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Abstract - Rigorous testing schemes in feld-located artificial streams and in-stream monitoring pro-
vided evidence for use of Corbicula cellulolytic activity as a highly sensitive and efficient approach
to effluent assessment, Cellulolytic (exo- and endocelluiase) activity of the Asiatic clam, Corbic-
ula sp., determined in 30-d, field-located artificial stream exposures at the New River, Virginia to
single components of power plant effluents (copper {Cu} and zine [7Zn] separately) was compared
with cellulolytic responses in caged clams from within an impacted area of the Clinch River, Vir.
ginia below power plant effluents, CeHulolytic responses were then compared to conventional
biomonitoring responses (Hester-Dendy macroinvertebrate community structure), water gquality
monitering in the Clinch River, and laboratory artificial stream bioassays. Clam enzyme activity
was significantly reduced in 10 to 20 d (& = 0.05) at 16 and 87 pg Cu and Zn/L, respectively, in
field-located artificial streams. Cellulolytic activity of clams caged at stations within power plant
outfalls (metal concentrations of 47-78 pg Zun/L and 80-345 ug Cu/L) was significantly reduced
to levels as low as 9 to 52% of upstream activity levels. Reduction in ceflulolytic activity in Cor-
biculr was more sensitive after 14 d of in-stream monitoring than reduction in diversity of mac-
roinvertebrate assembiages after 28 d. Bioassay exposures as long as 30 d were needed to provide
toxicity data comparable to enzyme impairment seen as early as 10 d.

Keywords — Cellulase

Biomonitoring Heavy metals Corbiculg Effluent

INTRODUCTION

Assessment of the extent and severity of im-
pacts from industrial effluents usually involves
either documenting qualitative and quantitative
shifts in resident populations (structural measure-
ments of fish and/or invertebrate present) or pre-
dicting effects based on the presence of priority
pollutants in the effluents or on the results of ef-
fluent toxicity testing. Major constitutents within
a variety of complex power plant effluents that
could potentially affect aquatic ecosystems include
thermal and pH excursions from ambient condi-
tions, suspended particles associated with fly ash,
settling pond discharges, heavy metals and other
metalloids such as arsenic and selenium from ash
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ponds or cooling tower blowdowns, and chlorine
{1-3]. These components may cause ash siltation
of benthic habitat, heavy metal bioaccumulation in
invertebrates and fish, and alter osmoregulatory
capacities of fish and macroinvertebrates [4]. The
effects of such perturbations include simplification
of food chains, reduction in number and diversity
of heterotrophic bacteria populations, reductions
in diversity and density of benthic macroinver-
tebrate communities, and reductions in fish popu-
lations [5]. However, measurements of shifts in
resident populations fail to provide information on
sensitive siress responses among individuals that
precede population-level effects or recovery poten-
tial of surviving individuals. Similarly, determina-
tion of body burdens of accumulated metals may
help assess the level of exposure or persistence but
may not necessarily relate to effects or to the rel-
ative health of surviving organisms [6]. The cur-
rent use of laboratory bioassays to predict effects
on aquatic ecosystems is being challenged as not
providing an accurate representation of the re-
sponses of resident aquatic biological communities
[7]. Attempts to overcome limitations have in-
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cluded direct in-stream measurement of biological
response [8], integrated field-laboratory approaches
to toxicity testing [9], and simultaneous toxicity
testing at several levels of biological organization
(104

A number of biochemical tests for diagnosis of
acute or chronic pollutant stress has been success-
fully developed [11-13]. Although these tests are
sensitive at sublethal exposures, their usefulness in
monitoring complex efftuents is complicated by
the need to correlate sensitive internal changes in
individuals with adverse effects occurring in entire
populations in receiving systems. Studies empha-
sizing enzyme inhibition within aquatic organisms
from heavy metal cations have presented possible
applications to monitoring [14]. Yet no reliable
combination of measurements has proven to vali-
date dose-effect responses to all pathways of up-
take. Brown [14] found that some heavy metals
may activate cellular enzymes or enhance their
activity at low concentrations while being inhibit-
ing at higher concentrations. Indeed, this may sug-
gest that the most sensitive indicator of effect may
not always be the most interpretable in terms of
discerning real-world impact upon aguatic systems.

In addition, an inherent difficulty exists in re-
lating biological responses to critical components
of complex effluents. Fetterolf et al. [15] noted
that consideration of changes in efftuents through
time must include variability in composition and
discharge rates. It is clearly more difficult to assess
complex effluents in receiving systems than single
chemicals in the laboratory. Therefore, careful
consideration must not only be given to the distri-
bution and concentration of the effluent as it inter-
acts with the receiving systern, but also to changes
in response by recelving system biota relative to
the distribution of the effluent [16].

I this study, we incorporated a sensitive func-
tional measurement (response of cellulolytic activ-
ity in Corbicula sp. using.field-located artificial
stream tests) with data from laboratory and field
testing to examine effects from selected compo-
nents of power plant effluents {copper {Cuj and
zinc [Zn]). Cellulolytic indices from individual
component studies were compared to ceilulolytic
responses in clams transplanted within receiving
zones of power plant effluents. These responses
were then compared to conventional in-stream bio-
logical responses {macroinvertebrate community
structure) and water quality monitoring to deter-
mine the impact of a power plant effluent contain-
ing elevated concentrations of Cu and Zn.
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MATERIALS AND METHODS
Bioassays

Short (96-h) and long-term (30-d) bicassays
were conducted in the Ecosystem Simulation Lab-
oratory (ESL) at Virginia Tech and at the Glen
Lyn field {outdoor) site, Glen Lyn, Virginia, under
conditions ranging from static to artificial stream
flow-through tests from 17 July 1984 to 28 June
1986. Adult Corbicula (14.5-20.0 mm shell length)
were collected from the New River, Virginia (river
mile 100). Clams were either transported 13 km to
the Glen Lyn Power Plant where they were accli-
mated in 20-L oval artificial stream systems receiv-
ing New River water [17], or they were transferred -
to the ESL for acclimation to dechlorinated muni-
cipal tap water,

Two gt ie, 96-h exposures to Zn (as ZnSO,-
TH,O) & - replicated concentrations ranging
from 350G .. +0,000 pg/1. were performed by plac-
ing 10 clams per replicate on a raised Plexiglas
platform in a 13-L polycarbonate container as de-
scribed by Belanger et al. {18} ‘

Two 30-d flow-through artificial stream tox-
icity tests using clams at the Glen Lyn field site
were conducted using the aforementioned artificial
streams continually renewed with New River water
at 1.2 L/min. Peristaltic pumps were used to con-
tinuously dose ZnSO, (100 to 5000 ug Zn/L) or

.CuS0, (6-26 pg Cu/L) at a rate of 0.5 ml/min.

Stock solutions were held in 25-L carboys and
were changed every other day during testing.
Thirty clams were randomly distributed in artifi-
cial streams filled to a depth of 2 cm with coarse
sand sediment. Additional static tests for Cu were
discontinued since Corbicule did not have ob-
served mortality in any of the short-term metal
tests at levels <10,000 ug/L.

Probit analysis {19,20] was used to determine
LC50 estimates (= 95% feducial limits) when
appropriate.

30-d artificial stream tests

Copper and zinc, In fall 1984, Zn was metered
into artificial streams (three replicates per concen-
tration) at Glen Lyn from ZnSO,-TH,O stocks at
target concentrations of control (no addition), 50,
500, and 1000 pg/L with subsequent realized mean
concentrations of 27, 56, 633, and 1186 ug/L (Ta-
ble 1). For the summer 1586 test, Cu was added to
streams from CuSQ,-TH,O stocks at target con-
centrations of control, 12, 25, and 50 ug/L with
subsequent realized concentrations of 5 (control),

16,21, and 26 pug/l..
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Table t. Water chemistry of 30-d Zn and Cu tests at Glen Lyn, Virginia and Clinch River Hester-Dendy
artificial substrate stations used with Corbicule monitoring ($8 in parentheses)

Targeted Measured Zn Measured Cu Hardness Alkalinity
exposure concentration concentration Temperature (mg/L as {mg/L as Conductivity
Study or station {ug/L} (ug/L) °C) pH CaCOy CaCly) (wmhos}
Glen Lyn Control pal - 20.6 831 88.8 56.2 164.3
Fall 1984 () (1.9 0.12) 2.3 {C. 7 {4.0)
Zn
50 pg/L 36 - - 8.27 88.3 55.5 160.6
(8) {¢.09) (2.6) (0.8) 3.1
500 ug/L 633 - - 8.20 g7.1 59.7 163.0
(65) (0.05) (2.6 (N (3.3)
1000 pg/L 1186 - - 8.14 88.3 56.1 167.3
£30) €6.02) 2.9 0.7 4.1
Glen Lyn Control m 5 24,7 8.44 712 46.5 136.0
Summer
1986 (1) {0.4) 003 (1.4 ©.7 4.3
Cu
12 pg/L - 16 - 8.31 76.6 45.3 134.7
(1) 0.03y (1.1 0.7 (1.4}
25 pp/L - 21 - 8.40 1.7 46.4 134.2
{2) (0.04) 0.7) 0N (1.5)
50 xg/L - 26 - £.36 70.3 46.9 13t.6
(2) 0.03) 0.5 0.7y (1.5)
Clinch River 1 17 <15 24.0 8.42 1492 133.8 305.3
Fall 1985 (0.5) {0.03) 4.1 2.9 (1.8)
8 8 3450 24.3 8.34 2564 1216 468.5
(67} (i.2) (0.06y (53.5) (14.2) (53.6)
{1 47 80 24.5 846 1892 1242 394.8
20 (40) (LY .09 (114 {4.5) (17.0)
13 28° 20° 24.2 8.45  159.2 134.4 328.2
(0.6) (0.07) (5.6) 2.9 (3.3)
Clinch River 2 17 <i5 22.6 8.45 1558 156.0 299.9
Fall 1986 3) (0.8) (0.035) (5.4) (9.1} {7.0)
8 81 104 21.8 8.36 IR6.6 117.0 366.2
£20) (18) (£.2) ¢.03y (13.4) (5.9) £19.5)
11 42 47 22.3 8.17 185.0 142.6 360.6
(14) (i (1.2) (02D (8.8 {133 (16.3)
14A 15 22 227 841 160.2 164.8 320.5
0 () {0.8) 0.14) 5.6 (12.2) (7.9
15A 15 <15 22.6 8.32 1658 159.6 323.7
(2) 0.7 (0.16} 4.3 (10.6) .0

EDL = below detection limit. Detection for Cu 2 15 pg/L; Zn & 10 pg/L.

3Four Zn measurements of 5 were BDL for Station 1.
®One Cu measurement of 2 was BDL {or Station 8.
¢One Zn measurement of 2 was BDL for Station 15,
d0ne Cu measurement of 2 was BDL for Station 15,

Twelve measurements of total Zn or acid-
soluble Cu were made at each target concentration
(four measurements from each of the three repli-
cates). Analyses {water chemistry and enzyme
activity) were performed on days 0, 10, 20 and 30.

Acid-soluble Zn and Cu concentrations were
determined by flame and graphite furnace atomic
absorption spectrophotometry using a Perkin El-
mer Mode} 310 AAS [21,22]. Total hardness and
alkalinity (as mg/L CaCO,) were measured titri-

metrically, conductivity by a YSI Model 33 con-
ductivity meter, and pH by an Altex Model 3560
pH meter by procedures given by the U.S. Envi-
ronmental Protection Agency (EPA) {21]. Stream
temperatures were monitored at least twice weekly.

Enzyme activity. Six clams from each treatment
during the 30-day tests were chosen randomly on
each sample day and transferred to the labora-
tory for dissection and weighing. Enzyme extracts
from individual ciams were prepared from whole
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body homogenates. Samples were homogenized in
0.135 m phosphate buffer at pH 6.0 at a wet mass
to buffer ratio of 0.2 g/ml. Homogenates were
centrifuged for 15 min at 15,000 g. Supernatants
{extracts) were decanted and the final extract vol-
ame recorded. Pellets were recovered for dry mass
measurements, .

Cellulase activity was expressed as a relativized
control to treated product index

Relativized product index

treatment  control
product product

=1+ x 100

control product

that incorporated both endo- and exocellulase esti-

" mates {and their synergistic interaction) to com-
pare units of activity of clams exposed to metal in
refation to control activities. One unit of the en-
zyme is defined in this context as the amount of
enzyme required to liberate | mg of reducing sugar
equivalent to that of glucose per hour using CMC
(carboxymethylcellulose) as a substrate. As re-
viewed by Farris [17], the degradation of crystal-
line cellulose requires the participation of several
enzymes referred to as cellulases. Therefore, both
a viscometric assay using 1% {w/v} CMC (Hercules
type TH3SF} solution {23] and a colorimetric re-
ducing sugar determination using dinitrosalicylic
acid (DNS) as a reagent [24] were used. Details of
these assays are reported by Sinsabaugh [25] and
Sinsabaugh et al. [26].

One-way analysis of variance (ANOVA) was
used to evaluate the effects of Cu and Zn on Cor-
bicula cellulolytic activity in ariificial stream tests
[201. Significance was inferred at o« = 0.05 and
Duncan’s multiple range test was used to deter-
mine means that were significantly different from
control activities.

Clinch River testing

Corbicula cellulolytic activity, Thirty adult Cor-
bicula were placed in nylon mesh cages (2-mm?*
mesh size) containing precolonized cobble from
the Clinch River, Virginia. One cage was tied to an
iron stake at each of four predetermined stations
coinciding with macroinvertebrate sampling sta-
tions 1, &, 11, and 15 on September 12, 19835 (Fig.
1). These stations were selected to represent one
upstream uninfluenced site, two stations under the
influence of plant discharges, and one downstream
station representative of recovery. Six clams on
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day 0 were transferred to Virginia Tech for enzyme
analysis as previously described. Following 14 d in
the field, 6 clams were retrieved from each station
for enzyme analysis.

During fall 1986 macroinvertebrate sampling
period {August 20 to September 18), caged clams
were similarly placed at Hester-Dendy stations 2,
8, 11, 14A, and 15A on August 20, Following 10
and 30 d in the river, clams were retrieved from all
stations and analyzed as in 1985,

Statistical analysis of cellulolytic activity in
caged Corbicula was identical to that for artificial
stream tests except that the independent variable
was station location and not metal concentration.

Hester-Dendy invertebrate sampling. Benthic
invertebrate monitoring using Hester-Dendy multi-
plate samplers {27] was carried out at 15 sampling
stations above, within, and below Appalachian
Power Company’s Clinch River Plant (Carbo,
Virginia) effluent discharges to the Clinch River
(Fig. 1) from August 15 to September 12, 1985,
Stations 1, 2, S, 7, 10, 14, and 135 were located on
the right side (facing downstream) of the river; sta-
tions 3, 6, 8, and 11 on the left side; and stations
9, 12, and 13 in the middle. Stations 1 to 3 were
upstream reference sites. To determine potential
plant impacts, stations 6, 8, and 11 {left side of the
river) were within effluent discharges from plant
outfalls designated 003, 004, and 005 (Fig. 1),
respectively. Stations 9, 10 and 12 to 15 were se-
lected to measure the downstream extent of efflu-
ent effects. Potential confounding effects of a
coal-washing facility on Dumps Creek, a small
Clinch River tributary opposite the Clinch River
Plant, were monitored using stations 4 {Dumps
Creek proper), 5 (Clinch River just below Dumps
Creek), and 7 (Clinch River below station 5 on the
same side), :

A second survey was performed from August
20 to September 17, 1986, Six stations used in 1985
were deleted, and four stations were added during
the 1986 sampling period in an attempt to elimi-
nate siltation, vandalism, and data redundancy
encountered in the first survey. Sampling was per-
formed at stations 1, 2, 3, 4A, 5A, 6,7, 8, 10, 11,
13, 14A, and 15A in 1986, :

For both surveys, three replicate samplers were
placed at each location by securing each sampler
to iron stakes driven into the river sediment. The
satplers were suspended in the water column ~3
cm above the substrate for a colonization period
of 4 weeks. Samplers were retrieved, washed, and
sieved in the field with a 500-um sieve and pre-
served with 10% formalin. In the laboratory, sam-
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ples were randomly selected, sorted fo taxonomic
orders, and placed in 70% ethanol, Chironomids
were identified to tribe by characteristics given in
Merritt and Cummins [28]. This key aliowed iden-
tification of remaining aquatic insects to genus.
Mollusc identification was based upoun family char-
acteristics given in Burch [29}. Summaries of
trophic relationships were compiled from Merritt
and Cummins [28].

Invertebrate data were statistically analyzed by
ANOVA using the Statistical Analysis System [20].
The effects of sample location on toial abundance,
taxon diversity, taxon richness, and functional
group classifications were tested with significance
inferred at o = 0.05. Duncan’s multiple range test
was applied to group means to determine signifi-
cant differences.

Table 1 lists types of water chemistry analyses
performed on samples from mid-depth at each
sampling station. All measurements were made in
the field except total recoverable Cu and Zn. For
these, 200-ml river samples were preserved with
1 ml HNO,, digested, and analyzed using flame
atomic absorption spectroscopy with graphite fur-
nace detection [22]. These two metals were chosen
due to their preponderance in the Clinch River
Plant effluents. Temperature and conductivity
were measured using a YEW Model SC51 Conduc-
tivity Meter. A Beckman 21 pH meter was used to
measure pH. Hardness and alkalinity were mea-
sured using a Hach Kit.

Fig. 1. Schematic representation of
the relationships between Clinch
River Plant, plant discharges (003,
004, and 005) and stations where
Corbicula and Hester-Dendy mon-
itoring were accomplished in 1983
and 1986.

RESULTS
Bioassayvs

Corbicula was resistant to all exposures of Zn
with significant mortality occurring only in 30-d
exposures {30% mortality at 1,101 g Zn/L in
flow-through artificial streams). No significant
mortality was observed in any shori-term bioassay
conducted at either Glen Lyn or the ESL, with
only 10% mortality occurring at the highest Zn
concentration tested (40,000 pg Zn/L). Thirty-
day Cu toxicity tests in flow-through artificial
stream exposures at Glen Lyn resulted in an LC50
of 19.2 = 0.7 pg Cu/L.

Enzyme activity response to Zn and Cu

Total cellulolytic activity, as represented by the
relativized exo- and endocellulase product indices,
declined with high metal exposures over time for
both 30-d exposures in the artificial stream tests
(Figs. 2A and B). A significant decline in celiulo-
Iytic activity from exposure to 633 and 1186 pug
Za/L was evident as early as day 10 (12 and 14%
of control activity, respectively). Cellulolytic activ-
ity int clams exposed to 56 pg Zn/L was reduced
significantly [166.7 = 66 (units/g dry wt)?] from
control clam activities [2307.29 = 569 (units/g dry
wi)?] by day 20, and remained so thereafter.

Cellulolytic activity was sensitive o all levels of
Cu tested and was significantly reduced within the
first 10 d at the lowest exposure of 16 ug Cu/L
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Fig. 2. Response of Corbicula cellalolytic complex to Zn {A) and Cu (B) in 30-d artificiai stream exposures at Glen
Lyn, Virginia. Means = ! sg are given on each day. Means that are significantly differen: from the control are indi-

cated by an asterisk{*),

[487.1 + 162 (units/g dry wt)% or 149 of control
cellulolytic activity; Fig. 2B].- By day 30, celtulo-
Iytic activity measured from clams in all Cu expo-
sures was ~3% of control clam activity.

Clinch River tests

Celluloiytic activity, Clams held upstream of
plant outfalls at station I, where measured metal
concentrations averaged <15 #g Cu/L and <17 pg
Zn/L (Table 1) during the 1985 monitoring, had
the highest cellulobytic activity levels observed
{2141 £ 375 (units/g dry wt)?; Table 21, Activity
levels measured in clams from effluent influenced
stations 8 (345 ug Cu/L and 78 pg Zn/L) and 11
(80 ug Cu/L and 47 ng Zn/1) were significantly
reduced to 52% and 9%, respectively, of levels
measured in clams from station L. Celhulolytic
activity in clams from station 15 (28 pg Cu/L

and 20 pg Zn/L) had a 34% reduction in activity
[1409 + 309 (units/g dry wt)’] that was not signif-
icantly different relative to station 1,
Cellulolytic activity of clams held at stations 8§
(105 ug Cu/L and 81 Kg Zn/L) and 15A (<15 HE
Cu/L and 16 pg Zn/L) during the 1986 monitor-
ing was not significantly reduced below that of
clams from upstream station 2 (<15 pg Cu/L and
17 pg Zn/L) by day 10 {Table 2). Clams from
effluent-influenced station 11 (47 ug Cu/L and
42 ug Zn/L) had significantly higher activity levels
[2822 = 674 (units/g dry wt)*] than upstream
clams by day 10. This doubling in cellulolytic ac-
tivity, however, was then reduced to 2% of up-
stream activity by day 30. Clams from station 14A
(23 pg Cu/L and 135 #8 Zn/L) had significantly
reduced cellulolytic activity by day 30 (35% of sta-
tion 2 activity), CeHulolytic activity of clams taken
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Table 2, Analysis of variance by Kruskal-Wallis for Corbicula enzyme activity as 10° units/g dry weight with sg
(in parentheses, percent activity relative to station I with sg) and macroinvertebrate species richness {in
pareniheses, percent richness relative to station 1} from 30-d in-stream monitoring of the Clinch River,

Means that are significantly different from upstream stations 1 and 2 are indicated by an asterisk (¥)

Exo- x endo-
celiulase product
{% station | activity)

Invertebrate
species richness
(s richness to station 1)

Summer 1985 study —after 14 d i0d

1 2141 £ 375 (100 + 18) 17.7 £ 1.8 {10G = 10)
8 1119 £ 199 (52 £ 9* TO0+1.0 40+ 6)*
13 183 + 38 9 £ 2)* 8.7+ 13 (50 T7)*
15 1409 £ 309 (66 = 14) 103212 (59+7)
Summer 1986 study—after 10 d 30d 36d

1320 + 252 (100 + 22) 1852 + 558 (100 = 30) 16.7 0.7 {100 4)

8 1017 + 256 (83 + 19 [089 + 134 59+7 TS +2.5 (42 % 15

11 2822 £ 674 (213 = SD* 2=x1 0.1+ 0.1)* 9324  (56+ 14y
14A 898 = 639 (68 x 48) 649 £ 284 (35 x 15 3307 (80x4)
15A 892 + I35 (68 = 1O) 1771 + 389 (96 £ 21) 6.0+ 1.0 (96 £ 6)

from stations 8 and 15A did not differ signifi-
cantly from activity levels measured in clams from
station 2.

Hester-Dendy sampling. In 1985, the number
of organisms collected varied substantially among
the three replicates at some sampling stations but
very little at others, Station 8 had the fewest num-
ber of organisms {mean = 29.7 per sampler), while
midriver station 13 (which averaged 17.5 ug Zn/L
and 22.5 pg Cu/L and was 0.1 km downstream of
outfall 005) produced the most (mean == 573 per
sampler, Fig. 3A). No station differed significantly
in abundance from one or more of the upstream
reference stations except station 13, which pro-
duced significantly higher abundance than a}l other
stations. Diversity of aquatic invertebrates was
lowest at station 15 (1.98) foliowed by stations 8,
5,7, 4, and 11 (2.25-2.54). Richness was lowest at
station 8 followed by 4, 11, 15, and 5 {7-10.7 taxa
per sampler). All of these stations had significantly
lower taxonomic richness than the reference sites.

Dipterans were the most abundant organisms
at all sampling stations representing 43 to 86% of
all organisms collected (Fig. 4A). Other major in-
sect orders collected, in decreasing order of abun-
dance, were Ephemeroptera (0-47%), Trichoptera
(1-33%), Coleoptera (0-9%), and Odonata, Ple-
coptera, and Megaloptera {0-7% each). The pro-
portion of mayflies in the collections ranged from
none collected at station 8 to 47.2% of all organ-
isms collected at upstream station 2. Mayfly pro-
portions at stations 4, 8, 11, 13, 14, and 15 were
significantly less than at the three reference sta-
tions. Non-insect taxa (nematodes, oligochaetes,

bivalve molluscs, and snails) comprised a low per-
centage of collections at alt sampling stations (0-
6%). Functional feeding group proportions at
downstream stations did not differ from stations
1 to 3 except for the presence of higher propor-
tions of predator organisms at stations 4, 5, 8, 11,
and 14,

In: 1986, the number of organisms collected var-
ied substantially among replicates at stations 1,
4A, 7, 10, and 15A, while stations 2, 3, and 14A
had low replicate variability. The fewest number
of organisms was found at station & (mean = 13.0
per sampler; Fig. 3B) where measured metal con-
centrations were greatest. Midriver station SA,
where metal concentrations were <12 pg Zn/L
and <19 pg Cu/L, had the greatest number of
individuals (mean = 240 per sampler). No station
differed significantly in abundance from one or.
more of the upstream stations, Diversity of aquatic
invertebrates was lowest at station 5A (1.79) fol-
lowed by stations 4A, 8, 6, 11, and 13 (2.19-2.61;
Fig. 3B). Only stations 4A and 5A differed signif-
icantly from upstream diversity values. Taxonomic
richness was similar among replicates at most sam-
pling stations, but means ranged from 7.0 taxa per
sampler at station 8, to 19.3 taxa at station 1
where metal concentrations averaged 35.0 ug Zn/L
and <15 ug Cu/L. Only station 8 had significantly
different taxonomic richness than the reference
stations.

As in 19853, dipterans (primarily chironomids)
were the most abundant organisms in the 1986 col-
lections, representing 20 to 83% of all organisms
collected at individual sampling stations (Fig, 4B),
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Fig. 4. Percent composition of individuals in major inverfebrate orders comprising each Hester-Dendy sample at

stations in the Clinch River for 1985 (A) and 1986 (B).

The other major insect orders collected, in de-
creasing order of abundance, were Ephemeroptera
(3-73%), Trichoptera (2-34%), Coleoptera (0-6%),
and Odonata, Plecoptera, and Megaloptera (0-8%
each). Mayfly contribution to the collections ranged
from <5 of collections at stations 4A and 13 to

74.1% of all organisms collected at station 5A.
Non-insect taxa again comprised a low percentage
of collections at all sampling stations (1-11%}).
Within-site variability among replicates was great
enough that no significant differences in compo-
sition were found between downstream and refer-
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ence stations. Functional feeding group proportions
varied between stations, but no meaningful up-
stream-downstream differences were found.,

DISCUSSION
Bioassays

Although laboratory bioassays incorporating a
single component of a complex discharge are per-
tinent to assessment of certain effluents {30,311,
laboratory testing of single metals removes many
of the confounding physico-chemical and ecolog-
ical factors known to affect complex effluent ef-
fects on aquatic ecosystems {e.g., changes in TSS,
temperature, pH, hardness-toxicant inferactions,
and food availability). Most often, metals may be
only a few of the many components of an effluent
that affect bioavailability and/or toxicity [32].

Our toxicity tests involved both Cu and Zn
since both were measured at elevated concentra-
tions in Clinch River Plant discharges. Resistance
of Corbicula in short-term (96-h} exposures to
both metals in our tests suggests caution using
bivalves in acute toxicity tests for effluent assess-
ments or criteria development. Contradictory find-
ings regarding acute metal toxicity to Corbiculy
have been reported. Harrison et al. [33} found no
mortality at 12,000 ug Cu/L in 10 d, while a 96-h
LC504%0 pg Cu/L was obtained by Rodgers et al.
[34]. This may in part be attributed to the ability
of Corbicuta to isolate tissue from exposure for
extended periods. This behavioral avoidance mech-
anism can be further affected by a number of nat-
ural parameters including presence of particulates
and food [35]; all pertinent to the bioavailability
of metals.

Bivalves have been shown to react to toxicants
by incorporating changes in valve adduction, with
adjustments in filtration rates, as well as depress-
ing normal burrowing behavior [36]). These ad-
Justments are pertinent to affecting acute metal
toxicity by a number of different routes. In stud-
ies reported by Belanger and coworkers [18,371,
growth of Corbicula could be affected by metal
exposure at as early as 10 d; however, extending
tests to 20 to 30 d increased refiability by use of
repeated measurements, This consistency in growth
response over 20 to 30 d of exposure suggests that
longer term tests with Corbicula are most useful
for ecotoxicological investigations.

Enzyme responses to Cu and Zn

The value of the cellulolytic product index as a
useful, sensitive stress indicator was demonstrated
by significantly reduced enzyme activity found in

Corbiculg in 30-d field exposures to Cu and Zn,
Both New River artificial stream and Clinch River
in-stream data show that celiulolytic activity is
significantly affected at or below EPA chronic
water quality criteria levels. Significantly reduced
activity was measured as early as day 10 at 16 LE
Cu/L the lowest concentration tested, and by day

- 20 for Zn exposures as low as 56 p&/L. From 30-d

cellulolytic responses of Corbicula field-located
artificial streams, the calculated no-observed-effect
concentration (NOEC) and lowest-observed-effect
concentration (LOEC) were $ and 16 wg Cu/l,
respectively. The maximum acceptable toxicant
concentration (MATC) of 9 ug/L as defined by
McKim [38] calculated from our data compares to
the EPA chronic criterion of 11 pg/L at a hard-
ness of 71 mg/L [22]. These calculated concentra-
tions are comparable to life cycle chronic effect
data for brook trout Safvelinus Jontinalis (12.9
#8/L} [39]; bluntnose minnow Pimephales notatus
(8.8 ng/L) [40]; and snails Campeloma decisum
and Physa integra (10.9 ug/L) [41}. In the Clinch
River, with 160 mg/L upstream water hardness,
the LOEC and NOEC for Cu determined from
cellulolytic activity monitored in 1986 were 47 and
15 ug/L, respectively. The 39 18 Zn/L MATC cal-
culated from exposures in artificial streams was
well below the site-specific chronic criterion of
79 pg/L calculated for the New River, Copper
clicited the most drastic reductions in activity dur-
ing 30-d exposures when compared with low-level
{i.e., <50 ug/L) Zn tests conducted in field-located
artificial streams. In tests by Belanger et al. [37,
42], this strong reaction to Cu in long-term testing
of Corbicula was demonstrated by immediate ces-
sation of growth at 8.4 to 26.7 pg Cu/L compared
to slight but Significantly inhibited growth at 25 to
38 ug Zn/L.

Results of long-term exposures of metals to
Corbicula conducted to date in laboratory artifi-
cial streams receiving dechlorinated tap water with
introduced algal supplements have been inconclu-
sive due to variability caused by laboratory hold-
ing stress attributed to insufficient diet [17]. Dietary
requirements were met in field-located exposures
where suspended periphyton were transported to
artificial streams via river water. This assumption
was supported by the consistent trends in clam cel-
Tulolytic activity presented in this study and by
simultaneous growth analysis performed upon
these Corbicuia as reported by Belanger et al. [42].
The latter study showed that algal growth in artifi-
cial streams, together with transported suspended
phytoplankton, supported growth in Corbicula
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held during 30-d field tests. Dauble et al. [43] have
reported thas algal densities of 1,000 cells/ml are
required to support tissue and shell growth of Cor-
bicula under flow-through laboratory conditions.

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 [44].
This may explain in part the striking contrast in
responses observed in laboratory metal-exposure
systems, in which dechiorinated water does not
offer a continual renewed particulate or food re-
source, versus field-located systems where partic-
ulate phases most likely dominate uptake routes.
The cellulolytic index was sufficiently sensitive to
detect this difference in Corbicula, and toxicity
testing results presented here support the selection
of this species and an enzymatic test specific to
feeding responses as a sensitive tool for environ-
mental impact assessment.

Applicaiion to site-specific criteria development

Celtulolytic activity of Corbicula used in mon-
itoring the Clinch River was affected differently
with respect to sample location when compared to
the macroinvertebrate pararneters measured. While
identical trends were apparent with respect to gross
effects (e.g., mortality, barren artificial substrates,
etc.) directly below effluents followed by recovery
downstream, stations at or directly below effluents
did not conform to this pattern during both 1985
and 1986, Gradation of effects seen downstream
of station 8 was apparent from the Hester-Dendy
sampling and was always consistent with mea-
sured metal concentrations in the water column for
each station. However, clams not subject to drift
and more highly dependent upon suspended food
particulates that accumulate metal while floating
downstream than upon water-borne metals, dem-
onstrated their most significantly decreased activity
after 30 d at station 11, ~275 m downstream of
station 8 {where water-column metal concentra-
tions were greatest), Effects on cellulolytic activ-
ity were also greater at downstream station 14A
than at station 8. The importance in contrasting
the results from the colonization study with that of
the cellulolytic response is found in the route of
metal uptake characteristic of different organisms.
This indicates that clam ceflulolytic activity repre-
sents a reliable field monitoring tool for effects
acting upon compariments other than those re-
flected by total recoverable metal concentrations in
the water column. Similarly, Belanger et al. [37]

reported maximal accumulations of Cu in clams at
station i1 during the 1986 monitoring of the Clinch
River. High levels of Cu were measured in clams
as far downstream as station 15A and were attrib-
uted to uptake from algal food sources since down-
stream Cu concentrations were below detection.

In order to better assess the derivation and
effectiveness of site-specific criteria as provided
by the EPA [45], it is intended that test species
directly integrate differences in the bioavailability
and toxicity of effluents and provide direct mea-
sures of site-water capacity to affect toxicity val-
ues relative to values obtained in reference water.
One such site-specific study by Carlson et al. [46]
combined with other receiving and effluent water
studies [47] has shown that the national and site-
specific water quality criteria derived for Cuin a
Connecticut river is protective of the river’s aquatic
community, However, the appropriateness of sta-
tion-specific criteria could not be determined in
their studies due to an absence of criteria exceed-
ences at stations with heaithy communities.

Van Hassel and Gaulke [48] related data from
in-stream monitoring to criteria or impact estimates
in the Clinch River and demonstrated advantages
of an integrated field-laboratory assessment of
power plant effluents over laboratory toxicological
approaches. Their study combined effluent and
ambient chemical data with benthic surveys. The
Cu criterions of 34.2 pg/L calculated in their study
compared well with the mean upstream Clinch
River Cu concentration of 30.1 ug/L. A site-spe-
cific chronic Cu criterion of 17.5 pg/L (proposed
national chronic Cu criterion of 17.7 ug Cu/L for
water hardness of 172 mg/L) was recalculated by
elimination of nonresident species from the EPA
Cu acute toxicity data base.

Certain refinements upon the field-derived, site-
specific criterion can be made by examination of
cellulolytic activity in Corbicula as applied to field
monitoring. They include reducing the variability
in biologica! response parameters, providing enzy-
matic responses through time that are sensitive to
bicavailability, and providing a sensitive index that
can be applied to experimeéntal manipulations in-
volving bicassays.
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