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Effect of local sources on metal concentrations in
littoral sediments and aquatic macroinvertebrates
of the St. Lawrence River, near Cornwall, Ontario

Alain Filion and Antoine Morin

Abstract: Concentrations of Cd, Cr, Cu, Fe, Hg, Ni, Pb, and Zn were measured in surface sediments and in five
aquatic macroinvertebrate taxa to assess metal contamination in ecologically important but understudied shallow littoral
areas of the St. Lawrence River, near Cornwall, Ontario, and to test for the effect of local point sources. Metal concen
trations in littoral sediments were generally below the lowest effect level of the Ontario provincial sediment quality
guidelines and were positively related to the proportion of fine particles and of organic matter in sediments. Analyses
of the spatial distribution of metal concentrations in sediments and macroinvertebrates showed that local sources of Hg
and Zn had contributed to the contamination of littoral sediments and macroinvertebrates. Concentrations of Cr, Fe, Ni,
and Zn in chironomids and oligochaetes were similar or higher than levels reported for deeper sites in the Cornwall
area, despite the much lower concentrations in littoral sediments, suggesting a higher bioavailability of metals in littoral
than in deeper sediments. Although the effect of local point sources of metals was still detectable in 1994, the compar
ison with Ontario sediment quality guidelines and with other sites in the Great Lakes — St. Lawrence ecosystem sug
gests that metal contamination of littoral sediments and invertebrates was relatively low.

Résumé: Les concentrations en Cd, Cr, Cu, Fe, Hg, Ni, Pb et Zn ont été mesurées dans les sédiments de surface et
dans les tissus de cing groupes de macroinvertébrés aquatiques pour évaluer le niveau de contamination par les métaux
dans les zones littorales et peu profondes du fleuve Saint Laurent prés de Cornwall (Ontario) et pour détecter

I'influence des sources locales ponctuelles de métaux. Les concentrations en métaux dans les sédiments littoraux étaient
généralement au dessous des concentrations auquelles apparaissent les premiers effets biologiques d’aprés les normes
provinciales de qualité des sédiments de I'Ontario et étaient positivement corrélées a la proportion des fines particules
et du matériel organique dans les sédiments. Les analyses de la distribution spatiale des concentrations des métaux ont
révélé que les sources locales de Hg et de Zn ont contribué a la contamination des sédiments littoraux et des inverté-
brés. Les concentrations de Cr, Fe, Ni et Zn dans les chironomides et les oligochétes du littoral étaient semblables ou
supérieures a celles rapportées pour les sites en eau plus profonde prés de Cornwall, et ce malgré des concentrations
plus faibles dans les sédiments ambiants dans la zone littorale; ce qui suggere une biodidsponibilité plus élevée des
métaux dans la zone littorale que dans la zone sublittorale. Quoique I'effet des sources locales de métaux-étaient en
core détectable en 1994, la comparaison avec les normes provinciales de I'Ontario et avec les autres sites de
I'écosysteme des Grands Lacs suggere que la contamination par les métaux des sédiments et invertébrés de la zone lit
torale est réduite prés de Cornwall.

Introduction 1992; St. Lawrence RAP Team 1992; Richman 1994). For

St. Lawrence River, sediments contain high metal concentr
tions (e.g., Sloterdijk 1991; Jaagumagi and Persaud 199
Krantzberg and Boyd 1992). In particular, surface sediment
of deep open-water and relatively deep (>3 m) nearshere a
eas in the Cornwall, Ontario, region of the St. Lawrence
River have been found to have elevated concentrations

Cd, Cr, Cu, Hg, Pb, Ni, and Zn (Jaagumagi and Persaug

most metals, concentrations are higher than preindustrial
fevels estimated from core samples from the eastern de
ositional basin of Lake St. Francis (Carignan et al. 1994).
oreover, Anderson (1990) and Richman (1994), after ana
zing the spatial distribution of grain-size-corrected metal
oncentrations in sediments and effluent monitoring data,
oncluded that local sources had contributed to the Cu, Hg,
b, and Zn contamination of sediments at one (Cu, Pb) or
everal locations (Hg, Zn), while Cd, Cr, Fe, and Ni levels
reflected upstream inputs from Lake Ontario. The spatial

In many areas of the Laurentian Great Lakes and of th

pattern of Hg concentrations in Lake St. Francis sediments
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also suggests a significant Hg source in the Cornwall region
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" - . (Sloterdijk 1991).
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Fig. 1. Study area and location of sampling sites.
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known if local sources have a significant effect on metalLawrence RAP Team 1992). Immediately upstream of the city of

concentrations in littoral sediments and littoral macro-Cornwall, the St. Lawrence River is impounded by the Moses-
invertebrates. Saunders Dam to form Lake St. Lawrence. Below the dam, the

In this study, we measured the concentrations of Cd Crriver is characterized by a strong water flow and divides around

Cu, Fe, Hg, Ni, Pb, and Zn in surficial sediments and inCornwaII Island |n'go a north and a south channel. Further down-
. . . stream, the river widens to form Lake St. Francis, whose water lev-
aquatic macroinvertebrates of shallow littoral areas of the Stels are controlled by the Beauharnois Dam

Lawrence River. The principal objectives were to assess In the Cornwall area, Domtar Fine Papers, ICl Forest Products

metal concentrations in I|t_toral sed|_ments and littoral mac.ro'(formerly CIL), Courtaulds Films (closed in 1989), and Courtaulds
invertebrates, to determine the influence of local point

. ! Fibers (closed in 1992) (Fig. 1) were important point sources of
sources relative to upstream inputs, and to compare metgletals to the St. Lawrence River (St. Lawrence RAP Team 1992;
concentrations with those reported previously for this areat. Lawrence RAP Team and St. Lawrence (Cornwall) Publie Ad
and in other areas of the Great Lakes — St. Lawrence ecosysisory Committee 1994). Domtar Fine Papers is a pulp and paper
tem. To accomplish these objectives, we examined the effectill and was until 1970 a significant source of Hg through the use
of sediment composition (proportion of silt and clay, quan of Hg-based slimicides. Because of the use of a Hg cell process in
tity of organic matter) on metal concentrations in sedimentdts chloralkali plant, ICI Forest Products (then CIL) was a major
and taxon-specific differences in metal bioaccumulation inSource of Hg to the river before plant modifications were made in
macroinvertebrates. Metal concentrations in sediments ant /0 to meet Hg discharge limits. In 1994, the Hg cell process was
organisms were compared with guidelines (sediments onlyﬁ/. andoned and the associated plant decommlssmned. Compared

. L L : ith Domtar, ICI Forest Products was responsible for the bulk of
with results of recent provincial investigations, and with re

| d f . d in th k the Hg discharges. Large amounts of Zn in the river were the result
sults reported for contaminated areas in the Great Lakes & offjyent discharge from the production of rayon at Courtaulds

St. Lawrence River system and for other aquatic systemssihers, which required the use of Zn. Courtaulds Films and
The influence of local sources of metals was assessed hyourtaulds Fibers were also a significant source of Hg and were an
comparing concentrations in sediments and macroappreciable source of Pb to the St. Lawrence River.

invertebrates among sites grouped relative to their proximity |n this study, sediments and aquatic macroinvertebrates were
to important local sources and by comparing concentrationsampled from 16 shallow littoral sites (depths of 0.5-1.1 m)-situ
in sediments with levels observed immediately upstream oéted in embayments and other calm reaches with undetectable flow
the Cornwall area. from downstream of the Moses-Saunders Dam to Thompson Island
in Lake St. Francis (Fig. 1). Study sites were generally vegetated
with macrophytes, and coarse substrate sediments were avoided.
Three sites (D11-D13) were situated upstream of local metal
sources, two sites (D14 and D15) were downstream of Domtar
Study area and study sites Fine Papers and ICI Forest Products but upstream of Courtaulds
The St. Lawrence River is the natural outlet of the LaurentianFibers and Courtaulds Films, and 11 sites (D1-D10 and D16) were
Great Lakes, one of the most industrialized hydrographic basins idownstream of these local sources. Sediments were also sampled at
North America. In the Cornwall area (Fig. 1), 95% of the river an additional eight shallow littoral sites (U17-U24) located up
flow is contributed by Lake Ontario located 200 km upstream (St.stream of the Moses-Saunders Dam in Lake St. Lawrence te com

Materials and methods
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pare metal concentrations in sediments above and below the dafarred to small polypropylene tubes, diluted to 15 mL with- de
(Fig. 1). Raw data for all sediment and macroinvertebrate sample®nized distilled water, and later delivered to the Analytical

are available in Filion (1997). Method Development Section at the Geological Survey of Canada
for metal analysis. The concentrations of Cd, Cr, Cu, Fe, Ni, Pb,
Determination of metal concentrations in sediments and Zn were determined by ICP-MS and Hg concentrations by

In order to account for sediment heterogeneity, three samplind!Ydride-generation ICP-MS.
stations were established at each study site (two at site D16). At
each station, the uppermost 2.5 cm of sediments was sampled uStatistical analyses
ing a Plexiglas coring tube. Three samples were collected per sta Sediment composition variables and metal concentrations in
tion to get enough material for the various analyses (only onesediments and invertebrates were heteroscedastic, and data trans
sample per station at sites D1 and D2; all three stations pooledformation was performed prior to statistical analyses. Because sev
Sediment samples were placed in polyethylene sampling bags (or¥al samples had metal concentrations below detection limits, we
bag per station), kept on ice in the field, and frozen the same day atsed the transformation log(concentration + (0.5 x detection
—18°C until analysis. Sediment sampling was carried out over dimit)). Transformed data were then plotted to assess homogeneity
1-month period from mid-July to mid-August 1994. of variance.

In the laboratory, frozen sediment samples were thawed at 4°C The association between the proportion of silt and clay and the
and several subsamples were taken for different analyses. Te minguantity of organic matter in sediments was examined by using a
mize variability among subsamples, plants, visible shells, and othePearson correlation analysis. A Spearman rank correlation analysis
debris were avoided. To determine the sediment dry weight to wewvas used to determine if metal concentrations exhibited a similar
weight ratio, one or two subsamples were dried at 60°C. Metal$patial distribution in sediments. Simple linear regressions were
were extracted from subsamples of wet sediments by adding 4 mpRerformed to determine the effect of the amount of silt and clay
of 16 M HNO; followed by 12 mL of 12 M HCI and left for 12 h  and of organic matter on sediment metal concentrations. Paramet
at room temperature. Uncapped samples were then heated to 90f and Kruskal-Wallis one-way analyses of variance (ANOVA)
in a water bath and maintained at that temperature for 3 h. Metavere used to investigate differences in metal bioaccumulation
concentrations in the extracts were analyzed by flame atomi@mong macroinvertebrate taxa.
absorption spectrometry (Cu, Fe, Ni, Pb, and Zn), inductively To determine the influence of local sources, metal concentra
coupled plasma — mass spectrometry (ICP-MS) (Cd), hydridetions in sediments and macroinvertebrates were compared among
generation ICP-MS (Hg), and inductively coupled plasma — atomicthree zones of potential impact. The limits of these zones were
emission spectrometry (Cr). determined according to the locations of two groups of local indus-

The particle size distribution of sediments was determined by 4fies: Domtar Fine Papers/ICl Forest Products and Courtaulds
modification of the wet-sieving method described in Lewis (1984).Fibers/Courtaulds Films. Only data from sites located below the
Three sediment fractions were determined: gravel (>2 mm), sanifloses-Saunders Dam were considered in order to quantify the ef-
(0.063-2 mm), and silt and clay (<0.063 mm). The organic matteffect of these local sources separately from the potential effect of

content of sediments was estimated by loss of weight on ignition. the dam and upstream sources. Sites D11, D12, and D13 formed
the reference group and were all located upstream of the outfalls.

D o f | . . The most impacted zone corresponds to the area from downstream
etermlnatlon of metal concentrations In of either group of industries to the western end of Lake St. Francis,
macroinvertebrates , , _ north of the St. Lawrence Seaway. The least impacted zone covers

At each downstream study site, aquatic macroinvertebrates Wetge river reach south of the St. Lawrence Seaway from lle Saint-
sampled from surface sediments and macrophytes using a dip N§$ggis to Thompson Island in Lake St. Francis (Fig. 1). Study sites
Organisms were sorted from sediments, plants, and debris in th@ {he most impacted zone are located in waters originating totally
field and separated into various taxonomic groups. Organisms coly mostly from the north channel, while sites in the least impacted
lected in sufficient numbers for metal analyses belonged to five,gne are situated in waters originating from both the north and
taxa: Gammarus fasciatus (Amphipoda), Orconectes sp.  goyth channels. It is important to note that study sites within the
(Decapoda)Bythinia tentaculatgGastropoda), Chironomidae, and st impacted zone, when it is defined relative to the position of
Oligochaeta. Collected organisms were kept on ice in the field anghomtar Fine Papers/ICI Forest Products, are also impacted by
frozen the same day at —18°C until analysis. Besides one site sangqyriaulds Fibers/Courtaulds Films, except for sites D14 and D15.
pled in late June, the sampling of macroinvertebrates was Carr'eéomparisons of metal concentrations among zones were performed
out over a 5-week period from mid-July to mid-August 1994. ;5ing analyses of covariance (ANCOVA). To take into account any

In the laboratory, macroinvertebrate samples were prepared fQkffect that sediment composition (proportion of silt and clay, guan
metal analysis following a method modified from Cain et al. ity of organic matter) can have on metal concentrations in-sedi
(1992). Frozen samples were thawed at room temperature andents, these variables were treated as covariates in the statistical
rinsed thorou_ghly in deionized distilled water to remove any parti analyses. The ANCOVAs were performed twice, first relative to the
cles and detritus from external surfaces. Gastropods were separatsgsmon of Domtar Fine Papers/ICI Forest Products and then rela
from their shells, as only the soft tissues were analyzed for metafie to the position of Courtaulds Fibers/Courtaulds Films. In all
content. Excess water was removed and the organisms were d”%\ICOVAs, the complete ANCOVA model was first computed to
at 80°C for 48 h. Organisms were sorted by size and, in order tgnheck for the absence of interaction between the main factor and
meet analytical detection limits for trace metal analysis, similar-ihe covariate (i.e., equality of slope), and then the reduced model
sized organisms of each taxa were pooled to a total dry weight ofyithout the interaction term was computed. Statistical results pre
usually at least 50 mg. Macroinvertebrate body size was measuregbnted in the text and in tables are based on the reduced model.
as the mean dry weight of the individuals composing a sample.

Macroinvertebrate samples were digested with concentrate
nitric acid in closed Teflon vessels using a 630-W pressureResults
controlled microwave sample preparation system Nitric acid was . . .
used to digest samples. Samples were heated at 100% power in tdd€tal concentrations in sediments )
steps: 40 min at 85 psi (1 psi = 6.895 kPa) followed by 30 min at In shallow littoral areas, sediments were composed mainly
130 psi. Once the digestion terminated, samples were allowed t6f sand, with the silt and clay fraction representing only a
cool down for at least 15 min. Digested samples were thentranssmall proportion. The mean amount of sand per site ranged
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from 38 to 87%, with a median of 78%, whereas the mearcentration at downstream site D14, we repeated the analysis
proportion of fine inorganic particles (silt and clay) rangedwithout that site. Without site D14, Hg concentrations were
from 11 to 60%, with a median of 17%. The organic matterstill significantly higher downstreanp(< 0.010).
content of littoral sediments was also generally low. Mean
values per site ranged from 1.3 to 18.0%, with a median ofVietal concentrations in macroinvertebrates
2.9%. Organic matter content and the proportion of fine in  Metal concentrations in invertebrates differed amongtaxo
organic particles were strongly and positively correlated ( nomic groups, and these differences were metal specific
0.78,p = 0.0004,n = 16). (Fig. 3). The median of mean concentration values per site
Metal concentrations in littoral sediments were generallyamong taxa ranged 0.11-0.4§-g* for Cd, 1.6-8.5ug-g*
below the lowest effect level of the Ontario provincial sedi for Cr, 14-292ug-g* for Cu, 790-5044ug-g* for Fe,
ment quality guidelines (Persaud et al. 1993) (Fig. 2). Thed.070-0.155ug-g* for Hg, 1.3-4.8ug-g* for Ni, 0.7—
median of mean concentration values per site was @2§*  5.0ug-g* for Pb, and 66-274g-g* for Zn. The gastropod
for Cd, 10.2ug-g* for Cr, 8.5ug-g* for Cu, 9145u9-g* for B. tentaculataaccumulated the highest concentrations of Cd,
Fe, 0.082ug-g™* for Hg, 8.9ug-g* for Ni, 7.3pg-g* for Pb, Cu, Hg, and Zn and, with the Chironomidae and Oligo
and 44pg-g* for Zn. Sediments at a few study sites, how chaeta, accumulated the highest levels of Fe and Pb. The
ever, had mean concentrations of one or several metals (C&hironomidae also accumulated the greatest amounts of Cr
Cu, Fe, Hg, Ni, and Zn) just above the lowest effect level,and Ni. In contrast, the Chironomidae and Oligochaeta-accu
and sediments at one site in particular (D14) had a high Hgnulated relatively low to intermediate levels of Cd, Cu, Hg,
concentration (mean of 1.18)-g %) (Fig. 2). The Hg level at and Zn. Generally, the amphipd@al fasciatusand the decapod
site D14, which is situated 1 km downstream of a known lo Orconectessp. accumulated relatively low to intermediate
cal point source of Hg, was at least 10 times higher than thenetal concentrations. Generally, chironomids and eligo
median of mean Hg concentration values per sitechaetes accumulated relatively similar metal concentrations,
(0.082ug-g?). Apart from site D14, these higher metal eon as did decapods and amphipods. These observed differences
centrations were observed at sites with the highest amounta metal bioaccumulation among taxonomic groups were
of silt and clay or of organic matter. The highest mean confound to be highly significant (one-way ANOVA, all metals
centrations of Cr and Pb, although below the lowest effecexcept Hg:p < 0.00001; Kruskal-Wallis one-way ANOVA,
level, were also observed at one or several of those sitedg: p = 0.0086). However, since no metal concentration data
(Fig. 2). In addition, mean sediment metal concentrationsvere available for all study sites for any of the taxa besides
were positively and often strongly correlated with one an-G. fasciatusthe analysis was repeated with the data of sites
other. Only the correlations between Fe and Cd, Ni and CdD8 and D14 (the only two study sites where metal levels
and Pb and Ni were not significant. Most correlation coeffi-were measured for all five taxa). In both cases, metal levels
cients () were above 0.6, and half were greater than 0.7differed significantly among taxa (parametric or Kruskal—
Thus, all metals showed a relatively similar spatial distribu-Wallis one-way ANOVA, site D8p < 0.00002, site D14p <
tion. 0.009), and the relative differences among taxonomic groups
Metal concentrations in littoral sediments were positivelywere generally very similar to those observed when all study
related to both the proportion of silt and clay (Fig. 2) and thesites were included (Fig. 3), except for unexpectedly low Hg
quantity of organic matter (most relationshigs< 0.0001). concentrations irB. tentaculataat site D14 ( = 1).
Between 48 and 78% of the variation in Cd, Cr, Cu, Hg, and As with sediments, Hg concentrations in invertebrates
Pb concentrations and between 23 and 38% of the variatiowere high at study site D14 relative to any other site. For
in Fe, Ni, and Zn concentrations among sediment sample&. fasciatus Orconectessp., and the Chironomidae, Hg lev
could be significantly explained by one of the two physico els at that site were 10 times higher than the median of mean
chemical variables (linear regression analysis). The organiconcentration values per site of 0.070, 0.086, and
matter content of sediments explained the greatest amount 6f098 ng-g?, respectively. Although also elevated at site
variation in Cd, Cu, Hg, Pb, and Zn concentrations, whileD14, Hg levels in the Oligochaeta were highest at site D15
the proportion of fine inorganic particles explained the darg situated a few kilometres downstream from site D14, possi
est amount of variation for Cr and Fe. Both variables ex bly due to an extreme concentration value for one sample. In
plained the same amount of variation in Ni concentrationscontrast, Hg levels iB. tentaculatawere surprisingly low at
However, a statistical comparison for each metal of the resite D14 ( = 1). No particularly elevated levels relative to
sidual mean square of both regression models showed, erther sites were observed for any other metal, except possi
cept for Cd, that the proportion of silt and clay predictedbly for Pb concentrations i©rconectessp. at site D7 and
metal levels as well as the quantity of organic matter ( D16 (n = 1) and Cd levels in the Oligochaeta at site D5.
tests,p > 0.05, Cd:p < 0.05). Examination of the residual Compared with metal concentrations in the sediments,
values of the regression models revealed that the Hg levehacroinvertebrates were generally found to have lower lev
observed at site D14 was much higher than expected frorals of Cd (except foB. tentaculaty Cr, Fe, Ni, and Pb and
the two models. higher concentrations of Cu and Zn. Mercury concentrations
Only Hg concentrations were found to be significantly in invertebrates were similar to levels in the underlying sedi
higher downstream from the dam, while Cr and Fe levelsnents, except for slightly higher concentrations in
were significantly higher upstream (ANCOVA, Hgp =  B. tentaculata(Fig. 3).
0.020, Cr:p = 0.0014, Fe:p = 0.0047). To verify that the
significant difference in Hg levels among upstream andinfluence of local point sources
downstream sediments was not only a result of the high con Comparisons of metal levels in littoral sediments and lit
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Fig. 2. Comparison of mean sediment metal concentrations (per gram dry weight) per site between upstream (open ig)les)d
downstream (solid circles) = 13) littoral sites. Metal concentrations are plotted against the mean proportion of silt and clay (percent
dry weight) per site. Solid lines represent regression lines and the horizontal broken line indicates the lowest effect level of the Ontario

sediment quality guidelines.

100 7
1 -
[ ]
‘TCD T?)
2 2
5 5
© £
(@] 01 O
(@]
T 1 T 1
10 100 10 100
Silt and Clay (%) Silt and Clay (%)
100 5
— [ ]
By E i °
P > 10000 @V o
2 > [ ] [ ]
- =3
2 H .
o [e]
o =
o
g - ) 1000 )
10 100 10 100
Silt and Clay (%) Silt and Clay (%)
1 4 [ ]
o -
| L 2 10
2 2
g 014 ‘,3//"/ T
o X
5] ° o %
= O
W
O o
0.01 L ) 1 )
10 100 10 100
Silt and Clay (%) Silt and Clay (%)
100
[ ]
..H.“.H.“.H.H.”.H.‘ ................. wod ; """"""""""""""""""

[¢]
[

Lead (ug'g™")
2
1
® o
@]
[ ]
Zinc (ug+g”)
g °
LAWY
[ ]
@]
[ ]

10 100 10 100
Silt and Clay (%) Silt and Clay (%)

toral macroinvertebrates among reference, most impactedpncentrations were higher in the zone most impacted by
and least impacted zones (as defined relative to Domtar FinBomtar Fine Papers/ICI Forest Products (zone also impacted
Papers/ICI Forest Products and Courtaulds Fibershy Courtaulds Fibers/Courtaulds Films) (ANCOVA, propor
Courtaulds Films) showed that local sources only had dion of silt and clay as the covariatp:= 0.037, organic mat
statistically significant impact on sediment and macro ter content as the covariatp:= 0.0097) (Fig. 4), while Zn
invertebrate Hg and Zn concentrations. In sediments, Hdevels were higher in the zone most impacted by Courtaulds
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Fig. 3. Comparison of metal concentrations (per gram dry weight) in macroinvertebrates among taxa and with levels in the sediments.
Box plots represent the distribution of mean concentration values per site. The horizontal broken line represents the median of mean
sediment metal concentrations per site (calculated without site D3). Tax@n fhsciatusn = 15 sites; taxon 20rconectessp.,n =

10; taxon 3:B. tentaculatan = 12; taxon 4: Chironomidae = 10; taxon 5: Oligochaeta) = 10.
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Fibers/Courtaulds Films (with the two sites immediately be Concentrations of other metals differed little among zones
low Domtar Fine Papers/ICl Forest Products considered af > 0.05), except for higher Fe levels in the reference and
reference) (ANCOVA, proportion of silt and clay as the most impacted zones relative to Courtaulds Fibers/
covariate;p = 0.016, organic matter content as the covariateCourtaulds Films (ANCOVA, proportion of silt and clay as

p = 0.0097) (Fig. #). To verify that the significant differ  the covariatep = 0.041).

ence in Hg levels among zones was not only a result of the For macroinvertebrates, Hg concentrations in Oligochaeta
high concentration at site D14, we repeated the analysiand Zn concentrations in Chironomidae were higher in the
without that site and obtained a similar resytt € 0.01). zone most impacted by Domtar Fine Papers/ICI Forest-Prod
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Fig. 4. Comparison of mean sediment Hg and Zn concentrations (per gram dry weight) per site among reference (circles), most im
pacted (triangles), and least impacted zones (squares) as defined rela@yeDimn{tar Fine Papers/ICl Forest Products (Hg) and

(b) Courtaulds Fibers/Courtaulds Films (Zn). Metal concentrations are plotted against the mean amount of silt and clay and of organic
matter (percent dry weight) per site. Solid lines represent regression lines and the horizontal broken line indicates the lowest effect
level of the Ontario sediment quality guidelines.
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ucts (zone also impacted by Courtaulds Fibers/Courtauld$able 1. Summary of significant differences in the comparison
Films), whereas Cr levels iG. fasciatuswere higher at ref  (ANCOVA, body dry mass used as covariate) of mean metat con
erence sites (Table 1). Although differences among zonesentrations in macroinvertebrates among reference, most impacted,
were not significant, Hg concentrations in other taxa wereand least impacted zones as defined relative to Domtar Fine Papers/ICI
generally higher in the most impacted zone. Relative tdrorest Products and Courtaulds Fibers/Courtaulds Films.
Courtaulds Fibers/Courtaulds Films, Hg concentrations ir

B. tentaculataand Zn concentrations iB. tentaculataand ~ Metal Taxon P
G. fasciatuswere higher in the most impacted zone {Ta Domtar Fine Papers/ICI Forest Products
ble 1). Concentrations of other metals in macroinvertebrate Hg* Oligochaeta 0.0002
differed little among zonesp(> 0.05). Zn* Chironomidae 0.028
Cr G. fasciatus 0.047
. - Courtaulds Fibers/Courtaulds Films
Discussion Hg* B. tentaculata 0.041
Metal levels in littoral sediments zn” B. tentaculata 0.033
Metal concentrations in sediments of shallow littoral areas_Zn G. fasciatus 0.030

were generally low, and these low levels reflect the low fine Note: Metals marked with an asterisk had higher levels in organisms
particulate material (inorganic and organic) content of thefrom the most impacted zone. S _

largely sandy sediments. The occurrence of highly signifi ®No reference sites could be included in this comparison.

cant and often strong positive relationships between metal

concentrations and the proportion of silt and clay and orin metal accumulation in littoral sediments. Other studies in
ganic matter content strongly suggests that metals were athe Great Lakes — St. Lawrence River system, including the
sociated with these particulate materials and thatCornwall — Lake St. Francis area, have also shown a link be
consequently, sediment composition played a dominant roleveen sediment composition and metal concentrations (e.g.,
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Anderson 1990; Carignan et al. 1994; Flessas 1994; Metal concentrations in littoral sediments were also €eom
Richman 1994). This is consistent with the traditional con pared with levels reported for several contaminated areas of
cept that, in aquatic sediments, metals are predominantlthe Great Lakes (Jaagumagi and Persaud 1992) (Table 2).
associated with the fine-grained fractions (<68m) For most metals, concentrations were toward the lower end
(Salomons and Forstner 1984; Forstner 1987; Moore et abf the range of values for those areas. Only Hg concentra
1989). Metals can also be associated with organic mattetjons (median of 0.08ig-g* corresponding to the 36th per
and this association could be due to metal accumulation ancentile of the Great Lakes values), and to a smaller extent Ni
deposition by phytoplankton (Sigg et al. 1987). Since, in(8.9ug-g?, 21%) and Zn (44ug9-g™*, 22%), approached the
general, littoral sediments had low amounts of fine inorganianedian concentration values for the Great Lakes areas.
and organic particles, metal concentrations are therefore

expected to be low, unless the sediments were directlyjetal levels in littoral macroinvertebrates

impacted by a local point source (e.g., site D14 discussed |jttoral macroinvertebrates showed metal-specific differ
belOW). _Furthel’, the h|gher metal Concer_]tratlons observed %nces in bioaccumu'ation among taxonomic groups_ These
a few sites, for example, those exceeding the lowest effecjfferences were evident among three groups of taxa:
level of the Ontario sediment quality guidelines (except Hgchironomids/oligochaetes, amphipods/decapods, and gastro
at site D14 and possibly Zn at D2), are most likely a resultyods. These differences in metal concentrations could reflect
of the higher amounts of fine particulate materials in thegifferent feeding habits and degree of association with the
sediments of those sites. sediments but also variation in physiological processes and
The much higher Hg concentration at study site D14.the influence of gut contents (Smock 1983; Krantzberg and
however, cannot be adequately explained by the compositioBtokes 1989; Timmermans et al. 1989; Hare 1992). Chirono
of the sediments. Sediments at that site had only a moderatgrids and oligochaetes bury themselves in sediments and are
amount of organic matter (mean of 5.9%) and a low preportherefore very closely associated with sediment-bound met
tion of silt and clay (mean of 17%). Yet, the concentration ofals. Oligochaetes ingest sediments along with detritus, while
Hg (mean of 1.121g-g™%) was found to be 10 times higher chironomids feed on particles on the surface of the sedi-
than the value expected from the regression models of Hegnents or trapped on their tube walls (Jackson 1988; Bendell-
concentrations on the amount of fine inorganic particles antvoung et al. 1994). In contrast, gammarids and juvenile
of organic matter. The occurrence of high Hg levels in thatdecapods are both detritivores and herbivores, while
area was also observed by Anderson (1990) and RichmaB. tentaculatais an organism that feeds on periphyton
(1994). The high Hg enrichment at site D14 therefore(Thorp and Covich 1991; Amyot et al. 1994; Flessas 1994).
strongly suggests an impact from a local point source (presBecause bottom sediments are considerably enriched in met-
ent or historical). Study site D14 is in fact situated 1 kmals with respect to overlying waters, macroinvertebrates that
downstream of Domtar Fine Papers and ICI Forest Productsire more closely associated with the sediments are more
two known historical sources of Hg (St. Lawrence RAP likely to accumulate higher metal concentrations than others
Team 1992). living in the same general habitat (Smock 1983; Jackson
The low metal concentrations in littoral sediments contrasfl988). Indeed, chironomids and oligochaetes accumulated
with the higher levels reported by Poulton (1994) andhigher Cr, Fe, Ni, and Pb concentrations than gammarids
Richman (1994) for deep open-water (up to 13 m) and-relaand decapods. However, Cd, Hg, and Zn levels were- rela
tively deep nearshore (1.5-4 m) sites in the same aretively similar among these four taxa, while Cu levels were
(Fig. 5). These differences in metal levels between littoralhigher in gammarids and decapods. Another possibility,
sediments and deeper sites, however, are mainly attributabtben, is the influence of gut contents on metal concentrations
to differences in sediment composition, as the proportion ofn invertebrates. For example, Amyot et al. (1994) showed
silt and clay significantly explains most of the variation in that Cr, Fe, Ni, and Pb concentrations in gut contents af
metal concentrations among the three studies, except for Hffected metal concentrations i@. fasciatus while Cu, Zn,
In fact, littoral sediments had much lower amounts of fineand Cd had no significant effect (Hg not investigated). If this
inorganic particles, a median of 17%, compared with mediis also true for chironomids and oligochaetes, then the possi
ans of 42 and 68% at sites assessed by Poulton (1994) afyy greater proportion of sediments in the gut of these inver
Richman (1994), respectively. The spatial distribution oftebrates could contribute to higher levels of Cr, Fe, Ni, and
metals in surficial sediments of the Cornwall area thereford?b, while no effect would be expected on Cd, Cu, and Zn
mainly reflected the sorting of fine particles toward the concentrations. The higher Cu levels in gammarids and
deeper parts of the river. In the case of Hg, however,-sedidecapods could reflect the presence of the Cu-containing
ment composition is not the most important factor inpigment haemocyanin in their haemolymph. Depledge
explaining the difference in concentrations among studies(1989) estimated the Cu bound in enzymes and haemocyanin
Mercury concentrations (corrected for the proportion of siltto be around 8@g-g dry weight whole body in the marine
and clay) at sites assessed by Richman (1994) were on avetecapodCarcinus maengsapproximately what we measured
age higher by about one order of magnitude compared witin gammarids and decapods.
sites assessed by Poulton (1994) and with littoral sediments Chironomids and oligochaetes also accumulated slightly
(this study) (Fig. 5). This Hg enrichment was highest at siteshigher Fe and Pb levels than the herbiv@etentaculata
close to known local sources of Hg (also true for site D14 inHowever, Cd, Cu, Hg, and Zn concentrations were found to
the present study). Therefore, this suggests that local sourceg highest in this gastropod species, compared with any of
contributed to the Hg contamination of sediments over ahe other taxa. This result could indicate a generally greater
substantial area. metal bioavailability from periphyton or marked differences
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Fig. 5. Comparison of mean metal concentrations (per gram dry weight) per site in littoral sediments (circles) with levels reported in
the studies of Poulton (1994) (triangles) and Richman (1994) (squares) for deeper sites in the Cornwall area. Metal concentrations are
plotted against the mean amount of silt and clay (percent dry weight) per site. Solid lines represent regression lines and horizontal bro
ken lines indicate the lowest effect and the severe effect levels of the Ontario sediment quality guidelines.
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in the physiological processes of metal uptake and regulaG. fasciatus respectively, sampled from the same sites in
tion among these macroinvertebrate taxa. The higher Cd,ake St. Louis (a fluvial lake on the St. Lawrence River).
Cu, Fe, Pb, and Zn concentrations B tentaculatacom- These differences in metal bioaccumulation among taxo
pared withG. fasciatusare consistent with results reported nomic groups demonstrate the importance of assessing metal
by Flessas (1994) and Amyot et al. (1994) (see below), whaccumulation in organisms with different feeding habits, de
studied metal levels (Hg not assessedBirtentaculateand  gree of association with the sediments, and physiology in
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Table 2. Comparison of metal concentrations in littoral sediments and in chironomids and oligochaetes (val
ues pooled) with levels reported for sediments and benthic macroinvertebrates from contaminated areas of the

Great Lakes (Jaagumagi and Persaud 1992).

Littoral zone Great Lakés

Metal Median Range n Median Range n Percentile

Sediments
Cd 0.23 0.11-0.88 16 0.83 0.02-18.00 138 11
Cr 10 7-25 16 34 5-170 66 5
Cu 8 2-30 16 38 1-430 138 8
Fe 9145 4952 — 22 238 16 18 000 3900 — 110 000 138 14
Hg 0.08 0.01-1.12 16 0.12 0.01-8.50 132 36
Ni 9 5-21 16 15 3-42 61 21
Pb 7 1-26 16 50 2-570 138 9
Zn 44 16-174 16 105 10-2800 126 22

Macroinvertebratés
Cd 0.15 0.03-0.58 15 0.63 0.03-8.36 138 3
Cr 8.5 2.8-14.8 10 8.2 1-70 66 53
Cu 16 11-18 15 23 0-145 138 28
Fe 5035 2643-8717 15 2770 377 — 16 069 138 89
Hg 0.09 0.04-0.68 15 0.20 0.01-2.48 132 15
Ni 4.8 1.4-7.2 10 4.2 0.1-18.9 61 54
Pb 4.5 2.4-7.0 15 6.8 0.6-112.5 138 18
Zn 86 67-130 15 138 12-635 126 16

Note: Values are medians of mean concentratiqng-¢ dry weight') per site. Also given for each metal is the percentile
of the values reported for the Great Lakes areas corresponding to the median concentration value in the present study.

#Only the sites with data for both sediments and macroinvertebrates were used in this comparison.

®Macroinvertebrate samples from the Great Lakes areas were mostly composed of oligochaetes and chironomids.
Concentrations were converted from a wet weight basis to a dry weight basis using the following formula: yedug dny
weight = value inug-g wet weight x 100/15.9 (Persaud et al. 1987). For Cr and Ni, only the concentration values for
chironomids (this study) could be used in the comparison.

order to adequately assess the impact of sediment contanhiological response of most taxa to Hg enrichment at that
nation on macroinvertebrate communities (Smock 1983site suggests that, when organisms are exposed to high lev-
Moore et al. 1991; Clements and Kiffney 1994). els in sediments, bioaccumulation is a community-level re-
The comparison of metal concentrations in organism$ponse (Luoma 1989; Moore et al. 1991; Cain et al. 1992).
with levels in the underlying sediments showed that Cu and Metal concentrations in littoral macroinvertebrates were
Zn were accumulated above sediment levels in all five taxagenerally similar or lower than levels described for the same
whereas Cd (except iB. tentaculaty Cr, Fe, Ni, and Pb or related taxa from low to moderately contaminated €nvi
concentrations were generally lower than levels in the-sedironments (unless indicated otherwise, organisms in those
ments. Timmermans et al. (1989) also observed a similastudies were not depurated). Concentrations of Cd, Cr, Cu,
pattern in a littoral food web, including the occurrence ofFe, Ni, Pb, and Zn irG. fasciatuswere comparable with or
higher Cd concentrations in a gastropod species. Copper arndwer than levels reported for the same species from moder
Zn are essential metals that can be regulated by aquatitely contaminated littoral areas of Lake St. Louis and Lake
macroinvertebrates (Krantzberg 1989; Krantzberg andst. Pierre, two fluvial lakes on the St. Lawrence Riverim
Stokes 1989), and this could therefore explain their highepacted by point sources of metals (Amyot et al. 1994) (Ta
concentrations in all taxa compared with the underlying sedble 3) (Hg not investigated). In their study, Amyot et al.
iments. Mercury concentrations in all taxa were found to bg1994) concluded that the highest metal concentratiors ob
similar to levels in the sediments, except for higher concenserved were similar to levels described for other gammarids
trations in B. tentaculata This suggests a higher bio from moderately contaminated aquatic systems. Concentra
availability of Hg relative to the other metals, and this maytions of Cu, Fe, and Pb iB. tentaculata however, were
be related to the potential of this metal to biomagnify upgreater than values reported for this gastropod species from
food chains (Jackson 1988; Bryan and Langston 1992). Lake St. Louis, comparable for Zn, and lower for Cd
The high Hg concentrations in sediments at study site D14Flessas 1994) (Table 3). In that study, organisms were sam
were paralleled by elevated levels in all macroinvertebratgled from the same sites established for the study of Amyot
taxa, excepB. tentaculataMercury levels were surprisingly et al. (1994). Cadmium, Cu, Pb, and Zn levels in
low in this organism; however, this observation is based ors. fasciatus oligochaetes, and chironomids were generally
only one sample of several individuals. As with sedimentssimilar to concentrations irG. pulex Tubifex sp. (Olige
these high Hg levels in invertebrates at site D14 stronglychaeta), andChironomusspp. (Chironomidae), respectively
suggest an impact from a local source. As discussed abovéut content purged), from low contaminated littoral areas of
study site D14 is located close to two known historicaltwo European lakes (van Hattum et al. 1991). In that study,
sources of Hg (St. Lawrence RAP Team 1992). The similametal levels in sediments were similar to concentrations in
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Table 3. Comparison of metal concentrations @ fasciatusand B. tentaculatawith values re
ported for the same species from two fluvial lakes of the St. Lawrence River in Amyot et al.
(1994) G. fasciatu} and Flessas (1994B( tentaculatq

Metal This study Lake St. Louis Lake St. Pierre
G. fasciatus
Cd 0.15 (0.06-0.46) 0.44(0.15-1.76) 0.40 (0.22-0.54)
Cr (1.7-3.8) 2.2 (1.7-3.4) —
Cu 60 (46-96) 74 (62-91) 76 (64-102)
Fe 790 (409-1738) 520 (331-1297) 762 (382-1115)
Ni 1.3 (0.8-2.2) 1.3 (0.8-1.9) 2.1 (1.3-3.2)
Pb 0.9 (0.6-1.8) 0.8 (0.1-1.2) 2.7 (0.6-25.5)
Zn 66 (51-85) 75 (66-140) 80 (66-104)
n 15 12 10
B. tentaculata
Cd 0.45 (0.21-0.95) 1.09 (0.35-1.73) —
Cu 292 (154-656) 237 (140-486) —
Fe 3282 (2540-4516) 1335 (630-2269) —
Pb 2.7 (1.4-6.0) 1.6 (0.3-9.7) —
Zn 271 (140-538) 319 (184-506) —
n 12 11
Note: Values are medians of mean metal concentratipigsg( dry weight’) per site; the range is given in
parentheses.

Table 4. Comparison of metal concentrations in chironomids and Ni) or less contaminated (Cd, Cu, Hg, Pb, Zn) than benthic
oligochaetes (values pooled) with levels reported for benthic macroinvertebrates from contaminated areas of the Great
macroinvertebrates of deeper sites in the Cornwall area Lakes (Jaagumagi and Persaud 1992) (Table 2). Oligo-
(Jaagumagi and Persaud 1992). chaetes and chironomids from littoral areas accumulated
higher or similar Cr, Fe, Ni, and Zn levels and lower Cd,

Metal  This study Jaagumagi and Persaud (1992) ¢y Hg, and Pb concentrations than organisms of deeper
Cd 0.15 (0.03-0.58) 0.35 (0.13-1.01) sites of the Cornwall area analyzed by Jaagumagi and
Cr 8.5 (2.8-14.8) 5.7 (0.6-15.1) Persaud (1992) (Table 4). Richman (1994) also assessed Hg
Cu 16 (11-18) 47 (10-75) concentrations in chironomids from deeper sites and re-
Fe 5035 (2643-8717) 1075 (635-2893) ported mean Hg levels per site ranging from 0.05 to
Hg 0.09 (0.04-0.68) 0.18 (0.03-0.63) 0.43 pg-g* (median of 0.15ug-g?, gut contents purged).

Ni 4.8 (1.4-7.2) 3.1 (2.5-5.7) Concentrations in littoral chironomids (this study: median of
Pb 4.5 (2.4-7.0) 8.2 (3.8-26.4) 0.10pg-g%) were only slightly lower than these levels, and
Zn 86 (67-130) 94 (69-220) this despite the fact that Hg concentrations in littoral sedi

Note: Values are medians of mean concentratiang ¢ dry weight)) ments were muc_h Iower._ )
per site; the range is given in parentheses. This stady:15, except for These comparisons with contaminated areas of the Great
Cr and Ni wheren = 10; Jaagumagi and Persaud (1992F 8. Lakes and deeper areas in the Cornwall region suggest that

#For Cr and Ni, only the concentration values for chironomids could be metal bioavailability (at least relative to chironomids and
used in the comparison. . - . .

®Only the sites encompassed within our study area were included in thié)“gOChaeteS) d'f,fers . between, Sandy littoral Sed_'ments and
comparison (sites 362, 366, 368, 369, 371, 373, 374, and 375). deeper areas with finer sediments. Although litoral sedi
Macroinvertebrate samples were mostly composed of oligochaetes and ments had generally lower metal levels than deeper-sedi
chironomids. Concentrations were converted from a wet weight basis to aments, invertebrate metal concentrations were similar. Apart
dry weight basis using the formula given in Table 2. from variations in geochemistry that can affect the avaitabil

ity of metals from sediments (Tessier and Campbell 1987;

Luoma 1989), the feeding habit of those organisms may play

Fhe present_study. Cadmium, Cu, Fe, and Zn concentratlong role. Since chironomids and oligochaetes selectively feed
in chironomids were also lower (Cd was one order of magni on small particles (Jackson 1988; Bendell-Young et al.

tude lower) than levels described for these organisms fro : :
Canadian Shield lakes impacted by acid rain (Bende’;ev994)’ and because metals are predominantly associated

Young and Harvey 1991). Finally, Cd. Cu, Ni, and Zn €on ith these particles (see above), ingestion of fine particulate

centrations inOrconectessp. were similar to or lower (Cd material from the sandy littoral sediments could possibly re

; .sult in exposure to metals approaching that of finer and more
was one order of magnitude lower) than reported values 0 ontaminated sediments

the crayfishCambarus barton{without gut contents) from a

moderately contaminated lake in northeastern Ontario

(Alikhan et al. 1990). Iron levels were much higherGnco-  Influence of local point sources

nectessp., however, possibly due in part to the influence of The spatial distribution of metal levels in sediments and

gut contents. invertebrates suggests that local sources of Hg and Zn have
Oligochaeta and Chironomidae were as contaminated (Cgontributed to the contamination of littoral sediments and
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macroinvertebrates in the Cornwall area. The spatial distriAmyot, M., Pinel-Alloul, B., and Campbell, P.G.C. 1994. Abiotic
bution of Zn levels is consistent with the results of previous and seasonal factors influencing trace metal levels (Cd, Cu, Ni,
studies that identified Courtaulds Fibers, before its closure Pb, and Znj in the freshwater amphipG@mmarus fasciatus

in 1992, as a major source of Zn to the St. Lawrence River two fluvial lakes of the St. Lawrence River. Can. J. Fish. Aquat.
(Anderson 1990; St. Lawrence RAP Team 1992; Richman Sci- 51 2003-2016. , , S
1994). A notable exception to this is the higher than ex Anqlerson, J. 1990. St. Lawrence River enwr_onmental |_nve_st|ga
pected Zn tissue levels in chironomids at the two dewn tions. Vol. 4. Assessment of water and sediment quality in the
stream sites closest to Domtar Fine Papers/ICl Forest Cornwall area of the St. Lawrence River 1985. Ontario Ministry
Products (levels similar to concentrations downstream o}; Ofdtr}le Env'ronmenrt]' Wate:jResourgeS. BkranCh’ Toronto, Oft'
Courtaulds). However, neither of these two industries, no ec?erletra\t(i?)l;]r;gi,nl_(.:hicr:or?grlrr:izrs ’inJ.r’eIaantiorT Itco ’pggllaﬁzggétl)\gﬁteam;?y
Cornwall Chemicals, which discharges its effluents through '

th tfall. i . tribut f7n to th St Arch. Environ. Contamin. Toxicol27: 186-194.
e same outfall, is a major contributor of Zn to the area ( Bendell Young, L., and Harvey, H.H. 1991. Metal concentrations in

Lawrence RAP Team 1992). _ _ _ chironomids in relation to the geochemical characteristics of surficial
The spatial distribution of Hg concentrations in sediments  adiments. Arch. Environ. Contamin. Toxicall: 202—211.

and macroinvertebrates is also consistent with previous stugsryan, G.w., and Langston, W.J. 1992. Bioavailability, accumula
ies that indicated Domtar Fine Papers/ICI Forest Products tion and effects of heavy metals in sediments with special tefer
and Courtaulds Fibers/Courtaulds Films as major sources of ence to United Kingdom estuaries: a review. Environ. Poll6t.
Hg in this region (Anderson 1990; St. Lawrence RAP Team 89-131.
1992; Richman 1994). Sloterdijk (1991), in a study of thecain, D.J., Luoma, S.N., Carter, J.L., and Fend, S.V. 1992. Aquatic
role of Lake St. Francis as a depositional zone for conrtami insects as bioindicators of trace element contamination in cobble-
nants from Lake Ontario and the upstream section of the St. bottom rivers and streams. Can. J. Fish. Aquat. 8@i.2141—
Lawrence River, showed that the contribution of Lake-On  2154.
tario as a source of Hg to Lake St. Francis was of les€arignan, R., Lorrain, S., and Lum, K. 1994. A 50-yr record of
importance than local sources in Cornwall. Indeed, the dis pollution by nutrients, trace metals, and organic chemicals in the
tribution of Hg in bottom sediments of Lake St. Francis re- St. Lawrence River. Can. J. Fish. Aquat. Sgl: 1088-1100.
flected a major source in Cornwall. Clements, W.H., and Kiffney, P.M. 1994. Integrated laboratory and
Finally, in this study, we did not find any evidence that lo-  field approach for assessing impacts of heavy metals at the Ar-
cal sources had influenced Pb and Cu levels in sediments, or kansas River, Colorado. Environ. Toxicol. Chen® 397-404.
in macroinvertebrates, as was suggested by Richman (1994?,epledge, M.H._19$9. Re-evaluation of metabolic reqL_urements for
although Pb concentrations were slightly higher in sediments iigpi;g”d zinc in decapod crustaceans. Mar. Environ. Res.
atr:d irr; affeCW tﬁxal 3 t sl’:tiléd¥ /Sge E)thi dlocé}ltrid 2Itkim i(rjnowr:__lzilion, _A 1997. Metal concentrations in littoral sediments and aquatic
tsane')[ato Onoteouhgvl:/e\?er t(heast R?ighr?éms (199 45) onI?/ foﬁ?] d macroinvertebrates in the St. Lawrence River, near Cornwall, On-
. ’ y . - : tario. M.Sc. thesis, University of Ottawa, Ottawa, Ont.
h'ghe'f than expected Pb and Cu concentrations in Sed'menlt—?essas, C. 1994. Bioaccumulation de métaux traces chez deux
ata sng just below the shore—bgsed outfal_l of Coqrtaulds Fi- mollusques gastéropodeithynia tentaculatgprosobranche) et
bers. Since none of our study sites were situated in that'area, Physa gyrina(pulmoné), en relation avec la contamination de
our results do not exclude the possibility of a very localized gy milieu. M.Sc thesis, Université de Montréal, Montréal, Qué.
impact. That no evidence was found that local sources Ofgrstner, U. 1987. Sediment-associated contaminants — an over
metals had significantly contributed to Cd, Cr, Fe, and Ni view of scientific bases for developing remedial options. Hydro
contamination of littoral sediments and macroinvertebrates is biologia, 149 221-246.
consistent with previous studies that concluded that therelare, L. 1992. Aquatic insects and trace metals: bioavailability,
were no important local sources of these metals in the area bioaccumulation, and toxicity. Crit. Rev. Toxicd2: 327—-369.
and that, consequently, levels in the Cornwall regionJaagumagi, R., and Persaud, D. 1992. The In-Place Pollutants Pro
reflected upstream inputs (anthropogenic or natural) from gram. Vol. VII. A synthesis of the program. Ontario Ministry of
Lake Ontario (Anderson 1990; Richman 1994). Environment and Energy, Toronto, Ont.
Jackson, T.A. 1988. Accumulation of mercury by plankton and
benthic invertebrates in riverine lakes of northern Manitoba
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