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ABSTRACT
Determining the exposure of organisms to contaminants is a key component of

Ecological Risk Assessments (ERAs). Effective estimates of exposure consider not
only the total concentrations of contaminants in an organism’s surroundings but
also the availability of the contaminants to organisms. Contaminant availability can
be inferred from mechanistic models and verified by measurements of contami-
nant concentrations in organisms. We evaluated the widespread lake-dwelling insect
Chaoborus as a potential biomonitor for use in exposure assessments for three metals:
cadmium (Cd), copper (Cu), and zinc (Zn). We show that larvae of this midge main-
tain constant their concentrations of the essential metals Cu and Zn and thus cannot
be used to monitor them. In contrast, larval Cd concentrations varied widely both
among lakes and in a given lake over time. We were able to relate these variations in
biomonitor Cd to changes in lakewater Cd and pH using the Free Ion Activity Model
(FIAM). Our results suggest that Chaoborus larvae could be used as an effective tool
for estimating the Cd exposure of organisms in lakes for the purposes of ERAs.

Key Words: metal, Cd, bioaccumulation, biomonitor, ERA, lakes.

INTRODUCTION

A key goal of Ecological Risk Assessments (ERAs) is to evaluate the exposure of
organisms to contaminants (Chapman et al. 2003; Campbell et al. 2006). In lakes,
exposure is often evaluated by measuring the total concentration of a contaminant
in sediment or water, in spite of the fact that only a portion of this total is available
for uptake by organisms (Hare et al. 2003). A more direct way to evaluate exposure is
to measure contaminants in organisms, that is, to use them as biomonitors (Phillips
and Rainbow 1993).

The ideal biomonitor should be tolerant to metals, acidity, and other physico-
chemical variables so that it can be collected from the widest possible range of lakes,

Address all correspondence to Landis Hare, Institut National de la Recherche Scientifique—
Eau, Terre et Environnement (INRS-ETE), Université du Québec, 490 de la Couronne,
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L. Hare et al.

Figure 1. The aquatic larva (uppermost) of Chaoborus, in which the insect spends
the majority of its life, and the aquatic pupal stage (lower right) during
which larval tissues are reorganized to create the sexually mature aerial
male adult (lower left). Redrawn from Johannsen 1937 (larva and pupa)
and Cook 1981 (adult).

including those that are heavily contaminated. Among the myriad of lake-dwelling or-
ganisms, the phantom midge Chaoborus (Figure 1) fits this requirement well. Larvae
of this non-biting fly can be found in lakes that encompass a wide range of hardness
([Ca] of 30–2000 µmol L−1), temperature (4–32◦C), and metal concentrations (to-
tal dissolved (nmol L−1) [Cd] 0.1–20, [Cu] 5–1700, [Zn] 1–5000) (Hare and Carter
1987; Croteau et al. 1998). Especially noteworthy is the wide range in pH (4–9) that
is tolerated by Chaoborus larvae, both because metal-contaminated emissions are of-
ten very acidic and because many potential biomonitors (mollusks, crustaceans and
fish) are absent from highly acidic waters (Økland and Økland 1986).

An ideal biomonitor should also be widespread, easy to collect, large enough to
allow contaminant measurements, and identifiable to species. Chaoborus larvae meet
these criteria well because: they are found on all continents except Antarctica; they
are easy to collect, either in the sediment during the day (migratory species) or in the
water column at night (Croteau et al. 2003a); they are large enough to permit metal
measurements on individuals (Croteau et al. 2002c); and they are easily identified to
the species level (Saether 1972), which is not the case for most aquatic insect larvae
but which is important because species differences in contaminant accumulation
could confound exposure evaluations (Croteau et al. 2003a; Buchwalter and Luoma
2005). Lastly, an ideal biomonitor should have a limited capacity to regulate the
uptake and loss of metals (Rainbow 2002), such that its metal concentrations vary
in a predictable way with those in its surroundings (e.g., water, sediment, or food
particles).
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Biomonitor for Lakewater Cadmium

We set out to determine if the insect Chaoborus can be used as a biomonitor
to estimate metal exposure in lakewater for the purposes of ERAs. Specifically, we
collected Chaoborus larvae and water from a series of lakes and used the precepts of
the Free Ion Activity Model (FIAM) to determine if we could relate Cd, Cu, and Zn
concentrations in this insect to those of the free ions of these metals in lakewater. The
FIAM states that the concentration of unbound metal (the free metal ion) is a better
predictor of metal bioaccumulation and toxicity than is the total concentration of
the metal to which an organism is exposed (Campbell 1995). Although this model
has been tested with success in simple laboratory media, the goal of ERAs is to
estimate contaminant exposure in the field. We ask if the FIAM can be used to
predict metal exposure in the complexity of nature. We used the chemical speciation
code WHAM (Windermere Humic Aqueous Model; Tipping 1994, 2002) along with
measurements of total dissolved metals, pH and ligands in lakewater to estimate free
metal ion concentrations in lakewater; at present, there are few proven methods for
measuring free metal ion concentrations at natural levels in lakewater.

METHODS

We collected water samples and larvae of Chaoborus from lakes in Ontario and
Québec, Canada, from year 1987 to 2000. A complete list of the lakes, their chemical
characteristics and sampling dates are given in Hare and Tessier (1996, 1998) and
Croteau et al. (1998, 2002b). Lakes near Sudbury (Ontario) and Rouyn-Noranda
(Québec) have historically been contaminated by acidic and metal-rich atmospheric
emissions from nearby smelters, although design changes in the late 1900s have led to
dramatic reductions in the quantity of contaminants that they emit to the atmosphere
(Gunn 1995; Croteau et al. 2002b). Lakes in areas distant from these mining activities
were influenced only by weathering processes, local domestic sources (cottages), and
long range atmospheric transport.

Chaoborus larvae were collected from each of the lakes at about the same time of
year (in late May or early June, shortly after ice-off) to minimize possible differences
in their age and metal-exposure history. For example, Cd concentrations in final
instar Chaoborus punctipennis larvae are reported to be higher by a factor of ≈2 in
summer than in winter (Hare and Campbell 1992). Larvae were collected either
during the daytime, from littoral sediments (using an Ekman grab), or shortly after
sunset, from the water column (using a plankton net). Collecting larvae in the water
column has the advantage that larvae do not need to be sorted from sediments. In
the laboratory, living larvae were sorted according to species (Saether 1972) and
instar (Carter and Kwik 1977). We chose only fourth (final) instar larvae for study in
order to minimize age and size related differences and to maximize the size of larvae
for metal measurements. For samples collected prior to 1998, we held larvae in lake
water for ≈1 d to defecate their gut contents. However, because gut contents were
found to have no measurable influence on larval metal concentrations (Croteau et al.
2001), we abandoned this procedure in subsequent years. To minimize inadvertent
metal contamination, we soaked all labware in 15% nitric acid and then rinsed it
repeatedly with ultrapure water prior to use. Individuals of a given species were
pooled and placed on a piece of acid-washed Teflon sheet for drying and weighing.
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L. Hare et al.

Because our goal was to study lake to lake variations rather than individual larval
differences, we generally pooled up to 20 individuals for a single sample and made
3 to 5 such replicates of each Chaoborus species for each lake.

Lakewater was collected at each sampling site in PlexiglasTM diffusion samplers
(Croteau et al. 1998) filled with ultrapure water and separated from lake water by
a 0.2 µm nominal pore-size polysulfone membrane (Gelman HT-200). Samplers
were fixed in place either by anchoring them in the sediment (for 2 weeks) or by
suspending them in the water column (for 3 days) near the collection site for larvae
in each lake. Samplers were retrieved and water was removed for the measurement
of pH, inorganic and organic carbon, major ions and trace metals following the
procedures described in Croteau et al. (1998) and Hare and Tessier (1998). Values
for each lake are generally the means for 10–15 water samples.

We measured total dissolved trace metal concentrations by flameless atomic-
absorption spectrophotometry (AAS) (THGA graphite tube atomiser, Perkin-Elmer
model SIMAA 6000). Certified reference riverine water samples (National Research
Council of Canada -NRCC; SLRS-4, 1643d) were analyzed during each analytical run
and measured trace metal concentrations were within the certified range. Detection
limits for Cd and Zn were ≈1 nmol L−1, whereas those for Cu were ≈15 nmol L−1.
We measured major cations by flame AAS (Varian model Spectra AA-20), major an-
ions by ion chromatography (Dionex AutoIon, system DX300), dissolved inorganic
carbon by gas chromatography (Hewlett-Packard GC 5890 Series 2), and dissolved
organic carbon using a total organic carbon analyser (Shimadzu, TOC-5000A) by
the combustion-infrared method. Concentrations of free metal ions, [M2+], were es-
timated using the above measurements and the Windermere Humic Aqueous Model
version 1.0 (Tipping 1994) with the assumptions discussed in Croteau et al. (1998).

Dried insects were digested in concentrated nitric acid (100 µL acid per mg sam-
ple dry weight). Digestions were carried out either in Teflon bombs in a microwave
oven (pre-1998) or at room temperature in 4-mL high-density polyethylene vials for
7 d (post-1998). In the latter case, hydrogen peroxide (40 µL mg−1 dw) was added
24 h prior to final dilution with ultrapure water (860 µL mg−1 dw). Cooled, digested
samples were diluted to volume with ultrapure water. We submitted samples of simi-
lar weight of a certified reference material (lobster hepatopancreas, Tort 1, National
Research Council of Canada, Ottawa, ON) to the same digestion procedure during
each run; values were comparable for the two methods used. Cadmium and copper
concentrations in animals were measured by flameless AAS (Varian model Spectra
AA-30). Zinc in animals was measured by flame AAS (Varian model Spectra AA-20).
Trace metal concentrations measured in the reference material were within the cer-
tified range and the recovery of metals in spiked samples was within 10% of the
amounts added.

RESULTS AND DISCUSSION

Copper and zinc are components of several metallo-enzymes, such as cytochrome-
c oxidase (Cu) and carbonic anhydrase (Zn). Although these metals can be toxic
when in excess, their concentrations in cytoplasm tend to be tightly controlled be-
cause they are essential (Rainbow 2002). As shown in Figure 2, concentrations of
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Biomonitor for Lakewater Cadmium

Figure 2. Mean (± SD) concentrations of the essential elements Cu and Zn in
larvae of Chaoborus punctipennis versus those of the free ions of these
metals in water collected from a series of eastern Canadian lakes.

these metals in Chaoborus were similar across a wide range of Cu and Zn concen-
trations in lakewater. Thus, this insect cannot be used to monitor Cu and Zn con-
centrations in lakewater. Similar results have been reported for some freshwater
crustaceans (Amyot et al. 1994; Borgmann 1998), but there is evidence that some
freshwater plants (Campbell et al. 1985; Holding et al. 2003), mollusks (Tessier et al.
1984; Pyatt et al. 2003), and other insects (Bervoets et al. 1996; Tochimoto et al. 2003)
do not maintain their whole body concentrations of Cu and Zn constant and thus
have potential as biomonitors for these metals. These differences among organisms
likely result from the manner in which a given species manages metals, that is, either
by controlling their uptake or loss (or both) or by storing excess metal in detoxified
forms such as granules (Hare 1992; Rainbow 2002; Campbell et al. 2005).

In contrast to Cu and Zn, concentrations of the non-essential metal Cd varied by
more than an order of magnitude among C. punctipennis larvae from the various lakes
(from 0.2 to 13.3 µg g−1, Figure 3). This capacity of Chaoborus larvae to accumulate
Cd in contaminated lakes, and yet survive, is likely due to its ability to produce
the metal-binding protein metallothionein. Indeed, there is a direct relationship
between Cd concentrations in this insect and those of metallothionein-like metal-
binding proteins in its cells, which suggests that Cd induces this protein’s synthesis
beyond the concentrations required for normal metabolic use (Croteau et al. 2002a).
The wide range in Cd concentrations measured in C. punctipennis suggests that this
insect could be used to monitor Cd in lakewater. However, to determine if this is
so we need to demonstrate that Cd concentrations in Chaoborus are related in a
predictable way to those in its surroundings rather than being the result of factors
intrinsic to the insect.

Hum. Ecol. Risk Assess. Vol. 14, No. 2, 2008 233
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L. Hare et al.

Figure 3. Mean (± SD) concentrations of the non-essential metal Cd in larvae of
Chaoborus punctipennis versus those of the free Cd ion (upper panel) or
the free-Cd ion corrected for competition with H+ at biological uptake
sites (middle panel). In the lower panel, the data for C. punctipennis
(middle panel) are augmented by adding those for 3 other Chaoborus
species. Open symbols represent lakes having a pH > 5.5, whereas closed
symbols refer to lakes of pH < 5.5.

We first compared Cd concentrations in Chaoborus to those in sediment (data not
shown) because this is the place where migratory Chaoborus species spend the daylight
hours to avoid predation by fish. Of the four species that we collected (Figure 3),
only Chaoborus americanus does not take refuge in sediment since it lives in lakes
lacking fish (Croteau et al. 2003a). We found no significant correlations between
Cd concentrations in sediment and those of any Chaoborus species (Hare and Tessier
1998). This lack of a relationship is likely explained by the fact that while in sediment
Chaoborus larvae remain immobile below the oxic-anoxic boundary (Gosselin and
Hare 2003) and do not feed (Croteau et al. 2003a). In fact, because they take up Cd
only from prey in the water column (Munger and Hare 1997; Munger et al. 1999) it is
not surprising that their Cd concentrations are not correlated with those in sediment.

Because all Chaoborus species spend some of their time in the water column, we
then compared Cd concentrations in C. punctipennis to those of the free Cd ion in
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Biomonitor for Lakewater Cadmium

lakewater (upper panel in Figure 3). There is no significant correlation (p > .05)
between these two variables for the whole of the dataset. However, when lakes are
discriminated according to their pH, there is a very strong (r2 = 0.92) and signif-
icant (p < .001) relationship for C. punctipennis collected from the circum-neutral
lakes (pH > 5.5, open symbols in the upper panel of Figure 3). Thus, knowing Cd
concentrations in this insect would allow us to rank circum-neutral lakes according
to their Cd exposure level. To predict free Cd ion concentrations in lakewater for
comparison with other species and biological endpoints, we can use Cd concentra-
tions measured in the biomonitor in a model based on the FIAM and derived from
our data set;

[Cd]Chaoborus punctipennis = FCd[Cd2+] (1)

where FCd is a proportionality constant between the concentrations of Cd in C.
punctipennis ([Cd]Chaoborus punctipennis, µg g−1) and those of the free Cd ion ([Cd2+],
nmol L−1). The value of FCd (± SE) for the circum-neutral lakes in our dataset is
the slope of the relationship between the two variables, that is, ≈7.7 ± 0.5 µg g−1 L
nmol−1 (the y intercept is not significantly different from 0).

We expanded Equation (1) to include highly acidic lakes, which are common in
areas subject to industrial inputs (Gunn 1995), by assuming that H ions are able
to out-compete Cd ions at Cd-uptake sites on organisms, which leads to the low Cd
concentrations measured in C. punctipennis (Croteau et al. 2003a,b; Orvoine et al.
2006) from highly acidic lakes (Figure 3, upper panel, closed symbols). A series of
assumptions (summarised in Croteau et al. 1998) yields Equation (2),

[Cd]Chaoborus ·punctipennis = FCd−H
[Cd2+]

[H+] + Ka
(2)

where Ka is equilibrium constant for the reaction of H ions at Cd-uptake sites and
FCd−H is a proportionality constant. Using our data for lakes of all pHs in Equa-
tion (2), we found that Cd concentrations in C. punctipennis were strongly corre-
lated with [Cd2+] / ([H+] + Ka) (Figure 3, middle panel; r2 = 0.78, p < .001)
where the value of FCd−H (the slope) is 18,000 ± 1,700 µg g−1 and that of Ka is 8 ×
10−7 mol L−1 (as estimated by least-squares optimization). Our estimate of Ka is
similar to the binding site affinity reported for Cd with fish gills (2 × 10−7 to 8 ×
10−7 mol L−1; Playle et al. 1993). Overall, this result suggests that C. punctipennis could
be used to monitor Cd exposure in lakes ranging in pH from approximately 4.5
to 7.5.

To further expand (and simplify) the use of Chaoborus as a Cd biomonitor, we
combined our data for C. punctipennis with those for three other Chaoborus species
and re-estimated the values for the model constants (Figure 3, lower panel). The
model predicted Cd concentrations in the biomonitor well (r2 = 0.70, p < .001;
FCd−H = 9500 ± 880 µg g−1, Ka = 8 × 10−7 mol L−1) when the four Chaoborus species
were considered together, which suggests that this model would be reliable even if
Chaoborus species were pooled for metal analyses.

The aforementioned data augur well for using Chaoborus to monitor Cd exposure
in lakes located along a spatial gradient in Cd concentrations. Because contaminant
inputs to lakes near Canadian smelters have declined over the last several decades
(Gunn 1995; Croteau et al. 2002b), we also tested whether Chaoborus larvae would be
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L. Hare et al.

Figure 4. Changes in lakewater pH (upper panel), free Cd ion concentrations
(middle panel), and Cd concentrations in larvae of C. punctipennis (lower
panel) collected at two times approximately a decade apart. Lakes are
ordered according to their initial pH. Stars represent model predictions
using Eq. (2) (see text).

effective as biomonitors of temporal changes in Cd by revisiting, after approximately
a decade, lakes located near metal smelters in Rouyn-Noranda (QC) and Sudbury
(ON). As shown in Figure 4, pH had increased in most lakes (uppermost panel),
whereas Cd2+ concentrations had declined in all lakes (middle panel), with the great-
est changes being measured in lakes that were formerly most highly acidic. Although
these Cd2+ decreases were undoubtedly a result of reduced inputs from the nearby
smelters, they were also likely related to the increase in lakewater pH; with increas-
ing pH, Cd sorbs more strongly onto particles that subsequently settle out from the
water column and more-readily forms complexes with dissolved ligands (Sigg 1987).

When we measured temporal changes in Cd concentrations in C. punctipennis
(Figure 4, bottom panel), we found that while they had either declined or shown
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D
ow

nl
oa

de
d 

B
y:

 [H
ar

e,
 L

an
di

s]
 A

t: 
20

:5
9 

11
 A

pr
il 

20
08

 

Biomonitor for Lakewater Cadmium

negligible change in seven of the nine lakes, they had actually increased over time
in 2 of the most highly acidic lakes (pH initially <5), despite substantial decreases in
[Cd2+] (Figure 4, middle panel). We used Equation (2) to predict the effect of these
concomitant changes in pH and Cd2+ on Cd concentrations in the biomonitor (as
indicated by the stars in the lower panel of Figure 4). Overall, there was reasonable
agreement between our measured and modeled values (r2 = 0.56, p < .001). For
example, in the four lakes in which [Cd]Chaoborus declined markedly (initial pHs
of 5.8, 6.5, 6.7, 7.2), the model predicts these changes, as it does for the direction
of change for the 2 lakes in which [Cd]Chaoborus increased over time (initial pHs
of 4.5 and 4.8). However, the magnitude of modeled and measured values differs
for the lake having an initial pH of 4.8 as well as for the 3 lakes in which there was
little change over time (initial pHs of 4.7, 5.9, 6.9); that is, the model predicts larger
increases in [Cd]Chaoborus.

Differences between measured and predicted values (Figure 4, lower panel) are
likely related to the fact that Chaoborus larvae take up their Cd from prey rather
than from lakewater (Munger et al. 1997, 1999) and thus the relationships described
by Equations (1) and (2) are indirect. As a result, Cd and H ions likely compete
for Cd-uptake sites not on Chaoborus but on organisms at lower trophic levels and
the effect of reduced Cd uptake by phytoplankton and zooplankton is transferred
up the food chain to Chaoborus. We tested this hypothesis in the laboratory using
copepods, a common prey of Chaoborus (Fedorenko 1975; Hare and Carter 1987).
We discovered that copepods take up Cd from water (≈60%) and that their Cd
uptake is correspondingly suppressed at low pH (Orvoine et al. 2006). Yan et al.
(1990) have also reported that Cd concentrations are low in the zooplankton of
highly acidic lakes. We then determined that the transfer of Cd from copepods to
Chaoborus is efficient; indeed, ≈50% of a copepod’s Cd is assimilated by this predator
(Orvoine et al. 2006). These results suggest that suppression of Cd uptake in the food
chain leading to Chaoborus can explain the low Cd concentrations measured in this
predator in highly acidic lakes. Because prey Cd concentrations determine those
in Chaoborus, temporal changes in prey species composition and abundance will
likely influence [Cd]Chaoborus. Such changes in plankton communities do occur in
lakes recovering from acidification and metal contamination (Keller and Yan 1991;
Nicholls et al. 1992; Gunn 1995), and they are likely to reduce the predictive power
of Equation (2).

Because model predictions are not perfect, we can ask the question: Are we sat-
isfied in explaining the majority of the variation between Cd concentrations in our
biomonitor and those in lakewater? In the context of exposure assessment for ERAs,
the answer to this question is likely yes. To improve the model we would likely have
to both improve our estimates of [Cd2+] as well as make the model more complex
by taking into account differences in plankton communities among lakes. However,
making the model more complex would likely deter the average user whose goal
is simply to rank lakes according to a biologically meaningful scale of Cd contami-
nation. In practice, considering differences in plankton communities would not be
simple; attempts to relate Cd concentrations in Chaoborus to those in various size
fractions of zooplankton have proven difficult and strong correlations are obtained
only when Cd concentrations are measured in individual prey types that are known
to be consumed by the predator (Croteau et al. 2003b). Sorting bulk zooplankton
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L. Hare et al.

Figure 5. Temporal changes in Cd concentrations in Chaoborus punctipennis (solid
lines) and Chaoborus americanus (dashed lines) exposed to dietborne Cd
at either 5◦C or 22◦C. Model curves were obtained using the parameters
and Eq. (4) presented in Croteau et al. (2002c).

samples to perform prey Cd analyses would clearly be beyond the reach of most
biomonitoring programs!

One advantage of using biomonitors is that they integrate changes in contaminant
concentrations over time (Phillips and Rainbow 1993). For example, Cd concentra-
tions in large freshwater bivalves integrate those in their surroundings over a period
of a year or more (Couillard et al. 1995). This begs the question: How long does it
take Cd concentrations in Chaoborus larvae to reach an apparent steady state? To an-
swer this question, we used a dynamic bioaccumulation model (Croteau et al. 2002c;
Luoma and Rainbow 2005) that includes terms for both Cd uptake (including Cd
concentrations in prey, prey ingestion rates, and Cd assimilation efficiency) and Cd
loss (physiological loss and dilution due to animal growth). The result of this mod-
eling exercise suggests that Cd concentrations in Chaoborus would reach a steady
state with those of its surroundings within a time frame of several weeks to months
depending on the temperature and the species involved (Figure 5). It is interesting
to note that larval Cd concentrations at steady state tend to be greater at higher
temperatures, in part because prey ingestion rates and Cd assimilation efficiency
increase with increasing temperature (Croteau et al. 2002c). Furthermore, a steady
state in Cd concentrations tends to be reached sooner at higher temperatures for
migratory species such as C. punctipennis (because its rate constants for growth and
Cd loss are greater at higher temperatures, Croteau et al. 2002c); however, this is not
the case for non-migratory species such as C. americanus (Figure 5).

Although model simplicity is a virtue, the result of the modeling exercise (Figure 5)
shows that the complexity of biodynamic models (Luoma and Rainbow 2005, Goulet
et al. 2007) is warranted if we need to answer mechanistic questions about the biomon-
itor to optimize its rational application. Such models have also proven useful for
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Biomonitor for Lakewater Cadmium

explaining differences in Cd concentrations among Chaoborus species (Croteau et al.
2001) as well as for determining the route of entry of metals into Chaoborus larvae
(Munger and Hare 1997; Munger et al. 1999).

CONCLUSION

Because Cd can be highly toxic (Borgmann et al. 2004) and because it is released
into the environment by numerous human activities (Chapman et al. 2003), a means
of ranking lakes according to their potential for Cd exposure and toxicity would be
useful for the purposes of ERAs. Our data suggest that Chaoborus is a good biomonitor
for Cd, but not for the essential metals Cu and Zn. We recommend that it be tested
as a biomonitor for other trace elements such as Co, Hg, Ni, Se, and Tl. Although
other organisms might also fit the bill as Cd biomonitors in lakes (e.g., the amphipod
Hyalella azteca in circum-neutral lakes; Stephenson and Mackie 1988), there are few
for which the necessary work has been done to show that their metal concentrations
are indeed correlated with those in their surroundings and even fewer that have har-
nessed the predictive power of mechanistic-type models that have the potential for
predicting metal bioaccumulation in nature (Pace 2001; Luoma and Rainbow 2005).
We suggest that the type of mechanistic models described in this article provide a
promising means for developing biomonitors for metals in aquatic systems.

ACKNOWLEDGMENTS

We acknowledge comments by D. Buchwalter, D. Cain, and D. Ponton as well as
funding from the Metals in the Environment Research Network, the Mining Associ-
ation of Canada, Ontario Power Generation, the National Sciences and Engineering
Research Council of Canada, and the Québec Fonds de Recherche sur la Nature et
les Technologies.

REFERENCES

Amyot M, Pinel-Alloul B, and Campbell PGC. 1994. Abiotic and seasonal factors influencing
trace metal levels (Cd, Cu, Ni, Pb, and Zn) in the freshwater amphipod Gammarus fasciatus
in two fluvial lakes of the St. Lawrence River. Can J Fish Aquat Sci 51:2003–16

Bervoets L, Blust R, and Verheyen R. 1996. Effect of temperature on cadmium and zinc uptake
by the midge larvae Chironomus riparius. Arch Environ Contam Toxicol 31:502–11

Borgmann U. 1998. A mechanistic model of copper accumulation in Hyalella azteca. Sci Total
Environ 219:137–45

Borgmann U, Nowierski M, Grapentine LC, et al. 2004. Assessing the cause of impacts on
benthic organisms near Rouyn-Noranda, Quebec. Environ Pollut 129:39–48

Buchwalter DB and Luoma SN. 2005. Differences in dissolved cadmium and zinc uptake
among stream insects: Mechanistic explanations. Environ Sci Technol 39:498–504

Campbell PGC. 1995. Interactions between trace metals and aquatic organisms: A critique of
the free-ion activity model. In: Tessier A and Turner D (eds), Trace Metal Speciation and
Bioavailability in Aquatic Systems, pp 45–102. John Wiley & Sons, New York, NY, USA

Hum. Ecol. Risk Assess. Vol. 14, No. 2, 2008 239



D
ow

nl
oa

de
d 

B
y:

 [H
ar

e,
 L

an
di

s]
 A

t: 
20

:5
9 

11
 A

pr
il 

20
08

 

L. Hare et al.

Campbell PGC, Tessier A, Bisson M, et al. 1985. Accumulation of copper and zinc in the
yellow water lily, Nuphar variegatum: Relationships to metal partitioning in the adjacent
lake sediments. Can J Fish Aquat Sci 42:23–32

Campbell PGC, Giguère A, Bonneris E, et al. 2005. Cadmium-handling strategies in two chron-
ically exposed indigenous freshwater organisms—the yellow perch (Perca flavescens) and
the floater mollusk (Pyganodon grandis). Aquat Toxicol 72:83–97

Campbell PGC, Chapman PM, and Hale BA. 2006. Risk assessment of metals in the environ-
ment. In: Hester RE and Harrison RM (eds), Chemicals in the Environment: Assessing
and Managing Risk. Issues in Environmental Science and Technology, Vol 22, pp 102–31.
Royal Society of Chemistry, Cambridge, UK

Carter JCH and Kwik JK. 1977. Instar succession, vertical distribution, and interspecific com-
petition among four species of Chaoborus. J Fish Res Bd Can 34:113–8

Chapman PM, Wang F, Janssen CR, et al. 2003. Conducting ecological risk assessments of
inorganic metals and metalloids: Current status. Hum Ecol Risk Assess 9:641–97

Cook EF. 1981. Chaoboridae. In: Manual of Nearctic Diptera, Res Br, Agric Can, Monogr 27,
Vol 1, pp 335–9. Minister of Supply and Services Canada, Ottawa, ON, Canada

Couillard Y, Campbell PGC, Tessier A, et al. 1995. Field transplantation of a freshwater bivalve,
Pyganodon grandis, across a metal contamination gradient. I. Temporal changes in metal-
lothionein and metal (Cd, Cu, and Zn) concentrations in soft tissues. Can J Fish Aquat Sci
52:690–702

Croteau MN, Hare L, and Tessier A. 1998. Refining and testing a trace metal biomonitor
(Chaoborus) in highly acidic lakes. Environ Sci Technol 32:1348–53

Croteau MN, Hare L, and Tessier A. 2001. Differences in Cd accumulation among species of
the lake-dwelling biomonitor Chaoborus. Can J Fish Aquat Sci 58:1737–46

Croteau MN, Hare L, Campbell PGC, et al. 2002a. Metallothionein-like metal-binding protein
in the biomonitor Chaoborus; occurrence and relationship to ambient metal concentrations
in lakes. Environ Toxicol Chem 21:737–41

Croteau MN, Hare L, and Tessier A. 2002b. Increases in food web cadmium following reduc-
tions in atmospheric inputs to some lakes. Environ Sci Technol 36:3079–82

Croteau MN, Hare L, and Tessier A. 2002c. Influence of temperature on Cd accumulation by
species of the biomonitor Chaoborus. Limnol Oceanogr 47:505–14

Croteau MN, Hare L, and Marcoux P. 2003a. Feeding patterns of migratory and non-migratory
Chaoborus species in an acidic and metal contaminated lake: Importance of prey ingestion
rate in predicting metal bioaccumulation. Archiv für Hydrobiol 158:57–74

Croteau MN, Hare L, and Tessier A. 2003b. Difficulties in relating Cd concentrations in the
predatory insect Chaoborus to those of its prey in nature. Can J Fish Aquat Sci 60:800–
8

Fedorenko AY. 1975. Feeding characteristics and predation impact of Chaoborus (Diptera,
Chaoboridae) larvae in a small lake. Limnol Oceanogr 20:250–8

Gosselin A and Hare L. 2003. Burrowing behavior of Chaoborus flavicans larvae and its ecolog-
ical significance. J N Am Benthol Soc 22:575–81

Goulet RR, Krack S, Doyle PJ, et al. (2007). Dynamic multipathway modeling of Cd bioac-
cumulation in Daphnia magna using waterborne and dietborne exposures. Aquat Toxicol
81:117–25

Gunn JM. 1995. Restoration and Recovery of an Industrial Region. Progress in Restoring
the Smelter-Damaged Landscape near Sudbury, Canada. Springer-Verlag, New York, NY,
USA

Hare L. 1992. Aquatic insects and trace metals: Bioavailability, bioaccumulation, and toxicity.
Crit Rev Toxicol 22:327–69

Hare L and Campbell PGC. 1992. Temporal variations of trace metals in aquatic insects.
Freshwat Biol 27:13–27

240 Hum. Ecol. Risk Assess. Vol. 14, No. 2, 2008



D
ow

nl
oa

de
d 

B
y:

 [H
ar

e,
 L

an
di

s]
 A

t: 
20

:5
9 

11
 A

pr
il 

20
08

 

Biomonitor for Lakewater Cadmium

Hare L and Carter JCH. 1987. Zooplankton populations and the diets of three Chaoborus
species (Diptera, Chaoboridae) in a tropical lake. Freshwat Biol 17:275–90

Hare L and Tessier A. 1996. Predicting animal cadmium concentrations in lakes. Nature
380:430–2

Hare L and Tessier A. 1998. The aquatic insect Chaoborus as a biomonitor of trace metals in
lakes. Limnol Oceanogr 43:1850–9

Hare L, Tessier A, and Borgmann U. 2003. Metal sources for freshwater invertebrates: Perti-
nence for risk assessment. Hum Ecol Risk Assess 9:779–93

Holding KL, Gill RA, and Carter J. 2003. The relationship between epilithic periphyton
(biofilm) bound metals and metals bound to sediments in freshwater systems. Environ
Geochem Health 25:87–93

Johanssen OA. 1937. Aquatic Diptera. Entomological Reprint Specialists, Los Angeles, CA,
USA

Keller W and Yan ND. 1991. Recovery of crustacean zooplankton species richness in Sudbury
area lakes following water quality improvements. Can J Fish Aquat Sci 48:1635–44

Luoma SN and Rainbow PS. 2005. Why is metal bioaccumulation so variable? Biodynamics as
a unifying principle. Environ Sci Technol 39:1921–31

Munger C and Hare L. 1997. Relative importance of water and food as cadmium sources to an
aquatic insect (Chaoborus punctipennis): Implications for predicting Cd bioaccumulation in
the field. Environ Sci Technol 31:891–5

Munger C, Hare L, and Tessier A. 1999. Cadmium sources and exchange rates for Chaoborus
larvae in the field. Limnol Oceanogr 44:1763–71

Nicholls KH, Nakamoto L, and Keller W. 1992. Phytoplankton of Sudbury area lakes (On-
tario) and relationships with acidification status. Can J Fish Aquat Sci 49 (Suppl 1):40–
51

Økland J and Økland KA. 1986. The effects of acid deposition on benthic animals in lakes
and streams. Experientia 42:471–86

Orvoine J, Hare L, and Tessier A. 2006. Competition between protons and cadmium ions in
the planktonic food chain leading to the phantom midge Chaoborus. Limnol Oceanogr
51:1013–20

Pace ML. 2001. Prediction and the aquatic sciences. Can J Fish Aquat Sci 58:63–72
Phillips DJH and Rainbow PS. 1993. Biomonitoring of Trace Aquatic Contaminants. Elsevier

Applied Science, London, UK
Playle RC, Dixon DG, and Burnison K. 1993. Copper and cadmium binding to fish gills: Mod-

ification by dissolved organic carbon and synthetic ligands. Can J Fish Aquat Sci 50:2667–
77

Pyatt FB, Metcalfe MR, and Pyatt AJ. 2003. Copper bioaccumulation by the freshwater snail
Lymnaea peregra: A toxicological marker of environmental and human health? Environ
Toxicol Chem 22:561–4

Rainbow PS. 2002.Trace metal concentrations in aquatic invertebrates: Why and so what?
Environ Pollut 120:497–507

Sæther OA. 1972. Chaoboridae. In: Elster HJ and Ohle W (eds), Das Zooplankton der Bin-
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