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Phragmoceras and Tubiferoceras are discosorid nautiloid genera with endogastric cyrtoconic to orthoconic breviconic
shells possessing a contracted aperture. Because of the constricted aperture phragmoceratids have usually been consid-
ered as microphages. The constriction of the aperture appears during the late ephebic stage. Preceding ontogenetic stages
possessed a brevicone shell with an open aperture, usually considered to be indicative of nectobenthic predatory life-
style. The apertural constriction probably improved hydrodynamic control and served as protection for the soft body. At-
tachment sites for distinct retractor muscles suggest evidence of potentially fast movement of the head-arm complex out
of the aperture with consequent capture of larger prey. Phragmoceratids are a characteristic component of Silurian
nautiloid faunas, which inhabited the mainly tropical carbonate platforms of Baltica and Laurentia. Phragmoceratids
closely related to those of the Baltic and Avalonia occasionally appeared in the Prague Basin, which was located in the
temperate zone at the northern margin of peri-Gondwana. The distribution pattern of phragmoceratids suggests that im-
migration into the Prague Basin occurred in three stages: (1) first appeared stray immigrants (or occasional visitors) from
warmer seas, this stage of immigration reflecting activation of sea currents after the early Silurian widespread anoxia in
peri-Gondwana (latest Llandovery-early Wenlock); (2) appearance of small endemic palaeo-populations of migrants
(with evidence of local hatching of phragmocerids) that persisted only briefly during the early Homerian and early
Gorstian low stands; (3) stable palaeo-populations appeared in the Early Ludfordian, with occurrence of endemic taxa
related to the forms known from Baltica-Avalonia, suggesting stable conditions for nautiloid evolution. The Middle
Ludfordian Kozlowskii Event caused the extinction of the last phragmocerid taxa in the Prague Basin as elsewhere.
Nautiloid immigration to the Prague Basin (Perunica microplate) indicates that Perunica, in contrast to peri-Gondwanan
areas, was within reach of the South Tropical Current since the latest Llandovery. Many other nautiloid families show a
similar migration pattern although timing of the immigrations do not necessarily correlate. Thus the nautiloids provide
useful data for palaeobiogeographic and climate reconstruction, such analysis can be made precise by comparison of
nautiloid clades. • Key words: Silurian, Nautiloidea, Phragmoceras, migration, palaeoecology, peri-Gondwana,
Perunica, Prague Basin.
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A rich Silurian cephalopod fauna in the Prague Basin con-
sisting of several hundreds of taxa has been known since
Barrande’s famous work (1865–1877). Here, cephalopods
became abundant during the Wenlock as the successions
of the Prague Basin changed from anoxic shales to calcare-
ous shales and limestones. Therefore the majority of cep-
halopods that were described came from the Ludlow and
Přídolí cephalopod limestones (Fig. 1). “Orthocerids”
with longicone shells predominate whereas more diverse
forms of nautiloids (oncocerids, discosorids, barrandeo-
cerids and tarphycerids) rarely occur. The distribution
pattern of these nautiloids is poorly known as the majority

of them were collected during Barrande’s time, and there
are only a few examples that may facilitate a case study of
nautiloid distribution patterns; namely tarphycerids (Tu-
rek 1976, Stridsberg & Turek 1997) and phragmoceratids.
Amongst these taxa, the fossil record of phragmoceratids
seems to be the best known in terms of biostratigraphic
controls.

The Silurian family Phragmoceratidae Miller, 1877
(i.e. phragmoceratids) consists of two genera: Phragmo-
ceras Broderip, 1839 (in Murchison 1839) and Tubifero-
ceras Hedström, 1917 (Discosorida Flower, 1940).
Phragmoceratids possess a cyrtoconic or rarely orthoconic
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or coiled breviconic endogastric shell, with a more or less
modified T-shaped contracted aperture. The siphuncle has
broadly expanded and thick connecting rings (Flower
& Teichert 1957, Dzik 1984). Phragmoceras represented
a characteristic component of Silurian nautiloid faunas,
appearing just after the beginning of the Silurian boundary
and survived into the middle Ludfordian of the Ludlow
Series. Several species have been described from Gotland,
Estonia, Podolia in Ukraine, North Ural, Siberia,
Severnaya Zemlya, Inner Mongolia, Tian Shan, Illinois,
Indiana, New York, Ohio, Ontario, Quebec, Wisconsin,
Scotland, Wales and the Welsh Borderland, Ireland, Sar-
dinia and Bohemia (for summary see Manda 2007). The
genus Tubiferoceras Hedström, 1917 ranges from the mid-
dle Llandovery to the Wenlock, with a few species known
from Gotland, Scotland, Indiana, Wisconsin, Siberia, and
Bohemia (see Manda 2007).

Phragmoceratids inhabited mainly tropical carbonate
platforms of Baltica and Laurentia. Their occurrence in
shallow carbonate platforms close to the reefs should be
compared with the distribution pattern and ecologic re-
quirements of the living Nautilus Linné, 1758 representing

a model animal in palaeobiologic studies of fossil nau-
tiloids. Nevertheless, diverse nautiloids including phrag-
moceratids also occurred in the Prague Basin (Perunica),
located during the Silurian in the temperate zone. A few
nautiloids, including phragmoceratids also occurred in
other peri-Gondwanan terranes, including some located in
the cool zone.

With the exception of the Ludfordian Phragmoceras
broderipi, which is represented in many collections and
also commonly figured as an example of the genus (e.g.,
Koken 1896, Gürich 1908, Basse 1952, Prantl 1952, Dzik
1984), in the Prague Basin, phragmoceratids usually occur
rarely in thin horizons at a few localities. Phragmoceras
broderipi is very common at certain levels at some of
Barrande’s localities (e.g., Kovářovic mez Section;
Lochkov, App. loc. 10) and represents one of most com-
mon nautiloids in the Prague Basin.

The present study deals with palaeoecology, mode of
life and geographic and stratigraphic distribution pat-
terns of phragmoceratids in the Prague Basin (Perunica)
and peri-Gondwana. The mode of life of nautiloids with
constricted aperture remains poorly understood. New
material collected during the last decade makes possible
a new evaluation of earlier published interpretations of
the palaeoecology. The distribution pattern of phragmo-
ceratids is compared with other nautiloid families as
well as recent Nautilus. The other questions addressed in
this paper are: How did colonisation of the submarine
highs by nautiloid immigrants proceed after the early Si-
lurian anoxic episode in the Perunica and peri-Gond-
wana? What factors invoked the survival and further
evolution of the nautiloid immigrants of Perunica and
peri-Gondwana?
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Barrande’s collection is housed in the National Museum,
Prague (prefix L). Other material is deposited in collecti-
ons of the Czech Geological Survey, Prague. Material col-
lected by the author is deposited in the author’s collection
at the Czech Geological Survey, Prague (prefix SM). An
index of mentioned localities is given in the Appendix and
their geographic positions are shown in Fig. 2.
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In the 1950, Flower & Kummel proposed a classification
of cephalopods in which the subclass Nautiloidea Agas-
siz, 1847 included the orders Ellesmeroceratida Flower,
1950, Orthocerida Kuhn, 1940, Discosorida Flower,
1940, Oncocerida Flower, 1950, Barrandeocerida Flo-
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() Llandovery, Wenlock and Ludlow stratigraphy and
lithostratigraphy of the Prague Basin (adapted after Kříž 1991, 1992).
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wer, 1950, Tarphycerida Flower, 1950 and Nautilida
Agassiz, 1847. This classification was generally adopted
in the Osnovy Paleontologyi (Ruzhencev 1962) as well as
in the Treatise on Invertebrate Paleontology (Moore
1964) and has been commonly used until now. Herein,
author follows Teichert’s (1988) classification, in which
subclass Nautiloidea contains orders Discosorida, Onco-
cerida, Barrandeocerida, Tarphycerida and Nautilida.
Whilst the former “Nautiloidea” grouped together cepha-
lopods with different life strategies, the Nautiloidea as de-
fined by Teichert (1988) contains cephalopods with simi-
lar general morphologies, embryonic development, life
cycle and ecologic requirements comparable with Recent
Nautilus, thereby providing the term ‘nautiloids’ with a
useful sense in relation to palaeoecologic and palaeoge-
ographic studies.
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Up to now, 14 species of Phragmoceras were described
from the Prague Basin and each of them is briefly introdu-
ced below. The history of investigations on the Bohemian
phragmoceratids was summarised by Manda (2007).

Subclass Nautiloidea Agassiz, 1847
Order Discosorida Flower, 1950 (in Flower & Kummel
1950)
Family Phragmoceratidae Miller, 1877

Genus Tubiferoceras Hedström, 1917

Tubiferoceras proboscoideum Hedström, 1917. – The lec-
totype from the early Silurian strata of Gotland was desig-
nated by Foerste (1926) from a figure of Hedström (1917,
pl. 1, figs 4, 5-2). Two specimens were described by Man-
da (2007) from the early Wenlock strata of the Prague Ba-
sin.

Phragmoceras Broderip, 1839 (in Murchison 1839)

Phragmoceras acuminatum Hedström, 1917. – A lectotype
was designated by Kiselev (1986) from a figure of Hed-
ström (1917, pl. 10, figs 5, 6), Wenlock, Visby Formation,
Larbo Section, Gotland. This taxon also occurs in the late
Wenlock of the Prague Basin (Manda 2007) and probably
the early Wenlock of Podolia, Ukraine (Kiselev et al.
1987).
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*) Distribution of Silurian rocks in the Prague Basin and the location of the sections discussed in the text (adapted after Kříž 1991, 1992 and
Röhlich 2007).
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Phragmoceras biimpresum (Barrande, 1865). – Barrande
(1865, pl. 60, figs 1–4) figured two specimens from Bubo-
vitz e1 locality (App. loc. 3) from brachiopod packstones
of early Homerian age.

Phragmoceras labiosum Barrande, 1865. – This taxon is
based on several specimens from Hinter Kopanina e2 and
Konieprus e2 (App. locs 5, 7) (Barrande 1865, pl. 50,
figs 1–6, pp. 218, 219). An additional specimen was found
in the early Ludfordian U lanovky Section (App. loc. 23).
Gnoli (1993) reported a single specimen of Phragmoceras
labiosum from the Ludlow of Sardinia. Phragmoceras la-
biosum is closely related to Phragmoceras retortum
Hedström, 1917 from the Ludlow of Gotland (Holland &
Stridsberg 2004).

Phragmoceras longum Barrande, 1865. – This species was
erected for several specimens from Lochkov e2 and Hinter
Kopanina e2 (App. locs 5, 14) (Barrande 1865, pp. 213,
214, pl. 59, figs 1–4). Additional new, mostly fragmentary,
specimens were collected from the early Ludfordian cep-
halopod limestone at Desort Quarry, Zadní Kopanina
(App. loc. 6). Phragmoceras longum is closely related to
Phragmoceras inflexum Hedström, 1917 from Gotland.
Both species have a distinctive, laterally compressed cyrto-
conic shell.

Phragmoceras imbricatum Barrande, 1865. – A lectotype
was designated by Holland & Stridsberg (2004) based on
the specimen figured by Barrande (1865, pl. 46, figs 1–4).
The type locality is Vyskočilka e2 near Prague (App.
loc. 26). The lectotype probably came from the cephalopod
limestone beds of the early L. scanicus Zone (Manda &
Kříž 2007). Most of specimens figured by Barrande were
found in the cephalopod limestones of the early Ludlow
Series, Butovitz e1 locality (Butovice Na břekvici Section
No. 584; App. loc. 4). Some additional specimens were
found during recent field studies at other locations in the
early Ludlow Series (Řeporyje Section No. 911; Kosov
Quarry, “new quarry”, SW wall; Liščí Quarry; App. locs
21, 8, 11). Phragmoceras imbricatum was also recently
re-described by Holland & Stridsberg (2004). Outside the
Prague Basin, Phragmoceras imbricatum occurs in the
Wenlock and early Ludlow rocks of Britain and Gotland
(Holland & Stridsberg 2004) and has been recovered from
Polish erratic boulders (Noetling 1884).

Kiselev (1984) assigned specimens of Phragmoceras
imbricatum having an open aperture (Barrande 1866,
pl. 46, figs 1–12) to Protophragmoceras butovitcenze Ki-
selev, 1984, the lectotype of which came from the early
Ludlow Series of the North Urals (Kiselev 1984, p. 52,
pl. 10, fig. 1, pl. 11, fig. 1) but Kisselev’s illustration does
not provide sufficient information to evaluate if the speci-
mens from the Prague Basin and the Urals are really

conspecific. However, the Prague Basin specimens, con-
sidered to be Protophragmoceras butovitcenze by Kiselev
(1984), represent an early stage of Phragmoceras
imbricatum, as already noted correctly by Barrande (1866).

Phragmoceras sigmoideum Hedström, 1917. – The lecto-
type was designated by Kiselev (1984) from a figure by
Hedström (1917, pl. 17, fig. 1) from the Wenlock Visby
Formation, Larbro, Storugns, Gotland (Hedström 1917).
The species also occurs outside the Wenlock of Gotland, in
the early Ludlow of the North Urals (Kiselev 1984) and
late Wenlock of the Prague Basin (Manda 2007).

Phragmoceras munthei Hedström, 1917. – The lectotype
was designated by Holland & Stridsberg (2004) based on
the specimen figured by Hedström (1917, pl. 25, figs 1–3)
from the early Wenlock Visby Formation of Visby, Got-
land. Phragmoceras munthei also occurs in the late Llan-
dovery and Wenlock of Gotland (Holland & Stridsberg
2004), the Wenlock of Estonia (Kiselev et al. 1990), the la-
test Llandovery and earlier Wenlock of the Prague Basin,
and probably the latest Llandovery of Ireland (Manda
2007).

Phragmoceras cf. undulatum Hedström, 1917. – A single
body chamber similar to that of Phragmoceras undulatum
(Wenlock of Gotland) was recently described from the Pra-
gue Basin by Manda (2007).

Phragmoceras cf. venticosum Sowerby, 1839 in Murchi-
son (1839). – Three specimens similar to Phragmoceras
venticosum were described by Manda (2007) from the late
Wenlock of the Prague Basin. Phragmoceras venticosum
occurs in the Wenlock and early Ludlow of Wales and the
Welsh Borderland (see Holland & Stridsberg 2004).

Phragmoceras koneprusensis Manda, 2007. – This species
was described based on a single shell from the early Lud-
fordian strata of the Velký Hill Section (App. loc. 24).

Whereas the above-mentioned Bohemian taxa represent
rather distantly related species of Phragmoceras, the Lud-
fordian Phragmoceras broderipi sublaeve, Phragmoceras
broderipi broderipi, and Phragmoceras beaumonti are clo-
sely related and are considered to belong a single evolutio-
nary lineage of phragmoceratids in the Prague Basin (Fig.
3). These taxa are known only from the Prague Basin. Taxa
similar to the Ludfordian Phragmoceras broderipi occur in
Wenlock and Ludlow strata of Gotland (Holland & Strid-
sberg 2004).

Phragmoceras beaumonti (Barrande, 1865). – The lecto-
type designated by Flower & Teichert (1957) is the speci-
men figured by Barrande (1865, pl. 165, figs 1–5) as Cyrto-
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ceras beaumonti (Lochkov e2; App. loc. 14). Flower &
Teichert (1957) regarded Cyrtoceras beaumonti to belong
to the Protophragmoceras Hyatt, 1900. The latter genus
differs from Phragmoceras in its slender cyrtocone shell
and thinner siphonal tube. Dzik (1984) considered Cyrto-
ceras beaumonti to represent a juvenile stage of Phragmo-
ceras broderipi. However, Phragmoceras beaumonti is a
distinct species, which did not close its aperture in the adult
stage and also has a smaller more coiled shell than Phrag-
moceras broderipi broderipi. New material of Phragmoce-
ras beaumonti was collected recently from many localities
in the late early Ludfordian strata of the Prague Basin.

Phragmoceras broderipi (Barrande, 1865). – Phragmoce-
ras broderipi consists of two subspecies: Phragmoceras
broderipi sublaeve (Barrande 1865, pl. 57, fig. 7, pl. 98,

figs 1–4) and Phragmoceras broderipi broderipi (Bar-
rande 1865, pls 56–58, 99). The subspecies differ mainly in
sculpture. The first has a smooth shell or gently developed
growth lines and the latter shows prominent growth lines
sometimes forming irregular walls. New material of both
subspecies was obtained recently from many sections in
the early Ludfordian strata of the Prague Basin.
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The contracted aperture of adult phragmoceratids may be
suggestive of a microphagous habit with reduced arms, as
assumed by Abel (1916). Prell (1921) compared phragmo-
ceratids with the Recent gastropod Cypraea and suggested
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,) Embryonic chambers of phragmoceratids, early post-hatching specimens (A–L). • A–D – Phragmoceras cf. ventricosum Sowerby, 1839,
Lištice U cestičky Section No. 759, Wenlock, Homerian, T. testis Zone; CGS SM 74; lateral (A), dorsal (B), ventral (C), × 2, apical view (D), × 3.
• E – Phragmoceras beaumonti (Barrande, 1866), Mramorový Quarry Section no. 357, Ludlow, Ludfordian, uppermost N. kozlowskii Zone; CGS SM 99;
lateral view, × 1.4. • F – Phragmoceras beaumonti (Barrande, 1866), Nová Ves, Hradiště II Section, bed No. 9; Ludlow, Ludfordian, N. kozlowskii Zone;
CGS SM 73; lateral view, × 1.1. • G, H – Phragmoceras broderipi sublaeve Barrande, 1865, Velký Hill Section; Ludlow, Ludfordian, S. linearis Zone;
CGS SM 98; lateral (G) and ventral (H) view, × 1.5. • I–K – Phragmoceras broderipi broderipi Barrande, 1865, Kovářovic mez Section; Ludlow,
Ludfordian, S. inexpectatus Zone; CGS SM 55; lateral (I), ventral (J) and dorsal (K) view, × 1.9. • L – Phragmoceras beaumonti (Barrande, 1866), Nová
Ves, Hradiště II Section; Ludlow, Ludfordian, N. kozlowskii Zone; CGS SM 62; lateral view, × 1.8. • M – Phragmoceras beaumonti (Barrande, 1866),
Nová Ves, Hradiště II Section; Ludlow, Ludfordian, N. kozlowskii Zone; CGS SM 61; lateral view, × 1.3.
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that the body of Phragmoceras could flow out of the “ex-
tremely” restricted aperture. Further, he concluded that
swimming using the hyponome was impossible in phrag-
moceratids and so assumed a life as bottom dwellers. Pia
(1923) agreed with the proposal of a microphagous habit,
but postulated active swimming behaviour. Flower (1957)
considered that active swimming was too difficult and re-
garded phragmoceratids as benthic crawlers.

Holland (1984, p. 157), in his summary of Silurian
cephalopod palaeoecology, agreed with Abel (1916) when
he wrote: “It is difficult to see such a form other than as
microphagous.” Hewitt & Watkins (1980, p. 106) even
suggested that phragmoceratids “might conceivably have
had vegetarian habits”. Westermann (1998, p. 281,
fig. 20.13) made a reconstruction of Phragmoceras and
suggested that the hyponome was at the height of the dy-
namic centre and thus Phragmoceras could be seen as a
moderately good forward swimmer above a shallow sub-
strate after brachiopod prey. Westermann (1998, p. 292)
also commented on the lamellar subdivision of the
siphuncle, indicating that it was “presumably for improved
buoyancy regulation, permitting either for vertical migra-
tions or hiding on the sea during storms”. Whilst agreeing
that phragmoceratids were active swimmers, Holland &
Stridsberg (2004) assumed that the downward orientation
of the apertural opening limited the ability of phragmo-
ceratids to orient themselves. Nevertheless, Recent Nauti-
lus is able to orient itself using not only visual cues, but also
the use of chemical signals, and a similar mode of orienta-
tion can be assumed for fossil nautiloids (Basil et al. 2000).

Consideration of the deficiencies in the palaeoecologic
interpretation of Phragmoceras should focus on the late
ontogenetic stage where a contracted aperture is present.
However, the contracted aperture only appeared as a modi-
fication of the mature animal at the end of shell growth.
Phragmoceratids spent a major proportion of their life with
a brevicone shell and open aperture.
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The embryonic shell of Phragmoceras is cup-like and
slightly curved on the ventral side with an elliptical cicat-
rix. The diameter of the first chamber varies from 6.3 mm
up to 10 mm with its height ranging from 5.6 mm up to
6.9 mm. The distance between the following septa usually
continually increases. In some specimens, up to two shal-
low camerae are developed (Fig. 3J–L). Growth lines ap-
pear on the embryonic chamber around the field of the ci-
catrix or at the first camera, and their distance usually
increases slightly but continuously (Barrande 1867, Hed-
ström 1917, Manda 2007; see Fig. 3).

Due to the absence of a distinctive change in morphol-

ogy, the recognition of the hatching time in Phragmoceras
(as well as other early Palaeozoic nautiloids) is uncertain.
Hatching time of nautilids is clearly marked by a nepionic
constriction (i.e., constriction of the shell) and is usually
accompanied by changes in ornament and distance be-
tween septa (e.g., Teichert 1964, Ward 1987, Chirat &
Rioult 1998). Changes in ornament and spacing of septa
are concentrated between the embryonic chamber and the
3rd septum in phragmoceratids (Fig. 3). Turek (2007) ob-
served a similar early ontogenetic pattern in the Early De-
vonian oncocerids Ptenoceras proximum Barrande, 1865
and Hercoceras mirum Barrande, 1865. Thus, the hatching
size of the Silurian phragmoceratid and Devonian
hercoceratids was rather lower than that of post-Triassic
nautilids (see Chirat & Rioult 1998).

A hatching site can be identified in the fossil record by
the presence of specimens that died shortly after hatching
(i.e., as a consequence of a mass kill), because the embry-
onic shell is present throughout life. The majority of em-
bryonic portions are found attached to part of the adult
phragmocone, which was broken off from the rest of the
shell during post-mortem processes, and thus a deposit
with such remains does not indicate hatching place.

The Silurian early post-hatching nautiloids occur to-
gether where the density of adult-populations was at their
greatest, e.g., Phragmoceras imbricatum, Butovice Na
břekvici Section No. 584 (see Barrande 1866, pl. 46; App.
Loc. 4). At the margins of these populations, the early
post-hatching stage is missing, i.e., in deeper water envi-
ronments (see Fig. 13). Silurian phragmoceratids hatched
in relatively shallow environments below wave-base. A
similar distribution pattern has been observed for several
Silurian oncocerids (unpublished data). Thus the Silurian
nautiloids do not exhibit the segregation of adult and early
post-hatching individuals described in post-Triassic taxa
(Ward 1987, Chirat & Rioult 1998).
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The majority of phragmoceratids have a relatively rapidly
expanding and endogastric shell (Figs 4, 5). The siphun-
cle is positioned on the shorter ventral side. With increa-
sing diameter, the width of siphonal tube increases with a
slight allometry. The cylindrical connecting rings are re-
latively thick. The body-chamber is usually relatively
long relative to the phragmocone. The hyponomic sinus is
generally shallow and relatively narrow. Stridsberg
(1985) pointed out that an endogastric breviconic shell is
more suitable for swimming than an exogastric. Silurian
brevicones with a slightly curved shell are usually endo-
gastric. In contrast, brevicones with cyrtoconic shell are
mostly exogastric. Phragmoceras is virtually the only Si-
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lurian nautiloid with an endogastric and cyrtoconic shell.
Constructional constraints might possibly explain the re-
lative rarity of endogastric cyrtoconic shells because the
siphuncule is placed on the shorter side and thus provides
a lower effective surface. The rapidly expanding siphun-
cle in phragmoceratids probably balanced this constructi-
onal handicap. Early phragmoceratids possessing an open
aperture probably lived close to the bottom as nectoben-
thic predators.

An interesting feature is that the height and width of the
aperture was much larger just in front of the aperture closure
than after. This suggests that the head and arms were dor-
sally placed (i.e. in around the broad, shallow saddle of the
aperture) and did not fill the whole aperture as in nautilids or

tarphycerids (Fig. 5). This conclusion fits well with observa-
tions made by Kröger (2007) on the earliest Ordovician
ellesmeroceratids; he suggested that the dorsally placed (in
conventional terminology) head-arm complex and associ-
ated multiple-paired retractor muscles represent the basal
body plan for nautiloids. Recently, Shigeno et al. (2008)
reported embryological evidence for the morphological de-
velopment of the head complex of the unique assembly of
multiple archetypal molluscan body parts in Nautilus. The
commonly developed constriction of the aperture of some
oncocerids and discosorids should provide additional evi-
dence for a dorsally placed head-arm complex because in
such cases the constriction of the aperture limited the
head-arm complex less than was previously thought.

� 

'�����
6) General morphology of Silurian phragmoceratids from the Prague Basin. Diagram showing presumed life position.
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The constriction of the aperture in Phragmoceras corres-
ponds to the cessation of shell growth in the long axis. The
high frequency of growth lines at the constriction of the
body-chamber indicate a decrease in shell growth rate,
as reported in brevicone oncocerids (Stridsberg 1985).
The shape of the contracted aperture in phragmoceratids is
variable. The apertural opening faces downward or is dor-
sally oriented. The shape is also variable: circular to ellipti-
cal, sometimes with lobes developed or surrounded by a
collar (e.g., Phragmoceras imbricatum, Figs 4, 5). The hy-
ponomic sinus is narrow and is terminated by a protruding
hyponomic opening. A few species (e.g., Phragmoceras
labiosum, Fig. 4) have a T-shaped contracted aperture with
a narrow apertural opening. One or two very shallow came-
rae may have been precipitated after the closure of the aper-
ture. In addition, after apertural closure shell growth conti-
nued around the apertural opening and a more or less
protruding collar developed. The highly variable thickness
of the shell at the aperture and anterior part of the body
chamber suggests that the shell continually thickened after

apertural closure, e.g., in Phragmoceras broderipi the shell
thickness at the hyponomic opening varies from 2 mm
to 9 mm.

The contraction of the aperture probably improved
swimming as well as passive floating by providing a more
hydrodynamically efficient shell-shape with a fixed and
protruding hyponomic opening supporting the hyponome.
This idea supports the phragmocerid distribution pattern;
the specimens with an open aperture were restricted to
shallower areas whereas specimens with a contracted aper-
ture were widely distributed across the slope, even if the
size of their shells differs only slightly. The presence of a
similar distribution pattern in other nautiloids with con-
tracted aperture cannot be tested because those early stages
with open aperture are missing from the fossil record, i.e.,
those cephalopods had a very low mortality before the
stage during which the aperture became constricted (e.g.,
Hemiphragmoceratidae Foerste, 1936).

The contracted aperture and collar lining the apertural
opening probably also improved protection of the soft body
against predators (Teichert 1964, Stridsberg 1985). On the
other hand, the constriction of the aperture limited the size
of the buccal mass and thus complicated food capture.
There appears to be adaptive conflict: protection/improved
buoyancy versus sufficient food intake.
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A further possible function of the contracted aperture
might be the support of the soft body within the shell (Tei-
chert 1964). Nevertheless, phragmoceratid shells com-
monly exhibit well-developed muscle scars. Why then are
prominent retractor muscles developed in combination
with a constricted aperture? The frequent preservation of
muscle scars in phragmoceratids can be attributed to their
relatively thick shells, because muscle scars are more fre-
quently preserved in thick-shelled molluscs (e.g., Stanley
1970). However, some Silurian nautiloids with a similar
shell shape and shell thickness to those of phragmoceratids
exhibit the preservation of muscle scars less frequently,
e.g., Rizoceras Hyatt, 1884 and Protophragmoceras Hyatt,
1900 with a breviconic shell and open aperture, or even
Octameroceras Hyatt, 1900 with a breviconic shell and
contracted aperture. Thus the frequent preservation of
muscle scars in phragmoceratids reflects rather well-de-
veloped muscles. Well-preserved muscle scars were found
in three species as described below.

The annular elevation of Phragmoceras imbricatum
(Fig. 6C, D, G) is relatively low, 3 mm wide with elliptical
longitudinally elongated muscle scars. On the ventral side,
the annular elevation is reduced in width and a pair of me-
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7) General morphology, ontogeny and mode of life of
Phragmoceras imbricatum. Diagram shows change in mode of life during
aperture closure in the late ephebic stage.
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dially elongated muscle scars is developed (Fig. 8B, CGS
SM 80). On the distal part of the last septum, imprints of
the palliovisceral ligament may be seen. More or less
straight, longitudinal ridges directed parallel to the aper-
tural opening are developed below the annular elevation.

Specimens of Phragmoceras broderipi broderipi
(Fig. 6E, I) possessing contracted apertures exhibit annular
elevations that are segmented into 23 pairs of muscle scars.
The width of the elevation increases from 2 mm on the ven-
tral side to 5 mm on the lateral side; on the dorsal side, the
width of the elevation decreases slightly again. The muscle
scars close to the ventral side are trapezoidal in shape,
whereas close to the dorsal side they are longitudinally
elongated with a medial ridge. The ad-oral margin of the
annular elevation is sinusoidal, whereas the opposite mar-
gin is formed in asymmetrical waves. The imprint of the
palliovisceral ligament is preserved on the terminal part of
the last septum. A zone with longitudinal and slightly ven-
trally curved ridges is developed below the annular eleva-
tion. The width of the zone increases from 5 mm on the

ventral side up to 12 mm on the dorsal side of the specimen.
The width of the zone with longitudinal ridges of the speci-
men figured by Barrande (1865) on pl. 99 as fig. 1, increases
from 12 mm on the ventral side up to 18 mm on the dorsal
side and the anterior termination forms a fine elevation.

The muscle scars described above occur in specimens
with a contracted aperture. Early stages with open aperture
exhibit a simple narrow annular elevation. For example,
the early stage of Phragmoceras acuminatum with an open
aperture (Fig. 6A, B) shows a 1 mm-wide annular elevation
parallel with the suture. The width of the annular elevation
decreases slightly on the ventral side. Gently longitudinal
ridges that terminate close to the aperture are developed be-
low the elevation. The distance between the ridges is about
1 mm, and dorsally this distance is doubled (Fig. 6B).

These serial muscle scars are shared by oncocerids and
discosorids, and were grouped by Mutvei (1964) as
Oncoceratomorphs. Between seven and 25 pairs of muscle
attachment scars can be present, with the ventral pair being
the largest (Kröger & Mutvei 2005). Such a prominent and
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8) Muscle scars in Phragmoceras. • A, B – Phragmoceras acuminatum Hedström, 1917, Arethusina Gorge Section No. 687; Wenlock,
Homerian, T. testis Zone; leg. J. Kříž; CGS SM 78 lateral (A) and dorsal (B) view, × 1.8. • C – Phragmoceras imbricatum Barrande, 1865, Kosov Quarry,
“new quarry”, SW wall; Ludlow, Gorstian, S. chimaera Zone; CGS SM 57; lateral view, × 0.8. • D – Phragmoceras imbricatum Barrande, 1865, Butovice
Na břekvici Section No. 584; Ludlow, Gorstian, C. colonus Zone; Barrande’s collection NM L40299; lateral view, × 0.7. • E, F – Phragmoceras broderipi
broderipi Barrande, 1865; Kosov Quarry, “old quarry”; Ludlow, Ludfordian, S. inexpectatus Zone; CGS SM 70; ventral (E) and lateral (F) view, × 0.8.
• G – Phragmoceras imbricatum Barrande, 1865, Butovice Na břekvici Section No. 584; Ludlow, Gorstian, C. colonus Zone; leg. J. Kříž and R. Horný;
CGS SM 92; lateral view, × 1.
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laterally elongated ventral muscle scar pair was described
by Sweet (1959) from the late Ordovician Parryoceras
euchari Sweet & Miller, 1957 (Fig. 8A) belonging to the
family Cyrtogomphoceratidae (from which the Phrag-
moceratidae are thought to have diverged in the Silurian,
see Flower & Teichert 1957). Phragmoceras is distinctive
amongst discosorids in its reduced area (P. imbricatum) or
even absence (P. broderipi) of the ventral pair of differenti-
ated muscle attachment scars (Fig. 8). In contrast, the width
of the annular elevation and its segmentation increases on
the lateral surfaces. The inferred reduction of the ventral
pair of muscles in phragmoceratids suggests a high degree
of evolutionary plasticity in the musculature driven by
adaptive changes in the form of the shell.

The recognition of the imprints of the palliovisceral lig-
ament as similar to those described in Recent Nautilus and
post-Palaeozoic nautilids (Deecke 1913, Klug & Lehm-
kuhl 2004) is notable.

The longitudinal ridges below the annular elevation in
early-post hatching Phragmoceras acuminatum indicates
the early segmentation of the muscles although this has not
yet been exhibited by muscle attachment scars on the annu-
lar elevation. The longitudinal ridges correspond to the
elongated muscle attachment scars on the annular elevation
and are oriented toward the apertural opening. Following
Mutvei (1964), the longitudinal ridges on the inner shell in-
dicate a shallow mantle cavity on each side of the central
foot. The segmentation of the annular elevation becomes
distinctive as the aperture becomes constricted.

In comparing the morphologies of a shell with an open
aperture and one with a contracted aperture, the first com-

parison characterizes phragmoceratids as nectobenthic
predators and the second as microphages, and so the ques-
tion is raised as to whether such a change was possible dur-
ing the ephebic stage? Is a microphagous habit really the
only possible interpretation of phragmoceratids with a con-
tracted aperture?

Phragmoceras beaumonti is a phragmocerid in which
the constricted aperture is not developed, which may sug-
gest that sexual maturity in phragmoceratids preceded the
closure of the aperture. Thus the closure of the aperture
may be considered to be a special adaptation to improve ac-
tive swimming and protect the organs (i.e. a mature modifi-
cation). Phragmoceratids with contracted apertures swam
or floated in currents above the sea-floor searching for prey
below. The prominent muscle attachment scars combined
with the morphology of the apertural opening suggests that
the head was normally protected within the shell, but during
predation it could shoot out of the apertural opening by using
the well-segmented muscles (Fig. 5). The wide siphuncle
not only improved buoyancy regulation but probably also
accelerated the vertical migration of phragmoceratids during
food capture (cf. Westermann 1998, see p. 49).
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Each study in the past dealing with cephalopod palaeoeco-
logy and distribution patterns started with a crucial ques-
tion – How much are fossil cephalopod assemblages affec-
ted by long-term post-mortem drift of the cephalopod
shells? Two contradictory approaches have been presen-
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9) A, B – Phragmoceras broderipi broderipi Barrande, 1865 – detail of annular elevation; Kosov Quarry, “old quarry”; Ludlow, Ludfordian,
S. inexpectatus Zone; CGS SM 70; lateral (A) and ventral (F) view, × 1.6.
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ted. In the first, fossil cephalopod assemblages have been
considered to be essentially natural and thus only slightly
affected by post-mortem drift of the shells (Flower 1957
and previous references therein). The second approach
suggests that there is a large proportion of long-term drifted
shells in the fossil assemblages (Miller & Furnish 1937,
Miller & Youngquist 1949, Tasch 1955, Reyment 1958
and others). The latter opinion seems to be supported by
observation of long-term drift by surface currents in recent
Nautilus shells, as described and interpreted by Reyment
(1958), Stenzel (1964), and Teichert (1970).

However, Collins & Minton (1967) showed that water
permeability of the connecting rings in Nautilus makes
long-term drift of the shells problematic (see Turek 1974).
Subsequently, Chamberlain et al. (1981) studied post-mor-
tem behaviour of Nautilus shells and pointed out that ex-
tensive post-mortem drift of the shell is a relatively rare
event. Palaeozoic cephalopods usually have uncoiled and
commonly rapidly expanding shells. This type of shell ge-
ometry is less suitable for post-mortem drift than that in
Nautilus (Turek 1974).

Flower’s earlier suggestion (1957) that the fossil record
of Palaeozoic cephalopods would not seem to be compati-
ble with the concept of extensive post-mortem transport
was later confirmed by detailed analysis of the Late Ordo-
vician cephalopod assemblages of the Cincinnati area
(Frey 1989) and of the Silurian cephalopod assemblages of
Wales (Hewitt & Watkins 1980). A similar conclusion pro-
vided the present study of the cephalopod assemblages in
the Prague Basin. The distribution pattern of cephalopod
assemblages generally respects benthic communities in the
Prague Basin. Detailed analysis showed that some cepha-
lopod taxa are restricted to a specific benthic community
even if more than one community is present within one fa-
cies. In addition, deep-related cephalopod assemblages
across the slope were observed whereas different
cephalopod assemblages occur in shallow water environ-
ments above wave base and in the middle slope and lower
slope settings.

In summary, the Palaeozoic cephalopod assemblages
keep the original structure of former communities, which
were affected only slightly by local transport and subse-

quent taphonomic processes. Although the long-term
post-mortem transport of cephalopod shells cannot be ex-
cluded, it represents a mere confusion in the fossil record.
Sedimentary processes such as storm events might cause
transport of shells from shallower to deeper environments
or even re-deposition of still older buried shells but shells
from such deposits should be omitted from palaeoecologic
studies aimed at understanding living communities.

-�����#�����
��

�������������� ��
���

������
�����

The replacement of black, anoxic graptolitic shales by la-
minated calcareous shales reflects the activation of surface
currents during the latest Llandovery O. spiralis Zone
(Fig. 1). These weak currents occasionally ventilated the
bottom in shallower parts of the eastern Central and Pan-
krác segments of the Prague Basin (Kříž 1991) and thus a
pioneer community accompanied by pelagic orthocerids
and Phragmoceras munthei appeared there (for details see
Manda 2007). The low-density population of Phragmoce-
ras munthei consists mainly of ephebic shells with an open
aperture whilst neanic stages and ephebic shells possessing
contracted apertures are rare (Fig. 9). Phragmoceratids pro-
bably migrated to deeper water environments from a dis-
tant shallow-water environment and persisted with the coe-
val pioneer community for a short period (note that a
coeval shallow-water facies is not present in the Prague Ba-
sin).

Large fragments (up to 8 cm wide) of Phragmoceras
munthei cover the upper bedding plane of a single
mudstone unit in an early Wenlock C. murchisoni Zone
shale sequence in the eastern part of the Central Segment
(Manda 2007). The mudstone unit reflects a depositional
event in a deeper water setting dominated by shale sedi-
mentation. Mud deposition was followed by the short-lived
influence of currents that ventilated the anoxic sea floor as
indicated by the appearance of a pioneer benthic commu-
nity. Phragmoceratid shells, which are normally preserved
as fragments suggest a relatively high-energy environment.
There are two possible explanations of the phragmocerid

��
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:) Idealized muscle scar shapes at Parryoceras euchari Sweet & Miller, 1957 (A), Phragmoceras imbricatum Barrande, 1865 (B) and
Phragmoceras broderipi broderipi Barrande, 1865 (C). Ventral view. Scale bar equal 10 mm.
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accumulation: 1) the phragmoceratid shells were trans-
ported post-mortem to the deeper environment by currents;
however, there is no other transported shallow-water shell
material present; and, 2) the shell deposit reflects a selec-
tive mass immigration of phragmoceratids into a deeper
biofacies due to an event that affected the shallow water en-
vironment hosting the phragmoceratid population.

In the late C. murchisoni Zone, submarine elevations of
the Svatý Jan and Řeporyje volcanic centres (Kříž 1991) had
originated and these extended further during the
Sheinwoodian (Fig. 1). The floors of these elevations were
colonised by incoming benthic communities (Havlíček &
Štorch 1990) with a rich brachiopod and trilobite fauna ac-
companied by the nectobenthic orthocerid Dawsonoceras
annulatum (Sowerby, 1816). The phragmoceratid Tubi-
feroceras proboscoideum, together with four other nautiloid
taxa, appear in limestones containing the Leptaena rugalita
Community (Havlíček & Štorch 1990), reflecting local
shallowing in the M. belophorus Zone on the upper slope of
the Svatý Jan Volcano (U elektrárny Section, Fig. 2: App.
loc. 22). The coeval Sheinwoodian nautiloid faunas of
Baltica and Avalonia are much more diversified than those
in the Prague Basin. Low current activity accompanying the
Sheinwoodian high-stand probably confined more cepha-
lopod immigrations (Fig. 12) to the submarine elevations of
the Prague Basin. An additional reason might have been the
small area of shallow sea-floor in the region.

A rich cephalopod fauna, including many nautiloids
(oncocerids, discosorids, barrandeocerids) and longiconic
forms (orthocerids, pseudorthocerids, actinocerids) ap-
peared in the early Homerian T. testis Zone. This sudden
onset of a diverse cephalopod fauna indicates the first
large-scale cephalopod immigration to the Prague Basin.
Cephalopods are common in thin limestone beds just above
thick basalt effusions. The cephalopod immigration coin-
cides with shallowing and a low-stand reflected in the ex-
tension of the shallow-water carbonates surrounding the
volcanic elevations (Kříž 1991). Carbonate sedimentation
and faunal radiation reflected a break in volcanic activity
after the large earlier Homerian basalt effusions, i.e., volca-
nic activity gave rise to the submarine elevations and the
subsequent break in volcanic activity permitted colonis-
ation of these basin highs. Further evolution of nautiloid
immigrants, e.g., Phragmoceras (Fig. 12) on the volcanic
elevations was limited by recurrent volcanic activity and
the deposition of pyroclasts (pyroclastic confined biofacies
of Havlíček 1995) and by global changes related to the
Lundgreni Event (Melechin et al. 1998).

Five taxa of phragmoceratids occur in the T. testis
Zone. Whilst Phragmoceras sigmoideum and Phragmo-
ceras cf. undulatum are closely related (Manda 2007), the
other species differ in shell shape and represent separate
branches of Phragmoceras. As a rule phragmoceratids are
rather rare, but they occur in different environmental set-

 �
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;) Phragmoceras munthei Hedström, 1917, Llandovery, Telychian, O. spiralis Zone. • A – Novoveská Gorge Section; CGS SM 82a; lateral
view, × 1.1. • B – Braník U pivovaru Section; CGS SM 86; lateral view, × 1.3.
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tings and communities, and each ontogenetic stage is pres-
ent (Figs 12, 13). The relatively thick-shelled Phragmo-
ceras cf. ventricosum occurs in shallow water sediments
considered to have been deposited above wave base and
close to the feeder channel of the Svatý Jan Volcano
(Lištice U cestičky Section No. 759, Fig. 2: App. loc. 13).
A similar environment was occupied by Phragmoceras cf.
undulatum (Lištice, exact site unknown) and by
Phragmoceras biimpresum (Bubovitz e1: App. loc. 3).
Phragmoceras acuminatum with a thinner and smaller
shell occurred commonly in the slightly deeper high-en-
ergy environment of the upper slope of the Svatý Jan Vol-
canic elevation (Lištice Herinky, Fig. 2: App. loc. 12). A
single specimen of Phragmoceras acuminatum was found
in the cephalopod limestone reflecting brief surface current
activity above the basaltic deposits of the Řeporyje Volca-
nic Centre (Arethusinová Gorge Section No. 687, Fig. 2:
App. loc. 1).

During the latest Wenlock (i.e. between the Lundgreni
Event and the base of the Ludlow), nautiloids are missing.
A diverse cephalopod fauna including nautiloids
(oncocerids, discosorids, barrandeocerids, tarphycerids
and ascocerids) suddenly reappeared in the early N.
nilsonni Zone with the reappearance of the cephalopod
limestone biofacies. This second large-scale cephalopod
immigration and radiation coincides with a low-stand and
break in volcanic activity. While in the Wenlock phrag-
moceratids occurred mostly in the shallow-water brachio-
pod limestone, the earlier Ludlow Phragmoceras
imbricatum is preserved in a cephalopod limestone depos-
ited on the upper slope of Nová Ves Volcanic centre eleva-
tion (Butovice Na břekvici Section No. 584, fig. 2;
Barrande 1865, Kříž 1992: App. loc. 4). All ontogenetic
stages are present there; specimens with open aperture pre-
vail slightly over shells with a contracted aperture.

The earlier Ludlow low-stand was terminated by the
middle Gorstian high-stand, which caused the retrogres-
sion of the cephalopod limestone biofacies (Manda & Kříž
2007). In shallow-water facies, the fauna was restricted by
an increased pyroclastic input. These changes caused the
extinction of many nautiloids. Phragmoceras imbricatum
is one of the few nautiloids surviving from the early N.
nilsonni Zone into the early L. scanicus Zone. It occurs
rarely in a local bed of cephalopod limestone at Vyskočilka
e1 locality (Barrande 1865: App. loc. 25) and of coral-gas-
tropod limestone (Řeporyje Section 911, Liščí Quarry, and
Kosov, “new quarry”, SW wall: App. locs 21, 8).

A third cephalopod immigration-radiation coincided
with the low-stand and extension of the shallow areas over
elevations in the S. linearis Zone (Fig. 1). The extension of
carbonate sedimentation and faunal radiation was also re-
lated to the lack of volcanic activity.

Four species of Phragmoceras appeared; these taxa are
morphologically distinct from each other and represent

separate branches within the genus. Phragmoceras labio-
sum, Phragmoceras longum and Phragmoceras konepru-
sensis are rare whilst Phragmoceras broderipi sublaeve is
relatively common.

Phragmoceras labiosum with a small shell (Fig. 4) oc-
curs in cephalopod wacke-packstones (Hinter Kopani-
na e2, Konieprus e2, Barrande 1865: App. locs 5, 7) and
brachiopod-cephalopod grainstones (U lanovky Section:
App. loc. 23). Phragmoceras longum (Fig. 4) with a larger
and more cyrtoconic shell occurs in cephalopod
wacke-packstones (Lochkov e2, Hinter Kopanina e2, Bar-
rande 1865; Horní Desort Quarry near Zadní Kopanina:
App. locs 5, 6, 14). A single shell belonging to
Phragmoceras koneprusensis was found in a cephalopod
grainstone in the Velký Hill Section near Koněprusy: App.
loc. 24 (Fig. 2).

Phragmoceras broderipi sublaeve, with a relatively
large and coiled shell occurs commonly at several locali-
ties; most commonly in cephalopod wacke-packstones, but
also in deeper water mudstones as well as shallow-water
fine-grained trilobite-brachiopod grainstones. Phragmo-
ceras broderipi sublaeve is the only phragmoceratid taxon
to appear in the late S. linearis Zone, and which survived
the deepening in the B. bohemicus tenuis Zone persisting
into the N. inexpectatus Zone (e.g., Kosov Quarry – “old
quarry”, Lochkov-Barrande’s pits, Velký Hill Section, and
Zadní Kopanina Jiras Quarry, Mušlovka Quarry: App. locs
9, 15, 17, 24, 27).

The closely related Phragmoceras broderipi broderipi
first appeared in the N. inexpectatus Zone. It was most
common in this zone when shallow-water brachiopod
limestones extended over the elevated parts of the basin
during the low-stand (Fig. 11). Later, the species occurred
mainly in brachiopod pack-grainstones, and less com-
monly in cephalopod limestones (Fig. 10). A decrease in
numbers took place in the duration of the overlying N.
kozlowskii Zone when the brachiopod limestone facies was
replaced by cephalopod limestones during and in the sub-
sequent high-stand (e.g., Kovářovic mez – Butovice, Nová
Ves Hradiště II Section and Lochkov – Barrande’s pits:
App. locs 10, 15, 18).

The last phragmocerid recorded from the Prague Basin
is Phragmoceras beaumonti (Figs 12, 13), which appeared
in the cephalopod wackestones of the N. kozlowskii Zone
(Kříž 1998, Manda & Kříž 2006), e.g., in Mušlovka and
Požáry quarries at Řeporyje, Nová Ves-Hradiště and Loch-
kov-Barrande’s pits: App. locs 15, 17, 18, 20 (Figs 2, 11).
Phragmoceras beaumonti is evidently derived from the
Phragmoceras broderipi broderipi, and both later taxa oc-
cur together in the early N. kozlowskii Zone.

Phragmoceras broderipi broderipi became less abun-
dant during the deepening in the N. kozlowskii Zone. Some
individuals reached maturity, but the overall size of the
shell was smaller, whilst the shells of immature individuals
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make up a larger proportion of the population, suggesting a
high mortality rate. Shells similar to immature specimens
of Phragmoceras broderipi broderipi (i.e., with open aper-
ture), with more strongly coiled shells but lacking the dis-
tinctive annulations, appeared simultaneously with the de-
cline of Phragmoceras broderipi broderipi. These smaller
shells are here regarded as Phragmoceras beaumonti.
Within the late N. kozlowskii Zone, only those specimens
with an open aperture and more strongly coiled shells have
been found. Thus Phragmoceras beaumonti should be con-
sidered as a distinctive species. The loss of the contracted
aperture and the small size of later species probably reflect
adaptation to deeper water and a less ventilated environ-
ment during the high-stand of the N. kozlowskii Zone
(Figs 12, 13).
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In the Prague Basin the last phragmocerid record, that of
Phragmoceras beaumonti is from the uppermost N. koz-
lowskii Zone, i.e., just below the Kozlowskii Event

(Figs 12, 13). In Gotland, the last phragmoceratid record
is from the Hemse Beds, the uppermost part of which can
be correlated with the N. kozlowskii Zone (Jeppsson & Al-
dridge 2000, Manda & Kříž 2006). Holland & Stridsberg
(2004, p. 302) did not assume the extinction of Phragmo-
ceras at this level, but attributed the lack of Phragmoce-
ras in the beds overlying the Hemse Beds to the fact that
the majority of these units comprise a regressive succes-
sion unsuitable for nautiloids. Outside the Prague Basin
and Gotland phragmoceratids disappeared even earlier:
during the Gorstian and earlier Ludfordian, respectively.
The Kozlowskii Event reflects changes in global oceanic
circulation, causing rapid deepening and shallowing cyc-
les, climatic changes including cooling (e.g., Melechin et
al. 1998, Manda & Kříž 2006, Lehnert et al. 2007), and
most probably was the cause of the worldwide extinction
of Phragmoceras.
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The Silurian phragmoceratids show features characteristic
of a K-selected cephalopods: slow growth rate, long life,
large protoconch, large shell, absence of a pelagic stage
and low juvenile mortality. The majority of phragmocera-
tids inhabited stable, warm, well-ventilated, shallow-water
environments extending across the Silurian carbonate plat-
forms of Laurentia and Baltica, which had been evolutio-
nary centres for nautiloids.

Fossil nautiloids are usually compared with the Recent
Nautilus, for which dispersion limiting factors are well
known, water temperature and the local condition of the
sea-floor being the most important (Ward 1987). A
nectobenthic mode of life and similar morphology of the
shell at all ontogenetic stages is another limiting factor
(Chirat & Rioult 1998). Earlier nautiloids generally exhibit
similar restrictions to Nautilus. Here it should be noted that
Silurian nautiloids commonly exhibited relatively large
geographic dispersions by comparison with Ordovician
and post-Silurian nautiloids. Amongst Silurian nautiloids,
Phragmoceras exhibits one of the most dispersed taxa; oc-
curring in all low-latitude palaeocontinents with the excep-
tion of China. By comparison, the morphologically conver-
gent Devonian oncocerids (e.g., Metaphragmoceras
Flower, 1938) exhibit a restricted distribution and narrow
range.

There are two modes of nautiloid dispersion: along
shelves and by warm surface currents (see Chirat & Rioult
1998). Transport by currents was common among cosmo-
politan ‘orthocerids’ with small pelagic post-hatching
stages, but was rare among nautiloids, which thus exhibited
a restricted dispersion. By comparison with the currents
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(<) Polished slab of Silurian cephalopod limestone showing two
specimens of Phragmoceras broderipi broderipi Barrande, 1865. Most
probably from the middle Ludfordian, of Zadní Kopanina, Jiras Quarry,
× 0.4. Facing stone in the entrance of the Ministry of Finance of the Czech
Republic, Letenská Street, Malá Strana, Praha.
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that passively transported and dispersed ‘orthocerids’,
adult nautiloids dispersed through active swimming. The
evidence of colonisation of submarine elevations by adult
immigrants can be seen in their rare finds together with
common juvenile ‘orthocerids’ in basin shales.

Closely related Silurian nautiloid faunas occur in
Baltica, Avalonia and Laurentia where the shelves pro-
vided favourable conditions for nautiloid dispersion
(Fig. 14). There are many common genera and even species
originally described under different names from England,
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(() Mode of preservation of Phragmoceras broderipi broderipi in the cephalopod limestone, upper bedding plane of the bed No. 10, Kosov Sec-
tion No. 782 (see Kříž 1992), Ludlow, Ludfordian, upper N. inexpectatus Zone. About 33 m2 of the bedding plane was recovered during spring 2007.
Eight specimens of Phragmoceras broderipi broderipi were observed: four shells with contracted aperture (A, C), two shells with open aperture (B) and
two large fragments (C). Each phragmoceratid shell was oriented toward current by anterior or posterior side (see also Fig. 9). After unpublished data col-
lected by J. Kříž and Š. Manda. • A – A line drawing showing arrangement of the cephalopod shells, Phragmoceras broderipi broderipi indicated by
asterisk. • B – a shell of Phragmoceras broderipi broderipi with open aperture, field photograph. • C – two specimens of Phragmoceras broderipi
broderipi, fragment of the lateral part of the shell and body chamber with part of the phragmocone, field photograph. Current direction indicated by arrow.

� �

5

5 cm

������ ����� �	�����
��
�
 !	���	�����
 �
 "��#��	"�����
�
	
�	�#�	$���"���	�#"� %
��"����
	&'�����
����(

10 cm



North America, Gotland and Bohemia (Stridsberg 1985,
Stridsberg & Turek 1997, Holland & Stridsberg 2004).

Nautiloids of the same genera (rarely species) also oc-
cur in the carbonate platforms of Kazakhstania and Siberia
(Kiselev et al. 1993, Kiselev 1998), which were located
within warm water masses to the north of the contemporary
equator (Wilde et al. 1991) and separated from Laurentia,
Baltica and Avalonia by great oceanic depths (Fig. 14). In
this case, nautiloid immigrations via a north tropical cur-
rent (Wilde et al. 1991) are presumed.
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Closely related nautiloid faunas occurred in the Prague Ba-
sin, located in the temperate zone and separated from
Baltica-Avalonia by the Rheic Ocean (Figs 14, 15). During
the Silurian, the Prague Basin was situated on the microp-
late Perunica (Fig. 13), close to the northern margin of
peri-Gondwana shifting toward to the equator (Havlíček et
al. 1994, Krs et al. 2001, Cocks & Torsvik 2002). Wides-
pread anoxia in the peri-Gondwanan basins during the ear-

liest Silurian limited the distribution of nectobenthic cep-
halopods, which needed a well-oxygenated water column.
Thus nautiloid immigration was not initiated until the late
Llandovery. Three stages of nautiloid immigration into the
Prague Basin are recognised: stray immigrants; in situ popu-
lations of immigrants; and their progenitors (Figs 12, 13).

1) Stray immigrants. – The early immigration of Phrag-
moceras into the Prague Basin can be compared with the
immigration of Recent adult living Nautilus by currents
from the main populations, e.g., from the Philippines to
Kyushu Island, Japan (Hamada et al. 1980). Reproduction
of Nautilus in Japan is limited by low temperature. The la-
test Llandovery-early Wenlock phragmoceratids represent
such ancient stray immigrants of Baltic-Avalonian origin.
The early Wenlock accumulation of Phragmoceras mun-
thei in a single bed suggests a “stray population” reflecting
an environmental event. There is no correlation between
eustatic oscillation and immigrations (see Fig. 12).

2) In situ populations. – The majority of late Wenlock
phragmoceratids occurred in shallow-water brachiopod li-

 �

'�����
(*) The stratigraphic range of phragmoceratids, immigration events, eustatic oscillations and main events of the phragmocerid succession in the
Prague Basin. First eustatic curve (solid line) after Johnson et al. (1998) for the Llandovery-early Ludlow and Manda & Kříž (2006) for the Ludfordian;
second curve after Loydell (1998).
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mestones, whereas in the early Ludlow the majority of
them are to be found in the cephalopod limestone biofacies
(Fig. 13), representing deeper-water environments. In situ
populations of immigrants appeared during low-stands
(T. testis, N. nilsoni zones), but did not survive the subse-
quent deepening (Fig. 13). The presence of each ontogene-
tic stage including early post-hatching specimens during
the late Wenlock and later permits their interpretation as in
situ populations of phragmoceratid immigrants on subma-
rine volcanic elevations in the Prague Basin. All pragmo-

cerid immigrants are of Baltic or Avalonian origin and
form small populations on these submarine elevations.

The presence of post-hatching specimens is worthy of
comment. Recent Nautilus embryos live in water at tem-
peratures of 22–24 °C with a long incubation period,
9.5–14 months in aquaria (Ward 1987). Jurassic nautilids
hatched in slightly cooler water with a lower limit of
19.5 °C (Chirat & Rioult 1998). The size of the shell and
protoconch of Phragmoceras is similar to that of Nautilus.
Thus the recognition of early post-hatching specimens and
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(,) Distribution of Silurian phragmoceratids of the Prague Basin in relation to the facies (depth) zones. Not to a time scale. Grey areas indicate
continual evolution of a species. The distribution of phragmoceratids is compared with the global eustatic curve (Fig. 12) and the lithostratigraphy of the
Prague Basin (Fig. 1). Abbreviation: WB – wave base.
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local populations suggests relatively temperate water in the
Prague Basin during the late Wenlock.

Nevertheless, the temperature of water could not have
been as high as in the subtropical and tropical waters en-
abling the incubation of Nautilus and post-Triassic
nautilids. This is indicated by the absence of warm-water
carbonates and associated biota. It can be presumed that
phragmoceratids in the Prague Basin as well as accompa-
nying nautiloids, including the ancestors of Nautilus, were
able to reproduce in temperate waters.

3) Further evolution of immigrants. – The early Ludfor-
dian phragmoceratids are represented by local taxa, whilst
allied taxa have been described from Baltica. This suggests
further evolution (peripatric speciation) of immigrants du-
ring the early Ludfordian low-stand (S. linearis Zone) and
thus the presence of more stable conditions needed by nau-
tiloids. Only one of four phragmoceratids described from
the S. linearis Zone survived the deepening event in the
B. tenuis Zone and continued to evolve up to the Kozlow-
skii Event (Figs 12, 13). The Ludfordian phragmoceratids
occur mainly in the cephalopod limestone biofacies. The
adaptation of immigrants to the deeper-water cephalopod
limestone biofacies with intense surface currents and a less
stable environment is of note during the Wenlock-Ludlow
in the Prague Basin (Fig. 13).
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Two phragmoceratids were described from the cephalopod
limestones of Sardinia (Figs 14, 15); the late Wenlock
Phragmoceras sp. (Phragmoceras broderipi sublaeve in
Gnoli 1990) and the Ludfordian Phragmoceras labiosum
(Gnoli 1993). Both species are based upon a single mature
shell and probably represent stray immigrants from war-
mer seas, as suggested by Stridsberg (1988). Phragmoce-
ras labiosum indicates faunal links with the Prague Basin
as do the majority of the cephalopod assemblage(s) (Gnoli
1993).

In the Prague Basin, stray immigrants appeared in the
late Llandovery and then after the late Wenlock, only en-
demic populations were present. In Sardinia, located fur-
ther to the south, stray immigrants appeared very late in the
Wenlock and there is no evidence of in situ phragmoceratid
populations during the Silurian. A similar migration pat-
tern is exhibited by other nautiloids of Sardinia and the
Carnic Alps (e.g., Gnoli 1990, 2003). Nautiloid dispersion
in peri-Gondwana (except Perunica) was probably limited
by low water temperature. The distribution of nautiloid as-
semblages confirms the distinctive position of the Perunica
microplate in northern peri-Gondwana, within reach of
warm currents (Fig. 15).
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(6) Distribution of phragmoceratids. Wenlock palaeogeographic reconstruction based on the Paleomap Project of C.R. Scotese; Perunica
microplate position after Krs et al. (2001) and Cocks & Torsvik (2002). Data set: Prague Basin (Manda 2007), Gotland (Hedström 1917, Holland &
Stridsberg 2004), Estonia (Kiselev et al. 1990), Podolia in Ukraine (Kiselev 1986, Kiselev et al. 1987), North Ural (Kiselev 1984), Siberia (Kiselev 1998),
Severnaya Zemlya (Bogolepova et al. 2000), Inner Mongolia (Zou 1983), Tian Shan (Kiselev et al. 1993), Illinois, Indiana, New York, Ohio, Ontario,
Quebec, Wisconsin (for summary see Flower & Teichert 1957), Scotland (Holland 2000), Wales and the Welsh Borderland (Murchison 1839, Blake
1882, Holland & Stridsberg 2004), Ireland (Evans 2002), and Sardinia (Stridsberg 1988; Gnoli 1990, 1993).
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As noted above, the phragmoceratids of the Prague Basin
are immigrants from warm water carbonates platforms or
represent closely related species that evolved from these
immigrant ancestors. In total 14 phragmocerid taxa are re-
ported from the Prague Basin. This is the second most di-
versified local fauna of phragmoceratids after Gotland,
where 24 taxa are known (Holland & Stridsberg 2004).
Amongst these, probably six species are in common to both
places. Certain other species are closely related to taxa that
occur in Gotland or Britain. Are there some differences in
the structure of the palaeo-populations from Gotland and
the Prague Basin (i.e., between warm and temperate water,
respectively)? The majority of phragmoceratids from Got-
land occurred in very shallow-water environments close to
reefs; in the Prague Basin they generally inhabited
deeper-water environments lacking reefs. In the Prague
Basin, the majority of phragmoceratids occur in cephalo-
pod limestones, in which common juvenile bivalves indi-
cate occasional anoxic conditions in the lowermost part of
the water column (see Ferretti & Kříž 1995, Kříž 1998).
Locally common pelagic cephalopods document current
instabilities in the water column, which caused mass mor-
tality of pelagic cephalopod para-larvae.

Compared with the number of phragmocerid specimens
known from Gotland, the phragmoceratids of the Prague Ba-
sin are usually rarer. Exceptions to this are the Ludfordian
Phragmoceras broderipi and Phragmoceras beaumonti,
which represent an endemically evolved clade. In addition,
the phragmoceratid populations of the Prague Basin com-
monly contain specimens with open apertures. During the
latest Llandovery, Wenlock and early Ludlow the early
stages with an open aperture form a significant portion of
fossil samples. It can thus be concluded that phragmocerid
palaeo-populations in the Prague Basin were subjected to
relatively high mortality rates. By contrast, phragmoceratids
from Gotland exhibited fairly low mortality rates; only a sin-
gle specimen with an open aperture (i.e., died before matu-
rity and aperture closure) is present amongst several speci-
mens with contracted aperture, figured by Hedström (1917).

Another interesting difference is shape variation.
Phragmoceratids from the Prague Basin exhibit fairly low
shape variability when compared with those from Gotland.
The difference is expressed by well-defined and discreet
morphologies in the Prague Basin, whereas in Gotland
only “a few specimens are really identical” (Holland &
Stridsberg 2004, p. 302). Thus the phragmoceratids that
migrated to the Prague Basin carried only a small part of
the phenotypic variability of Gotland’s population and thus
morphological variability was lower. The lower variability
of phragmoceratids in the Prague Basin may indirectly sug-

gest that a relatively small number of migrants were in-
volved.

In summary, the low density, high mortality, and small
range of morphological variations of the phragmoceratids
is considered to reflect less suitable environmental condi-
tions for and higher adaptive pressure of nautiloids in the
Prague Basin.
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The appearance of nautiloids during the late Llandovery
suggests that the Perunica was reached via a South Tropical
Current directed along the southern margin of
Baltica-Avalonia and across the Rheic Ocean (Kříž 1979,
Wilde et al. 1991, here Fig. 14). Latest Llandovery and
Early Wenlock nautiloid immigrations to the Prague Basin
(Fig. 9) show features reflecting an ecosystem recovery af-
ter the early Silurian anoxia event (post-extinction stage
boundary of Jablonski 2001). It is notable that these early
immigrations were initiated after short-lived glaciations
followed by global warming (Caputo 1998).

The subsequent migrations (Figs 12, 13) of nautiloids
coincided with low-stand episodes. Chirat & Rioult (1998)
assumed that low stands allowed nautiloids to swim along
the sea floor, which were previously below their implosion
depths. The great depth of the Rheic Ocean (i.e., between
Baltica and Perunica) must have persisted despite eustatic
oscillations. The correlation between migrations and low
stands requires another explanation. For example the re-
treat of carbonate sedimentation, and the emergence of car-
bonate platforms during low stands accompanied by a de-
crease in the area of shallow seas (e.g., Jeppsson 1990)
along Baltica could have pressed nautiloids to search for new
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(7) Phragmoceratid distribution around the early Silurian Rheic
Ocean and adjacent areas (detail of map given as Fig. 8) showing recon-
struction of oceanic currents (Wilde et al. 1991) and distribution of warm
and cool water masses. Abbreviations: ST – South Tropical Current,
SSP – South Subpolar Current.
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living places. Such new eco-space might have been offered by
sites on northern peri-Gondwana located in temperate zone,
where during low-stands submarine elevations ventilated by
currents were extended in area. Increasing migration and the
subsequent endemic evolution of phragmoceratids is reflected
in a stepwise decrease in distance between Baltica-Avalonia
and Perunica (i.e., closure of the Rheic Ocean) as well as
warming caused by the shift of Perunica (peri-Gondwana) to-
ward to the equator and accentuated by global warming dur-
ing the Silurian (Frakes et al. 1992).
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Many other Silurian nautiloids exhibit similar distribution
and migration patterns to the phragmoceratids; e.g., Eury-
rizoceras Foerste, 1930 (Sheinwoodian-Přídolí), Octame-
roceras Hyatt, 1884 (Homerian-Přídolí), Oonoceras Hyatt,
1900 (Sheinwoodian-Lochkovian) and Peismoceras Hyatt,
1884 (Sheinwoodian-Přídolí, Turek 1976); and whereas
Phragmoceras disappeared during the Late Ludfordian
Kozlowskii Event, other nautiloids continued to evolve du-
ring the latest Silurian. The morphological contrasts bet-
ween the phragmoceratids and the nautiloids that survived
after the phragmoceratid extinction generally are based on
few differences. The nautiloid clades that survived the
Kozlowskii Event have smaller embryonic shells. Further-
more, nautiloids with a smaller embryonic stage exhibited
a higher rate of speciation and commonly composed a lar-
ger and more stable palaeo-population than phragmocera-
tids in the Prague Basin. It is possible that the difference in
ontogenetic pattern, i.e., size of embryonic shell, of the
nautiloid families was linked to different reactions to rapid
environmental abrupt change such was the late Ludfordian
Kozlowskii Event.

In general, the large eggs of present cephalopods have a
rather longer incubation time than smaller eggs (e.g., Bo-
letzky 1994). If this were also true of Palaeozoic nautiloids,
the eggs of those with large apices and hatching size (e.g.,
Phragmoceras) offered a longer time for predators and
changing environment. An inverse correlation between
temperature and duration of embryonic development (e.g.,
Boletzky 1994) is another important factor relevant to
cephalopod dispersion in the past. This suggests that em-
bryos developed in temperate water (e.g., Prague Basin)
longer than on tropical platforms. Embryonic life exten-
sion left eggs open to changing environment and predators
for more times. In addition, the seasonal fluctuations ac-
companying especially icehouse climate would have af-
fected populations of nautiloids; effect of these on coleoid
cephalopods was summarised by Leporati et al. (2007).

In summary, nautiloids with a large embryonic cham-
ber and hatching size were under higher evolutionary pres-
sure especially during any period of rapid environmental
change. An example might be the extinction of Phrag-
moceras at the Kozlowskii Event during which the green
house climate passed into icehouse climate (Lehnert et al.
2007).
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1. Arethusina Gorge Section No. 687 (Praha, Velká Ohrada). Lo-
cation: See Kříž (1992), fig. 71. Motol Formation. Wenlock, Ho-
merian, T. testis Zone: Bouček (1937), Kříž (1992), Kříž et al.
(1993).
2. Braník U pivovaru Section (Praha, Braník). Location: see Kříž
(1999), figure on p. 215. Motol Formation. Llandovery, Tely-
chian, O. spiralis Zone: Kříž (1999).
3. Bubovitz e1. Barrande’s locality, Czech modern name Bubo-
vice. Type locality of Phragmoceras biimpresum. Location:
exact site unknown. Motol Formation. Wenlock, Homerian, T.
testis Zone (determined based on known fossils in Barrande’s col-
lection).
4. Butovice Na břekvici Section No. 584 (Praha, Butovice). Loca-
tion: Kříž (1992), fig. 65. Kopanina Formation. Ludlow, Gor-
stian, early C. colonus Zone: Kříž (1992), Kříž et al. (1993).
5. Hinter Kopanina e2. Barrande’s locality from which type mate-
rial of Phragmoceras labiosum Barrande, 1865 and Phragmoce-
ras longum Barrande, 1865 came. Exact sites unknown, one of
them was probably in the Jiras Quarry area (see below).
6. Horní Desort Quarry (Praha, Zadní Kopanina). Location: loca-
lity No. 13, geological map 1 : 25 000, sheet Rudná 12-412 (Ko-
vanda ed. 1984). Kopanina Formation. Ludlow, Ludfordian: Svo-
boda & Prantl (1948), Kříž (1999).
7. Konieprus e2. Barrande’s locality. See Velký Hill Section.
8. Kosov Quarry, “new quarry”, SW wall. Location: SW wall of
the Kosov Quarry. Kopanina Formation. Ludlow, Gorstian, early
S. chimaera Zone: Manda (unpublished data).
9. Kosov Quarry, “old quarry” (Beroun). Location. Kříž (1992),
fig 28. Kopanina Formation. Ludlow, Ludfordian: Horný (1955),
Kříž (1992).
10. Kovářovic mez Section (Praha, Butovice). Location: see Kříž
(1992), fig. 65. Kopanina Formation. Ludlow, lower-middle Lud-
fordian: Kříž (1992, 1999).
11. Liščí Quarry (Mořina). Location: Havlíček & Štorch (1990),
fig. 6. Kopanina Formation. Ludlow, Gorstian, S. chimaera Zone:
Horný (1955), Havlíček & Štorch (1990).
12. Lištice Herinky (Lištice). Location: Havlíček & Štorch
(1990), fig. 6. Motol Formation. Wenlock, Homerian, T. testis
Zone: Havlíček & Štorch (1990), Manda (1996).
13. Lištice U cestičky Section No. 759 (Lištice). Location: Kříž
(1992), fig. 48. Motol Formation. Wenlock, Homerian, T. testis
Zone: Kříž (1992), Kříž et al. (1993), Manda (1996).
14. Lochkov e2. Barrande’s locality. See below, Lochkov,
Barrande’s pit.

15. Lochkov, Barrande’s pits (Praha, Lochkov). Barrande’s loca-
lity Lochkov e2. Location: Kříž (1999), figure on p. 106. Kopa-
nina Formation. Ludlow, Ludfordian: Kříž (1999). Remarks: old
pits of fossil collectors, actually still covered with debris.
16. Mramorový Quarry Section No. 357 (Praha, Lochkov). Loca-
tion: Kříž (1992), p. 90. Kopanina and Požáry formations. Lud-
low, Ludfordian-Přídolí: Kříž (1992).
17. Mušlovka Quarry (Praha, Řeporyje). Location: Kříž (1992),
fig. 71. Kopanina and Požáry formations. Ludlow-Přídolí: Bou-
ček (1937), Kříž (1992, 1999), Manda & Budil (2007).
18. Nová Ves, Hradiště II Section (Praha, Nová Ves). Location:
Manda & Kříž (2006), fig. 1. Ludlow, Ludfordian, N. kozlowskii
and M. latilobus Zone: Manda (unpublished data), simplified sec-
tion was published by Manda & Budil (2007), fig. 20.
19. Nová Ves Gorge Section (Praha, Nová Ves). Location: see
Bouček (1938). Motol Formation. Llandovery, Telychian, O. spi-
ralis Zone: Bouček (1938). Remarks: inaccessible, studied fauna
was obtained during sinking of well.
20. Požáry Quarry (Praha, Řeporyje). Location: Kříž (1992), fig.
71. Kopanina and Požáry formations. Ludlow-Přídolí: Kříž
(1992, 1999), Carls et al. (2007).
21. Řeporyje Section No. 911 (Praha, Řeporyje). Location: see
Bouček (1937), p. 9. Kopanina Formation. Ludlow, Ludfordian,
lowermost L. scanicus Zone: briefly mentioned by Bouček (1937)
and unpublished data (Kříž & Manda 2006).
22. U elektrárny Section (Svatý Jan pod Skalou). Location: loca-
lity No. 14, geological map 1 : 25 000, sheet Beroun 12-411 (Hav-
líček 1987). Motol Formation. Wenlock, Sheinwoodian, M. be-
lophorus Zone: Havlíček & Štorch (1990).
23. U lanovky Section (near to the town of Beroun). Location:
Horný (1955), p. 349. Kopanina Formation. Ludlow, Ludfordian,
S. linearis Zone: Horný (1955).
24. Velký Hill Section (Koněprusy). Location: locality No. 16,
geological map 1 : 25 000, sheet Králův Dvůr 12-413 (Chlupáč
1987). Kopanina Formation. Ludlow, Ludfordian, S. linearis
Zone: Horný (1955).
25. Vyskočilka e1 Section. Location: see Manda & Kříž (2007),
fig. 2. Kopanina Formation. Ludlow, Gorstian, early L. scanicus
Zone.
26. Vyskočilka e2. Barrande’s locality. Type locality of Phrag-
moceras imbricatum. See 25.
27. Zadní Kopanina, Jiras Quarry (Praha, Zadní Kopanina). Loca-
tion: see Kříž (1999), figure on p. 242. Kopanina Formation. Lud-
low, Ludfordian: Kříž (1999).
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