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Abstract

Changes in cellulolytic activity of Asiatic clams (Corbicula fluminea) and snails (Mudalia dilarata) were
monitored throughout 30-d exposures to constant additions (0.0, 0.025, 0.08, 0.50, and 1.0 mg 17"} of
zinc (Zn). All exposures of 0.05 mg Zn 1! or greater significantly reduced enzyme activity (exo- and
endocellulase) in both molluses as early as 10 d following exposures in outdoor laboratory streams in-
corporating New River water as diluent. More sterile laboratory stream exposures were less consistent
in yielding quantifiable differences that could be attributed to metal induced stress apart from effects of
nutritional stress. Tests conducted under natural field conditions during all seasons did not differ sig-
nificantly with respect to changes in annual energetics of either clams or snails. However, evidence of
differing uptake routes, with respect to two ecologically and physiologicaily distinct molluscs, was
apparent in bioaccumulation, growth, and enzyme activity throughout exposure and following 60-d
recovery.

Introduction quality parameters, and various factors known to

affect the range of effect levels (O’Donnel er al.,
1985; Giesy et al., 1988). The apparent lack of
cohesion between toxicity and bioavailability of
metals demands more consideration be given to

Efforts to monitor the impacts of heavy metals on
aquatic environments have included the exami-
nation of metals in aqueous and suspended par-

ticulate phases, in sediment phases, and the avail-
ability of these phases to organisms qualifying as
biomonitors. The present data base is reflective of
the large variability in organismic response to dif-

fering routes of exposure and uptake. This vari- -

ability has been shown to be influenced by test
species selection, methodology in testing, water

those tests that include end points that can be
reliably measured prior to the onset of mortality.
For this reason, the use of indigenous biota (spe-
cifically molluscs) to monitor metai contamina-
tion in water and sediments has gained recogni-
tion for the ability of sedentary or sessile
organisms to estimate actual concentrations
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realized by organisms (Phillips, 1977; Goldberg
et al., 1978). Body burdens of metals may be cor-
related with ambient water concentrations, but
these do not require information on all changes
occurring with fluctuations in metal complexation
or speciation. Rather it examines the relevant
forms of each accumulated metal within the or-
ganism through suspected uptake routes. How-
ever, bioaccumulation has not proven sufficient
as a single end point for decision making because
some molluscs have a high capacity to accumu-
late metals without notable toxic effects (Poulsen
etal., 1982).

Although molluscs have been extensively used
as monitors of heavy metal pollution (Phillips,
1980; Goldberg er al., 1978; Graney et al., 1983;
Doherty & Cherry, 1988), there is a paucity of
Information on the effects that metal accumula-
tion may exert upon their metabolism and physi-
ology (Bayne, 1976; Viarengo er al., 1982). Efforts
to quantify stress during the accumulation of met-
als that exceed their abilities to effectively store or
depurate them have led to the development of
general and specific stress indices for molluscs
(Viarengo et al., 1982}, Stress has been defined by
Bayne (1975) as a measurable alteration of a
. physiological steady state induced by an environ-
mental change that renders the individual or the
population more vulnerable to further environ-
mental changes. The use of these indices can sup-
port the understanding of the nonspecific pro-
cesses (including mucus binding, endocytosis,
and difTusion | Simkiss & Mason, 1983]) involved
with metal uptake in molluscs. Phillips (1980)
noted that proposed indices for stress in indica-
tor species should be sufficiently sensitive to
changes in metal availability as dominated by food
routes, differences in water quality, and even be-
havioral alterations that might affect indicator
ability to refiect exposure accurately, _

The studies described in this discussion were
undertaken to investigate cellulolytic responses in
two moltuscs (filter-feeding bivalve and phytopha-
gous gastropod that are ecologically and physi-
ologicaliy distinct) to long-term exposure and re-
covery to zinc (Zn). The Asiatic clam, Corbicula
Sfluminea, has been adequately. qualified as a bio-

indicator of poliutants (Johnston & Hartley, 1981;
Foe & Knight, 1983, 1987) and has recently been
given increased attention for use in biomonitoring
and toxicity testing (Harrison eral., 1984; Be-

langer, 1991; Belanger eral., 1986a, b; Farris,

1986; Farris er al., 1988; Doherty, 1990). In ad-
dition to examining Zn accumulation and cellu-
lolytic activity in clams, comparisons were made
between the clam and a freshwater gastropod
(Mudalia dilatara) to evaluate accumulation of
metals through differing uptake routes and behav-
ioral aiterations. Stress indices from these two
potential monitors are examined seasonally in
both laboratory and field-oriented artificial stream
systems.

Materials and methods

Seven, 30-d exposures of Zn to the Asiatic clam
(C. fluminea) and a snail (M. dilatata) were car-
ried out at the Glen Lyn field laboratory (GL) and
the Virginia Polytechnic Institute and State Uni-
versity (Virginia Tech) Ecosystem Simulation
Laboratory {(ESL) (Table 1)} using New River
water (60 mg i~ ' hardness) as diluent. Inverte-
brates were analyzed for variations in cellulolytic
activity and Zn accumulation in response to du-
ration and degree of exposure in artificial streams.

Description of artificial streams

Four of the chronic exposures were carried out at
an outdoor fleld laboratory {(Glen Lyn, Virginia)
with untreated New River water (pH 8.1+ 0.2)
and three at the ESIL with dechlorinated tap water
(controlled pH 7.0). Measured total recoverable
Zn was evaluated in all studies. Experimental
units consisted of a series of oval, 20-1 paddle-
driven streams adapted for both field and labo-
ratory situations (Fig. 1). This design was similar
to the ‘Mclntire’ artificial stream that has been
noted for its economical approach for extent of
replications, estimated interactions, and indepen-
dence of treatments (Kosinski, 1989). Further de-
scription of these laboratory and field systems
can be found in Farris er al. (1989).
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Table {. Dates for analvsis using artificial stream systems with untreated New River water at Glen Lyn (GL) and municipal treated,

laboratory water at Virginta Tech (ESL).

Site and code

Date

Exposures

GL 1 spring 1984
GL 2 summer 1984
GL 3 fall 1984

GL 4 spring 1985
ESL | spring 1984
ESL 2 winter 1984
ESI. 3 spring 1983

28April-28May 1984
23 June-23 Julv 1984

7 Sept—-70 Oct 1984
20April-26May 1985
27 May-26June1984
26 Nov=26 Dec1984

S April--9May1985

30-d

30-d

30-d + clam 30-d recovery

30-d + clam and snail 30-¢ recovery
30-d

30-d

30-d

Glen Lyn streams were filled to a depth of 2 ecm
with coarse sand sediment (832 of the sediment
was 2.5-9.0 mm in particle size); no substrate
was added to the ESL streams. A 14L:10D light
regime was used in the ESL streams.

~

Artificial streams at both the ESL and Glen
Lyn locations were dosed with ZnSO,.7H,0 at
concentrations ranging from 0.025 to 1.0 mg 1!
at a pump flow rate of 0.5 ml min ~* from Cole-
Parmer variable speed peristaltic pumps. Stock

Fig. 1. Schematic representation of artificial stream and metal dosing system showing headbox (H), peristaltic pump {PP), car-
boys {C), containing Zn pumped (PP) to streams (AS) with paddlewheeis {P), motor (M), standpipes (8), and valves (V) 1o control
difuent flow. Arrows indicate stream incurrent and excurrent flow.
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solutions held in 25-[ carboys were changed every
second day. To provide food for Corbicrla, 250 ml
of Chlamydomonas rheinhardti cultured in Bold’s
Basic medium (625 cells 1%, final in-stream den-
sity) were added to ESL streams every day; Glen
Lyn streams were colonized by resident algae
from the New River (Genter et al., 1987) so no
food supplements were needed. During acclima-
tion, precolonized rocks transferred from the New
River to ESL streams provided substrate and
food for Mudalia grazing.

Water samples were collected from ESL and
Glen Lyn and returned on ice to Virginia Tech for
water chemistry analysis on each sample day
(Tabies 2, 3). The total recoverable Zn fraction
was determined (American Public Health Asso-
ciation J[APHA] eral., 1980) using a Perkin-

Elmer 640 atomic absorption spectrophotometer
for each water sample. Alkalinity and hardness
were determined titrimetrically (APHA eral.,
1980), and pH was determined using a Model 650

‘Fisher Scientific pH meter. Anions (NO;,

PO; 3, SO 2 Cl17) were determined by column
ion chromatography using a Dionex Model 10 ion
chromatograph.

Exposures at Glen Lyn used three replicate
streams at three to four concentrations
(Tables 2, 3). Early range-finding studies docu-
mented that replicate streams were not signifi-
cantly different in actual Zn concentrations
(Farris, 1986); consequently, the spring 1985 Glen
Lyn study and all formal laboratory studies were
conducted with single streams per target concen-
tration. :

Table 2. Mean (£ | SE}) of selected water chemistry parameters analyzed during the Glen Lyn studies (n = 13).

Season Target Actual zinc Temp pH Hardness Alkalinity
concentration concentration ] fmg 1~ ! as CaC0,) (mg !~ ' as CaCO,)
(mg1™') (mg1™")
GL | 0 0.020 25.1 8.3% 71.1 49.8
(spring 1984} {+0) {+1.8) (£ 0.30) (+13.5) (z7.1)
' 0.05 0.043 - 8.31 70.7 48.5
(+6.060) (+0.38) (+14.6} (+5.9)
1.0 0.819 - 8.06 723 49.8
(+1.014) (+0.26) (+10.6) {(+6.1)
GL 2 ¢ 0,028 25.5 8.44 70.2 47.6
{summer 1984} (+0.016) {+0.8) (+£0.10) {+3.65) (+ 1.5}
0.05 0.035 - 8.42 79.5 48.3
(£0.012) (£0.09) (+4.2) (% 1.3)
1.0 1.1061 - 8.08 70.8 48 4
(£0.955) (+0.08) {(£2.7) {14
GL 3 0 0.094 26.6 8.31 §8.8 56.2
(fall 1984) (+£0.228) {(+1.9) (£0.12) (+2.3) (x6N
0.03 0.087 - 8.27 88.3 35.5
(£0.109) {+0.09) (+2.6) {+ 0.8}
0.30 0.504 . - 8.20 87.1 59.7
(+6.286) (+0.05) (+2.6) (1.1
1.0 0.975 - 8.14 88.3 56.1
(+0.299) ‘ (£ 6.02) {(£2.3) (0.7
GL 4 0 0.020 17.2 8.17 68.0 44.4
(spring 1985) (+0) (+0. { £0.26) {+58) {+ 1.9
6.0258 6.020 - 8.12 66.6 38.6
(0 {£0.05) {31} {£3.2)
0.10 0.12 - 8.39 69.0 41.2
(£0.056) {(+0.20) (+6.7) (+2.3)




In the fail 1984 and spring 1985 studies, the
recovery of clams exposed to Zn for 30 d was
determined. This recovery analysis also included
snails in spring 1985, After the fall 1984 exposure
period. clams were removed to flow-through fish
hatchery troughs fed with New River water {Clark

etal., 1980) that had previously been colonized

by algae to be used as a food source. The re-
sponse parameters (cellulolytic activity and bio-
concentration) were analyzed after 10, 20, and
30 d of recovery in clean water. After the spring
1985 exposure period, both saails and clams were
ailowed to recover in the same artificial streams
that had previously been dosed with Zn for 30 d.
Response parameters were analyzed as in the
previous study.

Experimental design of enzyme analysis
Corbicula were collected from a population in the

New River, Virginia (River mile 100) from fine
sand sediment. Mudalia were removed from rocks
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0.5 km upstream and across the river of the Glen
Lyn Power Plant. Both clams and snails were
immediately transferred to artificial stream SYs~
tems following collection. After an acclimation
period of 1014 d, six clams and snails from each
treatment were randomly chosen and transferred
to the laboratory for dissection and weighing on
days 0, 2. 5, 10, 20, and 30, Days 0, 2, and 3 were
alieviated and 30 recovery days were added in
later studies at Glen Lyn. Enzyme extracts from
individuals were prepared from whole body
homogenates. Samples were homogenized in
0.15 M phosphate buffer pH 6.0 at a wet mass to
buffer ratio 0.2 g ml~ ', Homogenates were cen-
trifuged for 15min at 15000 x g. Supernatants
(extracts) were decanted and the final extract vol-
ume recorded. Pellets were recovered for dry mass
measurements. Two celluiase assays were used ~
a viscometric assay (Almin & Eriksson, 1967)
and reducing sugar assay (Miller, 1959) ~ both
using carboxymetholycellulose (CMC, Hercules
type 7TH3SF) as substrate. Details of these assays
are reported by Sinsabaugh (1980) and Sinsa-

Table 3. Mean (+ | SE) of selected water chemistry parameters analyzed during the ESL studies (i =4).

Season Target zine Acutal total Temp pH Hardness Alkalinity
concentration zinc concentration {°C} {mg1~! {mg 1!
{mg ™" {mgi™H as CaC0;) as CaCO,)
ESL 1 0 0.02 16.5+0.8 7.88 +0.03 575+ 1.1 27.6+0.9
(spring 1984) (+0)
0.05 0.092 7.87+0.03 350+ 1.8 287+ 0.8
{(+0.019)
1.9 0.984 7.82 +0.03 558+24 29.1+1.0
(+0.114)
ESL 2 ] £.020 1.0+ 0.03 7.7+0.03 56+ 1.8 27.0+0.3
(winter 1984) (+0}
0.05 0.0%0 77+0.02 62+2.4 28.8+0.12
{£0.02)
0.50 - 0.531 8.05+ 0.0 60+ 1.2 282+02
(+6.05)
Lo 0.980 7.3+0.03 38+2.4 30+60.02
' (£0.12)
ESL 3 0 0.021 16.25+0,23 8.03+0.01 60+ 1.2 231+ 17
{spring 1983) £+0)
0.025 0.020 8.1x0 65424 320+002
{(+0.01) ‘
010 0.070 3.06+0.34 65+ 0.0

333+ 044
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baugh er al. {1985), The viscometric assay mea- |

sured endocellulase (1-4, endoglucanase) activity
in units proportional to absolute activity. Reduc-
ing sugar production (mg glucose equivalents
h ') reflects the synergistic action of all the en-
zymes responsible for cellulolysis. Solubie protein
in extracts was measured by a colorimetric pro-
cedure (Bradford, 1976; Kley & Hale, 1977) using
Coomassie blue dye (Bio-Rad Laboratories Tech-
nical Bulletin 1051, 1977). All assays were per-
formed at 20°C, and activity measurements for
endo- and exo-products were reported as units/
dry mass. Assays were conducted in triplicate on
each of six individual snail and clam extractions.
One unit of the enzyme is defined as the amount
of enzyme required to liberate 1 mg of reducing
sugar equivalent per hour using CMC as a sub-
strate. Cellulase product indices were standard-
ized to control activity levels on each day of ex-
amination and represent the mean of 18 separate
measurements per individual.

300

Enzyvme activity data (the celinlase product
index) was analyzed by the Kruskal-Wallis Test,
a one-way analysis of variance rank analogue
(Hollander & Wolfe, 1973), to determine the effect
of Zn on enzyme inhibition or activation for each
sample day. If significant differences were indi-
cated (x = 0.05), a rank-like Least Significant Dif-
ferences procedure was employed as a multiple
range test to detect significantly different means.

Resuits
Artificial stream dosing

Zinc target concentrations were met for 0.05, 0.1,
0.5, and 1.0mg 1" in both field (Table 2) and
laboratory (Table 3) studies. The 0.025 mg |~
target was met in laboratory streams but fell below
detection limits in field studies at Glen Lyn.
At Glen Lyn, measured concentrations in the

25

% CONTROL PRODUCT INDEX
3
ofs
o
3
o
8

DAYS

Fig. 2. Response of Corbicula celiulolyviic complex 10 Zn in {A) spring 1984, (B) summer 1984, (C) fall 1984, and (D)) spring studies
at Gien Lyn field-laboratory. Data are relativized to the control product index on each day. Means + | SE are given on each day.
Means that are significantly different from the controls are indicated by an asterisk (%),



control and .05 mg I~ ' treatments were not sig-
nificantly different, although Zn measurements of
the 0.05mg 1™ target were within 702 of the
calculated concentration (l.e., 0.035 + 0.012 [SE]
and 0.038 +0.013mg | ™' for Glen Lyn vs ESL
streams, respectively). We assumed, for purposes
of calculation, that 0.012 mg i~ was present at
all times if the concentration was below detection
limits where 0.02 is one-half the detection limit.
The effect of presuming a 0.012 mg 1~ baseline
concentration always present in controls altered
the outcome of the Kruskal-Wallis test. The high
dose (1.0 mg 1™ ") target had an average concen-
tration of 1.101 + 0.955 mg |~ . The realized Zn
concentrations at the ESL (1.130 + 0.478 mg |~ 1)
were more consistent than those at Glen Lyn. All
ESL treatments (0, 0.05, 1.0 mg ™ ') were sig-
nificantly different from each other.

Dosing reproducibility for each Zn target con-

centration at Glen Lyn was established according
to the Kruskal-Wallis test (Table 2). No signifi-
cant differences within treatments (control, 0.05,
and 1.0 mg |~ ') existed. The pattern was consis-
tent for all experiments; therefore, for the purpose
of citing realized Zn concentrations, all replicates
were pooled for analysis.

Cellulolvric activity in Corbicula

Total clam enzyme activities as represented by
the relativized exo- and endocellulase product in-
dices declined both with high Zn doses and time
over the course of most 30-d exposures (Fig. 2, 3).
Declining cellulolytic activity in Corbicula was
exposure-dependent. All Zn exposures were sig-
nificantly different during summer 1984 and fall
1984 studies at Glen Lyn. During the spring 1984
and spring 1985 exposures at Glen Lyn, cellu-
lolytic activity was significantly reduced by 0.1
and 1.0mg 17' Zn only on day 20 of exposure
(Fig. 2). A decline in celiulolytic activity for ex-
posure periods during all seasons was most often
evident after 20 d of exposure and especially dur-
ing fall 1984 for all days of exposure at 1.0 mg
17", Only in fall 1984 did high Zn exposures (0.5
and 1.0 mg 1™") significantly reduce celiulolytic
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activity of clams as early as day 5, and their ac-
tivity failed to recover to levels dispiayed for con-
trols following 30 d in control water. Clams ex-
posed to Zn levels ranging from 0.025 to 0.1 mg
[ ", however, did respond with increased cellu-
lotytic activities following 10 10 30 d of recovery.

Patterns of decline in cellulolytic activity were
less consistent in Corbicula exposed to Zn in the
ESIL compared to studies conducted at Glen Lyn -
(Fig. 3). Only in exposures conducted during
spring 1984 did activities show any exposure-
dependent response and only after 30 d of expo-
sure. Product indices measured during the winter
1984 study had no discernible patterns of
response to Zn. In the spring 1985 study, activ-
ity levels were significantly greater than that of
controls in clams exposed to both 0.05 and
1.0mgl~! Zn.

Cellulolytic activity in Mudalia

Product indices for cellulolytic activity in Mudalia
had consistent patterns of exposure-dependent
responses to Zn in all exposures conducted at
Glen Lyn (Fig. 4). Zinc exposures at 0.05-1.0 mg
17! in the four seasonal tests caused cellulolytic
activity to decline significantly below that of con-
trols by day 10. However, 0.025 mg |~ did not
result in reduced activity. Enzyme activity levels
of snails exposed to 1.0mg | ™! Zn in the spring
and summer 1984 studies had abrupt and signif-
icant declines prior to the onset of complete mor-
tality by the following test day (days 20 and 30,
respectively).

A significantly lower cellulolytic index prior to
the onset of mortality was evident on day 10 for
snails in the spring 1984 (ESL) study (Fig. 5).
Enzyme activity was difficult to discern in the
winter 1984 study due to the high mortality that
occurred at all levels tested by day 20 with no
surviving controls by day 30. Variations in cellu-
lolytic activity during the spring 1985 study in
Mudalia were similar to responses of Corbicula for
that same study where no consistent patterns of
increase or decline were evident.
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Zn accumulation

Accumulation of Zn in clams exposed to low level
exposures (0.025 and 0.05 mg 1~ ') was similar to
that occurring in clams at higher exposures dur-
ing the first 10 d of any study at Glen Lyn (Fig. 6).
By days 20-30, high dosed clams (1.0 and 0.5 mg
1™ Y continued to accumulate Zn when low-dosed
clams (0.025 and 0.5mg [™") failed to display
continuing accumulation. This pattern was espe-
ctally evident in the fall 1984 study for both 1.0
and 0.5 mg1~ ' exposures. Background body bur-
dens of controls were generally between 150-
250 ug Zn g~ ' dry weight. The highest accumu-
lations observed were 1940 ug Zn g~ ' at 1.0 mg
17" on day 30 in fall 1984. Maximum accumula-
tions for clams exposed to 0.05 mg 17" concen-
trations ranged from 440 to 890 ug Zn g~ ' (sum-
mer and spring 1984, respectively).
Accumulation patterns in snails at Glen Lyn
showed that Zn uptake was more rapid than in

Corbicula, with maximum total body burdens at
higher exposures most often occurring by day 10
(Fig. 7). Snails failed to accumulate the metal at
high Zn doses throughout the 30-d exposures
while, at lower concentrations (0.025-0.1 mg
I~ 1), they most often had uptake patterns similar
to Corbicula. Background body burdens for con-
trols ranged from 108 to 391 ug Zn g~ ' The
highest accumulations observed were 1403 ugg ™"
at .0mg |™"' on day 10 in fall 1984. Snails ex-
posed to lower (0.05 mg 1™ ' Zn) concentrations
accumulated Zn at moderately low levels, 401 to
516 ug g~ ' (spring and fall 1984, respectively),
In the fall 1984 study at Glen Lyn, Corbicula
quickly depurated accumulated Zn body burdens
in 17 d at all levels of exposure after being trans-
ferred to streams not contaminated with Zn
(Fig. 8). This depuration pattern was again evi-
dent at lower Zn exposures (0.025 and 0.1 mg
I=') as early as 10 d following renewal with un-
dosed river water into previously dosed artificial
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streams in spring 1985, Mudalia also depurated or
removed Zn accumulation within 10 d following
cessation of Zn exposure and subsequent addi-
tion of clean water. Depuration was considered
complete after 20 d of recovery in the 0.025 mg
™! concentration exposed snails.

Discussion

Cellulolytic activity

The utility of the cellulolytic product index as a_

general stress indicator was substantiated by the
reduced enzyme activity found in both Corbicula
and Mudalia as they responded to long-term Zn
exposures in both laboratory and field-oriented
studies. Both molluscs had significantly reduced
enzyme activity at 0.05mg 1-! and greater Zn
exposures during all seasons tested. The clam
enzyme activity response to this level has been
compared to measurements of growth reported
by Belanger eral. (1986b). While significant
changes in enzyme activity were often apparent
after 10 d of exposure, differences in growth at
similar Zn exposure were comparable by 30 d.
From these field exposures, the calculated no-
observed-effect concentration (NOEC) and low-
est-observed-effect concentration (LOEC) were
0.025 and 0.050 mg Zn 1™, respectively. These
levels of Zn exposure bracket those considered to
be protective of aquatic life during chronic expo-
sure (0.047 mg 1™ ") by the U.S. Environmental
Protection Agency [USEPA] (1987). The first
level of observed effect in our studies (0.05 mg
1) was comparable to the lowest values reported
in the USEPA ambient water quality criteria for
Zn (USEPA, 1987). Chronic toxicity data pro-
vided for nine {reshwater species include two for
invertebrates, ranging from 46.73ug 1-! for
Daphnia magna to > 5000 ug 17! for the caddis-
iy, Clistoronia magnifica. '
Laboratory artificial stream exposures gener-
ally were inconclusive for indicating any direct
correlations with Zn induced stress except to
show that celluiase activity responded, suggesting
stress from starvation in snail and clam popula-

tions by day 30 during long-term holding (Farris
et al., 1989}, As data are relativized to the control
product to aid in comparing days 0~30, reaction
to exposure in ESL experiments appeared as an

_Increase in enzyme activities in both Mudalia and

Corbicula at sublethal levels. However, as in all
ESL experiments, unrelativized activity of both
endo- and exocellulase activity of control organ-
isms showed very inconsistent trends. The cellu-
lase assay was sensitive to relative health of con-
trol organisms in long-term studies and related
the false impression of increased activities ob-
served in exposed molluscs to the realized re-
sponse of starved controls.

Dietary requirements

Dietary requirements were obviously met in the
field-laboratory experiments where phytoplank-
ton and suspended periphyton were transported
to streams via river water. Consistent trends in
cellulolytic activity were observed for control
organisms of both species, but also agrees with
simultaneous growth analysis performed upon
Corbicula. Belanger et al. (1986b) found tissue and
shell degrowth (as defined by Russell-Hunter,
19335} in control populations for the spring 1984
ESL study. Their work was able to show that
algal growth within artificial streams, together
with transported suspended phytoplankton, was
able to support growth in Corbiculg held in arti-
ficial streams at Glen Lyn. Dauble er al. (1985)
has reported that a constant input of algae at 1000
cells mi™ ' is required to support tissue and shell
growth of Corbicula under flow~through labora-
tory conditions.

Researchers who have investigated growth re-
sponses of Corbicula in the laboratory (Dauble
etal., 1985; Foe & Knight, 1985, 1986; Belanger
etal., 1986a) have shown that dietary require-
ments for Corbicula are more specific than was
once thought. Studies using Corbicula to examine
toxicity in the laboratory (Hartley & Johnston,
1983; Harrison et /., 1984; Belangerer al., 1986a)
or bioindicator potential (Graney er al., 1983,
1984) may have failed to adequately quantify rela-



tive organismic health throughout all phases of
long-term exposure. Effects on cellulolytic activ-
ity due to starvation in the laboratory, which com-
plicated interpretation of effects from Zn expo-
sure, were not apparent until days 20 to 30. This
duration of exposure does not include the con-
sideration of the initial state of unexposed Cor-
bicula health that could occur at different periods
of the year. For example, differences in energy
allocations occurring in Corbicula tested in winter
and summer have been shown to affect asbestos
uptake as reflected in growth rates (Belanger er al.,
1986b).

Metal accumudation

Metal uptake and variations in cellulolytic activ-
ity in our studies were clearly more pronounced
during certain seasons at comparable Zn expo-
sures (0.05 and 1.0 mg 17 '), These differences
may be due not only to the relative condition of
the organisms tested at that time of year, but also
to the seasonal variations in the trace metal up-
take rates exhibited by the algae. A filter-feeder,
such as Corbicula, accumulates metals not only
from solution but also from inorganic particu-
lates. The seasonal fluctuation in bioavailability is
likely to be a composite of the changes occurring
in both phases (Phillips, 1980). Further compli-
cations in interpreting toxicity data may be found
in Corbicula that have reduced siphoning and
growth when presented inorganic particulates
(Foe & Knight, 1985). Doherty et al. (1987) have
also warned that interpretation of valve closure
behavior in relation to observed bioaccumulation
processes should consider not only exposure con-
centrations and duration, but their effect on
threshold phenomenon.

Although it is reported that most filter-feeders,
such as the bivalve molluscs, will take up metals
rapidly from solution or from food, the latter route
is noted as most important for metals not having
preference for particulate association (Phiilips,
1976). This may in part help explain the striking
contrast in responses occurring in laboratory Zn
exposure systems in which dechlorinated water
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does not offer a continual renewed particuiate or
food resource, and in field-oriented sysiems where
these phases most likely dominate uptake routes,
The cellulolytic index was sufficiently sensitive to
detect this difference in indicator species of dif-
fering trophic strategies. In addition, it supports
the selection of these organisms and an enzymatic
test so specific to feeding responses known to be
a dominant uptake mechanism for Zn in molluscs
(Phillips, 1980; Simkiss & Mason, 1983),

There is now obvious evidence that body loads
of metals among molluscan herbivores, suspen-
sion feeders, carnivores, and detritivores are ob-
tained via various routes (Pentreath, 1973; Young
etal, 1977). Forstner & Whittman (1979) have
endorsed filter-feeding bivalves as the most suit-
able indicator among molluscs; however, they did
stress that the gastropods can relate the uptake of
heavy metals within a food chain in which the
species can be at any of the various trophic levels
{(phytophagous, deposit-feeding, and carnivo-
rous). In comparing the uptake of Zn and accom-
panying cellulolytic activity in a grazer (e.g., Mu-
dalia) with that of a suspension filter-feeder (e.g.,
Corbicula), it was apparent from Glen Lyn expo-
sures that effects from uptake via attached aigae
were more pronounced earlier in the studies. In
these systems, algae accumulated up to 5000 g
Zn g~ dry weight at 0.05 mg [~ ! and 60000 ;g
Zn g~! dry weight at 1.0mg 1" (Farris er al.,
1989). Graney er al. (1983), in field studies that
exposed Corbicula to Zn concentrations from
0.2-0.8 mg 1" for 30 d, indicated that a strong
relationship between accumulation and exposure
level did not exist. No consideration in their
study and others was given to alternative expo-
sure routes where algae, particulates, or sediment
may have served as factors affecting exposure
levels.

Belanger eral. (1986a) have noted that algae
played a role in the observations of total Zn in
water, growth responses, and calculated nominal
Zn concentrations, Algal communities in their
field studies accumulated Zn and increased in
biomass through exposure periods to the point
that it was difficult to detect Zn in water. Growth
rates of Corbicula, however, were able to provide
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evidence in this study that Zn was available to

clams, although not as measured in the water.

Meral depuration

Accumulations of Zn by algae at Glen Lyn most,

likely contributed to the maximum Zn accumu-
lations that occurred by day 10 in snails exposed
to high concentrations (0.5-1.0 mgi~"). Accom-
panying significant declines in cellulolytic activity
always accompanied those periods of maximum
accumulation. Periods following maximum up-
take in snails reflected a trend in depuration or
loss of metal accumulation prior to the onset of
mortality. However, the cellulolytic activity dur-
ing these periods continued to remain depressed.
This trend also existed for both snails and clams
at lower level Zn exposures (0.05 mg 1~ ') during
all seasons. Only during those examined recovery
periods were both clams and snails able to sus-
tain recovered cellulolytic activity following metal
depuration and only at lower Zn exposure con-
centrations tested (0.025 and 0.05mg 1~ ').
Graney eral. (1983) found no significant dif-
ferences in the body burdens of clams exposed to
0.2 and 0.4 mg 1~ ' Zn. At these levels, they pre-
dicted that Corbicula was effectively able to regu-
late Zn uptake and/or excretion. Clams and snails
in our studies also effectively regulated Zn body
burdens at lower levels of Zn exposure (0.025 and
0.05 mg 17 '}. The false impression of regulation
of Zn accumulation being directly related 1o rela-
tive health of an organism was portrayed by snails
as depuration and/or excretion often occurred be-
fore the onset of high mortality and declined cel-
lulolytic activity in three Glen Lyn studies (spring
and summer, 1984 and fall, 1983). However,

depuration of Zn in clams on day 20 in the spring _

1984 and spring 1985 studies corresponded with
nonsignificant differences in cellulolytic activity
occurring on day 30 following earlier periods of
significant decline.

The inability of snails to depurate Zn effec-
tively in the first 10 d in comparison to the clams
delayed responses of uptake and dechning cellu-
lolytic activity most often occurring later by day
20 has suggested that snails acted as more suit-

able indicators of short-term stress, while clams
were better suited for examination of long-term
effects. These differences can in part be attributed
to the ability of molluscs to isolate their tissue

- from the environment for extended periods of

time. Snails have been shown to cease feeding,
slough tentacles, initiate fleeing responses, retract
the foot, close the operculum, or become para-
lyzed in response to toxicant presence (Burris
et al., 1990). This behavioral avoidance mecha-
nism can be affected by a whole host of natural
parameters (Bayne, 1976). In addition, Phillips
(1980) notes that bivalves most often react to
toxicants by incorporating changes in valve ad-
duction with adjustments in filtration rates, as
well as depressing normal burrowing behavior.
All these adjustments are pertinent to affecting
the accumulations of metals by the different routes
previously mentioned. These behavioral modifi-
cations could have also affected the inconclusive
results obtained from our laboratory exposures
with clams.

Foster-Smith (1975) and Davis (1964) have
demonstrated that suspended algae will increase
filtering rates of bivalves. The absence of suffi-
cient available food in laboratory experiments not
only removed an uptake route but may have also
reduced exposure frequency in Corbicula. This
agamn reinforces the requirement for adequate
feeding regimes for accumulation studies using
molluscs as well as a better understanding of those
levels of metals known to elicit these behavioral
modifications through various uptake routes.

In conclusion, the cellulolytic product index
was able to effectively serve as a general stress
indicator for Zn exposure studies using both Cor-
bicula and Mudalia at all Zn levels and seasons
tested. The effect of uptake routes, behavioral
modifications, and selection of specific species for
use as bioindicators for the examination of Zn
uptake in molluscs are ail of critical importance
to the qualification of effective monitoring of
heavy metal discharges. Our study further sup-
ports the use of site-specific field systems together
with .in situ or laboratory studies for evaluating
more sensitive functional tests to qualify indica-
tor potential of selected organisms.
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