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Abstract: Typical Retiolitinae (Graptolithina) tubaria (an alternative term for rhabdosomes) are preserved as
a network of lists, formed by bandages of cortical tissue, rarely with preserved fragments of thin membranes,
which show evidence of a thin fusellar structure. This study focuses on some remarkable specimens, preserved
with nearly complete cortical membranes of the ancora sleeve and metathecae. The studied three-dimensional
material belongs to species of Spinograptus and Cometograptus from the upper Wenlock (Silurian) strata
in Nunavut, Arctic Canada. The membranes of the ancora sleeve of Spinograptus were studied using infrared
microscopy for the first time. Images of the membranes clearly show the arrangement of cortical bandages within
the meshes of the networks, formed on the outside of the ancora sleeve in mature colonies. No traces of fusellar in-
crements were observed in the ancora sleeve tissues. In addition, specimens of Cometograptus show traces of mem-
branes in the thecal framework, again made of cortical bandages, with no trace of fusellar tissue connected to it. These
new data expand our knowledge of the structure of retiolitine tubaria. During their evolution, the fuselli of the ancora
sleeve became completely dominated by the cortical bandages, forming lists and extremely rare thin membranes.
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INTRODUCTION

Retiolitines are remarkable graptolites (Graptolithina),
mostly preserved as a meshwork of rod-like lists, making
up the thecal framework and ancora sleeve. The lists are
built of cortical bandages, while the typical graptolite walls
of the tubaria are formed by fusellae, covered by cortical
bandages. The rod-like lists are more-or-less rounded in
cross-section and were clearly built up concentrically, but
all formed with original U-shaped seams, which may have
been closed by later cortical overgrowth. Rarely, in some
taxa, a series of equally spaced, curved increments can be
observed within open seams, which are interpreted to be rem-
nants of fusellar tissue (e.g., Bates and Kirk, 1992, fig. 75).
Some specimens also show traces of preservation of con-
tinuous membranes on the thecal walls, and, rarely, on the

ancora sleeve. Lenz and Thorsteinsson (1997) illustrated
a single specimen of Stomatograptus with obvious fusellar
layers attached to the thecal framework, but not on the lists
of the ancora sleeve. This had been observed on flattened
material decades earlier, for example, by Tornquist in Retio-
lites (Tornquist, 1890, fig. 2: 20—23) and Holm (1890, fig. 2:
7-9) in Stomatograptus.

Bates (1987a) and Bates and Kirk (e.g., 1986, 1992, 1997)
provided detailed ultrastructural studies on very well-pre-
served uncompressed specimens of Stomatograptus and
Retiolites from the Llandovery of Arctic Canada. On the
basis of these and other studies, it was recognized that most
retiolitines possessed two layers to their tubaria, the inner
one corresponding to the thecal framework, a homologue of
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the diplograptid ancestral tubarium, and outer ancora sleeve
lists that were an extension of the ancora umbrella, a homo-
logue of the petalolithine ancora and ancora umbrella. The
outside ancora sleeve wall is made by a framework of lists,
connected to the thecal walls at the lateral apertural lists,
a structure which is unique among graptolites. There is no
evidence of a fusellar covering of the ancora sleeve lists
(Lenz et al. in Maletz, 2023D).

Many detailed studies of retiolitines have been published
over the past decades, including Boucek and Miinch (1944,
1952), Obut and Zaslavskaya (1976), Lenz and Melchin
(1987a, b), Lenz (1994a, b), Koztowska-Dawidziuk (1995,
1997, 2004), Lenz and Thorsteinsson (1997), Lenz and
Koztowska-Dawidziuk (2002a, b, 2004), Bates et al. (2005),
Maletz (2010, 2022, 2023a), Koztowska et al. (2013), and
Melchin et al. (2017). The thecal and ancora sleeve mem-
branes of the Retiolitinae are very poorly known, due to
their rare and usually fragmentary state of preservation.

Although most of the observed membranes on retiolitines
occur as part of the thecal framework, the remarkable excep-
tion among retiolitines is Spinograptus, the only post-lun-
dgreni Biozone form to have continuous membranes on
the ancora sleeve, and occasionally the sicula and thecal
framework, studied mostly in uncompressed specimens us-
ing a scanning electron microscope (SEM; Lenz, 1994a, b;
Koztowska-Dawidziuk, 1997; Lenz and Thorsteinsson,
1997; Lenz and Kozlowska-Dawidziuk, 2002a, b; Bates
et al., 2005).

The geographical distribution of species of Spinograptus
with membranes from the upper Wenlock, the praedeube-
li-deubeli and ludensis biozones (after the lundgreni event),
is wide: Arctic Canada, Poland, and Uzbekistan (specimens
shown to ACL and AK by the late Tania Koren’; Lenz,
1994a; Koztowska-Dawidziuk, 1997; Lenz and Kozlowska-
Dawidziuk, 2002a; Koztowska et al., 2013). Isolated, un-
compressed specimens of Spinograptus from Arctic Cana-
da represent the best preserved retiolitines with continuous
membranes of the ancora sleeve (Lenz, 1994a, b; Lenz and
Thorsteinsson, 1997; Lenz and Kozlowska-Dawidziuk,
2002a).

One of the aims of this paper is to present new observa-
tions of the outside wall of the retiolitine tubarium, based
on spectacularly well-preserved specimens of Spinograptus
with a complete membrane of the ancora sleeve. Infrared
microscopic observations of the new material show, for the
first time, the arrangement and growth pattern of cortical
bandages building the ancora sleeve membrane. They also
reveal the absence of any evidence of fuselli remnants on
the ancora sleeve lists. These new observations on this enig-
matic structure, the ancora sleeve, may contribute to a bet-
ter understanding of its mode of secretion, and life strategy,
which is difficult to discern in the absence of extant repre-
sentatives of the planktic graptolites. In addition, the present
authors describe exceptionally preserved uncompressed
specimens of Cometograptus that show membranes, in this
case developed on the metathecal framework, built of corti-
cal bandages, without any evidence of fusellar membranes.

Cortical bandages, forming lists, were composed of
densely packed, originally collagenous, long and straight
fibrils, running parallel to the length of the bandages

(Koztowska et al., 2024, fig. 2f). This is similar to the shape
and arrangement of growth increments of Cephalodiscus and
Rhabdopleura (Dilly, 1986; Gonzalez and Cameron, 2012) as
well as to the connective tissues of vertebrates, e.g., ligaments
and tendons. This provides the lists with maximum tensile
strength and flexibility, giving them an advantage over the
delicate fusellar tissue. This superior strategy allowed retioli-
tines to have a more effective free-floating lifestyle.

The cortical membrane of the ancora sleeve may indi-
cate the presence of some kind of soft tissue. A primary
extrathecal mantle surrounding the colony, as suggested by
Koztowski (1949), Bates and Kirk (1987) and Bates (1987b),
seemed unlikely to be consistent with the ‘mortaring” model
as in modern Pterobranchia (Crowther and Rickards, 1977).
However, this constraint should not exclude the possible
presence of some kind of extrathecal tissue, formed by
mucus. The mucus secretion from the frontal glands of the
tentacles was observed in Rhabdopleura and Cephalodiscus
arms (Gilmour, 1979; Dilly, 1986). It is also possible that
some other organisms, such as symbiotic microalgae, could
have grown on the external mucus surface. This phenome-
non is common among modern marine organisms.

The present authors follow the recent proposal that all of
the Silurian “retiolitid taxa” that were traditionally assigned
to the Retiolitidae should be assigned to the subfamily Reti-
olitinae (Melchin et al., 2011; Lenz et al. in Maletz, 2023b).

MATERIAL AND METHODS

The uncompressed specimens of Spinograptus praer-
obustus are from carbonate nodules from Abbot River, on
Cornwallis Island, Nunavut (Arctic Canada), from the 23.3
m sample, /udensis Biozone, upper Wenlock (Lenz, 1994a).
The collection contains dozens of isolated specimens, rep-
resenting different growth stages. The Cometograptus ma-
terial with thecal membranes is from the Rookery Creek
section on Cornwallis Island, Nunavut (Arctic Canada), the
RCI1-02, 2 m sample, from the /undgreni Biozone, upper
Wenlock (Lenz and Koztowska, 2006).

The specimens studied were recovered following slow
dissolution of the host carbonate in 5-20% HCI. A fine hair-
brush was used to pick and transfer specimens to SEM stubs
or plastic containers with glycerin. Visible light, infrared
(IR) light and scanning (SEM) microscopy were used for
specimen study. Figured specimens are housed in the Geo-
logical Survey of Canada and the Institute of Paleobiology,
Polish Academy of Sciences.

Abbreviations: GSC — Geological Survey of Canada,
ZPAL — Instytut Paleobiologii PAN im. Romana Koztow-
skiego, IR — infrared microscopy, SEM — scanning electron
microscope.

SPINOGRAPTUS WITH PRESERVED
MEMBRANES

As noted above, Spinograptus is the only known reti-
olitine taxon with continuous membranes of the ancora
sleeve as well as of most of the thecal walls. This is also
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the only taxon among post-lundgreni Biozone retiolitines
with well-preserved sicular and thecal walls. Such a state
of preservation is in marked contrast with retiolitines, hav-
ing tubaria composed only of a meshwork of lists. Speci-
mens of Spinograptus praerobustus from Arctic Canada
represent the best-known uncompressed forms with thecal
(mostly metathecal) walls and continuous ancora sleeve
membranes (Lenz, 1994a, b; Lenz and Thorsteinsson,
1997; Bates et al., 2005, fig. 2A, B). Visible light and in-
frared microscopes provided transmitted light images of
the membranes (Figs 1, 3-6).

There is a significant difference in membrane develop-
ment and appearance between astogenetically young and
mature colonies (Fig. 1). The membranes of young colonies
or of those at the growing distal ends of some colonies are
thinner and more translucent than those of the proximal
ends of more mature colonies (Fig. 1B, C), and in the young
colonies the thin bandages of the ancora sleeve may be seen

Fig. 1.

in transmitted, visible light (Fig. 1C1). The mature colonies
have thick, more nearly opaque membranes, dark brown or
black in colour with no structures visible in visible light mi-
croscopy (Fig. 1A).

The SEM images of juvenile and mature specimens of
Spinograptus praerobustus show continuous membranes
with a smooth surface (Fig. 2; e.g., Lenz, 1994a, b; Bates
et al., 2005). The membrane covers the ancora sleeve lists
and metathecal lists from the outside. The clathrial lists
are clearly visible inside the mature tubarium with the
thick membrane (Fig. 2A, E). Some delicate, small pustu-
lose bandages are rarely visible on the membrane surface
(Fig. 2C). The pustules are the micro-ornamentation on
bandages, characteristic mainly of the post-lundgreni Bio-
zone retiolitines, and are an important feature for retiolitine
classification (Lenz and Melchin, 1997). Traces of fuselli,
covered by a thick outer cortical membrane, are slightly
visible on the first theca (Fig. 2B). The specimen with

Light microscope images of Spinograptus praerobustus Lenz and Koztowska-Dawidziuk, 2002a with membranes, Abbot River,

23.3 m, Cornwallis Island, Nunavut (Arctic Canada), ludensis Biozone (Lenz, 1994a); different stages of colony development. A. Mature
tubarium with thick, almost opaque membranes, ZPAL G. 37/6. B. Fragment of less mature colony, lateral wall of ancora sleeve, ZPAL G.
37/7. C. Proximal part of juvenile colony with thin, transparent membrane, three pairs of thecae, well-preserved metasicula, reverse side,

ZPAL G. 37/8. Cl. Enlargement, showing bandages (arrow).
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Fig.2. SEM images of Spinograptus praerobustus Lenz and Koztowska-Dawidziuk, 2002a with thecal and ancora sleeve membranes,
Abbot River, ABa3—98, 21 m, Cornwallis Island, Nunavut (Arctic Canada), praedeubeli-deubeli Biozone (Lenz and Koztowska-Dawidziuk,
2002a). A—C, E. Tubarium of mature colony with thick membrane, showing ancora sleeve inside, ZPAL G. 37/9; A — stereopair, lateral
side, showing interior of tubarium; B — exterior view of metatheca 11 with fuselli (arrows), covered by cortical membrane; C — enlarge-
ment, showing the membrane with thin bandages with small pustules; E — interior view. D. Proximal-lateral view of tubarium with thinner
wall, showing metasicula and first thecae, specimen with thin membrane, obverse side, ZPAL G.37/1 (after Bates et al., 2005).
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Fig. 3. Infrared microscope images of tubarium fragment of Spinograptus praerobustus Lenz and Koztowska-Dawidziuk, 2002a,
showing ancora sleeve wall, GSC 145128, Abbot River, 23.3 m, Cornwallis Island, Nunavut (Arctic Canada), ludensis Biozone (Lenz,

1994a). A. Entire specimen. B, Bl. Enlargements, showing meshes infilled by the membrane built on cortical bandages; B1 — pustules and
thick edge of bandage, forming new list, marked by arrows.



6 A.KOZLOWSKA ET AL.

Fig. 4. Infrared microscope images of Spinograptus praerobustus Lenz and Koztowska-Dawidziuk, 2002a; GSC 145128, Abbot
River, 23.3 m, Cornwallis Island, Nunavut (Arctic Canada), /udensis Biozone (Lenz, 1994a). A. Fragment of mesial part of tubarium.
B, Bl. Enlargements, showing ancora sleeve wall with meshes filled by the bending cortical bandages, bandages forming new list
(arrowed). C, E. Enlargements of D. D. Fragment of mesial part of tubarium.
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Fig. 5.

Infrared microscope images of Spinograptus praerobustus Lenz and Kozlowska-Dawidziuk, 2002a; fragment of mesial part of

tubarium, GSC 145128, Abbot River, 23.3 m, Cornwallis Island, Nunavut (Arctic Canada), ludensis Biozone (after Lenz, 1994a). A. Whole
specimen. B. Enlargement, showing reticular mesh of the ancora sleeve infilled by the membrane built on overlapping, bent cortical band-

ages (arrow). Note the edges of bandages.

a proximal end (Fig. 2D) has a thin membrane of the si-
cula and the two first thecae. It represents a young stage
of colony growth. The thecal framework preservation is
fragmentary, representing mostly the metathecal part (Fig.
2A). The specimens of Spinograptus praerobustus with
the most nearly complete thecal walls inside the ancora
sleeve were described by Lenz (1994b, fig. 2.2, specimen
GSC 104665).

The infrared microscope (IR) allows one to obtain clear,
transparent images of membranes (Melchin and Ander-
son, 1998). The membranes of Spinograptus praerobustus
are translucent with clearly visible stronger clathrium lists
and thinner lists forming reticulum meshes (Figs 3—6). The
space between the ancora sleeve lists is filled by the mem-
brane, built of pustulose cortical bandages. The arrangement

of the bandages inside some of the meshes shows that they
fill each mesh independently since they bend along the list
margins (Figs 3B, Bl, 4B, B1, 5B).

In most IR images, it is difficult to distinguish individ-
ual bandages, but their edges are usually clearly visible
(Figs 3-5). The membranes in places consist of several
overlapping layers of bandages, creating a thicker mem-
brane. In some places inside the reticular mesh, the band-
ages form thicker margins, which appear to create a new
thin list, dividing the mesh into two smaller segments
(Figs 3B, BI, 4B, BI).

The infrared microscope images of the specimen, illus-
trated in Figure 6, show details of the partly preserved prox-
imal part of a tubarium up to the third pair of thecae with
a well-preserved inner membrane, representing a fragment
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Fig. 6.

Infrared microscope images of Spinograptus praerobustus Lenz and Koztowska-Dawidziuk, 2002a; partly preserved proximal

part of the tubarium; GSC 145129, Abbot River, 23.3 m, Cornwallis Island, Nunavut (Arctic Canada), ludensis Biozone (Lenz, 1994a).
A. Fragment of prosicula, enlargement. B. Whole prosicula along virga (arrow). C, E. Enlargements of first thecal membrane, showing

diagonal fuselli. D. Whole specimen.

of the thecal wall, prosicula and metasicula. The fusellar
membrane, shown in Figure 6B, C, E, represents the wall
of the first thecae. The beginning of the nema starts from
the prosicular apex, at the level of the characteristic bend-
ing of the virga (Fig. 6B). The virga then becomes distinct-
ly straight, corresponding to the prosicula with a length of
approximately 600 pm. The longitudinal rods of the pros-
icula are visible about 200 pm below the prosicular apex
(Fig. 6A). The edge of the prosicular rim is not clearly vis-
ible, but the characteristic curvature of the virga indicates
the transition from the prosicula to the metasicula (Fig. 6B).

COMETOGRAPTUS WITH
METATHECAL MEMBRANES

Well-preserved uncompressed specimens of Come-
tograptus apsis Lenz and Kozlowska-Dawidziuk, 2001 have
membranes on the metathecae between the lip and pleural
lists (Fig. 7). The inside surface of the membrane is smooth
(Fig. 7C). There is a continuation of the bandages of the lists
onto the metathecal membrane, i.e., they form a continuous
surface. The membrane, however, is not complete and has
some empty spaces, not filled by bandages (Fig. 7B, E, G, ).
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Fig. 7. Two fragments of two specimens of Cometograptus apsis Lenz and Koztowska-Dawidziuk, 2001 from Rookery Creek, RC1-02,
2 m, Cornwallis Island, Nunavut (Arctic Canada), lundgreni Biozone (Lenz and Koztowska, 2006). A—C. Fragment of specimen, GSC
145130, lateral side of ancora sleeve and ventral wall, view from the inside; B — enlargement of metathecae, with membrane preserved,
C —smooth surface of ancora sleeve lists. D-1. Fragment of specimen, GSC 145131, view from the outside; D — whole specimen, lateral side
of ancora sleeve and ventral wall; E — exterior view of metatheca with cortical membrane; F — enlargement of membrane, showing layers
of bandages with well-preserved fibrils; G — metatheca with membrane; H — exterior view of the ancora sleeve lists with seams; I — frag-
ment of metatheca, showing bandages; gr — genicular rod, incr — increment, lar — lateral apertural rod, pl — pleural list, tr — transverse rod.
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The bandages of the membranes are clearly visible, lying
one on top of the other (Fig. 7E, F, I). Along the pleural
lists are clearly visible deep seams, with some fusellar in-
crements inside them (Fig. 7G), but there is no evidence
of extension of those increments outside of the seams and
no indication that the cortical bandages of the membrane
were ever in contact with the increments or any fusellar
tissue.

The ancora sleeve of Cometograptus apsis is char-
acterized by the smooth surface of the lists on the inside
(Fig. 7C) and seams on the lists occur on the outside of
the tubarium (Fig. 7I; Lenz and Kozlowska-Dawidziuk,
2001, 2006; Koztowska-Dawidziuk, 2004; Lenz et al., in
Maletz, 2023b). The ancora sleeve lists show no traces of
membranes or increments (Fig. 7I). These observations
show that both the metathecal bandages and the lists of
the ancora sleeve of Cometograptus apsis were secreted
from the inside of the tubarium (Fig. 7B, C). The bandages
of the ancora sleeve and the metatheca are smooth, whereas
the bandages of the lip, genicular rod and pleural lists have
distinctive pustules (Fig. 7I).

SUMMARY AND CONCLUSIONS

The preserved membranes on the ancora sleeve of the un-
compressed specimens of Spinograptus from Arctic Canada
are built of cortical bandages with pustules. New IR studies
show that bandages progressively filled the space inside the
ancora sleeve meshes. Initially, they are mostly arranged
around the margins of the lists; subsequent bandages fill in
the mesh opening with a more irregular pattern that gradual-
ly makes the membrane thicker. These cortical membranes
occur on the outside surfaces of the ancora sleeve, whereas
the ancora sleeve lists in Spinograptus have their seams on
the inside surface (e.g., Lenz ef al., in Maletz, 2023b). In
mature colonies, the bandages form a smooth membrane
covering the outside of the whole ancora sleeve of the tu-
barium. It is significant that there are no traces of the fusel-
li on the membranes of the ancora sleeve in Spinograptus.
This contrasts with the membranes that occur on the thecal
framework in this genus, which show clear fusellar incre-
ments (see Fig. 6 and Lenz and Thorsteinsson, 1997) that
are overlain with cortical bandages (Fig. 2B, C). This pat-
tern of membrane development further contrasts with that
observed in specimens of Cometograptus, which show
membranes made of cortical bandages, with no evidence of
fusellar tissue on preserved membranes at all on the ancora
sleeve, either fusellar or cortical. There is only one fusellar
increment, preserved on metatheca (Fig. 7G). Therefore,
this mode of membrane growth and the lack of fusellar
traces on the ancora sleeve suggest that it was formed with-
out a fusellar layer.

It could be argued that the lack of evidence for fusellar
tissue, preserved in contact with the membranes made of
cortical bandages described here, may simply be the result
of the fusellar membranes being too thin to be preserved.
However, the fact that both the ancora sleeve cortical and
thecal fusellar membranes are preserved in specimens of
Spinograptus, suggests that if fusellar membranes had also

been present on the ancora sleeve, they would also have
been preserved. In addition, previous studies have sug-
gested that when fusellar membranes have been present,
the fusellar increments forming those membranes emerged
from the seams within the lists (e.g., Bates and Kirk, 1992).
Moreover, if all of the cortical membranes observed in the
present specimens were deposited directly on top of an
existing fusellar wall, as seen in non-retiolitine graptolite
groups (and in the metathecal framework membranes of our
specimens of Spinograptus), one would predict that in retio-
litines the cortical membranes would have grown from
the very edges of the seams, where the fusellar membranes
would have emerged.

However, there is no observed evidence of fuselli or con-
tact between the cortical bandages and fuselli in the ancora
sleeve membrane within the seams of lists, except in the
metathecal walls of Spinograptus where both fuselli and
cortical layers occur. This study is the first to show that
membranes preserving only cortical tissue can form in re-
tiolitine graptolites.

The observed phenomenon of loss of fusellar tissue in re-
tiolitines possibly is related to the reorganization of tissues
that make up the tubarium. The cause of this is unknown,
as it took place 425-440 Ma. It is most likely that the dom-
inance of strong and flexible cortical tissue may be due to
a more effective strategy of gaining greater resistance to the
dynamic conditions of the marine environment. The reduc-
tion of fuselli seems to be an advanced adaptation, using
a minimum amount of structural material to maximize tu-
barium strength.
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