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Figure 13. 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.

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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Figure 14. 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 (Hedstrom 1917, Holland &
Stridsberg 2004), Estonia (Kiselev ez al. 1990), Podolia in Ukraine (Kiselev 1986, Kiselev ez al. 1987), North Ural (Kiselev 1984), Siberia (Kiselev 1998),
Severnaya Zemlya (Bogolepova et al. 2000), Inner Mongolia (Zou 1983), Tian Shan (Kiselev er 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).

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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Nautiloid immigrations
to the others peri-Gondwanan terrains

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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Comparison of phragmocerid
palaeo-population from Gotland
and Prague Basin

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 palaco-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 & Kiiz 1995, Kiiz 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 Hedstrom (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-

Avalonia

Gondwana

Figure 15. 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 ef al. 1991) and distribution of warm
and cool water masses. Abbreviations: ST — South Tropical Current,
SSP — South Subpolar Current.

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.

Why immigrations coincided
with low stands?

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 (K¥iz 1979,
Wilde ef 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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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).

Comparison of distribution pattern

of phragmoceratids and other nautiloids:
is the size of embryonic stage a limiting
factor to dispersion?

Many other Silurian nautiloids exhibit similar distribution
and migration patterns to the phragmoceratids; e.g., Eury-
rizoceras Foerste, 1930 (Sheinwoodian-Pridoli), Octame-
roceras Hyatt, 1884 (Homerian-Pridoli), Oonoceras Hyatt,
1900 (Sheinwoodian-Lochkovian) and Peismoceras Hyatt,
1884 (Sheinwoodian-Pfidoli, 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, ie., 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 Palacozoic 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 ef al. (2007).
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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).

Acknowledgments

David H. Evans (Natural England, Peterborough) and Bjorn Kro-
ger (Museum fiir Naturkunde, Berlin) are deeply acknowledged
for manuscript revision and valuable suggestions substantially
improving this paper. Many thanks to Jifi K¥iZ from the Czech
Geological Survey, Prague for a critical reading of an early draft
of the manuscript. Susan Turner (Queensland Museum, Brisbane)
and Zuzana Tasaryova (Czech Geological Survey, Prague) kindly
made language corrections. Vojtéch Turek (National Museum,
Praha) kindly made accessible the collection of J. Barrande. The re-
search was funded by GA CR (Czech Science Foundation) project
205/06/1367. This study is contribution to UNESCO-IUGS IGCP
Project 503 Ordovician Palacogeography and Palaeoclimate.

References

ABEL, O. 1916. Paldiobiologie der Cephalopoden aus der Gruppe
der Dibranchiaten. 281 pp. Fischer, Jena.

AGASSIZ, L. 1847. An introduction to the study of Natural his-
tory, in a series of lectures delivered in the hall of the College
of Physicians and Surgeons. 58 pp. Greeley & McElrath, New
York.

BARRANDE, J. 1865-1877. Systéme silurien du Centre de la

Bohéme, e partie: Recherches Paléontologiques, vol. II,
Classe de Mollusques, Ordre des Céphalopodes, 1865. ser. 6,
pl. 1-107; 1866. ser. 7, pl. 108-244; 1867. ser. 1, 712 pp.;
1868. ser. 8, pl. 245-350; 1870. ser. 2, 266 pp., ser. 9,
pl. 351-460; 1874. ser. 3, 804 pp.; 1877. ser. 4, 742 pp., ser. 5,
743 pp., supplement 1, 297 pp., supplement 2, pl. 461-544.
Published privately, Prague & Paris.

BASIL, J.A., HANLON, R.T., SHEIKH, S.I. & ATEMA, J. 2000.
Three-dimensional odor tracking by Nautilus pompilius. Jour-
nal of Experimental Biology 203, 1409—-1414.

BASSE, E. 1952. Classe de Céphalopodes, 461-755. In PIVE-
TEAU, J. (ed.) Traité de Paléontologie. Masson et Cie, Paris.

BLAKE, J.F.A. 1882. A monograph of the British fossil
Cephalopoda, Part 1, Introduction and Silurian species. 248
pp. Palacontographical Society, London.

BOGOLEPOVA, O.K., GUBANOV, A.P. & LOYDELL, D.K. 2000.
New data on the Silurian of Severnaya Zemlya, Russian Arc-
tic. Geologiska Foreningen Forhandlingar 122(4), 385-388.

BOLETZKY, S. 1994. Embryonic development of cephalopods at
low temperatures. Antarctic Science 6(2), 139—-142.

DOI 10.1017/S095410294000210
BOUCEK, B. 1937. Stratigrafie siluru v Dalejském tdoli u Prahy a


http://dx.doi.org/10.1017/S095410294000210

Stépan Manda « Palaeoecology and palaeogeographic relations of the Silurian phragmoceratids (Nautiloidea)

v jeho nejbliz§im okoli. Rozpravy Ceské akademie véd a
uméni, Trida Il 46(27), 1-20.

BOUCEK, B. 1938. O vyskytu dendroidu a jiné benthonni fauny
v nejspodnéjsim &eském wenlocku. Casopis Ndrodniho
muzea, Oddil prirodovédecky 62, 171-172.

CAPUTO, M.V. 1998. Ordovician-Silurian glaciations and global
sea-level changes. New York State Museum Bulletin 491,
15-25.

BRODERIP, W. in MURCHISON, R.I. 1839. The silurian system,
founded on geological researches in the counties of Salop,
Hereford, Radnor, with descriptions of the coal fields and
overlying formations. Part 1. 768 pp. John Murray, London.

CARLS, P., SLAVIK, L. & VALENZUELA-RIOS, J.I. 2007. Revi-
sion of conodont biostratigraphy across the Silurian-Devonian
boundary. Bulletin of Geosciences 82(2), 145-164.

DOI 10.3140/bull.geosci.2007.02145

CHAMBERLAIN, J.A, WARD, P.D. & WEAVER, J.S. 1981. Post-
mortem ascent in Nautilus shells: implications for cephalopod
paleobiogeography. Paleobiology 7, 494-509.

CHIRAT, R. & RIOULT, M. 1998. Occurrence of early post-hatch-
ing Jurassic Nautilida in Normandy, France: palaeobiologic
palaeoecologic and palacobiogeographic implications.
Lethaia 31, 137-148.

CHLUPAG, 1. ed. 1987. Vysvetlivky k zdkladni geologické mapé
CSSR 1 : 25 000, list Krdlirv Dviir 12-413. 108 pp. Ustiedni
ustav geologicky, Praha.

Cocks, L.R.M. & TORSVIK, T.H. 2002. Earth geography from
500 to 400 million years ago: a faunal and palacomagnetic re-
view. Journal of the Geological Society of London 159(6),
631-644.

COLLINS, D.H. & MINTON, F. 1967. Siphuncular tube of Nauti-
lus. Nature 216(5118),916-917. DOI 10.1038/216916b0
DEECKE, W. 1913. Palieontologische Beotrachtungen. I. Uber
Cephalopoden. Neue Jahrbuch fiir Geologie und Paldonto-

logie, Beilage-Band 35, 241-276.

DziK, J. 1984. Phylogeny of the Nautiloidea. Paleontologia
Polonica 45, 1-255.

EVANS, D.H. 2002. Some additional Ordovician and Silurian
cephalopods from Ireland. Special Papers in Palaeontology
67, 77-96.

FERRETTI, A. & KRiZ, J. 1995. Cephalopod limestone biofacies
in the Silurian of the Prague Basin, Bohemia. Palaios 10(3),
240-253. DOI 10.2307/3515255

FLOWER, R.H. 1938. Devonian brevicones of New York and ad-
jacent areas. Palaeontographica Americana 2(9), 1-84.

FLOWER, R.H. 1940. The superfamily Discosoridea (Nauti-
loidea). Bulletin of the Geological Society of America 51,
1969-1970.

FLOWER, R.H. in FLOWER, R.H. & KUMMEL, B. 1950. A classifi-
cation of the Nautiloidea. Journal of Paleontology 24(5),
604-616.

FLOWER, R.H. 1957. Nautiloids of the Paleozoic. Memoirs of the
Geological Society of America 67(2), 829-852.

FLOWER, R.H. & TEICHERT, C. 1957. The cephalopod order
Discosorida. University of Kansas Paleontological Contribu-
tions, Mollusca 6, 1-144.

FOERSTE, A.F. 1926. Actinosiphonate, Trochoceroid and Other
Cephalopods. Bulletin of Denison University, Journal of the
Scientific Laboratories 21, 285-384.

FOERSTE, A.F. 1930. Port Byron and other Silurian cephalopods.
Bulletin of Denison University, Journal of the Scientific Labo-
ratories 23, 1-110.

FOERSTE, A.F. 1936. Silurian cephalopods of the Port Daniel area
on Gaspé Peninsula, in eastern Canada. Bulletin of Denison
University, Journal of the Scientific Laboratories 31, 21-92.

FRAKES, L.A., FRANCIS, J.E. & SYKLUS, J.L. 1992. Climate
modes of the Phanerozoic: The history of Earth’s climate over
the past 600 million years. 274 pp. Cambridge University
Press, Cambridge.

FREY, R.C. 1989. Paleoecology of well-preserved nautiloid as-
semblages from a Late Ordovician shale unit, southwest Ohio.
Journal of Paleontology 63, 604—620.

GNOLIL M. 1990. New evidence for faunal links between Sardinia
and Bohemia in Silurian time on the basis of nautiloids.
Bollettino della Societd Paleontologica Italiana 29,289-307.

GNOLI, M. 1993. Remarks on minor elements of the Upper Silu-
rian cephalopod fauna of SW Sardinia. Atfi della Societd
naturali i matematicali di Modena 124, 27-34.

GNOLIL M. 2003. Northern Gondwanan Siluro-Devonian palaeo-
geography assessed by cephalopods. Palaeontologia Elec-
tronica 5(2), 1-19.

GURICH, G. 1908. Leitfossilien. 1. Kambrium und Silur. 96 pp.
Verlag von Gebriider Borntraeger, Berlin.

HAMADA, T., TANABE, K. & HAYASAKA, S. 1980. The first cap-
ture of a living chambered Nautilus in Japan. Science Paper of
the Collegiums General Education, University of Tokyo 30,
63-66.

HAVLICEK, V. 1995. New data on the distribution of brachiopods
in the Motol and lowest Kopanina Formations (Wenlock,
lower Ludlow, Prague Basin, Bohemia). Véstnik Ceského
geologického ustavu 70(4), 47-63.

HAVLICEK, V. ed. 1987. Vysvétlivky k zdkladni geologické mapé
CSSR, 1 : 25 000, list Beroun 12-411. 100 pp. Ustiedni tGstav
geologicky, Praha.

HAVLICEK, V. & STORCH, P. 1990. Silurian brachiopods and
benthic communities in the Prague Basin (Czechoslovakia).
Rozpravy Ustiedniho iistavu geologického 48, 1-275.

HAVLICEK, V., VANEK, J. & FATKA, O. 1994. Perunica micro-
continent in the Ordovician (its position within the Mediterra-
nean Province, series division, benthic and pelagic associa-
tions). Shornik geologickych véd, Geologie 46, 23-56.

HEDSTROM, H. 1917. Uber die Gattung Phragmoceras in der
Obersilurformation Gotlands. Sveriges Geologiska Under-
sokning 15, 1-35.

HEWITT, R.A. & WATKINS, R. 1980. Cephalopod ecology across
a late Silurian shelf tract. Neues Jahrbuch fiir Geologie und
Paldontologie, Abhandlungen 160, 96-117.

HOLLAND, C.H. 1984. Form and function in Silurian Cepha-
lopoda. Special Papers in Palaeontology 32, 151-164.

HOLLAND, C.H. 2000. Silurian cephalopods from the Pentland
Hills. Scottish Journal of Geology 36, 177-186.

HOLLAND, C.H. & STRIDSBERG, S. 2004. Specific representation

59


http://dx.doi.org/10.3140/bull.geosci.2007.02145
http://dx.doi.org/10.1038/216916b0
http://dx.doi.org/10.2307/3515255

Bulletin of Geosciences * Vol. 83, 1, 2008

of the Silurian cephalopod genus Phragmoceras in Gotland
and Britain. Geologiska Foreningen Forhandlingar 126,
301-310.

HORNY, R. 1955. Studie o vrstvach budiianskych v zadpadni ¢asti
Barrandienu. Shornik Ustiedniho tistavu geologického, Oddil
geologicky 21(2),315-447.

HYATT, A. 1883-1884. Genera of fossil cephalopods. Proceed-
ings of the Boston Society of Natural History 22, 273-338.
HYATT, A. 1900. Cephalopoda, 502-592. In ZITTEL, K.A. &
EASTMAN, C.R. (eds) Text-book of Palaeontology. Volume 1.

MacMillan & Co., London.

JABLONSKI, D. 2001. Survival without recovery after mass ex-
tinctions. Proceedings of the National Academy of Sciences of
the United States of America 99, 8139-8144.

DOI 10.1073/pnas.102163299

JEPPSSON, L. 1990. An oceanic model for lithological and faunal
changes tested on the Silurian record. Journal of the Geologi-
cal Society of London 157(6), 1137-1148.

JEPPSSON, L. & ALDRIDGE, R.J. 2002. Ludlow (late Silurian)
oceanic episodes and events. Journal of the Geological Soci-
ety of London 157(6), 1137-1148.

JOHNSON, M.E., RONG, J. & KERSHAW, S. 1998. Calibrating Si-
lurian eustasy against the erosion and burial of coastal
paleotopography. New York State Museum Bulletin 491, 3-13.

KISELEV, G.N. 1984. Golovonogije molljuski silura i niznego
devona severa Urala. 143 pp. lzdatelstvo Leningradskogo
Universiteta, Leningrad.

KISELEV, G.N. 1986. Nekatorye nautiloidei malinovskogo
gorizonta silura podolii. Voprosy Paleontologii 1986, 86-96.

KISELEV, G.N. 1998. Silurskije cefalopody severnya Sibirii. 94
pp. Izdatelstvo St. Peterburskogo Universiteta, St. Peters-
burg.

KISELEV, G.N., MIRONOVA, M.G. & SINITSINA, I.N. 1987. Atlas
Silurskich molljuskov Podolii. 180 pp. Izdatel'stvo Leningrad-
skogo Universiteta, Leningrad.

KISELEV, G.N., SAVICKY]J, J.V., SINITSINA, I.N. & MIRNOVA,
M.G. 1993. Atlas molljuskov i brachiopod silura i devona
juznogo Tjan-Sanja. 115 pp. Izdatelstvo St. Peterburskogo
Universiteta, St. Petersburg.

KISELEV, G.N., SINYCINA, [.N. & MIRONOVA, M.G. 1990. Atlas
molljuskov verchego ordovika i silura severozapada Vostoc-
no-Evropejskoj platformy. 77 pp. Izdatelstvo St. Peterburs-
kogo Universiteta, St. Petersburg.

KLUG, C. & LEHMKUHL, A. 2004. Soft-tissue attachment struc-
tures and taphonomy of Middle Triassic nautiloid Germano-
nautilus. Acta Palaeontologica Polonica 49(2), 243-258.

KOKEN, E. 1896. Die Leitfossilien. 847 pp. C.H. Tarchnitz, Leip-
zig.

KOVANDA, J. ed. 1984. Vysvétlivky k zdkladni geologické mapé
CSSR, 1 : 25 000, list Rudnd 12-412. 122 pp. Ustiedni tstav
geologicky, Praha.

KRiz, J. 1979. Silurian Cardiolidae (Bivalvia). Shornik geolo-
gickych ved, Paleontologie 22, 1-160.

KRiz, J. 1991. The Silurian of the Prague Basin (Bohemia) — tec-
tonic, eustatic and volcanic controls on facies and faunal de-
velopment, 179-203. In BASSETT, M.G., LANE, P.D. & ED-

60

WARDS, D. (eds) The Murchison Symposium: proceedings of
an international conference on The Silurian System. Special
Papers in Palaeontology 44.

KRiz, J. 1992. Silurian field excursions: Prague Basin (Barran-
dian), Bohemia. National Museum of Wales, Geological Se-
ries 13, 1-111.

KRIiz, J. 1998. Recurrent Silurian-Lowest Devonian cephalopod
limestones of Gondwanan Europe and Perunica. New York
State Museum Bulletin 491, 183—198.

KRiZ, J. 1999. Geologické pamdtky Prahy. 278 pp. Czech Geo-
logical Survey, Prague.

KRiZ, J., DUFKA, P., JAEGER, H. & SCHONLAUB, H.P. 1993. The
Wenlock/Ludlow boundary in the Prague Basin (Bohemia).
Jahrbuch der Geologischen Bundesanstalt 136, 809-839.

KROGER, B. 2007. Some lesser known features of the ancient
cephalopod order Ellesmeroceratida (Nautiloidea, Cephalo-
poda). Palaeontology 50(3), 565-572.

DOI 10.1111/j.1475-4983.2007.00644 .x

KROGER, B. & MUTVEI, H. 2005. Nautiloids with multiple paired
muscle scars from Lower-Middle Ordovician of Baltoscandia.
Palaeontology 48(4), 781-791.

DOI 10.1111/j.1475-4983.2005.00478.x

KRS, M., PRUNER, P. & MAN, O. 2001. Tectonic and paleo-
geographic interpretation of the paleomagnetism of Variscan
and pre-Variscan formations of the Bohemian Massif, with
special reference to the Barrandian terrane. Tectonophysics
332(1-2), 93-114. DOI 10.1016/S0040-1951(00)00251-1

KUHN, O. 1940. Paldiozoologie im tablen. 50 pp. Gustav Fischer,
Jena.

LEHNERT, O., ERIKSSON, M.J., CALNER, M., JOACHIMSKY, M.
& BUGGISCH, W. 2007. Concurrent sedimentary and isotopic
indications for global climatic cooling in the Late Silurian.
Acta Palaeontologica Sinica 46, 249-255.

LEPORATI, S.C., PECL, G.T. & SEMMENS, J.M. 2007. Cepha-
lopod hatchling growth: the effects of initial size and seasonal
temperatures. Marine Biology 151, 1375-1383.

DOI 10.1007/500227-006-0575-y

LINNE, K. 1758. Systema naturae per regna tria naturae: secun-
dum classes, ordines, genera, species, cum characteribus,
differentiis, synonymis, locis. Editio Decima. 824 pp. Impensis
Direct. Laurentii Salvii, Holmiae.

LOYDELL, D.K. 1998. Early Silurian sea-level changes. Geologi-
cal Magazine 135(4), 447-471.

DOI 10.1017/S0016756898008917

MANDA, S. 1996. Cyrtograptus lundgreni Biozone in the south-
western part of the Svaty Jan Volcanic Centre (Wenlock,
Prague Basin). Véstnik Ceského geologického tistavu 71(4),
369-374.

MANDA, S. 2007. New Silurian nautiloids Phragmoceras
Broderip, 1839 and Tubiferoceras Hedstrom, 1917 from the
Prague Basin (Bohemia). Bulletin of Geosiences 82(2),
119-131. DOI 10.3140/bull.geosci.2007.02.119

MANDA, S. & BUDIL, P. 2007. Stop E1-6: Ludlow and early
P¥idoli succession at Muslovka Quarry near Reporyije; early
Ludfordian radiation and the effect of the Ludfordian extinc-
tion events in the shallow-water carbonate succession, 25-34.


http://dx.doi.org/10.1111/j.1475-4983.2007.00644.x
http://dx.doi.org/10.1111/j.1475-4983.2005.00478.x
http://dx.doi.org/10.1016/S0040-1951(00)00251-1
http://dx.doi.org/10.1017/S0016756898008917
http://dx.doi.org/10.1007/s00227-006-0575-y

Stépan Manda « Palaeoecology and palaeogeographic relations of the Silurian phragmoceratids (Nautiloidea)

In ELICKI, O. & SCHNEIDER, E. (eds) Fossile Okosysteme.
Wissenschaftliche ~ Mitteilungen, Institut  fiir Geologie,
Technische Universitit Bergakademie Freiberg 34.

MANDA, S. & KRiZ, J. 2006. Environmental and biotic changes of
the subtropical isolated carbonate platforms during Kozlow-
skii and Lau events (Prague Basin, Silurian, Ludlow). Geo-
logiska Foreningen Forhandlingar 128, 161-168.

MANDA, S. & KRiZ, J. 2007. New cephalopod limestone horizon
in the Ludlow (Gorstian, early L. scanicus Zone) of the Prague
Basin (Bohemia, Perunica). Bollettino della Societd Paleon-
tologica Italiana 46(1), 33—45.

MELECHIN, J.M., KOREN, T.N. & STORCH, P. 1998. Global Di-
versity and survivorship patterns of Silurian Graptoloids. New
York State Museum Bulletin 491, 165—-181.

MILLER, A.K. & FURNISH, W.M. 1937. Paleoecology of Paleo-
zoic cephalopods. National Research Council, Committee on
Paleoecology, Report 1936—1937, 54—-63. National Research
Council, Washington.

MILLER, A.K. & YOUNGQUIST, W. 1949. The Maquoketa co-
quina of cephalopods. Journal of Paleontology 23, 199-204.

MILLER, S.A. 1877. The American Palaeozoic Fossils: a cata-
logue of the genera and species with names of authors, dates,
places of publication, groups of rocks in which found, and the
etymology and signification of the words and an introduction
devoted to the stratigraphical geology of the Palaeozoic rocks.
123 pp. Published privately, Cincinnati, Ohio.

MOORE, R.C. ed. 1964. Treatise on Invertebrate Paleontology,
Part K, Mollusca 3. 519 pp. Geological Society of America,
Lawrence.

MURCHISON, R.I. 1839. The silurian system, founded on geologi-
cal researches in the counties of Salop, Hereford, Radnor,
with descriptions of the coal fields and overlying formations.
Part 1. 768 pp. John Murray, London.

MUTVEI, H. 1964. Remarks on the anatomy of Recent and fossil
Cephalopoda. Stockholm Contributions on Geology 11,
79-102.

NOETLING, F. 1884. Beitrige zur Kenntniss der Cephalopoden
aus Silurgeschieben der Provinz Ost-Preussen. Jahrbuch der
Koniglich Preussischen Geologischen Landesanstalt und
Bergakademie der Berlin 1883, 101-135.

PIA, J. 1923. Uber die ethologische Bedeutung einiger Hautziige
in der Stammesgeschichte der Cephalopoden. Annalen des
Naturhistorisches Museum Wien 36, 50-73.

PRANTL, F. 1952. Zkamenéliny ceskych pramori. 321 pp. Vesmir,
Praha.

PRELL, H. 1921. Die biologische Bedeutung der Miindungsve-
rengung bei Phragmoceras. Centralblatt fiir Mineralogie,
Geologie und Paldontologie fiir 1921, 305-315.

REYMENT, R.A. 1958. Some factors in the distribution of fossil
cephalopods. Stockholm Contributions in Geology 1(6),
97-184.

ROHLICH, P. 2007. Structure of the Prague Basin: The deforma-
tion diversity and its causes (the Czech Republic). Bulletin of
Geosciences 82(2), 175-182.

RUZHENCEV, V.E. ed. 1962. Osnovy Paleontologyi, Golovonogie
1. 438 pp. Izdatelstvo Akademii nauk, Moskva.

SHIGENO, S., SASAKI, T., MORITAKI, T., KASUGAI, T., VEC-
CHIONE, M. & AGATA, K. 2008. Evolution of the Cephalopod
Head Complex by Assembly of Multiple Molluscan Body
Parts: Evidence from Nautilus Embryonic Development.
Journal of Morphology 269, 1-17. DOI 10.1002/jmor.10564

SOWERBY, J.C. 1816. The mineral conchology of Great Britain.
Volume 2. Published privately, London.

SOWERBY, J.C. 1839 in MURCHISON, R.I. 1839. The silurian sys-
tem, founded on geological researches in the counties of
Salop, Hereford, Radnor, with descriptions of the coal fields
and overlying formations. Part 1. 768 pp. John Murray, Lon-
don.

STANLEY, S.M. 1970. Relation of shell form to life habits of the
Bivalvia (Mollusca). Geological Society of America Memoir
125, 1-296.

STENZEL, H.B. 1964. Living Nautilus, 59-93. In MOORE, R.C.
(ed.) Treatise on Invertebrate Paleontology, Part K, Mollusca
3. The Geological Society of America, Lawrence.

STRIDSBERG, S. 1985. Silurian oncocerid cephalopods from Got-
land. Fossils and Strata 18, 1-65.

STRIDSBERG, S. 1988. A stray cephalopod in the late Silurian of
Sardinia. Bollettino della Societd Paleontologica Italiana
27(1), 83-85.

STRIDSBERG, S. & TUREK, V. 1997. A revision of the Silurian
nautiloid genus Ophioceras Barrande. Geologiska Foreningen
Forhandlingar 119, 21-36.

SVOBODA, J. & PRANTL, F. 1948. O stratigrafii a tektonice
starStho paleozoika v okoli Chynice. Sbornik Stdtniho geo-
logického ustavu, Oddil geologicky 15, 1-39.

SWEET, W.C. 1959. Muscle attachment impressions of some Pa-
leozoic nautiloid cephalopods. Journal of Paleontology 33,
293-305.

SWEET, W.C. & MILLER, A.K. 1957. Ordovician cephalopods
from Cornwallis and Little Cornwallis islands, District of
Franklin, Northwest Territories. Bulletin of the Geological
Survey of Canada 38, 1-86.

TASCH, P. 1955. Paleoecologic observations on the orthoceratid
coquina beds of the Maquoketa at Graf, lowa. Journal of Pale-
ontology 29(3), 510-518.

TEICHERT, C. 1964. Morphology of hard parts, 313-353. In
MOORE, R.C. (ed.) Treatise on Invertebrate Paleontology,
Part K, Mollusca. Geological Society of America, Lawrence.

TEICHERT, C. 1970. Drifted Nautilus shells in the Bay of Bengal.
Journal of Paleontology 44(6), 1129-1130.

TEICHERT, C. 1988. Main features of cephalopod evolution,
11-79. In CLARKE, M.R. & TRUEMAN, E.R. (eds) The Mol-
lusca, vol. 12, Paleontology and Neontology of Cephalopods.
Academic Press, San Diego.

TUREK, V. 1974. Pozndmky k sedimentaci ,,ortocerovych va-
penci® Barrandienu (Remarks on sedimentation of “ortho-
ceratid limestones” in the Barrandian). Casopis pro
mineralogii a geologii 19(2), 165-169.

TUREK, V. 1976. Magdoceras gen. n. and Inclytoceras gen. n.
from the Silurian of central Bohemia (Nautiloidea, Barran-
deocerida). Casopis pro mineralogii a geologii 21(2),
137-145.

61


http://dx.doi.org/10.1002/jmor.10564

Bulletin of Geosciences * Vol. 83, 1, 2008

TUREK, V. 2007. Systematic position and variability of the Devo-
nian nautiloids Hercoceras and Ptenoceras from the Prague
Basin (Czech Republic). Bulletin of Geosciences 82(1), 1-10.

WARD, P.D. 1987. Natural history of Nautilus. 263 pp. Allen &
Unwin, Boston.

WESTERMANN, G.E.G. 1998. Life habits of nautiloids, 263-298.
In SAVAZ71, E. (ed.) Functional morphology of the inverte-
brate skeleton. John Wiley, London.

WILDE, P., BERRY, W.B.N. & QUINBY, H.M.S. 1991. Silurian
oceanic and atmospheric circulation and chemistry, 123-143.

Appendix — List of referred sections

1. Arethusina Gorge Section No. 687 (Praha, Velka Ohrada). Lo-
cation: See Kiiz (1992), fig. 71. Motol Formation. Wenlock, Ho-
merian, 7. testis Zone: Boucek (1937), Ktiz (1992), Kfiz et al.
(1993).

2. Branik U pivovaru Section (Praha, Branik). Location: see Ktiz
(1999), figure on p. 215. Motol Formation. Llandovery, Tely-
chian, O. spiralis Zone: Ktiz (1999).

3. Bubovitz el. Barrande’s locality, Czech modern name Bubo-
vice. Type locality of Phragmoceras biimpresum. Location:
exact site unknown. Motol Formation. Wenlock, Homerian, 7.
testis Zone (determined based on known fossils in Barrande’s col-
lection).

4. Butovice Na brekvici Section No. 584 (Praha, Butovice). Loca-
tion: Kiiz (1992), fig. 65. Kopanina Formation. Ludlow, Gor-
stian, early C. colonus Zone: Ktiz (1992), KtiZ 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. Horni Desort Quarry (Praha, Zadni Kopanina). Location: loca-
lity No. 13, geological map 1 : 25 000, sheet Rudna 12-412 (Ko-
vanda ed. 1984). Kopanina Formation. Ludlow, Ludfordian: Svo-
boda & Prantl (1948), K¥iz (1999).

7. Konieprus e2. Barrande’s locality. See Velky 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. K¥#izZ (1992),
fig 28. Kopanina Formation. Ludlow, Ludfordian: Horny (1955),
Kfiz (1992).

10. Kovarovic mez Section (Praha, Butovice). Location: see KiizZ
(1992), fig. 65. Kopanina Formation. Ludlow, lower-middle Lud-
fordian: Kiiz (1992, 1999).

11. Li3¢i Quarry (Mofina). Location: Havlicek & Storch (1990),
fig. 6. Kopanina Formation. Ludlow, Gorstian, S. chimaera Zone:
Horny (1955), Havli¢ek & Storch (1990).

12. Listice Herinky (Listice). Location: Havlitek & Storch
(1990), fig. 6. Motol Formation. Wenlock, Homerian, 7. festis
Zone: Havligek & Storch (1990), Manda (1996).

13. Listice U cesti¢ky Section No. 759 (Listice). Location: Kfiz
(1992), fig. 48. Motol Formation. Wenlock, Homerian, 7. festis
Zone: Kiiz (1992), Kiiz et al. (1993), Manda (1996).

14. Lochkov e2. Barrande’s locality. See below, Lochkov,
Barrande’s pit.
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In BASSETT, M.G., LANE, P.D. & EDWARDS, D. (eds) The
Murchison symposium; proceedings of an international con-
ference on the Silurian System. Special Papers in Palaeontol-
ogy 44.

Z0U XI-PING 1983. Silurian nautiloids from Bateaobao, Darhan
Muminglan Joint Banner, Inner Mongolia, 165-173. In LI
WEN-GUO, RONG JIA-YU & DONG DE-YUAN (eds) Silurian
and Devonian rocks and faunas of the Bateaobao Area in
Darhan Mumingan Joint Banner, Inner Mongolia. The Peo-
ple’s Publishing House of Inner Mongolia, Nanjing.

15. Lochkov, Barrande’s pits (Praha, Lochkov). Barrande’s loca-
lity Lochkov e2. Location: Kiiz (1999), figure on p. 106. Kopa-
nina Formation. Ludlow, Ludfordian: Kfiz (1999). Remarks: old
pits of fossil collectors, actually still covered with debris.

16. Mramorovy Quarry Section No. 357 (Praha, Lochkov). Loca-
tion: Kiiz (1992), p. 90. Kopanina and Pozéry formations. Lud-
low, Ludfordian-Pfidoli: K¥iz (1992).

17. Muslovka Quarry (Praha, Reporyje). Location: Ki¥iZ (1992),
fig. 71. Kopanina and PoZary formations. Ludlow-Ptidoli: Bou-
¢ek (1937), Kiiz (1992, 1999), Manda & Budil (2007).

18. Nova Ves, Hradisté II Section (Praha, Nova Ves). Location:
Manda & Kitiz (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. Nova Ves Gorge Section (Praha, Nova Ves). Location: see
Boucek (1938). Motol Formation. Llandovery, Telychian, O. spi-
ralis Zone: Boucek (1938). Remarks: inaccessible, studied fauna
was obtained during sinking of well.

20. Pozary Quarry (Praha, Reporyje). Location: K¥i# (1992), fig.
71. Kopanina and PoZiry formations. Ludlow-Pridoli: Kiiz
(1992, 1999), Catls et al. (2007).

21. Reporyje Section No. 911 (Praha, Reporyje). Location: see
Boucek (1937), p. 9. Kopanina Formation. Ludlow, Ludfordian,
lowermost L. scanicus Zone: briefly mentioned by Boucek (1937)
and unpublished data (K#iZ & Manda 2006).

22. U elektrarny Section (Svaty Jan pod Skalou). Location: loca-
lity No. 14, geological map 1 : 25 000, sheet Beroun 12-411 (Hav-
licek 1987). Motol Formation. Wenlock, Sheinwoodian, M. be-
lophorus Zone: Havliek & Storch (1990).

23. U lanovky Section (near to the town of Beroun). Location:
Horny (1955), p. 349. Kopanina Formation. Ludlow, Ludfordian,
S. linearis Zone: Horny (1955).

24. Velky Hill Section (Konéprusy). Location: locality No. 16,
geological map 1 : 25 000, sheet Kralav Dvir 12-413 (Chlupac
1987). Kopanina Formation. Ludlow, Ludfordian, S. linearis
Zone: Horny (1955).

25. Vyskocilka el Section. Location: see Manda & Kitiz (2007),
fig. 2. Kopanina Formation. Ludlow, Gorstian, early L. scanicus
Zone.

26. Vyskocilka e2. Barrande’s locality. Type locality of Phrag-
moceras imbricatum. See 25.

27.Zadni Kopanina, Jiras Quarry (Praha, Zadni Kopanina). Loca-
tion: see K1z (1999), figure on p. 242. Kopanina Formation. Lud-
low, Ludfordian: Kfiz (1999).



