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Abstract. The freshwater mussel fauna of the United States is in serious trouble. Of the 297 species
and subspecies recognized, 21 species (7%) are presumed extinct, 42 (15%) are federally listed as
endangered or threatened, and 69 (23%) are candidates for federal protection. The highly diverse
endemic mussel fauna of the southeastern United States is in greatest jeopardy, with depressed
population levels today reflecting transgressions to rivers decades earlier. Reservoir construction
and hydrologic changes documented in rivers such as the upper Mississippi, upper Ohio,
Tennessee, and Cumberland rivers have been particularly disruptive to big-river species. Our
knowledge of the biology and ecological requirements of most species is limited, and fish hosts are
known for fewer than 70 species. We lack, therefore, the essential information and tools to recover
declining populations. The next 10 years will be the most significant bottleneck yet for this fauna,
with chronic perturbations now intensified by the zebra mussel invasion. An extinction spasm is
inevitable, with or without the ecological synergism of human manipulation and the zebra mussel.
Greater effort to educate and muster public support is essential for the conservation of riverine
ecosystems; otherwise, a cascade of extirpations and extinctions of invertebrates will imprecate
the 21st century.

I n t r o d u c t i o n

The freshwater mussel fauna (Unionacea) of North
America consists of a diverse assemblage of about
297 species and subspecies (Turgeon et al. 1988),
distributed principally throughout the Mississippi
River drainage and river systems in eastern North
America. Although the higher classification of these
taxa has not been resolved, most malacologists
tentatively recognize two families, three subfamilies,
and about 49 nominal genera of unionids. Regions of
endemism and high species diversity occur mainly
in the southeastern United States, including the
Ohio, Tennessee, Cumberland, and Mobile drain
ages, and other rivers to the Gulf of Mexico and
South At lant ic.

T h e w h o l e s a l e d e s t r u c t i o n o f f r e s h w a t e r m o l -
lusks and other fauna by dams and pollution was
reported in the late 19th and early 20th centuries
(Lewis 1868, Ortmann 1909), although previous
reports of environmental degradation began to
appear in the early 19 th century. The especially
diverse assemblage of river snails (Pleuroceridae)
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and mussels in the eastern United States was being
jeopardized by imabated development and industri
alization. Although habitat loss and alteration in
rivers were decried by aquatic biologists, the envi
ronmental conscience of the nation remained
dormant at that time.

The first coordinated effort to recognize rare
molluscan taxa in North America was a symposium
convened in 1968 by the American Malacological
Union. This attempt to assemble a preliminary list of
rare and endangered mollusks documented that the
freshwater mollusks of streams and rivers were in the

greatest danger of extirpation and extinction. The
precarious future of the mussel fauna was evident—33
rare and endangered species and 8 presumed extinct
species in the Mississippi and St. Lawrence river
systems (Stansbery 1970) and about 61 nominal taxa
considered to be rare and endangered in Gulf Cocist
drainages (Atheam 1970). Conclusions from the
symposium were that (1) conservation measures by
regulatory agencies were long overdue and (2) re
search on all aspects of rare species was essential to
maintain and restore declining populations.

In 1971 a conference on unionids updated the
preliminary list of rare and endangered mussels in
the United States Qorgensen and Sharp 1971). In the
proceedings of that symposium, Stansbery (1971)
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identified 11 species of Dysnomia (= Epioblasma) that
became extinct in the 20th century. All of them
inhabited riffles euid shoals of large rivers, habitats
nearly eliminated by impoundments and naviga
tional locks and dams in the Mississippi River basin.
In addition to these extinct species, another 120
nominal taxa were listed as rare or endangered. It
was readily apparent that many of the unionid
species were in precipitous decline, due principally
to habitat destruction. The current list of extinct
species has grown to about 21 species, as judged by
recent surveys and the consensus of experts (Table 1).
All molluscan nomenclature is according to Turgeon
et al. (1988).

Protection of rare invertebrates in the United
States was legislated first in the Endangered Species
Preservation Act of 1969. This legislation redefined
"fish and wildlife" to include mollusks and crusta
ceans and amended the Lacey Act to prohibit
interstate and foreign commerce of these inverte
brate groups. However, no species were identified
for protection. Passage of the Endangered Species
Act of 1973 and subsequent amendments provided
the mechanism for official recognition and protec
tion of invertebrate fauna nationwide. The first
freshwater mussels were listed in June 1976; 23 U.S.
species were designated as endangered. Another 19
species have been added to the list since then, such
that 40 mussels are endangered and 2 are threatened
in the United States at this time (Table 2). In Novem-

Table 1. Species of freshwater mussels in the United States
presumed to be extinct.

C o m m o n n a m e

C o o s a e l k t o e

C a r o l i n a e l k t o e

O c h l o c k n e e a r c - m u s s e l

s u g a r s p o o n

angled riffleshell
l e a f s h e l l

yellow blossom
a c o m s h e l l

narrow catspaw

f o r k s h e l l

white catspaw
r o u n d c o m b s h e l l

Te n n e s s e e r i f fl e s h e l l

W a b a s h r i f fl e s h e l l

C u m b e r l a n d l e a f s h e l l

green blossom
t u l > e r c l e d - b l o s s o m

turgid blossom
Tombigbee moccasinshell
Scioto pigtoe
rough rockshell

Scientific name
Alasmidonla mccordi Atheam, 1964

Alasmidonta robusfa Clarke, 1981
Aksmidonla wrightiana (Walker, 1901)
Epioblasma arcaefonnis (I. Lea, 1831)
Epioblasma biemarginata (I. Lea, 1857)
Epioblasmajlexuosa (Rafinesque, 1820)
Epioblasmaflorenlinaflorentim (I. Lea, 1857)
Epioblasma hapsiana (I. Lea, 1834)
Epioblasma Icnoir (I. Lea, 1843)
Epioblasma Icwisii (Walker, 1910)
Epioblasma obliquala pewbliqua (Conrad, 1836)
Epioblasma personata (Say, 1829)
Epioblasma propinqua (I. Lea, 1857)
Epioblasma sampsonii (I. Lea, 1861)
Epioblasma steroardsoni (1. Lea, 1852)
Epioblasma torulosa gubernaculum (Reeve, 1865)
EpiMasma torulosa torulosa (Rafinesque, 1820)
Epioblasma turgidula (I. Lea, 1858)
Medionidus mcglameriae van der Schalie, 1939
Pleurobema boumianum (I. Lea, 1840)
Quadrula tuberosa (I. Lea, 1840)

ber 1991, the U.S. Fish and Wildlife Service for
possible addition to the federal List of Endangered
and Threatened Wildlife [Federal Register published
a list of vertebrate and invertebrate taxa native to the
United States that are being considered 56(225), 21
November 1991]. On this candidate list are 70 extant
species and 4 species that are likely extinct (Table 3).
These lists continue to lengthen as status surveys
and data compilation confirm the limited distribution
and rarity of many locali2^d and endemic species.

Table 2. List of federally protected i
United States in 1992.
Scientific name
Alasmidonta heterodon (I. Lea, 1829)
Arkansia le/icWm Ortmann & Walker, 1912
Cyprogenia stegaria (Rafinesque, 1820)
Dromus dromas (I. Lea, 1834)

Elliptiosteinstansana R. I. Johnson & Clarke, 1983
Epioblasma/lorentina curtisi (Ulterback, 1916)
Epioblasma /lorentina /lorentina (I. Lea, 1857)
Epioblasma /lorentina loalkeri

(Wilson & H. W. Clark, 1914)
Epioblasma obliquata oldiquata (Raflnesque, 1820)
Epioblasma obliquata perobliqua (Conrad, 1836)
Epioblasma penita (Conrad, 1834)
Efrioblasma torulosa gubernaculum (Reeve, 1865)
Epioblasma torulosa torulosa (Rafinesque, 1820)
Epioblasma turgidula (I. Lea, 1858)
Fusconaia cor (Conrad, 1834)
Fusconaia cuneolus (I. Lea, 1840)
Hemistena lata (Raflnesque, 1820)

Lampsilis abrupta (Say, 1831)
Lampsilis higginsii (I. Lea, 1857)
Lampsilis poivellii (I. Lea, 1852)
Lampsilis streckeri Frierson, 1927
Lampsilis virescens (I. Lea, 1858)
Lemiox rimosus (Rafinesque, 1820)

Margariti/era hembeli (Conrad, 1838)
Obovaria retusa (Lamarck, 1819)

Pegias/abula (I. Lea, 1838)
Plethobasus cicatricosus (Say, 1829)
Plethobasus coopcrianus (I. Lea, 1834)
Pleurobema collina (Conrad, 1837)
Pleurobema curium (I. Lea, 1859)
Pleurobema gibberum (I. Lea, 1838)
Pleurobetm marshalli Frierson, 1927
Pleurobema plenum (I. Lea, 1840)
Pleurobema taitianum (1. Lea, 1834)
Potamilus capax (Green, 1832)
Potamilus in/latus (I. Lea, 1831)

Quadrula/ragosa (Conrad, 1835)
Quadrula intermedia (Conrad, 1836)
Quadrula sparsa (I. Lea, 1841)
Quadrula stapes (I. Lea, 1831)
Toxolasma cylindrellus (I. Lea, 1868)
Villosa trabalis (Conrad, 1834)

mussel species in the

C o m m o n n a m e

dwarf wedgemussel
Ouachita rock-pocketbook
f a n s h e l l

dromedary pearlymussel
Tar spinymussel
Curtis pearlymussel

yellow blossom
t a n r i f fl e s h e l l

catspaw
white catspaw
s o u t h e r n c o m b s h e l l

green blossom
t u b e r c l e d b l o s s o m

turgid blossom
shiny pigtoe
fine-rayed pigtoe
CTacking pearlymussel
pink mucket
Higgins eye
Arkansas fatmucket

speckled pocketbook
Alabama lampmussel
birdwing pearlymussel
Louisiana pearlshell

ring pink
little-wing pearlymussel
white wartyback

orange-foot pimpleback
James spinymussel
b l a c k c l u b s h e l l

Cumberland pigtoe
flat pigtoe
rough pigtoe
heavy pigtoe
fat pocketbook
inflated heelsplitter

winged mapleleaf
Cumberland monkeyface

Appalachian monkeyface
stirrupshell
pale lilliput
C u m b e r l a n d b e a n
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Table 3. Species of freshwater mussels proposed as candi
dates for federal protection (published in Federal Register,
November 1991).
S c i e n t i fi c n a m e C o m m o n n a m e

Alasmidonta arcula 0- Lea, 1838)

Alasmidonta alropurpurai (Rafinesque, 1831)
Alasmidonta raveneliana 0- Lea, 1834)

Alasmidonta varicosa (Lamarck, 1819)

Alasmidonta wrightiana (Walker, 1901)
Amblema neislerii (I. Lea, 1858)

Anodonta califomiensis 1. Lea, 1852
Cumberlandia monodonta (Say, 1829)

Cyprogenia aberti (Conrad, 1850)
Disconaias salinasensis (Simpson, 1908)
Elliptio sp.

Elliptio juditliae (Qarke, 1986)
Elliptio lanceolata (I. Lea, 1828)
Elliptio marsupiobesa Fuller, 1972
Elliptio nigella (1. Lea, 1852)
Elliptio shepardiana (1. Lea, 1834)
Elliptio spinosa (I. Lea, 1836)
Elliptio waccamaxoensis (1. Lea, 1863)
Elliptoideus sloatianus (1. Lea, 1840)
Epioblasma biemarginata (I. Lea, 1857)
Epioblasma brevidens (L Lea, 1831)
Epioblasma capsâ ormis (1. Lea, 1834)
Epioblasma Imysiana (I. Lea, 1834)
Epioblasma lewisii (Walker, 1910)
EpiMasma metastriata (Conrad, 1840)
Epioblasma othcaloogensis (I. Lea, 1857)
Epioblasma propinqua (I. Lea, 1857)
EpiMasma torulosa rangiana (I. Lea, 1839)
EpiMasma triquetra (Rafinesque, 1820)
Fusconaia escambia Clench and Turner, 1956
Fusconaia masoni (Conrad, 1834)

Lampsilis altilis (Conrad, 1834)
Lampsilis australis Simpson, 1900
Utmpsilis binominata Simpson, 1900
Lampsilis cariosa (Say, 1817)
Lampsilis fullerkati R. I. Johnson, 1984
Lampsilis perovalis (Conrad, 1834)
Lampsilis rafinesqueana Frierson, 1927
Lampsilis subangulata (I. Lea, 1840)
Lasmigona sp.
Lasmigona decorata (1. Lea, 1852)
Lasmigona holstonia (1. Lea, 1838)
Lasmigona subviridis (Conrad, 1835)
Leptodea leptodon (Rafinesque, 1820)
Lexingtonia dolabclloides (1. Lea, 1840)
Margaritifera marrianae R. 1. Johnson, 1983
Mcdionidus acutissimus (I. Lea, 1831)

Medionidus parvulus 0- Lea, 1860)
Oboxxiria rotulata (Wright, 1899)
Pleurobema claw (Lanwrck, 1819)
Pleurobema decisum (I. Lea, 1831)
Pleurobema furvum (Conrad, 1834)
Pleurobema georgianum (I. Lea, 1841)
Pleurobema oviforme (Conrad, 1834)
Pleurobexm perowtum (Conrad, 1834)
Pleurobema pyriforme (1. Lea, 1857)

A l t a m a h a a r c - m u s s e l

C u m b e r l a n d e l k t o e

Appalachian elktoe
b r o o k fl o a t e r

O c h l o c k n e e a r c - m u s s e l

fat threeridge
C a l i f o r n i a fl o a t e r

spectaclecase
w e s t e r n f a n s h e l l

S a l i n a m u c k e t

Waccamaw lance peailymussel
N e u s e s l a b s h e l l

yellow lance
Cape Fear spike
winged spike
A l t a m a h a l a n c e

Altamaha spinymussel
Waccamaw spike

purple bankclimber
angled riffleshell*
Cumberlandian combshell

oyster mussel
a c o m s h e l l *

f o r k s h e l l *

upland combshell
s o u t h e r n a c o m s h e l l

Te n n e s s e e r i f fl e s h e l l *

n o r t h e r n r i f fl e s h e l l

s n u f f b o x

narrow pigtoe
Atlantic pigtoe
fine-lined pocketbook
s o u t h e r n s a n d s h e l l

lined pocketbook

yellow lamp mussel
W a c c a m a w f a t m u c k e t

orange-nacre mucket
N e o s h o m u c k e t

shiny-rayed pocketbook
Barrens heelsplitter
Carolina heelsplitter
Teruiessee heelsplitter

green floater
s c a l e s h e l l

slabside pearlymussel
Alabama pearlshell
Alabama moccasinshell

Coosa moccasinshell

round ebonyshell
c l u l Ts h e l l

s o u t h e r n c l u b s h e l l

dark pigtoe
southern pigtoe

Te n n e s s e e c l u b s h e l l

o v a t e c l u b s h e l l

oval pigtoe

Pleurobema rubellum (Conrad, 1834)
Pleurobema rubrum (Rafinesque, 1820)

Pleurobema verum (I. Lea, 1860)

Popenaias popei (I. Lea, 1857)
Potamilus amphicluienus (Frierson, 1898)

Ptychobranchus greenii (Conrad, 1834)
Ptychobranchus jonesi (van der Schalie, 1934)
Ptychobranchus occidentalis (Conrad, 1836)
Quadrula cylindrica strigillata (Wright, 1898)
Quincuncina milchelli (Simpson, 18%)
Simpsonaias ambigua (Say, 1825)
Toxolasma litndus (Rafinesque, 1831)
Toxolasma pullus (Conrad, 1838)
Truncilla cognata (I. Lea, 1860)
Vi l losa choctaens is Atheam, 1964

Villosa fabalis (1. Lea, 1831)
Villosa ortmanni (Walker, 1925)

Villosa perpurpurea (I. Lea, 1861)
* Presumed extinct (category 3A).

Warrior pigtoe

pink pigtoe
true pigtoe
Te x a s h o m s h e l l

Texas heelsplitter
triangular kidneyshell
southern kidneyshell
Ouachita kidneyshell

rough rabbitsfoot
false spike
s a l a m a n d e r m u s s e l

purple lilliput
Savannah lilliput
M e x i c a n f a w n s f o o t

C h o c t a w b e a n

rayed bean
Kentucky creekshell
purple bean

Traits of Vulnerability and Threats
The decline, extirpation, or extinction of numerous
taxa can be attributed to ecological and biological
traits that make unionids particularly vulnerable to
anthropogenic impacts. The life cycle of unionids
contains a larval stage (glochidium) that is an
obligate parasite on the gills or fins of fishes. Gravid
female mussels release these glochidia either indi
vidually from their marsupial gills or as clusters
(conglutinates) through the excurrent aperture.
Estimates of fecundity range from about 75,000 to
3.5 million, depending on the species and the size of
the female (Surber 1912, Coker et al. 1921, Yeager
and Neves 1986). The glochidia of all unionids,
except the salamander mussel {Simpsonaias ambigua),
parasitize fishes, but the intensity of infestation is
typically low (Coker et al. 1921, Trdan 1981). Despite
the tremendous fecundity of females, few glochidia
come into contact with suitable hosts during this
critical stage in the life cycle. Contact between
glochidia and host(s) is a low-probability event,
promoted by the respiratory and feeding behaviors of
fishes (Dartnall and Walkey 1979, Neves et al. 1985)
and the behavioral characteristics of some mussel
species (Chamberlain 1934, Davenport and Warmuth
1965, Kraemer 1970). Despite these adaptations to
facilitate host contact, host specificity of some degree is
seemingly the rule rather than the exception for most
mussel species that have been studied (Table 4). Host
fishes have been identified, with various degrees of
certainty, for 33 genera and about 65 species of mussels
(Hoggarth 1992). Host specificity is particularly
evident among the short-term brooders that release
glochidia or conglutinates in summer. Another 16
genera of mussels, mostly monotypic, have no fishes
implicated as hosts.
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Narrow host specificity would seemingly entail
reproductive costs, restricting geographic range and
wasting glochidia that attach to unsuitable hosts. The
obvious advantage of eurytopic parasitism is, for
whatever reason, secondary to natural selection for
specificity among diverse assemblages of sympatric
ôrt-term brooders. Although the database on host

fish identifications is partial but growing, the seem
ingly greater degree of host specificity within regions
of endemism would argue for competition for fish
hosts and resultant specificity. As a consequence, these
mussel species may be particularly vulnerable to a
reproductive bottleneck because of host fish availabil
ity. As new fish hosts and degrees of specificity are
determined in laboratory experiments, the vulnerabil
ity of rare mussel species to reproductive failure, as a
result of host fish declines, can be assessed.

Table 4. Genera of freshwater mussels with fish species
implicated as hosts of their glochidia.

Mussel genus No. species
N u m b e r w i t h
known hos ts

N u m b e r
fish hosts

Act inonaias 2 1 1 2
Alasmidonta 9 3 9
Amblema 3 1 1 3
A n o d o n t a 1 5 6 4 2
Anodontoides 2 1 2
Arcidens 1 1 5

Cyclomitts 1 1 2

Cyprogenia 2 1 1

Elliptio 3 1 3 8

Ellipsaria 1 1 3

Epioblasma 1 5 3 8
Fusconaia 1 3 3 1 3
Glebula 1 1 2

Lampsilis 3 2 6 2 1

Lasmigom 7 3 16
Lemiox 1 1 1

Leptodea 3 1 1

Ligumia 3 2 7

Margaritifera 4 3 1 4
Medion idus 6 1 4

Megalomias 2 1 1 8
Obovaria 6 1 1
Plethobasus 3 1 1
Pleurobema 3 1 3 1 2
Potamilus 6 3 2

Ptychobranchus 5 1 5

Quadrula 2 0 6 1 7

Simpsomias 1 1 r

Strophilus 3 1 4
Toxolasma 8 3 6
Trunc i l la 4 2 2
Uniomerus 5 1 1
Vi l losa 1 8 2 1 0

T o t a l 2 6 3 6 5 264
* Amphibian host.

The seemingly inefficient reproductive cycle,
with its obligate fish host, seems to be a weak link in
population recruitment. Susceptibility of glochidia
and fish hosts to polluted water, altered temperature
regimes below impoundments, and the chance
encounter between glochidium and host can lead to
recruitment failures in some years and relic popula
tions dominated by only old cohorts. Similarly, the
fish faimas of many rivers have changed signifi
cantly as a result of impoundments, forage and
sport species introductions, channelization, snag
removal, and other permanent changes in the
chemical and physical environment. Any factor that
limits survival of the glochidium or decreases the
abimdance and species composition of the fish fauna
is likely to be detrimental to co-dependent mussel
populations. The millions of years of co-evolution
between mussels and fishes cannot be repro-
grammed to accommodate the rapid settlement of
North America. Unfortunately, our knowledge of
host fish requirements for most species is too
incomplete to correlate changes in fish fauna with
those of the unionids.

Naiades are considered reliable indicators of
water pollution because they are sedentary and filter
particulate matter from the water column. Early on,
chemical pollution was suspected to cause the
decline and disappearance of mussels from sections
of waterways with industrial discharges (Lewis
1868, Ortmann 1909, Baker 1928). Declines in mussel
populations correlated with industrial development
have been reported throughout North America, but
few studies have demonstrated a cause-effect
relationship. In most instances, the combined effectsof numerous contaminants and induced physiologi
cal stresses are the ultimate cause for acute or
chronic mortality in a population. Siltation will
degrade water quality and substratum, clog gills,
reduce feeding efficiency and growth, and eventu
ally smother mussels if sufficient accumulation
occurs (Ellis 1936, Marking and Bills 1979, Kat 1982).
Numerous field studies have implicated siltation
and sedimentation from farming, mining, and other
land-use practices in the decline of stream popula
tions of unionids (Ellis 1931, Coon et al. 1977).
Similarly, mortality from toxic spills and chronic
lethality of polluted waters are well documented
(Cairns et al. 1971). Although mussels can avoid
short-term doses of toxic chemicals by valve closure,
they cannot tolerate chronic exposure to contami
nated water. Dosing with heavy metals, chlorine,
ammonia, or other industrial and municipal efflu
ents is lethal to most invertebrate taxa, particularly
the early life stages, as judged by available bioassay
results (Rand and Petrocelli 1985).

In a review of contaminant effects on mussels.
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Havlik and Marking (1987) noted that although the
uptake, storage, and elimination of contaminants
has been studied, few data are available on toxicity
levels. In general, adult mussels are not suitable
bioassay organisms because they can close their
valves and avoid or reduce exposure to experimen
tal dosing. However, glochidia and juveniles are
suitable for toxicity testing, and larval forms are
usually more sensitive than adults of the same
species to toxicants. Recent studies have demon
strated their sensitivities to contaminants, relative to
standard bioassay organisms such as the zooplank-
ter Ceriodaphnia dubia and the fathead minnow,
Pimephales promelas. Johnson (1990) and Jacobson
(1990) used glochidia and juvenile mussels to
determine the toxicity of various contaminants and
established protocols for testing these early life
stages. In general, glochidia and juvenile mussels are
among the most sensitive bioassay organisms used
in standard toxicity testing (Goudreau et al. 1993).
Because no freshwater bivalves are used routinely in
bioassays to set effluent standards, and because the
early life stages of mussels seem to be sensitive
indicators of toxicants, their use as bioassay organ
isms probably would identify acceptable limits of
contaminants for most r iverine mollusks.

Unionids may be the longest-lived freshwater
invertebrates, with life spans ranging to about 100
years (Hendelberg 1960, Neves and Moyer 1988).
Riverine populations of heavy-shelled species grow
slowly and reach maximum ages greater than those
of thin-shelled lentic species (Grier 1922, Stansbery
1961). Owing to slow growth and immobility,
recolonization of impacted river reaches is a pro
tracted process, attained through a combination of
passive dispersal of adults downstream and dis
persal of newly metamorphosed juveniles by
infested host fishes. Establishment of stable, self-
sustaining populations, therefore, requires decades
of immigration and recruitment, even for common
riverine species that typically occur at high densities.
Population stability is maintained by numerous,
slow-growing cohorts that contribute new year-
classes of variable strengths (Neves and Widlak
1987). This extremely slow rate of population
growth and attainment of carrying capacity makes
recovery of decimated populations extremely
difficult, even when habitat is ideal for
recolonization. Similarly, translocations of adults for
recovery are fraught with problems and require a
long-term commitment of funds and effort to
evaluate success (Sheehan et al. 1989).

Our knowledge of the biology and ecology of
this faunal group in the United States is expanding
but remains grossly inadequate. The first lesson
learned by field biologists is that all mussel species

are not created equal. Although species may look
alike, live in similar habitats, and seemingly respond
to the same environmental cues, they are as different
biologically as species in any other family of ani
mals. We tend to be lumpers in our explanations of
requirements for poorly studied taxa, and splitters
for genera with better-studied species. Studies that
generate even minimal data dramatically change our
willingness to extrapolate on the previously un
known. Information on habitat suitability, physi
ological requirements or tolerance limits, and
responses to environmental cues is so incomplete
that we are forced to apply results of few studies to
all species. For example, by default and for regula
tory purposes, the LCĵ  of copper to Amblema plicata
plica ta in the Mississippi River is applied to
Epioblasma spp. in the Tennessee River. This specula
tive extrapolation among species, particularly for
physiological requirements and sensitivities to
contaminants, is a sad indictment of our limited
knowledge of species biology and likely jeopardizes
the survival of pollution-sensitive species. More
biological studies on a greater variety of species
would greatly benefit this faunal group. My hope is
that no one species—such as the fairly ubiquitous
and lacustrine paper pondshell, Anodonta imbecillis—
becomes the "standard mussel" by which all mus
sels are judged by water quality and regulatory
agencies at the federal and state levels. We need
sufficient testing to identify those species with
sensitivities at least representative of the assem
blages they will be used to protect.

Exotic Species
This status review would not be complete without
mention of exotic species, particularly other bivalves,
that have invaded inland waterways. The Asian clam,
Corbicula fluminea, has co-occurred with Interior Basin
naiades for more than 20 years now, and evidence for
the potential competitive interactions between this
clam and native mussels is contradictory. Of greatest
concem are substratum space and food utilization by
Asian clams and juvenile mussels, particularly in
streams where either of these requisite resources may
be limited. Invasion of the zebra mussel, Dreissem

polymorpba, poses a much more onminous threat, as
judged by reports of biofouling of naiades in the Great
Lakes (Schloesser and Kovalak 1991, Hunter and
Bailey 1992). The zebra mussel has ravaged mussel
populations in Lake St. Clair and westem Lake Erie
and is poised to do untold harm to mussel populations
in our major rivers and reservoirs. The zebra mussel
will likely be on the epitaph of many rare mussel
species that get pushed beyond the brink of extinction
by its biofouling presence. Other mussel species will
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require federal protection after the zebra mussel does
its damage and achieves some equilibrium population
level in our streams. Whatever the consequences,
unionids will be on the losing side of this molluscan
war for survival.

Mat te rs o f Hab i ta t

The decline, extirpation, and extinction of freshwater
mussel species is almost totally driven by habitat loss and
degradation. Anthropogenic changes to rivers that sustain
diverse molluscan assemblages have been well docu
mented. The upper Mississippi River is deteriorating
hydrologically and ecologically, with p>ools suffering the
same fate as most shallow reservoirs, namely, inputs of
sediments, nutrients, and affiliated contaminants
(Fiemling and Claflin 1984). Of tiie 50 or so spedes of
mussels collected in this river reach prior to the 9-ft
channel construction project, roughly 32 species remain
(Fuller 1980). The mussel assemblage in the upper Ohio
River experienced similar changes from navigation
projects. Although the diversity of this mussel fauna,
reported to be at least 37 species from historic collections,
has not changed appreciably, there has been a dramatic
41% change in species composition this century (Taylor
1989). Epioblasrm spp. and other species once widespread
but now federally endangered are being replaced by
anodontines and other impoundment-tolerant species.
The dynamic changes in the mussel fauna of bô  rivers
will be evidenced by declining diversity, altered species
composition, and lowered abundance of some species
attributed to chronic degradation of habitat suitability for
the indigenous species.

From Europe to America
Because Europe had a historically depauperate mussel
fauna of roughly 15 species, studies of and changes to
that fauna were more numerous. A recent assessment
of the decline of the freshwater pearl mussel,
Margaritifera margarilifera, a long-lived resident of
headwater trout streams, has correlated eutrophica-
tion, specifically nitrate concentration, with mortality
rates of adult mussels in 11 rivers (Bauer 1988).
Mortality of juvenile mussels (ages 0-20) was linked to
BOD levels, leading to the hypothesis that young
mussels can only develop in sediment of low organic
content. Although the causal mechanisms for juvenile
mortality are unknown, anoxia, predator abundance,
and contaminants are possible factors. In Sweden the
postulated cause for decline of the pearl mussel is
lowered host fish abundance because of acidification.
In essence, any factor that reduces the spawning stock
of adults, survivability of juveniles, or abundance of
hosts will eventually diminish population size and
jeopardize its continued existence.

Most of the U.S. mussel species reside in higher-
order warmwater rivers with a variety of anthropo
genic impacts, depending on geographic region and
land-use patterns. The reported correlation between
the decline of pearl mussels and water pollution in
Europe is probably valid worldwide, but evidence to
support tl̂  cause and effect relationship is principally
anecdotal and unquantified. For example, most
headwater tributaries of the upper Cumberland and
upper Tennessee rivers are experiencing precipitous
declines in unionids. The extensive coal mining in
these watersheds over the past 50 years may be
coincidental to faunal declines, but sufficient indirect
evidence is available to demonstrate negative effects of
coal mining operations to survival and recruitment in
mussel populations (Anderson 1989, McCann and
Neves 1992). There is rarely a smoking gun, only fresh
dead and weathered valves of mussels that were alive
and well when sampled previously. The same scenario
is played out in rivers with unsafe point-source
discharges; mussels decline or disappear for suspected
but unsubstantiated causes. The short-term economic
gains of private industry are allowed to supersede the
long-term viability of our faunal heritage and water
quality for all downstream user groups. Only when a
federally listed species is part of the faunal assemblage
will regulatory agencies be receptive to requests for
greater scrutiny of permits and violations of effluent
standards. Typically, the response is too little and too late
for those species intolerant to water quality degradation.
The entire practice of effluent discharge to receiving
streams is a sad indictment of our willingness to sanction
treatment of waste, partial in most cases, and to accept
degraded water quality for purely economic reasons.

Pro tec t i on o f R i ve rs
The assault on U.S. rivers, begun during the mid-
19th century, accelerated dramatically in the 1930s to
provide for water supply, navigation, flood control,
and electricity. Because extensive biological invento
ries of river systems were never conducted, the
degree of faunal loss or decline is unknown
(Schindler 1989). Of the original 5.2 million km of
rivers in the contiguous United States, only 42 free-
flowing rivers greater than 200 km remain (Benke
1990). In 1982 the National Rivers Inventory was
completed to identify streams or river reaches of
high quality with potential for special protection.
Only 2% of the 5.2 million km of streams qualified
for inclusion in the inventory.

Roughly 30% of the United States is federally
owned and under the jurisdiction of the Bureau of
Land Management, Forest Service, or National Park
Service. However, most of this land and inclusive
streams is in the West or in high-gradient areas with
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headwater streams that lack mussels. Thus, despite the
significant landmass owned by the federal government
and commitments by responsible federal agencies to
secure protection of streams on federal lands, there
will be negligible effects on freshwater mussels.

Legislation establishing national river parks was
passed in the early 1960s to protect rivers and
riparian corridors, but only four rivers have been
granted such status. The Wild and Scenic Rivers Act
of 1968 provided a mecharusm to identify and
protect river reaches by prohibition of federal
approval or assistance on water projects that would
adversely affect them. However, the legislation
provided inadequate protection of these rivers
against private development (Goldfarb 1984). Of the
119 river reaches (15,000 km) designated as wild and
scenic, fewer than 1,600 km occur east of the Missis
sippi River. Once again, the hot spots of molluscan
diversity have been missed by the legislative web.

Conservation groups such as the Izaac Walton
League, American Rivers, The Nature Conservancy,
and Sierra Club are spearheading the fight to save
important rivers of aesthetic as well as biological
value. The efforts of these publicly supported
organizations will provide the best chance of
protecting rare aquatic mollusks and their habitats
in quality rivers. Protection of big-river habitats and
associated fauna, because of significant alterations
and water quality degradation, will be one of the
greatest challenges facing agency biologists with
multiple-use management goals for rivers.

Water Quality Protection
Recent assessments of water quality in North
American rivers provide a mixed prognosis for
surface waters (Smith et al. 1987, Becker and Neitzel
1992, Patrick 1992). The sequence of federal laws to
protect surface waters began with the River and
Harbors Act of 1899 to curb refuse disposal; how
ever, the Water Pollution Control Act of 1948 was
the first law intended to abate water pollution and to
assign responsibility to the individual states. Subse
quent amendments to the Act in 1956 and 1961
provided construction grants for wastewater treat
ment plants and provided research funds to study
pollution effects and to develop improved methods
of effluent treatment. A series of federal laws was
passed in the 1960s to address interstate waters
principally and to strengthen the original Water
Pollution Control Act. Creation of the Environmen
tal Protection Agency in 1970 and passage of the
Clean Water Act of 1972 set the stage for the regula
tions and water standards we have today. Goals of
the Clean Water Act were to allow for the protection
and enhancement of fish, shellfish, and wildlife;

provide conditions suitable for recreation in surface
waters; and eliminate the discharge of pollutants in
U.S. waters. These noble goals and those of the
Clean Water Act of 1977 established the National
Pollution Discharge Elimination System and effluent
standards for point-source discharges. The system
has been in force for about 15 years and, for the most
part, seems to be working well.

Results from two nationwide water sampling
networks indicate widespread decreases in fecal
coliform bacteria and lead but increases in nitrate,
chloride, arsenic, and cadmium concentrations
(Smith et al. 1987). These water quality changes
seem to reflect changing technologies in society for
sewage treatment, highway maintenance, gas
consumption, fertilizer application, and coal com
bustion. Analyses of water quality detect acute and
chronic problems passing downstream, but sedi
ments are the long-term storehouses of toxicity. For
mollusks and other benthos, contaminants in sedi
ments are and will be a problem for years to come.

In a detailed analysis of three river systems,
Patrick (1992) concluded that water quality at
tributes such as dissolved oxygen, BOD, and ammo
nia levels have decreased, but concentrations of
nitrates have tended to remain the same or have
increased. The possible correlation between nitrog
enous compounds (especially nitrate) and declining
mussel populations needs further evaluation, as
judged by European studies (Bauer 1988). According
to Smith et al. (1987), fertilizer application rates
increased 68% between 1970 and 1981 to bolster
farm production. Nitrates from fertilized acreage,
greater livestock densities, feedlots, and atmospheric
deposition have increased nutrient loading to East
Coast and Gulf Coast rivers and estuaries. Total
nitrogen trends now seem to be more related to
nonpoint-source than point-source effluents (Smith
et al. 1987). Agriculture is the most prominent of
nonpoint sources of pollutants and is calculated to
affect more than two-thirds of the nation's river
basins (USEPA 1984). Agriculture, although an
industry, has had few regulations imposed for
runoff control, and most programs are voluntary.
An expansion of programs to mitigate nonpoint
pollution from agriculture is long overdue.

The time is rapidly approaching when nonpoint-
source pollution from agriculture, road systems, golf
courses, parking lots, and other land uses, debilitat
ing to water quality but not sewered and treated,
will be our greatest problem. With human popula
tion growth and suburbanization, more fields and
forests are converted to residential areas of high
runoff potential. We observe frequent modifications
of our hometown landscapes and receiving water
ways from additional roadways, shopping malls.
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housing developments and other intrusions caused
by conventional economic development. Similarly,
pesticide use has increased steadily, principally because
we as consumers demand perfect produce in the
marketplace. Consumer standards for goods and services
have promoted increases in soil erosion, fertilizer
and pesticide use, and the landscape necrology
induced by our prodigal and profligate life styles.

F u t u r e O u t l o o k

There is no hope of returning to pristine ecosystems
and little hope of maintaining the biodiversity that
exists today. The power of humans to degrade the
natural world is awesome; the capability to reconsti
tute it later is mythical (Lindburg 1992). Flagrant
egocentrism, benign neglect, and lack of reverence
for all life forms have resulted in a world of per
petual change, occurring too quickly for evolution to
keep pace and too extensively for biologists to
impede most extirpations and extinctions. Mussel
biologists seethe at the thought of sacrificing a
mussel bed to a development project. Large beds
may serve as critical nodes in the reproductive
network throughout a river. These keystone beds of
recruitment and stability are particularly critical to
sustainability of some populations. Each link lost in
a chain of mussel beds for a river may be the one
most crucial for reproduction, recruitment, and
stability of particular species or the entire assem
blage. Judgements made by regulatory agencies in
the permit review process are, therefore, crucial;
mistakes in underestimating project or effluent
impacts can be irreconcilable for rare species, to the
extreme that the final resting places of species are in
cabinets of museum collections.

Humanity will dictate policy on mollusk sur
vival in the 21st century. Therefore, it would be
hoove us to affect human conscience and behavior
sufficiently to instill value to invertebrate species
and the messages that they send us on environmen
tal quality. Public education through mass media is
our most effective route. As spokespersons for the
mussel fauna, we must argue their case based on
sheer numbers in decline and their utility as indica
tors of environmental degradation. Water quality
and the biological integrity of river systems are
essential to the health, economic prosperity, and
long-term survival of humans.

Unless and imtil the legislative mandates and
management policies throughout North America are
balanced to enhance and conserve as well as develop
and exploit riverine ecosystems, the loss of mussel
species will be the first wave of modem extinctions
to characterize our superficial concern for species
living in the turbulence of our downstream wake.
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E d i t o r ' s N o t e

Since this paper was presented (October 1992), an
additional 14 species of freshwater mussels have
been added to the federal Endangered Species List
(see table below). This brings the total number of
federally endangered mussel species to 56, or 19% of
the North American fauna.
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