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Abstract.  The Astan clam (Corbicula flusmines) co-occurs with unionid mussels in many riverine
ecosystems. Clam populations can reach high densities and may undergo rapid die-offs, particularly
during the low flow and warm temperatures of summer drought, Our study objective was to deter-
mine whether ammonia produced by decaying clam tissues during die-offs could affect unionid
mussels. We induced C. flumines die-offs in artificial streams to simulate die-off effects in natural
habitats, and measured total and unionized ammonia (NFL-N) and dissolved oxygen (DO} in the
overlying water. When water flow was stopped, reductions in DO preceded the onset of mortality in
streams having the highest density of clams (~10,000 clams/m?). NH,-N concentrations in the over-
lying water increased in association with clam mortality and reached concentrations of up to 5.04
mg/L at 26 = 2°C. Temperature significantly influenced the rate of DO reduction and NH-N pro-
duction in the systems, while resumption of water flow led to rapid dissipation of NH.-N from the
water column. We also conducted laboratory experiments to determine median lethal concentrations
(LC.s) of total ammonia and NH-N for glochidia and juveniles of the unionid mussel Villosa irfs,
adults of the unionid Pyganodon grandis, and juveniles and adults of C. fluminea. The 96-h LC,,s (24-
h for V iris glochidia) for NH,-N ranged from 0.11 mg/L for V. iris glochidia to 0.8 mg/L for adult
C. faminen, indicating that NHeN levels produced by Asian clam die-offs have the potential to exceed
acute effects levels for at least some species of unionid mussels.
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Native freshwater mussel populations have
declined significantly in North America in re-
cent decades, with 72% of species listed as ex-
tinct, endangered, threatened, or of special con-
cern (Williams et al 1993). Potential causes of
this decline include habitat destruction, pollu-
tion, and introduced species including the Asian
clam (Corbicula flumines) and zebra mussel
{Dreissena polymorpha) (Bogan 1993, Williams et
al. 1993, Richier et al. 1997, Metcalfe-Smith et al.
1998).

Populations of the infaunal Asian clam often
reach high densities (e.g., 269,105/m? in a newly
colonized reach of the New River, Virginia;
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Cherry et al. 1986). Populations of this clam can
undergo rapid die-offs initiated by factors such
as increased silt loads during spring flooding,
high and low temperature extremes, and low
dissolved oxygen (DO) levels associated with
decreased water flow (Sickel 1986, Strayer 1599),
Flevated ammonia levels and decreased DO
concentrations may occur in association with tis-
sue decay during clam die-offs, but few studies
have investigated how these factors change in
association with a clam die-off or how they in-
fluence native unionid mussels that occur near
dying Asian-clam populations.

In aquatic systems, ammonia occurs in both
ionized (NH,"-N)} and unionized (NH,-N)
forms, with plH and temperature determining
the dominant species. NH,"-N is relatively non-
toxic to aquatic organisms {Thurston et al. 1979).
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However, as pH increases, NH,-N becomes the
dominant species. NH,-N is more lipid soluble
than NH,*-N and readily passes across the gill
membrane and causes toxic effects (Redner and
Stickney 1979). In addition to mortaiity, NH-N
may impair siphoning, impair byssal thread se-
cretion, and depiete energy stores (Epifanio and
Srna 1975, Reddy and Menon 1979, Chetty and
Indira 1995).

We sought to further characterize the effects
of ammonia on freshwater mussels by examin-
ing the potential for impacts arising from am-
monia produced during an Asian clam die-off.
Our 1" objective was to invesligate the influence
of C. fluminea population density on mortality
rate, concentration of ammenia produced, and
reductions in DO concentrations during clam
die-offs induced in the laboratory. Our 25 ob-
jective was to determine the acute sensitivity of
2 unionids (Villosa iris and Pyganodon grandis)
and C. fluminea to unionized ammonia and com-
pare acute sensitivity levels with ammonia lev-
els produced from the clam die-off.

Methods
Artificial stream tests with Asian clams

We simulated natural die-offs of Asian clams
collected from the Clinch River, Virginia, in
miniature artificial streams consisting of lengths
of vinyl guiter (47.7 em long, 11.4 cm wide, and
6.4 cm deep). Each siream contained ~1 L of
sediment and 2 L of dechlorinated municipal
tap water. Masterflex® peristaltic pumps (Cole
Parmer, Vernon Hiils, [lincis) maintained fiow-
threugh at 30 mL/min. We obtained sediment
from Sinking Creek, Virginia, then sieved (5 cm)
and refrigerated (4°C) it for =2 wk prior to use.

We conducted 2 separate tests, with each test
consisting of 3 phases: 1) phase 1 (days 0~14 for
both tests) in which fow-through was main-
tained at 30 ml/min; 2) phase 2 in which flow
was reduced to 0 mL/min to initiate die-offs (in
both tests we terminated this phase and reini-
tiated flow after any observed spikes in stream
ammonia concentrations began to decrease);
and 3) phase 3 in which flow was restared fo 30
mL/min until ammonia concentrations in
streams that had a die-off returned to levels
similar to those of controls and the test was ter-
minated. The 2 tests differed in that we allowed
water temperatures to fluctuate with incoming
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laboratory water in test 1, whereas we main-
fained water temperatures at 26 * 3°C in test 2.

For each test, we placed Asian clams in
streams al treatment densities of ¢ (control),
2000, 5000, and 10,000 individuals/m? (2 repli-
cates/density). We used digital calipers to de-
termine clam lengths to the nearest 0.1 mm to
ensure a balance of clam sizes (small; 5-10 mm,
medium: 10.1-15 mm, and large: 15.1-25.0 mum)
among the density treatments in each of the gut-
ters. In test 1, the size distribution of clams was
47% small, 37% medium, and 16% large clams,
whereas in test 2, the distribution was 27%
small, 59% medium, and 14% large clams.

We measured temperature, pH, DO, conduc-
tivity, and mortality daily. We measured am-
monia every other day until a clam die-off oc-
curred and daily thereafter. We measured pH
with an Accumet® (Fisher Scientific, Pitisburgh,
Pennsylvania} pH meter with an Accamet® gel-
filled combination electrode, DO with a Yellow
Springs model 54A oxygen meter (RDP, Dayton,
Ohio}, and conductivity with a Hach® conduc-
tiviey /TDS meter (Hach, Loveland, Colorado).
We measured total ammonia with an ammonia/
pH electrode (detection limit: 0.05 mg NEI-N/
L), connected to an Accumet® 1003 pH/mV me-
ter {Fisher Sdentific). Total ammaonia concentra-
tions were determined from a standard curve
prepared from an NH,CI stock solution. The ac-
fual analytical procedure followed instructions
provided by the probe manufacturer. We caleu-
lated NH,-N concentrations from the measured
total ammonia based on temperature and pH
{(Thursten et al. 1979). We analyzed spiked sam-
ples and quality-control standards regularly to
evaluate electrode performance. We based the
ammonia concentrations used to calculate LC,,
values on the average of measured levels taken
initially (before addition of organisms), during
{every 24 h unless otherwise stated), and at the
end of each bioassay.

During phase 2 of each test, we replaced wa-
ter removed for ammonia analysis with am-
monia-dosed water so that the ammonia con-
centration matched that of the stream from
which water was taken, We counted the number
of cbviously gaping individuals or shells that
were dislodged from the sediment to estimate
daily mortality rates of clams. Most clams were
at least partiaily visible in the sediment, so this
approach provided the meost reliable estimate of
mortality without disturbing the test systems.
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At test termination, we removed all clams and
determined the number of living and dead in-
dividuals.

Water-columm festing

Glochidin bionssays~—We obtained V. iris glo-
chidia from gravid adults collected from the
Clinch River at Pounding Mill, Tazewell County,
Virginia. Upon collection, we placed adult mus-
selg in 20-L coolers that we filled with river wa-
ter for transport back to the laboratory. In the
laboratory, we placed the mussels in a 240-L re-
circulating Living Stream unit {Frigid Units, To-
ledo, Ohio) maintained at 16°C and fed them a
tri-algal mixture (Scenedesmus quadricaudn, Nan-
nochloropsis oculata, and Selenastrum capricormi-
tume in equal cell densities; Beck 2001) supple-
mented with unfiltered water obtained from
Sinking Creek, Newport, Giles County, Virginia.
Prior to testing, we separated and maintained
gravid aduits in incubators in Sinking Creek
water at 4°C to prevent premature release of glo-
chidia. We obtained glochidia (which develop in
a specialized gill chamber of the adult known
as the marsupium) by gently prying the valves
of the aduit mussel open {(2-3 mm), inserting a
water-filled syringe into the engorged gill cham-
ber, and flushing the chamber with water. We
assessed viability (ability to close the valves in
response fo an external stimulus) of glochidia
by exposing a sample (derived from =2 adult
musssels) to a saturated solution of NaCl. If 95%
of the individuals closed their valves within 1
min after addition of the salt sohation, we con-
sidered them viable and used them for ammo-
nia toxicity tests. We initiated toxicity tests with-
in 2 h of glochidia release. The adult female
mussels were returned to their point of collec-
tion.

We conducted glochidia tests in 12-well cul-
ture plates (Fisher Sclentific) in an environmen-
tal chamber (25°C) under static conditions with
a 16 h:B h light:dark cycle. We tested 6 exposure
concentrations (3.12, 6.25, 12.5, 25, 50, and 100
mg/L total ammonia prepared from an initial
1000 mg/L stock of NI,Cl in distilled water)
plus a control, with 3 replicates of 40 individu-
als/concentration. Bach replicate well contained
5 mL of test sclution. At the end of the 24-h
exposure period, we determined glochidia via-
bility using NaCl as described above. Glochidia
that failed to close after 1 min in response to
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Na(l addition plus those that were closed prior
to its addition were considered dead for the
purpose of calculating a median lethal concen-
tration (LCy,) (Jacobson 1990),

We used Sinking Creek water that had been
filtered (30 pm) and aerated as the diluent for
all tests. We measured DO, pH, temperature,
ammonia, conductivity, alkalinity, and hardness
in each of the treatment levels (combined sam-
ple derived from each replicate) before, during
(every 24 h), and at the end of each bioassay. We
analyzed DO, pH, temperature, ammonia, and
conductivity as described above. We measured
alkalinity and hardness by titration {(APHA
1995).

Juvenile mussel and clam  bipassays.-—We ob-
tained juvenile Corbicula from gravid adults we
collected from the Clinch River, Virginia, using
a funnel apparatus described by Doherty et al.
{1987). We used juvenile Corbicuia that were <48
hand 7 d old in the bioassays. We derived ju-
venile V ris from larvae obtained as described
above, and propagated them in the laboratory
foliowing methods described by Zale and Neves
{1982). The glochidial larvae of unionid mussels
attach t0 a vertebrate host, usually a fish (Keller
and Ruessler 1997}, to complete development to
the juvenile stage. Host fish for V iris were rock
bass {Ambloplites rupestrisy and smallmouth bass
(Micropterus dolomriew), We used juvenile V iris
that were 5 d and 7 d old in the bicassays.

We conducted juvenile tests in 12-well culture
plates in an environmental chamber (25°C) with
a 16 he8 h light:dark cycle. We tested 6 concen-
trations that ranged from 0.62 to 40 mg/L total
ammonia-N for V jris and 0.25 to 25 mg/L total
ammonia-N for C. flumines, with 4 replicate
wells containing 5 juvenile bivalves for each
concentration, Each replicate well contained 5
mlL of test solution. We ran the tests for 96 h
and recorded mortality every 24 h. We deter-
mined mortality by placing each test chamber
under a dissecting microscope at 40X magnifi-
cation, and viewing the internal anatomy of the
juveniles through their transparent valves. We
considered the organisms dead and removed
them from the test chamber if no pedal loco-
motion, heartbeat, or ciliary mavement was ob-
served after 5 min.

Adult mussel and clam bivassays.—We obtained
adult C. fluminea from the Clinch River, Virginia,
We conducted 2 tests in 1-L glass beakers con-
taining 730 ml of test solution, with 2 repli-
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cates/concentration and 10 individuals/repli-
cate. For the 1+ test, we exposed the adult C.
fluminea to concentrations ranging from 10 to
1008 mg/L total ammonia-N (0.3 serial dilu-
tion}. For the 2 test, we exposed the adulis to
concentrations ranging from 6.25 to 100 mg/L
total ammonia-N (0.5 serial dilution). We ob-
tained adult Pygencdon grandis mussels from
Zetz's Fish Hatchery, Inwood, West Virginia,
and exposed them in 16-L polycarbonate con-
tainers containing 10 L of test solution, with 2
replicates /concentration and 10 individuals/
replicate. We used 5 concentrations ranging
from 10 to 1000 mg/L total ammonia-N (0.3 se-
rial dilution). We conducted the bicassays for
both species at 25°C for 96 h, and we recorded
mortality and removed dead individuals (gap-
ing or no adductor response to light prying of
valves) every 24 h.

Acute bioassiays with standard test organisms.—
We conducted bicassays with standard labora-
tory test organisms to determine how the re-
sponse of these species compared to the bi-
valves that were tested. This issue is important
because standard test species ofter are used to
evaluate the quality of wastewater effluents that
may be released into receiving systemns contain-
ing populations of unjonid mussels. Therefore,
the sensitivities of standard test species fo
stressors such as NH,-N should at least be com-
parable o those of mussels.

We obtained Ceriodaphinia dubia and Pimephales
promelas from in-house cultures and conducted
testing according to standard US Environmental
Protection  Agency (HPA) protocols (USEPA
1993). Our exposure concentrations ranged
from 6.25 to 200 mg/L total ammonia-N for C.
dubin {6 concentrations) and 1.56 to 25 mg/L for
B promelas (5 concentrations).

Statistical analyses

Artificial streqmi fests—We used repeated mea-
sures analysis of varlance (ANOVA) to deter-
mine whether NH;-N concentration, mortality,
and water chemistry values differed among den-
sity treatments, over time, among density treat-
ments over time, and between temperatures. We
judged significance at « = 0.05. We analyzed
data from the 1%, 2", and 3 phases of each test
separately. We used a Mann-Whitney Rank
Sum test {Zar 1984) to compare the sizes of liv-
ing and dead clams at the end of each test.
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TapLE 1. Ranges of water-quality measurements for
each phase of the 2 artificial stream tests,

Temperature Conductivity
") pH (pS/cm}
Test 1
Phage 1 16.3-22.1 7.39-8.04 180-390
Phase 2 17.2-24.1 7.54-8.57 280-2600
Phase 3 17.1-23.2 7.50-8.34 180-1600
Test 2
Phase 1 23.6-27.1 7.40-7.98 240-330
Phase 2 25.1-20.3 747-8.25 2601400
Phase 3 24-288 7.51-825 210-1400

Water-column  testing.—We  considered  tests
valid only if control mortality was =20%. Al
LC.s were calculated using the Spearman-Kar-
ber method (Hamilton et al. 1977),

Resulls
Artificial stream tests with Asian clams

Test 1 lasted 64 d; phase 2 occurred between
days 14 and 42, Temperature (not controlled)
fluctuated with the incoming laboratory water
and ranged from 16.3 to 24.1°C (mean = 21.7°C)
{Table 1). Test 2 lasted 34 d; phase 2 occurred
between days 14 and 24. Temperature was con-
stant at 26 & 3°C.

Clam mortality—At all densities, mortality
gradually increased over the course of both
tests, with significant (p < 0.01) density-depen-
dent differences in mortality apparent in phases
Z and 3 (Fig. 1). In the high-density treatment,
mortality increased sharply after day 34 and
was complete by day 38 in test 1, and increased
sharply after 17 d and was complete by day 21
in test 2. In the low- and medium-density treat-
ments, average mortalities at test termination
were 35.5% and 38.6%, respectively, in test 1
and 30.5% and 11.4%, respectively, in test 2. In
test 1, mortality was significantly {p < 0.0001)
affected by size in all density treatments. The
median sizes of surviving clams ranged be-
tween 12.3 and 12.9 mum, whereas the median
sizes of dead clams ranged between 8.2 and 8.5
mm. A similar size difference was not observed
in: test 2, in which the median sizes of surviving
clams ranged between 122 and 12.5 mm and
median sizes of dead clams ranged between
11.8 and 12.4 mm.
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Fic. 1. Mortality of Asian clams for test 1 (A) and test 2 (B} in the artificial stream die-off experiments.

Arrows indicate the beginning and end of phase 2, during which water flow to the streams was stopped.

NH-N concentrations—During Phase 1 of
both expertments, NH;-N concentrations did
not differ between the control and density treat-
ments. Concentrations ranged from non-detect-
able levels to 0.007 mg NH,-N/L in test 1 (Fig.
2A} and from 0.002 to 0.044 mg NH,-N/L in
test 2 (Fig. 2B). A significant (p < 0.01) density-
dependent difference in NH,-N econcentration
was noted in phase 2 of both tests, with the

highest concentrations measured in the high-
density treatment. NH;-N concentrations
reached a maximum of 471 and 5.04 mg/L
(tests 1 and 2, respectively) 2 to 3 d after 100%
mortality had been reached in the high-density
treatment. NH,-N concentrations remained low
in the low- and medium-density treatments of
both tests (maximum = 0.015 mg/L and 0.022
mg/L in tests 1 and 2, respectively). NH,-N
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FiG. 2. Unionized ammonia (NH,-IN) conecentrations in the water column for test 1 (A and test 2 (B) in the
artificial stream die-off experiments. Arrows indicate the beginning and end of phase 2 of each study, during

which water flow to the streams was stopped.

concentrations dropped to (.14 and 041 mg/L
{tests T and 2, respectively) within 1 d of resum-
ing water flow in the high-density freatments.
NH;-N concentrations dropped below levels
found to be acutely toxic to any of the test spe-
cies evaluated in the laboratory toxicity tests, in-
cluding glochidia, within 4 d of resuming flow.

DO concentrations.—In the control and low-
and medium-~density treatments, DO concentra-
tions generally remained >6 mg/L (Fig. 34A)
and >4 mg/L (Fig. 3B) (tests 1 and 2, respec-
tively) over the duration of both tests. In the
high-densily treatment, DO concentrations re-
mained >6 mg /L. during phase 1 of test 1 {Fig.
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Fic. 3. Dissolved oxygen (DO) concentrations in the water column for test 1 (A) and test 2 (B} in the artificial
stream die-off experiments, Arrows indicate the beginning and end of phase 2 of each study, during which

water flow to the streams was stopped,

34), but they dropped as low as 2.1 mg/L dur-
ing phase 1 of test 2, even though water was
flowing through the system (Fig. 3B). Once we
stapped flow to the streams, DO concentrations
dectined steadily. In test 1, DO concentrations
reached 2 mg/L by day 31 and were associated
with a 40% increase in mortality of the clams.

DO concentrations reached a low of 9.6 mg/L
on day 42, 4 d after total mortality had oc-
curred. In test 2, DO concentrations reached 3
mg/L by day 18 (1 d after flow was stopped)
and dropped to I mg/L by day 20, just before
total mortality occurred. Resuming flow to the
streams increased DO concenirations to 4.2 o
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Tasie 2. LC,, values for water-only exposure to NH,Cl for 3 bivalve and 2 standard US Environmental
Protection Agency {EFA) test species. Unless indicated, all values were generated from 96-h bioassays. Cl =

confidence interval.

Total ammonia {mg /L)

Unionized ammonia
(mg NH-N/L)

Species Life stage  Age LC,, 954% (1 L, 95% (1

Bivalves

Villosa irdse Giochidia 24 h 329 2.950-3.73 0.11 0.10-0.12

V. iris Juvenile 5d 781 7.00-8.70 0.62 0.57-0.67

Voiris fuvenile 7d 552 4.36-6.98 0.38 0.33-0.46

Pygenodon grandis Adult 21.99¢ 106458 .49 0.26-0.87

(18.8-25.1) 0.44-0.54)

Corbicula flumineg Juvenile 48 h 225 1.83-2.76 .28 (1.23-0.35

C. fluminen Tavenile 7d 1.00 0.82-124 0.09 0.07-0.11

C. flumines Juvenile 7d 1.78 1.50-2.12 0.18 (1.15-0.21

C. flusines Adult 1396 11.98-16.26 0.58 0.78-0.99
Standard EPA test species

Ceriodaphnia dubip 24 h 14.32 113187 0.7 3.05-0.11

Pimephales promelase 24 h 8.96 8.15-9.87 1.18 1.08-1.27

*24-h LG,

* Mean LCj, of 2 tests, Values in parentheses are the range of the L.C,s for the 2 tests

<48-h LG,

7.1 mg/L in phase 3 of test 1, but DO concen-
trations remained <3 mg/L for almost 1 wk af-
ter flow was resumed in test 2.

Water quality—pIl, DO, conductivity, and
temperature varied over each phase of the tests
{Table 1). Significant {p < 0.05) increases in con-
ductivity occurred in association with the onset
of mortality in the high-density treatments dur-
ing both tests.

Water-columir testing

NH-N foxicity~NH-N LC;, values ranged
from 0.11 mg/L for V iris glochidia (24-h ex-
posure} to 0.62 mg /L for 5-d-okd V. iris juveniles
(76-h exposure). The mean 96-h LC,, from the 2
tests with P grandis was 0.49 mg /L, whereas
that for C. flumines ranged from 0.14 mg/L
{(mean of 2 tests) for juveniles to 0.8 mg/L for
adults (Table 2).

Compuarisons with standard test organisms.-—
Based on the overlap of the 95% confidence in-
tervals for LCys, C. dubiz was more sensitive
than P promelas to NH-N (Table 2). Ceriodaphnia
dubin had a lower LC,, than the bivalves, but the
95% confidence intervals overlapped with those
of the V iris glochidia and C. fluminea 7-d juve-
niles. In contrast, P promelas was the least sen-
sitive of all organisms tested (Table 2).

Discussion
Artificial stream tests with Asian clams

Die-offs of Asian clam populations in the field
have been assedated with extreme temperatures
and low DO concentrations from decreased wa-
ter flow (Sickel 1986). Cessation of water flow in
the artificial streams in our study caused reduc-
tions in PO concentrations that varied in inten-
sity with the density of clams in the streams.
1X0 concentrations in the streams with the high-
est density of clams fell below 1 mg/L and pre-
ceded die-offs that eventually reached 100%, in-
dicating that low DO concentrations may have
been the primary cause for the die-off. Frevious
studies have reported that C. fluminea is rela-
tively intolerant to hypoxia (Belanger et al. 1991,
Jehnsen and McMahon 1998, Matthews and Me-
Mahon 1999), and the Asian clam and the zebra
mussel, L. palymorpha, are among the least tol-
erant freshwater bivalves to low DO {Matthews
and McMahon 1999). A number of natural and
anthropogenic factors may initiate an Asian
clam die-off, but it appears that low DO con-
centrations may be one of the most critical fac-
tors. Unjonids could alse have been negatively
affected by the decreased DO concentrations ob-
served in association with the clam mortelity in
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the artificial stream. Sparks and Strayer (1998)
evaluated behavioral responses and survival of
juvenile Elliptio complanaty subjected to low DO
concentrations in a laboratory flow-through
study. They observed significant effects on be-
havior at a DO concentration of 2 mg/L, and
significant maortality if the mussels were main-
tained af levels of 1 to 2 mg/L for 296 h.

Concentrations of NH,-N detected in the
overlying water during the clarmn die-off reached
471 and 5.04 mg/L (tests 1 and 2, respectively)
in the high-density treatments. These concentra-
tions are ~5X and ~10X higher than the L,
values for C. fuminea and P grandis adults, re-
spectively, and >40x that for V. iris glochidia.
The concentrations are also higher than the LC,;
value for other native mussels including the glo-
chidia of Utterbackia imbecillis and Fusconaia ma-
soni {Augspurger et al. 2003), and juveniles of
Lasmtigona subviridis (M. C. Black, University of
Georgia, Athens, Georgia, persenal communi-
cation) and Lampstlis siliquoidea (Myers-Kinzie
1998). It is interesting that the NH,-N concen-
trations {lest 1: 0.013 mg/L, test 2: 0.044 mg/L}
that were measured in the high-density treat-
ment before the onset of clam mortality were
lower than the 96-h LC,, concentrations for C.
fuminea adults (0.88 mg/L). These resulis fur-
ther support the idea that low DO concentra-
tions may have been the primary factor initiat-
ing clam mortality, but the role of NH,-N in the
die-off cannot be discounted completely be-
cause NHN concentrations may have been
higher in the sediment pore water of the artifi-
cial streams than in the water column.

Density of clams and water temperature
clearly were impertant determinants underlying
the potential effects that a clam die-off may
have on a local habitat. In our study, significant
effects of die-offs on DO and NH,-N were large-
by restricted to streams having a clam density
of 10,000/m? This density, while not unheard
of (e.g., Cherry et al. 1986), may represent the
high end of the range of densities in natural
populations. Comparison of the DO profiles in
test 1 (with an average temperature of 21.7°C)
and test 2 {in which temperature was main-
tained at 26°C) indicates that warm tempera-
tures can significantly exacerbate the extent to
which a clam die-off influences DO, both with
respect to the rate at which O, is depleted and
the ambient levels that may precede mortality.
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Water-column festing

Too few laboratory bioassays were conducted
with each test organism to allow statistical com-
parison of the LCys, but some generalizations
and comparisons with data from the literature
are possible. The glochidia of V. iris and juvenile
C. fluminea appeared to be the most sensitive to
NH,-N. This result was expected because pre-
vious studies have shown that early life-stage
bivalves are among the most sensifive aquatic
organigms to metals (Keller and Zam 1991, Ja-
cobson et al. 1993), some organic compounds
{Weinstein 2001), and chlorine and ammonia
{Goudreau et al. 1993, Augspurger et al. 2003,
Mummert et al. 2003, Newton et al. 2003). New-
ton et al. (2003) reported 96-h LCs for juvenile
Lampstlis cardium that ranged from 0.127 to
0.165 mg NH,-N/L, a result similar to the re-
sults of Mumumert et al. (2003} for juvenile L.
fascicia {0.28 mg/L} and juvenile V iris {0.12
mg/L}, the results of Goudreau et al. {1993} for
V #ris glochidia (24-h LC,, = 0.284 mg/L}, and
those presented in our study.

Iderspecific comparisons

Early life stages of mussels are more sensitive
to NHy-IN than adults, and they also may be
more sensitive than other invertebrate and fish
species to NH-N {Arthur et al. 1987, Mummert
et al. 2003, Newton et al. 2003). This greater sen-
sitivity of immature mussels to NH-N is im-
portant becanse debate has arisen over whether
current US federal water-quality criteria for am-
monia {USEFA 1999} protect unionids. Mum-
mert et al. (2003) stated that the USEPA water-
quality criteria for total ammonia (critical max-
imum concentration [CMC] = 5.62 mg/1, when
salmonids are present) were protective of the 2
unjonid species uvenile V. iris and juvenile L.
Jfasciola) evaluated in their study. However, Aug-
sperger et al. (2003) concluded that the criteria
may not be protective, and said that the CMC
was 175 mg/L total ammonia if toxicity data
for a number of mussel species were included
in its derivation. This recalculated CMC value
would have been protective for V. iris glochidia
in our study, but the current USEPA values
would not.

An additional point of concern regarding spe-
cies-specific differences in sensitivity to ammo-
nia lies in the differences between some species
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of unienids and other organisms used for rou-
tine evaluation of whole effluent toxicity (WET).
In our study, fathead minnows were signifi-
cantly less sensitive to NH-N than any of the
bivalve species tested. Bimilarly, Mummert et al.
(2003) observed that Dephniz magni was less
sensitive to NH-N than the freshwater mussel
species they examined. In contrast, both Mum-
mert et al. (2003} and our study indicated that
C. dubiz had similar or higher sensitivity to
NEE-N than unionids. Considering that some
state pollution discharge and elimination per-
mits require only acute toxicity tests with spe-
cles such as fathead minnows and D). pulex (JRB,
personal observation), routine WET biomonitor-
ing may also fzil to protect the unionid fauna
in some receiving systems.

In conclusion, studies investigating the poten-
tial impacts of Asian clams on native unionid
mussels have largely focused on competitive in-
teractions (e.g., Yeager et al. 1999), although the
strength of the interaction may vary on a case-
by-case basis {see Strayer 1999 for a review). Ef-
fects of clam die-offs on water quality (produc-
tlon of NH,-N and associated biological oxygen
demand) also has been identified as a mecha-
nism by which clams can affect native mussels
{Strayer 1999, Bruenderman et al. 2001}, but no
previous work has specifically evaluated this is-
sue. Qur study indicates that the NH,-N con-
centrations produced by clam die-offs have the
potential to exceed acute effect levels for juve-
nile mussels, and fhat this effect is dependent
on factors such as clam density, temperature,
and water flow. This effect of NH,-N could be
further exacerbated by the reductions in DO lev-
els that occur in association with clam mortality.
It is important to note that we measured water
quality and NH-N in the water column. juve-
nile unionids largely dwell in the interstitial
zone of the sediments (Sparks and Strayer 1998),
so conditions in the pore water may provide a
better indication of potential effects on native
mussels, particularly because water exchange is
reduced and water-quality impacts may be
magnified in the interstitial zone (Cooper et al.
2005).
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