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This study describes 18 specimens representing the earliest growth parts of orthoceratoid cephalopods, most of which
have been recently obtained from the Middle Ordovician strata of the Prague Basin, central Bohemia. Only about
20 specimens of Ordovician orthoceratoids displaying embryonic shell are known globally and the Bohemian material
thus significantly expands their current record. The studied collection includes twelve specimens assigned to the species
Bactroceras sandbergeri and shows that the morphological variability in early ontogenetic growth stages of this species
was rather low. The absence of a cicatrix was definitely confirmed in this phylogenetically important cephalopod. Six
other specimens investigated herein are indeterminate orthoceratids. Initial chambers, where preserved, are generally
large compared to known, stratigraphically younger specimens. This is interpreted here as supporting the previously
postulated trend of decreasing the egg- and hatchling sizes in orthoceratoid cephalopods from mid-Ordovician times
onwards. Alternatively, the large sizes of these Bohemian orthoceratids may be explained by the position of the Prague
Basin in relatively cool-water high palaeolatitudes during the Middle Ordovician.
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Introduction

Knowledge of the morphology of initial chambers and early
ontogenetic characters is of key importance for the under-
standing of phylogenetic pathways and affinities of indi-
vidual cephalopod groups (see Engeser 1996; de Baets et
al. 2012; Klug et al. 2015). However, the embryonic deve-
lopment is insufficiently known in some important groups.
This is particularly the case in the phylogenetically earli-
est (Early and Middle Ordovician) orthoceratoids, a group
from which the bactritoids, ammonoids, and coleoids orig-
inated (Kroger et al. 2011b; Klug et al. 2015 and references
therein). In fact, only a handful of specimens representing
apicalmost parts of orthoceratoid phragmocones are known
(Table 1). Stratigraphically earliest are Bactroceras angus-
tisiphonatum (Ridiger, 1889) figured by Evans (2005, up-
permost Floian—lowermost Dapingian stages of Svalbard)
and Arionoceras? sp. studied and illustrated by Evans (2007,
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Floian? Stage of Peru). Stratigraphically younger are the
Darriwilian Bactroceras sandbergeri (Barrande, 1868) from
the Prague Basin, Central Bohemia (originally described as
Tretoceras parvulum Barrande, 1874), Orthoceras sp. dis-
cussed by Balashov (1957) from the Kunda region of Estonia
and Archigeisonoceras sp. described by Kroger (2006) from
the Swedish island of Oland.

From the Late Ordovician strata, embryonic shells of
orthoceratids have been found more frequently (Table 1).
However, the number of recognised species is comparable to
that in the Middle Ordovician. Ruedemann (1912) described
“half a dozen” juvenile individuals of Orthoceras hudsoni-
cum with preserved embryonic shells (Alplan’s creek, New
York, USA). Nine orthoceratid apical parts assigned to three
species were reported by Kroger (2007, Hirnantian Stage of
Estonia); two years later Kroger et al. (2009) illustrated late
Katian embryonic shells of ?Isorthoceras sp. (Indiana Castle
Shale, New York, USA) and Orthocerida indet. (Fjicka

https://doi.org/10.4202/app.00721.2020
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Table 1. Number of specimens representing earliest growth stages of orthoceratoid cephalopods currently known from the Ordovician strata of
Bohemia and other regions. Data after Balashov (1957), Evans (2005, 2007), Kroger (2006, 2007), Kroger et al. (2009, 2011a) and Ruedemann
(1912); note that the three specimens figured by Ruedemann (1912) do not constitute the total number of specimens available (asterisked).

Ordovician stratigraphy Number of specimens"with initial chambers per region Total

Series Stages Bohemia Peru Estonia | Sweden (Oland) | Sweden (Siljan) | New York Svalbard
Hirnantian 4 2 6
Upper Katian 1 1+3%* 5*
Sandbian 0
Middle Darri.willian 19 1 3 23
Dapingian | | )

Lower Floian

Tremadocian 0

Shale, Dalarna, Sweden). And finally, Kroger et al. (2011a)
figured apical growth parts in two specimens of the species
Transorthoceras osmundsbergense (Hirnantian Stage, Siljan
District, Sweden); the authors assumed the species is prob-
ably conspecific with Orthoceratidae gen. et sp. indet. B of
Kroger (2007).

In this paper, we significantly expand the above records
by describing 18 more apices of Middle Ordovician ortho-
ceratoids. Two specimens were identified in the historical
collections of the National Museum in Prague; the remain-
der of the material was recently collected by one of the au-
thors (OZ), from an area around the city of Rokycany (Plzen
Region, Western Bohemia) and the territories of Beroun and
Prague (Fig. 1).

In the text below, we compare the morphology of the
Bohemian specimens with that of other known Ordovician
orthoceratoid apices from elsewhere and discuss their rel-

Bohemian Massif

—

evance for reconstructing reproductive strategies in early
Paleozoic orthoceratoids.

Institutional abbreviations—MWB S, Museum of West
Bohemia, Plzeni, Czech Republic; NM L, National Museum,
Prague, Czech Republic.

Geological setting, material,
and methods

The specimens studied herein originate from the early—mid
Darriwilian Sarka Formation and the late Darriwilian part
of the Dobrotiva Formation of the Prague Basin (Bohemia,
Fig. 1). The lithology and depositional conditions of both
formations, including palacogeographic position of the

Brandys
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O locality, Dobrotiva Formation

Fig. 1. Position of Ordovician rocks of the Prague Basin within the Bohemian Massif and the localities from which the herein studied specimens originate
(see the text below). 1, Praha-Sarka cihelna (brickyard); 2, Praha-Sarka; 3, Praha-Hanspaulka; 4, Malé Prilepy; 5, Lhotka u Berouna; 6, Téskov; 7, Myto-
Svatostépansky rybnik; 8, Rokycany-Dily; 9, Volduchy. Adapted after Manda (2008).
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Prague Basin during the time of its deposition, is discussed
in detail by Aubrechtova and Turek (2018) and references
therein.

Eighteen specimens were investigated in this study,
sixteen of which originate from the Sirka Formation
(Fig. 1). NM L 46566 was collected by FrantiSek Hanus
in the 1930’s at the locality of Praha-Sarka cihelna (brick-
yard). NM L 46565 originates from the collection of Celda
Klougek from the locality of Praha-Sarka. The remain-
ing specimens were recently collected by OZ in the area
of the city of Rokycany at the following localities: Myto
(Svatostépansky rybnik-Teletnik; MWB S 06761, 06765),
Myto (Svatostépansky rybnik-Katizek; MWB S 06762),
Rokycany-Dily (MWB S 06759, 06763), Téskov (MWB S
06760, 06764), and Volduchy (MWB S 06823-06828); one
specimen comes from the locality of Praha-Hanspaulka
(NM L 59577).

Two specimens from the Dobrotiva Formation (NM L
59578, 59872) were found by OZ at localities of Lhotka u
Berouna and Malé Ptilepy (Fig. 1).

All specimens from the Sarka Formation are preserved
in 3D in siliceous, originally carbonaceous, nodules (Kukal
1962). The specimens are mostly preserved as counterparts
but internal moulds or their fragments are also present.
The specimens are not deformed or recrystallized with the
exception of NM L 46566, which is entirely in-filled with
brown-orange carbonate crystals. NM L 59578 from the
Dobrotiva Formation is preserved 3D in a grey-coloured
sandy nodule; NM L 59872 is embedded in a dark-grey
silicified nodule.

Measurements were performed using either a hand-
held calliper or an Olympus SZH10 microscope with an
integrated scale (angles of expansion of the shells were
not precisely measurable in short fragments). Latex casts
were prepared from selected counterparts of specimens.
Specimens were coated in ammonium chloride (NH,CI)
using the equipment illustrated by Parsley et al. (2018: text-
fig. 4), and photographed with Canon EOS 6D and SONY
ILCE-7RM3 digital cameras. The specimen of Bactroceras
sandbergeri (Barrande, 1868) (= Tretoceras parvulum
Barrande, 1874), NM L 10331, with preserved initial cham-
ber was studied for comparisons (see also Dzik 1981 and
Aubrechtova 2015).

Systematic palacontology

Class Cephalopoda Cuvier, 1797

Order Rioceratida King and Evans, 2019
Family Bactroceratidae King and Evans, 2019
Genus Bactroceras Holm, 1898

Type species: Bactroceras avus Holm, 1898, by original designation,
junior synonym of B. sandbergeri (Barrande, 1867) according to Au-
brechtova (2015); Middle Ordovician, upper Darriwilian Stage, Seby
Limestone Formation, Oland, Sweden.

Bactroceras sandbergeri (Barrande, 1867)
Figs. 2-5, 6A.

Lectotype: NM L 6584, figured by Barrande (1867, pl. 245, fig. 18),
designated and re-figured by Aubrechtova (2015, p. 202, fig. 2A).
Type locality: Osek u Rokycan, central Bohemia, Czech Republic
Type horizon: Middle Ordovician, lower-middle Darriwilian Stage,
Sarka Formation, Corymbograptus retroflexus Biozone.

Material—Thirteen internal moulds and counterparts of
fragments of juvenile shell parts from the localities Myto
(Svatostépansky rybnik-Teletnik, 49.7863217 N, 13.7601539 E;
MWB S 06761), Myto (Svatostépansky rybnik-Katizek,
49.7959761N 13.7655044E; MWB S 06762), Praha-Hans-
paulka (50.1055886 N, 14.3824408 E; NM L 59577), Roky-
cany-Dily (49.7569444 N, 13.6013889 E; MWB S 06759,
06763), Teskov (49.7945714 N, 13.6958797 E; MWB S
06760, 06764) and Volduchy (49.77091 N, 13.626269 E;
MWB S 06823-06828); Sarka Formation, lower and middle
Darriwilian Stage, Middle Ordovician; Czech Republic.

Description—MWB S 06759 (Fig. 2A) is a part and coun-
terpart of an embryonic portion of the shell with the initial
chamber. The total length of the specimen is 2.7 mm. The
subspherical initial chamber (= first phragmocone chamber)
is bean-shaped in median section, 2.5 mm in diameter and
0.9 mm in length (shape ratio 0.36). The second phragmo-
cone chamber is 2.1 mm in basal diameter and 1.8 mm in
length. The diameter of the initial chamber exceeds that of
the second phragmocone chamber (constriction ratio 0.84).
The phragmocone is circular in cross-section. The marginal
(ventral) siphuncle is weathered out and a cavity is left. The
cavity appears at about the mid-length of the initial cham-
ber. The caecum is cylindrical, 0.3 mm in diameter; its api-
cal end clearly bends towards the inside of the initial cham-
ber at about its mid-length. The external surface as shown
by the latex cast of the counterpart is smooth. The specimen
is accompanied by another orthoceratoid shell ornamented
with transverse lirae, an indeterminate hyolith, the trilobite
Ormathops and the brachiopod Euorthisina sp.

MWB S 06760 (Fig. 2C) is a counterpart of a shell and
the third septum of the phragmocone showing the position
of the siphuncle. The specimen shows an imprint of the
initial chamber. The total length of the specimen is 5.2 mm.
The initial chamber (= first phragmocone chamber) was
bean-shaped in median section, 2.5 mm in diameter and
1.2 mm in length (shape ratio 0.48). The diameter of the
initial chamber exceeds that of the second phragmocone
chamber (basal diameter of the second phragmocone cham-
ber was 2.2 mm, constriction ratio 0.88). The phragmocone
is circular in cross-section. The specimen is accompanied
by the hyolith Bactrotheca teres and other indeterminate
invertebrate fragments.

MWB S 06761 (Fig. 3A) is a fragment of a counterpart of
ajuvenile shell. The total length of the specimen is 13.1 mm.
The initial chamber (= first phragmocone chamber) is bean-
shaped in median section, 2.2 mm in diameter and 1.1 mm
in length (shape ratio 0.5). The diameter of the initial cham-
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Fig. 2. Apical shell parts of the orthoceratoid Bactroceras sandbergeri (Barrande, 1867), Middle Ordovician, lower Darriwilian Stage, Sarka Formation,
Czech Republic. A. MWB S 06759, Rokycany-Dily, internal mould in ventral view (A;), with accompanying trilobite Ormatops sp., brachiopod
Euorthisina sp., and indeterminate hyolith; detail (A,), note the decrease of apical angle at second phragmocone chamber; latex cast of counterpart in
ventral view (Az). B. MWB S 06764, T¢éskov, internal mould in lateral view, venter on right hand-side (initial chamber bent towards dorsum), initial and
second phragmocone chamber preserved as counterpart. C. MWB S 06760, Téskov, latex casts of both sides of counterparts (C;, C,), note suspicious
surface structures. D. NM L 59577, Praha-Hanspaulka, latex cast of counterpart.

ber exceeds that of the second phragmocone chamber (basal
diameter of the second phragmocone chamber was 2 mm,
constriction ratio 0.91). The phragmocone has a maximum
diameter of 2.5 mm and expands very slowly (angle of ex-
pansion 2°). The phragmocone is circular in cross-section.
The external surface is smooth. The specimen is accom-
panied by a hyolith and other indeterminate invertebrate
fragments.

MWB S 06762 (Fig. 3B) is a fragment of a counter-
part of a juvenile shell. The total length of the specimen is
20 mm. The initial chamber is bean-shaped in median sec-
tion, 2.5 mm in diameter and 1.6 mm in length (shape ratio
0.64). The diameter of the initial chamber exceeds that of the
second phragmocone chamber (basal diameter of the second
phragmocone chamber was 2.3 mm, constriction ratio 0.92).
The phragmocone expands very slowly. The phragmocone
is circular in cross-section. The external surface is smooth.

MWB S 06763 (Fig. 3C) is a fragment of a counterpart of
a juvenile shell with one phragmocone chamber preserved
adorally. The total length of the specimen is 10.4 mm. The
initial chamber is bean-shaped in median section, 2 mm in
dorso-ventral diameter and 1.3 mm in length (shape ratio
0.65). The diameter of the initial chamber exceeds that of
the second phragmocone chamber (basal diameter of the
second phragmocone chamber is 1.8 mm, constriction ra-
tio 0.9). The phragmocone has a maximum dorso-ventral
diameter of 2.3 mm and expands very slowly. The phrag-
mocone is circular in cross-section. The septum of the
adoralmost phragmocone chamber displays the submarginal
(subventral) siphuncle, which has a circular cross-section
and a diameter of 0.25 mm. The external shell surface is
smooth. The specimen is accompanied by the bellerophon-
tid Tropidodiscus pusillus, the trilobite Pricyclopyge cf.
binodosa and an indeterminate bivalve.
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Fig. 3. Apical shell of the orthoceratoid Bactroceras sandbergeri (Barrande, 1867); Middle Ordovician, lower Darriwilian Stage, Sérka Formation, Czech
Republic. A. MWB S 06761, Myto-Svatostépansky rybnik, latex cast of one of counterparts in lateral view, note fine, obliquely transverse surface orna-
mentation. B. MWB S 06762, Myto-Svatostépansky rybnik, counterpart (B;) and its latex cast (B,), in lateral view (initial chamber bent towards dorsum).
C. MWB S 06763, Rokycany-Dily, internal mould in lateral view, single (adoralmost) phragmocone chamber showing ventrally situated siphuncle (C,),
latex cast of the second counterpart (C,).

MWB S 06764 (Fig. 2B) is a fragment of a counterpart
of a juvenile shell with one phragmocone chamber pre-
served adorally. The total length of the specimen is 3.5 mm.
The initial chamber is bean-shaped in median section, very
short, 2.6 mm in dorso-ventral diameter and 1.4 mm in
length (shape ratio 0.54). The diameter of the initial cham-
ber exceeds that of the second phragmocone chamber (basal
diameter of the second phragmocone chamber was 2.2 mm,
constriction ratio 0.85). The phragmocone has a maximum
dorso-ventral diameter of 2.2 mm and expands very slowly;
it is circular in cross-section. The length of the adoralmost
phragmocone chamber is 1.2 mm. The siphuncle is narrow,
submarginal (ventral) with a circular cross-section. The ex-
ternal shell surface is smooth. The specimen is accompa-
nied by the bellerophontid Tropidodiscus pusillus.

NM L 59577 (Fig. 2D) is a counterpart of an embry-
onic shell with the initial chamber. The adoral part of the
shell is very slightly bent. The total length of the specimen
4.5 mm. The initial chamber (= first phragmocone chamber)
is bean-shaped in median section, 2.0 mm in diameter and

1.2 mm in length (shape ratio 0.6). The diameter of the ini-
tial chamber exceeds that of the second phragmocone cham-
ber (basal diameter of the second phragmocone chamber is
1.7 mm, constriction ratio 0.85). The phragmocone is circu-
lar in cross-section. No shell ornamentation is discernible.
The nodule containing this specimen also yielded the rare
graptolite Dichograptus? leptotheca (Petr Kraft, personal
communication 2019).

MWB S 06823 (Fig. 6A) represents the third phrag-
mocone chamber (estimated based on the shell diameter
and length of this chamber) and the adapical part of the
living chamber. The phragmocone has a minimum dorso-
ventral diameter of 1.8 mm, a minimum lateral diameter of
1.6 mm and expands very slowly; it is slightly compressed in
cross-section. The length of the third phragmocone chamber
is 2.7 mm. The siphuncle is narrow, submarginal (ventral)
with a circular cross-section; its diameter at the foramen
of the adapical septum is 0.25 mm. The specimen is ac-
companied by undetermined hyoliths and the bellerophontid
Tropidodiscus pusillus.
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Table 2. Measurements (in mm) and dimensions of specimens of orthoceratoid apical shells parts currently known from the Ordovician strata of
Bohemia and other regions. Abbreviations: B., Bactroceras; D, diameter of initial chamber; D,, diameter at 1% septum; L, length of initial cham-
ber; D,/D, constriction ratio (diameter at first septum/diameter of initial chamber); L/D, shape ratio of initial chamber (length of initial chamber/

diameter of initial chamber).

Stratigraphy Locality Species (specimen ID) References D L | L/D | D, |Dy/D
Floian? Stage Rio Yuscamayo,
%) s g A £e Cuzco Province, | Arionoceras? sp. (OUM BU185a) Evans 2007 1.5 1.7 | 1.13 |1.15] 0.77
S 8 an José Formation
S5 Peru
2| E uppermost Floian—lower-
E E| most Dapingian stages, . North Ny. Bactroceras angustisiphonatum
3 O Valhalfonna Formation, Friesland, Spits- (NMW2001.7G.50) Evans 2005 1.1 [1.25] 1.14 |1.05| 0.95
Olenidsletta Member bergen, Norway
Darriwilian Stage Kunda, Estonia Orthoceras sp. Balashov 1957 ]0.95]0.55| 0.58 | 0.8 | 0.84
o . Archigeisonoceras sp. (Mo 160705) Kroger 2006 15109 | 0.6 0.97
%ﬁ)r{;:‘i‘lﬁessgﬁz IS]““de"ezgrlland’ Archigeisonoceras sp. (Mo 160676) | Kroger2006 | 1.7 1 10.59
Archigeisonoceras sp. (Mo 160678) Kroger 2006 1.6 | 1 |0.63
Lo orthoceratid sp. 1 (NM L 46566) this paper 3 3.1 1 2.6 | 0.87
_ | Dariwilian Stage, orthoceratid sp. 2 (MWB S 06765) this paper 2 21 1 [19] 0095
s Sarka Formation . -
ko) orthoceratid sp. 4 (MWB S 06827) this paper 1.8 131072 15| 0.83
5 —
g D'ZEZIXV‘;“;‘;E;?;&H orthoceratid sp. 5 (NM L 59872) this paper 1.8 1.8 1
% Central Bohemia B. sandbergeri (NM L 10331) Aubrechtova 2015 25 | 1.5 | 06 | 2 0.8
E Caech Republic, B. sandbergeri (MWB S 06759) this paper 25109 103621 084
B. sandbergeri (MWB S 06760) this paper 25121048 |22 0.88
Darriwilian Stage, B. sandbergeri (MWB S 06761) this paper 221 1.1 1] 05 2 1 091
Sarka Formation B. sandbergeri (MWB S 06762) this paper 25| 1.6 | 0.64 | 23] 0.92
B. sandbergeri (MWB S 06763) this paper 2 | 131065|18| 09
B. sandbergeri (MWB S 06764) this paper 26|14 1054 |22 0.85
B. sandbergeri (NM L 59577) this paper 2 | 12106 |17 085
Orthoceras hudsonicum Ruedemann 1912: 16| 16 1 128 08
Alplan’s creck, (unnumbered). pl. 8: 4
; Katian Stage Saratoga County, O”h((’ﬁflfl ‘l’fnf’;‘e‘fe‘(’i’;w”m R“ed?}la;‘lswm 14 |1.46 | 1.04 126 0.9
:g New York, USA Orthoceras hudsonicum Ruedenllarin 1912:
é (unnumbered) ol 8: 6 14112 ]0.86 |1.24| 0.89
S upper Katian Stage, New York, USA | ?Isorthoceras sp. NYSM 17619) | Kroger et al. 2009 | 1.2 1
g Fjacka Shale Dalarna, Sweden | Orthocerida indet (NRM PZ 8874) | Krdger et al. 2009 | 0.7 1
ff Orthoceratidae indet A (TUG 1227/1) Kroger 2007 1.3 0.8 | 0.62
Hirnantian Stage, Porkuni quarry, | Orthoceratidae indet B (TUG 1227/2) |  Kroger 2007 1 10.66| 0.66 |0.95| 0.95
Siuge Member Porkuni, Estonia Eriditidae indet (TUG 1227/44) Kroger 2007 0807|088 |09 1.13
Eriditidae indet (TUG 1227/47) Kroger 2007 09| 1 | 111

The three remaining specimens MWB S 06824—-06826
from the locality Volduchy are juvenile shell fragments that
morphologically correspond to the above described speci-
mens. However, their preservation hinders precise measure-
ments.

Remarks.—MWB S 06759, 06763, and 06764 are shell frag-
ments of larger individuals as indicated by the absence of
living chambers. By contrast, specimen MWB S 06823
probably represents the shell of an early juvenile individual.
The rest of the specimens (counterparts) do not show any in-
ternal structures and therefore can represent both complete
shells of freshly hatched individuals, or adapical parts of
later growth stages.

The specimens unequivocally belong to Bactroceras
sandbergeri (Barrande, 1867) because they exhibit short,

bean-shaped in median section, rather large and constricted
initial chambers. These characters correspond in all as-
pects to the only apex previously known from the species
(Barrande 1868: pl. 247: 26-28; Barrande 1874: 801; see also
Dzik 1981 and Aubrechtova 2015). The only difference con-
cerns the caecum, which is slightly more curved in MWB S
06759 than in Barrande’s specimen mentioned above.

In Bactroceras the apicalmost chamber is known also
in B. angustisiphonatum (Rudiger, 1889) (see Evans 2005),
where it is, however, much smaller in size (1.3 mm in height,
I mm in diameter, shape ratio 1.3), less constricted (con-
striction ratio 0.95) and more ovoid in shape (Table 2 and
Figs. 4, 5).

Of all known Ordovician orthoceratoids, the shape of
the initial chamber of Bactroceras sandbergeri is most sim-
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Fig. 5. Drawings of known embryonic shells with initial chambers of Ordovician orthoceratoids (cf. Kroger and Mapes 2007: fig. 4 and Klug et al. 2015:
fig. 1.3.). Dotted lines indicate the assumed position of the siphuncle in Arionoceras? sp. and Orthoceratida indet. sp. 2. In Orthoceratida indet. sp. 2, note
a sketch of hyposeptal cameral deposits (see the text below and Fig. 7C;). The stratigraphic position of Bactroceras angustisiphonatum and Arionoceras?
sp. is either uppermost Lower Ordovician, or lowermost Middle Ordovician (David Evans, personal communication 2019; see also Evans 2005 and 2007).
Orthoceratidae gen. et sp. indet B (Kroger 2007) is likely to be conspecific with Transorthoceras osmundsbergense according to Kroger et al. (2011a).
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Fig. 6. Apical and juvenile shell parts of orthoceratid cephalopods; Middle Ordovician, Darriwilian Stage, Sarka and Dobrotiva formations, Czech
Republic. A. Bactroceras sandbergeri (Barrande, 1867), MWB S 06823, Volduchy, third phragmocone chamber (estimated based on shell diameter) and
adjacent part of body chamber. B. Orthoceratida indet. sp. 4, MWB S 06827, Volduchy, counterpart of initial chamber and adjacent part of phragmocone
and one corroded phragmocone septum; note longitudinal striae. C. Orthoceratida indet sp. 5, NM L 59872, Mal¢é Prilepy, counterpart (C), latext cast

(C,); note longitudinal striae.

ilar to that of Orthoceras sp. (Balashov 1957; Figs. 4, 5
herein). The latter is, however, much smaller in diameter
(see Table 2), the caecum is much shorter and the siphuncle
has a ventro-central position. Compared to B. sandbergeri,
the initial chamber of Archigeisonoceras sp. (Kroger 2006;
Figs. 4, 5 herein) is smaller and only very slightly constric-
ted; the caecum is bent inwards and relatively long but ex-
pands inside the initial chamber.

Stratigraphic and geographic range.—Sarka Formation,
lower and middle Darriwilian, Middle Ordovician of cen-
tral Bohemia, Czech Republic; middle Darriwilian, Middle
Ordovician of Wales, United Kingdom; middle and upper
Darriwilian, Middle Ordovician, Oslo Region, Norway;
upper Darriwilian, Middle Ordovician, Seby Limestone
Formation of Oland, Sweden; Grey Lituites Limestone,
Folkeslunda Limestone, upper Darriwilian, Middle Ordo-
vician of Mecklenburg, Germany (Pleistocene glacial erra-
tic boulders).

Bactroceras sp.

Material —One specimen (NM L 59578), part of a juve-
nile phragmocone, from the locality Lhotka u Berouna
(49.9977650 N, 14.0993506 E); Dobrotiva Formation, upper
Darriwilian Stage, Middle Ordovician; Czech Republic.

Description—The specimen is a fragment of an adapical
part of a juvenile phragmocone with visible concave side
of one septum. The length of the specimen is 3.5 mm. The
phragmocone has a maximum diameter of 2.5 mm and ex-
pands at a very low angle (which cannot be precisely mea-
sured). The phragmocone is circular in cross-section. The
septal foramina of the single visible septum is circular in

cross-section, ¢. 0.1 mm in diameter and submarginal in
position. The external surface of the shell is smooth.

Remarks.—The narrow, submarginal siphuncle indicates
the specimen should be assigned to the genus Bactroceras.
However, the preservation of the specimen does not permit
determination to the species level.

The specimen represents the first record of Bactroceras
from the late Darriwilian Dobrotiva Formation of the Prague
Basin.

Order Orthoceratida Kuhn, 1940
Family undetermined
Orthoceratida indet. sp. 1

Fig. 7A.

Material—One specimen (NM L 46566), phragmocone,
from the locality Praha-Sarka cihelna (brickyard); Sarka
Formation, lower and middle Darriwilian Stage, Middle
Ordovician; Czech Republic.

Description.—The specimen is a part and a counterpart
of a phragmocone with the initial chamber. Adapical third
of the phragmocone is longitudinally broken off and in-
filled with a brownish carbonate mineral; the broken por-
tion was reconstructed using a latex cast prepared from the
counterpart. The total length of the specimen is 46.8 mm.
A weakly sinuous line along the contact of the fossil and the
surrounding rock indicates the presence of a low annulation
on the surface of the shell. The surface is, however, slightly
corroded and does not show any other ornamentation. The
initial chamber is egg-shaped, very slightly asymmetric
from one side (Figs. 5, 7A), 3 mm in diameter and 3.1 mm in

Fig. 7. Apical shell parts of three indeterminate orthoceratid cephalopods; Middle Ordovician, lower Darriwilian Stage, Sarka Formation, Czech Republic.
A. Orthoceratida indet. sp. 1, NM L 46566, Praha-Sarka cihelna (brickyard), part (A) and latex cast of the counterpart (A,), detail of latex cast (Aj3), note
large size of egg-shaped initial chamber. B. Orthoceratida indet. sp. 3, NM L 46565, Praha-Sérka, single (adoralmost) phragmocone chamber showing
centrally situated siphuncle (B,), counterpart with one adoral septum (B,), latex cast of counterpart showing transverse surface ornamentation (Bs). —>
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C. Orthoceratida indet. sp. 2, MWB S 06765, Myto-Svatostépansky rybnik, detail of adoralmost septum with hyposeptal cameral deposits around the
subcentral siphuncle (C,), the second counterpart (C,), note the absence of cameral deposits at septum situated more apically than in C,, latex cast of the
previous associated with bellerophontid Tropidodiscus pusillus (Barrande in Perner, 1903) (Cs).
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length (shape ratio c. 1). The diameter of the initial chamber
exceeds that of the adjacent phragmocone chamber (basal
diameter of the second phragmocone chamber is 2.6 mm,
constriction ratio 0.87). The first, straight and directly trans-
verse, suture is faintly indicated. The phragmocone is circu-
lar in cross-section with a maximum diameter of c. 7 mm
and expands with an angle of 6°.

Remarks.—The initial chamber of the specimen stands out
among other apical shell parts known from Ordovician or-
thoceratids in its large size reaching 3 mm in diameter and
3.1 mm in length. It may resemble the initial chamber de-
scribed by Evans (2007, Arionoceras?), which is ovoid in
shape; the latter is, however, smaller in dimensions, more
distinctly constricted (see Table 2 and Figs. 4, 5) and has a
greater angle of expansion (13°).

The Bohemian specimen more likely belongs to one of
the Middle Ordovician orthoceratid species described by
Joachim Barrande, in which early ontogenetic stages are
not yet known. Unfortunately, the collection of Joachim
Barrande contains either fragmentary material, or speci-
mens representing only late ontogenetic stages. Moreover,
the preservation of the specimen studied here does not show
the character of the siphuncle and ornamentation is only
slightly indicated, which prevents the specimen from being
more precisely identified.

Orthoceratida indet. sp. 2
Figs. 5, 7C.

Material —One specimen (MWB S 06765), phragmo-
cone, from the locality Myto-Svatostépansky rybnik-Telet-
nik (49.7863217 N, 13.7601539 E); Sarka Formation, lower
and middle Darriwilian Stage, Middle Ordovician; Czech
Republic.

Description.—The specimen consists of two counterparts of
a phragmocone composed of two dislocated fragments. In
each of the two counterparts there is one septum preserved.
The rest of the shell was reconstructed from a latex cast.
Total combined length is 15.3 mm (apical fragment 9.1 mm
and adoral fragment 6.2 mm). The initial chamber is egg-
shaped, 2 mm in dorso-ventral diameter and 2 mm in length
(shape ratio 1). Its diameter very slightly exceeds that of
the adjacent phragmocone chamber (basal diameter of the
second phragmocone chamber is 1.9 mm, constriction 0.95).
The phragmocone is circular in cross-section. The siphun-
cle is 0.25 mm in diameter (corresponding shell diameter
23 mm) and sub-central in position (shifted slightly towards
the venter, situated 10 mm from the ventral side of the shell
wall, 13 mm from the dorsal). The phragmocone has a max-
imum diameter of 25 mm and expands slowly with an angle
of 3° The convex side of the adoralmost preserved septum
shows massive hyposeptal deposits surrounding the siphun-
cle (see Figs. 5, 7C). In outline, these bilaterally symmet-
rical deposits resemble a figure “8”; they are more massive
ventrally than dorsally (Figs. 5, 7C;). The external surface
of the shell is smooth. The adoral phragmocone fragment
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shows two straight and slightly oblique suture lines spaced
1.8 mm apart (at a corresponding shell diameter 25 mm).
The specimen is accompanied by a small lingulate brachio-
pod and the bellerophontid Tropidodiscus pusillus.

Remarks.—The initial chamber of MWB S 06765 classified
here as Orthoceratida indet. sp. 2 differs from Orthoceratida
indet. sp. 1 in being smaller in dimensions, less ovoid and
less constricted (Figs. 4, 5). Hyposeptal cameral deposits are
present. The only known cephalopod from the Ordovician
of Bohemia comparable in shape and position of deposits is
Orthoceras bonum Barrande, 1867. However, this species was
previously speculated to represent an actinoceratid (Marek
1999; Manda 2008; Evans et al. 2013) or alternatively a pseu-
dorthoceratid (unpublished personal observation of MA and
VT), none of which exhibit the initial chamber morphology
described above in MWB S 06765.

Orthoceratida indet. sp. 3
Fig. 7B.

Material—One specimen (NM L 46565), juvenile shell, from
the locality Praha-Sarka; Sarka Formation, lower and middle
Darriwilian Stage, Middle Ordovician; Czech Republic.
Description.—The specimen is a counterpart of a juvenile
shell with only the adoralmost septum preserved; the initial
chamber is broken off. Total length is 25 mm. Minimum
preserved diameter of the phragmocone is 1.7 mm, the max-
imum diameter is 4.5 mm; the phragmocone is circular in
cross-section. The siphuncle is narrow, 0.7 mm in diameter
(at maximum shell diameter) and central in position. The
phragmocone expands with an angle of 7°. The external
shell surface shows irregular, fine and straight transverse
ornamentation; in the adapical and middle parts of the spec-
imen the ornamentation is accentuated and regularly devel-
oped.

Remarks.—NM L 46565 has an angle of expansion compa-
rable to Orthoceratida indet. sp. 1 but the former must have
had a much smaller initial chamber. In its small size, NM
L 46565 resembles Orthoceratida indet. sp. 2 but the latter
has a lower angle of expansion. Based on the comparisons
to Orthoceratida indet. sp. 2, the initial chamber in NM L
46565 probably did not exceed 1.9 mm in diameter.

Orthoceratida indet. sp. 4
Fig. 6B.

Material —Two specimens (MWB S 06827, 06828), coun-
terparts of juvenile shell parts from the locality Volduchy;
Sérka Formation, lower and middle Darriwilian Stage,
Middle Ordovician; Czech Republic.

Description—MWB S 06827 is a counterpart of the embry-
onic shell including the initial chamber. The length of the
specimen is 3.2 mm. The initial chamber (= first phragmo-
cone chamber) is bean-shaped in median section, 1.8 mm in
diameter. The phragmocone is constricted at a distance of
1.3 mm from the tip of the initial chamber and at 1.5 mm of
shell diameter. This constriction is assumed to correspond to
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the position of the first phragmocone septum; the shape ratio
of the initial chamber is then 0.72 and constriction ratio 0.83.
The phragmocone is circular in cross-section. Longitudinal,
faintly sinuous shell ornamentation; it disappears at the
adoral part of the specimen where it is replaced by slightly
oblique transverse sculpture.

Orthoceratida indet. sp. 5
Fig. 6C.

Material —One specimen (NM L 59872), embryonic shell,
from the locality Malé Ptilepy (50.0124397 N, 14.1148514 E);
Dobrotiva Formation, upper Darriwilian Stage, Middle
Ordovician; Czech Republic.

Description—The specimen is a counterpart of an embry-
onic shell. Total length is 3.3 mm. Shell diameter is 1.8 mm
along the specimen length; no marked constriction is dis-
cernible on the phragmocone. The phragmocone is circular
in cross-section. The external shell surface at its apical part
shows fine longitudinal structures, while in the adoral part,
transverse lirae are observed.

Remarks.—The size and shape of the initial chamber in
NM L 59872 is very similar to that in MWB S 06827
assigned above to Orthoceratida indet. sp. 4. The preser-
vation of both specimens is, however, too fragmentary to
allow more precise comparisons and unequivocal taxo-
nomic classification.

Discussion

Remarks on the early ontogeny in Ordovician orthocer-
atoids.—Previous studies have focused on general patterns
in the embryonic shell size distribution among individual
groups of cephalopods and trends in the morphology of
these shell parts over longer time periods. The size of em-
bryonic shell has been used to estimate egg and hatchling
size (Manda and Fryda 2010). In early Palaeozoic nautiloid
cephalopods, the timing of hatching can be determined using
the criteria that apply in the Recent Nautilus (except for the
nepionic constriction which is not known in early Palaeozoic
cephalopods with certainty; e.g., Mapes and Niitzel 2009;
Turek 2010; Turek and Manda 2016, 2018; Manda and Turek
2019). In contrast, there are varying opinions regarding the
recognition of the hatching phase and the size of embry-
onic shells in orthoceratoid cephalopods. For this purpose,
changes in septal spacing, apical angle and ornamentation
have been used. Previous studies have concluded that ortho-
ceratoid embryonic shells probably consisted of the initial
chamber, one or two phragmocone chambers and the liv-
ing chamber (Zhuravleva 1961; Kolebaba 1973, 1975, 1977,
Engeser 1996). The view assuming a direct ontogenetic de-
velopment of early orthoceratoids is followed by the present
authors, as well. In contrast, Ristedt (1968) and Dzik (1981)
supposed that orthoceratoid embryonic shell had consisted
only from the first, sub-sphaerical chamber, while the adja-
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Fig. 8. Box-plot of diameter of initial chambers of Ordovician orthoceratoid
cephalopods. Data from Ruedemann (1912), Balashov (1957), Evans (2005,
2007), Aubrechtova (2015), Kroger (2006, 2007), and Kroger et al. (2009).

cent cylindrical part of the shell was considered to represent
the larval stage (for details dealing with this interpretation
see Dzik 1981).

With the exception of Bactroceras angustisiphonatum
(Evans 2005) and Orthoceras sp. (Balashov 1957), the late
Early—Middle Ordovician orthoceratoid initial chambers
are relatively large in dimensions (Table 2, Figs. 4, 5, 8);
the morphology of adjacent parts of the shell, including
the living chamber, imply the presence of relatively large
embryonic shells. In contrast to that, Late Ordovician and
especially younger, Silurian, orthoceratoid initial cham-
bers and embryonic shells generally have smaller sizes
(e.g., PocCta 1902, 1907; Schindewolf 1933; Ristedt 1968;
Kiselev 1971; Kolebaba 1973, 1975, 1977, Serpagli and
Gnoli 1977; Gnoli 1998). This apparent shift in the size of
initial chambers and embryonic shells in orthoceratoids
from the Middle Ordovician onwards, have been recorded
previously (Kroger and Mapes 2007; De Baets et al. 2012;
Laptikhovsky et al. 2013, 2018; Klug et al. 2015). It has been
assumed that this reflects the gradual decreasing of egg
and hatchling size and to indicate changes in reproductive
strategies (towards larger amounts of smaller juveniles) and
life modes (towards planktotrophy and pelagic lifestyles)
in orthoceratoids and their descendants, i.e., bactritoids,
ammonoids, and coleoids (e.g., Kroger et al. 2009, 2011b;
Laptikhovsky et al. 2013, 2018; Mapes and Niitzel 2009;
Manda and Fryda 2010; Klug et al. 2015; King and Evans
2019; Fuchs et al. 2020).

However, two Ordovician orthoceratoids, Bactroceras
angustisiphonatum (Evans 2005) and Orthoceras sp. (Bala-
shov 1957) contradict the above trend in being considerably
smaller in dimensions than other Middle Ordovician orthoc-
eratoids (Table 2, Figs. 4, 5, 8). In both taxa, this may reflect
the shell sizes of stratigraphically early orthoceratoids (e.g.,
Evans 2005). Sea-water temperatures have to be taken into
account, as well, and studies on fossil cephalopods have
indicated that the cooling of climates/position in high pa-
laeolatitudes induced an increase in the size of embryonic
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shells. In contrast, warming of climates/position in lower
palaeolatitudes was reportedly accompanied by a decrease
in these sizes (see Laptikhovsky et al. 2013 and references
therein).

Early ontogeny in the Bactroceras.—The only initial
chamber of Bactroceras sandbergeri previously known
was figured by Barrande (1868: pl. 247: 26—28) under the
species Tretoceras parvulum Barrande, 1874 (see Dzik
1981; Evans 2005; Aubrechtova 2015). The initial chamber
is rather different in appearance from initial chambers of
other Ordovician orthoceratoids. Based on the collection
of eleven additional, newly obtained specimens it can be
confirmed that this is not the result of any deformation or
growth anomaly: the initial chamber of B. sandbergeri is
sub-sphaerical (bean-shaped in median section), relatively
large and short and constricted at the first phragmocone
septum. Several well preserved counterparts of initial
chambers (Figs. 2, 3) definitely confirm the absence of a
cicatrix, a systematically and phylogenetically important
feature (Barskov 1963; Engeser 1996; Kroger 2006). These
specimens also indicate that the sculpture of the embry-
onic and early juvenile shell in Bactroceras is smooth but
can also exhibit fine longitudinal (Fig. 2C) or obliquely
transverse striae (Fig. 3A, B). Unfortunately, Barrande’s
original specimen (Barrande 1868) is preserved only as
a corroded internal mould and therefore cannot show the
character of ornamentation or prove the absence of a cica-
trix with certainty.

Two specimens (NM L 10331 and MWB S 06759) pre-
serve the caecum, which is long and tubular, moderately
(MWB S 06759) to strongly (NM L 10331) bent laterally and
inward. It remains close to the shell wall or in close contact
with it throughout its length. The long, inward bent cae-
cum in Bactroceras and also in Archigeisonoceras (Kroger
2006; Figs. 4, 5 herein) may have enhanced buoyancy con-
trol and migration potential of the hatchlings (Kroger et al.
2009; Kroger and Evans 2011).

The morphological variability of the initial chamber of
Bactroceras is low (Fig. 4). The angle of expansion changes
in earliest ontogeny—the shell diameter at the first septum
is slightly larger than that at the second septum. The shell
starts to expand regularly only at about the mid-way be-
tween the second and third septum (NM L 10331, MWB S
06759; Fig. 2A). In some nautiloids (Kolebaba 1973; Manda
and Turek 2019) and bactritoids (Kroger and Mapes 2007)
the change of juvenile shell expansion indicates the hatching
phase. If the same were true for Bactroceras, then its egg
would have been ovoid and c. 3 mm in length.

Another interesting fact is the pronounced difference of
apex morphology between the two species of Bactroceras in
which the early growth stage is known. Besides the contrast-
ing dimensions, the initial shell of B. angustisiphonatum is
ovoid in shape and less constricted than the sub-sphaeri-
cal initial chamber of B. sandbergeri (see Evans 2005 and
Table 2, Figs. 4, 5 herein). Such a difference within a single
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genus has not yet been documented in exocochleate cepha-
lopods. This may call into question the congenerity of the
two species which are otherwise closely similar in other
morphological traits of their shells.

Conclusions

The eighteen specimens studied in this paper significantly
expand the rather sporadic record of the earliest growth
stages of Ordovician orthoceratoids. The initial chamber of
Bactroceras sandbergeri, one of the stratigraphically oldest
known orthoceratoids, is now known in twelve specimens in
total. It is large and very short, sub-sphaerical (bean-shaped
in median section) and constricted at the first phragmocone
septum. The absence of the cicatrix can now be definitely
confirmed. The dimensions of the specimens point to a low
morphological variability in both shape and size of juvenile
growth stages of the species. The caecum (observed in the
type specimen and one additional specimen) is long, tubular
and bent inwards (dorsally). A slight decrease in the an-
gle of expansion of the embryonic shell has been observed
halfway between the second and third suture, or at the third
suture. This may indicate the boundary between embryonic
and post-embryonic stages.

The recently obtained specimen of Bactroceras sp. marks
the first confirmed occurrence of this genus in the upper
Darriwilian Dobrotiva Formation. The specimen thus fills
the gap between verified Middle and Upper Ordovician oc-
currences of Bactroceras in the Prague Basin.

Bactroceras shows a marked intrageneric difference in
the shape and size of initial chamber: in B. angustisipho-
natum the initial chamber is ovoid and 2-2.5 times smaller
compared to that in B. sandbergeri.

Three other orthoceratid specimens described herein
are variable in their embryonic shell sizes. Orthoceratida
indet. sp. 1 with the diameter of 3 mm and height 3.1 mm
is the largest initial chamber known from Ordovician or-
thoceratids. The initial chamber in Orthoceratida indet. sp.
2 is similar in shape to the former species but is one-third
smaller; an adoral septum of the phragmocone shows hy-
poseptal cameral deposits. Orthoceratida indet. sp. 3 differs
from Orthoceratida indet. sp. 2 in the smaller dimensions
of its apical shell part and from MWB S 06765 in having a
higher angle of expansion. Orthoceratida indet. sp. 4 from
the Sarka Formation and Orthoceratida indet. sp. 5 from
the Dobrotiva Formation are very similar in the size and
shape of their initial chambers; their incomplete preserva-
tion, however, hinders the possibility to determine whether
the two specimens represent the same species.

The comparably large-sized cephalopod embryonic
growth stages with voluminous initial chambers described
here from the Darriwilian Stage of Bohemia confirm the
presence of a functional phragmocone (i.e., capable of buoy-
ancy regulation) in phylogenetically early orthoceratoids.
The initial chambers and reconstructed embryonic shells are
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mostly larger than those known from the Late Ordovician
and especially Silurian strata. This may be a reflection of
previously reported shifts in reproductive strategies and
modes of life in early Palacozoic orthoceratoid cephalo-
pods towards gradual decreasing of egg and hatchling sizes,
larger amounts of smaller juveniles, juvenile planktotrophy
and pelagic lifestyles. Additionally, the influence of palae-
oclimatic conditions and sea-water temperatures is implied.
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