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Metal exposures to native populations of the caddisflyHydropsyche

(Trichoptera: Hydropsychidae) determined from cytosolic and
whole body metal concentrations
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Abstract

Metal concentrations of the soluble fraction of the cytoplasm (cytosol) and the whole body were determined in
the caddisflyHydropsychespp. (Trichoptera). Metal accumulation in the cytosol and the whole body were com-
pared in samples collected along 380 kms of a contamination gradient @daHeFork river in four consecutive

years (1992-1995), and from a contaminated tributary (Flint Creek). Samples from the contaminated sites were
compared to an uncontaminated tributaByaickfoot Rivey. Relations between cytosolic metal concentration and
cytosolic protein (used as a general biomarker of protein metabolism) also were examined in 1994 and 1995.
Relative to whole body concentrations, cytosolic metal concentrations varied among metals and years. Spatial
patterns in whole body and cytosolic Cd, Cu and Pb concentrations were qualitatively similar each year, and these
concentrations generally corresponded to contamination levels measured in bed sediments. The proportions of
metals recovered in the cytosol of ranged from 12 to 64% for Cd and Cu and from 2 to 38% for Pb. Zinc in the
whole body also was consistent with contamination levels, but cytosolic Zn concentrations increased only at the
highest whole body Zn concentrations. As a result, the proportion of Zn recovered in the cytosol ranged from 16
to 63% and tended to be inversely related to whole body Zn concentrations. The proportions of cytosolic metals
varied significantly among years and, as a result, interannual differences in metal concentrations were greater in the
cytosol than in the whole body. The results demonstratedHiidtopsychen the river were chronically exposed

to biologically available metals. Some features of this exposure were not evident from whole body concentrations.
In general, protein levels did not correspond to cytosolic metal concentrations. A variety of environmental factors
could interact with metal exposures to produce complex responses in protein metabolism. Systematic study will
be necessary to differentiate the effects of multiple environmental stressors on organisms living in contaminated
ecosystems.

Introduction waters, insects have been used in metal contaminant
studies because of their wide distribution and ecolo-
Metal concentrations have been measured in a wide gical significance (Hare, 1992). However, with a few
variety of aquatic organisms to identify exposure to exceptions (e.g. Hare et al., 1991a), bioaccumulation
biologically available metals (Phillips and Rainbow, data for naturally-exposed populations of insects are
1993), to validate models of metal bioavailability based on whole body concentrations.
and bioaccumulation (Luoma et al., 1992; Hare and Whole body metal concentrations may not be in-
Tessier, 1996; Wang et al., 1996), and to support dicative of intracellular tissue concentrations. Sorption
assessments of metal effects on biological communit- to external body parts can be important for some ele-
ies (Bryan and Hummerstone, 1971; Clements and ments, for example, As, Fe, Mn or Pb (Krantzberg &
Kiffney, 1994; Hare and Shooner, 1995). In fresh- Stokes, 1988; Hare et al., 1991a; Cain et al., 1992).
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Whole body concentrations also can include substan- 1980, 1982; Maroni & Watson, 1985; Hylland et al.,
tial quantities of metal in unassimilated gut content 1994).

(Hare et al.,, 1989; Cain et al.,, 1995). These ex-

tracellular metals could confound interpretations of

metal exposure by contributing to correlations of metal Methods

concentrations between the whole body and envir-

onmental media. Furthermore, non-absorbed metals Study site

probably represent little toxic risk to the organism, and
might not be efficiently assimilated by predators.

Absorption and intracellular accumulation of
metals is an unequivocal indicator of the internal
bioavailability of a metal. Metals can be associated
with the cell cytoplasm, bound to cell membranes,
and contained in organelles and insoluble granules. If
metal toxicity manifests through non-specific, unsuit-
able binding to intracellular ligands that are function-
ally critical to cellular metabolism (Mason & Jenkins,
1993), then relative concentrations of metals associ-
ated with intracellular fractions containing molecules
susceptible to metal binding could provide a basis
for assessing toxic risk. The soluble portion of the
cytoplasm (cytosol) contains proteins that are active
in many biochemical pathways. Excessive metal ac-
cumulation could saturate protective, metal-binding
cytosolic proteins (e.g. metallothionein), leading to
metal ‘spillover’ to other functional proteins. Sub-
lethal effects accompanied increased Cd and Cu ac-
cumulation in the cytosol and redistribution of metals
among cytosolic ligands (Sanders et al., 1983; Jenkins
& Mason, 1988). Differences in species sensitivity to
metals have been related to differences in metal accu-
mulation in the cytosol (Thorpe and Costlow, 1989).
Cytosolic metal also appears to play an important
role in the trophic transfer of metals. Several studies
have shown that cytosolic metals are assimilated effi-
ciently by predators (Reinfelder & Fisher, 1991; 1994;
Wallace & Lopez, 1997); whereas, metals stored in
insoluble, intracellular granules are passed unassim-
ilated through the digestive tract (Nott & Nicolaidou,
1990).

In this study we characterize metal partition-
ing between cytosolic and non-cytosolic fractions in
naturally- exposed populations of the caddidfly-
dropsyche We examine the conformity in spatial
and year-to-year variation between whole body and
cytosolic metal concentrations in samples collected
along an extensive contamination gradient. We also Warm Spring Ponds
test whether cytosolic metal concentrations correl- | o 30 Miles Silver Bow Cr. Butte
ate with cytosolic protein concentrations in a subset
of samples. Protein concentrations represent a non-Hgure 1. The Clark Fork river (CF), Silver Bow Creek (SB), the

e 1 . Blackfoot River and Flint Creek showing sampling stations. Stations
SpeCIfIC biomarker that can be used to make Inf(:*'r(:"ncesin the Clark Fork are designated by distance (km) downstream of the
about protein metabolism and growth (Variengo et al., confluence of Silver Bow and Warm Springs Creeks.

The study was conducted at the Clark Fork river,
located in western Montana (Figure 1). The mine
at Butte and the ore smelter at Anaconda, Montana,
both located in the headwater’s of the Clark Fork,
once comprised the largest copper-producing complex
in the United States (Moore & Luoma, 1990) (Fig-
ure 1). Metals no longer enter the river from the mine.
Presently, metal inputs to the river are derived from
contaminated sediments stored within the river chan-
nel and its floodplain. The highest inputs per river
kilometer occur within the upper 40 km (Hornber-
ger et al., 1997). A gradient of metal contamination
in bed sediments extends for at least 380 km down-
stream of the Butte/Anaconda mining complex (Brook
& Moore, 1988; Luoma et al., 1989; Moore & Luoma,
1990; Axtmann & Luoma, 1991).

Elevated metal concentrations in aquatic insects
and fish indicate that resident fauna are exposed to bio-
logically available metals (Luoma et al., 1989; Cain et
al., 1992, Farag et al., 1995; Lambing et al., 1995;

50 Kilometers
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Axtmann et al., 1997). Metal exposure also has been 1997; Lee et al., unpublished). In this study, bed sed-
implicated in adverse effects on fish and macroinver- iments 63 um) were collected simultaneously with
tebrate communities (Farag et al., 1995; McGuire, Hydropsycheollowing procedures reported by Axt-
1995; Woodward et al., 1995). Woodward et al. (1995) mann et al. (1997) as an independent indicator of the
concluded that ingestion of metal-contaminated inver- contamination gradient.

tebrates may be a principal route of exposure to fish in Collections were made during times of base dis-

the Clark Fork. charge in the summer. In 1992 (July 21-23), samples
were collected from stations along a reach extending
Sample collection from Silver Bow Creek (SB1) to CF273. Most of these

stations were resampled in 1993 (August 1-5) and

The net spinning caddisfilydropsychdTrichoptera) 1995 (August 14-17), and coverage was extended to
was collected over 380 km of the metal contamination 381 km (CF381). In 1994 (August 9-13), a subset of
gradient in four consecutive years (Figure Hydro- stations in the upper river (CF86, CF190 and CF381)
psycheis well suited as a biomonitor because of its Wwas sampled.

sedentary larval life stage, wide distribution and re- ~ Hydropsychdarvae were collected with large kick
latively high tolerance to metals (Cain et al., 1992; nets and by hand from a single, wadeable (<0.5 m
Clements et al., 1992; Vuori & Kukkonen, 1996). The deep) riffle at each station. The insects were sorted
genus is present at all stations in the Clark Fork and on site and placed in plastic containers (previously
has been used to monitor trends in metal concentra-acid washed) with stream water. Water in the con-
tions since 1986 (Hornberger et al., 1997). Stations on tainers was freshened periodically. During collection,
the Clark Fork (CF) are designated by river kilomet- specimens were held temporarily (usually 1-2 h) in
ers downstream of the confluence of Silver Bow and & cooler, and then transferred from the containers to
Warm Springs Creeks (Figure ]_) Silver Bow Creek plastic, sealable bags and frozen on dl’y ice in a small
was sampled at two locations (SB1 and SB2, located volume of river water. The samples were moved to
approximately 2.1 km and 0.1 km upstream of the the laboratory where they were stored-at0°C until
confluence of Silver Bow and Warm Springs Creeks). analysis.

These stations are immediately downstream of a series

of settling ponds designed to trap contaminated sed- Isolation of cytosol, pellet, whole body

iment from upper Silver Bow Creek. Samples also

were collected in two tributaries, Flint Creek and the Specimens were partially thawed, rinsed with cold
Blackfoot River (Figure 1). Tributaries are affected to deionized water to remove adhering particles, then
different degrees by mining within the basin (Axtmann transferred to a sorting dish that was placed on a bed
and Luoma, 1991). Sediment metal concentrations at of ice. Species were identified (Alstad, 1980; Schefter
the Flint Creek station are significantly enriched com- & Wiggins, 1986) with the aid of a stereomicroscope,
pared to sediments in the Blackfoot River, but, with the sorted and immediately transferred to an ice cooler.
exception of Pb, are lower than sediments in the upper Instars were not sorted, although smaller specimens
(0—-190 km) Clark Fork (Axtmann & Luoma, 1991). that could not be identified were discarded. Speci-
A number of small mines, adits and waste piles occur mens were blotted dry with tissue paper and pooled
in the Blackfoot drainage. However, contamination in into subsamples weighing at least 400 mg wet weight
the Blackfoot River is greatly attenuated downstream (or approximately 100 mg dry weight). Samples con-
of these sources and is low where our samples weresisted of 1-5 subsamples. The sample size generally
collected (Moore et al., 1991). Therefore, this station reflected the relative abundance of a species at a given
served as the regional contamination reference site.  station and time.

Sources of metal telydropsychehave not been Subsamples were homogenized with a stainless-
guantified in the Clark Fork. The animal feeds on se- steel, high speed tissue homogenizer in ice cold
ston (Mecom, 1972; Wallace, 1974), and thus, dietary 0.05 M Tris-HCI buffer (pH 7.4, previously degassed
metal exposures are probably linked to suspended andand bubbled with I), under a nitrogen atmosphere for
settling organic material (Snyder & Hendricks, 1995). 1 min. The homogenate was split into ‘total’ (whole
Previous studies showed that spatial patterns in whole body) and cytosol subsamples. The whole body sub-
body metal concentrations generally followed metal sample was pipetted into a 20 ml screw cap glass
concentrations in fine bed sediments and total suspen-vial, and frozen at-40 °C. The cytosol subsample
ded particulates (Cain et al., 1992; Axtmann et al., was immediately centrifuged at 100 00@ at 5 °C.
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(Samples collected in 1992 were centrifuged for 4 h. recovery in unspiked samples was 106% and 102%
This time was reduced to 1 h for samples collected in for all metals, respectively. For the standard refer-
later years after it was determined that cytosolic metal ence material, the median and mean recovery was
concentrations in replicate samples centrifuged for 4 112%. Pre-digestion spike recoveries of Cd, Cu and
h and 1 h were the same.) The supernatant (cytosol)Zn ranged from 91 to 125% with mean recoveries of
and pellet were collected, transferred to separate 2099% for Cd and Zn, and 107% for Cu.

ml screw cap glass vials and then frozen. All samples

were subsequently freeze-dried, weighed, digested in Data analysis

a hot 16 N HNQ reflux and then evaporated to dry- . .
ness. The 1992 samples were reconstituted in 5% WO species oHydropsychewere collected for this
HCl, filtered (arcrodisk 0.4%:m), and then analyzed ~Study. H. occidentalisand H. cockerelli have sim-

by inductively coupled argon plasma optical emission ilar life h|story patte.rns and Iongltudlngl dlstrlb_utlons,
spectrophotometry (ICPAES). Concentrations of Cd however, their relative abundance varies s_paﬂally and
and Pb were below the detection limits of ICPAES temporally (Hauer & Stanford, 1982; McGuire, 1995).
in some samples. Replicates of these samples were!l S0OMe samples, one or the other species was not
digested, as above, then reconstituted in 1% HNO represen'Fed bgcause too few individuals were colleg—
filtered, and analyzed for Cd and Pb by graphite fur- ted to satisfy biomass reqplrements for metals anglyss
nace atomic absorption spectrophotometry (GFAAS). (Se€ above). Both species were represented in ap-
In 1993-95, the samples were reconstituted in 1% Proximately 40% of the samples, but neither species
HNOs and analyzed by either ICPAES or GFAAS. In was represented in all of the samples collected over

1993, Pb was analyzed by ICPAES only. Concentra- the four years of the study. Therefore, data for both
tions of Pb in many of these samples were below the species were combined to generally characterize the

limit of quantitation, however. Therefore, these results SPatial and temporal variation in metal concentrations.
are not presented. Previous studies have shown that species-specific dif-

All plastic and glassware was cleaned by soak- ferences in metal bioaccumulation are greatest at sta-
ing overnight in a detergent solution (Mi@9, rinsed  tions upstream of CF190 (Cain et al., 1992). In this
with deionized HO, then washed in 5% HCI and segment of the river, temporal or spatial changes in
rinsed with deionized bD. The tissue homogen- metal bioaccumulation were clarified by comparing

izer was cleaned by soaking overnight in a detergent Metél concentrations in individual species.

(RBS®) and rinsed in deionized . Correlation between whole body and cytosolic
metal concentrations were determined from either
Protein analysis the Pearson product moment correlation coefficient

or the Spearman rho. Differences in the proportion
Total protein was determined in the cytosol of samples of total metal recovered in the cytosol among years
collected in 1994 and 1995. The cytosol was sub- were tested by single factor (year) ANOVA after arc-
sampled after centrifugation and frozen -af0 °C sine transformation of the data. Each station was
until analysis. Samples were analyzed using a com- analyzed separately for each element. Differences
mercial protein assay kit (Bio-Rad) that is based on in protein concentrations among stations were tested
the method described by Bradford (1976). Bovine by the Kruskal-Wallis ANOVA. All differences were
gamma globulin was used as the standard (Bio-Rad considered significant if < 0.05.
catalog nhumber 500-0005). Protein concentration in
the cytosol was calculated as mg protein'gdry
weight of the sample. Results

Quality assurance Spatial and yearly variation

Procedural blanks, metal-spiked samples and NIST The variation in whole body and cytosolic metal

standard reference material (SRM 1566a, oyster tis- concentrations among stations is shown relative to
sue) were analyzed for quality assurance. The metalthe sediment contamination gradient in Figure 2 for
contents of the cytosol and pellet were summed and samples collected in 1993 for Cd, Cu and Zn, and
compared to the homogenates of the whole insect 1992 for Pb. Peak concentrations in the whole body
to determine metal recoveries for samples and the metal concentrations occurred at CF5, 5 km down-
standard reference material. The median and meanstream of the highest sediment metal concentrations
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Figure 2. Metal concentrations (mearstd) in the whole body@) and the cytosol &) of Hydropsychgleft Y axis) plotted relative to metal
concentrations (mearstd) of fine-grained <64 um) bed sedimentsy) (right Y axis). Cadmium, Cu and Zn data are Farcockerellicollected
in 1993, except at CF190 and the Blackfoot Rivdr ¢ccidentali$. Lead data are fad. occidentaliscollected in 1992.

(Figure 2). Downstream of this station, metal concen- changed markedly. For example, Cd concentrations
trations inHydropsychegenerally conform to declin-  between 1992 and 1993 differed by about 2 fold along
ing contamination levels present in sediments (data in the entire 381 km reach (Figure 3). Little change
Figures 2—4 are plotted by station to facilitate compar- was indicated between 1993 and 1995 downstream of
isons; however, concentrations decline exponentially CF86, but at CF5 the mean Cd concentrations were
downstream of CF5 when plotted as a function of lowestin 1995. In that year, the maximum Cd — as well
river km). All concentrations in the mainstem of the as Pb and Zn — concentration occurred at CF86 rather
Clark Fork and in Silver Bow Creek were elevated re- than at CF5 as in previous years. Copper concentra-
lative to concentrations of samples from the reference tions also declined substantially at CF5 between 1993
station on the Blackfoot River (also see Figure 3). and 1995. As a result, the downstream gradient of Cu
Spatial patterns of cytosolic metal concentrations bioaccumulation was weaker in 1995 than in earlier
were metal-specific. Cadmium and Cu concentrations years.
of the cytosol were generally consistent with the whole Concentrations of cytosolic metals also generally
body concentrations (Figure 2). In contrast, cytosolic reflected the yearly changes observed in whole body
Zn and Pb concentrations varied little among stations metal concentrations. However, differences in cytoso-
compared to whole body concentrations (Figures 2, 4). lic Cd and Zn (Figure 4) were more pronounced than
Cytosolic Pb concentrations were much lower than the whole body Cd and Zn (Figure 3), especially between
whole body concentrations. 1992 and later years. For example, the mean cytosolic
Whole body metal concentrations varied among Cd concentrations ranged between 0.30 and 1$2
years. Yearly differences were similar for all metals. g~ (the coefficient of variation, CV, is 89%) at CF5,
The greatest interannual variation occurred at stations while whole body concentrations ranged between 1.2
upstream of CF86. In the last year of the study, the and 2.9ug g (CV is 43%). Interannual differences
spatial pattern in bioaccumulation within this reach in Pb concentrations also were more evident in the
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Figure 3. Metal concentrations (mearstd) in the whole body oflydropsychespp. collected from Silver Bow Creek and the Clark Fork river
in 1992 (), 1993 (0), 1994 @) and 1995 4&). The Blackfoot River is initialed BF.
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Table 1. Whole body and cytosolic Cd concentrations (meaf std;n = 1-4; ug
g‘l) of Hydropsychespp. from Silver Bow Creek and the upper Clark Fork river
(ns means not sampled)

Station  Year H. cockerelli H. occidentalis
Whole body  Cytosol Whole body  Cytosol
SB1 1992 0.98-0.15 0.10+:0.04 0.63 0.10
1993 2.45+-0.15 1.10+0.02 ns ns
1995 0.60+£0.05 0.24+0.02 ns ns
CF5 1992 2.63 0.37 1.35 0.24
1993 2.92 1.52 ns ns
1995 ns ns 1.180.07 0.42+0.07
CF45 1992 0.93 0.24 1.16 0.18
1993 1.78+:0.07 1.07+0.08 ns ns
CF86 1994 1.9@:0.06 0.73+-0.02 1.76 0.72
1995 ns ns 2.2%0.2 1.124+0.13
CF190 1992 ns ns 0.33 0.06
1993 ns ns 0.98 0.11  0.51+0.07
1994 0.81+0.08 0.33+0.02 0.73 0.28

1995 0.89+0.09 0.51+0.06 1.03+0.22 0.45£0.01

cytosol (Figure 4) than in the whole body (Figure 3). percent of total metal present in the cytosol. The per-
Lead was not quantified in 1993 (by AAS), but qual- cent of cytosolic metal differed among metals and
itative results (concentrations between the limits of years. Higher proportions of Cd, Cu and Zn occurred
detection and quantitation by ICPAES) indicated Pb in the cytosol than Pb (Table 2). The latter accounted
concentrations were higher in 1993 than in the other for an average of 10% among all stations sampled in
three years. This would be consistent with the results 1992, and 21% in 1994-95. The average percentages
for the three other metals. of Cd, Cu and Zn in the same samples ranged between
Combining species increased the variability in 19% and 36% in 1992 and between 43% and 51% in
some samples but did not affect the general spatial and1994-95.
temporal patterns. Metal concentrationsHn cock- The percentage of metals recovered in the cytosol
erelli and H. occidentalisdiffered by less than two  did notvary significantly among years in samples from
fold in samples collected upstream of CF190 (con- the Blackfoot River. In contrast, metal partitioning
centrations were usually — although not always — varied significantly in samples from Silver Bow Creek
greater inH. cockerellithan inH. occidentali3, and and the Clark Fork (Table 2). The percent of cytosolic
bioaccumulation patterns were similar in both species. metal generally was lower in 1992 than in subsequent
For example, Cd concentrations in both species were years. For example, Cd ranged from 12 to 33% among
greater in 1993 than in 1992 (Table 1). Differences in stations in 1992 and from 36 to 64% in 1993-95.
whole body concentrations between 1992 and 1995 at Analysis of individual stations showed that these dif-
SB1 H. cockerell) and CF5 H. occidentalis) were ferences were usually significant (Table 2). Copper, Pb
not consistent with CF190H( occidentalis) but the and Zn also tended to be lower in 1992 than in other
cytosolic Cd concentrations were uniformly higher in years, although for Cu this difference was only evident

1995 than in 1992. at stations upstream of CF190.
Interannual differences in metal partitioning also
Variation in metal patrtitioning are illustrated by differences in the covariance between

whole body and cytosolic metal concentrations (Fig-
Differences in metal accumulation patterns between ure 5). Correlations for Cd and Cu were highly sig-
the cytosol and the whole body were reflected in the nificant (k2 > 0.76) each year. Differences in the
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Figure 5. Metal concentrations in the cytosol plotted relative to the whole bodyyafopsychespp. for: 1992 ©); 1993 1); 1994 @#); 1995
(a). Coefficients of determinationR?) are given for each year. Significant correlations were fitted by linear regression.

correlations indicated that the relationship of whole curred at CF86, coincident with the highest cytosolic

body to cytosolic metal concentrations varied among Cd (Figure 6) and Cu (not shown). In 1995, cytoso-

years. For example, relative to whole body metal con- lic metal concentrations at CF86 were greater than
centrations, cytosolic Cd concentrations were lowest in 1994, but protein concentrations were also higher.
in 1992 (Figure 5), contributing an average of about Thus, cytosolic protein concentrations did not corres-
19% of the total Cd (Table 2). In 1993, cytosolic Cd pond to cytosolic metal concentrations in 1995. How-

accounted for about 52% of the total Cd body burden. ever, protein concentrations could be distinguished on
Correlations for Pb and Zn were weaker than for Cd the basis of station location in 1995. Proteins were
and Cu, and in some years, they were insignificant. significantly greater at the upstream stations (CF5 and
Nevertheless, the results are consistent with those for SB1) than at the downstream stations (CF190 and
Cd: the concentration and the percentage of cytoso- CF381), and intermediate at CF86.

lic Pb and Zn were lower in 1992 than in later years Significant differences in protein between the spe-

(Figure 5). cies (ANOVA) occurred at CF86 in 1994 (mean con-
centrations were 110 and 124 mggfor H. occi-
Cytosolic proteins dentalisandH. cockerellj respectively) and at CF190

in 1995 (165 and 129 mg¢ for H. occidentalis
The concentration of cytosolic proteins varied signi- andH. cockerellj respectively). However, these dif-
ficantly among stations. However, the effect of metal ferences were less than the differences among stations
exposure on these differences was unclear. In 1994,0r between years.
the lowest concentration of total cytosolic protein oc-
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Discussion

studies, metal concentrations of Cd, Cu and Zn in
populations sampled from contaminated stations were
elevated compared to uncontaminated sites. Among

Previous studies on the Clark Fork have demonstratedthese metals, Zn exhibited the least enrichment in

that immature insects bioaccumulate metals in relation
to environmental concentrations (Cain et al., 1992;
Axtmann et al., 1997). The present study shows that
a portion of the Cd, Cu, Pb and Zn accumulated
by Hydropsyche one of the most common insects
in the river, is also accumulated intracellularly. El-
evated cytosolic metal concentrationdHgdropsyche
from the Clark Fork strongly indicates that metals re-
leased to the river from mining waste are present in
biologically available forms.

To our knowledge, only two previous studies have
determined cytosolic metal concentrations in natural
populations of aquatic insects. Suzuki et al. (1988)
examined the cytosolic accumulation of Cd, Cu and
Zn in a contaminated population of the mayBaetis
thermicusfrom the Mazawa River in Japan, and re-
cently, Cain et al. (unpublished) surveyed metal ac-
cumulation inHydropsyche californican the upper
Sacramento River (U.S.A.). The partitioning of metals
between the whole body and the cytosolHiydro-
psychein the Sacramento River was similar to that
observed in the Clark Fork: the cytosolic fraction
contained only 12-20% of the whole body Pb, but
49-68% of the Cd, Cu and Zn. Results of Suzuki et
al. (1988) indicate that the cytosol contained 94% of
the whole body Cd, 36% of the Cu, and only 8%
of the Zn in contaminate®aetis thermicusIn all

the cytosol, and the degree of Zn accumulation in
the cytosol differed among the studies. There was no
substantial difference in Zn accumulation betwelgn
dropsychespp. from contaminated Clark Fork stations
and the Blackfoot River. In the Sacramento River,
cytosolic Zn concentrations were 1.5-2 times higher
than the reference population. Those differences in
Zn enrichment reflected the concentrations of the re-
spective reference populations. Zinc concentrations in
the Blackfoot River ranged between 80 and 10%
g~L. In comparison, the cytosolic Zn concentration
of the Sacramento River reference site population was
59 ug g~1. Among contaminated sites in the Clark
Fork and the Sacramento River, Zn concentrations
in Hydropsychewere similar; ranging between 30
and 120ug g~ lwith the majority of samples falling
between 80 and 100g g~!. Concentrations reported
for B. thermicusby Suzuki et al. (1988) are given
asug mli~1, so direct comparisons of concentrations
between that study and the Clark Fork and Sacra-
mento River studies are not useful. However, the
reported values indicate that the Zn concentration of
the contaminated population was about 7 times greater
than concentrations in the uncontaminated popula-
tion. Causes for the difference in Zn accumulation
betweerB. thermicusandHydropsychespp. could in-
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clude species-specific differences in Zn accumulation lic Cd and Cu in insects binds to inducible ligands.
or different Zn exposures in the Mazawa River. These ligands are functionally similar to metallo-
In Hydropsychespp. from the Clark Fork, the re-  thionein, although their structure is generally distinct
lationship between whole body and cytosolic concen- from mammalian and molluscan metallothioneins and
trations was metal-specific and changed among years.varies among different insect taxa (Clubb et al., 1975;
A strong, positive, linear relationship was consistently Everard & Swain, 1983; Yamamura et al., 1983; Ma-
found between whole body and cytosolic concentra- roni & Watson, 1985; Seidman et al., 1986; Aoki
tions of Cd and Cu within years. However, differences et al., 1989; Suzuki et al., 1989). Zinc does not ap-
in metal partitioning between the whole body and pear to either induce or strongly bind to Cd/Cu-metal
cytosol changed the relationship among years, es-binding proteins, but instead, is largely bound to con-
pecially for Cd. Relationships between whole body stitutive proteins (Maroni & Watson, 1985; Suzuki
and cytosolic Zn and Pb concentrations were typically et al., 1989). A variety of invertebrates appear to be
weak within years, but changed among years. able to physiologically regulate intracellular concen-
The complexity in metal partitioning observed in trations of essential elements, including Cu and Zn,
Hydropsychespp. has also been reported in bivalves. when challenged with elevated environmental concen-
These studies have generally shown a correspondencérations (Devineau & Amiand-Triquet, 1985; Amiard
between cytosolic and whole soft tissue concentra- et al., 1987; Krantzberg & Stokes, 1989; Kaland et
tions. However, the details of the relationship appear al., 1993; Couillard et al., 1994; Bordin et al., 1996).
variable among taxa, metals, season, and level of con-We saw no conclusive evidence supporting regulation
tamination. In a highly contaminated population of of either Cu or Zn inrHydropsycheConcentrations of
Macoma balthicain south San Francisco Bay (the cytosolic Cu varied widely and generally correspon-
monthly mean tissue concentrations of Ag and Cu ded to environmental (bed sediment) contamination
were 42-182 and 139-474g g1, respectively), levels. Within years, concentrations of cytosolic Zn
temporal changes in cytosolic metal concentrations were fairly uniform among most stations in Silver Bow
generally reflected whole soft tissue concentrations Creek and the Clark Fork, and only increased sub-
(Johansson et al., 1986). However, the relationship stantially at the most contaminated station (CF5). It
was weaker at the lowest tissue metal concentrations.seems unlikely that exposures to bioavailable Zn were
Other studies oM. balthicain less contaminated en- constant over a large segment of the river given the
vironments (tissue concentrations of Cd and Cu were magnitude of the contamination gradient (Zn concen-
0.1-1.3 and 14-37g g1, respectively) also showed trations in bed sediments of the Clark Fork are 8-33
that cytosolic metal concentrations were not strongly times greater than regional reference concentrations
correlated with whole tissue (Bordin et al., 1996). (Axtmann & Luoma, 1991)). Thus, the spatial pattern
Correlations were improved when animals were ex- is suggestive of Zn regulation over a limited range of
perimentally exposed to Cd and Cu (Johansson et exposure. However, between 1992 and 1993, cytosolic
al., 1986; Bordin et al., 1996). Roesjadi (1994) also Zn concentrations increased at stations all along the
demonstrated that cytosolic metal concentrations in river, indicating that the animal did not regulate the

native populations of the mussMytilus edulisex- increased Zn exposures. From a practical standpoint,
hibited spatial and seasonal complexity that was not cytosolic Zn concentrations could not be predicted
represented by whole tissues. precisely from either concentrations in the whole an-

Differences in metal accumulation between the imal or its environment. The relationship between
cytosol and the whole body could reflect differencesin whole body and cytosolic Pb also was not highly pre-
exposure-dependent intracellular uptake and affinities dictive, even though cytosolic Pb tended to increase
for cytosolic metal-binding proteins. Experimental ex- with higher whole body Pb concentrations.
posures with other insects have demonstrated that Cd  Non-cytosolic metal is an important fraction of the
and Cu are efficiently accumulated into the cytosol. In whole body metal burden in insects suchtaglro-
Chironomudarvae, 60—75% of the total accumulated psyche Non-cytosolic metal can occur in a variety
Cd was recovered in the cytosol (Yamamura et al., of forms, and its presence can complicate relation-
1983; Seidman et al., 1986). Drosophila melano-  ships between cytosolic and whole body concentra-
gasterlarvae, 98% of the total Cd and 84% of the tions. The gut content contributes variable amounts
Cu was taken up into the cytosol (Maroni & Watson, of metal depending on the level of contamination,
1985). As in other organisms, a portion of the cytoso- taxon and metal (Smock, 1983; Gower & Darling-
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ton, 1990; Hare et al., 1989, 1991b; Cain et al., inputs from contaminated floodplain sediment, con-
1995). For example, the gut contentldfdropsyche taminated bed sediment or contaminated groundwater.
in 1992, accounted for approximately 32-46% of the In any case, the processes attendant to higher stream
total Cd, Cu and Pb (Zn was not quantified) (Cain et discharge that increase whole body metal exposures
al. 1995). A residual fraction (unaccounted for by the also increase intracellular metal concentrations.
gut content and cytosol) made up 21-51% of the Cd, Metals have been shown to retard growth and
4-25% of the Cu and 46-63% of the Ph. This frac- development in insects (Hatakeyama, 1989; Timmer-
tion could be comprised of metals sorbed to external mans et al.,, 1992; Simkiss et al., 1993), and to
body parts or insoluble, intracellular metal. External have inhibitory effects on total cytosolic proteins in
coatings of potentially metal-rich iron and manganese other invertebrates (Hylland et al., 1994). However,
oxides have been observed on insects from metal- our results did not indicate a simple, linear relation-
contaminated rivers (Cain et al., 1992), including the ship between cytosolic metal bioaccumulation and
Clark Fork (Boggs, 1994). Lead, in particular, can oc- cytosolic protein concentrations ydropsychespp.
cur principally as an external contaminant (Krantzberg Differences in the relative proportion of different spe-
& Stokes, 1988; Hare et al., 1989, 1991b). For Cd, cies and instars among samples could add variability
Cu and Zn, intracellular accumulation and storage to relationships. The relative abundance of different
occurs in insoluble inclusions (e.g. granules), mem- instars in samples was not quantified in this study,
branes, or other organelles (Timmermans & Walker, however, species-specific differences in protein (and
1989; Gower & Darlington, 1990; Wallace & Lopez, metals) concentrations were too small to explain spa-
1997). The midgut epithelium, malphigan tubules, fat tial or temporal differences. It is possible that metal
body and anal papillae have been reported to be ma-effects were not highly expressed litydropsyche a
jor accumulation sites for Cd, Cu and Zn in a variety genus that is relatively metal-tolerant.
of insects (Sohal et al., 1976; Marshall, 1983; Su- Other environmental factors may have affected
zuki et al., 1984; Seidman et al., 1986; Krantzberg protein concentrations iklydropsychespp. For ex-
& Stokes, 1990; Hare et al.,, 1991a). The 2-3 fold ample, water temperatures are slightly higher during
changes in whole body Zn concentrations observed in spring to fall in Silver Bow Creek and the upper Clark
our study might have been influenced by Zn associated Fork compared to the lower Clark Fork (Lambing
with some of these intracellular components. Darling- et al., 1996). Differences in river discharge between
ton and Gower (1990) reported that Cu is concentrated 1994 and 1995 could have affected detrital inputs and
in sulphur-containing granules in cells of the malphi- food availability in the Clark Fork, while food avail-
gian tubules and in the subcuticular area of larvae of ability to Hydropsychen Silver Bow Creek may be
Plectrocnemia The densities of those granules were regulated by outflow from the Warm Spring Ponds.
greater in specimens from Cu-contaminated sites than These factors could be principally responsible for pro-
from uncontaminated sites. tein levels or they could interact with metal exposures
Interannual variability in metal exposure has not to produce complex spatial and temporal responses.
been well studied in lotic environments, although large Luoma (1996) suggested that large, comprehensive
variability in weather patterns, runoff and other factors data sets are needed to differentiate the influence of
could affect metal inputs and metal bioaccumulation. multiple environmental stressors on animals living in
The consistency of change in cytosolic metals in 1993, contaminated ecosystems. Such a database does not
relative to 1992, suggests that a common set of condi- yet exist for cytosolic proteins.
tions affected exposures over a broad reach of theriver.  Measurement of intracellular metals could provide
At some stations in the upper Clark Fork, variation in a better understanding of linkages between environ-
whole body Cd and Cu concentrations in benthic in- mental exposure to metals and toxic effects. In this
sects collected annually since 1986 correlate positively study, analysis of cytosolic metals idydropsyche
with yearly total discharge and with yearly metal loads spp. demonstrated that macroinvertebratesin the upper
(Hornberger et al., 1997). Statistically significant cor- Clark Fork river were persistently exposed to relat-
relations also occur between annual discharge and theively high concentrations of biologically available Cd,
proportion of cytosolic Cd irHydropsychespp. Al- Cu and Pb. The implications of this exposure could be
though these correlations do not identify causative difficult to resolve. Although high cytosolic metal con-
mechanisms, large yearly differences in hydrologic centrations were not directly related to differences in
conditions, linked to weather patterns, might affect cytosolic protein concentrations kydropsychespp.,
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a metal-tolerant taxon (Clements et al., 1992), effects Cu and Zn (containing 12—64%) of the body burden.
of metals on other taxa have been indicated in sur- Cytosolic concentrations of Cd and Cu were directly
veys of the macroinvertebrate community. McGuire proportional to whole body concentrations within a
(1995) reported that species richness was lower in given year. Thus, whole body concentrations were in-
the upper Clark Fork compared to the lower Clark dicative of spatial patterns in exposure to bioavailable
Fork, partly due to the loss of taxa believed to be Cd and Cu. Cytosolic Zn concentrations were fairly
sensitive to metals. Fish also have exhibited signs uniform along the contamination gradient, and were
of metal stress. Compared to trout from uncontamin- not indicative of changes in whole body concentra-
ated sites, trout in the upper Clark Fork had elevated tions. Interannual differences in metal concentrations
metal concentrations in tissues, higher levels of lipid were generally greater in the cytosol than the whole
peroxidation products, higher metallothionein levels, body. Therefore, cytosolic metal concentration was the
and a greater incidence of Cu-containing granules in more sensitive indicator of interannual differences in
liver tissue (Farag et al., 1995). Consumption of in- exposure to bioavailable metal. Cytosolic metal con-
sects is one source of metals to Clark Fork trout. centration did not correlate with cytosolic protein, a
Experimental studies have reported that fish accu- general biomarker of protein metabolism. Additional
mulate metals and experience adverse effects whenstudies are required to examine dose-response rela-
fed metal-contaminated insects from the Clark Fork tionships in organisms from contaminated ecosystems
river (Woodward et al., 1995). The cytosolic frac- like the Clark Fork.

tion of metal found in macroinvertebrates, including

Hydropsychegould constitute a highly available diet-

ary source of metals to these predators (Reinfelder & acknowledgments

Fisher, 1991; 1995; Wallace & Lopez, 1997).

We thank the following people for their contributions
to this work: Dr Landis Hare, Dr Terry Short, Dr
Byeong Lee, Dr William Wallace, Dr Aida Farag, and
an anonymous reviewer provided helpful comments
Whole body concentrations represent the sum of a on the manuscript. Michelle Hornberger, Ellen Axt-
variety of metal forms accumulated in and on the mann, Stacy Andrews, Cindy Brown, Reggie Linville,

body. Although the whole body concentrationis useful and Robin Bouse assisted with sample collections.
in assessing the relative level of metal concentration
in an organism’s environment, it may not accurately
reflect intracellular concentrations. In this study, we
have examined the conformity between metal concen-
trations of the Wht_)le bOdy and al_q mtracel_lu@r frz_;lctlon Alstad, D. N., 1980. Comparative biology of the common Utah
(cytosol), assuming the latter is more indicative of Hydropsychidae (Trichoptera). Am. Midl. Nat. 103: 167-174.
an element’s biological availability and that it would Amiard, J. C., C. Amiard-Triquet, B. Berthet & C. Metayer, 1997.
provide a basis for assessing toxic risk. Comparison Comparative study of the patterns of bioaccumulation of essen-
. ] tial (Cu, Zn) and non-essential (Cd, Pb) trace metals in various
of CytOSO“C and whole bOdy meFaI co_nce_n_tratlons en- estuarine and coastal organisms. J. exp. mar. Ecol. 106: 73-89.
hanced assessments of metal bioavailabilitiyairo- Aoki, Y., S. Hatakeyama, N. Kobayashi, Y. Sumi, T. Suzuki
psychespp. along an extensive contamination gradient & K. T. Suzuki, 1989. Comparison of cadmium-binding pro-
by demonstrating that the cytosolic metal concentra-  tein induction among mayfly larvae of heavy metal resistant
fi t al dictable f th hole bod (Baetis thermicusand susceptible specieB.(yoshinensisand
lon was no awa)/s predicta _e ror_n € whole body B. sahoensjs Comp. Biochem. Physiol. 93C: 345-347.
metal concentration. Inconsistencies resulted from Axtmann, E. V. & S. N. Luoma, 1991. Large-scale distribution of
metal-specific and interannual differences in metal metal contamination in the fine-grained sediments of the Clark
PR Fork river, Montana. Appl. Geochem. 6: 75-88.
pz.irt|t|on|ng b.etween. tEe CytOSO| afng thiV\:h(E:edbOdt))/. Axtmann, E. V., D. J. Cain & S. N. Luoma, 1997. Effect of tributary
Sixty-two '_[0 nme.ty'e'g tpercentof the whole body P inflows on the distribution of trace metals in fine-grained sedi-
occurred in particulate forms that probably were not  ment and benthic insects of the Clark Fork river, Montana. Envir.
available for intracellular uptake. Thus, intracellular ~ Sci. Tech. 3: 750-758. o
accumulation of Pb was much lower and more variable B°99S: S- J, 1994. Temporal and spatial variability of metal concen-
L . trations in fine-grained bed sediments and benthic insect larvae
than indicated by the whole body concentrations. The ot he Clark Fork river, Montana, U.S.A. M.Sc. thesis, University

cytosol was an important accumulation site for Cd,  of Montana, Missoula, MT.

Conclusions

References



116

Bordin, G., J. McCourt, F. C. Raposo & A. Rodriquez, 1996.
Trace metals in the marine bivalM@lacoma balthicain the
Westerschelde estuary, The Netherlands. Part 2: Intracellular
partitioning of copper, cadmium, zinc, and iron — variations
of the cytoplasmic metal concentrations in natural anditro
contaminated clams. Sci. Total Environ. 151: 113-124.

Bradford, M., 1976. A rapid and sensitive method for the quantita-
tion of microgram quantities of protein utilizing the principal of
protein-dye binding. Anal. Biochem. 72: 248.

Brook, E. J. & J. N. Moore, 1988. Particle size and chemical control
of As, Cd, Cu, Fe, Mn, Ni, Pb, and Zn in bed sediment from the
Clark Fork river, Montana. Sci. Total Envir. 76: 247—-266.

Bryan, G. W. & L. G. Hummerstone, 1971. Adaptations of the
polycheateNereis diversicolotto estuarine sediments containing
high concentrations of heavy metals. J. mar. biol. Ass. U.K. 51:
845-863.

Cain, D. J., S. N. Luoma, J. L. Carter & S. V. Fend, 1992. Aquatic
insects as bioindicators of trace element contamination in cobble-

Hare, L., P. G. C. Campbell, A. Tessier & N. Belzile, 1989. Gut
sediments in a burrowing mayfly (Ephemeroptekéexagenia
limbatg): their contribution to animal trace element burdens,
their removal, and the efficacy of a correction for their presence.
Can. J. Fish. Aquat. Sci. 46: 451-456.

Hare, L., A. Tessier & P. G. C. Campbell, 1991a. Trace element dis-
tributions in aquatic insects: variations among genera, elements,
and lakes. Can. J. Fish. aquat. Sci. 48: 1481-1491.

Hare, L., E. Saouter, P. G. C. Campbell, A. Tessier, F. Ribeyre
& A. Boudou, 1991b. Dynamics of cadmium, lead, and zinc
exchange between nymphs of the burrowing majféxagenia
rigida (Ephemeroptera) and the environment. Can. J. Fish. aquat.
Sci. 48: 39-47.

Hare, L. & F. Shooner, 1995. Do aquatic insects avoid cadmium-
contaminated sediments? Envir. Toxicol. Chem. 14: 1071-1077.

Hatakeyama, S., 1989. Effect of copper and zinc on the growth and
emergence oEpeorus latifolium(Ephemeroptera) in an indoor
model stream. Hydrobiologia 174: 17-27.

bottom rivers and streams. Can. J. Fish. aquat. Sci. 49: 214-2154. Haurer, F. R. & J. A. Stanford, 1982. Ecology and life histories

Cain, D. J., S. N. Luoma & E. V. Axtmann, 1995. Influence of

gut content in immature aquatic insects on assessments of en-

vironmental metal contamination. Can. J. Fish. aquat. Sci. 52:
2736-2746.
Clements, W. H. & P. M. Kiffney, 1994. Integrated laboratory

and field approach for assessing impacts of heavy metals at

the Arkansas River, Colorado. Environ. Toxicol. Chem. 13:
397-404.

Clements, W. H., D. S. Cherry & J. H. Van Hassel, 1992. Assess-
ment of the impact of heavy metals on benthic communities at the
Clinch River (Virginia): evaluation of and index of community
sensitivity. Can. J. Fish. aquat. Sci. 49: 1686—1694.

Clubb, R. W.,, J. L. Lords & A. R. Gaufin, 1975. Isolation and
characterization of a glycoprotein from the stondfltgronarcys
californica, which binds cadmium. J. Insect Physiol. 21: 53-60.

Couillard, Y., P. G. C. Campbell, J. Pellerin-Massicotte & J. C.
Auclair, 1994. Field transplantation of a freshwater bivalve,
Pyganodon grandisacross a metal contamination gradient. II.
Metallothionein response to Cd and Zn exposure, evidence for
cytotoxicity, and links to effects at higher levels of biological
organization. Can. J. Fish. aquat. Sci. 52: 703-715.

Darlington, S. T & M. Gower, 1990. Location of copper in lar-
vae of Plectocnemia conspers@urtis) (Trichoptera) exposed

to elevated metal concentrations in a mine drainage stream.

Hydrobiologia 196: 91-100.

Devineau, J. & C. Amiand-Triquet, 1985. Patterns of bioaccumu-
lation of an essential trace element (zinc) and a pollutant metal
(cadmium) in larvae of the prawiPalaemon serratusMar. Biol.

86: 139-143.

Everard, L. B. & R. Swain, 1983. Isolation, characterization and
induction of the metallothionein in the stonefiyisthenia spect-
abilis following exposure to cadmium. Comp. Biochem. Physiol.
75C: 275-280.

Farag, A. M., M. A. Stansbury, C. Hogstrand, E. MacConnell & H.
L. Bergman, 1995. The physiological impairment of free-ranging
trout exposed to metals in the Clark Fork River, Montana. Can.
J. Fish. aquat. Sci. 52: 2038-2050.

Gower, A. M. & S. T. Darlington, 1990. Relationships between cop-
per concentrations in larvae Bfectrocnemia consperggurtis)
(Trichoptera) and in mine drainage streams. Envir. Pollut. 65:
155-168.

Hare, L., 1992. Aquatic insects and trace metals: bioavailability,
bioaccumulation and toxicity. Crit. Rev. Toxicol. 22: 327-369.
Hare, L. & A. Tessier, 1996. Predicting animal cadmium concentra-

tions in lakes. Nature 380: 430-432.

of three net-spinning caddisfly species (Hydropsychitthetro-
psychg in the Flathead River, Montana. Freshwat. Invert. Biol.
1:18-29.

Hornberger, M. I, J. H. Lambing, S. N. Luoma & E. V. Axtmann,
1997. Spatial and temporal trends in trace metals in water, bed
sediment, and biota of the upper Clark Fork river basin, Montana:
1985-1995. U.S. Geological Survey Open File Report 97-669.

Hylland, K., T. Kaland & T. Andersen, 1994. Subcellular Cd ac-
cumulation and Cd-binding proteins in the netted dog whelk,
Nassarius reticulatus. Mar. envir. Res. 38: 169-193.

Jenkins, K. D. & A. Z. Mason, 1988. Relationships between subcel-
lular distributions of cadmium and perturbations in reproduction
in the polycheat®leanthes arenaceodentataquat. Toxicol. 12:
229-244.

Johansson, C., D. J. Cain & S. N. Luoma, 1986. Variability in the
fractionation of Cu, Ag, and Zn among cytosolic proteins in the
bivalve Macoma balthicaMar. Ecol. 28: 87-97.

Kaland, T., T. Andersen & K. Hylland, 1993. Accumulation and
subcellular distribution of metals in the marine gastropéas-
sarius reticulatusIn R. Dallinger and P. S. Rainbow (eds), Eco-
toxicology of Metals in Invertebrates. Lewis Publishers, Boca
Raton, Florida: 37-54.

Krantzberg, G. & P. M. Stokes, 1988. The importance of surface
absorption and pH in metal accumulation in chironomids. Envir.
Toxicol. Chem. 7: 653-670.

Krantzberg, G. & P. M. Stokes, 1989. Metal regulation, tolerance,
and body burdens in the larvae of the ge@idronomusCan. J.
Fish. aquat. Sci. 46: 389-398.

Krantzberg, G. & P. M. Stokes, 1990. Metal concentrations and tis-
sue distribution in larvae a€hironomuswith reference to X-ray
microprobe analysis. Envir. Contam. Toxicol. 19: 84-93.

Lambing, J. H., M. I. Hornberger, E. V. Axtmann & K. A. Dodge,
1995. Water-quality, bed-sediment, and biological data (October
1993 through September 1994) and statistical summaries of data
for stream in the upper Clark Fork River basin, Montana. U.S.
Geological Survey Open-File Report 95-429, 104 pp.

Luoma, S. N., 1996. The developing framework of marine ecotox-
icology: pollutants as a variable in marine ecosystems? J. exp.
mar. Biol. Ecol. 200: 29-55.

Luoma, S. N., E. V. Axtmann & D. J. Cain, 1989. Fate of mine
wastes in the Clark Fork river, Montana, U.S.A. In Metal and
Metalliods in the Hydrosphere; Impact through Mining and In-
dustry, and Prevention Technology in Tropical Environments.
Asian Inst. Tech. (UNESCO), Bangkok, Thailand: 63—75.



Luoma, S. N., C. Johns, N. S. Fisher, N. A. Steinberg, R. S.
Oremland & J. R. Reinfelder, 1992. Determination of selenium
bioavailability to a benthic bivalve from particulate and solute
pathways. Envir. Sci. Technol. 26: 485-491.

Maroni, G. & D. Watson, 1985. Uptake and binding of cadmium,
copper and zinc byDrosophila melanogastetarvae. Insect
Biochem. 15: 55-63.

Marshall, A. T., 1983. X-ray microanalysis of copper and sulphur-
containing granules in the fat bodies of homopteran insects. Tiss.
Cell 15: 311-315.

Mason, A. Z. & K. D. Jenkins, 1995. Metal detoxification in aquatic
organisms. In A. Tessier & D. R. Turner (eds), Metal Speciation
and Bioavailability in Aquatic Systems. John Wiley & Sons Ltd:
479-608.

McGuire, D. L., 1995. Clark Fork river macroinvertebrate com-
munity biointegrity: 1993 assessment. Montana Department of
Health and Environmental Sciences Water Quality Bureau: 50
and appendices.

Mecom, J. O., 1972. Feeding habits of Trichoptera in a mountain
stream. Oikos 23: 401-407.

Moore, J. N. & S. N. Luoma, 1990. Hazardous wastes from large-
scale metal extraction. Envir. Sci. Technol. 24: 1279-1285.

Moore, J. N., S. N. Luoma & D. Peters, 1991. Downstream effects
of mine effluent on an intermontane riparian system. Can. J. Fish.
aquat. Sci. 48: 222-232.

Nott, J. A. & A. Nicolaidou, 1990. Transfer of metal detoxification
along marine food chains. J. mar. biol. Ass. U.K. 70: 905-912.

Phillips, D. J. H. & P. S. Rainbow, 1993. Biomonitoring of Trace
Agquatic Contaminants. Elsevier Applied Science, London, 371
pp.

Reinfelder, J. R. & N. S. Fisher, 1991. The assimilation of elements
ingested by marine copepods. Science 251: 794-796.

Reinfelder, J. R. & N. S. Fisher, 1995. Retention of elements ab-
sorbed by juvenile fishMenidia menidia Menidia berylling
from zooplankton prey. Limnol. Oceanog. 39: 1783-1789.

Roesijadi, G., 1994. Behavior of metallothionein-bound metals in a
natural population of an estuarine mollusc. Mar. envir. Res. 38:
147-168.

Sanders, B. M., K. D. Jenkins, W. G. Sunda & J. D. Costlow, 1983.
Free cupric ion activity in seawater: effects on metallothionein
and growth in crab larvae. Science 222: 53-54.

Schefter, P. W. & G. B. Wiggins, 1986. A systematic study of the
nearctic larvae of thélydropsyche morosgroup (Trichoptera:
Hydropsychidae). Royal Ontario Museum. Life Science Miscel-
laneous Publications: 94.

Seidman, L. A., G. Bergtron, D. J. Gingrich & C. C. Remsen, 1986.
Accumulation of cadmium by the fourth instar larva of the fly
Chironomus thummiTiss. Cell 18: 395-405.

Simkiss, K., S. Daniels & R. H. Smith, 1993. Effects of popu-
lation density and cadmium toxicity on growth and survival of
blowflies. Envir. Pollut. 81: 41-45.

Smock, L. A., 1983. The influence of feeding habits on whole-body
metal concentrations in aquatic insects. Freshwat. Biol. 13: 301—
311.

Snyder, C. D. & A. C. Hendricks, 1995. Effect of seasonally
changing feeding habits on whole-animal mercury concentra-
tions in Hydropsyche morosgTrichoptera: Hydropsychidae).
Hydrobiologia 299: 115-123.

Sohal, R. S., P. D. Peters & T. A. Hall, 1976. Fine structure and x-

117

ray microanalysis of mineralized concretions in the malpighian
tubules of the housefljlusca domesticariss. Cell 8: 447-458.

Suzuki, K. T., Y. Aoki, M. Nishikawa, H. Masui & F. Matsub-
ara, 1984. Effect of cadmium-feeding on tissue concentrations of
elements in germ-free silkwornBombyx mojji larvae and dis-
tribution of cadmium in the alimentary canal. Comp. Biochem.
Physiol. 79C: 249-253.

Suzuki, K. T., H. Sunaga, Y. Aoki, S. Hatakeyama, Y. Sugaya, Y.
Sumi & T. Suzuki, 1988. Binding of cadmium and copper in the
mayfly Baetis thermicugarvae that inhabit a river polluted with
heavy metals. Comp. Biochem. Physiol. 91C: 487-492.

Suzuki, K. T., H. Sunaga, S. Hatakeyama, Y. Sumi & T. Su-
zuki, 1989. Differential binding of cadmium and copper to the
same protein in a heavy metal tolerant species of maigefis
thermicu$ larvae. Comp. Biochem. Physiol. 94C: 99-103.

Thorpe, G. J. & J. D. Costlow, 1988. The relation of the acute (96-h)
uptake and subcellular distribution of cadmium and zinc to cad-
mium toxicology in larvae oRhithropanopeus harrisiand Pa-
laemontes pugidn Aquatic Toxicology and Hazard Assessment,
Vol. 12: 82-94. ASTM, Philadelphia, PA.

Timmermans, K. R. & P. A. Walker, 1989. The fate of trace
metals during the metamorphosis of chironomids (Dipera: Chir-
omonidae). Envir. Pollut. 62: 75-85.

Timmermans, K. R., W. Peeters & M. Tonkes, 1992. Cadmium,
zinc, lead, and copper i€hironomus riparius(Meigen) lar-
vae (Diptera, Chironomidae): uptake and effects. Hydrobiologia
1992: 119-1134.

Variengo, A., M. Pertica, G. Mancinelli, R. Capelli & M. Orunesu,
1980. Effects of copper on the uptake of amino acids, on pro-
tein synthesis and on ATP content in different tissuesigfilus
galoprovincialisL. Mar. envir. Res. 4: 145-152.

Variengo, A., M. Pertica, G. Mancinelli, S. Palmero, G. Zanicchi &
M. Orunesu, 1982. Evaluation of general and specific stress in-
dices in mussels collected from populations subjected to different
levels of heavy metal pollution. Mar. environ. Res. 6: 235-243.

Vuori, K., M. & J. Kukkonen, 1996. Metal concentrations kty-
dropsyche pellunciduldarvae (Trichoptera: Hydropsychidae)
in relation to the anal papillae abnormalities and age of the
exocuticle. Wat. Res. 30: 2265-2272.

Wallace, J. B., 1974. Food partitioning in net-spinning Trichoptera
larvae: Hydropsyche venularisCheumatopsyche etronand
Macronema zebraturgiHydropsychidae). Ann. Ent. Soc. Am. 68:
463-472.

Wallace, W. G. & G. R. Lopez, 1997. Bioavailability of bio-
logically sequestered cadmium and the implications of metal
detoxification. Mar. ecol. Prog. Ser. 147: 149-157.

Wang, W-X, N. S. Fisher & S. N. Luoma, 1996. Kinetic determ-
ination of trace element bioaccumulation in the mudgglilus
edulis Mar. ecol. Prog. Ser. 140: 91-113.

Woodward, D. F., A. M. Farag, H. L. Bergman, A. J. DeLonay, E. E.
Little, C. E. Smith & F. T. Barrows, 1995. Metals-contaminated
benthic invertebrates in the Clark Fork river, Montana: effects on
age-0 brown trout and rainbow trout. Can. J. Fish. aquat. Sci. 52:
1994-2004.

Yamamura, M., K. T. Suzuki, S. Hatakeyma & K. Kubota, 1983.
Tolerance to cadmium and cadmium-binding proteins induced in
the midge larvaChironomus yoshimatsyDiptera, Chironom-
idae). Comp. Biochem. Physiol. 75C: 21-24.



