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Clam shrimp (the paraphyletic assemblage of spinicaudatans, laevicaudatans, cyclestherids and the
extinct leaiins) are small, bivalved branchiopod crustaceans that specialize in ephemeral freshwater
habitats. They have a long fossil record (Devonian onward) that has often been overlooked. Here we
briefly review the fossil record of the major groups of clam shrimp and clear up some misconceptions in
the literature as to their origin. The dominant group of clam shrimp in the fossil record is the Spinicaudata,
which have a diverse fossil record beginning in the Devonian. The clam shrimp suborder Laevicaudata
are known from the Permian, with possible soft-part preservation from the Jurassic. However, owing the
character-poor nature of these fossils, it is impossible to tell if they represent crown group or stem group
laevicaudatans. In contrast, the total group Spinicaudata have a rich record of mostly carapace fossils—
the earliest from the Early Devonian. The leaiins are an enigmatic extinct diplostracan lineage thought

to be closely related to the spinicaudatans. They have a record that extends from the Middle Devonian

to the Permian. The Cyclestherida have a somewhat problematic fossil record: there are no examples of
cyclestherids preserved with soft-parts, so the only character used to assign fossils to this lineage is the
carapace shape. According to that metric, cyclestherids have a record that begins in the Middle Devonian.
Exceptionally preserved clam shrimp are found in the Paleozoic and Mesozoic. Assessing holistically what
is known about the clam shrimp fossil record along with carapace morphology, carapace ornamentation
and examples of exceptional preservation will ultimately contribute to a synthetic paleontological and
neontological understanding of the group, its systematics and evolution.
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What is a Clam Shrimp?

Clam shrimp are a paraphyletic group containing
the clades Spinicaudata, Laevicaudata, Cyclestherida,
and the extinct Leaiina. Morphologically diagnosing
the extant clam shrimp is relatively easy—they have a
bivalved carapace, biramous second antennae, more than
10 trunk limbs (Tasch 1969; Pennak 1989). Identifying
clam shrimp in the fossil record by these characteristics
is difficult. When presented as fossils, clam shrimp
typically only display one valve, making ‘bivalvedness’
(and degree of lateral compression) an assumption

drawn from the one valve. The second antennae and
trunk limbs are almost never preserved. Of the four
clades combined into the clam shrimp, three possess
growth lines. This characteristic is easier to observe
in the fossil record. However, as discussed below, its
use yields some ambiguity—one cannot tell, based on
growth lines alone if a fossil represents a crown group
or stem group spinicaudatan/ cyclestherid.

Phylogenetic and apomorphic based clade defini-
tions largely have no impact on clade membership for
modern clam shrimp taxa; but how clade names are
defined has significant implications for the membership
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of fossil taxa as will be discussed below. We use a
phylogenetic crown group definition for Spinicaudata,
Laevicaudata, and Cyclestherida to align our definitions
with those from molecular phylogenetics. Apomorphic
clade definitions for Spinicaudata, Laevicaudata, and
Cyclestherida cannot be applied to fossil taxa due to the
fact that the relevant characteristics (i.e., Fryer 1987)
are almost always lost to decay.

Fossils and Phylogeny

Clam shrimp fossils are dominantly comprised of
carapaces only. The reason is that the carapace is more
heavily mineralized/sclerotized, and it is more resistant
to decay than the ‘soft parts’ (the body and limbs). This
leaves a relatively character-poor fossil, consisting of
only the carapace and its growth lines, and under ideal
circumstances, interval ornamentation patterns as well.
As a result, the presence of growth lines has been a key
character in clam shrimp systematics; ‘growth lines’
are exhibited by spinicaudatans, cyclestherids and a
few species of cladocerans. The term ‘growth lines’,
however, is a misnomer. The carapace is not formed
by marginal accretion (as understood in brachiopods,
corals, and molluscs, and implied by the term ‘growth
line’), but by incomplete molting. Each time the animal
molts, it molts only the ventral cuticle of the carapace,
as well as the cuticle of the body (Astrop and Hegna,
unpublished). The carapace cuticle (as well as the
head in cladocerans; see Kotov and Elias-Gutiérrez
2009; Kotov and Stifter 2006) is kept and a new layer
grows underneath it. This extra thickening of the dorsal
carapace no doubt serves to protect the animal.

The mere presence of carapace growth lines in
fossil diplostracans has been previously interpreted
as evidence of spinicaudatan affinities (Gallego 2010;
Gueriau et al. 2016 2018; Li et al. 2009a b ¢ d 2010a;
Stigall and Hartman 2008; Stigall et al. 2014 2017).
Carapace molt retention appears and disappears
repeatedly. There is a population of spinicaudatans
(formerly classed as the species Eulimnadia alineata
Mattox, 1953, see Rogers 2020) that lacks visible
growth lines. D.C. Rogers (pers. comm.) has
encountered multiple populations of living spinicaudatas
that appear to lack growth lines, and this seems to be the
result of the food abundance and quality available to the
animals (Rogers et al. 2012). There is also an anecdotal
account of a laevicaudatan that possessed a growth line
(Linder 1946; diligent searching (by TAH and others) of
Linder’s collections has failed to turn up this specimen,
or specimens. It is assumed by Z. Sigvardt and J.
Olesen (D.C. Rogers, pers. comm.) that Linder actually
observed the inner verge showing through the carapace).
Visible molt retention in several lineages of anomopod
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cladocerans appears to have occurred multiple times
independently (Kotov and Elias-Gutiérrez 2009; Kotov
and Stifter 2006). Molt retention is even known in
an extinct group of Paleozoic ostracods (Jones and
Olempska 2013; Olempska 2012).

As a result, the optimization of carapace molt
retention in branchiopods is not simple (Fig. 1). Even
if we ignore the two cases mentioned above (i.e.,
Linder 1946 and Mattox 1953), molt retention may
have originated independently in both spinicaudatans
and cyclestherids (B and C in Fig. 1) or it could
have originated at the base of the Spinicaudata +
Cladoceromorpha clade and been lost at the base of the
Cladocera (A and D in Fig. 1). The implications are that
a fossil exhibiting growth lines could, in principle, be
a (stem) spinicaudatan, a (stem) cyclestherid, a (stem)
cladoceromorph, or a member of the Spinicaudata +
Cladoceromorpha clade, Onychocaudata.

Early References

In the published literature, one finds reference
to Cambrian (Howell 1963; Ulrich and Bassler 1931)
and Ordovician (Soot-Ryen 1960) ‘conchostracans’
(the now-abandoned taxonomic term for clam
shrimp). All of these fossils have, under subsequent
study, been transferred into other groups. The small,
bivalved bradoriids discussed by Howell (1963) and
Ulrich and Bassler (1931) are now regarded as stem
group crustaceans (Bradoriida + Eucrustacea sister
to Marellomorpha (Hou et al. 2010)). Eoasmussia,
described as a ‘conchostracan’ by Soot-Ryen (1960), has
subsequently been referred to the pelecypod molluscs
(Pojeta 1971).

Eridostracans are another group of crustaceans that
has been allied with the Diplostraca throughout their
history; their peculiar carapace which is mineralized
and exhibits molt retention makes them difficult to place
systematically. Today regarded as aberrant ostracods
(Olempska 2012), a few workers once viewed them as
clam shrimp (Schmidt 1941) or marine branchiopods
(Jones 1968).

There are no credible references to any clam
shrimp taxon prior to the Devonian.

Early Clam Shrimp

The Devonian sees the emergence and subsequent
diversification of fossils attributed to the clam shrimp.
Working out which clam shrimp is actually the oldest
is difficult, owing to difficulties in stratigraphic
correlation. There are several references to Early (or
lower) Devonian clam shrimp (Cuvelier et al. 2015;
Defretin 1950; Grof3 1934; Maillieux 1939; Novozhilov
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1961), but none are dated more precisely. These species
include Belgolimnadiopsis stockmansi (Maillieux,
1939) (see also Cuvelier et al. 2015; Defretin 1950),
Concherisma eifelense (Raymond, 1946), Pseudestheria
(Pseudestheria) diensti (GroB3, 1934), and Pseudestheria
(Tuvinopsis) arduennae Novozhilov, 1961, (see
Novozhilov 1961 for the most recent taxonomic
treatment)—all are in need of re-evaluation and re-
illustration, and their precise stratigraphic placement
needs updating. As a result, it is difficult to place the
fossils phylogenetically. It is unknown if they represent
crown or stem group spinicaudatans, or even stem group
onychocaudatans. Regardless, the fossils discussed
above represent the earliest clam shrimp. A timeline of
the appearance of different clades of diplostracans can
be found in figure 2.

A reference to a supposed Late Silurian form,
Asmussia? buchoti (Péneau, 1936) (Bate et al. 1967)
was apparently made without consulting Novozhilov
(1961), who had previously reclassified Péneau’s (1936)
taxonomy as Glyptoasmussia buchoti, and found its age
to be Middle Devonian.

Leaiins
Leaiins are an enigmatic extinct diplostracan

lineage thought to be closely related to the
spinicaudatans. In form, they look like spinicaudatans
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with two or more ridges (carinae) running from the
umbo to the edge of the carapace (a feature also noted
in the extant spinicaudatans Limnadopsis (Astrop, pers.
obs.) and Metalimnadia (Rogers, pers. comm.). They
have a fossil record that extends from the Devonian
to the Permian—casualties of the end-Permian mass
extinction. Impressions of putative soft parts are known
from several localities (Shen and Schram 2014), but
they do not illuminate the detailed phylogenetic position
of leaiins beyond being a part of the Diplostraca. The
soft-part impressions are notable for the fact that they
only seem to preserve the impression of one pair of male
claspers—spinicaudatans possess two pairs of claspers
while laevicaudatans and cyclestherids both possess a
single pair. However, the nature of the impressions is
such that two pairs of claspers could have easily been
superimposed upon one another rendering one pair of
claspers invisible in the fossils.

As leaiins are thought to have spinicaudatan
affinities (based on gross carapace morphology
including the presence of carinae, and the putative
presence of claspers), they have been used to date the
crown group appearance of diplostracans (Wolfe et al.
2016) as Middle Devonian.

Spinicaudatans

The Spinicaudata are the most diverse group of

Clam Shrimp
| |
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R % & Q & % % Sp
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B
Cladoceromorpha
A Onychocaudata
Diplostraca
Phyllopoda
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Fig. 1. A phylogeny of extant Diplostraca, with several scenarios for growth line (incomplete molting) evolution mapped onto it. A and D represent
the scenario of a gain (A) and subsequent loss (D) of incomplete molting. B and C represent the scenario of two independent gains of incomplete

molting.

© 2020 Academia Sinica, Taiwan



Zoological Studies 59:43 (2020)

extant clam shrimp with approximately 194 species in
around 16 genera (new species are identified relatively
frequently) (Rogers 2020). The four living families,
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Paleogene I Neo.

Cretaceous

W Koonwarra Lagerstatte, Australia

¥ Jehol Biota (Yixian Fm), China
¥ Yanliao Biota, China
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. First crown group spinicaudatan?
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K Gres a Voltzia Lagerstatte, France
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| | @ First laevicaudatan

Montceau-les-Mines Lagerstatte, France
First stem group spinicaudatan,
Castlecomer Lagerstatte, Ireland

| Carboniferous
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Fig. 2. A timeline for the first appearance of several groups of fossil
diplostracans (circles), as well as for fossil lagerstitten that contain
exceptionally preserved fossil clam shrimp (stars).
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Leptestheriidae, Eocyzicidae, Cyzidae and Limnadiidae
(Schwentner et al. 2020), are distributed globally and are
the subject of many studies as model organisms relating
to their systematics (i.e., Rogers and Cruz-Rivera 2020;
Sanomuang et al. 2020; Timms and Rogers 2020),
ecology (i.e., Hethke and Weeks 2020; Meyer-Milne et
al. 2020), functional morphology (i.e., Liu et al. 2020),
and mating systems (i.e., Weeks et al. 2014). Fossils of
this group are diagnosed by the gross morphological
features and ornamentation of the carapace and
the number of fossil clam shrimp attributed to this
suborder is large in comparison to the Laevicaudata and
Cyclestherida and many Devonian and Carboniferous
clam shrimp are attributed to the Spinicaudata based
on the presence of growth lines. However, as discussed
above, this alone is insufficient to place them within
the stem or crown of Spinicaudata, other characters
such as gross carapace morphology, carapace ornament
and where possible, soft part morphology must be
assessed. Fossils preserving more than just carapaces
shed more light on the matter. The Westphalian age (Late
Carboniferous) Limnestheria arda Wright, 1920 has
males with two pairs of claspers (Orr and Briggs 1999),
putting this species in, at least, the stem group to the
spinicaudatans, as all living spinicaudatan males have
two pairs of claspers (despite being relatively heavily
chitinised, claspers still do not approach the requisite
mineralization to experience the same preservation
potential as the carapace and are here considered ‘soft
parts’). Thus, stem group spinicaudatans originated by
the Late Carboniferous.

Laevicaudata

Laevicaudata are distinguished from other clam
shrimp by a smooth carapace that is devoid of growth
lines, a unique anatomy including a proportionally large
head and diagnostic reproductive features (Rogers and
Olesen 2016). Extant Laevicaudata are a low diversity
suborder containing 42 species in three genera and one
family worldwide (Rogers and Olesen 2016; Sigvardt
et al. 2019 2020, Shu et al. 2019) and have a poor fossil
record. Fossil laveicaudatan identification is based on
the presence of a roundish carapace devoid of growth
lines and possessing the impression of a maxillary
gland. The Laevicaudata sister group, Onychocaudata,
has likely stem- or crown group fossils in the Devonian
as discussed above. This implies a significant ghost
range for the Laevicaudata. Fossil laevicaudatans are
mostly only known from the Jurassic and Cretaceous
(see Krasinetz 1964 1966; Oleynikov 1975; Shen and
Chen 1984; Tchernyshev 1940). The most reliable of
these are the specimens of Shen and Chen (1984), which
seem to have the distinctive laevicaudatan-style telsons
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preserved. Older specimens are known from the Middle
Permian (Schneider et al. 2006) and Early Permian
(earliest Asselian, J. Schneider, pers. comm.; Schneider
et al. 2016). Fossil laevicaudatans are very character
poor, so it is impossible at this time to tell if these
fossils represent crown or stem group laevicaudatans.

Cyclestherida

The Cyclestherida are recognized by a rounded
carapace and are unique among clam shrimp in that
they harbor developing embryos within the carapace
brood chamber (it should be noted that cladocerans
do this as well). Extant cyclestherids are currently
only known from one described species, Cyclestheria
hislopi, however numerous cryptic species are known
(Schwentner et al. 2013). Representatives of the
Cyclestherida have been identified in the fossil record
more frequently than the Laevicaudata and as far back
as the Middle Devonian (Novozhilov 1953 1961)
and molecular clocks suggest they originated in the
Cretaceous (Schwentner et al. 2013). This discrepancy
is likely explained by the fact that their identification
in the fossil record is based on a single characteristic—
round shape (in addition to the growth lines). However,
it should be noted that a subrounded shape is exhibited
in females of a few species of the living spinicaudatan
genera FEulimnadia and Limnadia (Daday de Deés
1925 1926; Mattox 1937 1939 1953) and that there is
an undescribed triangular Cyclestheria from Paraguay
(D.C. Rogers, pers. comm.), further muddying the
identification of fossil Cyclestherida. Thus, the early
supposed fossil cyclestherids may belong to the
spinicaduatan lineage.

Cyclestherida’s sister group, the Cladocera, may
have a fossil record extending to the Devonian. The
Devonian record is supported by relatively ambiguous
fossils that may be related to the Cladoceromorpha
lineage (specifically, Cladocera—Anderson et al. 2003).
Less ambiguous cladocerans fossils are known from the
Jurassic (Kotov 2007).

Exceptionally Preserved Clam Shrimp

Exceptionally preserved clam shrimp fossils do
occur at several lagerstitten throughout the world.
These sites are scattered in age from Late Devonian
to Early Cretaceous (Fig. 2). The fossil clam shrimp
there are disappointing from the perspective of a
modern clam shrimp taxonomist, because despite the
fact that claspers, limbs, and telsons are preserved,
they are preserved without the fine detail that modern
taxonomists use to tell apart living species.

The oldest site that preserves clam shrimp soft-
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parts is the Strud Lagerstétte in Belgium (Gueriau et
al. 2016 2018), which is Famennian (Devonian) in age.
In addition, this site also has notostracans (Lagebro et
al. 2015) and anostracans (Gueriau et al. 2016 2018).
Next in age is the Castlecomer Lagerstitte in Ireland
(Wright 1920; Orr et al. 1996), which is approximately
dated to lower Westphalian (= Bashkirian; Early
Pennsylvanian; Carboniferous) (Orr and Briggs 1999).
Slightly younger is the Late Carboniferous (Late
Pennsylvanian) Montceau-les-Mines Lagerstitte in
France (Vannier et al. 2003). It should be noted that the
notable American Mazon Creek Lagerstitte, which is
slightly older than Montceau-les-Mines, does contain
clam shrimp, but they do not preserve soft parts (though
specimens illustrated in Shabica and Hay (1997) may
preserve casts of the thorax). The Middle Triassic
(Anisian) Gres a Voltzia is next in age (Gall 1971; Gall
et al. 2006). A possible exuvium from a clam shrimp is
known from the Middle Jurassic Phra Wihan Formation
of northern Thailand (Heggemann et al. 1990). The
Phra Wihan specimens were originally interpreted as
fossil amphipods (Heggemann et al. 1990), but have
been more plausibly reinterpreted as clam shrimp
remains (Hegna et al. 2020). The fossils described by
Zhang et al. (1987 1990) are likely a part of the Yanliao
Biota in the Middle-Late Jurassic (Xu et al. 2017). The
Yanliao Biota is notable because it also contains fossil
anostracans (Huang et al. 2006; Luo et al. 2020; Shen
and Huang 2008). The Jehol Biota is Early Cretaceous
in age (Zhou et al. 2017) and contains exceptionally
preserved clam shrimp (Shen 2011; Pan et al. 2015) and
notostracans (Hegna and Ren 2010; Wagner et al. 2019).
The youngest lagerstdtten containing clam shrimp
with soft parts (Hegna, pers. obs.) is the Koonwarra
Lagerstatte in Australia which is Aptian in age (Poropat
et al. 2018). A timeline showing the appearance of these
clam shrimp containing fossil lagerstitten can be found
in figure 2.

DISCUSSION

Despite over a century of research into clam
shrimp paleontology, very little consensus exists
regarding what is, and what is definitively not, a clam
shrimp fossil and furthermore, what characters provide
discrete delineation of phylogenetic groupings in
higher taxa. The systematics of extant clam shrimp
is predominantly based on characters that do not
preserve in the fossil record including soft parts and,
of course, molecular data. How then, are we to resolve
relationships between the abundant fossils of obvious
‘clam shrimp’ affinity, accessioned in their thousands
in global collections, with the phylogenetic history
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elucidated using modern taxa?

An initial step is to identify, utilize and expand
a standardized set of morphological characters seen in
both modern and fossil taxa that allow identification
of both definitive clam shrimp carapaces in the fossil
record and the major clam shrimp groups to which
they may belong; but there are some serious obstacles.
We will never get the same level of detail out of a
fossil clam shrimp as that we can get from a modern
clam shrimp. Thus, fossil and modern species will
never be directly equivalent. Fossil clam shrimp are
comparatively character-poor, and unfortunately, may
never truly be able to generate a resolved phylogeny
without input from modern clam shrimp characters.
Phylogenies created with molecular data, like that of
Schwentner et al. (2020) may become vital tools to use
in concert with fossil data to understand clade origins
and historical biogeography.

Crown group spinicaudatans are difficult to
identify in the fossil record as their identity must rely
on carapace ornamentation characters, which have been
incompletely documented for all (fossil and modern)
clam shrimp. The oldest crown group spinicaudatan has
been identified as Dundgobiestheria mandalgobiensis
Li et al., 2014 (Wolfe et al. 2016) which is upper
Middle Jurassic in age. However, a suite of Late
Triassic species belonging to the genus Menucoestheria
Gallego in Gallego & Covacevich 1998 possess a
reticulate ornamentation that transitions to lirae (Gallego
2010). This ornamentation pattern places them in the
Eosestheriidae, which according to the phylogenetic
hypothesis of Astrop and Hegna (2015) is the sister
group to the Cyzicidae. This makes Menucoestheria a
putative crown group spinicaudatan in the Late Triassic.
It should be noted that sampling of clam shrimp
ornamentation patterns is very poor prior to the Jurassic,
and that, as noted by Wolfe et al. (2016, p. 79), this
revision of the crown group age of Spinicaudata may
still severely underestimate the antiquity of the group.
The phylogenetic hypothesis of Astrop and Hegna
(2015), was heavily based on the work of Schwentner et
al. (2009) on modern taxa, and needs to be re-evaluated
in light of the new hypothesis of Schwentner et al.
(2020).

The reliance, in both Laevicaudata and
Cyclestherida fossils, on a single problematic
character is a cause for concern. Both laevicaudatans
and cyclestherids should have the same preservation
potential as spinicaudatans (with the caveat that the
laevicaudatan carapace may be less durable due to the
absence of molt retention). Furthermore, spinicaudatans
are identified as spinicaudatans in the fossil record
largely on the basis of a single character—the presence
of molt retention. And, as discussed above, that
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character is problematic (Fig. 1). Thus, even when
talking about spinicaudatans, we are likely including
an array of stem lineages and extinct side branches
unrelated to crown group spinicaudatans.

Expanding and standardizing the use of characters
based on carapace ornamentation, gross carapace
morphology (Scholze and Schneider 2015) and where
possible, soft parts may shed light on the evolution and
origin of the crown group clades.
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