












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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