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1. INTRODUCTION

Freshwater bivalve molluscs (class Bivalvia) fall
within the subclass Lameliibranchia and are charac-
terized by greatly enlarged gills with elongated, cili-
ated filaments for filter feeding. As the name implies,
the mantle fissue underlying the shell 1s separated
into Ieft and right shell-secreting centers or lobes.
However, the bivalved shell is a single structural
entity. In early development, the bivalve mantle (tis-

-sue. outgrowth from the dorsal side of the visceral

mass enfolding the body and secreting the shell) is
dorsaily divided by anterior and posterior bifur-
cations into right and left portions, which abways
remain connected by a mid-dorsal isthmus (Allen
1983). Bivalves, as do all molluscs, secrete a shell
made up of proteinaceous and crystalline calcium
carbonate elements (Wilbur and Saleuddin 1983).
The right and left mantie halves secrete shell mate-
rial with a high proportion of crystalline calcium
carbonate to form the left and right valves, The ad-
joining isthmus primarily secretes proteinaceous
material to form an elastic hinge ligament dorsally
connecting the two valves (Fig. 11.1). The hinge
ligament is external in all freshwater bivalves. Its
clastic propertics force the valves apart when shell
adductor muscles are relaxed. Anterior and pos-
terior shell adductor muscles (Fig. 11.2) run between
the valves and function in opposition to the hinge
ligament to close the valves on contraction.
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Figure 11.1 General morphologic features of the shells of (A) corbiculacean and (B} unionacean freshwater

bivalves.

The left and right mantle lobes and overlying shell
valves extend anteriorly, posteriorly, and ventrally
to enclose the entire body of the bivalve. Sur-
rounded by the valves, cephalic sensory structures
have become vestigial or lost and external sensory
functions relegated to the mantle edge, which is
exposed directly to the external environment, Bi-
valves, compared to other molluscs, are laterally
comipressed and expanded dorsd-ventrally., Being
entirely enclosed within the shell valves and mantle

protects sofl tissues from sediment abrasion and

prevents invasion of the mantle cavity by fine sedi-
ment, which could interfere with ciliated gill-filtering
mechanisms. This adaptation, in conjunction with
both lateral body compression and evolution of a
highly extendable, spadelike foot adapted for bur-
rowing, has allowed bivalves to become perhaps ihe
most successful infaunal filter feeders of marine and
freshwater habitats.

The bivalve fauna of North American freshwaters
is the most diverse in the world, consisting of 260

native and 6 introduced species (Burch 1973a,b).

This diversity is greatest among unionacean mussels
(superfamily Unionacea, 227 native species in 44
genera}l, many species of which have unigue mor-
phological adaptations and highly endemic, often
endangered populations. In contrast, the sphaeriids
(family Sphaeriidae, 33 native and 4 introduced spe-

‘cies in four genera) have far fewer species and gen-

era but are more widely distributed and cosmopoli-
tan than most unionaceans (several sphaeriid genera
and species have pandemic distributions). North
American freshwaters have also been invaded by an
exotic southeast Asian species, Corbicula flumineq

{family Corbiculidae), which has spread throughout
the freshwater drainage svstems of the coastal and
southern United States and Mexico, becoming the.
dominant benthic species in many habitats (Counts
1986, McMahon 1983a). Another exotfic species,
Dreissena polymorpha, the zebra mussel, was dis-
covered in Lake St. Clair and lLake Erie in 1988.
Based on the size-age structure of present popu-
lations, it appears toc have been ‘introduced to
the Great Lakes from Eurcpe/Asia in 1985 or 1986

-(Hebert er al. 1989, Mackie o1 al. 1989),

11, ANATOMY AND PHYSIOLOGY

The majority of North American freshwater bivalve
species fall into two superfamilies: the Corbiculacea
and the Unionacea: The general external and inter-
nal features of these two groups are relatively simi-
tar (Fig. 11.2). Indeed, the anatomuical features of
lamellibranch bivalves are highly sterotypic and,
therefore, will be discussed in general terms here.

A. External Morphology

1. Sheil

The bivalve shell is composed of nonliving calcium
carbonate {CaCO;) crystals embedded i a protein-
aceous matrix, hoth secreted by the underlying liv-
g mantle. The shell of most bivalves consists of
three distinct portions: an outer proteinaceous peri-
ostracurn secreted from the periostracal groove in
the mantle edge, an underlying prismatic layer, and
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Figure 11.2 General external anatomy of the soft tissues of {A) corbiculacean and (B) unionacean freshwater

bivalves.

inner layer of nacre. The last two layers are formed
from CaCQ; crystals in an organic mairix. Sphaer-
iids uniquely lack the nacreous layer. The periostras
cum js initially secreted free from other shell mate-
rial, but soon fuses with the underlying, primarily
calcareous prismatic layer secreted by a portion of
the mantle edge just external to the periostracal
groove (Fig. 11.3). The prismatic shell laver is a
single layer of elongated calcium carbonate crystals
oriented at %° to the hoerizontal plane of the shell
(Fig. 11.3). The free edge of the periostracum seals
the exirapallial space between the mantle and shell
from contact with the external medium, allowing
- CaCOs concentrations in extrapallial fluid to reach
the saturation level required for crystal deposition
{Saleuddin and Petit 1983). In unionaceans, the tri-
partite periostracum is secreted as an outer layer
forming the external proteinaceous surface of the
shell, and middle layer apparently involved. with for-
mation and organization of the prismatic layer, and
an inner layer association with the initial forma-
tion of the nacreous layer at the growing shell edge
(Saleuddin and Petit 1983). The periostracum is rel-
atively impermeable to water, preventing dissolu-
tion of CaCOs from the shell surface. The nacreous
{pearly) shell layer is continuously secreted by the

underlying mantle epithelium and consists of con-
secutive layers of small CaCO; crystals parallel to
the plane of the shell {Fig. 11.3). Accumulation of
nacreous layers through time thickens the shell, ac-
counting for its strength and rigidity.

Calcium (Ca”"} and bicarbonate (HCO;™) ions
necessary for deposition of shell CaCQs crystals are
transported from the external medium across the
external epithelium into the hemolymph (blood). Bi-
carbonate ions are also generated  from meta-
botically released CO, (CO, + H,O « H™ +
HCO37). The mantle transports these ions from the
hemolymph into the extrapallial fluid where they are
deposited as shell crystals (Wilbur and Saleuddin
1983).

Formation of CaCQ; crystals requires release
of protons {H*) (Ca’* + HCO;™ « CaCO; + HY),
which must be removed from the extrapailial fluid to
maintain the high pH required for CaCO; deposition

~-.-pH range 7.4-8.3). A proposed mechanism in-
volves the combination of H* with HCO3™ to form
H.CO5, then its disseciation into CO, and H,0,
which diffuse into the hemolymph. The presence in
mantle tissue of the enzyme carbonic anhydrase,
which catalyzes this latter reaction, is evidence for
this mechapism (Wilbur and Saleuddin 1983). Extra-
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palhia) fluid pH is higher is freshwater bivalves than
marine bivalves, favoring CaCO; deposition at the
lower Ca** concentrations characteristic of the di-
lute hemolymph concentration of freshwater species
{Wilbur and Saleuddin 1983).

Shell CaCO; and organic matrix matenal pre-
cipate from the extrapallial fluid. In freshwater bi-
vaives, Ca®* and HCO5™ are actively concentrated

in .the extrapallial fluid, favoring deposition as -
CaC0O; crystal (Wilbur and Saleuddin 1983). The_

organic shell matrix, which separates individual
crystals and binds them and crystal layers into a
unified structure, is also involved with crystal for-
mation. It has crystal-nucleating sites (possibly
caleium-binding polypeptides) on which CaCQy

lcrystais mitially develop, eventually growing to
form a new, nacreous shell layer (Wilbur and Sal-
veddin 1983). ' T

' It has been proposed that a minimum of one ATP
‘molecule is required for every two Ca®™* ions depos-
ited, with additional ATP required for active HCO, ™
transport (Wilbur and Saleuddin 1983). Thus, fast-
growing species or those with massive shells must
devote a relatively high proportion of maintenance
energy to shell mineral deposition. Deposition of the
proteinaceous shell matrix (including the periostra-
cum) aiso demands energy, requiring four ATP for

Pallial Nerve

_ ¢ach peptide bond formed. Although rarély moré

than 10% of shell dry mass, the highly condensed
shell matrix can account for one-third to one-half of
the total body dry organic matter (shell + tissue
organic matter} or up to one-third of the total energy
Idevoted toe growth (Wilbur and Saleuddin 1983).
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Figure 11.3 A cross-section through the mantle and shell edges of a typical freshwater unionacean bivalve
displaying the apatomic features of the shell, mantle, and mantle edge. Sphaeriids have a complexed cross-
lamellar shell structure and lack nacre but their mantle edge has a similar structure,

Thus, fast-growing, thin-shelled species devote pro-
portionately far less energy to shell production than
do slower-growing, thick-shelled species, allowing
allocation of a greater amount of energy to growth
and reproduction (thereby increasing fitness).
However, a thinner, more fragile shell increases the
probability of predation or lethal desiccation during
emergence, reducing fitness. Therefore, the balance
struck between energy allocation to shell formation
and tissue growth in a species represents an adaptive
strategy, evolved under species-specific niche selec-
tion pressures. (see Section 1I1.B).

The shell surface may be marked with concentric
or radial corrugations, ridges, or pigmented rays or

blotches in the periostracum. These, along with the - .

shape of the posterior ridge and outline shape of the
shell are diagnostic taxonomic characters. Another
major external feature is the umbos or beaks, anteri-
orly curving, dorsally expanded structures, repre-

senting the oldest poriions of the shell valves (Fig. -

11.1). :

Internally, major shell features include the hinge
and projecting hinge teeth, which interlock te hold
the valves in exact juxtaposition and form the ful-
crum on which they open and close, and various

muscle insertion scars. These are also major diag-

nostic characters (see Section V). Io corbicula= -

cédrs, massive conical cardinal teeth form just be-
iow the umbos (one in the right valve and two in the
left). Anterior and posterior to these lie the lateral
teeth, usually elongated lamellae (Fig. 11.1A},
Unionaceans have no true cardinal teeth. Instead,
massive, raised, pseudocardinal teeth develop from



2

.- anieriordateral teethjust anterior to-the umbes-and -

serve a similar funciion. Elongated, lamellar, pos-
terior lateral teeth extend posterior to the umbos
(Fig. 11.18}). In the Anodontinae, hinge teeth are
vestigial or lost. The internal nacreaus laver may
nave specigs-specific colors. Muscle scars mark the
insertion peints of the anterior and posterior shell
adductor muscles, the anterior and posterior pedal
refractor muscies, and anterior pedal protractor
muscies, and the pallial line muscles, which attdch
the margin of the mantle to the shell (Figs. 11.2 and
11.3). Posteriorly, the pallial line may be indented,
marking the pallial sinus into which the siphons are
withdrawn (Fig. 11.14).

2. Locomotory Structures

With the exception of the epibenthic Dreissena
polymorpha, the vast majority of Morth American
freshwater bivalves are burrowers in benthic sedi-
ments. Some species can be found above the sub-
stratum on exposed rocky bottoms, but they still use
the foot to wedge into crevices or under rocks. In all
cases, locomotion is achieved with a highly muscu-
lar, flexible, protrusible anterioventrally directed
foot (Figs. 11.1 and 11.2).

RBivalve burrowing mechanics have been de-
scribed in detail by FTrueman (1983). The burrowing
cycle Is initiated with relaxation of the adductor

muscles, allowing shell valves to be forcibly opened _

against the surrounding substratum by expansion of
the hinge ligment, anchoring the bivalve in place.
Contraction of the transverse and circular muscles

around the foot hemolvmph sinuses, acting as hy-

draulic skeletons, then causes the foot to decrease in
diameter and to elongate, forcing it forward into the

substratum as the open valves are wedged in place

against the bwrrow walls. Once extended into the
substratum, the distal end of the foot is expanded by
a flow of blood into its hemocoels, anchoring it in its
new position 1n the substratum. Adductor muscle
contraction then rapidly closes the valves, releasing
their hoid on the burrow walls and forcibly expelling
water from the pedal gape downward mto the sedi-
ments. This blast of water loosens compacted sedi-
ments at the anterior edge of the shell. Thereafter,
anterior and posterior pedal retractor muscle con-
tractions pull the shell forward into the loosened
sediments against the anchored foot tip. Once a new
position is achieved, the adductor muscles again re-
lax te reanchor the shell valves against the substra-
tum and the burrowing cycle is repeated. As North
American bivalves have relatively short siphons
(highly reduced or absent in some Pisidium), they
generally burrow 10 depths where the posterior shell

1. Mollusca.: Bivalvia 319

“-mangin-is.either-burisd-jost beneath the Sediment -

surface or extended slighily above it.

Many juveniie freshwater bivalves can crawl over
the substratum surface for considerable distances
before settlement. Indeed, juveniles of sorme species
can traverse even relatively smooth vertical sur-
faces. Crawling 15 achieved by extension of the foot,
anchoring its tip with mucus and/or a muscular at-
tachment sucker, followed by confraction of pedal
muscles to pall the body forward. The capacity for
surface locomotion is greatly reduced in most adult
unionaceans, but retalned to varying degrees in
adult sphaeriids and Corbicula fluminea. The zebra
mussel, Dreissena polymorpha, though normally at-
tached to bard substrata by proteinaceous threads
{the byssus), is capable of extensive surface locomo-
tion. Such locometion is particularly commeon m ju-
venile and immature specimens. After shedding its
byssus, this mussel employs pedal locomotion to
move to a new lecation where the byssal attachment
is reformed (Mackie g1 al, 1989).

B, Organ System Function
1. Circulation

Circulation in bivalves has been reviewed by Jones
(1983). Bivalves have an open circalatory system, in
which the circulatory fluid is not continually en-
closed in vessels (i.e., a closed circulatory system),
but rather passes through open, spongy hemocoels

" (blood sinuses) in which the hemolyniph bathes the

tissues directly before returning tc the heart. The
open circulatory system of bivalves is associated
with large hemolvmph volumes, which account for
48-55% of total corporal water (Burton 1983, Jones
1983). The ventricle of the heart iinigueély surrcunds
the rectum and pumps oxygenated hemolymph from
the gills and mantle via the kidney through anterior
and posterior blood vessels (Fig. 11.4), which sub-
divide into many smaller vessels including pallial
arteries (o the mantle and visceral arteries to the
body organs and foot. The arteries further subdivide
into many tiny vessels that eventually open into the
hemoecoels where cellular exchange of nutrients,
gases, and wastes occurs. Blood returns via hemo-
coels to the gills and mantle and thence to the heart.
EBvelution of an open circulatory system in molluscs

“has been associated with redugtion of the coelom.
_The ventricle is surrounded by one of the few coelo-

mic remnants, the pericardial cavity, surrounded by
the pericardial epithelium (pericardium). The only
other coelomic remnants are spaces comprising the
kidneys and gonads.

The hemolymph of freshwater bivalves, as in
most lafnellibranch species, has no specialized re-
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Bonaventura 1983). Instead, oxygen is dis-
d directly in hemolymph fluid, making its O,
rrying .capacity essentially .that of water. How-

l, the very low metabolic rates, reduced oxygen

ands, and extensive gas-exchange surfaces of
ralves allow maintenance of a primarily aérobic

2 capac_ity. )

I}ills and Gas Excﬁangé
1

amellibranch . bivalves,  including - all- North-

nerican species, the gills (Fig. 11.2) are greatly
ded beyond requirements for respiratory gas

1ange, as-they are also utilized for filter feeding
e., suspension feéding), the main method of food

u
iﬁ.Z), The gl axes extend anteriolaterally along
Mer side-of the dorsal portion of the visceral mass.
any long, thin, inner and outer gill filaments ex-
from either side of the giil axes, The gill fila-
ts are fused together {(an evolutionarily ad-

itdgy'pigm'ems for O, trémspoft (Ednévéntum'

'ab"o'lisrh,'-in spite of reduced hemolymph 05 car- ™~

isiton for the majerity of species (se¢ Section

" vanced cb"ncni'iti'o;]) ‘but pe'ne'tmtéd.'by a’ series of
. pores or ostia {i.e., the eulamellibranchiate ¢ondi-

tion}. From the axis, the filaments first extend ven-

-trally (descending filament lunbs) and. then reflect . . . .

dorsally (ascending filament limbs), attaching dis-
tally to either the dorsal mantle wall (outer gifl fila-
ments) or the dotsal side of the visceral mass {inner

as the inner and outer demibranchs. '}fhe'demi—
branchs completely separate the mantle cavity into

- ventral inhalent and dorsal exhalant portions (Fig.

11.5). The descending and ascending portions of the
filaments are peniodically cross-connected by tissue
bridges called interlameliar junctions. The area be-
tween descending and ascending filaments is called a

water tube or interlamelar space (Fig: 11.5). Gil -
feeding and réspiratory currentsare maintained by _
Tateral cilia on the sides of the external surfaces

of the filaments {Fig. 11.5A), which force water
through the ostia into the water tubes. Inhalent wa-
ter passes through the gill ostia to the water tubes to
be carried to the dorsal exhalant mantle cavity or
epibranchial cavity (formed by connection of the

gill filaments) to form two v-shaped curtains known =~~~ T T
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~distal ends of the inner and outer demibranchs to the
mantle wall or visceral mass, respectively) where it
flows posteriorly. to exit .via the exhalant siphon
(Figs: 14:2 aﬁd 115) el e e e e G

3. Excretion and {Ismoregulation

Freshwater bivalves, as all freshwater animals, have
hemolymph and tissue osmotic concentrations
greater than their freshwater medium, resulting in a
constant ion foss and water gain. This osmotic prob-
lem is.compounded in bivalves by extensive mantle
and gill surface areas over which such water and ion
flux can occur {Burton 1983, Dietz 1985). To reduce
ion and water fluxes, freshwater bivalves have the
lowest hemolymph and cell osmotic concentrations
of any metazoan, being 25-50% of that found in
most other freshwater species (Burton 1983, Dietz ‘
1985}. In spite of these characteristics, the extensive

epithelial surface L{réaé_ of biv'aives_ca,use water and
ion fluxes to be greater than in other. freshwater

species (urine clearance is ZG-SO-ml;’-kg:’hr) (Dietz -

In unionaceans, sodium is taken up in exchange
for outward transport of hemolymph cations such
as H™ or NH,* and, perhaps, Ca®*. Chloride ion up-
take is in exchange for HCOs™ or OH 7. Active Ca®*
uptake has - also -been reported {(Burton 1983).
in freshwater snails, the major source of calcium
ions is ingested food (McMahon 1983h); however,

~ the relative roles of food and external medium

as sources for shell Ca®* are unknown-in fresh-
water bivalves. Sodium uptake does not require
the presence of Cl7, indicating that the transport
systems of these two ions operate independently
{(Burton 1983). Active transport appears to be the
major route by which unionaceans gain ions from
the medium, but in Corbicula fluminea exchange
diffusion {(fransport of an ion in cone direction in
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oicentiation gradiéat in'the soposite direction)
cecounts for 67% of Nat uptake. Corbicula fu-
ea has much higher ion transport rates and he-
vmph lonic concentrations than do unionaceans,
Secting its geologically recent penetration of
gshwaters (Dietz 1985). Interestingly, exchange
1sion may account for up to 905 of (17 turnover
ionaceans in pond water, but when individuals
¢ salt-depleted, active transport dominates Cl1™
e (Dietz 1983). Na™ and €1 uptake can occur
the general epithelial surface of unionaceans,
the majority occurs over the gills {Dietz 1985).

Xcess water is eliminated through the rensl or-
or kidneys. The walls of the auricles initially
lter the blood. Under the hydrostatic pressure
merated by auricular contraction, blood fluid con-
ng ions and small organic molecules passesas a
essentially isosmotic and isoionic to the hemo-
mph through the auricle walls into the pericardial
. Filtration appears to occur through podocyte
of the pericardial gland lining the nner auricy-

Pericardium

\

Pericardial
Cavity \

Pericardial
Gland

Kidney—io

Excretfory
Pore

Cayity -

hange for diffusion of a second lon species down 1

Ventricle

tnper Epnbrcnchm%/ _ _@*

ar surface and perbaps. through ihe efferent bran--..
" chial vei in, Cam; yving hemolymph from the longitudi-

nal vein of the kidney to the auricles (Martin 1983)
{Fig. 11.6). Only Jarger blood proteins, lipids, and
carbohydrate molecules cannot pass the pericardial
gland filter. The filtrate passes from the pericardial
cavity through lefi and night renopernicardial open-
ings in the pericardial wall into the renopericardial
canals and thence into the left and right renal organs
or kKidneys. Larger organic waste molecules enter
the filtrate by active iransport across the kidney
walls. The excretory fluid is released through neph-
ropores {Fig. 11.6) opening inte the epibranchial
cavitizs to be carried out the exhalant siphon (Figs.
$11.2 and 11.4A) (Martin 1983).

While not studied in freshwater bivalves, it is
presumed that the bivalve kidney 1s the site of major
active ion resorption from the filtrate back into the
hemolymph as in freshwater snails (Little 1985}, As
kidney walls appear relatively impermeable to wa-
ter, active ion resorption from the filtrate allows
formation of a diluie excretory Huid (filtrate osmo-
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Conal

- Aftérent Branchial Vein

‘Longitudingl Vain
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—HKidney Lumen

|
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Cuter Eﬁ%bmnchim-._ T
_ Caovity,

Descending
Filaments of
Inner ond Guier
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Flgure 11.6 Cross-sectional representation of the anatomic features of the excretory system of a typical
Jireshwater bivalve. Arrows indicate pathways for the excretion of excess water in the hemolymph through the
xcretory system to be eliminated at the excretory pore. (Redrawn from Martin 1983.)




wJarity, is 50% that of the hemolymph.in the ufmeﬁid:,: ]

Anodonta cygred, Martin 1983} facilitating removal
of excess water. Filtrate ion resorption is energeti-
cally less expensive than recovery from freshwater
because concentration gradients between the kidney
filirate and hemolymph are reduced relative to those
between hemolvmph and freshwater. Excretory
fluid production is high, approximately 0.03 ml/g
wet tissue/day in A. cygnea. In spite of renal absorp-
tion of major ions, the excreted filtrate has a higher
ionic concentration than freshwaiter, thus ions are
lost with urine excretion. These ions and those lost
by diffusion over body and gill surfaces must be
recovered by active transport from the medium
across epithelial surfaces {particularly those of the
gills) to the hemolvmph (for details see Section
.C.6).

4. Digestion and Assimilation

As lamellibranchs, the vast majority of freshwater
bivalves are suspension feeders, filtering unicellular
algae, bacteria, and suspended detrital particles
from the pallial water flow across the gill. Material
filtered on the gill is passed to the labial palps for
cilia-mediated sorting of food from nonfood before
heing carned on ciliary tracts to the mouth, Some
species also have mechanisms for gathering organic
detrital particles from the substratum. Filter and de-
tritus feeding are described m Section 1H1.C.2. The
present discussion is devoted 1o the pr@ccsses of
digestion and assimilation.

The bivalve mouth is a s&mple opening flanked
idteraﬁy by lefi and right pairs of labial palps, whose
ciliary tracts deliver food to the mouth as a constant
strean of fine particles. Food entermg the mouth

passes a short c¢iliated esophagus where it is bound
into a mucus rope before entering the stomach, The

stomach, which lies in the anterior-dorsal portion of
-the visceral mass (Fig. 11.4}, is a complex structure,

" ‘¢ontaining ciliated sorting surfaces and openingstoa

number of digestive structures and organs. On its
wventral ficor, posterior to the midgut opening, is an
elongated evagmation of the stomach wall called the

style sac, Cells at the base of the style sac secrete the -

crystailine style, a long mucopolysaccharide rod
projecting dorsally from the style sac into the stom-
ach. The cells lining the style sac secrete digestive

- enzymes into the style matrix. Their ciliafunction to -
rotafe’the crystailine style’ slowly. The stomach and

style have pH levels ranging from 6.0-6.9, style
acidity varving with phase of digestion (Morton,
1983).

The free end of the style projects against the roof
of the stomach where it rotates against a chitinous
plate, the gastric shield. The gastric shield i3 pene-
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trated by microvill from epithelial cells wnderlying..ooo s

it. These cells are considered to secrete digestive
enzymes through these microvilli onto the shield
surface (Morton 1983). Rotation of the styie mixes
stomach contenis and winds the esophageal mucus
thread containing freshly ingested food onto the free
end of the style where slow release of its embedded
enzymes begins the process of extracellular diges-
tion. Wear from abrasion of the style tip against the
gastric shield causes attached food particles to be
carried dorsally to the gastric shield. Here, style tip
rotation causes food to be triturated in direct contact
with digestive enzymes concentrated by release
from the eroding style matrix and epithela underly-
ing the gastric shield.

After this initial {ritaration, food particles re-
ieased inio the stomach may have several fates.
Particles entering the midgut may either be passed to
the hindgut and thence to the rectum to be egested,
or returned back to the stomach from the midgut for
further extracellular breakdown. This size-based
particle soriing is effected by a ciliated ridge, the
typhlosole, running the length of the midgut. Suffi-
ciently small particles are eventually carried on cili-
ary tracts in the stomach to the digestive diverticu-
lum for the final intracellular phase of digestion (Fig.
11.4); these diverticula have the lowest fluid pH of
any portion of the gut (Morton 1983). Larger parti-
cles are recycled to the stomach for further tritura-
tion and enzymatic digestion. Thus, particles may

- pass-over gut ciliated sorting surfaces and be ex-
- posed to digestive processing several times before -~
acceptance for assimilation or rejection as feces.

imgestive cells hning the lumina of terminal tu-
bulesin the digestive diverticulum take up fine food
particles by endocytosis inte food vacuoles, where

-the final stages of digestion and absorption- take

place. After completion of this intracellular phase of

‘digestion, the apical portions of digestive cells,
which contain vacuoles with undigested wastes, are
“shed into the tubule Jumina to be carried as fragmen-

tation spherules into the stomach by ciliated rgjec-
tion pathways. The breakdown of these spherules in
the stomach is hypothesized to be a major source of
stomach acidity and extraceliular digestive enzymes
(Morton 1983).

Undigestible matter passes through the relatively

short hindgut into the rectum and out the anus,
‘which epens into the epibranchial cavity on'the pos-+~
* térior face of the posterior adductor muscle nearthe |

exhalant siphon. Feces are expelled on exhalant pal-
lial currents (Fig. 11.4). Mucous secreted by hindgut
and rectal cells binds undigested particles into dis-
crete feces before egestion, preventing recirculation
of fecal material with inhalant currents.

Fhe cercbropleural and visceral ganglia of
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eshwatel bivalves release neurchormones infiu-
ttor4 g?ycoe“emiims {Tod<e and (Jarderts 1987 ¥, ThE™
vertebrate glvcogenetic hormones, Insulin and
drenalin, have effects similar to those in verte-
rates when administered to unionaceans. Injection
f vertebrate insulin inio Lamellidens corrianus
caused decreased blood glucose levels and an in-
rease in foot and digestive diverticulum glycogen
ores, while injection of adrenaline induced
breakdown of glycogen stores and increased blood

al cells produce an insulin-like substance (ILS) in
nio pictorum and Anodeonta cygnea, the release of
which is stimulated by elevated hemolymph glucose
vels, ILS, in turn, stimulates activity of glveogen
wsynthetase, an enzyme involved in the uptake of
glucose mto cellular glycogen stores, leading to re-
i of hemolymph glucose to normal levels (Joose
nd Geraerts 1983). Cerebropleural ganglionic neu-
osecretory hormones regulate accumulation and re-
ase of proteinaceous and nonproteinaceous energy
ores from the digestive diverticulum and foot of
amellidens corrignus (Jadhav and Lmote 1983).

verticulom. In unionaceans, they lic so closely
ogether that the paired condition is often hard to
discern. Unionacean gonads envelop the lower por-

ns of the mtestmal tract and somefimes extend
to prommal portions of the foot (Fig. 11. 4B} while

in sphaeriids and Corbicule fluminea, gonads lie =

ore dorsally in the visceral mass, extending along
e stomach, ntestine, and digestive diverticulum
(Fig. 11.4A) (Mackie 1984). The gonoducts from
cach gonad are short, and open into paired gono-
res in the @plbran_chlal_mdntle cavity allowing re-
{Cased gametes to be discharged from the exhalant
siphon (Fig- 11.4).

rmaphorditic species of Anodonta), the tracts and

openings of the renal and reproductive systems are

tirely separate. This is considered to be an evolu-

s and C. fluminea, which are hermaphroditic, the
nads are comprised of distinct regions or-zones in
hich mther male or female acini produce €ggs or .
erm.. In. these groups, ducts. carrying ‘éggs. or.-
sperm unite inio a single gonoduct from each: gonad.
“hese open either into the distal end of the kidney—
owing discharge of gametes through the renal ca-
nal and nephridiopore (Fig. 11.7A)—or into the
conoduct and nephridial canal, which discharge
rough a common pore on a papilla extending into

ugar levels { Jadhav and Lomte 1982b). Gut epithe-\

-In -freshwater unionaceans, -~ -
hich are generally goncchoristic (except for a few .

narily advanced condition (Fig. 11.7C). In sphaer- - -

the epibranciuai cavity {Fig. 11.7B} (Kraemer 1 al.
“{o8eT Mackie 19841 The zeb

nssel, Dreissena

polymorpha. is gonochorisiic.

Almoest all Norith American freshwaier bivalve
species are ovoviviparous, brooding embryos
through early development siages in the gill. The
single exception is 3. polvmorpha, which releases
both sperm and eggs exiernally, leading to external
fertilization and development of a free-swimiming
veliger larval stage {(Mackie er af. 1985). In brooding
species, the mteriamellar spaces of the demibranchs
are modified to form marsupia (brood chambers).
Fully formed juveniles are released from the exha-
lant siphon in sphaeriids and €. fuminea. In union-
aceans, bivalved glochidium larvae are released
from the exhalant siphon, from specialized gill
pores, or by rupture of the ventral portion of the giil.
Glochidia parasiiize a fish host before metamor-
phosing into a juvenile. The outer demibranchs form
the marsupium in most unionacean species except
for members of the subfamily Ambleminae, in which
marsupia are formed in both the inner and outer
demibranches (Burch 1973b). The inner demi-
branchs serve this purpose in sphaeriids and C.
Sfluminea. Members of the unionid genus Lampsilis
develop marsupia only in the posterior portion of the
outer demibranchs and release glochidia from small
pores in the marsupial demibranch directly into the
inhalant mantle cavity. In C. fluminea, developing
embryonic stages are brooded directly within inter-

: Poricardial
Cavity.

Paricardium  §

Gonad

Figure 11,7 Schematic representations of typical re-
productive systems of bivalves, (A) The primitive condi-
tion in some marine bivalve species: male or female ga-
metes are released from the gonoduct opening into the
kidney and passed externally through the excretory pore
{shown here is a primitive marine hérmaphroditic bivalve;

. the anatomy is. essentially similar in gonochoristic spe-

cies), (B) Hermaphroditic freshwater corbiculacean bi-

--~valves {Corbicuia fluminea and sphaeriids); male and fe=

male gametes are passed through the gonoduct into the
kidney duct ciose to the excretory pore from which ga-
metes are shed. (C) Gonochoristic freshwater unionids:
gametes pass Lo the outside through a gonoduct and
gonopore totally separate from the kidney duct and ex-
cretory pore. (After Mackie 19843,




s
Jlemellar spaces.without.otherspecialized breeding v

situctures. In spbaeriids, fertilized eggs are en-
closed in specialized brood chambers formed from
evaginations of the gill filaments ianto the mter-
lamellar space. In anodontid unionaceans, the inter-
famellar space of the marsupial demibranchs is di-
vided by septa into a separate interlammelar cavity
associated with each filament. Bach interlamellar
cavity is further divided into inner and outer water
tubes carrying water to the epibranchial cavityand a
central marsuphns containing developing glochidia,
an advanced tripartite structure that does not occur
in other unicnaceans. In the primitive Margartiferi-
dae and the Ambleminae, the entire puter demi-
branch forms the marsupium, while in the Pleurobe-
mint and Lampsilini, marsupia are limited to just a
portion of outer demibranch {Burch 1975b, Mackie
1984).

Some unionaceans display sexual dimorphism, a
characteristic generally rare in other freshwater bi-
valves. In such species, incubation of glochidia re-
sults in massive distension of the cuter demibranch
marsupium (Mackie 1984). In female lampsilids and
dysonomids, the posterior portions of the valves are
greatly inflated (relative to the condition in males) to
afford space for the expanded posterior marsupia
of the outer demibranchs (Fig. 11.28A,H). Similar
general inflation of female shells, but much less
obvious, oceurs in some ancdontids {Burch 1975b,
Mackie 1984).

Hermaphroditic untoniaceans and gll sphaeriids
- are generally simultancous hermaphrodites, pro-

. ducing mature eggs and sperm concurrently in the

gonads. C. fluminea has an unusual pattern of pro-

ducing only eggs at eagliest maturity (shell length =
6 mm) followed somewhat later by sperm produc-

-tion. it then remains simultancously hemaphroditic
throughout ti}e rest of hw (Kraemer and (zalloway, _

1586).

can be widely separated from each other, copulatory
organs would be useless and are therefore lacking.
In freshwater species other than D. polymorpha, in
which éggs are fertilized extemaily {(Mackie et al.
1989), sperm is released to surrounding water 1o be
“taken up on the inhalant currents of other individ-
uals and carried to unfertihized eggs retained in the
gill marsupia. Self-fertilization appears to be rela-

: tweiy common in sphaemds, OCCurTing nesdr th{z-.)
conjunction of male and female g(moducts (Mackie

1984). In C. fluminea, developing embryos occur in
the lumina of gametogenic follicles and gonoducts,
suggesting that sell-fertifization can take place
within the gonad itself (Kraemer er af. 1986). The
ability to seif-fertilize makes hermaphroditic species
highly invasive, as described in Section 111L.B.
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temperature. Gametogenesis and fertilization begin
when ambient temperature rises. above a critical
level or falls within critical limits. Other environ-
mental factors that may affect reproduction but re-
quire forther study are neurosecretory controls,
density-dependent factors, diurnal rhythms, and
parasites. While clear evidence for neurosecretory
and density controls of reproductive cycles has been .
demonstrated in sphacriids (Mackie 1984), such ob-
servations have not been made for other freshwater
bivalves. Certainly, evidence of increasing activity
and metabolic rale during dark hours in unionaceans
(McCorkle er af. 1979) and C. fluminea (McCorkle-
Shirley 1982) suggests that spawnimg activity and
glochidial or juvenile release rates may also display
diurpal rhythmicity.

The sperm of freshwater bivalves may have ellip-
soid or comcal nuclel and an acrosome of variable
complexity depending on species (Mackie i984),
The sperm of corbiculacean species have elongate
heads and that of C. fluminea is unusually biflagell-
ate (Kracmer er al. 1986). Sperm with elongate
heads appear adapted for swimming in gonadal and
oviductal fluids more viscous than water and are
associated with miernal fertilization 1n gonadal
ducts rather than externally in marsupia (Mackie
1984).

The eggs of freshwater bivalves are round and

generally larger with greater yolk stores than marine .
" species with planktonic larle stages. Agam the ex-

ception is D. polymoerpha with relatively small eggs

(40-70 pm diameter) associated with retention of a

free-swimming veliger, which feeds'and grows con-
siderably in the water column before settlement and
juvenile metamorphosis (Mackic er al. 1989)1 T_i}e

larger, yolky eggs of all other species contain nour- o

ishment required for development to the juvenile or

_  glochidium stage. The Sphaeriacea produce the
As bivaives are relatively sessile and individuals .

largest eggs and have, correspondingly, the smali-

- est brood sizes ranging from 6-24/adult in Sphae-

rinm, 1-1353/adult for Musculivm and 3.3-6.7/adult
for Pisidium (Burkey 1983). Acdult Musculium
partumeium, which are only 4 mm in length re-
lease juveniles 1.4 mm long (Hornbach et al. 1980,
Way er al. "1980). In contrast, unionaceans and
C. fluminea have smaller eggs and release smaller

_glochidla or juvenles than syhaeruds {generally
- <0.2 mm diameter) and have much larger brood. - -

sizes (10°-10%adult) - (Burky 1983, McMahon
1983a). The evolutionary implications of these major
differences m fecundities of freshwater bivalves are
discussed in Section HI.B.

The egg is surrounded by a vitelline membrane
that is relatively thin in sphaeriids and thicker in
unicnaceans and C. fluminea (Mackie 1984). In the

< Fhe main simulus for reproduction appears to bg - H o



pment, ‘a}ut
've;cpmem in sphaeriids {Heard 1977, Mackie 1984),
an adaptation that may allow develeping embryocs {o
absorb maternally supplied nutriests from brood
sacs without embryos and/or from putrient cells lin-
ing the interlamellar space (Mackie 1978),

b. Nervous System and Sense Organs

In bivalves, the head is entirely enclosed within the
valves and is, therefore, no longer in direct contact
with the external environment. This conditicn has
led to loss of cephalic structure, the head consisting
of only the mouth opening and attachment points of
the labial palps (Fig. 11.2}, The cephalic sense or-
gans found in other molluscan classes have been lost
in bivalves, along with the associated cephalic con-
centration of central nervous system ganglia. Thus,
the bivalve nervous system is far less centralized
than in the majority of molluscs. A pair of
cerebropleural ganglia ie on each side of the esopha-
gus near the mouth, interconnected by commissures
dorsal to the esophagus (Fig. 11.8). From these ex-
tend two pairs of nerve chords. A pair of dorsal
nerve chords extend posteriorly through the visceral
mass to a pair of visceral ganglia on the anterior-
veniral surface of the posterior adductor muscle
(Barnes 1986). The second pair of nerve chords ex-
tend ventrally to mner‘vate a pdlr of pedai gangha in
-the foot. :
The pedal and c&rebrspieura} ganghia exert motor
control over the pedal and anterior adductor mus-
cles, while control of the posterior adductor muscies.
and siphons is mediated by the visceral ganglia. Co-
ordination of foot and valve movements, as occurs

Cerebropigurol.

Anterior Ganglion

Adductor M'uscig\

* Mouth

Cerebro-pedaf
Connectives -

Staifolith
4

Stotoroyst Fedal Ganglion

Figure 11

Viscerol Moss

. -,_-__m buwTowing behavior (see Section ILA.2), resides, . wew

in the cerchrospingl ganglia,

Associated with enclosure and reduction of head
sense organs is the development of sense organs in
those tissues most directly exposed to the external
environment, the mantle edge and siphons. On the
mantle edge, sense organs reach their highest con-
centrations in the middle sensory mantle lobe (Fig.
11.3). Photoreceptor cells (but not distinct eyes as in
some marine genera) detect changes in light inten-
sity asseciated with shadow reflexes, phototaxis,
and diurnal rhythms; while tentacles and stiffened
immobile cilia associated with tactile mechano-
receptor sense organs perceive direct contact dis-
placement {touch) or vibrations passing through the
water. Cn the siphon margins, such tactile receptors
prevent drawing of large particles on inhalant cur-
rents into the mantle cavity. When large particies
contact these tentacles, the siphons are closed by
sphincter muscles and then retract. Stronger stimuti
cause the valves 1o close rapidly forcing water under
high pressure from the siphons, thereby ejecting any
impinging material. Under intense stimulation of the
mantle or siphons, the siphons are withdrawn and
valves closed tightly, a common predator defense in
all freshwater bivalve species.

A pair of statocysts lying near or within the pedal
ganglion of the foot are innervated by commissures
from the cerebropleural ganglion (Fig. 11.8). Such
statocysts are greatly reduced in sessile marine spe-

“cles {e.g., oysters), suggesting their importance o
“locomotion and burrowing in free-living fréshwater

species. Statocysts in freshwater bivalves have been
described by Kraemer (1978). The¥y are hned with

- ¢iliary - mechanorecepiors responding to ‘pressure

exerted by a calcareous statolith or series of smaller
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1.8 The anatomic features of the central nervous system of a typical unionid freshwater bivaive

{central nervous system anatomy is essentially similar in freshwater corbiculacean bivalves).




. granular stat oconia wﬁhm the siatocyst veswie As

CUSRAVITY $EnsTng organs, statocysts detect cdv orien-

tation and thus fanction In bivalve geotactic and
positiomng responses particularly during burrowing
and pedal locomotion.

C. Environmental Physiology
1. Seasonai Cycles

Freshwater bivalves display seasonal varation in
physiclogical response assoeciated with both temper-
ature and reproductive cycles. While such cycles
have been studied more thoroughly in marine spe-
cies ((Gabbott 1983), lmited research on freshwater
taxa has revealed inferesting observations. Meta-
bolic rates show major seascnal variation in
freshwater bivalves (for reviews see Burky 1983,
Hornbach 1983). As in almost all temperate zone
animals, the metabolic rate in freshwater bivalves is
generally greatest in summer and least in winter due
to temperature effecis (Burky 1983, Hornbach
1985). Annual variation in metabolic rate can be
extensive (Table 11.1). Maximal summer oxygen
consumption rates, or ‘ffoz may be 20-~33 times the
minimal winter rates over a seasonal rapge of

1. Mollusca: Bivalvia 327

-22°C in Sphaermm striatinum ,_(dor“ibach et al.

1982} of as litfle as 2.3 times the minimal winter rates

in Pisidium walkeri (Burky and Burky 1976) {Table
L.

An immediate temperature increase causes a cor-
responding increase in the meiabolic rate of ecto-
thermic animals such as bivalves. Acute, tem-
perature-induced. changes in the metabolic rate or
Vog (or in any rate function) are described by (Qyg
values (i.e., the factor by which a rate function
changes with a 10°C increase in temperature) as
follows:

RATE,(10Temp; ~Temp}
Q g =
RATE,

where Rate, 1s the rate at the higher temperature,
Rate,, the rate at the lower temperature, Temp,, the
higher temperature and Temp;. the lower tempera-
ture (°C). The Q44 for metabolic rate in the majority
of ectothermic animals 15 2--2.5, essentially that for
chemical reaction rates. Thus, Qq values outside
this range indicate active metabolic regulation,
values less than 1.5 suggest metabolic suppression
with Increasing temperature, and above 3.0, meta-
bolic stimulation. Freshwater bivalve Qg values are

Table 11.7 Seasonal Variation in the Oxygen Consumption Rates (\ffoz) of Selected Species

of Freshwater Bivalves

mg Dry ) . Ratio Seasonal.‘
: : Tissue ‘Max. Vo, - Min Vo, - Min:Max “Temperature
Species and Sowrce Weight 1 Opfhr plGyfhr . Vg, © Qaagaces® 0 Range (°0)
Sphaerium striatinum - 25 mg 315 140 22501 4.7 222
Hornbach et al. . 7 mg 15.8 0.78 . 20301 4.5 222
(1983) 2mg 8.7 0.24 33.6:1 5.8 222
- Pusidium compressum 3mg 07 004 n 17541 T o e
Way and Wissing 0% mg - 0.27 6.03 940:1 — -
(1984} ' 0.05mg 8.13 0.02 IR S _— -
. Pisidumvarigbile. . - 3mg L% ©0.22 EEEEE I T 35 U .
Way and Wissing ‘ 4.9 mg 0.42 01 AL —_— T e
98y 0.05mg 002 015 7.50:1 B
Pisidium walkeri I3 mg - — 085 1.1t 2301 1.4 1-26
Burky and Burky (1976) G.02 mg 0.917 0.0074 2.3:1 . 14 1-26
Corbicula fluminea 348mg 4306 34.4 12.5:1 3.2 7--29
Williams (1985) 204 mg ~ 308.2 31.5 8811 2.8 7-29
_ 60 mg 143.3 25.8 56:1 2.2 729
" Anodonta graidis . g oo 4690.0 - 4000 - HLTI1 o 2T e e
Huebner {_1982) _ 5g 26900 - 250.0 o108 1+ 2.6 6-31
Lampsilis radiata 5g 2690.0 170.4 12.3:1 2.8 631
Huebner (1982) 2g 810.0 80.0 10.1:1 2.6 6-31

“ipaceis the respiratory Q,, value compuited from a change in the “\'«’gl value recorded for acclimated individuals at respective acclimation
emperatares.
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- 221478 for 26 species of sphaeriid (Hornbach
1985). Far less information s available for union-
aceans. In Lampsilis radiata, Q. values range from
1.88—4.98 and for Anadonta grandis, from 1.27-
10.35 (Huebner 1582). Temperature range of deter-
mination. body mass, and season may affect Gy
values in some species but not in others such that no
general patterns emerge. Rather, metabolic re-
sponse to temperature appears to have evolved uns
der species-specific microhabitat selection pres-
sures in freshwater bivaives (Hornbach 1985).
Without a capacity for regulation of metabolic
ate, massive seasonal metabolic fluctuations could
cause energetic inefficiency; rates being suboptimal
during colder months and supraoptimal during
warmer months. Thus, many ectothermic species
isplay a capacity for metabolic temperatare accl-
mation or compensation involving adinstment of the
metabolic rate over a period of a few days to several
weeks in a new temperature regime, Typically, met-
bolic rates are adjusted upward upon acclimation to
colder temperatuores and downward upon accli-
_mation to warmer temperatures, which dampens
Wmetabolic fluctuation with seasonal temperature

metabolic rate throughout the vear.

For most species, such typical seasonal accli-
mation is only partial, with metabolic rates not re-
turning to absoiutely optimal levels. Such partial
metabolic temperature compensation can be de-
ected by comparing Qg values of Voﬁ in-mstanta-
neous response to acute temperature change with
those measured at the temperature of acclimation
aver a. wide range of ambient temperatures {Accli-
mation Qo or Qioeace ). If the Qocace.) approximates
1.0, metabolic temperature compensation is nearly
erfect with Vo, regulated near the optimal level
hroughout the vear. If Quoeace, is less than 2.0 or
~considerably less thanacute Qjo, acciimation is par-
© tial, with the metabolic rate approachmg, but not
eaching, the optimal level. If Qgacc) IS approxi-

s incapable of temperature acclimation. If the
(J1ocace, 1S greater than 3.0 or acute Qqp, inverse or
everse acclimation is displayed, in which accli-
‘matjon to colder temperatures further depresses
etabolic rate and acclimation to warmer tempera-
ures further stimulates metabolic rate.

“Three general pattems of metabolic temperamre
ac_chmation occur in freshwater bivalves; (1) no ca-
pacity for accl_imation (Ql{'(gm} equivalent to acute
10) displayed by the unionids A. grandis and
L. radiaia (Huebner 1982), (2) partial acclimation
by Pisidium walkeri (Qypacc 1S considerably less

variable be{ween and within species, rangmv

#change, allowing maintenance of a more optimal

ately equalto 2.0~2.5 or the acute (g, the spécies

acute Qio) by Sphaerium striatinum {(Hornbach er
al. 1983) and C. fluminea (Williams 1983) (Table
11.1). The adaptive significance of reverse accli-
mation in bivalves is unclear (for hypotheses regard-
ing its selective advantage, see McMahon 1983b),
but for freshwater bivalves, that of reduction of
energy stere cataboelism while inactive over winter
appears most parsimonious (Burky 1983},

The Vo, is also related to individual size or bio-
mass in all animals as follows:

\70? = qAf®
were \702 is oxygen consumption rate or metabolic
rate, M, individual biomass, and a and b are con-
stants. The equation may be rewritten as a linear

regressicn with Voz and M transformed into loga-
rithmic values:

Logio Yo, = a + b (Logw M)

in which a and b are the Y-intercept (Voz al Logw' M
= { or M = 1) and the slope (increase in Logie Vo,
for each unit increase in Logiy ). respectively.
Thus, a is a measure of the relative magnitude of
ng and b, the rate of increase with increasing bio-
mass. If b = 1, Vg, increases in direct proportion
with M. If b > 1, V, increases at a proportionately
greater rate than M and if b < 1, Vo, increases at a
proportionately lesser rate than M. Thuas, & values

-of less than one indicate that weight-specific .V(jz

(O, uptake per unit body massy decreases with in-

. creasing size and values of greater than one indicate
- that it increases with Increasing size. Conventional
- wisdom - states: that animal b5 values rTange be-

tween 0.5~0.8. While gencrally true for vertebrates,

. it .is less.characteristic of invertebrates, including -

" freshwater bivalves. Among 14 species of sphaer-
- iids, b values ranged from 0.12-1.45 (Hcii'nbach'
o 1985). Limited data suggest that unionaceans have .

more typical b valnes of 0.90 for L. radiaza and 0.77
for Anodonta grandis (Huebner 1982). The b value
can also change with season in some species (Homn-
bach er @l 1983, Way and Wissing 1984), but re-
mains constant in others (Burky and Burky 1976,
Huebner 1982). It can vary with reproductive con-
dition, increasing when adults brood juveniles in
P. compressum (Way and Wissing 1982) and Muscu-

- Aium lacustre (Alexander 1982}, butis not correlated
~with “reproductive cycles in other species (Burky
1983, Hornbach 1985). The metabolic rate may also

vary with physiologic state, declining in Musculium
partumeium during midsummer when the habitats
are dry and clams estivate (Burky 1983, Burky er al.
1985b, Way «t al. 1981).

.than maximal agute. (o) (Burky and Burky. 1976),., e
and (3) reverse acclimation (Qm(mc) greater than




- Comparison of .a values in sphaeriids m{hcates

that the metabolic rate of species of Pisidium (mean
a = 0.399) is about 1/3 that of species of Musculium
(means a = 1.605) or Sphaerium (mean ¢ = 1.439)
{Hormbach 1985). Reduced metabolic rate in Pisi-
dium species may be ralated to their reduced gl
surface area (Hornbach 19853), hypoxic mud burrow-
ing, and interstitial suspension-feeding habits
(Lopez and Holopainen 1987). The reduced meta-
bolic demand of profundal pisidiids could acoount
for their generally high tolerance of hypoxia (Burky
1983, Holopainen 1987, Holopainen and Jonasson
1983, Jonasson 1984a, 1984h),

Annually, values of ¢ in €. fuminea varied from
—0.12-1.43 (mean = 0.72) (Williams 1985). The an-
nual range in values of a for A. grandis was
{—0.13)~{—1.098) (rmean a = —0.363) and for L. ra-
diata, (—0.403)-(— 1.331) (mean a = —0.800) (Hueb-
ner 1982). The high a values of C. fluminea relative
to unionids and sphaeriids (range = 0.399-1.605)
indicate that it has a higher V02 relative to other
species, while the low values for unionaceans mdi-
cate a relatively reduced Vg, Shell and tissue
growth account for a major portion of metabolic
energy utilization, being over 209% of total metabolic
rate in young Mytilus edulis (Hawkins ez al. 1989).
Thus, in slow-growing unionacean species {see Sec-
tion I111.B.2), metabolic costs are depressed relative
to the rapidly growing C. fluminea.

In some sphaeriid species, V02 1s influenced by
growth and reproductive cvcles (Rurky 1983, Hom-

bach .1983); maximal metabolic rates océur during

periods of peak adult and brooded juvenile growth

" {Burky and Burky 1976, Hornbach er al. 1983, Way

et al. 1981, Way and Wissing 1984). Peaking of meta-
bolic rates during maximal growth and development
of breeded juvenies may result from the elevated
metabolic demands associated with accelerated tis-
sue growth (Hawkins er'al. 1989), the higher réspira-

tory rates of brooded juveniles, and the enefge&c '
~ costs of providing maternal metabolites to brooded

3uvemies {Burlky 1983, Mackic 1984). In contrast,
metabolic rates in C. fluminea (Williams 1985) and
unionids (Huebner 1982) are unaffected by émbryo
brooding. These species do not provide embryos
with maternal nourishment (Mackie 1984), sug-
gesting that it must have a ingh metabolic cost in
sphaeriids.

- Rates of filtration also vary seasonally in sphaer--
nds. In both S. striatinum (Hornbach er al. 1984b)

and M. partumeium (Burky et al. 1985a), filtration
rates decreased with increased particle concentra-
tion and decreased temperature. Elevated ambient
temperatures induce maximal filtration during sum-
mer months, but there was also a tendency for filtra-
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tion.to peak during periods of peak reprodaction, In ..

M. partumeium, the filtration rate declined in
midsummer coincidently with the metabolic rate
(Way er gf. 1581) as individuals eéstivated during
habitat drying (Burky 1983).

Freshwater bivalves also display distinct sea-
sonal cyecles In tissue biochemical composition.
While data are sparse, variation in biochemical com-
position appears to be telated primarily to the re-
productive cycle, as occurs in marine bivalves
(Gabbot 1983). In the freshwater unionid Lamelii-
dens corricnus, whole body protein, givcogen, and
lipid contents reach maximal levels during gameto-
genesis and gonad development and minimum levels
during glochidial release (Fig. 11.9A); a pattern re-
peated particularly for protein and lipids in the ma-
jority of individual tissues (Fig. 11.9B-D) ( Jadhav
and f.omte 1982a). Similarly, overwintering, nonre-
produciive individuals of C. fluminea have twice the
biomass and higher levels of nonproteinacecus
energy stores than reproductive mdividuals in sum-
mer (Williams 1985, Williams and McMahon 1989},
Thus, reproductive effort appears to require mas-
sive mobilization of organic energy stores from so-
matic as well as gonadal tissues to support gamete
production in this species.

In the sphaeniids Sphaerium cornewm and
Psidium ammnicum, tissue glycogen content in-
creases after reproduction in the fall and was associ-
ated with a 2-3 fold increase in survival of winter-

conditioned mdividuals under anoxic conditions. As ~

glyeopen 15 a major substrate for anacrobicemetabo- -
lism (de Zwaan 1983), glycogen-poeor, summer-

- conditioned individuais were relatively intolerant of

anoxia (Holopainen 1987). Thus, fall accamulation
of glycogen stores not only supports gametogenesis

-the following spring but-also provides the anaerobic

substrate for sbrvival of prolonged anoxia when ice
cover prevents su"face gas exchange (Hoiopamen

. 1987)

2. Diurnai {ycles

- Freshwater bivalves also display diumnal cycies of

metabolic activity. Active uptake of Na™ is greatest’
during dark hours in both €. fluminea (McCorkle-
Shirley 1982) and the unionid, Carunculina parva
texasensis (Graves and Dietz 1980). Diurnal Nat

transport thythm was lost in  constant: light; sug- -

gesting ‘that rhythmicity of ion uptake 18 ‘driven exog-’
enously by changes in light intensity. Such diurnai
ion transport rhythms appear to be closely linked to
activity rhythms. In the unionid Ligumia subros-
rrata, valve gaping activity peaked 1-2 hr after onset
of darkness and remained elevated during dark pe-
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Fadhav and Lomte 1982a.)

tant light, again suggesting primary respon-
‘eness to exogenous changes in light intensity
orkle e al. 1979). Rhythmic patterns of oxygen
umption in L. subrostrata appeared driven by
anges in light intensity, declining immediately
an increase in infensity and increasing after a
ease in intensity. Rhythmic respiratory behav-
. however, had an endogencus component as it
rsisted in constant light for 14 days (McCorkle er
579). This evidence suggests that at least some
water bivalves may be more active during dark ™
urs. Suchactivity rhythms may be correlated with -
al feeding and vertical migration cyeles, indi-
Is coming to the surface to feed at night and
ating below it during the day, thus avoiding
predators; however this hypothesis requ:res'
e research . : RO

ther Factors Affecting Metabolic Rate

than seasonal and temperature effects (de-
ibed earlier), VQ can be suppressed by chemical
stants sz;c:h as heavy metals, ammonia, and cy-
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Figure 11.9 Seasonal variation in the protein, lipid, and glycogen contents of the whole body and various
tissues of the freshwater unionid mussel, Lamellidens corrianus, relative to the reproductive cycle. All organic
contents are expressed as percentage of wet tissue weight. (A) Annual variation in whole body contents of
protein {open histograms), glycogen (solid histograms), and lipid (cross-hatched histograms}. Remaining
figures represent levels of protein (B), lipid (C), or giycogen (D) in the mantle {open histograms), digestive
diverticulum (cross-hatched histograms), gonad (solid histograms}, and foot (stippled histograms}. Horizontal
bars at the top of each figure represent reproductive cycles, indicating periods during which either gonads
develop or glochidia are released. Gonad development is associated with increases in organic content; and
glochidial release, with decreases in organic content of the whole body and various tissues. {(From data of

anide, which degrade metabolic processes (Lomte

and Jadhav 1982a). Increased levels of suspended

solids impaired Vo'z and induced apparent starvation
in three unionid species, indicating that suspended
solids interfered with maintenance of gill respiratory
and filter-feeding currents (Aldridge ez al. 1987). In-

dividual metabolic rates may also be dependent’ on
“population density, The metabolic rates of speci-
~mens of Elliptic comp!aﬁara declined with density,

the Vo, ofa smg}e individual bemg three times that of
individuals held in groups of seven or more. This
species may reléase a pheromone that induces the _
reduction of the metabolic rate in nearby mdlwduais o

.(Paterson 1983).

A number of unionaceans and sphaeriids display
varying degrees of respiratory oxvgen dependency .
such that, when subjected to declining oxygen con-

centrations, Vi, declines proportionately with a de~. "

cliné in ambient partial pressure of oxygen (Pg)z)

(Burky 1983). Such species are generally intolerant

of prolonged hypoxia and, thus, are restricted to
well-oxygenated habitats. In contrast, some species
are oxygen independent and regulate Vog at rela-
tively constant levels with declining oxvgen tension




i
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glines properiicnately with further decline in 02
concentration. Such species survive in aquatic habi-
tats pericdically subjected to prolonged hypoxia.
The profundal sphaeriids Sphraeium simile and Pisi-
dium casertanwm are periodically exposed to hy-
poxia and are relatively oxygen independent (Burky
1983). Two unionids, Elliptiec companata and
Anodonra grandis, mhabiting mud and sand in a
smail entrophic Canadian lake, were extreme oxy-
gen regulators maintaining & nearly consiant V02
down to 1 mg Oy/liter (Pg, = 18 torr} (Fig. 11.10)
{Lewis 1984). In these northern temperate species,
the ability to reguiate Vg, is highly adaptive, as ice
cover causes lentic habitats to become severely hyp-
oxic during winter months and individuals overwin-
ter burrowed deeply into hypoxic sediments (Lewis
1984). In conirast, more tropical species not experi-
encing winter hypoxia are more oxygen dependent
{Das and Venkatachari 1984, McMahon 1979a). The
Vo, of the subtropical species, C. fluminea, ap-
proaches near zero levels after a decline in O ten-
sion of just 30% of full air saturation, indicative of

11. Mollusca: Bivalvia 331

extreme ‘oxvgen” dependencs’ (McMafion to7esy T

This response may account for the restriction of
C. Auminea to well-oxvgenated. habitats and its in-
tolerance of hypoxic waters receiving organic
wastes (McMahon 1983a),

Many species of freshwater bivalves are very tol-
erant of acute hypoxia or even anoxia. Such toler-
ance is highly adaptive, as hypoxic conditions may
occur helow the thermochne of stratified iakes or
above reducing sabstrata with heavy organic loads
and/or dense animal populations (Butts and Sparks
1982). Profundal sphaeriids tolerate acute hyvpoxia
throughout summer months after thermocline for-
mation {Holopainen and Jonasson 1983, Jonasson
1984a, 1984b}, surviving 4.5 to greater than 200 days
of complete anoxia, depending on season and tem-
perature {Holopainen 1987). The unionid, Anodonta
cygnea can survive 22 days of anoxia (Zs.-Nagy er
al. 1982).

When anoxic, bivalves relv on anaerobic meta-
bolic pathwavs. These pathways are not those of
glycolysis; instead, they involve alternative path-
ways, simultaneously degrading glycogen and
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Figure 11.18 Respiratory responses of the freshwater unionid mussels, Elliptio complanata and Anodonta”
grandis 1o declining ambient oxygen tensions from near full air saturation (8-9 mg Ou/liter, lower horizontal
axis, Po, = 140-160 torr or mg Hg. upper horizontal axis) to the concentration at which O, uptake ceases.
Respiratory responses of four individuals of E. complania (A} and four individuals of A. grandis (B). Both
species maintained normal oxygen uptake rates at a Po, as low as 15-20 torr (9-13% of full air saturation)
suggesting high capacity for oxygen regulation. (Redrawn from Lewis 1984 )
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I
sparial
“sroducts alanine and succipate. During prolonged
anaerobiosis, succinate can be further degraded into
olatile fatty acids such as propionate or acetate
an den Thillart and de Vries 1985, de Zwaan 1983,
Zs.-Nagy er al. 1982). Anoxic for 6 days, Anodonta
vgrneq maintained 52-94% of aerobic ATP levels,
igher than could occur by typical glycolytic path-
ways, and associated with its ability to anaerobically
oxidize succinate while producing ATP molecules
s.-Nagy er al. 1982). These alternative pathways
e more efficient than glycolysis (which vields only
2 moles of ATP per mole of glucose catabolized),
roducing 4.71-6.43 moles of ATP per mole of glu-
ose {de Zwaan 1983). Thus, they allow tolerance of
more extended anaerobiosis than does the less effi-
ent glyvcolysis and the higher energy yields of these
ternate pathways allow excretion of anaerobic
ndproducts, preventing retention of lactate to le-
thal levels as occurs in glycolytic species during
naerobiosis (de Zwaan 1983).

During anaerobiosis, the buildup of acidic,
anaerobic endproducts in the tissues and hemo-
evimnph can cause considerable acidosis (decline
bH). As freshwater bivalves have no respiratory pig-
“ments, their blocd has little inherent buffering ca-
pacity (Byrne 1988, Heming et al. 1988). Instead,
valves mobilize calcium carbonate from the shell
Zo buffer respiratory acidosis. Thus, when anaero-
bic, the pH of the pallial fluid of Margaritifera mar-
aritifera Temains highly constant, but its Ca?* con-

blood Ca®™ levels rise eight-fold in Eigumia subros-
ta exposed to an atmosphere of nitrogen (Dietz
¥74). Emersed in nitrogen for 72 hr, the blood (a*>™
oncentrations of C. fluminea rose nearly five-fold,

_partially buffering accumulated respiratory aczdosxs
svrne 1988).

The gills of unicnaceans (Sﬁverman et al. 1983;

Steffens er ql. 1985) harbor extensive extracellular
alcium phosphate concretions. that could also buf- - -
r hemolymph pH. However, rather than releasing

alcium, the mass of these CONCretions increases
during prolonged anoxia. Indeed, their mass is re-
ted inversely to blood pH and directly to blood
alcium concentration. This suggests that calcium
released from the shell during anoxia is sequestered
the gill concretions, preventing Joss of diffusion to

rednces the necessity for Ca?” uptake to replace Jost
hell calcium on return to aerobic conditions {Silver-
an et al. 1983).

4. Desiccation Resistance

reshwa‘ter bivalves may be exposed to air for
eeks or months during seasonal dry periods or

0. Other: amne. acids -tesyield.the endv i

ntration increases (Heming é7 al. 1988). Similarly,

¢ external mediom. This respense is atiaptwe as It_ o

~unpredictables periods of exireme drought VNI b i b e

hon 197%b, 1983a, McMahon and Williams 1984),
Lack of mobiity leaves some species stranded in
air as water levels recede, while other species oc-
cur in habitats that dry completely. Unlike other
freshwater species, bivalves have no obvious adap-
tations or structures for maintenance of aerial gas
exchange when out of water.

Many species of sphaeriids mhabit temporary
ponds and survive pericds of several months in air
during drying (for areview see Burky 1983). In some
cases, both adults and juveniles survive emersion
{Collins 1967, McKee and Mackie 1980; in others,
only recently hatched juveniles survive (McKee
and Mackie 1980, Way er al. 1981). Sphaeriids
burrow into sediments prior to air exposure., Oxy-
gen comsumption and filiration rates decline in
M. partumeinm prior to pond drying as individuals
begin to estivate prior to prolonged emersion {Way
et al, 1981, Burky ez 2l. 1985a,b). Reduction in meta-
bolic demand while emerged allows long-term main-
tenance in air on limited energy reserves.

Sphraeium occidentale (Collins 1967) Is exposed
in air for several months in its ephemeral pond habi-
tats. In air, the Yo, of 5. occidentale is 20% of
aquatic rates, gas exchange apparently taking place
across specialized pyramidal cells extending
through punctae in the shell. Gas exchange through
shell punctae allows continual valve closure, mini-
mizing water loss. In C, flumineq, aerial VO is 21%

" ofthe aquatic rate (McMahon and Williams 1984) In

air, C. fluminea pericdically zapes the valves and

~ eXposes mantle edge tissues fused together with mu-

cous (McMahon 1979b, Byrne 1988, Byrne et al.
'1988). Mantle edge exposure is associated with high
rates of aerial O uptake while no O, consumption

" occurs during valve closure (Byrne 1988, McMahon
_and Williams 1984). During mantle edge. exposure,

bursts of metabolic heat production occur, sug- -

- gesting. that mantle edge exposure allows periodic -

aerobic recharging of spent ATP and phosphagen
stores depleted during longer periods of valve clo-
sure (Byrne 1988). Periodic exposure of mucus-
sealed mantle edges greatly reduces the tissue sur-
face area exposed to the atmosphere and the dura-
tion of such exposure. In contrast, intertidal species
gape more continually in air exposing moist mantle
tissues directly to the atmosphere through parted

.manzie edges. or open: inhalant’ siphons. . Conse-

quently, they generally have higher levels of evapo-
rative water loss than freshwater species when
emersed (McMahon 1988). The degree of mantle
edge exposure activity in C. fluminea is reduced
with increased temperature, decreased relative hu-
midity, and increasing duration of emersion. This
suggests that individuals respond to increasing des-
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meiabolism, reducing the degree of mantle edge ex-
posure and associated evaporative water loss
(Byrne 1988, Byme et al. 1988, McMahon 1979h).
Emersed unionaceans also display periodic mantle
edge exposure (Heming ef al. 1988), including Ligu-
mia subrostraia whose aerial oxygen consumption
is 21-23% of aguatic rates (Dietz 1974). In air,
unionaceans and C. fluminea utilize shell Ca®" to
buffer accumulating HCO;™ (Byme, 1988 Dietz
1974, Heming et al. 1988). Both Ca*" and HCO,™
accumuliate in the mantle cavity finids of emersed
pearl mussels, Margaritifera margaritifera (Heming
et al. 1988). Manile edge exposure is also associated
with release of CO, generated by metabolic and
shell-buffering processes (Byrne 1988, Heming er al.
1988).

Oxvgen uptake rates are elevaied on resub-
mersion after prolonged emersion in both C. flu-
minea (Byrne 1988) and the unionid Lamellidens
corrignus (Lomie and Jadhav 1582b). In marine in-
tertidai bivalves, elevated Vi 1-2 hr after reimmer-
sion has been considered payment of an oxygen debt
resulting from oxidation of anaerobic endproducts
accumulated during air exposure {de Zwann, 1983).
However, in (. fluminea, VO3 remained elevated for
at feast 12 hr after reimmersion, suggesting that it
was the result of a process other than typical oxygen
debt payment, such as the increased metabolic de-

mands associated with tissue damage repair or ex--
“cretion of aucumulated metabolic wastes. Lack of |

typical oxvgen debt payment suggests that C. flu-
mineg remains primarily aerobic when in air (Byrne
1988). - )

© Among freshwater species, some unionaceans
appear most tolerant of emersion and can survive for
months or even years in air (Dance 1958, Dietz 1974,
Hiscock 1953, White 1979). Certainly, the ability of
some species of unionaceans to tolerate extraordi-

down the shore with changing water levels {White
1979) may partially account for the dominance of
unionaceans in larger North American river drain-

ages characterized by major seasonal water level _

fluctuations. Patterns of bivalve growth, reproduc-
tion and other important life-history phenomena
may be driven in part by seasonal water level-varia-
. tion. Thus, human regulation of river flow and level

. may have contributed to the extirpation of many
unionacean species from North American drainage
systems.

‘The mode of nitrogen excretion or detoxification
during emersion is an unresolved question in
freshwater bivalves. Ammonium icn (NH,"} is the
major nitrogenous excretory product of aquatic mol-
luscs {Bishop er al. 1983). Due to its toxic effects on
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“oxidaiive phosphorylation even at low concentra-

tions, ammoenium ion is generally not accumulated in
emersed meolluscs and its high solubility in waler
precludes its release to the atmosphere as ammonia
gas. Instead, when emersed, many aguatic species
detoxify ammonium ion by conversion (o less toxic
compounds such as urea or uric acid, which are
accumnlated in the hemoiymph and kidneys to be
excreted on resubmersion.. However, freshwater bi-
valves do not appear to have the capacity to produce
urea of uric acid (Bishop et ql. 1983, Vitale and
Fried]l 1984).

Without the capacity to detoxify accumulating
amupenia, how do freshwater bivalves tolerate pro-
longed emersion? Recent studies of ammonia excre-
tion in emersed C. fluminea indicate that, unlike
intertidal bivalves (Bishop er af. 1983), this species
does not catabolize amino acids during emersion,
preventing ammonium ion accumulation (Byrne
1988). Further evidence for protein catabolism sup-
pression in emersed freshwater bivalves is the near
total dependence of the uniomds Lamellidens cor-
rianis and L. marginalis on “‘carbohydrate catabo-
lism while emersed {Lomte and Jahav 1982¢, Sahib
ef al. 1983).

Of interest is the report that individuals of Sph-
raeium occidentale and Musculium securis were
more tolerant of emersion when drawn from popi-
lations estivating in a dry pond than when drawn

. from a submerged population in a permanent pond *

{(McKee and Mackse 1980). Thus, tolerance of pro-
longed air exposure may depend onr physiological
and biochemdcal alterations in estivating ndivid- -

. uals including, perhaps, increased dependence on

carbohydrate catabolism previously described for
C. Aluminea and unionacsans. Enirance into esti-
vation.in response o emersion may be controlled

by “Wmseﬁf@t@f}’ hormones (Lomte and }adhav
- : _i981a) :
nary periods of emersion and/or to ‘migrate up and "~

. Gilt Caiuam Phﬂsphate Concretions
in Unicnaceans :

Dense calcium phosphate concretions occur in the
tissues of unionid bivalves. Intraceilular calcium
phosphate concretions in unionacean mantle tissue
may be a source of calcium for shell deposition
(Davis et al. 1982, Jones and Davis 1982). Dense

deposits -of. extracellular calcium phcsphate ‘con-
© cretions {13 ey in diameter) occur in ‘the gills of
unionaceaiis (Silverman er al. 1983, 1988, Steffens et

al. 1985). Gill calcium phosphate concretions ac-
count for up to 60% of gill dry weight in some species
(Silverman et al. 1985, Steffens er af. 1985). They are
most dense along a series of parallel nerve tracts
running 90° to the long axis of the gill filaments,
density declining in the ventral portions of the demi-
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585).

Resides storing shell Ca?™ that is released to buf-
r respiratory acidosis during hypoxia {see Sectien
.C.3), gill cencretions provide a ready source of
maternal calcium available for rapid shell develop-
ent in brooded glochidia (Silverman ef al, 1985,
987). Thus, during glochidial incubation, the mass
and density of gl concretions decline, particularly

asses of individuals of L. subrostrata and A.
randis grandis brooding glochidia were only 47%
and 70% of that during nonreproductive periods,
spectively (Silverman et al. 1985). Indeed, ¥Ca
acer studies indicated that 90% of glochidial shell
calcium was of maternal origin i A. grandis
randis, the most likely source being gll mineral
oncretions, with nonmateral calclum accounting
or only 8% of glochidial shell calcium in L. subros-
trata (Silverman et al. 1987).

. Waier and Salt Balance

Ziving in an exiremely dilnte medium, {reshwater
§ valves constantly gain water and lose ions. Excess
Water is eliminated as a fluid hypo-osmotic to the
nssues via the kidneys and lost lons are recovered
1a active transport over the gills and other external
thelial surfaces as described in Section 11.B.3.
C'. Aumineq is relatively tolerant of salinity com-
ed to other freshwater species, surviving long-
m exposures to 1014 ppt sodium (McMahon
1683a, Morten and Tong 1985). Above this salinity,
1, 1s. incapable of maintaining hemelymph ion or os-
tic concentrations and becomes isosmotic with
medium {Gainey and Greenberg 1977). Fresh-

tic concentrations, generally lose osmoregula-
Y capacirj/ and cannot regulate volume above

3ppt sed;um {Hiscock 1953). In contrast, hyperos- ..

tically stressed specimens of C. fluminea in
ase the blood osmotic concentration by actively
Ncreasing the free amino acid pools in the blood.
is phenomenon aiso oceurs in a number of estua-
e species {Gainey 1978a, 1978b, Gainey and
eenberg 1977, Matsushima et al. 1982), prevent-
ng water loss by remaining isosmotic with the me-
Zum. This capacity is unexpected in freshwater spe-
s, which are never exposed to hypemsmotzc

f, freshwater by C. fluminea from an estuarine an-
tor.

“ Both unionaceans and €. fluminea respend to
molymph ion depletion (via maintenance in an
_tremely dilute medium) by increasing the rate of
ive Na* uptake, allowing maintenance of hemo-

ranchs (Silverman et al.- 1583, 1985 Steffens dral;

, the outer marsupial gill. The gill concretion’

vater unicnids, with much lower hemelymph os- .

neditf and probably reflects the recent penetration

S ymphiod concentriden (Hetz 19857, The activity T

of (Na™ + K ")-activated ATPase, an enzyme asso-
ciated with active sodium tragsport, increased in the
mantle and kidney tissues of salt-depleted individ-
uals of C. fluminea, suggesting activation of sodium
transport. This response did not occur in the upionid
Lampsilis claibornesis, mdicating that regulation of
active jon uptake has been lost in unionids with a
much longer evoluticnary history in freshwaters
(Deaton 1982). In Anodonta woodiana, mantle cav-
ity water had an osmotic concentration of 34
mosmol/liter, 76% that of hemolymph (45 mosmel/
liter with pathial concentrations of Na™, K, and C1™
maintained at 71%, 76%, and 72% of hlood levels,
respectively, even in an extremely dilute mednun
{less than 1 mosmol/liter). Maintenance of elevated
mantie water ion concentrations suggests that it acts
as a buffer, reducing the giadient for and thus the
rate of diffusive iom loss from tissues to the dilute
freshwater medium (Matsushima and Kado 1982).
In both unionaceans and €. fluminea, the enzyme
carbonic anhydrase (CA), which catalyzes forma-
tion of carbonic acid (H.CO-) from water and carbon
dioxide, occurs in gill and mantle tissues. H;CO;
degrades into H' and HCO;™ (bicarbonate ion),
which appear to function as counter ions exchanged
for Na™ and C1™ actively taken up from the medium.
Bivalves in an extremely dilute medium increase CA
activity specifically in the gill and mantle. Inhibition
of CA activity by acetazolamide causes. reduction.
in both hemolymph Na® and CI” concentrations
and net Na* and CI” uptake rates, which is strong
evidence for its ion regulatory role (Henery and

“Saintsing 1983).

The osmotic concentration of freshwater b}—
valves, particularly unionaceans, is the lpwest

‘recorded for multicellular freshwater invertebrates,
_that for Anedonta cygnea being 40-30 mosmol/liter .

or 4--3% of seawater, while that for other freshwater

- speciesis 100400 mosmole/liter or 10-40% of sea-

water (Burky 1983). The apparent adaptive advan-

tage of such low hemolymph osmotic concentrations

is a reduction of the gradient for water gain from,
and ion loss to, the dilute freshwater medium. This
reduces transepithelial osmosis and ion diffusion
rates across extensive mantle and gill surfaces to
those which can be balanced by water excretion and

_active ion recovery mechanisms at energetically fea- -
sible levels: (Bhﬁ{l{l 1983). Swudies have shown that
-the hydrostatic pressure generated by the ventricle

and auricles in A. cygnea is great enough to allow
sufficient filtration of hemolymph plasma into the
pericardial space to account for urine formation. As
ventricudar hydrostatic pressures in A. cygnea are
approximately twice those of the marine clam My«
arenaria, capacity for excretion of excess water is
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increased water gain associated with hyperosmotic
regulation (Jones and Peggs 1983). Exposure of
Ancdonta sp. to a very dilute medium caused the
appearance of extensive extracellular membrane
spaces in the deep infoldings of kidnev epithelial
cells, perhaps allowing active ion uptake from the
excretory fluid, producing a dilute urine or increased
transport of excess water into the kidney (Khan et
al. 1988).

The hormonal control of osmoregulation in
freshwater bivalves has been reviewed by Dietz
(1985). Cyclic AMP (cAMP) stimulates aclive up-
take of MNa' by unionaceans, while prostaglan-
din inhibits it and prostaglandin inhibitors stimu-
late it (Dietz er al. 1982, Graves and Dietz 1982,
Samtsing and Dietz 1983). Serotonin stimulates tis-
sue accumulation of cAMP, inducing increased
Na™ uptake (Saintsing and Dietz 1983). Thus, an
antagorastic relationship exists between serotonin
and prostaglandins in modulating adenylate cyclase-
catalyzed cAMP stimulation of Na™ active uptake,
Not surprisingly, high concentrations of serotonin
are found in the gill nerve tracts of unionaceans
(Dietz 1985). The circadian rhythms of Na* uptake
in freshwater clams (Graves and Dietz 1980,
McCorkle-Shirley 1982) may be mediated by this
antagonistic hormonal system (Dietz 1985).

When either their cerebropleural or visceral gan-

glia were ablated, individuals of the unionid Lamelii- .

dens corrianus rapidly gained water, indicating 1oss
of osmoregulatory ability y. Injeciion of gangifionic ex-
tracts restored normal osmoregulatory capacity,

_ suggestmg that gaﬂghomc neurosecretory hormones. .

are involved in regulation of water balance (Lmote

and Jadhav 1981b). The pedal ganglion of A. cygnea.

“has a highér affinity: for serotonin and other mono-
amines controlling ion and water balance at low tem-
peratures, indicating a seasonal compenent to hor-
monal. centrol of Gsmereguiauon (Hiripi er af. 1982).

{1 ECOLOGY AND EVOLUTION

A. Diversity and Distribution

The distributions of freshwater bivalves, particu-
larly unicniaceans, in North America have been well

descnbed Species _distribution - -maps for -union- -

aceans and sphaeriids have been published for Can-
ada (Clarke 1973) and the United States (LaRocqgue
1967a). North American distribution records for the
vast majority of species are provided in Burch
(1975a, 1975b). LaRocque (1967b) also describes liv-
ing and Pleistocene fossil assemblages at specific
North American localities. In addition, there is a
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- grsater in freshwater species COmpensAting Tor the T massive literature, foo Aumerous to cite here, de.

scribing species occurrences at specific sites or spe-
cies assembleges in various draipage systems in
North America.

Distribution data for North American sphaeriids
indicate that zll native (non-introduced) species
have broad distributions, offen extending from the
Atlantic Coast to the Pacific coast. Introduced to
Morth America from southeast Asia in early 1900s
{(McMahon 1582), Corbicula fluminea (i.e., the light
cotored shell morph of Corbicula) has a similarity
widespread North American distribution. It extends
into the drainages of the west coast of the United
States and the southern tier of states, and
throughout drainages cast of the Mississippi River,
with the excepticn of the most northernly states
{Counts 1986, McMahon 1982), and into northern
Mexico (Hillis and Mayden 1985) (Fig. 11.11). A
second, unidentified species of Corbiciula (i.e., the
dark-colored shell morph) is restricted to isolated,
spring-fed drainages in southcentral Texas and
southern Califorma and Anzona (Fig. 11.11), (Hillis
and Patton 1982, Britton and Morton 1986, McLeod
1985). In contrast, North American unionacean spe-
cies generally have more restricted distributions.
Few species range on both sides of the continental
divide and a surprisingly large number are limited to
single drainage systems (Burch 1975b, LaRocque
1967a).

The widespread distributions of sphaeriids and
Corbicula relative to unionaceans in North America ©
may reflect fundamental differences in their capaci-
ties for dispersal. Unionaceans depend primarily on.
host fish transport of the glochidium for dispersal
(Kat 1984), thus their ranges reflect those of their
specific glochidial host fish species. While host fish
transport of glochidia increases the pmbabihty of
their dispersal into favorable habitats, as host fish
and aduit unionacean habitat preferences generally

" closely coincidé (Kat 1984), it greatly limits the ex-

tent to which such dispersal can occur, leading to
development of highly endemic species. For exam-

- ple, -electrophoretic studies of peripheral popula-

tions. of Nova Scotian unionid species suggest that
invasion of new habitats is primarly by host fish
dispersal (Kat and Davis 1984); therefore, barriers to
fish dispersal are also barriers to unionid dispersal.
Thus, the distribution of modern and fossil' North
American interior basin unidnacean assémblages’
are himited to areas below major waterfalls in the
drainage systems of Lake Champlain (New York,
Vermont, Quebec), because these falls act as up-
siream migration barriers to host fish dispersal
(Smith 19852). Further, the recent re-establishment
of Anodonta impicara populations in the upper por-
tions of the Connecticut River Drainage closely fol-
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Figure 1747 Distribution of Corbicula in the United States. Hatched area is the distribution of the light-
colored shell morph of Corbicula, Corbicula fluminea. The darkly stippled areas are distribution of the

dark-colored shell morph of Corbicula, yet to be assigned a species designation.

Blowed the restoration of its anadromous glochidial
“clupeid fish host populations, by the building of
shways past numerous manmade impoundments
hat previcusly prevented upstream fish host disper-
“sal (Smith 1985b).

Sphaeriids and C. fluminea have evolved mecha-

isms allowing dispersal between drainage systems,
making them more invasive than unionaceans and
accounting for their more cosmopolitan distribu-
ions. Juvenile sphaeriids disperse between dramage
ystems by clamping their sheil valves onto limbs of
aquatic insects, the feathers of water fowl (Burky
1983). or even the limbs of salamanders (Davis and
Gihen 1982;. Some sphaeriid species survive -
estion and regurgitation by ducks, which com-

zsal (Burky 1983). The rapid spread of C. fliominea
hrough North American drainage systems (Mc-

ors, also has resulted from the natural dlspersal
apacities of this species, The long mucifaginous
yssal thread produced by juveniles or the fila
mentous algae on which they can settle becomes
ntangled in the feet or feathers of shore birds or
water fowl, making then Ju’ve’ukz {ransport vectors,
between. éramages {McMahon 1982 1983a). Its nat-
iral capacity for dispersal is highlighted by its
pread into northern Mexico drainage systems
where human-mediated transport is highly unlikely
(Hillis and Mayden 1985), and into southern Britain
uring interglacial periods (McMahon 1982). Adult
ebra mussels, Dreissena polymorpha, attach 1o

monly feed on them, allowing long-distance disper-.

floating wood or boat hulls with byssal threads, facil-”
itating transport over long distances (Mackie ef al.
1989), and can also be transported between drainage
systems attached to macrophytic vegetation utilized
by nesting shore birds and water fowl.

Juveniles of C, fluminea can be transported long

' distances downstream pass;ively suspended in water
currents {McMahon and Williams 1986b, Williams

and McMahon 1986). Water currénis also disperse
the actively swimming veliger stage of D. polymor-
pha (Mackie et al. 1989). Adult C. ﬂummea canalso
leave sediments to be carried downstream over
the. substratum by water currents (Williams and
McMahon 1986}. This process is assisied by produc-

... tion.of a mucus dragline from the exhalant siphon,
.. which increases the drag exerted on individuals by

water currents (Prezant and Chalermwat 1984).

. .Such passive dispersal of juvenile and adult C. flu-
Mahon 1982), while in part mediated by human vec-

mineg on water currents not only accounts for the .
extraordinary ability of this species to invade the
downstream portions of drainage systems after in-
troduction (McMahon 1982), but also is the basis for
its impingement and fouling of small-diameter piping
and other components of industrial, agricuitural,

.. and -municipal raw-water systems: (McMahon . ‘.
- 1983a). - Similarly ;- current-mediated transport of

free-swimming veligers and adults of D. polymorpha
(adults attached to floating substrata or carried over
the bottom as bysally attached clumps of individ-
nals} on water carrents accounts for its rapid disper-
sai through European drainage systems after it es-
caped from the Caspian Sea in the late eighteenth
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o ccenturyiMorton -1968) - This--species has rapidly

spread downstream throughout Lake Erie from iis
original upstream introduction in Lake St Clair in
1585-1586 (where 1t was apparently transported
from Furope in ship ballast water) {Mackie e al
1882) (Fig. 11.12). Zebra mussels had invaded Lake
Ontario, the St. Lawrence River, portions of lakes
Superior, Huron, and Michigan and the western por-
tion of the Erie~Borge Canal by the fall of 1990 when
the final revision of this chapter was completed.
Capacity for downstream transport and byssal at-
tachment to hard surfaces make . polyvmorpha des-
tined to be a major Morth American biofouling pest
species, recapitulating its recent history in Europe.
Major incidents of zebra mussel fouling are already
being reported in raw-water facilities on Lakes St
Clair, Erie, and Ontario {(Mackie et of, 1985}, Pas-
sive, current-mediated downstream transport is
alse reported for juvenile sphaeriids (Pisidium
punctiferunt) (McKillop and Harrison 1982) and may
be an important but uninvestigated means of disper-
sal for many species in this family. In contrast, pas-
sive downstream transport is extremely rare in
unionaceans (Imlay 1982), making them reproduc-
tively isolated.

As both sphaeriids and C. fluminea are seif-
fertilizing hermaphrodites (see Section IL.B.3, intro-
duction of only a single individual can found a new
propulation. In contrast, . polymorpha and the ma-

Michigan

Gistribulion of Draissens polymorpho
as af May 989
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“jority of tiionids dre gonackonstic, requinng simul- T

taneous introduciion of males and females to found a
new population, thus reducing the probability of
successtul invasion of isolated drainage systems.
There have been major declines of unicnacean
populations and species diversity in North America
over the last century. Over 25 unionacean species
are on the PFederal Register’s Endangered Species
list, with additional species on state lis{s and new
species being added vearly (Laycock 1983, Tavior
and Horm 1983, While 1982). Massive historical
losses of unionacean species from river drainage
systems are revealed by comparison of present day
species assembiages with those of earlier surveys of
living species or with recent fossil assemblages
{Ahlstedt 1983, Hartfield and Rummel 1985, Havlik
1983, Hoeh and Trdan 1984, Miller ¢t al. 1984,
MNeves and Zale 1982, Parmalee and Klippel 1982,
1984, Starnes and Bogan 1988, Stern 1983, Tavior
1985). Extirpations of sphaeriid faunae are far less
common, but have occurred (Mills e af. 1966,
Paloumpis and Starrett 1960}, Unlonacean assem-
blages in Indian middens near the upper Ohio River
yielded at least 32 species, while a 1921 survey of its
bivalve fauna yielded only 25 midden species and a
1979 survey, only 13 midden species in the same
area—indicating massive species extirpation (Tay-
lor and Spurlock 1982). Similar historical loss of
Indian midden species has occurred in the Tennes-

e -

. e
/Ec/n;;nmrio
.

Suggested site of q
S~ initial-introduction -

Figure 11.12 Distribution of the zebra mussel, Dreissena polymorpha in the Great Lakes of North America as

of May 1989,
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s
River Drainage (Parmaleg 1588, Parmalee ef. atlen
2823 Further evidence of the changing environ-
mentai conditions in the upper Ohio River is demon-
ated by the establishment of 15 unionmd species
eviously unreported from Indian middens or ear-
ler surveys {Taylor and Spurlock 1982).

Postulated canses for the massive decline in
orih American unicpacean populations are numer-
s. The freshwaler peariing industry can extirpate
eniire populations (Lavecock 1983), overfishing for
arls being a major factor in the recent decline of
e pearl mussel, Margaritifera magaritiferu in
Great Briain (Young and Willlams 1983a). Exten-
e artificial mmpoundments of drainage sysiems
ow flow velocity and subseqguent accumulation of
t causes reductions in mussel faunae (Duncan and
I‘hzei 1983, Parmalee and Klippel 1584, Starnes and
ogan 1988, Stern 1983). Impoundments may also
e-minate fish glochidial hosts (Mathiak 1979 or
srevent dispersal of glochidia by fish hosts (see ear-
discussion). They may alse damage downstream
nacean populations by releasing cold hypolim-
water (Ahlstedt 1983, Clarke 1983) or by induc-
1g major short-term oscillations in flow rate, either
#uring the bottom of suitable substrata for mussels
awing periods of high flow or causing prolonged
erial exposure of mussels during pericds of low
(Miller er «i. 1984). Channelization of drainage
ems for navigation or flood control is detnimen-
to unionaceans. Increased flow velocity and
peller wash elevate suspended solids, which in-

ption (Aldridge et al. 1987, Payne and Miller
987). It also reduces availabihity of stabilized sedi-
ts, sand bars, and low flow areas, ail preferred
nacean habitats (Hartfield and Ebert 1986,
ayne and Miller 1989, Stern 1983, Way er m’
aj).

7), urban Waste water effluents (sewage silt, pes-
es) {(Gunning and Suttkus 1985, St. John 1982,
es and Zale 1982), ér silt and acid discharges
>m mines (Taylor 1983, Warren er al. 1984) be-
e severely depauperate or totally extirpated.
advent of modern sewage treatment on the Pearl
r, Louisiana, allowed re-establishment of five
ionid species previcusly absent for at least 20
s (Gunning and Suttkus: 1985). :

ns. While environmental requirements are spe-
pecific, a number of generalities appear war-
. Sediment type clearly affects distribution
tterns. L/nionaceans are generally most success-
= stable, coarse sand or sand—gravel mixtures
re generally absent from substrata with heavy

re with mussel filter feeding and oxvgen con-

ollution adversely aﬁects bivalves. Mussel
& receiving industrial pollution (Zeto e al. -

Stern 1983, Way 27 of, 1990a). In the Wisconsin and
St. Croix Rivers only 7 of 28 unionid species oc-
curred in sand-mud sediments, the majority prefer-
ring sand-gravel mixtures. Only three species,
Anodonia grandis, Lampsilis anodontes, and L.
radiara, typically inhabited sand-mud substrata
(Stern 1982). In contrast, €. fluminea has much
broader sediment preferences, successfully coloniz-
ing habitats ranging froin bare rock through gravel
angd sand to sedhnents with relatively high silt loads
(McMazahon 1983a). Broad sedunent preference has
allowed this species to invade a wide vanety of
MNorth American drainage systems; however, its op-
timal habitat is well-oxygenated fine sands or
gravel-sand mixtures (Belanger er al. 1985).

in contrast t¢ unionaceans, species diversity in
the genus Pisidinm increases with decreasing parti-
cle size (Fig. 11.13A), becoming maximal at a mean
particle diameter of 0.18 mm (Kilgour and Mackie
1988). In southeastern Lake Michigan, Pisidium
density gnd diversity were maximal in very fine
sand-clay and sHi-clay sediments, while peak
Sphaerinm diversity occurred at somewhat larger
particle sizes (Zdeba and White 1985). These obser-
vations suggest differences m substratum prefer-
ence among sphaeriid genera, perhaps associated
with sediment oranic detritus feeding mechanisms m
Pisidium (see Section [I1.C.2).

Apparent differences in substratum: preferences.
may be assocmted with species-specific differences
in optimal water velocities. Unionaceans are most
successiul where water velocities are low enough to
allow sediment stability, but high enough to prevent
eXcessive siltation (Salmon and Green 1983, Stern
1983, Way er gl 1990a), making well-oxygenated,

‘coarse sand and sand-gravel beds optimal habitats

for riverine species. Low or variable velocities allow

silt accumulations that either. make sediments too -
soft for maintenance of proper position (Lewis and

Riebe! 1984, Salmon and Green 1983) or interfere
with filter fecding and gas exchange in unionaceans
(Aldridge et al. 1987). In contrast, periodic scouring
of substrata exposed to high flow velocities can both
remove substrate and mussels and prevent their suc-
cessful resettlement (Young and Williams 1983h).

"Sediment type did not affect the burrowing ability
of three lotic. unionid Species (A. grandis, Elliptio..... . .
" “complanata; and Lampsilis radiata) (Lewis and

ysical factors also influence bivalve distribu- .

Riebel 1 1984), suggesting that 1t is not‘involved in
substratum preferences. C. fluminea, with its rel-
atively heavy, rnidged shell and rapid burrowmng
ability, is better adapted for life in high carrent ve-
locities and unstable substrata than are most union-
aceans {(McMahon 1983a). Indeed, in the Tangipa-
hoa River, Mississippl, it successfully colonizes

.. silt-loads (Cooper-1984; - Salmonand Gresn 1583, T
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Figure 11,13 Sediment relationships in sphaeriid clam communities from sites along a depth transect in
Britannia Bay, Ottawa River, Canada. {A) Mean sphaeriid diversity (Shannon-Weaver d} values for various
sphaeriid communities in relation to mean sediment geometric particle size. (B) Mean sphaeriid density values
at various depths. Vertical bars about points are 93% confidence limits. Note increase in diversity with
decrease in mean particle size of sediments and maximization of density at depths of less thap one meter.

{Redrawn from data of Kilgour and Mackie 1988.)

unstable substrata from which umonaceans are ex-
cluded (Miller er al. 1986). In contrast to the major-
ity of unionaceans and C. fluminea, many sphaeriid
species occur in small ponds and the deeper portions
_of large lakes, where water flow is negligible-and the
substratum has both a high silt conient and a heavy
organic load. The preference of a number of sphaer-
1ds for low flow habitats and silty sediments may be
associated with, their interstitial sediment feeding

mechanisms, particularly in the genus Pisidium

(Lopez and Holopainen 1987) (see Section {i1.C.2).
Adult byssal thread attachment to hard substrata not
only allows D. polymeorpha to inhabit refatively high.
flow areas compared to other bivalves {the post-
veligor successfully settles at flow rates up to 1.5m/
‘sec.), but also makes 1t & highly successful epi-
- benthic species in lentic habitais characterized by a
preponderance of hard substrata from which native

‘North American s;SeCiE's are generally 'eiif}:}infuted '

{Mackie er al, 1989).

Water depth also affects freshwater bivalve dis-
tributions. Most species of unionaceans prefer shalk
Iow water habitats generally less than 4--10 m in
depth (Machena and Kautsky 1988, Salmon and
Green 1983, Stone et al. 1982, Way ¢t al. 1990a),
although some species can be fourd in the deepér

- regions.of lotic habitats‘if they are well oxygenated. .
C. fluminea is aiso restricted to shallow; nedr-shore

habitats in lentic waters (although the¥ ¢an be foind
m deeper waters if thev are well oxygenated) (Mc-
Mahon 1983a), as are the majority of Sphaerium and
Musculium species (Fig. 11.13B) (Kilgour and
Mackie 1988, Zdeba and White 1985). In contrast,
some species of Pisidium inhabit the profundal re-

gions of lakes (Holopainen and Jonasson 1983, Kil-
gour and Mackie 1988, Zdeba and White 1985; fora
review see Burky 1983). The depth distributions of
D. polymorpha vary between habitats; however,
adults are rarely found in great numbers above 2 m
and dense populations can extend to depths of 4—
60 m, but always cccur in well-oxygenated waters
above the epilimnion. Younger, recently settled in-
dividuals tend to migrate.toward. deeper water after .
settlement (Mackie e al. 1989).

The limitation of most bivalves (o shallow habi«
tats when they oceur in lentic waters may be associ-
ated with their relatively poor tolerance of hypoxia.
In lentic habitats, waters below the epilimnion are
often depleted of dissolved oxygen. As with the vast .
majority of unionaceans Sphacriym and Musculivm

. species {(Burky 1983) and " fluminea (McMabhon

1983a) cannot maintain normal rates of Oy uptake =
tinder severeiy hypoxic conditions. Thus, they are’

mostly restricted to shallow, well- oxygenated habi-
tats. In contrast many species of Pisidinm are eX-
treme regulators of Voz- when hypoxic {see Burky-
1983 and references therein), allowing them to in-
habit the deeper hypolimnetic regions of lakes where
summer ambient O, tensions fall to near zero ievels
(Holopainen 1987, Holopainen and Jonasson 1983,

- Jonasson 1984a; 1934b). However, during'summer -

hypemc peridds, growth and rf:preduction are re-

~tarded in profundal Pisidium populations, indicating

that low oxygen tensions ¢an have deleterious ef-
fects on even hypoxia-tolerant species (Halopainen
and Jonasson 1983), Hypoxia-intolerant C. fluminea
mvaded the profundal regions of a small lake oniy
after artificial aeration eliminated hypoxic hypolim-
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ic waters. (Mc}viahgn 1983a). Sewage- induced hy—
xia in the Pearl River, Louisiana, eliminated its
unionid fauna (Guoning and Suttkus 1985). Hven
iohly hypoxia-tolerant profundal Pisidiid commu-
ies have been exterminated by extreme hypoxia
induced by sewage effluents (Jonasson 1984a). The
low tolerance of most Unionaceans to even moderate
poxia (Burky 1983} renders them highly sucep-
le to wastewater rejease, a factor implicated in the
decline of North American faunae.

Ambient pH does not greatly limit the distribution
freshwater bivalves. The majority of species
prefe; alkaline waters with the pH above 7.0; spe-
ies diversity declines in mere acidic habitats (Ok-
d and Kuiper 1982). However, unionaceans can
@row and reproduce over a pH range of 5.6-8.3, a
pH of less than 4.7-5.0 being the absolute lower
it (Fuller 1974, Hornbach and Chiiders 1987, Kat
2, Okland and Kuiper 1982). Some sphaeriid spe-
cies are relatively insensitive to pH or alkalinity.
=0 differences in species richness or growth and
roduction occurred in sphaeriid fauna from
six lakes of extremely low alkalinity relative to
those with higher alkalinity levels (Rooke and
ackie 1984a, 1984b, Servos o7 gf. 1983). Maximal
oratory growth and reproduction in Musculium
partumeium occurred at pH 5.0, suggesting adapta-
n of this species to moderately acidic habitats
ornbach and Childers 1987).

Habitats of low pH generally also have low cal-

ell penetration occurs (Kat 1982). Sphaeriids have
been reported from waters with calcium concentra-
ns as low as 2 mg Ca/liter, while. the unionid
Iiptio companata occurs in lakes with 2.5 mg
Caf/liter (Rooke and Mackie 19843) Freshwater bi-
slves can actively take up Ca®" from the me-
m at concentraticns as low as 0.5 mM Ca/liter
7.02 mg Casliter, see Section ILA.1), a level far
below the minimal tolerated ambient Ca%™
tions ‘of 2-2.5 mg/liter. Thus, mimmal environ-
nizal calcium limits are much greater than those
allowing active Ca?” uptake. As such, the minimum
bient calcium concentration tolerated by fresh-
ter bivalves appears to be the concentration at
which the rates of calcium uptake and deposition to
he shell exceed the calcium loss rafe from shell
solution. and. diffusien, allowing maintenasnice of

shell deposition and dissolution rates (.. fempera-
¢, pH, and calcium concentration), the minimatl
cium concentration and/or pH tolerated by a spe-
cies may vary greatly between habitats dependent
7 interacting biotic and abiotic parameters and are
en species specific. Waters with low calcium con-

q1m concentrations. Low pH leads to-shell dissolu- .
n and eventual mortality in older individuals if -

concen-

i integrity and growth. As many- factors affect

ceatrations usually have jow concentrations of other .

mbmioszcaﬂy important lons, making them inhospi-

tabie to bivalves even if calcium concentrations are
suitable for maintaining shell growih.,

Temperature influences i}zvalve species distribu-
tions; species have specific upper and lower limits
for survival and reproduction (Burky 1983). For ex-
ample, Intolerance of -temperatures below 2°C
prevents C flumineq from expanding into drainages
in the north ceniral United States, which reach O°C
i winter (Fig. 11.11) {(Counts 1986, McMahon
1983a). This results in massive low temperature win-
ter kiils in populations on the northern edge of its
range (Cherry ef af. 1980, Sickel 1986). Thus, C.
HAuminea populations north of the 2°C winter water
temperature isctherm are restricted to areas receiv-
ing heated effluents (Counts 1986, McMahon 1982,
1983a}). In contrast, the maximal temperature for the
development of I, polvmorpha eggs is 24°C and for
larval development, 25°-27°C (Mackie e al. 1989).
Such temperature maxima make this species un-
likely to colonize drainage systems in the extreme
southern and southwestern United States where am-
bient swmmer water temperatures routinely reach
30°-32°C.

Water level variation can affect bivalve distribu-
tions. Declining water levels during droughts or dry
pericds expose relatively immotile bivalves for
weeks or months to air. Some species are adapted to
withstand prolonged emersion, while others are
amersion-intolerant (McMahon 1983a) (see Section

-H.C.4) Thetendency for restriction of many bivalve
. popnlations to shallow near-shore waters makes

them highly susceptible to emersion-when water lev-
els decline. Many sphaeriid species-and a few union-
acean taxa are highly tolerant of air exposure and
thus able to survive prolonged seasonal emersion in
ephemeral or variable Jevel habitats (Burky 1983,
White 1979). These species display unique adapta-
tions to emergence described in Section 11.C.4.

" Freshwater bivalve distribution is also related to
stream size or order. The number of unionacean
spécies in drainage systems in Southeastern Michi-

- -garyincreased proportionately with the size of the

drainage area; this' was mainly in response to species
additions {Strayer 1983) (Fig. 11.14), However, vari-
ation in species richness could not be completely
accounted for by drainage area size {note the high

-degree of variation in species richness values atspe- -

“cific: drainage area values in Fig! 11.14). This stig-

gests that other environmental variables may affect -

mussel distribution patterns. Among these are sur-
face geology and soil porosity, Porous soils retain
water, buffering runoff so streams draining them
have relatively constant fiow and are rarely dry.
Therefore, they support greater numbers of mussel
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Figure 11,14 Unionid mussel species richness (total num-
ber of species present at a particular site} as a function of
stream size measured by its total drainage area in km? in
southeastern Michigan, United States. Numbers next to
points indicate the number of observations falling on that
point. The relationship between drainage area and mussel
species richness was statistically significant {r = 0.68, P <
0.001}. (Redrawn from Strayer 1983.)

species than streams draining soils of poor water
infiltration capacity, whose drainages are prone to
flooding—drying cycles. In such streams, exposure
of mussels to air or low oxygen in stagnant pools
during dry periods, and bottom scouring and high
siit Ioads during floods all induce mortality, reducing

“species richness {Strayer 1983). Indeed, the stability -

- of water flow, high O, concentrations, réduced risk
of flooding, and reduction of silt loading associated
with larger stream size appear to account for the
increased bivalve species richness associated with
them (Fig. 11.14) (Strayer 1983). However, some
uniopacean species, such as Amblema plicata, are’

adaptated to small, variabie flow streams and, in

southeastern Michigan, occur almost exclusively in
- such habitats from which other unionaceans are vir-
mally excluded {Strayer 1983).

B. Repmd&@cﬁoa and Life ﬁ.ésmry

North American freshwater bivalves display ex-
traordinary variation in life history and reproductive
adaptations. Life-history traits (e.g., those affecting

YGprOdUCIEOﬁ and survival, inclading. gmwth fecun-

“dity, life span, age to maturit v, and population ener-
getics} have been reviewed for freshwater molluscs
(Calow 1983, Russell-Hunter and Buckiey 1983) and
specifically for freshwater bivalves {(Burkey 1983,
Mackie 1984, Mackie ef al. 1989, McMahon 1983a).
Most research on life-history traits involves the
Sphaeriidae, with a paucity of information for union-
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life histories because of their greater abundances,
ease of coilection and laboratory maintenance, rela-
tively simple bermaphroditic life cycles, ovovivi-
parity, semelparity, release of completelv formed
immature adults, and relatively short life spans. In
contrast, unionaceans are more difficult subjects for
life-history studies because they are gonechoristic,
long-lived, interoparous, often rare and difficult te
collect, and have life cycles complicated by the par-
asitic glochidial stage. The life-history traiis of C.
Auminea and D. polymorpha have been mtensely
studied due to their invasive nature and economic
importance as fouling organisms (Mackic ef al. 1989,
McMahon 1983a).

2. Unionacea

The life-history characteristics of freshwaler union-
aceans are clearly different from those of the sphaer-
fids, C. fluminea or D. polymorpha (Table 11.2). The
majerity of unionid species live in large, stable
aguatic habpats where they are generally buffered
from pericdic catastrophic population reductions
that are typical of smaller, unstable aquatic environ-
ments (see Section 1II.A). In such stable habitats,
long-lived adults accummlate in large numbers
(Payne and Miller 1989), which can lead to compe-
tition for space and food. A few species preferen-

_ tially inhabit ponds (Burch 1975b), but their life his-.
tory iraits have not been studied.

An unportapt aspect of the unionacean hfe- _
history traits is their unigue parasitic larval Stage .

the glod’udlum (¥ig. 11.15B). With the single excep- .

tion of Simpsonichoncha ambigua, whose glochidial
host is the aguatic salamander, Necturus maculo-
sus, all other North American unionaceans have glo-

.chidia that parasitize fish. The significance of the

glochidial stage .to unionacean reproduction has.

- been reviewed by Kat (1984). Details of-glochidial

incubation and development in outer demibranch

. marsupial brood pouches were described previously

in Section I1.B.5. The glochidium has a bivalved
shell adducted by a single muscle. Its mantle con-
tains sensory hairs. In the genera Urio, Anodonia,
Megalonaias, and Quadrula, a long threadlike struc-

. ture projects from the center of the mantle tissue
‘beyond the ventral edge of the valves. lts. functionis. . .. .

_ unknown, but it may be involved with. the detect;on R
_of and/or attachment to, fish hosts, '

There are three general forms of glochidia. In the
subfarmuly Anodontina, *‘hooked glochidia™ occur,
with triangular valves from whose ventral edges
project an inward curving hinged hook covered with
smaller spines (Fig. 11.158). On valve closure, the
hooks penetrate the skin, scales, or fins of fish hosts
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bl 1.2

Unionacea, Sphaerudae, Corbicula fluminea, and Dreissena polymorpha

- Summmary-of the Life History Characteristics.of Morth American Freshwater Bivalves i bl i i

Life History Corbicula Dreissena
Trait” Unionacea Sphaerfidae Juminea poelymorpha
Life span < &2 100 yr < 1-> 5 yr (species 1-5vr 4-7 y1
(species dependent)
dependent)
Age at Matunity (vr) 612 yr = 0.17-< 1.0¥yr 0.25-0.75 yr 1-2 vt
{1 yrin some
species)

Reproductive Mode Gonochoristic Hermaphroditic Hermaphroditic Gonochoristic
(a few ‘
hermaphroditic
species)

Growth Rate Rapid prior to Slow relative to Rapid throughout Rapid throughout
maturity, slower Unionids or C. life life
thereafter fluminea

Fecundity (young/
average adult/
breeding season)

Pays (Mean
standing crop
. biomass ; biomass
 production/day
" ratio-

200,0600~17,000,000

3-24 (Sphaerium)
2-136 (Musculium)
37 (Pisidium)

Juvenile size at Yery small Large 600-4150 um
Release 50-4001.m

Relative Juvenile Extremely low High
Survivorship

Relative Adult High Intermediate
Survivorship

Semelparous/ Tteroparous Semelparous or
lteroparous iteroparous

Mo. of 1 1-3 (continuous in
Reproductive some species)
Efforts/Year

Assimilated Energy - 21-91% (avg. = 43%)
Respired (%)

. Nowespired Energy 83.2-97.5 65-96% (avg. = B81%)
~in Growth (%) o . o
Nonfespired Enérgy 2.8-14.8 4-35% (avg. = 199

in Reproduct;on . '
(%) ' R
Turnover Time in - 17962849 27-1972{generally <

80)

35,000

Very small 250 wm
Extremely low
Low 2-41%i{vyr

Generally

iteroparous
"
>

11-42%

38-T1% ...

1%

73-91

30,000-40,600/
femnale

Fxiremely small
40-70 pm
Extremely low

Intermediate
26--88%/yr
Iteroparus

1 (28 months
long)

C e 86.1%
4.9%

53869 {dependent

on habitat)

| a%ee text for '!:m:ramm citations for data on which this table was based. .

altowing glochidial attachment and encystment on

host external surfaces. The majority of North
American unionaceans produce “hookless glochi-

dia,” characterized by more rounded valves bearing

reinforcing structures and/or a series of small spines

or stylets on their veutral margins. These _gener-

ally attach and encyst on the gills of fish hosts.
““Axe-head glochidia’ of the genus Proptera havea
distinctly flared ventrai valve margin, and near-
rectangular valves which may have hooklike struc-
tures on each corner. Their host attachment sites are
unknown (Kat 1984),

(lochidia initially attach to fish hosts by clamping

{or snapping) the valves onto ﬁﬁb scales and/ or gill
filaments. Glochidia do not appear to be host-
specific in attachment; rather, they attach to any fish
they contact (Kat 1984). Released glochidia display.
snappiﬁﬂ behavior (i.e., host attachment behavior),
whereby valves are’ penodlcaiiy rapldly and repeat:
edly opened and shut. Valve snapping by M. mar-
garitifera glochidia is greatly stimulated by the
presence of mucus, blood, gill tissue, or fins of their
brown trout host, but not by water currents or direct
tactile stimulation (the latter causes prolonged valve
closure) (Young and Williams 1984a). This suggests
that glochidia use chemical cues to detect and attach
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Figure 11.15 Anatomic features of freshwater bivalve larval stages. (A) The D-shaped juvenile of Corbicula
fuminea, the freshwater Asian clam (shell lepgth = 0.2 mm). {(8) The glochidium larva of unionids, which is
parasitic on fish. Depicted is a glochidium of Anodonta characterized by the presence of paired spined hooks
projecting medially from the ventral edges of the shell: not all unionid species have glochidia with such hooks
(50400 um 1n diameter depending on species. (C) Lateral and anterior views of the free-swimming, plank-
tonic, veliger larva of Dreissena polymorpha, the zebra mussel; the veliger is 40~290 um in diameter and uses
the ciliated velum to swim and feed on phyteplankton. The juveniles of freshwater sphaeriid species are iarge
" and highiy developed havmg essenuaﬂy aduit features at birth (Figs. 11.2A. and 11.4A}. -

to host fish. Fuller (1974) provided an extenswp hst
of suitable fish hosts for the glochidia of many union-
acean species,

Glochidia encyst in host tissues within 2--36 hr of
attachment and may or may not grow during en-

cystinent, depending on the species. The time to.
juvenile metamorphosts. and- excysiment -is also ”

species-dependent, ranging from 6-160 days;
however, it is reduced at higher temperatures (Kat
1984, Zale and Neves 1982). Unsuitable host fish
reject glochidia, sloughing them off after encystment
(Kat 1984), with the fish blood serum components
apparently dictating host suitability (Neves er al.
1985). As glochidia attach readily to unsuitable hosts
(Kat 1984, Neves et af. 1985, Trdan and Hoeh.1982),

host suitability appears to be more dependent on fish -

unmunity mechanisms than on glochidial host recog-
nition. Indeed, even suitable host fish can reject
glochidia. Prior to metamorphosis, the number of
glochidia of M. margaritifera encysted on a natural
population of brown trout declined, suggestive of
host rejection (Young and Williams 1984b). In the
laboratory, only 5-129% of M. margaritifera glochi-

dia that successfully encysted. in- appropriate-host
fish actually completed development to the point of
excystment as free-living juveniles, indicating host
rejection of most encysted md,vrduais (Voung and
Withams. 1984a). . '
Unionaceans display a number of adaptanons .
that increase the likelthobd that glochidia will come

into contact with fish hosts (Kat 1984). Glochidial

release occurs once per year; but the duration of
release is species dependent. Cycles of gameto-
genesis and glochidial release may be controlled by
neurosecretory hormones (MNagabhushanam and
Lomte 1981). Tachytictic mussels are short-term

‘breeders, whose glochidial development and release

take place between April and August; in many of -
these species, shedding of glochidia” correésponds”
with either migratory periods of anadromous fish®
hosts, or the reproductive and nesting periods of
host fish species. The fish hosts of these species
often construct nests in areas where unionacean
populations are the most dense. Residence of adult

unionaceans on host nesting sites, host nest con-

stroction by fanming away of substrata, and the fan-

Tt L R o ey e R
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“ nidg of developing enibryos in Hests wll provide opt-""

mal conditions for glochidial-host contact and
encystment. Thus, a high proportion of nest-
building fish species, such as centrarchids, are com-
mon hosts for North American unionaceans (Fuller
1974, Kat 1984). In contrast, bradytictic unionacean
species refain developing glochidia in gill marsupia
throughout the year, releasing them in summer (Kat
1984). .
When shed from adult mussels, glochidia are gen-
erally bound together by mucous into discrete pack-
ets, which either dissolve (releasing glochidia) or are
maintained intact as discrete glochidial “‘con-
glutinates”’ of various species-specific forms and
colors. Glochidia with attachment threads (Fig.
11.158) are released in tangled mucus threads, form-
ing loosely organized webs that dissolve relatively
rapidly. Many of these glochidia possess hooks and
attach to the external surfaces of fish hosts. In some
unionaceans, such mucilaginous networks of glochi-
dia persist, suspending glochidia above the substra-
tum, thus enhascing the possibility of host contact.
Unionids with hookless glochidia that attach to
fish gills may release conglutinates that mimic the
vermiform food items of their fish hosts, and thus
resemble brightly colored oligochaetes, flatworms,
or leeches. Some species hold their vibrant, worm-
like conglutinates partially extruded from the exha-
lant siphon, making them more obvicus to fish hosts.
Lonsumption of such conglutinates releases glochi-
- dia within the buccal cavity of the fish, where they
can be carried directly onto gill filament attachment
sites by respiratory currents.

The most upusual form of unionid host food mm-
icry involves use of pigmented muscular extensions
of the mantle edges in female lampsilids. These man-
tle flaps (Fig. 11.16} resemble the small fish prey of
their piscivorous fish hosts. Gravid females extend

the posterior shell margins well above the substra- -
- tum-and ‘peniodically pulsate- the mantle flaps ‘to -

misnic a small; actively swimming fish. When a fish
-attacks these mantle flap lures, glochidia are forcibly
released through pores in the posterior portion of the
marsupial gill (often projected between the mantle
flaps, Fig. 11.16) assuring glochidial contact with the
fish host {Kat 1984).

As the glochidia of some species do not grow

. while encysted, the degree to which they are para- .
~sitic on fish hosis has been questioned. However,

recent in vitro glochidial culture experiments sug-
gest that glochidia both absorb organic molecules
from fish tissues and require fish plasma for develop-
ment and metamorphosis (Isom and Hudson 1982) in
a true host-parasite relationship.

Az in other parasitic species, glochidia are shed in
huge numbers to ensure the maximum potential for

HOEL Gontatt Bnd AHachmient. Fectindity in union. TR

aceans is reported to range from 200,000-17,500,000
glochidia/female/breeding season- (Parker er al
1984, Paterson 1983, Paterson and Cameron 1985,
Young and Williams 1984b). Nonetheless, chances
for glochidial survival to metamorphosis are ex-
tremely small, In a patural population of M. mar-
garitifera that does not produce glochidial con-
ghutinates, only 0.0004% of released glochidia
successfuily encysted in fish hosts. Of these, only
5% were not rejected before full development and
excysiment; and, of those successfully metamor-
phosing, only 5% successfully became established
as juventes in the substratum (Young and Williams
1984b). Thus, overall, only 1 m every 100,000,000
shed glochidia became settled juveniles. High glo-
chidia] mortality makes the effective fecundity of
unionaceans extremely low, which is not unusual for
a species in a stable habitat. Based on these data and
the fecundity ranges listed in Table 11.2, only 0.002~
0.17 juveniles from each female unionacean’s annual
reproductive effort would successfully settle in the
sedirnent. Therefore, the main advantages of the
parasitic glochidial stage appear to be directed dis-
persal by fish hosts into favorable habitats (Kat
1984 and utilization of fish host energy resources by
glochidia to compiete development to a juvenile size
that is large enough to complete effectively for lim-
ited resources after setilement in adult habitats, Uti-

lization of fish hest energy stores by glochidia
..prevents their direct competition with adults for lun-

ited food and space resources during early develop-
ment, as occurs in juvenile corbiculaceans and D,

. polymorpha. Glochidial parasitism of fish.hosts also

allows female unionaceans to devote relatively small
amounts of nonrespired, assimilated energy to re-
production (2.8—14.5% of total nonrespired, assimi-

lated energy), leaving the majority {or somatic tissue

growth (Table 11.2) (James 1985, Negus 1966,
Paterson’ 1985}, This allocation of a high proportion

_of energy to tissue growth is characteristic of species .

adapted to stable habitats. As unicnaceans are long- -
lived and highly iteroparous, with greater than 6-10
reproductive periods throughout life, allocation of
the majority of nonrespired energy to growth in-
creases the probability of adult survival to the next
reproductive pericd. Increased growthi rate and re-
duction.of reproductive effort increases the ability to

- gompete and reduces the probability of predation - :

and/or mortality that is associated with reproductive
effort or removal from the substratum during pe-
riods of high water flow. All of these characteristics
tncrease fitness in stable habitats (Sibly and Calow
1586).

In the majority of unionaceans, the greatest shell
growth occurs in mmature individuals in the first
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MANTLE FLAPS
{Forming Lura)

MANTLE EDGE

Figure 11.16 The modified mantle flaps of a female specimen of Lampsilis ventricosa, which mimic the smail
fish prey (note eye spot and lateral line-like pigmentation) of the predatory fish species that are hosts to the
glochidia of this species. The posterior portions of the marsupial outer demibranchs are projected from the
-mantle cavity to lie between the mantle flap lures. When the mantle flap lures are disturbed by ai attacking fish,
- glochidia are released through pores in the marsupial gill ensuring maximal contact with the fish host Mantle
flap Jures are characteristic of the unionid genus Lampsilis. .

~ four years of life (Fig. 11.17A). Indeed, relative shell
growth rate in yYoung unionids is greater than in
sphaeriids or even the fast-growing species, C. flu-
-minea and D. polymorpha (Table 11.2). In union-
aceans, the shell growth rate declines exponentialty

- with -age, but the rate of tissue biomass accumu- -

lation remains constant or actually increases with
age (Figs. 11.17A, B; see also Houkioja and Hakala
1978). Thus, early in life, increases in shell size and
biomass occur preferentially over tissue accumu-
lation; whereas after maturity (> 6 yr), shell growth
slows and tissue is accumulated at a proportionately

higher rate. The delayed maturity of unionids (6—
12 yr, Table 11.2) allows all available nonrespu'edr

. assimilation to be devoted to growth earIy i life.

Once mature, large adult unionaceans dJsplay'

high age-specific survivorship between annual re-
productive efforts, being 81-86% in 5-7 year old
Anodonta anatina (Negus 1966) and generally
greater than 80% in mature M. margaritifera (12~
90 yr) (Bauer 1983). High adult survivorship, long
life spans, and low juvenile survivorship of union-

aceans accounts for the pfepﬁnderance of large adult
individuals in natural populations (Bauer 1983,
James 1985, Negus 1966, Paterson 1985, Paterson

-and Cameron 1985, Tevesz er al. 1985}, Populations
dominated by aduits -are characteristic of stable;
- highly competitive habitats (Sibly and Calow 1986).

The preponderance of large, long-lived aduits in
unionacean populations canses them to be charac-
terized by high propertions of standing crop biomass
relative to biomass production rates. This relation-
ship between standing crop biomass and biomass
production rate can be expressed as turnover times,
the time in days required for'the population produc-

-tion of biomass to be equivalent to the average popu- - =+

lation standing Crop biomass.” Such mmover times E

~can be computed i days as- the average standing

crop of a population divided by its mean daily pro-
ductivity rate (Russell-Hunter and Buckley 1983).
Turnover times have been based on dry weight, or-
ganic carbon, or nitrogen biomass units or energetic
units in studies of freshwater molluscs (Russeli-
Hunter and Buckley 1983). Long-lived unionids,
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Figure 11.17 The shell and tissue growth of selected species of unionids (Arodonta anatina, open circles,
Unio pictorum, open squares; Unio tumidus, open triangles; Elliptio complanara, solid circies; and Anodonia
. cataracta, sobid squares). {A) Mean shell length increase with inereasing age over the entire life span of each

species.. (B) Mean dry tissue weight increase with increasing age over the entire life span of each-species. . . . .

Note that increase in shell length declines with age in most species, while dry tissue weight increases either
linearly or expcmentmlly with age. [From data of Negus (1968}, Pa{erson {1985}, and Paterson and Cameron |

(1985)].

w1ih populatxoﬂs dommated by large aduits have
extremely long turnover times ranging from 1790
2849 days (computed from data in James 1985,
. Negus 1966, Paterson 1985) compared with-sphaer-
itds (271972 days), C. fluminea (73-91 days), or .

polymorpha (53-869 days) (Table ‘11.2): Such ex- -

tended turpover times are characteristic of long-
lived, iteroparcus species from stable habitats
(Burky 1983, Russell-Hunter and Buckley 1983}

In only one aspect do unmionaceans deviate from
the life-history traits expected of species inhabiting
stabie habitats and expetiencing extensive compe-
tition. That is in the production of very large num-

- bers of very small voung (glochidia).- However, as.
- described-earlier, -this is essentially an adaptation -
that ensures a sufficiently high probability of glochi-
dial contact with appropriate fish hosts to maintain
adequate juvenile recruitment rates. Accordingly,
those species producing conglutinates that resemble
fish host prey items bave a higher probability of
glochidial-host contact and, thus, produce fewer
and larger glochidia. M. margaritifera releases very

smali, fre’e-liviﬁg glochidia and has e'x{raordinafﬂy
high fecundities (up to 17,000,000 glochidia/female)
(Young and Williams 1984b), while species with
conglutinates mimicking host prey items have tmuch
ower fecundities 1(200,000-400,000 glocmmaf’few

- male) and larger glochidia (Kat 1984y,

Extended life spans, delayed maturity, low effec-
tive fecundities, reduced powers of dispersal, high
habitat selectivity, poor juvenile survival and ex-
tracrdinarily long turnover times make unionaceans
highly susceptible to human perturbations. Because
of these life-history traits (particularly Eozig life
spans and low effective’ fecundities), unionacean
populations do net recover rapidly-once decimated

by pollution or other- humau-medlated habitat distur-

bances (see Section ITL.A). Successful settlement of
Jjuveniles appears to be particularly affected by such
disturbance, with population age-size structures
marked by periods when entire annual generations
are not recruited (Bauer 1983, Negus 1966, Payne
and Miller 1989). Disturbance-induced lack of juve-
aile recruitment raises the specter of many North
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of slowly dwindling numbers of long-lived adults
destined for extirpation as poliution or other distur-
bance prevents juvenile recruitment to aging popula-
tions.

2. Sphaeriidae

The Sphaeridae display great intra- and interspe-
cific variation in life-history characteristics (for re-
views see Burky 1983, Holopainen and Hansk: 1986,
Mackie 1984, Way 1988). Like unionaceans, their
life-history traits do not fall neatly into suits associ-
ated with life in either stable or unstable habitats.
Instead, they are a mixed bag, inchiding the short
Itfe spans, early maturity, small adult size, and in-
creased energetic input to reproduction associated
with adaptation to unstable habitats, and the slow
growth, low fecundity, and release of extremely
large, fully developed young associated with adapta-
tion to highly stable habitats (Sibly and Calow [986)
{Table 11.2). Sphaeriids are very euryoecic, with
some members inhabiting stressful habitats such as
periodically drying ephemeral ponds, and small
streams prone to flash floeding and drying while
others live in highly stable, profundal lake habitats
(Burky 1583}. [Here 1 attempt to generalize the life-
history traits of sphaeriids within adaptive and evo-
Iutionary frameworks. However, the degree of inter-

. and intraspecific life-history variation within this .-

‘ grozzp 13 such that for every generality drawn, spe-
cific exceptions can be cited.]
~'Of prime importance in understanding sphaeriid

* life-history traits is their ovoviviparous mode of re-

production. All species brood developing embryos
in specialized broed chambers formed from evagi-
nations of the exhalant side of the inner demibranch

gill flaments. Maternal nutrient material is supplied - -

to embryos. deve;{}ping in-marsupia allowing consid-

_erable growth during development and release as” -

fully formed miniature adults (see Section I1.B.S).
Thus, even though the sphaeriids have the smallest
adult sizes of all North American freshwater bi-
valves, they release, by far, the largest young
(Mackie 1984, Burky 1983). Based on data for 13
species, average birth shell length in sphaeriids
ranges from 0.6--4.15 mm (Burky 1983, Holopainen
and Hanski 1986, Hornbach and Childers 1986,

" Hornbach et al. 1982, Mackie and Flippance 1983a)
making them much larger than unionacean glochidia -

(0.05-0.4 mm), juveniles of C. fuminea (0,25 mm),
or veliger larvae of D. polymorpha (0.04-0.07 mm)
(Table 11.2). Based on these shell length values,
newborn sphaeriids have 3.4 to 2.1(10%) times
greater biomass than recently hatched individuals
of other groups. Ratios of maximum adult shelf
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sphaeriids range from 2.8:1 to 5.4:1, suggesting
that newly released juveniles have biomasses that
are 0.6-4.6% of the maximum adult biomass, There
is a significant direct relationship between these two
parameters, shown in Fig. 11.18.

The extremely large size of their offspring greatly
reduces the fecundity of sphaeriids. Published
values for average clutch sizes range from 3-24
young/adult for Sphaerium, 2-136 young/adult for
Musculinm, and 1.3-16 young/aduit for Pisidium
(Burky 1983, Holopainen and Hanski 1986). Even
with reduced fecundity, the biomass of the large
juveniles produced requires allocation of relatively
larger amounts of noorespired energy for reproduc-
tion (X = 199, for a review see Burky 1983) com-
pared to gither unionaceans (< 14.89), C. fluminea
(15%3}, or D. polymorpha (4.9%) (Table 11.2). As
developing juveniles have relatively high metabolic
rates (Burky 1983, Hornbach 1985, Hornbach et al.
1982) and are supported by energetic transfer from
adults (Mackic [984), estimates of reproductive
costs based solely on biomass of released juveniles

{mem}
) £
T

SHELL LENGTH uat BIRTH

P | -
4 2 1z - 18 20

MAXIMUNM SHELL LENGTH {mmj

Figure 11,18 The relationship between shell length (SL)
of juveniles at birth and maximal SL of adidts for 13

species of sphaeriid Teshwater clams. Note that juvenile e
birth length increases lineasly with maximal adult size, .

suggesting that adult-size may limit fuvenile birth size in -
sphaeriids. The solid line represents the best fit of a linear
regression relating birth size to maximal adult size as fol-
lows: Birth SL. in mm = 0.0387 + 0,236 (maximal adult SL
immm) (7 = 13, r = 0,935, F = 76.3, P < 0.0001). {Data
from Holopaines and Hanski (1986), Hornbach and
Childers (1986), Horubach e al. {1982}, and Mackie and
Flippance (1983a).}
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Life history hypotheses would predict the low
fecundity and large birth size characteristic of
sphaeriids to be adaptations maximizing fitness in
stable habitats. However, the majority of sphaeriid
species mhabit highly variable small ponds and
streams or the profundal portions of large lakes sub-
ject to summer episedes of prolomged hypoxia
(Burky 1983, Holopainen-and Hanski 1988), Burky
(1983) and Way (1988) have argued that while such
habitats appear unstable, the harsh conditions asso-
ciated with them are seasconally predictable, making
them, in reality, stable. Thus, sphaeriid species in-
habiting them have evolved adaptations preventing
catastrophic population reductions during season-
ally predictable epidoses of environmental stress
(see Section 11.C). This allows populations to reach
carrying capacity and has lead to sclection of life-
history adaptations generally associated with the -
tense intraspecific competition that is characteristic
of life in stable habitats.

Seasonal episodes of water level fluctuation and
hypoxia can more severely impact smalier individ-
uals. Thus, production of large, well-developed ju-
veniles by sphaeriids may increase their probability
of surviving predictabie epidsodes of environmental
stress. As such stresses can cause high adult mortal-
ity (Burky er al. 1985b, Holopainen and Jonasson
1883, Hornbach et al. 1982, Jonasson 1984b), fitness
would also be increased by devoting greater pro-
portions of nonrespired assimilation to production
of greater numbers of young in any one reproductive
effort, as chances of adult survival to the next re-
production are low. Thus, sphaeriids as a group de-
vote relatively higher proportions of energy to re-
- production than do other freshwater bivalves
(Burky I983) (Table 11.2}., This combination of r
selected and K-selected traits, allowing optimiza-

“tion of fitness in habitats subject to periodic, predict-"
able stress as displayed by sphaeriids, is a life-

history strategy referred to as bet hedging (Stearns
1977, 1980).

The early maturation that is charactenstlc of
many sphaeriid species (Burky 1983, Holopainen

...and Hanski 1986) (Table 11.2) is also adaptive, as it -

allows reproduction to occur before onset of sea-

sonal episodes of environmental stress. This traif is.

displayed by sphaeriid:species inhabiting ephemeral

ponds and-streams. These species are characterized =

by rapid growth, early maturity, and reduced num-
bers of reproductive efforts. Thus, Musculium
lacustre, Pisidium clarkeanum, and P. annandalie
from temporary drainage furrows in Hong Kong live
less than one year and have only one or two re-

“pradictive efforts Qdorion 1985, 15

eral pond povulation of Musculium partumeium
had a Life span of one year, was semelparous, re-
produced just prior to pond-drying, and devoted a
relatively large proportion of nonrespired assimi-
lation (18%) to reproduction (Burky er al. 1985b).
Ephemeral pond populations of M. lacusire are sim-
darly univoltine and semelparous, devoting 19% of
nonrespired energy te reproduction (Burky 1983), -
Sphaerium striatinum, I a population subject to
periedic stream flooding, had life spans of one year
or less and reproduced biannually (Hornbach et al.

1982}, devoting 16.1% of nonrespired assimilation to

reproduction (Hornbach er @i, 1984a). In contrast,

when populations of these species occur in more

permanent habitats, they become bivoltine, re-

producing in both spring and fall. Spring generations

are itercparcus and reproduce in the fal} and follow-

ing spring; whereas fall generations are semeiparous

and reproduce only in the spring (Burky 1983, Burky

et al. 1985b).

Some species of Pisidium live in the deeper, pro-
fundal portions of larger, more permanent lentic
habitats where they are subjected to hypoxia after
formation of a hypolimnion. A number of Pisidium
species tolerate these hypoxic periods (see Section

.3, Burky 1983, Holopainen 1987, Holopanen
and Hanski 1986, Holopainen and Jonasson 1983).
As profundal species are tolerant of prolonged hy-
pexia, such environments are more stable than-small
ponds and streams, although. they are far less pro-
ductive, reducing food availability (Holopainen and
Hanski 1986). Thus, sphaeriid populations in pro-

fundal habitats display much different life-history - -

strategies than those in small ponds and streams
(Burky 1983, Holopainen and Hanski 1986). Pro-
fundal populations display reduced growth rates,
longerlife spans of 45 yr; delayed maturation'often -
exceeding one year, high levels of interoparity, and

“univoltine reproductive patterns (Holopainen and
Hanski 1986), all life-history traits characteristic of

more -sitable habitats (Sibly and Calow  1988).
Hewever, shallow-water and profundal populations
of the same species of Pisidium may display quite -
different life-history tactics. Compared to profundal
populations, shallow-water populations of the same -
species grow more rapidly, mature earlier, have

. shorter life spans, and tend toward semelparity

(Holopainen and Hanski 1986), all life-history traits

-associated with unstablé habitats (Sibly and Calow

1986). As pisidiids have well-developed dispersal
capacities, it is unlikely that the broad variation in
the life-history tactics of populations of the same
species occupying different habitats primarily re-
sults from genetic adaptation to specific microha-
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to represent environmentally induced, nongenetic,
ecophenotypic plasticity. This wide inter- and intra-
population plasticity in life-history traits is reflected
in the highly variable turnover times reported for
sphaeriids (271972 days, Table 11.2).

The growth rates of freshwater bivalves are
highly dependent on ecosystem productivity. Fopu-
lations from preductive habitats have greater levels
of assimilation and thus allocate greater absoluie
amounts of nonassimilated energy to growth (Burky
1983). Shallow, freshwater habitats are usually
highly productive, warm, and rarely oxygen-limited;
therefore, they support higher growth rates. Con-
versely, profundal environments are less produc-
tive, cooler, and often oxygen-limited, leading to
lower bivaive growth rates. Since sphaeriids mature
to a species-specific size irrespeciive of growth rate
(Burky 1983, Holopainen and Hanski 1986), rapid
growth leads to early maturity in shallow-water
habitats and slow growth to delayed maturity
in profundal habitats. Sphaeriids also have
species-specific terminal sizes at which indivi-
duals die whether that size is attained rapidly
or slowly, As growth rate determines the time
required to reach terminal size, fast-growing indi-
viduals from shallow water habitats reach terminal
sizes more rapidly {(often within less than one
vear) allowing participation in only one or two
reproductive efforts, while slow-growing individ:
uals from profundal habitats (Holopainen and
Hanski 1986) reach terminal size more slowly,
allowing pariicipation in a greater number of
reproductive efforts. o _ .
~This fundamentally ecophenotypic nature of in-
traspecific Hife-history varation in sphaeriids has
" been demonstrated for Pisidium casertanum. When
. individuals of this species were reciprocally trans-
ferred between two populations with different life-

history traits or-co-reared under similar laboratory

conditions, the majority of life-history trait d&if-
ferences proved to be environmentally induced.
However, electrophoresis indicated genetic differ-
ences.between the populations and transfer and lab-
oratory co-rearing experiments indicated that a
small portion of the observed life-history variation
could be genetically based (Hornbach and Cox
_1987), . L e
. Such extensive sapacity for ecophenotypic plas-
ticity may account for the eurvoecic nature and cos-
mopolitan distributions of sphaeriids (see Section
II.A). Certainly, the capacity to adjust growth
rates, maturity, reproduciive cycles, life cycles, and
energetic allocation patterns to compensate for

broad habitat variation in biotic and abiotic factors
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niches and thus broad distributions.

3. Corbicula fluminea

The introduced Asian freshwater clam, Corbicula
Auminea, unlike unionaceans and sphaeriids, dis-
plays Life-history trails clearly adapted for life 1n
unstable, unpredictable habitats (MchMahon 1983a).
As such, it has been the most invasive of all North
American freshwater bivalve species. C. fluminea
grows very rapidly, m part because it has higher
filtration and assimilation rates than other bivalve
species (Foe and Knight 19862, Lauritsen 1986a,
Mattice 1979). In a natural population, only a rela-
tively small proportion of assimilation (29%) was
devoted to respiration {Table 11.2}, the majority
(7196) being allocated to growth and reproduction
{Aldridge and McMahon 1978). These data were
confirmed by Ilasboratory studies showing that
59..78% (Lauritsen 1986a} or 58-89% of assimilation
{Foe and Knight 1986a) went 10 tissue production.
Thus, C. fluminea has the highest net production
efficiencies recorded for any freshwater bivalve spe-
cies, which is reflected by its very low twrnover
times, ranging from 7391 days {(Table 11.2).

The very high proportion of nonrespired assimi-
lation {85--95%) devoted to growth in C. fluminea
{Aldridge and McMahon 1978, Long 1989), sustains
high rates of growth (shelllength = 1530 mm in the

_ figst vear of life, 3550 mum- in the terminal third to

fourth vear) (McMahon 1983a). High growth rates
decrease the probability of predation, as many fish

~and bird predators feed only on small individuals

{McMahon 1983a; see also Section ITI.C.3) and,
thus, increase the probability of survival to the next
reproduction in this itefoparous species. indeed, the

. increase in shell size ceturs at the expense of tissue
- preduction dering summer maximal growth periods

(Long 1989), suggesting that larger shells optimize
fitness. The high growth rates of C. fluminea aliow it
to sustain the highest population prodicticn rates
(10.4-14.6 g organic carbori/m> yr, Aldridge and
McMahon 1978) reported for any species of
freshwater bivalve (Burky 1983).

Newly released juveniles are small (shell length = -
250 pum) but completely formed, having a well-

- developed and characteristically D-shaped bivalved
- shell; adductor muscles, foot, statocysts, gills, and

digestive system (Kraemer and Galfoway 1986) (Fig.
P1.15A). As jveniles are denser than water, they
seitle and anchor to sediments or hard surfaces with
a mucilaginous byssal thread. However, they are
small enough (6.25 mm) to be suspended on turbu-
lent water currents and dispersed great distances
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amouni of nonrespired assimilation is allgcated to
reproduction (5-15%, Aldridge and McMahon 1978,
Long 1989}, equivalent to that expended by unionids
but less than the average expended by sphaeriids
{19%, Table 11.2). However the elevated assimi-
lation rates of this species allow allocation of higher
actual values of energy to reproduction than occurin
other freshwater bivalves, .

Because the juvenile of C. flirminea is small (or-
ganic carbon biomass = {.136 ug, Long 1989;, fe-
cundity is large, ranging from 97-370 juveniles/
adult/day during reproductive seasons, for an aver-
age annual fecundity estimate of 68,678 juveniles/
adult/yr (McMahon 1983a). Juvenile surivorship to
successful settlement is extremely low and mortality
rates remain high throughout adult life {74-98% in
the first year, 59-69% in the second year, and
93-97% in the third year of life, computed from the
data of McMahon and Williams 1986a, Williams and
McMahon 1986}, making the vast majority of indi-
viduals in populations juveniles and immatures.
High adult mortality and population dominance by
immature individuals is charactenistic of species
adapted to unstable habitats (Charlesworth 1980,
Sibly and Calow 1986, Stearns 1980).

The majority of North American C. fluminea pop-
ulations display two annual reproductive periods,
che in spring and early summer and the second
in late summer (McMahon 1983a). C. fluminea is

hermaphreditic . and capable of self-fertilization

(Kraemer and Galloway 1986, Kraemer er al. 1986)
such that single individuals can found a new popu-
lation. Spermlogenesm occurs only during repro-
ductive periods, but gonads contain mature eges
throughout the year (Kraemer and Galloway 1986,
Long and McMahon 1987).

C. fluminea matores within 36 months at a small
shell length of 6-10 mm (Kraemer and Galloway

1986). Thus, juveniles born in the spring may grow

to maturity and participate in the reproductive effort

the following fall (Aldridge and McMahon 1978,
McMahon 1983a) (Table 11.2). The maximum life -

span is highly variable between populations and
temporaily within populations, ranging from 1-

4 yr {(McMahon 1983a, McMahon and Williams )

1986a). Early maturity allows individuals of this iter-

oparous species to participate in 2-7 reproductlve. -

efforts, depending on life span.

The reiatweiy short life span; early maturity, high -

f&cundlty bivoltine juvenile release patterns, high
growth rates, small juvenile size, and capacity for
downstream dispersal of €. ﬁaminea makes it both
highly invasive and well adapted for life in truly
unstable, disturbed lotic habitats that are subject to
unpredictable catastrophic faunal reductions. Its ex-

“remely High réproductive potents

rates allow if to reach or re-establish high densities
after invading a new habitat or after catastrophic
population declines. Thus, it is highly successful in
North American drainage sysiems that are subjected
to pericdic human interference such as channeli-
zation, navigational dredging, pearling, sand and
gravel dredging, commercial and/or recreational
boating, and organic and/or chemical pollution,
compared to far less resilient unionaceans or sphaer-
ilds (McMahon 1983a).

Surprisingly, C. fluminea is more susceptible to
epvironmental stresses such as temperature ex-
tremes, hypoxia, drying, and low pH than are most
sphacriids and unionaceans (Byrme 1988, Byrne ef
al. 1988, Kat 1982, McMahon 1983a), making its
populations more susceptible to declines from hu-
man disturbance. With only a limited capacity to
iclerate unpredictable environmental stress, why is
C. fluminea so successiul in disturbed habitats? The
answer lies in its ability {o recover from disturbance-
induced catastrophic population crashes much more
rapidly than either sphaeriids or unionids. C. flu-
minea rapidly re-establishes populations even if
disturbance has reduced them to a few widely
separated individuals, as all individuals are her-
maphrodites capable of self-fertilization and have
high fecundities. Downstream dispersal of juveniles
from viable upstream populations also allows rapid

. reinvasion of decimated populations. After juvenile.

reinvasion of depanperated populations. the accel-
erated growth, high fecundity, and relatively short
life. spans. of this species allows rapid population

. re-establishment, including normal age-size distri-

butions and densitics within 2—4 years (for examples
see McMahon 1983a}. Biannual reproduction in C.
fluminen also increases the probability of surviving
catastrophic density reductions; as it prevents loss
of an enfire generation to & chance enviropmental

' disturbance (bet hedging, Stearns 1980). The capac-

ity for rapid recolonization of habitats from which
populations have been extirpated allows C. fluminea
to sustain-populations in subsirata that are subject ter
periodic scouring derng floeds; the slower growing
and maturing unionids are eliminated from such hab-
itats {Way ef al. 1990a).

Like sphaeriids, North American C. ﬁumznea

populations display anextraordinary degree ofinter- .

population variation in hmwhlstery traits. Asthere is”
little or no genetic vatiation ameng North Ameri-
can populations (Mcl.eod 1986), this interpopula-
tion life-history variation must be ecophenotypic.
Growth rates increase and time to maturity and life
spans decrease in populations from more productive
habitats (McMahon 19834), On the northern edge of
its North American range, low temperatures reduce
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tions univoltine vather than bivoltine in reproduc-
tion. { have observed umivoltine reproduction and
semelparity 1o a slow-growing population of C. flu-
mineq within an oligotrophic Texas lake. Even
within populations, life-history tactics vary greatly,
dependent on year-lo-year variations in temperature
and primary productivity (McMahon and Williams
1986a, Williams and McMahon 1986). As in sphaer-
iids. the capacity for substantial ecophenotypic life-
history trait variation is highly adaptive in C. flu-
minea, as it allows colonization of a broad range of
habitats. Being at once highly eurvoecic and highly
invasive has made it the single most successful and
economically costly aguatic animal species intro-
duced to North America (Isom 1986).

4. Dreissena polymorpha

The zebra mussel, Dreissena polymorpha, is the
most recently introduced bivalve species to North
American freshwaters (Hebert er af. 1989). Like C.
Juminea, many of its hfe-history characterstics (re-
viewed in Mackie ef al. 1989) make 1t highly inva-
sive, Unlike all other Morth American bivalve spe-
cies, it releases sperm and eggs to the surrounding
medmm such that fertilization is completely exter-
nal. A free-swimming planktonic veliger larva (Fig.
11.15¢C) hatches from the ege and remains sus-
pended in the water column where it feeds and
‘grows for 8-10 days before séttling to the substra-
" tum. This behavior enhances the dispersal ability of
the zebra mussel. Adults attached to Boating objects
by the byssus can also be transported long distances
‘downsiream. Adults become sexually maturein the
second vear of life (first vear in some North Ameri-
can pepulations) and typically have life spans rang-

. ing from 5-6 yr and, like C. fluminea, sustain high

‘growth rates throughout life (Fig. 11.19). Dreissena
polymorpha is iteroparous, and univoltine; an indi-
vidual participates in 3-4 annual reproductive pe-
riods over the course of its life, The egg and freshly
hatched veliger are small (diameter = 40-70 um),
but the post-veliger grows to 180-290 AL just prior
to seitlement and juvenile metamorphosis (Mackie

et al. 1989), indicative of a 100-400 fold increase mm_ __

" biomass during planktonic gi“(}w{h
- Maximal D. polymorpha adul size ranges from
L 3.5-5cem; depemdmo on growth rate, which, fike ter-
_ minal size, is. dependent on the primary-preductivity
and temperaturé of the habitat. Like C. fluminea, D.
polymorpha allocates an extremely high percentage
(96.1%) of nonrespired assimilation to somatic
growth, leaving only 3.9% for reproduction (Mackie
et al. 1989) (Table 11.2). Allocation of a large pro-
portion of nonrespired assimilation (o growth allows
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SHELL LENGTH in cm
h

AGE in YEARS

Figure 11,19 Shell growth rates in European populations
of the zebra mussel, Dreissena polvmorpha. (Redrawn
from Morton 1969.) Growth rates in North American pop-
wlations in Lake Erie are similar to or faster than those
depicted here for fast-growing British populations.

individuals 1o rapidly increase in size, making them
more competitive and less subject to predation
{Sibly and Calow 1986). Zebra mussel veligers settle
on the shells of established individuals, forming

~thick mats or clusters of individuals many shells
deep (Mackie ¢ gl 1989). In such'mats, competition

for space and food are very intenmse. Thus, rapid
growth of an individual to a large size is highly adap-
tive as it increases the probability of development of
a stable byssal holdfast to the substratum and the
positioning of siphons at the mat surface; where
food and oxygenated water are most available. In
spite of the low levels of energy devoted. to re-
productive effort. by I pelymorpha, its very small
eggs make individual fecundity large; ranging from
30,000-40,000 eggs/female. .

Dreissena polymorpha population ¢ deE‘xSltll‘:S range
from 7000-114,000/m* and standing crop biomasses
from 0.05-15 kg/m? (Mackie er al. 1989). The high
population depsities_and biomass result from the

“tendency of juveniles to settle on substrata already

inhabited by adults. Also, adults attach io the shells

" of other aduits by the byssus 1o form: dense mats or
~ clumps that are many layers of-individuals thick——

High individual growth rates and population densi-
ties Jead to very high population productivities, esti-
mated to be 0.05-14.7 g C/m*/yr {computed from
dry tissue values in Mackie er o, 1989), values com-
parable to those of highly productive C. fluminea
popniations. However, as population growth and
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Figure 11,200 Seasonal variation in downstream dispersal behavior by juveniie, snbadult, and adult Corbicuia
JShumineq in the intake canal of a power station. (A} Rate of impingement of adults dispersing downstream onto
traveling screens in front of water intake embavments {shell length > 10 mm). (B) Rate of retention of subadults
(shell length = 1-7 mm) in a clam trap hkeld on the substratum surface of the intake canal. {C) Juveniles
suspended in the water column (shell length < 2 mm}. Right ventrical axis is density of juveniles in the intake
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species, turnover times are variable, ranging from
extremely low values of 53 days to relatively high
values of 86% days {Table 11.2).

The life-history traits of a high growth rate
throughout life, high fecundity, short life spans, and
the capacity for both adult and larval stage down-
stream dispersal make Dreissena (Jike Corbicula) a
highly invasive species. However, unlike C. flu-
minea, D. polymorpha populations tend to be re-
stricted to much more stable habitats such as larger,
permanent lakes and rivers. Its apparent preference
for more stable habitats is reflected by ils original
distribution in the Caspian Sea and Ural River (large
stable habitats), avoidance of shallow, near-shore
habitats, relatively long age to maturity {generally in
the second year of life), iteroparity, gonochorism,
and relatively high adult survivorship (26—-88% per
vear) (Mackie er al. 1989).

Restriction of its original range to the Caspian Sea
and Ural River also suggests a limited natural capac-
ity for dispersal hetween isolated drainage systems.
Dispersal of the species through Europe occurred
only in the pineteenth century (and confinues in
western Asia today). This recent dispersal was ac-
complished primarily by human vectors, including
transport of adulis attached to boat hulls, ballast
water dumping, and transport of veligers through
canal systems interconnecting catchments. Adults
have a relatively low tolerance to prolonged air ex-
posure. (Mackie er.al, 1989), precluding exiensive
natural overland dispersal uniess it is human-
mediated. Thus, the future dispersal of this species
between catchments in North America will be pri-
marilty’ by bhuman vectors, with larger, permanent
bodies of water most susceptible. Without natural
dispersal vectors, dispersal of D. polymorpha
-through Morth American drainages may procesd ata
semewhat slower pace than that recorded for C.
Auminea, but human activities will ensure that this
species will eventually be widely distributed in
North American freshwaters.

C. Ecological Interactions
_1 Behavieral Ewlogy

Other than de;aﬂed studies of burrowing (see Sec-

tion 1I.A.2). information on bivalve behavior is
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aeurobiology and behavior (Willows 1985, 1986) was
entirely devoid of bivalve references. Lack of infor-
mation about bivalves reflects the difficulties associ-
ated with making behavioral observations on pre-
dominantly sessile, infaunal species completely
surrcunded by a shell, rather than a lack of complex
and intriguing behaviors,

A number of interesting behaviors are associated
with reproduction in freshwater bivalves, including
those involved with ensuring glochidial contact with
fish hosts in unionaceans (see Section II.B). Adult
C. fluminea display unigue downstream dispersal
behavior associated with reproductive periods.
While juvenile clams (SL. < 2 mm) are found sus-
pended in the water column throughout the vear,
immatures (S1. = 2-7 mm) and adulis (SL > 7 mm)
leave the substratum to be carried passively down-
stream over the sediment surface (“‘rolling™ ) on wa-

“ter currents only prior to reproductive periods (Fig.

11.20}. Dispersing adults have lower dry tissie
weights, lower tissue organic carbon to nitrogen ra-
tios (Williams and McMahon 1989), higher levels of
ammonia excretion, and reduced molar oxygen con-
stmption to nitrogen excretion ratios than those re-
maining in the substratum (Williams 1985, Williams
and McMahon 1985), which are indicative of poor
nutritional condition. Thus, downstream dispersal
allows starving individuals to move away from areas

-of low food availability and high intraspecific com:-
. petition into areas more. nutritionally favorable for

reproductive cfforts (Williams 1985, Williams and

- McMahoen 1986, 1989).

Some adult unionacean bwalves and C. ﬁumznea
display surface locomotory behavior. Surface loco-
motion involves the same movements of the foot and
valves described in Section I11.B.2 for burrowing but

-is horizontal rather than vertical. Indeed, surface
locomotion by uniopaceans is fajriy common {Imlay
- 1982). Tracts left in sediments by surface locomoting

uninaceans are 3-10 m long (Golightly 1982), indica-
tive of major short-termn horizontal displacement.
The adaptive significance of surface locomoation -

-through sediments in freshwater bivalves is not well

understood. Such behavior could attract potential

~-predators.-However, it may be involved with pedal

feeding on organic sediment deposits (for details sce

-Section 1H.C.2). -

“canal water column (solid circles connected By dashed lines). Left verticaj axis is pumber of juveniles

entrained daily with intake water (open circles connected by solid lines). Note that adult and subadult clams
display significant downstream dispersal behavior during enly two periods, March-May and July-August just
prior to the spring and fall reproductive periods of the population (April-July and September-November).
Juveniles occurred in the water column throughout the year; peak juvenile wgter columa densities occurred
during reproductive periods and midwinter periods of low ambient water temperature. {From Williams and

McMahon 1986.)
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vertically on the shore with seasonal changes in wa-
ter level {White 1979}, thereby avoiding prolonged
emersion. Other species such as Uniomerus tetra-
{asmus, C. fluminea, and some sphaeriids remain in
position and suffer prolonged emersion during pe-
riods of receding water (see Section [1.C.4). In
Texas, 1 have observed fire ants, Solenopsis in-
vincta, killing bivalves exposed to air by receding
water levels. {Hence, this introduced insect species
may represent a new threat to umionaceans and
sphaeriids throughout its expanding range in the
southeastern United States.}

Some sphaeriids, €. fluminea, and D). polymor
pha are also capable of crawling over hard substrata
or macrophytes. Sphaerium cornenm holds the shell
valves erect and moves over hard substrata or mac-
rophytes by extending the foot tip, anchoring it with
mucus, and then contracting pedal muscles to draw
the body forward (Wu and Trueman 1984}, Juvenile
and young specimens of C. fluminea move over hard
substrata in the same manner, while adults similarly
crawl over hard surfaces lying on one of the valves
{Cleland 1988). Small specimens of D. pelvmorpha
are highly active crawlers and can chmb_smooth
vertical surfaces. Young individuals of this species
routinely discard their byssus and migrate to new
positions where they resecrete attachment threads.
As an example, juveniles seitling in shallow water
during the summer may migrate to deeper waters in
the winter (Mackie ez al. 1989)..

Freshwater bivalves also detec{ and respoz;d toa

nnmber of external envirenmental cues. Chief
among these responses is valve closure in response
to irritating external stimuli. Stimuii for valve clo-
sure are likely detected by sense organs concen-

trated on the mantle edge and the siphons (see Sec-

tien 11.B.6). Valve closure effectively seals internal

- tissues from the damaging effects of external imri- - -
- tants.-Almost all freshwater bivalves tolerate some -

degree of facuitative anaerobiosis (see Section
11.C.3). Thus, individuals exposed to irritants can
remain anaerobic with the valves clamped shut for
relatively long pertods until external conditions be-
come more favorable. Freshwater bivalves close the
_valves on exposure to heavy metals (Doherty et af.
1487), chlorine, and other biocides (Mattice 1979,
 Mattice ef af. 1982, McMahon and Lutey 1988), and

- high-levels .of mspended solids (Aldridge o7 ali
1687 This ability altows " flumineatoavoid inter-

mittent exposure to chlorination or other biocides,
making chemical macrofouling control of this spe-
cies extremely difficult (Goss er ql. 1979, Mattice ef
al. 1982). Valve closure in immediate response to
tactile stimulation of the mantle edge or siphons is

grate

" also a predator defense mechanism common to all

freshwater species.

Alsc of interest are the reactions of freshwater
bivalves to prolonged emersion. The physiclogical
adaptations tc emersion are discussed in Section
i1.C.4). Here, behavioral responses are described in
greater detail. ¢, fluminea, when exposed in air,
displays four major responses: (1} escape behavior
mvolving extending the foot in an atfempt to bur-
row; (2) valves gaped widely with mantle edges
parted, opening the mantle cavity directly to the
atmosphere; (3) valves narrowly gaped with mantle
edges exposed, but cemented together with mucus;
and (4) valves clamped shut. Behaviors (1} and (2)
are never displayed more than 6%.of the time in air,
Exposure of sealed mantle edges is associated with
aerial gas exchange (Byme 1988, McMahon and
Willams 1984). but results in evaporative water
loss. When valves are closed, water loss is mini-
mized; but oxygen uptake ceases (Byrne ez al. 1988,
McMahon and Williams 1984). As temperature in-
creases {Table 11.3) or relative humidity decreases,
duration of mantle edge exposure decreases relative
to that with the valves clamped shut (Byrme 1988,
Byrne er al. 1988, McMahon, 1979b). Hence, behav-
iors associated with waler loss are reduced in re-
sponse to increased desiccation pressure. [ndeed,
relative humidities near zero or temperatures above
30°-35°C cause the valves to remain continually
closed (Byrne 1988, Byrne ¢e7 ol 1988, McMahon

-19795) (Table 1'1.3), preventing excassive water Joss

but making individuals continually anaerobic. T have
observed similar behaviors in emerged unionaceans.

. Some species. plug the siphons with mucus to further

reduce water loss and spend less time with the man-
tle edges exposed than does O, fluminea. Ability of
emersed individuals to adjust behaviors asscciated
with aerobic. gas exchange to external dessication

Fable 1.3 The Effects of Temperatare on the
Percentage of Time Spentin Yarious Valve
Movement Behaviors in Emerged Specamens of
Corbicula fluminea®

Time with
~ Manptle Edge ™
Parted or
... Timewith = Time with . Attempting
" Temperaturz - Valves . Mantle: Edge o Burrow ..
g Closed {%) _Exposed (%)
15 29.5 65.8 4.7
25 51.2 43.5 5.3
35 90.5 9.1 0.4
“From Byrne {1988).
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" préssures’ iss complex Behavior, Féquiring the ¢t

pacity 1o sense, integraie, and respond to external
temperature and relative humidity levels and inter-
nal osmotic concentration. Certamiy, the capacity
for such behaviors is worthy of further experimental
investigation.

Freshwater bivalves may also have as vet undis-
covered circadian patterns of behavior. Both ion
uptake and oxygen consumption rates are greater
during dark than light hours in unionaceans and C,
Auminea (Graves and Dietz 1980, McCorkle er al.
1979, McCorkle-Shirley 1982; see also Section
I1.C.2), strongly suggesting the presence of cir-
cadian-activity patterns in feeding, repreduction,
and burrowing. | have recorded increases in the den-
sity of juvenile . fluminea in the water column
during dark hours, suggesting that adulis preferen-
tially release prveniies at night. Freshwater bivalves
may have circadian burrowing cycles, retreating
more deeply inte sediments during light hours to
avoid visually oriented predators like fish and birds.
These speculations require further investigation,

2. Feeding

Most freshwater bivalves primarily feed by filtering
suspended material from water as it passes over the
gills. The anatomy of bivalve gills is described in
Section I1.B.2. Water fiow across the gills is main-
- tained by the beating of powerful lateral cilia located
along each side of the filaments. Projecting laterally
from each side of the leading edge of the filament are
tufts or cirri of partially fused eulaterofrontal cilia at
dntervals of 2--3.3 pum (Fig. 11.5A and 11.21), The
primary filtering mechanism is composed of eulater-
ofrontal cirri on adjacent filamenis, which project
toward each other forming a stiffened grid. Water is
driven through this grid by the lateral cilia, and sus-

pended seston {(phytoplankton, bacteria, and fine de- -

© tritus) is retained on the eulaterofrontal cilia. The
filtering mechanism probably functions both by

forming a filtering mesh and creating eddies in which:

seston particles settie. The mesh size of the eulater-
ofrontal cirri (2—3.5 pm) is highly correlated with the
size of particles filtered. Particles removed range in

size from 1.5-10 pm, with D. polymorpha and C. - -
“they are bound in mucus and carried by a ciliated
veniral grooveto the tip of the palp forrelease onto. v
the mantle as pseudofeces (Morton 1983), Pseudo- "

" “feces are carried by mantle cilia to accumulate at the

Auminea both able to efficiently filier much smaller

sparticies (< 1.0 ) than the majority of freshwater.
species (Fig. 11.22) (Jorgensen ef al. 1984, Paterson™ "

- 1984, Way 1989, Way et al. 1989). 7 = 77
Some investigators claim that the gill is covered
with a fine mucus net acting as the primary filter (for
a review see Morton 1983), While the degree to
which mucus is involved in the filtering mechanism
continues to be debaied, there is little doubt that the
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“dense meshwork formed by the silaterofrofital eilia e

could act as an efiective filter (Morton 1983, Way
1989). .

The basal portions of the eulaterofrontal ¢ilia con-
tain stiffening elements, but the free distal ends beat
at right angles to the filament axis, apparently driv-
ing particles trapped by the eulaterofrontal cirri onto
the leading edge of the gill filament. There, particles
are carried along bands of frontal cilia running the
length of the filament (Figs. 11.5A and 21), either
dorsally or ventrally. Particles are deposited in spe-
cialized food grooves on the ventral edge of the
demubranchs and/or at the base of the gill axis (de-
pending on the species) (Figs. 11.2 and 11.5A-C).
In sphacriids, C. fluminea, and presumably unicn-
aceans, the cilia of food grooves are differentiated
from other forms of gill ¢cibiation (Way er gl. 1989),
Unique, long frontal cirri of fused cilia beating at &
right angle to the long axis of the filaments are also
associated with the frontal cilia of sphaeriid and cor-
biculacean bivalves (Fig. 11.21A,B). Their function
has vet to be elucidated (Way er al. 1989),

Cilia in the food groove carry filtered particles
anteriorly to the labial palps, which are paired trian-
gular flaps located on each side of the mouth (Figs.
11.2 and 11.4). The outer labial palp lies against the
outer ventral side of the cuter demibranch, and the
inner palp, against the inner ventral side of the inner
demibranch (Fig. 11.2). The epithelial surfaces of

. the palps facing away from. the demibranchs are
..smooth, In contrast, the palp surfaces adjacent to .

the demibranchs are highly corrugated into a series
of parallel ndges and channels lying obliguely to the .

ciliated oral groove that leads to the mouth. The oral ..

groove is formed between the fused dorsal junction
of the inner and outer labial palps (Morton 1983).
The corrugated palp surface sorts filtered particles
into those accepied for ingestion and those rejected.
Generally, smaller particles are carried over the up-
per edges of palp corrugations by cilia beating at
right angles to the long axis of the corrugations.
Particles carmied over palp corrugations are depos-
ited in the oral groove ciliary tract, which carries

them ¢ the mouth for ingestion. -Denser, larger

particles fall between the corrugations where cilia
carry them to the ventral edge of the palp. Here,

base of the inhalant siphon (Fig. 11.2), where they
are periodically expelled with water forced violently
from the inhalant siphon by rapid valve adduction
{i.e., valve clapping) (Morton 1983},

The palps alse sort medium-sized particles.
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- thurc 11 21 Scaﬂmug electron micrographs of the: gﬂl—cﬂlatlon of [cprcseﬂtatlve freshwatcr bivilves {A)

Musculium transversum (Sphaeriidac): (a) arrangement of frontal and eulaterofrontal ciliation on the leading
edges of the filtaments in the mid-gill region; (b} obligue view of a cross-sectional fracture of the gill showing
frontal and eulaterofrontal cilia on the leading edge of the filament and lateral cilia on the side of the filament;
(<) 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 frontal cirrus formed from fused cilia emerging between the
eulaterofrontal and frontat cilia on the leading edge of a filament; (f) a frontal cirrus emerging from a band of
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—T7mT frontal cilia. (B) corbicula Auminga (Corbiculidae): (g feadimgedpeof a gili filament showing frontal, eulatero= - ————— -~ =
frontal, and lateral cilia and frontal cirri; (b) high-magnification view of frontal and eulaterofrontal cilia; (c)
i obligue view of a longitudinal fracture through the mid-gill region showing all four types of ciliation, including
lateral cilia lining the sides of the gill filament; {d) cross-section of the mid-gill region showing the origin of the
frontal cirrus; () lower region of the gill showing the presence of less well organized frontal cilia; (f) food
(Figure continues)
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I ..Figm.c 11'21 '(Ca_ntinued)_ e L. e R O . : S e .
groove region at the ventral edge of the inner demibranch; note loss of ciliary organization in food groove,

including lack of frontal cirri. (C) Qliguaria reflexa (Unionidae): (a) frontal and eulaterofrontal ciliation on the

leading edges of several gill filaments (500X); (b) high-power view showing lateral cilia on sides of the giil

filaments between tracts of frontal and eulaterofrontal cilia on adjacent filaments. Note lack of frontal cird

characteristic of the gill citiation of Sphaeriidae (A) and Corbicula (B). Label key for ali parts is: F, frontal cilia; ]
FC, frontal cirrus; L, lateral cilia; LF, eulaterofrontal cilia; and FG, foad groove. (Photomicrographs supplied

by Tony Deseka and Daniel J. Hornbach (Macalester College) and Carl M. Way (U.S. Army Corps of
Engineers, Waterways Experiment Station).
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- Simaller. medium-sized ~particles-tend to-rémaims "

ionger on the corrugation crests than in the interven-
ing grooves, and eventually reach the oral groove for
megestion. Larger medium-sized particles tend to re-
main longer in the grooves between corrugations
and are gveniually rejected as pseadofeces. Thus,
particle sorting on the labial palps appears to be
strictly a function of particle size and, perhaps,
density.

The width of palp cormgations and gill filaments
can be adjusted by both muscular activity and de-
gree of hemelymph distension of gill and palp blood
sinuses, thus allowing active size selection of parti-
cles filtered and accepted for ingestion (Morton
1983). When individuals of the mussel Elliptio com-
panara were fed on natural seston, the percentage of
particles that were retained declined linearly over a
particle size range of 3 um (nearly 100% retention) to
> 10 pm (ess than 109 retention), suggesting size
selection (Paterson 1984). Similar selection for parti-
cles most common in the ambient water column has
been reported for Musculium transversum (Way
1989) and C. Auminea (Way et al. 1990b). In addi-
tion, different mussel species are reported to select
guite different algal types. In the same river pool, a
population of Amblema plicata ingested a greater
proporticn of green algae, a lower diversity of algal
species, and different algal species compared to a
sympatric population of Ligumia recta (Bisbee
1984). Such mterspecific differences in particle se-

lection may allow sympatric specaes 1o avmd mtense _

competition for food resources.
The ﬁltermg rate of bivalves can be computed as
follows '

C=MitInC,/C)

where M = volume of the suspension filtered, 1 =

_ time of fiitration, and C, and ¢, = concen_‘crations
. of filtered particles at times ¢ and 1, respectively

{Yorgensen er af. 1984), Filtration raies appear ioc.be

relatively elevated in C. flumineq compared to other
. freshwater bivalves. For 2 25 mm SL specimen, the

rate ranged from 300-2300 liter/hr depending on

temperature and seston concentration (Foe and
Knight 1986b, Lauritsen 1986b, Long 1989, Way ef
al. 1990b). Increased filtration rate may be associ-
ated with specialized frontal cirri on the giil fila-
ments of this species (Fig. 11. 21By(Way et al. 1989)

- The filtering rate of spécimens of C. fluminea fed on .
nautral seston. concentrations was not significantly -

correlated with field ambient water temperature
(Long 1989) and was independent of temperature
between 20° and 30°C in the laboratory (Lauritsen
1986b), suggesting an unusual capacity for tempera-
ture compensation of gill ciliary filtering activity.
The filtration rate is also somewhat independent of

" cate both that
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teinpérature nSpkaerinny Striatiiune and NREps it

lium partumeinm, reaching maximal values during
spring and fall reproductive periods when ambient
waier temperatures were well below midsummer
highs (Burky er al. 1981, 1985a, Way er al. 1581).
Above an upper critical limit, high concentrations
of suspended particles reduce filtering rates (Burky
1983, Burky et al. 1985a, Morton 1983, Way 1989,
Way e7 al. 15%0b). Increased particle concentration
depressad the filtering rate of §. striarinum (Horp-
bach et al. 1984b) and M. partumeiwm (Burky ef al.
1983a) at concentrations well below those of natural
seston. In both species, however, rate of particle
ingestion becomes nearly constant above the critical
particle concentration, suggesting that the observed
reduction in filtering rate is associated with control
of the ingestion rate. Particle concentrations within
ambient seston concentrations do not affect the fil-
tering rate in €. Auminea (Mattice 1979, Long 1989);
ingestion rates increase directly with concentration
(Long 1989}, However, the filtration rate in C. ffu-
miinea declined 3-fold with increasing particle con-
centration between 0.33 and 2.67 ul algal volume/
Liter suggesting inhibition at very high concentra-
tions. Increasing algal concentration over this range
still resulied in a 3.5-fold rise in ingestion rate (Lau-
ritsen 1986b), Similar reduction in fltration rate at
particle concentrations above natural levels has
been reported for both C. fluminea (Way er ai.
1996h) and M. rransversum {(Way 1989). In contrast
to C. ﬂamznea the filtration rate of the mussel £.

' complanta was depressed by inci reasing natural ses-

ton concentrations {Paterson 1984). The filtration
rate varied between different populations of C. flu-
riinea, but the amount ingested was highly simiiar,
suggesting regulation of the filiration rate to control
ingestion rates (Way ef al. 1990b). Such data indi-
the seascnal and environmental re-
spenses in filter feeding of freshwater bivalves are
species-specific and laboratory ‘measurements of
filtration and consumption rates are likely to be in-
valid unless carried out at-natural seston concentra-
tions and sizes, :

Suspended silt in the water column can mhﬁnt

' filtering and consumption rates in freshwater bi-
_valves, perhaps. by overwhelming ciliary filtering

and sorting mechanisms. Very high levels of sus-

_ peﬁded silt caused sxgnlﬁt_ant reduction m the ﬁltcr—‘ FEREEOR
‘Ing and metabolic. rates of three: species of upion- < -
-aceans—~whether—e¢xposure” was. infrequent {once

every 3 hr or frequent {once every 0.5 hr), suggesting
interference with ciliary maintenance of water flow
over the gills. Furthermore, those individuals expe-
riencing frequent exposure greatly increased reli-
ance on carbohvdrate catabolism (Aldridge er al.
1987}, a phenomenon symptomatic of short-term
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starvation {Cleland 1988). For these reasons, zaion-
aceans can be eliminated {rom hahitats with high silt
ioads (Adam 158&). In contrast, suspended sedi-

ments within a paturally occusring concentration
range did not affect shell or tissue growth in O
Fuminea (Foe and Knight 1585, This may account
in part for its ability to colonize fotic environmenis
with greater flow rates and {evels of suspended sof-
ids than are telerated by most unionacean species
{Payne and Miller 1987, see alse Section 171.A). Sor-
prisingly, growth in 3uvemie URIONACcSans was siimu-
iated rather than mhibited in the laboratory by small
amounts of suspended silt in their algal food (Hud-
son and Isom [%984).

In smaller streams, where phytoplankion produc-
th‘{y may be extremely low, moest suspended or-
ganic matter available io filter feeders ig either par-
ticulate organic detritus or heterotrophic bacteria
and fungi {Melson and Scott 1962Z). While experi-
ments are few, ai Jeast some freshwaler bivalves can
efficiently filter suspended bacteria. Ceriainly, P,
polymorpha  appears capable of efficiently ex-
tracting particles of bacterial size (< 1.0 pm in di-
ametery (Fig. 11.22) as can . fluminea (Way et
al. 1990b). In contrast, Ad. ransversum {Way 1989)
and unionaceans (Fig. 11.22) cannot efficiently filer
bacterial-sized particles. As bacteria and detriial
particles may comprise the vast majority of organic
matter in soine aguatic habitats, this mode of feeding
1s deserving of greater experimental attention,

At least some freshwater bivalve species may
also supplement filter fzeding by consuming organie
detritus of interstitiad bacteria from sediments. The
infaunal habit of many members of Fisidivm sug-
gests dependence on focd sources other than ply-
toplankion. Many species of Pisidium can efficiently
filter small inierstitial bacteria. They burrow contin-
nally through sediments with the shell hinge down-
ward. In this position, dense bacterial populations
are drawn with interstitial water through the parted
veniral mantle edges into the mantle cavity and fil-
tered on the giils, thus making up the majority of
ingested organic matter {Lopez and Halopainen
1987). Both Pisidiam casertanum and P. conventus
feed in this manner and can filier, Ingest, and assimi-
late interstitial bacteria of much smaller diameter
(< 1 pm) than considered filierable by most bi
valves (Lopez and Holopainen 1987) (Fig. 11.22).
The capacity to filter rich interstitial bacterial flora

may be asscciated with the characteristicaily re-
duuﬁﬂ ctenidial surface areas as well as Jow filiration
and metabolic rates of Pisidivm species compared io
those of Sphaerium or Musculium {Hornbach 1985,
Lopez and Holopainen 1987} In another mode of
deposit feeding, 3. fransversur reportedhy uses its
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Figurs 11,22 Relationship between the percentage of sus-
pended particles regained by the gill filtering mechanism
of freshwater bivalves and particle size, as particle diame-
ier in micrometers. Horizontal axis for all figures is the
percentage of total particles retained from suspensions
passing over clam gill fltering systems in Preissena
polymorpha (A}, and the unionid mussels, L/aip pictorum
(B), and Anodonta cygnea {C). Vertical lines about points
are standard deviations. Note that all three species effi-
ciently retained particles of 2.5-8 um, eguivalent 1o most
unicellutar algae, but only . polymorpha efficiently re-
tained particles of 1 um eguivalent to bacteria. (Redrawn
from Jorgensen er ol 1984))

long inhalant sipbon to vacunm detrital particles
from the sediment surface on inhalant currents for
filtration (Way 1989).

Pedal feeding on sediment organic detritus may
be another important feeding mechanism in some
freshwater species. Such pedal feeding is known to
oceur in a few marnne and estuarine bivalves
{Mortonn 1983), but has been litle studied in
freshwater species. Corbicula fluminea draws sedi-
ment detriial particles dorsally over the ciliated foot
epithelium into the mantle cavity, where they accu-
mulate in the food groave on the ventral edge of the
inner demibranch. Hventually, they are carried with
parficles filtered on the gill 1o the palps for sorting
and ingestion {Cleland 1988, Way er al. 1950b). Cel-
fuipse particles (40-120 pm in diameter) soaked in
various amino acid solutions and mixed with sedi-
ments will accurnulate in the stomachs of individuals
of . fluminea exhibiting pedai-feeding behavior
{R. F. McMahon personal observation}. Similar
pedal feeding has been reported In M. fransversum



{Way 1 891. Such observations sugzest ihat pedal

eposit fesding is an mmporiant auxiliary feeding

mede, at least in corbiculacean species.

Pzdal fesding may be much mere common in
ﬁes:waﬁ-:r species than previously suspected. Ina
stream &, strictinurs population, only 33% of the
total organic carbon assinilated could be sccounted
for by flter feeding, leaving the remaining 659 to
come from sediment detrital sourses (Mombach et
al. 15842}, presumably from pedal feeding. Other
sphaeriid species reach highest densities in silf-laden
sediments of high organic content {Zdeba and White
1GR3) or in habitats receiving organic sewage efflo-
ents, both strongly suggestive of dependence on
pedal deposit-feeding mechanisms {Burky 1583
Pedal deposit-feeding mechanisms mayv explain the
extensive horizontal locomaotion through sediments
observed in a number of freshwater bivalves {(Imlay
1982, Way 1989; see also Section 1.1, as it would
allow sediments laden with organic detrifus to be
renewed continually at the foot surface. Certainly,
this unigue feeding mode deserves further investi-
gaticn.

3. Population Regulaiion

There has been little detailed research regarding reg-
ulation of freshwater bivalve pooniations. Most of
the information 18 anecdotal. Fuller {1974) reviews
the known abiotic and biotic factors affecting popu-
iation density and reproduciive success of fresh-
water bivalves. Catastrophic abiotic factors recog-
nized as causing periodic reductions in bivalve
populations are reviewed in Section II1B. Among
these are accumulations of silt in the sedimenis of
impounded rivers and silt suspended in the water
colurnn during pericds of ficoding. Sit interferes
with gift ilter feeding and gas exchange mechanisms
(Aldridge et al. 1987, Payne and Miller 1987 and can
caise massive morialily in unmionacean populations
(Adam [986). In conitrast, many sphaeriids thrive m
sediments with high silt loads {Eurkv 1983, Kilgour
and Mackie 1988), assceiated with their partial or
complete cée;,euduzcb on deirital food sourass {see
Section IT1.C.2). Even the shell growth of ¢ flu-
minea, a species toferant of high turbulence and
suspended sili, can be temporardy inhibited by pe-
riods of high flow and turbidity (Fritz and Lulz
19%6).

Ternperature extrames also affect freshwater bi-
valve populations, The telerated temperature range
of C. fluminea is 2°C (Mattice 1979) to 36°C (Mc-
Mshon and Williams 1986b). Both cold-induced
winter kills (Blye 7 af, 1985, Sickel 1986) and heat-
mduced summer kills (McMahon and Williams
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1986b) are reporied for this species. Temparaturs
{imitations for other North American species are not
as well studisd; but on average they appear (o have
broader upper and lower temperature limits than C.
Jluminea (Burky 1983). Even within the tolerated
rangs, temperature may have detrimental effects
on reproductive success. Sudden temperature de-
craassf*s cause abortive release of developing glochi-

iia in unionaceans (Fuller 1974), and temperatures

bove 30--33°C inhibit repreduction in . fluminea
{Loav and Mchbahon 1987). Sphaeriid densities
wers reduced in midsemmer in an area receiving
heated effinents from an eleciric generating station
(Winneil and Jude 1982). Flevaled temperatures in
areas receiving heated effiuents may also stimulate
bivalve growth, i ms,uc*ng early maturity and increas-
ing reproductive effort. They may provide heated
refugia in which populations may overwinter as oc-
curs in the northernmost populations in €. fluminea
in Morth America (Counts 1986, Cairns and Cherry
1983, McMahon 1982, 1583a).

Low ambient pH can aiso depauperaie or com-
pletely extirpate bivalve populations. Bivalve popu-
lations have been climinated from habitats receiving
acid mine draingge (Tayior 1985, Warren er al.
1984). Hignty acidic waters cause shell erosion and
eventual death (lKat 1982}, Perhaps of more impor-
tance than pH inregolating freshwater bivalve popu-
lations are waler hardness and alkalinity. Union-
aceans 40 aol occur in New York drainage systems
with calcium concentrations of less than 8.4 mg
Calliter (Falier 1974). In waters of extremely low al-
kahnity, calcium concentraiions may be too low
for shell calciom deposition; the lower limit for
most bivalves is 2-2.5 mg Ca/liter (Okland and
Kuiper 1982, Rocke and Mackie 1984a). Growth and
fecupdity rates were suppressed 1n a Pisidium caser-
taaum population 1n a pond with a fow calcinm con-
centration relative to a population in a pond with a
higher calcium conceniration {Hornbach and Cox
1987). Waters of low alkalinity have little pH-
buffering capacity and are, therefore, subject o
major seasonal pH variation. This makes them par-
ticutarly sensitive to acid rain, which detrimentally
affects bivalve faunze {(Rooke and Mackie 1984a),
Sheil calcium content can be related to water cal-
clum conceniration. Gf ten species of Canadian
freshwater bivaives, two sphaeriid and one union-
soean species displayed no relalionship between
shell calcizm content and water calcium concentra-
tion, E'l contrast, shell calchum content decreased
reased water calcium concentraticn in two
sphaf:md species and increased with water calcium
conceniration in four sphaeriid and two unionacean
species (Mackie and Flippance 1983b).
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Lowering of habitat water levels during extreme
droughts or dry periods can produce massive mor-
talities by exposing bivalves to air. Lowering of lake
levels cansed near 100% mortality in emerged €
Auminea populations (White 19759), 2 result that
probably reflects its poor dessication tolerance
{Bvrne ef al. 1988). Many unionacean species are
relatively tolerant of prolonged emersion. When
sympatric popuiations of nine unionacean species,
the sphaerild Musculium transverswm, and C. flu-
mineg were sxposed on land for several months,
both the A, rransverswm and . fAuminea popula-
tions suffered 100% wmortalitv, The unionaceans,
however, suffered only 50% morttality because they
either migrated downshors or resisied dessication
{(White 1979).

ILow environmental G, concenirations can be
detrimental to freshwater bivalves. Coniinual suiro-
phicaiion of Lake Estrom, Depmark, so reduced
ambient profundal O, concentrations (0-0.2 mg
(3,/liter for three months) that massive reductions
of sphaertid populations ensued (Holopainen and
Jonaszon 1983, Jonasson 1984a, 1984h), even in spe-
cies geperaily highly tolerant of hypoxia such as
Pisidium coserranum and P. subtruncarum. The
lower critical O, limi for maintenance of aerpbic
respiration in both species was 1.7 mg Oy/liter
{ Jonasson 198405,

Various forms of pellution are also highly detri-
menial to freshwater bivalves {for a review see
Fuller 1974) inchuding chemical wastes (Zeto er al.
1987y, asbesios (Belanger ef al. 1986a), organic sew-
age efffuents (Gurnning and Sutkius 1985, Meves and
Zale 19872, St. John 1982), heavy metals (Belanger a1
af. 19866, Fuller 1974, Lomte and Jadhav 1982a),
chiorine and paper mill effluents (Faller 1974}, and
acid mine drainage {Tavlor 1983, Warren e al
1084). Potassium ion, even in low concentration
(> 4-7 mg K7 /liter), can be lethal to freshwater
hivalves. Popudations can be seriously affected or
even extirpaied in waiersheds where potassiwm is
naturally abundant {as occurs in the western Missis-
siopi basin} {Fuller 1974).

Little hard experimental information is available
on the biotic factors contreoiling freshwater bivalve
populalions. In some . fluminea populations,
massive die-offs (particularly of colder individuals}
have been observed after reproductive efforts (Al-
dridge and McMahon 1978, McMahon and Williams
1G86a, Willilams and McMahon 1986), probably asa
result of major reductions in the tissue energy re-
serves of postreproductive individuals (Williams
and Mchiahon (989 Such postreproductive mortal-
ity in adult individuals also occurs in sphaeriids
{Burky 1983

Freshwater bivalves are hosts for a number of

parasites. They are intermediate hosis for digenetic
trematodes (Fuller 1974). While such infections
cause sterility in gasiropods, their effects on
freshwater bivalves are unknown. Parasitic nema-
tode worms inhabit the guts of unicnaceans {Fuller
1974). The sziernal cligochaete parasite Chaetogas-
ter imnaei resides n the mantle cavities of union-
aceans {Fuller 1974) and C. fluminea (Sickel 1986).
All of these parasites probably contribute {o the reg-
ulation of freshwaier bivalve population densities,
but the degres to which thev do has received little
experimental attention.

Water mites of the family Undonicolidae, includ-
ing the genera Unionicola and Ngjadicola, are im-
portani external parasites of unicnaceans. Both ma-
ture and pre-adalt mites are parasitic, atiaching to
zills, mantle, paips, and the visceral epithelium {de-
pending on species) (for life histories of the Unioni-
colidae ses Mitchell 1953; ses also Chapter 16).
Heavy mite infestations of unionzcean gills can
cause portions of the gills to be shed, abortion of
developing glochidia, or even death of infected hosts
{Fuller 1574}, perhaps making unionicolid mites a
magor regaiator of unionaceas populations.

Disease has been little siudied. Available evi-
dence indicates fittle viral or bacterial involvement
in massive die-offs of . fuminea (Sickel 1986) or
unipnacean {(Fuiler 1974) populations.

Predation may be the most imporiant regalator of
fresh water bivalve popuiations. Shore birds and
ducks are major feeders on sphaeriids and small
specimens of . fluminea (Dreter 1977, Fulier 1974,
Paloumpis and Starrett 1960, 3mith ¢ af. 1986,
Thompson and Sparks 1977, 1978). Indeed, C. flu-
mineq densities were 335 times greater in enclosures
excluding diving ducks (Smith er af. 1986). Water
fowl feeding also significantly reduces D. polymor-
paa populations (Mackie er gl. 1989). {rayfish also
feed on small bivalves including C. fluminea {{Covich
et al. 1981} and D, polymoerpha (Mackie er al. 1989),
end in some habilats may have significant influence
on bivalve population densities. Fire ants (Solene-
pis invincia) orey heavily on clams periodically
emersed by receding water levels. In addition, tart-
les, frogs, and the mudpuppy salamander Necturus
maculosus have all been reported to feed to a limited
extent on small or juvenile bivalves (Fuller 1974).
Free-living oligochaetes prey on freshly released
giochidia {Fuller 1574).

erhaps the major predators involved in reguls-
tion of freshwater bivalve populations are fish. A
npumber of Morth American fish species have been
identified as mollusciveres (Table 11.4). While the
majority of moefiuseivorpus fish feed on small bivalve
species of Immalure specimens (3L < 7 mm) of
larger bivalve species, several routinely take larger
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Tables 1.4 List of Major Fish Predators of Freshwater Bivalves®

Family (GGepus and Species

Common Name

Clupeidas

Alosa sapidizsima

Amencan snad

Cyprinidae Cyrinus carpic Common Carp
Catostordas Ictiobus bubalus Smallmonth Buaffalo
Ictichus niger Black Buffrlo
Minytrema melanopus Spotted Sucker
FMoxostoma caripaium River Redhorse
Percichthvidae Roccus saxafilis Striped Bass
Ictaluridae Ieralurus furcaius Blue Catfish
Fetalurys punctatus Channel Catfish
Centrarchidae Lepomis gulosus Warmeouth
Lepomis macrochirus Bluegll
Lepomis microlophus Red-zar Sunfish
Scizenidac Aplodinotus grunniens Freshwater Dyom

Acipenseridae

Acipenser fulvesens

Lake Sturgeon

THata from Fulier (1974), MelMahon (1985a), Robinson and Wellborn {1988), and Sicke! {1986).

adult bivalves, mncluding carp (Cyprinus carpio},
channel caifish (Joralurus punciaius) and freshwater
drum (Aplodinotus grunniens). This latter species
crushes large bivalve shelis with three massive,
highly muscularized pharyngeal plates, asdocarpiv
a lesser extent. In contrast, channel catfish swaliow
bivalves Iotact (J. C. Brition, personal commu-
nication). The majority of molluscivorous fish limit
predation to smaller bivalves because the shells of
larger individuals are too sireng to crack or crush.
The shell strength of C. fluminea increases exponen-
tially with size {log, force in newtons to crack the
shell = —0.76 + 2.31 {logyy SL in mm}; it is 6.5
times stronger than that of the very thick-shetied
estuaring bivalve Rangia cuneata (Fig. 11.23)
{(Kennedv and Blundon 1983},

in some instances, fish predation significantly de-
pletes freshwater bivalve populations. The diversity
and density of sphaeriids increased in habitais from
which molluscivorous fish were excluded (Dyduch-
Falniowska 1982). Robinson and Wellhorn (1988)
reported that 11 months afier settiement, the densi-
ties of a spring cohort of €. fluminea were 29 times
greater in enclosures excluding fish.

As fish are infermediate hosts for the glochidia of
unionaceans, the size of fish host populations can
significantly influence mussel reproductive success.
The absence of appropriate fish hosts has caused the
extirpation of unionaceans in a number of North
American habitats (Fuller 1974, Kat and Davis 1984,
Smith 19852, 1985 see also Section HLAY. Indee
estoration of fish host pepulations has produced
remarkable recoveries in some endangered union-
acean populations (Smith 1985k}, Thus, human ac-
tivities reducing population densities of fish glochi-
dial hosts can resultin the destruction of unionacean
pooujaticns, Therefore, relationships  betwesn
unionaceans and their glochidial host fish should ke
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Figure 11.23 Shell strength of Corbicuia fluminea. Solid
line 15 the best fit of a geometric mean estimate of a least
squares log-log linear regression, relating shell length
{51.) to force reguired to crack the shell (open circles) as
Tollows: Log)g foree to crack the shell in pewtons = —0.76
+ 2.31 (logyy mm SL). Dashed line is the best ft of a similar
log—tog Hnear regression for the estuarine wedge clam,
Rangia cuneara, as follows: logy, force to crack the shell
i newtons = —1.73 + 2.42 {log;y SL in mm). R. cuneata,
with the strongest shell of eight tested estuaripe bivalve
species, has a thicker shell than doss O flumineq.
However, as the regression slope values for the two spe-
cies are nearly sgual, the elevated y-intercept for O
Auinea {(—0.76 compared to —1.73 for R, cuneara) indi-
cates that its ghell is epproximaltely an order of magnitude
sironger. (Redrawn from Kennedy and Blundon 1983.)
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an igrporiant consideration in the future mengge-
ment of drainage svstems and their fisheriss to
ensure continued heaith of remaining unionacean
faunae.

Mammals also prey on freshwaier bivalves, Di-
ters, minks, muskrats, and raccoons all routinely
mclude bivalves in their diets and may imit popula-
tion grewth in some species (Fuller 1974). Raccoons
and muskrats feed extensively on C. fluminza and
may account for the large reductions of adult clam
densities in the shallow, near-shore waters of some
Texan rtivers, where favored feeding sites are
marked by accumulations of thousands of open
shells {personal observation). Even wild hogs have
been reported 1o Toot in and destrov shallow water
beds of unicnacean mussels (Fuller 1974). Muskrats
annually afe 3% of individuals in a population of
Anodenta grandis simpsonjana in 2 small Canadian
iake or 3i% of its annuoal tissue production. The
muskratz preferentally consumed larger mussels
{shell length > 53 mm), strongly affecting the size—
age siruciure of the populstion; this resulted in a
decline in the biomass of large individuals in the
mussel pepulation and a significant reduction in the
reproductive effort of the mussel population (Han-
son ef af. 1989).

There have been no experimental evaluations of
interspecific or intraspecific competition among
ireshwater bivalves; only highly anecdotal observa-
tions have been made, Unionacean or sphaeriid pop-
ulation declines coincident with the establishment of
C. fluminea populations have occurred in a number
of MNorth American habitats (McMahon 1983z,
Sickel 1986}, However, invasion by £, fluminea
does not appear to be a primary cause of reductions
in native bivaive populations. Rather, habitais are
first made inhospitable to indigencus species by
channelization, dredging, pollution, over-fishing or
other water management practices. (. flumineg,
which is highly invasive and more tolerant of the
higher current velocities, increased levels of sus-
pended solids, and siliing caused by such praclices,
rapidly colonize such disturbed habitats from which
other species have been extirpated (McMahon
1983a). In contrast, establishment of £, fluminen
populations in drainage systems not subject to ha-
man interference has had little effect on native bi-
valve populations (McMabon 1983a, Sickel 1986).
This may suggest an inability by Corbicula to out-
compete native species in most satural Nortk
American habitats.

Published experimental jnvestigations of intra-
specific, density-dependent, population regulation
mechanisms in freshwater bivalves are also lacking.
Hlowever, some evidence is available from descrip-

ful recruitment of newly setiled juveniles is known
to occur after adult populations have been deci-
mated {(Cherry ef g/, 1980, McMahon and Williams
1586a, 1886h); whereas, juvenile seitlement is gener-
ally far less successful in habitats harboring dense
adult populations. High adult density may prevent
successiud recruitment of juveniles, thus preventing
exiensive venile-adult competition for lmited
foocd and space resources. This hypothesis was
tested by placing sand-filled trays with different den-
sitieg of adult €. flumineq in a lake harboring a rela-
tively dense Corbicuia population. The results indi-
caied thai while adult density had no effects on
either acdult or juvenile growth rates, it clearly af-
fected success of juvenile setilement. Seitiement in
the tray without adults was 8702 juveniles/m®. Maxi-
mal settlement (26,996 juveniles/m?) occurred in
the tray with 329 adults/m?*; while juvenile seitle-
ment was least at the highest adult depsities of
659 and 1976 clams/m” being only 8642 and 3827
Juveniles/m?, respectively (R. F. McMahon unpub-
lished;. This clearly indicated a significant inhibitory
effect of adult depsity on successful invenile setile-
ment. The mechanism of density-dependent juvenile
settlement has not yet been clarified for this species.
Mackie et ¢f, (1978) found that high adult densities in
Muszcalinm securis caused significant reductions in
the number of juveniles incubated, implying that
intraspecific adult competition can regulate re-
productive effort. In addition, interspecific com-
petition between M. securis and M. transversum
caused reduction in reproductive capacity in the
subdominant species, with species dominance de-
pendent on habitat. Such experiments clearly show
that Iniraspecific density effects and interspe-
cific competition both contribute to regulation of
freshwater bivalve populatiens and, therefore, are
deserving of greater experimental attention.

4. Funciional Hole in the Ecosysiem

Bivalves have a number of important soles in
freshwater ecosystems. Because they can achieve
very high densities and are filier feeders, they are
imporiant second trophic level consumers of phy-
toplanktonic primary productivity. Unionaceans,
with filtering rates on the order of 300 ml/g dry
tissue/hr (Paterson 1984), can account for a large
properticen of tofal animal consumption of phy-
toplankion productivity. As unionacean densities
are reported to range from 135 individuals/m”® (Pater-
son 19837 1o 28 individuals/m? (Negus 1966) and dry
tissue standing crop hiomasses from 2.14 g/m?
(Paterson 1985) 10 17.07 g/m” (MNegus 1966), filtering
by unicnacean comununities could be as high as 15—
122.% Bter/m*/day. Thus, on an annual basis, a



unionacean COmMmMUNIly in a euirophic Furopean
lake was estimated to filier 79% of total lake volnme,
removing %2-100% of all suspended seston from the
filtered water, However, even with such high

ropping raies, the high reproductive rates of phy-
toplankion resulted in unionaceans reducing sesion
concentrations by only 0.44% (Kasprzak 1936,
While the unionacean community accounted for
cnly 0.46% of seston removed by all phyioplanikti-
verous animals in the lake, theyv accounted for 85%
of the standing crop biomass of the phytoplankti-
vorous community. They also contained in their bio-
mass a high proportion of the total phosphorus load
of the lake, greativ limiting the phosphorus available
for phytoplankion production. Similarly, popula-
tions of D. polyvmorpha in five Buropean lakes had
an average dry weight biomass 38 times that of sub-
merged macrophyies and average standing crop
phosphorus and nifrogen contents 2.94 {range =
0.39-7) and 4.2} {range = (.59-%.4) iimes that of
submerged macrophvies, respectively, greatly re-
ducing availability of these growth-lmiting inor-
ganic nuirients to the aquatic plant community
{(Stanczvkowska 1934),

Sphaeriids also have important impacis on phy-
toplankton commurities in lentic habitats. The
sphaeriid community of an oligotroohic lake com-
prised only 0.12% of the total biomass of the phy-
toplanktivores and 0.2% of the bivalve biomass,
but accounted for 51% of 1otal seston consumption
{Kasprzak 1988}, This probably resclted from their
relatively high rates of filiration and population pro-
ductivity {Burky ez al. 1985a, Hornbach er al.
1984a,b). In smaller lotic and lentic habitats, sphaer-
lids can consume a major portion of primary produc-
tivity. in a canal community dominated by sphaer-
nds (98% of the biomass of phvtoplanktivores), they
accounted for 96% of total seston consumption
{(Krasprzak 1984). A stream population of 5. strai-
finum was estimated to filter 3,67 g organic carbon/
m*/yr or 0.0004% of organic carbon in the seston
flowing over them (Hombach e7 af. 1984a). In
comtrast, flifration by a pond population of M.
partumeium vemoved 13.8 g C/m?/yr as seston
(Burky er al. 1585z). Using the data of Burky es ol
(1985b}, standing crop seston levels for the entire
pond were estimated 1o range anpually between 46
and 530 g carben. Average annual consumption of
seston organic carbon by the M. parfumeizm com-
mupity was estimated to be roughly 3.9 g Clday,
vielding a population feeding rate of 0.7-8.5% of
total standing crop sesion carbon per day. These
data indicate that sphaeriid communities crop a sig-
nificant portion of the primary productivity of their
small lentic habitats on a daily basis.

With its extremely high filiering rates and capac-
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o develor very dense populatipns (McMahon
33a), {. Auminea is potentially a major consumer
phytoplankton productiviiy. In the Potomac Ri-
ver, phytopipakton densities and chlorophyll @ con-
centrations declined in the water column as if passed
over dense beds of C. flusminea, both measurss fall-
ing 1o levels 20-73% lower than upsiream values;
current phytoplankion levels in this river section are
considerably lower than those recorded prior to £
Sumineq invazion. Based on fifisring rates, popuia-
tion size distributions, and adult densities, if was
estimated that the C. fluminea population filtered the
entire water columsn in the 3—4 day time period re-
quired for it to pass over the river reach where it was
most dense (Cohen er af. 1984).

The great reduction in phytovlankton density and
chlorophvll ¢ concentration must have been due to
clam filter feeding, particularly as discharge volume
variation, zooplankton feeding, toxic substances,
and nuirient Imitations were not different from
other river sections {Cohen e al. 1984). Similarly,
Lauritsen (19860} estitnated that a C. fluminea popu-
lation of 330 clams/m® in the Chowan River, North
Carolina, at an average summer depth of 3.25 m and
clam filtering rate of 3641010 mi/hr filtered the
eguivalent of the entire overlying water column ev-
ery 1-1.6 days. At an average depth of (.25 m, an
average cuyrent flow of 18.5 m/min, and an average
clam filtering rate of 750 mi/hr {Lauritsen 1986b), the
gguivalent of the entire water column of the Clear
Fork of the Trinity River flowing over a £. fluminea
population with an average adult density of 3730
clams/m?® would be filtered every 304 m of river
reach or every 1& min {R. F. McMahon personal
observation). Such massive turnover of the water
column by dense bivalve populations could keep
seston concentrations at minimal levels and greatly
limit the energy available to other seston-feeding
species. Consumption of the majority of primary
prodactivity by dense bivalve populations and the
accumuliation of that production in large, relatively
long-lived, predator-resistant adult ¢clams may not
only limit the inorganic nutrients available for pri-
mary productivity and the energy available to other
primary consumers but may also divert energy flow
away from higher trophic levels, Such diversion of
energy flow by massive freshwater bivalve popula-
tions away from higher trophic levels could lead to
reductions in predatory game fish stocks in habitats
with dense bivalve populations. This hypothesis has
nteresting wnplications for management of game
fish stocks, but 1t s one that swaits fleld and experi-
mental confirmation. In this regard, the long-term
ecological impagts of the apparent reduction of phy-
toplankion blomass in Lake Erie by zebra mussels
should prove-most interesting.
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Hivalves, by filtering suspended seston, act as
waler clarifiers and organic nuirient sinks. When
co-cultured with chaane? catfish, €. fuminea signif-
icantly increased ambignt water O, concentrations
by reducing seston and turbidity levels (Butiper
1986). Dense bivalve populations, by removing phy-
ioplankion and other suspended material from nahe-
ral water columns, significanily increase clarity;
and, by binding suspended sediments into pseudo-
feces, they accelerste sediment deposition rates
{Prokoprovich 1969). Dense populations of 5. po-
Femorpha clarify water and increase sedimentation
rates in Buropean canals (see Mackie ¢f ¢/, 1989 and
references therein) and may similarly improve the
waler quality in Lake Frie as populations eventually
reach maximal densitics. By increasing water clarity
and thersfore depth of light penstration, bivalves
may stimulate the growth of rooted aguatic macio-
phyies.,

Because {reshwater clams filter suspended or-
ganic detritus and bacteria and consume interstitial
bacterip and organic deintus in the seduments {see
Section HI1.1).2}, they may also be significant mem-
bers of the aguatic decompoeser assemblage. Lopez
and Holopainen {1987) presented evidence that Pisi-
dium casertanum and P, corneum feed primarily by
filtering interstitial bacteria from the sediments.
Hornbach er af. (1882, 1984a) estimated that only
24--35% of the total energy needs of the population
of Sphaerium siriatinum are met by filier feeding,
the remaining coming from assimilation of sediment
organic detritus, O, fluminea pedally feeds on sedi-
ment detritus and can reduce sediment organic con-
tents by 50% within 25 davs {Cleland 1988}, thus
clearly exerting a major impact on the decomposer
commuonity., Musculium fransversum uviilizes iis
iong iphalant siphon to vacuum organic detritus
{from the sediment surface (Way 1989, The detri-
tivorous habit of many freshwater bivalve species
may divert primary productivity ordimarily lost to
respiration of the detritivorous community back into
bivalve tissue wheve it can become reavallable to
higher trophic levels.

The activity of freshwater bivalves may also di-
rectly affect the physical characteristics of their hab-
itats. Deposition of calcium in the shells of growing
clams may reduce ambient water calcium concentra-
tions. In a population of €. flumines with an average
density of 32 clams/m?, annaal Sxation of sheli
CaCOs was 0.32 kg CaCOy/m/vr {Aldridge and
MechMahon 1978). At this rate, apnual shell CaCo
fixation in populations of 100,000 clams/m® (Eng
1979 could be as great as 30-60 kg CaCO./m?/vr.
Such rapid temoval of calclum o shells acocumulat-
ing in the sediments could lead to 2 considerable
reduction in water hardness, particularly in lentic

habitats,
duce sea
centration, with calcium concentrations being great-
5t 1n winier when shell growth 1s minimal and least
insummer when shell growth is maximal {Rooke and
AMackis 1984cy Bivaive activity can also affect the
flux rates of sointes between sediments and the
overlying water column. Unionscean mussels en-
hanced the release of nifrate and chloride and inhib-
ited (e, release from surrocunding sediments
(Matisoff 27 o, 1983). Dense populations of sphaer-
iids can be the principal effectors of sediment dis-
solved oxXygen demand, in some habitats reported (o
reach ievels characteristic of semipoiluted and pol-
ted streams (Butts and Sparks 1987),

Smail hivalves (sphaeriids, juvenile unionaceans,
D potymorpha, and C. fluminea) can be a major
food source for a number of second trophic level
carnivores, inchuding fish and craviish (see Section
TL.C.3y Bivalve flesh has a relatively low caloric
comtent, 3.53--3.76 kcal/g ash-free dry weight (Wis-
sing ef ai. 1982}, reflecting low Hpid and high protein
content. O, fluminea has tissue organic U1 N ratics
ranging from 4.9-6.1: 1, indicative of fesh protein
contents of 51~83% of dry weight (Williams and
MecMahon 1989). High protein content makes bi-
valve flesh an excellent food source to sustaln preda-
tor tissue growth.

Many freshwater bivalve populations are highly
productive (particularly sphaeriids, C. flumineq,
and D, polymorpha), thus they rapidly convert pri-
mary productivity into tissue energy available to
third trophic level predators. Productivity values
range from a low of §.019 g C/m®/yr for Pisidium
crassum population o a high of 10.3 g C/m*/ yv for a
O, fluminge population; the average for 11 sphaeriid
species and 2 species of Corbicula was 2.5 g C/m?*/yr
{(Burky 1283). Other more recent valees include
12.8-14.6 g C/m?/yr for an Arizona canal population
of O, fluminea {computed from the data of Marsh
1985) and 1.07 g C/m*/yr for a New Brunswick lake
popufation of the unicnacean Elfiptio complanata
(computed from the data of Paterson 1985).

Furthermore, bivalves are generally more highly
efficient at converting consumed and assimilated
food energy into new tissue than most second tro-
phic level aguatic animals because their sessile,
fiter-feeding habits minimize energy cxpended in
food acquisition, ailowing more efficient transfer of
energy from primary oroduction to bivalve preda-
tors. Thus, bivalves can act as impeortant conduits of
energy fixed by photosynthesis in phytoplankton to
bigher frophic levels in the ecosystem. Bowever,
such trophic energy transfer is mainly through
smaller species snd juvenile specimens, as large
adult bivalves are relatively immune to predation.

Seasonal cycies of shell growth could in-
sonal cveles in ambient water calCiim con-



The measures of efficiency of conversion of assim-
riated energy fuuergv absc}rbeﬂ across the gut wall)
mio energy fixed i new tssue growth is net growih
efficiency:

o Met Orowth Efficiency = P/AD)

where £ = productivity rate o rate of energy or
OTganic car?‘en fixation into new tissue growth by an
individual or population and A = assimilation rate or
rate of energy or Organic cerbon assimilated by an
individuai or pemﬂaﬁ:’oa The greater the net growih
efficiency of a second trophic ev el species, the more
efficient is its conversion of assimifated energy into
flesh, and, therefore, the greaier the potential for
energy flow through i 1o ”amrd trophic level preda-
tors {for detailed discussions of bivalve energetics
see Burky 1983, Holopainen and Hanski 1988,
Hornbach E%J, Russeii-Hunter and Buckley 1983},
Met growth efficiencies, compuied as 100% - the
perceniage of assimilated energy respired values
{Table 11.2), are 9-79% in sphaeriids {average =
55%) and 58-89% in C. fuminea, indicating rela-
tively efficient conversion of assimilated energy 1nto
flesh compared 1o other aguatic second trophic level
anmals,

5, Bivalves gy Biomoniiors

Freshwater bivelves, particularly larger anion-
aceans and C. fluminea, mayv also be excellent bio-
mounitors of water pollution and other environmen-
tal perturbations. (haracleristics making them
excellent biomonitors (for a review see Imlay 1982)
include long Bfe span, and growth and reproduc-
tive rales sensitive to environmental perturbation
{Burky 1983). They are readily held in field enclo-
sures without excessive maintenance. Shell growih
1s sensitive to environmental variation and/or distur-
bance (Belanger er af. 1986a, 1986b, Burky 1983,
Fritz and Lotz 1986, Way and Wissing 1982, Way
1988}, and the valves remain as evidence of death,
allowing merzality rates o be estimated. Shells ars
easily marked by tags (Young and Willlams 1983¢),
paint, or shell-etching (Mcldahon and Willlams
1586a).

Bivalves are collectible throughout the year and
are easily shipped alive long distances from feld
sites te the laboratory. Because adults of large spe-
cies tend to remain in place {(exception is £. fAu-
minea}, they are subiecied to conditions representa-
tive of the monitored environment throughout hfe
(Imiay 1982). Shell growth In annual increments al-
lows determination of annual variation in heavy
metai poilutant levels over long neriods by analysis
of metal levels in successively secreted shell layers
(imlay 1982). Large size allows analysis of polluzant
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levels in single individuals, and the wide geographs-
cal ranges of some species {Imiay 1982) allow direct
comparisons across drainage systems. Table 11.5
indicales the types of pollutants apd environmental
perturbations for which freshwater bivalves have
been used as biomonitors.

D, Evolutionary Relarionships

Sphaeriids, dreissenids, corbiculids, and usion-
aceans represent separate evolutionary invasions of
freshwaters. Sphaerlids, deeissenids, and corbicu-
Hds, 2il in the order Veneroida, are guite distinct
from unionaceans in the order Unioncida (Allen
198Z). The Venercida became successful infaunal
fiiter feeders through evolution of inhalant and exha-
lant siphons, allowing sediment burrowing while
mainiaining respiratory and feeding currents from
the overlying water column. Their eulamelithbranch
gills with fused filaments {Fig. 11.5) were a clear
advancement over the primitive {i.e., filibranch)
condition with separate gill filaments attached only
by interiocking cilia (Allen 19835),

The family Sphaeriidae in the soperfamily Cor-
bicuiaces has a long fossi history in freshwater ex-
tending from the Cretacecus (Keen and Dance 1969)
and has evplved along two major lines, The first,
represented by Pisidium, invelves adaptation to life
in organically rich sediments with the capacily io-
filter interstitial bactenia (Lopez and Holopainen
i987}; this makes them dominant in the profundal
regions of lakes. The second, represented by
Sphaerium and Musculivm, involves adaptation to
ife in small, shallow lentic or lotic habitats subject
to prediciable seasonal perturbation such as habitat-
drying. Their adaptations include estivation during

orolonged emergence (see Section ITLA). Like
many of the Yeneroida, the byssus is absent in the
adults of most species. They have alse evolved an
unusial shell made fragile by lack of a nacrecus
iaver.

The superfamily Unionaces, like the Sphaeriidae,
has a long fossil history in freshwater, extending at
least from the Triassic {Hass 1969). A long fossi
history and tendency for reproductive isolation due
to gonochorism and the parasitic glochidial stage
{see Bection 1. A) has led o extensive radiation in
the Unionacea, represented worldwide by 150 gen-
gra and a great number of species (Allen 1985). Therr
origin remains unclear. Similarity of shell strue-
ture suggests a possible rplationshé_p 1o shaliow-
burewing masine fossil species in the order Trigo-

nida {Allen 1983). Like the majority of sphaeriid
SPQUI@S adults lack a byssus, which would be of no
use in their soft sediment, infaunal habitats, They
re the dominant bivalve fauna in shallow regions of
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Table 11.5 List of Recent Investigations Invelving Utilization of Bivalves to Monttor Effecis or Levels of

Pollutants in Freshwater Habitats

Pollutant Monitored Species Utilized Literature Citation
Arsenig Corbiciia fluminesa Elder and Matiraw {1984}, Price and
Knight (1978}, Tatem (1986)
8 Unionid species Price and Knight (1978}
Cadminm Anodonta anating Hemelraad 27 af. (1983
Anodonia cygnea BHemelraad er af. (1983).
Corbicula fuminea Ider and Matiraw {1984, Graney ¢
ai. (1984), Price and Knight (1578),
Tatem {1986}
8 Unicnid species Price and Knight (1978;
Chromium Corbicula flumines Fider and Mattraw (1584), Taiem
(1988)
Copper Corbicula fuminea Annis and Belanger (1986), Elder and
Mattraw (1984), Foe and Knight
{1984c), Tatem (1986)
iron Corkicula fluminea Tatem {1986)
Lead Corbicula fluminea Annis and Belanger (1986}, Elder and
Matiraw (1984), Price and Knight
(1978), Tatem (1985)
& Unionid species Price and Kmight (1978)
Manganese Corbicula fluminea Flder and Matiraw (1984), Tatem
: {19886)
Mercury Corbicuia fuminea Fider and Matiraw (1984}, Price and
Knight (1978
8 Uniondid species Price and Knight (1978)
Tin Anodonta 3p. Herwig ef al. (1985
Zinc Corbicula fluminea Belanger er of. (1986h), Eider and
' Matiraw {1984}, Foe and Knight
(19864}
Asbestos Corbicula fluminea Belanger ¢t af. (1986a, 1987)
Octachlorostyrene Lampsilis radiata siliquiodea Pugsley er af, {1985}
Polychiorinated Biphenols (PCEs) Corbicula fluminea Flder and Mattraw (1984}, Tatem
(1986)
Lampstiis radiata siliguiodea Pugsiey et al. (1983)
Pesticides Corbicula fluminea Fider and Mattraw (1984), Hartley
and Johnston (1983), Tatem (1986)
Sewage Effluents Corbicuda fluminea Foe and Knight (1986¢), Horne and

Power Station Thermal Effluents

Corbicula fluminea

Macintosh (1975), Weber (1973)
Drreter and Tranguiili (1981), Farris ef
af. (1988}, Foe and Knight (1987,
MeMaheon and Williams {19866)

larger, relatively stable lentic and lotic habitats, par-
ticularly in sand-gravel substrata not subject to dis-
turbance by currents (see Section Hi.A).

The Sphaeriidae and Untonacea, with long fossil

histories in freshwater, have evolved quite distinct
niches. While both ocour in relatively stable habi-
tats, the majority of sphaeriids live in smaller ponds
and streams (incloding those with prediciable sea-
senal perturbation) or in the profundal regions of
iarge lakes; whereas, the majority of unionaceans
colonize stable sediments of shallow portions of
larger rivers and lakes {see Sections LA and I11.B
for descriptions of the adaptations of tweo of these
groups io their respeciive habitats),

. fluminea has entered freshwater only in recent
{Pleistocene} umes (Keen and Casey 1969) and,
therefore, is unlikely to complete effectively with
sphaeriids or unicnaceans, as the long fossil histo-
ries of these latter groups have made them highly
adapted to their preferred stable freshwater habi-
tats. Indeed, C. fluminea does not appear to have a
serious impact on native Morth American bivalve
faona in undistwrbed freshwaters (see McMahon
19832 and references therein). Rather, this species is
adapted for Iife in highly unstable habitats that are
subject to periodic catastrophic perturbation, partic-
zlarly flood-induced sediment disturbance; such en-
vironments are generally unsuitable for sphaeriids



or upionacsans {see Seciion I} f‘“«) Arw 2 its adap-
tations to ‘ﬂigh—ﬁ w lotic habita able sub-
sirata arg: (1} Jty for ra pd ‘:)u rowing: (2) a
strong, heavy, cone rically sculptured, inflated
shell; and (33 ‘vamie retention of & byssal threade—
al] of which allow muintenance of position 1o sedi-
ments (Vermeij and Dudley 1985). Additionally, its
high fecundity, elevaed growih rate, early maturity,
and extensive capacity for dispersal (see Section
I11.B) allow it 1o both invade habitats from which
Othﬁé’ bivalves have been extirpated and rapidly re-
over from catastrophic population reductions.
Tnm . fluminea is a successful recent mmvader of
freshwaters because it has evolved a niche in unsta-
bie, disturbed habitats not greatly utilized by either
sphaeriids or unicnaceans, Freshwater Corbdicula
are considered to have svelved from an estuarine
Corbicyla ancestor mhabiting the upper. near
freshwater portiens of estuaries {(Morion 1982},

The superfamily Dreiszenacea containing 2. poly-
morpha, while superficially resembiing mytilacean
mussels (superorder Pterioida), is placed in the Ven-
eroida because of i3 advanced sulameilibranch
ctenidium. Adul dreissenaceans retam an attach-
ment byssus, considered a primitive condition. In
contrast, the mytiliform shell with iis reduction of
the anterior ends of the valves and the anterior ad-
ductor muscle, is considered to be a derived char-
acteristic, resulting from adaptation to an epiben-
thic miche characierized by byssal aitachment 1o
hard surfaces {Allen 1983, Mackie er al. 1989).
D, polvmorpha probably evelved from an estuarine
dreissenacean ancestor of the genus Mytilopsis. As
with €. Auminea, its fossi record indicates a recent
Pleistocene introduction to freshwaters (Mackie et
al. 1989}, Also iike €. fluminen, D, polvmorpha ap-
pears to have successfully colonized fFeshwaters be-
cause its niche {an epibenthic species attached io
hard substrata) is not occupied by the infaunal, bur-
rowing sphaeriids and unicnaceans, minimizing
competition with these more advanced groups.
However, D. polvmorpha may have an indirect det-
rimental competitive impact on pative Morth Ameri-
can unionacean faunae, becausg of ils tendency
to settie and grow on portions of unionid shells
exposed above the substratum. Dense mats of
L. polymorpha byssally attached to the exposed si-
phonal area of unionacean shells could interfere with
their respiratory and feeding currents, leading to

eveniual death. This aspect of the interaction of
D, polymorpha with unlonaceans merits further
study.

Freshwater bivalves display a number of ¢harac-
teristics that are uncommen In ¢comparable marine
species. Most shallow-burrowing marine species ars
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gonochoristic with external fertilization and free-
swimmmg planktonic veligers. A piankionic veliger
is nonadaptive in lotic freshwater habitats, as i
would be carried downsiream before setilement,

eveniually leading to elimination of upsiream aduk
po;mzlat ions. Thus, the veliger stage has been com-
pletely suppressed in sphaeriids, which brood de-
veloping embrvos la gill marsupia and release large,
fully formed juveniles immediately ready to take up
life in ihe sediment. In uniconids, eggs are retained in
gill marsupia and hatch into the glochicia, whose
parasitism of fish hosis both allows upstream as weli
as downstream dispersal and permits release of well-
developed Juveniles into favorable habitats (see Sec-
tipn 1I1.B). Even the recently evolved C. fuminza
has suppressed the veliger stage of its estuarine an-
cestors {Morton 1982}, producing a small, but fully
formed juvenile whose byssal thread allows immedi-
ate settlement and attachment to the substratum.

i

‘Retention of external fertilization and a free-

swimming veliger in D. polvimorpha are primiiive
characterisiics reflecting its relatively recent evolu-
tion from an estuarine ancestor.

Downsiream veliger dispersal would appear to
preciude zebra mussels from high-flow lotic habi-
iats, unless upstream impoundments provide a
source of replacement stock. In fact. in Europe and
Asia, this species is most successiul in Jarge lentic or
low-flow lotic habitats such as canals or large rivers
{(Mackie er gf. 198%). Serial impoundment of rivers
will provide lentic refugia for this species in other-
wise lotic drainages, facilitating its invasion of North
American waters,

Angother common adaptation 1 freshwater spe-
cies is evolution of hermapharoditisin with a capac-
ity for selffertilization. Hermaphroditism makes all
individuals in a population reproductive, allowing
rapid population expansion during faverable condi-
ticns. Hermaphroditism allows sphaeriids to re-
estabiish populations after predictable seasonal per-
turbation and in . fuminea, along with high fecun-
ditv, allows rapid re-esiablishment of populations
after catastrophic habitat disturbance. It makes both
sphaeriids and €. fluminec invasive, as the introduc-
tien of 2 single individual can lead to the founding of
a new population. In contrast, the gonochorism of
the matority of unicnaceans and I3, polymorpha hm-
its their invasive capacity, reflected by their ten-
dency to inhabit stable, relatively undisturbed
waiers.,

Finally, untonaceans and sphaeriids have differ-
ent shell morphologies relative fo comparable
shallow-burrowing marine bivalves, Freshwater
species generally do not have denticulated or creny-
lated inner valve margins, extensive radial or con-
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centric shell ridges, tightly sealing valve margins,
well-developed hinge teeth, overlapping shell mar-
gins, or umiormally thick, inflated, strong shells to
the degree displayed by shallow-burrowing marine
species {Vermei and Dudley 15835). These shell
characieristics allow shallow-burrowing marine spe-
cies o maintain positicn in unsiabic substrata and/
or resist ta sheil cracking or boring by large preda-
10r's COMMEGR in marine habiiate, Lack of such S‘U‘LCA
fures in unionaceans and sphasriids reflecis theyu
preference for stable sedumentis and the general ab-
sence of effective pradators adult bivalves; cer-
tainly, there are no sheil- ber ng predaiors of Morth
American freshwatar spe . Indeed, the shells of
{freshwater unionsacesns disp l ay considersbly less
nonlethal, predaier -induced damage than shallow-
burrowing marine smc ies {Vermey and Dudley
1085y, While retention by €. fumineq of a thick,
extremely strong shaii (Kennedy and Blundon 1983}
lacking pedal and siphonal gapes, well-develope d
hinge teeth, shell inflation, and concentric ornamen-
tation may represent a primitive condition, it ap-
ears to allow this species io be Successﬁzi in sedi-
mentz too unstable to suppor! unionacean oOF
sphaeriid favnse, Such primitive characteristics
may reflect sumilar adaptations in the mnmediate es-
tuarine ancesior of this recenily svolved freshwater
species.

’;‘} s
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IV, COLLECTING, PREPARATION
FOR IDENTIFICATION,
AND BEARING

A. Coilecting

Small sphaerid clams are best collected by remov-
ing sediments containing clams with a: (1) trowel or
shovel (shallow water); (2) long handled dip net or
shell scoop with 2 mesh of less than 6.35 mm {mod-
erate depths) or by Ekman, Fonar, or Peterson
dredges {deeper waler}, the heavier Ponar and
Peterson dredges being better in lotic habitats. Drag
dredges may alse be used but must have sediment
catch bags of smail mesh {1 mm or less). Williams
{1885) described an sasily and inexpensively made
drag dredge for use from a smali boat. Use of scuba
is also an effective wayv of collecting sphaerilds,
iarger sphaeriid species can be separated from fine
sediments with a | mm mesh sieve, but a 0.35 mesh
15 required for smailer specimens. Fragile sphaeriids
should be separated from sediments by genile verti-
cal agitation of the sieve at the surface of the water
to prevent shell damage. All coarse material should
e removed from the sample prior ie sieving to avoid

shell breakage. Exceptionally smmall, fragile species
can be collected by washing small guantities of sedr-
men! into setilement pans, specimens being re-
vealed afier sediments settle and the water clears.

Ekman, Ponar, or Peterson dredges are best for
guantitative samples of sphaﬁﬂ'ids because they re-
move a specific area of surface sediments. Quadrat
frames can also be used (Miller and Payne 1988).
These are driven into or placed on the substratum
and zll surface sediments within the frame collected
{or sorting. Such frames can be utilized in shallow or
deepar waters (the latier in conjunction with scuba
squipment). Drag dredging at specified speeds for
known iniervals allows partial sample guantifica-
tion. Core sampling devices consisting of tubes
driven inio the substratum to remove sediment seg-
ments of specific depth can vield beth acqurate esii-
mates of density and sediment depth distributions of
sphaeriid populations. Core samplers are limited by
sampling a small surface area and are, therefore,
best utilized with dense popuiations and/or repeti-
tive sampling.

The low densities of some unipnacean popula-
tions can make theiy collection difficuli. Where pop-
ulations are dense, shoveling sediments through a
sieve allows collection of a broad range of sizes and
ape classes (Miller and Payne 1988). As unitonaceans
are larger than sphaeriids, sieve mesh sizes of 0.5~
! con may be appropriate unless recently settled ju-
veniles must be coilected. In less dense, shallow
water populaiions, hand-picking wusing a glass-
bottomed bucket o locate specimens can often suf-
fice, In turbid waters and/or soft sediments (sand or
mud), shell rakes may be utilized. Hand-picking and
shell rakes select for larger, older individuals. In

shallow, turbid water, rakine of hands and fingers
Syst@n*atkcaﬂ v th raaoh soit sedimeni while feeling
for burrowed mussels can be effective, but also se-
iects for larger individuals and can lead to cut fin-
gers. On rocky or boulder botioms, unicpaceans
generally accumulate in crevices or near down-
stream bases of large rocks. Here, only hand-picking
(in conjunction with scuba techniques in deeper wa-
ter) is effective. Unionaceans may also be efficiently
collected by varicus forms of drag or brail dredges.
Mﬁsqei brails (often used by commercial shellers;

onsist of 2 bar with atitached lines terminating in
bluz}tnppes zang hooks. When dragged over
unionid beds, mussels clame the valves onto the
hooks allowing them to be brought 1o the surface.

{uantitative sampling of unionaceans can be ac-
complished with guadrats, along with scuba I
deeper waters {Milier and Pavae 1988). Only heavy
Poner and Peterson dredges bite deeply enough into
the substramim o tzke large unionacean species.

fe)
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nt sparse populalions, errors in density estimates
1t from the smail swrface areas that these
dredges sample, requiring repetitive samples to im-
prove accuracy. Dirag dredges sample larger arsas
and mayv be partizily guantitative, but generaily do
not provide accuraie density estimates, Usion-
aceans may also be coflected during nefural or
planned water level draw-downs {White 1979) by
coilecting etther emerged individuals or those mi-
grating downshore and accumulating at the eﬁgp of
the water. As a great many Morth American union-
acean species are presently endangered, one should
ascertain the endangered status of any species be-
fore permanenily removing specimens rom their
natural habitats. Take only a few living specimens
for identification, making the remaining collection
from dead shells

C. fluminea is sasijy collected because ¥ ooours in
high densities, pr éf ‘fq shaﬂaw waters, and is easily
recognized in the field. Individuals are readily sepa-
rated from S&u{ﬁmts wnh almmmesh sieve, Quali-
tafive samples are best obtained by shovel or drag
dredge (Willlams 1985, Williams and McMahon
1986) and quaniitative samples by guadrat frame
(Miiler and Payne 1988) or Peferson {Aldndge and
McMahon 19783, Ponar, or Ekman dredges (Wil
Hams and Mchdahon 1986). In rock or gravei sub-
sirata, €. flumines are best taken by hand, hand
trowel, or shovel; cotlected sediments should be
passed through a coarse mesh sieve 10 separate
specimens from sediments. In fast-flowing streams,
specimens of O, fluminea accumulale in crevices o1
behind the dowastream sides of largze rocks.

Because if its byssal attachment to rocks and
other hard surfaces and ils preference for deeper
waters (< 12 m), D. polymerpha 13 best coliecied
by scuba with manuoal removal, using quadrats for
quantification. Ripping of individuals from the
byssus attachment damages tissue, thus the byssus
should be cut with a knife or sharp trowel before
removal, Juveniles can be collected afier they have
settled on bare settlement blocks or submerged
buoys set out during the reproductive season.
Ekman, Ponar, Peterson, and drag dredges are gen-
erally not suitable for collection of attached epi-
benthic species such as D. polymorpha.

Tuveniles of sphaeriids and C. fuminen can either
be surgically removed from adult brood sacs or col-
lected from sediments just after release with a fine
mesh sieve {mesh size < 0.35 mm). Juvenile . flu-
minea can also be obtained by release from freshly
collected, gravid aduits left in water for 1224 hr
{Al cudzs aqu Mchabon 1978). O Auminega juve-
niles and D. polvmorpha veligers may be collected

from the water column with a zooplankton net

can resu
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towed ber,ﬂ":d & boat or keld I a current. Their den-

sity in the 1 column may be guantitatively
sampled by passing kuown velumes of water
through a zocplankion net. Recently settled juve-

nites of unlonacezns may be sieved from sediments.
{(lochidia can be surgically removed from demi-
branchs of gravid females or encysted glochicia from
the fins, pharynges! cavity, or gills of their fish hosts
(for a lisi of unionacean fish hosts see Fualler 1974).

A. Preparatio

; Jor idengification

To preserve bivalves, larger individuals shouild first
be narcuiized or relaxed, allowing tissues {0 be pre-
served in a ife-lke state and preservatives to pene-
irate tssues throvgh gaped shell valves. Live bi-
vaives placed directly in Axatives clamp the valves,
which prevents preservative penetration, cansing
incomplete tissue fixation. There are a number of
bivaive relaxing agents {Lincoln and Sheals 1979,

Busse] 1963} including alcoholized waier (either 3%

ethyl aleohol by volume with water or 70% gthyl
alcoho! added siowly drop by drop to the medium
until bivalves gape), chioroform added slowly to the
medinm, methol crysials (one level teaspoon per
iiter, scattered omn the water surface), propylens
phenoxetol and phenoxetol BPC (3 mi of product
emulsed with 15-20 mi of water added to water con-
taining bivalves or infroduction of a droplet equal to
19 of holding water volume), phencbarhitoel added
in smad] amounis to the holding medium, magnesium
sulfate {(introduced into holding medium over a pe-
ried of several hours to form a 20--30% solution by
weight), magnesium chionde (7.5% solution by

weighi), and urethane.

Mone of these relaxing agenis works equally well
with all species. My laboratory tests of narcotizing
agents against £ Auminea revealed propylens phe-
noxetol to be the ooly agent capable of relaxing this
species for expenimental surgery, and allowing re-
covery on return 1o fresh medium. Heating bivalves
to S0°C for 30—-60 min causes most species 1o relax
and gape widely, but is usually fethal. In larger spec-
imens, wooden pegs or portiens of matchsticks
forced between the valves prior to fixation allows
good preservative penetration of tissues.

The best iong-term preservative for freshwater
bivalves 15 70% ethyl aicobhol {by volume with wa-
ter). Specimens may be ipitially fixed in 5-10%
formaldehvde solutions (by volume with 40% form-
aldehyde solutions) for 3-7 days. But formaldehyde
is acidic and will dissolve calcareous portions of
shells unless pﬁ neutralized by addition of either
powderad calcium carbonate {CalC0;) 1o make 2 sat-
urated soluticn, 5 g powdered sodium bicarbonate
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{(NaHCO3) per liter, or .65 g potassium dihvdrogen
orthophosphate and 7.75 g dizodium hy dmgsn or-
thophosphate per liter {Smith and Kershaw 1879).
Aftey 3-7 days in icrndlﬁe‘avae specimens should
be transferred to 70% ethyl Jcohm for permanent
preservation. Addition of 1-3% glycerin (by vol-
ume) 1o alcphel preservatives keeps tissues soff and
plable (Smith and Kershaw 1979). Smaller bivalve
species {shell length <0 15 om) generally donot re-
quire relaxation before fization. Tissues {o be uti-
lized in micrgscopy should be preserved in gluteral-
dehvds or Bouin’s solution.

Dead shells or these from which fissues have
been removed can be cleaned with 2 mild soap solu-
tion and soft brosh, Organic material can be digested
from shell surfaces by immersion m a dilute (3% by
weight with water) solution of sodinm or potassium
hydioxide at a temperature of 70°-80°C, thereafter
any remaining orgamic matter is readily removed
with a soft brush. For dry-keeping, the shell perios-
tracal surface should be varnished or covered with
petr@leum jelly to prevent drying, crackisg, and
peeling. Mumbers identifying coilection and speci-
men can be marked on the inner shell surface with
ingiz ink.

To remove soft parts from living bivalves, tm-
merse them in boiling water and remove tissues after
valves fully gape. Separated fiesh can be fixed in

749 aleohol. For fragile sphaerads, flesh is bast re-
moved with the tip of a fine needle, manipulating
specimens with a fine brush. Shelis should be dried
in air at room temperature, not In an oven; heat
canses the shell to crack and the periostracum fo
crack and peel.

Both sofi tissie and shell characierésiécs are uti-
lized in the identification of freshwater bivalves {ses
Section V), so both must be prhsm‘ved fOr species
identification. For umonaceans, €. fuminea, and
D pelymorpha, most diagnostic iaxonomic charac-
teristics can be seen by eve or with a 10X hand lens.
For sphaeriids, a dissecting microscope with at least
16-30X power ot a compound microscope Is re-
guired (Rilis 1978} Anatomicael details are most
clearly observed when shells are dry and when soft
tissues are held under water,

Identification of recently released juvenile speci-
mens of freshwater bivalves is difficult and may re-
guire preparation of stained slide whole mounts,
Glochidia are best identified by removal from gravid
adults as are jvenile sph zeriids. The D-shaped ju-
venile of C. fluminea (Fig. 11.15A) is highly recog-
mzable and the only juvenile freshwater hivalve to
oecur in large numbers in the plankton (McMahon
i983a}. The plankionic veliger of D. polvmorpha is
ciearly distinguishable by iis ciliated velem (Fig.

11.15C% The glochidia of many unicnacean species
have specific fish bost species (Fuller 19745, whose
identification will assist glochidial identification.

L. Rearing Freshwaser Bivalves

For artificial rearing of freshwater bivalves, water in
holding tanks shiouid be temperaiurs regulated. Ade-
guets actation, fitration, and ammonia removal s¥s-
tems are required, as spme species have low toler-
ances of hvpoxia and ammonia {Byrne 1988},

As unionaceans and C. flumineq are filter feeders
of phytoplankion, they reguire a constant supply of
filterable food te remain healthy and growing for
long pericds. The best foed under artificial condi-
tions appears 1o be algal cultures. When fed mono-
algal cultures of the green algae, Ankisrrodesmus
and Chilorelia vuigaris or the cyanobacterium,
Aﬂaéaena oscitinrivides, assimilation efficiences in

O, fluminea were 47.4-37.7% and net growth effi-
ciencies, 59.4-78. 2%, making them excellent food
sources {Lauritsen 1986z},

Artificial dists do not appear to be as successiul
as zlgal cultures in maintaining clam growth, When
fed either ground sine-grain cereal, rice flour, rve
bran, brewers' veast, or artificial trout food, small
O, fluminea (58 mm SLJ lost tissue mass on all but
nine-grain cergal, the latter supporting little tissue
growth. Supplementing these grain diets with live
green algae (Ankistrodesmus sp.) greatly enhanced
tissue growth, but greaiest growth occurred in in-
dividuals fed pure Ankistrodesmus cualtures (Foe
and Knight 1986b). C. fluminea that were fed mixed
cultures of the green algae Pedinomonas sp.,
Ankistrodesmus sp., Chlamydomonas sp., Chlorella
5p., Sceagdesmus sp., and Selenastrum sp. had
maximal growth when the mixtures did not include
Selenastrum, which proved texic to this species.
Tissue growth rates were greatest in clams fed
mixed cuitures containing all five of the remaining
species and generally declined with the number of
algai specigs in feeding cuitures; feeding with cul-
tures of only two algal species generally resulted in
starvation {Foe and ¥Kpight 1986b). Thus, artificial
bivalve cultures appear to be best supported on
mixed algal diets, bui certain ioxic algal species
must be avoided,

Temperature also affects growth rate. When 5-
& mm SL specimens of O, flumines were fed mixed
algal cultzres of Chiamydomonas, Chiorella, and
Anfisirodesmus 2t 107 cells/ml, assimilation effi-
ciencies were grealest at 16 and 20°C (48-51%), de-
chining above and below this range. Tissue growth
was maximal at 1§-20°C and became negative (1is-
sue loss) at 30°C and above {Foe and RKanight 1986a),



suggesting 18°-20°C to be the ideal culture tempera-
tare for m"s species and, perhaps, most gther MNorth
Amevican bivalves. However, tissue growth in natu-

rzi populations of O fumimnea inczeaaes with rising
temperatures, up to 30°C (McMazhon and Willlams
1986a), indicating that artificial culture systems are
not equivalent 1o feld conditions in supporting bi-
valve growth. In this regard, excellent tissue growth
in C. fluminea was supported by algsl cultures pre~
duced by exposure to sunlight of water taken from
the natural habitat of the clam for several days to
increase is algal concentration (Foe and EKnight
1985), Thus, idesl culture conditions for union-
acezns and C. fuminea would appear 1o be a 20°C
holding temperaturs and a feeding medinm of na-
ral algal assemblages whose growth bas been pro-
moted with inorganic nutrients and exposure (o sun-
Iight.

Specimens of both C. flumines and unionaceans
may be held for long periods in the laboratory with-
out feeding. C. fluminea (hght and dark morphs)
survived 154 days of starvation at room temperature
{22°-24°C) while sosiaining tissue weight losses
ranging from 41-71% {(Cleland er &l 1986). Bimm-
tarly, I have held unionaceans in the laboratory for
many months withoui feeding them. Maintenance at
low temperatures (<{10°C) greatly prolongs the time
bivalves may be held in the laboratory without
feeding.

C. fluminea has never been reared successfully to
maturity or carried through a reproductive cvele in
artificial cultore, although field-collected, nongravid
adulis released juveniles after four months in labora-
tory culture (King 7 al. 1586). The glochidium stage
makes unionaceans difficult to rear in the Iaboratory
as It Tequires encystraent in an appropriate fish host
for successful juvenile metamerphosis, but it can be
accomplished {Young and Williams 1984a}. Glochi-
dia of several unionacean species have been irans-
formed into juveniles in vigre in 2 culiure medium
containing physiologic salts, aming acids, giucese,
vitamins, anfibiotics, and host fsh plasma (Isom and
Hudson 1982). Juvenile Anodonta imbecilis and
Dysnomia triguetra have been successfully cultured
in a medium of river water exposed to sunlight for
I-4 days to enhance algal concentrarion. Addition of
sitt to this medium enhanced juvenile growth rates in
both species, while feeding artificial, mixed cultures
of three algal species resulted in starvation (Hudson
and Jsom 1984),

Many sphaeriid species can be easily maintained
in simple artificial culture svstems. Base of artificial
culture in this group may reiate to» their sediment
organic detritus {Burkey ef ¢l 1985b, Hornbach er
al. 1984a, 1984b) and Suéimeqi mterstitial bacieria
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fesding mechanisms {Lopez and Holopainen 1987),
making memtenance of algal cultures as food
spurces unnacessary, Hornbach and Childers (1887)
maintained Musculium partumeium through suc-
cessful reprodoction in beskers with 325 mi of al-
tered river waizr, without sediments, on a diet of
8.1 mg of finely ground Tetra Min fsh food/clam/
day. The first generation in this simple culture sys-
tem survived 380-300 davs, a iife span essentially
equivalent to that in naiural populations {(FHornbach
2t al. 1980). Sih_iiariy, Recke and Mackie (1984¢)
maintained 20 sdult Pisidium casertanum in a 6 h-
ter acuaris with sediments for 35 weeks without
feeding, suggesting that individuals fed on sediment
bacteria or organic depoesits. Live molluscs rap-
idly remove dissolved calcium from culfure media
(Rooke and Macikie 1984¢), thus calcium levels in
holding media should be angmented by addition of
z source of CaCOz, The ease with which sphaeriids
can be artificially cuoltured through many genera-
iipns makes them ideal for laboraiory microcosm

experiments. Ideal culture conditions appear (o in-
clude provision of natural sediments, a source of
calcinm (i.e., ground (a5}, and finely ground
food of reasonable protein content, such as ground
aguarium fish food or brewers’ veast, which mav be
directiy assimilated by clams or support the growih
of the inierstitial bacteriz upon which they fesd
{l.opez and Holopainen 1987).

V. IDENTIFICATION OF THE
FRESHWATER BIVALVES OF
NORTH AMERICA

A, Taxonemic Key to Superfamilies of
Fresfwater Bivalvia

There are five bivalve superfamilies with freshwater
represeniatives in North America. Of these, the
tinionacea, Corbiculacea, and Dreissenacea contain
the true freshwater species and comprise the vast
majority of freshwater bivalve fauna. The remaining
two superfamilies, Cyrenoidacea and Mactracea
conlain but one brackish water species, however,
each can extend into coastal freshwater drainages
and so are included here. In North Amerca, the
Dreissenacea is represented by a recently miro-
duced freshwater species and an estuaiine species;
the Corbicelacea includes 33 native and 3 introduced
species in & genera, the Unionacea are composed of
approximately 227 pative speciss in 44 genera
{Burch 1973a, 1573 b} Separate taxonomic keys o
the genera are provided here for the latter two super-
families.
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Ib.

2a(la}.

2b,

3a2b).

3b.

4a(1b).

4b.

Fa(4l).

5b.

R. McMahoa

Shell hinge ligament is external ........... e e e 2
Shell hinge lgament is miernal ........... e e U, 4

Shell with lateral teeth sxtending anterior and posterior of true cardinal

teeth (Fig. 11.1}, shells of adults generally small (</23 mm in shell

length, shell thin and fragile; exceptions ars the genera Polymesoda and

Corbicula) e superfamnily Corbiculacea
[See Section V.B.]

Shell without lateral teeth extending anterior ané posterior of cardinal

0= &1 S U OO R 3

Shell hinge with Two cardinal teeth and without lateral teeth; shell thin

and fragile, 12-15 mm long with small umbos; Cyrencida floridana

{Dxall) (extends from brackish into coastal freshwater drainages ip

Florlda ... o e superfamily Cyrenoidacea

Shell without true cardinal teeth, when present, lateral teeth only occur

posterior to usually weil-developed pseudocardinal teeth (Fig, 11.1),

pseudocardial teeth absent or vestigial in some species; Shells of adults

are generally large (> 25 mmin shefllength) . ... ... ... ... ... ... ... . ... superfamily Tnionacea
[See Section V.(C.}

Hinge with anterior and posterior teeth on ¢ither side of cardinals; Shell

massive, adults 25-60 mm shell length, obliquely ovate; Kangia cuneata

{Gray) {extends from brackish into coastal freshwater drainages from

Delaware to Florda to Veracruz, Mexico) ... ... . oot . superfamily Mactracea
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 septum,

attached to hard substrata by byssal threads ... ... ... ., superfamily Dreissenacea 3

Periostracum bluish brown to tan without a series of dorsoventrally
oriented black zigzap markings, anterior end hooked sharply ventrally,
ventral shell margins not distinctly flattened over entire ventral side of
valves; restricted to brackish water habitats, Mytilopsis leucophaeata
{Conrad} (extends into coastal freshwater drainages from New York to
Florida to Texas and Mexico) ... o e Mytilopsis
Periostracum light tan and marked with a distinct senes of black vertical
zigzag markings; anterior portion of shell not ventrally hooked, ventral
shell margins extremely flattened, restricted to freshwaters, Dreissena
polymorpha (Pallas) (Fig. 11.24); (a European species introduced into
the Great Lakes in Lake 5i. Clair and present by August 1540
throughout Lake Erie, extending into western Lake Ouptario and the 51,
Lawrence river. Isolated populations also occur in lakes Huron,
Superoer, and Michigan: it is likely 1o spread rapidly through Morth

American freshwaters) Drejssena

Figure 11.24 The external morphology of the shell of the zebra mussel, Drewssena polymorpha.



B. Taxonomic Key to Genera of
Freshwater Lorbiculacen

This key is based on the excellent species kev for
MNorth American freshwater Corbiculacea by Burch
(19754 with addiiional material from Clarke (1873)
for the Canadian Intenior Basin, and Mackie er al.
{1980) for the Great Lakes. The Corbiculacen have
ovate, subovate, of irigonal shells with lateral hings
teeth anterior and posterior 1o the cardinal testh. All
Morth American species except Corbicula flurminea
are in the family Sphaeriidae. The family designation
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Pisicdiidae has also been commonly applied to this
groun, but the International Commission of Zoologi-
cal Momenclature {ICZN) placed the Sphaeriidac
{(MNzme number 373) on the Official List of Family
Names (Opinion 1331) in 1983; hence, Sphaerildaeis
used as the family designation in this key and the rest
of the chapter. In Morth America, the Spnaeriidae
cemprise the dominant bivalve fauna in smail, offen
ephemera] ponds, lakes, and streams, the profundal
portions of lakes and in silty subsiraia, Identification
is generally based upon shell morphology but re-
quires, in some cases, soft tissue morphology.

1a,

ib,

2a(la},

2b.

3a2a).

il
o

Shelis large (rpaximum adult shell jength > 25 mm). thick and

MASSIVE

=hells generaily small (maximam adult shell length < 25 mmy),

thin and geaerally fragile ... .. .. L,

baximum adult shell length generally << 50 mm, sheli ornamented by
distinet, concentric sulcations, antesior and posterior lateral teeth with
many fine serrations, simultaneous hermaphrodites, massive nunbers of
small {ength < 0.3 mm) developmental stages (= 1000) incubated
directly in inner demibranchs, refeased juveniles (< 3 mm SL) anchor to

substratum with a single mucilaginous byssal thread (Fig. 11.25) ... ..

Maximum adult shell length generally > 50 mm, shell orpamentation of
tnany fine, closely spaced concentric striations, embryes not incubated
in demibranchs, dioecious, periostracum deep brown in color, three
cardinal teeth, estuarine, restricted to brackish waters in the tidal
portions of rivers. Folymesoda caroliniana (Bosc) (Virginia to northern

FlonndatoTexas) . ... . ... . . .

Shell nacre white with light blue, rose, or purpie highlights, particularly
at shell margin, muscle scars of same color intensity as rest of nacre,
periostracum yellow to yellow-green or brown with outer margins
always yellow or yellow-green in healthy, growing specimens, shell
trigonal to ovate, umbos inflated and distinetly raised above dorsal shell
margin, shell length: shell height ratio = 1.06, shell length : shell width
ratio =~ 1.47, shell height : sheli width ratio = 1.38, conceniric sheil
sulcations widely spaced, 1.5 sulcations/mm shell height (Fillis and
Paiton, 1982} introduced in the sarly 198G"s, it hag spread throughout
drainage systems of the United States and coastal northern Mexice (F Ig.
11.11), the “light colored shell morph™™ of Corbicula or Asian clam (Fig.

LB, e

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 vellow or yvellow-green, shell more ovate and
lateraliy compressed with wmbos less inflated and less distinctly raised
above the dorsal shell margin than in . fuminea, shell leagth : height
ratio = 1.13, shell length to width ratio = 1.65, shell height : width ratic
= 1.43, concentric shell sulcations narrowly spaced, particularly at
umbes, 2.1 sulcations/mm shell height (Hiliis and Patton 1982);
introduced, distribution limited to highly olignirophic, permanent,
spring-fed, calcium carbonate-rich strezms in the southwesiern United
States (Britton and Morton 1986); (Fig. 11.11). Called the dark-colored
shell morph of Corbicula, its taxonomic status is uncertain,
electrophoretic {Hillis and Patton 1982, McLeod 1988) and physiclogical
evidence {Cleland 21 of. 1986) suggest it 10 be distinct from . Arminea

Flg L 2EA DY e

.. family Corbiculidas 2

... family Sphaeriidae 4

........... Corbicuia 3

.............. Polymesoda

Corbicula Aumineq (Miiller)

Corbicula sp.
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DARK MORPH LIGHT MORPH

} LIGHT MORPH

ANTERIOR : em POSTERIOR

I

A
4

(ib).

DARK MORPH

Lefi VYalves

WEMNTRAL

LATERAL VIEW ANTERIOR ViEW

Figure F1.25 Fxternal morphology of the shell valves of the light-colored shell morph (Corbicala fluminea)
and dark-colored sheli morph (Corbicula sp.) of the North Amernican Corbicula species complex. (A) Right and
left valves of Corbicula sp. (dark-colered morph). (B) Right and left valves of C. fluminea (light-colorad
morph} {5 Anterior view of the shell valves of C, flumineq (Bght-colored morph). (D) Anterior view of the sheli
valves of Corbicula sp. (dark-colored morph). Note the distinguishing sheli characteristics of these two
species. C. flumineq, the white morph, which is widely distributed 1n North America (Fig. 11.11), has a more
nearly irigonal shell, taller umbos, a greater relative shell width and more widely spaced concentric sulcations
than does Corbicula sp., the dark morph that is limited to spring-fed, alkaline, lotic habitats in the southwest-
ern United States (Fig. 11.11), The dark-colored shell morph also has a dark olive green to black periostracum
and deep royal blue nacre, while the light-colored shel! morph has a vellow-green to light brown periostracnm
and white to light blue or light purpie nacre.

Both inhalant and exhalant mantle cavity siphons present and well

developed, umbos lie anterior of CBnter .. .. . s 5
Only exhalant mantle cavity siphon present, inhalant siphon either

absent or formed as a slit i the posterior-ventral mantle edges, vmbos

postericr of center, generally small, shell length 0.5-12 mm, embryos in

inner demibranch held in thick-walled sacs, each with individual

chambers for embryocs, no byssal gland, 24 species widely distributed in

Morth America; for species identifications and distributions see Burch

(1975a) (Fig. 1120 . e e subfamily Pisidiinae Pisidium

Inhalant and exhalant mantle cavity siphons partially fused, embryos

incubated in inner demibranchs in thin-walled iongituding] pouches, no

byssal gland, shell with two cardinal teeth in 2ach valve, without

external MmotIng . ... e e subfamily Sphaeriinae &
Inhalant and exhalant siphons not fused, embryvos develop in individual

chambers formed between inner and ouvter lamellae of inner

demibranchs, functonal byssal gland present, only one cardinai tooth in

each shell valve, with external, mottled pigmentation, Eupera cubensis

{Prime} {Atlantic coastal plain drainages from scuthern Texas to North

Caroiina. Caribbean Islands) (Fig. 11.268B) .. ........ . ... . ... ... subfamily Euperinae Eupera
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i
o0

1 seuiprured with relatively coarse or widely spaced strige (
siriae/mm in middle of shell), shell relatively massive and strong,
Sphaerium simile (Sav) (Scuthern Canada from Mew Brunswick to
titish Columbia, south from Virginia to Wyoming, 5. striatdnum
{Lamarck) {Canada from New Brunswick 1o the upper Yukon River,
throughout the United Szates, Mexico, and Central America), 5. fobale

(Frime} (Soutpern Untario to Ceorgia and Alabams) (Fig.

L 0 Sphaerium
&b Shell relatively thin, often fragile, with many fine, narrowly spaced

siriae (= 12 striae/mm in muddle of shell) .. 7
Falth). Shell of adulis < B dn lenglh L e 2
7h. SheBof adulis = B mm in lengih . i e e 5
8ai(Tal. Posterior valve margin at near right angle to dorsal margin, shells

roughly rhombeidal, umbos large and distinctly elevaied above dorsal
shell margin, Musculivm partumeiym (Say) (United States and southern
Canada), M. fransversum {Say) (Canada and the United States east of
the continental divide, sxiending into Mexico), M. securis (Prime)
{Mova Scotiz to British Columbia sourhwesiern Northwest

Territories in Canada, United Siates except for southwest) (Fig. 112600 ... ... . ..., Musculium
8b. Pogterior and dorsal margins rounded or forming an obtuse angle, shells

ovate, Sphaerium corneum (Linnasus) (niroduced from Burope,

localities in southern Oniarle and Lakes Champlain and Erie),

& nitidwm Westerlund {distribution is holarctic, northern Canada to

northern Uniied Siates), 5. oecidentaly (Prime) (Canada from dew

Brunswick to southeastern Manitobs, northern United States south o

Florida, west to ash and Colorado) (Fig. 11 288, T . .o i e e i e Sphaerium

*

¥
Lid

& B8 [
<«

A D
N N
& 7

Q& A

i 5 § brsd ] Lt > - rr i i I,
Bisfdiuin compressum Fupera cubensls Sphaerium striatinum

Musculium pariumeium Sphaerium corneum Sphserium occidentale

{&?\‘f kY
&
N
BN j

M

Muscuiium  jscusire

n

Figure £7.25 Disgrams of the external morphoiogy of the left shell valve of species representative of the
North American generz of the freshwater bivalve family, Sphaeniidae. Size scaling bar is 1 mm long.
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Ba(7bl. Uimbos large, diztinctly elevated above the dorsal shellmargin .. o oo 10
Sh, Umbos small, indistincily elevated above the dorsal shell margin,
Sphaerium corneum {Limnaeus}, (introducad, locglities in Ontario,
Sphaerium

Lakes Champlain and BEne) (Fig, 11.265}

Snell rounded, umbos not prominent, Sphaerium occidestale (Prime)

{Mew Brunswick 1o southeastern Manitoba, northern United Siates

south to Florids in the eastand Utah and C
TLI6F)
e, shell rhomboidal, ambes prominent,
Milier} {?3. o tresiine in Canada zouth throughout
Uniied States into ceniral America) (Fig.

L2803 .

10b, Posterior end of shell trunca
fo 5"’1!2:1’??7 LECHS Eiﬁ
aii but southwsasiarm

{, Taxonomic Key to Genera of
Freshwater Unionacen

This kev 13 based primarily on the excellent key to
the species of Morth American Untonacea by Burch
{19750 with addstional material from Clarke (1973
and Mackie er ¢f. (1980}, Morth America has the
richest and most diverse usnionacean fauna in the
world including, conservatively, 227 species in 46
genera. Unionacean laxcnomy remains very uncer-

clorado in the wast) (Fig.

phaerium

Musculinm

tain because intraspecific, interpopulation ecophe-
noivpic varability often makes identificaion and
systematics difficult. Urndonacean shells lack true
cardinal testh and, when present, lateral teeth occur
omly posterior 1o pseudocardinal teeth. The Union-
acea make up the large bivalve fauna (shell length =
25 mm) of permanent freshwater fakes, rivers, and
ponds, Figure 11.27 displays shell-shape outlines
and externa! shell ormamentations referred to in
these taxonomic keys.

la, Posterior mantle margins not fused to form separate anal opening,
posterior mantle margins display no thickenings or other structures
associated with development of inhalant or exhalant siphons, shell
laterally compressed and elongated anterio-posteriorly, adults 80~

75 mmin shelllength ... ... ...

3]

tamily Margaritiferidae

ib. Posterior mantle margins forming separate anal opening, posterior
mantle margins display thickenings and other structures associated with
development of distinct inhalent and exhalant siphons ... ... ..., family Unienidae 3

2a(la). Gill interiamellar junctions scattered and in interrupted rows, but
developed as continuous septa, which run obliguely forward (Burch
1975Dh); shell thin, fragile and highly elongated, psendocardinal teeth
reduced, ymbos aot distingtly elevaied above dorsal shell margin, shell
surface usually with heavy growth lines, Cumberlandia monodonia
(Say) (Dhic, Tennessee and Mississippi River drainages, central United

States); {(Fig. 11.28Ay ... ... .....

subfamily Cumnberjandiidae Cumberiandia

2b. Gill interlamellar junciions discontinuous, irregularly scattered or falling
into obligue rows (Burch 1973b), shell generally more massive, and
relatively deeper dorsoventrally than that of Cumberiandia, well-
developed pseudocardinal teeth. External posterior surface of valves
corrugated, Margaritifera hembeli (Conrad) (Alabama and Louisiana),
external postenior surface of valves smooth, M. margaritifera
{(Linnzeus) (northern United States, east of continental divide,
M. faleara (Gould) (drainages west of continental divide, southern

Arkansas to southern California); (Fig. 11.288) ..

subfamily Margaritiferinae Margaririfera

Ja(lb). Embryos incubated in all four demibranchs so all four demibranchs are

swollenin gravidfemales .. .. . subfamily Ambleminae 4
3b. Embryos incubated only in marsupia formed in the outer demibranchs,

s0 these are swollen in gravid females ... . .. . L subfamily Upioninae it
“af3a) Hinge teeth well develomed . .. 5
4b, Hinge teeth rudimentary or absent, Geniden angulaie [Lea) {west coast

drainage

from Briush Columbis to central California, east 1o Nevada
and Idaho}; (Fig. 11.38Cy ... ... .. ..

tribe Gonideini Gonidea
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7N
| )

N . R
Postarior  Fidge

Figure 11.27 Mustrations of the diagnostic shell features or characters used for taxonomic identification in
Section ¥.C. Bhell shape descriptions: rhomboidal (A); triangular or trigonal (B); round {(); quadrate (D); oval
or gvord (£ and ¥); and elliptical {G). Posterior shell ridge morphology: posterior ridge convex (H): and
posterior nidge concave {T). Concentric ridge structures of umbos: single<ooped concenizic ridges {J): double-
lecped concentric nidges (X)) coarse concentric pdees (L) and fne concentric nidges (M), (Redrawn from
Burch 19730}

Sa(4a). Posterior shell slope with distinct pustules or corrugations ........ e &
3b. Posterior shell slope without distinct pusiules or corrugations .. ... . . iy 14
6a{3a}. Posterior slope of shell abbreviated and steep, shell height nearlv equal

te shell length, Quadrula stapes (Alabama and Tombigbee

REVETS ) . i e tribe Amblemin Duadrula
6b. Posterior slope of shell not steep, shell generally longer than high {f not,

POSIEIIOT SIODE I8 MOl S BN L il it it e e e 7
7a{6b). Posterior external shell surface with distinct pustules .. ... . . 8
b Posierior external shell surface without distinet pustules ... ... . L 10
Ba(7a). Shell roundly oval (shell length: height ratio slightly = 1}, angular at

intersection of posterior and veatral margins, Quadraia intermedia

{Tennessee River Drailage) ... .ot oo, iribe Amblemint Ouadraia
&b, Shell lepgth distinctly greater than height, rhomboidaily sheped .. ... .. ... ... ... ... G
Sa(8b), Shell with weil-developed posierior ridge, small pustules covering

middle and anterior porticns of shell. purple to purple-pink nacra,

Tritogonia verrucosa {Rafinesque) (drainages of the Mississippl River

and coasial Gull of Mexico slope from the Alabams River west 1o

Tenasy (Fig. 112810 ... ... e tribe Amblemin

agonia
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= e
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Cumberlandia mansdonta Margeritffers margariiffers

Gonldes anguiaiz

Tritogonia verrutosa Eilipioidans sioaiianus

Cuincuncina infucaia Magalonaiss giganisa Amblaema plicata

Quadryla gquadiuls Fusconaia Fflava Popensizs popeai

Anodonta grandis grandis Strephiius vndulatus Ancdontoidas fsrussacianys

Figure 11.28 Diagrams of the external morphology of the right shell valve of species representative of the
North American genera of the freshwater divalve superfamily Unicnacea (Fig. 11.284-A8}, Size scaling bar iz
1 cm long.

9, Posterior ridge low, parallel row of large pustules fust anterior and
veniral 10 it, pustules less developed on anterior end, white nacre,
Chuadrida cylindrien {Sav) (Ohio, Cumberland, and Tennessee River
systems, south to Arkansas and Oklzhoma, west to Mevada ... tribe Amblemin Cradrila

0ai7b), Shell rpomboidally shaped, posterior margin relatively straight, paie
VIOIET 1O BYONZE IHEOTE . ..o 1i



Arcidens confragesus

b,

Hallds or 14a).

Flychobrsnchus fasciolars

11. Mollusca: Bivatvia

Simpsonictenchs ambigna

iasmigonag comalanaiz Gyripnaiss lampitoensis

CEliquaria refiexa Cynrogenlts alheris

Droemus dromus Lemiad rismosus Madionfidus conradicus

Glebula rotundais Filipsaria ftineolats

Carunculing parva

Figure 11.23 {(Continued)

Umbes indistinetly demarked from shell, anterior adductor mascle scar

smooth surfaced, &lfiproidens sloatianus (Lea) (Apslachicola and

Ochlockonee River drainages of Georgia and Florida); (Fig.

T 28I il e wibe Amblemin

381

Elliproidens
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Ligumia nasuiz Chovariz subrotupds

sysnomiyg iriguetrs Trunciila donaciiormis Ltaepiodes fragiils

i

AK

Actinonsiss cariasla carinata Viliosa iris Cyclenaias tpberciials

[N

Flethobasus cyphyus Uniomerus felraiasmus Hemistens |aia

AG

Eilliptic compieanata Lexingtonia dolabeiloides Pleurohema tordatum

Figure 11 28 {Continued}

Umbeos distinctly demarked from shell, anterior adductor muscle scar

rough surfeced, Pleciomerus domberanus (Valenciennes) {coastal Gulf

of Mexicw slope drainages from Alabama River to eastern Texas,

Mississippt drainage north io Tennessee); (Fig. 11.28F tribe Amblemin Plecromerus

[y
[
o



i4a(5D).
14,

15a(14b).

16a(3h).

16b.

17a{i6a).

17b,

18b.
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Shell small (< 6 ¢m shell longth) with either relatively indistingr or no
corrugations, Quincuncing burkel (Walker) {Choctawhatcee River
drainage, Floyida), 0. inflecaia {Conrad) (Suwannes River, west to

Anelachicola River, , Flori ida}, . guoedalupensiz Wurtz {Guadslupe and
Leon Rivers, Texasy (Flg. 11280y .. ... ... ... ... ... tribg Amblemind Juincuncing
; large and massive, 13-18 cm in length with desp

e
40

umbos towards anterior ma gm( umbos 10w
with large ridges \tezadi'nng o posierior shell margin, white to pink
nacrs, Megalongias gigantes (Barnes), (gnmaé}mm Mississéppi River
drainage, coastal Gulf of Mexico slove drainsges from Tombighes River,
Alsbama to Mueve Leon, Mexico, and Ochlockonee River west to
HEscambia Biver in Flovida Panhandle f A, boyvkiniane (Lea)is a
synonym of M. giganten); (Fig. 11.288H) ... . ... tribe Megzalonaladini Megalonaias
Corugations not extending anterior of umbos, shell sculpture consisting
of large ridges running from below prominent umbes towards the
posterioy shell margin, periosivacum usually dark brown or black, but
may be lighter in color, Amblema neisleri Lea {Apalachicola, Chipola,
and Flint Rivers, Florida and Georgia), A. plicata Say (Mississippl
dramage, wesiern New York to Minnesota and eastern Kansas, Gulf of
bexico siope drainages from Texss (o western Florida Punhandle, Saint
Lawrence River and Oreat Lakes drainages with exception of those of
Lake Superior, Red River of the North, and some other tributaries of

Lake Winnipeg, ceptral Canada; (Fig. 11.280 . ... ... ... .. tribe Amnblemini Amblema
Shell rhemboidal, posterior margin relatively styalght oL o o 11
Shell round, oval of trigonal, posterior margincurved L e 5

Ehell surface pustulose, often with cormgations, ambos well developed,

posterior ridge usually well developed, nine species, socurring in the St

Lawrence and Mississipp Rivers and Guif of Mexico slope drainages of

the United States; a single species, Ouadrula quadrula (Rafinesque)

exiends into {Canada in the Red River of the North drainage (Clarke

18y (Fig. 1128 e e tribe Amblemini Cuadrula
Ehell surface smooth without pusteles, with moderate posterior ridgs,

nmbos weil developed, curving anteriorly and medially with few coarse

concentric ridges, nacre white, salmon, or pink, 13 species restricied to

Fississippi and Gulf of Mexico slope drainages {excention 15 Fusconaia

Aave (Rafinesgue) in the 3i. Lawrence River drainage, and Red River of

the Morth and Melson River drainages of central Canada); (Fig.

47 . T U tribe Amblemini Fusconalu
Exhalan? water chanpels of demibrapchs In gravid females andivided by

secondary septa, glochidia without hooks {exception is ganus Proprera,

with axehead-shaped glochidiay .. . e 17
Hxhalant water channels of demibranchs of gravid females divided by

secondary oros$s sepla between adiacen! primary 3epia inio three

channels, glochidia brooded only in middle channels {exception is genus

Swrophitus), glochidla with Books . e tribe Angdontini 19
Glochidia brooded throughout smoothly swollen cuter demibranchs,
shells of males and females morphologically similar .. ... o Lo 18

Glechidia brooded only in spesific portions of outer demibranch. usually
ventral portions or aliernating gill lamellze, gill marsepia not smoothiy
swollen, instead marked by externzl annuli, shells of males and females

usually morphologically dissimilar (oo o tribe Lampsiin 35
Bradytictic breeders retaining developing glochidia in gill marsupia

throughout the year except during sumimer, Pow naias buckleyi (Lea)

{Florida peninsuia), P. popel (Lea) {southern Texas and northeast

Mewico); (Fig. 11.28L) tribe Popenatadinl Fopenaias
Tuachytictic breeders ret v during the

SDFING AN SUIMINET Lot ettt e tribe Pleurchemini 58
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19a(16b).

22a21a}.

225,

23a{2Za).

23b.

248{234).

25a{24a).

250,

26a(25a).

26b.

28a{27a).

28b.

29a(Z0b).

29h.

3a(2%a).

Ll
o
Y
.
i)
el
oy
e

Hinge teeth absent or, i present, “my reduced with only rudimentary

pseudocardinst teeth, shell thinand fragile ... .. . . 20

Hinge teeth distinet although poorly developed in some species, shell

thin to moderately thick but not Fragile . i e 33

Pseudocarding! 1861 BlSeI . L. e e e e 21

Rudimentary psendocardingl 1eeth presenl ... i e e 25

Found in d;‘*éﬂages east of the contipental divide . ... . . . 22

Found in drainages west of the continental divide, sight species, for

identifications and distributions see Burch 1875b) .. .. o oo Anodonta

Umboes distinetly elevated above dorsal margin ... ... . i s 23

Umbos not distinetly elevated above dorsal margin, four species,

Ancdonta suborbicuiara Say (Mississippl and Escamoia River

draipages), A. imbecilus Say (United Staies sast of continental divide},

A. peggyae Johason (eastern Alabama o Florida), A. C,)L;pe'“mna Lea

(Florida to North Carolnal ... . e e T e s Anodonia

Shell eveniy inflated, not noticeably Infiated posteriorly ... L 24

Shell highiy inflated nosteriorly down to ventral shell margin, Anodonig

gibhosa Sav {(Altamaha River drainage, GeOTZIA) . .. .t Anodonia
mbo sculptured with conceniric ridges, each of upiform height along

F1ERl T xR O U OO 25

Umbo scilptured with concentric ridges with distingt nodules (nodules

formed because ridge heighi not uniform along ridges), Anedonta

grandis grandis Say (Canadian Interior Basin, 5t. Lawrence River

drainage, and Culf of Mexico drainages in {oulsana and Texas); (Fig

L X P Anvdonia

Umbos with 3—6 concentrie Mges . .. e e 26

Umbos with 710 concentric ridges, Anodonta keanerlyi Lea (found east

of the continental divide ounly in western Ajberta ... . .. . i Anodenia

Umbos with single-looped or faintdy double-looped concentric ridges;

T 1S T 27
Umbos with distinetly double-looped concentric ridges (Fig. 11,27

Ancdonta implicata Say {coastal drainages from New Brunswick and

Nova Scotis 10 Maryland), Anodenta cataracta Say (Gulf of Mexico

drainages of Alabama and western Florida, Georgia to lower St

Lawrence River drainage, west o Michigan ... ... . Anodonta
Concentric tidges of wnbos relatively fine .. .. o 28

Conceniric ridges of umbos relatively coarse, Strophitus undulares (Say)
(Interior Basin from Texas (o western Ontario to Saskatchewsan,
Atlaptic coasi from Mova Scotia te South Caroling);

L T Y 1 O Sirophitus
{Concentric ridges on tmbos are parallel to growth lines, Anedonia
grandis simpsonigna Lea (Hudson Bav and arctic Cagada) ... ... ... ... Anodonta

Concentric ridges on umbos cross growth lines obliquely, Anodontoides
Jerussaciangs {Lea) {widelv distributed in the Morth American Interior

Basin) i {Fig. 11,2800 e Anodontoides
Pseudocardine! teeth very thin, bladelike . ... .. . e e 30
Pseudocardinal teeth more massive, tubercular Lo 31

Shell rhomboidal with distinct posterior ridge, fine, concaptric

corrugations on posterier slope. Alasmidonra varicosa (Lamarck) (lower

5t. Lawrence River drainage to South Carcling;

(g, 1L Y Alnsmidonig
Shell smoeth, distinctly ovate withoul posterior ridge, Ancdonioides

radians (Conrad) (Gulf of Mexico drainages of Alabama, Georgia and

Blorida ) e Anodontoldes

Posterior external siope of shell without corrugations ... .. . . . i 32



(WX}
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32a{3ia}

32b.

33a(ioh),

33b.

34a(33a).

35a(33b).

35b,

36aliTh).

36b.

37a(36s).

37b.

38a(36b),

38b.

39a{38a).

[#5]
D
=

40a(38b}.
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Posterior external slope of st

he
;‘Lz’asm.aoma marginata Say {

Cumberland and Tennesses Rivers, 8i, Law
Hur& to the Otlawa River), A. ravensfigne (Lez) (Tennessas and
Cumberiand River drainages), A. varlessa (Lamarck) (Jower 81
Lawrence River drainage south 1o upper Savannash River drainage of
South Caroling .o

i tc corTugations,
upper Mississippi dzail)"gs in Ohio,
rence drainage ﬁom Lake

<‘uj

Shell elongately ovate, shell length @ height s :z:eo > 2, post rior ;“dge
ﬂﬁuced, Simpsoniconcha ambigna (Sa
O k1) U Simpronicencha
Shell roundly ovate, shell lengih ; heighi ratio < 1.6 M{f distinet
posierior ridge, Strophitns subvexus (Conrad} (Mississippl, Geor rig and

o

WESIEID FIOTRR) . e e Strophitus
Shell with large corrugations on disc or posterior slope .. ... ... e 34
Shell without cormugations on discorposteriorslone ... ... .. 33

Tubercules oceur on first 3-4 mm of winbos, pseudocardinal teeth

massive and irianguiar, Arkansia wheeleri Ortmann and Walker

(Ouachite Mountains, Kiamichi and Otd Rivers, Arkansas and

Cklahoma); (5g. 1L 28R L Arkansia
Tubercuies on beak extend down ouio shell, psendacardingl

teeth compressed and closely adiacent, Arcidens cmfmgmw

{ay} (Mississippl drainags southward from Wisconsin and Ghilo,

{eloradeo River, Texas and Bavou Teche, Louisiana; (Fig
i Arcidens

Ridges of umbos smeoothly concentric without a dorsally directed

indentation (single-jogped, Fig. 11.27), 1] species, identifications and _
distributions in Burch (19750} ... ... B Alnsmidonia
Concentric ridges of vmboes not smoothly concentric but interrupted by

a dorsally directed identation (double-looned, Fig. 11.27), five species,

identifications and distributions in Burch (1973h); (Fig. 11281y ... ... . ...... Lasmigona
{3lochidia incabated only in ventral portion of outer demibranchs ... .. .ot 37
{lochidia incubated only in central or posterior portion of outer

Qe anCS e 38

Ventral, outer marsupial demibranch edge smooth, without folds, shelf

ovate, inflated, Cyrronaias tampicoensis {1.ea) (southeastarn Texas to

northeastern Mexico and Hondurash, (Fig 1128073 ... .. subiribe Lopgenas Crytonaias
Ventral edge of outer marsupial demibranch with 6-20 distinet folds,

shell lateraily compressed, elongated, subelliptical or rhomboidal, five

species, identifications and distributions 1n Burch {1973a);

(Fig. 1128y e, subtribe Prychogenae, Prvchobranchus
Marsuprum restricted to central portion of outer demibranch ... ... subtribe Mesogenage - 39
Marsupium restricted to posterior pertion of outer

B D anCH . subtribe Heterogenae 43

Shell with 3-5 very large tubercules in single medial row extending

dorsoventrally, shell roundly ovate, massive hinge tecth, Obliguaria

reflexa Rafinesque (Mississippi River drainage};

(Fig, 1L 28 Obliguaric
Shell with numerous, various-sized tubercules, pustules or

corTugations, without single medial row of large tubercules,

vaogema aberti (Conrad) (Kansas, Missourd, Oklahoma

14 Arkaﬂsas,‘ . irrorata {Leay {Chin, Cumberland, and

ennesses River draipages); (Fig. 13.28X) o Cvprogenia

:_g B

Mersupium occupies entire posterior portion of the cuter
Bermbranch . subtribe Helerogenas 4]

deribrar
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4ib.

41ai40a).
41b.

42a(41a).

42b.

43a{41b).

43b.

44a(43b).

Marsupium restricted to ventral posterior portion of outer
demibranch, Dromuis dromis (Lea) {Tennessee and
Cumberland River drainages); (Fig. 11.28Y) ........ subtribe Eschatigenae

Posterior slope of shell transversely corrugated .. ... ... ... ... . ... iiiiian.. 42
Posterior slope of shell either smooth or radially cormgated ... ... ... ...

Shell roundly ovate, corrugations cover posterior half of

shell extending to veniral margin, Lemiox rimosus

Rafinesque (Tennessee River drainage); (Fig. 11.287) .. ... ... ... ... ... . ... Lemiox
Skell elongately ovate without radiating corrugations

extending to ventral margin, five species (ideniifications

and distributions in Burth 1973b); (Fig. 11.28A4) ... ... . ... ... ........ Medianidus

Posterior pseudocardinal tecth are deeply divided into

parallel, vertical, plicate lamellac (Fig. 11.29}, umbos

large, inflated, Glebula rotundata (1.amarck) (Gulf of

Mexico drainages from eastern Texas to Florida

panhandle); (Fig. 11 28A B Glebula
Posterior pseudocardinal teeth not deeply divided into

parallel, vertical lamellae, umbos relatively small ... ... ... .. .. ... . ... ... 44

Shel trigonal, dorsal margin arched, laterally compressed,

posterior transverse slope reduced and at 40° apgle to disc,

no wing (Fig. 11.30) extending from dorsal shell margin

posterior to hinge, hinge teeth large and massive, Ellipsaria

lineclata (Rafinesque) (Mississippi, Tombigbee, and

Alabama River drainages): (Fig. 11.28AC) .. ... . . ... ... .. ... ... ... FEllipsaria

Propiera alata

Figure 11 3¢ Right shell valve of the unionid, Proprera

Figure 11.29 Structure of the posterior pseudocardinal
teeth of the right vaive of Glebula rotundota. Note that the
posterior pseudocardinal teeth are deeply divided into
parallel, vertical, plicate lamellae, a tooth arrangement
uniguely characteristic of this species. (Redrawn from
Burch 1973b.)

alazq. showing the thin, extensive dorsal projection of the
shell posterior to the umbos forming a ““wing”” whose
presence or absence Is a dlagnostic characteristic valuable
for i1dentification of a nurnber of unionid species. (Re-
drawn from Burch 1975b.)
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1 does not display above suite of ¢ ﬁar:zcte**?s‘ix:s if high,
ez*sai margin is not generally Jreadf arched; if arched,
inflated, not laterally compreszed wzm 2 more
pns BTION SI0DE 1 ittt e s

E
o
o
£ L
o
£
s
%
£
o

.
LA

45a(d4b). In females, inner mantle edges bave a well-deveioned

caruncie (Fig. 11.314) formed from a group of short,

crowded papiliae just ventral and anterior to the inhalant

siphon, adults are small, usually < 4 cm in length,

Carunculing parva {Barnes) (Mississippi drainege and

Florida), €. puila (Conrad) (Georgia to Morth Carclina);

(Fig. 1L B A Carunculing
45h. Females withomt caruncles on inner mantle edges just

ventiral and saterior to inhalan{ siphon, aduli shell Jength

EenerallY 3 4 CIl e e 45

46a(45b7, Shell elongaiely ovate, shelllength: heighiratio > 2 ..o . i ... 17
46h. Shell roundly ovate, shell length: heightratic <2 ... . o 48

d7af46a, 51b, or 575} In females, there is a fiap of tissue projecting from the inner

mantle edge Just ventral and posierior to the inhalant

mantle cavily siphon; on medial side, flaps are often

colored, and have a black sireak and 2 darkly pigmented

spot (Figs. 11.16 and 11.318}; in males, the flaps are

nudimnentary in structure, 22 species distributed thronghout

Morth America, east of the continenial divide, species

identifications and distributions in Burch (1975h); (Figs.

s and 11 2BA R fampsilis
47b. In females, there are a distinct series of papillae projeciing

from the inner mantle edges just veniral and anterior to

the inhalant mantle cavity siphon (Fig. 11.310); papillae

are rudimentary in males, Ligumiac nosuta {Say) (eastern

United States north to the 8t. Lawrence River drainage of

Canada, if L. Subrostrara (Say) is a synonym of L. nasuial,

L. recta (Lamarck) (Mississippi, Alabama, and Si

Lawrence River drainages, Winnipeg and Red River of the

Morth drainages of Canadian Interior Basin); (Fig. 11.28AF) ... ... ....... Ligumia

48a(46b), Shell round or high oval dorsoventrally (exception is
Obovaria jacksoniana Frierson, which has s somewhat
ionga‘gesi posterior slope}, pseudocardinal teeth massive,
five species, identifications and distributions in Bureh
(19750 (FI. 11 28AG) Cbovaria

EN]
A & C
;" Exhalant SIphom— e
o

Exhalant Siphon Eznglont Siphon—y

o .
Iahalani Siphon Innatant Siphon

.»@ﬂ*“’\“

Flap

tnhalant Siphon o
i ’/%:ﬁ.z

Caruncle

Figure 11.31 Accessory reproductive structures formed
female unionids: (A) a caruncle characteristic of the genus Carumculing: (B} a mantle flap characteristic of the
genus Lampsilis; {C} fine papillae or projections characteristic of the genus Villosa. In some species, these
projections mimic prey of the glochidial §sh hosts of 2 particular unionid species, lring them close to the point
of glochidial release. (Redrawn from Burch 1975b.)
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49b.
50a{49b).
508,

Sia(53Ga).

51b.

5

b

a{50h).

Lh
ot
o

53a{5Za).

33b.
54a(53b).

54b.

55a(54b).

36Dh.

57ai6b).

Shell elongate, subelliptical, subrhombeidal, trigonal or
oval, pseudocardinal teeth mav ormav pot be massive ... o . i e 49

sexual dimorphism, females with shell inflaied over
marsupial porticn of outer demibranchs, in some species
radiating ridges on posterior slope, 19 species, {southern
Canada and eastern United States, Mississippi drainages
and Gulf of Mexico slope drainagss east of Mississippi
River), identifications and distributions in Burch {1975b);

CFE. 1L 2B AR L e e Dvsnomia
Shell without above described suife of characteristics ... ... ... ... . ... 50
Posterior ridge well developed and apgular ... e 31
Posterior ridge rounded o1 absenl .o e e 52

Shell laterally compressed, umbo cavities shallow, with
radiating color bands with or without v-shaped markings,
Truncilla donaciformis (Lea) (Mississippi, Lake Erie, and
Lake St Clair drainages}, 7. macrodon (Lea) {Texas and
Oklahomay, 7. runcilla Rafinesque (Mississippi, Lake
Frie, and Lake Sit. Clal drainages); (Fig. 1128A0 ... ... . . o ... Truncitla
Shell inflated with deep umbo cavities, some species with

radiating color bands (without v-shaped markings),

others without color bands . e e

Psendocardinal teeth well developed ... ... . e
Psendocardinal teeth small or vestigial, four species

(St. Lawrence drainage of Canada and United Siates gast of

the continental divide), for species identifications and

distributions see Barch (1875b); (Fig. 11.28A0 .. ... ... oo ... Leptodea

Shell with an extensive wing (dorsal extension of the shell
posierior 1o umbos, Fig. 11.30), Proptera alnta (Say)
(Mississippi drainages, St. Lawrence drainage from Lake
Huron to {.ake Chamuiain, Red River of the Morth and
Winnipeg River drainages of Canadian Interior Basin),
Fig. L 30 e Propicra
Shell wing absent or pooriy developed .. .. 5

Shell extremely inflated with fine sculpture on umbos,
Propiera capax {Green) {lower Ohio River drainage} . ... ... .. ... ... .. Praptera
Shell not exiremely inflated, or If inflated, has coarse

SCUIDLHEE O BIIDOS . ottt ettt et e e et e e e

Adult shell farge (up to 11.5 cm), nacre purple, Proprera

purpurata {Lamarck) {eastern Texas, north to Kansas and

southern Missourd, western Tennessee to Alabama River

QP BEB ) oL e
Shell nacre usually while but not purple, may be pinkish-

purple in smaller specimens (<< 6cmin SL) ... ...

May have crenulations on inner mantle edge just ventral

and anterior to inhalant mantle cavity siphon, but without

projeciing papiilae or flaps in this area (see Figs. 11.318

and C for descriptions of mantle papillae or flaps), four

species, ideniifications in Burch (1975b; (Mississippi, Ohio,

Tennessee, Cumberland, and St. Lawrence River

drainages); (Fig. 11 2BAK) .. ... . Actinonaias
Distinct papillae or faps project from inner mantle margin

just ventral and anterior 1o the inhalant mantle cavity

Siphon (Fig. 11318, ) 37
Long papiliae project from posterior inner mantle marging

(Fig. 11310, 16 spacies, identifications and digtributions

in Burch {19750 (Fig. FL28BALY . Villosa



60a(58b).

80b.
61{60a).

61b.

62a(60b).

62h.

63a(H2a).

63h,

11, Mollusca: Bivalvia 38¢

Distinct fiaps formed on inner manile edges (Mg, 11238y ... L 47

Pustules on shell s ace ... e 39
Shell surface without pustiles .. L i e &0

Shell rounded with purple nacre, Cyclonaias fubercilata

{Rafinesgue) (Mississippi drainage, T.ake 5t. Clair drainage,

Letroit River and Lake Hrie; (Fig, 11.28AM) . ... .. . il Cyelonaias
Shell meore ovate, juncuon of posterior and ventral

margins more angular, pusiules either cover posterior

slope in Plethobasus cooperiarus {Lea} (Cumberland and

Tennessee River drainages) or are limited to a central

medial row in 2. cyphavus (Rafinesque) (Ohio, Cumberland,

and Tennessee River drainages, Mississippi drainage north

to Missouri and Minnesota; (Fig. 11.28AM) ... . . i Flethobasus

Psendocardingl teeth reduced in size, poorly developed or
R T-1 374 - O 61
Pseudocardinal testh robust and well developad ... L 62

Pseudocardinal teeth present, although reduced in size,

Uniomerus ferralasmus (Say) (Mississippt drainage north

1 Ohio River, and west to Colorado, Rio Trande drainage,

Gulf of Mexico drainages from Texas east to Florida, north

to Morth Carolina; (Fig, 11.28A0) ... Uniomerus
Pseudocardinal teeth poorly developed ot vestigial,

Hemistensg late {Rafinpesane) (Ohio, Cumberiand, and

Tennessee River drainages); (Fig. 11.284P) ... . i Hemistena

Shells generally elevated dorsoventrally, dorsoventrally

ovate or toundly oval with some species elliptical, vmbos

prominent and curving anteriorly weil above dorsal

margin, white to occasionally pinkish DECTS . . e 63
Shells clongately ovate or rhomboidal (if low triangular,

are broadly elliptical or oval with purple nacre), umbos

not distinctly elevated shove dorsal margin or curving

anteriorly, nacre usually purple but may be pink or

iridescent, 19 species broadly distributed in North

America east of the Continental Divide fromm Hudson Bay

drainages on the porth, south o draipages on the Gulf of

Mezxico coastal slope of The United States, identifications

and distributions in Barch (1975b); (Fig. 11.2RA0Q) .. .. ... . . . . Elliptio

Quter (marsupial) demibranchs of females are deep orange

or red when incubating developmental stages and

glochidia, Lexingionia dolabelloides (Lea) {Tennessee

River drainage}, L. subplana (Conrad} (MNorth

River, ¥irginia); (Fig, TI2BARY .. . e Lexingtonia
Onrter (marsupial} demibranchs of females are whiie,

gravish, yellowish or, rarely, pale orange, not deep orange

or red when incubating developmental stages and

glochidia; the systematic status of this genus has not

been thoroughly addressed, making species identification

difficult, Burch (1975b) lists 32 species, widely distributed

itz the eastern United States, species distributions in

Burch (19750 (Fig. 11,2848 . e s Plesrablema
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