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ABSTRACT

Phenotypic convergence is a fascinating evolutippattern. Many taxa evolve
remarkable similarities, often due to similar sat@t pressures, which suggest that there may be
a limited number of solutions to a particular egidal challenge. However, some phenotypes
are only superficially similar. For example, conyamt evolution may occur at one phenotypic
level such as behavior, but other components (nabogly) of the same phenotype exhibit
divergence. In other words, the solutions mighthtgesame, but how taxa approach the problem
could be very different. This then suggests thatehmay be multiple phenotypic optima that can
tackle similar ecological challenges.

In this dissertation, | investigate the evolutignpatterns of life habits and shell shapes
in scallops and how these phenotypic traits couateitbo biological diversity. | found many
scallop species have converged in life habit, Iy a few lineages converged in shell shape.
Rather, shell shape variation tends to be greatspecies with less specific life habit
requirements. However, scallop species with theirgi life habit have lesser shell shape
variation. Interestingly, gliding can be performmdtwo distinct shell shapes, indicating that
only some components of shell shape are importarih€ life habit, and others are free to vary.
This research indicates that there is likely greditersity in form, despite phenotypic

similarities in function.



CHAPTER 1: GENERAL INTRODUCTION

Overview

Repeated phenotypic traits in unrelated taxa &@ranon evolutionary phenomenon.
From the streamlined bodies of sharks and tun#setpowered flight achieved by birds and
bats, repeated traits have evolved independentliffierent lineages as a result of similar
selection pressures (McFall-Ngai 1990, Givnishl.e2@05, Revell et al. 2007, Ellingson et al.
2014). Contrary to the diversification pattern wbkition where there is aapriori expectation
of increasing morphological variation over timepeated phenotypic patterns suggests that there
may be a limited number of solutions to any siregigironmental challenge (Donley et al. 2004,
Givnish et al. 2005). As a result, repeated pastéznd to indicate evolutionary outcomes are
somewhat predictable (Morris 2006). Thus, fundaemsearch in evolutionary biology
examines the ubiquity of repeated patterns angtbeictability of phenotypic trait evolution.

Repeated evolutionary patterns of phenotypic teEtsbe identified as convergent or
parallel evolution. While there are a number of svihyese two terms have been applied (Haas
and Simpson 1946, Arendt and Reznick 2008), | f@ilbw the definition by Wiengt al
(2003), where convergent evolution is the indepahdagin of similar traits from dissimilar
ancestral traits and parallel evolution is the petedent origin of similar traits from similar
ancestral traits. The use of ancestral traitsngeans of directional comparison, along branches
of a phylogeny. Similarly, | use the term “trajegtoto mean the transition of a trait along a

branch, independent of the pattern.



This dissertation examines repeated evolutionattgpe of phenotypic traits in scallops
(Mollusca: Bivalvia: Pectinidae). Specifically,rvestigate the evolution of life habits, the shell
shapes associated with these life habits, and hesetphenotypic traits may contribute to
scallop morphological and taxonomic diversity. 3anlife habits are exhibited by multiple
scallop species, but it is unknown whether thesiéstare shared by groups of taxa originating
from a common ancestor or whether they have indégr@rorigins. To investigate this, |
reconstruct the scallop phylogeny to map the ldgbitiof extant species, which are then used to
reconstruct the life habits of the ancestors. Bsellting patterns will be compared to determine
which life habit has evolved multiple times, andaanparison of trait change between ancestors
and their descendants will determine the evolutiptrajectory of the life habits so that | can
distinguish between or parallel evolution. Stan£§70) proposed that life habits of bivalves
might constrain the shell shapes they exhibit.e&b the diversity of shell shapes exhibited by
scallops with the same life habit, | have quantifiee shell shapes of extant species. If, as
Stanley proposed, shell shapes are closely assedaath life habits, | predict that shell shapes
will have evolved in similar evolutionary trajecs as the associated life habits. Lastly, |
investigate how repeated evolution of shell shapag have led to the underestimation of the
taxonomic diversity of scallops. In this introdust@hapter, | provide the background and the

necessity to conduct the dissertation researcleqiroj

Scallop Life Habits
Scallops are a large family of marine bivalveswapproximately 300 species (Waller
2006). They are found in many marine environmemtsfthe polar to the tropical regions, from

intertidal to deep sea, and on many different tygfesibstrates like rock, vegetation, or mud



(Stanley 1972, Waller 1984, Raines and Poppe 2@¥&)llops exhibit a great diversity of life
habits e.g.byssal attaching, nestling, cementing, free-livireg:essing, and gliding (Stanley
1970). In scallops, these life habits are primadig§ined by two factors: the aningposition to
the substrate and its mode of attachment or locom¢Etanley 1970). Below, | describe each
life habit and how they are characterized by tHastors.

Byssal attaching is the most common life habsa#llops, as it is exhibited by
approximately 66% of extant species as adults (8fa972). Byssal attaching is identified by
the production of protein threads (byssus) forapial substrate attachment (Brand 2006). This
attachment is temporary, as scallops can releageltyssus and swim to another substrate
(Stanley 1970, 1972). As juveniles, all scallopcspe are able to produce byssus (Hamilton and
Koch 1996, Brand 2006), but as adults some speeiesanently lose this ability and have made
use of other attachment methods or forego attach(nchin 2003, Brand 2006).

Two life habits, nestling and cementing, are reddy rare in scallops. Nestling is an
infaunal byssal attachment where juveniles attheimselves to live corals or sponges, and
during ontogenetic growth of the biotic substr#te, scallop becomes permanently embedded
(Yonge 1967, Kleemann 1990, Dijkstra 1991, 199&ehann 2001). The uniqueness of this life
habit warrants its own category, separate fromaepidl byssal attachment. Cementing, in
contrast, is the permanent epifaunal attachmeatitir secretion of shell material directly onto
hard substrate (Stanley 1970, Waller 1996, Min&@3).

Some scallop species have no form of attachmeadlass, and instead sit on or dig into
soft sand or mud substrate. The free-living lifbihes when the scallop rests on the surface of
soft substrate (epifaunal) (Stanley 1970, Mincli02, Brand 2006), while recessing scallops

excavate a cavity or actively burrow within a susig (Stanley 1970, Minchin 1992, Minchin



2003, Brand 2006). Once in the substrate, recesgieges repeatedly adduct‘ciap’ their
valves to deposit sediment onto themselves intemat to conceal their presence (Baird 1958,
Sakurai and Seto 2000). This life habit is congdesemi-infaunal substrate positioning.

The last life habit category of scallops is glglinvhich is defined athe ability of a
scallop to propel itself, ventral-side firsty forcing water through the anterior and posterior
dorsal margin while the valves are closed (MinM03, Brand 2006). This provides a near-
horizontal trajectory above the substratum, resglin a distance traveled greater than five
meters per effort. At rest, gliding scallops ardamal and have no attachment to the substrate.
The biomechanics of gliding has been of great @sieto many researchers as this mode of
locomotion is not accomplished by other bivalvead@y 1968, Gould 1971, Morton 1980, Joll
1989, Dadswell and Weihs 1990, Hayami 1991, Che¢lad) 996, Cheng and DeMont 1996,

Ansell et al. 1998, Denny and Miller 2006, Wilke2¥06, Guderley and Tremblay 2013)

Shell Shape Diversity

Stanley’s (1970) seminal work on life habits andlsshape provided the foundation for
understanding bivalve morphological diversity. taléops, byssal attaching species tend to be
greater in height (along the dorsovental axis) fleagth (along the anterior-posterior axis), and
have left valves that are more convex than rightesa(Minchin 2003). In addition, they have
unequal auricles or “earsyiith the anterior auricle elongated, which is gaithhibit
overturning (Stanley 1970, 1972). Both nestling aachenting species also have shells that are
greater in height than in length, but nestling sgggebave reduced auricles (Yonge 1967) and
cementing species have auricles and valves thatiginéy irregular in shape, and are influenced

by the topology of the substrate to which theyadtached (Stanley 1970, Minchin 2003). Free-



living species tend to be equal in shell height lmgjth, have equal convexity of the left and
right valves (Minchin 2003), and the auricles ajaa in shape (Stanley 1970). In contrast,
recessing species tend to have lengths greatehthghts, and the left valves are either flat or
concave while the right valves are convex (Stadx0). The convexity of the right valves in
recessing species are said to lower the centarawftg below the surface of the substrate that
contributes to the semi-infaunal positioning (MimcB003). Finally, gliding species tend to have
equal shell height and length, giving a circulatlioe to the shell. In addition, the left and right
valves of these shells are equally convex with cedwuauricles compared to other scallops
(Stanley 1970). In addition to shell attributeshefght, length, and convexity, scallops have
varying degrees of external ribbing (Minchin 200@pst gliding species lack external ribbing
while byssal attaching species have a wide vanatimumber of external ribbing, and some
even have small scales that protrude from the sesfaf the ribs (Raines and Poppe 2006).
Stanley (1970) identified an association betwderhlabits and shell shapes. Given that
life habits will have different biomechanical reqgments, the associated shell shapes may have
greater or lesser shell shape variation (morpho@glisparity) depending on the environment.
For example, the lack of attachment and specittot@otion requirements of free-living species
may allow them to have greater diversity in shapgmssess external ribs and scales. In
contrast, elongated anterior auricles may be ingpoifor successful byssal attachment. It is then
expected that byssal attaching species will haeisstvith asymmetric auricles. Shape
limitations may be especially true for species wité gliding life habit. As mentioned above,
most gliding species have smooth, slightly convaives and reduced auricles, which many

authors suggest as necessary to maximize lift etace drag during gliding (Gould 1971,



Morton 1980, Joll 1989, Dadswell and Weihs 1990sdhet al. 1998). If true, then reduced

shape variation may have independently evolvedataps multiple times.

Purpose and Significance

Scallops are an excellent group to study pattefiphienotypic trait evolution because
they are species rich, exhibit many life habitg] have a wide variety of qualitative shell shapes.
Due to the lack of a scallop phylogenetic hypoth@sth dense taxonomic sampling, it has not
been possible to test the evolutionary patterrbase traits. As a consequence, we do not have a
foundation to investigate the evolutionary processeolved in generating phenotypic and
species diversity in scallops. Therefore, this gterkks to provide evidence for the prevalence
of repeated phenotypes and the predictabilityaf évolution. Invertebrates make up the
majority of animal groups and are rarely represgimieassessing general trends in evolution,

which may provide other alternatives to evolutignarocesses.

Dissertation Organization

In the following chapters, | investigate the evmnary patterns of scallop phenotypic
traits and how they contribute to their diversltyChapter 2, | examine the repeatability of life
habits in scallops. First, | developed a historfcaiework by reconstructing the scallop
phylogeny using four molecular markers to develbpl@genetic hypotheses for relationships
within the family. Using this phylogeny, | mapecttiife habit characters exhibited by each
species and reconstructed the life habit charaatetse ancestral nodes to determine the
evolutionary trajectory of the life habits. In Cheip3, | tested whether there is convergence in

shell shape in the gliding species, which may imitdid by the requirements of the life habit. |



examined the patterns of shape evolution by quangfscallop shells using three-dimensional,
landmark-based geometric morphometrics. Non-shepbldes such as size was removed to
focus solely on shape to statistically compareatamn in the shells between life habit groups. |
then reconstructed ancestral shells to comparestrcnd descendant shapes to identify
convergent patterns. Based on the results fromprigndous chapters, in Chapter 4 | describe a
new genus of scallop, previously masked by convergé¢hat had been identified using the
phylogeny, life habit, and shell shape. FinallyCihapter 5, | summarize the overall conclusions

and explore future research that can be condusiad the results of this study.
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Abstract

Background

We employed a phylogenetic framework to identif{t@ans of life habit evolution in the
marine bivalve family Pectinidae. Specifically, examined the number of independent origins
of each life habit and distinguished between cogeetr and parallel trajectories of life habit
evolution using ancestral state estimation. We iagestigated whether ancestral character states

influence the frequency or type of evolutionarydciories.

Results

We determined that temporary attachment to subdrnabyssal threads is the most likely
ancestral condition for the Pectinidae, with sulbsedq transitions to the five remaining habit
types. Nearly all transitions between life habétsdes were repeated in our phylogeny and the
majority of these transitions were the result afaflal evolution from byssate ancestors.
Convergent evolution also occurred within the Red#éie and produced two additional gliding
clades and two recessing lineages. Furthermorearmalysis indicates that the byssal attaching
gave rise to significantly more of the transitidhan any other life habit and that the cementing
and nestling classes are only represented as ey outcomes in our phylogeny, never as

progenitor states.

Conclusions

Collectively, our results illustrate that both #nolutionary processes of convergence
and parallelism generated repeated life habit siatéhe scallops. Bias in the types of habit
transitions observed may indicate constraints dyghysical or ontogenetic limitations of

particular phenotypes.
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Introduction

When two species occupy comparable trophic nichigslar phenotypes can be
generated via analogous evolutionary response$ [Asda consequence, repeated phenotypes
have long been treated as evidence for adaptdtitve anacroevolutionary scale [5-9]. Two
important patterns in iterative morphological etmo are convergence and parallelism, which
can be distinguished by examining the phenotypiettories along a phylogeny [10].
Evolutionary convergence is implicated when twanare lineages with different ancestral
phenotypes independently evolve along differenéttaries towards the same adaptive
phenotype; whereas, evolutionary parallelism i®ad®d when independent lineages with
comparable ancestral morphologies evolve towartsag but similar, phenotype. Importantly,
the application of a phylogenetic approach to dist®tween convergence and parallelism
alleviates some of the operational difficultiesseparating these two concepts, thereby allowing
a meaningful, quantitative way of assessing repleatelutionary patterns (for reviews of this
highly contested issue see: [11-13]).

The best known studies examining repetitive evohary patterns include
morphological, ecological, and behavioral traitgilnmajor vertebrate lineages (e.g., fishes: [3,
14]; amphibians: [15]; reptiles: [16, 17]; bird48] 19]; mammals: [20]). To a lesser extent,
similar work has been done in invertebrate groapscifically arthropods. For example,
convergent or parallel evolution has been iderdtifrereplicated shifts of host use in insects [21,
22], web construction in arachnids [8], larval mwofogy and antipredator behavior in aquatic
insects [23], and adult morphology in barnacled.[@utside of arthropods, few studies using
invertebrates explicitly test for convergence aachflelism (but see gastropods: [25, 26];

bivalves: [27]). Indeed, if the patterns seen irtelerates are representative, it suggests that
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repetitive patterns of phenotypic evolution shdagdfar more prevalent across the animal
kingdom than is currently recognized, as vertelsratemprise only about 5 percent of all animal
diversity.

Here we use scallops as a non-arthropod inverebnatlel to study convergence and
parallelism. Scallop species comprise a largelfa(Riectinidae) of 264 recognized species and
are found globally in a wide range of marine habiteom the intertidal zone to depths of 7000
meters (m) [28, 29]. Scallops exhibit a diversedddife habits that are related to the animal’s
ecological requirements and behavioral attribus€$ &nd are organized into six categories
based on the methods and permanence of attachon@isubstrate, locomotive ability, and
spatial relationship to a substrate (epifaunaluesemi-infaunal; see Table 1). Species are
categorized by the life habit displayed during #tlubd and membership to a life habit class
typically precludes the display of other habitsc&# work by Smith and Jackson [31] has
demonstrated the evolutionary importance of pedttife habit by linking environmental factors
to the diversification or decline of lineages.

In this paper, we employ a phylogenetic frameworkxamine the evolution of species-
specific life habit categories in the scallops. W&e generated the most comprehensive
multigene phylogeny of the Pectinidae to date ageoto determine the number of independent
origins of each life habit class. We then distirstneid between convergent and parallel
trajectories of life mode evolution by applying layjpgenetically-based approach [10] to answer
the following questions: How repetitive is the axadn of life mode in the scallops? When a life
habit has multiple origins, are these lineagegéeikalt of convergent evolution or parallel
evolution? Are particular transitions between hiit classes more likely than others? Our

results demonstrate that five of the six life haygites exhibited by scallops have evolved
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multiple times. We identified 17 repeated transiid®etween life habit classes within the
Pectinidae that were the result of both parallél @nvergent evolution. Interestingly, despite
repeated evolutionary transitions, we found thatatidife habit classes function as progenitor

states in the scallops.

Methods

Phylogenetic analysis

We examined 81 species, representing 31% of etdaatfrom the Pectinidae.
Taxonomic classification follows that of Dijkstrad] and Waller [29]. Eleven species from three
closely allied families, Propeamussiidae, Limidaa] Spondylidae, were included as outgroup
taxa based on the results from [32]. All specim&aee preserved in 95% ethanol and were
provided by either museum collections or colleagMéisen possible, DNA was extracted from
two or more individuals per species as a testdogeuent placement in the phylogenetic
analyses.

Previously, nuclear Histone H3 and mitochondrigh TRNA and 16S rRNA gene
fragments were amplified for 39 taxa by Pusledmé Serb [32]. Here, we build on their three-
gene dataset by adding 53 more species and a ngelea region, 28S rRNA. Primer sequences
for 12S rRNA, 16S rRNA, and Histone H3 and PCR segluencing conditions are described in
Puslednik and Serb [32]. We designed new primerthi®28S rRNA region for this study
(sc28S_70F: 5-CAGCACCGAATCCCTCAGCCTTG-3', sc28S085 5'-
TCTGGCTTCGTCCTACTCAAGCATAG-3', 28S_Limoida_121F:-5’
TCAGACGAGATTACCCGCTGAATTTAAGC-3’). When the PCR dptization steps failed to

amplify a significant amount of product (<20ng/pt)a single product, we cloned the PCR
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products following manufactures instructions (TO@IOning Kit, Invitrogen). Sequencing was
carried out in an ABI 3730 Capillary ElectrophoseGenetic Analyzer at the lowa State
University DNA Sequencing Facility. All sequences deposited in Genbank (accession
numbers: HM485575-HM485578, HM535651-HM535659, HIIB40-HM540106,
HM561991-HM562003, HM600733-HM600765, HM622672-HN2G22, HM630371-
HM630556; see also additional file 1: Tablel). Saoes were aligned using CLUSTAL W [33]
with a gap-opening penalty of 10.00 and a gap-ektgnpenalty of 0.20 in Geneious Pro [34].
Due to ambiguous alignment, a 169 base pair (bpgtwariable region in the 16S rRNA gene
fragment was excluded from phylogenetic analyses.

Aligned sequences (2438 bp) were partitioned adegrd locus, and codon position for
the protein-coding gene Histone H3. For each pamtian appropriate nucleotide substitution
model was selected on the basis of the hierchialibhood Ratio Test (hLRT) and the Akaike
Information Criterion (AIC) using ModelTest 3.7 [BBoth tests agreed on the GTR+G model
for the 12S rRNA partition and the GTR+G + | moftl 16S rRNA, 28S rRNA, and Histone
H3 partitions. All partitions were analyzed simuakausly as a mixed model Bayesian analysis
in MrBayes 3.1.2 [36]. We used the Metropolis CegpMarkov Chain Monte Carlo method
with one cold and three hot chains for 5 milliomegrations, sampling every 100th generation for
three simulations. The number of generations reduip attain stationarity was estimated when
the standard deviation of split frequencies felblae0.01. All trees prior to stationarity were
discarded as burn-in and the remaining trees wszd to compute a majority-rule consensus
topology, branch lengths, and posterior probabgi(iPP). Maximum Likelihood (ML) was
executed in PhyML 3.0 [37] using the GTR+G + | mlod&e ML analyses consisted of 1000

replicates and clade support was assessed withddi8trap (BP) pseudoreplicates.
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Life habit classes

Scallops exhibit a diversity of species-specifie habits that range from permanent
attachment to or within a substrate to mobile sggeable to swim continuously over long
distances in a single effort. We divided behavedsibited by sexually mature individuals into
six categories. Byssal-attachers retain the alidiggroduce a temporary protein fastening, the
byssus, into adulthood. Nestling species also latiath a byssus, but differ in that the scallop
eventually becomes permanently confined withimatgaf living corals or sponges [38]. Other
scallop species are cementers that permanentbnfasito hard substrates through the secretion
of new shell material. In contrast, free-living peids rarely attach as adults and many species
are unable to secrete a byssus once the shelldakid® adult morphology. Whereas free-living
species passively occupy a position on or part@lyered in soft or sandy substrates, recessers
actively construct a saucer-shaped depressioreisuhstrate in which the animal resides so that
the upper (left) valve is level or just below tleelsnent surface [39, 40]. The most mobile life
habit class is gliding. Although all non-permangrttached species have the ability to swim for
short distances (<1 m) to escape predators [3&] mrove between desirable habitats [41], few
species can swim greater than 5 m in a single svmgneffort before the animal sinks passively
to the substrate [39]. Gliding (5 - 30 m/effortdistinguished from a common swimming
response by the presence of a level swimming phasere the animal is able to maintain a near
horizontal trajectory above the substrate [42-F#F level swimming phase also contains a glide
component, where the animal is propelled forwardenthe valves are held closed [44-46].
Neither a level swimming phase nor a glide comporgeepresent in short distance swimming

[44, 47, 48], making gliding a unique life habiate among scallop species.
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Analysis of the life habit evolution

Life habit data for extant species of Pectinidag autgroup taxa were assembled via a
review of the literature and supplemented withglesonal observations of collectors. Species
from outgroup families Propeamussiidae and Limiaiaetreated as byssal attachers. Waller [49]
speculated that the typical habit of the Propeaidasss to actively secrete a byssus based on
the presence of a byssal notch in the adult. Spetithe Limidae have been directly observed to
byssally attach or build nests made of byssus tlsr§z0, 51]. In scallops, classifying life habit
involves distinguishing between active versus pasactions of an adult organism. So while
most species are able to attach with a byssusgeriad of time as juveniles or swim short
distances as an escape response, these activtres determine the life habit of the adult
animal. Thus, species were placed into life hdbagses based on active and prominent responses
of the adult animal to its environment. For examptame species are primarily epifaunal, but are
passively buried in soft substrates due to theractation of sediment. However, since these
species do not actively bury, they are treatedessliving and not recessing species. Life habit
assignment for each species is given in additiblea®: Table2. Life habits were organized into
six states and a character matrix was constructied) standard categorical data (0, unknown
behavior; 1, cementing; 2, byssal attaching; &-fr@ng; 4, recessing; 5, gliding; and 6,
nestling). Brief definitions of life habits are pided in Table 1.

We then reconstructed ancestral states on the Bawtgpology using parsimony and
likelihood reconstruction methods in Mesquite ZA8][ Changes between states were unordered.
The one parameter Markov k-state (Mk1) model wasieg in the likelihood analysis and
assumes a single rate for all character stateiti@ms[53]. Likelihood-ratio tests of respective

nodes determined the best estimate of the staffer&ices in log-likelihoods larger than 2.0
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rejected the higher negative log-likelihood valwéjle values less than 2.0 were treated as
ambiguous character-state reconstructions.

Finally, to test the null hypothesis that transiidoetween life habit states (permanent
attachment, byssal attaching, free-living, recagsamd gliding) are equally likely to come from
any of the five states, we used a Chi-square aestmpare the number of the observed to the
expected transitions. The test follows an asymptdti-squared distribution with four degrees of

freedom.

Results

Of the six life habits examined, byssal attachsxthe most common state and is
represented by 42 species (52%). Of the remaspegies, 21 (25%) are free-living, 10 (12%)
species recess, and eight (9%) species glide.rlsauple, we included one of the two extant
species that exhibit nestlinB€dum spondyloideyrand two of the five extant species that
cement to a substrat€rassadoma giganteandTalochlamys pusip= Chlamys distort}.
These proportions of non-byssate life habit categan our taxonomic sample are similar to
their representation across the family (free-livin§6.3%; recessing = 12.1%; gliding = 3%;
nestling = 0.75%; cementing = 1.9%), where 66%pefges byssally attach (data not shown).
Phylogenetic relationships among these species @zgrgruent in both BI (Fig. 1) and ML
(additional file 3) topologies except for the plant of three lineages: tiseaeochlamys livida
+ Mimachlamys townsendlade, the basal clade of the ndalectopecterscallops, and the
Nodipecten subnodostliseage. Of these, only the placemenNosubnodosualters the

ancestral state estimation (see below).
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To investigate the number of independent originf@habit categories, we
reconstructed ancestral states assuming a Markaoelnod character evolution with a single
parameter to describe the rate of change on thhe@logy (Fig. 1). For the species analyzed
here, ML estimations of ancestral states (pie sharFig. 1) identify a minimum of 17
transitions between life habit classes (Table BeSE transitions include two origins of
recessing, seven origins of the free-living comdififour separate lineages of gliding, and three
occurrences of permanent (non-byssal) attachmesgh either cementation or enclosure
within living corals. Byssal attachment was the tlikgly ancestral state of the Pectinidae and
originates a second time in the phylogeny fromeadiving ancestor in thieeptopecterineage
(Fig. 1). Gliding occurs in three genefanusium(4 species in the genug)damussium
(monotypic genus) andlacopecter{monotypic genus). Our analysis included thretheffour
currently recognized speciesAmusium(= “Amusium) genus. Becausd@musiundid not form
a monophyletic clade in either Bl or ML topologidsgse species represent three separate
origins of gliding (Fig.1; additional file 3). THeurth origin of gliding includes the monotypic
generaAdamussiunandPlacopecten

We then examined the number of convergent veratalel evolutionary events that lead
to a particular life habit using phylogeneticallgged definitions of convergence and parallelism
[10]. Of the 17 life habit transitions, the majgr{tL2; 70%) originated from byssate ancestors
and was cases of parallel evolution. Nearly alhsitions are repeated at least twice in the
phylogeny (Table 2; Fig. 1). Six of the seven argyof the free-living state were parallel
trajectories arising from byssal attaching ancestokewise, the cementing life habit in
Crassadoma giganteandTalochlamys pusitineages arose in parallel from byssal attaching

ancestors. The gliding life habit arose in fouradpdndent lineages along both parallel and
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convergent trajectories. Atnusium papyraceunandAmusium pleuronectesose in parallel
from recessing ancestors, while te™balloti + “A.” japonicumclade andAdamussiunt
(Pseudamussium Placopectehclade arose in parallel from byssal attachingeatars. The
recessing life habits of tHeuvola+ Pectenclade and th@atinopecten+ Mizuhopectertlade are
convergent and are derived from a free-living atoreand a byssal attaching ancestor,
respectively. Last, nestling 8edum spondyloideuia a unique life habit in our phylogeny and
originated from a byssal attaching ancestor. Amakstate estimation is congruent when using
the ML topology (additional file 3), with one exdem. The placement dflodipecten
subnodosusas the sister taxon . chazaliein the ML topology creates a unique transition
from the recessing condition to a free-living stat¢ observed on the Bl topology (data not
shown).

Last, we examined whether transitions betweeréieit states were evolutionarily
constrained. Without constraint, we would expeat trach state would be equally likely to give
rise to any of the other state. However, the Hyasaching gave rise to significantly more of
these transitions, while the other states appelae twearly fixed once they arise’(X 37.003;

d.f. =5; p<0.001). Even when we combined thdlmgsand cementing categories as
“permanent attachersd reduce the number of categories with a low nurobebservations, the
byssal life habit is still significantly more liketo be the evolutionary progenitor of all other

states (X = 27.999; d.f. = 4; p< 0.001).

Discussion
While patterns of convergence and parallelism ak-documented in vertebrate groups

[3, 10, 14-16, 18-20], less is known about suchepas in non-vertebrates. Our study represents
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a major contribution to understanding repeatecepagtof evolution in a non-model invertebrate
group, the Pectinidae. The complex evolutionaryolnysof scallops involves multiple origins of
life habit phenotypes, with five of the six lifelhits evolving at least twice during the
diversification of the family. Byssal attachmentsareot only the most common life habit in
scallops, but was the ancestral condition to sicguiitly more of the habit transitions than any
other category. Interestingly, gliding independgetiolved at least four times through both
convergent and parallel evolution implying thatréhes strong positive selection for this life
habit. Thus the patterns revealed in this studyniéed number of possible evolutionary
transitions and the evolution of repeated phenatyjoerespond closely to what is expected for
phenotypes under strong selection and functionastcaint [54-56].

Byssal attachment and the subsequent loss of gsabgpparatus may have had a
profound effect on the evolution and phenotypicdsification of the Pectinidae. All pectinid
species have a byssate stage to secure the peadtdaallop to a substrate while
metamorphosing into its adult form, and the mayaoitscallop species (5:1) retain this early
ontogenetic condition into sexual maturity [49].r@esults indicate that byssal attaching is the
most common life habit in extant scallop specia$ layssal attachers gave rise to significantly
more life habit classes than any other state. Eurthre, we observed that particular transitions
between states are unidirectional, while othersitaans never occur. For example, cementing
only occurs as a derived state. In contrast, therdife habit classes, byssal attaching, free-
living, recessing, and to a lesser extent glidarg, both ancestral states and transitional
outcomes. This bias in the types of observed Higittransitions may indicate a restriction in
possible evolutionary outcomes for certain statestd the degree or complexity of

physiological changes needed to transition fromldedabit to another.
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One possible constraint on the lability of a gilié® habit state may be the degree of
morphological specialization of the shell. If shalbrphology can restrict life habit transitions,
we would expect the greatest number of transitioreccur between classes with most similar
shell shapes (i.e. the smallest phenotypic dislalealitatively, byssal attachers and free-living
species possess the most similar shell shapesyeadétected the greatest number of transitions
(six) between these two classes. Additionally, dotksal attaching and free-living habits are
epifaunal, allowing a simple transition from temgugyrattachment to non-attachment on a
substrate - no specializations in habitat use requiOther life habit classes are associated with a
dramatic change in shell morphology and/or spemdlinabitat use (e.g., from epifaunal to semi-
epifaunal). For instance, distantly-related glidsmeeciesA. pleuronecteand “A.” balloti, Fig.

1) share a similar lightweight, smooth, symmetrsgfall. This convergent morphology [27] may
restrict the ability of gliders to transition indodifferent state. Likewise, permanently attached
species that cement to a substrate also may pagsesfic physiological traits that may prohibit
life habit transitions.

Based on these observations, it would appear timae dife habit classes are evolutionary
dead ends. To examine this hypothesis it is impbttaconsider whether all life habit classes
have had sufficient time to serve as progenitdestdt may be that because lineages exhibiting
byssal attaching are the most ancestral and widadpn the Pectinidae, sufficient time has
passed to allow opportunities to generate otheh#bits, whereas “youngdifieages from the
Miocene, such as those exhibiting gliding [29, %i@&y not have not had enough time to
diversify. The cementing life habit seems to suppbthe hypothesis that some states are “dead
ends."This state is old (Jurassic) and appears to hase mwre common during the Jurassic and

Early Cretaceous periods than at present [58]s $hggests that although there may have been
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ample opportunities for the cementing life habifunction as a progenitor state, these lineages
either were unable to transition to another lifeihar went extinct before a transition.

Our ancestral state reconstruction analysis idedtithe minimum number of transitions
on the tree, but due to incomplete taxonomic sargpbur analysis may not have detected all
life habit transitions. However, the majority (58%6)the life habit transitions discussed in this
study occur in clades that were most densely sair(pke dashed boxes in Fig. 1). So far, the
phylogenetic relationships within these clades gahefollow the currently accepted taxonomic
classification of scallops. In the remaining claddgre taxonomic sampling is less complete,
the majority of the unsampled taxa belong to thees Chlamydini (75 species) and
Mimachlamydini (25 species). While the genera witthiese tribes largely are nonmonophyletic
in our analyses, an increase in sampling may sdtere phylogenetic relationships. However,
since the majority of these taxa are byssate [29]unlikely that the addition of these species

will alter the main conclusions of this work.

Conclusions

Our study suggests that scallops have iterativetyved similar life habit types. Previous
authors have hypothesized that morphological emwoiun the Pectinidae is highly repetitive,
with particular shell forms representing putatigaptations to specific living habits [29, 30, 59].
Our results support this hypothesis, but the rblehell morphology needs to be further studied.
Because life habit and shell morphology are clobeked [30, 60], a formal test of the
association between life habit and shell formstnedao pectinid ecology is needed. Recently,
Serb et al. [27] identified substantial convergeottshell morphology in a subset of gliding

scallop species, which suggests that iterative hggical evolution may be more prevalent in
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the family than previously thought. Further invgations into the convergence of shell
morphology and life habit could provide insightanwhat compensatory changes in morphology

are required to allow transitions between life t&abi
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Table 2.1 - Descriptions of life habit classeshia Pectinidae. Species-specific classes are tdemiaant life habit exhibited by
sexually mature individuals listed from least toghactive. An asterisk indicates multiple life halare exhibited within the genus.

Life Description Genera included in study References
habit
Nestle |Settle and byssally attach to | Pedum [38, 61]

living Poritescorals; coral
grows around and permanently
contains scallop

Cement | Permanently attaches to hard oCrassadomaTalochlamy$ [62]
heavy substratum as new shell is
generated
Byssal | Temporarily attaches to a AzumapecterBrachtechlamys CaribachlamysChlamys [39]
attach | substratum by byssus threads;| Coralichlamys CyclopectenExcellichlamysGloripallium, Laevichlamys
can release and reorient LeptopectenMimachlamys, PascahinnitesScaeochlamysSemipallium

Spathochlamysralochlamys, VeprichlamysZygochlamys

Recess | Excavates cavity in soft Euvolg MizuhopectenPecten Patinopecten [39, 40]
sediment; full/ partial
concealment

Free- Rests above soft sediment or | AequipectenAnguipectenAnnachlamysArgopectenBrachtechlamys [39]
living hard substratum CryptopectenDecatopecteyDelectopectenEquichlamys
Mimachlamys, Mirapecten Nodipecten, Pseudamussium

Gliding | Able to swim > 5 m/effort; AdamussiumrmAmusium “Amusiuni’ Placopecten [44-46]
includes a level swimming phase
with a glide component

g€
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Table 2.2 - Transitions between life habit statet®dnined from ancestral state reconstruction
on the Bayesian topology.

Behavioral transition Number of observed
Recessing to permanent attachment 0
Recessing to byssal attachment 0
Recessing to free-living 0
Recessing to gliding 2
Permanent attachment* to byssal attachment 0
Permanent attachment to free-living 0
Permanent attachment to recessing 0
Permanent attachment to gliding 0
Byssal attachment to permanent attachment 3
(2 cementing; 1 nestling)
Byssal attachment to free-living 6
Byssal attachment to recessing 1
Byssal attachment to gliding 2
Free-living to permanent attachment 0
Free-living to byssal attachment 1
Free-living to recessing 1
Free-living to gliding 0
Gliding to permanent attachment 0
Gliding to byssal attachment 0
Gliding to recessing 0
Gliding to free-living 1
Total number of transitions 17

*Cementing and nestling are grouped together updenanent attachment.
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Figure 2.1 Bayesian Inference major-rule consensus topology. Posterior probability suf
values (>50) above respective no Branch colors represent MP reconstruction of |deih
and pie charts represent their relative probaedifrom ML reconstructions. If probability
ML reconstruction equals 1.0, no pie chart is givefL ancestral state reconstructions are (
to illustrate the 17 life habit transitions describedhe text. Dashed boxed represent der
taxonomic sampling.
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Supplementary Material 2.1Genbank accession numbers

Genbank Accession Numbers of Gene Sequences

ID Number Locality 12SrRNA  16SrRNA  Histone 3 28S rRNA
amandiE1l Panama HM485575 HM485576 HM485577 HM48557
amandiE2 Panama HM535651 HM535652 HM535653 HM53565
AMNH 298075 1 unknown EU379406 EU379460 EU3IM5 HM630528
antillarum unknown HM535656 HM535657 HM535658 HM535659
asperrimal Hobart, Tasmania, Australia HM540080 HM54D08HM540082 HM540083
asperrima3 Hobart, Tasmania, Australia HM540084 HM54008HM540086 HM540087
balloti 1 Bundaberg, Queensland, Australia HM540088 HKOMB9 HM540090 HM540091
balloti 2 Bundaberg, Queensland, Australia EU379379 7™433 EU379488 HM540092
balloti 3 Bundaberg, Queensland, Australia EU379380 7®434 EU379489 HM540093
balloti 4 Bundaberg, Queensland, Australia HM540094 HKOM®S5 HM540096 HM540097
balloti 5 Bundaberg, Queensland, Australia HM540098 HKOM®9 HM540100 HM540101
behringiana Alaska, USA FJ263632 FJ263641 FJ263661 FeBEH3
bifrons 1 Tasmania, Australia HM561991 HM561992 HM383 HM561994
bifrons 2 Tasmania, Australia HM561995 HM561996 HM381 HM561998
caurinus Alaska, USA FJ263633 FJ26642 FJ263662 FEI636

8¢



6€

chazaliei Gulfo de Los Mosquitos, Panama EU379382 EU3B943EU379490 HM561999
colbeck¥ Terra Nova Bay, Antarctica EU379383 EU379437EU379491  FJ263652
cruentusHPC Tateyama City, Chiba, Japan HM600761 HM&30 HM600734 HM600747
cuneata Tateyama City, Chiba, Japan HM622702 HM622703M622704 HM622705
farreri 1 Aquaculture Facility in Qindao, China HM62267MHM622678 HM622679 HM622680
farreri 2 Aquaculture Facility in Qindao, China HM622681HM622682 HM622683 HM622684
fumatusl Hobart, Tasmania, Australia HM622689 HM62269HM622691 HM622692
fumatus2 Hobart, Tasmania, Australia HM622693 HM62269HM622695 HM622696
gibbus2 Harrington Sound, Bermuda EU379388 EU37944EU379496 HM622697
gibbus3 Harrington Sound, Bermuda EU379389 EU379448U379497 HM622698
gigantea Santa Barbara, California, USA FJ263635 FJ26364 FJ263664 FJ263654
hastata San Juan Island, Washington, USA FJ263639 Jayb FJ263667 FJ263658
HPC 556 Kyonan-cho, Chiba, Japan HM622710 HMG22 HM622712 HM622713
HPC 663 Hitachi City, Ibaraki, Japan HM630488 M&80489 HM630490 HM630491
HPC 735 Kasasa-cho, Kagoshima, Japan HM600762 609v65 HM600735 HM600748
HPC 771 Bonotsu City (Minanisatsuma), Kagoshirapah HM630483 HM630484 HM630485 HM630486
HPC 1578 Miura City, Kanagawa, Japan HM622673M6R2674 HM622675 HM622676
irradians Gulf Marine Specimens Laboratory, USA EU379392 U3KE9446  EU379500 HM622700
islandica Quebec, Canada FJ263637 FJ263646 FJ263666 6365k
japonicum Oyano Island, Kumamoto, Japan HM622706 HM62270HM622708 HM622709



Laevichlamys
latiauratus
lemniscatal
lemniscata2
magellanicus
maximusl
multistriata 1
multistriata 2
nipponensis
nobilis
novaezeland 2
novaezeland 3
opercularisl
opercularis2
ornatal
ornata?2
papyraceuni
patagonical3
patagonical6

perulusl

Japan

Goleta Pier, Santa Barbara, California, USA
Tateyama City, Chiba, Japan

Tateyama City, Chiba, Japan

Georges Bank, USA

Millport, Scotland

Gallicia, Spain

Gallicia, Spain

Kitaibaraki City, Ibaraki, Japan

Kami-amakusa, Kumamoto, Japan

Mercury Cove, Great Mercury Isl&Nely Zealand EU379404
Mercury Cove, Great Mercury Isl&Nely Zealand EU379405

Millport, Scotland
Millport, Scotland

Collao, Puerto Rico, USA
Collao, Puerto Rico, USA
Gulf of Mexico, USA
Chile

Chile

Panama

HM630469 HM630470 HM630471 HM630472
EQBYB  EU379447  EU379501 HMG622714
HM622715 HM6B271HM622717 HM622718
HM622719 HM62272HM622721 HM622722
FJ263638 FJ263647 EU37950J263657
EU379400 EU379454  EU3085 HM630545
EU379403 EU379457 EU37951HM630539
HM630535 HM630536 HM63053HM630538
HM622685 HM&3B HM622687 HM622688
HM630531 HM63053HM630533 HM630534
EU379458 EU379512 HM630530
EU379459 EU379513 HM630529
EU379408 EU379462 EU3I65 HM630527
EU379409 EU379463 EU3TY®S HM630526
HM630379 HM630380 M6&80381 HM630382
HM630375 HM630376 M&80377 HM630378
HM630371 HM630372 HM6E383 HM630374
EU379412 EU379466 EU379520 HMG63052
HM630520 HM630521 HM630522 HM63852
EU379413 EU379467 EU379521 HM630515

()%



perulus2
pleuronected
pleuronectes
pleuro QLD1
pleuro QLD2
plica
purpuratusH3
pusiol
pusio2

rubida
senatorial
septem 2
septem 3
squamata
subnodosuSP
subnodosu8M
UF280376
UF281663
UF282407
UF282416

Panama

Rayong Province, Thailand
Rayong Province, Thailand
Queensland, Australia
Queensland, Australia
Tateyama, Chiba, Japan
Tongoy Bay, Chile

Gallicia, Spain

Gallicia, Spain

San Juan Island, Washington, USA
Gulf of Thailand, Thailand
Millport, Scotland

Millport, Scotland
Tateyama City, Chiba, Japan
Panama
Baja California, Mexico
Sulawsi Island, Indonesia
Phuket, Thailand

Guam, USA

Guam, USA

EU379414
EU379415
HM630504
HM630500
HM630496
HM630435
EU379417
HM600764
HM600765
FJ263636
HM630479
EU379420
EU379421
HM630444
EU379427
HM630430
not seq'd
HM630391
EU379422
HM630461

EU379468 EU379522 HM630514
EU37946&8U379523 HM630508
HM630505IM630506 HM630507

Fb01 HM630502 HM630503
497 HM630498 HM630499
HM630436 HM83 HM630438
EU379471 EU3IZ®5 HM630495
HM600757 HM60@/73 HM600750
HM600758 HM60873 HM600751
K19Y12%45) FJ263665 FJ263655
HM630480HM630481 HM630482
EU379474£U379528 FJ263659
EU37947FEU379529  HM630477
HM630449M630446 HM630447
EU379481 EU379535 HMeB043
HM630431 HBI0432 HM630433
680492 HM630493 HM630494
HM630392 430893 HM630394
EU379476  EU379536iM630456

HM630462 HM630468IM630464

¥



UF286387
UF287521
UF288930
UF289624
UF289879
UF292105
UF292110
UF292821
UF295809
UF296052
UF296350
UF296996
UF297000
UF309990
UF310406
UF313444
UF313459
UF322180
UF322550
UF323764

Oman HM600763 HM600756 HMG600/7/36  HNIBA9
Guam, USA EU379399 EU379453 EU37950HM630546
Guam, USA HM630510 HM630511 HM63051BM630513
Panama HM630541 HM630542 HMG630543 680544

Monroe County, Florida, USA EU379416 3FM70 EU379524 HM600740

Viti Levu Island, Fiji EU379410 EU3®  EU379518 HM630525

Viti Levu Island, Fiji HM630465 HM6866 HM630467 HM630468

West Masirah, Oman HM630422 HM630428M630424 HM630425

Saipan Island, Mariana Islands EU37940EU379455 EU379509 HM630540
Viti Levu Island, Fiji EU379396 EU3BD EU379504 HM630548
Cocos-Keeling Island, Australia EU3™38 EU379438 EU379492 HM600739
Western Australia, Australia HM63043HM630440 HM630441 HM630442
Tanzania HM630473 HM630474 HM63047BIM630476
Taiwan HM562000 HM562001 HM562002 694003

Milne Bay, Papua New Guinea EU379429 3HM483 EU379537 HM622701

Philippines HM630395 HM630396 HM63D3 HM630398
Philippines GU953232 GU953234 GUSRB2 HM630478
Bismark Archipelago, Papua New Guinea 38385 EU379439 EU379493 HM535655
West of New Briton, Papua New Guinea B424 EU379478 EU379532 HM600743

Florida Straits, Florida, USA EU379411EU379465 EU379519 HM600741

A4



UF323809
UF329089
UF332786
UF343587
UF348872
UF351155
UF351301
UF351954
UF352373
UF352374
UF352388
UF367478
UF367487
UF367882
UF368676
UF369432
UF371263
UF371875

vancouv*

varia varia 1

Bismark Archipelago, Papua New Guinea
Port Elizabeth, South Africa

North Cape, New Zealand

Stingray Shoals, Mariana Islands
Sullivan's Patches, Papua New Guinea
Florida, USA

Florida, USA

Okinawa, Japan

le Island, Okinawa, Japan

Okinawa, Japan

Okinawa, Japan

Florida Keys, Florida, USA

Florida Keys, Florida, USA

Muscat, Qurm, Oman

Shefa Province, Vanuatu

Fiji

Gulf of Panama, Panama

East of Naos, Panama

USA

Gallicia, Spain

38397 EU379451  EU379505 HM630547
HM6304261M630427 HM630428 HM630429
HM600760 HM&X HM600733 HM600746
HM6204 HM630453 HM630454 HM630455
I8 HM630449 HM630450 HM630451
EU379391 EU379445 EUB® HM622699
EU379419 EU379473 EWZA HM630487
EU379426 EU379480 Be®¥ HM630443
EU379387 ™d4381 EU379495 HM622672
HM630457 HM630458 HOAG® HM630460
HM630553 HM630554 HOESS HM630556
EU379386 3FHWOY440 EU379494  HM600745
EU379423 FHOY477  EU379531 HM600742
HM630549 HM630558IM630551 HM630552
EU379425 EW399 EU379533 HM600744
HM540103 HM540104 HM540105 HMBEO6
HM630516 HM®6305 HM630518 HM630519
EU379381 EU®/94FU379487 HM540102
HM630418 HM630420 HM630416 HME37
EU379428 EU379482 EU3795361M630415

ev



varia varia 2
ventricosusl
vesiculosud
vesiculosu
vogdesil
yessoensis
yessoensig

ziczacl

Gallicia, Spain

Bahia Magdalena, Baja California Sur, Mexico
Miura City, Kanagawa, Japan

Miura City, Kanagawa, Japan

Bahia Magdalena, Baja California Sur, Mexico
Mutsu Bay, Aomori, Japan

Mutsu Bay, Aomori Japan

Harrington Sound, Bermuda

HM630411

680407
HM630403
HM630399
680387

FJ263640

HM630383
EU379430

HM630408

HM630388

HM630412 HM630413HM630414

HM63D40HM630405
HM63D40HM630401

FJ263649 J268668
HM630384 &8@385
EU37948&£U379538

HM630409

HM630389

HM630410
HM630406
HM630402

HM630390
FJ263660
HM630386
HM630509
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Supplementary Material 2-2Life habit assignment

Species Life Habit ID

Number*

Family Pectinidae

Subfamily Camptopectinae

Delectopecten randolptiall, 1897 free-living (T. Haga, Trawled, finensband mud bottom HPC 663

Delectopecten vancouverengghiteaves, 1893) byssal attach [1] vancouv

Subfamily Chlamydinae

Tribe Adamussiini

Adamussium colbeckbmith, 1902) glide [2, 3] colbecki

Tribe Chlamydini

Azumapecten farreri farreiJones & Preston, 1904) byssal attach [4, 5] “dhdScallop” farreri 1
farreri 2

Azmapecten farreri nipponengisuroda, 1932) byssal attach (T. Haga, attachexyster shell, lower intertidal zone)

nipponensis

Chlamys behringian@Viddendorff, 1849) byssal attach (inferred frone morphology) behringiana

Chlamys hastatéSowerby 1, 1842) byssal attach [4] hastata

Chlamys islandicgMuller, 1776) byssal attach [3, 4, 6] islandica

Chlamys rubidgHinds, 1845) byssal attach [4] rubida

Coralichlamys madreporarurfSowerby Il, 1842) byssal attach [7] UF296052

UF323809

Equichlamysifrons (Lamarck, 1819) free-living [4, 8] bifrons 1
bifrons 2

Laevichlamys cuneai@eeve, 1853) byssal attach [9], (T. Haga, grhediom attached, gillnet) UF310406
cuneata

Laevichlamys lemniscai@&eeve, 1853) byssal attach (T. Haga, gravebbotttached, gillnet) lemniscatal
lemniscata2

Laevichlamysp. byssal attach (T. Haga, gravel bottom attachebheg)l

Laevichlamys
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Laevichlamys squamog&melin, 1791) byssal attach [9] UF351954
Pascahinnites coruscans coruscghsnds, 1845) byssal attach [9] UF296350
Pedum spondyloideuf@melin, 1791) nestle [7] UF343587
UF348872
Scaeochlamys lividd.amark, 1819) byssal attach [10] UF367882
Scaeochlamys squamdtamelin, 1791) byssal attach (T. Haga, gravel bottom attachebheg)l squamata
Semipallium dianaéCrandall, 1979) byssal attach [10] UF352388
Semipalliumdringi (Reeve, 1853) byssal attach [11] UF352373
Semipallium marybellaRaines, 1996 byssal attach (inferred from shell morphology) 28F521
Semipallium schmeltzZbbunkerin Kister & byssal attach (T. Haga & Y. Kano, attattestone underside) @ HPC 771
Kobelt, 1888
Talochlamys multistriatéPoli, 1795) byssal attach [12] multistriata 1
multistriata 2
Talochlamys pusi¢Linnaeus, 1758) cement [3, 12] pusiol
pusio2
Talochlamys tinctugReeve, 1853) byssal attach (inferred from shell morphology) 328089
Veprichlamys empress&airoda, Habe & byssal attach (T. Haga, attachexidtone, dredged) HPC 1578
Oyama, 1971
Veprichlamys jousseaum@avayi, 1904) byssal attach (T. Haga, attached to sunken woadwhbottom) HPC 556
Zygochlamysamandi(Hertlein, 1935) byssal attach (inferred from shell morphology) amandiE1l
amandiE2
Zygochlamypatagonica(King & Broderip, 1832) byssal attach [4] patagonical3

Tribe Crassadomini

Caribachlamys mildredag@Bayer, 1941) byssal attach [12]
Caribachlamys ornatdLamarck, 1819) byssal attach [12]
Caribachlamys sentidReeve, 1853) byssal attach [12]
Crassadomajigantea(Gray, 1825) cement [4, 13]

Tribe Fortipectinini
Mizuhopecteryessoensi§lay, 1857) recess [2-4]

patagonicd6

UF289624
ornatal
ornata2

UF313459
gigantea

yessoensid
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Patinopecten caurinugsould, 1850)

Tribe Mimachlamydini
Mimachlamysasperrima(Lamarck, 1819)

Mimachlamy<loacata(Reeve, 1853)
Mimachlamys nobiliReeve, 1852
Mimachlamys senatori@melin, 1791
Mimachlamyssp.

Mimachlamys townsendsowerby I, 1895)
Mimachlamysvariavaria (Linnaeus, 1758)

Spathochlamybenedicti(Verrill & Bush in
Verrill, 1897)

Tribe Palliolini
Placopecten magellanic&melin, 1791)
Pseudamussium septemradialdigller, 1776

Subfamily Pectininae

Tribe Decatopectinini

Anguipecten picturatuBijkstra, 1995
Bractechlamysntillarum (Récluz, 1853)
Bractechlamywexillum(Reeve, 1853)

Decatopecten plicéLinnaeus, 1758)
Decatopecten radula radul@.innaeus, 1758)
Decatopectestrangei(Reeve, 1852)
Excellichlamysspectabilis(Reeve, 1853)

Gloripallium pallium (Linnaeus, 1758)

recess [4, 14]

byssal attach [3, 4, 8]

free-living [10]

yessoensig
caurinus

asperrimal
asperrima3
UF309990

byssal attach [4], (T. Haga, lower intertidal zoatached to pebble)  nobilis

byssal attach [4, 7]

byssal attach (inferred from shell morphology)

byssal attach [15]
byssal attach [3, 4]

byssal attach [12]

glide [3]
free-living [16]

free-living (inferred from shell morphology)
byssal attach [17]
free-living [11]

free-living [7]

free-living [10]
free-living (inferred from shell morphology)
byssal attach [7, 9]

byssal attach [7]

senatorial
291000
UF292821
variavaria 1
varia varia 2
UF3632

magellanicus
septem 2
septem 3

U&2930
antillarum
UF313444
UF281663
plica
UF280376
Uga996
UF282416
UF352374
UF292105
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Gloripallium speciosun{Reeve, 1853)
Mirapectenmirificus (Reeve, 1853)
Mirapecten rastellunfLamarck, 1819)
NodipectersubnodosugSowerby |, 1835)

Tribe Pectinini
Aequipectemlyptus(Verrill, 1882)
Aequipectempercularis(Linnaeus, 1758)

"Amusiumi balloti (Bernardi, 1861)

"Amusiumi japonicumjaponicum(Gmelin, 1791)
"Amusium papyraceum
AmusiunpleuronectegLinnaeus, 1758)

Argopectergibbus(Linnaeus, 1758)

Argopecten irradiangradians (Lamarck, 1819)
Argopectemucleus(Born, 1778)

Argopecterpurpuratus(Lamarck, 1819)
ArgopecterventricosugSowerby II, 1842)
Cryptopecten vesiculos@®unker, 1877)

Euvolachazaliei(Dautzenberg, 1900)
Euvolaperula(Olsson, 1961)

byssal attach [10] UF292110
free-living [11] UF295809
byssal attach [7] UF282407

free-living (Dr. Ana M. Ibarra, personal communioa) subnodosuSP
subnodosu8M

free-living (inferred from shell morphology)
free-living [3, 4]

glide [3, 18]

glide [4], (N. Deguchi, sandy battagillnet)
glide [4]
glide [3, 4, 19]

free-living [3, 4]

free-living [3, 4, 20]
free-living [4]

free-living [4, 21]
free-living [4]
free-living [15], (C. Kobayashi, gravel bottom, dged)

recess (inferred from shell morphology)
recess (inferred from shell morphology)

UBB155
opercularisl
opercularis2
balloti 1
balloti 2
balloti 3
balloti 4
balloti 5
japonicum
papyraceuni
pleuronected
pleuronectes

pleuro QLD1

pleuro QLD2
gibbus2
gibbus3
irradians
AMNH
298075 1
purpuratusH3
ventricosusl
vesiculosud
vesiculosu®
chazaliei

UF371263

perulal
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Euvola ravenel(Dall, 1898)

Euvola vogdegjArnold, 1906)
Euvolaziczac(Linnaeus, 1758)
Leptopecterbavayi(Dautzenberg, 1900)
Leptopectematiauratus(Conrad, 1837)
Pecten fumatuReeve, 1852

PectermaximugLinnaeus, 1758)
PectemovaezelandiaReeve, 1852

recess (inferred from shell morphology)
recess [4]

recess [4, 22]

byssal attach [17]

byssal attach [23]

recess [3, 4]

recess [3, 4]
recess [3, 4]

perula2
UF351301
vogdesil
ziczacl
UF371875
latiauratus
fumatusl
fumatus2
maximusl
novaezeland 2
novaezeland 3

OUTGROUPS

Family Limidae
Ctenoidesannulatus(Lamarck, 1819)
Ctenoidegnitis (Lamarck, 1807)

Lima colorata zealandic&owerby, 1876
Lima sowerbyDeshayes, 1863

Family Propeamussidae

Parvamussiunpourtalesianun{Dall, 1886)

Propeamussiurdalli (Smith, 1885)

byssal attach [24]
byssal attach [24]
byssal attach [24]
byssal attach [24]

byssal attach [15]
byssal attach [15]

UF322180
UF3@r47
UF332786

UF286387

UF323764
UF289879

Propeamussium sibogébautzenberg & Bavay, 1904) byssal attach [15]Haga, sandy-muddy bottom, shrimp trawl)

HPC 735

Family Spondylidae

Spondylus cruentusschke, 1868
SpondylusctericusReeve, 1856
Spondylus nicobaricuSchreibers, 1793
Spondylus squamos8shreibers, 1793

cement (T. Haga, gravel bottom, sessile on a mcki gillnet)

cement [25]
cement [26]
cement [26]

cruentusHPC
UF367487
UF322550
UF368676
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*UF, Florida Museum of Natural History (University Florida, Gainesville); HPC, field collection nber for Takuma Haga.
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Supplementary Material 2.3Phylogram of the Maximum Likelihood analysis. Bdcp
support values (>50%) above respective nodes.PEaénidae are demarcated by a grey |
Each hatch mark on outgroup branches indicateductien of branch length by 1 scale bar (
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Abstract

Form and function comprise two hierarchical levalphenotypic traits that have been
understood to evolve in a coordinated fashion twiple an adaptive advantage for organisms. In
light of recent studies, selection can act indepatlg on both levels such that a given function
is linked to multiple forms. Here we test the hypesis that gliding scallops have converged to
the same quantitative shell shape due to life lrabiirements. We found that there is a strong
phylogenetic signal in the evolution of shell shapscallops, which suggests ancestral shell
shapes greatly influence descendant shell shagspite this, we found that there are two
distinct shapes linked to the gliding life habitjish can be differentiated by the degree of shell
curvature. Phylogenetically-informed tests show tha gliding shape has both convergent and
divergent patterns, illustrating the importancetofdying evolutionary patterns at multiple

phenotypic levels to understand biodiversity.
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Introduction

One common pattern observed in evolutionary bioisghhe morphological resemblance
among species inhabiting similar environments fi¢dint geographic locations. This
evolutionary convergence occurs when environmdatabrs exert strong selection pressures on
different species, generating similar phenotypgpomses (Losos 1992, Losos et al. 1998)eR
et al. 1999, BRber and Adams 2001, Melville et al. 2006, Staytd@6). Thus, patterns of
morphological similarity provide strong evidenceadink between the selective forces shaping
trait evolution and the evolutionary responsehitsé forces (Pagel 1994, Schluter 2000,
Blackledge and Gillespie 2004, Harmon et al. 20@®nvergent evolution may imply that there
are a limited number of biological solutions avliéato organisms (Givnish et al. 2005, Revell
et al. 2007, Ellingson et al. 2014). To identifytpens of convergence, measurements of
morphology, fithess (or performance data), andydqgeny are needed to assess whether similar
traits arose independently or via a common ancé¢kemster and Berger 1977, Arnold 1983).

In bivalve mollusks, qualitatively similar shelapes repeatedly occur (Kauffman 1969,
Stanley 1970, 1972). Stanley (1970) hypothesizatidbnvergent evolution is a frequent
occurrence in bivalves because shell shapes mhmived by the requirements of their life
habits. Life habits relate to the animal’s positiorthe substrate (i.e., epifaunal, semi-infauoal,
infaunal), mode of locomotion or attachment, aretifeg mechanism (Stanley 1970). Predation
has also been suggested to play a role in shales{taarter 1968), but Stanley (1970) considered
the effect is small. Of the various bivalve fansliscallops (Pectinidae) are particularly
amendable to test for repeated evolution of skelps as many species in the family display

similar life habits (Alejandrino et al. 2011).
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Scallops comprise approximately 300 species fonmdany marine habitats (Waller
2006). Scallop diversification has been attributethe evolution of a comb-like ctenolium,
which is a row of small spines at the dorso-anteziad of the right valve (Waller 1984lhe
ctenolium separate byssus threads over a greatacsuarea, allowing the scallop better
resistance to being overturned when attached tibstrsite (Stanley 1972, Waller 1984). As a
result, scallops have diversified in life habitswepifaunal and semi-epifaunal substrate
position (Stanley 1972). Of the six life habits #sited by scallops, gliding is the most studied
for its biomechanic properties (Morton 1980, J&IB®, Dadswell and Weihs 1990, Hayami
1991, Cheng et al. 1996, Cheng and DeMont 1996elhesal. 1998, Denny and Miller 2006,
Guderley and Tremblay 2013) (Table 1). Glidinghamcterized by propulsion of water at the
anterior and posterior dorsal margins while the@glare closed. This provides a near-horizontal
trajectory above the substratum, resulting in tadise traveled greater than five meters per
effort.

Gliding has provided scallops with an adaptiveaadage (Yonge 1936, Thayer 1972,
Manuel and Dadswell 1993), but it is only perfornigda few species (Caddy 1968, Morton
1980, Joll 1989, Hayami 1991, Ansell et al. 19@3)llectively, these scallop species have shells
that are discoid in shape and lack prominent eatesinell sculptures. Alejandriret al (2011)
identified at least four independent origins oflgig across the scallop family. Subsequently, the
shell shape of two of these lineages was quantfie8erbet al (2011) where it was discovered
that two gliding species from two disparate linesagave converged in shell shape. One question
that remains to be answered is whether all knomgelyes of gliding scallops have quantitatively
similar shell shapes. Herein, we test the hypothibsit the four independent lineages of gliding

scallops have converged on the same shell shap&iBstudy we have increased the taxonomic
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and shell sampling from previous studies to inclalliéour gliding species as well as 38 other
scallop species exhibiting other life habits. Wetdd the prediction that all four lineages of
gliding scallops will have the same shell shapsufported, it will provide insight on whether

there are few morphological solutions to the gligliie habit.

Methods

Specimen selection and morphological characterizatn

A total of 591 specimens from 49 species were us#us study. Specimens were
obtained from various museum collections (Apperidiand were selected to represent a wide
range of taxa displaying four of the life habit gps exhibited by the Pectinidae. From each
specimen, shell morphology was quantified usingmgac morphometric methods (Bookstein
1991, Mitteroecker and Gunz 2009, Adams et al. 2003ese methods utilize the locations of
landmark coordinates as the basis of shell shapetdjcation. First we obtained high-resolution
scans of the left valves of each individual usingextEngine 3D surface scanner. From these
scans we then digitized the locations of five hamgolus anatomical locations following Setb
al. (2011): 1: ventroposterior auricle, 2: dorsoposteauricle, 3: umbo, 4: dorsoanterior auricle,
5: ventroanterior auricle (Figure 2). Next, elesemilandmarks were placed equidistantly along
the ventral edge of the valve between the antandrposterior auricles. Finally, we used an
automated procedure to place 496 equally spaceils®imarks on the surface of each scan to
characterize its general surface structure (see @ual. 2005, Serb et al. 2011). For this we
produced a template mesh on a single specimernysadithe thin-plate spline to warp this
template to the surface of a second specimen. dimenon set of fixed points and edge

landmarks between the template and the specimenwsexd as the basis of this warping. Then,
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the remaining template points were matched to ppleeimmen scan and the surface points nearest
to those in the template were treated as surfandaedmarks for that specimen.

To obtain a set of shape variables for each specweealigned the 591 landmark
configurations using a generalized Procrustes aisa((6PA: Rohlf and Slice 1990). Procrustes
superimposition removes differences in specimeitipasorientation, and scale, and aligns all
specimens to a common coordinate system. Durisggatialysis the semilandmarks were
permitted to slide along their tangent directiossg the Procrustes distance criterion. The
aligned specimens were then projected orthogobtaligngent space to obtain a set of shape
variables (Procrustes tangent coordinates: (R&#0})) for use in all subsequent analyses.
Specimen digitizing and GPA were performed in R3R Development Core (Team 2014))

using the package geomorph ((Adams antt@-Castillo 2013, Adams et al. 2014)).

Statistical Analyses

To investigate patterns of shell shape variatiorpesgormed a combination of standard
and phylogenetic comparative analyses. First wd &secrustes ANOVA (Goodall 1991) to
compare shell shape among life habit groups. Tppsaach was utilized rather than a parametric
MANOVA, because the number of variables (1536) tlyeexceeded the number of specimens
(591), thereby rendering the computations of teedissics from MANOVA singular. Next we
performed pairwise comparisons between life hatbiigs using the Euclidean distances among
group means. With this approach, the observed saligee statistically evaluated using
permutation, where individuals were randomly assijio groups and the distances recalculated
and compared to the observed patterns of shapegdivee (see e.g., (Adams and Collyer 2009,
Collyer and Adams 2013)). Patterns of shape vanatiithin and among life habit groups were

also visualized in morphospace using a principaimonents analysis (PCA). Finally, we
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assessed differences in levels of variation wilifiinhabit groups using disparity tests (Stayton
2006); see also (Zelditch et al. 2012). Here, Rrsters variance was estimated for each life habit
group separately, and these measures were sttistiompared to one another using
permutation tests. All statistical analyses wemdgomed in R 3.02 (R Development Core (Team
2014)) using the package geomorph (Adams addofdtCastillo 2013, Adams et al. 2014).

To evaluate morphological trends in a phylogenatiatext, we performed several
phylogenetic comparative analyses, using a muhiegeolecular phylogeny containing 81
species of Pectinidae (Alejandrino et al. 201 1nstfive obtained a time-calibrated phylogeny
using nine fossil calibration points (Table 2) dhd relaxed molecular clock approach as
implemented Beast 1(®rummond and Rambaut 2007). Next the mean shafiesiwas
estimated for each species and the morphologit¢asdbwas matched to the phylogeny,
resulting in 42 species found in the two datadgdsh the phylogeny and the morphological data
matrix were then pruned such that they containedithique set of 42 taxa. With this dataset we
evaluated the degree of phylogenetic signal inl shelpe, using a multivariate generalization of
the Kappa statistic (Adams 2014). Finally, phylogfenpatterns of shell shape evolution were
examined using a phylomorphospace approach (s&mdaskas 2008)), where the extant taxa
and the phylogeny were projected into morphospae evolutionary changes in shape were
visualized along the first two axes of this spas@gl principal components analysis. Analyses
were performed in R 3.02 (R Development Core (Té8d%)) using the package geomorph

(Adams and Girola-Castillo 2013, Adams et al. 2014) and routiwesten by DCA.
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Results

We found significant differences in shell shapeoastife habit groups using Procrustes
ANOVA (MANOVA, F = 168.23P < 0.0001 R = 0.462), and pairwise comparisons revealed
that all life habit groups were morphologicallytthst from one another (Table 3a). A principal
components analysis confirmed these findings,tilaimg that the life habit groups formed
distinct clusters in morphospace (Figure 3). Irdengly, individuals from the glider life habit
group occupied two distinct regions of morphospdées implied that two sub-clusters of
subtle, yet distinct shell shapes are exhibitedpg®cies that utilize this behavior. Further, gldin
species appeared to display less variation in shalbe when compared to the other life habits.
Indeed, comparisons of morphological disparity lestwgroups demonstrated that the two glider
morphotypes had roughly 30% of the variation obséiin the other life habit groups, indicating
a significant reduction in shell shape variatioroagnindividuals in this life habit (Table 3b).

When phylogeny was taken into consideration, stedpe displayed significant
phylogenetic signal,, = 0.142;P = 0.036). This implied some degree of correspoaéeen
between morphological differentiation and phylogeneslatedness, such that closely related
species tended to be more similar in shell shapgeitheless, other phylogenetic patterns in
shell shape evolution were also evident when viemgihylomorphospace (Figure 4). For
instance, two clear clusters of gliding speciesensserved in phylomorphospace, consistent
with patterns observed in the specimen-level ama(§3gure 4). One of these clusters (the ‘A’
morphotype) was comprised of four species derivenh ftwo distinct phylogenetic lineages. (
ballotti & Y. japonicumA. pleuronecteg E. papyraceum Importantly, this morphotype
displayed strong evidence of evolutionary convecgeas the shell morphologies of the extant

species were much more similar to one anotherwea the shell morphologies of their
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hypothesized ancestors (Figure 4). In contrastBhgliding morphotype was comprised of two
closely related specieP (magellanicu& Ad. colbecki. However, the phylogenetic lineage of
these species also contained two species in thentkphotype Y. ballotti& Y. japonicum

Thus, phenotypic evolution of shell shape in tmsdge exhibited divergence of extant
morphologies towards the two gliding morphologiEsken together, these patterns imply that
evolutionarily, extant scallops have arrived afrtggéding morphologies through both

convergent and divergent shifts in shell shapeuindime.

Discussion

Morphological resemblance among species indicateias responses to particular
selection pressures. Testing for these convergerpmologies is an important area of study in
evolutionary biology because they provide the fatimh to begin teasing apart factors that may
be responsible for the similarities. The glidinfg Ihabit in scallops is exceptionally rare within
the family and among bivalves, that similaritiesirell shape could provide clues about the
selection factors responsible. In this study, waridied scallop shells using three-dimensional,
landmark-based geometric morphometrics to compaek shape similarity of gliding scallops
in a phylogenetic context and to examine evolutipmeatterns of convergence within the family.
We found that gliding scallops have converged ellsghape, with decreased shape variation
compared to other life habit groups and ancestigbss. Curiously, we also found two distinct,
divergent gliding morphotypes that evolved from ifamancestral shapes. Here, we discuss the
general patterns and the importance of morpholbgar@ation and evolution.

The pattern of shell shape morphospace occupatitins study reveals morphological

differences, especially among gliding scallop specihe addition of taxa, particularly the
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recessing species, shows a different pattern frastudy by Serb et al. (2011), where recessing
scallops occupy the positive end of the first gpatcomponent axis that is not occupied by
species with other life habits (Figure 3). The nghiape that differentiates recessing species is
that their left valves are either concave or fldtus, the first principal component axis
corresponds to the degree of shell curvature. Mopartantly, the two gliding morphotypes

(‘A’ and ‘B’) can be differentiated along this axis,a@alng that shell curvature differs between
these two groups. This result then shows morphcédgionvergence for some gliding scallops
(species with each respective morphotype), bubatween morphotypes.

The phenotypic differences observed betweeraifd ‘B’ morphotypes may indicate that
the two groups display gliding performance diffexesr Unfortunately, researchers that studied
the performance of gliding scallops of either matype over the years examined many
different hydrodynamic aspects and few of the databe compiled or accurately compared
(Caddy 1968, Morton 1980, Joll 1989, Hayami 199dsdl et al. 1998). It is important to
consider other differences between the two morglestypeyond shape, including muscle
composition (Gould 1971, Thayer 1972) and shelkdgr{Pennington and Currey 1984) that
may influence gliding performance. Interestinglyesies with gliding morphotype ‘Ahhabit
tropical waters of the Indo-Pacific or Atlantic Geewhile species with gliding morphotype ‘B’
occupy either the temperate-cold Atlantic or theaketic Ocean. Denny & Miller (2006) found
the protein structure (resilium) that counters neisontraction in the Antarctic species performs
better in cold water compared to one of the IndoHiRRaspecies. Therefore, an essential future
study would be a comparative test of the hydrodyngmarformances of species from both

morphotypes, accounting for other morphological hakiitat differences.
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Our results also reveal shell shape similaritetsvben the gliding morphotypes, which
may be more important in hydrodynamics than sheNature. Both gliding morphotypes show a
pattern of convergence, occupying the positive seégvincipal component axis with little
overlap with the other life habit groups. The mdifference between gliding species and the
species of other life habit groups is that theyehaduced auricles. In combination with large
dorsal gaps, auricle reduction may be importaprapulsion (Minchin 2003), allowing greater
maneuverability. Shell modifications that appeaimprove hydrodynamic performance have
been identified other mollusks with external shdfigr example, Monnedt al (2011) identified
the parallel evolution of a lid covering the regwhere shell coiling originates (umbilicus) in
two disparate lineages of ammonoid cephalopodsntijyimg and comparing the variation in
dorsal gaps with auricle reductions among scalpgzi®s may shed light on their importance to
gliding performance. This will require quantificati of the right valves, as left and right valves
are not symmetric for all scallop species dueftohabit requirements.

The phylogenetic tests of this study further suppwolutionary convergence of
morphology in gliding scallop species. Howeverstisionly evident for some species, as other
gliding scallops have diverged in shell shape. &He®lings are similar to studies of other
organisms where there are multiple solutions torarnon problem (Alfaro et al. 2005,
Wainwright 2007), which could indicate a decouplbejween the morphological and functional
traits (Alfaro et al. 2004), such that functionaletsity may not predict morphological diversity
(Revell et al. 2007, Wainwright 2007). Althoughmhsate taxa may experience similar selective
pressures for a functional trait, morphologicap@sses may be different due to constraints
including phylogenetic, developmental/constructiamnd other factors of the environment.

Therefore, it is important to explicitly investigagvolutionary patterns at respective biological
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levels. Lastly, our study’s use of an invertebg@up provides some support for the generality

of form and function decoupling, leading to divécsition.
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Table 3.1 - Scallop behavioral life habit categerie

Life Habit Description Species included in this study
Cement Permanent attachment of the right val
by direct secretion of shell material or
hard or heavy substratum (Waller
1996)
Nestling Permanent attachment within the
crevices of corals (Yonge 1967,
Dijkstra 1991, Kleeman 2001)
Byssal Temporary attachment by byssus Antillipecten antillarum(Récluz, 1853)Mimachlamys asperrima
attaching threads onto substratum allowing (Lamarck, 1819),
reorientation (Stanley 1972, Brand  Chlamys behringianévalh & Clausen 1980 pathochlamys benedicti
2006) (Verrill & Bush in Verrill, 1897),Pascahinnites coruscaifslinds, 1845),
Juxtamusiuntoudeini(Bavay, 1903)Mimachlamys crassicostata
(Sowerby 11, 1842)laevichlamys cuneai@eeve, 1853 ygochlamys
delicatula(Hutton, 1873)Semipallium dring{(Reeve, 1853)Chlamys
islandica(Mduller, 1776),Veprichlamys jousseaum@avay, 1904),
Leptopecten latiauratu@onrad, 1837)Coralichlamys madreporarum
(Sowerby 11, 1842)Cryptopecten nugReeve, 1853)Gloripallium
pallium (Linnaeus, 1758) ygochlamys phalar&oth, 1985,
Caribachlamys senti@Valler, 1993)Gloripallium speciosuniReeve,
1853),ExcellichlamysspectabiligReeve, 1853).aevichlamysquamosa
(Gmelin, 1791) Swiftopecterswiftii (Bernardi, 1858)Delectopecten
vancouverensié/NVhiteaves, 1893)
Recessing Excavating or burrowing into soft PectenfumatusReeve, 185PectermaximugLinnaeus, 1758 uvola

sediment providing partial or completeperula(Olsson, 1961)cuvolaraveneli(Dall, 1898),Euvolavogdesi
concealment (Baird 1958, Minchin (Arnold, 1906),Euvolaziczac(Linnaeus, 1758)

1992, Sakurai and Seto 2000, Brand

2006)

YL



Table 3.1 (Continued)

Free-living Rests above soft or hard substratum Equichlamys bifrongLamarck, 1819)Mimachlamyscloacata(Reeve,

(Stanley 1970)

Gliding Able to swim >5 meter per effort
(Cheng et al. 1996, Brand 2006)

1853),Aequipecten glyptud/errill, 1882),Argopecten irradians
Argopecten nucleud@orn, 1778) Aequipecten opercularid.innaeus,
1758),Decatopecten plicéLinnaeus, 1758)Argopecten purpuratus
(Clark 1965) Decatopectemadula (Linnaeus,1758)$erratovola
rubicunda(Récluz in Chenu, 1843pectenseptemradiatud/tiller, 1776,
Decatopectestrangei(Reeve, 1852)ArgopecternventricosugSowerby
Il, 1842),Bractechlamysexillum(Reeve, 1853)

Adamussium colbecksmith, 1902)Ylistrum japonicun{Gmelin, 1791),
Placopecten magellanicy&melin, 1791)Euvola papyraceurGabb,
1873),Amusium pleuronectéMorton, 1980),Ylistrum balloti(Joll 1989)

SL
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Table 3.2 - Fossil calibration points used in #stigly. Fossils placements were to the stem nodes
of their respective taxonomic group.

Node Mean Age (MYA) Age standard deviation (MA)
PecterEuvolasubclade 20.27 17.73

Euvola 18.22 15.68

S. benedicti 3.07 0.53

Caribachlamys 2.703 0.897

Pectinidae 241.35 11.35

Propeamussiidae 173.85 73.35

Argopecten 12.785 10.245

Aequipecten 84.125 60.875

Cryptopecten 11.515 11.515
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Table 3.3 - Statistical evaluation of shell shajePairwise comparisons of group means based
on Euclidean distances (below diagonal) with sigaiice levels (above diagonal) based on 9999
permutations (significant in bold). B) Disparity aseires for each life habit group based on
Procrustes variance (gliders represented by tveirctusters found in PCA). Significance levels
comparing disparity between groups are based ol P8Anutations (significant in bold).

Pairwise comparisons of species means using Euclidean distance

Byssal Free-living  Gliders Recessors
attachers
Byssal - 0.0001 0.0001 0.0001
attachers
Free-living 0.2735 - 0.0001 0.0001
Gliders 0.5377 0.0567 - 0.0001
Recessors 0.1195 0.1339 0.1000 -
Procrustes variance for life habit groups
Byssal Free-living  Gliders-A Gliders-B Recessors
attachers
1.824x10 2567x10 4.179x10 7.584x10 2.048 x 10
Probability values for pairwise comparisons of disparity using Procrustes
variance
Byssal Free-living  Gliders-A Gliders-B Recessors
attachers
Byssal - 0.0808 0.0023 0.0597 0.7149
attachers
Free-living - 0.0001 0.0022 0.4252
Gliders-A - 0.5783 0.0116
Gliders-B - 0.0744

Recessors
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Figure 3.1 - Phylogenetic relationships among gseaf Pectinidae used in this study.
Topological relationships are from (Alejandriabal 2011). Time calibration based on nine
node groups (see Methods for description and TZble
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Figure 3.2 - Three-dimensional scan of the lefvgalf a scallop, with the position of landmarks
and semilandmarks indicated. Surface semilandnagkshown in gray, landmarks along the
boundary edge are shown in black, and fixed pa@irgsnumbered (see text for description).
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Figure 3.3 - Principal components plot of shellmhbhased on 591 specimens. The first two axes
explain 72.3% of the total shape variation (PCID%6PC2 = 12.3%). Specimens are colored by
the life habit group to which they belong (blackyssal attachers, red = free-living, green =
gliding, blue = recessors).
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Figure 3.4 - Phylomorphospace plot visualizingfthst two axes of morphospace of scallops,
with the phylogeny superimposed. Black dots represgtant species, gray dots signify extant
gliding species, and white dots represent hypotleedsancestors found from ancestral state
reconstruction. The inset shows an enlargemeriteofe@gion in morphospace containing gliding
species, displaying the two glider morphotypes i(d B). Only those phylogenetic branches
containing gliding species and their ancestorshosvn.
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Supplementary Material 3.1 - Museums from whichcgpens were obtained. The left valves of
individuals from both in-house and museum collaicAmerican Museum of Natural History
(AMNH), New York City, New York, United States; Bece Pauahi Bishop Museum (BPBM),
Honolulu, Hawai’i, United States; California Acadgof Sciences (CAS), San Francisco,
California, United States; Delaware Museum of Naititistory (DMNH), Wilmington,

Delaware, United States; Field Museum of Naturatéty (FMNH), Chicago, lllinois, United
States; Florida Museum of Natural History (FLMNI@Bainesville, Florida, United States; lowa
State University (ISU), Ames, lowa, United Statesiseum of Comparative Zoology Harvard
University (MCZH), Cambridge, Massachusetts, Uniidtes; Muséum National d’Historie
Naturelle, Paris, France (MNHN); Natural History 8&wm of Los Angeles County (LACM),
Los Angeles, California, United States; North Caex@Museum of Natural Sciences (NCMNS),
Raleigh, North Carolina, United States; United &atlational Museum, Smithsonian Institution
(USNM), Washington, D. C., United States; Westeusttalian Museum (WAM), Perth,
Australia; and Yale Peabody Museum (YPM), New Haw&mnnecticut, United States.

Species (N) Collection ID Locality
Adamussium colbeck38) USNM 522464 Marguerite Bay, Antarctica
USNM 522467 Horseshoe Island, Antarctica

USNM 1024098-1024100, Victoria Land, Antarctica
USNM 1024201-1024202

USNM 1024126 Adelie Cove, Antarctica
USNM 1024128, USNM Icaro Cove, Antarctica
1024139
Aequipecten glyptu®) FMNH 57045 Gulf of Mexico
FMNH 71114-B, FMNH Port Isabel, Texas, United
71114-C, FMNH 77954 States
FMNH 227444 Florida Keys, Florida, United
States
Aequipecten operculari®) FMNH 69059 Palma, Majorca, Spain, Sta.
TD-69059
FMNH 149185 England, Sta. FMNH149185
FMNH 149185B England
FMNH 160770 Venice, ltaly, Sta.
FMNH160770
FMNH 325802 France, Sta. ML-325802

Amusium pleuronect€28) USNM 254931 Borneo Island, Malaysia
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USNM 810892

La Union, Luzon, Philippines

USNM 1236642

Ban Phe, Rayong Province,
Thailand

Antillipecten antillarum(7)

FLMNH 378319

Cape Florida, Florida, United
States

LACM 177784

West Indies, West Atlantic

USNM 764816

Bear Cut, Miami, Florida,
United States

Argopecten irradian$27)

DMNH 40205

Wellfleet Harbor,
Massachusetts, United States

Argopecten nucleud.0)

LACM 60922, LACM 167681,
LACM 177781

Florida

Argopecten purpuratugl 2)

FLMNH 337447

Paracas Bay, Peru

Argopecten ventricosyd)

LACM 23174

La Paz, Mexico

LACM 177782

Mission Bay, San Diego,
California, United States

LACM 177783

Santa Ana jetty, California,
United States

Bractechlamys vexillurt¥)

LACM 34137, LACM 53735,
LACM 86066

Zamboanga, Zamboanga del
Sur Province, Mindanao
Island, Philippines

LACM 53927

Amboina, Maluku Islands,
Indonesia

LACM 177778

Jolo, Jolo Island, Sulu
Archipelago, Sulu Province,
Philippines

Caribachlamys senti@8)

FLMNH 374737

Biscayne Bay, Florida, United
States

Chlamys behringiané20)

USNM 1236650

Monti Bay, Yakutat, Alaska,
United States

Chlamys islandic48)

LACM 167521, LACM
177789, YPM 7448

Newfoundland, Canada
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LACM 167522, LACM
177788, LACM 177790

Iceland

LACM 118060

Massachusetts, United States

Coralichlamys madreporarum LACM 167529
(7)

Java, Indonesia

MNHN ----- Tulear, Madagascar
Cryptopecten nugb) MNHN 1266 Eiao Island, Marquesas
Islands, French Polynesia
MNHN ----- Hiva Oa Island, Marquesas
Islands, French Polynesia
Decatopecten plicé8) LACM 53930 Maqueda Bay, Samar,

Philippines

LACM 113495

Ryukyu Shoto, Okinawa,
Japan

LACM 167737

Sri Lanka, Indian Ocean

LACM 177770

Fukura, Awaji-shima, Hyogo,
Honshu, Japan

LACM 177771

Taiwan

LACM 177775

Kii-suido, Honshu, Japan

Decatopecten raduléb) LACM 53966 Zamboanga, Zamboanga del
Sur, Mindanao, Philippines
Decatopecten strangéb) LACM 22102 Hervey Bay, Queensland,
Australia
LACM 28417 Keppel Bay, Queensland,

Australia

LACM 177776

Urangan, Queensland,
Australia

LACM 177777

Perth, Western Australia,
Australia

Delectopecten vancouverensi$ ACM 1964-65.8
(7)

Cape Foulweather, Oregon,
United States

Equichlamys bifron§7) ISU bifrO1-bifrO4

Hobart, Tasmania, Australia
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LACM 167614 South Australia, Australia
LACM 167618 Tasmania, Australia
LACM 177794 D'Entrecasteaux Channel,
Tasmania, Australia
Euvola papyraceun5) ISU papy01-papy25 Gulf of Mexico
Euvola perula7) FLMNH 0033, FLMNH Panama

175399, FLMNH 344458,
FLMNH 352802, FLMNH

412161
Euvola ravenel(6) LACM 25708 Lee County, Florida, United
States
LACM 69308 Brevard County, Florida,
United States
LACM 112475, LACM San Juan, Puerto Rico
114335
Euvola vogded(11) LACM 1937-120.2 San Luis Island, Gulf of
California, Mexico
LACM 1960-5.11 Loreto, Gulf of California,
Mexico
LACM 167473 Gulf of California, Mexico
LACM 176403 La Paz, Gulf of California,
Mexico
Euvola zicza¢13) FMNH 183573 Key West, Florida, United
States
LACM 114368 Margarita Island, Venezuela
LACM 176405 Bermuda
Excellichlamys spectabilid7) LACM 63-132 Talaga Cove, Bataan Province,
Luzon Island, Philippines
LACM 71-198 east of Suva, Viti Levu Group,

Fiji
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LACM 71-205 Yanu-yanu-i-loma Island,
Great Astrolabe Reef, Kadavu
Group, Fiji

LACM 78-61.7 west of Kia village, Santa
Isabel Island, Solomon Islands

LACM 86-233 Kolotahi Bay, Vava'u Island,
Vava'u Group, Tonga

LACM 87-176 south of Beagle Island, Marau
Sound, Guadalcanal Island,
Solomon Islands

LACM 88-290 northwest tip of Coron Island,
Coron Bay, Busuanga Island,
Palawan Province, Philippines

LACM 53571 Kii-suido, Honshu, Japan

LACM 60904 Ya-shima, Yamaguchi
Prefecture, Honshu, Japan

LACM 60909 Mauritius

LACM 86031 Baler, Quezon Province,

Luzon Island, Philippines

LACM 117745

Sunuba, Okinawa-jima,
Okinawa Prefecture, Japan

LACM 167646

Japan

Gloripallium pallium(8)

FMNH 13847, FMNH 82376

Japan

FMNH 82379

Loo-Choo Islands, Japan

FMNH 88822

Puerto Galera, Philippines

FMNH 149182D

Maluku Islands, Indonesia

FMNH 183866

Carolina Island, Palau

FMNH 309702

Punta Engana, Cebu,
Philippines

FMNH 325810




87

LACM 78-99 Horseshoe South, 1km west of
Onna Village, Okinawa-jima,

Okinawa, Japan

Gloripallium speciosun(8)

LACM 86-162 Pelangi & Putri Islets, Palau-
Palau Seribu Islands, off Java,

Indonesia

LACM 86-218 south side Nuku Island, west of
Kapa Island, southwest of
Vava'u Island, Vava'u Group,

Tonga

LACM 88-56 south side Bunaken and
Siladen Islets, off Menado,

Sulawesi, Indonesia

LACM 88-63 off Ajer (Gili Air) and Meno

Islets, Lombok, Indonesia

LACM 90-6 north side Hardy Reef,
northeast of Whitsunday
Islands, Great Barrier Reef,

Queensland, Australia

LACM 117748 Serigaki, Okinawa-jima,

Okinawa, Japan

LACM 177769 Philippines

Juxtamusium coudeiiid) MNHN DE11 Nouméa, New Caledonia
MNHN 713 Canala, New Caledonia
MNHN 892 Pouebo, New Caledonia

Laevichlamys cuneai@®)

LACM 177796

Kii-suido, Wakayama
Prefecture, Honshu, Japan

MNHN ----- Japan

Laevichlamys squamog8) CAS 63086, CAS 63088, CASOshima, Japan
63091

MNHN 12, MNHN 57 New Caledonia

Leptopecten latiauratub) BPBM 196931 Santa Barbara, California,

United States
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CAS 089510

San Diego Bay, California,
United States

NCMNS 20625

Alamitos Bay, California,
United States

Mimachlamys asperriméb)

LACM 177804

D'Entrecasteaux Channel,
Tasmania, Australia

Mimachlamys cloacatér)

MNHN 1002, MNHN 1299

New Caledonia

USNM 764127, USNM
764129, USNM 764131,
USNM 764133

Japan

Mimachlamys crassicostata
(10)

Pascahinnites coruscars)

FMNH 44304 Tosa Bay, Japan
FMNH 151907 Japan

FMNH 13247 -

FMNH - e

Pecten fumatugl3)

ISU fuma03-fuma05, LACM
60895

Hobart, Australia

LACM 22038, LACM 53835,
LACM 167438

Tasmania, Australia

LACM 28424 Albany, Australia
LACM 28443 Port Lincoln, Australia
LACM 53617 Eden, Australia
LACM 53638 Portland, Australia

LACM 114040

Wallaroo, Australia

LACM 176402

Australia

Pecten maximub)

LACM 28153

Quiberon, France

LACM 103489

Cherbourg, France

LACM 112233

Brest, France

LACM 167452

Bantry Bay, Ireland

LACM 167454

Bristol Channel, Great Britain
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Placopecten magellanicf24) ISU mageOl-mage24

New Bedford, Massachusetts,
United States

Pseudamussium
septemradiatu§30)

USNM 62645

Loch Fyne, Scotland

Semipallium dring{(23)

MCZH 93565, MCZH 317354-Broome, Australia

317355, 317359

MNHN Stn1300

west of Koumac, New
Caledonia (20°35.6S,
164°15.2E)

MNHN StnCP1387

south of Rovodrau Bay, Viti
Levu, Fiji (18°18.5S,
178°04.7E

MNHN StnDw09

northwest of Beqa Island, Fiji
(18°21.4S, 178°06.3E)

MNHN StnDW12

northeast of Beqa Island, Fiji
(18°21.4S, 178°09.6E)

Serratovola rubicund#b)

MNHN StCH205

Makassar Strait, Indonesia
(01°08S, 117°18E)

Spathochlamys benedi¢h)

DMNH 105890

southwest John's Pass, Florida,
United States

DMNH 105890 (532)

southwest John's Pass, Florida,
United States

FMNH 164384

Sta. S-164384, Gulf of Mexico

FMNH 325814

Port St. Joe, Florida, United
States

Swiftopecten swifti{7)

CAS 63

Japan

DMNH 9599, DMNH 013718,
DMNH 63290

Hokkaido, Japan

DMNH 63282

Nemoro, Hokkaido, Japan

DMNH 155991

off South Hokkaido, Japan

Veprichlamys jousseaum(@i)

MNHN CP143

Philippines
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Ylistrum balloti(32)

WAM 33076.2-33076.4,
WAM 33077.1-33077.2,
WAM 33077.4

Rottnest Island, Western
Australia, Australia

WAM 33078.2-33078.4,
WAM 33079.2-33079.4,
WAM 33080.3-33080.4

South Denham Sound, Shark
Bay, Western Australia,
Australia

WAM 33081.2-33081.3,
WAM 33082.2-33082.4

North West Peron, Shark Bay,
Australia

WAM 33083.3-33083.4

Houtman Abrolhos Islands,
Australia

WAM 33084.2-33084.4

Doubtful Islands, Albany,
Western Australia, Australia

WAM 33085.2-33085.4

Quoin Head, Fitzgerald River
National Park, Western
Australia, Australia

WAM 33086

Hassell Beach, Bald Island,
Western Australia, Australia

WAM 33087.2-33087.3,
WAM 33088.2-33088.3

Point Ann, Western Australia,
Australia

Ylistrum japonicun{20)

USNM 023947, USNM
304217, USNM 763645,
USNM 818253

Honshu Island, Japan

USNM 229068-229070,
USNM 343967, USNM
753705

Kyushu Island, Japan

USNM 333959

Fuzhou, China

Zygochlamys delicatul¢b)

AMNH 257649

Stewart Island, New Zealand,
Pacific Ocean

AMNH 275131

Macquarie Island, Tasmania,
Australia, Pacific Ocean

AMNH 275132

Timaru, South Island, New
Zealand, Pacific Ocean

AMNH 306022

Snares Island, New Zealand

MCZH 166387

South Island, New Zealand
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Zygochlamys phalarél0) FLMNH 338623 Juan Fernandez Island, Chile
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Abstract

The scallop genuamusiumRadding, 1798 is one of few genera of Pectinidag th
includes taxa capable of long-distance swimminglioing. Membership of the genus has been
defined primarily by shell shape, and it curremigludes only three species: the type spegies
pleuronectegLinnaeus, 1758). balloti (Bernardi, 1861) anA. japonicum(Gmelin, 1791). In
this study, we use molecular data and aspectsatifrslorphology to resolve the systematics of
the genus. Phylogenetic reconstruction of Pectenitkng nuclear and mitochondrial DNA
sequence from four genes supports a polyphyketicisium Differences in internal ribbing
pattern provide morphological evidence for the gggton of the two clades identified in our
phylogenetic analysef contrast, quantification of shell shape throgglometric morphometric
methods indicates that shape is a convergent pymand is not informative in terms of
distinguishing between the two gliding lineagess&hon these results, we descibistrum n.
gen, which includes two species previously assigaddnusiumWe provide characters that
separate the now monotygenusiunfrom the two specie#listrum balloti n. comb. and .

japonicum n. comb.
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Introduction

Bivalve molluscs are a diverse group of invertedsatonsisting of approximately 30,000
species worldwide (Bieler & Mikkelsen, 2006). Thesemals have evolved a broad range of
morphological and behavioral characteristics thakethem an attractive model for studying
patterns and processes of evolution. Perhaps tkeinteresting facet of bivalve evolution
involves the often tight association between molpinand ecological niche (Stanley, 1970,
1972). As a result, unrelated taxa that occupylamhiabitats often converge on a distinct suite
of morphological characters (Trueman, Brand & Day866; Stanley, 1970, 1981, 1988;
Watters, 1994) and a similar behavioral habit (letariL970).

Scallops (Pectinidae) exemplify the associatiamvben morphology and ecological
niche. All non-permanently attached scallop spelsgas the ability to swim to escape predators
(Himmelman, Guderley & Duncan, 2009) or seek fabtgdabitat (Buddenbrock & Moller-
Racke, 1953; Hamilton & Koch, 1996), but the distatravelled is short, usually less than 1 m
between lifting from and settling back onto a stdist(Brand, 2006). In contrast, a small
number of scallop species can glide. Gliding igpeetof swimming behaviour that includes: (1) a
great distance travelled per swimming effort (5a3@er effort; Brand, 2006); (2) the presence
of a level swimming phase, where the animal is &blmaintain a near-horizontal trajectory
above the substrate (Morton, 1980; Joll, 1989; An€attaneo-Vietti & Chiantore, 1998) and
(3) a glide component, where the animal is propdibeward while the valves are held closed
(Manuel & Dadswell, 1993; Chergg al, 1996; Anselkt al, 1998). Neither a level swimming
phase nor a glide component is present in the gmrenon short-distance swimming scallops
(Marsh, Olson & Guzik, 1992; Ansadl al, 1998; Donovart al, 2002). Gliding has evolved at

least four times in Pectinidae (Alejandrino, Puslk& Serb, 2011), as representedAyusium
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Roding, 1789FuvolaDall, 1898;AdamussiunThiele, 1934; an®lacopecterGmelin, 1791. In
each of these evolutionary instances, gliding sgseleave shell shape that is qualitatively similar
(Stanley, 1970; Hayami, 1991; Millward & Whyte, 299suggesting that gliding scallops have
converged on a single morphological solution t@@mon ecological problem. As a
consequence, the highly similar conchological cttersstics of gliders may mask biological
diversity.

The gliding genu&musiunmcurrently includes three species, nanlyalloti (Bernardi,
1861),A. japonicum(Gmelin, 1791) and. pleuronecte¢Linnaeus, 1758) (Raines & Poppe,
2006; Dijkstra, 2013). All three species possegserlike shape and smooth outer surface of the
shell (Fig. 1). Coloration aside, the most vagatbnchological feature among the three species
is the development of linear structures that radiaim the umbo to the margin on the valve’s
interior, to which we apply the general term ‘imak ribs’, but which have also been called
‘carinae’(Waller, 1991) or ‘lirae(Dijkstra, 1988) by others. The number and pattérinternal
ribs have been used to distinguish the type spe&igdeuronectedrom other members of the
genus (e.g., Habe, 1964; Raines & Poppe, 2006).

In this study, we show that a combination of malacmarkers and morphological
characters support the recognition of a new gehgsding scallop, distinct fromAmusium
First, we test the polyphyly of the genisiusium(Alejandrinoet al.,2011) by generating a
molecular phylogeny with greater geographic sangpdihfAmusium sensu lat&econd, we use
16S ribosomal RNA gene sequences to determine ehttth amount of sequence variation of
these two lineages is greater between than witlelade. Finally, we examine shell shape and
internal rib patterning to determine whether thesephological characters can be used to

separate reliably these two molecularly defineddiges. We demonstrate that the number of
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internal ribs is a reliable character to distinguigetween the now monotypfanusiumand a

new genusylistrumn. gen. We reclassifiA’’ balloti and ‘A’ japonicumas species of listrum

Materials

Institutional abbreviations

DMNH, Delaware Museum of Natural History, WilmingtoDelaware, USA
FLMNH, Florida Museum of Natural History, Gaines®jlFlorida, USA

LACM, Natural History Museum of Los Angeles, Los dales, California, USA
LSL, Linnean Society of London, London, UK

MNHN, Muséum National d'Histoire Naturelle, Pafisance

MSNP, Museo di Storia Naturale, UniverditicPisa, Pisa, Italy

USNM, National Museum of Natural History, Washingio.C., USA

WAM, Western Australian Museum, Perth, Australia

YPM, Yale Peabody Museum, New Haven, Connectic®AU

Phylogenetic analysis

We examined 81 species, representing 31% of ttesetaxa of Pectinidae. Taxonomic
classification follows that of Dijkstra (2013) aMdaller (1991). Eleven species from three
closely allied families, Propeamussiidae, Limidad &pondylidae, were included as outgroup
taxa based on the results from Puslednik & Serb&pand Alejandrinet al. (2011). All
specimens were preserved in 95% ethanol and weweded by either museum collections or
colleagues (Supplementary material: Appendix A).ewpossible, DNA was extracted from two

or more individuals per species as a test for asgrgrplacement in the phylogenetic analyses.
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We added to the dataset of Alejandretal.(2011), increasing the geographic sampling of
Amusiuns. |. by 22 more specimené.(pleuronectesnorthern Australia, Andaman Sea of
Thailand, China and PhilippinedA." balloti: New Caledonia and multiple Western Australian
locations; Fig. 2). Primer sequences (12S rRNA, IERSA and histone H3), polymerase chain
reaction (PCR), and sequencing conditions wereritbestby Puslednik & Serb (2008).
Parameters used for PCR and sequencing of theRX88 gene portion were described by
Alejandrinoet al. (2011). When the PCR optimization steps failedngplify a sufficient amount
of product (< 20ng/l) or a single product, we cloned the PCR prodtaitewing
manufacturer’s instructions (TOPO TA Cloning KittwwpCR2.1-TOPO, Invitrogen).
Sequencing was carried out in an ABI 3730 CapilEectrophoresis Genetic Analyzer
at the lowa State University DNA Sequencing FacilRNA sequences generated during this
study are deposited in Genbank (accession numke&79113 -KC879138; see also
Supplementary materiakppendix A). Sequences were aligned using CLUSTAICWWompson,
Higgins & Gibson, 1994) with a gap-opening penaltyt0.00 and a gap-extending penalty of
0.20 in Geneious Pro v. 5.6.4 (Drummaetdal, 2011). Ambiguous alignment of the 16S rRNA
gene sequences was identified using the GBlockeeB@Castresana, 2000; Talavera &
Castresana, 2007) with parameters that allow fallemfinal blocks, gap positions within final
blocks and less strict flanking positions. Thisioegvas not included in phylogenetic analysis.
The remaining aligned sequences (2,259 bp) wetdipaed by locus; the protein-coding gene
histone H3 was further partitioned by codon positigor each partition, an appropriate
nucleotide substitution model was selected usiegkaike Information Criterion (AIC) in
MrModeltest v. 2.3 (Nylander, 2004). The GTR+G mloslas selected for the 12S rRNA

partition and the GTR+G+I model was the best fittfee remaining three gene regions. The
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multi-gene sequence alignment was analysed usiggdtn Inference (Bl), where model
parameters were unlinked between data partitionslrBayes v. 3.1.2 (Huelsenbeck &
Ronquist, 2001). We used the Metropolis CoupledkdaiChain Monte Carlo method with one
cold and three hot chains for 25,000,000 generstisampling every 100th generation for three
simulations. We discarded the first 62,500 tredsuas-in and the remaining trees were used to
compute a majority-rule consensus topology, brdecbths and posterior probabilities (PP).

To test the current hypothesis tlhaihusiumis a clade, we ran a second Bl analysis with
the same priors as described above. In this asalys constrained almusiumand ‘Amusium
taxa as a monophyletic group, but did not imposegairement of a completely resolved
topology. We used the Shimodaira-Hasegawa Tesi@haira & Hasegawa, 1999; Goldmeain
al., 2000) in PAUP* v. 4.0b10 (Swofford, 2002) to ccemg topologies. To estimate genetic
differences among individuals Aimusium sensu latave calculated p-distances among pairs of
DNA sequences (Geneious Pro v. 5.6.4). Genetiartists are based on the 16S rRNA gene
fragment as it was the only dataset common to palbji availableAmusium s. land museum
specimens used in our study. Because p-distancersweorrect for multiple substitutions at
homologous nucleotide positions or account foredéhces in evolutionary rates among sites, it

is a relatively conservative estimate of genetstatice.

Statistical evaluation of shell ribbing variation

Internal and external features of both left aghtrivalves were examined (Fig. 1). Due to
the customary use of internal ribbingAmusiunmspecies identification, we counted internal ribs
for A. pleuronectegn = 42), ‘A’ balloti (n = 40), andA.’ japonicum(n = 11). A t-test was used
to examine pairwise differences in mean rib cobetsveerA. pleuronectews. ‘A.” japonicum

‘A.’ balloti vs.A. pleuronectesand A.” balloti vs. ‘A.” japonicum We also noted whether ribs
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were paired on each valve, a feature typically nkeseinAmusiuns. |. (Waller, 1991;
Supplementary material: Appendix B).

In order to demonstrate that ribbing counts awfected by size of the scallop, we
calculated mean rib counts for smaller specimemsli(keight < 80 mmp = 22) and larger
specimens (shell height80mm,n = 18) of ‘A.’ balloti (Supplementary material: Appendix B).
These analyses were not performed&opleuronecteand ‘A.” japonicumdue to a lack of

samples from the different size categories.

Geometric morphometrics

To determine the reliability of shell shape inagpingAmusiumand Amusiuni we
used geometric morphometrics to quantify and stedity evaluate shell shapes. We selected a
total of nine species, three species representioly ef three life habits (gliding, byssally
attaching and free-living) exhibited by scallopsdjandrinoet al, 2011). For each life habit, we
examined three species, two of which were congemerccount for morphological similarity
due to shared evolutionary history (FelsensteiB5).9All three species ddmusium s. lwere
examinedA. pleuronectegn = 18), ‘A.’ japonicum(n = 20), andA." balloti (n = 32). Species
representing the byssally attaching life habituded:Caribachlamys senti@Reeve, 1853)(=
28), Chlamys behringianéMiddendorff, 1849)1§ = 20), andCh. islandica(Muller, 1776) ( =
8). Pseudamussium septemradiamiglier 1776 6 = 30),Argopecten irradiangLamarck, 1819)
(n=27), andAr. purpuratus(Lamarck, 1819)r(= 23) represented the free-living taxa. For each
species, at least eight individuals were includmdaftotal of 206 specimens (see Supplementary
material: Appendix C).

We used three-dimensional, landmark-based geamatiphometric methods to

guantify shell shape (Bookstein 1991; Rohlf & Maadi993; Adams, Rohlf & Slice, 2004;
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Zelditchet al.2004). As opposed to linear morphometric meti{eds Gould, 1971), this
method quantifies shape from coordinates of honmleg@natomical structures (landmarks),
which include points along curves and surfaces {seamarks: Gunz, Mitteroecker &
Bookstein, 2005; Mitteroecker & Gunz, 2009) andvites a more complete description of
shape. To quantify shell shape, we used 512 thmersional landmarks and semilandmarks to
ensure that textural information of the shell scefavas adequately assessed. Using a
NextEngine 3D surface scanner, we obtained higbhugen scans of the left valves of each
individual. Each scan was then digitized for thealions of five homologous landmarks, which
represented the following anatomical locationszehtroposterior auricle; 2, dorsoposterior
auricle; 3, umbo; 4, dorsoanterior auricle; 5, veamterior auricle (illustrated by Seebal.,
2011). Eleven semilandmarks were digitized alomgviintral edge of the valve and 496
semilandmarks were digitized for the shell surfdoedetailed procedures see Guatal, 2005;
Serbet al, 2011).

We aligned all the digitized specimens using galesd Procrustes superimposition
(Rohlf & Slice, 1990). This procedure allows semdenarks to slide along their tangent
directions (Gunzt al, 2005) to minimize Procrustes distance betweenis@ns (one direction
for edge semilandmarks and two directions for srfsemilandmarks). A set of Procrustes
shape coordinates was obtained from the alignetirepas and was used as shape variables in
statistical analyses (Booksteshal, 1999; Mitteroeckeet al, 2004; Mitteroecker & Bookstein,
2008). We used the ‘geomorptackage and routines written by Adams & Otarolatilas
(2012) for R 2.15.3 (R Development Core Team, 2009)gitizing the specimens and for

morphometric analyses.
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To test the hypothesis that species are differesiiell shape, we used a honparametric
MANOVA, because the number of variables (1,536)exied the number of specimens (206).
The Euclidean (Procrustes) distances among indisdwere calculated and used to estimate
distance variations between species and comparidtamce variations within species.
Statistical significance was determined using 10,0érmutations (Anderson, 2001). We then
performed pairwise comparisons between speciestardine whether those species that have
the same life habits could be differentiated basedhell shape. For each pair of species, we
calculated the difference in average shell shapgkeaguclidean distance between species means.
We then tested whether pairs of species were mffezasht than expected from chance using
permutation, where individuals were randomly assigto species groups, new means were
calculated, and the Euclidean distances between Were estimated (Adams & Collyer, 2007,
2009; Adams, West & Collyer, 2007; Collyer & Adar@907). Holm’s sequential Bonferroni
correction was used to reduce Type | error ratedRi989). To visualize patterns of variation
within and among species, we performed a prina@paiponents analysis (PCA). All statistical

analyses were performed in R 2.15.3 (R Developr@ent Team, 2009).

Results

Molecular analyses

The reconstructed phylogeny from the Bl analysisamparable with the phylogeny of
Alejandrinoet al. (2011). Figure 3 highlights the clade of inter@sd the full phylogeny is
provided in Supplementary material (Appendix D)pBmrding the number and geographic
samples of gliding species recovers two separatepiyletic clades: one clade contains ofly

pleuronectegPP = 100) and the second clade include'sballoti and ‘A.” japonicum(PP = 100;
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Fig. 3). The latter clade we describe as a new gjéflistrum,and hereafter refer télistrum

balloti n. comb. and. japonicumn. comb. (see Systematic description, below). Gaméng
AmusiumandY listrumto a single clade resulted in a lower likelihogdre (constrained: InL = -
46583.94613; unconstrained: InL = -46450.39651 adguveighted branch lengths), and this
topology was significantly less likely given theta@ = 0.019) under the Shimodaira-Hasegawa
test.

The pairwise comparisons of the 16S rRNA sequesicew greater similarity within a
single clade than between the two clades (Tablegdihg the conservative p-distance
calculation, the percent of nucleotide sequencdagiity betweenAmusiumandY listrumranges
from 73.1% to 87.6%. Nucleotide sequence similasityin theYlistrumclade ranges from

90.6% to 99.6%, and from 79.2% to 98.7% amAnpgleuronectespecimens (Table 1).

Statistical evaluation of shell ribbing variation

For the left valve, the mean number of ribsAopleuronectesvas 23 (range 19-27),
while Y. balloti andY. japonicumaveraged 35 (range 30—4%)d 38 (range 35—41) ribs,
respectively (Supplementary material: Appendix B)e mean number of ribs for the right valve
of A. pleuronectesvas 23 (range 20-30 ribs), whieballoti andY. japonicumaveraged 44
(range 36-50) and 46 (range 39-51) ribs, respégtii#ey. 4; Supplementary material:
Appendix E). In addition to these 93 morphologsaécimens examined, we found one
specimen oA\. pleuronectefUSNM 1236642: Ban Phe, Rayong Province, Thailavith) an
inordinately high number of ribs on the left valleft = 34; right = 24; Supplementary material:
Appendix F). This individual was one of 10 specisenllected from the same location at the
same time. While tissues were not available faritidividual, DNA sequences from two

syntopic specimens phylogenetically place thesealsi withinA. pleuronecte¢Fig. 3) and 16S
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rRNA sequence similarity is within the range ofdgdanembers (79.2%) (Table 1). Thus, we
suspect the inordinately high number of ribs nahtbcate another taxonomic unit, but is likely
the result of a growth abnormality as the extra vikere incomplete, not reaching the valve
margins (Supplementary material: Appendix F). Bpecimen was excluded from further
analyses. Aside from this one specimen, the raafiees for internal ribbing patterns of both left
and right valves are comparable with other estimédey. Habe, 1964; Raines & Poppe, 2006).
Internal ribbing counts for the left valves weratsstically different for all pairwise comparisons
of speciesA. pleuronecteysY.japonicum(P < 0.0001),Y. balloti vsA. pleuronectegP <
0.0001), andr. balloti vsY.japonicum(P < 0.0001; Table 2). Internal ribbing counts for the
right valves did not statistically differ betwe¥nballotiandY. japonicunm(P = 0.09; Table 2),

but were statistically dissimilar f@k. pleuronectesandY.japonicum(P < 0.0001) andr. balloti
andA. pleuronectegP < 0.0001). The presence of paired ribs on bothaledt right valves

occurs in all three species and is therefore muaal character in differentiating between the two
genera (Supplementary material: Appendix B).

Next, we determined whether the size of the anmmght influence the observed
differences in ribbing counts. To this end, we difi and compared internal rib number
between smaller and larger specim¥nisalloti, and found no statistical difference in the
number of ribs for either lef(= 0.465) or right = 0.312) valves. These data suggest that rib
number is unlikely to change during ontogeny. Waua®e that the observed pattern will be
consistent irA. pleuronectegndY. japonicum but sufficient samples were unavailable for direc
testing Therefore, rib number should be a reliable charaontdistinguishing between the two

genera even when comparing individuals of diffesenés (Fig. 4).
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Geometric morphometrics

When we analyzed shell shapes, we found significanation among species relative to
within species (np-MANOVAF = 67.63,P < 0.0001 R = 0.733). This indicates that at least
one species is different in shell shape from anmatpecies. In assessing the pairwise shape
differences between species using Euclidean distanee found that the gliding species are
significantly different from all byssal attachingdall free-living specied(< 0.0009; Table 3).
Conversely, none of the gliding species differegphgicantly in shell shape from one anothar (
pleuronectewersusy. japonicumP = 0.0604,Y. ballotiversusA. pleuronectes? = 0.1399Y.
balloti versusy. japonicumP = 0.5121). When we visualized the shell shapeatian using
PCA, the first three principal components descri®@% of the total variation, indicating that the
gliding species occupy a separate area of morpkedpam the byssally attaching and free-

living species (Fig. 5).

Systematic Descriptions

Family Pectinidae Rafinesque, 1815
Tribe Pectinini

Subfamily Pectininae

Amusium Roding, 1798

AmusiumRdading, 1798: 165.
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Pleuronectia—Swainson, 1840: 388.
Amussium-Agassiz, 1846: 19 (error fédxmusiumRo6ding, 1798)

Amussium-Herrmannsen, 1846: 47 (unjustified emendatiorAimusiumR6ding, 1798)

Type species

Ostrea pleuronectessinnaeus, 1758.

Description
Size moderate; valves thin, slightly convex, gamfang margins below auricles; small byssal
notch; circular shell shape; exterior surface d¥&s smooth; left valve variable in colour; right

valve white; left and right valves bearing an ageraf 23 internal ribs radiating to margin.

Amusium pleuronectes(Linnaeus, 1758)

(Fig. 1A-C)

Ostrea pleuronectessinnaeus, 1758: 696, no. 159. Dijkstra, 1999: 383 1C—F (lectotype).
Amusium rumphiChemnitz, 1784: 284, pl. 61, fig. 595 (invalid paation, ICZN art. 11c).
Amusium magneticuRoding, 1798: 165.

Pleuronectia laevigat&wainson, 1840: 388.

Pecten(Amussiumilne edwardsde Gregorio, 1884. de Gregorio, 1898: 6, pl.¢gs fi, 6.
Amusium pleuronectes australiekabe, 1964: 2, pl. 1, figs 1, 2.

Amusium pleuronectes nanshaensiang & Chen, 1991: 152, 160, fig. 3.
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Types
Lectotype (LSL no. 159), paralectotype (MSNP) (Bijia, 1999); locality “Habitat in

Indiis” (Linnaeus, 1758: 696) [= Indonesia, det. Dijksira99].

Material examined
USNM 1236646-1236648 (Philippines); USNM 12366434@45 (Northern Territory
and Queensland, Australia); USNM 1236642 (ThailaNdINH 254931 (Malaysia).

(Supplementary material: Appendices B and C).

Description

Size moderate, maximum height 80-100 mm. Shellslsped, thin, rounded, smooth
externally. Valves very slightly convex, compressedr umbo, gaping at anterior and posterior
sides; suborbicular to orbicular, umbonal argl&20°. Auricles small, equal in size, coloration
matching valve colour. Left valve variable in calpfstom cream to pinkish brown, with variable
bluish purple radial lines and intermittent palésdeear umbo; right valve slightly smaller than
left, white (Fig. 1A—C). Internal ribbing on botlalves; left valve with 19-27 ribs; right valve

with 20-30 ribs.

Distribution

Tropical and subtropical Indo-Pacific Ocean.

Remarks
Based on our daté&musiuns. |, which has previously included three species aversl
subspecies, is herein redefined to include onlyfie speciesA. pleuronectefAmusium sensu

stricto). A thorough revision oAmusiumis necessary to investigate the validity of other
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potential species or subspecies. Here, we aimtordystinguishAmusium s. §rom the new

genus,Ylistrum

Ylistrum Mynhardt & Alejandrino, new genus

Type species

Pecten ballotBernardi, 1861.

Etymology
Ylistrumcomes from the Greek veyluostpod (ylistro), to glide, describing the gliding life

habit of this genus. We use the neuter latinizechfas the generic name.

Material Examined

MNHN 21185 (New Caledonia); USNM 1236641 (Queerd)australia); WAM
33076-33088 (Western Australia, Australia); USNM23, USNM 229068-229070, USNM
304217, USNM 343967, USNM 753705, USNM 763645, US8BIN1253, USNM 1236649,
DMNH 13078, DMNH 20698, DMNH 42249, DMNH 111140, DWW 155970 (Japan); USNM

333959, DMNH 155970 (China) (Supplementary mateAgpendices B and C).

Description

Size large, maximum height up to 120 mm; shell shdipc-like, thin, externally smooth,
suborbicular to orbicular, umbonal anglel20°; valves very slightly convex, compressed nea
umbo, gaping at anterior and posterior sides; lgiemall, equal in size: left valve variable in
color from light to dark red-brown, occasionallytivirregular light or dark speckling, radial

lines present or absent; right valve slightly serathan left, white, sometimes with brown or
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yellow ventral margins (Fig. 1D—L); internal riblgion both valves; left valve with 30-41 ribs,

right valve with 36-51 ribs.

Distribution

Subtropical and temperate Indo-Pacific Ocean.

Ylistrum balloti (Bernardi, 1861)new combination

(Fig. 1C, D, G, H, K, L)

Pecten ballotBernardi, 1861: 46-48, pl. 1, fig. 1.
Amusium ballot—-Iredale 1939: 369-370. Dijkstra, 1988: 3—4.

Amusium japonicum ballettHabe, 1964: 4-5, pl. 1, fig. 5, pl. 2, fig. 6.

Types
3 syntypes MNHN 21185; lectotype here designatéght&6 mm x length 85 mm; 2

paralectotypes 98 mm x 98 mm and 93 mm x 93 mne kypality New Caledonia.

Material examined
Thirty-seven specimens from ten localities (eighiviestern Australia, one in eastern

Australia, one in New Caledonia) (Supplementaryemalt Appendices B and C).

Description

Size moderate, up to a maximum of 110 mm in hefghell disc-shaped, thin, rounded,
smooth externally. Valves very slightly convex, goessed near umbo, gaping at anterior and
posterior sides; suborbicular to orbicular, umbarajlec. 120°. Auricles small, equal in size.

Exterior colour of left valve reddish, covered wétltoncentric pattern from the umbo to ventral
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margin of many thin brown lines and violet-browroty light brown or pale reddish stripes
transverse valve height; auricles often similacatour to base colour of left valve (Fig. 1G);
exterior of right valve white or pale brown, witbrecentric, irregularly sized violet-brown spots;
valve interior white, becoming a pink, brown, oflg® tint along the margins of one or both

valves; interior ribbing on both valves, 30-38 eft valve, 36-49 on right valve.

Distribution

New Caledonia; western, northern and eastern Aisstra

Ylistrum japonicum (Gmelin, 1791), new combination

(Fig. 1B, F, J)

Ostrea japonicaGmelin, 1791: 3317.

Amusium japonicum-Roding, 1798: 165.

Amusium japonicum f. taiwanenBgkstra, 1988: 4 (invalid infrasubspecific name).

Amusium japonicum taiwaniculiabe, 1992: A12 (new name fA@musium japonicum formosum

Habe, 1964).

Types

Not traced.

Material examined

Twenty specimens from 18 localities (Supplementagyerial: Appendices B and C).
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Description

Size large, up to maximum 110 mm in height. Shist-ghaped, thin, rounded, smooth
externally. Valves very slightly convex, compressedr umbo, gaping at anterior and posterior
sides; suborbicular to orbicular, umbonal argl#20°. Auricles small, equal in size. Exterior
colour of left valve dark red to reddish-brown ight brown, with light brown concentric lines
radiating from umbo to ventral edge; auricles dameolour than base of left valve; exterior
right valve white. Interior of both valves whiteftl valve sometimes with brownish margin,
interior right valve almost always with yellow margFig. 1F); interior radial ribbing on both

valves, 35-41 on left valve, 39-51 on right valpaired ribs sometimes present on either valve.

Distribution

Northwest Pacific Ocean (Hong Kong, China; Taiwdapan).

Remarks

Valve colour and the pattern of concentric lined apots differ between the twiistrum
species. IrY. japonicumauricles generally are darker than the base calbthe left valve and
only Y. ballotihas spots in a concentric pattern on both leftragid valves. Internal rib count
could not be used to differentiate between theYhstrumspecies as counts had completely
overlapping ranges. Their geographical distribigiare not known to overlap. Additional

molecular sampling will be needed to address tliditsaof species withinylistrum

Comparison of genera
Ylistrumcan be separated frofdmusiumbased on several morphological features,
including size, number of ribs and coloration (ead).Ylistrumspecies are typically larger,

reaching 120 mm in height as compared to 100 mAmasium however, number of ribs and
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coloration are better characteristics to sepalatédwo genera as they do not appear to be age
dependent.

Ribbing data have been used previously to defiadhlree differenBmusium s. Ispecies
(Fig. 4; Bernardi, 1861; Habe, 1964, Dijkstra, 1p&8it their reliability has not been rigorously
tested. Our statistical analysis suggests thatateibbing is a reliable character in
distinguishing between the two geneYéistrumhas a significantly greater number of internal
ribs on both valves (Table 1; Supplementary mdtekigpendix B), with 30—-45 and 36-51 ribs
on left and right valves, respectively. On averdlge,number of ribs iNlistrumdiffers between
left and right valves, the right valve always havangreater number of ribs than the left. In
contrastAmusiumbears between 19-27 internal ribs on the leftevalvd 20—30 ribs on the right
and, on a single individual, the number of ribsiteto be similar between valves.

Coloration of the left valve is variable in bothngea, but general patterns can be
observedYlistrumtypically has a reddish hue and lacks conspicuadisl lines on the exterior
left valve (Fig. 1D, G, J), whilAmusiumappears cream, pinkish or light brown and bears
obvious radial lines that are bluish or purple (Rig). It is important to note that colour may be
variable when examining specimens from differenaliies, in which case ribbing may be more

reliable in separating the two genera (Fig. 1Bf.GE¢cF, H, |, K, L).

Discussion
We conducted a multigene phylogenetic analysidmfisium s. Ibased on representative
sampling across its distributional range and shotivatithis group was not monophyletic. The
resulting topology confirms two well supported amell separated clades Amusiuns. |. (Fig.

3), with greater genetic variation between clatte@s within a single clade for the 16S rRNA
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marker (Table 1). Furthermore, members of thesecutdrly-defined clades can be reliably
distinguished from one another by the number @il ribs on the left and right valves (Table
2; Fig. 4). We demonstrate that a combination ofecwar and morphological characters
effectively differentiates two morphologically cargent scallop lineageAmusiumand

Ylistrum Therefore, to communicate better this hithertidbn biological diversity, we describe
a new genusylistrum which includesy. ballotiandY. japonicumAs a resultAmusiums now
monotypic and includes only the type specfespleuronectes

While our data support the recognition of a newugeof gliding scallop, these data are
insufficient to address the taxonomic status otmigsewithinYlistrum This was due, in part, to
the scarcity of molecular-grade specimen¥ ofaponicumThus, while our molecular dataset
aided in the recognition of a new genus, it didaltdw us to test formally the monophyly 6f
balloti andY. japonicumIn our morphological dataset, with larger sangpte ofY. ballotiand
Y. japonicumwe found that the internal rib count could notised to differentiate between the
two species as counts had completely overlappinges Thus, future studies with larger
molecular sampling will be necessary to addressrtamy ofYlistrumspecies.

The fact thavlistrumandAmusiumhave been previously classified in a single gesus
not surprising as the shells are qualitatively EimiEven with the application of quantitative
methods, like the geometric morphometrics appragsed here, there are no significant
differences in shell shape among the three glidpegries (Table 3), as they occupy the same
area of morphospace (Fig. 5). Accordingly, the rhotpgically conserved shell shape of
YlistrumandAmusiumsupports the hypothesis that two different linesagiescallops have
converged on a remarkably similar shell shapespaase to an ecological niche or the

biomechanical constraints associated with glidiagrbet al, 2011).
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Table 4.1- Pairwise genetic distances of 16S rRNA betweenisyts ofAmusiunpleuronectesy listrum ballot andY. japonicum
Asterisks (*) indicate th&listrumspecimens. Values below the diagonal indicate pe¢sequence similarity; pairwise comparis
above the diagonal are presented as a heat méwpgavik shades representing higher similarities betwsequences. Abbrations
match specimen labels ing-i3 and specimens listed in Appendi:

(AAS

3L78 3L78 SL03 SLo4  SL02 3L01 SL05 | GBO1 SLo1 sLo SL0 SLO sLo S5L0 SLD GBO GBC GBO GB1 GB1 GB1 GE1 GB1 sL0 SLO
WA WA" QL* QL QL* JP* QaL- NC* QL” 2PH 7PH 3PH 1PH 1A ZAU 1AU 2AU 3AU OCN 9TH TTH 8TH 5TH 3TH 1T+

SL76

WA*

SL78

WA* 996

S5L03

QL 088 98.6

SL04

aL- 99.0 98.8 296

SL02

QL 99.0 98.8 994 98.6

SL01

JPr 96.1 97.9 98.3 9B.6 98.6

SLOS

QL 851 94.9 958 96.0 95.8 947

GBO1

NC* 936 93.4 94.3 94.3 94.0 930 80.6

SL01

QL 96.8 96.6 97 e 77 7.5 64 84.2 942

5L02

PH 873 876 87.3 87.1 87.1 86.9 83.5 847 85.6

SLO7

PH 873 87.6 873 87.1 87.1 869 83.5 8.7 85.6 58.7

S5L03

PH 871 87.3 8741 86.9 86.9 867 83.3 844 85.4 58.5 985

3L01

PH 859 86.1 a5 8 857 857 855 83.0 832 843 87.3 973 97.0

SLO1

AU 86.9 87.1 ar.3 87.1 87.1 869 83.5 82.9 85.6 87.0 970 a7.0 95.5

SLoz2

AU 869 87.1 873 87.1 87.1 869 83.5 8.9 80.6 97.0 970 g7.0 95.5 98.7

GBO1

AU 850 85.2 85.2 85.2 85.2 850 81.6 82.9 84.3 83.2 932 93.2 9.7 94.7 94.7

GB02

AU 844 84.7 84.7 84.7 84.7 84 4 81.0 85.3 84.8 92.8 926 92.6 911 94.1 94.1 841

GB03

AU 847 84.9 844 84.4 4.4 84 2 80.8 B5.1 84.6 841 941 83.9 927 92.6 928 826 93.0

GB10

CN 745 747 742 74.2 74.2 740 74.2 142 4.3 83.3 833 8§3.0 829 81.8 81.8 818 81.8 83.3

GB19

TH 745 747 74.2 74.2 74.2 740 74.2 742 743 83.3 833 £§3.0 82.9 81.8 81.8 818 81.8 83.3 83.3

GB17

TH 739 74.1 737 73.7 737 734 73.7 73.7 737 82.7 827 8§2.5 82.3 81.2 81.2 812 81.2 82.7 82.7 a7

GB18

TH 742 74.5 740 74.0 74.0 738 740 740 741 83.0 810 628 827 81.5 81.5 815 81.5 83.0 83.0 a3.0 825

GB15

TH 47 749 145 4.5 4.5 742 745 745 4.5 82.0 8§20 61.8 81.7 81.3 81.3 813 81.3 82.0 gz.0 82.0 81.4 818

SLO3

TH 760 76.2 76.0 75.3 75.8 755 75.8 73.1 74.5 86.5 86.5 §6.3 86.2 81.8 84.8 810 80.4 &1.9 81.2 81.2 80.6 81.0 79.9

SLO1

TH 768 77.0 766 76.6 76.6 764 76.6 76.7 76.9 85.0 850 &4.8 84.7 84.0 84.0 838 838 &84.9 80.3 803 80.8 80.1 79.5 79.2
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Table 4.2 - Results of t-test comparing pairwisding counts betweelimusium pleuronectes
(n=42),Ylistrum balloti(n = 40) andY. japonicum(n = 11). Pairwise comparisonB-yalues) in
bold font indicate significant valuePB & 0.05).

Right valve —  A. pleuronectes Y. balloti Y. japonicum

Left valve |
A. pleuronectes P=1.71e*® P =225e""
Y. balloti P =1.29¢™ P =0.09

Y.japonicum P =1.04e™ P=3.31e"




Table 4.3 - Statistical assessment of pairwiseifices in shell shape between pectinid specidse¥above the diagonal are
probabilities (based on 10,000 random permutatidred)ies below the diagonal are Euclidean distatreaged as the amount of

shape difference between species (values signifata? < 0.05 after Holm’s sequential Bonferronireotion shown irbold).

. Ar. Ch. . . Ca. .

balloti behringiana irradians islandica  japonicum  pleuronectes purpuratus  sentis septemradiatus
Y.
balloti 0.0001 0.0001 0.0001 0.5121 0.1399 0.0001 0.0001 0.0001
Ch.
behringiana 0.072305 0.0001 0.1082 0.0001 0.0001 0.0001 0.0288 0.0086
Ar.
irradians 0.104875 0.052485 0.0225 0.0001 0.0001 0.0004 0.0001 0.0001
Ch.
islandica 0.096015 0.033922  0.043696 0.0001 0.0001 0.0151 0.0182 0.0037
Y.
japonicum 0.013613 0.073921 0.107465 0.096582 0.0604 0.0001 0.0001 0.0002
A.
pleuronectes 0.022318 0.064888 0.094707 0.086418 0.029704 0.0001 0.0001 0.0009
Ar.
purpuratus 0.128142 0.068142 0.046631 0.04656 0.128818 0.12048 0.0001 0.0001
Ca.
sentis 0.076855 0.030167 0.063131 0.044754 0.079007 0.066436 0.081421 0.0017
P.
septemradiatus 0.052522 0.034879 0.063996 0.053072 0.055138 0.042716 0.087636 0.038237

144!
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Table 4.4 - Distinguishing features used to sepaatusiumfrom Ylistrum

Amusium Ylistrum
Maximum height 100 mm 120 mm
Number of internal ribs (left) 19-27 30-45
Number of internal ribs (right) 20-30 36-51
Coloration of left valve Cream, pinkish, light brown Reddish
Radial lines on left valve exterior ~ Bluish-purple Absent
Marginal coloration Absent Present
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Figure 4.1 External shell morphology and internal shell rithiA—C. Amusium pleuronect
80.56 mm shell height, Ban Phe, Rayong Provincajldind.D-F. Ylistrum japonicur, 92.71
mm shell height, Oyano Island, Kumamoto, JajG-1. Y. balloti 86.00 mmshell height, Nut
Island, New Caledonid-L. Y. ballot, 47.15 mm shell height, Rottnest Island, Wes
Australia, AustraliaA, D, G, J. Outer views of left valvesB, E, H, K. Inside views of lef
valves.C, F, I, L. Inside views of right valve
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Figure 4.2 - Localities of molecular samples exadiforAmusium pleuronectg¥listrum
balloti andY. japonicum

® Amusium pleuronectes
. % Ylistrum balloti

A Yiistrum japonicum

NP
0 500 Kilometers D W7 a
0 500 Miles J // ’\\\\
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Figure 4.3 - Phylogenetic relationships of Pectrithferred by Bayesian inference (BI) of
histone H3, 28S rRNA, 12S rRNA and 16S rRNA gemgomes. Only the clade that contains
gliding lineages is shown. The complete Bl phylogenshown in Supplementary material:
Appendix D. Branches with less than 50% suppasigrior probabilities) were collapsed.
Generic assignments are based on our revisedfedatien. Labels foAmusiumandY listrum
specimens are as follows: source (SL, Serb Lab;&bank), unique numerical identifier, and
country (AU, Australia; CN, China; JP, Japan; N@wNCaledonia; PH, Philippines; QL,
Queensland, Australia; TH, Thailand; WA, Westerrstalia, Australia) (see Fig. 2 for map of
locations).
ﬂ: Amusium pleuronectes SLO1TH
[ muelum bleuronectes SLOBTH
Amusium pleuronectes GBO3AU
Amusium pleuronectes SLO2PH
e Amusium pleuronectes SLO7PH
98 e AMUSiUM pleuronectes GB18TH
Amusium pleuronectes GB19TH

Amusium pleuronectes GB10CN
pr—— Amusium pleuronectes SLO3PH

b Amusium pleuronectes SLO1PH

— Y Amusium pleuronectes GBO2AU

100 10 Amusium pleuronectes SLO1QL
_UI e Amusium pleuronectes GBO1AU

Amusium pleuronectes SL02QL

Amusium pleuronectes GB15TH

100 Euvola raveneli
99 Euvola ziczac
100 Euvola papyraceum
100 100 100 Euvola perula
b EuvOla vogdesi
Euvola chazaliei
100 Iﬂ|— Pecten fumatus
100 Pecten novaezelandiae
e Peecten maximus
Nodipecten subnodosus
100, Argopecten irradians irradians
99 100 Argopecten nucleus
100 Argopecten gibbus
100, Argopecten purpuratus
Argopecten ventricosus
99 100 g Paraleptopecten bavayi
97 b | eptopecten latiauratus
Aequipecten opercularis
100 g Aequipecten glyptus
b Cryptopecten vesiculosus
Decatopecten plica
100 100 Bractechlamys vexillum 2
100 Decatopecten strangei
99 100! Bractechlamys vexillum 3
Decatopecten radula radula
Anguipecten picturatus
97 100 Mirapecten mirificus
100 Mirapecten spiceri
100 100 g Gl0ripallium pallium
1 b Gloripallium speciosum
Excellichlamys spectabilis
Iﬂ|— Ylistrum balloti SLO1QL
Ylistrum balloti SLO5QL
99 95 e Ylistrum baallloti SLO2QL
_—— Ylistrum balloti SLO3QL
Ylistrum balloti SLO4QL
100 — Ylistrum balloti SL78WA
100 o7 Ylistrum balloti SL87WA
_I e Ylistrum bialloti SL76WA
Ylistrum japonicum SL01JP
Ylistrum balloti GBOINC
Antillipecten antillarum
Iﬂ|— Placopecten magellanicus
100 Pseudamussium septemradiatus

e Adamussium colbecki
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Figure 4.4 - Histograms illustrating the distrilmutiof internal ribbing counts for lefAj and
right valves B) of specimens cAmusium pleuronecte¥listrum ballotiandY. japonicuni{see
Supplementary material: Appendix B for rib countspecimens).
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Figure 4.5 - Principal component plots of shellghgariation for the nine species used in this
study. The first three principal components (PC3lwell shape variation are 62%, 11% and 8%,
respectivelyA. PCland PC2 axeB. PC1 and PC3 axes. Symbols for species: white sguar
Ylistrumjaponicum white circles,Y. balloti; white trianglesAmusiunpleuronectesblack
triangles,Pseudamussium septemradiatgiey circlesChlamysbehringiana grey trianglesCh.
islandicg grey squaresCaribachlamys sentiblack circles Argopectenrradians; black
squaresAr. purpuratus
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Supplementary Material 4.1 - List of specimens exaoh for the molecular phylogeny.
Museums are represented by the following abbrenatiFLMNH = Florida Museum of Natural
History, Gainesville, Florida, United States; WAMMestern Australian Museum, Perth,
Australia.

Species Specimen Collection Locality 12S rRNA 16S rRNA Histone 3  28S rRNA
Identification Number

A. pleuronectes GBO1AU - Gulf of Carpentaria, JF339085.1 JF339128.1  -------- -
Australia

A. pleuronectes GB02AU - Gulf of Carpentaria, JF339070.1 JF339129.1  -------- -
Australia

A. pleuronectes GBO3AU  ---—--- Gulf of Carpentaria, JF339087.1 JF339130.1  -------- -
Australia

A. pleuronectes GB10CN - Lingao, Hainan, China  -------- GU119962  -------- e

A. pleuronectes GB15TH -------- Andaman Sea, Krabi =~ -------- DQ640835  -------- -

Province, Thailand

A. pleuronectes GB17TH -------- Gulf of Thailand, Trat ~ -------- DQ873917 - -
Province, Thailand

A. pleuronectes GB18TH ~  -------- Gulf of Thailand, @~ -------- DQ873918 - -
Naratiwas Province,
Thailand

A. pleuronectes GB19TH = -------- Gulf of Thailand, =~ -------- DQ873919 - -
Naratiwas Province,
Thailand

A. pleuronectes  SLO1QL QLD1 West Karumba, HM630500 HM630501  HM630502 HM630503
Queensland, Australia

A. pleuronectes  SLO1PH CPG1 Guus Island, Pres. KC879117 KC879118 KC879120 KC879119
Carlos P. Garcia,
Bohol, Philippines
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Species Specimen Collection Locality 12S rRNA 16S rRNA Histone 3  28S rRNA
Identification Number

A. pleuronectes  SLO1TH 1 Gulf of Thailand, EU379415 EU379469 EU379523 HM630508
Rayong Province,
Thailand

A. pleuronectes ~ SLO2QL QLD2 West Karumba, HM630496  HM630497 HM630498 HM630499
Queensland, Australia

A. pleuronectes  SLO2PH CPG2 Guus Island, Pres. KC879121 KC879122 KC879124 KC879123
Carlos P. Garcia,
Bohol, Philippines

A. pleuronectes ~ SLO3PH CBY3 Calbayog, Samar, KC879113 KC879114 KC879116 KC879115
Philippines

A. pleuronectes  SLO3TH 3 Gulf of Thailand, HM630504  HM630505 HM630506 HM630507
Rayong Province,
Thailand

A. pleuronectes  SLO7PH RXS7 Manila Market, Roxas KC879125 KC879126 KC879128 KC879127
City, Philippines

D. radula 280376 UF280376  Sulawesi Island, KC879129 HM630492  HM630493 HM630494
Indonesia

Y. balloti GBOINC - New Caledonia JF339055.1 JF339127.1  -------- e

Y. balloti SLO1QL 1 Bundaberg, HM540088 HM540089  HM540090 HM540091
Queensland, Australia

Y. balloti SLO2QL 2 Bundaberg, EU379379 EU379433 EU379488 HM540092
Queensland, Australia

Y. balloti SLO3QL 3 Bundaberg, EU379380 EU379434 EU379489 HM540093
Queensland, Australia

Y. balloti SLO4QL 4 Bundaberg, HM540094  HM540095  HM540096 HM540097

Queensland, Australia
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Species Specimen Collection Locality 12S rRNA 16S rRNA Histone 3  28S rRNA
Identification Number
Y. balloti SLO5QL 5 Bundaberg, HM540098 HM540099 HM540100 HM540101
Queensland, Australia
Y. balloti SL76WA WAM Rottnest Island, KC879130 KC879131 KC879132  --------
33076_1 Western Australia,
Australia
Y. balloti SL78WA WAM South Denham KC879133 KC879134 KC879135  --------
33078_1 Sound, Shark Bay,
Western Australia,
Australia
Y. balloti SL87WA WAM Point Ann, Western KC879136  -------- KC879138 KC879137
33087_1 Australia, Australia
Y. japonicum SLO1JP 1 Oyano Island, HM622706  HM622707  HM622708 HM622709

Kumamoto, Japan
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Supplementary Material 4.2 - List of specimens exachand counts for ribbing data. DMNH =
Delaware Museum of Natural History, Wilmington, Behre, United States; MNHN = Muséum
National d'Histoire Naturelle, Paris, France; WAM\Mestern Australian Museum, Perth,
Australia.

Specimen Species Location # Ribs Paired # Ribs Paired Life

number (L) (L) (Rt) (Rt) stage

WAM 33076.2 Y. balloti Rottnest Island, Western Australia, Australia 34 Yes 41 Yes Juvenile

WAM 33076.3 Y. balloti Rottnest Island, Western Australia, Australia 38 Yes 45 Yes Juvenile

WAM 33076.4 Y. balloti Rottnest Island, Western Australia, Australia 34 Yes 44 Yes Juvenile

WAM 33077.1 Y. balloti Rottnest Island, Western Australia, Australia 35 Yes 42 Yes Juvenile

WAM 33077.2 Y. balloti Rottnest Island, Western Australia, Australia 36 Yes 43 Yes Juvenile

WAM 33077.4 Y. balloti Rottnest Island, Western Australia, Australia 35 Yes 44 Yes Juvenile

WAM 33078.2 Y. balloti South Denham Sound, Shark Bay, Western 30 Yes 44 Yes Juvenile
Australia, Australia

WAM 33078.3 Y. balloti South Denham Sound, Shark Bay, Western 33 No 49 No Adult
Australia, Australia

WAM 33078.4 Y. balloti South Denham Sound, Shark Bay, Western 34 Yes 42 Yes Juvenile
Australia, Australia

WAM 33079.2 Y. balloti South Denham Sound, Shark Bay, Western 35 No 45 No Juvenile
Australia, Australia

WAM 33079.3 Y. balloti South Denham Sound, Shark Bay, Western 34 Yes 46 Yes Juvenile
Australia, Australia

WAM 33079.4 Y. balloti South Denham Sound, Shark Bay, Western 33 Yes 41 Yes Juvenile
Australia, Australia

WAM 33080.3 Y. balloti South Denham Sound, Shark Bay, Western 37 Yes 46 Yes Juvenile
Australia, Australia

WAM 33080.4 Y. balloti South Denham Sound, Shark Bay, Western 34 No 46 No Juvenile
Australia, Australia

WAM 33081.2 Y. balloti North West Peron, Shark Bay, Australia 37 No 45 Yes Adult

WAM 33081.3 Y. balloti North West Peron, Shark Bay, Australia 34 Yes 43 Yes Juvenile

WAM 33082.2 Y. balloti North West Peron, Shark Bay, Australia 35 Yes 48 Yes Adult

WAM 33082.3 Y. balloti North West Peron, Shark Bay, Australia 33 Yes 44 Yes Juvenile

WAM 33082.4 Y. balloti North West Peron, Shark Bay, Australia 32 Yes 46 Yes Juvenile

WAM 33083.3 Y. balloti Houtman Abrolhos Islands, Australia 34 Yes 41 Yes Juvenile

WAM 33083.4 Y. balloti Houtman Abrolhos Islands, Australia 32 Yes 39 Yes Juvenile

WAM 33084.2 Y. balloti Doubtful Islands, Albany, Western Australia, 32 No 42 No Adult
Australia

WAM 33084.3 Y. balloti Doubtful Islands, Albany, Western Australia, 33 No 39 No Adult
Australia

WAM 33084.4 Y. balloti Doubtful Islands, Albany, Western Australia, 35 Yes 48 Yes Adult
Australia

WAM 33085.2 Y. balloti Quoin Head, Fitzgerald River National Park, 32 Yes 39 No Adult

Western Australia, Australia

WAM 33085.3 Y. balloti Quoin Head, Fitzgerald River National Park, 32 Yes 36 Yes Adult
Western Australia, Australia

WAM 33085.4 Y. balloti Quoin Head, Fitzgerald River National Park, 34 No 45 No Adult
Western Australia, Australia
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Specimen Species Location # Ribs Paired # Ribs Paired Life
number (L) (L) (Rt) (Rt) stage
WAM 33086 Y. balloti Hassell Beach, Bald Island, Western Australia, 33 No 48 No Adult
Australia
WAM 33087.2 Y. balloti Point Ann, Western Australia, Australia 33 No 40 No Adult
WAM 33087.3 Y. balloti Point Ann, Western Australia, Australia 34 Yes 43 Yes Adult
WAM 33088.2 Y. balloti Point Ann, Western Australia, Australia 36 Yes 48 Yes Adult
WAM 33088.3 Y. balloti Point Ann, Western Australia, Australia 35 Yes 48 Yes Adult
1 Y. balloti Bundaberg, Queensland, Australia 38 Yes 48 Yes Adult
2 Y. balloti Bundaberg, Queensland, Australia 37 No 48 No Juvenile
3 Y. balloti Bundaberg, Queensland, Australia 37 No 46 No Juvenile
4 Y. balloti Bundaberg, Queensland, Australia 40 No 46 Yes Juvenile
5 Y. balloti Bundaberg, Queensland, Australia 45 Yes 50 Yes Juvenile
MNHN21185 Y. balloti New Caledonia 42 Yes 48 Yes Adult
MNHN21185 Y. balloti New Caledonia 41 Yes 46 Yes Adult
MNHN21185 Y. balloti New Caledonia 39 No 45 No Adult
A. pleuronectes Ban Phe, Rayong Province, Thailand 23 No 24 No Juvenile
A. pleuronectes Ban Phe, Rayong Province, Thailand 21 No 22 Yes Juvenile
A. pleuronectes Ban Phe, Rayong Province, Thailand 23 Yes 23 Yes Juvenile
A. pleuronectes Ban Phe, Rayong Province, Thailand 27 Yes 25 Yes Juvenile
A. pleuronectes Ban Phe, Rayong Province, Thailand 24 Yes 24 Yes Juvenile
A. pleuronectes Ban Phe, Rayong Province, Thailand 27 Yes 27 Yes Juvenile
A. pleuronectes Ban Phe, Rayong Province, Thailand 22 No 21 Yes Juvenile
A. pleuronectes Ban Phe, Rayong Province, Thailand 22 No 24 Yes Juvenile
A. pleuronectes Ban Phe, Rayong Province, Thailand 25 Yes 25 Yes Juvenile
QLD1 A. pleuronectes West Karumba, Queensland, Australia 23 No 22 Yes Juvenile
QLD2 A. pleuronectes West Karumba, Queensland, Australia 22 No 22 Yes Juvenile
A. pleuronectes West Karumba, Queensland, Australia 23 No 22 Yes Juvenile
A. pleuronectes West Karumba, Queensland, Australia 22 No 24 Yes Juvenile
A. pleuronectes West Karumba, Queensland, Australia 22 No 24 Yes Juvenile
A. pleuronectes West Karumba, Queensland, Australia 22 No 25 Yes Juvenile
A. pleuronectes Mornington Island, Queensland, Australia 23 No 24 Yes Juvenile
A. pleuronectes Mornington Island, Queensland, Australia 22 No 24 Yes Juvenile
A. pleuronectes Mornington Island, Queensland, Australia 22 No 24 Yes Juvenile
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Specimen Species Location # Ribs Paired # Ribs Paired Life
number (L) (L) (Rt) (Rt) stage
A. pleuronectes Mornington Island, Queensland, Australia 23 No 24 Yes Juvenile
A. pleuronectes Mornington Island, Queensland, Australia 21 Yes 23 Yes Juvenile
A. pleuronectes Mornington Island, Queensland, Australia 24 No 24 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 23 No 23 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 21 No 22 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 23 No 23 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 22 No 22 Yes Adult
A. pleuronectes Groote Eylandt, Northern Territory, Australia 23 No 22 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 22 No 22 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 22 No 23 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 22 No 23 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 21 Yes 20 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 19 No 20 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 22 No 23 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 22 No 23 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 21 No 22 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 22 No 23 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 22 No 22 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 21 No 22 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 22 No 22 Yes Juvenile
A. pleuronectes Groote Eylandt, Northern Territory, Australia 22 Yes 23 Yes Juvenile
CPG A. pleuronectes Guus Island, Pres. Carlos P. Garcia, Bohol, 27 No 22 Yes Juvenile
Philippines
RXS A. pleuronectes Roxas City, Capiz, Philippines 24 No 28 Yes Adult
CBY A. pleuronectes Calbayog City, Samar, Philippines 27 No 30 Yes Juvenile
DMNHO013078 Y. j. japonicum Japan 38 No 51 Yes n/a
DMNHO013078 Y. j. japonicum Japan 36 No 50 Yes n/a
DMNHO013078 Y. j. taiwanense Japan 35 Yes 39 Yes n/a
DMNHO013078 Y. j. taiwanense Japan 40 Yes 45 Yes n/a
DMNH020698 Y. j. japonicum Kiushiu, Awa, Kagoshima, Japan 38 No 48 Yes n/a
DMNH042249 Y. j. japonicum West Kyushu Island, Japan 41 Yes a7 Yes n/a
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Specimen Species Location # Ribs Paired # Ribs Paired Life
number (L) (L) (Rt) (Rt) stage
DMNH111140 Y. j. japonicum Kyushu, Japan 39 Yes 46 Yes n/a
DMNH111140 Y. j. japonicum Kyushu, Japan 39 Yes a7 Yes n/a
DMNH155970 Y. j. japonicum Bay of Tosa, Japan 36 No 45 No n/a
DMNH229009 Y. j. taiwanense Aberdeen Bay, Hong Kong, China 40 Yes 45 Yes n/a

Y. j. japonicum Oyano Island, Kumamoto, Japan 37 No 43 No Juvenile
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Supplementary Material 4.3 - List of specimens exauohin the geometric morphometric
analysis. Museums are represented by the folloabiiyeviations: DMNH = Delaware Museum
of Natural History, Wilmington, Delaware, Unitedats; LACM = Natural History Museum of
Los Angeles County, Los Angeles, California, Uniftdtes; FLMNH = Florida Museum of
Natural History, Gainesville, Florida, United Stgit€)SNM = National Museum of Natural
History, Washington D.C., United States; WAM = W&estAustralian Museum, Perth,
Australia; YPM = Yale Peabody Museum of Naturaltblig, New Haven, Connecticut, United
States.

Specimen
identifica Collection
Species tion number Locality
WAM
Y. balloti ball0o1L 33084.3 Doubtful Islands, Albany, Western Australia, Australia
WAM Quoin Head, Fitzgerald River National Park, Western
Y. balloti ball02L 33085.3 Australia, Australia
WAM
Y. balloti ballO3L 33084.2 Doubtful Islands, Albany, Western Australia, Australia
WAM
Y. balloti ball04L 33087.2 Point Ann, Western Australia, Australia
WAM
Y. balloti ballO5L 33088.2 Point Ann, Western Australia, Australia
WAM
Y. balloti ballO6L 33087.3 Point Ann, Western Australia, Australia
WAM Hassell Beach, Bald Island, Western Australia,
Y. balloti ballO7L 33086 Australia
WAM Quoin Head, Fitzgerald River National Park, Western
Y. balloti ballO8L 33085.4 Australia, Australia
WAM
Y. balloti ball0O9L 33084.4 Doubtful Islands, Albany, Western Australia, Australia
WAM
Y. balloti ball10L 33088.3 Point Ann, Western Australia, Australia
WAM Quoin Head, Fitzgerald River National Park, Western
Y. balloti ball11L 33085.2 Australia, Australia
WAM
Y. balloti ball12L 33081.2 North West Peron, Shark Bay, Australia

Y. balloti ball13L WAM North West Peron, Shark Bay, Australia
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Specimen
identifica Collection

Species tion number Locality

33081.3

WAM South Denham Sound, Shark Bay, Western Australia,
Y. balloti ball14L 33078.3 Australia

WAM
Y. balloti ball15L 33082.2 North West Peron, Shark Bay, Australia

WAM South Denham Sound, Shark Bay, Western Australia,
Y. balloti ball16L 33078.4 Australia

WAM
Y. balloti ball17L 33082.4 North West Peron, Shark Bay, Australia

WAM
Y. balloti ball18L 33082.3 North West Peron, Shark Bay, Australia

WAM South Denham Sound, Shark Bay, Western Australia,
Y. balloti ball19L 33080.4 Australia

WAM South Denham Sound, Shark Bay, Western Australia,
Y. balloti ball20L 33079.3 Australia

WAM
Y. balloti ball21L 33077.2 Rottnest Island, Western Australia, Australia

WAM
Y. balloti ball22L 33077.1 Rottnest Island, Western Australia, Australia

WAM
Y. balloti ball23L 33076.3 Rottnest Island, Western Australia, Australia

WAM South Denham Sound, Shark Bay, Western Australia,
Y. balloti ball24L 33080.3 Australia

WAM South Denham Sound, Shark Bay, Western Australia,
Y. balloti ball25L 33079.2 Australia

WAM
Y. balloti ball26L 33076.2 Rottnest Island, Western Australia, Australia

WAM South Denham Sound, Shark Bay, Western Australia,
Y. balloti ball27L 33078.2 Australia
Y. balloti ball28L WAM Rottnest Island, Western Australia, Australia
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Specimen
identifica Collection

Species tion number Locality

33077.4

WAM
Y. balloti ball29L 33076.4 Rottnest Island, Western Australia, Australia

WAM South Denham Sound, Shark Bay, Western Australia,
Y. balloti ball30L 33079.4 Australia

WAM
Y. balloti ball31L 33083.3 Houtman Abrolhos Islands, Australia

WAM
Y. balloti ball32L 33083.4 Houtman Abrolhos Islands, Australia
Ch.
behringiana  behr01 1 Monti Bay, Yakutat, Alaska, United States
Ch.
behringiana  behr02 2 Monti Bay, Yakutat, Alaska, United States
Ch.
behringiana  behr03 3 Monti Bay, Yakutat, Alaska, United States
Ch.
behringiana  behr04 4 Monti Bay, Yakutat, Alaska, United States
Ch.
behringiana  behr05 5 Monti Bay, Yakutat, Alaska, United States
Ch.
behringiana  behr06 6 Monti Bay, Yakutat, Alaska, United States
Ch.
behringiana  behr07 7 Monti Bay, Yakutat, Alaska, United States
Ch.
behringiana  behr08 8 Monti Bay, Yakutat, Alaska, United States
Ch.
behringiana  behr09 9 Monti Bay, Yakutat, Alaska, United States
Ch.
behringiana  behr10 10 Monti Bay, Yakutat, Alaska, United States

Ch. behrll 11 Monti Bay, Yakutat, Alaska, United States
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Specimen
identifica Collection

Species tion number Locality

behringiana

Ch.

behringiana  behrl2 12 Monti Bay, Yakutat, Alaska, United States

Ch.

behringiana  behr13 13 Monti Bay, Yakutat, Alaska, United States

Ch.

behringiana  behrl4d 14 Monti Bay, Yakutat, Alaska, United States

Ch.

behringiana  behrl5 15 Monti Bay, Yakutat, Alaska, United States

Ch.

behringiana  behrl6 16 Monti Bay, Yakutat, Alaska, United States

Ch.

behringiana  behrl7 17 Monti Bay, Yakutat, Alaska, United States

Ch.

behringiana  behrl8 18 Monti Bay, Yakutat, Alaska, United States

Ch.

behringiana  behr19 19 Monti Bay, Yakutat, Alaska, United States

Ch.

behringiana  behr20 20 Monti Bay, Yakutat, Alaska, United States
DMNH

Ar. irradians  irra01 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irra02 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irra03 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irra04 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irra05 40205 Wellfleet Harbor, Massachusetts, United States

Ar. irradians  irra06 DMNH Wellfleet Harbor, Massachusetts, United States
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Specimen
identifica Collection

Species tion number Locality
40205
DMNH

Ar. irradians  irra07 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irra08 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irra09 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irral0 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irrall 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irral2 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irral3 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irraléd 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irral5 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irral6 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irral7 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irral8 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irral9 40205 Wellfleet Harbor, Massachusetts, United States
DMNH

Ar. irradians  irra20 40205 Wellfleet Harbor, Massachusetts, United States

Ar. irradians  irra2l DMNH Wellfleet Harbor, Massachusetts, United States
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Specimen
identifica Collection
Species tion number Locality
40205
DMNH
Ar. irradians  irra22 40205 Wellfleet Harbor, Massachusetts, United States
DMNH
Ar. irradians  irra23 40205 Wellfleet Harbor, Massachusetts, United States
DMNH
Ar. irradians  irra4 40205 Wellfleet Harbor, Massachusetts, United States
DMNH
Ar. irradians  irra25 40205 Wellfleet Harbor, Massachusetts, United States
DMNH
Ar. irradians  irra26 40205 Wellfleet Harbor, Massachusetts, United States
DMNH
Ar. irradians  irra27 40205 Wellfleet Harbor, Massachusetts, United States
Ch. islandica isla01 YPM 7448 Newfoundland
LACM
Ch. islandica isla02 167522 Iceland
LACM
Ch. islandica isla03 167521 Newfoundland
LACM
Ch. islandica isla04 167522 Iceland
LACM
Ch. islandica isla05 177789 Newfoundland
LACM
Ch. islandica isla06 118060 Massachusettes
LACM
Ch. islandica isla07 177790 Iceland
LACM
Ch. islandica isla08 177788 Iceland
USNM8182
Y. japonicum japol7 53 Honshu Island, Japan
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Species

Locality

Y. japonicum

Y. japonicum

Y. japonicum

Y. japonicum

Y. japonicum

Y. japonicum

Y. japonicum

Y. japonicum

Y. japonicum

Y. japonicum

Y. japonicum

Y. japonicum

Y. japonicum

Y. japonicum

Y. japonicum

Specimen
identifica Collection
tion number
USNM7537
japol8 05
USNM7537
japol9 05
USNM7636
japo20 45
USNM7636
japo21 45
USNM2290
japo22 69
USNM2290
japo23 69
USNM2290
japo24 69
USNM2290
japo25 69
USNM2290
japo26 69
USNM2290
japo27 68
USNM2290
japo28 68
USNM3339
japo29 59
USNM2290
japo30 70
USNM3439
japo31 67
USNM3439
japo32 67

Kyushu Island, Japan

Kyushu Island, Japan

Honshu Island, Japan

Honshu Island, Japan

Kyushu Island, Japan

Kyushu Island, Japan

Kyushu Island, Japan

Kyushu Island, Japan

Kyushu Island, Japan

Kyushu Island, Japan

Kyushu Island, Japan

Fuzhou, China

Honshu Island, Japan

Kyushu Island, Japan

Kyushu Island, Japan
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Specimen
identifica Collection
Species tion number Locality
USNM3042
Y. japonicum japo33 17 Honshu Island, Japan
USNM3042
Y. japonicum japo34 17 Honshu Island, Japan
USNMO0239
Y. japonicum japo35 47 Honshu Island, Japan
USNMO0239
Y. japonicum japo36 47 Honshu Island, Japan
A. USNM2549
pleuronectes pleu01 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleu02 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleu03 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleu04 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleu05 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleu06 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleu07 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleu08 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleu09 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleul0 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleull 31 Borneo Island, Malaysia
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Specimen
identifica Collection
Species tion number Locality
A. USNM2549
pleuronectes pleul2 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleul3 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleul4d 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleul5 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleul6 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleul?7 31 Borneo Island, Malaysia
A. USNM2549
pleuronectes pleul8 31 Borneo Island, Malaysia
Ar.
purpuratus purp02 UF337447 Paracas Bay, Peru
Ar.
purpuratus purp03 UF337447 Paracas Bay, Peru
Ar.
purpuratus purp04 UF337447 Paracas Bay, Peru
Ar.
purpuratus purp05 UF337447 Paracas Bay, Peru
Ar.
purpuratus purp06 UF337447 Paracas Bay, Peru
Ar.
purpuratus purp07 UF337447 Paracas Bay, Peru
Ar.
purpuratus purp08 UF337447 Paracas Bay, Peru
Ar.
purpuratus purpl0 UF337447 Paracas Bay, Peru
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Specimen

identifica Collection
Species tion number Locality
Ar.
purpuratus purpll UF337447 Paracas Bay, Peru
Ar.
purpuratus purpl2 UF337447 Paracas Bay, Peru
Ar.
purpuratus purpl3 UF337447 Paracas Bay, Peru
Ar.
purpuratus purpl4d UF337447 Paracas Bay, Peru
Ar.
purpuratus purpl5 UF337447 Paracas Bay, Peru
Ar.
purpuratus purpl6 UF337447 Paracas Bay, Peru
Ar.
purpuratus purpl?7 UF337447 Paracas Bay, Peru
Ar.
purpuratus purpl8 UF337447 Paracas Bay, Peru
Ar.
purpuratus purpl9 UF337447 Paracas Bay, Peru
Ar.
purpuratus purp20 UF337447 Paracas Bay, Peru
Ar.
purpuratus purp21 UF337447 Paracas Bay, Peru
Ar.
purpuratus purp22 UF337447 Paracas Bay, Peru
Ar.
purpuratus purp23 UF337447 Paracas Bay, Peru
Ar.
purpuratus purp24 UF337447 Paracas Bay, Peru
Ar.
purpuratus purp25 UF337447 Paracas Bay, Peru
Ca. sentis sent01 UF374737 Biscayne Bay, Florida
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Specimen
identifica Collection

Species tion number Locality

Ca. sentis sent02 UF374737 Biscayne Bay, Florida
Ca. sentis sent03 UF374737 Biscayne Bay, Florida
Ca. sentis sent04 UF374737 Biscayne Bay, Florida
Ca. sentis sent05 UF374737 Biscayne Bay, Florida
Ca. sentis sent06 UF374737 Biscayne Bay, Florida
Ca. sentis sent07 UF374737 Biscayne Bay, Florida
Ca. sentis sent08 UF374737 Biscayne Bay, Florida
Ca. sentis sent09 UF374737 Biscayne Bay, Florida
Ca. sentis sentl0 UF374737 Biscayne Bay, Florida
Ca. sentis sentll UF374737 Biscayne Bay, Florida
Ca. sentis sentl2 UF374737 Biscayne Bay, Florida
Ca. sentis sentl3 UF374737 Biscayne Bay, Florida
Ca. sentis sentl4 UF374737 Biscayne Bay, Florida
Ca. sentis sentl5 UF374737 Biscayne Bay, Florida
Ca. sentis sentl6 UF374737 Biscayne Bay, Florida
Ca. sentis sentl7 UF374737 Biscayne Bay, Florida
Ca. sentis sentl8 UF374737 Biscayne Bay, Florida
Ca. sentis sent19 UF374737 Biscayne Bay, Florida
Ca. sentis sent20 UF374737 Biscayne Bay, Florida
Ca. sentis sent21 UF374737 Biscayne Bay, Florida
Ca. sentis sent22 UF374737 Biscayne Bay, Florida
Ca. sentis sent23 UF374737 Biscayne Bay, Florida
Ca. sentis sent24 UF374737 Biscayne Bay, Florida
Ca. sentis sent25 UF374737 Biscayne Bay, Florida
Ca. sentis sent26 UF374737 Biscayne Bay, Florida
Ca. sentis sent27 UF374737 Biscayne Bay, Florida
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Specimen

identifica Collection
Species tion number Locality
Ca. sentis sent28 UF374737 Biscayne Bay, Florida
P.
septemradiat USNM
us sept01 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept02 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept03 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept04 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept05 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept06 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept07 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept08 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept09 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept10 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us septll 62645 Loch Fyne, Scotland
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Specimen
identifica Collection
Species tion number Locality
P.
septemradiat USNM
us septl2 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us septl3 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us septl4 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us septl5 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us septl6 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us septl? 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept18 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept19 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept20 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept21 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept22 62645 Loch Fyne, Scotland
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Specimen
identifica Collection
Species tion number Locality
P.
septemradiat USNM
us sept23 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept24 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept25 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept26 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept27 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept28 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept29 62645 Loch Fyne, Scotland
P.
septemradiat USNM
us sept30 62645 Loch Fyne, Scotland
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Supplementary Material 4.4 - Molecular phylogenyhaf Pectinidae generated by Bayesian
inference of a four-gene dataset comprised of Hestd3, 28S rRNA, 12S rRNA, and 16S rRNA
DNA sequences. Dashed box highlights the cladecthraiains gliding lineages (Fig. 3).
Posterior probabilities >50 are shown at the nod&sneric assignments are based on our
revised classification. Data source, unique idamtind country of origin foAmusiumand
Ylistrumspecimens are as follows: SLC = Serb Lab; GB =b@ek; AU = Australia; CN =
China; JP = Japan; NC = New Caledonia; PH = Phiiggy QL = Queensland, Australia; TH =
Thailand; WA = Western Australia, Australia (seg.F2 for map of locations).
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Supplementary Material 4.5 - Descriptive statisat€amusium pleuronecte¥listrum ballotj
andYlistrum japonicunshell ribbing for left and right valves.

Species Left valve Right valve
A. pleuronectes (n=42) Mean 23 23
Range 19-27 20-30
St. dev. 1.69 1.87
Y. balloti (n=40) Mean 35 44
Range 30-45 36-50
St. dev. 3.05 3.25
Y. japonicum (n=11) Mean 38 46
Range 35-41 39-51

St. dev. 1.92 3.29
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CHAPTER 5. SUMMARY AND CONCLUSIONS

In this dissertation work, | investigated the evmn of life habits and shell shape of
scallops. | have found repeated evolutionary pagtef life habits and shell shapes, and | have
uncovered hidden taxonomic diversity in a lineafyscallops that was masked by convergent
evolution of shell shape. Comparing my work to eatrclassification systems for the Pectinidae
(Raines & Poppe 2006, Waller 2006, Dijkstra 201t4¥ evident that schemes largely based on
morphological data do not take convergence into@et Failing to recognize convergence can
lead to a false assumption that species with sirmi@rphologies are closely related (Wiens et al
2003). My dissertation study demonstrates a neeeMee current classification systems by
incorporating molecular data. Currently, | am exgiag the taxonomic and genetic sampling of
scallops in an attempt to unify all existing phytogtic hypotheses for scallops, from species to
Superfamily Pectinoidea.

Scallops exhibit a diverse array of life habitglinling byssal attaching, nestling,
cementing, free-living, recessing, and gliding. loer, the evolutionary patterns of these traits
are unknown among scallops, which limits our uri@d@ding of how such phenotypic diversity
evolved. In Chapter 2, | reconstructed the scabloylogeny to provide the basis for comparative
studies carried throughout the dissertation. Teha® | amplified 12S ribosomal RNA, 16S
ribosomal RNA, 28S ribosomal RNA, and the historgeprotein-coding gene to reconstruct the
scallop phylogeny employing Maximum Likelihood aBdyesian Inference methods. | then
mapped the scallop life habits on the phylogenyracdnstructed the life habits at the nodes to
identify the evolutionary trajectory from ancesttoslescendants. With the exception of the

nestling life habit, which evolved once in scallptiee other life habits arose multiple times,
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independently through both convergent and parpdékerns. The results of this study provide a
foundation to investigate the evolutionary procedbat generate biological diversity.

A study by Stanley (1970) indicated that the diitgrsf bivalve shell shapes could be
limited by life habits. If this were accurate, th@a would expect shell shapes to follow similar
convergent patterns as life habits. In Chapterg@iaintified shell shapes of scallops to
investigate the patterns of shape diversity andugiom within the family. | used a three-
dimensional scanner to capture images of the &ftes of scallops. Then | digitized the images
using fixed landmarks, sliding edge and slidingaee semi-landmarks for shape analyses. |
statistically compared the shell shapes based®haibit categories to determine the degree of
disparity among and within each life habit. | als®d the phylogeny to reconstruct ancestral
shell shapes at the node to trace the evolutiamapctory of shell shape. | found that a
reduction in auricles is the best evidence of s$t&lpe convergence between the two groups of
gliding scallops with respect to other life habibgps. Remarkably, they diverged with respect
to shell surface curvature suggesting two shapenadbr the gliding life habit. These results
show that some characters of shell shape (redugetes) may be important for the gliding life
habit while others (degree of shell curvature)raoe

The reconstructed phylogeny from Chapter 2 indg#tat the gliding genusmusiums
polyphyletic, and the study in chapter 3 showsstinel shapes are convergent. To investigate the
taxonomic classification odAmusium | gathered additional data to describe a new gehu
scallops,Ylistrum separating the polyphylethmusiumgenus. In Chapter 4, | analyzed the 16S
rRNA gene sequences of multiple individuals ofttimee species historically classified in the
Amusiungenus to assess genetic similarity and phylogegeduping. | also used landmark-

based geometric morphometrics to statistically camguantitative shell shapes between the
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three species. Lastly, | tested whetkiéstrumcould be differentiated frorAmusiumbased on

the number of internal ribs, which is a trait pasgly used for classification éfmusium

species. | found thatlistrumis genetically distinct fromusiumaccording to the 16S rRNA
gene. Both genera form separate monophyletic clddesre distantly related to one another.
While molecular data suggests separate taxonoroigpgt shell shapes indicate similarities,
supporting the convergent evolution found in Chaptdn contrast, internal ribbing number was
found to be a useful trait in determining taxonogmouping aflistrumspecies have a greater
number of internal ribs thalimusium Through this study, | have uncovered taxonomieidity
masked by morphological convergence, highlighthmgimportance of molecular and other
phenotypic traits for use in taxonomic classificas.

This study provides some support for the ubiquityepeated evolution, which is
important in understanding common selection pr&ssur similar environments. However,
evolutionary predictability is more elusive as limk between form and function may not be
strong, possibly due to genetic or developmentastaints. Lastly, this dissertation work
emphasizes the need for all types of data incluthofgcular, morphological, and behavioral
data to accurately assess taxonomic classificatibtexa. Although repeated phenotypic traits
can provide insight on evolutionary trajectoriégyt can also hide taxonomic diversity that

underestimate biodiversity.
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