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L. INTRODUCTION -

North American (NA) freshwater bivalve molluscs
(ctass Bivalvia) fall in the subclasses Paleoheterodonta {Su-
perfamily Unionoidea) and Heterodonta {Superfamilies
Corbiculoidea and Dreissencidea). They have entarged
gills with elongated, ciliated flaments for suspension feed-
ing on plankton, algae, bacteria, and microdecritus. The
mantle tissue underlying and secreting the shell forms a
pair of lareral, dossally connected lobes. Mantle and shell
are both single entities. During development, the right and
left mantle lobes extend ventrally from the dorsal visceral
mass to enfold the body. Each lobe secrets a calcareous
shell valve which remains connected by a mid-dorsal isth-
mus (Allen, 1985). Like all moltuscs, the shell valves con-
sist of outer proteinaceous and inner crystalline calcium
carbonate elements (Wilbur and Saleuddin, 1983). The lat-
eral mantle lobes secrete shell marerial marked by a high
proportion of crystalline calcium carbonare making them
thick, strong and inflexible, while the mantle isthmus se-
cretes primarily protein, forming a dorsal elastic hinge lig-
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ament uniting the calcareous valves {Fig. 1). The hinge lig-
ament is external in all freshwater bivalves. Irs elasticity
opens the valves while the anterior and posterior shell ad-
ductor muscles (Fig. 2) run between the valves and close
them in opposition to the hinge ligament which opens
them on adductor muscle relaxation.

The mantle lobes and shell completely enclose the
bivalve body, resulting in cephalic sensory structures be-
coming vestigial or lost. Instead, external SEnsory Struc-
tures are concentrated on the mantle margins where they
are exposed to the external environment when the valves
open. Compared to other molluscs, the bivalve bedy is
laterally compressed and dorso-ventrally expanded,
adapting them for burrowing in sediments, enclosure by
shell valves and mantle protecting their soft tissues from

“abrasion and preventing fine sediments from entering
“the mantle cavity where they could interfere with gill
- suspension feeding. These adaptations along with a

highly protrusile, muscular, spadelike foot used for bur-
rowing, have made bivalves the most suceessful infaunal
suspension feeders in marine and freshwater habirars.
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dreissenoidean freshwater bivalves,

The NA bivalve fauna is the most diverse in the
world, consisting of approximately 308" extent native
and seven introduced taxa (Turgeon et al.,, 1998). The
majority of species fall in the superfamily Unionoidea
with 278 native NA and 13 recognized subspecies in 49
genera in the family, Unionidae and five species in two
genera in the farhily, Margaritiferidae, Many species in
this group have unique morphological adaptations and
highly endemic, often endangered populations {Neves
et al., 1997). In the superfamily, Corbiculoidea, the
family Sphaeriidae, has 36 native and four introduced
NA species. While failing into only four genera, the
Sphaeriidae are more cosmopolitan than unionoideans
{note “unionoideans” as used here refers to all species

within the superfamily, Unionoidea while “unionid™

used later in the chapter refers only to those
unionoidean species in the family, Unionidae), several
genera and species having pandemic distributions.
Corbicula fluminea falls within the Corbiculacea {fam-

is of {A} corbiculoidean, (B} unioroidean, and {C)

ily Corbiculidae). This species invaded NA freshwarers
in the early 1900s and now extends throughour the
coastal and southern United States and Mexico, be-
coming the dominant benrhic species in many habitats
(McMahon, 19832,1999). More recently, two dreis-
senid species, Dreissena polymorpha (zebra mussel)
and Dreissena bugensis (quagga mussel} have invaded
North America. D. polymorpha was discovered in
Lake St. Clair and Lake Erie in 1988 after introduction
in 1986. It now extends throughout the Great Lakes,
St. Lawrence River, and the Mississippi River and most
of its major tributaries (Mackie and Schloesser, 1996).
D. bugensis was first found in the Erie-Barge Canal and
eastern Lake Erie, NY, in 1991 and has since spread
through Lakes Erie and Ontario and the Sc. Lawrence
River (Mills et al., 1996). Both species are likely to
have been simultaneously introduced as plankronic
veliger larvae released with ballast water from ships en-
tering the Grear Lakes from ports on the Bug and
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FIGURE 2 General external anatomy of the soft rissues of (3) corbiculoidean, (B} unionoidean, and

(C) dreissencidean freshwater bivalves.

Dnieper rivers in the Black Sea, Ukraine (Marsden
etal.,, 1996, Mills et al., 1996).

{l. ANATOMY AND PHYSIOLOGY

NA freshwater bivalves fall into three superfamilies:
Unionoidea, Corbiculoidea, and Dreissencidea. Exter-

nal shell morphology among these groups vary (Fig. 1),

buc their soft tissue morphologies are relatively similar
and, thus, will be discussed in general terms below.

A. External Morphology
1. Shell

Bivalve shells consist of calcium carbonate
{CaCOy) crystals embedded in a proteinaceous matrix,
both secreted by underlying mantle tissue. In most
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FIGURE 3 A crosssection through the mantle and shell edges of a typical freshwater
unionoidean bivalve displaying the anatomic features of the shell, mantle, and mantle edge.
Sphaeriids have a complexed cross-famellar shell structure and lack nacre, but their mantle

edge has a similar structure.

bivalves, the shell consists of three parts: an outer pro-
teinaceous periostracum. secreted from the periostracal
groove in the mantle edge, and underlying, calcareous
prismatic and nacre layers in which CaCQj crystals are
embedded within an organic martrix (Fig. 3). The pe-
riostracum is initially secreted free of the other layers,
bur soon fuses with the underlying prismatic layer se-
creted by a portion of the mantle edge jusr.external o
the periostracal groove {Fig. 3). The prismartic layer
consists of a single layer of elongated CaCOy crystals
oriented 90° to the horizontal shell plane (Fig. 3). The
periostracum edge seals the extrapallial space between
mantle and shell, allowing CaCOQ; concentrations in
that space to reach saruration levels required for crystal
deposition (Saleuddin and Pedz, 1983). The ranned
protein of the periostracum is impermeable to water,
preventing shell CaCOj; dissolution. Layers of conchi-
olin {i.e., tanned protein) occurring wichin unionoidean
shells, are suggested to retard shell dissolution in cal-
cium poor freshwaters and are not found in the Cor-
biculoidea or Dreissenoidea {Kat, 1985). The nacreous
layer is continuously secreted by underlying mantle ep-
ithelium. It consists of consecurive layers of small
CaCQ; crystals deposited parallel to the shell plane
embedded in an organic matrix of chitnlike mu-
copalysaccharide and protein {Machado et al., 1994)
(Fig. 3). Microstructure and texture patterns of CaCO;
ceystals differ among major molluscan classes and in-
terspecifically within groups (Hedegaard and Wenk,
1998). Continual secretion of the nacreous layer thick-

ens and strengthens the shell, thus accounting for most
of its mass. :

Calcium (Ca®*) and bicarbonate (HCO;™) neces-
sary for shell CaCO; crystal deposition are transported
from the external medium across the body epithelium
into the hemolymph (blood). HCO;™ ions are also gen-
erated from metabolically released CO; reacting with
hemolymph  warer (CO, + H,O = H* + HCO;™).
These ions are actively transported across the mantle
into the extrapallial fluid for CaCO; deposition into
the shell matrix {(Wilbur and Saleuddin, 1983).

- CaCO; crystal formation requires release of pro-
tons (H®) (Ca*" + HCO;” == CaCO; + H*) which
must be removed from the extrapallial fluid in order to
maintain the high pH required for CaCO; deposition
(extrapallial fluid pH 7.4-8.3). It is proposed that H*
combines with FICO;™ to form H,CO;, followed by
dissociation into CO, and H,O which diffuse from the
extrapailial fluid into the hemolymph. The enzyme,
carbonic anhydrase, which catalyzes this reaction, is
present in mantle tissue (Wilbur and Saleuddin, 1983).
Extrapallial fluid pH is higher in freshwarer than ma-
rine bivalves, favoring shell CaCQ; deposirion at the
lower Ca®* concentrations of the dilute hemolymph of
freshwater species (Wilbur and Saleuddin, 1983).

CaCOj; and shell matrix precipitate from the extra-
pallial fuid. Ca®* and HCO;~ are actively concen-
trated in the excrapallial fluid, thus favoring CaCOj; de-
position (Wilbur and Saleuddin, 1983}, The organic
shell marcrix separates individual calcareous crystals



and binds them with the crystal layers into a unified
structure. [t also has crystal-nucleating sites {possibly
composed of Ca’*-binding polypeptides) on which
CaCOj, crystals initially form. CaCOj crystals grow on
these sites to produce a new layer of nacre (Wilbur and
Saleuddin, 1983)..

A minimum of one ATP appears to be required for
deposition of two Ca’*ions, with addicional ATP re-
quired for active HCO3~ transport {Wilbur and Saleud-
din, 1983). Thus, fast-growing bivalves or those with
massive shells must devote increased proportions of
-maintenance energy.to shell mineral deposition. Depo-
sition of shell organic matrix and periostracum also re-
quires metabolic energy in the form of four AYP for
every peptide bond. Although rarely more than 10% of
shell dry mass, the shell organic matrix can account for
30-50% of the total dry organic matter (i.e., shell +
 tissue organic matter), requiring up to one-third of the
total energy allocated to organic growth (Wilbur and
Saleuddin, 1983). Fast-growing, thin-shelled species
may devote proportionately less assimilated energy to
shell production than slower growing, thick-shetled
species, allowing greater energy allocaton to tissue
growth and reproduction, thereby increasing fitness.
However, a thinner, more fragile shell increases proba-
bility of predation, lethal desiccation or damage
and/or dislodgment from the substrate, reducing fit-
ness. Shell sculprure and shape appear highly correlated
with habitat among unionoideans. Species adapted to
soft subscrates in low-flow habitats have thinner shells,

with smaller hinge teeth and greater lateral compres-
" sion preventing sinking into the substrate while those
adapted to faster flowing habitats with harder sub-
strates have, thicker, more inflated, more sculptured

shells which anchor them more firmly in the substrate,

preventing dislodgment during high water flow (Wat-
ters, 1994a). Similarly, concentric sulcations on the
shells of Corbicula fluminea increase anchoring capac-
ity in their lotic habirats (McMahon, 1995). Therefore,
the ratic of energy allocation to shell versus tissue
growth appears to be an adaptive strategy, energetic
rrade-offs between these two processes being evolved
under species-specific niche selection pressures (see Sec-
tion [IL.B). ) _

Shell external morphology varies among species.
Externally, shelis may have concentric or radial corru-
gations of varying sizes and densities, ridges, pigmented
rays or blotches in the periostracum. These features,
along with shape of the posterior shell ridge and over-
all shell shape are major taxonomic characters for dis-
tinguishing species (see Section V). Another major ex-
ternal shell feature is the umbo or beak, an anteriorly
curving, dorsally projecting structure on each valve,
which is the oldest portion of the shell (Fig. 1).
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Major internal shell features include the hinge and
projecting hinge teeth, which interlock to hold the
valves in exact juxtaposition, forming the fulcrum on
which they open and close, and various mussel scars.
These can also be major taxonomic characrers (see Sec-
tion V). In corbiculids, massive conical cacdinal teeth
form just below the umbos (one in the righe and two in
the left valve), anterior and posterior of which lie lac-
eral teeth, usually in the form of elongate lamellae (Fig.
1A). In contrast, unionoideans have no true cardinal
teeth. Instead, massive, raised, pseudocardinal teeth de-
velop near the umbonal end of the anterior lateral

teeth, serving a function similar to cardinal teeth, Elon-

gated, lamellar, posterior lateral teeth extend posteri-
orly from the umbos (Fig. 1A). Among the
unionoideans, hinge teeth are vestigial or lost in the
tribe Anodontini. The superfamily, Dreissenoidea, is
characterized by a mussel-type shell withour teeth in
which the anterior end is greatly reduced and posterior
end expanded. Thus, the umbos lie at the anterior end
making the sheil decidedly, anteriorly pointed (Fig.
1C). The nacre of freshwater bivalve shells may have
species-specific colors. Internal-shell muscle scars mark
the insertion points of anterior and posterior adductor
muscles, anterior and posterior pedal (foot} retractor
muscles, pedal protractor muscies and pallial line mus-
cles which attach the mantle margin to the shell (Figs. 2
and 3). Posteriocly, the pallial line may be indented
marking the pallial sinus into which inhalant and exha-

. lant siphons are withdrawn during valve closure. The

extent of the paliial sinus is directly correfated with size
and length of the siphons. '

2. Locomotory Structures and Burrowing

With the exception of epibenthic dreissenoids
which attach to hard substrates with proteinaceous
byssal threads, the vast majority of NA freshwater bi-
valves burrow in sediments. Some species lie on a hard
substrate, using the foot to wedge into crevices or un-
der rocks. All species locomote with a muscular, motile,
anterio-ventrally directed, protrusile foot (Fig. 2).

Bivalve burrowing has been detailed by Trueman
{1983) and described for the unionidean, Anodonta
cygnea {Wu, 1987). The burrowing cycle begins with
relaxation of the adductor muscles, allowing shell
valves to open against the substracum by hinge ligament
expansion, thus anchoring the shell in place. Contrac-
tion of transverse and circular muscles around pedal he-
molymph sinuses (i.e., open blood spaces) causes the
foot to narrow and lengthen, forcing it anteriorly into
the substrate. Once extended, its distal tip is anchored
either by expansion with hemolymph or lateral curving
into the substrace. Shell adductor muscles then contract,
rapidly closing the valves, releasing their hold on the
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substrate. Rapid valve closure expels a jet of water from
the mante cavity, anteriorly through the pedal gape,
loosening compacted sediments at the anterior shell
margin. Thereafter, alternating contraction of anterior
and posterior pedal retractor muscles simultaneously
rock the anterior shell margin dorsoventrally and pull it
forward into the loosened sediments against the an-
chored foot tip. Once a new position is achieved, sheil
adductor muscles relax, re-anchoring the open valves in
the substrate, reinitiating the burrowing cycle. NA
freshwater bivalves have relatively short siphons (the

_mantle edges are not fused to form true siphons in . .

unionoideans and siphons are highly reduced or absent
in some species of Pisidinm}, thus, they generally are
found either just beneath the sediment surface or with
the posterior shell margins just above ir. Living near the
sediment surface can lead to dislodgment, thus a
number of riverine unionoidean taxa have shell and
pedal morphologies adapted for rapid reburial (Watters,
1994a).

Many juvenile freshwater bivalves crawl consider-
able distances over the substrate before settlement,
holding the shell valves upright on an extended,
dorsoventrally flartened foot. Such surface locomotion
also occurs among adult sphaeriids {Wu and Trueman,
1984) and in juvenile C. fluminea {observed by the au-

“thort. Crawling involves extension of the foot, anchor-
ing its tip with mucus and/or a muscular arrachment
sucker, followed by pedal retractor muscle®contraction

which pulls the body forward. Pedal surfice locomo-

tion is reduced or lost in most adult unionoideans, but
is retained to varying degrees in adult sphaeriids, C.
fluminea and dreissenids. Adulr dreissenids may spon-
taneously release from the byssus and crawl long dis-
tances before re-attachment. Single byssal threads are
produced during crawling to prevent dislodgment.
Pedal locomotion is particulasly common in juvenile
and immature dreissenids and allows their escape from
tocaily poor conditions or highly dense mussel clumps
(Clarke and McMahon, 1996a).

B. Organ-System Function
1. Circulation

Bivalves have an ‘open’ cir¢ulatory system in which
hemolymph is not always enclosed in vessels. Rather,
circulatory fluid is carried by vessels from the heart to
various parts of the body where it passes into open,
spongy hemocoels (i.e., blood sinuses). In the hemo-
coels, it bathes tissues directly, percolating through
them before returning to the heart via the gills, Circula-
tory fluid in open systems is called “hemolymph.” Bi-
valves have large hemolymph volumes, accounting for

49-55% of toral body water (Jones, 1983). The bi-
valve heart ventricle uniquely surrounds the rectum
and pumps oxygenated hemolymph from the gills and
mantle via the kidney through anterior and posterior
vessels (Jones, 1983, Narain and Singh, 1990) (Fig. 4)

. which subdivide into smaller vessels to various parts of

the body, including pallial arteries to the mantle and
visceral arteries to the visceral mass and foot. These
secondary arteries further subdivide into many tiny ves-
sels that open into the hemocoels where cellular ex-
change of nutrients, gases, and wastes occurs. There-
afrer, deoxygenared hemolymph-is. carried from. the
body tissues and organs to the mantle and giils to be
reoxygenated and, thence, to the heart. Evolution of an
open circulatory system in molluscs, including bivalves,
is associated with coelom reduction, The heart ventricle
is surrounded by a coelomic remnaat, the “pericardial
cavity,” enclosed by the pericardial epithelium or “peri-
cardium.” Other coelomic remnants include spaces
comprising the kidneys {‘coelomoducts’) and gonads
(Jones, 1983). .

Like most bivalves, the hemolymph of all freshwa-
ter species has no specialized respiratory pigments for
O, transport (Bonaventura and Bonaventura, 1983).
Instead, O, is transported dissolved directly in the he-
molymph fluid which has an Oj-carrying capacity es-
sentially equivalent to water. The very low metabolic
demands and extensive gas exchange surfaces {mantle
and gills) of bivalves allow maintenance of a primarily
aerobic metabolism in spite of a reduced hemolymph
O;-carrying capacity. As proteinaceous respiratory pig-
ments are the primary blood pH buffer in most ani-
mals, bivalve blood acid-base balance is dependent on

.other mechanisms {see Secrion [1.C.3).

2. Gills and Gas Exchange

In lamellibranch bivalves, including all NA fresh-
water species, the gills are expanded beyond the re-
quirements for gas exchange as they are also used for
suspension {filter) feeding {Fig. 2), the main mode of
food acquisition for the majority of species (see Section
LL.C.2). The lefr and right gills, or crenidia, consist of
an axis which extends anterolaterally along the visceral
mass. Many long, thin, inner and outer Hlaments ex-
tend laterally from the axis. In all NA freshwater bi-
valves, filaments are fused together (an evolurionarily
advanced condition) and penetrated by a series of pores
or ostia (Le., eulamellibranch condition). From the
axis, the filaments first extend ventrally {descending £l-
ament limbs) and then reflect dorsally {ascending fla-
ment limbs} to aztach distally to the dorsal mantle wall
{outer filaments) or the dorsal side of the viscerai mass
(inner filaments), forming two V-shaped, porous cur-
tains called the outer and inner “demibranchs” (Fig. 5).



11. Mollusca: Bivalvia

DORSAL
A

337

Esaphagus
Mid-Gut
Anterior Adductor Muscle

. Mouth
Labicl Paips

Foot

ANTERIOR

B

Rengl Opening
Gonadal Opening
Digestive Diverticulum

Anterior Adductor Muscle
Escphogus

Mouit

Labial Palps

Faat

..;anll;‘lﬂﬂlﬂmﬂﬁiﬁiﬁ;u

Digastive Diverticuium
Pericardjum
Pericardial Covity
Veniricle
Ayricle
Kidaay
Gonad
Rectum

g —-Exniatant Siphon
3 Anus

: Postarior Adduttor Muscle
§——inhalant Siphon

' Common Rangl and Gonod Opening
Ctenidium {Gill)
Montte Cavily
Sheit
Mantle Edge

POSTERIQR

Pseudocarding! Tasth

Paricardium

Pericardinl Cavity

Posterior Latergl Teeth
Vaniricie

xhatant Siphan
¥ &.——inhalgnt Siphon

i
LA

=—Pasterior Adductor Muscle
Z [t}

Kidnay
Eptbranchial Cavity
Clenidium {Gil)
Mentie Edge

Gui
VENTRAL
C Ventricle Hind Gut
Pericardiat Cavity \ Auricle  Rectum  Posterior Byssal Retractor Muscle
Perlcgecium Epibranchial Cavity
Hidney

Commeon Renal and Genital Opening
Digastive Diverticula

Myuphbrﬂ
Shett Plate

Posterior Adductor Muscle

Inhalant
Slphon

Gonad
Style Sac
Foad Groove

Ctenidium (Gill)
Marta
Mantie Edge
Shell * Mante Cavity

VENTRAL

FICURE 4 General internal anatomy, organs, and organ systems of the soft tissues of {A)
corbiculoidean, (B) unionoidean, and {C) dreissencidean freshwater bivalves.

The demibranchs completely separate the mantle cavity
into ventral inhalant and dorsal exhalant portions. The
descending and ascending filament limbs are held
closely adjacent by rissue bridges called “interlamellar

junctions” and enclose an area called a “water tube” or
interlameliar space (Fig. 5).

Feeding and respiratory currents are sustained by
“lateral cilia’ on the adjacent exrernal filament surfaces



338 - Robert F. McMahon and Acthur E. Bogan

Siractian af Wetd? Flo

e Mot e Cawity. o

Gill Axis
Epibronchial Cavities

tnteriameilar Space

Effarent Branchicl Vesassl

Affarant Branchial
Vessals

i Ascanding Limbs of
ipner Damibegngh
Gill Fllaments

Regtum

DORsAL Paricardium

Epibranchial Cavity
Affarent Blood Vessels
Gili Axis '
Efferent Blacd Vessel
Ascending Gill Filoments
of Quter Demibranch
Descanding Gill Fitlaments
of Quter Demibranch
Intarlgmailar Space
(Water Tube)
interlamellar Junction
Ascanding Gill FHamants
of ianer Demibranch
Qescanding Gill Filamenis

aritle

3 2 '
f Fact o
Quter Qemibranch .
‘ laner Demibranch Ct?g;ﬁ}“m
/ Food Groove
-Manile Edge
VENTRAL '

Mantia Cavity

Gili Axis

6

-
i =g pibranchial Cavi
iy . pibranchig avity
. W Gstin ,"‘y"""‘* Afferent Sraachigl Vesssls
Intarlgmeliar Junetich \\ 5 . /l’z/"’ Giil Filament forming
) irgetion of s Quter Demib
Ascending Limbs of -~ Watar Flow b /4 Gill Fiigmnm ?g}‘mri?\gch
Quter Qemibranch _ lanar Demibranch
Gill Filamants aad Groogve Mantle

Qstig“

Vantal tnhaiant

Montle Cavity Descending Limbs of

Direction of Cilary
Transpor! of Particies YENTRAL
Filtered an tha Gill

Mantle Cavit
Clenidium (GHli)
Faod Groove

lnner and Quisr Demibrench

Gilt Filoments

of inner Oemibranch

FIGURE & The structural features of the gills {crenidia) of freshwater bivalves. (A} Cross section through the
central visceral mass, crenidia, and mantle of a typical freshwarer unionoidean; with high magnification view
showing details of Alaments, ostia, and ciliation. (B} Diagrammatic representation of the respiratory and
feeding currents across the crenidium, {C) Diagrammatic cross-sectional representation of lammeliibranch
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{Fig. 5). They drive water encering the inhalant mantle
cavity via the inhalant siphon or siphonal notch
through the ostia berween filaments into the water
tubes. Water passes dorsally up the water tubes into
the dorsal ‘exhalant mantle cavity, called the
“suprabranchial cavity” or “epibranchial cavity,”
formed above the ctenidial curtain where it flows pos-
teriorly, exiting via the exhalant siphon or siphonal
notch (Figs. 2 and §).

While the lateral cilia drive water across the gill,
rate of water flow is partially controlled by size of the
ostia. In unionoideans, two muscle bands control ostial
pore size. Antero-posterior oriented muscle bands are
arrached to vertically oriented chitinous filamenr sup-
porting rods which alternare with rows of ostia. Hori-
zonaral muscle contraction pulls adjacent supporting
rods together to reduce ostial pore diameter, slowing
water flow. A second set of muscle bands run dorso-

ventrally between rows of ostia and, when contracted,
increase ostial diameter, increasing fiow rate. Ostial di-
ameter of unionoidean gills increased 2~3 times with
exrernal application of the neurotransmitter, serotonin,
and external seroronin and dopamine application in-
creased lateral cilia activity, suggesting thar gill water
flow is ultimately under rervous system control (Gar-
diner et al., 1991). Similar muscular conrrol of osrsial
diameter occurs in Dreissena polymorpha where con-
traction of horizontally oriented muscle bands and
spincterlike ostial muscles reduce ostial diamerer, slow-
ing water flow. External application of serotonin re-
laxes these muscles increasing ostial diameter and gill
water flow [Medler and Silverman, 1997).

3. Excretion and Osmoregulation

Freshwater bivalves, like all freshwater animals,
have hemolymph and tissue osmotic concentrations



greates than the very dilute freshwater medium, resuls-
ing in constant ion loss and water gain. Osmoregula-
tory problems are compounded by the extensive gill and
mantle surfaces of bivalves over which ion and water
fluxes occur (Dietz, 1985). To reduce these fluxes, fresh-
water bivalves have evolved the lowest hemolymph and
cell osmotic concentrations of any metazoan, being
20-50% of that found in most other freshwater species
{Dietz, 1983). In spite of their reduced osmotic concen-
tration, the extensive epithelial surfaces of bivalves still
cause water and ion fluxes to be greater than those
_recorded in other freshwater species, leading to urine
clearance rates of 20-50 ml/k per hour (Dietz, 1985).

In unionoideans, Na* is taken up in exchange for
outward transport of the merabolic waste cations, H*
and NH,*, and, perhaps, Ca**. Chloride (Cl™) ion up-
take is in exchange for metabolically produced HCO;~
cor QF~. Active Ca?*" uptake also occurs {Burton,
1983). In freshwater snails, the major source of Ca?* is
ingested food {McMahon, 1983b), while the relative
roles of food and transport in the Ca*" balance of
freshwater bivalves are unknown. Sodium ion (Na')
uptake does not require presence of Cl™ which is in-
dicative of separate transport systems for these ions
{Burton, 1983); however, freshwater dreissenids appear
to co-transport Na*® and Cl~ {Horohov et al, 1992},
While active transport is the major route by which
unionoideans gain ions, exchange diffusion (i.e., trans-

port of an ion linked with diffusion of a second ion

species down its concentration gradient) accounts for
67% of Na* uptake in C. fluminea. C. fluminea and
D. polymorpha have higher ion-transport rates than
unioncideans and sphaeriids, reflecting their geologi-

- cally recent penétration of freshwaters (Dierz, 1985,

Horohov et al., 1992, Wilcox and Dietz, 1995). C. flu-
minea has a hemolymph solute concentration that is
higher {Dietz, 1985} and D. polymorpha, that is lower
than most other freshwater bivalves {Dietz et af.,
1996a). The low hemolymph ion-concentration of D.
polymorpha occurs in spite of its high rates of active
ion uptake, indicating thar it is much more ion-perme-
able than other freshwater bivalves, perhaps due to its
recent evolutionary invasion of freshwaters (Dietz
et al., 1994, 1995, 19964, b). In conrrast, epithelial ion
permeability in C. fluminea is low {Zheng and Dietz,
1998a) and active ion uptake rate high {Zheng and Di-
etz, 1998b), allowing mmintenance of higher he-
molymph ion concentrations and tolerance greater am-
bient osmelarity variation than other freshwarer
bivalves {Zheng and Dietz, 1998b). Interestingly, ex-
change diffusion may account for up to 90% of ClI”
turnover in unionoideans in pond water, but when salt-
depleted, active transport dominates Cl uptake (Dierz,
1985). Na* and Cl~ uptake can occur over the body
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epithelia in unionoideans, bur the majority occurs over
the gills (Dietz, 1985), with the epithelial cells of water
canals connecting gill ostia to warer tubes being a ma-
jot site for active ion and osmotic regulation {Kays
et al,, 1990). Active ion uptake and hemolymph-ion
concentrations in unionoideans and, by inference,
other freshwater bivalves, may be regulated by neuro-
transmitter substances refeased by gill neurons {Dierz
et al., 1992},

Excess water is ‘eliminated via coelomoducts or
kidneys. The heart auricle walls initially ultrafilter the

blood. Hydrostatic pressure generated by auricle con-

traction forces blood fluid, ions and small organic mol-
ecules through the auricle walls into the pericardial
cavity surrounding the heart. Filtration occurs through
podocyte cells of the pericardial gland lining the inner
auricular surface and, perhaps, through the efferent
branchial vein running from the longicudinal kidney
vein to the auricles (Martin, 1983} (Fig. 6). Only larger
hemolymph protein, lipid and carbohydrate molecules
cannot pass the pericardial gland filter. The filtrate exits
the pericardial cavity via left and right “renopericardial
openings” in the pericardial wall to enter the “reoperi-
cardial canals” leading to the left and right kidneys.
Larger organic waste molecules are actively transported
into the filrate by the kidney. In the Unionoidea, the
rectal wall is extremely thin where surrounded by the
ventricle, suggesting that larger organic waste mole-
cules may be transported through it directly into the
rectum in this region (Narain and Singh, 1990). Com-
peted excretory fluid passes via “nephridiopores” into
the epibranchial cavity to be carried on exhalant water
flow out the exhalant siphon (Figs. 2 and 4A) {Martin,
1983}

While little studied in freshwater bivalves, the kid-
ney is the presumed site of major active ion resorption
from the filtrate into the hemolymph. Dietz and Byrne
(1999} have demonstrated reabsorption of filtrate sul-
fate ion (50,7Y) in the kidney of D. polymorpha. As
kidney walls appear relatively impermeable to water,
active filtrate-ion resorption leads to formation of a
dilute excretory fluid facilitating excess water excretion
with fltrate osmolarity being 50% that of hemolymph
in the unionid, Anodonta cygnea {Martin, 1983).
Filtrate-ion reabsorption is less energetically expensive
than active-ion uptake from the freshwater medium
because ion-concentration gradients between coelo-
moduct fluid and hemolymph are far less than those
berween hemolymph and freshwater.

Due to rapid water influx, an elevated excretory fluid
production is required in freshwater bivalves to maintain
osmotic balance, being approximately 0.03 ml/g wet
tissue per day in A. cygrea (Martin, 1983). In D. poly-
morpha excretory fluid production was 2-3 mL/g dry



340 Robert F. Mehahon and Arthur £, Bogan

Pericardium

Pericardial
Cavity

Peg“‘;‘cur‘d‘i‘é‘]“”m e

Glagnd

Kidney

Excremry ";ll/
Far
[nner Epibmnchial/ 2

Cavity

NVentricle

-
./“’“\

<m'u;aﬂ

Auricie

Renopericardial
Canal

Afferent Branchial Vein

t.ongitudinal Vein
of Kidnay

Kidney Luman

Maniie

Quter Epibranchial
Cavity

Descending

Filaments of
Innar and Outer

_ Demibranchs
FIGURE & Cross-sectional representation of the anatomic features of the excretory system of 2 typi-
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tissue per day (Dietz and Byrne, 1999) which, when con-
verted to a wet tissue weight value of 0.1-0.15 mL/g
dry tissue weight per day (based on dry tissue weight be-

ing 0.05 wet tissue weighz) is 3.3-5.0 times greater than -

that of A. cygnea (Martin, 1983), reflecting the high ep-
ithelial osmotic permeability of D. polymorpha com-
pared to other freshwater bivalves (Dietz et al., 1996a,
b). In. spite of renal ion absorption, the excretory fluid of
freshwater bivalves has a considerably higher ion concen-
tration than freshwater, making excretion a major av-
enue of ion loss. lons lost by excretion and epithelial dif-
fusion are recovered by actve transport from the
medium across epithelial surfaces, particularly that of the
gills (Dietz, 19835, also see Section I1.C.6).
The main nitrogenous waste product of freshwater
bivalves is ammonia (NH;) diffused across external
epithelia as dissolved NH; or ammonium ion (NH,*).
- NH,* can also be actively transported to the external
medium. In marine bivalves, 65~72% of nitrogen

excretion is as ammonia/ammonium ion and 13-28%
as urea (Florkin and Bricteux-Gregoire, 1972}, values
likely to be similar in freshwater species. Some fresh-
water unionoideans appear to be able to deroxify
ammonia/ammonium ions by conversion to urea aad,
perhaps, amino acids and proteiris {Mani et al., 1993).

4. Digestion and Assimilation

Freshwarter bivalves are suspension (filrer) feeders,
filtering algae, bacteria and suspended microdetrizal par-
ticles from water flowing through the gill, Filtered mate-
rial is transported by gill ciliary tracks to the “labial
palps™ where it is sorted on corrugated ciliated surfaces
into food and nonfood particles before food particles are
carried by cilia to the mouth. Some freshwater species
may also utilize the foor to feed on sediment organic
detrital particles {Reid er al, 1992}, Filter and pedal de-
tritus feeding are described in Section III.C.2, while this
section is devoted to food digestion and assimilation.



The bivalve mouth is a simple opening flanked lat-
erally by left and right pairs of labial palps, whose cil-
iary tracks deliver filtered food from the gills to the
mouth as a constant stream of fine particles. After in-
gestion, food particles pass through a short, ciliated
esophagus where mucus secretion and ciliary action
bind them into a mucus string before entering the
stomach. The stomach, lying in the anterio-dorsal por-
tion of the visceral mass {Fig. 4), is a complex structure
with ciliated sorting surfaces and openings to a number
of digestive organs and structures. On its ventral floor,
posterior to the opening of the midgut, is an elongated,

“gvaginated, blind-ending tube, the “style sac.” The dis=

tal end of the style sac secretes the “crystalline style,” a
long mucopolysaccharide rod that projects from the
style sac into the stomach. Style-sac cells secrete diges-
tive enzymes into the style matrix and have cilia which
slowly rotate the style. Stomach and style pH ranges
from 6.0-6.9, acidity depending on phase of digestion
(Morton, 1983).

The rotating style tip projects against a chitinous
plate or “gastric shield” on the dorsal roof of the stom-
ach. The gastric shield is penetrated by microvilli from
underlying epithelial celis, believed to release digestive
enzymes onto the shield surface {Morton, 1983). Style
rotation mixes stomach contents and winds the
esophageal mucus food string on.to the style tip where
slow release of its embedded enzymes begins extracellu-
lar digestion. Abrasion of the style tip against the gas-
tric shield, triturates food particles and allows their fur-

ther digestion by enzymes released from the eroding

style matrix and from digestive epithelial cells underly-
ing the shield.

Afrer initial trituration and digestion at the gastric
shield, food particles released into the stomach may
have several fates. Particles are size-sorted. A ciliated
ridge, the “ryphlosole,” running the length of the
midgut returns large particles to the stomach for fur-
ther digestion and trituration and eventually selects and
passes indigestible particles to the hindgut/rectum for
egestion. Ciliated surfaces on the posterior “sorting
caecum” of the stormach direct sufficiently small food

particles into tubules of the “digestive diverticulum”™

for final intracellular digestion (Fig. 4). The diverticula
have the lowest fluid pH of the gut {Morton, 1983).
Larger food particles falling on the caecum are recycled
into the stomach for further trituration and enzymatic
digestion, thus particles may pass over its ciliazed sort-
ing surfaces several times before acceptance for intra-
cellular digestion or rejection into the rectum to form
feces.

Digestive cells lining the [umina of the tiny, bliad-
ending, terminal tubules of the digestive diverticula
take up fine food particles by endocytosis into food
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~vacuoles for final digestion and assimilation. Afrer

completion of intracellular digestion/assimilation, the
apical portions of the digestive cells, which contain
food vacuoles with undigested wastes and digestive en-
zymes, are shed into the tubule lumina as “fragmenta-
tion spherules” which are returned to the stomach on
ciliated rejection pathways. Breakdown of fragmenta-
tion spherules in the stomach releases their food vac-
uole contents, hypothesized to be a major source of

stomach acidity and extracellular digestive enzymes

{Morton, 1983).

Rejected indigestible matter passes through the
shiort hirdgut into the rectum for egestion from the
anus, opening into the epibranchial cavity on the poste-
rior face of the posterior shell adductor muscle just up-
stream from the exhalant siphon or opening, allowing

feces expulsion on the exhalant current. Undigesred

particles are consolidated into discrete, dense, fecal pel-
lets by mucus secrered by the hindgut/rectum, prevent-
ing their uptake on the inhalant current.

The cerebropleural and visceral ganglia release
neurohormones which influence glycogenesis (Joosse
and Geraerts, 1983}, The vertebrate glycogenic hor-
mones, insulin and adrenalin, have similar effects on
unionoideans. Iasulin injected into the Indian unionid,
Lamellidens corrianus, resulted in declining hemolymph
glucose concentration and increase in pedal and diges-
tive diverticular glycogen stores, while adrenaline injec-

- tion induced glycogen store breakdown and increased

hemolymph sugar concentration (Jadhav and Lomte,
1982b). Elevated hemolymph glucose concentrations
stimulates gut epithelial cells to produce an insulin-like
substance in the unionoideans, Unio pictorum and A.
cygnea, which stimulated activity of glucose syntherase,
increasing uptake of hemolymph glucose into glycogen
stores (Joose and Geraerts, 1983). Cerebropieural gan-
glionic neurosecretory hormones regulate pedal and di-

‘gestive diverticular accumulation and release of protein

and nonprotein stores in L. corrianus {Jadhav and
Lomte, 1983}, :

5. Reproductive Structures

The paired gonads of freshwater bivalves lie close
to the digestive diverticula, Among unionoideans, their

" paired condition is difficult to discern. Unionoidean go-

nads envelop the lower portions of the intestinal tract
and sometimes extend into the proximal portions of the
foot (Fig. 4B}, while those of sphaeriids, C. fluminea,
and freshwater dreissenids lie more dorsally in the vis-
ceral mass, extending on either side of the stomach, in-
testine and digestive diverticula (Fig. 4A, and G
Mackie, 1984; Claud: and Mackie, 1993). A short gon-
oduct leading from each gonad opens into the epi-
branchial cavity allowing gamete release on exhalant
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FIGURE 7 Schemartic representations of typical reproducrive sys-
tems of bivaives. {A} The primitive condition in same marine bivalve
" species: male or female gametes are released from the gonoduct open-
ing inco the kidney and passed externally through the excretory pore
{(shown here is a primitive marine hermaphroditic bivalve; the
anatomy is essentially similar in gonochoristic species). {B) Hermaph-
raditic freshwarer corbiculoidean bivalves (Corbicnla fluminea and
sphaeriids): male and female gameres are passed through the gonod-

ucts into the kidney duct close ro the excretory pore from which ga--

metes are shed. (C) Gonochoristic freshwater unionoideans: gametes
pass to the ourside through a gonoducr and gonopore totally sepa-
rate from the kidney duct and excretory pore. (Afrer Mackie, 1984.}

currents (Fig. 4). Among unionoideans, which are gen-
erally gonochoristic except for a few hermaphroditic
species of Anodontinae and Ambleminae (Hoeh et al,,

1995), the tracts and openings of the renal and repro- .

ducrive systems are entirely separate, an advanced con-
dition (Fig. 7C). In sphaeriids and C. fluminea, which

are hermaphroditic, the gonads have distinct regions in

which either male or female acini produce sperm or

eggs. In these latrer groups and. the gonochoristic fresh- -

water dreissenids, ducts carrying eggs or sperm unite
into a single gonoduct carrying gameres from each go-
nad into the distal end of the kidney—allowing gamete
discharge into the epibranchial cavity via the nephridial
canal and nephridiopore (Fig. 7A)—or directly into the
nephridial canal, discharging through a common pore
on a papilla in the epibranchial cavity (Fig. 7B; Mackie,
1984; Kraemer et al., 1986},

Almost all NA freshwater bivalves are ovovivipa-
rous, brooding developing embryos in specialized gill
marsupia. Only the dreisssenids release sperm and eggs
externally, leading ro development of free swimming
larvae {Nichols, 1996). In brooding species, interlamel-
lar spaces are modified to form gill marsupia (brood
chambers). Fuily formed juveniles are released from the
marsupia via the exhalant siphon in sphaeriids and C.
fluminea. In unionoideans, bivalved “glochidia larvae”
are released from either the exhalant siphon, special-
ized gill pores, or ruprures in the ventral margin of the
marsupial giils. Unioncidean glochidia parasitize fish
hosts before metamorphosing into free—living juve-
niles. Interlamellar spaces of the outer demibranch
form marsupia in unionoideans except in the subfam-

ily, Ambleminae, which form marsupia in both demi-
branchs (Burch, 1975b). In contrast, marsupia form in
the inner demibranchs of sphaeriids and C. fluminea.
Among species of the unionid genus, Lampsilis, marsu-
pia develop only in the posterior portions of the outer
demibranch from which glochidia are released through
small pores directly into the inhalant siphon (for fur-
ther details, see Section II1.B.1).

In C. fluminea, interlamellar marsupial brooding
spaces have no specialized scructures. In sphaeriids, em-
beyos are enclosed in specialized brood chambers evagi-

-nated from gill filaments into the interlameilar space.

Among anodonrid unionids, the marsupial interlamellar
space is divided by sepra into separate chambers associ-
ated with each filament. Each space is further subdi-
vided by lateral septa into a central marsupium and in--
ner and outer water tubes transport water from the gill
ostia to the epibranchial cavity, an advanced structure
not found in other unionoidean groups, In the primitive
unionocidean families, Margartiferidae and Amblemi-
nae, the entire outer demibranch forms the marsupium,
while among the more advanced tribes, Pleurobemini
and Lampsilini, the marsupia are limited to specific por-
tion of the outer demibranch (Mackie, 1984).

Some unionoidean species display sexual dimor-
phism, generally rare in other freshwater bivalves. In
sexually dimorphic species, glochidial incubation dis-
tends the female ourer marsupial demibranch (Mackie,

. 1984}, Thus, posterior portions of the valves of female

lampsilines are inflated compared to males, accommo-
dating the expanded posterior marsupia. Less obvious .
general inflation of the female shell occurs in the an-
odontids (Mackie, 1984).

Mongcecious unionoideans (some species Anodonti-
nae and Ambleminae) and all sphaeriids are generally
simultanecus hermaphrodites, concurrently producing
mature eggs and sperm. C. fluminea has an unusual
patern of producing only eggs early afrer maruriry
(shell length =6 mm) followed later by sperm produc-
tion, thereafter, remaining simultanecusly hermaphro-
ditic throughout life (Kraemer and Galloway, 1986).

Bivalves lack copulatory organs. Except for dreis-
senids which release both sperm and eggs externally
(WNichols, 1896}, freshwater bivalves rzlease only sperm
externally which is transported on inhalant currents of
other individuals to unfertilized eggs in the gill marsu-
pia. Among corbiculids, self-fertilization appears com-
mon in sphaeriids, occurring near the conjunction of
male and female gonoducts (Mackie, 1984), while, in
C. fluminea, embryos frequently occur in the lumina of
gametogenic follicles and gonoducts, indicative of self
ferrilization within the gonad (Kraemer et al, 1986).
Self-fertilization makes hermaphroditic species highly
invasive (see Section HLB).



Temperature appears to be the main reproductive
stimulus in most freshwater bivalves. Gametogenesis
and fertilization are initiated above and maintained
within critical ambiens water temperature thresholds.
Orher environmental factors which may influence re-
production include: neurosecretory hormones, density
dependent factors, diurnal rhythms, food availability
and parasites. .Evidence . for neurosecretory and
density controls has been demonstrated in sphaeriids
{Mackie, 1984}, Zebra mussels spawn in response to
the neurosecrerory hormone, serotonin, and presence
of algal extracts (Ram et al., 1996). Evidence of in-

...creasing. acrivity and metabolic rate during..dark .

hours in unionoideans (McCorkle et al, 1979;
Englund and Heino, 1994a), C. fluminea (McCorkle-
Shiley, 1982} and D. polymorpba (Borcherding,
1992) suggests that spawning activity and gamete/
glochidial/juvenile release rates may also display

. diurnal rhychmicity.

Sperm of freshwater bivalves may have ellipsoid or
conical nuclei and acrosomes of variable complexicy
(Mackie, 1984). Unionoidean sperm have rounded or
short cylindrical heads considered a primitive condi-
tion {Rocha and Azevedo, 1990; Lynn, 1994) while
that of Dreissena and Corbicula have elongate heads
(Kraemer et al., 1986; Ram et af., 1996). The sperm of
C. fluminea is uniquely biflagellare (Kraemer et al.,

1586). Sperm with elongate heads may be adapted for -

swimming in gonadal and oviductal fluids more vis-
cous than water and are associated with internal fertil-
ization in gonadal ducts rather in marsupia (Mackie,
1984). However, the elongate-headed sperm.of D.
polymorpha is an exception to this rule, because it ex-
ternally fertilizes the egg. D. polymorpha has sperm
with a straight head and an oval, bulbous acrosome
while D. bugensis sperm has a curved head with a con-
~ ically shaped acrosome {Denson and Wang 1994).
There appears to be specific site for sperm recognition

and entry on the vegetal pole of unionoidean eggs

(Truncilla truncata) where the vitelline coat forms a
corrugated surface surrounding a truncated cone
(Focarelli et al., 1990),

The eggs of freshwater bivalves are round and have
greater yolk volumes than marine species with plank-
tonic larvae. Only freshwater dreissenids have relatively
small eggs (40-70 um) associated with their external
fertilization and small, free-swimming veliger larva,
which grows considerably in the plankton before settle-
ment and metamorphoses to a juvenile (2193635 um)
{Nichols, 1996). The larger, yolky eggs of all other
species contain nourishment supporring development to
a more advanced juvenile/glochidium stage. The
Sphaeriidae, the smallest adult freshwater bivalves, pro-
duce the largest eggs, resulting in very small brood sizes
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ranging from 6-~24 per adult in the genus Sphaerium,
1-135 per adult in the genus Musculium, and 3.3-6.7
per adult in the genus Pisidiun {Burky, 1983). Adult
Musculium partumeium, only 4.0 mm in shell length
(SL), release juveniles of 1.4 mm SL {Hornbach et al.,
1980; Way et al., 1980). In conrrast, unionoideans and
C. fluminea have smaller eggs and release smaller
glochidia/juveniles (generally <0.3 mm SL) and have
much larger brood sizes (10°~10% per adult) (Burky,
1983; McMahon, 1999). The small eggs of zebra mus-
sels allow them to have massive fecundities of >10% per
adult female (Nichols, 1996) required for successful ex-

ternal fercilization and planktonic lacval development.. -

Evolutionary implications of bivalve fecundities are dis- .
cussed in Section IILB.

The bivalve egg is surrounded by a vitelline mem-
brane char is relatively thin in sphaeriids and thicker in
unionoideans and C. fluminea (Mackie, 1984). In
unionoideans, it remains intact throughout most of em-

. bryonic development. It disintegrates during early de-
~ velopmentr in sphaeriids (Heard, 1977), allowing devel-

oping embryos to absorb nutrients from brood sacs
withour embryos and/or from nurrient cells lining the
interlamellar spaces of marsupial gills. In dreissenids,
the vitelline membrane is lost early to release the free-
swimming trochophore larvae which metamorphoses
into a planktonic veliger (Nichols, 1996). The vitelline
membrane is also lost early to release a free-swimming
trochophore retained through development of a juve-
nile clam in the marsupial gills of C. fluminea (Kraemer
and Galloway, 1936). '

6. Nervous System and Sense Organs

The bivalve head, entirely enclosed within the
mantle and shell valves, is not in direct contact with the
external environment. Thus, cephalic structures includ-
ing sense organs have been lost, the head having only a
mouth and associated labial palps (Fig. 2). Loss of
cephalic sense organs has lead to bivalve nervous sys-
tem being far less centralized than other advanced mol-
luscan species. A pair of cerebropleural ganglia lateral
to the esophagus near the mouth, are interconnected by
dorsa!, superesophageal commissures (Fig. 8). From
these extend two pairs of nerve chords. Paired dorsal
nerve chords extend posteriorly through the visceral
mass to & pair of visceral ganglia on the anterio-ventral
surface of the posterior shell adductor muscle while

" paired cerebro-pedal nerve chords innervate a pair of

pedal ganglia in the foot (Ruppert and Barnes, 1994).
The pedal and cerebropedal ganglia exert motor
control over the pedal and anterior shell adductor mus-

~ cles, while motor control of the siphons and posterior

shell adducror muscle is affected by the visceral gan-
glia. Coordination of pedal and valve movements
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FIGURE & 'The anatomic featutes of the central nervous system of a typical unionoidean freshwarer
bivalve (central nervous system anatomy is essentially similar in freshwater corbiculoidean and dreis-

senoidean bivaives).

during burrowing and locomotion {see Section IL.A.2)
resides in the cerebropedal ganglia, 7

Sense organs are concentrated on the mantle edge
and in siphonal tissues most directly exposed to the ex-
ternal environment. Mantle edge sense ocgans aré most
concentrated on the middle seusory mantle lobe (Fig. 3).
Photoreceptor cells detect changes in light intensity as-
sociated with shadow reflexes, phototaxi§ and diurnal
rhythms; while tentacles and stiffened, immobile stere-
ocilia are associated with tactile mechanoreceptor or-
gans perceiving direct contact displacement (touch) or
vibrations. On the siphon margins, such tactile recep-
tors prevent drawing of large particles into the mantle
cavity. When these mechanoreceptors are impinged by
large particles, the siphons are closed by sphincter mus-
cles and/or rapidly withdraw to prevent particle entry.
Stronger mechanical stimuli to the siphons cause the
valves to be rapidly adducted, forcing water from the

siphons, ejecting any impinging material. Under intense’

mantle or siphon stimulation, siphons are withdrawn
and the valves tightly closed, a common predator de-
fense behavior in all bivalve species.

A pair of statocysts lying near or within the pedal
ganglia are enervated by commissures from the cere-
bropedal ganglion (Fig. 8). Statocysts are greatly re-
duced in sessile marine species (i.e., cemented oysters),
suggesting their importance to locomotion and burrow-
ing in free-living freshwater species. They are lined
with ciliary mechancreceptors responding to pressure
exerted by a calcareous statolith or series of smaller,
granular statoconia held within the sratocyst vesicle
{Kraemer, 1978). As gravity sensing organs, statocysts
detect body orientation and, thus function in geotactic

and positioning responses during burrowing and pedal

locomotory behavior.

Bivalves have a pair of organs called osphradia on
the dorsal wall of epibranchial cavity, underlying the
visceral ganglion in unionoideans and C. fluminea
(Kraemer, 1981). Because they are profusely enervated,
and neuronally connected to the visceral ganglion, shell
adductor muscles and kidney, they have been consid-
ered sense organs, but their sensory function(s) are de-
bated. In gastropods, where osphradia are located on
the incurrent side of the ctenidium, they have been con-
sidered to be mechanoreceptors, seasing suspended
particles in inhalant water flow, or chemoreceptors.
However, in bivalves, the epibranchizal (exhalant) man-
tle cavity position of osphradia where they receive only
filtered water and their lack of extensive neurcnal gill
connections appear to preciude either a mechano- or
chemoreceptor function. Rather, bivalve osphradia are
hypothesized to be light sensing organs that control
seasonal activities such as spawning, or which provide
sensory input to kidney function, and/or diurnal pat-
terns of shell valve adduction (Kraemer, 1981).

C. Environmental and Comparative Physiology
1. Seasonal Cycles

Freshwater bivalves display seasonal physiological
responses associated with temperature and reproduc-
tive cycles. Metabolic rates vary seasonally in freshwa-
ter bivalves (for reviews see Burky, 1983; Hornbach,
1985; McMahon, 1996, 1999) with rates being
generally greatest in summer and least in winter due to
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TABLE | Seasonal Variation in the Oxygen Consumption Rates (V) of Selected Species of

Freshwater Bivalves

mg dry Maxirmum Minimum Ratio Seasonal
tissue Vo, Vo, min:max temperaturs
Spectes and source weight il Oufh ul Ok VO: Ororaces range {°C)
Sphaerium striatimon 25 mg k) 1.40 22.5:1 4.7 2-22
Hornbach et al, (1983} 7 mg 15.8 0.73 20.3:1 4.5 2-22
2 mg 8.7 0.24 33.6:1 5.8 2-22
Pisidivm compressum Img 0.71 0.04 17.5:1 — —
Way and Wissing (1984) 0.9 mg 0.27 0.03 9.0:1 —_ -
0.05 mg 0.13 . 0.02 6.5:1 —_ e
- Pisidiuwm variabile 3mg 1,13 022 5141 —_ —
Way and Wissing (1934} 0.9 mg 0.42 0.10 4.20:1 — —
0.05 mg 0.15 0.02 7.5:1 — —
Pisidium walkeri 1.3mg 111 0.85 1.3:1 1.1 1-26
Burky and Barky (1976) 0.0Z mg 0.017 0.0074 2.3:1 1.4 1-24
Corbicula fluminea 348 mg 4306 344 12.5:1 3.2 7-2%
‘Williams {1585) 204 mg 308.2 315 9.8:1 2.8 729
: 60 mg 143.3 25.8 j.a:l 2.2 7-29
Dreissena polymorpha — 7.2 2.1 3.6:1 2.3 6-21
Quigley et al. {1992} :
Pygancdon grandis 10g 4634 400 11.7:1 27 6~31
Huebnar {1982) 5g 2650 250 10.8:1 2.6 6-31
Lampsilis radiata Sg 2090 170 12.3:1 2.8 §-31
Huebner (1982} Zg 810 80 10.1:1 2.6 6~31

¢ Qoiac IS the respiratory Qyq value compured from a change in the Vo, value recorded for individuals field acclimared to
their respective seasonal maximum and minimum temperacures.

temperature effects {Burky, 1983; Hornbach, 1985).
Annual variation in metabolic rate can be extensive
(Table 1). Maximal summer O, consumption rates
{Vo,) may be 2033 times minimal winter rates over a

seasonal range of 2-22°C in Sphaerium stratinum

(Hornbach et al., 1983) or as little as 1.3 times mini-
mal winter rates in Pisidium walkeri (1-26°C) (Burky
and Burky, 1976) (Table I).

Immediate temperature increases induce a corre-
sponding metabolic rate increase in ecrothermic ani-
mals such as bivalves. Acute, temperature-induced

variations in metabolic rate or Vo, {or in any rate func- -

tion) are represented by Qo values, the factor by which
a rate function changes with a 10°C temperature in-
crease, computed over any femperature range as:

Rate, 19T Til
Q= )

Rate,

where Rate, is the rate at lower temperature, Rate, the
rate at higher temperature, T; the lower temperature
(°C), and T; the higher temperature {°C). Qo for meta-
bolic rate in the majority of ectotherms is 2~3, essen-
tially that of chemical reactions. Thus, Q1o values out-
side this range indicate active metabolic regulation,
values <1.5 suggesting active metabolic suppression
and, >3.5, active metabolic stimulation with tempera-
ture change. Freshwater bivalve Qy values are highly

variable within and among species, ranging from 0.2 to
14.8 among 20 species of sphaeriids (Hornbach, 1985)
and from 1.2 to 3.72 among three species of sphaeriids
(Alimov, 1975). Oy ranged from 1.5 to 4.1 for D.
polymorpha over 10~30°C depending on prior accli-
mation temperature and temperature range of determi-
nation (Alimov, 1975; McMahon, 1996). For 10°C ac-
climated individuals of C. fluminea, respiratory Qio
was 2.1 over §-30°C (McMahon, 1979a). Among
unionoideans, in Lampsilis siliquoidea, O,y ranged
from 1.88 to 4.98 and in Pyganodon grandis, from
1.27 to 10.35 (Huebner, 1982). While numerous envi-
ronmental and physiological factors may affect the Q1o
values of freshwater bivalves no general patterns
emerge. Rather, metabolic response to temperature
appears to have evolved under species-specific micro-
habitat selection pressures {Hornbach, 1985).
Temperature effects could lead to massive seasonal
metabolic fluctuations; rates being suboptimal during
colder months and supraoptimal during warmer
months. Thus, many ectothermic species display meta-
bolic temperature acclimation, involving compensatory
adjustment of metabolic rate to a new temperature
regime over periods of a few days to several weeks.
Typically, metabolic rates are adjusted apward upon
acclimation to colder temperatures and downward
upon acclimation to warmer ([emperarures which

345
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dampens metabolic fluctuation with seasonal tempera-
ture change, allowing year-round maintenance of near
optimal metabolic rates. For most species, such “typi-
cal” seasonal metabolic acclimacion is partial, with
metabolic rates not returning to an absolute oprimal
fevel in a new temperarure regime. The degree of meta-
- bolic temperature ‘compensation can be derected by
comparing Oyq values of Vo, in instantaneous response
to acute ternperature change with those measured after
acclimation [Acclimation Qi or Quomeesl ¥ Oroaces
approximates 1.0, metabolic temperature compensa-

'mal level th:oughout the year. ¢ Q1oiacey Is less than 2. 0

ot considerably less than acute Oy, acclimation is par-
tial, with the metabolic rate apoproaching, but not
reaching, the optimal level. If Qjgace) is 2~3 or equiva-
lent to the acute Q, the species is incapable of tem-
perature acclimation. If Qigac, is greater than 3.0 or
dcute Qyg, inverse {reverse) acclimation is displayed in
which acclimation to a colder temperature further de-
presses merabolic rate, and further stimulates i on ac-
climation to a warmer temperature,
Three of the above acclimation patterns occur in
freshwater bivalves: (1) no capacity for acciimation {i.e.,
* Oioacey equivalent to acure Oy} is displayed by the
unionids P. grandis and L. radiata (Huebner, 1982) and
D. polymorpha (Quigley et al, 1992; McMahon,
1998); {2) pardal acclimation; by Pisidium walkeri
where Qqgacy i considerably less than acute Qg
{Burky and Burky, 1976); and (3) reverse acclimartion
{i.e., Q:oace) 18 greater than acute Q) displayed by
Sphaerium striatinum (Hornbach et al, 1983) and C.
fluminea (Williams and McMahon, unpublished dara)
{Table I). The adaptive advantage of reverse acclimation
hag been questioned because it results in massive sea-
sonal swings in metabolic rates, but among freshwater
bivalves it may reduce utilization of energy stores dur-
ing nonfeedmg, overwintering periods {Burky, 1983).
VO is also related 1o individual size or biomass in

all animals as follows:

Vol = ﬂMb

where M is the individual biomass, and @ and & are con-
stants. It can be rewritten as a linear regression in which
Vo and M are transformed into 1ogarxthm1<: values:

Logyy Vo1 = a + b{Log,y M)

where 2 and b are the Y-intercept (i.e., Voz at Log;o M =
0 or M = 1) and slope {i.e,, increase in Log;, Vo, per
unit increase in Log;y M), respectively. Thus, 2 measures
the relative magnirude of Vo, and b, the rate of increase
in Vo with increasing biomass. If b = 1, VC,' increases
in direct proportion to M. If & is >1, VO inCreases at a
propoctionately greater rate than M, and ibis <1, VO2
‘increases at a proportionately slower rate than M. Thus,

b values <1 indicate that weight-specific VO2 {ie., VC),
per unit body mass} decreases with increasing body mass
while b > 1 indicates that it increases with increasing
mass. Conventional wisdom suggests that b values range
from 0.5 to 0.8 such thar weighe specific Vo, decreases
with increasing body mass. While generally true for ver-
tebrares, it is less characteristic of invertebrates, and par-
ticularly of molluscs, including freshwater bivalves.
Among 14 species of sphaeriids, & ranged from 0.12 tc
1.45 (Hornbach, 1985). Limited data suggest that
unionoideans have more typical b values, being 0.9 for

L. radiata, and 0.77 for P. grandis (Fluebner, 1982),

with a & value range of 0.71-0.75 being reported for a
number of unionoideans (Alimov, 1973}, A b value of
0.63 is reported for D. polymorpha (Alimov, 1975). For
C. fluminea, b ranged from 1.64-1.66 depending on
season, temperature and individual condition (Williams
and McMahon, unpublished data}. Alimov (1975) esti-
mated an average b of 0.73 for this species. The b value
changes with season in some species (Hornbach et al.,
1983; Way and Wissing, 1984), but remains constant in
others (Burky and Burky, 1976; Huebner, 1982} and can
also vary with reproductive condition, reported to in-
crease in some brooding adulr sphaeriids (Way and
Wissing, 1982} but not in others {Burky, 1983; Hom-
bach, 1985). Metabolic rate may also vary with physm-
logic state, increasing in starved individuals of C. flu--
minea {Williams and McMahon, unpublished data) and

. declining in Musculium partumiewm during estivation or

habitat drying (Way et 4l,, 1981).

Comparison of  values among species of Pisidium
indicated that weight-specific Vy, in this group (mean
a = 0.399) is about 1/3 that of species of Musculium
{mean a = 1.605) or Sphaerium {mean a = 1.439)
{Hornbach, 1985). Reduced metabolic rate in pisidiids
may reflect their reduced relative gill surface areas
(Hornbach, 1985} and hypoxic interstitial suspension
feeding habirats (Lopez and Holopainen, 1987), re-
duced metabolic demand of profundal pisidiids perhaps
accounting for their high tolerance of hypoxia {Burky,
1983; Holopainen, 1987).

Annually, g in C. fluminea varied from —0.12 to 1.43
(mean = 0.72} (Williams and McMaheon, vnpublished
data) while overall g for D. polymorpha was 0.140 (Al-
imov, 1975). The annual range in a for P. grandis was
=013 to ~1.098 {mean = ~{.563) and, for L. radiata,
—0.403 to —1.331 (mean = —0.800) {(Huebner, 1982)
while Alimov {1975) reported # to range from 0.016 to
0.096 for a number of unionoideans. The elevated a of C.
flurminea and D. polymorpha relative to unionideans and
sphaeruds (range = 0.399-1.603) indicates that both
species have higher Vo1 and metabolic rates than other
freshwater bivalves. In contrast, the low 2 values among
unionideans reflect their relacively low metabolic rates
compared to other freshwater bivalve groups.



In bivalves, shell production and tissue growth ac-
count for a large proportion of metabolic demand,
requiring greater than 20% of total metabolic expendi-
ture in young marine blue mussels, Mytilus edulis
(Hawkins et al., 1989). Thus, unionoideans with the
slowest growth rates among freshwater bivalves (see
section lIL.B.2) also have the lowest metabolic rates,
while the fast-growing C. fluminea and D. polymorpha
have the highest metabolic rates (McMahon, 1994,
1999}, .

In some sphaeriids, Vg, is influenced by growth
and reproductive cycles: maximal metabolic rates oc-

. curring during periods of peak adult and brooded juve-. .

nile growth (Burky and Burky 1976; Hornbach et al.,
1583; Way et al.,, 1981; Way and Wissing, 1984), per-
haps as a result of the elevated merabolic demands as-
sociated with tissue growth (Hawkins et al., 1989), ele-
vated VO of brooded developmental stages, and the
-energetic costs of providing maternal metabolites to
brooded juveniles (Mackie, 1984). In contrast, meta-
bolic rates in C. fluminea (Williams and McMahon,
unpublished dara) and unionoideans (Huebner, 1982)
were unaffected by embryo brooding, perhaps because
these species do not provide maternal nourishment to
brooded embryos.
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Filtration rates also vary seasonally and with abiotic
conditions in sphaeriids. In S. strigtinum (Hornbach
et al., 1984b) and M. partumeium (Burky et al,, 1985a),
ﬁltramon rates decreased with increased particle concen-
tration and decreased temperature. Maxima! fltration
rates occurred during warmer summer months and
peaked during reproduction. In M. partumeium, fitra-
tion rate and Vg, declined in aestivating individuals
prior to summer habitat drying (Way et al., 1981; Burky,
1983). Filtration rate is directly correlated with tempera-
ture in D. polymorpha, being maximal in summer
(Maclsaac, 1996) while it appears to be relatively tem-

-perature independent in field-acclimated specimens of C.- -

fluminea (Long and McMahon, unpublished data}.
Freshwater bivalves also display distiner seasonal
cycles in tissue biochemical content, primarily relared
to reproductive cycle. Protein, glycogen and lipid con-
tents are maximal during gonad development and ga-
metogenesis in the freshwater unionid, Lamellidens
corrianus, and are minimal during glochidial release
(Fig. 9A); a pamern repeated in protein and lipid
contents of individual tissues {Fig. 9B-D) (Jadhav and
Lomte, 1982a). Similarly, overwintering, nonrepro-
ductive individuals of C. flumminea had twice the bio-
mass and greater nonproteinaceous energy stores than
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FIGURE §  Seasonal variation in the protein, lipid, and glycogen contenss of the whelebody and various tissues
of the freshwater unionoidean mussel, Lameflidens corrianus, relative to the reproductive cycle. All organic
contents are expressed as percentages of wer tissue weight. {A) Annual vartiation in whole-body contents of
proteins (open histgrams), glycogen (sclid hiscograms), and lipid {cross-harched histograms). Remaining fgures
represent levels of protein (B), lipid {C) or glycogen (D) in the mantle (open histograms), digestive diverticulum
(cross-hatched histograms), gonad {solid histograms), and foor (stippled histograms). Horizontal bars at the top
ef each figure represent reproductive cycles, indicating periods during which either gonads develop or glechidia
are released. Gonad development is associated with increases in arganic content, and glochidial release, with de-
creases in organic content of the whole body and various tissues. (From the data of Jadhav and Lomre, 1982a.)
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summer reproductive individuals (Williams and
McMahon, 1989). Thus, reproductive effort appears to
require massive mobilization of organic energy stores
from somatic tissues to support gonad development
and gametogenesis in freshwater bivalves.

In the sphaeriids, Sphaerium corneum and Pisid-
fum amnicumn, increase in tissue glycogen content after
fall reproduction was associated with a two-to-three-
fold increase in anoxia tolerance of winter- over sum-
mer-conditioned individuals, the low glycogen contents
of summer-conditioned individuals apparently reducing
their capacity for anaerobic metabolism. Thus, fall ac-

_cumulation of glycogen stores not only supported
spring gametogenesis, but also provided anaerobic sub-
strate for survival of winter anoxia induced by ice
cover (Holopainen, 1987).

. 2. Diurnal Cycles

- Freshwater bivalves display diurnal cycles of meta-
bolic activity. Active Na* uptake peaked during dark
hours in C. fluminea (McCorkle and Shiley, 1982} and
the unionid, Toxolasma texasiensis (Graves and Dietz,
1980). This rhythmicity was lost in constant light, sug-
gesting that ion uptake rates were driven by exogenous
changes in light intensity. Such diurnal ion [ransport
rthythms appear closely linked to activity rhythms.
In the unioniodeans; Ligumia subrostrata, (McCorkle
et al., 1979}, and European ‘Anodonta anatina and
‘Unio tumidus (Englund and Heino, 1994z} valve gap-
ing activity ‘peaks during dark periods. Rhythmic
gaping in L. subrostrata was lost in constant light, sug-

gesting this behavior is also driven by exogenous varia- -

tion in lighr intensity (McCorkle e al., 1979). Similarly,
diurnal O; consumption rate rhythms in L. subrostrata
appeared driven by light intensity, declining with in-
crease in, and increasing with decrease in light intensity,

howeves, it also had an endogenous component, persist-

ing for 14 days in constant light (McCorkle e al.,
1979). Thus, at least some freshwater bivalves may
have diurnal activity rhythms, being most active during
dark hours. Such activity thythms may reflect diurnal
feeding and vertical migration cycles, individuals feed-
ing at the sediment surface at night and retreating be-
low it during daylight to avoid visual fish and bird
predators. Interestingly, diurnal valve movements do
not occur in D. polymorpha (Walz, 1978a, b}, whose
byssal atrachment prevents burrowing; however, others
have reported diurnal valve movement in this species
(Borcherding, 1992).

3. Other Factors Affecting Metabolic Rates

Bivalve Voz can be suppressed by pollutants such
as heavy mertals, ammonia, and cyanide, which degrade
metabolic functioning {Lomte and Jadhav, 1982a) lead-

ing to extirpation (Starrett, 1971; Williams et al.,
1992} or reduced growth rates (Grapentine, 1992).
Increased levels of suspended solids impaired Vo, and
induced starvation in three unionoidean species, indi-
cating interference with gill respiratory and flter-
feeding currents (Aldridge et al, 1987). It also sup-
presses Vo (Alexander et al., 1994) and filtration rate
in D. polymorpha (Lei et al., 1996). Similary, high
particle concentrations depress filtration rates in C. flue-
minea {Way et al., 1990a). Bivalve metabolic rates may
also be density dependent. Vi, declined with increased

density in the unionid, Elliptio complanata. Vi, was -

three times greater in singly held individuals relative to
groups of seven or more, suggesting release of a
pheromone suppressing metabolic rates of nearby indi-
viduals {Paterson, 1983). '
Unionoideans and sphaeriids display varying de-
grees of respiratory regulation when subjected to pro-
gressive hypoxia (Burky, 1983). Both D. polymorpha
{McMahon, 1994} and C. fluminea {McMahon, 1979a)
are highly O, dependent, their V,, declining proportion-
ately with declining partial pressure of O, (Po,). Such
species are generally relatively intolerant of prolonged
hypoxia and restricted to well-oxygenated habitats. In
contrast, other freshwater bivalve species are oxygen in-
dependent and regulate .V at relatively constant fevels

~. with. progressive hypoxia until.a critical Vo, is reached -
. below which V,,, declines proportionately with further

decline in' P, Such species can inhabit warers periodi- -
cally subjected to prolonged hypoxia. Thus, the sphaeri-
ids, Sphaerium simile and Pisidium casertanum, from
hypoxic profundal habitats are relacively O, indepen-
dent (Burky, 1983) while the shallow temporary pond
species, Musculium partumeium, is relatively poor O,
regulator {Hornbach, 1991). The Austrailian riverine
unionoidean, Alathyria jacksoni, rarely experiencing
hypoxia, is a relatively poor O, regulator while a period-
ically hypoxic, Australian, pond species, Velesumio
ambiguus, was a strong oxygen regulator {Sheldon and
Walker, 1989). Similarly, the lentic unionioidean, A.
cygnea regulated Vp, ara P, as low as 14.3 Torr (0.9%
of full air O, staturation), maintaining near constant he-
molymph O, concentrations during progressive hypoxia
by increasing gill ventilaton (Massabuau er al, 1991)
while maintaining a near-constant heart rate {Michae-
lidis and Anthanasiadou, 1994). The unioniodeans, El-
liptio complanata and Pyganodon grandis, from a small,
Canadian, euthrophic lake, were extreme O, regulators,
maintaining near constant Vo, down to 1 mg O,/L (Po,
=18 Torr, 11.3% of full air O, saturation) (Fig. 10}
(Lewis, 1984). Their capacity for extreme Vg, regulation
is adaprtive, as winter ice cover made the lake severely
hypoxic and overwintering individuals burrow deeply
into hypoxic sediments {Lewis, 1984). In contrast, the
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FIGURE 10 Respiratory responses of the freshwater unionoidean mussels, Elliptio complanata
and Pyganodon grandis to ambient O, concentrations declining from near full-air saruration
{8~9 mg O, /1, lower horizoatal axis, Po, = 140-160 torr or mg Hg, upper horizontal axis) to the
concentracion at which O, uprake ceases. Respiratory responses of four individuals of (A} E. com-
planata, and (B} four individuals of P. grandis. Both species maintained normal O, uprake raes ata
Py, as low as 1529 torr (9-13 percent of full-air O, saturation) suggesting elevated capacicy for
O, regulation of oxygen uptake. (Redrawn from Lewis, 1984.)

Voz of tropical and semitropical species not experiencing
winter hypoxia tends to be more O, dependent (McMa-
hon, 197%a; Das and Venkatachari, 1984}, the V,, of
the subtropical species, C. fluminea, declining to very
low levels with just a 30% decline in P, below full air
O, saturation levels (McMahon, 1979a).

Some freshwater bivalves are very tolerant of ex-
treme hypoxia or even anoxia allowing survival in hy-
poxic conditions below the thermocline of stratified
lakes or above reducing substrates (Butess and Sparks,
1982; Belanger, 1991). Profundal sphaeriid species tol-
erate extreme hypoxia and anoxia throughout summer
lake stratification (Holopainen and Jonasson, 1983),
surviving 4.5 to >200 days of anoxia, depending on
season and temperature (Holopainen, 1987). The
unionoidean A. cygrea survived 22 days of anoxia
{Zs.-Nagy et al.,, 1982). In contrast, other freshwater
bivalves are highly intolerant of hypoxia/anexia, in-
cluding D. polymorpha and C. fluminea, restricting
them to well-oxygenated waters (Effler and Siegfried,
1994; Johnson and McMahon, 1998; Matthews and
McMahon, 1999). Byssal thread production was inhib-

ited in D. polymorpha below a Pg, of 40 Tocr (25% of
full air O, saturation) {Clarke and McMahon, 1996b).

Individual size also affects tolerance of anoxia/
hypoxia. Juveniles of the unionoidean, Elliptio com-
planata, are less hypoxia-tolerant than adults {Sparks
and Strayer, 1998). In contrast, anoxia and hypoxia
tolerance decreases with increased size in C. fluminea
and D. polymorpha (Johnson and McMahon, 1998,
Matthews and McMahon, 1999). The general trend for
decreased juvenile hypoxia tclerance among freshwater
bivalves may restrict some species to well-oxygenated
habitats even though the adults may be hypoxia-
tolerant {Sparks and Strayer, 1998},

Under anoxia, bivalves rely on anaerobic metabolic
pathways which are not those of glycolysis; but, in-
stead, involve simultanecus catabolism of glycogen and
aspartate or other amino acids to yield the end prod-
ucts, alanine and succinate. Succinate can be further
degraded into volatile fatry acids such as proprionate
or acetate (Zs.-Nagy et al., 1982; de Zwaan, 1983; van
den Thillart and de Veies, 1985). Anoxic for 6 days, A
cygnea maintained 52-94% of acrobic AIP levels,
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higher than could occur by typical glycolytic pathways,
due to its anaerobic oxidation of succinate (Zs.-Nagy
et al., 1982). These alternative anaerobic pathways are
more efficient than glycolysis (2 mol of ATP preduced
per mole of glucose catabolized), producing 4.71-6.43
mol of ATP per mole of glucose catabolized (de
Zwaan, 1983). Indeed, typical glycolytic pathway en-
zyme activities are reduced in A. cygnea during hy-
poxia (Michaelidis and Athanasiadou, 1994) which fa-
vors metabolite. catabolism by alternative pachways
and allows greater tolerance of hypoxia/anoxia than
less efficient glycolysis. Further, the higher ATP yields

...of the alternative pathways allow excretion of anaero- -

bic endproducts, rather than retention of acidic lactate
to deleterious levels as occurs in species dependent o1
glycolysis (de Zwaan, 1983).

During anerobtosxs, buildup of acidic end products
in bivalve tissues and hemolymph can cause consider-
able tissue and hemolymph acidosis (i.e., decrease in
pH). Without respiratory pigments, freshwater bivalve
hemolymph has little inherent buffering capacity, thus
bivalves mobilize shell calcium carbonate into the he-
molymph through the mantle epithelium (Machado
et al., 1990) to buffer acidosis (Heming et al., 1988,
Byrne and McMahon, 1994; Burnetr, 1997). Thus,
when anaerobic, pallial fluid pH of the unionocidean

Margaritifera margaritifera remained highly constant,.
but its Ca’® concentration increased (Heming et ai,. .
1988}. Similarly, blood Ca** levels rose eightfold in L. .

subrostrata (Dietz, 1974} and nearly fivefold in C. flu-
minea (Bymne et al,, 19%1a) under anoxia induced by
emersion in a pure N; atmosphere. A three-fold in-
crease in hemolymph Ca®* concentration occurred in
Pyganodon grandis made anoxic by 6 days air emer-
sion {Byrne and McMahon, 1991).

The gills of unionoideans {Steffens ef al. 1985} har-
bor extensive extracellular calcium phosphate concre-
tions that could buffer hemolymph pH. However, their
mass increases during prolonged hypoxia and is in-
versely related to hemolymph pH and directly ro blood
Ca** concentration, suggesting that Ca?* released from
the shell during hypoxia is sequestered in gill concre-
tions to prevent its loss by excretion or diffusion. On
return to normoxia, release and redeposition in the
shell of concretion Ca®" is likely to be much less ener-
getically demanding than replacement of lost shell Ca?*
from the dilute freshwater medium (Silverman et al.,
1983}, The enzyme, carbonic anhydrase, is bound to
these concretions, facilitating exchange of concretion
Ca** (uptake or release) with the hemolymph (Istin
and Girard, 19701, b).

4. Desiccation Resistance

Body water content in freshwater bivalves can
vary greatly seasonally and during drought periods.

Thus, many species have evolved adaptations allow-
ing tolerance of prolonged emersion and desiccation
stress (Cdceres, 1997). Freshwater bivalves may be
emersed for weeks or months during seasona! or un-
predictable droughts {Byrne and McMahon, 1994).
Lack of mobility leaves individuals stranded in air as
water levels recede, while others occur in habitats thae
dry completely. Unlike other freshwater invertebrates
{Céceres, 1997), bivalves have no obvious structures
for maintenance of aerial gas exchange when emerged, -
However, they have behavioral and physiological adap-
tations that maintain aerobic metabolism while mini-

mizing water loss rates (Byrne and McMahon, 1994). ~

Survival of emersion in freshwater bivalves is corre-
lated with capacity to control water loss. Among fresh-
water species, C. fluminea and D. polymorpha are
highly emersion intolerant, tolerating only 8-36 days
(McMahon, 1979b) or 3~27 days emersion (McMahon
et al., 1993), respectively, depending on temperature
and relative humidity. Dreissena bugensis is even less
emersion tolerant than D. polymorpha {Ussary and
McMahon, 1994; Ricciardi et al.,1995). In these species
and unionoideans, dearh occurs in most cases ar a criti-
cal threshold of water loss regardless of temperature or
relative hurmidiry; thus, rate of water loss dicrares emer-
sion tolerance times (McMahon, 157%b; McMahon
et al., 1994; Byrne and McMahon, 1994; Ricciardi

cet al., 1995). In contrast, sphaeriids inhabiting tempo-

rary ponds survive emersion for several months during
summer drying {Burky, 1983). In some species, juveniles
and adults survive emersion (Collins, 1967; McKee and
Mackie, 1980), while in others, only juveniles survive
{McKee and Mackie, 1980; Way ez al., 1981). Sphaeri-
ids burrow into sediments prior to emersion (Burky,
1983) as do some unioncideans (Cédceres, 1997).

VO declines in both emersed, aestivating M. par-
tumeium (Way et al., 1981) and emersed individuals of
C. fluminea (McMahon and Williams, 1984; Byrne
et al, 19%0). Reduction in metabolic demand in
emersed individuals allows long-term maintenance on
limited energy reserves.

Freshwater bivalves have a number of mecha-
nisms for maintaining gas exchange while emersed.
Sphaerium occidentale is emersed for several months in
its ephemeral pond habitats. In air, its V, is 20% that
of aquaric rates. Gas exchange occurs across special-
ized pyramidal cells extending through shell punctae
which aliows continuous valve closure, minimizing wa-
ter loss {Collins, 1967). In C. fluminea, aerial Vo, is
21% that of aquatic rates {McMahon and Williams,
1984). Emersed specimens periodically gape and ex-
pose mantle tissue margins cemented together wich
mucus (Byrne et al., 1988) during which high rates of
aerial Vg, are sustained while no O, uptake occurs
during valve closure (McMahon and Wiiliams, 1984).



Bursts of metabolic heat production occur during man-
tle edge exposure, associated with aerial oxygen con-
sumption and apparent repayment of an O, debt accu-
mulated during intervening anaerobic periods of valve
closure (Byrne et al., 1990). Thus, periodic mantle mar-
gin exposure allows maintenance of aerial gas
exchange while greatly reducing the tissue surface area
exposed and duration of exposure, greatly reducing
water loss rates {Byme and McMahon, 1994).
Frequency and duration of mantle edge exposure is
reduced in C. fluminea with increased temperature,
decreased relative humidity and increasing duration of
emersion, suggesting that increased desiccation pres-
sure leads to a greater reliance on anaerobic metabo-
lisma to slow evaporative water loss (Byrne et al, 1988).

Emersed unionoideans periodically expose their
mantle edges (Byrne and McMahon, 1994). Emersed
specimens of Ligumia subrostata periodically expose
mantle edges and maintain aerial Vg ar 21-23% of
aquatic rate (Dierz, 1974). Periodic mantle edge expo-
sure zlso occurs in emersed specimens of M. margari-
tifera (Heming et al., 1988), Pyganodon grandis {Byrne
and McMahon, 1991), Pyganodon grandis, Toxolasma
parvus and Uniomersus tetralasmus (Byrng and McMa-
hon, 1994). P. grandis has a thin shell whose margins
do not completely seal when closed and a high fre-
quency of mantle edge exposure when emersed
(>25-90% of emersion time), resulting in rapid water
loss and poor emersion tolerance {2-32 days). It
avoids desiccation by rapid down-shore migration dur-
ing reductions in habitat water levels (Byrne and
McMahon, 1994). More emersion-toleran: species like
T. parvus and U. tetralasmus have thicker, tightly seal-
ing shells and their frequency and duration of mantle
edge exposure is reduced with increasing duration of
emersion and decreasing relative humidity, conserving
water as desiceation pressure increases. 1. parvus con-
tinuously closes the valves in latter stages of emersion,
allowing it to survive emersion up to 145 days (Byrne
and McMahon, 1994). U. tetralasmus is found in
small, variable-level, lentic habitats and is highly emer-
sion tolerant. In air, it occludes the siphons with vis-
cous mucus, preventing direct atmospheric exposure of
inner mantle tissues. Its frequency and duration of
mantle edge exposure is quite low compared to other
species and it ceases mantle edge exposure in the latrer
stages of emersion, making water loss rates lower than
recorded for other freshwater bivalves and allowing it
to survive emersion for up to 578 days {Byrne and
McMahon, 1994).

In air, unionoideans and C. fluminea urilize shel
Ca? o buffer accumulating HCO;~ (Byrne and
McMahon, 1994) manifested by accumuiation of Ca®*
and HCO;™ in mantle cavity fluids of emersed M. mar-
garitifera {Hemming et al., 1998} and hemolymph of
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emersed C. fluminea (Byrne et al., 1991a) and P. gran-
dis (Byrne and McMahon, 1991). Mantle edge expo-
sure allows release of CO, generated by metabolic and
shell-buffering processes in both C. fluminea {Byme
et al.,, 1991a) and unionoideans (Byrne and McMahon,
1991).

In emersed C. fluminea there is little evidence of O,
debr payment after re-imnmersion, suggesting that this
and other freshwarer bivalves may remain primarily
aerobic while emersed (Byrne et al., 1990).

The Unionopidea include the most emersion-toler-
ant NA freshwater bivalve species (for a review, see
Byrne and McMahon, 1994). Their capacity to tolerate
prolonged emersion and/or migrate vertically with
changing water levels (White, 1979) may partially ac-
count for their dominance in larger NA river drainages
subject to extensive seasonal water-level fluctuarions.
Unionoidean growth, reproduction and other life-
history phenomena may be partially driven by seasonal
water-level variation. Thus, anthropomorphic im-
poundment/regulation of flow rares and levels within
these drainages could be contributing ro the present
decline of their unionoidean populations and species

- diversity {Wiiliams et al., 1992).

The mode of nirrogen excretion or detoxification
during emersion is unresoived for freshwater bivalves.
Ammonium ion, NH,", is the major nitrogenous excre-
tory product of aquatic moliuses (Bishop et al,, 1983).
Due to its toxicicy, NH," is generally not accumulated
in emersed molluscs even though its high solubility pre-
cludes release as ammonia gas (NH;). When emersed,
aquatic snails detoxify NH,™ by conversion to urea or
uric acid, to be excreted on re-immersion. However,
most bivalves cannot convert NH,;" to urea or uric acid
(Bishop et al., 1984). Without the capacity to detoxifiy
NH.,*, how do freshwater bivalves tolerate emersion?
Corbicula fluminea, unlike intertidal bivaives (Bishop-
et al., 1983), does not catabolize amino acids during
emersion, precluding NH,* formation (Byme et al
1991b). Similarly, the unionideans, Lamellidens corri-
anus and L. marginalis, depend almost exclusively on
carbohydrate metabolism while emersed {Lomte and
Jadhav, 1982c; Sahib et al., 1983). Interestingly, some
unionoideans may be capable of converting ammonia
to urea or other protective metabolites (Summathi and
Chertty, 1990; Mani et al., 1993} which may partially
account for their extensive emersion tolerance.

" Tolerance of emersion may aiso be associated with
physiological and biochemical alterations in emersed
individuals. Thus, individuals of Sphaerium occidentale
and Musculium securis from an emersed population
were more emersion tolerant than individuals from an
immersed, active population {McKee and Mackie,
1980), suggesting that gradual emersion may induce
emersion resistant biochemical and physiological
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alterations such as a shift to carbohydrate dominated
catabolism and reduced metabolic demand. Such bio-
chemical and physiological compensation may be medi-
ated by neurosecretory hormones (Lomte and Jadhav,
1981z).

There have been almost no studies of freeze toler-
ance in freshwater bivalves even though many species
occupy shallow, temperate habitats in which winter
water-level reduction could emerse individuals in sub-
freezing air. Marine intertidal mytilid mussels tolerate
exposure o subfreezing conditions by allowing freezing
of hemolymph and interstitial fluids while preventing
cell freezing, an adaptation manifested by their lack of
- hemolymph supercooling during freezing (Aarset,
1982). In contrast, D. polymorpha is intolerant of
emersion below —3°C {Clarke et al, 1993) and dis-
plays hemolymph supercooling {Paulkstis et al., 1996).
Poor freeze tolerance in D. polymorpka may reflect its
tendency to setile at depths of >1 m, preventing winter
emersion (Clarke et al, 1993). Freeze sensitivity/toler-
ance in other freshwater bivalves (particularly shallow
water species) is ripe for further study,

5. Gill Caleium Phosphate Concretions .
in Unionoideans ‘

Dense calcium phosphate [Ca;(PQy),] concretions
occur in unionoidean tissues. Mantel concretions may
provide Ca®* for shell deposition (Davis et al., 1982;
Jones and Davis, 1982; Istin and Girard, 1970a). The
mantle contains high concentrations of the enzyme,
carbonic anhydrase which may be bound to the concre-
tions {Istin and Girard, 1970b). This enzyme catalyzes
the reaction of CO; and H,O to form bicarbonate ion
(HCO;7), suggesting that it facilitates mobilization of
concretion Ca?*.

Dense extracellular calcium phosphate concretions
{diameter = 1~3 um) also occur in unionoidean gills
{Silverman et al, 1983, 1988; Steffens et al., 1985).
They develop from amorphous material initially con-
centrated in membrane bound vesicles in gill connective
tissue cells' (Silverman et al, 1989). Concretions ac-
count for up to 60% of gill dry weight in some species
(Silverman et al, 1985). They are most dense along
paralle]l nerve tracts oriented at 90° to the gill filaments
{Silverman et al., 1983; Steffens et al., 1985). They are
25% protein by dry weight. One of the proteins is simi-
lar to vertebrate, calcium-binding calmodulin. This
protein is most abundant in protein granules of concre-
tion-forming cells prior to concretion mineral deposi-
tion, suggesting that it acts as site for calcium phos-

phate deposition (Silverman et al.,, 1988). '
' Besides storing shell Ca?* released to the he-
molymph to buffer respiratory acidosis (see Section
ILC.3), gill concretions provide a ready source of

maternal Ca for shell deposition in brooded glochidia
(Silverman et al, 1985, 1987). Thus, gill concretion
mass in brooding individuals of L. subrostrata and P.
grandis was only 47 and 70% that of nonbrooding in-
dividuals, respectively (Silverman ez al,, 1985). ¥Ca
tracer studies indicate that 90% of glochidial shell Ca
was of maternal origin in P. grandis, the most likely
source being gill concretions, with nonmineralized Ca
accounting for only 8% of glochidial Ca in L. subros-
trata (Silverman et al., 1987).

4. Water and Salt Balance

. In hypo osmotic freshwater, bivalves lose ions and.
gain water from their hyperosmotic tissues and he-
molymph. Excess body water is excreted as a flujd
hypo-osmotic to tissues and hemolymph via the kidneys
while ions lost in excretion and over surface epithelia
are actively recovered over the gills and epithelial tissues
as described in Section II.B.3 (reviewed by Deaton and
Greenberg, 1991}, Relatively salinity tolerant C. flu-
minea survives exposure to a salinity of 10-14 ppt
(Morton and Tong, 1985), above which it remains isos-
moti¢ to the medium (Gainey and Greenberg, 1977).
Unionoideans and D. polymorpba have lower he-
molymph osmolarities than C. fluminea (Dietz et al,
19%96a} and generally lose capacity for osmotic and vol-
ume regulation above 3-4 ppt (Hiscock, 1953; Wilcox
and Dietz, 1998). C. fluminea regulates fluid volume by
actively increasing hemolymph free amino acid concen-
tration in hyperosmotic media (Gainey and Greenberg,
1977; Martsushima et al, 1982), preventing water loss

- by active equilibration of hemolymph and medium os-

molarity. Such volume regulation does not occur in
other freshwater bivalves because their low tissue osmo-
larities limir the free amino acid pool (Yamada and
Matsushima, 1992; Dietz er al., 1996a,b, 1998). Vol
ume regulation may have been lost in unionoideans and
D. polymorpha, because they are not exposed to hyper-
osmotic conditions in freshwater. Instead, both groups
retain only limited cell volume regulation through regu-
ladon of intracellular inorganic ion concentrations
(Dietz et al, 19%6a, b, 1998). The elevated osmotic
concentration and free amino acid pool volume regula-
tion of C. fluminea reflects its recent evolution from an
estuarine ancestor {Dierz, 1985) in which such adapta-
tions are common {Deaton and Greenberg, 1991). -
Both unionoideans and C. fluminea respond to
maintenance in very dilute media by increasing active
Na™ uptake rate to maintain hemolymph ion concentra-
tion {Dietz, 1985). The activity of (Na* and K*)-acti-

- vated ATPase, an enzyme required for active Na*/K*

transport, increased in mantle and kidney tissues of salt-

depleted C. fluminea, suggesting activation of Na* trans- - -

port. This response did not occur in the salt-depleted



Lampsilis straminca claibornesis, suggesting that active
ion uprake regulation has been lost in unionoideans with
a longer freshwater fossil history than C. fluminea
(Deaton, 1982). In C. fluminea Ci~ is the major blood
ion, maintained by elevated active epithelial CI™ uptake.
In contrast, in the unionoidean, Toxolasma texasiensis,
Cl™ and HCO;™ are equivalent hemolymph anionic
components. Becanse HCO;™ can be readily mobilized
by respiratory and metabolic processes, unionocideans
may depend to a greater extent on active Na™ relative to
Cl™ uptake to maintain hemolymph osmotic balance

-(Byrne and Dietz, 1297). The anionic hemolymph com- . .

porent of D. polymorpha, like that of C. fluminea, is
dominated by CI7, but this species actively absorbs
equal levels of Na*® and Cl™ to maintain ionic srasis, sug-
gesting co-transport of these ions (Horohov et al,
1992). Rerention of Cl~ as the main hemolymph anion
in C. fluminea and D. polyrnorpha reflects their recent
evolution from estuarine ancestors (Deaton and Green-
berg, 1991; Byrne and Dietz, 1997; Horohov et al,
1992), while the greater dependence of C. fluminea on
Ci™ uptake for ionic regulation and its, increased he-
molymph osmotic concentration (Dietz et.al., 1994) sug-
gests that it entered freshwater more recently than D.
polymorpha. Interestingly, although D. polymorpha can
hyperosmotically regulate hemolymph ion concentra-
tions in dilute freshwaters, it is less toleranr of elevated
medium ion concentrations than other bivalves restrict-
ing its penetration of estuiarine habitars (Horohov et al,
1992; Dietz et al.,, 1994, 1998; Wilcox and Dietz, 1998).

In the Asian unionoidean, Anodonta woodiana,
mantle cavity water osmolarity at 34 rmosmol/L was
76% that of the hemolymph (45 mosmol/L} with pal-
lial fluid Na*, K*, and Cl~ concentrations being 71, 76
and 72% those of the hemolymph, respectively. Main-
. tenance of elevated mantle water ion concentrations
suggests that it acts as an osmotic buffer, reducing the
gradient for, and, thus, the rate of diffusive ion loss to
the dilute freshwater medium (Matsushima and Kado,
1982). However, loss of a hyperosmotic mantle fluid to
the external medium through the exhalant siphon
could also be a major rourte for ion loss.

In unionoideans and C. fluminea, the enzyme,
carbonic anhydrase {CA), which catalyzes formation of
carbonic acid (H,CO;) from water and carbon dioxide,
occurs in gili and mantle tissues (Henery and Saintsing,
1983). H,CO; degrades into H™ and CO;~ (bicarbonate
ion) which are counter ions for active Na* and Cl™ up-
take {Horohov et al., 1992; Dietz et al., 1994; Byrne and
Dietz, 1997). Gill and mantle CA activity increases when
freshwater bivalves are held in extremely dilute media
while CA inhibition by actazolamide results in reduced
Na* and Cl™ uptake rates, strong evidence of the role of
CA in ion regulation (Henery and Saintsing, 1983).
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Freshwater bivalve hemolymph osmotic concentra-
tions are the lowest recorded for multicellular inverte-
brates (Dietz, 1985; Deaton and Greenberg, 1291).
Among unionoideans, hemolymph osmolarity for the
European species, Anocdonia cygnea, was 40-50
mosmol/L. or 4-5% that of seawater. D. polymorpha
has the lowest hemolymph concentration of all fresh-
warer bivalves (30-36 mosmol/L or 3.0~3.6% char of
seawater) (Dietz er al., 1994}, while C. fluminea has the
highest value at 65 mosmol/L {6.5% that of scawater)
(Zheng and Dietz, 1998a}. That for other freshwater
invertebrates ranges from 100 to 400 mosmol/L or
10-40% that of seawater (Burky, 1983). Low he-
molymph osmotic concentrations in freshwater bi-
valves reduce the gradient for transepithelial osmosis
and ion diffusion across their extensive mantle and giil
epithelial surfaces to that which can be balanced by
water excretion and active ion uptake at energetically
feasible levels {Burton, 1983). Hydrostatic pressure
generated by heart beat in A. cygena allows filcration of
enough hemolymph plasma into the pericardial space
to account for urine production and is twice that of the
marine clam, Mya arenaria, suggesting that freshwarer
bivalves can excrete water at higher rates than less hy-
poosmotically stressed estuarine species (Jones and
Peggs, 1983). Exposure of Pyganodon sp. 1o a very di-
tute medium induced formation of extensive extracellu-
lar membrane spaces in the deep infoldings of kidney
epithelial cells, pechaps increasing surface area for ac-
tive ion uptake from excretory fluids producing a more
dilute urine and/or allowing increased excretion of ex-
cess water (Khan et al,, 1986).

Increasing osmotic gradients for water uptake from
marine through estiarine into freshwater habitars re-
quired that the external epithelia of bivalves became in-
creasing impermeable to water with their evolutionary
transition through these environments. Thus, increased
epithelial osmo-resistance characterizes all freshwater
bivalves (Deaton and Greenberg, 1991; Dietz, 1985; Di-
etz et al., 1994; Byrne and Dietz, 1997; Zheng and Di-
erz, 1998a). Among freshwater bivalves, C. fluminea is
least osmotically permeable (Zheng and Dietz, 1998a)
and D. polymorpba most permeable (Dietz et al.,
1995), while unionoideans are of intermediate perme-
ability (Dietz et al., 1996a, b; Zheng and Dietz, 1998a).
The “osmotically tight” epithelium of C. fluminea al-
lows it to maintain higher hemolymph osmolarity than
other freshwater bivalves while producing normal ex-
cretory fluid volumes (Zheng and Dietz, 1998a). In con-
trast, “osmotically leaky” epithelium in D. polymorpha
results in very elevated excretory fluid production (Dietz
et al., 1995), requiring extremely high rates of epithelial
ion uptake to replace ions lost in voluminous excre-
tory fluids (Dietz and Byrne, 1997). Thus, the main
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osmoregulatory adaptations of C. fluminea and D.
polymorpha are quite different, the former being re-
duced epithelial permeability, and that of the latter, in-
creased water excretion and active epithelial ion uptake.

Hormones regulate osmotic control in freshwarer
bivalves. Cyclic AMP {cAMP) stimulates active Na*t
uptake by unionoideans, while prostglandins inhibir it.
In contrast, prostglandin inhibitors stimulate N¥ up-
take (Dietz et al, 1982; Graves and Dietz, 1982;
Saintsing and Dietz, 1983). Serotonin stimulates tissue
accumulation of cAMP, increasing active Na* uprake.
Thus, an antogonistic refationship berween serotonin
and prostaglandins modulates adenylate cyclase-cat-
alyzed cAMP stimulation of active Na* uptake. Not
surprisingly, high concentrations of serotonin occur in
unionoidean gill nerve tracts (Dietz, 1985; Dietz et al.,
1992). Gill concentrations of the neurotransmirters,
dopamine and norepinephrine, greatly declined in
unionoideans salt-depleted in extremely dilute medi-
ums, while serotonin was regulated at near-normal lev-
els, suggesting that serotonin regulates Na* uptake for
tonic balance. The circadian rhythms of Na* uprake in
freshwater clams (Graves and Dietz, 1980; McCorkle-
Shiley, 1982) may be mediated by an antagonistic sero-
tonin/prostaglandin hormonal system (Dierz, 1985).

When cerebropleural or visceral ganglia were ab-
lated, individuals of the Indian unionoidean, Lamelli-
dens corrianus, rapidly lost osmoregulatory capacity
which was restored by injection of ganglia extracts, in-
dicating that ganglion neurosectory hormones are in-
volved in water balance (Lomte and Jadhav, 1981b).
The affinity of the pedal ganglion of A. cygena for
monoamines controlling ion/water balance is tempera-
ture dependent indicative of a seasonal component to
osmoregulation (Hiripi ez al., 1982).

. ECOLOGY AND EVOLUTION

A. Diversity and Distribution

North American freshwater bivalves distributions,
particularly for unionoideans, have been well de-
scribed. Species distribution maps for unionoideans
and sphaeriids exist for Canada (Clarke, 1973}, the
United States (LaRocque, 1967z} and for the whole of
North American (Burch, 1975a, b; Parmalee and Bo-
gan, 1998). LaRocque {1967b) describes living and
Pleistocene fossil assemblages at specific NA localities.
There is also a massive literature, too numerous to cite
here, describing species occurrences or. species assem-
blages in various NA drainage systems.

Native {non-introduced) NA sphaeriid species have

broad distributions, often extending from the Atlantic

‘closely  followed

to Pacific coasts. Introduced to NA from southeast Asia
in early 1900s (McMahon, 1999), Corbicula fluminea
(i.e., light-colored shell morph of Corbicula) has a simi-
larily widespread NA distribution, inhabiting drainages
on the west coast of the United States, the southern tier
of states, and throughout states east of the Mississippi
River, with the exception of the most northern states,
and into northern Mexico {(McMahon, 1999) (Fig. 11).
A second, unidentified species of Corbicula (ie., the
dark-colored shefl morph) is restricted to isolated,
spring-fed draindges in southcentral Texas and south-
ern California and Arizona (Fig. 11) (Britton and Mot-
ton, 1986). In contrast, NA unionoidean species gener- -
ally have more restricted distributions. Few species
range on both sides of the continental divide and a
large number are limited to single drainage systems
(Burch, 1975b; LaRocque, 1967a).

1. Dispersal

Widespread NA distributions of sphaeriids and
Corbicula relative to unionoideans reflect fundamental
differences in their dispersal capacities. Unionoideans
depend primarily on host fish glochidial transport for
dispersal (Kat, 1984), their ranges reflecting those of
their host fish species (Haag and Warren, 1998). While
host fish glochidial transport increases probability of
dispersal into favorable habitats, as host fish and adult
unionoidean habitar preferences generally coincide
(Kat, 1984}, it limits the extent of dispersal, leading to
highly endemic species. For example, electrophoretic
studies of peripheral Nova Scotian populations of
unionoideans suggest that they invade new habitats
mostly by host fish dispersal (Kac and Davis, 1984),
barriers to host fish dispersal being barriers to unionid
dispersal. Thus, distributions of modern and fossil NA
interior basin unionoidean assemblages are limited to
areas below major waterfall barriers 1o fish host up-
stream migration in the Lake Champlain drainage sys-
tem of New York, Vermont, and Quebec (Smith,
1985a) and re-establishment of Amodonta implicata
populations in the upper Connecticut River drainage
restoration  of irs anadromous
glochidial clupeid fish host populations, by construc-
tion of fishways past numerous impoundments prevent-
ing upstream fish host dispersal (Smith, 1985b).

‘Vaughn and Taylor {2000) have found that >50% of

the variation in unionoidean assemblages is associated
with regional distribution and abundances of fishes, in-
dicating that fish community structure is a determinant
of musse! community structure.

Sphaeriids and C. fluminea have evolved dispersal
mechanisms that make them more invasive than
unionoideans, accounting for their more cosmopolitan

- distributions. Juvenile sphaeriids disperse between
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b

Distribution of Corbicula in the United States. Harched area is the distriburion of the

light-colored morph of Corbicula, Corbicula fluminea. The solid areas are the distribugion of the
dark-colored morph of Corbicula, yer to be assigned a species designation,

drainage systems by clamping shell valves onto limbs of
aquatic insects, feathers of warter fowl {Burky, 1983},
or even limbs of salamanders (Davis and Gilhen, 1982}
first noted by Darwin {1882). Some sphaeriids survive
ingestion and regurgitation by ducks, which commonly
feed on them, allowing long-distance dispersal (Burky,
1583). The rapid spread of C. fluminea through NA
drainage systems (McMahon, 1999), while partly an-

thropomorphically mediated, also resulted from its nat- .

ural dispersal capacities. The long juvenile mucilagi-
nous byssal thread or filamentous algae on which
juveniles settle becomes entangled in the feet or feath-
ers of shore birds or water fowl, making them trans-
port vectors (McMahon, 1999). Its natural dispersal
capacity has allowed it to spread into areas of northern
Mexico where human-mediated transport is highly un-
likely (Hillis and Mayden, 1985), and into southern
Britain during interglacial periods (McMahon, 1999).
Dreissena polymorpha, byssally attaches to floaring
wood or boat and barge hulis, facilitating long distance
transporr (Mackie and Schloesser, 1996), and to
macrophytic vegetation that can be transported across
drainages by nesting shore birds and water fowl,
Juveniles of C. fluminea can be passively trans-
ported long distances downstream suspended in water
currents {McMahon, 1999). Water currents also dis-
perse the planktonic veliger of D. polymorpha
{Mackie and Schloesser, 1996). Adult C. flusminea can
be carried downstream over substratum by water cur-

rents {Williams and McMahon, 1986), a process facili-
tated by production of a mucus dragline from the
. exhalant siphon (Prezant and Charlermwar, 1984).

Passive hydraulic dispersal of juvenile and adult C. flu-
minea not only accounts for its extraordinary ability
o invade downsiream portions of drainages after in-
troducrion (1999), but also leads to its impingement
and fouling of industrial, agricultural, and municipal
raw-water systems (1999). Similarly, curreat-mediated
transport of free-swimming veliger and passively sus-
pended juvenile D. polymorpha, and of adults at-
tached to floating substrates or carried as clumps of in-
dividuals over the bottom accounts for its dispersal in
European drainage systems after escape from  the
Caspian Sea {Mackie and Schloesser, 1998). This
species rapidly spread downstream throughout the
Great Lakes and St. Lawrence River from its original
upstream  introduction into Lake St. Clair in
1985~1986 (Mackie and Schloesser, 1996). It has also
been carried throughout most of the Mississippi River
and adjoining tributaries both by downstream hydro-
logical transport and upstream by attachment to the
hulls of commercial barges (Mackie and Schloesser,
1996) (Fig. 12). Zebra mussels invaded the lower
Great Lakes, St. Lawrence River and Erie-Barge Canal
by 1990, later invading portions of the upper Great
Lakes, the Hudson River, and the Finger Lakes. D. .
polymorpha entered the Mississippi Drainage from
Lake Michigan through the Iilinois River and spread
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FIGURE 12 Disuribution of the zebra mussel, Dreissena polymor-
pha, in North America as of Spring, 2000,

downstream to the Mississippi Delta and upstream to
La Crosse, Wisconsin. It had invaded all major tribu-
-taries of the Mississippi River by 1998 with the excep-
tion of the Missouri River, where the Arst specimens
were reported upstream of its confluence with the
Platze River in 1999, As of early 2000, D. polymorpha
occupied drainages in 21 eastern and midwestern U.S.
states and in the Canadian provinces of Ontario and
Quebec, including 62 confirmed populations in small,
isolated inland lakes (Fig. 12). Dreissena bugensis, the
second dreissenid species occupying NA inland waters
is sympatric with D. polymorpba in Lakes Huron,
Erie, and Ontario and the western end of the Erie-
Barge Canal (New York Sea Grant, 1999).

Capacity for downstream transport and byssal at-
tachment has made D. polymorpha a major NA bio-
fouling pest species, recapitulating its history in Europe

{Claudi and Mackie, 1993). Juvenile sphaerids are also-

passively, hydrologically transported downstream
(McKillop and Harrison, 1982} which may be an im-
portant dispersal mode for many species in this family.
In"contrast, hydrological transpost is extremely rare in
unjonoideans {Imlay, 1982).

As both sphaeriids and C. flumines are self-
fertilizing hermaphrodites {see Section II.B.3), a single
individual can found a new population. In contrast,

D. polymorpha, D. bugensis and the majority of
unionoideans are gonochoristic, requiring simultaneous
introduction of males and females to found a new pop-
ulation, thus reducing their capacity as invaders.

2. Anthropomorphic Impacts

The diversity of native NA unionoid bivalves is
represented by rwo of the six recognized families of che
Unionoidea: Margaritiferidae with two genera and five
species; and Unionidae with 49 genera, 278 species, 13
subspecies (Turgeon et al, 1998; Johnson, 1998;
Williams and Fradkin, 1999). North American

unionoidean diversity represents 51 of the approxi-

mately 165 unionoidean genera, and berween one-
fourth and one-third of the world’s unionoidean species
diversity (Bogan, 1993; Bogan and Woodward, 1992).
Neves et al. (1997) documented that 261 of these taxa
or 91% of NA unionoidean diversity occurs in the
southeastern United States where it is focused in the
Mobile Bay, Tennessee and Cumberiand River basins.
Alabama, with parts of the Mobile Bay and Tennessee
River basins, has the greatest unioncidean diversiry
with 175 taxa followed by Tennessee with 129 taxa.

This great diversity of unionoidean bivalves began
to be impacted as it began to be described, with Euro-
pean expansion across North America. It was noticed
quite early on that the unionoidean fauna was declin-
ing (Higgins, 1858). By the turn of the 20th century,
people were observing that the unionoidean fauna of
entire regions was being decimated or had disappeared.
Rhoads (1899) described extirpation of mussels from
the Monongahela River at Pittsburgh due to damming
and pollution. Ortmann (1909) noted the loss of the
freshwater mussels, crayfish and fish fauna from the
upper Ohio River Basin in western Pennsylvania due to
acid run-off from coal mines and the complete destruc-
rion of the Pigeon River unionoidean fauna in east Ten-
nessee by pollution (Ortmann, 1918). Van der Schalie
(1938} warned that the Tennessee Valley Authority’s
construction of dams on the Tennessee River could jead
to long-term negative impacts on, and the eventual de-
struction of, irs freshwater fauna.

Extinction of NA freshwater bivalve species was
not reported until Stansbery (1970, 1971) listed 11 pre-
sumed extinct taxa. Turgeon et al, {1988) listed 13
taxa, Williams et al., {1993} listed 12% of the unionoid
taxa gs extinet, and most recently Turgeon et al., (1998)
listed 35 taxa as presumed extinct (Table II). As of
1997, 77 NA unionid taxa were endangered, 43 threat-
ened and 73 of special concern with only 70 species
listed as currently stable and additional species being
added to federal and state lists yearly (Williams et al.,
1593; Neves et al., 1997). Massive historical Josses of
unionoideans have been revealed by comparison of
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Species

Common name

States of occurrence

Alagmidonta mecordi Athearn, 1964
Alasmidonta robusta Clarke, 1981
Alasmidoma wrightiana (Walker, 1801)
Elliptio nigella (Lea, 1852)
Epicblasma arcaeformis (Lea, 1831)
Epicblasma biemarginata {Lea, 1857)
Epioblasma flexuosa {(Rafinesque, 1820)
" Epioblasma florenting florentina (Lea, 1857)
Epioblasma baysiana {Lea, 1834)
Epioblasma lenior {Lea, 1842)
Eproblasma lewisii {Walker, 1910)
Eproblasma obliquata obliguata {Rafinesque, 1820}
Epioblasma personata (Say, 1829)
Epioblasma propingua (Lea, 1857)
Epioblasma sampsonii {1.ea, 1861)
Epioblasma stewardsonii (Lea, 1832)
Epioblasma torulosa gubernaculum {Reeve, 1865)
Epioblasma torulosa torulosa {Rafinesque, 1820)
Epioblasma turgidula (Lea, 1858)
Lampsilis binominata Simpson, 1900
Medionidus mcglameriae van der Schalie, 1939
Pleurobema altum {Conrad, 1854}
Pleurobema avellanum Simpson, 1906
Pleurobema bournianum (Lea, 1840}
Pleurobema chattanoogaense {Lea, 1838)
Pleurobema flavidulum (Lea, 1861)
Plewrobemna hagleri {Frierson, 1900}
Pleurobemna hanleyianum (Lea, 1852)
Pleurobema johannis {Lea, 1859)
Pleurobema murrayense {Lea, 1868)
Pleurobema nucleopsis (Conrad, 1849)
Pleurobema rubellum {Conrad, 1834)
Pleurobema troschelianum (Lea, 1852)
Plewrobema verum (Lea, 1861}
Quadrula tuberpsa (Lea, 1840)

Tennessee riffleshel]
Wabash riffleshell
Cumberland leafsheil
Green blossom
Tubercied biossom

Coosa elktoe AL

Carolina elktpe NC, §C

Ochlockonee arcmussel FL

Winged spike AL, GA

Sugarspoon O ALKY, TN

Angled riffleshell AL, KY, TN

Leafshell AL, IL, IN, KY, OH,TN
Yeilow blossom AL KY, TN

Acornsheli - AL, KY, TN, VA
Narrow catspaw AL, TN

Forkshell AL, KY, TN

Catspaw AL, IL, IN, KY, OH, TN
Round combshel! IL, IN, KY, OH

AL, IL, IN, KY, OH,TN
IL, TN, KY

AL, KY, TN

TN, VA

AL, IL, iN, KY, OH,TN, WV

Turgid blossom AL, AR, TN
Lined pocketbook AL, GA
Tombigbee moccasinshell AL

Highnut AL, GA
Hazel pigtoe AL

Sctote pigroe OH

Painred clubsheli AL, GA, TN
Yellow pigtoe AL

Brown pigtoe AL

Georgia pigtoe AL, GA, TN
Alabama pigtoe AL

Coosa pigtoe AL, GA, TN
Longnut AL, GA
Warrior pigtoe AL, GA, TN
Alabama clubshell AL, GA TN
True pigroe AL

Rough rockshell TN, VA

{From Williams er al., 1998b.)

357

present species assemblages with those of earlier surveys
or with recent fossii assemblages (Neves and Zasle,
1982; Parmalee and Klippel, 1982, 1984; Parmalee
et al., 1982; Ahlstedr, 1983; Havlik, 1983; Stern, 1983;
Hoeh and Trdan, 1984; Miller ez al, 1984; Hartfeld
and Rummel, 1985; Taylor, 1985; Mackie and Topping,
1988; Nalepa and Gauvin, 1988; Starnes and Bogan,
1988; Baily and Green, 1989; Bogan, 1990; Anderson
et al., 1991; Counts et al., 1991; Hornbach et al., 1992;
Parmalee and Hughes, 1993; Hoke, 1994; Blalock and
Sickel, 1996). Extirpations of sphaeriid faunae are far
less common, but have occurred (Paloumpnis and Star-
rett, 1960; Mills ez al., 1966). Unionoidean assemblages
in Indian middens near the upper Ohio River yielded at
least 32 species, while a 1921 survey yielded only 25 of
_ the midden species, and a 1979 survey, only 13 of the
midden species in the same area, indicative of massive
species extirpation (Taylor and Spurlock, 1982). Similar

historical loss of Indian midden species has occurred in
the Tennessee River Drainage {Parmalee, 1988). Further
evidence of environmental change in the upper OChio
River includes recent establishment of 15 unionid
species previousty unreported on Indian middens or ear-
lier surveys (Taylor and Spuriock, 1982).

Such historical data clearly indicate the tol]l that
anthropomorphic activities are taking on the NA
unionoidean fauna (Neves, 1993; Neves et al., 1997).
The United States Fish and Wiidlife Service began list-
ing unionoideans as threatened and endangered after
passage of the Endangered Species Act of 1973. By
1998, 56 taxa were listed as endangered (Turgeon
et al., 1998), with aboutr 70% of NA unionoideans at
some level of imperilment (Williams et al., 1993).
Bogan {1998) reviewed the causes for decline of NA

" freshwater bivalve diversity and attributed it, and

species extinctions, to habitat destruction {loss of both
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unionoidean and host fish habitat), pollurion including
acid mine runoff, pesticides, heavy metals, commercial
exploitation and introduced species. Bogan (1997)
summarized this:

“The central cause of this decline and decimation of the
freshwater melluscan fauna is the modificarion and destruction
of their aquaric habitat, with sedimentation a¢ 2 leading major
factor. Sources of sedimentation include poor agricultural and
timbering practices. Damming of major rivers has also had a
dramatic impact on this fauna with the loss of unionid obligare
host fish due to changes in local water quality and foss of
habitar, In-stream gravel mining, dredging, and canalization
have further eliminated stable aguatic habitat. Acidic mine
drainage and various peint and non-point pollution sources also
continue to decimate local aquatic mollusk popuiations.”
Evidence of negative anthropomorphic impacts on
unionoidean populations is extensive. The freshwater
pearling industry can extirpate entire populations (Lay-
cock, 1983}, overfishing for pearls being a major factor
in the decline of the pearl mussel, Margaritifera magar-
itifera in Great Britain {Young and Williams, 1983a).
Commercial unionid shell fisheries that provide seed
peasls for the marine cultured pearl industry negatively
impact NA populations (Williams et al, 1993). Im-
poundments of rivers slow flow and allow accumula-
tion of silt, leading to mussef fauna reductions (Duncan
and Thiel, 1983; Parmalee and Klippel, 1984; Stern,
1983; Starnes and Bogan, 1988; Blay, 1990; Williams
et al, 1992; Houp, 1993; Parmalee and Hughes,
1993). Impoundments also eliminate glochidial fish
hosts (Mathiak, 1979} or prevent fish host dispersal
of glochidia. Release of cold, hypolimnetic water
from impoundments negatively impacts downstream
unionoidean populations (Ahlstedr, 1983; Clarke,
1983; Vaughn and Tavlor, 1999}, Controlied water re-
leases from impoundments lead to major flow-rate os-
cillations, either scouring the borrom of suitable mussel
substrates during high flows or causing lethal aerial ex-
posure during low flows (Miller et al, 1984; Vaughn
and Taylor, 1999). Channelization of drainage systems
for navigation or flood control is detrimental to
unionoideans. Increased flow velocity and propeller
wash elevate suspended solids, which interfere with
mussel filter feeding and O, consumption (Aldridge
et al., 1987; Payne and Miller, 1987). It reduces avail-
ability of stabilized sediments, sand bars, and low-flow
areas, all preferred unionoidean habirats (Payne and
Miller, 1989; Strayer and Ralley, 1993; Strayer, 1999a).
Pollution adversely affects bivalves. Unionoidean
faunas can be negatively impacted or extirpated by in-
dustrial pollution {Zeto et al., 1987; Wade et dl,
1993), urban wastewater effluents (sewage, silt, pesti-
cides) and resuitant eutrophication and hypoxia {Gun-
ning and Suctkus, 1985; St John, 1982; Neves and
Zale, 1982; Arter, 1989; Strayer, 1993), silt and acid

discharges from mines (Taylor, 1985; Warren et al,,
1984, Anderson et al, 1991) siltation from bank ero-
sion due to deforestation, destruction of riparian zones,
and poor agricultural practice (Hartfield, 1993;
Williams et al, 1993) or disturbance and silt from
river-bed gravel mining (Brown and Curole, 1997). Ad-
vent of modern sewage treatment on the Pearl River,
Louisiana, allowed re-establishment of five previously
absent unionid species (Gunning and Surtkus, 1985).

Nonindigenous species (i.e., “biological pollution”)
present a new threat to NA unionoidean taxa. The
nonindigenous zebra mussel, D. polymorpha, byssally
attaches in great numbers to the exposed, posterior,
siphonal sheil regions of unionoideans, leading to their
slow starvation as the zebra mussels strip suspended
food particles from their inhalant current. Thus, zebra
mussel infestations have extirpated a number of
unionoidean species populations from the lower Great
Lakes (Schioesser et al., 1998},

3. Physical Factors

Physical factors influence bivalve distributions.
While environmental requirements are species specific,
a number of generalities appear warranted. Sediment
type clearly affects distribution partterns, Unionoideans
are generally most successful in areas where flow is

" moderate with a stable substrate of coarse sand or

sand-gravel mixtures, and are generally absent from
substrates with heavy silt loads and very low water
flow (Strayer and Ralley, 1993; Strayer, 1999a). In the
Wisconsin and St. Croix rivers, only 7 of 28 unionid
species occurred in sand-mud sediments, the majoriry
preferring sand-gravel mixtures. Only three species,
Pyganodon grandis, Lampsilis teres, and L. siliguoidea,
preferred sand-mud substrates (Stern, 1983). Some
unionoidean species select preferred sediment types
(Baily, 1989). In rivers subjected to periodic high flows,
unionoideans oriented with siphons facing upstream to
a greater extent than those in stable flow rivers, a posi-
tion which presents the narrowest profile to the cur-
rent, reducing chances of flow-induced disiodgment
(Di Maio and Corkum, 1997). The relatively specific
substrate and flow requirements of many unionoidean
species may account for their patchy and clumped dis-
tributions {Strayer, 1999a). Courser sediments aillowing
free exchange of interstitial and surface warers may be
a requirement for early survival of recently excysted ju-
venile unionoideans with low pH, hypoxia, and ammo-
nia accumulation in interstitial water being correlated
with juvenile mortality in sediments where free water
exchange is reduced {Buddensiek et al., 1993}, Thus,
sediment limitations for juvenile development may
result in patchy or clumped adult unionoidean distribu-
tions. In contrast, C. fluminea is able to colonize
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FIGURE 13  Sediment relationships in sphaeriid clam communities from sites along a depth transecr in
Britannia Bay, Omawa River, Canada. {A} Mean sphaeriid density (Shannon-Weaver 4} values for various
sphaeriid communicies in relation to mean sediment geometric particle size, (B} Mean sphaeriid density values
at various depths. Vertical bars abour poines are 95 percent confidence limirs. Note increase in diversity with
decrease in mean sediment particle size and maximization of density ar depths less than one meter. {Redrawn

from data of Kilgour and Mackie, 1988.}

habitats ranging from bare rock through gravel/sand
to siit (McMahon, 1999), which has allowed it to in-
vade a wide variety of NA drainage systems. Irs opti-
mal habitat is oxygenated sand or gravel-sand (Be-
langer et al., 1983).

In contrast to unionoideans, species diversity in
Pisidium increases with decreasing parricle size {Fig.
13A), becoming maximal ar a ‘mean particle diameter
of 0.18 mm (Kilgour and Mackie, 1988). In southeast-
ern Lake Michigan, Pisidim density and diversity were
maximal in very fine sand-clay and silt—clay sedi-
ments, while peak Sphaerium diversity occurred at
somewhat larger particle sizes {Zbeda and White,
1985). Thus, there are differences in substrate prefer-
ences among sphaeriids, perhaps associated with sedi-
ment organic detritus feeding mechanisms in Pisidinm
{see Section 1I1.C.2),

Apparent differences in substrate preferences may
be associated with species-specific differences in opti-
mal water velocities. Unionoideans are most successful
where velocities are low enough to aliow sediment

stability, but high enough to prevent excessive siltation

(Strayer and Ralley, 1993; Strayer, 1999a), making
well-oxygenated, coarse sand and sand-gravel beds
optimal habitats for riverine species with such habitats
being more critical for . survival of juvenile
unionoideans than adults (Buddensiek er al., 1993).
Low or variable velocities allow silt accumulations that
make sediments too soft for maintenance of position in
adult unionocideans (Lewis and Riebel, 1984; Salmon
and Green, 1983) or which incerfere with their filter
feeding and gas exchange {Aldridge e al, 1987). In

contrast, periodic scouring of substrates during high
flows removes substrate and unionoideans, and pre-
vents their successful reserlement (Young and
Williams, 1983b). Indeed, unionoidean densities de-
cline in areas of high flow (Way e al., 1990b). Sedi-
ment type did not affect burrowing in three fotic
unionid species (P. grandis, Elliptio complanata, and
Lampsilis siliguoidea) (Lewis and Riebel, 1984), sug-
gesting that it is not involved in substrate preferences,
but unionoideans may move to preferred sediments
(Baily, 1989). C. fluminea, with its relatively heavy,
ridged shell and rapid burrowing ability, is berrer
adapred for life in high current velocities and unstable
substrates than most unionoideans {McMahon, 1999).
In the Tangipahoa River, Mississippi, it colonizes un-
stable substrates from which unionoideans are ex-
cluded {Miller et al., 1986). In contrast to the majoriry
of unionoideans and C. flumines, many sphaeriid
species occur in small ponds and the profundal por-
tions of large lakes, where water flow is negligible and
the substrate has high silt contents and heavy organic
loads {Burky, 1983). Preference of some sphaeriids for
low-flow, silty habitats may reflect inrerstitial sediment
detritus feeding, particularly in Pisidium (Lopez and
Holopainen, 1987) (see Secrion II1.C.2). Byssal attach-
ment allows D. polymorpha to inhabit relatively high
flow areas compared to other bivalves (pediveliger
larvae settle in flows up to 1.5m/sec). It also makes it
successful epibenthic species in lentic habitars with a
preponderance of hard substrates from which native
NA bivalves are generally eliminated {Claudi and
Mackie, 1993).
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Water depth affects freshwater bivalve distributions.
Most unionoideans prefer shallow habitats less than
4-10 m deep {Stone et al., 1982; Salmon and Green,
1983; Machena and Kautsky, 1988; Way et al., 1990b),
aithough some species occur in deeper lotic waters if
well oxygenated. C. fluminea is also restricted to shal-
low, near-shore lentic habitats {McMahon, 1999), as are
the majority of Sphaerium and Musculium species {Fig.
13B) {Zbeda and White, 1985; Kilgour and Mackie,
1988). In contrast, some species of Pisidium inhabit
profundal regions of lakes (Holopainen and Jonasson,
1983; Kilgour and Mackie, 1988). Depth distriburions

of D. polymerpha vary between habitats, however,

adulrs rarely occur above 2 m and dense populations ex-
tend to 4-60 m, but are restricted to well-oxygenated
waters above the epilimnion. The quagga mussel, D.
bugensis, extends to greater, oxygenated depths than
D. polymorpha in the Grear Lakes {Mills et al, 1596},
but is unlikely to penetrate hypoxic hypolimnetic waters
as it is less hypoxia tolerant than D. polymorpha (P. D.
Johnson and R. F. McMahon, unpublished data). Re-
cently sertled juveniles of D. polymorpha migrate to
deeper water {Mackie and Schloesser, 1996}, perhaps
avoiding wave-induced agitation (Clarke and McMa-
hon, 1996b) or ice scour. '
Limiration of most lentic bivalves to shallow habi-
tats may reflect their poor hypoxia tolérance. In lentic
habitats, hypolimnetic waters are often hypoxic. As
many species of unionoideans, Sphaerium and Mus-
culium (Burky, 1983), Dreissena {McMahon, 1996)

and C. flurminea (McMahon, 1999) cannot maintain.

normal O, uptake under severely hypoxic conditions,
they are’ mostly restricted to shaliow, well-oxygenated
habitats. Juvenile unionids are less hypoxia-tolerant
than adults {Dimock and Wright, 1993), preventing
colonization of hypoxic habitats. In contrast, many
species of Pisidium are extreme Vo, regulators { Burky,
1983) allowing them to inhabit highly hypoxic
hypolimnetic habirats {Jonasson, 1984a, b). However,
summer hypoxia retards growth and reproduction in
profundal Pisidium populations, indicating that hy-
poxia can deleteriously impact even hypoxia-tolerant
species (Halopainen and Jomasson, 1983), Hypoxia-
intolerant C. fluminea invaded the profundal regions of
a small lake only after artificial aeration of its hypoxic
hypolimnetic waters (McMahon, 1999). Sewage-
induced hypoxia in the Pearl River, Louisiana, extir-
pated izs unionoidean fauna (Gurning and Suttkus,
1385}, Even hypoxia-tolerant profundal Pisidium com-
fmunities are extirpated by extreme hypoxia (Jonasson,
1984a). '

Ambient pH does not greatly limit the distribution
of freshwater bivalves. The majority of species prefer
waters of pH above 7.0; species diversity declines in

acidic habitats (Okland and Kuiper, 1982). However,
unionoideans can grow and reproduce over a pH range
of 5.6~8.3, a pH of less than 4.7-5.0 being the ab-

solute lower limit (Fuller, 1974; Okland and Kuiper,

1982; Kat, 1982; Hornbach and Childers, 1987). Low
pH may have sublethal effects on unionoideans. It
reduces shell thickness (Hinch er al,, 1989), tissue cho-
lesterol content {Rao et al, 1987), and hemolymph
concentrations of Na*, K*, and Ci~ {Pynnénen, 1991;
Mékeld and Oikari, 1992). Unionoidean glochida and
juveniles are less low pH tolerant than adults (Huebner
and Pynnénen, 1992; Dimock and Wright, 1993), per-
haps preventing colonization of mildly acidic waters. In -
contrast, Pyganodon grandis showed no change in he-
molymph Na*, K*, and Cl~ concentrations after trans-
fer into an acidic lake {pH 5.9} from an alkaline lake
(Malley er al., 1988). Some sphaeriids are relatively in-
sensitive to pH or alkalinity. Species richness, growth
and reproduction in sphaeriid faunas of six low- g
alkalinity lakes was similar to those in higher alkalinicy
lakes {Rooke and Mackie, 1984a, b: Servos et al.,
1985). Musculium partumeium and Pisidium caser-
tanum inhabited acid lakes in New York State {pH
<6.0) (Jokinen, 1991). Indeed, maximal laboratory
growth and reproduction in Musculium partumeium
occurred at pH 5.0, suggesting adaptation to moder-
ately acidic habirats (Hornbach and Childers, 1987).
Low-pH habitats generally have low calcium con-
centrations. Low pH leads to shell dissolurion and
eventual mortality if shell penetration occurs (Kat,
1982). Sphaeriids occur in waters with Ca concentra-
tions as fow as 2 mg Ca/L, while the unionid, Elliptio
complanata, occurs at 2.5 mg Ca/L (Rooke and
Mackie, 1984a). Among freshwater bivalves, D. poly-

_ morpha is the most calciphilous and pH intolerant;

adults requiring pH > 6.5 and >12 mg Ca/L and
veliger larvae requiring pH >7.4 and >24 mg Ca/L
for successful development {McMahon, 1996). Fresh-
water bivalves actively rake up Ca?* at medium con-
centrations as low as 0.5 mM Ca/L {0.02 mg Ca/L,
see Section [.A.1), which is far below their minimal
ambient Ca’* concentration of 2-2.5 mg/L. Thus, the
minimum ambient calcium concentration appears to be
that at which the rate of calciusn uptake and deposition
to the shell exceeds that of calcium loss from shell dis-
solution and diffusion, allowing maintenance of shell
integrity and growth. As many factors affect shell de-
position and dissolution rates (e.g., temperature, pH,
and calcium concentration), the minimal Ca concentra-
tion and/or pH tolerated by a species may vary be-
tween habitars dependent on interacting biotic and
abiotic parameters and are often species-specific, Low
calcium waters usually have low concentrations of
other biologically important ions, making them inhos-



pitable to bivalves even if Ca concentrations are suit-
able for shell growth. ‘
Temperature influences bivalve distributions;
species have specific upper and lower limits for sur-
vival and reproduction (Burky, 1983). For example,
intolerance of <2°C prevents C. flumines from colo-
nizing drainages in the northcentral United Seates,
which reach 0°C in winter (Fig. 11) (McMahon,
1999), leading to low-temperature winter-population
kills on the northern edge of its range (Sickel, 1986).
Thus, many northern U.S, C. fluminea populations are

restricted to areas receiving heated effluents (McMa-

hon, 199%). In contrast, the maximal temperature for
development of D. polymorpha eggs and larva is 24°C
and adults do not tolerate temperatures >30°C, pre-
venting this species from colonizing southern and
southwestzern U.S. warters which exceed 30°C in sum-
mer (McMahon, 1996). Indeed, in the most southern
U.S. states, D. polymorpha only occurs in the lower
Mississippi River which rarely exceeds 30°C (Hernan-
dez et al., 1993),

Water-level variation affects bivalve distributions.
Declining water levels during droughts ‘or dry periods
expose relatively immotile bivalves for weeks or
" months to air. Restriction of many bivalve populations
to shallow waters makes them susceptible to emersion.
Many sphaeriid species and some unionoidean taxa are
highly tolerant of air exposure, surviving prolonged
seasonal emersion in ephemeral or variable level habi-
tats {Burky, 1983; White, 1979; Byrne and McMahon,
1994}, These species display unique emersion adapta-

tions {Byrne and McMahon, 1994 and Section I1.C.4). ~

Freshwater bivalve distribution is also related to
stream size or order. Unionoidean species diversity in-
creased with distance downstream in the Sydenhan
River, Ontario (Mackie and Topping, 1988}, Similarly,
stream size proved to be the only useful predictor of
unionoidean species richness of six tested factors
{i.e., stream size, stream gradient, hydrologic vari-
ablity, Ca concentration, physiographic province and
presence/absence of tides) in the Susquehanna,
Delaware and Hudson River drainages {Strayer, 1993).
The number of unionoidean species in Michigan
drainage systems increased proportionately with sys-
tem size; mainly by species additions (Strayer, 1983)
(Fig. 14), but species richness could not be completely
accounted for by drainage area size (note the high de-
gree of variation in species richness versus drainage
area values in Fig. 14), suggesting that other environ-
mental variables affect unionoidean distribution pat-
terns (Strayer, 1993). In the Ohio River drainage, the
number of fish species was directly related to drainage
area, and the number of unionoidean species directly
related to the number fish species, suggesting thar
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FIGURE 14 Unionoidean mussels species richness {rotal number of
species present at a particular site) as a function of stream size mea-
sured by irs tozal drainage area in km® in southeastern Michigan,
United States. Numbers next to points indicate the number of obser-
vations falling on that point. The relationship berween drainage area
and mussel species richness was statistically significant r = 0,68,
P < 0.001). (Redrawn from Strayar, 1983.)

unionoidean diversity is partially dependent on fish
glochidial host species availability (Watters, 1993).
Similarly, Margaritifera hembeli populations with the
highest juvenile recruitment rates occurred in stream
reaches with the highest densities of its fish host (John-
son and Brown, 1998). Among other variables affect-
ing species richness are stream hydrology, affected by
surface geology and soil porosity. Porous soils retain
water, buffering runoff, so that streams draining them
have constant flows and rarely dry, allowing them to
suppore greater mussel diversity than streams draining
soils of poor water-infiltration capacity thart are prone
to flooding~-drying cycles. In variable-flow streams,
emersion or low oxygen in stagnant pools during dry
periods, and bottom scouring and high silt loads dur-
ing fioods reduce species richness (Strayer, 1983). In-
deed, flow smability, high O,, reduced food risk, and
low silt loads of larger streams appear to account for
their increased bivalve species richness {Fig. 14)
{Strayer, 1983, 1993; Way et al, 1990b; Strayer and
Ralley, 1993). However, some unionoidean species,
such as Amblema plicata, Pyganodon grandis and Fus-
conaia flava, are adapted to small, variable flow
streams {Strayer, 1983; Di Maio and Corkum, 1995)
while other species favor tidally influenced portions o
rivers {Strayer, 1993). :
The above physical factors may interact to deter-
mine distributions of bivalves. The density of the
unionoidean, M. hembeli, was affected by stream order,
hardness, depth, substrate size and compaction, and
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flow rate, with highest densities occurring in shallow
areas of second-order streams, of hardness >8 mg/L,
with higher flow rates, and stable sediments with larger
particle sizes {Johnson and Brown, 2000).

B. Reproduction and Life History

North American freshwater bivalves display extra-
ordinary variation in life history and reproductive
adaprations. Life-history traits (e.g., those affecting re-
production and survival, including growth, fecundity,
life span, age to maturity, and population energetics)
have been reviewed for freshwater molluscs (Calow,
1983; Russell-Huater and Buckley, 1983) and specifi-
cally for freshwater bivalves (Burky, 1983; Mackie,
1984; Mackie and Schiocesser, 1996; McMahon, 1999).
Most research involves the Sphaeriidae, with less infor-
mation for unionoideans. Sphaeriids are good subjects
for life-history studies, because of their greater abun-
dances, ease of coilection and laboratory maintenance,
relatively simple hermaphrodiric life cycles, ovovivipar-

ity, semelparity, release of completely formed miniature
adults, and relatively short life spans. In contrast,
unionoideans are more difficult subjects because they
are gonochoristic, long-lived, interoparous, often rare
and difficult to collect, and have life cycles complicated
by the parasitic glochidial stage. The life-history traits
of C. fluminea and D. polymorpha have been intensely
studied due to their invasive nature and economic im-
portance as fouling organisms (Mackie and Schloesser,
19%6; Nichols, 1996; McMahon, 1999),

1. Unionoidea

. The life-history characteristics of freshwater
unionoideans are clearly different from those of
sphaeriids, C. fluminea or D. polymorpha (Table II).
The majority of unionids live in large, stable aguatic
habitats which buffer them from periodic carastrophic
population reductions, typical of smaller, unstable
aguatic environments (see Section IILA). In stable
habitats, long-lived adults accumulare in large numbers
(Payne and Miller, 1989). A few species inhabit ponds

TABLE Il Summary of the Life History
Corbicula fluminea, Driessena polymorpha

Characreristics of North American Freshwarer Bivaives, Unionoidea, Sphaeriidae,

Life history trait,

Unionoidea

Sphaeriidae

Corbicula fluminea

Dreissena polymorpha

Life span {years)
Age at maturity (vears)
Reproductive mode

Growth rate

Fecundiry {young per avg.
adult per breeding season)

Juvenile size ar release

Relative juvenile survivorship
Relative adult survivorship

Semelparous or iteroparous

Number of repraductive
efforts per year

Assimilated energy
respired (%}

Nonrespired energy
allocated to growth {%)
Nonrespired energy allocared

to reproduction (%)
Turnover time in days (= mean

standing crop biomass

: biomass per day ratio)
Habirar stabiliry

<§-~->100 {Species
dependenct)

612

Gonochoristic {few
hermaphroditic species)

Rapid prior to mararity,
slower thereafter

266,000+ 17,000,000
per fermale

Very small, 50-450 um

Extremely low
High

Highiy iteroparous

One

85.2-97.5
2.8-14.8

17902849

Seable

<1->3 (species dependent)

>0,17-<1.0 {1 year
in some species)
Hermaphroditic

Slow relative to Unionoideans,
C. fluminea or D. polymorpha
324 (Sphaerium)
2136 (Musculivm)
3-7 (Pisidivm)
Large 600-4150 um

High
Intermediare
Semelparous or lteroparous
{species dependent)
1-3 {continuous
in some species)
21-91 (Avg. = 45%)
6596 {Avg. = §1%)
435 {Ave. = 15%)

271972 (generzlly <80)

Intermediately stable

1-4
025-0.75

Hermaphrodictic
seif-fertilizing
Rapid throughour
life
35,000

Very small 250 pm

Extremely low

Low 2~41%

- per year

Moderately
iteroparous

Two (spring
and fall}

11-42

58-71
13

73-91

Unsrable

47
0.5=2
Gonochoristic

Rapid throughout
life

30,000-40,00¢
per female

Extremely small,
40 um

Extremely low

Intermediate 26-88%
per year

Moderarely
iteroparous

One (2 -8 months
long)

96.1

e

$3~869 (habitat
dependent}

Moderately unstable

a N . . N .
See text for literature cirarions to data o which this table was based.



ANTERIOR
ADDUCTOR
MUSCLE

11. Moliusca: Bivaivia 363

A HINGE
,,f,,zf”””psaaau B
ADDUCTOR MUSCLE

POSTERIOR ADDUCTOR
MUSCLE

DEVELOPING GiLL S
SENSORY HAIRS —cuwn
STATOCYST

MANTLE 4
FOO% HOOKS
- ATTACHMENT.
C APICAL TUFT

orL A\t CILIA
VELUM W
gy VELUM

SHELL
i) E ETRA
VELUM RETRACTOR —— ?—UnUﬁSCLESCTOR
MUSCLES
POSTERIOR ADDUCTOR VISCERAL MASS
MUSCLE

GILL RUDIMENT

VISCERAL MASS”, LATERAL

VIEW

ANTERIOR

St

HMINGE
VIEW

FIGURE 15  Anatomic features of freshwater bivalve larval stages. (A) the D-shaped juvenile of Corbicula
fluminea, the freshwater Asian clam (shell length = 200 zm). (B} The glochidium larva of unionsideans, which
is parasiric on fish. Depiczed is the glochidium of Pyganodon characrerized by the presence of paired spined
hooks projecing medially from the ventral edges of the shell valves and an accachment thread; not all
unzonoidean species have glochidia with these characteristics (50~400 am in diameter depeading on species).
(C} Lateral and anteriot views of the free-swimming, planktonic veliger stage of Dreissena polymorpha, the
zebra mussel; the veliger is 40290 pum in diamerer and uses the ciliated velum to swim and feed on phyto- and
bacterioplankton. Presence of a foor as shown in this diagram indicares development o the settlement compe-

tent pediveliger stage, The juveniles of freshwater sphaeriid species are large and highly developed, having

essentially adult fearures (Fig. 2A} at birth.

(Burch, 1975b), but their life-history traits have not
been studied.

An important aspect of the unionoidean life-history
traits is their parasitic glochidium larval stage {Fig.
15B). With the exception of Simpsonaias ambigua,
whose glochidial host is the aquaric salamander, Nec-
turus maculosus, all other known NA unionoideans
have glochidial fish hosts (Watters, 1994b}). The signifi-
cance of glochidia unionoidean reproduction has been
reviewed by Kat (1984) and derails of glochidial incu-
bation and development in marsupial brood pouches
were described in Section ILB.S. The glochidium has a
bivalved shel! adducted by a single muscle. Its mantle
edge ‘contains sensory hairs. In the genera Unio, An-
odonta, Pygauodon, Megalonaias, and Quadrula, a
long threadlike structure projects from the mantle be-
yond the ventral valve margin which may be involved
with detection of and/or attachment to, fish hosts.

There are three general forms of glochidia. In the
subfamily Anodontinae, “hooked glochidia” occur, with

triangular valves from whose ventral edges project an in-
ward curving hinged hook covered with smaller spines
(Fig. 15B). On valve closure, the hooks penetrate the
skin, scales, or fins of fish hosts, allowing glochidial at-
tachment and encystment on host external surfaces. The
majority of NA wunionoideans produce “hookless
glochidia™ with more rounded valves bearing reinforcing
structures and/or small spines or stylets on their ventral
margins which generally attach and encyst on fish gills.
“Axe-head glochidia™ of the genus Potamilus have a
flared ventral valve margin, and near-rectangular valves
which may have hooklike structures on each corner.
Their host attachmeant sites are unknown (Kat, 1984).
Glochidia initially attach to fish by clamping (snap-
ping) the valves onto fins, scales, and/or gill filaments.
They are not host-specific in attachment, atraching to
any contacted fish (Kat, 1984). In contrast, gravid
adult unionids (European Anodonta anatina) appear
to release glochidia in response to chemicals released
by host fish (Jokela and Palokamgas, 1993), Once.
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released, glochidia display ‘snapping’ behavior’ (i.e,
host artachment behavior), the valves being rapidly and
repeatedly adducted. In M. margaritifera, glochidial
valve snapping is stimulated by the presence of mucus,
blood, gill tissue, or fins of their brown trout host, but
not by water currents or tactile stimulation (Young and
Williams, 1984a), Suggesting use of chemical cues to
detect and attach to host fish.

Glochidia encyst in fish host tissues within 2-36 h .

of attachment and may or may not grow during encyst-
ment, -depending on species. Time to juvenile excyst-
ment is also species-dependent, ranging from 6 to 160
days, but is reduced at higher temperatures (Zale and
Neves, 1982; Kat, 1984). Unsuitable host fish reject
glochidia after encystment (Kat, 1984}, fish blood
serum components dictating host suirability (Neves et
al., 1985). Since glochidia nonselectively attach to fish
{Kat, 1984; Neves et al., 1985}, host suitability appears
more dependent on fish immunity than on glochidial
host recognition. Indeed, even suitable host fish reject
glochidia, rejection rate being host fish species-depen-
dent {Haag et al., 1999). Numbers of M. margaritifera
glochidia encysted in a brown trout population de-
clined with time (Young and Williams, 1984b), with
laboratory studies revealing that only 5-12% of M.
margaritifera glochidia successfully excyst from in-
fected host fish, indicating host rejection of most en-
cysted individuals {Young and Williams, 1984a).

Unionoideans have adaptations that increase likeli-

hood of glochidia contact with fish hosts. Glochidial re-
lease occurs annually, but duration of release is species-
dependent with some species having more than one
annual release period (Fukuhara and Nagata, 1988;
Gordon and Smith, 1990). Cycles of gametogenesis and
glochidial release may be controlled by neurosecretory
hormones (INagabhushanam and Lomite, 1981). Tachyt-
ictic mussels are short-term breeders, whose glochidial
development and release occurs berween April and Au-
gust; shedding of glochidia often corresponding with ei-
ther migratory periods of anadromous fish hosts, or
nesting periods of their host fish. Fish hosts of tachytic-
tic unionoideans often construct nests in areas harbor-
ing dense unionoidean populations, where fish host nest
construction by fanning away substrates, and fish host
fanning of developing embryos provide optimal condi-
tions for glochidial— host contact. Thus, a high propor-
tion of nest-building fish species, such as centrarchids,
are glochidial hosts for NA unionoideans {Watters,
1994b). In contrast, bradytictic unionoidean species are
long-term breeders, retaining developing glochidia in
gill marsupia throughout the year, releasing them in
summer (Kart, 1984).

When released from adult mussels, glochidia are
generally bound by mucus into discrere packets, which

either dissolve, releasing glochidia, or remain intact as
discrete “conglutinates” of various species-specific
forms and colors. Glochidia with attachment threads
(Fig. 15B) are released in tangled mucus threads that
dissolve relatively rapidly. Many of these glochidia
possess hooks and attach to fish-host external surfaces.
Hooked glochidia are larger than other types of
glochidia (Bauer, 1994). In some unionoideans, mu-
cilaginous networks of glochidia persist, enhancing host
contact by suspending glochidia above the substrate.

Unionids with hookless glochidia that artach to fish
gills may release conglutinates that mimic the food
items of their fish hosts. They resemble brightly colored .
oligochaetes, flatworms, or leeches. Some species hold
their wormlike conglutinates partially extruded from
the exhalant siphon, making them more obvious to fish
hosts. Some Lamsilis species, such as, Lampsilis per-
ovalis, produce a “supercongultinate” that contains all
the glochidia in the marsupial gill and resembles a small
fish. It is tethered to the female’s exhalant siphon by a
long, transparent mucus strand (Fig. 16A). In flowing
water, it mimics the darting motions of a small fish, elic-
iting attacks by host fish (Haag er al., 1995}. Consump-
tion of such conglurinates releases glochidia within the
buccal cavity of the fish followed by transport to gill
filament attachment sites on ventilatory currents.

The most unusual unionoidean host food mimicry
involves pigmented muscular, posterior mantle edge ex-
tensions in female Lampsilis and Villosa. These “man-
tle flaps® (Fig. 16B) resemble the small fish or macroin-
vertebrate prey of their fish hosts (Haag and Warren,
1999). Gravid females extend the posterior shell mar-
gins well above the substrate and pulsate the projecting
mantle flaps to mimic a small, actively swimming fish
or moving macroinvertebrate. When fish strike these
mantle lures, glochidia are forcibly released through
posterior pores in the marsupial gill (ofren projected
berween the mantie flaps, Fig. 16B) assuring glochidial
ingestion and contact with the fish host giils (Kat,
1984; Haag and Warren, 1999).

As the glochidia of some unionoideans do not grow
while encysted, their parasitic nature has been ques-
tioned. However, in vitro glochidial cuiture experiments
sugges: that they absorb organic molecules from fish tis-
sues and require fish plasma for development and meta-
morphosis (Isom and Hudson, 1982), indicarive of a
true host— parasite relationship. Indeed, glochidial infec-
tion damages fish hosts, especially juvenile fish {Cunjak
and McGladdery, 1991; Panha, 1993).

Like other parasites, glochidia are shed in huge
numbers to ensure the maximum host contact and at-
tachment. Unionoidean fecundity ranges from 10,000
to 17,000,000 glochidia per fernale per breeding season
(Parker et al, 1984; Young and Williams, 1984b;
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FIGURE 18 Reproductive adaptations in female Lamsilid unionoideans. (A} Supercon-
glurinare tethered on a mucus strand extending from the exbalant siphon of Lampsilis
perovalis. Glochidia are encapsulated in the fattened terminal lure {detailed in the upper
portion of the figure} at the end of the mucus strand which makes darting fishlike move-
ments in water currents, enticing host fish to strike the lure, thus assuring release of~
glochidia into its buccal cavity for atrachment to the fishes® gills. {Redrawn from Haag ez
al., 1995) (B} The modified, mantle flaps of a female specimen of Lampsilis ovata, which
mimic the small fish prey (note eye spot and lateral linelike pigmentation) of its preda-
tory host fish species. The posterior portions of the marsupial outer demibranchs are
projected from the mantle cavity to lie between the flap lures. When the mantle flap lures
are struck by an attacking host fish, glochidia are released through pores in the marsu-
pial gill ensuring their entry into the Figh's buceal cavity and attachment to its gills, Su-
perconglutinares and mantle flap lures are characteristic of the unionocidean genus,
Lampsilis.
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Paterson, 1985; Paterson and Cameron, 1985; Jansen
and Hanson, 1991; Bauer, 1994), brood size increasing
exponentiaily with female size (Janson and Hanson,
1991; Bauer, 1994). Probability for glochidial survival
to metamorphosis is extremely small, In a natural
population of M. margaritifera, a species that does not
produce glochidial conglutinates, only 0.0004% of re-
leased glochidia successfully encysted in fish hosts. Of
these, only 5% were not rejecred before excystment;
and, of those successfully metamorphosing, only 5% es-
rablished as juveniles in the substrate {Young and
Williams, 1984b). Thus, only one in every 100,000,000
shed glochidia became settled juveniles. High glochidial
mortality makes the effective fecundity of unionoideans
extremely low, which is not unusual for a species
adapred to stable habirats. Similarly, only 0.007% of re-
leased glochida of Pyganodon grandis encysted in their
host fish {Perca flavescens), however, once encysted,
they had relatively high survival, 27% surviving to, and
excysting afrer, two vears (Jansen and Manson, 1991).
Based on these data and the fecundiry ranges listed in
~ Table I, only 0.002-0.17 of the glochidia produced by
a female unionoidean would successfully settle as juve-
niles in sediment. Therefore, the main advantages of the
glochidial stage appear to be a directed dispersal by fish
hosts into favorable habirats (Kat, 1984} and utilization
of fish-host energy resources 1o complete developrnent
to a juvenile large enough to effectively comperte after
setilement in adult habitats (Rauer, 1994).
" There is a trade-off berween glochidial size and

number of glochidia- released. Species with large -

glochidia (including toothed glochidia) produce fewer
glochidia while species with smail glochidia release
them in great numbers {Bauer, 1994). Species releasing
fewer, larger glochidia, tend to have a greater range of
host-fish species and prefer lower flow habitats {Bauer,
1994). Production of many small glochidia occurs in
species with limited fish hosts and may increase chances
of glochidial-host contact, while having a wide range
of host-fish species allows production of fewer, larger
glochidia, because chances of glochidium contact with a
suitable host are higher. In the highly K-selected, stable
habitats of most unionoideans, excysting at 2 large size
makes juvenile mussels more competitive, increasing
likelihood of survival to maturity. Thus, small glochidia
of unionoideans, such as Margaritifera, remain encysted
for longer periods (>1000 days), allowing growth to a
more competitive size before excystment. In conrrast,
among species with larger glochidia, the encystment pe-
riod is much shorter (200-300 days} before attainment
of competitive juvenile size. The long encystment peri-
ods of small glochidia reduce their chances for success-
ful excystment due to increased chances of host mortal-
ity and/or rejecrion by the host’s immune system,

selecting for production of greater numbers of glochidia
to assure recruitment of enough iuveniles to sustain
population size {Bauer, 1994).

Glochidial utilization of fish-host energy stores pre-
vents their direct competition with adults for limited
food and space resources (Bauer, 1994), as occurs in ju-
venile C. fluminea and D. polymorpha. Glochidial par-
asitism alsc allows female unionoideans to devote rela-
tively small amounts of nonrespired, assimilared energy
to reproduction (2.8-14.5% of total nonrespired, as-
similated energy}, leaving the majority for somatic.
tissue growth {Table V) (Negus, 1966; James, 1985;
Paterson, 1983). Allocation of a high proportion of
energy to tissue growth is characteristic of species
adapred to stable habitats (i.e., K-selected species). As
unionoideans are often very long-lived {Margaritifera
margaritifera up to 130~200 years) and highly
iteroparous (>6-10 reproductive periods throughout
life), allocation of the majority of nonrespired energy
to growth increases probability of adult survival to
future reproductive efforts. Increased growth rate and
reduction of reproductive effort increases comperitive-
ness and lowers probability of predation and/or mor-
tality associated with reproductive effort or dislodg-
ment frorn the substraze during floods. All these
characteristics. increase unionoidean. fitness in stable
habitars (Sibly and Calow, 1986; Bauer, 1994).

In . the majority of unionoideans, greatest shell
growth occurs in immature individuals during the first
4—§& years of life {Hanson et al, 1938; Payne and
Miller, 1989; Harmon and Joy, 1990} (Fig. 17A). In-
deed, relative shell growth in young unionids is grearer
than in sphaeriids or C. fluminea and D. polymorpha
{Table I). Unionoidean sheli-growth rate declines ex-
ponentially with age, but tissue biomass accumulation
rate remains constant or increases with age (Fig. 17A,
B; see also Haukioja and Hakala, 1978). Thus, early in
life, increases in shell size and biomass occur preferen-
tially over tissue’accumulation; whereas after maturity
{(>6 years), shell growth slows and tissue accumulates
at proportionately higher rates. Delayed marturity in
unionoideans (6—12 years, Table III) allows allocation
of ali nonrespired assimilation to growth early in life
and, due to an exponential relationship berween size
and fecundity, {eads to reproductive effort being pri-
marily sustained by the oldest, largest individuals
{Downing et al., 1993).

Growth rates in unionoideans are affected by abi-
otic conditions. Shell growth of field-enclosed speci-
mens P, grandis declined with depth, being greartest
>3 m {Hanson et al., 1988). However, in natural pop-
ulations, depth did not influence shell growth in P
grandis (Hanson et al., 1988) or A. woodiana {Kiss
and Pekli, 1988), suggesting that vertical migration
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(Data from Negus, 1966; Paterson, 1985; and Paterson, and Cameron, 1985.)

may mask depch influences on growth in free-living in-
dividuals {Hanson et al, 1988). Unionoidean growth
rates also vary seasonally with level of precipitation
(Timm and Mutvei, 1993} and can be depressed by
pollutants (Harman and Joy, 1990).

Once mature, large adult unionoideans display high
age-specific survivorship between annual reproductive
efforts, being 81-86% in 5-7 yearold Anodonta
anating (Negus, 1966), greater than 80% in mature M.
margaritifera {12-90 years) (Bauer, 1983), with a lower
value of 15.6% in Pleurobema colling (Hove and
Neves, 1994), High adulr survivorship, long life spans,
- and low juvenile survivorship account for the prepon-
derance of large adult individvals in natural
unionoidean populations {Bauer, 1983; James, 1985;
Negus, 1966; Paterson, 1985; Paterson and Cameron,
1985; Tevesz et al., 1983; Hansen et al., 1988; Huebner
et al., 1990; Woody and Holland-Bartels, 1993; Hove

and Neves, 1994; Vaughn and Pyron, 1995). Popuia-
tions dominared by adults are characteristic of stable,
highly competitive habirats {Sibly and Calow, 1986).
The preponderance of large, long-lived adults in
unionoidean populations causes them to have high pro-
portions of standing crop biorass relative to biomass
production. The relationship between standing crop
biomass and biomass production rate can be expressed
as turnover time, computed in days as the average
standing crop of a population divided by its mean daily
productivity rate (Russell-Hunter. and Buckley, 1983},
Long-lived unionids, with populations dominated by
large aduls, have exrremely long turnover times
ranging from 1790-28489 days {computed from data in
James, 1985; Negus, 1966; Paterson, 1985; Huebner
et al., 1990) compared with sphaeriids (27-1972 days),
C. fluminea (73~91 days), or D. polymorpba (53~
869 days) (Table III}. Such extended turnover times
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characterize long-lived, iteroparous species from stable
habitats {Russell-Hunter and Buckley, 1983).

In only one aspect do unionoideans deviare from the
life-history traits expected of species inhabiting stable
habitats and experiencing extensive competition {i.e.,
K-selected). That is in the production of large numbers
of smail young (glochidia). However, as described
above, this is an adaptation ensuring sufficiently high
probability of glochidial—host fish conract. Thus, species
producing conglutinates resembling fish host prey trems
have greater glochidial-host contact and produce fewer
(200,000-400,000 glochidia per female) and larger
glochidia (Kat; 1984). In contrast, M. margaritifera,
which releases very small, dispersed glochidia, has extra-
ordinarily high fecundities (up to 17,000,000 glochidia
per female) (Young and Williams, 1984b).

Extended life spans, delayed maturity, low effective
fecundities, reduced dispersal, high habitat selectivity,
poor juvenile survival and extraordinarily long
turnover times make unionoidean popuiations highly
susceptible to human perturbations. Because of their
life-history traits (particularly long life spans and low
effective fecundiries), they do not recover rapidly once
decimated by pollution or other human- or naturaliy-
mediated habitar disturbances (see Section IILA). Suc-
cessful juvenile settlement appears particularly affected
by disturbance, with population structures indicating
periods when entire annual generations are not re-
cruited (Bauer, 1983; Negus, 1966; Payne and Miller,
1989). Reduction in population densities may reduce
fertilization success in unionoideans. Complete failure
of fertilization in Elliptio complanata occurred at den-
sities <10 mussels/m?* with densities >40 mussels/m?
required for 100% of females to be fertilized (Downing
et al., 1993). Thus, anthropomorphically influenced re-
duction of unioneidean population densities to low lev-
els could prevent further recruitment. Such distur-
bance-induced lack of juvenile recruitment raises the
specter of many NA unionoidean populations being
composed of dwindling numbers of long-lived adults
destined for extirpation as anthropomorphic distur-
bances prevent reproduction and/or juvenile recruis-
ment in aging adult populations (for an example, see
Vaughn and Pyron, 1995).

2. Sphaeriidae

The Sphaeriidae display great intra- and interspecific
life history variation {Holopainen and Hanski, 1986;
Mackie, 1984; Way, 1988). Like unionoideans, their life-
history traits do not fall into suits associated with stable
or unstable habitats. Instead, they include the short life
spans, early maturity, small aduit size, and increased
energetic aliocation to reproduction associated with
adapration to unstable habitats, and the slow growth

rates, low fecundity, and release of large, fully developed
young associated with adaptation to stable habirats
(Sibly and Calow, 1986) (Table III). Sphaeriids are eury-
oecic (i.e., have a broad habitat range); some members
inhabiting stressful habitars, such as ephemeral ponds,
and small, variable flow streams, while others live in sta-
ble, profundal lake habirats (Burky, 1983). Here, we
generalize the life-history traits of sphaeriids within
adaptive and evolutionary frameworks. However, the
degree of inter- and intraspecific life-history variation in
this group is such that, for each generality, specific ex-
ceptions can be cited (Mackie, 1979).

Central to -understanding sphaeriid life-history
traits s their viviparous reproduction (Mackie, 1978).
All species brood embryos in specialized chambers
formed from evaginations of the exhalant side of the
inner demibranch gill flaments. Maternal nutrient ma-
terial is supplied to embryos supporting their growth
and development tc release as fully formed miniature
aduits (see Section ILB.5). Thus, even though adult
sphaeriids are the smallest of all NA freshwater bi-
valves, they release the largest voung {(Mackie, 1984},
Among 13 sphaeriid species, average birth shell length
ranged from 0.6 o0 4.15 mm (Burky, 1983; Holopainen
and Hanski, 1986; Hornbach and Childers, 1986;
Hornbach et al., 1982; Mackie and Flippance, 1983a),
much larger than unionoidean glochidia (0.05-0.45
mm, Bauer, 1994), C. fluminea juveniles (0.25 mm,
McMahon, 1999), or D. polymorpha veliger larvae
(0.04-0.07 mm, Nichols, 1996) {Table III). Based on
shell lengths, newborn sphaeriids have (3.4-2.1) x 10°
times greater biomass than newborns of other groups.
Ratios of maximum adult shell length : birth shel
length in sphaeriids range {rom 2.8:1 1o 5.4:1, suggest-
ing that newborn juveniles have biomass 0.6-4.6% of
the maximurn biomass of 2dults. There is a significant -
direct relationship between these two parameters,
shown in Figure 18.

Large offspring size reduces sphaeriid fecundity.
Average clucch sizes range from 3 to 24 per young per
adult for Sphaerium, 2 to 136 per young per acuit for
Musculium, and 1.3 to 16 per young per adult for
Pisidiumm  (Burky, 1983; Holopainen and Hanski,
1986). Even with reduced fecundity, large juvenile bio-
mass requires allocation of large amounts of non-
respired energy to reproduction (¥ = 19%, Burky,
1983) compared to unionoideans {<14.8%), C. flu-
minea {15%) or D. polymorpha (4.9%) (Table III). As
developing juveniies have high merabolic rates {Burky,
1983; Hornbach, 1985; Hornbach et al., 1982) and are
supported by adult energy stores {Mackie, 1984), esti-
mates of reproductive costs based on released juvenile
biomass may grossly underestimate actual reproductive
costs in this group.
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FIGURE 18 The relationship berween shell length (SL) of juveniles
ar birth and maximal SL of adulrs for 13 species of sphaeriid fresh-
water clams. Note that juvenile birth length increases linearly with
maximal adul size, suggesting that adult size may limit juvenile birth

size in sphaeriids. The solid line represents the best fir of a linear’

regression relating birth size to maximal adult size as follows: Birth
SL = 0.0387 + 0.236 mm {maximal aduit SL in mm) {#n = 13, r =
0.935, F = 76.3, P < 0.0001). {Data from Holopainen and Hanski,
1986; Hornbach and Childers, 1986; Hornbach et al; 1982, and
Mackie and Flippance, 1983a.}

Life-history hypotheses predict that the low fecun-
dity and large birth size of sphaeriids would maximize
fitness in stable habitats. However, the majority of
sphaeriids inhabit variable ponds and streams or pro-
fundal habitats subject to hypoxia (Burky, 1983;
Holopainen and Hanski, 1986). Burky {1983) and Way
(1988) have argued that the harsh conditions of such
habitats are seasonally predictable, making them, in re-
ality, stable. Thus, sphaeriid species inhabiting them
have adaptations that prevenr catastrophic population
reductions during seasonal episodes of environmental
stress {see Section I1.C). Thus, sphaeriid populations ap-
proach carrying capacity, leading to selection for life-
history adaprations associated with the intense intraspe-
cific competition characteristic of life in stable habirats.

Seasonal water-level fluctuation and hypoxia often
more severely impact smaller individuals. Thus,
production of large, weil-developed juveniles by
sphaeriids may increase their probability of surviving
predictable environmental stress. As such stress can
cause high adult mortality (Burky er al, 1985b;
Holopainen and Jonasson, 1983; Hormbach et al,
1982; Jonasson 1984b), fitness would also be increased
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by devoting greater proportions of nonrespired assimi-
lation to any one reproductive effort, as chances of
adult survival to the next reproduction are low. Thus,
sphaeriids devote relatively higher proportions of
energy to reproduction than other freshwater bivalves
(Burky, 1983) (Table HI). This combination of r se-
lected and K-selecred traits, optimizing sphaeriid fitness
in habitats with periodic, predictable stress, is a life-
history strategy calied “ber hedging” {Stearns, 1980).
The early maturation, characteristic of many
sphaeriid species (Burky, 1983; Holopainen and
Hanski, 1986) (Table III}, is due to the advanced devel-
opment of newborn juveniles, and allows reproduction
before onser of seasonal environmental stress. This trait
is particulary displayed by sphaeriid species inhabiting
ephemeral ponds and streams. They have rapid growth,
early maturity, and reduced numbers of reproductive ef-
forts. Thus, Musculium lacustre, Pisidium clarkeanum,
and P. annandalei from temporary drainage furrows in
Hong Kong live less than 1 year, and have only one or
two life-time reproductive efforts (Morton, 1985,
1986). Similarly, Musculium lacustre, Pisidium caser-
tanum, P. variable, Spharium fabule, and Musculium
securis had only 1-3 reproductive efforts within life
spans of 1 to 2 years (Mackie, 1979} and a lake species,
S. japonicum, is univoltine and semelparous {Park and

. Okino, 1994). An ephemeral pond population of Mus-
- eulivm partumetum lived 1 year, was semelparous, re-

produced just prior to pond-drying, and devoted a large
proportion of nonrespired assimilation {18%) to repro-
duction (Burky et al., 1985b). Ephemeral pond popula-
tions of M. lacustre were similarly univoltine and semel-
parous, devoting 19% of nonrespired energy to
reproduction (Burky, 1983). A Sphaerium striatinum
population, subject to flooding, lived 1 year or less and
reproduced biannually (Hornbach ef al., 1982), devot-
ing 16.1% of nonrespired assimilation to reproduction
{Hornbach et al., 1984b). In contrast, when popula-
tions of these species occur in more permanent habirats,
they become bivoltine, reproducing in both spring and
fall. Spring generations are iteroparous, reproducing in
the fall and following spring; whereas fall generations
are semelparous, reproducing only in the spring
{Mackie, 1979; Burky, 1983; Burky ez al., 1985Db).
Some Pisidium species live in the profundal por-
tions of large, more permanent lentic habirats where
they tolerate periodic hypoxia afrer summer formation
of the hypolimnion (see Section ILC.3}. As these
profundal species are tolerant of hypoxia, such envi-
ronments are more stable than small ponds and
streams, although far less productive, reducing food
availability (Holopainen and Hanski, 1986). Thus,
profundal sphaeriids display life-history strategies
differing from those in small ponds and streams
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(Burky, 1983; Holopainen and Hanski, 1986}. Profun-
dal populations have reduced growth rates, longer life
spans of 4 to § years, delayed maruration often exceed-
ing 1 year, higher levels of iteroparity, and univoltine
reproductive patterns (Holopainen and Hanski, 1986},
all life-history traits characteristic of more stable habi-
tats {Sibly and Calow, 1986). Interestingly, shallow-
water and profundal populations of the same species of
Pisidium may display different life-history ractics.
Compared to profundal populatiens, shallow-water
populations grow more rapidly, mature earlier, have
shorrer life spans, and tend toward semelparity
{Holopainen and Hanski, 1986), life-history traits as-
sociated with unstable habitats. As pisidiids have well-
developed dispersal capacities, this variation in life-
history tactics among species’ populations occupying
different habitats in unlikely to result from genetic
adapration. Rather, much of this variation appears to
be environmentzally induced plasticity and is reflected in
the highly variabie turnover times reported for sphaeri-
ids {range = 27~1972 days, Table ITI).

Freshwater bivalve growth rates are highly depen-
dent on ecosystem producrivity. Populations from pro-
ductive habitars have greater assimilation, allowing al-
location of greater absolute amounts of nonassimilated
energy to growth (Burky, 1983). Shallow, freshwarer
habitats ‘are usually highly productive, warm, znd

rarely Op-limited and, thus, .support higher growth -

- rates. Conversely, profundal environments are less pro-
ductive, cooler, and often O,-limited, leading to lower
growth rates. Since sphaeriids marure at a species-spe-
cific size irrespective of growth rate (Burky, 1983;
Holopainen .and Hanski, 1986}, rapid growth leads to
early maturity in shaliow-water habitats and slow
growth to delayed marturity in profundal habirats.
Sphaeriids also die at species-specific terminal sizes
whether terminal size is attained rapidly or slowly. As
growth rate determines the time required to reach ter-
minal size, fast-growing, shallow-water individuals
reach terminal sizes more rapidly (often within less
than 1 year) allowing participation in only one or two
reproductive efforts, while slow-growing, profundal in-
dividuals (Holopainen and Hanski, 1986) reach termi-
nal size more slowly, allowing participation in a greater
number of reproductive efforts. Similar interpopulation
growth rate and reproductive variation has been
recorded in several NA sphaeriid species {(Mackie,
1979). The fundamentally ecophenotypic nature this
variation has been demonstrated for Pisidium caser-
tanum. When individuals were reciprocally transferred
between two populations with differenc life-history
traits or co-reared in the laboratory, the majority of
life-history trait differences proved to be environmen-
tally induced. However, electrophoresis revealed ge-

netic differences berween populations and transfer and
laboratory corearing demonstrated a small portion of
observed variation to be genetically based (Hornbach
and Cox, 1987). Extensive ecophenotypic plasticity
may account for the euryoecic nature and cosmopoli-
tan distributions of sphaeriids (see Section IILA}. Cer-
tainly, capacity to adjust growth rates, maturity, repro-
ductive cycles, life cycles, and energetic allocation
parterns to compensate for habitat biotic and abiotic
variation enables sphaeriids to have relatively wide
niches and, thus broad distributions.

3. Corbicula fuminea

The introduced Asian freshwater clam, Corbicula
fluminea, unlike unionoideans and sphaeriids, has life-
history traits adapting it to unstable, unpredictable
habitats (McMzhon, 1999}, making it the most invasive
of all NA freshwater bivalves. C. fluminea grows
rapidly, in parr because it has higher filtration and as-
similation rates than other bivalves (Foe and Knight,
1986a; Lauritsen, 1986a; Way et 4l., 1990a). In a nat-
ural population, a relatively small proportion of assimi-
lation (29%) was devoted to respiration {Table V), the
majority (71%) being allocated to growth and repro-
duction {Aldridge and McMahon, 1978). Laboratory
studies have also showed that 59-78% (Lauritsen,

. 1986a) or 58-89% of assimilation (Foe and Knight,
.. 1986a) was allocated to tissue production. Thus, C. flu-

minea has among the highest net producrion efficiencies
recorded for any freshwater bivalve, reflected by its low
turnover times, ranging from 73 ro 91 days (Table IM).

The very high proportion of nonrespired assimila-
tion (85-95%) devoted to growth in C. Auminea
{Aldridge and McMahon, 1978; Long and McMahon,
unpublished data), sustains rapid shell growth (shell
length = 15-30 mm in the first year of life, 35-50
mm in the rerminal third-to-fourth year} {(McMahon,
1983a}. High growrth rates decrease probabilicy of
predation, as fish and bird predators feed only on
small individuals {Section IIL.C.3) thus, increasing
probability of survival to next reproduction in this
moderately iteroparous species. Increase in shell size
occurs at the expense of tissue production during sum-
mer maximal growth {Long and McMahon, unpub-
lished data), suggesting thar larger shells oprimize fit-
ness. High growth rates sustain the highest population
production rates (10.4-14.6 g organic carbon/m? per
year, Aldridge and McMahon, 1978} reported for any
freshwater bivalve (Burky, 1983), with dense popu-
lations producing 1000-4500 g C/m* per year
{McMahon, 1999),

Newly released juveniles are small {shell length.
=250 um}, but completely formed, with a characteristi-
cally D-shaped shell, adductor muscles, foot, statocysts,



gills, and digestive system (Kraemer and Galloway,
1986) (Fig. 15A). Juveniles are denser than water and
settle and anchor to sediments or hard surfaces with a
single mucilaginous byssal thread. However, they are
~ small enough to be suspended in turbulent water cur-
rents and hydrologically rtransported (McMahon,
1959). A relatively low amount of nonrespired assimila-
tion is allocated to reproduction (5-15%; Aldridge and
McMahon, 1978; Long and McMahon, unpublished
data), equivalent to that of unionids, but less than
sphaeriids (19%, Table IIl). However, the species’ ele-
vared assimilation rates allow higher acrual allocation
to reproduction than in other species.

As the juvenile of C. fluminea is small (organic car-
bon biomass = 0.136 ug), fecundity is large, ranging
from 97 to 570 juveniles per adult per day during re-
productive efforss, yielding an average anaual fecundity

of 68,678 juveniles per adult per year (McMahon,
1999). Early juvenile survivorship is extremely low and
morzality rates remain high throughour life (74~98%
in rhe figst, §9-69% in the second, and 93-97% in the
third year) (McMahon, 1999), causing populations to
be dominated by juveniles and immarures. High adule
mortality and population dominance by immarure indi-
viduals characterizes species adapted o unstable habi-
tats {Stearns, 1980).

The majority of NA C. fluminea populations have
two annual reproductive periods (i.e., are. bivoltine)
(McMahon, 1999). It is hermaphroditic and capable of
self-fertilization (Kraemer and Galloway, 1986; Krae-
mer et al., 1986) such that single individuals can found
new populations. Spermiogenesis occurs only during
reproductive periods, but gonads contain mature eggs
throughout the year (Kraemer and Galloway, 1986).

C. fluminea matures within 3-6 months at a shell

length of only 6-10 mm (Kraemer and Galloway,
1986). Thus, juveniles born in spring can grow to ma-
turity and participate in reproduction the following fall
{McMahon, 1999) (Table III). Maximum life span is
variable between populations and within populations,
ranging from 1 to 4 years {McMahon and Williams,
1986a; McMahon, 1999). Early maturity allows this
iteroparous species to participate in 2-7 reproductive
efforts, depending on life span.

A relatively shore life span, early marturity, high fe-
cundity, bivoltine reproduction, high growth rates,
small juvenile size, and capacity for downstream dis-
persal make C. fluminea both highly invasive and
adapred for life in truly unstable, disturbed lotic habi-
tats subject to unpredictable catastrophic faunal reduc-
tions. Its high reproductive potential and growth rates
allow it to rapidly atrain high densities after invading 2
new habitat or after catastrophic population declines.
Thus, it is successful in NA drainage systems subject to
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periodic anthropomorphic interference such as chan-
nelization, navigational dredging, sand and gravel
dredging, commercial and/or recreationai boating, and
organic and/or chemical pollution, compared to less
resilient unionoideans or sphaeriids (McMahon, 1999),

Surprisingly, C. fluminea is more susceptible to en-
vironmental stresses, such as temperature extremes,
hypoxia, emersion, and low pH than most sphaeriids
and unionoideans {McMahon, 1999), making it highly
susceptible to human disturbance. With only a limired
capacity to tolerate unpredictable environmental stress,
why is C. fluminea so successful in distarbed habirars?
The answer lies in its ability to recover from distur-
bance-induced catastrophic population crashes much
more rapidly than either sphaeriids or unionids. C. flu-
minea rapidly re-establishes populations even if distur-
bance has reduced them to a few widely separated indi-
viduals, as all individuals are hermaphrodites capable of
seif-fertilization and have high fecundities. Downstream
dispersal of juveniles from viable upstream populations
allows rapid re-establishment of decimated populations,
the accelerated growth, high fecundity, and relatively
shore life spans of this species allowing recovery 1o nor-
mal age-size distributions and densities within 2-4
years (McMahon, 1999). Biannual {bivoltine) reproduc-
tion also increases its probability of surviving cata-
strophic density reductions, as it prevents loss of an en-
tire generarion to chance environmental disturbance
{“bet hedging,” Stearns, 1980). Capacity for rapid re-
colonization allows C. fluminea to sustain populations
in substrates subject to periodic flood scouring from
which slower growing and lare maturing unionoideans
are eliminated (Way et al., 1990b, Section HLB.1).

Like sphaeriids, NA C. fluminea populations dis-
play high interpopulation variation in fife-history traits
(McMahon, 1999). As there is little or no genetic varia-
tion among NA populations (McLeod 1986}, this vari-
ation must be ecophenotypic. Growth rates increase
and time to maturity and life spans decrease in popula-
tions from more productive habitats' (McMahon,
1999). On the northern border of its NA range, low
temperatures reduce growth and reproductive periods,
such that populations are univoltine rather than bivol-
tine. A slow growing C. fluminea population was uni-
voltine and semelparous in an oligotwrophic Texas lake
(McMahon, unpublished datz). Even within popula-
tions, life-history tactics vary, dependent on year-to-
year variations in temperature and primary productiv-
ity {McMahon and Williams, 1986a; Williams and
McMahon, 1986). As in sphaeriids, ecophenotypic life-
history trait variation is adaptive in C. fluminea, allow-
ing colonization of a variery of habitars. Thus, this
species is highly euryoecic and highly invasive, making
it the single most successful and economically
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costly aquatic animal introduced to North America
“(McMahon, 1999).

4. Dreissena Polvmorpha

The zebra mussel, Dreissena polymorpha, is the
most recently introduced NA bivalve species {Mackie
and Schloesser, 1996}, Like C. fluminea, its life-history
characteristics (McMahon, 1996; Nichols, 1996) make
it highly invasive, Unlike other NA bivalves, it releases
sperm and eggs making fertilization completely exzer-
nal. Developments leads to a free-swimming plankronic
veliger larva {Fig. 15C) which feeds and grows in the
plankton for 8-10 days before serlement (Nichols,
1996). The planktonic veliger enhances the zebra mus-
sel dispersal ability. Veligers in the Ilinois River trav-
eled ar least 306 km downstream before settlement
{Sroeckel et al., 1997). Numbers of dispersing veligers
can be astounding. Stoeckel et al. (1997) estimated that
veligers in the Ilinois River reached densitiess >250
veligers/L which resulted in veligers passing a fixed
point at a rate as 75 X 10° per second. Total annual
veliger flux was estimared to be 1.935 »x 10" and
2.131 X 10" per year in 1994 and 1995, respectively.
Adults byssally attached to floating objects are also
transported downstream.

Zebra mussels sexually mature in the first or sec-
ond year of life (first year in most NA populations)
have life spans of 3-5 years in Europe and 2-3 years
in North America (Mackie and Schloesser, 1996) and,
like C. fluminea, sustain high growth rates throughout
life (Fig. 19). It is iteroparous and univoltine; an indi-
vidual participating in 3~4 annual reproductive peri-
ods within its life span. Reproduction is initiated above
10-12°C, but is maximized above 18°C. Spawning is
dependent on abiotic and biotic conditions, producing
peaks of veliger density within a reproductive season
(McMahon, 1996; Nichols, 1996; Ram et al., 1996;
Stoeckel, et. al. 1997). The freshily hacrched veliger is
small -(diameter = 40-70 um), but the pediveliger
grows to 180-2%0 pum just prior to settlement
{Nichols, 1996), leading to a 100 to 400-fold biomass
increase during the 8-10 day plankronic period.

Maximal D. polymorpha adult size ranges from
3.5 to 5 cm depending on growth rate, which, like ter-
minal size, is dependent on habitat primary producriv-
ity and temperature, Growth rate of caged mussels in
Lake St. Clair, Michigan, initially enclosed ar an aver-
age shell length (SL) of 4.2 m was 0.095 mm per day
over the first 150 days reaching a mean SL of 14.3 mm
and, thereafter, slowing down to'a mean of 0.015 mm
per day for the next 182 days reaching a mean SL of
17.0 mm (Bitterman er al, 1994). Growth rates of
young mussels in the lower Mississippi River were tem-
perature-dependent, peaking at 0.06-0.08 mm per day

SHELL LENGTH in cm
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FIGURE 19 Shell-growth rates in European populations of the
zebra mussel, Dreissena polymorpha. Growth rates for North Ameri-
cair ‘populations in Lake Erie are similar to or greater than faster
growing British populaticas depictad in chis fgure.

at =16-17°C and declining at higher temperatures
{Allen et al, 1999}, a result supporting laboratory
studies showing that increasing metabolic demands re-
duce assimilated energy allocation to growth above
13°C {Walz, 1978za).

Like C. fluminea, D. polymorpha allocates a very
high percentage {96.1%) of nonrespired assimilation to
somatic growth, leaving only 3.9% for reproduction
{Mackie er al, 1989; Table III); however, Sprung
(1991) reports a 30% postspawning reduction in fe-
male body mass, indicating higher reproductive energy
aliocation in some populations. Allocation of a large
proportion of nonrespired assimiladon to growth al-
lows individuals to rapidly increase in size, making
them meore competitive and less subject to predation.
Zebra mussel veligers settle on the shells of established
individuals, forming thick mats or clusters many shells
deep, in which comperition for space and food must be
intense. Thus, rapid postsettlement juvenile growth is
highly adaptive as it allows stable byssal atrachment to
the substrate and positioning of siphons ar the mat sur-
face, where food and O, are most available. In spite of
the low levels of energy devoted to reproductive effort
by D. polymorpha, its very small eggs make individual
fecundity large, ranging from 30,000 to >105 eggs per
femnale (Sprung, 19%1; Mackie and Schloesser, 1996}.

Dreissena polymorpha population densities range
from 7000 ro 114,000 individuals/m? and standing
crop biomasses from 0.05-15 kg/m?® {Claudi and



Mackie, 1993). These high densiries and biomasses re-
sult from the tendency of juveniles to settle on sub-
strates inhabited by adults forming dense mats or
clumps many individuals chick. High individual growth
rates and population densities lead to very high pro-
ductivities, estimated to.be 0.05~15 g C/m? per year in
European populations, and =75 g C/m? per year in
INA Grear Lakes populations based on dry tissue mass
. productivity values in Mackie and Schloesser (1996).
The NA productivity value for D. polymorpba is still
relatively low compared to values of 1000-4500 g
C/m? per year estimated for dense NA C. flurminea
populations (McMahon, 1999). Population growth
and productivity are highly habitat-dependent in D.
polymorpha, making turnover times variable, ranging
from low valzes of 53 days (highly productive) to high
values of 869 days (low productivity; Table III}.

A high growth rate throughout life, elevated fecun- -

" dity, shore life span, and a capacity for adult and larval
down-stream dispersal make Dreissena {like Corbicula)
. a highly invasive species. However, unlike C. fluminea,
D. polymorpha populations are restricted to more sta-
ble habirats such as larger, permanenc lakes and rivers.
Irs apparent preference for stable habitats is reflected
by its endemic range in the Caspian Sea and Ural River
{large stable habitats), avoidance of shallow, near-shore
lentic- and low-flow lotic habirats, relarively long age
to maturity {generally at least 1 year of life), iteropar-
ity, gonochorism, and relatively high adulr survivorship
{26-88% per year; Mackie and Schloesser, 1996},
Restriction of the original range of D. polymorpha
to the Caspian Sea and Ural River also suggests a lim-
ired dispersal capacity between drainage systems. Its
dispersal through Europe occurred only in the nine-
teenth century {and continues in western Asia today)
as interconnenting canal systems transported it be-
tween drainages. Dispersal of D. polymorpha berween
drainages is primarily by human vectors, including
transport of adults attached to boat/barge huils, bal-
tast water dumping, and transport of veligers through
canal systems interconnecting catchments. Adults are
poorly tolerant of emersion (McMahon, 1996), pre-
cluding extensive natural overland dispersal unless hu-
man-mediared. Thus, dispersal of this species between
NA catchments has been primarily by human vectors,
with larger, permanent, navigable bodies of water being
most susceptible {Mackie and Schloesser, 1996). With-
out anthropomorphic vectors, dispersal of D. polymor-
pha through NA drainages would almost certainly have
proceeded at a much slower pace than recorded for C.
fluminea, but human activities have already lead to this
species being widely distributed in major NA drainages
east of the Mississippi River (Ram and McMahon,
1996; New York Sea Grant, 1999).
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C. Ecological Interactions

1. Behavioral Ecology

Other than borrowing (see Section 11.A.2), informa-
tion on bivalve behavior is sparse. Reviews of mollus-
can neurobiology and behavior (Willows, 1985, 1986)
have no bivalve references. Lack of information, rather
than lack of complex and intriguing behaviors, reflects
difficulties in making behavioral observations on pre-
dominantly sessile bivalves surrounded by a shell,

There are 2 number of reproductive behaviors in
freshwater bivalves, including those ensuring union-
ioidean glochidial contact with fish hosts (Section 1LB). -
Adule C. fluminea display downstream dispersal behav-
ior during reproductive periods. While juvenile clams
(SL <2 mm) are hydrologically transported throughout
the year, immatures {SL = 2—-7 mm) and adulss (SL >7
muf} leave the substrare ro be passively hydrologically
transported over the sediment surface {“rolling”) only
prior to reproductive periods (Fig. 20}. Dispersing
adults have lower dry tissue weights, lower tissue or-
ganic carbon-to-nitrogen ratios (Williams and McMa-
hon, 1989), higher levels of ammonia excretion, and
reduced molar O; consumption-to-IN; excretion ratios
than those remaining in the substrate (Williams and
McMahon, 1985}, all indicative of poor nutritional
condition, Thus, downstream dispersal allows starving
individuals to disperse from areas of low food avail-
abilitcy and high intraspecific competition into areas
more nutritionally favorable for reproductive efforts
{Williams and McMahon, 1986, 1989).

Some adult unionoidean bivalves and C. fluminea
display surface locomotory behavior involving the
same movemenss of foot and valves described in Sec-
tion ILB.2 for burrowing. Unionoidean surface loco-
motion is fairly common (Imlay, 1982), leaving rraces
in sediments 3-10-m long (Golightly;, 1982). The adap-
tive significance of bivalve surface locomotion is not
well understood as it could attract potensial predators.
However, it may be involved with pedal feeding on or-
ganic sediment deposits (see Secrion IIL.C.2}.

Some species, such as Pyganodon grandis, migrate
vertically with seasonal changes in water level (White,
1979) to avoid emersion. Other species, such as
Uniomerus tetralasmus, C. fluminea, and some sphaeri-
ids, remain in position and suffer prolonged emersion
(see Section IL.C.4). In Texas, fire ants, Solenopsis
invicta, kill emersed bivalves (McMahen, unpublished),
suggesting that this introduced insect may be a new
threat to unionoideans and sphaeriids as it expands its
range in the southeastern U.S.

Some sphaeriids, C. fluminea, and D. polymorpha
also crawl on hard substrates or macrophytes.
Sphaerium cornenum holds the valves erect and crawls
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FIGURE 20 Seasonal variation in downstream dispersal behavior by juvenile, subadult and adulr
Corbicula fiominea in the watar intake canal of a power station. (A) Rate of impingement of adults dis-
persing downstream onto traveling screens in front of water intake embayments {shell length >10 mm).
(B} Rare of retention of subaduls (shell length = 1-7 mm) it 2 clam trap held on the substrate surface
of the intake canal. (C) Juveniles suspended in the water-columan {shel! length <2 mmj). Right vertical
axis represents density of juveniles in the intake canal water column (solid circles connecred by dashed
lines). Lefr vertical axis is number of juveniles entrained daily with intake warer (open circles connected
by solid lines). Nate that the adult and subadulr clams display maximal downstreamn dispersal behavior
during only two periods, March—May and September~November). Juveniles occurred in the water col-
umn throughour the year; peak juvenile water column densisies occurred during reproductive periods
and midwinter periods of low ambiens witer temperature. {From Williams and McMahon, 1986.)




11. Mollusca: Bivalvia 373

TABLE IV The Effects of Temperature on the Percentage of Time Spent in Various
Valve Movement Behaviors in Emersed Specimens of Corbiucla fluminea®

Time with valves

Time with mantle

Time with mantle edge
parted or attempting

Temperature (°C) closed (%) edge exposed (%) to burrow (%)
5 29.5 65.8 4.7
25 51.2 43.5 53
33 90.5 9.1 0.4

“ From Byrne et al. (1988).

by extending the foot tip, anchoring it with mucus, and
pulling the body forward by pedal muscle contraction
{(Wu and Trueman, 1984). Juvenile C. fluminea crawl
on hard subtrates in the same manner, while adulss
similarly crawl while lying on one of the valves
- (Cleland and McMahon, unpublished). Small speci-
mens of D. polymorpha are active crawlers and can
climb smooth vertical surfaces. They routinely discard
their byssus and migrate to a new position for re-
attachment. Thus, juveniles migrate to deeper waters in
the winter to avoid ice scour (Mackie et ¢l., 1989).
Freshwater bivalves also respond to external cues.
Chief among these is valve closure in response to irri-
tating external stimuli when detected by mantle edge
and siphonal sense organs {Section ILB.6). Valve clo-
sure seals internal tissues from damage by external irri-
tants. Almost all freshwater bivalves tolerate some de-
gree of anaerobiosis (Section ILC.3}. Thus, individuals
exposed to irritants may keep the valves shut for rela-
tively long periods until normal external condidons re-
turn. Valve closure occurs in response to heavy metals
{Doherty et al,, 1987), chlorine, and other biocides
{Marrice e al., 1982; McMahon and Lutey, 1988}, sus-
pended solids (Aldridge et al, 1987), and pesticides
{Borcherding, 1992). This ability aliows C. fluminea to
avoid intermittent exposure to chlorination or other
biocides, making chemical control of their fouling diffi-
cult (Mattice et al.,, 1982). Valve closure in immediate
response to mantle edge or siphonal tactile stimulation
is a predator defense mechanism. Valve closure re-
sponse in D. polymorpha is used to monitor water pol-
lution in Europe (Borcherding and Volpers, 1994).
Freshwater bivalves have adaptive behavioral re-
sponses to prolonged emersion. Physiological adapra-
tions were discussed in Secrion [1.C.4. Here, behavioral
responses are described in greater detail. When emersed,
C. fluminea displays four major behaviors: (1) escape
responses involving atempts to burrow; (2} valves
gaped widely with mantle edges parted, opening the
mantle cavity to the atmosphere; (3) valves narrowly
gaped with mantle edges exposed, bur cemented to-

gether with mucus; and (4) valves clamped shur. Behav-
tors {1} and (2) are never displayed more than 6% of
time in aiz Exposure of sealed mancle edges allows aer-
ial gas exchange (Byrne et al, 1988), but results in
evaporative water loss. When valves are closed, warer
loss is minimized; but O, uptake ceases (Byrne et al.,
1988; McMahon and Williams, 1984). As temperarure
increases (Table IV) or refative humidity decreases, du-
ration of mantle edge exposure decreases (McMahon,
1979b; Byrne et al., 1988 ). Hence, behaviors associ-
ated with water loss are reduced in response to in-
creased desiccation pressure. Indeed, relative humidiries
near zero or temperatures above 30-35°C induce con-
tnual valve closure (Byrne er al, 1988) {Table IV),
reducing water loss, but making individuals anaerobic.
Similar behaviors oceur in emersed unionoideans (Byrne
and McMahon, 1994). Less emersion-tolerant
unionoideans, like P. grandis, display high levels of
mantle edge exposure (25-90% of time emersed) and
high rates of water loss. More emersion-tolerant
species, like Uniomerus tetralasmus and Toxolasma
parvus, have reduced levels of mantle edge exposure be-
havior when emerged (<<25% of time emersed). The ex-
tremely emersion-tolerant U, tetralasmus plugs the
siphon openings with mucus to reduce water loss and
spend lirtle time with mantle edges exposed {Byrne and

McMahon, 19%94). Ability of emersed bivalves to adjust

aerial respiratory responses to external dessication pres-
sures is a complex behavior, requiring capacity to sense,
integrate, and respond to external temperature and rela-
tive humidiry levels and internal osmotic concentration.

Freshwater bivalves may also have circadian pat-
terns of behavior. Both ion-uptake and O,-consumption
rates are greater during dark than light hours in
unionoideans and C. fluminea (McCorkle et al., 1975;
Graves and Dierz, 1980; McCorkle-Shiley, 1982; Sec-
tion 11.C.2) indicative of circadian-activity patterns in
feeding, reproduction, and burrowing. The density of
juvenile C. fluminea in the water column increases dur-
ing dark hours (McMahon, unpublished) suggesting
that adults preferentiaily release juveniles ar night.



378 Roberi F. McMahon and Arthur E. Bogan

Freshwater bivalves may have circadian burrowing cy-
cles, rerreating into sediments during light hours to
avoid visual predators like fish and birds. The
unionoideans, Anodonta gnating and Unio tumidis, dis-
. played a diurnal activicy rhythm with valves open for
longer periods at night than during the day (Englund
and Heino, 1994a), Similar diurnal valve movement be-
havior occurs in D. polymorpha (Borcherding, 1592).

2. Filter Feeding

a. Particle Capture Most freshwater bivalves feed
by fltering suspended material from gill water flow
{Section I1.B.2) driven by lateral cilia located on each
side of the filaments. Projecting laterally from each fila-
ment’s leading edge are “cirri” made up of partally
fused cufts of eulaterofrontal cilia occurring at intervals
of 2-3.5 um (Figs. SA and 21). Eulaterofrontal cirri

on adjacent filaments project toward each other form-

ing a stiffened grid on which suspended seston (phyto-
plank:on, bacteria, and fine detritus) is rerained from
water flow driven berween the filaments by the lateral
cilia. Filtering may also involve creation of eddies by
cirri in which seston particles settle. Filtered particles
range from 1 to 10 um, with D. polymorpha and C.
fluminea both able to filter smaller particles (1.0 um)
than most other freshwater species (Fig. 22) (Jorgensen
et al., 1984; Paterson, 1984; Way et al., 1990a; Silver-
man et al., 1995). It has been claimed thar a mucus net
covering the gill is the primary filter. While the role of
mucus in bivalve filtering is debated, there is little
doubt that the dense mesh of the cirri could form an ef-
fective filter (Morton, 1983; Way, 1989). Particles are
captured at the level of the cirri (Jargensen, 1996), sug-
gesting their invoivement in filtration. However, adja-
cent cirri are separated by 2-3.5 pm, which unti re-
cently, made their mode of particle capture an enigma
because filtered particles were much smaller than the
intercirral distance. Two-particle capture mechanisms
have been hypothesized: direct physical cirral filcration;
or capture by water currents created by gill cilia (Silver-
man et al., 1996a). Recent confocal microscopic exami-
nations of living gill tissue of D. polymorpha (Siiver-
man ef al., 1996a, 1996b) and marine mytilid mussels
(Silverman et al., 1999) support direct cirral particle
capture as the main feeding mode.

The cirrus s composed of a pair of adjacent fused
ciliary sheets aligned with inhalant water flow, extend-
ing from a single gill epithelial cell (Fig. 21D.b). Thirry-
eight-to-42 cilia form the cirrus. Each cilium has a dis-
tinct basal “hinge” region (Fig. 21D.c} and a free distal
end characterized by reduced numbers of microtubules.
Cilia increase in length from the inhalant to the trailing
edge of the cirrus {Fig. 21D.b). Cirrai cilia move in uni-
son on the hinge. When they reflex into the space be-

tween adjacent filaments, the free cirral cilia tips splay
out into the inhalant current forming a filter of submi-
cron dimensions (Fig. 21D.a) on which previously free-
moving particles (<0.75 um diameter) are trapped.
When the cirrus is then flexed back over the leading
edge of the filament, trapped particles are released
(Silverman et al, 1996a, 1996b, 1999) (Fig 21D.a}, al-
lowing them to entrain in mucus transported either
ventrally or dorsally by filament fronzal cilia (Beninger
et al., 1997} to specialized, ciliated food grooves on the
ventral edges or bases of the demibranches depending
on species (Figs. 2 and SA-C). In the unionoidean,
Pyganodon cataracta, partictes and mucus transported
by filament frontal cilia become entrained and concen-
trated in a mucus thread on reaching the ventral food
grooves where they are carried anteriorly ro the labial
palps (Tankersley, 1996) (Figs. 5A and 21). The role of
mucus in bivalve food particle transport is being
debatred Other investigators feel thar ciliary-based,
fluid-mechanical forces are primarily responsible for
particle rransport with mucus playing a minor role if
any (Jergensen, 1996). Fronzal cirri similar to those of
D. polymorpha occur in sphaeriid, unionoidean and
corbiculacean bivalves (Fig. 21) {Way et al., 1989) and
marine bivalves {Beninger et al., 1997) where they are
presumed to simifarly function in particle capture.

b. Sorting of Fillered Particles Mucus-entrained, 6l-
tered particles are carried anteriorly to the labial palps,
paired triangular flaps on each side of the mouth (Figs. 2
and 4). The outer labial palp lies against the outer ven-
tral side of the outer demibranch, and the inner palp,
against the inner ventral side of the inner demibranch
(Fig. 2}. Palp epithelial surfaces facing away from the
demibranches are smooth, while those adjacent to the
demibranch have a series of parallel ridges lying
obliquely to a ciliated oral groove formed in the fused
dorsal junction of the inner and outer labial palps lead-
ing to the mouth {Morton, 1983). In the unionoidean, B
cataracta, the palps transfer the food-laden mucus
thread from the ctenidial food groove directly to the
mouth for ingestion (Tankersley, 1996). In marine eu-
lammelibranch bivalves, the mucus thread becomes me-
chanically fluidized on the palp surface by a combina-
tion of grinding movements of the opposing palp
surfaces, transport across the corrugated palp surface
and chemical reduction in mucus viscosity. Fluidization,
breaks the mucus thread into a fragmented, flocculent
mucus-particle slurry prior to ingestion (Beninger et al.,
1997). After fluidization, the corrugated palp surface
sorts filtered particles into those accepted for ingestion
and those rejected. Generally, smaller particles are car-
ried over the tops of palp corrugations by cilia to be de-
posited in the oral groove for ingestion. Denser, larger
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FIGURE 21  Scanning eleccron micrographs of the gill ciliation of reprasentative freshwatet bivalves. (A}
Musculivm transyersum {Sphaeriidae): {a) arrangement of frontal and eulaterofrontal ciliation forming cirri on
the leading edge of the gili flaments in the midgill region; (b} oblique view of a cross-sectional fracture of the
giil showing frontal and eulataterofontal cilia forming cirsi on the leading edge of the filamenc aad {atera] cilia
on the side of the filament; (c) ciliation of the food groove on the ventral edge of the gill; {d) posterior portion
of the outer (foreground) and inner (background) demibranchs of the gill; (e} a fronral cirrus formed from
fused cilia emerging berween the eulaterofranal cirr and fronuai cilia on the leading edge of & filament; () a
fronral cirrus emerging from a band of frontal cilia. (B) Corbicula fluminea (Corbiculidae): {a) leading edge of
a gill Alamene showing froaral cilia, eluarorofronral cilia forming cird, lateral cilia and Fronmal cirei; (b) high-
magnification view of fronzal cilia and eulareralfrontal cirsi; (c} oblique view of a longitudinal fracrure through
the midgill region showing all four types of ciliation, including lateral cilia lining the sides of the gill filiameng;

(Continues)
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FIGURE 21 (Continued)
{d) crosssection of the midgill region showing the origin of the frontai cirrus; {e) lower tegion of the gilt show-
ing the presence of less well organized frontal cilia; {f) food groove region at the ventral edge of the inner demi-
branch; note loss of ciliary organization in food groove, including lack of frontal eirri, (C) Lbliguaria reflexa
{Unionoidea): {a} froneal cilia and eulaterofronsal cilia forming cirri on the leading edges of several gitf fila-
ments {300X); (b) high-power view showing lateral cilia on sides of the gill filaments berween traces of froncal
cifia and eulaterofronal cilia forming cicri on adjacent Rlaments. (D) Dreissena polymorpba (Dreissencidea):
{a} froncal cilia on the leading edge of a gill filament and some eularerofroncal cirri zeflexed inco the space
berween adjacent filaments with the free, distal ends of cheir cilia splayed our o form the primary gilt leering
mechanism and other cirri reflexed over the froncal cilia in a position in which they release parricles caprured
from water flow between adjacent filaments to fronzal cilia of the food groove; (b) detailed scrucrure of a cu-
latercironzal cirrus formed from two rows of opposed cilia fused basally, free at their distal tips, with z distincr

{Continues)
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FIGURE 21 (Continued)

basal hinge on which the cirral cilia simultaneousty flex berween the interfilament space (food capture) and the
frontal c¢ilia on the leading edge of the filament (food release); (¢) transmission electron micrograph showing
details of the unique hinge on which cirral cilia flex between the interfilament space and the fronral cilia. Note
lack of frontal cirri characteristic of che {A) Sphaeriidae, and (B) Corbicula fluminga in (C) unionoideans and
(D) Drefssena Label key for Agures A~C : F, frontal cilia; FC, froneal cirrus; L, lateraf cilia, LF eulaterofrontal
cirrt; and FG, food groove. [Photomicrographs supplied by Tony Deneka and Daniel Hornbach (Macalester

{Continuas)
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FIGURE 21  (Continued) .

College), Cart M. Way (U.S. Army Corps of Engineers), and Harold Silverman and Thomas H. Dierz
(Louisiana Seate University, Baton Rouge).)



particles fall between the corrugations where cilia carry
them to the ventral edge of the palp to be bound in mu-
cus and released onto the mantle as pseudofeces (pseu-
dofeces are mucus-bound particles that have not been
ingested) (Morton, 1983; Beninger et al., 1997). Pseudo-
feces are carried by mantle cilia to the base of the in-
halant siphon (Fig. 2}, where they are periodically ex-
‘pelled with water forced from the inhalant siphon by
rapid valve adduction (i.e., valve clapping) (Morton,
1983). The palp may also sort medium-sized parrticles.
Smaller medium-sized particles tend to remain longer on
corrugation crests than in intervening grooves, thus,
- reaching the oral groove for ingestion, while larger,
medium-sized particles remain longer in the grooves
leading to eventual rejection as pseudofeces. Thus, labial
palp particle sorting may be primarily by particle size
and, perhaps, density. The function of labial palps in

particle sorting is being debated, palps appearing to have .

lirtle if any sorting function in some species (Tankersley,
11996} and extensive sorting functions in others
(Beninger et al., 1997). Labial palp function in freshwa-
ter bivalves requires further study.

The width of palp corrugations and gill filaments
can be adjusted by both muscular activity and disten-
tion of gill and palp blood sinuses, thus allowing active
particle-size selection (Morton, 1983). When fed
natural seston, the percentage of particles retained by
the unioncidean, Elliptio- complanata, declined linearly
over a partcle size range of 5 (mearly 100%)} to
>10um {less than 10% retention), suggesting size se-
lection {Paterson, 1984}, Similar size selection for parti-
cles occurs in the sphaeriid, Musculium transversum
(Way, 1989), and C. fluminea (Way. et al, 1990a).
Some unionoidean species may select different algal
types. In the same river pool, Amblema plicata ingested
a greater proportion of green algae, a lower diversity of
algal species, and different algal species than Ligumia
recta (Bisbee, 1984). Interspecific differences in particle
sefection may allow some sympatric species to divide
the feeding niche, avoiding competition, however, other
unionoideans are nonselective in feeding and have high
diet overfap between species.

¢. Filtering Rate The filtering rate of bivalves can
be computed as follows:

, &’L(I E.o_)
: \" C,
where M is the volume of suspension filtered, ¢ the
time, and Co and Ct the concentrations of filtered par-
ticles ar time o and ¢, respectively (Jorgensen et al.,
1984}, Filtration rates are elevated in C. fluminea
compared to other freshwater bivalves, For a 25-mm
shell length (SL) specimen, rate ranges from 300 to
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2500 L/h depending on temperature and seston
concentration (Foe and Knight, 1986b; Lauritsen,
1986b; Way et al.,, 1590a). The filtering rate of C. flu-
minea fed natural seston concentrations was not signifi-
cantly correlated with field water remperature {Long
and McMahon, unpublished) and was independent of
temperature between 20 and 30°C in the laboratory
{(Lauritsen, 1986b}, suggesting capacity for temperature
compensarion of gill ciliary filtering activity. The filra-
tion rate is also somewhat temperature independent in
Sphaertum striatinum and Musculium  partumeinm,
reaching maximal values during reproducrive periods
when water temperatures, were below midsummer
maxima (Burky et al., 1981, 1985a; Way et al., 1981).
Filtering rates in D. polymorpha are similar to those in
C. fluminea (Lei et al., 1996) and 2-4 times higher
than those in sphaeriids and unionoideans (Keyger and
Riisgérd, 1988).

High particle concentrations reduce filtering rates
(Burky et al., 1985a; Way, 1989; Way et al., 1990z; Lei et
al., 1996). Filtering rates in S. striatinuwm (Hornbach
et al., 1984a) and M. partumeinm (Burky er al., 1983a)
were depressed at concentrarions below natural seston,
making particle ingestion nearly constant above a critical
particle concentration. Thus, filtering may have be regu-
lated to control ingestion rate. Particle concentrations
within ambient seston concentrations do not affect filter-
ing rate in C. fluminea (Martice, 1979), ingestion rates
increasing directly with concentration. However, filtra-
tion rate in C. fluminea declined three-fold with increas-
ing particle concentration between 0.33 and 2.67 ul algal
volume/L suggesting inhibition at very high concentra-
tions, but increasing algal concentration over this range
stilf resulted in a 3.5-fold rise in ingestion rate {Laurirsen,
1986b}. Similar reduction in fleration rate at particle
concentrations above natural seston levels occurs in the
sphaeriid, M. transversum {Way, 1989). In contrast to C,
fluminea, fltration rate of the unionoidean, E. com-
planta, was depressed by increasing natural seston con-
centrations (Paterson, 1984). Filtration rate differed
among populations of C. fluminea, bur ingestion rates
were similar, suggesting regulation of the filtration rate to
control ingestion rates {Way et al,, 1990a). In D. poly-
morpha, filtration rate was reduced when feeding on arti-
ficial plastic microspheres compared to natural seston.
When filtering particles <1.5 um in diameter, filtration
rate decreased with decreasing particle concentration be-
low a critical upper limit, and with decreasing tempera-
ture. Filtration rate was also affected by prior tempera-
ture acclimation (Lei et al., 1996). Such data indicate that
the seasonal and environmental filter-feeding responses of
freshwater bivalves are species-specific and laboratory
measurements of filtration rates are likely to be invalid
unless carried our at narural seston concentrations and



382 Robert F McMahon and Arthur E. Bogan

sizes and with natural seston rather than arificial parti-
cles. Filter feeding and particle retention rates were de-
pressed in gravid females of the unionoidean, Pyganodon
cataracta, in which particle transport was slowed down
and the ability to retain small particles (<6 pm) reduced,
when the marsupial gills were distended with glochidia
(Tankessley, 1996).

Suspended silt can inhibit ﬁltermg and consump-
tion rates in freshwater bivalves, perhaps by over-
whelming ciliary fltering and sorting mechanisms.
High silt concentrations reduced filtering and metabolic
rates in three unionoidean species whether exposure
was infrequent (once every 3 h) or frequent (once every
0.5 h), suggesting interference with gill ciliary acrivity.
Furthermore, individuals experiencing frequent expo-
sure increased reliance on carbohydrate carabolism
(Aldridge et al., 1987), symptomatic of short-term stac-
vation; perhaps, the basis of exclusion of unionoideans
from habitazs with high silt loads (Adam, 1986). In
contrast, natural suspended sediment concentrations
did not affect shell or tissue growth in C. fliminea (Foe
and Knight, 1985), perhaps, accounting for its abiliry
to colonize high-flow lotic habitats with grearer sus-
pended solids than tolerated by most unionoideans
{Payne and Miller, 1987; Section LLA.). In contrast,
growth in juvenile unionoideans is stimulated by small

amounts of suspended silt in their algal food (Hudson

and Isom, 1984), perhaps because juveniles (Villosa
iris) may feed primarily on sediment interstitial water
through the pedal gape, leading to ingestion of silt,
microdetritus and bacteria, with little consumption of
algae (Yeager et al., 1994). )

In smaller streams, where phytoplankton produc«
tivicy may be low, most suspended organic master is
particulate organic detritus or heterotrophic bacteria
and fungi {Nelson and Scozr, 1962}, While experiments
are few, at least some freshwater bivalves efficiently
filter suspended bacteria. D. polymorpha appears to
extract particles of bacteria size {<1.0 um in diameter)
(Sprung and Rose, 1988, Fig. 22) as can C. fluminea
{Silvermann et af., 1995) with D. polymorpha and C.
fuminea able to clear the bacterium, Escherichia coli,
30 and 3 times faster than the lotic unoinid, Toxolasma
texasiensis, respectively. Increased capacity for bacter-
ial filtration in D. polymorpha appears associated with
its enlarged gill with 2 100-fold greater density of cirri
relative to C. fluminea, that of T. rexasiensis has even
fewer and smaller cirri than D. polymorpha or C. flu-
minea (Silverman et al., 1993). Filter-feeding by D.
polymorpha may significantly reduce bacterioplankton
densities in the inner portion of Saginaw Bay, Lake
Huron (Cotner et al.,). Musculium transversum (Way,
1989a) and some unionoidean species (Fig. 22) do not
efficiently filrer bacterial-size particles. Unionoideans
appear specialized to lter larger particles, such as phy-
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FIGURE 22 Relationship berween the percentage of ‘suspended
particles rerained by the gill flrering mechanism of freshwater
bivalves and particle size, as particle diameter in micromerers. Hori-
zontal axis for all Agures is the percencage of toral particles retained
from suspensions passing over clam gill fltering systems in (A} Drefs-
sena polymorpha, the unionoideans, (B} Univ pigtorwm, and (C) An-
odonta cygnea. Vertical lines about points are standard deviations.
Note thar all three species efficiently rerained parricles of 2.5-8 pm-
diameter, equivalenr to most uniceliular algae, but only D. pelymor-
pha efficiently retained bacteria-sized particles of 1 um diameter,
{Redrawn from Jorgensen et al., 1984.}

PARTICLES RETAINED {%)

toplankton, detritus, protozoa, and even small zoo-
plankton, such as rotifers (Singh et al,, 1991}. In con-
trast, six unionoidean species adapted to lotic habitats
where seston was dominated by bacteria and detritus
could filter bacteria at significantly higher rates than
three species adapted to lentic habirats where seston
was dominated by phytoplankton. Lotic species had
more complex cirri (>25 vs <16 cilia per cirral plare)
and greater gill cirral density than lentic species, indica-
tive of a filtering system better adapted for fine particle
fleration (Silverman et al., 1997) . Because bacteria and
detriral particles may comprise most of the organic
matter in some, particularly lotic, habitats, bacterial
feeding warrants greater study in freshwater bivalves.

d. Sediment Feeding At least some freshwater bi-
valves may supplement phytoplankton filter feeding by
consuming organic detritus or interstitial bacteria from
sediments. The infaunal habic of many Pisidium species
suggests dependence on nonplanktonic food sources.
Many pisidiids can efficiently filter small interstizial bac-
teria. They burrow continually through sediments with
the shell hinge downward, drawing dense interstitial



warer and bacteria through parted ventral mantle edges
into the mantle cavity to be filtered on the gills (Lopez
and Holopainen, 1987). Both Pisidium casertanum and
P. conventus feed in this manner, filtering bacteria of
smaller diameter (<1 um) than most bivalves (Lopez
and Holopainen, 1987} {Fig. 22). Filtering of rich inter-
stitial bacterial flora may be associared with the reduced
ctenidial surface areas and low filtration and metabolic
rates of ‘Pisidium species compared to Sphaerinm or
Musculinm {Hornbach, 1985; Lopez and Holopainen,
1987). Similar interstitial bacreria and derrirus feeding
occurs in juvenile unionids (Yeager et al, 1994). M.
transyersum uses its long inhalant siphon to vacuum de-
trital particles from the sediment surface (Way, 1989).

Pedal feeding on sediment organic derritus may be
another important food source in some freshwarer bi-
valves. Pedal feeding occurs in marine and estuarine bi-
valves {Morton, 1983; Reid et al,, 1992}, bur is litte
studied in freshwater species. Corbicula fluminea draws
sediment detrital particles over the ciliated foot epithe-
fium into the mantle cavity, where they accumulate in
the food groove of the inner demibranch and are carried
to the palps for sorting and ingestion (Whay et al.,1990b;
Reid et al., 1992). Celiulose particles (40-120 um in di-
ameter) soaked in varicus amino acid solutions and
mixed with sediments accumulated in the stomach of
pedai-feeding "C. fluminea (McMahon, unpublished).
Thus, C. fluminea removed sediment organic matter at a
rate of 50 mg/clam per day and doubled growth rates
when allowed to pedal feed in addition to filter feeding
. {Hakenkamp and Palmer, 1999). Similar pedal feeding
has been reported in M. transversum (Way, 1989) and in
juvenile Villosa iris (Yeager er al., 1994). Thus, pedal de-
posit feeding may be an important auxiliary feeding
mode in freshwater and marine bivalves and may have
important impacts on sediment organic dynamics
{Hakenkamp and Palmer, 1999). ,

Pedal feeding may be more universal in freshwater
species than previously suspected. In a stream S. striaz-
inum population, only 35% of organic carbon assimi-
lation occurred by filter feeding, leaving 65% to come
from sediment detrital sources (Hornbach ez al,
1984b}, presumably by pedal feeding. Other sphaeriid
species reach highest densities in sediments of high or-
ganic content (Zbeda and White, 1985) or in habirats
receiving organic sewage effluents, suggescing depen-
dence on pedal deposit-feeding (Burky, 1983}, Pedal
deposit-feeding mechanisms may explain the extensive
-horizontal sediment locomotion of a number of fresh-
water bivalves {Section [1.D), as it allows pedal contact
with organic detricus.

3. Population Regulation

a. Abiotic Population Regulation Most of the infor-
mation regarding regulation of freshwarter bivalve
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populations is anecdotal. Fuller (1974) reviews factors
affecting population density and reproductive success.
Catastrophic abiotic factors causing reductions in bi-
valve populasions are reviewed in Section HLB. Among
these are silt accumulation in sediments of impounded
rivers and in the water column during flooding. Silt in-
terferes with gill filter feeding and gas exchange
(Aldridge et al., 1987; Payne and Miller, 1987) causing
massive mortality in unionoidean populations {Adam,
1986, Section IILA). In contrast, many sphaeriids theive
in silty sediments (Burky, 1983; Kilgour and Mackie,
1988) associated with their urilization of sediment detri-
tal food sources (Section HI.C.2). Shell growth in C.
fluminea, a silt tolerant species, can be remporarily
inhibited by high turbidity (Fritz and Luz, 1984).

Temperature extremes also affect bivalve popula-
tions. C. fluminea tolerates 2°C (Marrice, 1979) to
36°C (McMahon and Williams, 1986b). Both coid-in-
duced winter (Blye et al., 1985; Sickel, 1986) and heat-
induced summer kills {McMahon and Williams,
1986b) are reported for this species. The incipient up-
per lethal limit for D. polymorpha is 30°C, preventing
its invadsion of many southern U.S. drainage systems
(McMazhon, 1996). Temperature limits for other NA
bivalves are not as well known, but, on average, ap-
pear to be broader than either C. fliuminea or D. poly-
morphka (Burky, 1983). Juvenile unionoideans are less
terperature tolerant than adults {Dimock and Wright,
1993), suggesting that temperature limitation operares
at the juvenile fevel in this group. Within the tolerated
range, temperature may have decrimental effects on re-
productive success. Sudden temperature decreases
cause abortive glochidial release in unionoideans
(Fuiler, 1974), and remperatures above 30-~33°C in-
hibit reproduction in C. fluminea {McMahon, 1993},
Sphaeriid densities were reduced in midsummer by
heated effluents {Winnell and Jude, 1982). Heared ef-
fluents may also stimulate bivalve growth, inducing
early maturicy and increasing reproductive effort. They
can provide heated refugia in which cold-sensitive
species may overwinger as in northernmost NA popula-
tions of C. flurninea (McMahon, 1999).

Low ambient pH can depauperate or extirpate bi-
valve populations. Bivalve populations have been ex-
tirpated by acid mine drainage {Taylor, 1983; Warren
et al., 1984). Highly acidic warers cause shell erosion
and eventual death (Kat, 1982). Perhaps of more im-
portance than pHl in regulating freshwarer bivalve
populations are water hardness and alkalinity.
Unionoideans do not occur in New York drainage sys-
rems with calcium concentrations <8.4 mg Ca/L
(Fuller, 1974). In waters of low alkalinity, Ca concen-
trations may be too low for shell deposition; the lower
limit for most freshwater bivalves being 2-2.5 mg
Ca/L (Okland and Kuiper, 1982; Rooke and Mackie,
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1984a). Growth and fecundity were suppressed in a
. Pisidium casertanum population in a low Ca concen-
rration relative to that a higher Ca concentration
{Horabach and Cox, 1987). Waters of low alkalinity
have lictle pH-buffering capacity, subjecting them to
seasonal pH variation. This makes them particularly
sensitive to acid-rain, which detrimentafly impacts bi-
valve faunae (Rooke and Mackie, 1984a). Shell Ca
content is related to water Ca concentration. Of 10
Canadian freshwater bivalve species, two sphaeriids
and one unionoidean displayed no relationship be-
tween shell Ca content and water Ca concentration,
shell Ca content decreased with increased warer Ca
concentration in two sphaeriid species and increased
with water Ca concentrarion int four sphaeriid and two
unionoidean species {(Mackie and Flippance, 19835).
Loswering of warer levels during dry periods induce
bivalve mortality by exposing individuals to air. Such
emersion caused near 100% mortality in C. fluminea
populations (White, 1979) due to its poor desiccation
tolerance {Bryne er al, 1983). Many unionoidean
species are relatively tolerant of emersion. When sym-
patric populations of nine unionoidean species, the
sphaeriid Musculium transversum, and C. fluminea
were emersed for several months, M. transversum and
C. fluminea suffered 100% mortalicy while the
unionoideans experienced only 50% mortality, because
they either migrated downshore or resisted desiccation
(White, 1979). Like C. fluminea, D. polymorpka is rel-
atively emersion intolerane, particulatly above 20°C
{(McMahon, 1996), restricting it to habitats with rela-
tively stable water levels and making it unlikely co de-
velop dense populations in variable level reservoirs.
Low environmental O, concentrasions can be detri-
mental to freshwater bivalves. Continual eutrophica-
tion of Lake Estrom, Denmark, so reduced ambienr
profundal O, concentrations (0-0.2 mg O,/L for three
months) that massive reductions of sphaeriid popula-
tions ensued (Jonassom, 19844, b}, including hypoxia-
tolerant species, such as Pisidium casertanum and P,
subtruncatum in which the lower {imir for aerobic res-
piration was 1.7 mg O,/L (Jonasson, 1984b). Adult
unionoideans are relatively hypoxia tolerant. Juveniles
_ are more hypoxia sensitive, those of Utterbackia imbe-
¢cillis and Pyganodon cataracta tolerating anoxia for
less than 24 h (Dimock and Wright, 1993), Thus, re-
striction of unionoidean species to well oxygenared wa-
ters may be a juvenile rather than adult constraine.
Pollution is also detrimental to freshwater bivalves
{reviewed by Fuller, 1974) including chemical wastes
(Zeto et al.,1987), asbestos {Belanger et al.,1986a), o:-
ganic sewage effluents (Gunning and Sutkkus, 1983;
" Neves and Zale, 1982; 5S¢, John, 1982), heavy merals
(Belanger et al, 1986b; Fuller, 1974; Lomte and

Jabhav, 1982a; Grapentine, 1992), chlorine and paper
mill effluents (Fuller, 1974}, acid mine drainage {Taylor,
1985; Warren et al, 1984) and PCBs (Grapentine,
1992). Potassium jons, even in low concentration

A(>4~7 mg K*/liter), can be lethal to freshwater bi-

valves including D. polymorpha (Claudi and Mackie,
1993), excluding bivalves from watersheds where
potassium is naturally abundant (Fuller, 19741,

b. Biotic Population Regulation There have been a
few studies of biotic regulation of freshwacer bivalve
populations. Freshwater bivalves are host for a number
of parasites. They are intermediate hosts for digenetic
trematodes {Fuller, 1974). Such infections cause sterility
in gastropods, and have been reported to induce sterility
in the unionoidean, Anodonta anatina, allowing diver-
sion of the mussel’s energy stores from production of its
gametes to production of trematode cercariae (Jokela ez
al,, 1993}, reducing the musse! population’s reproduc-
tive capacity. Parasitic nematode worms inhabit the guts
of unionoideans {Fuller, 1974). The external oligochaete
parasite Chaetogaster limnaei resides in the mantle cavi-
ties of unionoideans (Fuller, 1974), C. fluminea {Sickel,
1986) and D. polymorpha (Conn et al., 1996). Dreis-
sena polymorpha is host to a wide diversity of parasites
{Malloy ez al., 1997), bur their impacts on this species
are unknown. All of these parasites probably contribute
to the regulation of freshwater bivalve population den-
sities, but the degree to which they do has received little
experimental attention. :

Water mites of the family Unionicolidae, including
Unionicola and Najadicola, are external parasites of
unionoideans (Vidrine, 1990). Both mature and pre-
adult mites are parasitic, attaching to gills, mantle, and
the viscera! epithelium (depending on species) {Mircheil,
1955; Chapter 16). Heavy mite infestations cause
portions of the gills to be shed, abortion of developing
glochidia, or even death {Fuller, 1974}, perhaps making
unionicolid mites a major regulator of unionoidean
populations. The larval stage of the chironomid,
Ablabesmyia janta, parasitizes the unionoidean gill fila-
ments and may exclude unionicolid mites from the gills
they infest (Vidrine, 1990).

Disease has been little studied. There is listle evi-
dence of viral or bacterial involvement in die-offs of C.
fluminea (Sickel, 1986) or unionoideans (Fuller, 1974).

In some C. fluminea populations, massive die-offs
{particularly of older individuals) occur after reproduc-
tive efforts (Aldridge and McMahon, 1978; McMahon
and Williams, 1986a; Wiiliams and McMahon, 1986),
probably due to reductions in tissue energy reserves of
postreproductive individuals (Williams and McMahon,
1983). Such postreproductive morality also occurs in
sphaeriids (Burky, 1983).



TABLE V List of the Major Fish Predators
of Freshwater Bivalves?

Family Genus and species Common name
Clupeidae Alosa sapidissima American shad
 Cyprinidae Cyrinus carpio Common carp

Ietiobus bubalus
[etiobus niger
Minytrema melanops
Moxostoma carinatum

Smallmouth buffalo
Black buffzle
Spotted sucker
River redhorse

- Catostomidae

Moronide Morone saxatilis Striped bass
Ietaluridae Ictalurus furcatus Blue catfish
Ictalurus punctatus Channel catfish
Centrarchidae Lepomis gulosus Warmouth
Lepomis macrochirus Bluegilt
Lepomis microlophus Red-ear sunfish
Sciaenidae Aplodinotus grunniens Freshwarer drum
Acipenseridae Actpenser fulvesens Lake sturgeon

Dara from Fuller {1974), McMahon (1983a), Robinson and

Welthorn (1988), and Sickel (1986).

Predation may be the most important regulator of

freshwater bivalve populations. Shore birds and ducks
feed on sphaeriids and C. fluminea (Dreier, 1977;
Paloumpis and Starrerr, 1960; Smith er al, 1986;
Thompson and Sparks, 1977, 1978) and D. polymor-
pha {Mazak et al, 1997). C. fluminea densities were

3-5 dmes greater in enclosures excluding diving ducks.

{Smith er al., 1986). Warter fow!l feeding also signifi-
cantly reduces D. polymorpha populations {Mackie
and Schloesser, 1996). Crayfish feed on small bivalves
including C. fluminea (Covich er al, 1981} and D. poly-
morpha {Mackie et al., 1989), and, in some habitats,
may regulate bivalve population densities. Fire ants
(Solenopis invicta) prey on clams emersed by receding
water levels. In addirions, turtles, frogs, and the mud-
puppy salamander Necturus maculosus all feed to a
limited exrent on small or juvenile bivalves (Fuiler
1974). Free-living oligochaetes prey on newly released
glochidia (Fuller, 1974).

Perhaps the major predator of freshwater bivalves
are fish. A number of WA fish are molluscivores
(Table V). While most molluscivorous fish feed on small
bivalve species or juveniles of larger bivalves
{SL. <7 mrn), several routinely take large adulss, includ-
ing carp (Cyprinus carpio), channel catfish {Ictalurus
punctatus) and freshwater drum (Aplodinotus grun-
" niens). The latter species crushes shells with three
massive, highly muscular pharyngeal plates, as do carp
to a lesser extent. Bivalve prey size may be limited by
the dimensions of the shell-crushing apparatus. Thus,
273-542-mm long A. grunniens did not take D. poly-
morpha with SL >11.4 mm, but, below this size, fish
size and mussel size raken were not related. Thus,
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predation by A. grunniens is unlikely to control D.
polymorpba populations (French and Love, 1995). In
contrast, channel catfish swallow bivalves intact (J. C.
Britton, personal communrication). The majority of mol-
luscivorous fish may limit predation to smaller bivalves
because shells of larger individuals are too strong to
crack or crush. The shell strength of C. fluminea in-
creases exponentially with size [log,, force in newtons
to crack the shell = ~0.76 + 2.31 (logy, SL in mm}]; it
is 6.5 times stronger than the very thick-shelled esruar-
ine bivalve, Rangia cumeata (Fig. 23) (Kennedy and
Blundon, 1983). Shell strength is directly correlared
with shell thickness. In specimens with an SL of 20 mm,
the 3.0 mm thick shell of the unionocidean, Fuscoraia
ebena, was more crush resistant than the 1.3 mm thick
shell of C. fluminea which, in turn, was more crush re-
sistant than the fragile 0.31 mm thick shell of D. poly-
morpha. The fragile shell of D. polymorpha makes it
prone to predation by diving ducks, crayfish and fish
relative other freshwarter bivaives (Miller et @f,, 1994},

Fish predation can deplete freshwater bivalve pop-
ulations. Sphaeriid diversity and density increased in
habitats from which moliuscivorous fish were excluded
{Dyduch-Falniowska, 1982). Robinsen and Wellborn
{1988) reported that, 11 months after settlement, den-
sities of C. fluminea were 29 times greater in enclosures
excluding fish. In contrast, exclusion of fish and turtles
did not increase density or species richness of a com-
bined unoinoidean and sphaeriid community in a cool-
ing reservoir (Thorp and Bergey, 1981).

As fish are intermediate hosts for unioncidean
glochidia, the size of fish host population can influence
mussel reproductive success. Absence of appropriate
fish hosts have caused extirpation of unionoideans in a
number of NA aguatic habitars (Fuller, 1974; Kat and
Davis, 1984: Smith, 1985a, b; Neves et al, 1997;
Vaughn, 1997; Section IIl. A.) and availability of fish
hosts may regulate recruitment (Johnson and Brown,
1998). Indeed, restoration of host fish populations pro-
duced remarkable recoveries of some endangered
unionocidean populations (Smith, 1985b). Thus, anthro-
pomorphic activities reducing fish host population den-
sities can result in destruction of unionoidean popula-
rions, making relationships between unionoideans and
their glochidial host fish an importane future manage-
ment consideration for drainage systems and their fish-
eries to ensure continued health of their remaining
unionoidean fauna (Watters, 1993; Neves, 1997).

Mammals prey on freshwater bivalves. Otrers,
minks, muskrats, and raccoons eat bivalves and may
regulate populations of some species (Fuller, 1974).
Raccoons and muskrats feed on C. fluminea and may
account for reductions of adule clam densities in the
shallow, near-shore waters of some Texas rivers, where
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FIGURE 23  Shell strength of Corbicula fluminea. Solid line is the
best fir of a geometric mean estimate of a least squares log-log linear
regression, refating shell length (SL) to force required to crack the
shell (open circles) as follows: Log,, force to crack the sheli in new-
tons = —0.76 + 2.31 {log,c mm SL). Dashed line is the best fir of 2
similar log-log linear regression for the estuarine wedge calm, Rangia
cuneata, as follows: log,, force to crack the shell in newtons
= —0.736 + 2.42 {log,y 5L in mm). R. cuneata, wich the strongest
shell of eight rested estuarine bivalve species, has a thicker shell than
does C. flurninea, However, as the regression slope values for the two
species are nearly equal, the elevared y-intercept for C. fluinea
{—0.76 compared to —1.73 for R. cuneata) indicates that its shell is
approximately an order of magnitude stronger {Redrawn from
Kennedy and Blundon, 1983.)

feeding sites are marked by thousands of opened shells
(McMahon, unpublished observations). Even wild hogs
root out and destroy shallow-water unionoidean beds
(Fuller, 1974). Muskrats annually consummed 3% of
individuals of Pygarodon grandis in a small Canadian
lake, equivalent to 31% of the mussel’s annual tissue
production. They preferentially consumed larger mus-
sels {shell length >55 mm), strongly affecting mussel
population size-age structure, resulting in a biomass
decline of large individuals, reducing the population’s
annual reproductive effort {Hanson ef al., 1989).

c. Competitive Interactions There have been no ex-
perimental evaluations of interspecific or intraspecific
competition among freshwater bivalves; only anecdotal
observations. Unionoidean or sphaeriid population de-
-clines coincident with establishment of C. fluminea

have occurred in NA habitass (McMahon, 1999;
Sickel, 1986). C. fluminea may detrimentally impact
sphaeriid populations after invasion, but there is little
evidence of major impacts of C. flumines on NA
unionoideans {Strayer, 1999b). Thus, C. fluminea had
little impacr on a Tennessee River unicnoidean commu-
nity, the C. fuminea popularion declining over time
while unionid density remained stable (Miller et al.,
1992). Rather, habitats are first made inhospitable to
indigenous unionoideans by channelization, dredging,
over-fishing or other warer management practices. C.
fluminea is more tolerant of high flows, suspended
solids, and silting caused by human actvities in
drainage systems, allowing it to rapidly colonize such
disturbed habitants in which unionoideans have been
reduced or extirpated (McMahon, 1999). In contrast,
establishmenr of C. fluminea in drainage systems re-
ceiving minimal human inrerference has little effect on
native bivalve populations (McMahon, 1999; Sickel,
1986), suggesting an inability of Corbicula to outcom-
pete native unionoideans in undisturbed habitats. The
impacts of C. fluminea on native, NA bivalves remains
subject to debate (reviewed by Serayer, 1999%) and
should be experimentally addressed.

In contrast to C. fluminea, there is clear evidence
of direct negative impacts of D. polymorpha on NA
unionoidean populations. Dreissena polymorpha
byssally attaches to the posterior portions of uni-
onoidean valves projecting above the substrate where
they can reach densities which strip seston from the
unionoidean’s inhalant current, leading to its slow
starvation. Extensive D. polymorpha infestations can
cause unionoideans to be dislodged from the substraze,
leading to death. D. polymorpha infestation has
caused near complete extirpation of unionoideans
from the lower Great Lakes and Se¢. Lawrence River
(Schloesser et al., 1996; Strayer, 1999b). Interestingly,
shors-term brooding unionoideans {tribes Amblemint
and Pleurobemini) appear less sensitive to zebra mus-
sel impacts than long-term brooders (tribe Lampsilini
and subfamily Anodontinae), perhaps due to their
greater tissue energy reserves (Strayer, 1999b).
Unicnoidean populations in shallow {1 m), near-shore
waters of western Lake Erie were less subject to D.
polymorpha infestation than those at greater depths
(Schloesser er al., 1997), perhaps because wave-in-
duced agitation inhibits byssal attachment (Clarke and
McMahon, 1996b). -

Dreissena polymorpha can have indirect impacts
on N.A. bivalve communities. After iz colonized the
lower Hudson River in 1992, sphaeriid and
unionoidean populations declined even though D.
polymorpha did not atrach to their shells. This decline
resulted from a massive reduction in phytoplankton



density by D. polymorpha feeding, causing starvation
of indigenous bivalves (Strayer, 1999b).

d. Density-Dependent  Mechanisms of FPopulation
Regulation Factors directly impacting freshwater bi-
valve population densities may have secondary impacts
" associated with reduction in gamete fertilization
through reduction of sperm concentration in the warer
column. Thus, egg fertilization in the marsupial gills of
female Elliptio complanata was directly coerelated with
population density, fertilization failing completely at
<10 adults/m? (Downing et al., 1993).

Published experimental investigations of intraspe-
cific, densicy-dependent, population regulation mecha-
nisms in freshwater bivalves are also lacking. However,
some evidence is available from descriptive field studies
of C. fluminea and sphaeriids. In C. fluminea, ex-
tremely successful recruitment of newly sertled juve-
niles occurred after adult population decimation
(McMahon and Williams, 1986a, b); whereas, juvenile
settlement is generally far less successful in habitats
harboting dense adult populations. High adult density
may prevent successful juvenile recruitment, thus pre-
venting extensive juvenile—adulr competition. This hy-
pothesis was tested by enclosing adult C. fluminea at
different densities in a lake harboring a dense Corbic-

ula population. While adult density had no effects on.

adult or juvenile growth: rates, it affected. juvenile set-
tlement. Settlement in enclosures without adults was
8702 juveniles/m? Maximal settiement (26,996 juve-
niles/m?) occurred at 329 adules/m?; and was least at
the highest adult densities of 659 and 1976 clams/m?,
being only 8642 and 3827 juveniles/m?, respectively
(McMahon, unpublished data}. Thus, adults of C. flu-
minea may inhibit juvenile settlement. Mackie et al.,
{1978) found that high adult densities in Musculinm se-
curis caused significant reduction in the number of ju-
veniles incubated, implying that intraspecific adult
competition regulates reproductive effort. In addition,
interspecific competition between M. securis and M.
transversum caused reduction in reproductive capacity
in the subdominant species, with species dominance de-
pendent on habitat. While ineraspecific density effects
and interspecific competition may regulate Corbicula
and sphaeriid populations, results may not be the same
for highly K-selected unionoidean populations which
require further study before the effects of thinning of
mussel beds by commercial harvesters on juvenile re-
cruitment and adult growth can be assessed.

4. Functional Role in the Ecosystem

Bivalves play important roles in freshwater ecosys-
tems (reviewed by Strayer et al., 1999a, b). Because they
can achieve high densities and are filter feeders, they are
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important consumers of phytoplankron primary pro-
ductivicy. Unionoideans, with fltering rates on the order
of 300 mL/g dry tissue/h {Paterson, 1984), can account
for a large propoftion of total consumption of phyto-
plankton productivity. As unionoidean densities range
from 15 individeals/m* (Paterson, 1985) to 28 individ-
uals/m? (Negus, 1966) and dry tissue standing crop .
biomasses from 2.14 g/m? (Paterson, 1985) to 17.07
g/m?* (Negus, 1966), filtering by unionoidean communi-
ties could be as high as 15-122.9 L/m? per day. Thus,
on an annual basis, a eutrophic lake unionoidean com-
munity filtered 79% of rotal lake volume, removing
92~100% of all suspended seston. However, even with
such high cropping rates, high phytoplankton reproduc-
tive rates resulted in unionoideans reducing seston by
only 0.44% (Kasprzak, 1986). While the unionoidean

‘community accounted for only 0.46% of seston re-

moved by all phytoplanktivorous animals in the lake,
they made up 85% of its standing crop biomass. Their
biomass contained a high proportion of the phosphorus
load of the lake, limiting the quantity of phosphorus
available for phytoplankton production. Similarly, the
unionoidean community of Lake St. Clair ingested
13.5% of the toral phosphorus load of the lake from
May through Qctober and deposited 4% of consumed
phosphorus - in the sediments, providing nutrients for
rooted macrophytic vegetation and invertebrate deposit
feeders (Nalepa et al., 1991). D. polymorphia popula-
tions in five European lakes had an average dry weight
biomass 38 times that of submerged macrophytes and
average standing crop phosphorus and nitrogen con-
tents 2.94 {range, 0.39-7) and 4.21 (range, 0.59-5.4)
times that of submerged macrophytes, respectively,
greatly reducing availability of these growth-limiting
inorganic nutrients to the aquatic plant community
(Stanczykowska, 1984). In the western basin of Lake
Erie, D. polymorpha has become a major factor in
phosphorus flux; its uptake of phosphorus and nitrogen
potentially limiting phytoplankton growth and its low
N:P excretion ratios (<20:1) potentially shifting phyto-
plankton community structure toward cyanobacteria
{Arnott and Vanni, 1996).

Sphaeriids also have important impacts on lentic
phytoplankron communities. The sphaeriid community
of an oligotrophic lake comprised only 0.12% of total
planksivore biomass and 0.2% of the bivalve biomass,
but accounted for 51% of total seston consumption
(Kasprzak, 1986). This probably resulted from cheir
relatively high fileration rates and population produc-
tivity (Burky et al., 1985a; Hornbach ez al., 1984a, b).
In smaller lotic and lentic habitats, sphaeriids can con-
sume a major portion of primary productivity. In 2
canal community dominated by sphaeriids (98% of
planktivore biomass), they accounted for 96% of total



388 Robert F McMahon and Arthur E. Bogan

seston consumption {Krasprzak, 1986). A stream popu-
lation of . straitimiem was estimated to filter 3.67 g or-
ganic C/m? per year or 0.0004% of seston organic car-
bon flowing over them (Hornbach’et al, 1984b). In
contrast, fileration by a pond population of M. par-
tumeium removed 13.8 g C/m® per year as seston
{Burky et al., 1985a). Based on the data of Burky et 4/,
{1985b), standing crop seston levels for the entire pond
ranged annuaily between 46 and 355G g carbon. Aver-
age annual seston organic carbon consumption by the
M. partumeinm community was estimated to be
roughly 3.9 g C per day, or 0.7-8.5% of total standing
crop seston carbon per day. These data indicate thac
sphaeriid communities crop a significant portion of the
primary productivity of their small lentic habirats.

With extremely high filtering rates and dense popu-
lations (McMahon, 1999}, C. fluminea is potentially a
major consumer of phytoplankton productivity. In the
Potomac River, phytoplankton densides and chloro-
phyll 2 concentrations declined as it flowed over dense
beds of C. fluminea, both measures falling 20-75%
lower than upstream values; current phytoplankton lev-
els in this river section are considerably lower than
those prior to C. fluminea invasion. Ir was estimated

that the C. fluminea population filtered the entire water

column in the 3~4 day period required for it to pass the
river reach where the population was most dense (Co-
hen et al, 1984). Similar reduction in phyroplankson
density of a lotic habitat by C. fluminea has been re-
ported by Leff et al. {1990). Reductions in phyroplank-
ton density and chlorophyll a concentration must have
been due to clam filter feeding, particularly as discharge
volume variation, zooplankton feeding, toxic sub-
stances, and nurriens limitations were not different from
other river sections (Cohen et al. 1984). Similarly, Lau-
ritsen (1986b) estimated that a C. fluminea population
of 350 clams/m? in the Chowan River, NC, at an aver-
age depth of 525 m and clam fltering rate of
564~1010 mL/h, filtered the equivalent of the overly-
ing water column every 1-1.6 days. Ar an average
depth of 0.25 m, current flow of 18.5 m/min, and
average clam fltering rate of 750 mL/h {Lauritsen,
1986b), the entire water column of the Clear Fork of
the Trinity River flowing over a C. fluminea population
with an average adult density of 3750 clams/m?* was fl-
tered every 304 m of river reach, or every 16 min
{McMahon, unpublished observations). Such massive
filtering of the water column by dense bivalve popula-
tions could keep seston concentrations at low levels and
limit the energy available to other seston-feeding
species. Consumption of the majocity of primary pro-
ductiviry by dense bivalve populations and the accumu-
lation of that production in large, relatively long-lived,
predator-resistant adult clams may not only limic the

inorganic nutrients available for primary productivity
and the energy available to other primary consumers,
but may also divert energy flow from higher trophic
levels.

Bivalves, by filtering suspended seston, are water
clarifiers and organic-nurszient sinks. When co-cuitured
with channel catfish, C. fluminea increased ambient
water O, concentrations by reducing seston and turbid-
ity levels {Buttner, 1986). Dense bivalve popuiations,
by removing phytoplankton and other suspended mate-
rial, increase water clarity, and, by binding suspended
sediments into pseudofeces, accelerate sediment deposi-
tion rates (Prokopovich, 1969). Dense D. polymorpha
populations clarify water which increases light penetra-
tion, stimulating the growth of rooted aquatic macro-
phytes (Mackie and Schloesser; 1996).

Such major ecological impacts by D. polymorpha
have been observed in several locations in the lower
Great Lakes, St. Lawrence River and Hudson River
harboring dense mussel populations (reviewed by
Maclsaac, 1996). In these habitats, D. polymorpha
fltering increases water clarity. In the Hudson River,
D. polymorpha filtered the equivalent of the entire wa-
ter column every 1.2-3.6 days (Strayer et al, 1999).
Phytoplankton densities are most negatively impacted
by D. polymorpha filtering in waters <1.85 m above
mussel beds (Maclsaac et al., 1999). Besides phyto-
plankron and smali zooplankton, D. polymorpha filters
suspended clay and silt particles and binds them into
pseudofeces deposited in sediments (Maclsaac, 1996,
Strayer et al., 1999). Phytoplankton reductions by D.
polymorpha have been extensive, ranging from 39 to
91% in portions of the Great Lakes {Maclsaac, 1996)
and from 80 to 90% in the lower Hudson River, with
mussels less efficiently removing diatoms than other
smaller algae (Strayer et al., 1999). Filter feeding by D.
polymorpha can reduce bacterioplankton densities, but
can also stimulate bacterioplankton growth through
nutrient or organic carbon excretion {Cotner et. al.,
1995). Feeding by dense D. polymorpha populations
appears to favor development of cyanobacteria blooms
in some NA waters, perhaps due to reduction in N:P
ratio, enhanced light penetration, greater buoyancy of
cyanobacteria filamenss, and/or chemical or mechani-
cal inhibition of mussel filtering by cyanobacteria
(Maclsaac et al., 1996).

Zooplankron populations are reduced by D. poly-
morpha filtering. Small zooplankton such as rotifers
and even Dreissena veligers can be directly filtered;
rotifer density in western Lake Erie declining by 74%
within § years of D. polymorpha colonization, while
larger zooplankton species that avoid entrainment on
the mussel’s inhalant currents were relatively unaf-
fected (Maclsaac, 1996). Similarly, zebra mussel



invasion brought about 80~90% reductions in rotifers,
tintinnids, and copepod naupli densities in the lower
Hudson River (Strayer et al., 1999). Suppression of
small zooplankton could reduce fish populations whose
larvae utilize them as food and result in density in-
creases of bacrerioplankton on which small zooplank-
ton feed {Strayer et al, 1999). Increased water clariry
and sediment nutrient levels appear to stimulate in-
creased aquatic macrophyte growth in many areas col-
onized by D. polymorpha, favoring fish species associ-
ated with them over open-water species (Maclsaac,
1996). Increased macrophyte growth also appeared to
favor associated invertebrate species, whose densities
increased dramatically in the Hudson River after D.

polymorpha colonization while deep-water benthic in- -

vertebrates concurrently declined {Strayer et al., 1999).
Thus, overall, D. polymorpha populations appear to
divert resources from the pelagic zone and deep-water
sediments to vegetated shallows and zebra mussel beds
(Strayer et al., 1999), leading to increases in benthic in-
vertebrate abundance and diversity due to habieat
structure enhancement among accumulated mussel
shells and increased food supply, enhancement of phys-
ical habirar appearing to have the greatest impact
" (Botrs et al., 1996}, Increased benric invertebrare densi-

ties support density .increases.in fsh populations feed-

ing on them (Maclsaac, 1996; Ricciardi et al., 1997;
Stewart et al., 1998; Scrayer et al,1999), These post-
colonization impacts of D. polymorpha are extensive,
with almost all of 11 measured ecological variables be-
ing shifred by >50% afrer establishment of mussel
populations in the lower Hudson River {Strayer et al,
1999). Increased food availability, associated with feed-
ing on D. polymorpha, may also be responsible for
postzebra mussel colonization increases in diving-duck
flock sizes and staging durations in several portions of
Lake Erie (Maclsaac, 1996).

As freshwater clams filter suspended organic detri-
tus and bacteria and consume sediment interstitial bac-
teria and organic detritus (Section HI1.D.2), they may be

significant members of the aquatic decomposer assem-’

blage. Pisidium casertanmum and P. corneum feed pri-
marily by fileering sediment bacteria {Lopez and
Holopainen, 1987). Hornbach et al. (1982, 1984b) esti-
mated that only 24-35% of energy needs of a popula-
tion of Sphaerium striatinurm were met by filter feeding,
the remaining coming from sediment organic detritus.
C. fluminea pedally feeds on sediment detritus {Reid et
al., 1992}, impacting the decomposer community {Hak-
enkamp and Palmer, 1999). Musculium transversum
urilizes its long inhalant siphon to vacuum organic de-
tritus from the sediment surface {Way, 1989). The detri-
tivorous habit of many freshwater bivalve species may
divert primary productivity ordinarily lost to respiration
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of the detritivorous community back into bivalve tissue
where it is made re-available to higher trophic levels.
The activity of freshwater bivalves may also di-
rectly affect habitat physical characteristics. Deposition
of calcium in shells may reduce ambient Ca concentra-
tions, In a C. fluminea population of 32 clams/m?, an-
nual fixation of shell CaCQO; was 0.32 kg CaCO;/m?
per yvear (Aldridge and McMahon, 1978). At this rate,

'shell CaCO; fixation in a dense population of 100,000

clams/m? (Eng, 1979} could be 50-60 kg Ca CO,/m?
per year. Such rapid removal of calcium to shells accu-
mulating in the sediments could reduce water hardness,
particularly in lentic habitars (Huebner er al, 1950).
Seasonal cycles of shell growth could induce seasonal
cycles in water Ca concentration, being greatest in win-
ter when shell growth is minimal and least in summer
when shell growth is maximal (Rooke and Mackie,
1984c¢). Bivalves can also affect solute flux berween
sediments and the water column. Unionoidean mussels
enhanced release of nitrate and chloride and inhibited
CaCO; release from sediments {Matisoff et al., 1985).
Dense sphaeriid populations can be the principal affec-
tors of sediment dissolved O, demand, in cases reach-
ing levels characteristic of semipoiluted and polluted
streams (Butts and Sparks, 1982). D. polymorpha and
C. fluminea increase sedimentation rates, negatively or
positively impact phosphate and nitrate fluxes between

- sediments and the water column, changs the N:P ratio

of the warer column, clarify water, and change sedi-
ment physical make up by accumulation of their shells
(Arnott and Vanni, 1996; Strayer et al., 1999},

Small bivalves (sphaeriids, juvenile unioncideans,
D. polymorpha, and C. fluminea) can be a major food
source for third trophic level carnivores, including fish
and crayfish (Section II.C.3). Bivalve flesh has a low
caloric content, 3.53-5.76 kcal/g ash-free dry weight
{Wissing et al., 1982), reflecting low lipid:protein ra-
tios. C. flurninea has tissue organic C:N ratios ranging
from 4.9-6.1:1, indicative of a 51-63% of dry weight
protein content {Williams and McMahon, 1989}. High
protein content makes bivalve flesh an excellent food
source to sustain predator tissue growth.

Many freshwater bivalve populations are highly
productive (particularly sphaerids, C. flumines, and D.
polymorpha), rapidly converting primary productivicy
into tissue energy available to third trophic fevel carni-
vores. Productivity values range from 0.01% g C/m?*
per year for a Pisidium crassum population to 10.3 g
C/m? per year for a C. fluminea population (Aldridge
and McMahon, 1978} and 75 g C/m? per year for a
D. polymorpha population (Mackie and Schloesser,
1996); the average for 11 sphaeriid species and two
species of Corbicula was 2.5 g C/m? per year {Burky,
1983). Other values include 12.8-14.6 g C/m* per
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year for an Arizona C. fluminea canal population
(computed from data of Marsh, 1985) and 1.07 g
C/m? per year for a New Brunswick lake unionoidean
population of Elliptio complanata (computed from
data of Paterson, 1985).

Bivalves are generally more efficient at converting
assimilated food energy into new tissue than most
second trophic level aquatic animals because their ses-
sile, filter-feeding habits minimize energy expended in
food acquisition, allowing efficient transfer of energy
from primary production to bivalve predators. Thus,
bivalves can be important conduits of energy fixed by
phytoplankton photosynthesis to higher trophic levels.
However, such trophic energy transfer is mainly
through smaller species and juvenile specimens, as large
adules are relatively immune to predation (Section 3.C).

The measure of efficiency of conversion of assimi-
lated energy absorbed across the gut wall into energy
fixed in new tissue growth is net growth efficiency:

P
% Net Growth Efficiency =
' Y= TA(100)
where P is the productivity rate or rate of energy or or-
ganic carbon fixation into new tissue growth by an in-
dividua! or population and A the assimilation rate or
rate of energy or organic carbon assimilated by an indi-

vidual or population. The greater the net growth effi- .

ciency of a second trophic level species, the more effi-
cient its conversion of assimilated energy into flesh,
and, therefore, the greater the potential for energy flow
though it to third trophic level predators (reviewed by
Russell-Hunter and Buckley, 1983; Holopainen and
Hanski, 1986; Hornbach, 1985). Net growth efficien-

cies (Table I}, are 9-79% in sphaeriids (average =

55%) and 58-89% in C. fluminea, indicating efficient
conversion of assimilated energy into flesh compared to
other aquatic second trophic fevel animals.

5. Bivalves as Biomonitors

Freshwater bivalves, particularly unionoideans C.
fluminea and D. polymorpha, have characteristics such
as long life spans, and growth and reproductive rates
sensitive to environmenta! perturbation {Burky, 1983}
that make them good biomonitors {Imiay, 1982). They
can be held in field enclosures without excessive main-
tenance. Shell growth is sensitive to environmental
variation and/or disturbance {(Way and Wissing, 1982;
Fritz and Lutz, 1986; Belanger et al., 1986a, b; Way,
1988), and the valves remain as evidence of deach al-
lowing mortality rates to be estimated. Shells can be
marked by rags (Rosenthal, 1969; Young and Williams,
1983c), including floating tags tethered to the shell
(Englund and Heino, 1994b), paint, or shell-etching
{(McMzhon and Williams, 1986a).

Bivalves can be collected throughour the year and
easily shipped alive long distances. Because large
species stay in place (exception is C. fluminea), they ex-
perience conditions in the monitored environment
throughout life (Imlay, 1982). Annual shell-growth in-
crements allows determination of variation in heavy-
metal pollutant levels over long periods by analysis of
levels in successively secreted shell layers (Imlay, 1982).
However, there is controversy regarding use of shell-
growth rings to age unionoideans. Growth rings are
produced annually in some species (Neves and Moyer,
1988), but not in others (Downing et al., 1992). Large
size allows analysis of poilutant levels in single individ-
uals, and the wide geographical ranges of some species
(Imlay, 1982) aliow comparisons across drainage sys-
tems. Table VI indicates the types of pollutants and en-
vironmental perturbations monitored by freshwater bi-
valves. The broad distributions of C. fluminea and D.
polymorpha in North America and their dense, readily
collectible populations make them excelient biomoni-
tors compared to unionoideans, many species of which
have restricted distributions and/or are threatened or
endangered (Section HLA).

D. Evoluticnary Relationships

Sphaeriid, dreissenids, corbiculids, and unionoi-

- deans represent separate evolutionary invasions of

freshwaters. Sphaeriids, dreissenids, and corbiculids fall
in the order Veneroida, and unionoideans in the order
Unionoida {Allen, 1985). The Veneroida became suc-
cessful infaunal filter feeders though evolution of in-
halant and exhalant siphons, allowing maintenance of
respiratory and feeding currents while burrowed. Their
eulameliibranch gills with fused filaments (Fig. 5) were
a clear advancement over the primitive (i.e., filibranch)
condition with separate gili filaments attached by inter-
focking cilia (Allen, 1985).

The family, Sphaeriidae, in the superfamily, Corbic-
ulacea, with a long freshwater fossil history extending
from the Cretaceous (Keen and Dance, 1969) has
evolved along two major lines. The first, represented by
Pisidism, involves adapeation to life in organically rich
sediments by filtering interstitial bacteria {Lopez and
Holopainen, 1987), making them dominant in profun-
da} habitats. The second, represented by Sphaerium
and Musculium, involves adaptation to life in small,
shaliow, lentic or lotic habitats subject to predictable
seasonal perturbation, such as habitat-drying. Their
adaprations include estivation during prolonged emer-
gence {Section TILA). Like many of the Veneroida, the
byssus is absent in adults of most species.

The superfamily Unionoidea, like the Sphaeriidae,
has a long freshwater fossil history, extending from at
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TABLE VI List of some Investigations Involving Utilization of Bivalves to Monitor Effects or Levels of Pollutants in

Freshwater Habiracs

Pollutant monitored Species utilized

Literatuwre citations

Arsenic Corbicula fluminea
Cadmivm Eight unionoidean species,
' Anodonta anatina
Anodonta cygnea
Corbicula flumines -
Chromium Eight unionoidean species
Corbicula fluminea
Copper Corbicula fluminea
Lamellidens marginalis
Iron Corbicula fluminea
Lead Corbicula fluminea
Lameilidens marginalis
Manganese Eight unionoidean species
Corbicula fluminea
Lamellidens marginalis
Mercury Corbicula fluminea
Nickel Lamellidens marginalis
Tin Eight unionoidean species
Zine Anodonta sp.
Corbicula fluminea
Lamellidens marginalis
Asbeszos Corbicula fluminea

Ocrachlorostyrene
Polychlorinated
Biphenols (PCBs)

Lampsilis siliquiodea
Corbicula fluminea
Lampsilis siliquoidea
Dreissena polymorpha
Draissena. Polymorpha
Corbicula fluminea

Pentachiorophenol (PCP}
Pesticides

Sewage effluencs Corbicula fluminea

Power station effluents Corbicula fluminea

Natural wazers Drzissena polymorpha
Unio tumidus
Anodonta anatina

Eider and Matrraw {1984}, Price and
Knighe (1978}, Tatem, {1986)

Price and Knight {1978)

Hemelraad et al. (1983)

Hemelraad et al. {1985) :

Eider and Mattraw (1984}, Graney er al. (1984),
Price and Knighe {1978}, Tatem {1986)

Price and Knight {1978}
Elder and Mattraw (1984}, Tatem (1986)

Annis and Belanger (1986), Elder and Mattraw (1984}
Price and Kaight {1978), Tatem {1986}

Hameed and Raj {1993)

Tarem {1986)

Annis and Belanger (1986}, Elder and Magrraw (1984}
Price and Knigh: {1978}, Tarem (1986)

Hameed and Raj (1990}

Price and Knight {1978)

Elder and Mattraw {1934), Tatem {1986}

Hameed and Raj (1590)

Elder and Mattraw (1984}, Price and Knight {1978)

Hameed and Raj (1590)

Price and Knighe {1978}

Herwig et af. (1985)

Belanger ez al. (1986b), Elder and Marraw (19843,
Foe and Knight (1986c¢)

Hameed and Raj (19%0)

Belanger et al. (19863, 1987}

Elder and Mattraw (1984), Tatem {1986}

Elder and Mattraw (1984), Tatem {1986}

Pugsely e al. (1985)

Fisher et al.1593

Borcherding {1992}, Fisher et al. (1993}

Elder and Mattraw {1984), Hartley and
Johnston (1983), Tatem {1986)

Foe and Knighe (1986¢), Horne and
Maclntosh (1979}, Weber (1973)

Dreier and Tranquilli {1981), Feeris et al. {1988),

Foe and Knight {1987), McMahon and Williams (1386b)

Borcherding and Volpers (1994)

Englund and Heino {1994a)

Englund and Heino {1994a)

1

¥

least the Triassic (Faas, 1969). A long fossil history and
tendency for reproductive isolation due to gonochorism
and the parasitic glochidial stage (Section HIL.A) which
allows sympatric speciation via new glochidial fish host
acquisition (Graf, 1997) has led to extensive radiation,
the Unionoidea being represented worldwide by 150
genera and a great number of species {Allen, 19835).
Their origin remains unclear. Similarity of shell seruc-
ture suggests a relationship to marine fossil species in
the order Trigonoida (Allen, 1985). Like the majority of
sphaeriids, adult unionoideans lack a byssus, which

would be of no use in their infaunal habitats. They
dominant the shallow regions of larger, relatively
stable lentic and lotic habitats, particularly in stable
sand—gravel sediments {Section IIL.A). The division of
the superfamily, Unionoidea, into the presumed more
primitive family, Margaritiferidae, and the more derived
family, Unionidae, has been partially supported by mi-
tochondrial DINA analysis of NA species. This study
also supported the monophyly of the NA unionoidean
subfamilies Anodontinae and Ambleminae and tribe
Pleuorblemini, but provided only weak supporr for the
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tribe Lampsilini {Lydeard ez al., 1996). Further molecu-
lar studies are needed to elucidate the compiex phy-

" logeny of the Unicnoidea, including analysis of species
outside of North America.

The Sphaeriidae and Unionoidea, with long fresh-
water fossil histories, have evolved distinct niches.
While both occur in stable habitats, the majority of
sphaeriids inhabit smaller ponds and streams or the
profundal regions of lakes, and the majority of
unionoideans inhabit stable sediments of shailow por-
tions of larger rivers and lakes (Sections HL.A and HLB).

C. fluminea entered freshwater only in recent (Pleis-
tocene) times (Keen and Casey, 1969), making it un-
likely to complete effectively with sphaeriids or
unionoideans whose long fossil histories have allowed
them to become highly adapted to their preferred stable
freshwater habitats. Indeed, C. fluminea does not ap-
pear to seriously impact native NA bivalves in undis-
turbed freshwaters (McMahon, 199%; Section C.3}.
Rather, it is adapted for life in unstable habitats—sub-
ject to periodic catastrophic perturbation, particularly

flood-induced sediment disturbance—-which are gener-

aily unsuitable for sphaeriids or unionoideans {Section
M1L.A}). Among its adaptations to high-flow habitats are:
(1} capacity for rapid burrowing; {(2) a strong, heavy,
concentrically sculptured, inflated sheli; and (3) juvenile
retention of a byssal thread—ail of which allow main-
tenance of position in sediments (Vermeij and Dudley,
1985). Addizionally, its high fecundity, elevated growth
rate, early marurity, and extensive capacity for dispersal
(Secrion IIL.B) allow it to colonize habitats from which
other bivalves have been extirpated and rapidly recover
from catastrophic population reductions. Thus, C. fiu-
minea evolved a niche in unstable, disturbed habitats
not utilized by sphaeriids or unionoideans, having
evolved from an estuarine Corbicula ancestor inhabit-
ing similar environments in the upper, near-freshwater
portions of estuaries (Morton, 1982).

The superfamily Dreissenacea, containing D. poly-
morpha, while superficially resembling marine myti-
lacean mussels {order Mytiloida), is placed in the Ven-
eroida because of its advanced eulamellibranch
ctenidium. Adulc dreissenaceans retain an artachment
byssus, considered a primitive condition. In contrast,
the mytiliform shell with its reduction of the anterior
valves and anterior adductor muscie, is a derived adap-
tation to an epibenthic niche characterized by byssal at-
tachment to hard surfaces {Allen, 1985; Mackie and
Schloesser, 1996). D. polymorpha prebably evolved
from an estuarine dreissenacean ancestor of the genus
Mytilopsis. As with C. fluminea, its fossil record indi-
cates a recent, Pleistocene introduction ro freshwaters
{Mackie et al., 1989). Also, like C. fluminea, D. poly-
morpha appears to have successfully colonized fresh-
waters because its miche (i.e., an epibenthic species

atrached to hard substrates) is not occupied by infaunal,
burrowing sphaeriids or unionoideans, thus minimizing
competition with these more advanced groups.

Freshwater bivalves have characteristics thar are
uncommon in comparable marine species. Most shal-
low-burrowing marine species are gonachoristic with
external fertilization and free-swimming plankronic
veligers. A planktonic veliger is nonadaptive in lotic
freshwater habitats, as it would be carried downstream
before settlement, eliminating upstream populations.
Thus, the plankronic veliger stage is suppressed in
sphaeriids, which brood embryos in gill marsupia and
release large, fully formed juveniles ready to take up life
in the sediment. In unionids, eggs are retained in gill
marsupia and hatch into the glochidium, whose para-
sitism of fish hosts allows upstream as well as down-
stream dispersal and permits release of well-developed
juveniles into favorable habitats (Section IILB). Even the
recently evolved C. fluminea has suppressed the plank-
tonic veliger stage of its immediate estuarine ancestors
(Morton, 1982), producing a small, but fully formed ju-
venile whose byssal thread allows immediate settlement
and attachment to the subtrate. Retention of external
fertilization and a free-swimming veliger in D. polymor-
pha are primitive characteristics reflecting irs' recent
evolution from an estuarine ancestor. -

Downstream veliger dispersal would preciude D.
polymorpha from establishing populations in high-flow
lotic habitats, unless upstream impoundments provide
replacement stock. In fact, in Europe and Asia, this
species is most successful in large, lende or low-flow
lotic habitats such as canals or large rivers (Mackie et
al., 1989). Serial impoundment of rivers has provided
lentic refugia for this species in otherwise lotic
drainages, facilitating its invasion of NA waters
(Mackie and Schioesser, 1996}.

Another common adapration in freshwarter species is
hermapharoditism with a capacity for self-fertilization.
Hermaphroditism makes ail individuals in a population
reproductive, allowing rapid population expansion
during favorable conditions. Hermaphroditism allows
sphaeriids to re-establish populations after predictable
seasonal perturbation and C. fluminea, along with its
high fecundity, to rapidly re-establish populations after
catastrophic habitat disturbance. It makes both sphaeri-
ids and C. fluminea invasive, as the introduction of a
single individual can found a new population. In con-
trast, the gonochorism of most unionoideans and D.
polymorpha limits their invasive capaciry, reflected by
their stable, relatively undisturbed habitats. Hermaphro-
ditism occurs in only seven species within three subfami-
lies of NA Unionoidea (Hoeh et al., 1995) with widely
different habitats and reproductive traits. Selection pres-
sures for evolution of hermaphroditism within these
species have not been elucidated.



Finally, unionoideans and sphaeriids have different
shell morphologies relative to comparable shallow-
burrowing marine bivalves. Freshwater species gener-
ally do not have denticulated or crenulated inner-valve
margins, extensive radial or concentric shell ridges,
tightly sealing valve margins, well-developed hinge

teeth, ovetlapping shell margins, or uniformally thick,.

inflaced, strong shells to the degree displayed by shal-
low-burrowing marine species {Vermeij and Dudley,
1985). These shell characreristics allow shallow-
burrowing marine species to maintain position in un-
stable substrates and/or resist shell cracking or boring
by large predators common in marine habitats. Lack of
such structures in unionoideans and sphaeriids reflects
their preference for stable sediments and the general
absence of effective pradators on adult freshwater bi-
valves; certainly there are no shell-boring predators of
NA freshwarer species. Indeed, the shells of freshwarer
unionoideans display considerably less nonlethal,
predator-induced damage than shallow-burrowing ma-
rine species {Vermeij and Dudley, 1985). While reten-
tion by C. fluminea of a thick, extremely strong shell
{Kennedy and Blundon, 1983; Miller et al, 1992),
lacking pedal and siphonal gapes, with a well-devel-
oped hinge, shell inflation, and concentric ornamenta-
tion, may represent a primitive condition, it allows this
spedies to inhabit sediments too unstabie to support
unionoideans or sphaeriids. Such primitive characteris-

tics reflecr similar adaprations in the immediate estuar- '

ine ancestor of this recently evolved freshwater species.
In contrast, the thin, fragile shell of D. polymorpha
(Miller et al., 1992} may have evolved due to byssal at-
tachment of the species to hard substrates where the
sheil is not subject to damage from unstable sediments.

[V, COLLECTING, PREPARATION FOR
IDENTIFICATION, AND REARING

A. Collecting

Small sphaeriid clams are best collected by removing
sediments containing clams with: (1) a trowel or shovel
(shallow water); and (2) a long-handled dip net or shell
scoep with 2 mesh of <0.35 mm (moderate depths) or
by Ekman, Ponar, or Peterson dredges (deeper water),
the heavier Ponar and Peterson dredges being betrer in
lotic habitats. Drag dredges must have sedimenc catch
bags of small mesh (1 mm or less}. Use of scuba is also
an effective means of collecting sphaeriids. Larger
sphaeriids species can be separated from fine sediments
with a 1-mm mesh sieve, but a 0.35-mesh is required for
smaller specimens. Fragile sphaeriids should be sepa-
cated from sediments by gentle vertical agiration of the
sieve ar the water surface to prevent shell damage.
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Coarse material should be removed prior to sieve
agitation to avoid shell breakage. Exceptionally small,
fragile species can be collected by washing small quanti-
ties of sediment into sertlement pans, specimens being
revealed after sediments settle and the water clears.

Ekman, Ponar, or Peterson dredges are best for
quantitative samples of sphaeriids, because they re-
move sediments from under specific sediment surface
areas. Quadrat frames can be placed on the bortom
{Miller and Payne, 1988) and all surface sediments
within the frame collected for sorting. Such frames can
be. utilized in shallow or deeper waters (the latter in
conjunction with scuba equipment). Drag dredging at
specified speeds for known intervals altows partial sam-
ple quantification. Core sampling devices consisting of
tubes driven into the substrate to specific depths can
yield both accurate estimates of sphaeriid density and
sediment depth distributions. Core samplers sampie
only a small surface area, thus are best utilized with
dense populations and/or repetitive sampling.

Low densities of some unionoidean populations
make their collection difficult. Where populations are
dense, shoveling sediments through a sieve allows col-
lection of a broad range of sizes and age classes {Miller
and Payne, 1988). As unionoideans are larger than
sphaeriids, sieve mesh sizes of 0.5-1 cm may be appro-
priate unless recently settled juveniles must be collected.
In less dense, shallow-water populations, hand-picking
using a glass-bottomed bucker to locate specimens can
often suffice. In rurbid warters and/or sofr sediments
{sand or mud), shell rakes may be utilized. FHand-pick-
ing and shell rakes can select larger, older individuals. In
shallow, turbid water, using hands and fingers to sys-
tematically feel for mussels buried in soft sediments can
be effective, but selects larger individuals and can lead
to cut fingers. On rocky or boulder bostoms,
unionoideans generally accumulate in crevices or near
downstream bases of large rocks. Here, only hand-pick-
ing {in conjunction with scuba techniques in deeper wa-
ter) is effective. Unionoideans may also be collecred by
drag or brail dredges. Mussel braiis (often used by com-
mercial sheliers) consist of a bar with attached lines ter-
rminating in blunt-tipped gang hooks. When dragged
over unionid beds, mussels clamp the valves onto the
hooks allowing thern to be brought to the surface.

Quantitative sampling of unionoideans can be ac-
complished with quadrars, along with scuba in deeper
waters (Isom and Gooch, 1986; Miiter and Payne,
1988; Waller et al., 1993). Only heavy Ponar and Pe-
terson dredges bite deeply enough into the substrate to
take large unionoidean species. In sparse populations,
errors in density estimates can result from the small
surface areas that these dredges sample, requiring
numerous samples to improve accuracy. Drag dredges
sample larger areas and may be partially quantitative,
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but generally do not provide accurate estimates. A
skimmer dredge collected 62.3% of mussels in its path,
but resulted in 10% mortality of thin-sheiled species
(Miller et al., 1989) Uniconoideans may also be
collected during natural or planned water level draw-
downs {White, 1979) by coliecting either emersed indi-
viduals or those migrating downshore and accumulat-
ing at the water’s edge. :

In a comparative study of sampling, quadrat sam-
pling provided the most accurate analysis of a
unionoidean community, but was difficuls and expen-
sive to carry out in deeper waters, where systematic
sampling by scuba produced the best resules (Isom and
Gooch, 1986). In a comparison of the accuracy of
quadrat and qualitative timed searches for uniono-
ideans, it was found that timed searches overestimated
large species, highly sculptured species and those whose
shells protruded from the substrate, while underesti-
mazing buried, small, smooth-shelled species. In con-
trast, quadrat sampling tended to underestimate rare
species and total number of species unless 2 large aum-
ber of quadrats were sampled (Vaughn et al, 1997).
Extensive sampling may be required to find rare
species, particulacly if their population densities need
to be assessed; thus, time and funding limications may
prevent accurate assessment of presence/absence and
population densities of rare unionoideans (Kovalak et
al., 1986; Vaughn et al., 1997). Accurate sampling of
rare unionoidean species is required for their effective
management and conservation. As many NA uniono-
idean species are endangered, one should ascerrain the
status of any species before permanently removing
specimens from their natural habirats. Take only dead
shells or, if absolutely necessary, a few living specimens
for identification. :

_ C. fluminea is easily collected because it occurs in
high densities, prefers shallow waters, and is easily
identified. Individuals can be separated from sediments
with a 1-mm mesh sieve. Qualitative samples are best
obtained by shovel or drag dredge (Williams and
McMahon, 1986) and quantitative samples by quadrat
frame (Miller and Payne, 1988), or Peterson [Aldridge
and McMahon, 1978) or Ekman dredges {Williams
‘and McMahon, 1986). In rock or gravel substrates, C.
fluminea are best taken by hand, -hand trowel, or
shovel; collected sediments should be passed though a
coarse mesh sieve to separate specimens. In fast-flowing
streams, specimens of C. fluminea accumulare in
crevices or behind the downstream sides of large rocks.

D. polymorpha is best collected by scuba with
manual removal, using quadrat frames for quantifica-
tion, because of its byssal attachmenr to hard surfaces
and its preference for deeper waters (<1-2 m).
Ripping of individuals from the byssus damages their

tissues, thus the byssus should be cut with a knife or
sharp trowel before removal. Juveniles can be collected
after they have settled on settlement blocks or sub-
merged buoys set out during the reproductive season.
Ekman, Ponar, Peterson, and drag dredges are generally
not suitable for collection of amached epibenthic
species such as D. polymorpha, bur they can be used
for populations on soft or semisoft benthic substrares
(Hunter and Baily, 1992).

Juveniles of sphaeriids and C. fluminea can be sur-
gically removed from brood sacs or collected from sedi-
ments after release with a fine mesh sieve {mesh size
<0.35 mm). Juvenile C. flusminea can also be obtained
by release from freshly coilected, gravid adults left in
water for 1224 h (Aldridge and McMahon, 1973).
Planktonic C. fluminea juveniles and D. polymorpha
veligers may be taken with a zooplankton net towed
behind a boat or held in current flow. Their densities
may be assessed by passing known volumes of water
through a zooplankton net. Plankron net mesh size for
coilection of C. fluminea juveniles should be <200 um
and €40 um for all planktonic stages of D. polymor-
pha, including the trochophore. Recently settied juve-
niles of unionoideans may be sieved from sediments.
Glochidia can be surgically removed from demibranchs
of gravid fernales or encysted glochicia taken from the
fins, pharyngeal cavity, or gills of their fish hosts (for a
list of unionoidean fish hosts, see Watrters, 1994b).

B. Preparation for identification

To preserve bivalves, larger individuals should first
be narcotized or relaxed, allowing tissues to be pre-
served in a lifelike state and preservatives to penetrare
tissues through gaped shell valves. Live bivalves placed
directly in fixatives clamp the valves, which prevents
preservative penetration. There are a number of bivalve
relaxing agents (Coney, 1993; Arauvjo et al., 1995), in-
cluding alcoholized water {either 3% ethyl alcohol by
volume with water or 70% ethyl alcohol added slowly,
drop by drop, to the medium until bivalves gape), chlo-
roform added slowly to the medium, methol crystals
{one level teaspoon per liter, scattered on the water sur-
face), propylene phenoxetol and phenoxetol BPC
(5 mL of product emulsed with 15~20 mL of water,
added to water containing bivalves or introduction of a
droplet equal to 1% of holding water volume), pheno-
barbitol added in small amounts to the holding
medium, magnesium sulfate (introduced into holding
medium over a period of several hours to form a
20-30% solution by weight), magnesium chloride
{7.5% solution by weight), and urethane.

None of these agents works equally well with all
species. Laboratory tests of narcotizing agents against



C. fluminea revealed propylene phenoxetol to be the
only agent capable of relaxing this species for experi-
mental surgery, and allowing recovery on return o
fresh medium (Kropf-Gomez and McMahon, unpub-
lished). Heating bivalves to 50°C for 30-60 min causes
most species to relax and gape widely, but is lethal. In
larger specimens, wooden pegs or portions of match-
sticks forced between the valves prior to fixation allows
preservative penetration of tissues.

The best long-term preservative for freshwater bi-
valves is 70% ethy! alcohol {by volume with water).
Specimens may be initially fixed in 5~10% formalide-
hyde solutions {by volume with 40% formaldehyde so-
lutions) for 3-7 days. But formaldehyde is acidic and
dissolves the calcareous portion of shells unless pH-
neutralized by the addition of powdered calcium car-

bonate {CaCQ;) to make a saturated solution, 5 g of -

powdered sodium bicarbonate (NaHCO;) per liter, or
'1.65 g of potassium dihydrogen orthophosphate and
7.75 g disodium hydrogen orthophosphate per liter
(Smith and Kershaw, 1979). After 3-7 days in
formaldehyde, specimens should be transferred to 70%
ethyl alcohol for permanent preservation. Additon of
1-3% glycerin (by volume) to alcohol preservatives
keeps tissues soft and pliable (Smith and Kershaw,
1979). Smaller species {shell length <15 mm) generally
do not require relaxarion. Tissues to be utilized in mi-
croscopy should be preserved in gluteraldehyde or
Bouin’s solurion.

Shells can be cleaned with a mild soap solution and
soft brush. Organic material can be digested from shell
surfaces by immersion in a dilute {3%: by weight with
water) solution of sodium or potassium hydroxide at
70-80°C, thereafter, removing remaining organic
macter wicth a soft brush. For dry-keeping, the shell pe-
riostracal surface should be varnished or covered with
petroleum jelly to prevent drying, cracking, and/or
peeling. Numbers identifying collection and specimen
can be marked on the inner shell surface with India ink.

In order to remove soft parts from living bivalves,
immerse them in water at >60°C and remove tissues
afrer valves fully gape. Separated flesh can be fixed in
70% alcohol. For fragile sphaeriids, flesh is besc re-
moved with the tip of a fine needle, manipulating speci-
mens with a fine brush. Shells should be dried in air at
room temperature, not in an oven; heat causes shelis to
crack and their periostracum to crack and peel.

Both soft tissue and shell characteristics are utilized
in the identification of freshwater bivalves, so both
must be preserved for species identification. For
unionoideans, C. fluminea, and D. polymorpha, most
diagnostic taxonomic characteristics can be seen by eye
or with a 10 X hand lens. For sphaeriids, a dissecting
microscope with at least 10-30 X power or a com-
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pound microscope is required {Eliis, 1978). Anatomical
details are best observed on dry shells or soft tissues
immersed in water

Identification of recently released juvenile bivalves
is difficult and may require preparation of stained slide
whole mounts. Glochidia are best identified by removal
from a gravid adult of an identified species as are juve-
nile sphaeriids. Only the juveniles of C. fluminez and
larval stages of D. polymorpha are toutinely found in
the plankton. The juvenile of C. fluminea (Fig. 15A) is
easily recognizable, and can be readily separated from
the pediveliger of D. polymorpha by the presence of a
fully formed foot, lack of a velum and a D-shaped shell
while the foot is formed only in the pediveliger stage of
D. polymorpha which has an umbonal shell (Nichols
and Black, 1994). The planktonic veliger of D. poly-
morpha is clearly distinguishable by its ciliated velum,
lack of a foor and D-shaped shell (Nichols and Black,
1994; Fig. 15C). The glochidia of many unionoidean
species have specific fish species hosts (Watters, 1994b),
whose identification will assist glochidial identification.
Identification of glochidia without knowledge of the
host fish or species of origin is extremely difficult, char-
acters such as presence/absence of attachment hooks
or threads and glochidial size may allow assignment to
a family or subfamily, but may be unrelizble even ar
these higher taxonomic levels {Bauer, 1954).

C. Rearing Freshwater Bivalves

For artificial rearing of freshwater bivalves, water in
holding tanks should be temperature-regulated. Ade-
quate aeration, filtration, and ammonia removal systems
are required, as some species have low hypoxia and am-
monia tolerances {Byrne e al. 1991z, 1991b).

As unionoideans and C. fluminea are filter phyto-
plankton, they require a constant supply of filterabie
food to remain healthy and growing. The best artificial
food appears to be algal cultures. When fed mono-
algat cultures of the green algae, Ankistrodesmus and
Chlorella wvulgaris or the cyanobacteruim, Anabaena
oscillariodes, assimilation efficiencies in C. flurninea
were 47-57% and ner growth efficiencies, 59-78%,
making them excellent food sources for this species
{Lauritsen, 1986a).

Artificial diets do not appear to be as successful as
algal cultures in maintaining C. fluminea growth. When
fed either ground nine-grain cereal, rice flous, rye, bran,
brewers’ yeast, or artificial trout food, small C. fliwninea
{5-8 mm SL) starved on all but nine-grain cereal, the
latter supporting little tissue growth. Supplementing
these grain diets with live green algae (Ankistrodesmus
sp.} greatly enhanced tissue growth, but the greatest
growth occurred on pure Ankistrodesmus culures (Foe
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and Knight, 1986b). C. fluminea fed mixed cultures of
the green algae Pedinomonas sp., Ankistrodesmus sp.,
Chlamydomonas sp., Chorella sp., Scenedesmus sp., and
Selenastrum sp. had maximal growth when mixtures did
not include Selenastrum, which was toxic to this species.
Greatest tissue growth occurred in clams fed mixed cul-
tures of ali five remaining algal species. Growth declined
with number of aigal species in feeding cultures; feeding
with two algal species resulting in starvation (Foe and
Knight, 1986b). Thus, artificial bivalve culture appears
to be best supported on mixed algal diers, but certain
toxic algal species must be avoided.

Temperature also affects bivalve growth rate.
When 5-8 mm SL specimens of C. fluminea were fed
mixed algal cultures of Chamydomonas, Chlorella, and
Ankistrodesmus at 10° cells/mL, assimiladon efficien-
cies were maximal at 16 and 20°C (48-51%). Tissue
growth was maximal at 18-20°C and became negative
(tissue loss) at =30°C (Foe and Knight, 1986a), sug-
gesting 18-20°C to be an ideal culture temperature for
this species and, perhaps, other NA bivalves. In algae-
fed culrures of D. polymorpha, growth was maximal at
15°C and suppressed at 20°C (Walz, 1978b). However,
tissue growth in a natural population of C. flumines in-
creased up to 30°C (McMahon and Williams, 1986a),
indicating thar artificial culture systemns are not equiva-
lent to field conditions in supporting bivalve growth. In
this regard, excellent tissue growth in C. fluminea was
supported by algal cultures produced by several days’
exposure to sunlighe of water taken from the natural
habitat of the clam to increase its algal concentration
(Foe and Knight, 1985). Thus, ideal culture conditions
for unionoideans and C. fluminea would appear to be a
20°C holding temperature and feeding with natural al-
gal assemblages whose growth has been promoted with
inorganic nurrienss and exposure to sunlight; maximal
growth being achieved in D. polymorpha under the
same conditions at 15°C.

Specimens of C. fluminea, D. polymorpha and
unionoideans may be held for long periods in the Jabo-
ratory without feeding. C. fluminea survived 154 days
of starvation at room temperature (22-24°C) while
sustaining tissue weight losses ranging from 41 to 71%
(Cleland et al.,, 1986). Similarly, I have held uniono-
ideans in.the laboratory for many months withour
feeding. Samples of D. polymorpha experienced 100%
mortality afrer being held in the laboratory without
feeding for 166, 514, and 945 days at 25, 15, and 5°C,
respectively (Chase-Off and McMahon, unpublished
data). Thus, maintenance at low temperature {(<10°C)
greatly prolongs the time bivalves may be held in good
condition without feeding.

C. fluminea has never been reared successfully to
maturity or carried through a reproductive cycle in ar-
tificial culture, although #eld-collected, nongravid

adults released juveniles after four months in labora-
tory culture (King et al., 1986). The glochidium stage
makes unionoideans difficult to rear in the laboratory
as it requires encystment in a fsh host for successful
juvenile metamorphosis, but it can be accomplished
(Young and Williarns, 1984a). Application of an im-
munosuppressant agent has allowed glochidial trans-
formation to juveniles on nonhost fish where they
would otherwise be rejected by the immune system of
the host fish (Kirk and Layzer, 1997). Glochidia of sev-
eral unionoidean species have been transformed into
juveniles in vitro in a culture medium containing physi-
ologic salts, amino acids, glucose, vitamins, antibiotics,
and host fish plasma (Isom and Hudson, 1982). Juve-
nile wutterbackia imbecillis and Epioblasma triguetra
have been successfully cultured in a medium of river
water exposed to sunlight for 1-4 days to enhance al-
gal concentration. Addition of silt enhanced juvenile
growth in both species, while feeding artificial, mixed
cultures of three algal species resulted in starvation
(Hudsen and Isom, 1984), an observation supported
by recent studies suggesting that juvenile unionoideans
feed primarily on interstitial water drawn from sedi-
ments through the pedal gape, such thart silt and associ-
ated microdetritus and bacteria may be their main in-
gested food source (Yeager et al., 1994).

Many sphaeriid species can be easily maintained in
simple artificial culture systems. Ease of artificial culture
in this group may relate to their feeding on sediment
organic detritus {Burky et al., 1985b; Hornbach et al.,
1984b) and interstitial bacteria (Lopez and Holopainen,
1987), making use of algal cultures as a food source un-
necessary. Hornbach and Childers {1987) maintained
Musculium partumeinm through successful reproduc-
tion in beakers with 325 mL of filtered river warer,
without sediments, on a diet of 0.1 mg of finely ground
Tecra Min® fish food/clam per day. The first generation
in this simple culture system survived 380-3500 days, a
life span equivalent to the natural population {Horn-
back et al., 1980). Similarly, Rooke and Mackie (1984c)
maintained 20 adult Pisidion casertamom in a 6-L
aquaria with sediments for 35 weeks withour feeding,
suggesting thar individuals fed on sediment bacteria or
organic deposits.

Live molluscs rapidly remove dissolved calcium
from culture media (Rooke and Mackie, 1984c), thus
calcium levels in holding media should be augmented
by the addition of CaCO;. The ease with which
sphaeriids can be artificially cultured makes them ideal
for laboratory microcosm experiments. Ideal culture
conditions appear to include provision of natural
sediments, a source of calcium (i.e., ground CaCOjy),
and finely ground food of reasonable protein content,
such as aquarium fish food or brewers’ yeast, which
may be directly assimilated by clams or support the
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growth of interstitial bacteria upon which they feed  the true freshwater species and comprise the vast

(Lopez and Holopainen, 1987). majority of freshwater bivalve fauna. The remaining

) two superfamilies, Cyrenoidea and Mactroidea, each
V IDENTIFICATION OF THE FRESHWATER contain one brackish water species that can exzend
P;IVALVES OF NORTH AMERICA into freshwater coastal drainages and so are included

N here. In North America, the Dreissenacea is represented

A. Taxonomic Key 1o the Supertamilies by two mtroducec% fres'hwat_er species and an estuarine

_ o species. The Corbiculoidea includes 36 native and five

of Freshwater Bivalvia i o S

introduced species in six genera; the Unionoidea are

There are five bivalve superfamilies with freshwater  composed of 278 native species and 13 subspecies in 49

representatives in North America. Of these the  genera (Turgeon et al., 1998). Separate taxonomic keys
Unionoidea, Corbiculoidea, and Dreissenoidea contain  are provided here for the latter two supperfamilies.

1a. Shell hinge HEAMEIT IS BXLEITIAL cvvvvurevirerriersnrermseresersesttorssmsartessnrrsemrassrsaeseas sas o stssE S8 41862 keseb et e e ana HhE e eene 2 nseamree st st apenra e vataserssbaress 2
1b.. Shell hinge lZament {5 IRCEENAL ... vttt e st esse s rn e st et e e smsssenssesanssaraenserensssasssanesosassesssnssssmsennesssbsrmmnsnsssnedh
Zallal. Shell wich fateral teech extending anterior and posterior of true cardinal teeth (Fig. 1), shells of adults generally small (<25 mm
in shell length, shell thin and fragile; exceptions are the genera Palymesoda and Corbictlal i superfamily
Corbiculoidea [See Section V.B.] :
2h. Shell without fateral teeth extending antericr and posterior of CaArdingl 18Th it ssestass s sesse s saras bt eeeas 3
3al2b). Sheli hinge with rwo cardinal zeeth and without lateral teeth; shell thin and Fragile, 1215 mm long with small umbos; Cyrencida
floridana (Dall) {exrends from brackish into coastal freshwater drainages in Florida) cuoiivecvincsicinenecrsiereens superfamily Cyrencidea
3b. Shell withour erue caedinal teeth, when presene, lateral teeth only occur posterior ro usually well-developed pseudocardinal
werth {Fig. 1), pseudocardial teeth absent or vestigial in some species; Shells of adults are generally large (25 mm in shell
LEAEERY ot e e s e sttt superfamily Unionoidea [See Section V.C.]
4a(1b). Hinge with anterior and posterior lacoral teeth on eicher side of cardinais; Shell massive, adults 2560 mm shell lengrh, obliquely
ovate; Rangia cuneata {Gray) (extends from brackish inte coastal freshwater drainages from Delaware to Florida o Veracruz,
IMEKICO} enreoimsserasasssite e st e srssasasteas e s s b0 s b S4a L R4 F S bk S Eb b8 8400440810 b 2t msen s eena s smanrens sarmeenmennseeneese s SUPECfAIEY Mactroidea
4b. Hinge without teeth; shell mytiloid in shape, anterior end reduced and pointed, hinge at anterior end, posterior portion of shell
expanded, anterior adductor muscle attached to internal apical shell seprum, atached to hard substrates by byssal
TREEAAS iiintiisiiesiii st sbsssss e naie s sae s smbistro s shrtb e bbbmse s re bbb a bt et ran e e nmssesasosonansanesanearnrensseennneeencecSUPECfAMly Drelssenoidea 5
Sa{4b). Periostracum biuish brown to tan without a series of dorsoventrally oriented black zigzag markings, ancerior end hooked sharply

ventrally, ventral shell margins not distinctly flactened over entire venrral side of valves; cestricted to brackish water habirars.
Mytilopsis leucophaeata (Coarad) (extends into coastal freshwarer drainages from New York to Florida to Texas and Mexico}
eereeencenmee Mytilopsis

5o, Periostracum lighr tan and often marked wich a distiner series of black verrical zigzag markings; anterior portion of shell not ven-
trally hooked, ventral shell margins can be flattened, restricted to freshwaters, Dreissena polymorpha (Pallas) (Fig. 24); {a European
species introduced into the Greag Lakes in Lake St. Clair and present by December 2000 chroughout the Great Lakes, the St
Lawrence River and the Mississippi Drainage. and Dreissona bugensis Andrusov now in lakes Erie and Ontario, the Erie-Barge
Canal and the St. Lawrence River .o vccesecerncessnnens eebetmeanbatrbeatn ot e st en s ra s s St t et 4o e tna sbe e et S ams e rar e eo R abennrnens aranties Dreissena

FIGURE 24 The external morphology of the sheil of the
zebra mussel, Drefssena polymorpha,
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B. Taxonomic Key to the Genera of Freshwater
Corbiculacea

This key is based on the excellent species key for
North American freshwater Corbiculoidea by Burch
{1975a) with additional material from Clarke {1973)
for the Canadian Interior Basin, and Mackie et. al.
{1980) for the Great Lakes. The Corbiculoidea have
ovate, subovate, or trigonal shells with lateral hinge
teeth anterior and posterior to the cardinal teeth. All
North American species expect Corbicula fluminea are
in the family Sphaeriidae. The family designation

Pisidiidae has also been commonly applied to this
group, but the International Commission of Zoological
Nomenclature (ICZN) placed the Spheariidae (Name
number 573} on the Offical List of Family Names
(Opinion 1331) in 1985; hence, Sphaeriidae is used as
the family designation in rhis key and the rest of the
chapter. In North America, the Sphaeriidae comprise
the dominant bivalve fauna in small, often ephemeral
ponds, lakes, and streams, the profundal portions of
lakes and in silty substrares. Ideatification is generally
based on shell morphology, but requires, in some cases,
soft tissue morphology.

la. Shells farge {maximum adule shell lengeh >25 mm), thick, latera! teeth serraced sresaninensine s s AAMELY Corbiculida 2
1b. Shells generally small {maximum shell length <2$ mm), thin, lateral reeth SIUOOTR werereeeverreeesoeee s family Sphaeriidae 4
2a(ta). Maximum aduit shell length generally <50 mm, shell ormamented by distiner, concencric sulcarions, anterior and posterior laceral

teerh with many fine serrations, simultaneous hermaphrodites, massive numbers of smail {lengrh <0.3 mm) developmental stages,
{>1000) incubated directly in inner demibranchs, released juveniles (< mm SL) anchor to substratum with a single mucilaginous

byssal thread (Fig. 25} viemmninrinnisieereoresesesssesesssesessenes

ANTERIOR tem

LATERAL VIEW

\

............................................................................................. Corbicula 3
FLIGHT MORPH
POSTERIOR
\\ DARK MORPH

/A

VENTRAL

ANTERIOR VIEW

FIGURE 25 External morphology of the shell valves of the lighe-colored shell morph {Corbicula fluminea)
ard dark-colored shel morph {Corbienia sp.) of the North American Corbicula species complex. (A} Right and
left valves of Corbicula sp. (dark-colored morph). {B) Right and lefr valves of €. fluminea (light-colored
morph).' (C) Anterior view of the shell valves of C. fluminea (light-colored morph). (D} Antericr view of the
shell vaives of Corbicula sp. (dark-coloved morph). Note the distinguishing shell characreristics of these rwo
species. C. fluminen, the light-colored morph, which is widely distribured in North America {Fig. 11}, has a
more nearly trigonal shell, taller umbos, 2 greater relative shell width and maore widely spaced conceneric sulca-
tions than does Corbicula sp., the dark-colored morph, that is limited 0 spring-fed, alkaline, lotic habitass in
the southwestern United States (Fig. 11). The dark-colored shell morph also has a dark olive green-to-black pe-
riostracum and deep royal blue nacre, while the light-colared shell morph has a yellow green-to-light brown
periostracum and white-to-light blue or light purple nacre. ’
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Maximum adult shell length generaily >50 mm, shell ornamentation of many fine, closely spaced concentric striations, embryos rot
incubated in demibranchs, dioecious, periostracum deep brown in color, three cardinal teeth, estuarine, restricred to brackish waters
in the ridal portions of rivers. Polymesoda caraliniana (Bose) {Virginia to northern Florida to Texas). i iccicsarnnn PObymiesoda

Shelt nacre whire with light blue, rose, or purple highlights, particularly at shell margin, muscle sears of same color intensity as cest
of nacre, periostracum yellow to vellow-green or brown with outer margins always yellow or yellow-green in healthy, growing spec-
imens, shell rigonal to ovate, umbos inflated and distinetly raised above dorsal shell margin, shell length : shell height ratio =1.08,
shell length : shell width ratio =1.47, shell height : shell width ratio = 1.38, concentric shell sulcations widely spaced, 1.5 sulca-
vons/mm shell height (Hillis and Patron, 1982); introduced in che early 1900s, it has spread throughout drainage systems of the
United Seates and coastal northern Mexico (Fig. 11), the “light-colored shell morph” of Corbicula o Asian clam (Fig. 258, C).Cor-
biculs fluminea (Miiller)

Shell nacre uniformly royal blue to deep purple over entire internal surface, muscle scars more darkly pigmented than rest of nacre,
periostracum dark olive green to black, edges of valves in healthy, growing specimens not yelfow or yellow-green, shell more ovate
and latecally compressed with umbos less inflated and less distinctly raised above the dorsal shell margin than in C. flimninea, shel
length : height ratic =1.15, shell lengtl : width ratio = 1.63, shell height : width racio = 1.43, concentric shell sulcations narrowly
spaced, particularly at umbos, 2.1 suleations/mm. shell heighe (Hillis and Patron, 1982); intwoduced, distribution limited to highly
oligotrophic, permanesnt, spring-fed, calcium carbenate-rich streams in the southwestern United Seates {Britton and Morton, 1986);
{Fig. 11}. Called the dark-colored shell morph of Corbicula, its taxenomic status is uncertain, elecrrophoresic (Mills and Pacton,
1982; McLleod, 1986} and phys;olegical evidence (Clc and et al.,, 1986) sugges: it to be distinet from C. ﬂummea (Fig. 25A, D)
Vbbb Corbzcuia sp.

Both inhalant and exhalant mande cavity siphons present and well developed, umbos lie anterior of center .. 3

Only exhalant mantie cavity siphon present, inhalant siphon either absent or formed as a slit in the posterior-ventral mante edges,
umbes posterior of center, generally small, shell length 0.5~12 mm, embryos in inner demibranch held in thick-walled sacs, each
with individual chambers for embryos, no byssal gland, 24 species widely distributed in North Amercia; for species identifications
and distriburions see Burch {19752) {Fig. 26A) it nssesssssssossisssiss s ssssesases st sess s saes subfamily Pisidiinae Pisidinm

A B _ ' c

by

i

Pisidium compressum °  Eupera cubensis Sphaerium striatinum

D

Musculium partumeium Sphaerium corpeum Sphaerium accidentale

G

—

Musculium lacustre

FICURE 26 Diagrams of the external morphology of the left shell valve of species representative of the
North American genera of the freshwater bivalve family, Sphaeriidae. Size scaling bar is 1-mm long.
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Sa(4a). Inhalant and exhalant mande cavity siphons partially fused, embryos incubated in inner demibranchs in thin-walled longitudinal
‘ pouches, no byssal gland, shell with two cardinal teeth in each valve, withour external mottding...wovvivceneres subfamily Sphaeriinae 6
Sb. Inhalant and exhalant siphons not fused, embryos develop in individual chambers formed between inner and ourer lamellae of inner
demibranchs, funcrional byssal gland preseny, only one cardinal tooth in each shell valve, with external, mottled pigmeniation,

Eupera cubensis (Prime) {Atiantic coastal plain drainages from southern Texas to Nozth Carolina, Caribbean Islands) {Fig. 263)......
.......................................................................................... srerevanensbesnsresssanasserassrmrnensesasersessmrene e enseneenr-SUDfaMIlY Euperinae Eupers

6a(3a). Shell sculprured with re'lative!y coarse or widely spaced striae (=8 striae/mm in middle of shell), shell relarively massive and swrong,
Sphaerium simile (Say) {Southern Canada from MNew Brunswick to Brirish Columbia, sourh from Vieginia to Wyoming, $. striaz-

inum (Lamarck) {Canada from MNew Brunswick to the upper Yukon River, throughout the United States, Mexico, and Cenrral

America), S, fabale (Prime) {Southern Ontario to Georgia and Alabama) {Fig. Z6C) oot erassssasasens Sphaerivm

6b. Shell relatively chin, often fragile, with many fine, narrowly spaced striae (=12 strise/mm in middie of shell) vvviiineerecisrininrenn?
7a{6h). Shell of adules <8 MM I JENBTR o e R bR bbbt ens et e beaneens B
7b. Shell of adults 28 mm 1 Length o st e e sa s e bbb en e s e s O
“Ba{7a}. Posterior valve margin at near right angle to dorsal margin, shells roughly rhomboidal, umbos large and distincrly elevated above
dorsal shell margin, Musculiurn partumeinm {Say} (United States and southern Canada), M. transversum (Say} {Canada and the

United Srates easc of the condnenta! divide, extending into Mexico), M. securis (Prime) (Nova Scotia to British Columbia south-

western: Northwest Tezritorfes in Canada, United States except for southwest) {Fig. 26D oo icerciea v sesasansninar Musculivrm

8b. . Posterior and dorsal margins rounded or forming an cbruse angle, shells ovate, Sphaerium corneum (Linnaeus) {introduced from
Europe, localities in southern Ontario and Lakes Champlain and Erie), $. nitidurm Westerlund (discribution is holaretic, northern

Canada to northern United States}, S. occidentale {Prime) {Canada from New Brunswick to southeastern Manitoba, northern

United States south to Florida, west to Urah and Colorado) {Fig. 28 E, Fluuiiommir et eec e ssrnrsvsarers Sphagrium

9a(7b}. Umbos large, distinctly elevated above the dorsal shell margin.oooiocvcenernn. J OO 10.
Sb. Umbos small, indistinctly elevated above the dorsal shell margin, Sphaerium cornewm {Linnaeus), (introduced, localities in Qnrario,
_ Lakes Champlain and Erie] (FIg. Z6E] o ormrmsereasiermrmsamsinsssmssessissassastisreasiessessemssssssrasesos sresssssesrasssssrsesssssersssassersessints Sphaerium
10a{%a).  Shell rounded, umbos not proeminent, Sphaerien oceidentale (Prime} (New Brunswick to southeastern Manitoba, ncthern Unired
Srates south to Florida in the east and Urah and Colorado in the west) (Fig. 26F) it cneras e Sphaerizem

10b. Posterior end of shell rruncate, shell rhomboidal, umbos prominent, Musenlium lacustre (Miller) (From treeline in Canada south

throughout all but soucthwescern United Scates into central America) (Fig. 260) i vnrcimmmirnisiissssecresansssssssnsrorsosonsons Musculium

C. Taxonomic Key to the Genera of Freshwater
Unioncidea

The Unionoidea make up the large bivalve fauna
{shell length >25mm) of permanent freshwater lakes,
rivers, and ponds. North America has the richest and
most diverse unionoidean fauna in the world, including
278 species and 13 recognized subspecies in 49 genera
in the Unionidae and five species in two genera in the
Margaritiferidae. The taxonomy used here follows Tur-
geon et al. (1998) with the addition of Johnson (1598},
and Williams and Fradkin (1999). Unionoidean taxon-
omy remains very uncertain because intraspecific and
interpopulation variation often makes identification and
systernatics difficule. Unionoidean bivalve shells lack
true cardinal teeth and, when present, lateral reeth oc-
cur only posterior to pseudocardinal reeth {Fig. 1), Fig-
ure 27 displays shell-shape outlines and external shell
ornamentations referred to in these taxonomic keys.

The key in the Arst edition of this chapter, as well as
many of the major keys to freshwater bivalves {Walker,
1918; Clench, 1939; Burch, 1975b; Clarke, 1973), relied

on the integrated use of important anatomical structures
and shell characters to identify unionoidean bivalves.
However, maost field biologists do not have the luxury of
having a fully gravid female in hand for identification,
but more likely, a dead shell or valve. Several colleagues
have commented that one can only usé a key containing
anatomical characters to key our a shell when you al-
ready know whar the animal is. Several svare keys {e.g.,
Parmalee, 1967; Watters, 1993; QOesch, 1984; Strayer
and Jirka, 1997) have provided keys to shells of species
occurring within the political boundaries of a particular
state. North America is coasidered to consist of those
river systems and lakes north of, and including, the Rio
Grande Basin and the rest of the boundary with Mexico.
This key is artificial and the key is divided inro four sec-
tions corresponding to geographical provinces to facili-
tate identification. The four sections are: Gulf Coast, in-

- cluding Florida; Mississippi River Basin, including the

Interior Basin of Canada; the area west of the Rocky
Mountain divide; and the Atlantic Coast. These subdivi-
sions are a simplification of the 12 faunal provinces rec-
ognized by Parmalee and Bogan (1998}, Table VI lists
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Posterior

Ridge

FIGURE 27 liluscrations of the diagnostic shell. fearures or characters used for
taxonomic identificarion in Section V.C. Shell-shape descripticns: (A} rhomboidal; (B)
wiangular or trigonal; (C) round; (D) quadrate; (E and F} oval or aveid; and (G} ellips-
cal. Posterior shell-ridge morphalogy: {H} posterior ridge convex; and (I} posterior ridge
concave. Concentric ridge strucrures of umbos: (J) single-looped concentric ridges; (K)
double-looped concentric ridges; (L); coarse congentric ridges; and (M) fine concentric
ridges. (Redrawn from Buarch, 1975b.)

the genera found in each of these four sections. This geo-
graphical approach allows a biologist to focus only on
those genera actually occurring in their region and ig-
nores the rest of the diversity {e.g., west of the Rocky
Mountains has only three genera: one Margaritiferidae
and twe Unionidae). We have attempted to provide a
logical and clear key to the unionoidean genera of North
America based solely on shell characters. The valve or
pair of valves to be identified is assumed for the pur-
poses of this key to be adults. Identification of very small
juvenile shells and small adult specimens can be difficult.
Landmarks, structures and shell shape are based on
complete shells. We have attempted to use obvious char-
acrers, bur many of them require familiarity with
unionoidean shell morphology and the range of varia-

tion in each of these characters. Strayer and Jirka (1997;
p. 28) stated the problem most clearly when they said,
“Keys based on shell characters are inevitably filled with
vague, subjective terms, are frustrating for beginners to
use, and misidentify many shells.” They have finally put
into print what most malacologists have said: “Users
should know that if they rely solely on this key, they will
misidentify many shells.” (Strayer and Jirka, 1997; p.
28). There is no substitute for comparing the specirnen
to be identified with other identified specimens in a mu-
seum collection or specimens that have had their identifi-
cation verified by a specialist. This key is an introducrion
to the genera of North American unionoideans. Each
couplet which contains a genus, also lists some of the
species in that genus which should key out to that cou-
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TABLE VIl List of Unionoidean Genera by Geographic Area Used in the Key

Pacific coast Atlantic coast Gulf coast Interior basin
Margacitiferidae Margaritifera Margaritifera Margaritifera
Cumberlandia
Unionidag Actinonaias
Alasmidonta Alasmidonta Alasmidonta
Amblema Amblema
Anodonta Anodonta Anodonta Anodonta
Anodontoides Anodontoides Anodontoides
Arcidens Arcidens
Arkansia
Cyclonaias
. Cyprogenia
Cyrtonaias
Disconaias
Dromus
Ellipsaria Ellipsaria
Elliptio Elliprio Elliptio
Elliptoidens
Eptoblasma Epioblasma
Fusconaia Fusconaia Fusconaia
Glebula
Gonidea
Hemistena
Lampsilis Lampsilis Lampsilis
Lasmigonu Lasmigona Lasmigona
Lemiox
Leprodea Leptodea Leprodea
Lexingtonia Lexingtonia
Ligumia Ligumia Ligumia
Medionidus Medionidus
Megalonaias Megalonaias
Obliguaria Obliguaria
Gbhovaria Obovaria
Pegias
Plectomerus Plectomerus
Plethobasus
Pleurobema Pleurobema Plevrobema
Popenaias
Potamilus Potamilus
Prychobrarnchus Prychobranchus
Pyganodon Pyganocdon Pyganodon
Cuadrula Quadrula
Quincuncina Simpsonaias
Strophitus Straphitus Strophitus
Toxolasma Toxolasma Toxolasma
Tritogonia Tritogonia
Truncilla Truncillz
Uniomerus Uniomerus Uniomerus
Utterbackia Utterbackia Utterbackia
Venustaconcha
. Villosa Villosa Villosa
Toral 3 18 37 43

plet. This list of species is not complete, but is represen-
tative of the species in the genus with the listed ser of
characters. Two genera are a source of much confusion,
Elliptio and Pleuroberna. The South Atlantic Slope El-
liptio species complex has yet to be worked out. John-
son {1970} lumped a considerable number of taxa,

which may, in fact, be valid species. The Guif Coast
Pleurobema species complex is the other major area of
confusion. There are a large number of named caxa, but
it is not clear at the present time which is a valid species
and which is part of a cline. This group is still in need of
further work. We would recommend that, to identify
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specimens to the species level, the user move to a key for  Parmalee and Bogan, 1998; Louisiana: Vidrine, 1993;
the state or province in which he/she is working. These ~ New York: Strayer and Jirka, 1997; llinois: Parmalee,
volumes will give detailed descriptions, keys and figures  1967; Missouri: Oesch, 1984; and Ohio: Warters, 19930,
of the species occurring in your local area (e.g., Florida: A detailed list by state of freshwater bivalve literature
Clench and Turner, 1956; Johnson, 1972; Tennessee:  can be found in Williams ez al. {1993).

la.
1b.
2a. {1b)
2b.
3a. (2b}
3b.

Origin of shell is from west of the Rocky Mountains ..ceeeereuenecne

....... e 4
Shell is:n0t from this Ared i sessassnes w2
Origin of shell is from the Atlantic Coast of North America .ovnvcenennn SRR
Shell is not from this area ... vcvrrssverrsserseessnscsesssses e cessecenes 3
Origin of shell is from the Mississippi River Basini..covn.. O YT OU YO 3
Origin of shell is from the Guilf Coast of INOFth AMEIICA ..o i ceries e esaeessecions s ececevers e nseeenssenseeestenseseeeseesesssssesesens. 8 0

West of the Rocky Mountains

4a, {1a)

4h.
‘3a. (4b)

Sh.

Atlantic Coast

6a.{2a)

&b,

7a. {6b)
7b.
8a.({7a)
8b.

9a. (8b)
9b.

10a. (3b)

10b.
11a. (10b)

11b.
12a. (7b).

125,

13a, (12b)
13b.

14a. (13b)
14k,

15a. {14a)

15b.

Shell has lateral muscle scars [small pits for the attachmen: of mantle muscles o the shell], typically dark periostracum, rela-
tively thick shell with pseudocardinal and lateral teeth oooveeeciin e eeeseeeraen Margaritifera falcata {Fig, 11.288)

Shell lacks lateral muscle scars, periostracum rypically not dark and hinge teath reduced 0f 2BSERE ceeveevrcvescrees e S

Shell has a very strongly developed posterior ridge, reduced hinge teeth, occurs from British Colurmbia to central California, east
to Nevada and Iaho vt s sssseneneeeee G ORIde2 angulata (Fig. 28U)

Shell lacks the sharp posterior ridge, lacks any evidence of hinge teach ...
A. californignsis, A. dejecta, A. kennerlyi, A, nuttalligng, A, oregonensis] {Fig. 28F)

Anodonta [in part] [A. beringiana,

Shet! has lateral muscle scars, rypically dark periostracum, refatively thick sheil with pseudocardinal teeth and lateral weech ...
Margaritifera margaritifera (Fig. 288}

Sheil lacks lateral muscle scars, periostractm may not be dark, hinge teeth DIESEAT OF ADSENL Luvrirusnriririiiscrie e s vsrsesarerassras 7
Sheil wich hinge teech absent or greatly reduced ....... R BT 1A A AR ek 48 e e Rt e g <A aR e AR 4TS T RS AR RE AR Asd 3o A e Arbe et e ses 8

Shefl with pseudocardinal teeth present, with or without lateral teeth . .o seeesecsersssoneesssesssenss 12

Umbo not projectitg above the RINZE-HNE woovvocrerceisaimisesseseervessrsssssssaisseseerssane Urterbackm {in pars] [U. fmbecillis] (Fig. Z8AW)
Umbo projecting above the hinge-line 3 OIS
Beak sculpture double looped (Fig;’ 27), shell uniformly thin...covvveciveerrccvrnrens Pygarodon {in part] [P, cataraca] (Fig. 28AN}
Beak sculpture consists of concentric bars et ear e e ne et e et et 10

Nacre usually orange in the beak cavity, pseudeocardinal tooth area represented by a thickening near the umbe, ventral shelt
margin aniform ThICKNESS i eircscierrmreeesssrrresssrasasrerassssserassns rasssss raseees Serophitus {in part] (S, undulatus) (Fig. 28AR)

Nacre biuish or white, hinge plate uniformly thin, teeth or sWellings aDSEnr, .o iesssessesssisseesseesesssmssesssssosnens 11

Ventral margin with a prominent thickened area along the anterior ventral magin below the pallial lire, Anodonta [in part] [A.
implicata) (Fig. 28F)

Venrral margin not as above, shell elongare, Anodontoides (in part] [A. ferussacianus, restricred to the Susquehanna and Hud-
son River basins] (Fig. 28G)

Shell with lateral reeth absent or reduced, neither funcrional ror interlocking .o vemvvvrensicenscrisnnnnAldsmidonta {in part]
[A. varicosa, A, marginata susquebannae, A, undulata} (Fig. 28D)

Shell cruncated, with well-developed laterzl teeth
Right valve with twe fareral teeth, small, raze st Alasmidonta {in part {A. heterodon] {Fig. 28D}

Right valve with 0ne Hreral L0 i rrecercersniensassrrnrsrerassrasssnsss srssmssssssosssessrasssasatassssssansstsnsssssssrasssassnsssesensvaosescsninsoss 15

Shell with spines on the umbo and down o to the disk of the shell e seeaeese e sies s e sssssssssnerensnsanens 1S
Shell lacks any evidence 0f SPINES oo ivrrerrcerarsrecereesrconrestenrareresasssrsnensssessnsssesnasen rrerrrerians weererarrrrremsenssnirens 16
Sheli thick and may be large ... Elliptio [in part} {shell from the Altamaha River Basin, Georgia, Efliptio spinosa,

or the Tar/Neuse River Basin, Nor:h Carolma Elliptio stemstansana] {Fig. 28P}

Shell small and from the James River Basin, VITRINEA «occiereeeeesiesicececirnncnrenssiensssscnsescsnsinsneesaereers Pletirobema collina (Fig. 28A])
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M. Disconaias discus

N Dromus dromas

O. Ellipsaria lineolata



Q. Elliptoideus sloatianus R Epioblusma flexuosa

8. Fusconaia flava

V. Hemistena lata

Y. Lemiox rimosus 2. Leptodea fragilis AA. Lexingtonia dolabelloides

FIGURE 28 Diagrams of the external morphology mostly of right valves of the shell of species representarive
of the Worth American genera of the freshwater bivalve superfamily, Unionoidea (Figs. 28A-AY). Figures
B-E, G-K, N, P, R~AC, AE-AG, Al, AJ], AL~AQ, AR~AU, reprinted with permission of Mrs. W
Edmondson from W.T. Edmendson [1959); Figures Q, AW, reprinted with permission of [.B. Burch from Buzch
{1973); Figures A, E, L, M, AD, AH, AK, AX, AY, reprinted with permission from the Treatise on Invertebrate
Paleontology, courtesy of The Geological Society of America and the University of Kansas, © 1569,

{Continues)



4086 Robert & MciMahon and Arthur E. Bogan

AL, Medionidus conradicus AD. Megalonaias nervosa

Al Plethobasus cyphyus AJ Pleurcbema cilava

AK. Popenaias popei AL. Potamitus alatus AM. Ptychobranchus fasciolaris
FIGURE 28 (Continued)
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AQ. Simpsonaias ambigua { AR. Strophitus undulatus AS. Toxolasma texasiensis

AT. Tritogonia verrucosa AU. Truncifla truncata AV, Uniomerus tetralasmus

AW, Utterbackia imbecillis AX. Venustaconcha ellipsiformis AY. Villosa villosa
FIGURE 28 (Continued}
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16a. (14b)
16b.
17a. {16b)
17b.

18a. {17a)
18b.

1%a. (17b)
19b.
20a. {1%9a}
20b.
21a. (20a)
21b.

22a.{21a)
23h,
23a. {19b)

23b.
24a. {23b}

24b.
25a. (20b)

25b.

Robert F. McMahon and Arthur E. Bogan

Hinge line in left valve with an additional small interdental or accessory tooth, giving the appearance of three pseudocardinal
teeth, shell more or less compressed, shell shape rthombeid, periostracum dark green with numerous green rays, beak sculpture
consists of prominent bars st s LaSMIIgona lin part)[L. decorata, L. robusta, L. subviridis}{Fig. 28%)

Left valve wichout exzra interdental tooth e L e a S e e s r e et s e earanesanean SRS 4
Shell shape rectangular t0 broadly Hiangular e veeceecernernrensresssses oo cetarerssnsssssecnarenes 1 8

Shell shape 0val, rOUNd BF FROMBOI.cc.evscereresisses s istse s eeneres e esestss st ssne s sssss s s et eoee e eees s eses o eeeessoeese e 19

Shelt is from the James River Basin, Vieginis oooooooreroorvnrnnn. et et et sttt narerrnnsas Lexingtonia subplana (Fig. 28A4)

Shell is from an aréa extending from the Roanoke River Basin south to the headwaters of the Savannah River Basin

Shell shape rhomboid or recrangular e 1L st et aA b e et b es st srerare et oraste st oo e s D0

Shell SHAPE OVAL OF TOUMM ruvuuerricirrerintrrrrrssere st bsss bbb rrreessssess sttt sttt oo seeeeeese e 23
Shell usuaily more than twice 28 LORE 25 BIZR wueovrnrrieieeceore e sescereeeeesssess e et ses e eee e eeeeens e 21
Shell usuaily less than twice 25 (002 25 Bighorvruueveioee e . P £ )
Nacre color white, sheil inflated, et te s s Er LS e R 444 S e oaa Y b rna e RaE i a3 ettt e a s sbbt b e emsenen s sesneesasssnens s D

Nacre color typically some shade of purple, but ranges from white to salmon to PUIPlE o eenesnnenn Elliptio (i part]
[this genus contains basically chree sheil shapes, rarrow and elongare: the Efliptic lanceolata complex; recrangular with various
degrees of inflation: the Elliptio complanata complex; those shells wich short shell length, not too il and inflated: the Eifiptio
icterina cornplex] {Fig. 28P) :

Periostracum unrayed, shell thick, posterior end angled, periostracum mat or fuzzy, rectangular in shell shape, Uniomerus car-
oliniana (Fig, 28 AV)

Periostracum rayed in juveniles, posterior end tapered to a point in middle of posterior margin, periostracum not maz, Ligumia
nasuta {Fig. 28AB) :

Adult shell typically <40 mm in length, with 2 fuzzy or mat excrured dark PEriOSITACUIN reeecreerveresecerrerrereerens Toxolasma {in pare]
[T. pullus] (Fig. 284S}

Adult shell >40 mm in length, lacking the pronounced FUZzy PELOSIEACHIN wvvvvvivsvceoseeereeneeersemsesessseeeesosee oo oo eeoeeeeeeeeeeee e 24
Shell shapé oval o elongate oval, Lﬁeriostracum very:shiny to mar with rays Lampsrt'ts [in part {L. cariosa,

L. dolabragformis, L. radiata, L. splendida) (Fig, 28W)

Sheil shape oval, periostracum dufl yellow, withour rays or with fine rays all over the shell, found in or near tidewarer, nacee of-
120 & SAIMON COLOT wtvr ittt sis s et st s eeee s e e s s s oeseeses e eeee e Leptodea [in pan] (L. ochraces] (Fig. 28Z)

Periostracum light colored with numerous green rays, shell relatively thin, oval to elongate oval, bladelike pseudocardinal reech
............ st ntssnssennnnnenns VIOSE [l pare] [VO delumbis, V. villosa, V. vibex} {Fig. 23AY)

Periostracum dark to black, shell thick, no green rays, shell shape oval to roUNG. e Villosa [in part}
[V. constrictal (Fig, 28AY)

Mississippi River Basin

26a. {3a)
26h.
27a.{26b)
27b.

28a. (27a}
28h.

29a. (28a)

296,

30a, (28b)

308,
31a. (30b}
31b.

Shell with lateral muscle scars on the inside center of the valve oevovrnennn., ceeers Cemberlandia monodonta (Fig, 284)

Shell lacking any evidence OF JAteral MUSCIE SCRES ciorivevereeeeseraenn e ssessensssssssssenececsessessossesseresssemses e eeseeeseeseeeeseeeoeeeeeseeoeeeeeee 27
Shell not as above, lacking lateral teeth or all evidence of any hinge teeth ... 28
Shell with boch pseudocardinal and laveral teeth present ..ooovveveens., .34
Shell with pseudocardinal teeth, bur lacking lateral teeth s e s LA R b A b e e o s 29
Shell with greatly reduced or totally lacking both pseudocardinal and faceral teeth rereonsra s bes e den st e st e snsseanssens st tesseres 3 0

Shell <25 mm, typically periostracum eroded off with periostracum restrictad to narrow strip on shell margin, beak sculprure
heavy bars extending down on the disk of the shell, restricted to the upper Cumberland and upper Tennessee River basins v
. s e St e rasss e s s e DEGHGS fbula (Fig, 28AG)

Shell not small, periostracum not eroded o erosion restricted to the umbo, beak sculpture consists of heavy bars, widespread in
the Mississippi River BaSiNe s cnsnsssnssssbssensesereeserennen Liistnigona (in part] [L. costata, L. complanata) (Fig. 28X}

Shell with pseudocardinal tooth consisting of a slight swelling or knob, lateral tooth consisting of a rounded ridge, beak cavity,

copper colored, umbo centrally [0CATEY e ieeeseevsee rries st eemsresesserssesss e sess oo Strophitus undulatus (Fig. 28AR}
Hinge teeth COMPIETELY ABSEOT . citen. oo eirneeiie et eesee s eeeas s ees et ssseeeseesoeeses s oo s e e st et eeseeeet e seee e seeeeeoeeeeeeeeseeoen 31
Umbonal area of shell projects above the plane of the HINEe [ .ot st eeeeeeee et eeeeeeeeeeeeeeeeeesee e 32

Unbo fevel with hinge line or below the level of the RIREE NE .evvvevereerreeeerresso oo e e eseeeees e eeseeeesesees o33



32a. {31a)

32b.

33a. (31b)

33b.

34a. (27b}
34b.
35a. {34a)
33b.
36a. {35a)
36b.
37a.{364)
317h.

38a. (37a)

38b,
3%a. {38b)

39b.
40a. {39b)
40b.

41a. (37b)

41b.
42a, (41b)

42b.
43a. {42h)

43b.

44a. {36b)
44b.
45a. {44b}

45b,

46a. (35b)
46b.
47a. {46a)
47b,
48a. (47b)

48b.
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Umbo elevated well above the hinge line, shell shape variable, ranging from oval, elliptical to rhomboid, beak sculpture consists
of doubie loopedridges (Fig. 27) with projections on the bottom of the 100p ...........Pyganodon (in part] [P. grandis) (Fig. 28AN)

Umbe projecting only slightly above the hinge line, shell elongated, inflated, beak sculpture consists of 3 or 4 fine sharp concen-
EELE FHLGES cruvrramrrssenesmrtsssnsss st essss e is ona st aasbes s srsams s she e smase e s a4 ettt o e srssmsatess s et saneseren Arodontoides ferussacianus (Fig. 28G)

Shell shape round to circular, compressed, beak sculprure consises of 4~ 5 pairs of broken iregular double looped ridges.............
rtehes e e e e bt an e snanmevmaeraens vees Anodonta {in part] [A. suborbiculatal (Fig. 28F)

Shell shape elor';gatc, inflated, dorsal and venteal margins neacly straighe and parallel, beak sculpeure consists of 5-6 fine irregu-
l2r CONCENITIC FIAZES 1rrerrrrmrrsecesicorn et enc e semsrrasessresssassereensrenssseessssceeeansenennennen. LIE2EPBACKIE lin part] (UL imbecillis] (Fig, 28AW)

Shell with sculpture on the external Shell SUTFACE oot crcrreerscvrrrermisn v isceesssos s ecstsmerss e sseemerseesns e snssessese s o mes st s st peen e 35
Shelt with no plications, andelations, ridges, pustiles OF BOAUIES oo everveer e s issse et e ceeeseme s s seses s essees s oeeeeeeee s e eeessen. 53
Shell with prominent pustules or nodules and/or undulations, plCations oF HAZES ... ireseceos s errssessessssssssesens oo 36

Shell with only prominent, well-defined pustules, knobs 0r NOAUIES v.ueeeoresersccrieseseriseessisseser e st rmsesseressessrenssrossrsossoens A6
Shell with undulations, ridges, or plications, no pu'stules.or nodules on the SUHfECE .t eeemeees e ene s 3 7
Shell wirh undulations, ridges or plications ard pustules on the disk 08 WMBORAL AL vmrueererseeeesrerieesessessssres oo on, &
Shell with undularions, plications, ridges restricted 0 the POSTEHIOr SIOPE vrvereceriirermrersesiss s sesisees s seneessessses e seessess. 38
Shell with unduladions, plication;, ridges not restricted 10 the POSLErior SI0DE .o mtssseeresceseoeeseseeseasesonseseenen b1

Skell shape rectangular to oval, siablike, compressed, left valve with an accessory dentacle posterior to pseudocardinal teeth.......
..................................................................................................................................... Lasmigona {in part] [L. costazal{Fig. 28X)

Shell elongate, inflated, NACTE NOL 35 BDOVE iiivirteimseimreeteesrassesiensessmsas st sses s sss st stos b eeteeemmenaesos seeeresssesremssneses et e semsessese oo 40
Shell thin, posterior slope steeply angled to moderately angled wouu..oocooconcnvnncAlasmidonsa fin part] [A. marginatal {Fig. 28D)

Shell chicker, posterior slope' rounded,. posterior ridge. rounded, restricted to the Tennessee and Cumberland River Basins ............
EeenbimeesesseeeseseoreanneRsRRSEer S EaNeeaneLA raAseeer S Attt e et s aeeneeveare AT eTA ST eEeshnS b bRe Ptychobranchus [in part] {P. subtentum] (Fig. 28AM)

Shell shape recrangular, with a distiner posterior ridge, purple nacre, open and shallow beak Gavity eimosoesisesesessaessens
........................................................................................................................................... Plectomerns dombeyanus (Fig. 28AH)

Shell without a distinct posterior ridge, typically WHIEE IACIE vvvme e ureremecrerireeseemae s creesessssnss s nssssseesseesonsereessesssssassssesssenseseni 2

Shell thick, compressed, maximum shell length <350 mm, low plications or wrinkles cestricred to the posterior slope and posze-
tior ventral margin of the shell, this species restriceed o the Tennessee River Basit....covsveiresrirense. . Lemiox rimosus (Fig. 28Y)

SHEll DOE A5 ADOVE i iiiiiasicininee et recrnen e e v b ess s aes s sas anesesssas et eeeoeeanenaege st oo tes e se e arasseesenssestassssessesnessestesneen B3

Shell variably inflated, shell shape round to quadrate, heavy psendocardinal teech, deep compressed beak eaviry, sculpture con-
sists of cypically three well-developed ridges or undulations running across the shell from anterior of the umbo to the posterior
ridge, widespread in the Mississippi RIVED BRI ruereicerseeriseeerersmsesmmiossosiitesioiemsssmeesssiensesesssss sonsreneas Amblema plicata (Fig. 28E)

Shell somewhat inflated, shell shape quadrate, or approaching oval, pseudocardinal teeth curved, heavy sculpruring on the pos-
terior half of the shell, species is resmicted to the Red River Drainage in Oklahoma and the Ouachita River Drzinage in
ATKAMSAS 1vvsevacnrortismnsasssosessa sttt esssensesses s sessesersrs e e raasrs st ten st setsenasssesessassosssassessesssesmssssansssnsseensennsreesn A PRANSEE wheeleri (Fig, 281)

Shell efongare with a weli-developed diagonal poSterior Fldge ..o vuramnvcmmerrorsensrsssaressnnenss IFEOgOMNIG verrucosa (Fig. 28AT)
Shell shape not elongate, lacking well-defined POSTELIOr HAEE.cirrcrriire e et eee e res e s serneser s ssenasessaessasrnsonsereed S

Wetl-developed plications running across the shell and pustuies on the disk and umbonal 2re2 ceeerercrenercerrvssieene. Megalonaias
nervosa {Fig. 28AD}

Plications not well developed and wavy, not straighs, plications on posterior slope, two rows of pustules or knobs on umbeo ...
roeimirre st et ern e st ns s iassssesnssssnssesnnssneesn e ATCIAENS CORfragosa (Fig. 28H)

Pustules distributed across most of the shell . messsesisss s ssessssssrssesesssssssenssseresasssssessceraessscnssss 4 7
Pustules restricted 1o 2 $inle 0 dOUDIE LOW commrmr oo et st b s bon st sesar e R s b bbb e 30
Pustuies covering most of the shell, purple nacre, beak cavity deep and compressed .....-evvrrnrnns Cyclonaias tuberculata (Fig. 28])
Pustules covering most of the shell, nacre color white t0 pink NOL PUIPIE ceicirciieni et e ssssssenvas s sarassssasenees 48

Pustuies consistently small, with a shaliow sulcus down the center of the disk, nacre whit2 .oeecorirerrnsecericvnnns Cyprogenia [in part]
{C. stegaria in the Ohio, Tennessee and Cumberland rivers; C. aberti in Arkansas, Okiahoma] (Fig. 28K}

Pustules generally larges, and often of variable size and SRAPE ..irvvverrecocrreisnsrinirirsmriesssesrssrenrassrre s reressssesmssssssssssarasaeresssisssss 49
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49a. (43b)

49b.

5$0a. {46h)
30b.
§la. (50a)

5ib.

52z. (50b)

525,
53a. {32b)

53b,
54a. {53b)

54b,
55a. (34b)

35b,
56a. (55a)

56h.
§7a.(560)
57b.
58a. {53b)
586,
59a. (58a)
5%h.
60a. (593)
60b.

61a. (59b)
61b.
62a. {61a)

625,
63a. (625}

63b.

Robert F. McMahon and Arthur £, Bogan

Disk of the shell usually with a broad green stripe running down the disk of the shell with a variable number of pustules, varies
from a very few to covering most of the shell, nacre color mostly white, beak cavity deep and open not compressed

Eede LS E R bt LT e P18 RS SR 480 S 4R S1 eSS SRR AN AT RA PAORRR S Se bR e S eREe SRR ERAe st be b ann Veabnetresro Quadrula [in part] {Q. pustedosa] (Fig. 28A0)
Disk of shell without a broad green stripe, consistently covered wish a large number of pustules, nacre color often pink, salmon
or white, beak cavity open and shalloW.....cr e snsisese s seresessases Plethobasus [in part] [P. cooperianus] (Fig, 28AI)
Pustu]es forming two GiStNCT FOWS uuurcscsssmrosirmsssssermensnnas eterotnsaeanre e sasR AT AR r e ks et e an s raeaes . |
E’usmies oe nodules EOLMINE 2 SINEIE TOW ottietiaricriciesn s issesrssrs sttt s e bs e e s s bbb an b bt s b ane s s aras e gt e reseesaeeseeertees 52
Two rows of pustules with one row on the posterior ridge, shell thick ...... Quadrula [in pact], {Q apiculaza, this species has small

pustules in the sulcus berween the two rows of pustules; Q. nodulata, this species lacks 2 sulcus berween the rows of pustules

and may only have very few pustules; Q. guadrula; Q. fragosa, this species has a well-developed wing poscerior to the umbo]
(Fig. 28A0)

Radiating row of knobs, shell inflated, thin to relatively thick, umbo high and full, pseudocardinal teeth compressed, noc
curved; beak sculprure consists of irregular nodules forming two loops which continue down and across most of the shell in two
radiating rows, [mostly in small and juvenile shells] pustules fuse, become elongate and form plications, plications on the poste-
TIOL SIOPR OF BAUIES oottt et cn s e e et ke mp b et Rt s Arcidens conffagosus (Fig. 28H)

The single row of pustules oz knobs restricted to the posterior ridge ceeeeivercerenecians . Quadrula fin pare]
[Q. cylindrica, with pustules on the posterior ridge while 0. cy!mdr:ca stngu’lata of che upper Tenncssee vaer Basin has small
pustules over most of the shell as well as pustules on the posterior ridge.] (Fig. 28A0)

The single row of pustules or knobs forming a single row down the center of the disk...ovoiverresrirseereriessescssaessersssssssersan 53
Pustules large, locared in a row down the center of the sheil and limited to about :hree pustules on each valve vivieeesrvimereeons

........... Obliguaria reflexa {Fig, 28AF)
Pustules more numerous, but still ia a centrally located row ............................ 54
Pustules usually wider than tall, shell periostracum a waxy yellow color i ceneiceecreerce s Plethobasus [t part]

[P cicatricosus, P. cyphyus) {Fig. 28A0)

Pustules rather small, running down the centerline of the disk, but interrupted by a well-defined, raised ridge running around
the shell like a growth line, restricred o the Tennessee and Cumberland River drainages ...................Dromus dromas (Fig, 28N)

Shell with a well-developed dorsal wing projecting above the hinge line, the wing usually posterior of the umbo, bur some
species may also have an anterior wing [some older shells, such as in Leptodea fragilis, maybe lacking the dorsal wing]...........56

Shell without a weli-developed dorsal wing ... SRR 1:

Hinge teeth thin pseudocardinal teeth compressed, thin and not projecring perpend:cular to the axis of the hinge line...

................................................................................................................... Leprodea [in part} (L. fragilis, L. leptodon] Flg 582}
Wetl-developed dOrSAl WING .iiss i i esiiesinerimsrsescianeransens srareassssens siassasessss s sbeamsssstosis et sbmtansss siesssessmmmnstesssnsas iassassesressosorrneresd 7
White nacre, thick-shellad ..oooicirerr st N Lasmigona [in part] (L. complanata] (Fig. 28X}
Purple nacre, thin-to-thick shefled, may be inflated e Potamilus {in part] [P. alatus, P. purpuraius) {Fig. 28AL)
Stetl shape round ..................................................... 3%
SEEll Shape MO TOUMG wrvee i et r e eeaecasesnsar e nereses et srs et atsemsnbmsmasaatesa b emsmnananasasmns stestorbmesasssrocrenannpesansnssinasnsaeresroree D
Shell compressed, shiell shape rOuUNd wiiiviiinorireeo e s rersasasresrsasersrcreressea e ens seses Frernegerrener eSS s L £ b e eS 60
Shell not compressed, but mors inflated, shell shape 10URd, BVAL i e s snsa s esssasrssrsaseasatsnes 6l

Shell compressed, shape nearly circulag withour lateral teeth nicvercincncenns Lasmigona [in pare] [L. complanata] (Fig, 28X}

Shell compressed, wich lateral teeth, steep posterior slope, sheil thick with weli-developed hinge teeth, periostracum light yellow
with interrupred rows of green Chevions . i o BHIPSETIA lineolata (Fig, 280)

Umbo central or nearly central in the dorsal margin.. e mii ittt see sees s bt e tnes st s rss e s ssbass sassse s e ans 62
Umbe anterior of the center 0f the Shell v oo o sescarert s s csonseasossesassssssrssrs e saasomassins st aststassana s 65
Broad green ray extending from the umbo down only a short distance onto the disk of the shell vcenccievennns Quadrela [in part}

{Q. pustulosa withour pustules] {Fig. 28A0)

NG Broad BIEen FRY st sros s ssot st e esb et b bbbt s e bores e berressenas e bssanberasaen 63

Shell with a raised ridge one quarter of the distance from the umbe running around the shell paraliel with che growth lines. Re-
stricted to the Tennessee and Cumberland River basins .......... ettt bt en ey e pasen rerann Dromus dromas (Fig. 28N)

Shell without a raised fIdEE oo oe it sicssesiassiis st ctee e eeroras Chenerensmsneariesenees é4




g4a. (63b)

64b.

£3a. (61b)
65h.
66a. (65D}

660, .
67a. (66b)

67b.

. 68a. (38b)
&8h.
69a. {68a)
69k.
70a. {6%a)
70b.

7la. (70a) -

71b.
72a. {70b}

72h.
73a. (72b)

73b.
74a. {73b)

74b.

75a. (63b).

75h.
76a. {75a)}

76b.

77a.(76b)

770,
78a. {77b)
78b.
791, (75b)
79b.

11. Moliusca: Bivalvia 411

Shell surface smooth, without a broad central suleus .oceens SR retrererer e sers et sbsnaess Obovaria {in part] [Q. jacksoniana,
from the Mississippi River embayment shell somewhat more oval than round; O. remsa, nacre color white; nacre color purple
inside the pallial line, white outside of the pallial line; O. subrotunda, shell round, thick shelled, nacre typically white bur some
popuiations with deep purple.] {Fig. 28AF) :

Shell with broad shallow-to-prancunced sulcus, fine green rays, shallow beak cavity, well-developed hings teeth, female shells
with a swollen, extended or expanded portion of the posterior slope and pesterior venrral margin of the shell.ov ool
Epioblasma [in part} [E. capsaeformis, E. florenting forentina, E. florentina walkeri, E. lewisi, E. flexuosa, E. biemarginata, E.
stewardsoni, . propinqua, E, torulosa torulosa, E. torulosa gubernaculum, E. torulosa biloba, E. sampsoni} (Fig. 28R)

Beak cavity deep compressed ....ieccriarenens - reeerrereeeeesenscenn Futsconaia {in pacti{F. subrotunda, F. ebenal (Fig. 285}

Beak cavity shaliow A0 OPEN..cmimisrsimssirssseries neris st rmss b s £ a8 AR L 66

Restricred to the Tennessee River Basin, shell with green rays at least on the umbo area with a thick shell, heavy lateral reech,
very shalfow sulcus or missing, shallow-t0-n0 beak CAYILY e Lexingtonia dolabellaides (Fig. 28AA)

Not restricted to the Tennessee River Basin, but widespread e et estvessssesasetesteeteetestatistssnenesrereaesratyasesenratsarssasenssinsrasrenransrnnvaree® 7

Long axis of the main pseudocardinal seeth parallel with the lateral teech, UMBO BALELIOL 1uurerrcrreaecmsssmsineissmsassssasensese O DOV
[in past, O. ofivaria] (Fig. 28AF)

Teeth not as above, shell wedge shaped o triangular of approaching square with or without a central sulcus, nacre white o

GO DINK coeuerccmmremmicmssbionssssaseassensses st b st R e e Pleurobema [in part] {P. rubrwon, P. sintoxia] (Fig. 28A])
Shell shape not oval..ean.. e eeea s re et et i bbb sas ettt anscrssrinsseens OF
Shell shape 0val t0 OBLONE cnivirerecesemsseeesmmseamiiss s st sbss s s es - SSTUTURPRRORPO 3.
Shell shape rectangular, triangular, square With SUIEUS oo st s 70
Shell shape elongate, two-to-four times longer chan hxgh?S
Beak cavity deep mameirermrscsseens s otreaesmeeesetaesaarasbenat e sn e sest stk LA AR AR e S LR R PR R AR RS RS ed 71

Beak cavity shallow or broad and open OO OT OO U VOOV UOUP VPSRRI Y 4

Shell shape rectangular, with green rays on the umbo e ereeresebes st erasesasetsersoman et sebrassissssresaseanemees e PHSCORAIR [in part]
(E flava, E cungolus, F. cor, E ozarkensis, E barnesiana has a shallow beak cavity but belongs with this group] {Fig. 285)

Shell shape triangular to broadly triangular.. e Pleurobema [in part} [P cordatum, P, plenum] (Fig. 28A])

Posterior slope not very sharp or rounded, covered with lines of green CHEVIONS wviirmsrssserssrcsssrsanimnarssssnrsasasns Trunciila [in part;
T. truncata, T. donaciformis] {Fig. 2BAU)

Posterior stope very sharp or szeep oo oes s s2t s s s et aret s e permn 48R RS AR R SRS AR AR stk ] D

Shel! thin, inflated, abruptly truncate posceriosly, posterior slope lighter colored than the rest of the shell i
Alasmidonta [in part] [A. marginata; shell thin, sheil shape elongate, posterior slope not a steep sharp angle, headwaters of the
Little Tennessee River in western North Carolina, A. ravenelians; streams of the upper Cumberland River Basin, A. atropur-
purea} {Fig. 28D) :

Shetl thin to thick, inflated posterior slope steep shell ¢hick, shell shape FECTANEUAT 1 crcestsitibemsrmrsrssraassnser e sasbssss b sasens 74

Females with posterior slope inflaced into @ marsupial swelling, males evenly rounded posterior ridge and not inflated posterior
£iGEe, NACTE WHILE vvrirrreresersessrisesrssssssresssmssnssssnseaneases Epiobiasma {in part] {E. triguetra wide spread, E. arcaeformis exsiact and
formeriy restricted to the Tennessee and Cumbezland River basins.] {Fig. 28R)

Posterior margin not modified into 2 marsupial sweiling, nacre pUIPle. s inscissenns Elliptio [in part] [E. crassidens] (Fig. 28P)

Tl SHEIIBE 1 ereraemeemeeosuesssomssrerersassessnssssessrersnsssosrashemebos ors AR EBErEAorSe o r e - e S b L RS TS TP 76

TRECK SHETIE -ooooovmvesssessssammsssssesees o ees asa e a5 Ee s 8RR 5 8RR RS AR ARS8 79
Shell compressed, very thin, periostracum rayed, nacre iridescent except for a purple wash in the open beak caviry .vcrimiresnns
.............................................................................................................................................................. Hemistena lata (Fig. 28V)
Shell inflated.ccoceirirvsronenns rereeeer s e seems bR ar T evesetvesesesesararesseerreeetiresiaraRNET TSt E e AR e T PRP A O Y OA TR 4N a SRR ST TSRS 77
Hinge teech thin, periostracum rayless, adult shell length €50 MM eerrvmmmssmsrissessasessesrsees S HAPSORLIAS ambigua (Fig. 28AQ)
Periostracum usually rayed, adult shell fength 30 M ettt 78
Shell hinge thin, usually heavily rayed. e Villosa [in part] [V, iris complex, V. taeniata) {Fig. 28AY)
Shell yellow, plain oc rayed....... J— Lampsilis [in pact] (L. teres, L. rofinesqueana, L. sifiquoidea, L. virescens] (Fig. 28'W)
Shell COmMPIESSEd covuvemeiriirimsssrsmnenseasearicsssisrs sy siseas . 80

SHELL EUFEEEEU oo remsmvsvs e ssnsssiesesesvsamssebtassveaessass bess s R e RS 78RR LR S 82
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80a. (7%a)
80b.
81a. {80b)

815,

82a. {79b).

82b.
83a. {82a).

43h.

84a. (82h)

84b.

85a. {68}

85b.
86a. {85a}

86b.

871, {85b)

870,
88a. (87b)

88b.

Gulf Coast
8%a {3b)

89b.
20a. {89b)
$0b.
91a, {%0a)
91b.
92a. {91a)

92b.

93a. {91b}

93b.
94a.{93b)

Rebers F. McMaton and Arthur B. Bogan

Adulr shell length <40 mm, rayed, comprassed, widespread, ..o Villasa in part] (V. fabalis] (Fig. 28AY)
Adult shell length 40 MM i seessseesresses s

Shell hinge massive, curved, nacre white, periostracum with interrupted green rays
{P. fasciolaris, P, occidentalis] (Fig. 28AM)

Hinge lightes, straighe, nacre pueple to white, periostracum typically unrayed ...ooooeviennee
Adule shell length <<SSmm

“Adule shell fength >55mm

Periosiracum olive green with numerous rays Villosa {in part] [V, trabalis, restricted to the Tennesses River Basin above Muscle
Shoals and the upper Cumberland River basin, inflaved, white nacre, V. perpurpures, upper Tennessee River Basin, inflated, pur-
ple nacre] (Fig. 284Y)

Periostracum ranges from greenish to black without rays Toxolasma [in part} [T lividus, purple nacre, T, parvus white nacre, T,
texasiensis white o salmon nacre] (Fig. 28A8)

Shell inflated, periostracum rayless, posterior shell margin comes te a blunt point ventrally, coarse concentric beak sculpture
opening posteriorly e ket s s ea b e e e nnn bt rrrnn Uniomerus {U. tetralasrus, U, declivus] (Fig, 28AV)
Shell inflazed, periostracum rayed as a juvenile, becoming dark brown to black as an adul, posterior shell margin comes to a

point in middle of posterior margin, nacre white to whire wich purple wash in umbo arez s s eaiones LIGHPG
[L. nasuta, L. recta, L. subrostrata) (Fig. 28AB)

Sl SHAPE OVAl.cuuuiirseceinrecriermsnesssenssnssseeeeesersse e cesssses e eee s eeeesee e

Shell shape oblong

Shell shape aval, inflated, rayed, thin to thick shell, posterior ridge rounded or sharp, nacre variously white w pink or salmon
.............. Lampsilis {in part] {L. cardism, L. fasciola, L. ovata, L, reeviana, L. rafinesqueana, L. higginsi, L. abrupts) {Fig. 28W)
Shell shape elongate ovil.oieoeersceceeores s Villosa (in pare] [V, taeniaza, interrupted broad gresn rays, restricred to the
Tennessee and Cumberland River basins; in the following three species males are oval while female shelis have a rruncate poste-
rior margin, V. vanuxemensis, purple nacre, restricted 1o the Tennesses River Basin and the central Cumberiand River Basin, V.
ortmanni, restricted to Kentucky, V. lienosa, variously colored nacre] {Fig. 28AY)

Shell shape oblong, inflated o globase, unrayed....vveroreseesienornn, Poiamilus {in part} [S-shaped, very compressed hinge line,
very inflated and thin shelled P. capasx; inflated, black shiny periostracum and purple nacre P. purpuratus] {Fig. 28AL)

Shell shape oblong, inflated but not globose coovvmorrenseensono st daae e ene e e e b an s e na s et s st s e e rors s sens B 8

Adule shell length <70 mm, shell shape elliptic to obleng, rhick shelled, nacre white with a tinge of salmon to coppery color iy
center of the shell, shallow beak caviry, rayed, with those rays on the posterior slope thick and Wavy ..o veren..... Venustacorcha
ellipsiformis {Fig. 284X) i

Adulr shell length >70 mm, shell shape oblong to oval, thin to thick shelled, nacre white to iridescent, beak cavicy broad and
open, moderately deep, usually rayed but rays on posterior slope not thin or wavy .......... e Actinonaias [A. pectorasa,

thin shelled, restricted to the Tennessee and Cumberland River basins; A. ligamentina, widespread and typically thick shelled.]
{Fig. 28C)

Sheil with lateral musele scars in the interior center of the valve S s - M ATGATILIfEra [in part]
(M. hembeli, M. marrianae] (Fig. 283)

Sheil without lateral muscle scars in the interior center of the valve OO ORI - 5

91
Shell with both pseudocardinal and lateral reeth PIESEIIL 1roeiresastsineecenssvsrar e vas bt seeassersssasstnecraemnans . 25

Shell with pseudocardinal and lateral teeth greatly reduced or absent .

Pseudocazdinal and lateral teeth Present, DUt £2dUCed v leccrercrenes e cer s e ettt oo w92

Pseudocardinal and lateral reeth completely absent P O PSS SO UPPPPOUTOOURTRRTINL |

Shell with pseudocardinal rooth consisting of a slighe swelling or knob, lateral rooth consisting of a rounded ridge, beak cavigy
copper ¢olored, umbo centrally located ovvovervesoeoe Strophitus [in part] [S. subvexus, 3. connasaugaensis| {Fig. 28AR)

Shell with pseudocardinal tooth thin, reduced and compressed, umbo projecring only slightly above the hinge line, sheil sloa-
gated, inflared, beak sculprure consists of 34 fine, sharp, CORCENTiC TIAZES v ocs v ssessess o ArtadOnLOIdes
[in part] [A. radiatus] {Fig. 28G)

Umbo elevared well above the hinge line, sheil shape variable, canging from oval, elfliptic or rhomboid, beak sculpture consists
of double looped with projections on the bottom of the L00P et Py gantodon [in part} [P grandis] {Fig. 28AN)

Umbo level ridges with hinge line or below the level of the BAnge HNe wuoevsceccree oot eeeee s 9

Shell shape round to circulaz, compressed, beak sculprure consises of 435 pairs of broken irregular double looped ridges...veveen. :
.......................................................................................................... Anodonta (in part] [A. suborbiculata, A. heardi] {Fig. 28F)
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11. Mollusca: Bivalvia 413

Shell shape elongate, inflated dorsal and ventral margins ncarly'straigh: and paratiel, beak sculprure consists of 5-6 fine irregu-
far concentric ridges..eveiiivcnsernnninnns trerrorreeraeasts Utterbackia [in pant] {U. imbecillis, U. peggyae, U. peninsularis] (Fig. 284"

Shell with sculpture on the xternal Shell SULFACE i e sserss s sesas s tbt s semsee s mssesmmsens st st te st s seeerese s s e 96

Shell withour plications, undulations, ridges, pustules or nodules

..... U URPRUBIUBIORROOI £ (.

Shel with pustutes or nadules and/or undulations, plications or TIAEES .o rresassrsaessrssssissessieeseesrsessressrsseassenesees 97
Shell- with only pustules, KIobs 67 B0GHIES it eresees sttt eeemsmsres sessssecrsssssssessensessesessessese e sessesseseesssseessseseseeenn 105
Sheli with undulations, ridges, or plications, but not pustules or nodules 0n the SELFITE v eveece oo eerere s cves s s seessseoe oo 98

Sheit with undulations, ridges or plications and pustules on the disc or UMbBONAL ALET wvvvieeercresverieeesecereeeessens e eesrsenn 1 03

Shell surface with undulations, plications, ridges restricted to the pasterioz slope veeives e

Sheil surface with undulations, plications, ridges not restricted ro the posterior slope

Shell shape round to oval, slablike, compressed, left valve with an accessory dentacle posterior to pseudocardinal teech plica-

110n5 0CCUE 0N dOTSAL WIRE woorireiemsicenceancrctsenrseses e rnesscessssssssbssbs s ossom s scsnesseassenen Lasmigona {in part} {L. complanaral (Fig. 28%)
Shell shape more elongate, lacks the ACCESSOTY AEMTACIE ittt car vt sescrenescs e s eas st e seses e rersss s esmenar s s s ear e e st sme s res 100
Sheil inflated with a biue to blue-green nacre colot wiivcievrennnn.. Medionidus [in part] {M. accutissimus, M. meglamerie,
M. parvulis, M. penicillatus, M. simpsonianus, M. walkeri] (Fig. 28AC)
Sheil inflated, nacre not as above, shell thin, posterior slope sweeply angled ro moderately angled wov..o.veeeeeerreeeennen. Alasmidonta
{in part] [A. triangulata, A, wrightiana} (Fig. 28D)

. Shell shape rectangular, with a distincr posrerior ridge, purple nacre, open and shallow beak cavity voveverereeesrenenn. Plectomerus
dombeyanus (Fig. 28AH)
Shelf shape round to rectangular, without 2 distinet POSLELIOT FIUZE..vveirvirieresse s eresses soeaseenere st eeesmeeeseenesmrssseessssrsrssesenns LO 2

Shett thick, compressed, low plicétions or wrinkles on posterior slope and undulations and ridges on the disk of the shell, nacre
with a central white area and a peripheral purple band, restricted to the Apalachicola and Ochlockonee River basing uve.......
: wnveesconenn . Elliptoideus sloatianus {Fig. 28Q)

Shelt variably inflated, shell shape round to quadrate, heavy pseudocardinal reech, deep compressed beak caviey, sculpture con-
sists of three to five well-developed ridges or unduladons running across the shell from anterior of the umbo to the posterior

ridge, nacre color whire 1o iridescent e Amblema (in part] {A. plicata, A, neislerii, A, ellioni) {Fig. 28}
Shell shape elongate, with a well-developed diagonal posterior ridge oo Tritogonia verrucosa {Fig. 28AT)
Shell shape not elongare, lacking well-defined pPosterior e . i re e s s vesereresse e sesas s tasesesesstaessmmee 104

Shell shape round to quadrate, lacking well-defined posterior ridge, has well developed plications running across the shel! and
pustules on the disk 61 UMDORAL LA .orvecievireeerrerirr s e reeeaesereesre e essran Megalonaias nervosa (Fig. 28AD)

Plications not well developed and wavy, not straighe, plications on posterior slope, two rows of pustules or knobs on umbo........
............................................................................................................ -Arcidens confragosa {Fig. 28H)

Pustules restricted to a single or double roW s 107

L T LT T T T T T Y T T T P P YT,

Adulr shell length <60 mm, sculprure fine, shetl oval 1o elongate oval, pustules and chevrons ... s Jttirtcancing
[Q. infucata, Q. burkei restricted to the Chocrawhatchee River Basing Q. mitchelli from the Rio Grand, Guadalupe, Colarade
and Beazos rivers in Texas] (Fig. 28AP)

Adule shell lengeh not restricted to <60 mm, pustules covering most of the shell, nacre color white to pink, not purple, with a
variable number of pustules, from a very few to pustules covering most of the shell, nacre color mostly white, beak cavity deep
and 0pen, NOT COMPLESSED it nssiessenss e essassnsssseseacssneessrmennencen Qudrzela [in past] {Q. petrina, Q. houstonensis,
Q. couchiana, Q. aures, Q. asperara} {Fig. 28A0)

Pustules or nodules large, forming a single row down the center of the disk, and fimited to abour three pustales on each

VATV 1o itiicroinscnreretsmesssscnrasinssmsensasssbertesinsansren bhontess sentsssensesnesasesesaeessasssomssmnssetransenssrmenmsensantsnsensemsnsanen Obliguaria reflexa (Fig. 28AE)
Pustules forming two distines rows especially on the Umbonal Area ..t sssse s sse e st iesrssiasarsaveses ..-108
Twa rows of pustules, with one row an the posterior ridge, shell thick ...ovveiiennieanns Quadrula [in part] [Q apiculata, has small

pustules in the sulcus between the two rows of pustules; Q. nodulara lacks a suleus berween the rows of pustules and may only
have very few pustules; Q. quadrula, Q. rumphianal (Fig. 28A0)

Radiating rows of knobs, shell inflated, thin to relatively thick, umbo high and full, pseudocardinal teech campressa.d, nat
curved, beak sculpture consises of irregular nodules forming rwe loops which continue down and across most of the she!l in two
TAOTALINE FOWS irtvasransscsrernternasmsntiassennessresnsesssssssenssssosn essaessesseterasentntosnsinbecessnss srressesenssss sesnsessosns Arcidens confragosus (Fig, 28H)
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10%a. {95b}

10%h.
110a. {105a)

110b.

111a. (1095}
111b.
112a. (111a)

112b.
113a. (112b)
113b.
114a. (1132)

114b.
115a. {1140}
115b.

116a. (113b)
116b.

117a, {111b)
117h.
118a. {117%)
118b.
11%a. (118a)
119b.
120a. (11%a)
120b.
121a. {115k}

121b.
122a. {121b}

122b.

123a. (118b).

123b,
124a. (1234}

124b,
125a. (124b)

Shell with a well-developed dorsal wing projecting above the hinge line, the wing usually posterior of the umbo {see Fig. 30]
but some species may also have an anterior wing [some older sheils such as in Leptodea fragilis may be lacking the dorsal
WiIngd e vrensrreanerereesaie . ceernsannisas ISP tbeberebe et ir st s b et ar e e e e st 110

Shell without @ well-developad dOTSAl LG cou.vvveeecoivesiesisisossassas it csrasrens e sesa et R3PS a4 11220 A s bbb 111

Pseudocardinal teeth moderately beavy, projecting perpendicular to the axis of the binge line, purple nacre thin to thick shelled,
may be inflated i vbeetesssestvrneerranneyprenresocsaed ) AEES A SR b bR AT £ RS Potamilus [P inflatus, P. ptrpuratus) (Fig. 28AL)

Pseudocardinal reéth compressed, thin and not projecting perpendicular to the axis of the hinge line..ccivvnreersscecennnn. o Leptodea
[L. fragilis, L. amphichaenus] {Fig, 28Z)

SHll SHAPE TOURG 1ovvvveerrrsssssrasmmsesssmessresssoresseesbass sasmssiresssamasasmssssses s ces s s sosscamsas i s snssssrissoassssssssasssamssssssussrssssssssanssaness 1 12
Shell shape N0t roUAd v inrreess st rrensaes SRS PSR U UPUSPSURRRPOTRS. & ¥
Shell compressed, shell shape round, with lateral eeth, steep posterior slope, shell thick with well-developed teeth, periostracum
light yellow with interrupted rows of green ChevIORS it Ellipsaria lineolata (Fig. 280)
Shell 10t COMPLESSEd, TOURU 10 OVAL rvtrirmras errsemeetssisssssesisssaranissrasres s e sesers 41 8a 4888 421 AR PR S ss s sR 48 00 113
Umibo ceneral or rearly cencral in the dorsal MAargin.. e ssissssnsssrsssassens sy emssss s sstestssssssnsssssssnsssassssnsssee 1 14
Umbo anterior of the center of the dorsal margin OF £he SHEll.cvrivreererereresancettrsssisassinssssasnssssssssensasssnsrassmemssnassnabasnassssmanssannans 116
Broad green ray extending around the umbo down only a short distance onto the disk of the shel vorroveossoomeereeerosies Ouadrula

[in parz] [Q. asperata withour pustules] {Fig. 28A0)
INO DEOAG GTEENL TAY 1evuvsemsereraerecsssnassicssmsosastiesvasasssassenssarassanoresantunransndd e e ALo4sa4 8L LR 4 E 011391018 A LSS R a0 115

Shell surface smooth, without a broad central sulcus Obovaria {in part] [O. jacksoniana, O. unicolor] (Fig. 28AF)

Shell with broad, shallow to pronounced sulcus, fine green rays, shallow beak cavity, well developed hinge teeth, female shelis
with & swollen, extended or expanded portion of che posterior slope and posterior ventral margin of the shelloicinn
............................................................................... Epioblasma [in part] [E. penita, E. metastriata, E. othcaloogensis] {Fig. 28R)

Beak cavity deep cOmMPressed v viivimmenieenansnisssserssnssnsssanmssssssnns Fusconaia {in part)[E ebena, £ succissa, F escambia] (Fig. 285}

Beak cavity shallow and open, shell shape wedge shaped ro triangular or approaching square with or without a central sulcus,
12CTE WhITE £0 dEED PINK 1oeeeeereeceresieesnesenessesesessasrsmsnncssessemesrstsssssssomssssnsnsssssenen P EHTObEma [in part] [P marshalli] (Fig. 28A])

Shelf shape 00t 0val ..o retreerereea T RS AAAAeTAE S bR et R4S E SR A L E e AR EareRnence erbnatas R et n e 118
Shefl shape OVAL evermsosseesesseessesrsseseaet et sese st bee et s Eee e RRA PR R HREER TR RS A R SBR pAnER AR AR RS 130
Shell shape triangulag, square to rectanguliaz, With SUlCUS. s 119
Shell shape elongate, tapered posteriotly, two ro four times longer than RIGH e 123
Beak cavity deep ' 120
Beak cavity shallow or broad and 0P o cire i s st ssta s st ar s s e asas s sane s wersrnrnenmeenens 121
Shell shape rectangular with green rays 0n the UMBO e Frasconaia {in part) [E cerina) (Fig. 285)
Shell shape triangutar o broadly triangular v Pleurobemna {in part] {P. taitianuem] (Fig. 28AJ)
Posterior slope rounded, not very steep, covered with lines of green chevions v Truncilla {in part]
[T cognata, T. macrodon, T. truncata, T. donaciformis] (Fig. 284U)

Posterior ridge very sharp; posterior slope steep voeeeennee Heeibarsimsevetsrassisessessesssesneenbbire kbad e ENLe SRS ST P TR ISV RS SRR pan Sr0 RSB RE AR 122

Shell thin, inflazed, abruptly truncate posteriorly, posterios slope fighrer colored than the rest of the shell v
ceerevsssnendldsmidonta (in part] [A. triangulatal (Fig. 28D)

Shell thin to thick, inflated posterior siope steep shell thick, shell shape rectangular, posterior margin not modified inte & marsu-
pial swelling, often tapering posteriorly, nacre varies pale saimon to PUEPIC. crevceremmsssivensasrsesarsssssresssassssesmmsensonsons o TR0 (iR part]
[E. crassidens} (Fig, 28P7)

Thin shelled
Thick shelled couemerecmmreeeesicerecsnenserseresoravnasscresasannssens CesnesteseemeaessenasisissussssereevarenseeiebdbRLaneriTeesidthus 126

Shell compressed, shell shape elongate o almost receangular, very thin, periostracum rayed, nacre iridescent, white to dull pur-
ple, beak caviry shallow, lateral teeth long and curved to straight, pseudocardinal very small, periostracum brown with faine
rays as a juvenile, restricted 1o the Rio Grande Basin, Texas...... .....Popenaias popei (Fig. 284K)

Shell INFATEA v ciiiresveeserararrasrasansterssnansssssneserasssessassssnsssnns etvrenrenrasseanseessseastteessaesanyeeaaatteas 125

Hinge thin, periostracum usually heavily rayed o s

...Villasa [in pact] [V, nebulosa complex,
V. villosa, V. vibex] (Fig. 28AY)



125b.

126a. (123b}-

126h.
127a. ({126a)

1275,
128a. {126b)

128b.
129a. (128b)

129b.

130a. {117b)
130b.
131a. {130a)

131b.
132a. (131b)
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Hinge not thin, periostracum yellow, plain or rayed .ovvicisesnnerserensescene . Lampsilis {in pare] [L. teres, L. straminga, L. hydiana,
L. bracteata) (Fig. 28W)

SHEll COMPIESIEA o itiitiricurremersinestiecnsessnntnsratssssramicacss bnebesssssbthensnrs1oans s aassassesschssesessaridstassesresassasssarasserensssrasnsssnasseines 127
Shell inflated........ OO L.
- Hinge massive, curved, nacre white, periostracum with interrupted green rays.......... bbbt b Ptychobranchus (in part]

[P. greeni] (Fig. 28AM)

Hinge thinner, straight, nacre purple ro white, periostracum typically unrayed ....msssssssessssssessssssscnressesss EHiptio {in pare)
(E. arctata, E. arcal {Fig. 287

Rayed as a juvenile becoming dark brown o black as an adult, tapered to a point in middle of posterior margin, nacee white to
white with purple wash in umbo area, Ligumia [L. recta, L. subrostratal (Fig. 28AB)

Shell unrayed

Adulr shell length >50mm, bluncly pointed posterior ventrally, coarse conceneric beak sculprure seeming to radiace from a sin-
gle point, Uniomerus [in pare] (U, terralasmus, U, declivus] (Fig, 28AV)

Adult sheil length $0 mm, blunctly rounded or squared off posteriorly, concentric beak sculprure in form of bars or ridges, an-
gled up posteriorly Toxolasma {in part] {T. parvus, T. texasiensis} {Fig. 28A%)

Shell shape oval...... . SO -3 |
Shel! shape oblong 133
Posteriar half of the pseudoeardinal tooth divided into several paraliel vertical ridges {Fig. 29), thick shelled, inflated, perios-
tracum dark brown t0 dark OlIve v uiecirrc e s s sens s rss s caseserssesa s s ressessasesas s sae s rarnn s s rerasnanee Glebula rotundata (Fig. 28T)
Pseudocardinal tooth not divided into vertical tidges a5 above v verreraveneriennenns 1 32
Shell shape oval, inflated, rayed, thin-to-thick shell, posterior ridge rounded or sharp, nacee variously white to pink or salmon
....................................................... enmrmresressse e iarasssessnn e rassnercnsnenne o LAPPSitis (in pact] [L. ornara, L. binominata) (Fig, 28W)

Zecm

Potamilus alatus

FIGURE 29 Structure of the posterior pseudocardinal teeth of the FIGURE 30 Right shell valve of the unionid, Potamilus alatus,

right valve of Gelbula rotundata, Note that the posterior pseudocar- showing the thin, extensive dorsal projection of the shell postericr e
dinal teeth are deeply divided inta parallei, vertical, plicace lameliae, the umbos forming a “wing” whose presence or absence is 2 diagnos-
a woth arrangemens uniquely characteristic of this species, (Redrawn tic characreristic valuable for identificarion of a number of unionid

from Burch, 1975b.) species. {Redrawn from Burch, 1975b.)
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132b. Shell shape elongate, ovat...o.voveeue....
truncate posterior margin, V. vanuxemensis umbrans,
7 ously colored nacre] (Fig. 28AY)
133a.{130b) Shell shape oblong, inflated to globose, unrayed.............
133b. Shell shape oblong, inflated, bur not globose .vivrceonnne.n -

134a. (133b)

suneenses Villosa fin the following rwo species male shells are oval while fermale shells have a
purple nacre, restricred to the upper Coosa River Basin, V. lienosa, vari-

Shell shape elongase oval, shell relacively chin to thick, compressed, pseudocardinal teeth compressed, thin, lateral tesch long,

beak. cavity shallow, periostracum tan o brown, with dark brown rays posteriorly, restricted to the Rio Grande Basin in

L OSSO

134b.

................. Disconatas {in part] (D. salinasensis, D, conchos] {Fig. 28M)

Shelf shape oval, moderately thick shell, inflated, beak cavicy relatively deep, periostracum dullishiny, zed-brown o brown,

juveniles with faint rays, Brazos River to Rio Grande Basin, TeXas ..covrmrecinniieieevsensesseenes Cyrtonaias tampicoensis (Fig. 28L)
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