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Abstract—The objective of the present study was 10 evaluate the influence of pH on the toxicity of ammonia o juvenile freshwaler
mussels. Acute 90-h ammoenia toxicity tests were conducted with 10-d-old juvenile mussels {fatmucket, Lampsifis siliguoidea) at
five pH levels ranging from 6.5 o 9.0 in fow-through dilater systemns at 20°C. Acute 48-h tests with amphipods (Hyeldelia azteca)
and 96-h tests with chgochaetes (Livnbriculus variegaiusy were conducted concurvently under the same fest conditions to determine
the sensitivity of mussels relative to these two commonty tested benthic invertebrate speeies. During the exposure, pH levels were
mainlained within 0.1 of & pH unit and ammonia concentrations were relatively constant through tme (ceefficient of varintion for
aminenia concentrations ranged from 2 to 30% with a median value of 7.9%). The median effective concentrations (BC30s) of
total ammonia nitrogen (N) for mussels were at least two to six times lower than the BCSOs for amphipods and oligochaetes, and
the EC350s for mussels decreased with increasing pH and ranged from 88 mg N/L ar pH 6.6 to 0.96 mg N/L at pH 9.0, The BEC30s
for mussels were at or below the final acute values used to derive the U.S. Environmental Protection Agency’s acute water quality
criterion (WQC). However, the guantitative relationship between pH and ammonia toxicity to juvenile mussels was similar to the
average relationship for other taxa reported in the WQUC. These results Indicate that including mussel toxicity data in a revision o
the WQC would lower the acute criterion but not change the WQC mathematical representation of the relative effect of pH on

ammonia toxicity.
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INTRODUCTION

Ammonia is one of the most pervasive contaminants in
aguatic environments. In agueous solution, ammenia primarily
exists in two forms in equilibrium: un-ionized anunonta and
ammonium ion. Un-icnized ammonia is more toxic than am-
monium ion, and the relative distribution of the two forms
depends on pH and temperatare. The acute toxicity of ammonia
inereases with pH for many aquatic organisms as the propor-
tion of un-ionized amnonia increases, and the magnitude of
pH effects can vary among test species [1]. Based on the
toxieity data for commonly tested organisms {e.g., cladocerans
and fish}, the U.S. Environmental Protection Agency (U.S.
EPA) used a sigmoidal model to describe the pH dependence
of total ammenia toxicity in the ambient acute water gquality
criterion (WQC) for ammoniz [11

Toxieity data generated from freshwater mussels have not
been used in the derivation of the WQC for anunonia, although
some laboratory studies have indicated that the early life stages
of freshwater mussels are more sensitive (o ammonia than are
some commonty tested organisms and the cumrent WQC might
not adequately protect freshwater mussels from ammonia ex-
posure {27} In these previous mussel studies, the equation
i the WQC document was used to normalize ammonia toxicity
data for mussels to a common pH end point {e.g.. total am-

* To whom corresponrdence may be addressed (nwang @ usgs.gov).
Published on the Web 127192007,

pH Water quality criteria

monia pitrogen [IN] at pH 8.0) for comparing toxicity data with
other species. However, Hittle is known about the inflluence of
pH on ammonia toxicity to mussels [8].

Specifically, the objective of the present study was to eval-
uate the influence of pl on the acute toxicity of ammenia to
Jjuvenile mussels (Tatmucket, Lampsilis siliquoidea) at five pH
levels ranging from 6.5 to 9.0. In addition, the relationship
between pH and ammonia toxicity to juvenile mussels was
compared to the average relationship for other taxa reported
in the U.S. EPA WQC for ammonia. Acute ammonis toxicity
tests with sn amphipod (Hyalella azteca) and an oligochacte
(Lumbriculus variegatus) were conducted concurrently with
the mussel tests (o determine the sensitivity of mussels relative
to these two commonly tested benthic invertebrate species.

MATERIALS AND METHODS

Test organisims

Gravid female fatmuckets were collected from Sidver Fork
of Perche Creek (Boone County, MC, USA) in March 2006,
where the species was abundant and appareatly healthy and
reproduction and recent recruitment were evident, The aduwlt
musseis were delivered in a cooler fo Missouri State University
(Springfield, MO, USA), and held in American Society for
Testing and Materials (ASTM)—reconstituted hard water (havd-
ness 160180 mg/L as CaCO;, pH 8.0 [8]) at 10°C. In April
2006, roughly equal numbers of glochidia were removed from
each of six female mussels. Glochidia were flushed from the
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marsupial gills by injecting water from a syringe. The viability
of glochidia isolated from each mussel was determined by
exposing about 100 individuals to a concentrated saline so-
lntion. Healthy glochidia clesed their valves immediately in
response fo the saline solution [10]. The viability of glochidia
from all sarples was >95%. The remaining glochidia isolated
from the six mussels were pooled for the production of juvenile
rnussels,

Glochidia of most freshwater mussel species require a pe-
riod of obligate parasitism on host fish [or successiul wans-
formation Lo the Juvenile stage. For the present study, host fish
were hatchery-rearcd largewounth bass (Micropterus salm-
oides, approximately 8 cm total body length) that were ob-
tained from the Missourt Department of Conservation, Ches-
apeake Fish Hatchery (Chesapeake, MO, USA). The bass were
infested with glochidia for 15 min in the ASTM hard water
containing about 4,000 glochidia per Hter Afterward. the in-
fested fish were transferred to a recirculating aguarium system
designed for the recovery of the transformed jovenile mussels.
Water temperature was mamtained af 23°C. After approxi-
mately iwo weeks of figh infestation, newly wransformed ju-
venile mussels were collected daily. JTuvenile mussels that were
derived from a single collection day during the peak of drop-
off {excystment) from the host fish were fed continuonsly with
live algae (Neochloris oleoabundans) and commercially avail-
able nonviable algae (Instant Algac® products Shellfish Diet,
Reed Maricuiture, Campbell, CA, USA) in a compact culture
system f11]. Total aigal concentration in the culture system
was maintained at about 50,600 to 100,000 cells per muitliliter,
Juventle mussels were reared al 22 to 23°C for one week then
shipped overnight te the Columbia Environmental Research
Center, U.S. Geological Survey (Columbia, MO, USA) for
testing.

Amphipods and eligochactes were mass culiured at the Co-
lumbia Environmental Research Center in flow-through glass
aquaria containing well water (hardness 280 mg/L, pH 7.8} at
23°C [12,13]. Amphipods were fed maple leaves and ground
Tetramin® Hoke fish food (Zeigler Bros., Gardners, PA, USA),
and oligochactes were fed flake fish food ad libitum. Approx-
imately 8-d-old amphipods and adult oligochaetes were used
1o start the toxicity tests.

The temperature of the water usaed to hold the test organisms
wag adjusted to test temperature by submerging the containers
into a water bath at 20°C. The organismus of each species were
divided into five groups, and about 200 organisms were placed
into each of two 300-ml beakers for each pH treatment. Test
organisms were acclimated to each pH treatment by replacing
50% of the holding water with pH-adjusted dilution water in
a diluter system at each pl (see the section on the pH-control
exposure system for detail descriptions of the beakers and

diluter system). Afterward, each beaker received 120 mi of

dilution water every 4 b over a 3-d acclimation period. During
the acclimation period, juvenile mussels in each acclimation
beaker were fed 2 ml of a nonviable algal mixture {6] twice
daily, and amphipods and oligochaetes were fed approximately
i ml of the ground flake fish food once daily,

Dilution water and pH-control exposure sysien

Reconstituted ASTM hard water was used as dilution water.
The major anions and cations in the dilution water measured
at the beginning of tests were sodinm at 48 mg/l., potassium
at 4.4 mg/l., magnesium at 23-mg/l., calcium at 30 mg/L,
chioride at 7.9 mg/L., and sulfate at 189 mg/L. Nitrite nitrogen

N. Wang et al.

was not detected at a detection limitr of 0.005 mg/L in water
samples collected from low, medium, and high ammonia ex-
posure concentrations of each pll level at the beginning of the
tests, All of these analyses were made in basic accordance
with standard methods [14] by Engincering Surveys and Ser-
vices Testing L.aboratories (Columbia, MO, USAY.

Five intermittent flow-through diluter systems [13] were
used to conduct the ammonia toxiclty fests at five nominal pH
fevels (6.5, 7.5, 8.0, 8.5, and 9.0), Before any pH adiustment,
the pH of the reconstituted dilution water was approximately
8.3, The dilution water was first adjusted to a pH of 8.0 ina
7006-L polypropylene mixing tank. The water was then adjusted
to the other target pH fevels in 39-L polypropylens mixing
tanks before the water was delivered to the diluters. The pH
was adjusted by injecting dilute hydrochloric acid or sodiuvm
hydroxide inte each mixing tank by use of a pH-pump-control
system with proportional output (Barnant HD PH-PI, Bar-
rington, IL, USA}. Each mixing tank was aerated to mix the
hydrochloric acid or sodium hydroxide with the dilution water.

Each diluter system delivered five ammonia concentrations
with a dilution factor of 0.5 {i.e., 50% serial dilution) plus a
control and provided approximately 120 ml of test solution to
each replicate beaker every 4 h. Bach beaker had a 2.5-cm
hole in the side covered with 50-mesh (279-pum-wide opening)
stainless-stee] screen and contained 200 ml of water. Beakers
were placed in temperature-controlled water baths at 20°C.
Ammonia stock solution was delivered with each cycle of the
diluter by a Hamilton syringe pump (Hamilton, Reno, NV,
USA). The ammonia stock solutions consisted of a mixture of
ammonium chloride (NH,Cl; Fisher Scientific, Houston, TX,
USA; more acidic pH) and ammoniom hydroxide (NHOH;
Fisher Scientific: more basic pH). The proportion of these two
chemicals was adjusted to provide a pH of the ammonia stock
solution that was similar to the target pH of the exposure water
{e.g., higher percentage of ammonium hydroxide in ammaonia
stocks for higher pH levels to maintain a consistent pH within
each level).

Toxicity testing

Experiment [, Ammonia toxicity tests were conducted con-
currently, at each pH level and ammonia concentration, with
amphipods for 48 h and with oligochaetes and juvenile mussels
for 96 h in accordance with standard methods outlined in
ASTM [5,10,15]. Water temperature was maintained at 20 =
1°C. At the beginning of the tests, 10 organisms were exposed
in each of three replicate beakers for mussels or two replicate
beakers for amphipods and oligochaetes. A thin layer of {ine
sand was added into beakers with amphipods [15]. Test or-
ganisms were not Ted during the toxicity tests,

Ambient laboratory light of approximately 200 lux was
used with a photoperiod of 16:8 h light:dark. Total aminonia
and pH were measured once daily at all of the exposure con-
centrations. Total ammonia nitrogen was determined by use
of an Orion anmunonia electrode and Orion EAS4) meter (Ther-
mo Electron, Beverly, MA, USA). The meter for (otal ammonia
analyses was calibrated each tiime before measuring samples
with 0.1 and 1 mg NL. 1 and 10 mg N/L, or 10 and 100
mg N/L independent calibration verification standards, de-
pending on the range of rotal ammonia concesntrations to be
measored, The percentage recovery of the standards ranged
from 90 to 100%. A minimum reporting limif of 0.1 mg N/L
was selected based on a method detection limit of 0.2
mg N/ and a method quantitation limit of 0.06 mg N/L.. The
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pH was determined using an Orion glass pH electrode and the
Orion EAY40 meter. The meter was calibrated daily. In ad-
dition, dissolved oxygen, conductivity, hardness, and alkalinity
were measured on composite samples of test solutions col-
tected from the control, medium, and high ammonia exposure
concentrations at each target pH using standard methods [14]
at {J, 48, and 96 h.

Survival of mussels at the end of the toxicity tests was
determined using a dissecting microscope. Juvenile mussels
that exhibited foot movement within a 5-min observation pe-
riod were classified as alive |10 The criterion for death of
amphipods or oligochaetes was lack of movement following
gentle prodding [9]. The acceptability criterion for a toxicity
test was at least 90% control survival {9.10]. As a further
meastire of the health of mussels in the tests, surviving mussels
in control beakers at the five pH levels were held for an ad-
ditional 3 d after the toxicity test [10].

Experiment 2. The 96-h ammonia toxicity test with juvenile
fatmucket at pH 6.5 was retested one month after experiment
i because high pH variation oceurred during the test and less
than 530% montality was found at any ammonia exposure cons-
centration by the end of the test. An ammonia loxicity test
with juvenile mussels at pH 8.0 was tested concurrently. The
age of juvenile mussels, test conditions, and procedure in both
tests in experiment 2 were the same as those in experimest |,
except that exposure concentrations were higher {up to 32
mg N/L in experiment I and up to 128 mg N/L in experiment
2} and a different batch of juvenile musgsels was tested, which
were produced from adult mussels collected at the same lo-
cation and time for experiment 1.

Data analysis

Medien effective concentrations (BECS50s) for survival at the
end of tests were calculated with TOXSTAT® software [16]
using a Probit model [17]. If the data did not fit the Probit
model, exther a Spearman-Karber or a trimmed Spearman-Kar-
ber method was used [17]. Mean measured concentrations of
total ammonia were used for the EC50 caleulations.

Based on these observed EC30s, parameters were estimated
for the sigmoidal logBECS0 versus pH refationship specified by
the log transformation of equation 8 in the U.S. EPA WQC
for amrmonia i1

Fiq . I
1+ 0P T ] g ((rHopHy
log(EC30} = log{EC3(,) + log r 1

+
1+ 10stss ] [

where EC50; denotes the BCS0 at the reference pH of 8.0, R
equals BEC50,/BC50, 5 (limiting values for the sigmoidal re-
Iationship at high and low pH), and pH: is the pH in the
transition region of the sigmoidal relationship at which the
BC50 is the arithmetic average of BCS0y, and BC50,,. To
accommodate apparent differences in sensitivity between the
two experiments, separate values for the parameter log(ECS50y)
were estimated for each test ser, but the shape of the relation-
ship determined by R and pH. was assumed to be the same,
Parameters for this equation (log(BC30,),.,,, 1og(BC300),, .
log(R), and pHy} were estimated by least-squares, nonlinear
regression with SigmaPlot® software 18], specifying the equa-
tion by use of the user-defined regression option.

The results of these analyses for the mussel data were com-
pared to the pooled acute toxicity relationship in the amumonia
criteria by, first, examining the similarity of the values for the
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shape parameters (Jog(R) and pH,) from the mussel and criteria
analyses and, second, by visually comparing the regression
lines from the analysis of the mussel data to the lines that use
log(BECS 0, and log(BCS0),,, from the mussel analysis but
usc the shape parameters from the U8, EPA WQC for am-
monia {11

RESULTS AND PISCUSSION

In experiment 1, mean measured water hardness in each
test ranged from 160 o 170 mg/L as CaCO,, which was within
the range of values for the ASTM hard water (hardness of
16G-180 mg/L as CaCO, [9]). The alkalinity of dilution water
was within the range of values for the ASTM hard water {al-
kalinity of 110--120 mg/L as CaCO, [9]) before any pH ad-
justment. However, the addition of hydrochioric acid w the
dilution water for the pH adjustment to 8.0 in the 700-L. mixing
tank lowered the alkalinity. The mean alkalinity of the dilution
water at pH 8.0 ranged from 60 to 70 mg/l. as CaCQ,. After
the additional pH adjustment to other target pH levels in the
39-1, mixing fank, the mean alkalinity of the dilution water
slightly increased ar pH 8.5 and 9.0 {70-80 mg/L. as CaCO,}
or slightly decreased at pH 7.5 (60 mg/L as CaCO,) but sub-
stantially decreased at pH 6.5 (8 mg/L as CaCO,). Mean dis-
solved oxygen was more than 8.7 mg/l. across all tests.

The measured water guality values in experiment 2 were
similar to those in experiment 1. Mean hardness was 170
mg/l as CaCG; for both tests at pH 6.5 and 8.0, Mean alka-
linity was 11 mg/L as CaCO; aL pll 6.5 and 80 mg/LL as CaCO,
at pH 8.0, Details of water quality measures are presented in

fable 81 (see Supplemental Dara; http:/ds.doiorg/10.1897/
07-183.81).

The measured pH valoes were consistent throughout the
tests and close fo target values (Table 1). The pH varlation
over the exposure period was less than 0.1 pH unit except for
the test at pH 6.5 in experiment 1, in which the pH at the
higher ammonia concentration declined from 6.4 te 6.1 be-
tween 24 and 48 h of the test, probably due to the effect of
low pressure associated with a storm during that period. The
mean pH values across anvnonia concentrations within each
test also were relatively consistent; the difference within a Lest
was no more than 0.1 pH unit (Table 1). Measured ammonia
concentrations were relatively constant over exposure periods
(Table 1} The coefficient of variation for ammonia concen-
trations ranged from 2 1o 30% (median value 7.9%), and ranged
from 2 to 15% at concentrations bracketing the EC50. The
daily measured pH and smmoenia concentration at each test
concentration and the coefficient of varation for ammonia
concentrations over the exposure period are presented in Table
82 (Supplemental Dara; htip//dx.dol.org/10.1897/07-193.51).

Control survival was at least 90% at the end of all toxicity
lests with the three test species {Table 1), Control survival of
juvenile massels at the five pH levels did not change over the
extended 3 d after the 96-I toxicity tests, indicating the good
quality of test organisms [10]. Appreciable mortality (2>50%)
of juvenile mussels occurred at higher exposure concentrations
at all pH levels except for the pH 6.5 weatment in experiment
1, whereas mortality of amphipoeds was low in all exposure
concenirations except for the pH 9.0 treatment (Table 1), and
no mortality wag observed in all treatments with oligochaetes.
Total ammoenia BC30s for juvenile mussels varied by a factor
of 92, ranging from 88 mg N/L at pH 6.6 to 0.96 mg N/L at
ph 9.0, and the EC30s generally decreased with increasing pk
{Table 2} The EC30s for amphipeds and oligochaetes could
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Table 1. Mean pH and total ammonia concenirations (standard

deviation in parentheses; # = 35}, and survival of juvenile mussels

(Lampsilis siligueoideay and amphipods (Bvalella azteca) in acute
AMMOonLa Loxicity tests”

Survival (%3

N. Wang et al.

Table 2. Median effective concentrations (EC508) and 95% confidence
interval (CI) for total ammonia nitrogen (N} in 96-h toxicity lests
with juvenile fatmucket (Lampsilis siliguoideay at various pH levels

EC50

Treatmennt pH* (mg N/L; 95% CI)

Total ammonia

Treatment pH nhrogen (mg/Ly Mussel Amphipod

Experiment 1

pH 6.5 6.5 {0.06) Control 100 G0
8.5 (1.04) 1.9 0.0 100 10O
a.5 (0.05) 4.2 (0.2) 100 1060
6.4 (0.06) 7.4 (G4 160 G5
6.4 (0.09) 17 (0.9 100 90
6.4 (0.20) 36 (LD 93 95
pH 7.5 7.6 (0.03%) Control 53 95
7.6 (6,03 IREUNS) 63 100
7.6 (0.01) 2.0(0.2) 90 95
7.6 {0.02) 3B (D 92 95
7.6 (0.02) 7.7 (0.6) 73 85
77 (005 19 (1.8) 7 90
pH 8.0 8.1 (0.03) Control 100 95
8.1 {0.03) 1.0(0.1) 100 85
8.1 (003 Lo h 100 75
8.1 {0.03) 3800 83 85
8.1 {0.02) 8.6 (0.73 3 g5
8.1 {002y 9 (L 0 100
pH 8.5 8.3 {0.03) Control 00 100
8.5 (0.04) IS NN 90 100
8.5 {0.05) 1.9(0.2) g3 100
8.5 (.02 3.9 0.2 37 100
8.5 (0D 8.5 (0.6} 0 100
8.5 (0.01) 19 (L7 0 100
pH 9.0 9.0 {0.02) Controd 100 43
9.1 €0.03) 0.3 (0.1 100 70
9.1 {0.02) 0.5 (0.2 83 40
9.1 {0.02) 1.0 (0.1 60 75
9.4 (0.03) 1.9 (0.2) 0 35
9.0 (0.06) 4.4 (0.5) 0 50
Experiment 2
pk 6.5 .6 (0.07) Conirol 100 NTe
6.6 (0.06) 7.1 (1.H 100 NT
6.6 ((.06) 15 (0.6} 106 NT
6.6 (0.05) 0 (L5 1650 NT
6.6 {0.06) 60 (2.6) 100 NT
6.6 (0.1 1300 (2.5 0O NT
pH 8.0 B.1{0.05) Controd 97 NT
B.1{0.05) L0 0.2y 104 NT
8.1 (0.0%) 2.0 0.1 106 NT
8.1 (0.04) 4.1 (0.2) Ot NT
8.1 {0.04) 9.0 (0.4 40 NT
8.1 (0.05) 19 (0.7 o] NT

* Survival of oligochaetes (Lumbriculus variegaiis) was 100% in all
freatments, and the data are not shown in this table.

" Minimum reporiing lmit was total ammonma nitrogen (N} at 0.1
mg/L. Mean ammonia concentration was 0.1 mg N/L in all control
tredtments.

¢ Survival was calculated from pooled data of three replicates for
mussels {n = 3)) and of two replicates for amphipods (n = 20} at
each exposure concentration.

¢ Not tested.

not be calculated due to high survival in all of the exposure
concentrations except for amphipods at pH 9.0 (Table 1}, where
the ECS50 was with 2.5 mg N/L with 95% confidence intervals
of .80 o 6.8 mg N/L. Therefore, the results indicate that
ammonia toxicity to juvenile mussels was affected by pH and
that juvenile mussels were more sensitive Lo fotal ammenia
than these two commenly tested benthic invertebrate species.

Relatively high-effect concentrations have been reported in
previous pH-ammonia toxicity studies with amphipods and

Experiment |

pH 6.3 6.5 =36

pH 7.5 7.6 1 (8713

pH 8.0 8.1 5.2 (24.6-58)

pH &5 8.5 34 (2.9-40

pH 9.0 8.0 0.96 (3.83~1.1)
Experiment 2

pH 6.3 3.6 88 {NC%

pH 8.0 8.1 11 (9.9~13)

" pH values were the average of the mean plis at six exposure con-
centrations in each freatment (Table 1),

PNC = 93% CI could nol be caleulated because no pardal kills oc-
curred. Based on the assumption of a log-normal tolerance disui-
buiron and independence among test orgamisms, 88 mg N/ is the
maximum likehhood estimate for the EC50, and the concentrations
in parentheses (60 and 130 mg N/L} are move than 99.9% CI for
the ECS0. Based on Probit analysis slopes from other ireatments,
the 853% CI for this BC50 would be substantially narrower than these
bracketing concenirations.

oligochaetes. For example, Anklev et al. [19] observed that
96-h median fethal concentrations for amphipods ranged from
40 mg N/L at pH 8.3 to 105 mg N/L at pH 6.4 in moderately
hard water (100G mg N/L as CaC0,). Schubauer-Berigan et
al. [20] reported that 1G-d median lethal concentration for
oligochaetes ranged from 6.6 mg N/L at pH 8.6 to 390
mg N/L at pH 6.3,

in the repeated testing at pH 8.1, the EC50s were with 3.2
and £1 mg N/L {Table 2). The EC50 variation of a factor of
two was likely due to the between-test variability. In the au-
thors’ previous ammonia toxicity tests with juvenile {atraucket
at pH 8.3, the 96-h EC50s were with 4.9 and 10 mg N/L from
two static-renewal tests [5] and 4.6 mg N/L from one flow-
through test [6]. It is unlikely that the higher EC30 in exper-
iment 2 was because glochidia used for the production of
juvenife mussels for experiment 2 bad a one-month-longer
brooding period in mussel marsupial gills than those used for
experiment 1. In previous acute toxicity tests with ammonia,
copper, or chlorine, Wang et al. [21] observed that glochidia,
collected from adult futmucket held in the Isboratory between
April and July, had similar sensitivity.

The relationship between EC50 and pH in experiments }
and 2 with mussels was accurately described by the model in
the U.§. EPA WQUC for ammeonia [1]. Least-squares regression
of the observed BC50s versus pH using the equation previously
shown resulted in an adjusted R? of 97% and estimates for pH.,
of 7.16 (standard error [SE] = 0.26). log(R) of =2.11 {SE =
0.40), lag(EC3Cy)e,, of 0.81 (SE = 0.08), and log(BCS0)u.0
of 115 (SE = 0.11). The visual fit to the data is good (Fig.
1) and supports the assumption of similar shape parameters
between the two experiments. The estimated shape parameters
for the mussel data are very close to those for the pooled acute
foxicity data in the U.S. EPA WQC for ammonia [ 1], for which
PHy was 7.20 (SE = (1L05) and loglR) was —2.15 (8E = 0.00).
With such small differences in the shape parameters, the ECS0
versus pH relationships from the mussel and criteria analyses
are virtually indistinguishable when they go through the same
cstimated mussel EC30s at pH 8.0 (Fig. 1). These resulis in-
dicate that the generic relationship of acute ammonia toxicity
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Fig. 1. Median effactive concentrations (EC50s) and 95% confidence
intervals (error bar) for total ammonia versus pH for experimenis |
(@) and 2 (M) with juvenile mussels (fatmucket, Lampsilis siliguoi-
deay. The solid lines denote the estimated BECS0 versus pH relation-
ships from a pooled regression analysis of both mussel experiments,
assuming the same line shape, but different values for EC50 at pH
8.0 for the two experiments. The dofled lines use the shape of the
acute toxicity versus pH relationship from the U.S. Environmental
Protection Agency water quality criteria for ammonia {1}, fitted to
coineide with the same BCS0s at pH 8.0 as the solid lines.

to pH used to derive the current U.S. EPA WQC is appropriate
for fatmuclet and might be usefui for other species of mussels
as well.

The total ammonia ECS30s for juvenile fatmucket in ex-
periments | and 2 across a broad range of pl levels are con-
sistent with the BCS0s for juveniles of 11 mussel species wsted
in previous studies over a narrower range of pH levels (Fig.
2; Table 53: supplemental data found at http://dx.dolorg/
10.1897/07-193.81). The total ammonia EC50s for the juvenile
mussels are at or below the U.S. EPA {inal acute values [1]
calculated without protection for salmonid fish {(Fig. 2). Fur-
thermore, more than half of the EC50 values were up to 76%
{average 39%, n = 23) below the final acute valves calenlated
with protection for the salmionids (Fig. 2). Therefore, the cus-
rent U.S. EPA acute WQC may not adequately protect the
early hife stages of freshwater mussels from exposure to am-
monii, In 28-d ammenia toxicity tests with juveniles of three
mussel species (fatmucket; rainbow mussel, Villosa iris: wavy-
rayed lampmussel, Lampsilis fasciolay, Wang ot al. [6] found
that ammonia chronic valves {geometric mean of the no-ob-
served-effect concentration and the lowest-observed-etfect
concentration) for survival and growth were below the ULS.
EPA chronic WQUC for ammonia, indicating the chronic WQC
also may not be protective of mussels.

in conclusion, juvenile mussels were more sensitive to am-
monia toxicity than were other tested organisms, and mussel
sensitivity Lo ammonia increased with increasing pH. The pH-—
ammonia relationship for juvenile mussels 1s similar fo the
pooled relationship for various test species used for the der-
ivation of the U.5. EPA WQC for ammonia. Hence, including
mussel toxicity data for revising the WQC would result in a
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100 4

20 4

10 4

Total ammonia EC50 (mg N/L)

8.5 7.0 7.5 8.0 8.5 9.0

pH

Fig. 2. Comparison of median elfective concentrations (EC50s) for
total ammonta af varions pH levels in the present study with juvenile
mussels (fanmucket. Lampsilis siliguoidea; ®) and in other studies
with juveniles of 11 mussel species (1 species names and references
ol the previous stdies are listed in Table 53) to final acure values in
the U.S. Environmental Protection Agency water guality criteria for
ammoenta {17 with {-—) and withowt (~) profection for the presence
of salmonid figh.

fower acute criterion but would not likely change the generic
relationship of ammonia toxicity to pH used for the derivation
of the WQC.

SUPPORTING INFORMATION

Table S1. Water guality characteristics during acute am-
monia toxicity tests with juvenile mussels (Lampsilis siliquo-
idea). amphipods (Hyalella azteca), and oligochaetes (Lum-
briculus variegatus). Values are means {standard deviation; n
= 3,

Table 82. Daily measured pH and total ammonia concen-
tration, and the means and coefficients of variance (CV) during
the acute ammonia toxicity tests with juvenile mussets (Lamp-
silis siliquoidea), amphipods (Hyalella azteca), and oligo-
chaetes (Lumbriculuy variegaiis).

Table 83. The 96-h amunenia median effective concentra-
tions (EC30s) for juvenile freshwater nmussels. Only those tests
that met the American Society for Testing and Materials cri-
teria for toxicity testing with mussels are listed [ {0]. The acute
vaiues reported in original references have been converted to
milligrams per liter of total ammonia as N,

All found at DOIL 10.1897/07-193.51 {107 ¥KB PDIY,
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On-line Supplemental Information for the manuscript (MS #07-193) “Influence of pH on
the toxicity of ammonia to juvenile mussels (fatmucket, Lampsilis siliguoidea)” by Ning
Wang, Russell J. Erickson, Christopher G. Ingersoll, Christopher D. Ivey, Eric L.
Brunson, Tom Augspurger, and M. Chris Barnhart.

Table S-1. Water quality characterizes during acute ammonia toxicity tests with juveniie mussels (Lampsifis
siliquoidea ), amphipods (Hyalella azfeca }, and cligochastes (Lumbriculus variegatus ). Values are means
(standard deviation; #1=3)

Treatment Exposure Temperature  Hardness Alkalinity Conductivity Dissolved oxygen

concentration (°C} {mg/L as CaCOy3) {ps/cm) {mg/L)

Experiment 1
pHB.5 Controi 20.8 (0.9) 163 (11) 8.0 (2.0 657 (8.6) 8.1(0.3)
Medium 205{1.1) 171 {10) 8.7 (2.3) 742 (8.8) 8.2(0.2)
High 20.8 (1.0} 165 (6.4) 7.2 (2.4) 1029 (5.5} 8.2(0.2)
pH 7.5 Control 20.7 {0.9} 168 (1.2) 58 (11) 629 {10) 8.1(0.4)
Mediur 203 (1.8} 176 (21) &0 {13) 6862 (6.0) 8.1(0.3
High 205(1.2) 171 (8.1) 60 (13) 817 (6.5) 8.2(0.2)
pH 8.0 Contrel 206 {1.2} 170 (10} 84 (6.9} 631 (6.0) 8.1 (0.3}
Medium 20.6 {1.4) 168 (3.5) 67 (11) 664 (3.8) 8.2(0.2)
High 20.5(1.2) 174 (8.1) 64 (8.7) 813 (8.0) 8.1(0.1)
pH 8.5 Control 206 (1.2} 186 {11) 78 (10} 852 (6.4) 8.2(0.2)
Medium 20,6 (1.2) 166 (11) 79 (12) 686 (7.8} 8.1(0.3)
High 206 {1.2) 180 (1.2) 82 (7.2) 831 (7.6) 8.1(0.3)
pH 9.0 Cantrol 20.8 (1.4) 157 (14) 7 {1.0) 650 (1.7) 8.2 (0.2)
Medium 20.5 {10} 162 (18) 72 {2.0) 651 (5.7} 8.1(0.2)
High 206 (1.2} 154 (9.2) 73{1.2) 887 {5.7} 8.1(0.1)

Experiment 2
pH 6.5 Control 19.6 (1.0 168 {4.2) 10 (0) 672 {4.0) 8.7(0.1)
Medium 19.6 (1.0) 171{2.3) 11{1.2) 947 (3.5) 8.7(C.1)
High 18.5(1.1) 170 (0) 11(2.3) 1974 {3.6) 8.7 {G.1)
pH 8.0 Control 184 (1.2) 172 {3.5) 77 (5.8} 630 (5.5) 87(0.1)
Medium 18.3(1.2) 171 {1.2) 81{2.3) 664 (3.1) 8.7 (0.1)

High 15.4 (1.0} 171 (1.2) 79 (4.2 814 (6.1} 8.6 (0.1)




Tabie 8-2. Daily measured pH and {otal ammonia conceniration, and the means and coefficient of varance (CV) during the acute ammonia
toxicity tests with juvenile mussels (Lampsiis sifiquoidea ), amphipods {(Hyalefta azteca ), and oligochaetes (Lumbricuius variegatus)

Treatme Nominal exposure o Total ammonia (mg N/L)
nt concentration (mg/L) Day0 Day1 Day2 Day3 Dayd4 Mean % CV Day0 Day1 Day? Day3 Day4 Mean %CV
Experiment 1
pH 8.5 Control 650 658 654 843 652 851 09 14 018 <017 g4t 013 013 48
2 648 652 648 643 G652 548 06 1.9 2.0 1.7 2.0 2.0 1.8 8
4 647 654 641 6842 648 646 0.8 4.2 4.3 4.4 4.2 3.8 4.2 8
8 645 648 634 641 645 543 09 7.8 7.8 8.9 7.5 74 7.4 8
16 647 644 626 646 645 642 14 17 18 18 18 18 17 5
32 B.54 B£40 605 649 6458 639 31t 36 32 37 35 35 36 5
pH7.5 Contrel 757 759 783 757 7VB1 V5% 03 0% 016 013 012 <01 G143 18
1 758 Te4 783 758 TeB2 761 03 1.2 1.0 1.2 1.0 11 1.1 8
2 759 760 ¥81 758 TsH8 V6% 02 21 1.9 2.2 1.8 1.8 2.0 10
4 757 78r 7BY 758 7.Bg TER QR 3.6 4.0 3.8 3.8 38 3.8 4
8 761 78B4 T7B6 762 V60 TB3 03 8.5 7.8 7.4 8.0 69 7.7 8
16 T3 T4 774 7Y B2 77U 07 20 22 17 19 19 1e 9
pH 8.0 Controf 8.08 81t 815 808 808 810 0.3 015 014 017 012 <01 014 20
1 811 814 @818 812 811 813 04 11 087 093 106 087 0968 1t
2 812 814 817 812 810 813 ¢.3 2.1 1.8 2.0 1.8 1.7 1.9 7
4 812 815 818 813 811 814 03 3.8 4.0 28 3.9 3.7 3.8 2
8 810 816 815 814 813 814 03 8.7 8.7 8.3 7.8 85 8.6 8
16 811 813 815 810 810 812 03 19 21 18 18 18 18 5
pH8.5 Controd 853 853 85% B52 857 855 04 015 018 01t 013 010 013 20
1 852 854 858 848 8585 853 04 1.2 0.8 1.1 1.1 1.0 1.1 14
2 B45 832 887 B85B3 B85 882 05 2.1 1.8 2.2 1.7 1.9 1.8 10
4 852 853 858 851 852 853 02 3.8 4.0 42 37 3.7 3.9 5
8 B46 8483 8580 848 843 848 02 9.4 8.4 8.0 8.5 8.3 8.5 &
18 845 845 848 845 B45 848 02 20 20 19 18 18 18 9
pH 9.0 Contro 8.04 902 907 805 802 804 02 018 019 <04 013 <01 014 30
0.25 9.02 903 810 905 805 905 03 035 028 024 030 0©23 028 18
0.5 S04 004 008 205 905 805 02 078 042 054 051t 039 083 28
1 904 903 900 906 004 805 03 1.1 1.0 1 095 078 10 15
2 885 898 904 3800 900 899 0.4 22 1.8 1.9 2.0 1.6 1.8 12
4 891 BOY7 907 900 BOB B9 06 4.5 5.1 46 4.2 37 4.4 12
Experiment 2
pHES Controi 668 672 656 664 657 863 10 <01 014 <01 010 033 Ot 19
8 668 665 655 662 85 681 09 7.1 6.6 6.3 8.8 6.8 7.1 14
16 669 663 653 658 655 860 1.0 16 14 15 14 15 15 4
32 867 661 682 655 655 660 08 32 29 28 29 29 30 5
64 869 B8B82 660 652 858 680 09 54 80 58 80 58 60 4
128 871 652 853 645 660 8§58 15 132 127 130 128 433 130 2
pH8.0 Control 808 812 800 808 810 803 086 013 o1t 011 o011 011 Ot 8
1 810 513 800 810 803 3807 07 098 10 079 1.2 1.0 1.0 18
2 809 814 802 B11 B80S 808 G.8 21 2.1 18 2.2 1.8 2.0 &
4 509 814 802 811 808 B0% 05 4.4 4.1 3.8 4.1 4.0 4.1 B
8 809 813 803 809 808 8038 05 9.7 8.2 8.7 8.8 8.0 9.0 4
18 809 814 801 806 B804 807 06 20 19 18 18 19 18 4

* The value <0.1 is freated as 0.1 for mean and CV caiculations.



Table 5-3. The 86-h ammonia median effective concentrations {EC80s) for juvenile freshwater musseis. Only

those tests that met the ASTM criteria for toxicily testing with mussels (ASTM 2007)" are listed. The acute values
reported in original references have heen converted to mg/l. tetal ammonia as N

Species pH ECE0 Reference
{mg N/L)
Actinonaias pectorosa 8.0 14 I
Epioblasma capsaeformis 8.5 57 {2]
Lampsilis abrupta 8.3 23 {2]
Lampsilis abrupta 8.3 2.8 3]
Lampsifis cardium 7.6 23 [4}
Lampsiiis cardium 7.1 30 {4}
Lampsilis fasciola 8.5 7.4 123
Lampsilis fasciola 7.8 15 5]
Lampsiiis higginsii 7.6 20 4]
Lampsilis higginsii 71 32 f4}
Lampsilis rafinesqueana 8.4 11 {2
Lampsilis rafinesgueana 8.3 11 i2]
Lampsilis sifiquoidea 8.5 10 [2}
Lampsifis siliquoidea 8.1 4.9 [2]
Lampsilis siliquoidea 8.3 4.8 [3]
Lampsitis sifiquoidea 6.6 88 This study
Lampsilis sfliquoidea 7.8 11 This study
Lampsilis siliqucidea 8.1 52 This study
Lampsifis siliquoidea 8.1 11 This study
Lampsilis siliqucidea 8.5 3.4 This study
Lampsilis siliquoidea 8.0 0.96 This study
Lasmigona subviridis 7.7 6.6 [8]
Lasmigona subviridis 7.7 6.6 8
Lasmigona subviridis 79 4.0 8]
Utterbackia imbecilfis 8.0 27 )
Utterbackia imbecillis 8.3 8.8 [6}
Utterbackia imbecillis 8.2 5.8 8]
Utterbackia imbecifiis 8.2 53 [61
Utterbackia imbecillis 8.0 26 [1i
Villosa iris 8.1 6.3 {21
Villosa iris 8.4 3.0 [2}
Vilfosa iris 8.3 11 21
Villosa iris 7.3 214 51
Villosa Iris 8.2 6.4 7}
Villosa iris 8.2 5.8 [7]

* American Society for Testing and Materiais. 2007. Standard guide for conducting laboratory toxicity tests with
freshwater mussels, E2455-06. \n Annual Book of ASTM Standards, Vol 11.06. West Conshohocken, PA, pp
1378-1429.
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