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Abstract — Ammonia toxicity data for freshwater mussels (Unionidae), a significantly imperilled
taxa, were compiled and used in a re-calculation of national water quality criteria for this common
pollutant of natural waters. Twenty-two <96 h LC50s, covering nine species in eight unionid

genera were retrieved Genus mean acute values (GMAVs) for these data ranged from 4.24 to

- 8.88 mg/l total ammonia as N, normalized to pH 8. These are uniformly at the sénsitive end of
the range of GMAVs in the national database used to derive the criteria maximum concentration
(CMC). Re-calculated CMCs employing acute data for all freshwater mussel lifestages (2.46 mg/!
total ammonia as N, normalized to pH 8) and employing only data for adult and juvenile mussel
lifestages (3.22 mg/l total ammonia as N, normalized to pH 8) were approximately 60 % and 40%
less than the CMC used for the current acute water quality criteria. There were no chronic
ammonia exposure data for unionids and no assessments which incorporated sublethal endpoints.
Use of two acute-chronic ratios yielded approximations of a criteria continuous concentration
(CCC) from 0.31 to 0.56 mg/l total ammonia as N, normalized to pH 8, approximately 65% less
than the CCC for pH 8 and 25°C in the revised national criteria. The current numerical criteria
may not be protective of this taxa whose nearly 300 species are widespread in eastern North
America.

Keywords — Ammonia  Unionidae  Freshwater mussels Water quality standards

INTRODUCTION
Many factors are cited in the decline of freshwater mussel (Family Unionidae) populations
in North America and for the listing of greater than 70% of native unionids as endangered,

threatened, or of special concern [1, 2]. Habitat alteration, introduction of exotic species, over-
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utilization, disease, predation, and pollution are considered causal or contributing factors in many
areas of the United States [3-5]. Impaired water quality is a reasonable hypothesis to test as a
liniting factor in the recovery of imperilled freshwater mussels. Toxic substances were among the

stressors most frequently cited as limiting factors for freshwater mussels in a recent survey of

experts for this taxa [6]. While niussels appear relatively tolerant to somé 6rganic solvents and ™"

pesticides [7, 8], there are also published toxicological data indicating that early lifestages of
freshwater mussels are among the most sensitive aquatic organisms vet tested for impacts of
inorganic chemicals, including chlorine [9], metals {10, 11], and ammonia [9,12]. In addition to
freshwater mussels’ apparent sensitivity to ammonia, this compound is of particular interest as a
potential limiting factor in their survival and recovery because it is such a2 common pollutant of
natural waters. Ammonia is a natural degradation product of nitrogenous organic matter;
significant sources of enrichment include industrial waste, municipal waste water treatment plants,
and agricultural run-off (animal wastes as well as chemical fertilizers). Sediment pore water
concentrations of ammonia typically exceed those of overlying surface water [13], so freshwater
mussels” anchorage in the substrate places them in the environmental compartment where
ammonia concentrations are expected to be among the greatest. For these reasons, ammonia
merits detailed attention among the myriad chemicals to evaluate for effects on mussels.

We undertook an evaluation of the ammonia toxicity data for freshwater mussels with two
goals: 1) to derive estimates of the concentrations that would not be harmful in acute and chronic
exposures, and 2) to compare those concentrations to water quality criteria and standards in order
to assess the appropriateness of existing regulations and guidance.

METHODS



Development of the ammonia toxicity database
To compile available ammonia toxicity data for freshwater mussels, we reviewed the
dataset used in the recently revised U.S. Environmental Protection Agency (U.S. EPA) water

quality criteria document for ammonia [14], searched the Toxline® and AQUIRE databases, and

- queried researchers familiar to us With experierice i inussel toxicity testing, Data from ot own
laboratories were also used.

Because there are no U.S. EPA or American Society of Testing and Materials standard
methods for freshwater mussel bioassays, we evaluated data from all sources for acceptability
using guidance modified from the U.S. EPA [15]. Studies used demonstrated acceptable survival
in control treatments (> 80 % for assays with glochidia and > 90 % for assays with juvenile and
adults), used measured rather than nominal values for ammonia test concentrations, and
documented test water pH and temperature to allow calculation of total and unionized ammonia
concentrations.

For all of the previously unpublished data used from our laboratories, protocols generally
followed those published previously for mussel toxicity tests with other compounds [8]. These
were 24 to 96 h static toxicity tests with glochidia or juvenile stages of mussels. Test water was
reconstituted soft or moderately hard [16], and exposure series consisted of five concentrations
tested in replicates of three to six depending on availability of organisms, A dilution water control
was included for each species. Photoperiod was 16 h light, 8 h dark; test organisms were not fed.

Dissolved oxygen, temperature, and pH were measured on each batch of reconstituted water
before the start of the exposures. LC50s were calculated for all toxicity tests using Trimmed

Spearman-Karber [16].



Summary of ammonia toxicity to freshwater mussels
The toxicity of ammonia varies with temperature and pH (which influence the fraction of

total ammonia which exists in the ionized and more toxic un-ionized states). Recommended

- water quality criteria for ammonia have been presented on an un-ionized ammonia basis (NHs)

[17] and total ammonia as nitrogen basis (NH; + NH, " - N) [14]. We used the original studies’
reported total ammonia LCS50s if available; all reported un-ionized ammonia LC50s were
converted to total ammonia as nitrogen using the reported temperature and pH data and a
published pK relationship [18]; these were also normalized to pH 8 using the equations in
appendix 3 of the U.S. EPA revised ammonia criteria document [14]. Concentrations are
correspondingly reported as mg/l total ammonia as N, normalized to pH 8.

Acute data are summarized by the methodology of the national numeric water quality
criteria guidelines [15]. Species mean acute values (SMAVs) and genus mean acute values
(GMAVs) were calculated in two ways: 1) combined data for all mussel lifestages within the
species or genus (i.e, resuits from assays with glochidia, juvenile, and adult combined); and, 2)
combined adult and juvenile data only (i.e., excluding the assays which used the glochidia
lifestage, for which the appropriateness of use in bioassays to support water quality criteria
development has been questioned by some regulators). The GMAVSs are used in the
demonstration of the unionids’ sensitivity to ammonia relative to other invertebrates and fishes in
the existing national database [14]. National water quality criteria generally consist of two
estimated values designed to protect aquatic organisms; these are commonly referred to as the

acute and chronic water quality criteria but more specifically they are the criteria maximum



concentration (CMC) and criteria continuous concentration (CCC), respectively. We used the
unionid GMAVs in a re-calculation of the CMC based on the national methodology [14,15].
Although CMC in the national ammonia criteria document are in the form of equations to account

for effects of temperature and pH, they are based on a Final Acute Value (FAV) which served as

the basis for our comparison. We defined the resulting re-calculations as freshwater mussel FAV
guidelines (FAVry) and freshwater mussel criteria maximum concentration guidelines (CMCpy)
There were insufficient chronic ammonia exposure and sublethal effects data for unionids
to re-calculate the CCC under the approach used in the national criteria. To derive an estimate of
the chronic ammonia concentration that would not be harmful to mussels, we divided the FA Vs
by the acute-chronic ratio, an approach allowed by the guidelines for derivation of water quality
criteria {15]. Two approximations of freshwater mussel criteria continuous concentration
guidelines (CCCry) were derived. The first was calculated by diving the FAVyy by the overall
acute-chronic ratio of 11.6 from page 78 of the revised ammonia criteria document (calculated by
dividing the revised CMC by the revised CCC and representing the cumulative datasets that went
into derivation of each of these parameters). As a second approximation, we used an acute-
chronic ratio for a benthic bivalve, the fingernail clam (Musculivm transversum), its acute-
chronic ratio of 15.8 was derived by dividing the GMAV for this species (35.65 mg/! total
ammonia as N, normalized to pH 8) [14] by its genus mean chronic value of 2.26 mg/t total

ammonia as N, normalized to pH 8 [14].

RESULTS

Twenty-two LC50s for unionid acute ammonia exposures were retrieved; these covered



nine species in eight genera (Table 1). Additional relevant ammonia toxicity data were available
for the genera Amblema, Utterbackia, Cyrtonaias, and Toxolasma [12, 19], but no acute (< 96 h)
LC50s were reported in these studies. Two subacute (9 to 15 d) LC50s were retrieved (Table 1),

There were no chronic ammonia exposure data for unionids and no assessments which

incorporated sublethal endpoints; theré were, correspondinigly, no applicablé acite-chronic Fafios

for ammonia impacts to freshwater mussels.

Sensitivity of freshwater mussels to ammonia

Genus mean acute values for freshwater mussels ranged from 4.24 to 8.88 mg/I total
ammonia as N, normalized to pH 8 (Table 2). These values are uniformly at the sensitive end of
the range of GMAVs reported in the database used to calculate the national water quality criteria
for ammonia [14]. In general, glochidia were approximately 1.5 to 3.5 times more sensitive than
juveniles in the three species for which acute data are available for both lifestages (Table 1).
Excluding tests with glochidia from the GMAYV calculations changed their ranks, but it did not
appreciably change the overall apparent sensitivity of unionids relative to other taxa represented in

the database (Table 3).

Derivation of water quality criteria

Addition of GMAV:s for the eight unionid genera for which acute ammonia toxicity data
are available allowed a re-calculation of the national water quality criteria to determine the
influence of the additional data. The revised FAVpy and corresponding CMCry employing data

from assays with all freshwater mussel lifestages were approximately 60 % less than the FAV and



CMC used in the calculation of the current acute water quality criteria, and the revised FAVpy
and CMCry employing data from assays with only juvenile and adult stages of freshwater mussels
was approximately 40 % less than the FAV and CMC from the criteria document (Table 4).

No chronic exposure data for freshwater mussels were retrieved. There were no

“applicable acute-chronic ratios for sublethal ammonia impacis to freshwater mussels. Employing™

the acute-chronic ratio of 11.6 (the ratio of the national CMC to the CCC at pH 8 and 25°C)
yielded CCCry’s 0f 0.42 to 0.56 mg/l total ammonia as N, normalized to pH 8 when applied to
our FAVryqs. Employing the acute-chronic ratio of 15.8 (from the fingernail clam) vielded
CCCpy’s 0f 0.31 to 0.41 mg/l total ammonia as N, normalized to pH 8 when applied to our
FAVpys. The average of these four CCCrys (0.42 mg/l total ammonia as N, normalized to pH 8)

is approximately 65% less than the CCC for pH 8 and 25°C in the revised national criteria (Table

5).

DISCUSSION

Freshwater mussel data are not included in the current database for calculation of the
federal water quality criteria for ammonia. Recently available data for this family includes eight
GMAVs which are less than those used to derive the CMC in the criteria document and two
subacute LC50s which are less than the final CCC, supporting the contention that the tested
mussel species are sensitive to ammonia refative to other invertebrates and fishes. The current
numerical criteria may not be protective of this taxa whose nearly 300 species are widespread in
eastern North America.

Issues related to the 1999 revision to the ammonia criteria



National water quality criteria generally consist of two estimated values designed to
protect aquatic organisms, the CMC and CCC, along with guidance on their implementation. The
CMC is an estimate of the highest one-hour average concentration that should not result in

unacceptable adverse effects to aquatic organisms; the number is derived from acute toxicity tests

~ (generally 48 to 96 h exposures) that use lethality or immobilization as the measured biclogical

endpoints. Available toxicity data are critically reviewed, and geometric mean LC50s or EC50s
for each genus represented in the review are ranked from highest (most tolerant) to lowest (most
sensitive). A cumulative probability is assigned based on those ranks, and an FAV is derived via
an equation which gives equal weight to the LC50s or EC50s of the four genera closest to the
0.05 probability (more sensitive). The CMC is calculated by dividing the FAV by 2 and results in
a conceﬁtratien that should not severely adversely affect too many individuals within the taxa
(taxon) which were used for deriving the FAV {15]. Evaluation of acute toxicity data has
generally shown that dividing an LC50 or ECS50 by 2 provides a concentration equal to a very low
effect or no effect concentration (i.e, an LC1 or LCO). The process, by definition, is designed to
protect populations of 95% of the species tested from adverse effects of short term exposures to
non-bioaccumulative chemicals.

The scope of the 1999 revision to the national water quality criteria for ammonia did not
include a comprehensive literature search and review of the most recent acute toxicological data
[14] relying instead on the database for the 1985 criteria [17]. The 1985 database was relatively
large with 34 genera represented. This significantly exceeds the minimum database requirements
for derivation of numeric criteria [15], and it was thought that additional data would have little

influence on the four lowest GMAVs which drive the criteria calculations [14]. Qur assessment
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notes the value of incorporating all acute toxicity data which meet the data quality requirements
during criteria calculation or revision. Several of the references we used were available at the
time of the revision of the national criteria [9, 19-21] and two [9, 19] were cited in that document

as among the more recent data which would not be used because of the reliance on the 1985

“database [14]. Because they fall uniformly at the sensitive end of the distribution of FAVs used
to calculate the CMC, the additional data for unionids drive the re-calculation of the acute criteria,
indicating that unionids may be under-protected by the existing CMC.

Prior to dividing by 2, the FAV can be lowered if the SMAV for a recreationally or
commercially important. species is less than (more sensitive) than the calculated FAV [15]. This
approach has been applied and was used in the national ammonia criteria {14] to lower the FAV
to the SMAYV for rambow trout (Oncorhynchus mykiss) prior to deriving the CMC. The
applicability of this provision to freshwater mussels has not, to our knowledge, been evaluated.
Some species of mussels have commercial importance in the cultured pearl and jewelry industries
[5] which could provide justification for lowering the FAV to the mussel SMAV for criteria
development. We also suggest that the apparent ammonia sensitivity of taxa within this widely
distributed family merits criteria revision for reasons of ecological integrity.

Our approach did not consider additional margins of safety that could be recommended
for protection of endangered species where information is specifically. Because no threatened or

endangered mussels have been tested for ammonia effects, additional approaches may be required.

Freshwater mussel toxicity data

The 9 species for which we found acute ammonia exposure data represent approximately
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3% of the unionid species known from North America, and the 8 genera represent approximately
20% of the genera within this family [1]. More acute toxicity data would be beneficial for these
species, however there appears to be sufficient data to support establishment of State or local

water quality standards for acute exposure. Chronic exposure data and sublethal endpoints

sublethal effects data are produced, it will be difficult to generate definitive protective State or
site-specific standards or national criteria for chronic exposure. Until that time, the use of the
CCC derived here using the ammonia acute-chronic ratio for the fingernail clam may be
appropriate.

There is a need to work toward standardizing the bioassays for sensitive lifestages of
freshwater mussels in order to overcome these problems. The absence of standard toxicity testing
methods for this taxa helps explain the lack of robust toxicity data and the hesitancy on the part of
the U.S. EPA and others to embrace unionid ammonia toxicity data that have been available for
nearly a decade [9, 19] and more recently [20, 21].  While there is merit in standardizing
freshwater mussel bioassays, our results indicate good agreement among the results for nine
species, generated by six investigators and three mussel lifestages. These data should be useful in

establishment of State or local water quality standards.

Ammonia as a potential limiting factor in unionid survival and recovery
Ammonia may be a significant limiting factor for unionids given that ambient
concentrations well-above the guidelines we derived have been documented. Also, most ambient

surface water ammonia data are for the top portion of the water column. Sediment pore water
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concentrations of ammonia typically exceed those of overlying surface water [13], so freshwater
mussels” anchorage in the substrate places them in the environmental compartment where
ammonia concentrations are expected to be among the greatest. Unionids’ feeding strategies

include filtration of interstitial water and sediment-associated fine particles {22] increasing their

considered among the factors which may be limiting survival and recovery at individual locations.
Site-specific concentrations of ammonia could be evaluated against the guidelines developed in
this evaluation until chronic exposure data , evaluating important sublethal effects (such as

biomass and reproduction) are available.
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Table 2. Comparison of freshwater mussel (all lifestages) species mean acute values (SMAVS)

and genus mean acute values (GMAVs) for ammonia toxicity to other sensitive taxa from the

18

national database, listed in order of increasing sensitivity. Freshwater mussel GMAVs are in bold

type. All GMAVSs are in mg/l total ammonia as N, normalized to pH 8.

Rank Genus Species Used in GMAYV Derivation SMAVGMAV
........... E 2 Oncorhynchus ) Golden trout. | ~ 26.10 21.95
Cutthroat trout 25.80
Pink salmon 42.G7
Coho salmon 20.26
Rainbow frout 11.23
Chinook salmon 17.34
I3 FEtheostoma Orangethroat darter 17.96 17.96
10 Notemigonus Golden shiner 14,67 14.67
9 Prosopium Mountain whitefish 12.11 12.11
8 Pyganodon Giant floater 8.88 8.88
7 Utterbackia Paper pondshell 7.86 7.86
6 Actinonaias Pheasantshell 7.27 7.27
5 Lasmigona Green floater 6.19 6.10
4 Villosa Rainbow 5.53 5.53
3 Lampsilis Plain pocketbook 21.64 5.26
Fatmucket 1.28
2 Fusconaia Atlantic pigtoe 5.18 5.18
1 Medionidus Cumberland moccasinshell 4.24 4.24
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Fatm ucket

128



No..fengomm

Prosopiu, 1432 I1.23° 5.62
Re Calculatiop With Villose
all freshwater Musse] Lampsiis
data chomm
Meaﬁoma’m 4.93 4.93
Re Caleulatioy with Lyganodpy,

246
tests using only .







Page | of 2
Pologia.; One
O Multip recipigng of hstApologa»L <Apolog:a~L@transporter com>
Degr Karg
OU askeaq
ey ca Y body P me o the sedevacantfst
Positions esg? B
Sorry | OK so long had g big gathermg fo Our daughter’s Tst 4 ly Commumon this
Weekenq
What jg Se evacéﬁﬁst?'
(Sede Vacant Latin for "The Chair js Empty' in Nce to the Chaijr of St. Peter
Sedevacantists hold the elief thay the Rg an Cat Church is Withoyt “true" p They
belisye (in Short) that ¢ ”Vetican 1 Pes lost iy Uthority 4 Pope after teachin
”heresy " hey Were gt ed by Frang; Shy ardt | CUr d'Alen ldah Shuckerdt was
'enegade Bisho Consecrat d by the s ISmatjp 'No erican Id R an catholjg groy
Sc, UCkary ende Deing 5 fested 1, OSsesion of and st len p erty in Cafifornra
There wer, eports of Sexuaj abuse as wel|
SOME EXTRA FR RR ONDENCE FRO SEDEVACANTISTS
PRAKASH JOHN M. UKE VIRGy, and
JOHN | aka HELEN
in response fo my.
AN O INION ON AL ATIONS R RDING THE POpE RECEI\/!NG THE "MARK OF
SHIVA”, AND H S ‘NAKED M, IN PAP A NEwy GUINEA
Al!egatf'ons Inn pect of neif Vatican i
"the Phony Bala mist
AHegations That The Roman Catholie Church Is NoT The " UE" hurch:
¥ sgr, Benny Quiar, the former editor of the New Church l0Cese of Bombay‘s Paper 'The
Examiner”'
Aliegations That The Vatican M ang post~Vatrce Ihp Pes Are Heretf‘cs
“JL:g n Myway, thig event (Whate er it 8} in no ay fmpinges on the dogma of Papa|
wfambmty, Which Meang that the Pope ig NCapab)q teachzng her, SV as dogmatr‘c truth, not
at he jg incapable Of sin, of s Ndaj, Xercisin ba Udgmeny Furthe More, the trden
'proof of any aﬂegation rests on the aKing the Il ation - Ot upon the defender of
2 Popg
*Ply: That 1S true. 1 Would ly sho tthe Pope’ Was gt » COnfuseqy Or misg ided b
hosts . the locg; Church, Utitis no his that Catholjeg e thejr &jection of this ma
Ope, or Sven as 5 ¢ ristian, i is Chings of J. Ro allf (th antipope Balaam |
Of th Latmcinium of tha tican ( fo which he adh S. His g ti-Cath lie aets her,
!here, Such gg at Ass ) anterbury, , etc, Made Nays + 8re usefyy only tg Show
Olor ang flavor Of th and hijs doctring »
[ for Dicf Neveg “IUSSE) Gyt a,






In

Subject: Re: ammonia and mussels
To: Paul_Hartfield@fws.gov, Bob_Butler@fws.gov
Cc: ahlstedt@usgs.gov, John_Schmerfeld@fws.gov, mussel@vt.edu

Hello -

Here's the freshwater mussel ammonia information Bob mentioned. It is a
draft manuscript that I'm developing (with Anne Keller, Marsha Black, Jim
Dwyer and Greg Cope) with all of the data from a poster which was presented
a little over a year ago at the Society of Environmental Toxicology and
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Chemistry's annual meeting. | can send you the reduced poster if you want
it, but this is better because it is easier to read (larger font), has more
detail on the derivation of the numbers, and contains all the references.

I'm comfortable with the acute (short-term exposure...generally less than
96 hours) data and comparisons to other acute data. I'm not yet
comfortable with the approach taken on the chronic (long-term exposure)
data. ... long-tern exposure and effects data are pretty sparse for mussels
making alternate approaches to deriving a protective concentration
necessary for now (but hopefully a data gap we can fill in the next couple
years).

Allin all, the data indicate mussel are pretty sensitive to ammonia, a
natural degradation product of nitrogenous organic matter in all waters
which can certainly be elevated by cther sources (run-off of residential or
agricultural fertilizers, animal feedlot wastes, municipal wastewater
effluents, etc). | do not have data for other nutrients.

Let me know if you have any guestions or suggestions or if | can help

further. Feel free to use this as a manuscript in preparation (December
2001 draft).

Take care,

Tom Augspurger

Phone: 919/856-4520 (x. 21)

Fax: 919/856-4556

email; tom_augspurger@fws.gov

(See attached file: ammoninams4.wpd)

Bob Butler

Printed for Dick Neves <mussel@vt.edu>
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In

To: Paul Hartfield/R4/FWS/DOI@FWS, Tom
04/10/2002 09:04 Augspurger/R4/FWS/DOI@FWS, John
Schmerfeld/R5/FWS/DOI@FWS,
AM ahlstedt@usgs.gov, mussel@vt.edu
ce:
Subject: Re: Recovery Plan

I have had conversations with Tom concerning ammonia, the highest
concentrations being at the water/substrate interface, its lethality to
mussels, and its prevalence below feedlots and sewage outfalls, but not
with other, more typical, nutrients.

Gentlemen:

Do any of you have answers to Pauls questions below? If so, please pass on
and cc: me if you would,

Thanks a bunch...

Bob .b
--—- Forwarded by Bob Butier/R4/FWS/DOI1 on 04/10/02 08:54 AM wmee-

Paul Hartfield
To: Bob Butler/R4/FWS/DOI@FWS
04/09/02 04:09 PM ce:
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Subject: Re: Recovery Plan(Document link: Bob Butler)

Bob: do you know of any other info on the effects of nutrients on mussels.
Particularly as they are manifested in dense growth of filamentous algae.
I've often associated the decline of mussels with presence of algal mats.
Has anyone else? Anything written?

Paul

e} AMIMONINAMS4. WA
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