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Abstract,  The Astan dam {Corbicude fluminea) occurs in most of the southeastern US, often: sharing
habifat with native unionid mussels. Clam populations can reach high densities and, under conditions
of low water flow and warm summer temperatures, may experience rapid die-offs. Clams are infaunal,
so the interstitial zone may be subject to elevated levels of ammonia and reductions in dissolved oxygen
{0} that could affect organisms such as native mussels that alse use this habitat. We conducted lab-
oratory experiments to characterize concentrations of total ammonda and unionized ammonia (NFL,-N)
produced in the sediment pore water and in overlying water as a result of clam die-offs. Sediment
povewater NIH.-N concentrations ranged between 0.013 and 5.56 mg/1., levels that were consistently
higher tharn NH-N concentrations in the ovexrlying water. Levels of NHeN in both pore water and
overlying water were positively correlated with temperature and density of clams involved in the die-
offs. NFL-N concentrations in chambers maintained at 28°C were 556 mg/L, ~20X Jevels in chambers
maintained at 19°C. Increasing clam density from 200 to 1000 individuals/m? resulted in an increase
in porewater NEL-N from 0.17 to 055 mg/L. NH-N concentrations in some tests exceeded acutely
toxic levels for some species of unionid mussels (0.022 to 556 mg/L). DO was always lower in pore
water {2.01 to 674 mg/L} than in overlying water (502 to 8.67 mg/L} in chambers containing dead
Aslan clams, and low DO could have further exacerbated stress associated with exposure to NH,-N.
Overall, our resuits indicate that NH-N production and DO reductions associated with Asian clam

die-offs coudd pose a risk to unionid mussels, particularly during warm Jow-flow sumumer months.
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The exotic Asian clam, Corbicula fliminen, oc-
curs in most drainages of the southeastern US,
often sharing habitat with unionid mussels. In
localities where the 2 groups co-occur, clams
may contribute to the decline of unionids {eg.,
Sickel 1973, Cherry et al. 1980, Willlams et al
1993, Sternberg and Bruenderman 1999, Barnes
and Riggert 2000, Bruenderman et al. 2001). For
example, Sickel {1973) noted a negative associa-
tion between the presence of Corbiculz and union-
id populations in Georgia, and Bruenderman et
al. (2001) observed increases in Asian clams and
declines in unionid densities in the Little Black
River Basin of Missouri. These field surveys may
simply indicate that clams have a greater ability
than unionids to proliferate in degraded habitat,
but Clarke (1988) reported that losses of unionid
populations coincided with increases of Asian
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clams populations in some undisturbed Atlantic
coastal rivers. In one of the few studies that spe-
cifically examined the interaclion between Asian
clams and unionid mussels, Yeager et al. (2000)
observed a positive correlation between juvenile
mussel mortality and displacement from the sed-
iments as densities of clams increased, and they
observed ingestion of native-mussel glochidia by
Asian clams. Other studies assessing the. inter-
action of Asian clams with native mussels and
their habitats have reported modest to dramatic
declines in the food supply of native mussels
{phytoplankton and seston} in locations heavily
infested with Asian clams (Cohen et al. 1984,
Lauritsen 1986, Leff et al. 1990).

Asian clam populations often are character-
ized by rapid die-offs, possibly from factors
such as siltation from floods, and high summer
temperatures with assoclated low dissolved ox-
ygen (DO} levels (Sickel 1986, Phelps 1994).
Such population die-offs have been observed
during summer drought conditions in the New
River (Giles County, Virginia; DSC, personal ob-
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servation), and in laboratory-held cdlams when
the death of a few individuals led to mortality
of the entire population {JRB, personal obser-
vation). The causative agents in the laboratory
die-off were probably reduced DO concentra-
tions and ammonia production from bacterial
decomposition of the first dead individuals
(Whiteman et al. 1996). Therefore, Asian clams
also couid impact unionid mussels through ef-
fects on water quality that occur during clam
die-offs in the field.

Cherry et al. (2005) investigated this possibil-
ity by characterizing the sensitivity of juvenile
and adult Asian clams and selected species of
unionid mussel to unicnized ammonia (NH,-N}
and by measuring NH;-N production during in-
duced die-offs of clams in laboratory artificial
streams. They found that concentrations of NH,-
N occurring in overlying water during and after
the clam die-off were well above concentrations
that caused acute mortality of the bivalves, Their
study underscored the possible effects of clam
die-offs on unionid mussels, but it raised addi-
tional questions. Cherry et al. (2003) measured
INH,-N only in the water column, but both Cor-
bicula and unionid mussels are infaunal (Ring-
wood and Keppler 2002}, so NH,-N and DO
concentrations in pore water may have a greater
influence on survival than levels in overlying
water. Exposure to porewater NH;-N may be a
particular issue for juvenile mussels that live en-
tirely within the interstitial zone {Buddensiek et
al. 1993, Yeager et al. 1994). Juveniles may not
be as capable as adult mussels of avoiding NH,-
N through prelonged valve closure, and both
total and NH,-N concentrations usually are
higher in sediments than in overlying water
{Chambers et al. 1992, Prazier et al. 1996, Aug-
sperger et al. 2008). Elevated ammonia concen-
tration in pore water was a major contributor to
the decline of the fingernail clam (Musculium
fransversumt) In the Ilinois (Sparks and Sandus-
ky 1981) and Mississippi (Wilson et al. 1995)
rivers. These studies indicated that pore water
may be an important source of ammonia ex-
posure for benthic invertebrates such as native
mussels (Newton et ai. 2003).

Our study examined the accumulation of total
ammonia and NH-N in pore water associated
with an induced die-off of Asian clams under
laboratory conditions. The objectives of our study
were to: 1) characterize the relationships between
the density of decaying Asian clams and tem-
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perature and concentrations of NH,-N and DO
in the water column of test chambers that con-
tained only water and in the overlying water and
pore water in chambers containing a standard
gravel substrate, 2} determine the influence of
flow, temperature, and time on porewater con-
centrations of NF,-N and DO in a standard grav-
el substrate that contained dead clams, and 3)
compare the results of tests conducted in cham-
bers with a standard gravel substrate to cham-
bers with a natural river sediment.

Methods
Collection and handling of C. fluminea

Corbicula flumines were obtained from the Lit-
tle Biack River, Ripley County, Missouri. Clams
were collected after being exposed by gently
raking the top layer of substrate with a hand-
held garden rake. Individuals were placed in 40-
L coolers containing fresh river water for trans-
port back to Oklahoma State University. Water
temperature in the cooclers was maintained at
~21°C and aerated with portable bait pumps,
Temperature of the river water at the tme of
collection was 25°C. At the University, the clams
were placed in 78-L aerated aquaria receiving a
flow-through supply of dechlorinated laborato-
ry water that replaced the volume of the tanks
every 4 h. Clams in the holding tanks were fed
200 mL of Selenastrum capricornuium (1.8 X WY
cells/mL) every 3 d.

Substrate and test chambers

Standard-gracel substrafe—Natural sediments
oftenr are very heterogenecus with respect to
factors that could influence porewater NF-N
concenirations; these factors include particle-
size distribution, % organic matter, and pres-
ence of both micre- and macroorganisms.
Therefore, a standard gravel substrate was cho-
sen to minimize these confounding factors and
allow more effective characterization of pore-
water NFH-N derived from decaying clam tis-
sues. The substrate was pea gravel (particle di-
ameter = 5-10 mm) obfained from a local
horme-and-garden center. All gravel was rinsed
5% with dechlorinated laboratory water before
being used for any tests.

Test chambers.—Test chambers for all experi-
ments were prepared by placing 350 mL of stan-
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dard gravel in I-L polycarbonate jars. Each jar
was filled with 650 mL of dechlorinated water.
Of this water, ~150 mL was pore water. To fa-
cilitate collection of pore water, an air stone with
a plastic airline attached was inserted ~3 cm
into the sediment of each chamber. The desired
volume of pore water was collected by gently
applying suction to the airline with a 5¢-ml. sy-
ringe. All test chambers were allowed to stabi-
lize for 2 h before clams were added.

To obtain flow-through conditions, the 1-L test
chambers were fitted with an inflow port 3.5 cm
from the top of the chamber and 1 cm from the
surface of the standard gravel. Fach inflow port
was connected to a length of 6-mm Tygon® tub-
ing that ran through a Masterflex® 1./5% peri-
staltic pump {Cole Parmer Instrument Company,
Vernon Hills, Illinois} that drew dechlorinated
laboratory water from a common reservoir. Water
entering through the inflow port was allowed to
flow out over the rim of the test chamber Flow
was maintained at 5 mL/min, Based on this flow
rate, the overlying water in the test chambers was
renewed at a rate of 1 exchange/h.

Clam denstty

Static, no substrate—The effect of the number
of decomposing clams {(clam density) on con-
centrations of NH;-N and DO in the water col-
umn was evaluated in glass beakers filled with
laboratory water alone. The visceral masses of
C. fluminea were collected by prying open the
valves and removing the entire body. Zero, 1, 2,
4, or § visceral masses were placed in 100 mL
of dechlorinated water in 200-mL glass beakers
with 4 replicates/treatiment. The beakers were
covered with aluminum foil, placed in incuba-
tors, and maintained at either 17°C or 25°C for
4 d. Following incubation, water-column am-
monia was measured as described below.

Static, standard gravel —The effect of clam den-
sity on NH;-N and DO concentrations in the
pore water and overlying water was evaluated
in test chambers containing standard gravel.
The wvisceral masses of 0, 1, 2, 4, or 10 Asian
clams were placed in the sediment of a test
chamber with 4 replicates/treatment. The num-
ber of clams used yielded approximate densities
of 100, 200, 400, or 1000/m? of substrate, re-
spectively. The chambers were held at 22°C for
4 d without renewal of the overlying water. Fol-
lowing the incubation period, 10 ml. of overly-
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ing and 10 mL of pore water were collected for
NH,-N analysis as described below.

Flow-through, standard gravel—The effect of
clam density (400/m? and 1000/m?) on NIL-N
concentrations in the overlying water and pore
water was also investigated under flow-through
conditions for 10 d at 22°C with a flow rate of
5 mL/min (1 exchange/h) and 5 replicates/
treatment. NH,-N concenltrations in the overly-
ing water and pore water were measured on
days 4, 7, and 10.

Other environmental factors

Three additional tests were conducted under
flow-through conditions to evaluate the influ-
ence of temperature, flow rate, and substrase
type on NI,-N concentrations.

Temperature —The effect of temperature (19°C,
22°C, and 28°C) on NH,-N concentrations in the
overlying water and pore water was investigat-
ed for 10 d with a flow rate of 5 mL/min (1
exchange/h), a clam density of 400 /m?, and 3
replicates/ treatrment. WH,-N concentrations in
the overlying water and pore water were mea-
sured on days 4, 7, and 10 as described below.

Flow rate.—The effect of flow rate (5 mlL/min
and 25 mL/min} on NH,-N concentragions in the
overlying water and pore water was investigated
for 10 d at 22°C with a clam density of 400/m?
and 5 replicates/ treatment. NH,-N concentrations
in the overlying water and pore water were mea-
sured on days 4, 7, and 10 as described below.

Substrate—Yor the last component of the
study, NH;-N concentrations in overlying water
and pore water in chambers with natural sedi-
ment from the Little Black River, Ripley County,
Missouri, were compared with those in cham-
bers with standard gravel. A shovel was used
to remove ~40 kg of Little Black River sediment
from a riffle/run zone (average depth of collec-
fion = ~10 cm and maximum depth = ~25
cm). The sediment was placed in polycarbonate
buckets and transported back to the laboratory.
Sediment was stored at £°C until used in the
tests. The effect of substrate type (standard-
gravel or natural} and flow rate {static or 5 mL/
min) on NH;-N concentrations in the overlying
and pore water was investigated for 4 d at 22°C
with a clam density of 400 clams/m? and 5 rep-
licates/treatment. NFH,-N concentrations in the
overlying and pore water were measured on
days 4, 7, and 10 as described below.
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Water giality

Ammonia~—The concentration of total ammo-
nia in overtying water and pore water was de-
termined on days 0 and 4 for the 4-d tests and
days 0, 4, 7, and 10 for the 10-d tests. Total am-
monia was measured using a mini ammonia
electrode (detection limit: 0.02 mg/L, Diamond
General Development Corporation, Ann Arbor,
Michigan) connected to an Accumet® portable
APG63 pH/mV meter (Fisher Scientific, Pitts-
burgh, Pennsylvania). Total ammonia concentra-
tions were determined from a standard curve
prepared with NFL,C1 {Fisher Scieniific). The ac-
tual analytical procedure followed instructions
provided by the probe manufacturer NI,-N
concentrations were estimated from the mea-
sured total values based on temperature and pH
(Thursten et al. 1979). Both spiked samples and
quality control standards were analyzed regu-
larky to evaluate electrode performance,

DO, pH, conductivity, alkalinity, and hard-
ness were measured in each water sample (on
days @ and 4 for the 4-d tests and days 0, 4, 7,
and 10 for the 10-d tests). DO was measured
using a Model 508 Dissolved Oxygen Meter
(YSI, Yellow Springs, Ohio), and pH was mea-
sured with an Accumet® portable AP62 pH/
mV meter (Fisher Scientific). Conductivity was
measured with a Hach® conductivity /TDS me-
ter (Hach, Loveland, Colorado), and alkalinity
and hardness were measured by titration
(APHA 1995).

Statistics

All statistical analyses were done with
SigmaStat statistical software (version 3.0, 5P55,
Point Richmond, California). NH,-N concentra-
tions were evaluated for normality and hetero-
geneity of variance using Kolmogorov-Smirnov
and Levene median tests, respectively. In cases
where either of these assumptions was violated,
the data were rank-transformed. Depending on
the number of independent variables for a par-
ticular experiment (overlying water or pore wa-
ter, clam density, flow rate, temperature, sub-
strate type), a -, 2-, or 3-way analysis of vari-
ance (ANOVA) was conducted o determine if
NH,-N concentrations differed among treat-
ments, Tukey’s test was used to indicate which
treatments were significantly different. Al} sta-
tistical tests were conducted at ¢ = 0.05. For the
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water-only exposures, linear regressions were
used to assess the relationship beiween increas-
ing clam density and temperature.

Results
Water-guality parameters

DO concentrations ranged from ~2 to ~8
mg/L across all experiments and were always
lower in the pore water than the overlying water
for any given treatment (Table 1). pH ranged
from 6.61 to 7.99 across all experiments. At
these pH wvalues, 0.8 to 6% of total ammonia
would have been NH,-N. Conductivity ranged
from 679 to 1177 1S/ cm across all experiments.
Alkalinity and hardness ranged from 36 to 53
and 116 to 130 mg/1. (as CaCQ,), respectively.

Density

Static, no substrafe.~—Water-column concentra-
tions of total ammonia were significantly related
to the amount of ¢clam visceral mass present in
the water, Temperature significantly affected the
concentration of total ammonia produced. The
siope of the curve was more than an order of
magnitude greater at 25°C than at 17°C. The re-
gression equation for total ammonia vs visceral
mass at 17°C was y = 3.Ix — 0.96, whereas the
equation at 27°C was y = 359x — 23.6 (p < 0.001
for both regressions).

Static, standard gravel —NH;-N concentrations
in the pore water and overlying water of the
static-test chambers increased significantly as
clam density increased (p = (0.018; Fig. 1). After
4 d, NH;-N concentrations in the overlying wa-
ter ranged from 0.007 mg/L in the control (0
clams/m?) to 0.271 mg/L in the high-density
(1000 clams/m?* treatment. Porewater NN
concentrations ranged from 0.02 mg/L in the
conirel to 0,550 mg/L in the high-density treat-
ment. The average NH,-N concentrations in
pore water were always significantly greater
than those in the overlying water regardiess of
clam density {p = 0.004).

Flow-through, standard  gravel —NH,-N  con-
centrations were significantly affected by the
interaction of time, clam density, and whether
the samples were from pore water or overlying
water. Increasing clam density significantly af-
fected NF,-N concentrations, but concentra-
tions differed among days, and the temporal



385

D WITH ASIAN CLAM DIE-OFFS

R AMMONIA ASSOCIATE

POREWATT

2005]

6540 ro 6989 969489 89°CRIT  LRGEYS YSTON-MOl WIBWITPIS [RIMIBN
o'oY 1o (YA A 09 LmL8°4 LUE-STE WeeRLS IS JUBLLIPES [InjeN
LT 0 e L-CT°4 (9 s 1S4 SEE-FFC  L9800'8 ySnonp-moy “paeld-prepues
a8el gro O L-91 L 6674984 SU'G——Ey  BEY-ISS RS oaRIS-parmIeIS Aa/swep opy add seasgng
Groe EZAY 6z Lee's CUAO0L §16-50°C IR ar£t 1070 (b2 R oyl
AN £l 9449074 06434 0489085°€ qTEGF9 utuL/Jur g JUE/SUERT2 GOF ‘3Rl MO
1’759 9¢'g LTLT99 0L 4-%T 4 08'e-C4'T  899-09°F 8T
1694 801 8F LS04 0674CC L 04608 GO8-GP0G 3.CC
¥R6E £ T804 18 L~E02 PEo-8LY 499089 Dbl AU/ SWeR goF YEnony-moy ‘srmesadwal
LY 8% Qe ALY LY LT IF9y-107 299416 U/ SURD 00T
(9'69 €21 CYLG0L 06°4L7TCL 0Le-0gc  Sg-aEs JMIL/SWRD goF YSnoIg-mop; ‘st
£'884 €90 LEGLLY L9 L-€T L I¥FP09¢c £€F9-T9C I/ SWED GOGT
[AWa oz 087444 6L G8L LYe-LES FRULTE L [/ sweep (0F
ooy fARY L& 4084 6L LS4 Io-8¥F9 AS4-ST4 UL/ SWERDD (07
0Tl T TL L1944 B9 LFGL L7249 SOg-8L L JMIL/SWED snpes Aasua()
(/N 80 (1/8w)  1e3em a0 To3eMm J2jem BIOJ Iapem JuBumEaL], pRwiIadxsy
RTLEOLITUTR N-EHIN Furduoan BudpanD
B30y
Hd (1/%w} o

BIICWIIE 13)2Mal0]

sjusuTtadxa A3 Jo Yows U SIHQUIBY IS9) A3 W1 PaAtesqo (NFTHIND BIVOTIUIE D3z 0N PUR RIoLuTe
110} JO SUOLBRUIOUOY Ijemalod winmmpew pue 8jem Suiiliaso pur Ijesm azod oy wt 1d pue suonenusiuod (]} USAXC PaAlossip Jo seBuwy 1 31avy



N. [.. COOPER ET AL,

[Volume 24

400

1000

Clam density {no./m®)

386
0.7 1
1 WM Overlying water
O,B'f wEE Pore water
0.5
<
o i
é 0.4 1
= ]
I("‘) 03 o
7 ]
Z E
0.2 -
0.1 4
0.0
200
FIG. 1.

Mean (1 5D} unionized ammonia (NFL,-N) concentrations after 4 d in the overlying water and pore

water of static-test chambers containing different densities of dead clams in standard-gravel substrate. Different
numabers over bars indicate significant differences {p < 0.05} in NH,;-N concentrations among clam densities
within a water type {overlying or pore). Different letters over bars indicate significant differences in NH-N
concentrations between the overlying water and pore water within a given clam density.

patterns of changing concentrations differed
between pore water and overlying water. On
day 4, the mean NH-N concentrations in both
pore water and overlying water were =2X
higher in the high-density treatments than in
the low-density treatments (p = 0.003} (Fig. 24,
B). Between days 4 and 7 in the low-density
treatment, overlying-water and porewater
NH;-N concentrations increased significantly
from 0.01 to 0.13 mg/L (p < 0.001), and from
0.27 mg/L to 1.23 mg/L, respectively (Fig.
2A} In the high-density treatment, over the
same time period (days 4-7), overlying-water
NH,-N concentrations decreased from a high
of 0.27 mg/L to a low of £.03 mg/L, and pore-
water NH,-N concentrations increased from
0.56 mg/L to 4.80 mg/L (Fig. 2B). On day 7,
overlying-water NH,-N concentrations were
significantly higher in the low-density treat-
ment than the high-density treatment {p <
0.001), but porewater NH,-N concentration was
=4x higher in the high-density treatment than

in the low-density treatment (p < 0.001) (Fig.
2A, B). Between days 7 and 10, overlying-water
NH;-N concentrations did net change in the
low-density treatment, but porewater concen-
trations decreased to 0.09 mg/L. However, be-
tween days 7 and 10 in the high-density treat-
ment, overlying-water concentrations increased
to 0.09 mg/L, and porewater concentrations re-
mained high at 4.7% mg/L (Fig. 2A, B). By day
10, NH,-N concentrations in the overlying wa-
ter did not differ between low- and high-den-
sity treatments, and porewater NH;-N concen-
trations were significantly lower in the low-
density treatment than in the high-density
treatment (p < 0.001} (Fig. 2A, B}

Temperature

Temperature significantly affected NH-N
concentrations, but the effect varied with time.
On day 4, NH,-N concentrations were lowest at
19°C, intermediate at 22°C, and highest at 28°C
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FiG. 2. Mean (+1 SD) unionized ammonia (NH;-N) concentrations after 4, 7, or 10 d in the overlying water
and pore water of flow-through chambers containing 400 (A) or 1000 (8) dead clams/m? in standard-gravel
substrate. Different numbers over bars indicate significant differences (p < 0.05) in NH,-N concentrations among
clam densities within a given day and water type (overlying or pore). Different letters over bars indicate
gignificant differences in NF,-N concentrations between days but within a given clam density and water type,
* indicates a significant difference in NI,-N concentrations between the overlying water and pore water within
a given clam density and day.
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in overlying water and pore water (p < 0.001 for
all comparisons; Fig. 3A, B, C. On days 7 and
10, overlying-water NFH;-N concentrations were
significantly lower at 19°C and 28°C than at
22°C (Fig. 3A, B, ). On day 7, porewater NH;-
N concentrations followed the same pattern as
on day 4. However, on day 10, porewater NH,-
N concentrations were lowest at 22°C (Fig. 3B},
intermediate at 19°C (Fig. 2A), and highest at
28°C (Fig. 3C). At the 2 higher temperatures,
porewater NH.~N concenirations peaked on day
7 and declined by day 10 (Fig. 3B, C). NH-N
concentrations were almost always significantly
higher in the pore water than in cverlying water
regardless of temperature. The single exception
occurred on day 10 in the 22°C treatment when
NH,;-N concentrations in overlying water and
pore water were the same (Fig. 3B).

Flow

NI-N concentrations in the overlying water
of the 5 and 25-mL/min chambers remained
fow over the 10-d study, reaching peaks of
~0.02 mg/L on day 10 in both flow treatments
(Fig. 4A, B). Porewater NH;-N concentrations
were significantly higher than overlying-water
concentrations regardless of flow rate {(p <
(.001). In the 5-mL/min treatment, porewater
NH,-N concentrations peaked on day 7 (Fig.
4£A), whereas in the 25-mL/min trealment,
porewater NH-N concentrations reached high
levels by day 4 and remained elevated on day 7
{Fig. 4B). By day 7, porewater NH,-N concen-
trations were similar between the 2 flow treat-
ments (Fig. 4A, B). By day 10, porewater NH,-
N concentrations were lower in the 25-mL/min
treatment than the 5-mL/min treatment, but
this difference was not significant (Fig. 44, B).

Substrate fype

Overlying-water NH,-N concentrations were
significantly lower in flow-through than in static

-

type (overlying or pore), Different letters over bars in-
dicate significant differences in N -N concentrations
between days within a given temperature and water
type. ¥ indicates a significant difference in NH,-N con-
centrations between the overlying water and pore wa-
ter within a temperature and day.
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Fi. 5. Mean (41 8D) unionized ammonia (NH,-N) concentrations after 4 ¢ in the overiving water and pore
water of test chambers containing 400 dead clams/m? in either standard-gravel substrate (A) or natural sub-
strate (Little Black River sediment) (B). Tests were conducted under static or flow-through (5 mL/min) condi-
tions, Different numbers over bars indicate significant differences (p < 085} in NF-N concentrations between
static and flow-through conditions within a given substrate type and water type (overlying or pore). Different
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conditions regardless of the type of substrate (p
< 0.001, Fig. 5A, B). Porewater NH,-N concen-
trations were significantly lower in flow-through
than in static conditions when standard-gravel
substrate was used (Fig. 5A) However, pore-
water NI -N concentrations did not differ be-
tween flow-through and static conditions when
natural substrate was used (Fig. 5B).

Discussion

Astan clam populations often are subject to
rapid die-offs as a result of increased silt loads,
temperature extremes, and low DO concentra-
tons associated with decreased water flow {Me-
Mahon and Williams 1986, Sickel 1986). Strayer
{1999) suggested that unionid mussels in the vi-
cinity of these die-offs may be negatively affected
as a result of elevated NH-N and reduced DO
concentrations associated with decay of the clam
tissues. A number of studies have investigated
effects of NH,-N and DO concentrations on
unionids (Sparks and Strayer 1998, Bartsch et al.
2003, Mummert et al. 2003, Newton et al. 2003),
but none have specifically evaluated how a Cor-
bicula die-off could influence these variables.

Cherry et al. (2005) showed that NH-N accu-
mulates in water overtying sediments that con-
tain dead Asian clams, and our study clearly il-
lustrates the potential for a clam die-off to result
in the accurnulation of much higher concentra-
tions of NH,-N in sediment pore water than in
overlying water. For example, in flow-through
charnbers when densities of dead clams were
1000/ m?, average total ammonia concentrations
in pore water reached as high as 788 mg N/L
after 7 d, whereas the corresponding overlying
water had concentrations of 2.3 mg N/L. In the
temperature experiment, NH;-N concentrations
in the pore water reached 5.56 mg/L after 7 d at
28°C. In contrast, corresponding concentrations
in the cverlying water averaged (.80 and 0.03
mg/L for total ammonia and NH,-N, respective-
ty. Our results agree with those of other studies
that have characterized porewater ammonia lev-
els in natural systems (Ankley et al. 1990, Cham-
bers et al. 1992, Frazier et al. 1996} Qur results
were expected given the lower water volume and
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lower exchange rates that characterize the sedi-
ment interstitial zone (Wetzel 1983, Frazier et al.
1996) and the extent to which ammonia may be-
come agsociated with the sediments and partition
into the pare water (Giesy et al. 1990).

Factors influencing NH-N concentrations in fest
chambers

Density—Clam density in the sediment sig-
nificantly influenced NH,-N concentrations in
both pore water and overlying water of the test
chambers. In both static and flow-through tests,
porewater NI;-N concentrations were >2x as
high in the highest-density treatment (1000
clams/m?#) as in the lower-density treatments
(200 and 400 clams/m?). These resulfs were not
gurprising because more tissue mass {higher
clam density) provided a greater amount of pro-
tein for degradation and ammoenia production
(Berner 1980, Wetzel 1983).

Temperature.~Temperature clearly influenced
ammonia production, with lfevels of NH-N in
test chambers maintained at 28°C ~20x higher
than levels in chambers maintained at 19°C. Tem-
perature-related fluctuations in porewater NF;-
N with elevated concentrations cccurring in the
warm swnmer months have been reported in
field studies (Sarda and Burton 1995, Prazier et
al. 1996). Temperature effects on ammonia pro-
duction ultimately are related to increases in both
the density and metabolic rates of the microor-
ganisms involved in decomposition (Kirchman
and Rich 1997, Eiler et al. 2003). Brugger et al.
{(2001) and Fischer et al. (2002) determined that
seasonal fluctuations n microbial density and
production were a result of both temperatiure
and quality of organic matter Tn our study; initial
concentrations of NIH,-N were higher in the
warmer test chambers than in the cooler test
chambers, but the subsequent decrease in NH,-
N levels in the warmer chambers was more rapid
than in the cooler chambers, probably because
the warm. temperatures favored increased activ-
ity of nitrifying bacteria. Thus, high temperatures
may cause a high initial pulse of ammonia in the
sediment pore water, but a short overall exposure
period to elevated ammonia concentrations.

—

letters over bars indicate significant differences in NH,-N concentrations between overlying water and pore

water within a given substrate type and flow rate.
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Fiow—increasing flow had 2 effects: NH-N
concenirations in the overlying water and pore
water of the test chambers were lower in higher-
flow chambers, and NH,;-N dissipated more
rapidly in higher-flow chambers. Increased in-
terstitial DO levels associated with higher flow
rates could have led to increased densities of
aerobic nitrifying bacteria and enhanced losses
of NH,-N through its conversion to NOy-N {Fra-
zier et al. 1996). Chambers et al. {1992} found
temporal changes in riverbed chemisiry were
related to flow, with high flows associated with
decreased nutrients and increased DO concen-
trations.

Substrate type~An important consideration
in the present study was the extent to which N
biogeochemistry in the gravel substrate matched
that of natural sediment. Natural sedimenis
contain both decemposing and nitrifying bac-
teria, so degradation of clam tissue and removal
of ammonia should have happened faster in the
natural substrate than in the standard-gravel
substrate used in our chambers. In general, the
NH.-N concentrations in the 2 subsirate types
were comparable. Flow rate significantly affect-
ed NH.-N concentrations in the water overlying
both substrates, but the influence of flow rate on
porewater concentrations in the Litte Black
Creek sediment was much Jess than its influence
in the standard-gravel substrate, The mean pax-
ticle size of Little Black Creek sediment (95%
sand, 2.5% siit, and 2.5% clay) was smaller than
that of the standard-gravel substrate, and Little
Black Creek sediment probably was less per-
meable than the standard-gravel substrate. Low-
er permeability could have reduced NIH,-N ex-
change between overlying water and pore water
in chambers with river sediment, thereby ne-
gating the effeci of higher flow in those cham-
bers. Thus, sediment characteristics such as par-
ticle size can influence the potential for NH,-N
to be flushed from the interstitial zone and, in
turn, can influence the potential for NH-N ef-
fects on infaunal organisms. Previous studies
alsc have observed higher NH,-N and lower DO
concentrations in sediments with high propor-
tions of siit and fine particles than in sediments
with large particle sizes (Chambers et al. 1992,
Frazier et al. 1996).

Implications for naiive unionid mussels

Asian clams ocour in most drainages of the

southeastern US, and populations often reach
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densities of hundreds or thousands per m?
(Cherry et al, 1986, Bruenderman et al. 2001,
Hornbach 1992). In our study, NH-N concen-
trations in standard-gravel substrate reached
0.17 mg/L at the low density of 200 clams/m?
and 4.8 mg/L at the maximum density of 1000/
m? when experiments were conducted at 22°C.
When clam density was 400/m? and the test
was conducted at 28°C, NH,-N concentrations
reached 556 mg/l. These porewater NH-N
concentrations would be sufficient to affect or
kill unionid mussels. The 96-h median lethal
concentration (LCy) for NFL-N was 0.78 mg/L
and .59 mg/L for adult C. fluminea and Pygan-
odont grandis, respectively {Chercy et al. 2008).
Earlier life stages were more sensitive, with 96-
h LC,, values of 0.28 mg/L for juvenile C. flu-
mined and 0.38 mg/L for juvenile Villosa iris.
Glochidia of V. iris were among the most sensi-
tive of the organisms tested, with 24-h L, val-
ues of 0.11 mg /L. Other studies have found that
NH;-N concentrations below these produced
from the decaying Asian clam tissues in ocur
study could affect unionid mussels (Wade 1992,
Mumumert et al. 2003, Newton 2003}

The fact that the highest NH;-N concentra-
tions were found in the sediment pore water is
impertant for juvenile unionids because juve-
niles live in the sediment interstitial zone (Yeag-
er et al. 1994). Any stress on the mussels re-
sulting from elevated levels of NH,-N could be
further exacerbated by the low levels of DO that
tend to prevail in the interstitial zone and that
would be further reduced during the decay of
clam tissues. In contrast, the effects of elevated
sediment NH;-N and reduced DO may be ir-
relevant to glochidia because glochidia that
come in coniact with pore water have failed to
encyst and, therefore, are not viable.

In conclusion, the interstitial zone of sedi-
ments may be affected by NH,-N produced
during an Asian clam die-off, with temperature
and density of clams influencing the concentra-
tions of NH-N that are produced. The extent to
which flow may reduce NH.,-N concentrations
in the sediments depends on sediment particle
size and flow rate, although elevated NH-N lev-
els may persist in pore water, even in flowing
waters, The NH,-N concentrations in pore water
of our test chambers often were similar to con-
centrations reported as acutely toxic to unionid
mussels. Our results indicate that Asian clam
die-offs and the resultant impact on sediment
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quality could negatively affect unionid mussels.
Moreover, because juvenile mussels often live in
the interstitium and may have limited ability for
behavioral avoidance, they may be particularly
susceptible to NH-N. A controlled field study
ta further evaluate the influence of clam die-offs
on sediment quality will be important to vali-
date these laboratory results.
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