteria . Other authors
(Fuhrman et al., 1986a, 1986b ; Peele et al., 1985)
have found either equivocal results in the offshore
marine environment or unequivocal results
nearshore that only bacteria take up adenine . Fol-
lowing the findings of Fuhrman et al. (1986a), this
study assumed that, in enriched nearshore
environments, adenine uptake was mediated
almost exclusively by bacteria . In contrast, glu-
cose uptake may be substantially affected by algal
heterotrophy (Moll, 1984). Thus the rationale for
shifting to adenine from glucose after the first set
of experiments in late May and early June, 1986 .

Bioassays with sediments are more compli-
cated than with little or no suspended materials .
The sediment can mask the effect of the toxic
material due to its binding nature and shifts in
redox potential . For these reasons, paired analy-
ses comparing non-toxic sediments and contami-
nated sediments appear the most reliable bio-

assays . But, this additional constraint adds con-
siderable complexity to the experimental design in
that the number of controls is greatly increased .
The results from this study encourage use of such
controls .

The results of the bioassays must be interpreted
with caution because in some cases the sediment
actually stimulated rather than suppressed
uptake. This was often true at the lower sediment
concentrations, and almost always when uptake
was not corrected for biomass . Munawar et al.
(1988) occasionally noticed a similar effect in phy-
toplankton bioassays during investigation of the
effects of Toronto Harbour sediment on algae .

Isotope dilution in all experiments was possible
by the introduction of non-radioactive substrate
(adenine) with the sediment additions. This dilu-
tion could have the effect of reducing isotope
uptake at high sediment concentrations thus
confounding the experimental results . While the
effect of isotope dilution was not investigated
per se, three lines of reasoning suggest this was not
a major problem. First, in many experiments sub-
strate uptake did not decrease with increasing
sediment concentrations. Only after the uptakes
were adjusted for biomass did the suppressed
uptakes change. If isotope dilution was impor-
tant, unadjusted uptake rates would decline sig-
nificantly given the two orders of magnitude
increase in sediment concentration with the var-
ious additions for each set of bioassays . Second,
most of the pore water incubations showed no
decline in either adjusted or unadjusted uptake
rates with increasing amounts of pore water addi-
tions . Clearly, isotope dilution was not operating
in these experiments . Third, the effect of contami-
nated sediment was determined against the clean
sediment control . Isotope dilution could mask the
results only by substantial differences in dilution
between the two sediment types. While this con-
dition may have been true in a few cases, it is most
unlikely to occur on a consistent basis .

The salient conclusion from this study was that
when uptake of substrate was adjusted for bac-
terial biomass, a significant effect was observed
due to the amount and type of sediment . In 1986
the reduction in uptake between the control



(0 mg 1 - ' sediment addition) and the highest con-
centration (1200 mg 1 - ' sediment addition) was
65.3, 79.2, and 75 .4 percent for Monguagon
Creek, Black Lagoon, and Gibraltar Bay, respec-
tively . This compares to a reduction of 39 .6 per-
cent for the clean Lake Michigan sediment addi-
tion. The pattern was similar for 1987 with the
reductions of 61 .7, 76.9, and 66.7 percent for
Monguagon Creek, Black Lagoon, and Gibraltar
Bay, respectively, and a reduction of 51.6 percent
for the Lake Michigan sediment . These results
imply a high level of sensitivity by the bacteria to
the addition of the contaminated sediment .

A similar level of sensitivity was not observed
by Ribo et al. (1985) using the Microtox bioassay
with Detroit River samples . They found that of a
total of 76 stations investigated, only four showed
acute levels of toxicity. Two of these four sites
were from the Trenton Channel, with one at the
mouth of Monguagon Creek. These bioassays
used Photobacterium phosphoreum and Detroit
River water, but no sediment . Most of the Ribo
et al. (1985) Microtox assays showed responses
less than 20 percent different from the controls .

There have been a number of studies investigat-
ing the effect of specific toxic materials on
microorganisms . Many of these studies have been
summarized by Lal & Saxena (1982) . The results
are highly variable with some compounds such as
heptachlor proving extremely toxic to bacteria,
while DDT and its derivatives were relatively
innocuous to bacteria. Lal & Saxena (1982) sug-
gested that the variable nature of the results was
attributed in part to the degree of susceptibility of
the various bacteria species to the different toxic
materials. Cunningham et al. (1986) came to the
same conclusion using the Microtox bioassay
from a set of experiments with samples from New
Jersey and Pennsylvania.

Given the ephemeral nature of the results from
previous investigations, the consistent results
from this study are unusual . This consistency is
especially interesting given the change in sub-
strates over the two years, the various locations
investigated, and the large range in seasons .
Apparently, the experimental protocol used in this
study was sufficiently different from the previous
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studies to generate a novel type of result . Perhaps
the exposure of mid-river water samples, contain-
ing relatively unaffected microbes, to the toxic
materials found in the sediments of the back-
waters of the Trenton Channel elicited the signifi-
cant response in the bioassays . In addition, Lal &
Saxena (1982) indicate that in many highly con-
taminated environments a natural bacterial popu-
lation develops which actually metabolizes some
of the toxicants ; in some instances these bacteria
become dependent on the toxicant as an energy
source. Thus the bioassay response could be con-
siderably different if conducted with populations
from the backwater versus mid-river . Finally, a
large number of the toxic substances in the back-
waters of the Trenton Channel are metals (Fallon
& Horvath, 1985 ; Theis et al., 1988). These
compounds have proven more toxic to most
microorganisms than synthetic organic
compounds (Wong et al., 1978). Further studies
are needed on the types of responses observed in
bioassays using a mixture of toxic materials ver-
sus a single class of compounds .

4.2. Phytoplankton bioassays

As autotrophs, phytoplankton are an important
base to the food web, thus adverse effects on their
growth or health may have repercussions on pro-
ductivity of higher trophic levels . Phytoplankton
are believed relatively sensitive organisms as sub-
jects for bioassay investigations (Munawar &
Thomas, 1986) .

Effects of contaminants can be grouped into
three categories : changes in species composition
and size structure, metabolic and physiological
response, and ultrastructural response (Munawar
et al., 1988). Because the first effect is long-term,
only the second and third effects may be operating
in these Trenton Channel bioassays . Broadly,
decreased uptake with increasing sediment is
caused by several factors : shading, toxicity, phy-
sical damage to cells, adsorption of nutrients to
the sediment (decreasing their bioavailability),
and other mechanisms. Lake Michigan sediment
was believed to inhibit uptake primarily by shad-
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ing and possible cell damage, while an additional
toxic response was observed from Trenton Chan-
nel sediment exposure . Toxicity includes a num-
ber of physiological responses which are different
among species and contaminants and are not well
understood, but include inhibition of photo-
synthesis from interference with electron trans-
port, cell membranes, development and structure
of chloroplasts, and the light and dark reactions
(Lal & Saxena, 1982 ; Munawar et al., 1988). The
multiple metals and organic contaminants in
Trenton Channel sediment may have unknown
synergistic or antagonistic effects, of which only
the net sum is observed . Combinations of metals
have been shown to be more toxic to certain algae
than were the same metals presented singly
(Wong et al ., 1978) .

By expressing results of the Trenton Channel
bioassays as percent reduction of uptake from
controls to high sediment concentration, they can
be compared with results from other sites and
experimental protocols. Uptake adjusted for
biomass decreased an average of over 90 percent
between 0 and 1200 mg 1 - ' sediment in 1986
(Table 8). In 1987, from 75 to 600 mg 1- 1 the
decrease in uptake averaged about 65 percent
(Table 9) . To observe only the toxic effect, not the
particle effect, one may compare uptake rates in
clean versus contaminated sediment for only one
concentration. Monguagon Creek sediment re-
duced uptake 40 percent at 600 mg 1 -1 and 23
percent at 1200 mg 1 -1 compared to equal con-
centrations of Lake Michigan sediment . Simi-
larly, Black Lagoon sediment reduced uptake 64
percent at 600 mg 1 -1 and 78 percent at
1200 mg 1- 1 compared to 600 and 1200 mg 1 -1 of
Lake Michigan sediment .

The previous research with phytoplankton
sediment bioassays most comparable to this study
was that of Munawar & Thomas (1986) and
Munawar et al. (1983, 1985), who conducted elu-
triate bioassays using 14C uptake, natural phyto-
plankton assemblages, and sediment from pol-
luted sites around the Great Lakes . The following
percentages of uptake reduction from Munawar's
several studies were all from solutions of 20 per-
cent elutriate . Because of water addition to the

sediment, 20 percent elutriate corresponds to
approximately 3 percent liquid actually derived
from the sediment, while the phytoplankton
bioassays from this study using 1200 mg 1 - ' sedi-
ment contained about 0 .08 percent water . Sites
closest to the three Trenton Channel sites of this
study -just upstream of Fighting Island, and the
mouth of the Detroit River - showed no trend in
reduction of uptake with addition of elutriate
(Munawar et al., 1985). Elutriate from just down-
stream of Belle Isle reduced uptake 17 to 20 per-
cent, and that from northwest Lake Erie reduced
uptake 15 to 25 percent, but the difference was
nonsignificant for Lake Erie. Toronto Harbour
sediment elutriate reduced uptake 20 to 30 per-
cent, Toledo Harbor elutriate about 27 percent
(Munawar & Thomas, 1986), Niagara River elu-
triate 45 to 85 percent and Lake Ontario elutriate
28 to 48 percent (Munawar et al ., 1983) ; ranges
refer to different size fractions of phytoplankton .
Overall, these uptake reductions were small com-
pared to this study, considering the actual con-
centrations of sediment-derived material . The
Detroit River sites studied by Munawar et al.
(1985) may not have been as highly contaminated
as those of this study .

Other studies investigated dealt with specific
toxicants rather than field-collected sediment
alone. Powers et al. (1982) adsorbed Aroclor, a
PCB, into the sediment. They then subjected a
natural phytoplankton assemblage to the par-
ticles, from which Aroclor desorbed at a final
concentration of 50 pg 1 - ' . Compared to the con-
trol with clay only, Aroclor with sediment de-
creased uptake about 80 percent after one day
(Powers et al., 1982). Suppression of uptake con-
tinued throughout the 3-day incubation . The high
reduction in uptake, presence of sediment par-
ticles, and inclusion of the adsorption/desorption
process are similar to the present study .
Wong et al. (1978) exposed Scenedesmus

quadricauda cultures to a combination of ten
metals at recommended water quality objective
concentrations, which were generally determined
from bioassays using a single metal . In culture
media, productivity was inhibited 68 percent, and
one-tenth the metals concentrations reduced



uptake 40 percent, demonstrating the synergistic
toxic effects of metals on phytoplankton. Water
quality objective concentrations of metals added
to algal cultures in Hamilton Harbour water,
which itself contains metals, reduced uptake 78
percent, and one-tenth the concentrations re-
duced uptake 21 percent (Wong et al., 1978) .
These reductions in uptake are relatively large,
and suggest that uptake reductions in the present
study may be related to high concentrations of
metals in Trenton Channel sediment .

4.3 . Relevance of bioassays

All sediment and pore water bioassays were con-
ducted in the laboratory . But every effort was
made to maintain conditions as close to the
natural environment as possible . Bioassays were
usually conducted within 48 hours of collection,
and never more than a few days after sample
collection. Both sediment and incubation water
were handled as little as possible before the bio-
assays and stored in dark cold rooms until analy-
sis. All sediment containers were kept completely
full, cold, and tightly stoppered until opened for
bioassays . The operational principle was that an
important component of the sediment was the
volatile organic fraction which could be readily
lost by casual treatment of the sediment. Finally,
bacteria and phytoplankton populations used in
the experiments were from the Trenton Channel
and not preadapted to the environmental con-
dition of the bioassays . This approach was used
in order to simulate the probable circumstances
surrounding an event which would cause resus-
pension of contaminated sediment in the Detroit
River .
The `freshness' of the natural populations of

microorganisms was critical to the outcome of the
experiments. An unplanned set of experiments
demonstrated this fact. River water that was
allowed to sit one extra day in the cold room was
used as a second control for several phytoplank-
ton bioassays . After four sets of bioassays, the
results clearly showed that this was not a control
because that extra day had the effect of signifi-
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cantly changing the uptake of substrate in com-
parison to the bioassays conducted the day
before. When the experimental protocol was
altered to run the controls on the same day, this
`control' effect disappeared .

The standard elutriate bioassay used by other
investigators, where sediment is mixed with extra
water, allowed to settle, and the water used after
filtering, was modified for this study to make the
protocol more ecologically relevant . Chapman
et al. (1986) found that aged sediment-water mix-
tures and elutriates were not as toxic to Daphnia
as freshly mixed sediment and water . Potential
mechanisms for this were loss of volatile toxic
material, sequential solution and binding or
precipitation of the toxic component, or the rapid
solution of a toxic component followed by slower
solution of an antagonist (Chapman et al., 1986) .
When a resuspension event occurs in the field, the
organisms present are instantly exposed to the
whole sediment, and the bioassay methods
chosen here reflect that process .

Pore water bioassays showed that toxicity was
associated more with particles than the pore
water. Some portions of the toxic contaminants
were apparently bound or adsorbed to particles
and did not enter the pore water during its prepa-
ration . The highest concentration of pore water
(10 ml 1 - ') was derived from a quantity of sedi-
ment much higher than the highest concentration
in whole-sediment bioassays (about 40 g versus
1 .2 g). Thus pore water was clearly much less
toxic than an equivalent amount of whole sedi-
ment. However, these results do not suggest that
pore water was not toxic . To the contrary, when
pore water concentrations were raised to high
enough levels, a significant response was induced
(Giesy et al ., 1988) .

The conclusions from this study suggest that
the sediments in the backwaters of the Trenton
Channel are highly contaminated and pose a risk
to the food web. Although those sediments do
reside in backwaters, the contaminated material is
found on the surface of the sediments implying
that relatively minor mixing events can mobilize
the toxic materials . Further, location of the con-
taminated material on the top of the sediment
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suggests a continuing input to these regions . Addi-
tional research should be conducted to track the
movement of these toxicants through the food
web .
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