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1. Introduction

Most fossil and Recent freshwater bivalves are members of the Unionoida
and Corbiculacea, with the great concentration of genera (>>150) and spe-
cies (several hundred) occurring in the unionoid superfamily Unionacea
[Permian {?}, Triassic-Recent {Haas, 1969}]. Unionaceans are found world-
wide in diverse freshwater habitats and show a remarkable amount of
inter- and intraspecific shell form variability {see, for instance, Grier,
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192002 Stratton, 1960; Haas, 1969 Clarke, A, H., 1973 Tadic, 1975, john.
son, 1978). Much of the available freshwater bivalve literature refovam
to the theme of this volume is concerned with analyzing the environ.
mental relationships of this variability in the unionacean familics Union.
idac and Margaritiferidae. The balance of this literature pertains largely
to obtaining inflormation from distinctive “growth bands” and shell mi
crostructure.

First, we will discuss the relationship between shell form and en-
vironment, paying particular attention to intraspecific variants thatappear
to be consistently correlated with physical ecological factors. Because
form and environment are correlated in unionaceans, tracing certain mor-
phological changes among Recent and fossil populations provides a way
of inferring corresponding environmental changes. We will alsc investi.
gate the general environmental factors that permit the maintenance of the
great morphological variability of unionaceans. Understanding these {ac
tors may provide information that may allow accurate reconstructions of
anciont agqualic ccosystems and thus increase the resolution by which we
may infer environmental change through geological time,

Sccond, we will investigate the nature and origin of growih bands
and try to identify what kinds of information they contain concorning the
history of a bivalve and its environment. Growth bands appear as dark
rings on the shell surface and as distinctive lines obscrvable in shell oross
sections.

Finally, woe will provide an explanation of the environmental signit-
icance of unionacean sholl microstructure and the periostracum. Because
these are important foatures, about which there is little Hierature, we will
present new data and interprelations to help complete the vnderstanding
of the shell structure of this group.

2. Unionacean Form

The literature on the ecological significance of shell form in union-
aceans can be roughly divided into two caiegories. The first category i
comprised of papers that describe correlations between shelt form (usually
size, cutine, and proportions) and habitat {often generally designated as
“lake,” “large stream,” *‘small stream,” and the like). The second category
consists of finer-resolution studies that attempt to explain the relationship
of a specific aspect of the shell (say, the thickness of an individual valve)
to a particular aspect of the environment (e.g., water hardness). We will
discuss form~habitat relationships first.
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Shell Form and Strecture of Unionacean Bivalves 297
2.1. Form-Habitat Relationships

Ball (1922} and Eagar (1948) provided, for their time, up-to-date re-

views of an extensive, largely anecdotal literature on form-habitat reld-

tionships in unionaceans. Eagar's review concisely summarized previ-
ously published observations {including those of Ball) on the habitat
relationships of shell outline and proportions. This summary included
the following general observations {also see his references):

Obesity Imeasured as T/L (see Figs. 1 and 2A}]

1. Many species, when traced within a single streamn, tend to increase
in ohesity downstream,

2. Imagiven species or considering a stream fauna as a whole, obesity
is positively correlaled with stream size and negatively correlated
with waler velocily, _

do I a given spocies, lake forms tend to be more cbese than viver
forines,

size joften measured as L {see Fig. 1Y

1. Small-stroam or creck species are smaller than those characteristic
of large rivers.
While within-individual species size may increase upstream, the
entire fauna often scems to show a size increase in a downstream
dirsction,

3%

Figare 1. Morphometric definitions. (A} Anterior-lo-umba distance; (L) length; (H) height;
{T} shell thickness. For lateral view sutline: up = dorsal; down = ventral; left = anterior:
right = posterior.
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Figure 2. Intruspecific vanations. (A} Obesity differences in Elliptio complanata (modified
from Chirke, A M., and Berg. 1959); {B) height differences in Lampsilis redicta siliquaides
(modified from Baker. 1928): 10) ornamentation differences in Nvassunio nyassaensis (sl
ified from Haas, 1938).

3. Individual members of species occupying exposed positions in
lakes are generally smaller than individual members of the same
species occupying other habitats.

Height [measured as H {See Figs. 1 and 2B]}
1. Both inter- and intraspecifically, there tends to be an increase in
relative height in species inhabiting lakes or slow-moving bodies
of water compared to forms inhabiting more rapidly moving waior.

Shell Outline

1. Botly inter- and intraspecifically, curved or well-rounded ventsal
borders, a long line, and an expanded or well-developed posterier
end appear to be more typical of forms living in large lakes, rivers,
or slow-flowing bodies of water.

2. Alternatively, forms with a curved dorsal margin and straight o
reflected ventral margin are generally found in relatively smalt
streams or swilt-flowing water.

These conclusions have generally been substantiated by subscquen!

studies. Some examples are given below.

A. H. Clarke (1973} found the largest Lampsilis radiata siliquoidea,
Ligumia recta, and Proptera clota in the rivers of the Canadian interin
basin. Lakes, by contrast, contained mainly smaller forms. Similarty, Har-
man (1970) mentioned that Elliptio complanata, Anodonta grandis, and
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Lampsilis radiata were smaller in the deep, cold Finger Lakes of New
York than in warmer, nutrient-rich streams, A, H. Clark (1973) further
noted that such species as Fusconai flava, Quadrulo quadruly, and Am-
blema plicata were often more obese in larger streams and less obese in
smaller streams in the southern part of their range, However, both larpe-
and small-stream forims were relatively compressed when they occurred
in northern regions. This, he suggested, may be a general trend among
unionids,

More correlations between obesity (and other marphometric featurpes)
and etitude were observid by Cvancara {1063). Lampsilis ventricosa, 1.,
veale and Lo excavata from ditferont latitudes were measured and the
dati represented on scatter plot diagrams (e, his Figs. 3 and 4). These
diagrams showed that the values for height/tatal length and width/total
fength (= obesily as used here} increased toward lower tatitudes. Al-
Hrowgh afl three “spocios ™ did no! refloct these tronds individually, Cvan-
vatusupgested that further rescarch could demonstrate that the three forms
may represent ouly one species.

On the subivat of lengthrheioht proportions, A H. Clarke (1973) stated
for certain Anodonta that values of the anterjor-to-beak/length ratio were
highest in specimens collocted from large-lake habitats. Hendelberg
{18960), after measuring the length/height ratio of 112 Margaritifera mar-
quritifera from a Swedish river and then discussing literature relevant to
the environmental “meaning” of the ratio, concluded that this meaning
was stitl obscure. Bul he mentioned that pearl fishers along this river,
Paridlven, referred to anteroposteriorally elangate shells with concave
ventral margins as “rapid shells.” Similarly, Dell (1953) observed an in-
crease in the height/length ratio from ronning-water to standing-water
habitats in the genus Hyridella from New Zealand. Finally, Cvancara
{1972} showed a trend of decreasing shell height with depth in Anodon-
loides ferussaciunus and Lampsilis radiata siliquoidea, but not in Ang-
donta grandis, in Long Lake, Minnesota.

One aspect of the shel] that influences form, but was not covered jn
the review by Kagar (1 448), is shell sculpture. The most dramatic examples
of habitat-correlated variability in this feature were reported by Haas
(1936, 1969). Within single species of African unionaceans, he found lake-
dwelling forms strongly sculptured and stream-dwelling forms smooth
(Fig. 2C). However, Ortmann {1920) found no definite trends in this feature
among species inhabiting the Ohio drainage region.

If a major change accurred in a particular environment, how quickly
would the change be refloctod in the shell form of the resident unionids?
The damming of a river and subsequent formation of a reservoir provide,
in the minds of some workers (Baker, 1928). a *‘natural experiment”’
whereby the response of a unionid fauna to rapid environmental change

e S
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may be ohserved. Generally, such a change causes the ocal extinetion of
most of the original strewm-dwelling unionids (som, 1971 Harman. 1974},
Nevertheless, Baker [1928) showed for some man-maede lakes in Wisconsin
that Anodonta grandis and Lampsilis radiata siliquoidea apparently ol
erated this kind of envirenmental change. Moreover, the surviving pop-
ulations of hoth species showed shell-lorm differences eompared to con
specitic stream-dwelling forms. For example, compared to the riverine
morphs, A, grandis in the new lakes were relatively short and wide; 1.
siliguaidene from the impoundments were relatively laterally compressed
and high. Apparently, the populations surviving in the newly created
lakes quickly assumied some of the shell proportions characleristic of typ-
ical tuke-dwelling forms.,

Evidence casting doubt on the generality {and, perhaps, validity)
of Buker's findings was presented by van der Schalie (1936) when he
described the riverine morph of Lampsilis venlricosa inhabiting Carpentor
Lake, Michipan. He concluded that this unusus! form-habitat association
was caused by humans introducing into the lake lish parasitized by gl
chidia larvae derived {from river-dwelling unionids.

Because human interference is thus a potential source of infiuenee
in these “natural experiments’ {also see Kessler and Miller, 19784, the
usefulness of unionacean shell form in documenting of inferring rapid
environmental change is stitl unknown.

ceans has been used extensively in palecoecelogical studices. Early studies
ermploying this information include those of Davies and Trucman (1627
and Leitch {1936}, The most prominent and prolific writer of late has been
Eagar (e.g., 1948, 1953, 1974). These works all have a common focus, sinee
they deal mainty with Carboniferous, nonmarine (fresh or brackish water
or both) unionoid (but nonunionacean} bivalves of the family Anthra
cosiidae,

Eagar's work is the most detailed. Typically, he presents literalure
summaries of form-habitat information for modern unionaceans. Also, he
describes the shell form in the fossil unionoids and places them in a
stratigraphic setting. He then uses Recent form—habitat information along
with stratigraphic information to help reconstruct the habitat and life
pasition of the fossil forms, With this information, he can infer environ-
mental changes among strata,

A common deficiency of most form-habitat studies of Recent and fossil
unionoids is that the functional meaning of the form—habitat correlations
is not well understood. The absence of precise ecological data has forced
workers interested in discerning habitat controls on unienid proportions,
size, and outline to make numerous assumptions concerning the nature
of the habitat in which the bivalves were found. Large streams and lakes,
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Sheil Form and Stracture of Unionacean Bivalves 361

for instance, are assumoed 1o have soft, muaddy substrata and stow carrents,
Hy comparison, small streams are thought to have coarser bettoms and
swill currents. Through the same reasoning, individual stroams are con-
sidered to take on “large-strewm™ or “lake’” characteristios toward the
mouth and “small-stream’ charncienistios wward the souree,

Working with such promises, Wilson and Clark (19147 supggested that
the typically compressed form of small-stream unionaceans was adaptive
for eravwling in gravel and withstanding strong currents, Also, thev be-
Hevad that the more obese forms of larne rivers were adoptod, through
their Tow bulk density, to soft bottoms and weak currents. AL 1L Clarke
(1073) cawtionsly suogested that perhaps more obese specimens hiad a low
surlace arcarvolume ralio and thus were less likely than narrower forms
fu be dislodged from sedbments by shifting currents that ocour in lakoes
during storms. In rivers, compressed forms oriented paraliel to the current
were presumably less susceptible to disinterment than inflated forms.

It would be ecasy to propose several more hypotheses to explain
form-habitat relationships of the unionacean shell, provided enough as-
stimplions were made about the habitat, But as Ball (1922) pointed out,
acourately generalizing the ecological conditions in & given freshwaler
body is difficult, not only because conditions vary within the environ-

ment, but also because the bivalves may inhabit an atypical portion of the -

environment, For example, large stroams may have extensive areas of sand
and pravel bottoms, and obese forms from these streams are likely to occur
in such arcas, Also, Fisher and Toevesz (1976) observed that while most
of the bottom of Lake Pocotopaug, Connecticut, is soft mud, the great
majarity of unienid bivalves in that take are restricted to a narrow band
of coarse, hard substratum encircling the lake at depths of less than one
meter,

We conclude that unionacean shell proportions, size, and outline are
correlated with broad aspects of the environment, Thus, particularly in
paleoecological studies, unionacean shell form may be a useful indicator
of snvironmental change. Nevertheless, at present, functional morpho-
togical explanations of these form—habitat correlations are largely specu-
falive,

2.2, Other Factors

Temperature is the most extensively studied environmental {actor
known o influence the shell. Its relationship to shell growth and size has
been particularly well documented by Howard (1922) for North American
unionids, by Negus {1966) for British unionids, and by Alimov (1974] for
Russian freshwater bivalves (including unionids). In general, unionids
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from temperate climates grow only during the warmer months (o4,
April-October}, and within the same general kind of habitat, specimens
living in warm waters often grow faster and attain larger sizes thaw those
living in cold waters (also see Harman, 1970).

The presence of “lime™ or “hard water™ is often correlated with vahve
thickness. A. H. Clarke (1973), for one, found that hard water often sup
ported heavier specimens of certain species, Additionally, McMichael
(1952, p. 351} reported for Austiralian unionaceans that “mussels from
rivers whose waters are poor in lime are often quite thin and weak, while
the same species from a river rich in lime will have a strong, thick shell.”
Similarly, Coker et al. (1921} explained the presence of thin, highlyetched
shells in eastern North American unionids as being caused by relatively
acidic water {Fig. 3A},

Figure 3. Shell aberrations. (A Frching by acidic water: {B) gaping margins: G} notehed
putline {after Coker et al., 1921} 110 furrowed shell surface {after Coker ef al,, 19218 K
ahscessed shell; (F) algal-related protuberances: (G) eroded she!l posterior: (H) repaired sholi
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Agrell (1949) believed “trophic degree of the environment” to be re-
lated to shell form. For Swedish unionids, be found that such features as
anferior development, refative height, and obesity are positively corre-
faled with trophic degree. In the saine general geographical arca, Bjork
(1962) found growth rate higher and “quantitative development™ better
in streams with a relatively high traphic degroe and relatively hard water.

A particutarly detatled study by Green (1972) showed a complex of
envitommental fouctors correlated with the condition of individual shell
features, Throueh vee of g multivariale statistical approach, he demon-
strated that low-NaCl hipgh-atkalinity-relitive-to-pl U environments were
inhibited by relatively thick-valved Lompsilis radiuta siliquoldea. Con-
versely, specimoens from high-NaCl low-alkatinity-relative-to-pli enviren-
ments were characterized by thin valves. His statistical analysis also
showed an inverse refationship between size and water turbulance. More-
over, he showed that such factors as shell height, overall shell thickness,
and inside shell volume were conservative morphological variables with
respect o measured environmental varaiables,

Certain shell-form aberrations can be directly linked to particular
environmuental causes, Gaping marging {Fig. 313), a permanently notched
oulline {Fig. 3C), and a furrowed surface (Fig. 3D) were attributed by Coker
ef al. {1921) to an infestation of the mantic by parasitic mites.

These workers also explained that massive, asymmetrical protuber-
ances on the external surface of mussels from lakes were formed as aresuit
of accurmnulated lime and algae {Fig. 3F). Algae growing on the tip of the
shell exposed above the substratum also produce an eroded shell surface
(Fig. 3G).

Decksbach {19537) described inner shell surfaces that become ab-
scessed when sedimentary particles were trapped between the mantle and
shell, Extensive abscessing produced a shell with irregular outlines (Fig.
1E). Shell breakage and repair also produces aberrantly formed or marred
shells {personal observation (Fig, 3H)]L One would intuitively feel that
such breakage would be expected to be most prevalent in physically rig-
orous environments associated with hard substrata.

2.3. Sexual and Ontegenetic Variability

Unionaceans, especially those belonging to the subfamily Lampsili-
nac, are often markedly sexually dimorphic in shell features. Forexample,
Ball {1922) showed that male or female forms of various species differed
markedly in obesity. Also, Brander (1956) and Johnson (1978), among
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others. observed thal such features as size and the development and shape Lt
of the posterior margin were often sexually controlied {Fig. 4). th
Ontogeny has similarly marked effects on shell morphology. Both Ball : fo
(1922} and Ortmann (1920) found young unionids to be more obese than ' fep
older specimens. Also, many of the environmentally distinctive aspects fou
of form become apparent only after a bivalve has reached sexual maturity, e
Thus, spatial segregation of age classes or sexual morphs could produce (A
a morphologically distinctive grouping that might be correlated with, but el
not necessarily causally related to, environmental factors. Pai
As a final caveat. consider the remark by Eagar (1948) that changes W
in one shell dimension are often accompanied by perhaps compensating {Ha
changes in others, Height, for example, generally is positively correlated
with obesity (also see Tolstikova and Orlov, 1972; Hendelberg, 1960), This 4
marpholegical covariance adds to the difficulty in discriminating between _ val
fortuitous, as opposed to causally related, correlations between form and ‘ e
environment. Y
While the genotypic and phenotypic controls on specific aspects ol bl
morphalogical variability in unionaceans are still incompletely known, o
it is nevertheless possible to provide an explanation of why this extensive et
variability can be maintained. Vermeij (1974) concluded from his analysis ey
of an extensive literature that a decrease in competition often resulied in g
an increase in diversity within a higher taxon, At lower taxonomic levels, ek
abnormalitios and variants susvived in species that either were under low 4
levels of competition or predation or were relatively unspecialized. femn
Unioraceans live in environments in which competition and pre-
dation levels are low, and unicnaceans may also be considered unspe-
cialized with respect to the utilization of resources such as food and sub- 3.
At

Figure 4. Sexual dimorphism in Lampsiiis radiota
siliquoidea. (A} Male; (B] female. 43
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steattm or space (Coker et al., 1921 Tevesy and McCall, 1978, 1979).
Thus, it may be inferred that low biotic selective pressure, an inherent
feature of their environment, is one of the factors that permits the main-
terance of unionacean variability. In addition, the lack of specialization
for particular resources in this group mav also be related to low selective
pressures. For example, numerous authors {sce the reviews by Diamond,
1978; Tevesz and MceCall, 1978, 1979) have shown that reduced levels of
competition and predation often resulted in decreased specialization
miche-width expansion) of various species. This has been particularly
well demonstrated i comparing maintand (high competition}vs. island
fow comipetitiony bird populations

This relationship among morphological variability, degree of spe-
clalization, and selection pressure has important paleoecological impli-
cations. The tendency among paleontologists in reconstructing ancinnt
prusystems has often been to gather Hiehuabit information from Recent
environments and apply this information directly to reconstruct the life
hahits and community dynamics of fossils. If, however, predation and
compelition levels of the modern environments differ significantly over
peological time, then the “transferred-ccology” approach could lead to
erroneous paleoccoiogical inferences. It is therefore impaortant to vy to
reconstruct these selective pressures directly from the fossils and their
associaled rock strata {Tevesz and McCall, 1978, 1979); In this respect,
a thorough knowledge of the inter- and intraspecific variability of the
fossil assemblage may prove informative.

»

3. Growth Banding
3.1, Origin of Bands

Examination of the outer surface of unionacean valves aimost always
reveals conspicuous dark-colored bands that extend circumferentially
from the umbo and are similar in form to a view of the shell outlinenermal
to the saggital plane. These bands may be divided into two varieties: wide,
darker, macroscopically obvious bands occurring at fairly regular intervals
and fainter, less dark, more irregularly spaced bands (Fig. 5). The same
structures are also represented as dark lines in valve cross sections,

The significance and mode of formation of these bands were exten-
sively discussed by Coker et al. {1921) (but also sce, for example, von
Hessling, 1859: Hazay, 1881; Israel, 1911; Ekman, 1995; Lafevre and Cur-
tis, 1912; Isley, 1914: Altnoder, 1926; Crowley, 1957}, Coker and his col-
ieagues found that picking up a mussel and measuring it {i.c., disturbing
it} invariably caused a band to be formed on the shell before shell growth
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Figure 5. Annual (B, C) and pseudoanmiual
{A} growth bands.

was resumed, On the basis of this observation and subsequent analysis
of valve cross sections. they explained the formation of the bands as fol-
lows: The unionid shell grows by the deposilion of successive faminae
of CaCQ, from the surface of the mantle, and the growing edges of the
shell are deposited by the mantie margin, However, if the mantle margin
withdraws within the shell, away from the growing edge, then when the
new fayers of prismatic shell and periostracam are deposited, they are not
continuous but are overlapped by the old shell and periostracum (Fig. 6).
This doubling-up of layers, a result of mantle retraction and reextension,
produces the visual appearance of a dark “band” on the shell. The faint,
irregularly spaced, “pseudoannual” type of band may be explained in this
way.

Coker et al. (1921) further believed the darker, more regular bands
to be formed by growth retardation due to repeated disturbance by low
temperatures. They reasoned that if these bands are similarly formed and
the discontinuity of the cuter layers is caused by the withdrawal of the
mantle because of cold weather. then one would expect several overlap-
ping shell layers before a winter season, because the onset of seasonal
cold weather is preceded by alternate warm and cold periods. Thus, these
darker bands, or annual rings, are the result of frequent growth interrup-
tions that produce multiple "‘doublings-up” of the shell along growth
edges (Fig. 7).

Figure 6. Cross-sectional view of pseudoannual band, Vertical elements: ptisms; horizonlal
eloments: nacre, After Coker et al. (1921],
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Figure 7, Cross-sectional view of annual band. Upper clear areas: periostracum; vertical
elemonts: prisms: horizontal elenrents; nacre. Alter Coker of al. {1921),

3.2. Band Information

Several techinigues make it easy to discriminate betwoen the “annual”
and “pseudoaimual” bands of unionaceans (see Appendix LA} Thus,
absolute age information is readily available for species from temperate
fatitudes. This formation, in conjunction with information on popula-
tion densities and shell weights and dimensions, has boen used by many
workers to infer life-history paramcters such as growth rates, population
age slructure, annual production, recruitmoent and mortality rates, and
season of death [ses particularly Negus, 1966: but also SCe, among many
others, Chamberdain, 1931: Tudorancea and Florescuy, 1968a.b, 1969; Tu-
dorincea and Gruia, 1968: Magnin and Stanczykowska, 1971, Harangy et
al., 1964, 1965; Ray, 1977),

The tife-history information that may be obtained because these bands
vield absolute age information again exemplifies how unionaceans are
petentially useful in monitoring environmental change. For example, be-
tause much information is already available on unionacean population
age structure and mortality rates, new information on population dynam-
ics that differs substantially from long-term averages may possibly be re-
lated to a change in the environment, for instance, the introduction of a
pollutant. Alse, once the typical season of death in certain unicnaceans
hus been established. one could analyze the season of death from shells
ina suspected “kill” and make inferences as to whether or not the Ior-
lality was nalural or caused by an unusual modification of the environ-
nmend,

An interesting way of relating environmental temperature change to
band information also comes from the work of Negus (1966). In a Very
informative diagram (her Fig. 10), she plotted average percentage of de-
parture from mean growth for a particular bivalve vear class against the
average departure from mean average temperature during growing season
for cach calendar year. This plot showed that slower growth during a
particular year, as reflected by relatively closely spaced annual bands,
was generally associated with a relatively cool growing season for that
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year. These findings invite speculation that unionaceans may be used as
relative paleothermometers. However, Stansbery (1970) found that union-
ids inhabiting deep water and fine-grained sediments in Takes (1o, ae-
cording to him, a situation associated with redaced current) tended 1o
grow slower, live longer. and show less ontogenetic change in growth raw
than specimens from shallower depths. Thus, the spacing of annual bands
may also be related in part to the physical rigor of the habitat.

Grier {1922) and Brown et al. {1938} noted the regular spacing andd
distinctness of all bands in lake-dwelling, as opposed to stromm-dwetling,
unionids. This condition resulted from a paucity of pseudoannuli on lake
dwelling forms. Stansbery (1967 explained that the stabilizing effects of
a large lake ensured gradual uniform temperature changes, thereby largely

_eliminating the rapid temperature fluctuations that are an importantcawse

of pseudoannual band formation. Thus, the number of pseudoannuli pro-
duced per year per unionid is inversely related to the temperature stability
of the environment. This, in turn, is often related 1o the size, depthoand
circulation patterns of a given boedy of water.

Because unionids concentrate trace elements, the shelt, like that of
other bivalves, is a repository of chemical information. If it were possible
to analyze the concentration of various substances in an individual annual
layer, then the shell might provide a chronological record of relative con-
centrations of thase elements or compounds in the ambient environment,
The presence of growth bands and their organic component help 1o fa-
cilitate such analyses. According to Sterrett and Saville {1974]), several
interruptions in the formation of the shell in the spring and fall produce
an area of discontinuity visible as a dark line. The greater amount of
periostracuim at this border results in an area bigher in protein than in
other parts of the shell. Theoretically, if the shell is baked at high lem-
peratures, the protein of the periostracum will ash, and the CaCO, will
not, leaving a weak spot or crack that delineates part of the shell formed
in a single growing season. A methodology for separating the annual lavors
based on this reasoning has been used by Nelson (1964) and Sterrett and
Saville {1974) (see Appendix 1.A.4). The ease with which these favers
may be separated makes the chemical concentrations in the shell for par
ticular years readily analyzabie and thus faciiitates monitoring vuarty
changes in the chemical environment. The significance of these chemical
concentrations in bivalves in general is discussed in Chapter 4.

Counting growth bands on the shell surface and in shell crosssections
is not the only way of determining absolute age and thus the population
dynamics of unionaceans, European waorkers have frequently employod
the method of Weilmann (1938}, whereby annuli are counted on the lig:
ament (see, for example, Bjork, 1962; Hendelberg, 1960). However, this
method is limited in usefulness because annuli on the ligament are de-




e B

ol AR
[SRTRIN]

-
el 1o
Y
el

-%lhg
Hhg,
[RINTE
HERT
i*_-‘,f‘]\'
T IAT
TP
ity
bt

Bt ol
satlale
NYTY
O
tient.
ter fige
averal
STLITTHE
sodoof
SuL

te-

b, owill
s
Lo
i und
VTS
rpar-
vearly
‘niical

ctions

fation
sloved
le Tig-
1, this
e de-

Shietl Fornm and Structure of Unionacean Bivalves 309

stroyed by crosion of the anierior portions of the ligament, which is a
cumnon phenomenon in anionaceans, This mekes 1t necessary to esti-
mate lost information. Over the long term, this method sufters because
e entive ligoment s mach more eastly destroved than the shell

Finally, the study of the signilicance of unionacean growth bands has
been confined mainly o wemperate slittdes, whoere scasonad cold stops
prowth for prolonged periods and is responsible for annual band forma-
Lo,

But what about warmer climates? To the best of our knowloedge, the
significance of growth banding in tropical unionaceans is Ilittle studied.
Warm-climate unionids do form distinctive bands, but the causes behind
the lormation of these bands are different than for temperate species. For
example, McMichael {1952, p. 351) mentions the following regarding
Australian unionaceans: ~During severe droughts, the rivers and creeks
dry up. and the shells may become dormant, Fresh water mussels will
then bury deeply into the mud and their shells will cease growing, be-
coming thickened al the edge. When rain comes again, the shells may
emerge and grow quickly, leaving o thick growth fine on the shell which
marks the dormant period.”

Other seasonal effects in the tropics, such as extensive rain, could
alse concetvably cause growth interruptions. Stream-dwelling unionids,
for instance. could be subjected to the effects of abnormally high amounts
of suspended particulate matter during repeated floods caused by mon-
soons. A prolenged stormy scason could likewise cause lake-dwelling
forms to be subject to abnormally long periods of agitated conditions.
Those and related phenomena could disturb the mussel enocugh to cause
repeated and prolonged retractions of the mantle, thus producing a thick
and distinctive band. Therefore, it Is necessary to know the general cli-
matic setting from independent evidence [(e.g., temperate vs. tropical)
before growth bands on unionaceans can be accurately interpreted.

4. Ecological and Evolulionary Significance of
Unionacean Shell Microstructure

Unionaceans have a primitive shell microstructure consisting of outer
prismatic and inner nacreous shell layers, with the former deposited on
a nonreflected shell margin, They probably inherited this microstructure
from the Trigoniacea, a superfamily inhabiting marine and estuarine en-
vironments and now restricted to only a few Indo-Pacific species (Cox,
1960 Newell and Boyd, 1975). Unlike other major groups of freshwater
bivalves (e.g.. Corbiculacea, Dreissenacea), the Unionacea have appar-
ently never evelved crossed lamellar microstructure, and have retained
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an outer simple prismatic to composite prismatic shell taver comparable
to that in wany Trigeniacea {Boggild, 1930: Beedham. 1965; Taylor et ol |
149649, 1973 Cox, 1969: Tolstikova, 1872, 1973, 1974: Newell and Bovd,
1975). The Unionacea are likewise conservative in terms of the variability
of their shell microstructure. Despite their considerable generic diversit,
unionaceans show only minor interfamilial differences in this feature,
represented largely by changes in the internal arrangement of the outer
layer prisms and by the occurrence of adventitious thick organic {con
chiolin} laminae within the nacreous layer of certain species [Tolstikova,
1974).

Like the shell of most other bivalves, the unionacean nacroprismativ
shell provides protection of the soft parts, support of the ctenidia and
viscera, an assist in burrowing. and a source of CaCO, for buffering met-
abolic acids during periodic anaerchic metabolism. In terms of profection,
their nacreous microstructure may have been retained because of #s ol
atively hipgh mechanical resitiency in comparison with certain other com-
mon inner-laver microstructures {e.g., complex crossed lamellar and b
mogenous (see, for instance, Taylor and Layman, 1972)). Many unionacesns
inhabit streams, and their shallow burrowing habit exposes the shell N
tertor to physically rigorous conditions, especially during floods. Union
aceans may additionally have retained a primitive nacroprismatic shell
microstructure because this offers maximum protection of their shell from
dissolution in fresh waler, Their vertical to reclined outer layor prising
show relatively thick interprism organic matrices, and the horizontal or-
ganic laminae separating nacreous laminae may likewise retard shell dis-
solution. Perhaps the most important adaptations of unionacean shells,
with regard to preventing shell dissolution, are their persistent perios-
tracum and occasional deposition of thick, horizantal laminae within the
nacreous layer.

4.1. Periostracum and Shell Protection

The adaptive value of the unionacean periostracum for preventing
exterior shell dissolution is clearly scen where this layer is abraded. In
this case, dissolution of the underlying prismatic and nacreous layors
oceurs. This results in solution pits on the shell exterior, some of which
penetrate through most of the shell thickness at the umbos (Figs. 3A and
8). Thick periostraca are rarely encountered in the Unionacea, but mast
species in this superfamily show a periostracum of intermediate thickness
in the adutt shell. By the present definition, intermediate-thicknoess pers
iostracum is between 15 and 50 pm as measured near the margin of the
adult shell, Thin periostraca (<15 wm) are equally rare in this superfamily,
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Figure 8. Natural dissolution of the sholl exterior in the margaritiferied Margaritifera faleata
: [Godd) frons the Ozette River, Washington, Yale University Peabody Museum No. 10158,
enting i (A} Arsgenitic prismatic and nacrecus shelt layers; () prominent adventitious organic tam-
led In inae sporadicaily distributed among the nacreous laminae; {P) periostracum. Scale bari 1.0
Fivers e
which :
2 aned _ This uniformity of periostracal thickness probably reflects the fact that
I mest thinner periostraca are not sufficiently protective, whereas thicker per-
i kness : iostraca tend to peel away from the shell exterior after repeated desic-
Sy g calion.
Lol the : Compared with most other bivalves, many unionaceans are remark-
fanily. able for the resistance of their periostracum to peeling and cracking after
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dryig. Two other bivalve surperfamilies show this property, i. e, certain
representatives of the Mytilacea and, to « lesser degree, the Trigoniacea.
In mvtilids such as Mytilus edulis Linnacus, resistance to desiccalion
peeling is improved by the incorporation of fuid-filled vacuoles in the
venter of the periostracal fayer. These vacuoles maintain the moisture of
e pertostracat faver with subaerial exposure, thereby preventing differ-
ential contraction of the outer and inner periostracal sublavers {Carter,
1976), In contrast, trigonjacean and unionacean periosivaca are typicatly
nonvacuolated, but they show a strong structural bond with the under-
lving prismatic laver. As described by Taylor ef ol (19691 and ilustrated
b Figs, 9 amd 100 the unionacean (and trigoniacean) periostracum cone
forms with the end of the prisms and extends deeply into the prismatic
layer, This forms a strong bond between these two layerss and retards
pecling when the exterfor of the periostracum contracts through drving.
Consequently, even air-dried muscum specimens of most unionacean spe-
cies resist periostracal peeling and cracking, except for the species with
unusuatly thick periostracal lavers (e, cortain Cumberlandio and Am-
blemal, In nonunionacean and nontrigoniacean bivalves with nonre-
flected shell marging (e.g., most Mytilacea, Ostreacea. Pectinacea, and
Myaceal, the initial spherulites of the outer prismatic shell layer are de-
posited on a more or less planar inner periostracal surface. In these in-
stances, the periostracum supports the initial spherulites and excludes
environmental conteaminants, but it does not envelop the ends of the
prisms, nor does it extend into the prismatic layer to the extent that this
occurs in the Unionacea and Trigoniacea (see, among others, Clarke, G.
R., 1974).

The trigoniacean periostracum is generally thinner over the prism
ends than in the Unionacea. Additionally, the trigoniacean periostracum
does not extend as deeply into the outer prismatic shell layer. It therefore -
scems likely that the trigoniacean periostracal-prism relationship pro-
vided only a preadaptation for the evolution of a typical unionacean per-
iostracum—prism layer bond. Interestingly, aside from thickening the per-
iostracum and bonding this more strongly with the underlving prismatic
shell layer, unionaceans have tended to reduce the prominence of apical
£ 3
Figure 9. Cuter prismatic shell Tayer in the andonid Elliptio complonata (Selander) from the
Sungerfield River near Hamilton, New York. University of North Carolinag No. 4923, The
three photographs in the upper and middie right parts of the plate (A} comprise a three-
dimensional view of the prismatic layer in the shell posterior, viewed in radial vertical (R},
transverse vortical (T} and horizontal {H} sections facetate peels of polished and etched
sections). Scale bars: 50pm. (B, C) Two photographs ropresenting radial vertical fraciures
threugh the ouler prismatic shetl layer viewoed by scanning electron microscopy. The thick
arrows indicate the direction toward the depositional surface; the thin arrows indicate the
dirsction toward the pusterior shell margin, Scale baes: 2 pm.
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bosses that characteristically oceur on the ends of trigoniacean prisms.
These apical bosses are generally pyramidal and often structurally distinet
from the underlying prism columns {sce Tavior et al., 1969; Newell and
Boyd, 1975} Loss or reduction of these strectares is adaptive in freshwater
bivatves because it reduces the tikelihood of exposure of the shell CaCO,
as a result of abrasion over the apical bosses. On the basis of this evo-
lutionary frend, it may be possible to identify {ossil trigantaceans evolving
microstructural adaptations for life in acidic fresh water. These transi-
Honal trigoniacean-—unionacean species should show progressivereduction
ol their prism apical bosses and increased separation of their outer prism
columns, i.e., indicative of a more deeply penclrating periostracal layer

4.2, Adventitious Interior Conchiolin Layers

Thick, horizondal Laninoe of organic materio fronchioling occur ag
adventitions sublayers within the nacreous lavers of a lirge nuber of
anonacesns, These sublayers can oceur sporadically over the interior
surfuce of the vadve, but they are most commonly observed as irroguiar
patches in or near the umbonal cavity. In addition, these organic deposits
are most commonly found among unionaceans with relatively thin shells
in the umbonal area (e.g., in thin-shelled species of the genera Alasmi-
donta. Cristaria, Iridina, Elliplio, and Margaritifera, but less commonly
in thicker-shelled species of the genera Pleurobema, Plethobasus, and
Obovaria). These organic sublayers can be deposited in response to shell
penetration through chemical dissolution or as responses to contaminants
entering between the shell and mantie {e.g.. extraneous water, sediment,
or other material entering through an abnormal separation between the
mantle margin and the shell margin}. Beedham (1965} suggested that
inner-layer conchiolin patches in older Anodonta are secreted in response
lo outside water moving through cracks in the anterior part of the hinge.
Beedham states that in Anodonta, secretion of the conchiolin patches is
followed by the secretion of an underlying prismatic layer prior to re-
sumption of normal nacre deposition. This sequence is identical ta that
which develops in the repair of damaged shell margins in this genus
(Beedham, 1965). In the case of certain deeply eroded Margaritifera falcata
(Gould), the distribution of the interior conchiolin patches clearly indi-
cates that they are being deposited as a reaction to deep solution pitting

<&
<

Figure 10. Scanning electron micrographs of redial vertical fraclures through the outer pris-
matic shell layer of the unionid Obliquaria reflexe Rafinesque from the Meramec River, St
Louls, Missauri, Yale University Peabody Museum Ne. 9749, The periostracum appears in
the upper part of (A}, A higher magnification of the prism fracture in {(B}. The thick arrows
Indicate the direction toward the deposilional surface: the thin arrows indicate the direction
toward the posterior shell margin. Scale bars: 5 wm (A, B) and 1 um {C).
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over tiie umbos, Butin other M. fuleata, and in many otherthinner-sheiled
unionaceans, similar but less abundant organic patches can be abserved
even in shells lacking appreciable umbonal dissolution. In some in-
stances, these patches are superlicially smooth and do not extend to the
shell marging or hinge, suggesting that they have not been deposited in
response to water Jeakage or a foreign body contaminant. Thus, it appears
likely that unionaceans can deposit patches of adventitious conchiolin
near their umbonal region as a safeguard against possible deep umbonal
dissolution, in addition to utilizing the same strategy to seal over complote
shell penetration and foreign contaminants, In some instances, these pro-
phylaxis conchiolin layers can be distinguished from damage-response
layers by their lack of an underlying prismatic layer prior to the resump-
tion of normal nacre deposition.

The deposition of prophylaxis and damage-response conchiolin' lay-
ers in unionacean shells can grossly alter the total shell conchiolin/CaCo,
ratio, This fact must be considered when conchielin/CaCO, vatios {or
“scleroprotein/CaCO, ratios) are utilized as indicators of paleosalinity,
as attempted by Kolesnikov (1970). B may be that prophylaxis conchiolin
layers are deposited by certain species with greater frequency and in
thicker lavers in more acidic freshwater environments. However, this as-
pect of their formation has yet to be investigated, and is at present entirely
speculative.

4.3. Evolutionary Limitation of Shell Form

In addition to profecting the shell valves from exterior dissolulion,
the unionacean periostracum forms & water-tight seal at the sheli marging
on shelt closure. This aids in water retention within the mantle cavity in
specics periodically exposed to subaerial conditions, and it effectively
excludes unfavorable water condilions when these arise. The gaskeliike
role of the unionacean periostracum is especially useful because these
species have lapering (i.e., nonreflected) shell marging, Consequently,
without a periostracal seal, minor damage to their thin marging could
seriously impair their ability to scal the mantic cavity and protect their
mantle margins on shell closure, Bivalves with nontapering {i.e., reflectod)
shell margins can secrete a thick shell margin, thereby reducing the like-
fihood of shell-margin breakage (e.g., Mercenaria and many other Vener-
acea), and thus generally show only a thin periostracum.

It is possibic that the Unionacea have been evolutionarily limited to
a tapering shell margin because of their unique periostracum-—prism ad-
aptation for preventing periostracal peeling. With a fully reflected shell
margin, a unionacean would necessarily deposit its outer prismatic shell

4.4
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taver dircctly on the curved surface of the previously deposited prismatic
faver. rather than on the underside of the periostracum. Conseguently, it
wuuld be tmpossible for such s unionacean to develop a deep interpen-
pirating bemd botween the outer ends of the simple prisms ated the per-
iostracal tayer. Their pesiostracum, as in veneroid bivalves with fully re-
fHected sholl nrargins, would then be more prone to peeling and cracking
on desiceation. Most tiving veneroid bivalves with fully reficcted shell
marging are seldon exposed lo such conditions, but air-dricd museum
specinmens are evidenoe of the transient hond between their periostracum
and the underlying shell, Inasmuch as strongly crenulated shell margins
and sharp ornamental features would increase the likelihood of local
abrasion through the periostracum. the subdued ormament typical of
ahionace sholls may likewise be attributed, in part, to naiural selection
for resistance Lo shell dissolution tnan acidic environment, Even incom-
parison with their relatives in the Trigoniaced. the modern and fogsil
Unionacea show only subdued and generally knobby or rounded orna-
ment with the exception of rare spinose species such as Ganthyria spinosa
(Lea). Utilizing a similar shell microstructure and tapering shell margin,
the Trigoniacea have evolved radial costac or plicae, concentric ridges,
or cven divaricate omamentation (see, for instance, Newell and Boyd,
19751,

4.4. Periostracal Color and Surface Texture

Two features of the unionacean pertostracum that have yet to be ana-
lyzed adequately for their ecological and evolutionary significance are
color and exterior surface texture. After studving periostracal color in
anionaceans from Lake Erie and the Upper Ohio River drainage system,
Grier (19200) concluded that color variation is often greater than standard
species descriptions generally indicate, He suggested that this color var-
jability might be related to aging, water acidity, and water silt content.
He noted downstream and aging effects in which yeliows and greens
darken to deep browns and blacks. Other investigators have noted an aging
effect in periostracal color among marine bivalves Ockelmann {1958) de-
seribed an orange, vellow-brown, or red-brown periostracum in juvenile
Astarte. In contrast, the periostracum secreted by the adult is darkerbrown
to black. Holme (1959) mentioned a similar aging effect for Lutraria in
which the periostracum changes from colorless in juveniles to brown
when sccreted by adults. With regard to salinity, Fischer (1887) noted that
olive-green is especially common in freshwater hivalves. Carter {1876}
noted that greens are especially common in periostraca of the two largest
freshwater bivalve superfamilies (Unionacea and Corbiculacea), and that

T



318 Chapler 8 Ruelt Poae

By ssuder 1
fushet

Prown, (L

greens are also common, but less ubiquitious, among two marine super-
familics {Nuculanacea and Solenacea). Inasmuch as nuculanacean shells

may be exposed to acidie sedimentary environments, and solenaceans gt
often inhabit estuarine environments, the possibility arises that green col- ' Earter. L
oring is mare common in ail four goups as a result of an acidity orsalinity bt
effect, A, H. Clarke {1973) has noted that green coloring in Anodonta is oA
associated with muddy substrata. Inasmuch as muddy substrata com- “'“i‘;‘. f‘
monly contain abundant decomposing organic compounds, and a result- Ciarhee A
ing acidic sedimentary environment, this would appear to reinforce the Aghe
% idea of a pH cifect on periostracal color. lathe, G
Periostracal layers in the Unionacea are, by and large, generally su- o P
perficially smooth and macroscepically featureless, except for occasional ¢ "5“"‘: N
wrinkles. However. a number of species, especially in the families Mu- ' {\m‘“ﬁ"?
telidae and Etheriidae, show radial, concentric, or intersecting micro- A0
scopic ridges on the surface of the periostracum (Simpson, 1900: Marshall, Cox, L1
1926: Bonello and lzcurra, 1965; Carter, 1976). According to Carter {1976}, ’-n’-‘”t
vt

Hese foatures are generally expressed only in the surface of the perios-

. . . R . £ resae Loy,
tracum, and do not represent crenulations atfecting the entire thickness
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of the periostracum. The ecological and evolutionary significance of these By ol
structures, like that of periostracal color, has yet be to be documented. Cvaniia
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