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Spinose and laciniate Ordovician graptoloids are briefly described and an attempt is made to explain the
formation and anastomosis of their spines by secretion by cells within the mesenchyme of an extrathecal
mantle. It is suggested that in Pipiograptus hesperus and Phormograptus sooneri the ciliated epidermis co-
vering the expanded mesenchyme resulted in a smooth ciliary flow of water over the rhabdosome, the
food particles being diverted to the zooids along ciliated funnels. In both of these taxa the thecal walls
were largely unbandaged, the support and protection of the zooids being taken over by the mantled laci-
nia.

The umbrella-like ancora of certain non-retiolitid Silurian graptoloids is attributed to secretion beneath
an extension of the mantle covering the virgella. Its development early in the growth of the metasicula se-
ems only explicable if the ancora functioned as a food gathering organ while the young colony was still at-
tached to the sea floor. In the Silurian retiolitids the ancora umbrella has extended back over the thecate
part of the rhabdosome, takingover the support of the largely unbandaged thecae. Covered andlined with
ciliated epidermis the ancora sleeve would have contributed to the ciliary flow, directing the efferent cur-
rents, sometimes from specialized stomata, but more usually from the distal trailing end of the rhab-
dosome giving optimum separation from the afferent currents to the thecal apertures, as well as a maxi-
mum contribution to the feeding rise.
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Introduction

The inward facing, evenly spaced autothecae of
benthonic forms of Dictyonema suggest that the
zooids were lophophorate, drawing coordinated
ciliary currents down into the cone and passing
the efferent currents out through the spaces be-
tween stipes and dissepiments (Kirk 1969).

Such ciliary action is most effective when the
animal is stationary in relatively calm water, (and
the regular conical form of Dictyonema suggests
that it lived under such conditions), the ciliary
current supplying the colony with both oxygen
and particulate food. After the detachment of the
colony in a nema-bearing form such as Dictyo-
nema flabelliforme the situation was probably not
at first radically altered, the relatively heavy
cone, with the same orientation and sometimes
stabilized by three vertical vanes, would have ri-
sen only slowly as a reaction to active nocturnal
feeding, sinking back slowly by day.

6

A consideration of the micro- and ultra-struc-
tural details of graptolite periderm has led to the
supposition (Kirk 1972, 1974, 1975) that it was
secreted by epithelium covering the intercon-
nected zooids filling the thecae and common ca-
nal, and by its continuation which lined the man-
tle evaginated at the “shoulder” of each zooid.
Extension of the periderm by fusellar increments
would have occurred in the “armpit” of each
evagination where the secretory epithelium pro-
liferated. Secretion of cortical bandages over the
fusellar increments was evidently the result of the
more or less delayed action of the same cells
(Bates & Kirk 1985).

The all-enveloping mantle of extrathecal tissue
probably had a ciliated epidermis (Urbanek, Ko-
ren & Mierzejewski 1982), its ciliary action aug-
menting that of the zooidal lophophores, and
also helping to keep the surface of the colony
clean. Gaseous exchange could have occurred
through this epidermis, the large surface area of
the graptolite colony being advantageous for res-
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piration as well as for suspension and for food
collecting by ciliary action. .
Between the lining of secretory epithelium and
the ciliated mantle epidermis we postulate the
existence of a mesenchyme of, perhaps, some-
what fluid intercellular matrix populated by
rather mobile cells, a kind of mesogloea (Bates &
Kirk 1984). Within this mesenchyme there must
have occurred metabolic exchange for secretion
of the periderm, and there may also have been an
abundance of low density inclusions, possibly of
oil, or perhaps of solutions in which ammonium
substituted for metallic ions as in cephalopods.
The resilient periderm of graptolites appears to
have been constructed of a strongly bonded or
cross-linked form of collagen (Towe & Urbanek
1972; Crowther 1981), a substance with a density
of about 1.3. It therefore seems unlikely that the
small pterobranch-type zooids, connected only
by stolons, as postulated by Crowther, could
have maintained the heavy graptolite rhabdos-
ome in suspension. But graptolite zooids com-
pletely filling the thecae and common canal, and
enveloping the peridermal structures in an extra-

1a. Dicaulograptus (schematic)
1b. Transverse section of same

1c. Pipiograptus (schematic)
1d. Transverse section of same
1e. Longitudinal section of same
1f. Secretion and anastomosis of spines
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thecal mantle, as outlined above, might have
been able to do so if their ciliary activity had been
accompanied by the buoyant effect of an abun-
dance of lighter-than-sea-water inclusions within
their more voluminous soft tissues.

During the early evolution of the graptoloids,
reduction in the number of stipes, and change of
their inclination to horizontal, may have resulted
in more efficient food gathering without essen-
tially altering the balance between heavy per-
iderm and buoyant soft tissue. But with the
change to reclined and scandent rhabdosomes,
the compact construction, particularly of the very
young rhabdosomes, may have upset this bal-
ance, reducing the surface area of the mantle
relative to the weight of the peridermal frame-
work. It may be for this reason that long spines
are frequently found on the sicula and earliest
thecae of dicellograptids, on the biserial parts of
dicranograptids, and on some or all of the thecae
of biserial graptoloids. In the uniserial grapto-
loids, which we suppose to have been usually
more actively and spirally moving, pronounced
spinosity is less frequent, though it occurs in
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Fig. 1. Ordovician spined and laciniate graptoloids. See text for explanation.
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such compact forms as Monograptus leintwardin-
ensis. Its function of increasing surface area and
retarding sinking seems to have been taken over
by thecal isolation and elongation in such forms
as Rastrites which may also have returned to a
relatively immobile suspension.

We shall now examine, in terms of the fore-
going hypothesis, the role of extrathecal tissue in
the construction and functioning of two morpho-
logical series of biserial, mainly retiolitid grapto-
loids.

1. A morphological series of Ordovician spinose
and laciniate graptoloids (fig. 1)

Taking, as our point of departure the non-lacin-
iate Ordovician graptoloid Dicaulograptus (fig.
1a) we find extreme spinosity associated with re-
duced corticization of the thecal walls (Bulman
1932). Concentration of cortical bandages along
the sides of the otherwise almost uncorticized
ventral walls, and around the edges of the intro-
~ verted thecal apertures, is accompanied by the
development of spines from the resulting ventral
and apertural thickenings or “lists”, and also
from the sicular aperture. There appears to be no
anastomosis between the spines, and we attribute
their formation to local proliferation of the se-
cretory epithelium lining the mantle, and to lo-
calized secretion beneath it (fig. 1b).

The association of exaggerated spinosity with
weak corticization of the thecal walls suggests a
device to increase surface area and buoyancy and
decrease mobility, allowing strong lateral ciliary
currents to be developed at the expense of the
downward current which would otherwise have
been required to counteract sinking. The in-
creased surface area of the mantle would also
have increased the capacity for gaseous ex-
change, and could have been an adaptation to life
in oxygen-poor waters.

Although no close relationship is necessarily
implied, the retiolitid Pipiograptus hesperus
(Whittington 1955) has somewhat similar intro-
verted thecae with walls so thin that they are only
preserved as ragged fringes along the dorsal, ven-
tral and apertural lists (fig. 1c; fig. 2). Again
spines arise from the corticized sicular and thecal
apertures, but those from-the ventral lists are
more numerous than in Dicaulograptus, and
there are also spines from the obverse and re-
verse faces of the sicula and crossing canal.

Although in P. hesperus (fig. 2a) the spines
seem to have been at first fine and tapering as in
Dicaulograptus, they branch and subsequently
anastomose to form a network or lacinia (fig.
2b). This seems to have had the form of a some-
what flattened cylinder and was probably dome-
shaped over the proximal end though we have no
specimens sufficiently undamaged to show this
(figs. 1d-e).

However, in spite of the imperfect preserva-
tion of the lacinia, it is possible to recognize a cer-
tain order in which the connections of the net-
work were made. Thus we find that the subap-
ertural spines of thl! and thl? sent branches
proximally which anastomosed with branches
from the sicular spines. Their median branches
joined a spine arising from the th1*-th1? crossing
canal, and a corresponding spine arising from the
obverse face of the sicula, while the distal
branches from the subapertural spines of th1! and
th1? joined proximal branches from those of th2!
and th22,

Across the reverse and obverse faces of the
rhabdosome the more distal spines arising from
the ventral lists of th2! connected with the more
proximal spines on the ventral lists of th2%. And
while the spines from the sides of the aperture of
th2! joined lateral spines arising from the prosicu-
lar rim, those from the corresponding positions
on th2? connected with spines arising just prox-
imal to the prosicular apex.

Lists with a more proximal-distal (longitudinal)
orientation connected the more “latitudinal” lists
to form the network or lacinia. This seems to
vary somewhat in detail, though within a basic
pattern of construction which appears to be re-
lated to the order in which the thecae were se-
creted.

In some young specimens of P. hesperus the
lacinia seems to be represented by tapering
spines like those of Dicaulograptus. For such
spines to branch and anastomose it seems necess-
ary to postulate the expansion of the mesen-
chyme between the secretory epithelium lining
the mantle and the ciliated epidermis covering it
(fig. 1f). Within the expanded intercellular ma-
trix of this mesenchyme we suppose the secretory
cells to have proliferated and migrated leading to
the formation of anastomosing tubes in which the
lacinial network could have been secreted. Such
proliferation and migration of secretory cells cer-
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Fig. 3. Portion of network of recent horny sponge colony. formed of bundles of spongin fibrils. with close-up showing unconformitics

between successive arravs of superficial parillel fibrils (compare with graptolite bandaging). U.C.W. Stub 37. Negs. 85/2(0/22,25.

tainly oceurs within the intercellular matrix of the
mesenchyme in horny sponges (Vacelet 1971,
Garrone 1978). and the anastomosing networks
of fibres formed of fibrils of spongin (a form of
collagen) which they secrete (fig. 3) are remark-
ably similar to the lacinial networks of Ordov-
ician retiolitids. In the Demospongiae the direc-
ting of the spongin secretion seems to be partly
controlled by non-skeletal fibrillar material in the
intercellular matrix, but ultimately the control is
by the genetic instructions carried by the secre-
tory cells themselves. There are no zooids in
sponges which could have painted or mortared
the anastomosing networks by means of mobile
preoral lobes (as suggested by Crowther (1981:
30) for the graptolites).

So we postulate a thick mesenchyme with se-
cretory cells laying down a lacinial network in its
outer part, just below the ciliated epiermis.

What might have been the significance of this
evolutionary innovation?

In some of our immature specimens of P. fres-
perus the first cross connections appear to have
extended from the sides of the apertural rim of
th2' to the spines arising from the obverse and re-
verse faces of the prosicular rim. Such cross con-
nections would have helped to support the intro-
verted th2' whose walls are too thin to be pre-
served except as ragged fringes along the ventral.
dorsal and apertural lists.

But while the lacinial network was probably
important in the support of th2' and 2°, the thick
mesenchyme which underlay it, and perhaps con-
tributed to that support, probably had a signifi-
cant buoyant effect too. Of low density in itself, it
might also have contained an abundance of in-
clusions of less-than-sea-water density, giving it
a net buoyancey. It is noticeable that the mesen-
chvme seems to have been particularly thick at
the proximal end of the rhabdosome where its
buoyancy could have balanced the weight of the
thick corticized walls of the sicula and th1'and I°.

Finally. it is necessary to recall that the epider-
mis over the lacinia-supported mesenchyme was
probably ciliated. and that this ciliated epidermis
would have lined deep and wide funnels leading
to the sicular and thecal apertures (fig. le). In
contrast to Dicaulograptus where spinosity may
have resulted in near immobility, the ciliary ac-
tivity in P hesperus probably resulted in a
smooth flow of water over the expanded colony.
and a reciprocal feeding rise with minimal risk of
entanglement with other rhabdosomes. Food
particles, possibly caught in mucus, would have
been swept into the ciliated funnels leading to the
zooids. Whether these retained lophophores as
conventionally imagined. or whether the funnels
replaced them, it is impossible to decide. The
flow of water over the mantle epidermis, and the
expanded mesenchvme underlying it, would also

Fig. Za.b. Pipiograpius hesperus Whittington. Viola Springs Limestone, Oklahoma. a: young specimen, reverse view, ULC.W. Stub
(i555. Neg. 83/20/17. b: more mature specimen, obverse view, U.C.W. Stub G416, Neg. 81/36/36.
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Fig. 4. Phormograptus sooneri Whittington. Viola Springs Lst., Oklahoma. a, b: Stereopairs of mature rhabdosomes. ¢: Stereopair of
lacinia forking (compare with fig. 5). a: U.C.W. Stub (G563, Negs. 83/24/19-20. b: U.C.W. Stub G324, Negs, 83/31/5-6. ¢: U.C.W.

Stub G524, Negs. 83/36/21-22,

have provided increased opportunity for gaseous
exchange and the circulation of metabolites.

In the second laciniate retiolitid graptoloid of
this series, Phormograptus sooneri (Whittington
1955), only the sicula and most proximal part
(hood) of thl' are strengthened by cortical ban-
dages and preserved (fig. 1g: fig. 4). Elsewhere
the thecal walls have only been bandaged along
narrow tracks and so are only preserved as a fra-
mework of lists with traces of the incremental
walls along their edges. Even the thecal frame-
work is more sparse than in P. hesperus. Thus
thl' and 1°, beyond the proximal hood, are each
represented only by a ventral list and apertural
hoop, while subsequent thecae are represented
by an obverse and a reverse dorsal or zig-zag list
connected to the apertural and abapertural lists.

The lacinia. like that in P. hesperus, arises from

the strongly corticized parts of the thecal frame-
work: from the apertural spines of sicula and the-
cae, from the sicula wall and hood of thl', and
from extrathecal extensions from the paired
transverse struts connecting the virgula with the
dorsal, zig-zag lists.

The lacinial network is more complex than that
of P. hesperus. Thus there are latitudinal lacinial
connections in between successive thecae on the
ventral faces of the rhabdosome, and the extra-
thecal extensions of the paired transverse struts
branch in a dendroid or tree-like manner (fig. 5)
to support a network in three dimensions (fig.
1h). Again we are reminded of the three dimen-
sional networks of the Demospongiae and can
only suggest a similar mode of secretion within
the intercellular matrix of the mantle mesen-

chyme.

Fig. 5. Fractured forking spine of Phermograptus in which hollow conical increments are bounded by lamellae of packed criss-cross fi-
brils and overlain by longitudinal bandages. (These incremental cores have been omitted from fig. 1f). U.C.W. Stub G368, Negs.

81/23/29-35.
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In Phormograptus sooneri it seems obvious,
from the appearance of the colony, that all the
thecae were dependent for their support and pro-
tection on the lacinial network within the mantle,
the lacinia being supported axially by the sicula
and distally widening virgula via the transverse
struts arising from them. It would seem that here,
as in P. hesperus, the reduction in corticization of
the thecal walls must have proceeded pari passu
with the development of the lacinial support.

So again, in Phormograptus, we find the jag-
ged outlines of the thecate rhabdosome sur-
rounded by a smoothly ovoid envelope covered
by ciliated mantle epidermis. Ideally constructed
to avoid entanglement, this again would have
been able to maintain a smooth flow of oxygen-
and food-bearing water over itself, the food par-
ticles being diverted into the ciliated funnels
leading to the sicular and thecal apertures.

Again, if the inflated mesenchyme had con-
tained low density inclusions it could have con-
tributed directly to the buoyancy of the colony,
as well as indirectly by permitting economies in
corticization of the thecae. The distally thicken-
ing' virgula (fig. 4a) would have balanced the
heavy periderm of the sicula and th1! hood, help-
ing to keep the distal end of the colony down dur-
ing life. Here, at the trailing end, the extension of
the delicate thecal framework and lacinial lists
would have proceeded in the favourable environ-
ment of the slipstream of the ciliary flow.

The third laciniate retiolitid of this morpholog-
ical series, Archiretiolites regimontanus, we have
only been able to study from Eisenack’s excellent
drawings and descriptions (Eisenack 1935).
These show that, again, only the sicula and hood
of thl! were corticized, the remainder of th1! and
1% being represented by a highly asymmetrical
framework of lists (fig. 1i). Again the lacinia ap-
pears to have arisen as spines from the sicula and
thecal framework, and from transverse struts
arising from the virgula.

In the young colony figured by Eisenack, the
lacinial spines have formed a cylindrical network
extending from th1' towards th1?, superimposing
a sort of symmetry upon the irregular rhabdos-
ome and supporting the first thecae. As in Pho-
rmograptus sooneri, the virgula and the trans-
verse paired structs arising from it form the axial
support of the mature lacinia which in turn seems
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to have supported and protected the mainly un-
corticized thecae.

In summary, it may be concluded that in all
these Ordovician laciniate retiolitids there has
evolved a device for modifying the ciliated epi-
dermal surface so as to produce a smooth ciliary
flow over it, with diversion of food into ciliated
funnels leading to the zooids. Stretched over an
inflated mesenchyme it would have increased the
possibilities for gaseous exchange, while the mes-
enchyme itself would have facilitated metabolic
exchange and could have contributed both di-
rectly and indirectly to the buoyancy of the
colony, enabling it to live in the higher layers of
the photic zone. Here the smooth network would
have both supported and protected the under-
lying thecae and obviated any risk of entangle-
ment.

2. A morphological series of Silurian ancora-
bearing graptoloids. (fig. 6).

Since the structure and probable function of the
ancora and ancora-sleeve have already been
briefly outlined (Bates & Kirk 1984) we will con-
centrate here on their likely mode of secretion,
and the part played by the mantle, in association
with the ancora, in feeding and automobility.

Three non-retiolitid taxa were described, dif-
fering in the form of their ancorae but sharing the
characterisitic of remarkably early construction,
the ancorae being essentially completed before
the onset of budding. In Petalograptus (fig. 6b)
the four branches of the ancora already extended
from the tip of a long slender virgella when the
metasicula had only incrementally extended
about half its length along it (fig. 6a). In Or-
thograptus obuti(?) (fig. 6¢) and in O. insectifor-
mis(?) (fig. 6d) a complex double spiral “um-
brella” supported by four similar ancora
branches was again essentially completed before
budding began.

In order to explain the secretion of such a large
peridermal structure while the siculozooid was
still adding metasicular increments to its own per-
idermal wall, it seems necessary to suppose that
the ancora was adding to the metabolic resources
of the organism at least as much as was being sub-
tracted for its construction.

In terms of a petrobranch-like organism, paint-
ing on the peridermal increments and bandages
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Fig. 6. Ancora-bearing Silurian graptoloids. (see text for explanation).
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Fig. 7. Orthograptus insectiformis(?), U. Llandovery, Kalholn, Sweden. a: Central part of ancora (looking towards the sicula). sho-
wing the origin of the double spiral series of umbrella increments. U.C.W. Stub G476, Neg. 82/34/35. b: Close-up of a., showing thin
bandaging over the increments on the convex surface of the ancora umbrella. Neg. 82/23/30.

with its preoral lobe, this seems impossible. But
on the supposition that the periderm was se-
creted by epithelium covering the zooid and ex-
tending from it as the mantle lining, it becomes
possible to envisage the secretion of a long slen-
der virgella as ventral extensions of the two series
of earliest overlapping metasicular increments,
and strengthened by the secretion of bandages
along its length. Even at this early stage of devel-
opment, the ciliated epidermis of the mantle en-
veloping the extended virgella could have been
augmenting the food-bearing current flowing to
the siculozooid. Upon attainment of the full vir-
gellar length, the secretion of the two series of in-
crements diverged so that two overlapping spiral
series of increments began to extend from the vir-
gella tip in a plane almost at right angles to the
virgellar axis. These spirally added increments
formed the ancora “umbrella™ which was sup-
ported by cortical bandages secreted on to its
concave side (fig. 6e). These bandages were re-
stricted to four tracks and are familiar as the four
ancora branches. They were secreted in contin-
uity with the bandages forming the outer cortical
layers of the thickened virgella. Traces of the
double spiral series of increments are preserved
only over the outer faces of the four cortical
branches. Where one series oversteps the other
series a spiral thickening is formed and this may
still be preserved hetween as well as overlying the
branches, especially in O. obuti(?) and O. insec-
tiformis(?) (figs. 6¢,d). Bandaging over the con-
vex surface of the incremental umbrella is also
preserved, but much more rarely, since it was

much thinner. However, it can be seen over the
increments at the centre of the umbrella (figs.
7a.b), and again at the rim (as in fig. 8), indica-
ting that the spiral increments were thin, and that
the secretory epithelium once enveloped the en-
tire structure.

According to the theory of automobility it
seems likely that the graptoloid larva became at-
tached to the sea floor as in the dendroid an-
cestors, and that the young colony developed as a
benthonic organism perhaps until the first two
thecae began to bend round towards the sicular
apex. Detachment could then have occurred fol-
lowed by an automobile existence in the plank-
ton.

[f this had been the case in the ancora-bearing
graptoloids it is possible to envisage the ancora as

Fig. 8. Retiolites sp., U. Llandovery, Osmundberget, Sweden.
Rim of ancora showing three umbrella increments preserved
between the thick bandages of an ancora branch and thin over-
lving bandages. U.C.W, Stub G734, Neg. 85/1/12.
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Fig. 9. Retiolites sp., U. Llandovery, Osmundberget. Attachment of the ventral strut (V) of theca 1" to the ancora rim (R), and to an-

cora branch (B), a. convex side, b. concave side of umbrella, U.C.W. Stub G735, Negs. 84/67/25, 33.

a device for extending the ciliated mantle up-
wards for the purpose of increasing the flow of
food-bearing water to the tiny benthonic siculo-
zooid (fig. 6¢). The ancora umbrella overhanging
the sicula is reminiscent of the medusa-bell of
Aurelia, and we suggest that the cilia over its con-
vex surface may have similarly directed a flow of
water onto and over it, the food particles perhaps
being caught in mucus under its rim and then
swept by cilia over the concave surface to the si-
culozooid. The efferent current may be supposed
to have flowed away from the rim. On this suppo-
sition the ancora-extension could have contrib-
uted more to the metabolic resources of the or-
ganism than was abstracted from them by the
construction of its proteinaceous support. and in-
deed this seems to be an essential requirement
for its evolution. After the liberation of the
colony at an early stage of thecal development,
the same ciliary action would have contributed to
the feeding-rise and to automobility. The um-
brella would also have protected the siculozooid
from the direct impact of microorganisms and de-
bris, both in the benthonic stage and again in the
planktonic stage where it would have faced the
ciliary flow at the leading end of the colony.

In the first retiolitid graptolite of the morpho-
logical series described in 1984. Retiolites sp. Os-
mundberget, a small ancora umbrella with traces
of a double spiral thickening was intimately con-
nected with the first two thecae (fig. 6f). In this
taxon the incremental walls of sicula and thecae
have only been thickened by cortical bandages

along certain narrow tracks, and so are only pre-
served as a framework of dorsal, ventral and ap-
ertural lists connected to the prosicular rim and
virgula.

The ventral list of th1', with cortical bandages
secreted onto it from the outside, is connected to
the rim of the ancora umbrella, and more rarely
to one of the four ancora branches secreted on to
the concave side of the umbrella (figs. 6g. 9). The
bandages which extend from umbrella to theca
consequently invert as they make the connection.
This is readily explicable if we suppose that the
mantle covering the ventral wall of thl' and the
mantle lining the concave side of the umbrella
became confluent, allowing the secretory epithe-
lia to unite and secrete as a continuum.

The ventral list of th1” is more distant from the
ancora rim, and a strut or list, round in transverse
section and with no evidence of previous attach-
ment to a membrane, connects the two structures
(fig. 10). It seems necessary to suppose that here
also the mantle enveloping the ancora rim and
the mantle covering thl* became locally conflu-
ent, allowing epithelial cells to arrange them-
selves to form a tube in which the scamless strut
could be secreted. Again there is a kind of inver-
sion of the bandages covering the ventral list of
th1® as they extend along the strut and then
spread over the rim of the umbrella.

In this taxon we again postulate a primary
feeding function and a secondary protective func-
tion for the ancora umbrella. But in this taxon it
also seems to have contributed to the support of
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Fig. 10, Retiolites sp., U, Llandovery, Osmundberget. Two vi-
ews of strut (S) connecting ventral list of theea 17 to the ancora
rim (R). a. convex side. b. concave side of umbrella. U.C.W.
Stub G284, Negs. SIV10/2-3.

the first thecae, the reduced corticization of their
walls being perhaps a corollary of that support.

Formation of connections between the mantle
lining the ancora umbrella and the mantle cover-
ing the ventral walls of th1' and th1* would have
left sea-filled spaces between them (fig. 6g). It
has to be supposed that currents created by the
ciliated epidermis of the mantle would have car-
ried food particles from the umbrella rim through
these spaces to the siculozooid. Whether this
zooid continued to have a ciliated lophophore as
conventionally imagined, or whether that struc-
ture was replaced by the ciliated, sea-filled canal
system is unknown.

In the remaining retiolitid taxa of our 1984 se-
rics the ancora membrane extended distally as a
sleeve enclosing the thecae. Traces of the peride-
rmal increments of the ancora membrane are
only rarely preserved, but cortical bandaging has
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extended beyond the initial four-lobed umbrella
rim and formed a network of lists clearly secreted
on to the inside of the ancora membrane in con-
tinuity with the bandaging over the outside of the
virgella. (In some beautiful examples of Pseudo-
retiolites cf. decuriatus illustrated by Lenz & Mel-
chin (this volume) the meshes of the initial part
(corona) of the ancora sleeve also have a double
spiral arrangement which perhaps reflects the
double spiral series of increments forming the
overlying membrane).

The extension of the ancora umbrella to form a
sleeve allowed contact to be made with the ap-
ertural lists of successive thecae. The nature of
the peridermal connections is seen most clearly in
Retiolites geinirzianus (figs. 6m,i) where both the-
cal framework and ancora network have been
heavily bandaged (Bates & Kirk 1978). In this
taxon the apertural lists preserve traces of fusel-
lar increments in proximal-facing grooves, but
these are heavily overlaid by bandages, the ear-
liest being adjacent to the increments in the
cores, the latest covering the outside of the lists.
The ancora sleeve is supported by cortical ban-
dages secreted from the inside. They describe a
reticulate pattern and constitute the so-called re-
ticulum, with their earliest bandages adjacent to
the sleeve membrane, and successively later ban-
dages being added further from it.

At the junction between reticulum and apertu-
ral list, the earliest and outermost bandages of
the reticulum are continuous with early bandages
in the core of the apertural list, while the latest
and innermost bandages of the reticulum are
clearly continuous with the outermost bandages
wrapping the apertural list (transverse section
(fig. 6j). This results in an interesting “plug-hole”
arrangement. as the earliest bandages of the re-
ticulum appear to plunge down a tube of later
bandages into the core of the apertural list (fig.
).

This superficially complex arrangement follows
simply from the mode of secretion within an all
enveloping mantle. It 1s necessary to suppose that
here. as in Retiolites sp.. Osmundberget, the
mantle enveloping the ancora sleeve and the
mantle enveloping the thecal aperture had be-
come locally confluent allowing fusion of their se-
cretory epithelia. Again secretion from the inside
in the case of the cortical bandages of the ancora,
and secretion from the outside in the case of the
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Fig. 1. Retiolites geinitzianus, U, Llandovery. Cornwallis 1s-
land, Canada. U.C.W. Stub 95. a: Outer face of reticulum, ma-
king “plughole™. junctions with two apertural lists. Neg.
76/2034, boe: Close-up views of “plugholes™. The earliest and
into the

outermost cortical bandages of the reticulum plung
“plughole”™ to make contact with the early inner cortical layers
of the apertural list: the hole was probably partially occupied by
criss-cross fibrils. Negs, 70/28/25, 77/44/16-17.

thecal bandages, necessitated an inversion at the
connection which resulted in the “plug-hole™ ar-
rangement.

As in Retiolites sp. Osmundberget, the local-

ised junctions between the mantles of ancora and
thecae would have left seafilled spaces between
the ciliated mantle epidermis lining the ancora
sleeve and the ciliated epidermis covering the
thecal mantle. The resulting ciliated canal system
has left its traces on the reticulum. Certain
meshes of the ancora sleeve are thickened and
clearly surround orifices which could have led
into the canal system (fig. 6k,l, m,n, stippled
areas).

At the proximal end of the rhabdosome there
seem to be always four such orifices proximal to
the first apertural lists. Two, on the ventral faces,
open proximal to the apertural lists of th1' and 1°,
and the two others open on the obverse and re-
verse faces of the rhabdosome. It is suggested
that the ventral orifices may have served as inlets
for the currents carrying food to the siculozooid,
while the reverse and obverse orifices may have
served as outlets for the efferent currents from it.

More distally there appears to have been a
ventral orifice adjacent to each apertural list,
and. in some retiolitids, a succession of more dis-
tal obverse and reverse orifices (the stomata) is
also developed. In Stomatograptus these are
somewhat protruding with thickened rims (fig.
6l), while in Pseudoplegmatograptus (as figured
by Lenz & Melchin this volume; but referred to
as Sinostomatograptus by Bates & Kirk 1984) the
rims of the large and strongly protuberant stom-
ata are unthickened (fig. 6k). We suggest that the
ciliary currents entering the ancora sleeve adja-
cent to the thecal apertures and supplying par-
ticulate food to the zooids, passed on through the
ciliated sea-filled canals, and left the rhabdosome
at the protuberant stomata, ensuring a good sep-
aration of the spent water from the afferent cur-
rents.

The large gap between the thecal framework
and the ancora sleeve at these stomata might
seem to imply a mantle with greatly inflated mes-
enchyvme as suggested for the Ordovician retiol-
itids, but in the Silurian taxa this was not necess-
arily the case because much of the space would
have been occupied by sea-filled ciliated canals.
These would have been weightless and yet could
have contributed greatly to the ciliary flow to and
from the rhabdosome. augmenting or even re-
placing the conventional zooidal lophophores.

However there is evidence that, at least in
Pseudoplegmatograptus, there was considerable
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inflation of the ancora sleeve periderm onto
which the reticulum was secreted from below.
Two specimens preserve traces of an additional
outer reticulum which was secreted from the out-
side on to this membrane (fig. 12). The lists of
this outer reticulum have their earliest bandages
facing inwards. They extend from one unthick-
ened stoma to the adjacent stoma proximal or
distal to it, and also from the ventral orifices to
the obverse and reverse stomata. Apart from the
gap between the inner and outer reticula this in-
tervening membrane has left no trace. We can
only suppose that its increments were very ten-
uous and unbandaged.

Apart from Stomatograptus and Pseudopleg-
matograptus, the remaining retiolitids of this
morphological series had only the two proximal,
obverse and reverse, efferent orifices, and we
conclude that in these taxa, after diversion of the
food particles to the zooids (perhaps in mucus),

Bates et al.: The role of extrathecal

the main efferent flow from the thecal apertures
would have passed under the ancora sleeve and
left by the open, growing end of the rhabdosome
where the ciliated canals would have commu-
nicated directly with the sea (fig. 6m).

In these taxa we also find increasing import-
ance in the development of the reticulum se-
creted onto the ancora sleeve membrane from
the outside. The membrane in these cases was
comparatively thin with occasional traces of in-
cremental closures. Thus in Paraplectograptus
(Lenz & Melchin, this volume; Retiolites sp.,
Cornwallis Island, Bates & Kirk 1984) all the
proximal and most of the distal parts of the re-
ticulum were secreted from the inside, while
parts of the distal reticulum have meshes secreted
from the outside too. In Gothograptus nassa the
proximal part of the ancora sleeve (the corona)
has a heavily corticized reticulum secreted from
the inside, with the conventional four initial

Fig. 12, Pseudoplegmatograptus sp.. U. Llandovery, Osmundberget. Portion of rthabdosome in which a downward facing outer reticu-
tum (OR). and an upward facing inner reticulum (IR) extend from an orifice or stoma (8) on the left to the edge (A) of the ancor sle-

eve bordering a ventral or
Negs. 80/47/33-36, 80/48/1-2.

» on the right. The intervening membrane of the ancora sleeve has left no trace. U.C.W. Stub G288,
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branches bandaged in continuity with the sicular
rim. QOutside this, and separated from it by a gap
representing the ancora incremental membrane,
is a reticulum with a quite different pattern of
bandages and secreted from the outside (Bates &
Kirk 1986: Pl. 5). The inner reticulum dies out
distal to the four proximal orifices, and it then
becomes almost impossible to distinguish be-
tween the distal reticulum secreted from the out-
side and the similarly thickened thecal lists.

In Holoretiolites simplex (fig. 6n) the reticulum
of the corona was secreted only from the inside,
and has the conventional four initial branches.
Asin G. nassa however, there is a change to a re-
ticulum secreted from the outside at the level of
the four proximal orifices. In H. simplex the diffi-
culty of distinguishing the lists supporting the an-
cora sleeve from the thecal framework is in-
creased by the formal pattern of diagonal, ver-
tical and horizontal lists adopted by the
reticulum.

In the holoretiolitids, and also in some gotho-
graptids the rhabdosome has become finite and
the reticulum extends some way distal to the last
thecal apertures, becoming slightly modified in
the arrangement of its lists as it passes into the
narrow tubular framework of the appendix (fig.
13).

The difficulty of distinguishing thecal frame-
work from the lists of the ancora sleeve, when
these have been secreted from the outside, com-
plicates the problem of interpreting the nature
and function of the appendix found in these taxa.

If this part of the reticulum represents the
narrowed distal portion of the ancora sleeve ex-
tending beyond the finite thecate part of the

Fig. 13. Holoretiolites simplex Eisenack, lower Ludlow, Grun-
lichgraues Graptolithengestein (specimen loaned by Dr. H. Ja-
eger). Light micrograph, looking proximally through the ap-
pendix (A), which is circular in this view. Neg. 85/28/17.
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rhabdosome, the outflow of spent water from it
would then have been most advantageously sep-
arated from the afferent flow to the zooids and
could also have contributed most effectively to
the feeding rise (Bates & Kirk 1984). If, on the
other hand, the reticulum of the appendix cov-
ered an extension of the common canal, it may
only have served as a modified organ of excretion
from the zooids, the main efferent flow passing
over the outside of its mantle cover and carrying
away the waste products from its terminal orifice.
The small internal diameter of the appendix in H.
simplex, about 75 pm, seems to favour the second
hypothesis, especially when it is remembered that
it must have been lined as well as covered by liv-
ing tissue.

However on either, or on any other interpreta-
tion, the perfected stream-lining of the finite ap-
pendiculate rhabdosome would secem indicative
of active vertical movememt, the strong bulbous
corona meeting head-on the resistance of the wa-
ter on the feeding rise, the delicate growing ends
of the lists being extended distally in the slip-
stream of the ciliary flow, where the resistance
would have been minimal. With completion of
the structure the appendix became strongly thick-
ened, but not closed, perhaps to serve as a bal-
ance to the weight of the corona.

The continued existence of ancora-bearing re-
tiolitids long after the disappearance of most
other biserial graptoloids seems to have been the
consequence of their unique construction. The
extension of the ancora sleeve not only perfected
the separation of the efferent from the afferent
currents, solving a problem which probably af-
flicted all graptoloids after their abandonment of
the cone-shaped rhabdosome of Dictyonema, but
it must also have greatly increased the ciliary
flow. The extension of the ancora sleeve would
have roughly trebled the surface area of the ci-
liated mantle and with it the supply of food and
oxygen and the area for gaseous exchange. The
weightless ciliate canals beneath the reticulum
would also have constituted a shock-absorbing
protective jacket for the unbandaged thecae,
while the reticulum itself took over their support.

The sparse reticulum of H. simplex formed of a
minimal number of delicate longitudinal, diago-
nal and horizontal lists, seems to have attained
near perfection in the economical resistance to
distortion by the ciliary flow. Even the virgula is



100

unpreserved and the virgella reduced to a vestige
at the origin of the four initial ancora branches.
The knobs “ornamenting” the outer face of the
lists may have helped to prevent “décollement”
between the collagenous bandages and the epi-
thelium which covered and secreted them.
Apart from its ciliated epidermis the all enve-
loping mantle seems to have been as unprotected
as in all other graptolites. The rarity of abnormal-
ities in the bandaging of the outer surfaces of
graptolite rhabdosomes suggests some invisible
protection in addition to the continual sweeping
action of the cilia. The soft tissues were perhaps
poisonous with warning coloration combining
with the resilient, almost indestructible and prob-
ably very indigestible periderm in repelling pre-
dation over their long evolutionary history.

Dansk sammendrag

Ordoviciske biseriale graptoliter med veludvik-
lede torne og former med lacinia (et netformet
skelet understgttet af torne uden pa det egentlige
koloniskelet) er blevet beskrevet. Dannelse og
anastomose af tornene og lacinia er forsggt for-
klaret som en sekretion af celler i et ydre blgd-
delslag, »mesenchym«, som omgav det egentlige
graptolitskelet, og veksten er antaget at forega

pa samme made som for dannelsen af fibre i

hornspongier.
~ For Pipiograptus hisperus og Phormograptus
sooneri, begge med lacinia, er det foresldet, at et

blgddelslag, som indeholdt lacinia, udadtil var .

omgivet af en epidermis med cilier, hvis funktion
var at danne en vandstrgm med fgdepartikler hen
mod zooiderne i thekerne, langs specielle cili-
erede kanaler. I begge graptolitarter er theke-
vzggen stort set uden et ydre kortikallag med en
bandet struktur, og bade stdtte og beskyttelse af
zooiderne er foreslaet overtaget af lacinia om-
givet af denne kappe af blgddelsvav. '

Nogle biseriale graptoliter danner en ancora,
en ankerlignende udvakst fra virgella i de tidlige
vakststadier af graptolitkolonien. Ancora kan
udvikle sig til en paraply-lignende struktur be-
stdende af et netformet skelet, placeret rundt om
sikula og de forste theker. Dannelsen af ancora
hos nogle ikke retiolitide Silure graptoliter er her
forklaret ved en vakst under en udstrakt blgd-
delskappe, som omgav virgella. Udviklingen af
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ancora pi et tidligt stadium af sikulas vakst er
her forklaret ved, at ancora havde funktion som
fgdeopsamiende organ, medens den juvenile ko-
loni stadig var fastheftet til havbunden.

I de Silure retiolitider strakte den paraplylig-
nende ancorastruktur sig bagud over den thekate
del af rhabdosomet, og det er foreslaet, at denne
struktur her understgttede de forste theker, som
stort set mangler det bandede kortikallag i deres
skelet. Omgivet af en kappe med en cilieret epi-
dermis kunne ancora have veret medvirkende til
at danne vandstromme, bl.a. udstrgmmende
vand fra distaldelen af rhabdosomet, i mere spe-
cialiserede tilfelde hos nogle retiolitider fra ser-
lige dbninger i skelettet, stomata.

Vandstrgmmene over en cilieret kappe antoges
at have bidraget som hjzlp ved graptoliternes op-
stigning i vandmasserne. Det er endvidere fore-
sldet, at det ydre blgddelsvev kunne medvirke
ved andingsprocesser, samt at der i vavet var in-
desluttet stoffer (gasarter eller fedt?) som kunne
forbedre koloniens opdrift.
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