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Specimens of six species of craniid brachiopod were dissected and the musculature,
body wall and mantle were examined. New names are proposed for the “brachial
protractor” and “brachial retractor” muscles. The “brachial elevator” muscles are
part of the anterior adductor muscles, a small bundle of translucent quick-muscle
partially enclosed by a larger, curving bundle of the dark-coloured slow-muscle. A
new ring muscle is described. The lophophore arms are extended and retracted by
the hydrostatic skeleton and brachial muscles respectively. The valves of
Novocrania are probably opened by the creation of hydrostatic pressure, within
a newly described coelomic chamber, by contraction of the oblique lateral muscles.
Neoancistrocrania has an extra pair of dorsal mantle canals arising at the posterior
and a dorsally directed pouch in the body wall.

Keywords: hydrostatic; lophophore; mantle canals; muscles; Neoancistrocrania;
Novocrania

Introduction

Craniid brachiopods have a very long fossil history and are largely unchanged since
they first appeared in the Lower Ordovician (450 million years ago) (Bassett 2000).
There are three genera still living in the modern oceans and the anatomy of living
genera provides a great deal of valuable information to allow interpretation of fossil
genera. However, the anatomy of the muscles of craniids has not been studied in
detail since Blochmann (1892), and his work was carried out on a single species,
Novocrania anomala (Müller, 1776). This is the first study for 140 years to look at
certain aspects of craniid anatomy, uses modern microscopes and scanning electron
microscopy, and examines the anatomy of two genera (six species) of craniid. The
anatomy of N. anomala was first described by Joubin (1886) and a number of
misconceptions in the literature about the anatomy of Novocrania, and other genera
and species of craniid, date from this and later publications. These include the
functions of various muscles, how, and how far, craniids extend and retract their
lophophore arms and how craniids open their valves. Various authors have pub-
lished text and diagrams that are inconsistent or that suggest an incorrect form or
function of certain muscles. This study attempts to clear up these misconceptions
and to introduce new information and terminology. Two muscles are renamed, and
a new muscle and a new coelomic chamber are described. This study also figures
variations in the dorsal mantle canals and body wall of Novocrania and
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Neoancistrocrania, and discusses how craniids may extend and retract their
lophophore and open their dorsal valves.

Material and methods

This study is based on dissections of specimens of six species of craniid from
geographically widely separated sites, preserved in 70% ethanol; Novocrania anomala,
Novocrania japonica (Adams, 1863), Novocrania lecointei (Joubin, 1901), Novocrania
huttoni (Thomson, 1916), Novocrania californica (Berry, 1921) and Neoancistrocrania
norfolki Laurin 1992. Dry specimens of these six species and Novocrania turbinata
(Poli, 1795) were also examined, some with and some without dried tissue (Table 1).
The ethanol-preserved specimens were soaked in a solution of 50% detergent and 50%
tap water for 24–48 hours to rehydrate the tissues. Digital photographs were taken
with a Nikon Coolpix 995 camera attached to a Leica WILD MZ8 microscope.
Scanning electron microscopy photographs were taken on a JEOL Cambridge elec-
tron microscope.

Craniid musculature and function

The muscle system of living Novocrania has been described and illustrated by a
number of authors including Joubin (1886); Davidson (1886–1888); Oehlert (1887);
Blochmann (1892); Shipley (1895); Delage and Hérouard (1897); Thomson (1927);
Bulman (1939); Helmcke (1939); Rowell (1965) (as Crania), James (1997) and
Williams et al. (1997) (as Neocrania). The names and suggested functions of the
muscles of Recent Novocrania have varied considerably between different nineteenth
and early twentieth century authors. The English version of the muscle names became
standardized with Bulman (1939); Blochmann’s (1892) anatomical study of inarticu-
lated brachiopods is still the authoritative text for craniid anatomy today and most of
the later texts are largely based on Blochmann’s description of N. anomala.

Williams et al. (1997), the most comprehensive recently published account,
described eight pairs of muscles and one unpaired muscle in Novocrania
(Figure 1A, adapted from Blochmann 1892); two pairs of adductor muscles, posterior
and anterior, that close the valves; one pair each of oblique internal and oblique
lateral muscles that control the rotation and sliding movements of the valves; three
pairs of muscles that control the position of the lophophore, the “brachial elevator”,
“brachial protractor” and “brachial retractor” muscles; a pair of brachial muscles,
one in each arm of the lophophore; and the unpaired median muscle that attaches to
the last stage of the alimentary tract.

Other movements of the dorsal valve carried out by various muscles have been
described. Atkins and Rudwick (1962) stated that when the valves of N. anomala were
closed slowly the dorsal valve swivelled from side to side as it approached the ventral
valve “as though adjusting its position to ensure a tight fit” (by the oblique muscles).
Rudwick (1970) noted that in Novocrania the valves are often snapped shut (by the
adductor muscles) to eject faecal pellets and pseudofaeces (mucus-bound non-food
particles) and that in some specimens the upper valve would slide forward (by the
oblique muscles) before the valves opened.
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Description of craniid muscles

The muscles of craniids (Figure 1B–I) are composed of long, thin, flat, closely packed
fibres that extend the entire length of each muscle (Figure 2A, B), there are no
tendons as occur in articulated brachiopods. Each muscle is encased in a very thin
transparent-whitish membrane. The names of the craniid muscles as presented in
Blochmann (1892) and in this study, where some are renamed, are listed in Table 2.

(1) The brachial muscles
The brachial muscles run along the inner edge of each arm of the lophophore (Figures
1E–G and 2C; Blochmann 1892, fig. 7) and attach to the anterior side of the muscular
belt of the (newly proposed) ring muscle (Figure 1E).

(2) The “brachial elevator” muscles
Blochmann (1892) first used the term levatores brachorum. Blochmann figured the
“brachial elevator” muscles as lying within the curve of, and considerably shorter
than, the anterior adductor muscles, attached to the dorsal valve at one end and to
connective tissue at the base of the brachial muscle at the other (Figure 1A;
Blochmann 1892, fig. 58; Williams et al. 1997, fig. 105). Blochmann showed the
“brachial elevator” and brachial muscles as separate structures. Shipley (1895, fig.
316), Thomson (1927, fig. 11) and Bulman (1939, fig. 4) figured the “brachial
elevator” muscles as curving and Bulman (1939) stated that they “bend sharply
forward to be inserted into the arms”, suggesting that the “brachial elevator” muscle
and the brachial muscle are continuous. This is almost certainly a misunderstanding
of one of Blochmann’s figures (1892, fig. 7) where the illustration makes the “brachial
elevator” muscle appear to be continuous with the brachial muscle. Williams et al.
(1997, fig. 84) used the figure by Bulman (1939) with curving “brachial elevator”
muscles but stated “the brachial elevator muscles are found only in craniids and
attach to the connective tissue at the base of the brachial muscle” (and so are not
continuous with the brachial muscle).

In all species of craniid dissected in this study the “brachial elevator” muscles
attach to both the dorsal and ventral valves and are sub-circular to hemispherical to
sub-triangular in cross-section (Figures 1C and 2D). The muscle scars where the
“brachial elevator” muscles attach to the dorsal and ventral valves are usually
dimples within the curve of the anterior adductor muscle scars. In some species/
specimens the ventral dimples in particular are deep (Figure 1B), so the “brachial
elevator” muscles are slightly to significantly longer than the anterior adductor
muscles, not considerably shorter as illustrated by Blochmann (1892, fig. 9;
Figure 1A). In all species dissected no connective tissue was found on the inner side
of the body wall where the “brachial elevator” muscle would connect to the base of
the brachial muscle of the lophophore.

This study suggests that craniids do not need to elevate the lophophore and that this
interpretation by Blochmann (1892) was an error. No species dissected had a muscle
that conformed to Blochmann’s description of a “brachial elevator”muscle. This study
suggests that the “brachial elevator” muscle is part of the anterior adductor muscle.

(3) The anterior adductor muscles
Previous authors (Blochmann 1892, fig. 9; Thomson 1927, fig. 11; Bulman 1939,
fig. 4; Williams et al. 1997, fig. 84) have figured the anterior adductor muscles in
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craniids as a pair of boomerang-shaped muscles, with the “brachial elevator”
muscles as short oval muscles occurring in the wide “V” (Figure 1A). Williams
et al. (1997) stated that the boomerang-shaped anterior adductor muscles of
Novocrania “consist of two bundles of fibres”. This study has seen no evidence to
support this. This study suggests that a single, elongated, curving bundle of muscle
fibres partially encloses the “brachial elevator” muscle fibre bundle. In all species
dissected the two bundles of the anterior adductor muscle together form a single
columnar structure, oval to sub-triangular in cross-section and enclosed in a single
membrane (Figure 1C).

Articulated brachiopods and the inarticulated brachiopod Lingula (Kuga and
Matsuno 1988) have two types of adductor muscle, striated quick-muscle, which

Figure 1. Line drawings of Novocrania illustrating anatomical features as described by
Blochmann (1892) and this study. (A) Adaptation of two drawings of Novocrania anomala
by Blochmann (1892). (B–G) Series of drawings showing muscles, ventral mound, new ring
muscle, support structure, lophophore, anterior coelomic chamber and dorsal mantle canals.
(H) Close-up of small anterior muscles and the anterior passage. (I) Cutaway drawing down
midline. Abbreviations: aa, anterior adductor muscle; aasc, anterior adductor muscle scar; acc,
anterior coelomic chamber; antp, anterior passage; bre, “brachial elevator muscle”; brm,
brachial muscle; brr, “brachial retractor muscle”; brpr, “brachial protractor muscle”; bw,
body wall; bwt, body wall tube; dm, dorsal mantle; dmc, dorsal mantle canal; dme, dorsal
mesentery; dmp, dimple; fg, food groove; hy, hydrostatic skeleton; lat, lateral diverticulum; lo,
lophophore; mar, mantle recess; mcc, mantle cilia current; mu, median unpaired muscle; obi,
oblique internal muscle; obl, oblique lateral muscle; pa, posterior adductor muscle; phy,
pharanyx; qum, quick muscle; rm, ring muscle; rmb, ring muscle belt; sam, small anterior
muscle; slm, slow muscle; ss, support structure; vm, ventral mantle; vmc, ventral mantle canal;
vmd, ventral mound.

Table 2. Muscle names from Blochmann (1892) (angliscized) and the muscle name changes
and new muscle terminology introduced in this study.

Blochmann (1892) This study Comments

1. Brachial muscles Brachial muscles Retract lophophore arms
2. Brachial elevator

muscles
Anterior adductor
muscles

Quick-muscle, partially enclosed bundle

3. Anterior adductor
muscles

Anterior adductor
muscles

Slow-muscle, large curved bundle

4. Ring muscle Attachment and support for brachial
muscle

5. Oblique lateral
muscles

Oblique lateral muscles Create hydrostatic pressure?

6. Oblique internal
muscles

Oblique internal
muscles

Slide and rotate the dorsal valve

7. Brachial retractor
muscles

Support structure Muscle tissue? Function unknown

8. Brachial protractor
muscles

Small anterior muscles Function unknown

9. Median unpaired
muscle

Median unpaired
muscle

Support the posterior gut

Journal of Natural History 1237
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Figure 2. Digital and scanning electron micrographs (SEM) illustrating anatomical features.
(A–H) Novocrania californica. (A). SEM of a piece of anterior adductor muscle, showing fibres
make up whole length. (B) SEM close-up of fibres in A. (C) Lophophore cut to show brachial
muscle and empty hydrostatic skeleton channel. (D) Ventral view of anterior adductor muscle,
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quickly closes the valves most of the way but lets them slowly open again immedi-
ately, and smooth slow-muscle which closes the valves completely and holds them
closed (Rudwick 1970; Wilkens 1978b). This author is not aware of any study
demonstrating the presence of quick-muscle in craniids, however, the snapping of
valves to expel gametes and faecal pellets, observed in Novocrania (Rudwick 1970),
can only be performed by quick-muscle (Wilkens 1978b). In Lingula the quick-muscle
is translucent and the slow-muscle is opaque (Kuga and Matsuno 1988). In the
craniid specimens dissected the enclosed bundle was translucent whereas the larger
curved bundle was medium to dark-coloured (Figure 2D). In Terebratalia transversa
(Sowerby, 1846) and Terebratulina unguicula (Carpenter, 1848) the quick striated
muscle fibres are three to four times longer than the slow smooth muscle fibres
(Wilkens 1978b). In the craniid species dissected the enclosed bundle is longer, some-
times significantly longer, than the curved bundle. This study suggests that the enclosed
bundle is quick-muscle and the larger curved bundle is slow-muscle (Figure 1C).

(4) The ring muscle (new structure)
In all species dissected there is a ring of muscle around the four adductor muscles
(Figure 1D), herein named the ring muscle. Where the posterior adductors attach
to the ventral valve they are encircled, and connected, by a small ribbon of muscle
(Figures 1D and 2E) composed of a single stack of flat, wide muscle fibres
(Figure 2F). The ring muscle forms a wide belt anteriorly, composed of thin
sheets of muscle (Figure 2G) across the anterior faces of the anterior adductor
muscles (Figure 1D). The height of this belt decreases posteriorly. The
brachial muscles of the lophophore arms attach to the anterior side of the ring
muscle belt (Figure 1E) and this study suggests that a function of this ring muscle
belt is to provide an anchoring point for the brachial muscles and a firm base to
support the contractions of the brachial muscles that retract the lophophore
(discussed below).

(5) The oblique lateral muscles
This pair of muscles attaches to the ventral valve posteriorly and to the body wall
anteriorly (Figures 1E and 2E). This study disagrees with Williams et al. (1997) that
the oblique lateral muscles of Novocrania are involved with the swivelling and sliding
motions of the dorsal valve. As the body wall does not contact the dorsal valve
(discussed below), these muscles will have little direct effect upon the dorsal valve.
These muscles may be involved in creating hydrostatic pressure to open the valves
(Gorjansky and Popov 1985, 1986).

showing translucent quick muscle and dark slow muscle, lophophore and ring muscle belt. (E)
Ventral view of posterior adductor muscle enclosed by ring muscle and flanked by oblique
lateral muscle. (F) SEM of ring muscle, a stack of wide flat fibres. (G) SEM of ring muscle belt,
composed of thin sheets of muscle. (H) SEM of fibres of support structure. (I, J) Novocrania
huttoni. (I) Ventral view of anterior tip of body, anterior coelomic chamber on each side of
pharanyx beneath body wall. (J) Oblique ventral view of anterior coelomic chamber with cut
brachial muscle. Abbreviations: aa, anterior adductor muscle; acc, anterior coelomic chamber;
brm, brachial muscle; bw, body wall; fg, food groove; hy, hydrostatic skeleton; lo, lophophore;
obl, oblique lateral muscle; pa, posterior adductor; ph, pharynx; qum, quick-muscle; rm, ring
muscle; rmb, ring muscle belt; slm, slow-muscle.
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(6) The oblique internal muscles
These muscles attach to the dorsal valve laterally of the posterior adductor
muscles and to the ventral valve between the anterior adductor muscles, following
an S-shaped curve (Figure 1E), in all species dissected except for Ne. norfolki
(Figure 3A) and N. lecointei. In these two species the muscle is larger, straight,
wide and horizontally flattened; the dorsal attachment surface of the muscle faces
medially rather than ventrally, on the dorsal valve in N. lecointei and on two dorsal
spurs in Ne. norfolki (Figure 3B–D). As the dorsal valves of Ne. norfolki are very
inflated, the extra mass of shell and/or the larger amount of water to be displaced by
sliding or rotating movements may be the reason for the relatively large muscles. This
study suggests that it is only the oblique internal muscles that create the sliding and
rotating movements of the dorsal valve.

(7) The “brachial retractor” muscles
Joubin (1886) first named these muscles retracteurs des bras. Blochman (1892) used
retractores brachorum (Figure 1A) and stated (in German) that while the “brachial
retractor” muscles of N. anomala superficially resemble muscles, they are a different
kind of tissue, which he named Stützsubstanz or support structure, consisting of
bundles of very slim tubes with an outer layer of muscle fibres and a distal layer of
connective cells connecting it to the “brachial retractor” muscle scar.

Bulman (1939) produced figures of the muscle systems of some inarticulated
brachiopods, including Novocrania, based on the work of Hancock (1859), Joubin
(1886) and Blochmann (1892). Bulman repeated Blochmann’s assertion (in English)
that in Novocrania the “retractor muscle” is not a muscle, but a “diverticulum of the
coelom where muscle fibres are developed”. Bulman did not mention the support
structure of Blochmann and his figure of craniid musculature (Bulman 1939, fig. 4)
excluded the “brachial retractor” muscles. Williams et al. (1997, fig. 84) used
Bulman’s illustration without “brachial retractor” muscles but included them in the
description of craniid musculature.

Scanning electron micrographs of the adductor, oblique and “brachial protrac-
tor” muscle fibres of N. anomala show them to be 4–6 µm wide, 1–2.5 µm thick,
flattened and closely packed (Figure 2B). Scanning electron micrographs of the
“brachial retractor” muscle tissue from N. anomala show that it consists of smaller,
more variable, round to flattened fibres, 1–4 µm in diameter/width (Figure 2H).

The “brachial retractor” muscles do not attach to the lophophore, as suggested by
Joubin (1886), and are therefore misnamed. This study suggests that the name given
by Blochmann (1892), support structure, is appropriate until the nature of the tissue
and the function can be determined. For the “diverticulum of the coelom” where the
support structure, sheathed in body wall, attaches to the dorsal valve this study
suggests the name lateral diverticulum after Bulman (1939) (Figure 1G).

Where the support structure attaches to the dorsal valve, lateral to the anterior
adductor muscles, it is purse-shaped (Figure 1F, G) and slim white ribbons (less than
50 µmwide) of tissue emerge from each side. The anterior ribbons run anteromedially and
loop around the “brachial protractor muscles”, whereas the posterior ribbons curve
around the anterior adductor muscles and run medially. The ribbons may be beneath or
on topof the bodywall. Both ribbons appear to attach to thedorsalmesentery (Figure 1G).

These ribbons of tissue were found in all five ethanol-preserved Novocrania
species but in Neoancistrocrania norfolki the lateral diverticulum was empty of tissue.
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It is possible that the support structure is muscle tissue; where it attaches to the dorsal
valve myotest occurs as in other craniid muscle scars (Krans 1965). Or, as Blochmann
(1892) suggested, it may be another kind of tissue.

(8) The “brachial protractor” muscles
Joubin (1886) first named these muscles protracteurs des bras. Blochman (1892) used
the term protractores brachorum and noted “there is little to say about these muscles”.
His figures show that they attach anteriorly to the dorsal valve outside the body wall,
then attach to or pass through the body wall posteriorly (Figure 1A). Blochmann
stated that in N. anomala they are sheathed in support structure. This study suggests
that the “brachial protractor” muscles are sheathed in a thin membrane, like other
muscles, and that the support structure ribbons curve around the dorsal attachment
points of these muscles (Figure 1F). The “brachial protractor” muscles are loosely
enclosed in two tubes of body wall in N. anomala, N. huttoni and N. lecointei (Figure
1G–H), on each side of the anterior body wall apex.

This author observed that the “brachial protractor” muscles attach to the ring
muscle belt at their posterior end (Figure 1E), not to the lophophore, and are there-
fore misnamed. This study has no suggestions for the function of these tiny muscles
and proposes the function-neutral name small anterior muscles.

(9) The unpaired median muscle
This small muscle attaches to the midline of the dorsal valve at the posterior and to
the last stage of the gut, just before the anus (Figure 1A, G, I). Presumably it is able
to raise the anus dorsally, and perhaps pull it a little posteriorly, which may help with
the excretion of waste pellets and placement of them into cilia-created currents
(discussed below) to disperse them.

Description of the body wall, anterior coelomic chamber (new structure), anterior pouch
(new structure), dorsal mantle canals, mantle recess, cilia currents and muscle-raising
structures

The body wall

The body walls of inarticulate lingulids and discinids contain dermal muscles used to
open the valves (Emig 1982); these muscles are not found in the body wall of craniids.
In all species dissected the body wall is a thin, transparent to sub-transparent
membrane, sub-triangular to sub-quadrate in outline, that contains the visceral
cavity, enclosing the gut, gonads and muscles (Figures 1G, I, and 3B). Anterior to
the muscle belt in Novocrania is a long, thin, elbow-shaped, fluid-filled chamber,
laterally extending to, or past, the base of lophophore arms, herein termed the
anterior coelomic chamber (Figures 1G, I, and 2I, J). The apex occurs where the
body wall curves over the pharnyx–oesophagus (which passes dorsally through the
ring muscle belt) and down to the food groove (Figures 1F, I, and 2I, J).
Neoancistrocrania norfolki does not have an anterior coelomic chamber. The body
wall of Ne. norfolki attaches to the anterior and posterior edges of the winged process
forming a dorsally directed pouch, herein termed the anterior pouch (Figure 3B, C,
E). Part of the gut of Ne. norfolki forms a dorsally directed half loop within the
anterior pouch (unpublished data, J.H. Robinson).
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The mantle canals (vascula lateralia)

The translucent dorsal mantle covers the surface of the dorsal valve, except where the
various muscles and support structure attach to the valve. Blochmann (1892, figs. 5–7)
andWilliams et al. (1997, fig. 71) figured the mantle canals ofN. anomala and showed
the dorsal canals emerging as two main stems from the anterior apex of the body wall
(Figure 1A and G) with the ventral canals emerging laterally in grooves in the ventral
valve, one main stem on each side between the posterior and anterior adductor
muscles (Figure 1A). The main stems then branch into secondary, and occasionally
in Novocrania, tertiary branches (Williams et al. 1997). In N. californica the main
stem of the dorsal mantle canals is very short and opens from the anterior side of the
anterior adductor muscles. In Ne. norfolki the winged process provides a scaffold for
the main stems of the dorsal mantle canals to reach from the anterior tip of the body
wall to the dorsal valve, and the stem branches on the process (Figure 3C and F). In
Ne. norfolki, and unique to this taxon, there are two extra dorsal mantle canals at the
posterior where the oblique internal muscles attach to the dorsal spur (Figure 3C and
F). The dorsal mantle canals of Ne. norfolki form six subparallel lines running
posterior to anterior. In all Ne. norfolki specimens examined the posterior dorsal
canals only once formed a short lateral branch (Figure 3F). The volume within the
valves of Neoancistrocrania is considerably larger than that of Novocrania species,
because of the strongly domed dorsal valve (unpublished data, J.H. Robinson). The
inner surface area of the dorsal valve of Neoancistrocrania will also be relatively
larger than in Novocrania with more punctae and mantle tissue and this study
suggests that the posterior mantle canals may have evolved to provide this extra
surface area with a means of transporting nutrients.

The mantle recess and cilia currents

In all species dissected there is a gap between the upper surface of the body and the
dorsal valve surface (Figure 1I), as illustrated for N. anomala by Blochmann (1892,
figs. 10–15), Delage and Hérouard (1897, pl. 41), Atkins and Rudwick (1962, fig. 1)
and Chuang (1974, fig. 2c). Only the posterior and anterior adductor muscles, median
unpaired muscle, oblique internal muscles, small anterior muscles and support struc-
ture attach to the dorsal valve (Figure 1I). This creates a Rueckenhoehle (Blochmann
1892) or mantle recess (Chuang 1974) (Figure 1G and I). In lateral view the body is
wedge shaped, highest anteriorly and lowest posteriorly (Figure 1I). In N. anomala

Figure 3. Line drawings and digital photographs illustrating the valves and anatomy of
Neoancistrocrania norfolki. (A–C) Series of drawings showing muscles, body wall, ventral
mound, anterior pouch, winged process and dorsal mantle canals. (D) Cutaway drawing of
valves down midline. (E) DW 1657c. Close-up of dried anterior pouch and dorsal body wall.
(F) DW 1657a. Ventral view of tilted dorsal valve showing dorsal mantle canals and single
short branch. (G, H) DW 1657b. Oblique photographs of dorsal and ventral valve interiors. All
scale bars 5 mm. Abbreviations: aa, anterior adductor muscle; ap, anterior pouch; bw, body
wall; ct, central tip; dbw, dorsal body wall; dm, dorsal mesentary; dmc, dorsal mantle canal; ds,
dorsal spur; dv, dorsal valve; fg, food groove; lat, lateral diverticulum; lo, lophophore; mu,
median unpaired muscle; obi, oblique internal muscle; obl, oblique lateral muscle; pa, posterior
adductor muscle; pdmc, posterior dorsal mantle canal; pmar, partial mantle recess; rm, ring
muscle; rmb, ring muscle belt; sam, small anterior muscle; shbr, short lateral branch of
posterior mantle canal; vmd, ventral mound; vv, ventral valve;; wp, winged process.
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the dorsal mantle cilia create inhalant currents from the posterior commissure that
flow anteriorly through the mantle recess, and also lateromedially between the poster-
ior and anterior adductors, that become part of the anterior median exhalant current
created by the lophophore (Figure 4A, adapted from Orton 1914, fig. 2 and Chuang
1974, fig. 2a). Craniid brachiopods have an anus, found at the posterior of the body
(Figure 4B, adapted from Williams et al. 1997), and Chuang (1974) suggested that
this current is the means of removing wastes. In adult N. anomala, at the anterior
apex of the body wall, there is a distance between the body surface and the dorsal
valve of 0.2 mm when the valves are closed and 0.9–1.2 mm when the valves are open
(Chuang 1974). Above the apex is a small opening between the small anterior muscles
(Chuang 1974), herein termed the anterior passage (Figures 1H, and 4A), for the
posterior-anterior dorsal mantle cilia current to pass through.

Novocrania lecointei and N. huttoni also have a full mantle recess and anterior
passage. Novocrania californica (Figure 4C–E), N. japonica (Figure 4F–H) and Ne.
norfolki (Figure 3C, D) have only a partial mantle recess, the muscle-raising struc-
tures of the dorsal valve appear to obstruct any possibility of an anterior passage.
Presumably the mantle cilia of these three species still create currents through the
space between the dorsal surface of the body wall and the dorsal valve. Such ciliary
currents might flow in posteriorly and exit laterally or vice versa.

The muscle-raising structures

The muscles of craniids are attached, on one or both valves, to muscle-raising structures
that lift the attachment point of some muscles away from the valve surface. These
structures vary considerably among extant and fossil craniid genera and species and
have been given a variety of names. On the dorsal valve the anterior adductor and small
anterior muscles and the support structure may attach directly to the valve surface, to
long platforms or septa-like walls that reach the valve margins, or to free-standing
pedestals, processes or spikes. On the ventral valve the anterior adductor muscles and
internal oblique muscles attach to calcitic or organic mounds. This study has avoided
using the term ridge when describing muscle-raising structures; this term has been used
for such a variety of muscle-raising structures in craniids that it has becomemeaningless.

All species examined have a muscle-raising structure on the ventral valve, the
ventral mound. In N. californica (Figure 4C, E), N. japonica (Figure 4G, H), N.
turbinata and Ne. norfolki (Figure 3D, H) the ventral mound is calcitic; in N.
lecointei (Figure 5A, B), N. anomala (Figures 1B and 5C), and N. huttoni the
ventral mound (and the ventral posterior adductor attachment surfaces) is com-
posed of an organic material that is translucent to amber in colour, firm and
springy in fresh specimens but is crushed when pressed hard and shrinks markedly
when dried. In N. anomala the outline of the ventral mound is a batwing shape
and is visible in dead ventral valves where the organic part has decayed away
(Figure 5D). The ventral valve of N. lecointei (Figure 5A, B) and N. huttoni is a
very thin, translucent, organic film lying directly on the substrate and the organic
ventral mound (and posterior adductor attachment surfaces) appear to lie upon
this film.

In N. lecointei, N. huttoni and N. anomala (Figure 5E) the muscles and support
structure attach to the dorsal valve surface and the muscle scars may be slightly
raised, flush with the valve surface or slightly sunken. In N. californica the
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Figure 4. Line drawings and digital photographs illustrating cilia current flow and valve
features of two species. (A) Diagram showing flow directions of dorsal mantle cilia currents.
(B) Diagram of craniid valves and body (after Williams et al. 1997). (C–E) Novocrania
californica. C. Cutaway drawing down midline of valves and muscle raising structures. (D,
E) OU 44518a-b. Oblique photographs of dorsal and ventral valve interiors. (F–H) Novocrania
japonica. (F, G) TUM 951117a. Oblique photographs of dorsal and ventral valve interiors. (H)
Cutaway drawing down midline of valves and muscle raising structures. Abbreviations: a, anus;
aasc, anterior adductor muscle scar; dv, dorsal valve; msp, median spike; pasc, posterior
adductor muscle scar; raams, raised anterior adductor muscle scar; rp, raised pedestal; tve,
thin valve extension; vmd, ventral mound; vv, ventral valve.
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Figure 5. Line drawings and digital and scanning electron micrographs illustrating
organic ventral mounds and lophophore filaments. (A, B) Novocrania lecointei. (A)
NIWA 37947. Transparent organic ventral valve with organic ventral mound on dark
rock. (B) Cutaway drawing down midline. (C–F) Novocrania anomala. (C) OU 44526a.
Ventral valve with organic ventral mound. (D) OU 44525a. Ventral valve with organic
mound rotted away. (E) OU 39355. Dorsal valve with muscle scars flush with valve surface.
(F) Reproduction of illustration of N. anomala with lophophore filaments extended
(from Barrett 1856). All scale bars 2 mm. Abbreviations: aasc, anterior adductor muscle
scar; bwi, “batwing” shaped outline of organic ventral valve; dv, dorsal valve; fi, filaments;
obisc, oblique internal muscle scar; opab, organic posterior adductor base; ovm, organic
ventral mound; ovv, organic ventral valve; pasc, posterior adductor muscle scar; vv, ventral
valve.
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anterior adductor and small anterior muscles and the support structure attach to
modestly raised muscle scars on the dorsal valve (Figure 4C, D). The dorsal valves
of N. japonica (Figure 4F, H) and N. turbinata have two pedestals and a median
spike that on three sides hang above the ventral mound (Figure 4G). The muscle
scars of the pedestals are angled medio-posteriorly, the slope varying from shallow
to steep. The anterior adductor muscles and the support structure attach to the
pedestals, and the small anterior muscles attach to the median spike. The dorsal
valve of Ne. norfolki has a single tall winged process that wraps around the
strongly raised mound on the ventral valve (Figure 3C, D). The anterior adductor
muscles and the empty lateral diverticula attach to the two lateral wings, while the
small anterior muscles attach to the central tip of the process (Figure 3D). The
anterior adductor muscle scars on both valves slope steeply, medioposteriorly on
the dorsal valve, latero-anteriorly on the ventral valve. Neoancistrocrania norfolki
also has two dorsal spurs, calcitic mounds lateral of the posterior adductor
muscles where the oblique internal muscles attach to the dorsal valve (Figure
3C, G).

Laurin (1992) stated that the tall winged process found in Neoancistrocrania
supported the lophophore. This study observed that the lophophore arms of
Neoancistrocrania attach to the ring muscle belt and body wall (Figure 3A–C), and
are not supported by the winged process in the sense of the loop of articulated
brachiopods. The lophophores of craniids have internal musculature and a hydro-
static skeleton and do not need support.

Discussion

Discontinuation of old muscle names

This study suggests that the use of the muscle names, “brachial protractor”, “brachial
retractor” and “brachial elevator” (Figure 1A) be discontinued for all Craniidae as
none of these names correctly describes the functions of these muscles. These names
were originally created for descriptions of a single living species, N. anomala, and
have since been applied to many living and fossil genera.

How, and how far, do the lophophore arms and filaments of craniids extend and retract?

With the misnamed “brachial retractor” muscles (the support structure) and the
“brachial protractor” muscles (the small anterior muscles) not able to fulfil these
functions, it appears that the lophophore must use the hydrostatic skeleton and the
brachial muscle within the arms to extend and retract (Figures 1A, G, and 2C). If the
brachial muscle relaxes the hydrostatic skeleton would uncoil the arms slightly,
moving them anteriorly and laterally. Contracting the muscle would coil and retract
the arms again. Chuang (1974) gives an account of this. Small holes were drilled in the
dorsal valves of living specimens of N. anomala to observe the flow of currents with-
in the valves. The lophophore was extended when “the proximal whorl of each
[lophophore arm] relaxed”. Chuang (1974) noted that the filaments also extend and
that the lophophore and filaments could be partially or fully extended. Atkins and
Rudwick (1962) stated “the filaments may be withdrawn very rapidly … by the
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contraction of the strand of striated muscle which runs up the frontal side of each
filament”.

Peck and Holmes (1989) stated that “much of the biomass of an inarticulate
brachiopod is held outside of the shell for at least part of the time”. However, the
lophophore arms of Novocrania and Neoancistrocrania make up only a quarter to a
half of the body mass (unpublished data, J.H. Robinson), and published illustrations
of live specimens (Barrett 1856; Orton 1914, fig. 1; Atkins and Rudwick 1962,
fig. 1a–b) show that only the filaments of the proximal whorl extended outside the
shell when N. anomala was feeding. The sketch by Barrett (1856) is reproduced in
Figure 5F. Joubin (1886) observed live specimens of N. turbinata in tanks for
14 months and stated they never extended their filaments outside the valves
(Davidson 1888, English translation of the abstract from Joubin 1886). Specimens
of N. japonica from one locality examined in this study (Okinawa) had a long, thin
extension of the dorsal valve’s anterior margin (Figure 4H). It seems unlikely that
these specimens could have extended the filaments outside unless the valve was
opened very wide. Specimens of N. japonica examined from another locality (New
Caledonia) did not have this feature. It appears that some craniid species, or popula-
tions within species, may feed without extending the filaments outside the valves.

How do craniids open their valves?

There are several suggestions in the literature about how craniids raise their dorsal
valve; by using the muscles, by increasing hydrostatic pressure within the valves, or by
a combination of these. Thomson (1927) stated “When the anterior pair relaxes and the
posterior pair contracts, the valves open in front to a limited extent, so that the
posterior pair serve as diductors” (the valve-opening muscles in articulated brachio-
pods). Atkins and Rudwick (1962) suggested that when the massive columnar adductor
muscles relaxed, the elasticity of the fibres might be enough to open the valves.

In articulated brachiopods the quick striated portion of the anterior adductor
muscle rapidly, but incompletely, closes the valves; the slow smooth muscle of the
adductor muscles then closes the valves tightly and can hold them closed for long
periods. The diductor muscles open the valves and keep them open (Wilkens 1978a;
b) as brachiopods keep their valves gaping most of the time and feed more or less
continuously (Rudwick 1970). Articulated brachiopods with cut diductor muscles
cannot open their valves (Wilkens 1978a). In the inarticulated brachiopod Lingula
the valves are closed by quick and slow adductor muscles, but the valves in Lingula
(Trueman and Wong 1987) and Discinisca (Emig 1997) are opened by hydrostatic
pressure. This study suggests that it is unlikely that the family Craniidae alone of all
brachiopod families (and all bivalve molluscs which open their valves by a ligament)
has evolved a type of adductor muscle that is capable of opening their valves just by
relaxing. However, once the valves are open and the adductor muscles are stretched
back to their non-contracted length, they may passively keep the valves open, until
they are innervated to close them again. An opening mechanism is still required and
the use of hydrostatic pressure, as occurs in other inarticulated brachiopods, seems
the most likely.

Hancock (in Davidson 1988) suggested that when the anterior adductors relax
and the posterior adductors contract, the fluid in the coelomic chamber is pushed
forward and the valves will “be opened a little in front”. Bulman (1939) echoed
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Hancock and added that the oblique lateral muscles may partially control the open-
ing process. Gutmann et al. (1978) stated that inarticulate brachiopods “possess a set
of longitudinal muscles … on contraction they pull the body into the posterior part of
the shell … the body can expand only dorsoventrally and hence forces the shell
open.” Popov et al. (2000) noted that the model of Gutmann et al. (1978) was
“erroneous for the lingulides” but may be correct for the “craniiforms”.

This model makes the assumption that dorsal body wall is in contact with the
dorsal valve, as shown in Figure 4B (adapted from Williams et al. 1997), or is very
close to the dorsal valve. However, there is a distinct gap between the dorsal body
wall and the dorsal valve (Figure 1I); the apex of the dorsal valve is above the body.
In Neoancistrocrania this gap is several millimetres. This study suggests that the body
of craniids cannot expand dorsoventrally enough to open the dorsal valve and simply
increasing the pressure in the coelom is not the opening mechanism.

In Novocrania the only place where coelomic fluid makes (almost) direct contact
with the dorsal valve is in the dorsal mantle canals and perhaps at the dorsal tip of the
loose tubes of body wall enclosing the small anterior muscles. All of these open off the
anterior coelomic chamber (Figure 1G, I, 2I, J), which contains only coelomic fluid.
Increasing hydrostatic pressure within the anterior coelomic chamber may explain
how Novocrania open their dorsal valve, and this may be its primary function. The
mantle canals are often full of globules (personal observation) and contain part of the
animal’s gonads (Williams et al. 1997) so the very beginning of the two dorsal mantle
canals may be the dorsal valve’s opening pressure points. There will be openings
between the anterior coelomic chamber and the visceral cavity to allow circulation of
coelomic fluid, but compression of coelomic fluid in a small, partly enclosed fluid
chamber, directly beneath the valve opening pressure points may be more effective
than compression of coelomic fluid in the whole body cavity, which would include the
ventral mantle canals. There are no valves between the coelom in the visceral cavity
and the mantle canals, as occur in Lingula (Trueman and Wong 1987).

This study suggests that when the oblique lateral muscles contract, the anterior
body wall of Novocrania species would be pulled posteriorly, squeezing the anterior
coelomic chamber and pressurizing the fluid inside. A quick squeeze may push open
the dorsal valve before the pressure wave moves out of the chamber into the rest of
the body and mantle canals.

Neoancistrocrania norfolki does not have an anterior coelomic chamber, but
pressurized coelomic fluid in the anterior pouch and the empty lateral diverticula
may be pressing against the winged process (Figure 3C); these are possible dorsal
valve opening pressure points in this taxon.

Conclusions

This study makes a number of suggestions and observations about the muscles, body
wall, lophophore and valve opening mechanism and introduces two newly discovered
soft-tissue structures. The “brachial elevator” muscles are part of the anterior adduc-
tor muscles; each is a small bundle of translucent quick-muscle partially enclosed by
an elongate curved bundle of dark-coloured slow-muscle. The “brachial retractor”
muscles are informally renamed support structure as the nature of the tissue is
uncertain and their function unknown. A new ring muscle is described, small at the
posterior and encircling the posterior adductors, and forming a wide belt at the
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anterior. The lophophore arms of craniids are extended and retracted by the hydro-
static skeleton and brachial muscles within the arms. The ring muscle belt is the
attachment point for the brachial muscles, giving a firm base to support muscular
contractions. A new name is proposed for the “brachial protractor” muscles, the
function-neutral small anterior muscles; these attach posteriorly to the ring muscle
belt, but their function is unknown. Neoancistrocrania has two extra dorsal mantle
canals arising from the posterior and an anterior pouch in the body wall. The muscle-
raising structures of Neoancistrocrania do not support the lophophore. The dorsal
body wall of craniids does not attach to or touch the dorsal valve. The oblique lateral
muscles are probably not involved in movements of the dorsal valve; they attach to
the body wall and when they contract may create hydrostatic pressure in the anterior
coelomic chamber to open the dorsal valve. The dorsal valve opening pressure points
may be at the beginning of the dorsal mantle canals in Novocrania and in the anterior
pouch and lateral diverticula in Neoancistrocrania.
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