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Abstract Morphologic convergence may arise because natural selection produces
an optimal solution for a given set of environmental conditions or because construc-
tional and historical constraints limit available variation, making certain morpholo-
gies inevitable. Shell shape in bivalves typically is interpreted as functional, with
emphasis placed on substrate preferences and life habits. Freshwater pearly mussels
(Order Unionida) represent the most diverse freshwater bivalve clade and, although
their life history and related morphologic traits are strikingly divergent from marine
bivalves as well as other freshwater bivalve clades, multiple convergences in shell
form within and among these groups occur. Ultra-elongate shells (length/height
ratios >3.0) in both marine and unionoid taxa are one such example. At least 13
families, including 4 phylogenetically defined unionoid families, have ultra-elon-
gate representatives. These taxa occur in substrates ranging from soft sediments to
hard grounds and a variety of life habits including nonmotile semi-infaunal, active
burrowers, and borers; which seems to imply weak functional/adaptive control on
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morphology. For many of these taxa, however, this shape may reflect functional
forces related to direct substrate penetration without major anterior/posterior rota-
tion of the shell, rather than the type of substrate penetrated. Further, shell elon-
gation is achieved through a variety of differential growth patterns, which argues
against a strong role for constructional or historical constraint. Clarifying the mean-
ing of a modern analog or proxy is critical for evaluating paleoenvironmental and
paleoecological interpretations of extinct ultra-elongate bivalve taxa as well as for
informing efforts to protect and restore extinction-vulnerable extant populations.

Keywords Unionida - Convergence - Morphology - Constraint - Function - Substrate
- Life-habit - Differential growth

2.1 Introduction

Function is commonly assigned to morphologic features because it is through phe-
notype that organisms interact with their environment. Nonetheless, evolutionary
history leaves a record in the morphology of clades and, without this legacy, we
could not use morphologic data alone to distinguish between homology and homo-
plasy, the latter arising either from parallelism (nonhomologous similarities that
are the product of the same developmental genetic mechanisms) or convergence
(nonhomologous similarities that are the product of different developmental genetic
mechanisms) (see Wake et al. 2011). Therefore, we harness the mosaic nature of
evolution to both reconstruct evolutionary relationships and understand function
and adaptation. In other words, we view phenotype as resulting from the interplay
of functional, constructional, and historical factors (e.g., Seilacher 1984; Savazzi
1987; Gould 2002; Cubo 2004; Schwenk and Wagner 2004; Brakefield 2006; Losos
2011).

The roles of function and history are apparent in the freshwater pearly mussels
(Order Unionida). This clade represents an ancient invasion and major radiation
into freshwater with members occurring on all continents except Antarctica. The
Unionida includes 840 valid extant nominal species (Graf and Cummings 2007,
Bogan and Roe 2008) and has a fossil record that extends to the Triassic (Watters
2001; Bogan and Roe 2008). Graf and Cummings (2006) recognized eight morpho-
logic and/or life-history synapomorphies for the order, most of which relate to ad-
aptations for reproduction in flowing waters, including both brooding and parasitic
larval stages. The evolutionary history of unionoids, on the other hand, is readily
apparent based on features such as the distinctive schizodont dentition of both this
order (unless lost secondarily) and its sister taxon, the marine Trigoniida (Graf and
Cummings 2006 and references therein).

Although many life history and morphologic traits in unionoids are unique to
the clade, striking examples of convergence (used here to refer both to parallelism
and convergence sensu stricto; see Wake et al. 2011) in shell form occur between
unionoids and other bivalves. One such example is that of the freshwater “oys-
ters” in the Etheriidae that cement their valves to hard substrates and whose shells
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converge on the morphology of marine oysters (Yonge 1962; Graf and Cummings
2006). A cementing freshwater veneroid, Posostrea anomioides (Cyrenidae = Cor-
biculidae, see Bieler et al. 2010) also has been described (Bogan and Bouchet 1998).

Extremely elongate unionoid species (here defined as having length/height ratios
>3.0 and referred to as ultra-elongate taxa) are another putative example of marine/
freshwater convergence (Savazzi and Yao 1992; Haag 2012). In fact, several ultra-
elongate unionoids have been compared, at least implicitly, to marine razor clams
(Solenidae and Pharidae) through the use of scientific names that include Solenaia,
Lamproscapha ensiformis, and Mycetopoda soleniformis. Some of these taxa (M-
cetopoda spp., Solenaia) not only possess shells similar in shape to razor clams, but
also exhibit an anteriorly directed, distally enlarged foot reminiscent of Solen and
Ensis.

Ultra-elongate taxa, however, are not limited to a few clades or to a narrow
range of habitats in either marine or freshwater environments. In the marine realm,
ultra-elongate shells characterize razor clams, but also occur in extant genera of the
Solecurtidae (Tagelus), Mytilidae (Lithophaga, Adula, Mytella, Arcuatula, Adip-
icola, and Gigantidas), Pholadidae (Pholas), Nuculanidae (Poroleda, Propeleda,
and Adrana), Petricolidae (Petricolaria), Vesicomyidae (Elenaconcha extenta),
and Arcidae (Litharca). Further, ultra-elongate morphologies occur in substrates
ranging from soft sediment to hard grounds (rock, shell, and wood), and include
active burrowers, borers, and byssally attached species.

Ultra-elongate unionoids also are represented in multiple clades, occurring in ten
genera from eight subfamilies and four families (Table 2.1; Fig. 2.1) that include the
Unionidae (Arconaia, Cuneopsis, Lanceolaria, Solenaia, Elliptio), Hyriidae (Lorti-
ella), Iridinidae ( Chelidonopsis), and Mycetopodidae (Mycetopoda, Mycetopodel-
la, Lamproscapha). The ultra-elongate shape arose at least seven times within the
order, based on phylogenetic placement of genera containing ultra-elongate species
(Fig. 2.1; Table 2.1; also see Graf 2013).

This chapter explores functional interpretations of shell shape by summarizing
available information on environmental occurrences, life habits (e.g., epifaunal/
semi-infaunal, burrowing, burrow dwelling, borehole dwelling), and burrowing/
boring behavior of both marine and freshwater ultra-elongate taxa, including a de-
tailed description of the occurrence of ultra-elongate unionoids collected from three
tributaries of the upper Amazon River in southeastern Peru. The various modes
of differential growth that produce ultra-elongate shells are outlined, as indicated
through differences in beak position, muscle scar shape, and hinge development.

A better understanding of the ecology of these unionoid bivalves can inform ef-
forts to protect and restore their extant populations, as pearly mussels are the most
critically endangered bivalve clade on a global scale (e.g., Bogan 1993; Lydeard
et al. 2004). In fact, for the 499 unionoid species listed on the International Union
for Conservation of Nature (IUCN) Red List 2012.2 (http://www.iucnredlist.org/),
41% are considered threatened (175) or extinct (29), and data are insufficient to
evaluate the status of an additional 94 species (18.9 %), with some ultra-elongate
species threatened by habitat destruction and/or introduction of invasive species
(Mansur et al. 2003; Castillo et al. 2007). In addition, a general understanding of the
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Table 2.1 Unionoid genera with extant ultra-elongate species

L. C. Anderson

Family Genus L/H Environmental Geographic Ultra-elongate
(subfamily) occurrence distribution species included in
genus published molecular
phylogeny

Unionidae Arconaia 4.9 A. lanceolata: organic-  Asia A. lanceolata:
(Unioninae) rich, anoxic lake muds Huang et al. 2002;

(Savazzi and Yao Zhou et al. 2007
1992)

Unionidae Cuneopsis 3.1 C. celtiformis and C. Asia C. celtiformis: Zhou

(Unioninae) pisciculus: active etal. 2007
burrowers in well C. pisciculus: Huang
oxygenated lake and et al. 2002; Zhou
river channel sediment et al. 2007
(Savazzi and Yao
1992)

Unionidae Lanceolaria 4.2 L. grayana: active Asia L. grayana: Huang

(Unioninae) burrower in well et al. 2002; Ouy-
oxygenated lake and ang et al. 2011;
river channel sediment L. gladiola: Ouyang
(Savazzi and Yao etal. 2011
1992); mudbanks
at mouth of streams
flowing into Luc Nam
River at low water
(Dautzenberg and
Fischer 1905)

Unionidae Elliptio 41" E. shepardiana: along North E. shepardiana:
(Amblemi- stable protected river America Campbell and
nae) and stream banks Lydeard 2012

with fine sand and

silt, behind roots and
around logs and trees
(University of Georgia
Museum of Natural
History 1996)

Unionidae Solenaia 42 S.iridinea (as S. oleiv-  Asia S. iridinea: Huang
(Indotropical ora): in anoxic lake et al. 2002; Ouy-
“Gonidei- muds with high meth- ang et al. 2011 (as
nae” ane content (Savazzi S. carinatus, S.

and Yao 1992) oleivora, and S.
S. soleniformis (as rivularis)
Balwantia soleni-
formis): bores into
firm grounds in river
cutbanks (Godwin-
Austen 1919)
Hyriidae (Vele- Lortiella 3 L. rugata: underrocks  Australia L. rugata: Graf and

sunioninae)

and ledges, among
roots and mud; in
tube-like burrows in

mudbanks (Ponder and

Bayer 2004)

Cummings 2006
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Table2.1 (continued)

Family Genus L/H Environmental Geographic Ultra-elongate
(subfamily) occurrence distribution species included in
genus published molecular
phylogeny
Mycetopodidae Mycetopoda 3.3  Mycetopoda: in perma-  South S. siliquosa: Whelan
(Mycetopo- nent domichnia in firm  America etal. 2011
dinae) grounds exposed in

river banks and rapids
(d’Orbigny 1846; Veit-
enheimer and Mansur
1978).

M. siliquosa: in mud
(Castillo et al. 2007)
lake margins and
stream channels in
soft sediment (Pimpao
et al. 2008; pers. obs.)

M. legumen: in fine
compacted sand in riv-
ers (Veitenheimer and
Mansur 1978)

Mycetopoda solenifor-
mis: in firm grounds
exposed in river banks
and rapids (Burmeister
1988; pers. obs.)

Mycetopodidae Myceto- 4.3 Mycetopodella falcata: in South No
(Mycetopo- podella permanent domich- America
dinae) nia in firm grounds

exposed in river banks
and rapids (Burmeister
1988; pers. obs.)

Mycetopodidae Lamprosca- 3.8 L. ensiformis: chan- South No
(Anodontiti-  pha nels within large America
nae) channel-bar complex

at convergence of Rios
Negro, Amazonas and
Solimoes (Pimpao

et al. 2008)
“Iridinidae” Cheli- 4 C. hirundo: sandy and Africa No
(Iridininae) donopsis gravely river bottoms

just below or above

rocky barriers, Congo

Basin (Pilsbry and

Bequaert 1927)
Length/height (L/H) values are taken from figures illustrated by Haas (1969) unless otherwise
indicated by a superscript. Phylogenetic placement based on Graf (2013). Higher taxa in quota-
tions are not monophyletic as they are currently defined (see Graf and Cummings 2006; Whelan et
al. 2011). Species identifications follow that of Graf and Cummings (2007) and the Mussel Project
Website (http://mussel-project.uwsp.edu/index.html)
! From Haag (2012)
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Fig. 2.1 Phylogenetic
relationships among families
and subfamilies of the Order
Unionida, based on Graf
(2013). Taxon names in
quotations are paraphyletic
as they are currently defined.
Superscript numbers indicate
the presence of genera with
ultra-elongate species within
the subfamily as follows:
!Arconaia, Cuneopsis, and
Lanceolaria; *Elliptio; *Sole-
naia; *Lortiella; *Mycetopoda
and Mycetopodella; *Lampro-
scapha; and "Chelidonopsis.
This distribution of ultra-
elongate taxa indicates a con-
servative estimate of seven
independent acquisitions of
this shell morphology

Unioninae'

L——— Ambleminae’

“Gonideinae”
Palearctic +
Indotropical

“Gonideinae”
Indotropical®

Rectindentinae
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Parreysiinae
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Mycetopodidae

“Iridinidae”

role of function and constraint in producing ultra-elongate shapes is useful in evalu-
ating confidence in paleoenvironmental and paleoecologic interpretations of extinct
ultra-elongate taxa such as species of Prothyris (L:H 3.0 in P. elegans), Cercomya
(L:H 3.4 in C. pinguis), Palaeosolen (L:H 5.2 in P. siliquoidea), or Pseudarca (L:H

4.11in P, typa).
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Fig. 2.2 Examples of ultra-elongate marine taxa. Scale bars =1 cm. Horizontal arrows point
toward the anterior of each shell. Vertical arrows indicate the position of the beak. a Solen vagina
(Ireland). b Ensis directus (Maine). ¢ Tagelus californianus (California). d Pholas dactylus
(Spain). e Petricolaria pholadiformis (The Netherlands). f Mytella speciosa (Peru). g Adula fal-
cata (California). h Lithophaga gracilis (Japan). i Litharca lithodomus (Ecuador). All images are
of specimens in the Invertebrate Zoology collections of the California Academy of Sciences

2.2 Morphologic Features of Ultra-elongate Taxa

2.2.1 Marine Exemplars

Among extant marine bivalves, most ultra-elongate species are either razor clams
or boring bivalves (Table 2.2; Fig. 2.2), and shape similarities among these taxa
have previously been considered convergent (Yonge 1955; Savazzi 1999). Most
members of the Solenidae and Pharidae have L:H ranging from about 3 to over 7,
with parallel-sided, straight to arched dorsal and ventral margins; indistinct umbos
at the shell anterior; and near-vertical anterior and posterior margins (Fig. 2.2a, b).
Species of Tagelus (Solecurtidae; commonly called stout razor or jack-knife clams)
have similar morphologies to the Solenidae and Pharidae (elongate—quadrate), al-
though generally they are not as elongate (L:H ~3), and have the beak located at the
valve midline (Fig. 2.2¢). In addition, all these bivalves are distinctive in possessing
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Table 2.2 Exemplar taxa for extant marine genera with ultra-elongate species

Family Genus L/H Substrate occurrences and domichnia, if reported
in literature
Nuculanidae Adrana (11) 3.5! A. patagonica: in muddy sand (Saavedra et al.
1999)
Poroleda (3) 33 P. spathula: in sand (Grove 2011)
P. lanceolata: in mud (Powell 1979)
Propeleda (8) 34 P. platessa: in sandy mud (Nijssen-Meyer 1972)
Mytilidae Adipicola (9) 43! A. iwaotakii: epifaunal or infaunal byssate on
wood, at whale falls and at hydrothermal vents
(Owada 2007; Kyuno et al. 2009; Lorion et al.
2009)
Adula (7) 5.4 A. falcata: bores into soft mudstone (Yonge 1955;
Owada 2007)
Arcuatula (11) 3.1 Arcuatula: byssally attached semi-infaunal in mud

Gigantidas (3) 3.4!
Lithophaga (19) 3.1

Mytella (4) 3.5!

Acridae Litharca (1) 3.5

Solecurtidae  Tagelus, including 3.3
Tagelus (Meso-
pleura) (11)

Vesicomyidae Elenaconcha (1) 4.1?

Veneridae Petricolaria (7) 3.5!

Pholadidae ~ Pholas, including P. 3.2
(Monothyra) and
P. (Thovana) (5)

Solenidae Solen, including S. 5.8
(Neosolen) (67)
Solena (2) 7.3

(Grove 2011)

G. sharikoshii: semi-infaunal in sand (Hashimoto
and Yamane 2005)

L. plumula: bores into calcareous rocks (Yonge
1955)

M. speciosa: byssally attached semi-infaunal
among mangrove roots (Rids-Jara et al. 2009;
Santos et al. 2010)

L. lithodomus: bores into sandstone (Nicol and
Jones 1986)

Tagelus: semipermanent vertical burrows in mud
(Yonge 1955)

T. plebeius: forms Y-shaped oblique deep perma-
nent burrows that animal can retreat into, in silty
fine to very fine sand (Stanley 1970)

T divisus: forms Y-shaped burrows in muddy sand
(Stanley 1970)

E. extenta (as Calyptogena extenta): semi-infaunal
in soft sediment at cold seeps at abyssal depths
(Sibuet and Olu 1998; Decker et al. 2012)

P. pholadiformis: burrows in soft sediment and
bores into rocks (Savazzi 1994); bores into hard
clay, mud, peat, wood, or limestone (Zenetos
et al. 2009)

Pholas: bore into rocks, coral, wood, and consoli-
dated sediment (Turner 1969; Haga and Kase
2011)

P. orientalis: deep burrowing in sandy and silty
mud (Ronquillo and McKinley 2006)

Pholas campechiensis: bores into wood, limestone
or compacted silts (Garcia-Cubas and Reguero
2007)

Solenidae: burrows rapidly in sand (Quayle and
Newkirk 1989); typically in fine sand within
more or less permanent vertical burrows (von
Cosel 1990)
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Table 2.2 (continued)

Family Genus L/H Substrate occurrences and domichnia, if reported
in literature

Pharidae Cultellus (11) 33 Pharidae: typically in fine sand within more or less
Ensiculus (4) 34 permanent vertical burrows (von Cosel 1990)
Ensis (13) 5.4 Ensis: in permanent burrows (Stanley 1970)
Pharella (7) 45 E. directus: typically in cohesive fine sand in per-
Phaxas (3) 4.1 manent burrows (Stanley 1970)
Pharus (2) 5.1 Phaxas pellucidus: deep burrower (Chambers
2008)

Length/height (L/H) values are taken from figures illustrated by Moore (1969) unless otherwise
indicated by a superscript. Taxonomic placement is based on Carter et al. (2011). The number of
species within a genus is listed in parentheses after each genus name and is based on data available
in the World Registry of Marine Species (http://www.marinespecies.org/)

! Huber (2010)

2 Coan and Valentich-Scott (2012)

an anterior pedal gape where the two valves do not meet when fully adducted, and
through which a long and often cylindrical foot with a dilatable distal end exits the
shell (Drew 1907; Yonge 1959; Trueman 1966; Stanley 1970; Bromley and Asgaard
1990; von Cosel 1990; Winter and Hosoi 2011).

Ultra-elongate boring bivalves typically have tubular to cylindrical morpholo-
gies with beaks near the valve anterior (<30% from anterior margin). Examples
include Pholas (Pholadidae) (Fig. 2.2d), Petricolaria (Veneridae) (Fig. 2.2¢), Adula
(Mytilidae) (Fig. 2.2g), and Lithophaga (Mytilidae) (Fig. 2.2h). Differences among
these taxa include the shape of the ventral margin (concave in Adula, convex in
Pholas, and straight or nearly so in Petricolaria and Lithophaga), and the position
of maximum shell height along the anterior—posterior axis (anterior and at the umbo
in Pholas, Petricolaria, and Adula; posterior of the midline in Lithophaga). In con-
trast, Litharca (Arcidae) is a uniquely shaped ultra-elongate borer with a cuneiform
shell and beak positioned near the posterior of the valve (Fig. 2.21).

Ultra-elongate species that are nonmotile and epifaunal to semi-infaunal tend to
have a curved tubular shell with an anterior beak, as in Adula (e.g., species within
the mytilids Gigantidas or Adipicola, and the vesicomyid Elenaconcha extenta), or
are modioliform (e.g., Mytella (Fig. 2.2f) and Arcuatula). The ultra-elongate nucu-
lanids (infaunal deposit feeders), Poroleda and Propeleda retain a nuculanid shape
but have greatly extended rostra and relatively low umbos. In contrast, the nucula-
nid Adrana has a nearly straight dorsal margin, anterior and posterior regions that
are subequal in shape and length, and a beak located close to the midline.

2.2.2 Ultra-elongate Unionida

Ultra-elongate unionoids are distributed across several clades (Fig. 2.1; Table 2.1)
and, although shell shape varies among these taxa, many are comparable to particu-
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Fig. 2.3 Examples of ultra-elongate unionoids. Scale bars =1 cm. Horizontal arrows point toward
the anterior of each shell. Vertical arrows indicate the position of the beak. a Mycetopoda sole-
niformis (Rio Jurua, Peru). b Mycetopodella falcata (Rio Jurua, Peru). ¢ Elliptio shepardiana
(Altamaha River, Georgia). d Lamproscapha ensiformis (Brazil). e Solenaia iridinea (China). f
Chelidonopsis hirundo (Democratic Republic of Congo). g Cuneopsis celtiformis (China). h Lan-
ceolaria grayana (China). i Lortiella rugata (Australia). j Arconaia lanceolata (China). Images
a and b are of specimens collected by the author. Image ¢ is of a specimen in the Invertebrate
Zoology collections of the California Academy of Sciences. Images d—j were provided by Daniel
Graf through the MUSSEL Project (http://www.mussel-project.net/) and are of specimens in the
Invertebrate Zoology collections of the Smithsonian Institution

lar ultra-elongate marine taxa. For instance, Mycetopoda soleniformis (Fig. 2.3a),
with its soleniform shape and central beak, resembles an elongate version of 7age-
lus (Fig. 2.2¢). In other species of Mycetopoda, the shell is more ovate than quad-
rate and the beak is within 25 % of the anterior margin, but is still within the range
of shape variation seen in the Pharidae and Solecurtidae (see von Cosel 1990). In
addition, like 7agelus and razor clams, species of Mycetopoda possess an anterior
pedal gape through which a long cylindrical foot with a dilated distal end exits the
shell (e.g., Fig. 2.3a; see also d’Orbigny 1846; Fischer 1890; Ortmann 1921; Veit-
enheimer and Mansur 1978; Pimpao and Mansur 2009).
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The falcate shell with an anterior beak and concave ventral margin of Myceto-
podella (Fig. 2.3b), and to a lesser extent Elliptio shepardiana (Fig. 2.3¢), Lampro-
scapha (Fig. 2.3d), and Lanceolaria (Fig. 2.3h), resembles that of the boring mytilid
Adula (Fig. 2.2g). A concave ventral margin is common in mytilids and is associated
with byssal attachment along the ventral margin (Stanley 1970, 1972). Unionoids
with an Adula-like shape, like the similarly shaped vesicomyid Elenaconcha exten-
ta, are not byssate as adults. Nonetheless, a relatively large and elongated foot that
exits the shell anteroventrally may serve a similar anchoring function at least for
Elenaconcha, Mycetopodella, and Lamproscapha. Similarly, the shells of Solenaia
iridinea (Fig. 2.3¢) and Lortiella rugata (Fig. 2.31) resemble the semi-infaunal myt-
ilid Mytella in shape (Fig. 2.2f) and, although not byssate, these unionoids also have
a large foot that they use for anchorage (Ortmann 1921; Savazzi and Yao 1992).

Arconaia, Chelidonopsis, and Cuneopsis lack marine exemplars. In general out-
line, Arconaia (Fig. 2.3j) resembles Pholas, although the former has a shell with
a strongly twisted, nonplanar commissure (i.e., has shell torsion) and the latter is
characterized by the distinctive hinge, muscle, and accessory plate features of the
Pholadidae, rendering the comparison tenuous. The elongate ovate shells of Cheli-
donopsis (Fig. 2.3f) and Cuneopsis (Fig. 2.3g) do not closely resemble those of ma-
rine ultra-elongate taxa and other distinctive shell features such as pronounced shell
torsion (in Cuneopsis pisciculus but not Cuneopsis celtiformis), or the extremely
sharp posteroventral diagonal carinae and posterodorsal margin in Chelidonopsis
hirundo, may have greater functional relevance for life habit (see Savazzi and Yao
1992).

In summary, the shape of most ultra-elongate unionoids converge on a limited
number of exemplar marine taxa, namely razor clams, Tagelus, Adula, and Mytella.

2.3 Modes of Differential Shell Growth in Ultra-elongate
Bivalves

Distinct modes of differential growth imply diverse developmental pathways for
the production of ultra-elongate shapes. To this end, Yonge (1955) used muscle scar
shape and beak position to determine patterns of differential growth in ultra-elon-
gate bivalves, including razor clams, Tagelus, Lithophaga, and Adula (as Botula),
using Glycymeris with its central beak and round anterior and posterior adductor
scars for comparison. For example, the beak is adjacent to the anterior margin and
the anterior adductor scar is elongated in most Pharidae and Solenidae, indicating
posterior displacement of the area of maximum shell growth (Yonge 1955) into a
region that includes the anterior adductor (Table 2.3; Fig. 2.4a).

By comparison, in Elenaconcha extenta (as Calyptogena extenta), although the
beak is anterior of the midline, neither adductor scar is elongated (see Coan and Val-
entich-Scott 2012, plate 176), indicating a posterior shift in the center of maximum
shell growth that did not affect either adductor. In Propeleda, expansion primarily
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Table 2.3 Beak position and shape of adductor muscle scars in extant ultra-elongate bivalves

Adductor scars Beak <30% from anterior Beak 40-50% from  Beak >70% from
anterior anterior

Anterior differen- Pharidae
tially elongated Solenidae
Both elongated Pholas Adrana
Adula®"®
Lithophaga®®
Posterior differen- Lortiella Chelidonopsis
tially elongated Lanceolaria Tagelus
Solenaia
Cuneopsis
Lamproscapha
Arconaia
Elliptio shepardiana
Mpycetopodella®
Gigantidas®
Petricolaria
Neither elongate  Elenaconcha extenta Mycetopoda Litharca
soleniformis
Propeleda
Mycetopoda siliquosa
Mpycetopolda legumen
Mytella®®
Muscle scars not  Poroleda
observed Adipicola
Arcuatula

2 Anterior adductor in an anteroventral position
b Elongation accompanied by reduced dorsoventral expansion, particularly of the posterior region
of the shell

affects the rostrum posterior of the posterior adductor scar, as this genus retains a
nuculanid shape (see McAlester 1969).

In contrast, the beak is central and the posterior adductor scar shows slight elon-
gation in Tagelus (Table 2.3; Fig. 2.4b) indicating differential growth both anterior
and posterior of the midline, but with only the posterior adductor affected. For the
nuculanid Adrana, the beak also is central but both adductor scars are elongated
(Table 2.3; Fig. 2.4c), indicating that the two growth centers were positioned more
distally than in Tagelus.

For most ultra-elongate mytilids, elongation is accompanied by a dramatic re-
duction of dorsoventral height especially in the posterior part of the shell, and as a
result the hinge axis has a low oblique angle relative to the anterior—posterior axis
(Yonge 1955) (Fig. 2.2f-h). The effect of these proportional changes in growth on
muscle scars differs among mytilid taxa. For the boring Adula and Lithophaga, the
adductor scars are elongated compared to the typical heteromyarian state of myti-
lids, although the anterior adductor retains a characteristic anteroventral position
(Fig. 2.4d; see also Yonge 1955). In the Gigantidas, in contrast, the posterior scar is
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Fig. 2.4 Beak position and adductor muscle scar shape in various ultra-elongate taxa. Scale bars
=1 cm. Horizontal arrows point toward the anterior of each shell. Vertical arrows indicate the
position of the beak. Anterior and posterior adductor muscle scars are outlined. a Solen vagina
(Ireland). b Tagelus californianus (California). ¢ Adrana scaphoides (Colombia). d Adula falcata
(California). e Mytella speciosa (Peru). f Petricolaria pholadiformis (the Netherlands). g Litharca
lithodomus (Ecuador). h Mycetopoda soleniformis (Rio Jurua, Peru). i Mycetopodella falcata (Rio
Jurua, Peru). Images a—g are of specimens in the Invertebrate Zoology collections of the California
Academy of Sciences. Images h and i are of specimens collected by the author

elongated and the anterior scar is positioned more dorsally than typical in mytilids
(von Cosel and Marshall 2003). Mytella speciosa, however, retains unelongated
heteromaryian muscle scars (Fig. 2.4¢).

In Pholas and Petricolaria, the beak is positioned near the shell’s anterior
(Fig. 2.2d, e), and in Petricolaria only the posterior adductor scar is elongated,
indicating that the maximum area of shell expansion is in the posterior region and
incorporates the posterior adductor (Table 2.3; Fig. 2.4f). In Pholas, both dorsal ad-
ductor scars are elongated (Turner 1969), but the extensively modified musculature
and hinge features of this genus make direct comparisons to other bivalves tenuous.
In Litharca, in contrast to all other ultra-elongate taxa, the beak is near the posterior.
Further, although the adductor muscle scars are not elongated, the hinge is extended
anteriorly and absent posterior to the beak, indicating anterior placement of the
center of maximum shell growth (Table 2.3; Fig. 2.4g).

In most ultra-elongate unionoids, the beak is anteriorly positioned and the pos-
terior adductor scar is elongated (Table 2.3; Fig. 2.41), in a pattern similar to that
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seen in Petricolaria (Fig. 2.4f) and Gigantidas. This configuration indicates that
these ultra-elongate unionoids are posteriorly extended and the maximum area of
expansion incorporates the posterior adductor. In Chelidonopsis, the central beak
and elongated posterior adductor scar imply a pattern of shell expansion similar to
Tagelus (Fig. 2.4b). Mycetopoda soleniformis (Fig. 2.4h) is an exception and has its
beak near the shell midline but with neither adductor scar elongated (i.e., elongation
pattern similar to 7agelus but without posterior adductor scar elongation). For other
Mycetopoda species, the beak is more anteriorly positioned than in M. soleniformis,
but like that species, the muscle scars are not elongated (i.e., pattern similar to Ele-
naconcha extenta).

In summary, there are many ways to produce an ultra-elongate shell via differ-
ential growth, although for most taxa differential posterior expansion is involved
in some manner. In the unionoids, there are primarily four patterns of differential
growth (Table 2.3): posterior growth that includes the posterior adductor (in most
unionoids), posterior growth that affect neither adductor (in Mycetopoda siliquosa
and M. legumen), both anterior and posterior growth that affects neither adductor (in
Mycetopoda soleniformis), and both anterior and posterior growth that affects the
posterior adductor ( Chelidonopsis hirundo).

2.4 Substrate Preferences and Characteristics
of Domichnia in Ultra-elongate Bivalves

Savazzi (1994) in a review of the functional morphology of boring and burrowing
invertebrates makes a useful distinction among bivalves that are burrowers (motile
in sediment that lacks the strength to support an open burrow), burrow dwellers
(form semipermanent burrows in sediment with sufficient strength to support an
open burrow), and borers (construct permanent borings in partially lithified depos-
its, siliciclastic or carbonate rocks, shell, and/or wood). The domichnia (trace fossils
that represent dwelling structures) of burrow dwellers and borers form a continuum,
with some taxa spanning this range of substrates (e.g., Petricolaria and Pholas; see
Table 2.4).

2.4.1 Marine Taxa

Most ultra-elongate marine bivalves are burrow dwellers or borers, including razor
clams, Tagelus, Pholas, Petricolaria, Adula, Litharca, and Lithophaga (Table 2.4).
That said, several ultra-elongate species within the nuculanids likely are burrowers,
based on the family’s trophic role as deposit feeders. In addition, several ultra-elon-
gate taxa are sessile epifauna and/or semi-infauna (particularly the byssate mytilids
listed in Table 2.4).

Members of the Solenidae, Pharidae, and Tagelus are typically reported from
relatively cohesive (i.e., can support an open burrow), stable fine-sand substrates
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Table 2.4 Substrate and life modes of extant exemplar ultra-elongate bivalve taxa

Epifaunal to Burrower in non-  Burrow dweller in Firm ground Hard ground
semi-infaunal cohesive sediment cohesive sediment borer borer
nonmotile
Adipicola Adrana *Mycetopoda Adula Litharca
Arcuatula *Arconaia legumen Lortiella rugata  Lithophaga
Elenaconcha AChelidonopsis (?) *Mycetopoda AMycetopoda Petricolaria
Gigantidas ACuneopsis siliquosa (?) soleniformis Pholas
Mpytella *Elliptio shepardi- Petricolaria Mycetopodella
ana (?) Pharidae falcata

ALamproscapha (?) Pholas Petricolaria

*Lanceolaria Solenidae Pholas

Poroleda Tagelus aSolenaia

Propeleda soleniformis

aSolenaia iridinea

For taxa followed by a question mark (?), life habit is inferred from available literature (see
Tables 2.1 and 2.2)
3 =Unionida

(Stanley 1970; Holland and Dean 1977; Quayle and Newkirk 1989; von Cosel
1990). These bivalves are burrow dwellers, and they can quickly descend into
their burrows when disturbed (Yonge 1959; Fraser 1967; Stanley 1970; Holland
and Dean 1977; von Cosel 1990; also see Drew 1907). When removed from their
burrows, however, Ensis and Tagelus are capable of reburial, often relatively rap-
idly (Stanley 1970; Winter et al. 2012), unless under physiological distress (Cadée
2000); so they may be considered primarily burrow dwellers and secondarily bur-
rowers because they typically inhabit semipermanent burrows but can also move
through soft sediment, particularly when disturbed. The domichnia of solenids and
pharids are typically deep and vertical, and are either straight or curved (Yonge
1959; Stanley 1970), whereas in solecurtids burrows are Y-shaped (incurrent and
excurrent siphons are unfused and occupy the two arms of the burrow’s Y-shaped
shafts; Stanley 1970; Holland and Dean 1977; Bromley and Asgaard 1990). The
walls of these burrows may be stabilized by compaction and/or by mucus linings
(Holland and Dean 1977; Savazzi 1994).

Marine ultra-elongate boring bivalves employ mechanical and/or chemical bor-
ing mechanisms. It is generally thought that mechanical boring is more common in
poorly lithified siliciclastics and carbonates (here termed firm grounds), whereas
chemical boring predominates in well-lithified carbonate rocks (here called hard
grounds), bone, and wood. For instance, the mytilid Adula is a mechanical borer in
mudstones (Yonge 1955; Kleemann 1990, although see Morton 1990), and Lithoph-
aga species bore into carbonate rocks, shells, and coral heads by chemical means
(Yonge 1955; Kleemann 1990; Morton 1990; Owada 2007), mechanical means
(Fang and Shen 1988), or a combination of the two (Appukuttan 2011). Similarly,
Petricolaria and Pholadidae include both chemical and mechanical borers (Mor-
ton 1990; Huber 2010); those taxa (i.e., Petricolaria, Pholas) that inhabit cohesive
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sediment and firm grounds (mud, peat, clay, chalk) use mechanical means of bor-
ing (Osler 1826; Duval 1963; Ansell 1970; Haga and Kase 2011; Nederlof and
Muller 2012). Boring mechanisms have not been directly investigated in Litharca,
although Thomas (1976) used morphologic features (weak ligament, reduced ante-
rior pedal retractors, corroded shell exterior) to infer that Litharca was a chemical
borer, whereas Nicol and Jones (1986) argue that it is a mechanical borer because
it is found in sandstones.

The domichnia of most boring bivalves are perpendicular to the bored surface
(Duval 1963; Fankboner 1971; Morton 1990; Pinn et al. 2005) and are comparable
to the ichnogenus Gastrochaenolites, a flask-shaped boring defined by a straight,
narrow neck and larger ovoid chamber in firm to hard substrates (Duval 1963; Kelly
and Bromley 1984; Pinn et al. 2005; Hebda 2011; Nederlof and Muller 2012). In
contrast to Gastrochaenolites, the borings constructed by Adula are long and curved
(Fankboner 1971). Boring bivalves are typically anchored within their domichnia
by a byssus (e.g., Lithophaga, Adula), with a strong foot (Pholas), or by their si-
phons (Petricolaria), and many can retreat into the distal end of their borings and/or
contract their siphons when disturbed (Yonge 1955; Nicol and Jones 1986; Savazzi
1994; Pinn et al. 2005; Owada 2007).

2.4.2 Field Observations of Mycetopodidae in the Upper Amazon
Basin (Peru)

Freshwater ultra-elongate taxa also appear to be distributed across a range of sub-
strates (Table 2.4), including fluvial firm grounds, a setting for which domichnia are
minimally documented (although freshwater macroborings are reported in Pleis-
tocene biolithites from Lake Turkana (Ekdale et al. 1989; Lamond and Tapanila
2003) and the Eocene Green River Formation (Lamond and Tapanila 2003)). In an
aquatic faunal survey in southeastern Peru, occurrences of the ultra-elongate taxa
Mycetopoda soleniformis and Mycetopodella falcata in fluvial firm grounds were
documented (Fig. 2.5). The study area included the Rios Las Piedras (Madre de
Dios drainage), Jurua, and Purtis, which drain the Fitzcarrald Arch, a structural/geo-
morphic feature in southeastern Peru and western Brazil. These rivers are incised,
exposing Neogene sediments in some cutbanks (Dumont et al. 1990; Antoine et al.
2007). Where incision reaches well-consolidated clays, these sediments typically
form the local base level and are exposed at and below the average dry-season water
level in cutbanks and rapids (Campbell et al. 2010) (Fig. 2.5a).

Mycetopoda soleniformis and Mycetopodella falcata typically occur sympatri-
cally below the average dry-season water level in cutbank exposures of semilithified
muds and within rapids associated with similar semilithified subaqueous outcrops
in the main channels of the Rios Purts, Jurua, and Las Piedras (Fig. 2.5). Another
unionoid, Bartlettia stefanensis (Etheriidae), also occurs but rather than boring, it
wedges its posterior into crevices within these firm grounds. Burmeister (1988)
reports similar cooccurrences of Mycetopoda soleniformis, Mycetopodella falcata,
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Fig. 2.5 Firm grounds in incised river channels of the Fitzcarrald Arch. Arrows indicate Mycetop-
oda soleniformis borings. a partially exposed firm ground at average dry season low water level in
the Rio Purus; b firm ground surface with dead Mycetopoda soleniformis partially exposed within
their borings, Rio Jurud; ¢ surface of firm ground showing complex boring patterns in substrate,
Rio Purus; d partially weathered firm ground surface with dead Mycetopoda soleniformis within
their borings, Rio Jurua

and B. stefanensis in “hard laterites” along the banks of the Rio Yuyapichis (= Yuya
Pichis or Llullapichis), Peru.

The areas colonized by these unionoids possess trace assemblages similar to
those in Glossifungites or Trypanites ichnofacies with much of the firm ground
surface riddled with small borings made by larval insects (Fig. 2.5¢, d). The borings
that M. soleniformis and M. falcata excavate are roughly perpendicular to the out-
crop surface below the average dry-season water line and outside of areas that ex-
perience high bedload sediment transport and deposition. Mycetopoda soleniformis
constructs an ovate, smooth-sided boring (slightly wider and ~ 1.5 times longer than
its body), into which it can retreat using rapid pedal-muscle retraction while strong-
ly anchoring itself with the foot’s bulbous end (d’Orbigny 1846; Veitenheimer and
Mansur 1978; pers. obs.) (Fig. 2.5b—d). d’Orbigny (1846) compares the “manner
of living” of Mycetopoda (as Mycetopus) to that of pholads boring into stone and
infers that members of the genus bore by mechanical means.

Mycetopodella falcata does not have as strong an anchorable foot as Mycetopo-
da, although Marshall (1927) suggests that its falcate-shaped shell provides anchor-
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age. Mycetopodella can be extracted from its boring with relative ease, however,
because their burrows are only slightly longer than the shell’s length so they cannot
retreat as deeply into the substrate and their foot provides little resistance when
pulled from their burrows.

For other mycetopodids, Mycetopoda legumen forms more or less permanent
burrows in compacted sand (Veitenheimer and Mansur 1978), M. siliquosa occurs
in muds (d’Orbigny 1846; Castillo et al. 2007; Pimpao et al. 2008) and uncon-
solidated sand (pers. obs.), and Lamproscapha ensiformis is reported from within
a large channel-bar complex at the confluence of Rios Negro, Amazonas, and So-
limdes in Brazil (Pimpao et al. 2008). For the latter two species, it is not clear from
the literature whether they are burrowers or burrow dwellers.

2.4.3 Other Ultra-elongate Unionoids

Other ultra-elongate unionoids also are firm ground dwellers. Lortiella rugata is re-
ported from under rocks, among tree roots in mud, and in tube-like burrows in mud-
banks in coastal rivers of northwestern Australia (Lamprell and Healy 1998; Ponder
and Bayer 2004). Based on the locality description in Ponder and Bayer (2004),
the “mudbanks” are likely firm grounds, and L. rugata excavate domichnia that
they retreat into when the animals are disturbed. Similarly, Solenaia soleniformis
(as Balwantia) is reported as occupying permanent burrows/borings in firm ground
clays below seasonal low water in India (Annandale 1919; Godwin-Austen 1919;
Prashad 1919). Annandale (1919) infers that this species is a mechanical borer, and
Ortmann (1921) and Fischer (1890) note that the foot of Solenaia is like that of
Mycetopoda (long with a dilated distal end), and that these bivalves retreat into their
boreholes when disturbed.

Ultra-elongate unionoids are not limited to firm grounds, however. Cuneopsis
celtiformis, C. pisciculus, and Lanceolaria grayana, were collected by Savazzi and
Yao (1992) in well-oxygenated lake sediments and river channels. Based on subse-
quent aquarium observations, the authors considered these taxa active burrowers.
Savazzi and Yao (1992) also reported that these taxa, as well as Arconaia lanceo-
lata, are oriented subhorizontally when in life position in aquaria. Unlike Cuneopsis
and Lanceolaria, A. lanceolata was collected from soft, methane-rich, anoxic lake
muds with Solenaia iridinea (as S. oleivora). In fact, Savazzi and Yao (1992) infer
that the latter two species may be chemosymbiotic due to their environmental oc-
currence and features such as a nonretractable, sulfur-yellow foot in S. iridinea and
an anterior rostrum in A. lanceolata.

Chelidonopsis hirundo, which is endemic to the Congo Basin (Mandahl-Barth
1988), is reported from sandy and gravely bottoms just below or above rocky barri-
ers (Pilsbry and Bequaert 1927). It is not clear from these descriptions whether Chel-
idonopsis is a burrower or a burrow dweller. Similarly, the North American Elliptio
shepardiana is reported from stable protected river banks in fine sand and silt behind
roots and around logs and trees (University of Georgia Museum of Natural History
1996), and it is not clear whether this species is a burrower or a burrow dweller.
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2.5 Discussion

Investigations of adaptation and constraint have an important history in both pale-
ontological and neontological literature, with renewed interest as mechanisms of
evolutionary developmental biology have been elucidated (e.g., Shubin et al. 2009;
Futuyma 2010; Losos 2011; McGhee 2011; Wake et al. 2011). In this context, mor-
phologic convergence is of particular interest because it may be interpreted on a
continuum from “natural selection produces an optimal solution for a given set of
environmental conditions” to “constraints limit available variation so that a given
morphology is inevitable” (Thomas 1978a, 1988; Wake 1999; Brakefield and Ros-
kam 2006; McGhee 2011; Losos 2011). Distinguishing where on that continuum
a potential modern analog falls is valuable in understanding its limits as a reliable
proxy for the fossil record.

Bivalves as a whole and clades within this class have been the focus of numer-
ous studies examining the roles of adaptation and constraint in morphologic evolu-
tion (e.g., Stanley 1975; Thomas 1976, 1978a, b, 1988; Seilacher 1984; Savazzi
1987; Harper and Skelton 1993; Ubukata 2000; Anderson and Roopnarine 2005;
Goodwin et al. 2008; Alejandrino et al. 2011). In general, traits such as gill form
and function, shell microstructure, hinge features (ligament, dentition), and spiral
shell growth are viewed as constrained, whereas shell shape and ornament are less
refractory (Stanley 1975; Thomas 1978a, b, 1988; Seilacher 1984; Checa and Jimé-
nez-Jiménez 2003; Serb et al. 2011). Interpretations of shell shape in bivalves, es-
pecially marine bivalves, typically focus on functional (adaptive) inference related
to substrate preferences and life habit (e.g., Stanley 1970; Seilacher 1984; Thomas
1978a, 1988; Alejandrino et al. 2011). Ultra-eclongate shell shapes as convergent
forms occurring in multiple clades would, therefore, seem compelling as potential
environmental indicators.

Ultra-elongate morphologies, however, occur across multiple substrates and
life habits (Table 2.4). In other words, these convergences do not have simple re-
lationships with the factors typically thought to be important selective agents on
shell shape. Even comparing bivalves with similar overall shapes (e.g., Mytella as
a semi-infaunal byssate taxon vs. Lortiella rugata as a firm ground dweller) and/
or similar modes of elongation (e.g., Tagelus as a burrow-dweller vs. Mycetopoda
soleniformis as a firm ground borer), reveal a diversity of life modes and substrate
preferences. As a consequence, ultra-clongate morphologies cither are not reliable
environmental proxies because shell shape is not strongly controlled by factors such
as substrate type and life habit, or is indicative of a factor common across substrates
and life habits.

Deeming ultra-elongate shapes as environmentally uninformative runs counter
to much previous work on bivalve functional morphology. For infaunal motile bi-
valves especially, the shell plays a critical role as an anchor during the burrowing
cycle, but also is a resistant body part that must be pulled through the sediment,
implying that functional factors strongly influence shell morphology (Stanley 1970;
Seilacher 1984; Savazzi 1994). This does not mean, however, that all infaunal bi-
valves have the same shape, and in fact most are not ultra-elongate. In addition,
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differences in burrowing style related to differences in shell shape and ornamenta-
tion have been previously reported. For instance, clams such as Mercenaria in-
corporate an anterior/posterior rocking motion when burrowing, and rely on both
shell sculpture and their prosogyrous anteriors to slice through the sediment and
penetrate downward (Stanley 1975; Savazzi 1994). Some unionoids that are not
ultra-elongate burrower in a similar way (Savazzi and Yao 1992).

In contrast, bivalves with ultra-elongate shells tend to burrow via direct pen-
etration (i.e., without anterior/posterior shell rotation) and the small anterior cross-
sectional area of the shell provides relatively low resistance as they move through
the sediment (Stanley 1970, 1975). In fact, Ensis directus serves as a biological
model for burrowing and retractable-anchor technologies, because of its ability to
burrow efficiently (energy scales linearly with depth rather than by depth?) and
rapidly (Winter and Hosoi 2011; Winter et al. 2012). This type of burrowing has
been described for Pharidae, Solenidae, Tagelus, Petricolaria pholadiformis, and
the unionoid Lanceolaria grayana (Stanley 1970; von Cosel 1990; Savazzi and
Yao 1992; Savazzi 1994; Winter and Hosoi 2011). The unionoid Cuneopsis serves
as an exception to this association of direct penetration burrowing and an ultra-
elongate morphology; C. celtiformis and C. pisciculus are reported to rock back
and forth within the commissural plane while burrowing (Savazzi and Yao 1992).
Members of this genus, however, tend to have an inflated anterior relative to other
ultra-elongate taxa (Fig. 2.3g), which might explain differing burrowing behaviors.

Most boring ultra-elongate bivalves also have cylindrical forms, again providing
a small cross-sectional area in the direction of penetration. In addition, for mechani-
cal borers (pholads, Petricolaria, Mycetopoda, Solenaia), substrate penetration
is accomplished in a similar manner to that of burrowing ultra-elongate bivalves
(d’Orbigny 1846; Annandale 1919; Yonge 1955; Ansell 1970; Savazzi 1994, 1999;
Haga and Kase 2011; pers. obs.), although shell ornament (ridges, teeth) in pholads
and Petricolaria also plays a role in the boring process (Morton 1990; Savazzi
1994, 1999).

Therefore, instead of dismissing ultra-elongate morphologies as uninformative,
it may be that this shape reflects the way a substrate is penetrated (i.e., direct pen-
etration without major anterior/posterior rotation), rather than the type of substrate
penetrated. In other words, the ultra-elongate shape reflects a set of behaviors rather
than a particular substrate or life habit. Constructing this functional/behavioral hy-
pothesis to explain ultra-elongate shell shapes does not rule out a role for con-
straint in producing these morphologies but, given that an ultra-elongate shape can
be achieved through a variety of differential growth pathways (Table 2.3), it seems
that its role is at most a minor one.

There are exceptions to this association between ultra-elongate shape and direct
penetration of substrates. Examples include ultra-elongate epifaunal to semi-infau-
nal byssate mytilids, and may also include ultra-elongate unionoids that burrow
in noncohesive sediments (Savazzi 1994). In these cases, an ultra-elongate shape
may serve a different purpose, be an epiphenomenon, or may require additional
data to be tested. For instance, in the epi- and semi-infaunal mytilids and the vesi-
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comyid Elenaconcha extenta, an elongate shape may enhance anchorage (Stanley
1972). For the unionoids, it may be in part that substrate preferences, life habit, and
burrowing behaviors are insufficiently documented to be tested. Savazzi and Yao
(1992) noted, however, that in aquaria: (1) Cuneopsis spp. uses an anterior/poste-
rior rocking motion during burrowing; (2) the resting position of Cuneopsis spp.,
Lanceolaria grayana, and Arconaia lanceolata is subhorizontal; and (3) unlike
many marine ultra-elongates, the shells of 4. lanceolata and C. pisciculus exhibit
pronounced torsion. Marine bivalves with shell torsion tend to be nonsiphonate
endobyssate taxa that position the posterior portion of the commissure parallel with
the sediment/water interface, presumably to increase the surface area of the mantle
in contact with the water column (Tevesz and Carter 1979; Seilacher 1984; Savazzi
1989; Savazzi and Yao 1992). Although unionoids are not byssate, the function of
shell torsion may be similar, providing anchorage while maximizing the mantle’s
contact with the water column (Savazzi and Yao 1992). Similarly, L. grayana and
C. celtiformis, although without torsion, show a low angle of penetration into the
sediment and position themselves with their ventral margin at the sediment/water
interface (Savazzi and Yao 1992). In other words, an elongate shape also may serve
as a way to maximize mantle area exposure to the water column in nonsiphonate
bivalves.

2.6 Conclusions

Although convergence upon an ultra-elongate shape occurs in bivalves that inhabit
a range of substrates and with a variety of life habits, constraints likely are not
strongly canalizing morphology, as ultra-elongate shapes are achieved through a
variety of pathways of differential shell elongation. Instead, for many taxa an ultra-
elongate shape primarily reflects a set of behaviors used in penetrating any substrate
rather than particular types of substrate or life habits. Additional morphologic, eco-
logic, and behavior studies, particularly under natural conditions, for both marine
and unionoid taxa could test this hypothesis. Refining modern analogs with such
knowledge is useful not only in interpreting the fossil record, but also for informing
efforts to protect and restore extinction-prone extant species of unionoids.
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