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restricted by the thick surrounding periostracum and
adventitious tube but the reception of the state of
tonicity is possibly the function of the paired, simple
proprioreceptors based around the vestigial posterior
pedal retractor muscles and their connection with the
visceral ganglia. Such muscles are also retained in
other members of the Penicillidae, for example,
Humphreyia strangei, but also occur in the
clavagellid Dianadema multangularis (Morton,
2002b, 2003a). Both of these are cemented,
epibenthic species in which the pericardial
proprioreceptors are much more sophisticated
especially in the former. Where posterior pedal
retractor muscles are either lost, for example in
Brechites vaginiferus, or vestigial, as in Foegia
novaezelandiae (Morton, 2002a, 2004a), there are no
pericardial proprioreceptors. It is also significant
that the blood vessels and pallial haemocoels of all
penicillids are huge in comparison with those of
representatives of the Clavagellidae.

(iii) Growth in Humphreyia

Savazzi (1982a, p. 84-85) considered that “The
genus Humphreyia Gray, 1858, represents an
intermediate morphological state ...... Nevertheless,
there are reasons to believe that Humphreyia is not
an evolutionary intermediate between Clavagella
and Penicillus (see L.A. Smith, 1962 [p.16; fig.1]): it
represents more likely a secondary adaptation to
cementation, and is a Recent offshoot of Clavagella'.
B.J. Smith (1976), also, in erecting the sub-genus
Nipponoclava, placed N. gigantea in the genus
Humphreyia (Gray, 1858). Such an unexplained
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decision was possibly based upon the fact that the
true shell valves of H. strangei are not splayed at
1807 to each other, but at an angle of ~120°, that is,
they stand proud of the adventitious tube and
thereby resemble N. gigantea (Figure 21).
Humphreyia strangei is clearly very different from
the other endobenthic representatives of the
Penicillidae in that it lives epibenthically cemented
to stones and empty shells.

As postulated for Brechites vaginiferus,
Humphreyia strangei probably undergoes a number
of stages in its life history that are illustrated in
Figure 25. First, there is probably an undescribed
planktonic larva, followed by a settling pediveliger
stage. This settles to produce, second, an active
juvenile (Figure 25(a)) that has been described by
Morton (1984b) and herein. Importantly, this
possesses a normal pair of adductor muscles that
means that the animal functions like a typical
bivalve and must be able to close its shell valves, at
least partially. Once a habitat is chosen by the
juvenile for permanent occupation (Figure 25(b)),
further growth occurs, the saddle is produced, and
the mantle cavity is greatly expanded beyond the
margins of the shell valves so that they become
oriented at an angle of ~120° to each other. The
adductor muscles presumably degenerate at this
stage. The animal thus occupies a bag-like mantle
covered mostly by periostracum. The third,
cemented, adult stage (Figure 25(c)) is formed when
the anterior watering pot is produced, possibly in
two stages, the first uncemented, the second so
attached. The fourth adult stage develops an

Figure 25 Humphreyia strangei. Postulated stages (a—d) in the growth from a juvenile to an adult. For an explanation

see pages 54-55. (redrawn after Morton, 2002b).
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adventitious tube posteriorly to house the now
greatly enlarged siphons (Figure 25(d)) and this,
only, can be elongated as further growth occurs in
this direction but, again, not anteriorly.
Humphreyia strangei is, thus, first, a free-living
juvenile, then an epifaunal, initiaily byssally-
attached bivalve that subsequently cements to a
substratum, and finally becomes a mature Brechites-
like watering pot shell, albeit with occluded pedal
gape and tubules.

Like Nipponoclava gigantea,
Humphrevia strangei has both adductor muscles
present (Morton, 2002b) further supporting the
argument that modern, functionally amyarian
penicillids (Foegia is actually amyarian) arose from
a more “typical” bivalve, probably a lyonsiid
ancestor (Dreyer et al,, 2003), by (i), the secretion of
an adventitious tube for the protection of a body no
longer encased largely within shell valves and (ii),
progressive reduction in the size of the shell
through progesses of neoteny and heterochrony, in
which the animal produces its adventitious tube at
progressively earlier and earlier developmental
stages such that the valves become actually and
relatively smaller and smaller and, hence, more
splaved. The large shell of N. gigantea, with
internally a set of pallial and adductor muscle scars,
forms a link, which Harper and Morton (2004)
postulated must exist, between a more or less
typical endobenthic lyonsiid bivalve and the more
highly derived other representatives of the
Penicillidae.

the juvenile of

Evolution

Representatives of the Clavagellidae with their
origins in the Upper Cretaceous are characterised
by a shell with an internal ligament, the left valve
uniting marginallv with an adventitious crypt, the
right valve free inside it. There are, moreover, large
anterior and posterior adductor muscles, anterior
pedal retractor muscles (in Clavagella) and no
anterior muscular pedal disc. Conversely,
representatives of the Penicillidae with their origins
in the Oligocene possess a tiny shell with an
external ligament, and both valves are marginally
united with the adventitious tube. Penicillids are,
moreover, virtually amyvarian except for vestigial,
either anterior (Brechites) or posterior
(Humphreyia), pedal retractor muscles and all, save
Kendrickiana veitchi, possess a muscular pedal
disc. Thus, representatives of the two newly
recognised families constitute a remarkable
example of convergent evolution in terms of (i), the
adoption of the epibenthic tube-dwelling mode of
life in Brechites and its allies (Penicillidae) and
Stirpulina (Clavagellidae) and (i), cementation in
Humphreyia and Dianadema.

An interesting point about Humphreyia strangei
is that ontogenetic metamorphosis occurs at the end
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of the juvenile phase and is associated with a loss of
mobility and adoption of the cemented mode of life.
As far as is known, such a change, unlike
cementation in other bivalves, including the
anomalodesmatans Myochama and Cleidothaerus
(although juveniles of these are also unknown),
where the setting pediveliger transforms into the
cemented juvenile which then grows into the adult,
appears to be unique to Humphreyia. Although it
has been argued that such a metamorphosis also
occurs, for example, in Brechites vaginiferus
(Harper and Morton, 2004) and probably other
endobenthic penicillids. Morton (2002a) has shown
that in some habitats, B. vaginiferus cements itself
to stones and rocks. Cementation has thus evolved
relatively recently in the Penicillidae, probably from
a Brechites-like ancestor, possibly similar to
Nipponoclava (B.]. Smith, 1976). Conversely, in
representatives of the Clavagellidae there is no
juvenile to adult metamorphosis. That is, for
example, in Bryopa, there is a juvenile with a typical
shell (Palazzi and Villari, 2004) that settles into a
crevice and progressively grows, like any other
bivalve, into an adult albeit with an admittedly
strange form (Savazzi, 2000; Morton, 2005), but
without a metamorphic phase. More similarly to
Humphreyia, however, is the cemented Dianadema,
but this too constitutes a juvenile that grows in the
usual manner until a cemented crypt occupied by
the adult is produced.

Harper and Morton (2000) and Morton and
Harper (2001) have shown that cementation in the
Anomalodesmata has evolved in two additional
phylogenies, that is, the Myochamidae and
Cleidothaeridae, and again in both, relatively
recently. Thus, although the Anomalodesmata has a
long history, especially the Pholadomyidae
(Morton, 1980), stemming from the Palaeozoic to
the Recent, cementation in the sub-class is a modern
phenomenon and has, hence, evolved quite
independently in the Myochamidae,
Cleidothaeridae, Clavagellidae and Penicillidae.
Dianadema (Clavagellidae) and Humphreyia
(Penicillidae) are thus convergently similar,
cementation in the former arising in approximately
the Eocene of the Indo-West Pacific and Australia
and the latter in the Pliocene of Australia.
Convergent evolution in Humphreyia and
Dianadema has resulted in some quite surprising
analogies. For example, Morton (2002b, 2002¢)
showed that both have evolved a unique pair of
pericardial proprioreceptors in the kidneys,
possibly to prevent overfilling of the rectum or to
monitor body tonus. Some other penicillids also
possess such, typically simple, proprioreceptors but
they are only present when the postcrmr pedal
retractor muscles are not lost.

In addition to the extraordinarily wide range of
morphological diversity seen in the representatives
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of anomalodesmatan families (Morton, 1981, 1985a),
the more species that are examined, the wider
becomes the total spectrum of adaptive radiation
exhibited by the sub-class. For example, the
cemented habit in the various lineages of the
Anomalodesmata, that is, Myochama and
Cleidothaerus (Harper and Morton, 2000; Morton
and Harper, 2001) and now the Australian
Humphreyia and Dianadema (Morton, 2002b,
2003a) seems restricted to the southern hemisphere
islands of New Zealand and Australia. What factors
drove the evolution of the cemented habit in these
four families of the Anomalodesmata in southern
hemisphere waters is, however, unknown [but
needs to be addressed]. Similarly, Harper et al.
(2000) showed that, cladistically, representatives of
the Clavagelloidea appear more closely related to
the various deep-water representatives of the
predatory septibranch families. In these bivalves too
there is pumping of water into and out of the
mantle cavity, albeit to capture prey, by means
other than the adductor muscles (Yonge, 1928).

The Anomalodesmata is hence a truly amazing
example of adaptive radiation, with two families of
watering pot shells in shallow waters competing, in
terms of bizarreness, with four families of deep-
water predators and an even greater variety of other
strange bivalves last reviewed by Morton (1985a).

A revised taxonomy of the watering pot shells

Surprisingly, in what is perhaps one of the most
important analyses of the evolutionary history of
the fossil Anomalodesmata, Runnegar (1974) made
no attempt to review the Clavagelloidea, beyond
recognising it as one superfamilial entity. Similarly,
L.A. Smith (1962a, 1962b) and B.J. Smith (1971,
1976, 1998) considered all watering pot shells to
comprise but one superfamily and family - the
Clavagellidae.

Gray (1858a) considered that his family
Aspergillidae comprised two subfamilies, that is,
the Penicillina, encompassing the genera Warnea,
Aspergillum, Penicillus, Clepsydra, Arytene and
Foegia, and the Clavagellina, including Clavagella,
Bryopa and Dacosta. Humphreyia was placed in its
own family - the Humphreyiadae. Starobogatov
(1992) considered that the most primitive
component of his Order Pholadomyiformes was the
Suborder Laternuloidei, and from which was
derived two other suborders, that is, the
Pholadomyoidei and Clavagelloidei. Starobogatov
(1992) also considered his suborder Clavagelloidei
to comprise two superfamilies, that is, the
Penicilloidea Scarlato and Starobogatov, 1971 and
the Clavagelloidea d’Orbigny, 1843. A somewhat
similar view was held by Morton (1985a), who
thought that the Clavagelloidea was most closely
linked to the Laternulidae and, both, back in time,
with the Pholadomyidae considered by Runnegar
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(1974) and this author (Morton, 1980) to contain the
oldest anomalodesmatans. Savazzi (1999)
considered that the Clavagella and Brechites
lineages represented a case of parallel evolution. It
was only after a comparison of Brechites
vaginiferus and Humphreyia strangei (Morton,
2002a, 2002b), that Morton (2002¢) could agree with
this view and therein suggested separation of
Savazzi's two “lineages”. This study formalizes this
view. That is, watering pot shells are divisible on
the basis of many criteria into the Clavagellidae
d’Orbigny, 1843, with the name Aspergillidae Gray,
1858 as a junior synonym (Habe, 1977), and
Penicillidae Bruguiere, 1789. There is a time
difference of at least 40 million years between when
the two families arose, both, however, probably
from lyonsiid ancestors.

The proposed taxonomic classification of the
watering pot shells is presented in Table 4. The two
identified families — the Clavagellidae and
Penicillidae — each contain a number of genera and
representative species that are recognized and
discussed herein.

A revision of the watering pot clades and a remarkable
example of convergent evolution

Figure 26 provides a comparison of the currently
recognized extant genera of the Clavagellidae and
Penicillidae. A comparison with Stirpulina is
hampered by a lack of information on the genus,
the only living species, S. ramosa, never having
been examined anatomically, although Morton,
(2006a) has studied the shell and tube and shown
how the latter is formed. There is clearly a range in
lifestyles in the Clavagellidae, from the endobenthic
Stirpulina (Savazzi, 1982a, 1982b), to the small,
cemented, epibenthic Dianadema (Morton, 2003a)
and the endolithic, either nestling (Dacosta) or
boring (Bryopa) (Morton, 1984b; Savazzi, 2000). All
are united by the fact that only the left valve is
incorporated into the fabric of either the crypt or
adventitious tube, but it is probable that ligament
form is also related to lifestyle. All clavagelloids
possess periostracal calcareous spinules on their
shells, particularly posteriorly, as have been
reported for a number of anomalodesmatans
(Harper et al,, 2000). Of importance is that no
clavagellid possesses a pedal disc and in this
context too it is important that in them all, the pedal
retractor muscles are either vestigial (Dacosta and
Dianadema) or absent (Bryopa) and the foot is also
always small. There is, however, a pedal gape in
representatives of all genera except Stirpulina
(Morton, 2006a, 2006b) and, similarly, anterior
tubules are present in all genera except Bryopa.
None of the genera possesses a fourth pallial
aperture, but radial mantle glands are present in the
siphons of Clavagella and Dianadema the resulting
in the presence of sand grains and other detritus
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Figure 26  An illustration of watering pot evolution showing the remarkable pattern of parallel evolution between the
Clavagellidae and Penicillidae, albeit over two time-scales, that is, Mesozoic and Cenozoic. 1-4 represent
functional clades: TA and 1B [endobenthic] and 4A and 4B [cemented endobenthic] and constitute the most
striking examples of parallel evolution between the two phylogenies.

adhering to the siphonal tips, probably to
camouflage them. Anatomically, all representatives
are similar, for example in the degree of mantle
fusion (Type C; Yonge 1982), with a two-layered
periostracum, a ctenidial ciliation of Type E (Atkins,
1937), a ctenidial/labial palp junction of Category
III (Stasek, 1963) and statocysts of Type B3 (Morton,
1985¢). These characters, however, are typical of
most anomalodesmatans (Harper et al., 2000).
There are two penicillid clades. The first is the
endobenthic, adventitious tube-dwelling genera
Penicillus, Brechites, Foegia, Kendrickiana and
Nipponoclava with the last named showing how
the former have evolved through a process of
heterochrony (Morton, 2004b). The second is the
cemented Humphrevia, possibly also evolved from
a common ancestor with Nipponoclava. Associated
with greater and greater specialization for
occupation of an adventitious tube, endobenthic
genera show a progressive loss of anterior and
posterior adductor and pedal retractor muscles,
culminating  with the amyarian Foegia

novaezelandiae (Morton, 2004a). Where posterior
pedal retractor muscles survive as remnants, they,
like their clavagellid counterparts, have evolved a
pair of pericardial proprioreceptors. The foot is
always present, but very reduced. There is, a pedal
gape in representatives of all genera and, similarly,
anterior tubules are present in all genera. All the
genera possess a fourth pallial aperture and radial
mantle glands are present in the siphonal apices of
all genera, except Kendrickiana and Penicillus, and
to them sand grains and other detritus presumably
to camouflage them.

The shells of all representatives of both families
resemble those of lyonsiid anomalodesmatans; a
suggestion substantiated by genetic determination
of a close affinity, at least between Lyonsia
norwegica Gmelin, 1791 and Brechites vaginiferus
(Drever et al, 2003). 1t is thus argued that the two
families evolved at different times, possibly both
from lyonsiid ancestors, and that the various
representatives of both constitute an extraordinary
example of convergent evolution
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CONCLUSIONS

As herein discussed, it is suggested the
Clavagelloidea, as currently defined, comprises two
families — the Clavagellidae and Penicillidae.
1.

Representatives of the constituent genera of the
two families are similar in terms of the shell
structure and the organization and functioning
of the organs of the mantle cavity and visceral
mass in part accounting for why they have been
considered to be representative of one
phylogeny. Such characters are, however,
largely “anomalodesmatan”, more specifically,
“lyonsiid”.

Differences between the major genera of the
Clavagelloidea have, however, progressively
become recognized and in this the juvenile of
Humphreyia strangei is most significant. The
hinges of adult Brechites vaginiferus and its
allies are obscured by internal and, in some,
external calcifications that fuse juvenile shell,
saddle and adventitious tube. The ligament of
Humphreyia, however, is external and has a
lithodesma whereas that of Dacosta is internal
with no lithodesma. On other grounds too,
Humphreyia can be allied to Brechites (Morton,
2002b) and not Clavagella, as previously
thought (L.A. Smith, 1962a). Thus, cemented
Humphreyia, and Brechites and the latter’s
endobenthic allies are separate from Clavagella
and its allies, but the significance of this has
hitherto escaped formal attention. Further,
Clavagella, Dacosta and Bryopa have two large
adductor muscles, no pedal retractor muscles,
and a pallial sinus (both absent in adult
Humphreyia, and Brechites and most of its
allies), no pedal disc (present in Brechites and
Humphreyia). Most important, however, the
left valve only of Dacosta is united with its
crypt or adventitious tube (Stirpulina), the right
being free inside it. Conversely, in Brechites
and its allies, including Humphreyia, both
valves are united marginally with the
adventitious tube.

The patterns of tube formation expressed by
the endobenthic Brechites and its allies
(Penicillidae) and Stirpulina (Clavagellidae) are
also fundamentally different, though both are
secreted from the mantle overlying the body.
As a consequence, the watering pot of Brechites
and Stirpulina are bi-laterally symmetrical and
Q-shaped, respectively.

It is thus proposed that Clavagella and its left -
fused - valve allies be referred to the
Clavagellidae (d’Orbigny, 1843) that appeared
in the Mesozoic and Humphreyia, and
Brechites and its allies to the Penicillidae
Bruguiére, 1789 that appeared in the Cenozoic.
This latter name is chosen based on it being (a),
the oldest available and (b), that used by Gray
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(1858a) for his subfamily Penicillina
(distinguishing it from the Clavagellina) and
Starobogatov (1992) for his Penicilloidea
(distinguishing it from the Clavagelloidea). In
formalizing this taxonomic proposal, a familial
compromise between the two taxonomic views
of Gray and Starobogatov is adopted.

It is suggested, however that the Clavagellidae
and Penicillidae as herein defined have both
evolved from lyonsiid ancestors (albeit at
different times of approximately 40 million
years between such convergent evolutionary
events), accounting for their genetic similarity
(Dreyer et al, 2003). Finally, however, it is
important to realize that the infaunal tube
building and the cemented watering pot
lifestyles have both evolved independently in
the two families at different times, and thus
constitute two remarkable examples of
convergent evolution. This is illustrated in
Figure 26 (partly after L.A. Smith, 1962a), with
the clades of the Upper Cretaceous
Clavagellidae identified by their constituent
genera, that is, the endobenthic Stirpulina (1A)
(and possibly Ascaulocardium [1A?]), the
nestling / boring endolithic Clavagella and
Dacosta (2), the endolithic, live coral boring
Bryopa (3), and the cemented Dianadema (4A).
The endobenthic and cemented clades of the
Clavagellidae (1A and 4A) have penicillid
analogues in Oligocene Brechites (1B) and its
allies, and Plio-Pleistocene Humphreyia (4B),
respectively. There is no penicillid analogue of
Dacosta and Bryopa, however.

In the Clavagellidae, the occupation of a
cemented crypt in Dianadema or an
adventitious tube in Stirpulina is possibly the
consequence of pre-adaptation (exaption). That
is, the adoption of an endolithic life style
(Dacosta, Bryopa) wherein the burrow is lined
with relocated calcium carbonate and the
formation of a protective tube for the siphons
possibly foreshadows the situation in
Dianadema and Stirpulina. However, no such
endolithic precursor is known for the
Penicillidae that probably, therefore, have
evolved from a burrowing ancestor.

The Clavagellidae and Penicillidae thus provide
us with perhaps one of the best, most
remarkable, and hitherto unappreciated
examples of convergent evolution in the
Bivalvia. Harper et al. (2000) have suggested
that the Anomalodesmata today comprises
about one sixth of all bivalve families and has
done since the Palaeozoic. With the discovery
that the Clavagelloidea comprises not one but
two families, this extraordinary adaptive
radiation at the supra-generic level is now
known to be yet more diverse and complex than



Evolution of the Clavagelloidea

hitherto appreciated. In the Palaeozoic, the
Anomalodesmata comprised a diverse group of
bivalves (Runnegar, 1974), albeit largely
contained within one superfamily - the
Pholadomyoidea (Moesch, 1875; Morton, 1980,
1981, 1985a, 1995). Today, however, as with the
watering pot shells discussed herein, and
generally in the Anomalodesmata as a whole,
both pholadomyoid families are represented by
but one or two genera and these often by but
one or two species. The adaptive radiation of
the Anomalodesmata, therefore, is remarkable
and is nowhere better illustrated than in the
extraordinary pattern of convergent evolution
expressed by the Clavagellidae and
Penicillidae.

8. It is, however, clear that the endobenthic
lifestyle has not been a successful evolutionary
development in the Clavagellidae, only
Stirpulina ramosa surviving to the present day
but leaving behind a rich array of such
Mesozoic watering pot fossils virtually
worldwide. Conversely, however, there are few
fossils of the endobenthic Caenozoic
Penicillidae, but these watering pot shells have
radiated and evolved in the Indo-West Pacific
into some of the most amazing bivalves ever
seen. This raises the question of: why did
endobenthic clavagellids fail, but their
penicillid counterparts survive?

9. Finally, however, the remarkable example of
convergent evolution described herein for the
Clavagellidae and Penicillidae is matched by
another example between these two families
and unrelated representatives of the
Gastrochaenidae that also possess boring
(Gastrochaena), crypt- (Cucurbitula) and tube-
dwelling (Eufistulana) representatives.
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APPENDIX
Abbreviations used in the figures

AA
AC
AGI
APR
ASM
AT
AU

C
C-P-V-CONN
CR
CT
CTE
DD
DE
DP
EAT
ES
ESWP

EU
Fr
FPA
H
HP
HT?
IBC
IGI
IS

K
LI
LP
IR
LV
M
MM
NL
OLP
PA
PC

Anterior adductor muscle (or scar)
Anterior crest

Anterior growth increment
Anterior pedal retractor muscle
Anterior suspensory muscle
Anterior tubules

Auricle (of heart)

Chondrophore

Cerebro-pleural-visceral connective-

Crypt

Crown of tubules

Ctenidia

Digestive diverticula

Debris

Disc papilla

End of primary adventitious tube
Exhalant siphon

Posterior extension of secondary
watering pot

Eroded umbo

Fused periostracum

Fourth pallial aperture

Heart

Hinge plate

Hinge tooth

Infra-branchial chamber
Internal growth increment
Inhalant siphon

Kidney

Lithodesma

Lateral papilla

Lateral ridge

Left shell valve

Mantle

Mantle margin

Nacreous layer of shell

Outer labial palp

Posterior adductor muscle (or scar)
Posterior crest

PE
PEC
PEP

PG

PL

PM
PPR?

PR
PRG
PRL

PRM
PRM1
PRM2

PS
PSS
Pwp

RAT
RE
RV

SA
SAG
SBC
5C
SRM
STG
SV
SWP

1]
TU

UBW

VM
VT
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Periostracum

Pericardium

Perforate watering pot
Pedal gape

Pallial line

Proprioreceptor muscle
Posterior pedal retractor muscle
Prodissoconch
Proprioreceptor ganglion
Primary ligament

Pallial retractor muscle
Pallial retractor muscle (component 1)
Pallial retractor muscle (papillate
component 2)

Pallial sinus
Proprioreceptor sensory sac
Primary watering pot
Rectum

Right anterior tubules
Repair in adventitious tube
Right shell valve

Siphons

Saddle area of shell valve
Sand grains
Supra-branchial chamber
Siphonal channel

Siphonal retractor muscles
Subsequent tube growth
Shell valve

Secondary watering pot
Adventitious tube

Triple junction

Watering pot tubules
Umbo

Unlined burrow wall
Ventricle

Ventral mantle

Ventral tubules

Wood fibres



