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Abstract

The Zelkovice locality, located in the south-western part of the Prague Synform, is well-known for its exceptionally
well-preserved graptolites in black shales. Despite being studied repeatedly by several authors for over 170 years,

no record of conodonts has been found until now. Both conodonts and graptolites are significant biostratigraphic
groups of Paleozoic fossils. However, papers about their co-occurrence are rare. Their occurrence is tied to distinct
lithofacies, which makes direct biozonal correlation difficult. Their partial overlap sheds new light on ecological niches,
resilience, and the palaeoecological conditions of the environment. Determined conodonts belong to cosmopolitan
taxa with a long range, inhabiting the deeper, distal parts of the shelf or continental slope. A total of 10 conodont
species were identified at the same locality, spanning the entire /innaei Biozone. The occurrence of the index

species Distomodus staurognathoides, whose stratigraphic range overlaps with the locally used graptolite linnaei
Biozone and the internationally used guerichii Biozone, is documented. This study also documents rare specimens

of pelagic fauna for the first time and discusses hypothetical parasitism and predation in conodonts and graptolites.
This is the first study to describe the co-occurrence of both groups within the same lithology (black shale)

and stratigraphic level, not only at the Zelkovice site, but also elsewhere in the Silurian of the Prague Synform.
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Introduction

Planktonic graptolites and pelagic conodonts are two
groups of the most-commonly used fossils for the
detailed biostratigraphic subdivision of Paleozoic marine
sediments, particularly in offshore environments. The
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biostratigraphic use is, in most cases, limited by their
occurrence in different facies, because graptolites usually
occur in siliciclastic sediments, whereas conodonts
occur in biogenic sediments. The ‘limits of occurrence’
in different lithofacies are influenced by their potential
for preservation, which depends on their biochemical
composition (e.g., the organic phosphate composition
of conodont elements vs. the polysaccharide associated
with collagen fibres of graptolite tubaria - see Maletz,
2023; Towe & Urbanek, 1972). This reflects their original
preferred niche and lifestyle in the aquatic environment.
Consequently, both conodonts and graptolites are also
good indicators of environmental conditions.

The limits of occurrence, however, were subject to
changes and fluctuations in natural environmental
conditions, including the rise and fall of sea levels,
changes in water temperature, the formation of glaciers
and continents, and changes in the direction and
intensity of ocean currents. Moreover, at present, the
Jlimits of occurrence’ are to some extent emphasised by
the research methodology applied to graptolites and,
primarily, conodonts. Conodonts were first reported by
Pander (1856) and were exclusively described in shales
until the 1940s (Perner, 1894; Schmidt, 1934; Scott,
1934; Ulrich & Bassler, 1926, etc.). However, with the
publication of the work of Ellison & Graves (1941), which
describes conodonts obtained from limestones using
organic acids, there was a significant turn of events. Since
the 1950s, most publications have described conodonts
primarily from limestone facies, although there are
exceptions (Albanesi & Ortega, 2016; Barnes & Williams,
1988; Bergstrom et al., 2017; Loydell et al., 2007, 2009).
Graptolites have been found in various types of rock, but
they are most commonly found in siliciclastic deposits,
particularly in shales. Nevertheless, the most important
information regarding their morphology, which helps
us better understand their astogeny and biological
relationships, is obtained from chemically isolated
3D rhabdosomes from limestones, marls, or clay-rich
sediments (Jarochowska et al., 2013; Maletz, 2017).

Despite the general preference for studying both
groups from different lithofacies and the overall manner
and possibility of their preservation, multiple cases
of co-occurrence of graptolites and conodonts in the
same lithologies do occur and are described in the fossil
record. These cases are not common, but not rare, and
are known from both the Ordovician and Silurian (see
Bergstrom, 1971, 1986; Barnes & Williams, 1988; Ferretti
et al.,, 1998, 2009; Palsson et al.,, 2002; von Bitter et al.,
2007; Loydell et al., 2003, 2007, 2009; Miannik et al., 2011;
Bergstrom et al., 2017; Spiridonov et al., 2017).

However, no publication has yet recorded the
occurrence of conodonts or other fossil faunas
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from the Zelkovice locality, nor has it addressed the
palaeoecological conditions of the environment in
which the black shales of the Litohlavy Formation,
which correspond to the [linnaei Biozone, were
deposited in any depth. Although Strossova et al. (2024)
repeatedly mentioned the presence of conodonts in their
descriptions of layers Z0, Z1, and Z2 (see pp. 6, 7, and
11), this important occurrence has not been confirmed or
discussed in any way.

The main goals of this paper are: (i) to determine
and illustrate conodont elements from the shales of
the Litohlavy Formation; (ii) to discuss and interpret
the occurrence of conodonts in the facies of local
black graptolite shales, as well as the palaeoecological
environmental conditions of the Zelkovice locality
during the deposition of the black shales of the linnaei
Biozone; (iii) to discuss in a lesser extent the common
biostratigraphic overlap of two prominent groups
of Paleozoic organisms, on whose distinct facies
occurrences detailed biostratigraphy in siliciclastic and
biogenic sediments is established.

Finally, the discussion of a hypothetical example
of predation and parasitism on graptolites and their
potential originators is one of the key goals of the paper.

Geological setting and history of research

The Prague Synform is located in the central part of the
Tepla-Barrandian Unit. The central area consists of Silu-
rian and Devonian deposits; the marginal areas are of
Ordovician Period (Fig. 1a, b). The area’s structural and
tectonic development has been described in detail by
several authors, including Havlicek (1981), Havlicek et al.
(1994), Chlupéc¢ et al. (1998), Melichar (2004), Rohlich
(2007), and Vacek and Zak (2017). The Silurian depos-
its in the Prague Synform consist of shale facies that
gradually transition to limestone facies. The deposition
of shales and limestones was accompanied by volcanic
activity (Kifz, 1992; Storch, 2006). Currently, these rocks
are formally divided into five successive formations: the
Zelkovice, Litohlavy, Motol, Kopanina, and Pozary.

The Zelkovice and Litohlavy formations consist of
black silty shales, siliceous shales, clayey shales, silicites,
pale-coloured mudstone and claystone (especially in the
Litohlavy formation), as well as basal mudstones. There
are also exceptional volcanic-carbonate facies containing
shelly fauna (Havlicek & Kriz, 1973; Storch, 2001).
Storch (2023) summarised the precise characteristics of
the individual Silurian formations and their correlation
within graptolite biozones.

The upper part of the Zelkovice Formation and the
lower part of the Litohlavy Formation have been reported
at the studied locality. These formations are characterised
by siliceous shales and black silty shales, as well as black
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Fig. 1 AThe Early Silurian (early Llandovery, base of Telychian-439,8 Ma) palaeogeographical map after Scotese (2014), showing presumed
location of the study area (marked by a star). B Position of Zelkovice locality in Prague Synform, highlighted by an orange point. This locality yielded
the described conodont and graptolite material. Base map provided by 5. Manda.

silicites. The Litohlavy Formation consists of graptolite-
bearing black shales irregularly alternating with pale-col-
oured mudstones; the latter are devoid of graptolites. The
sedgwickii, rastrum, linnaei, and turriculatus biozones are
found in the southern part of the village of Zelkovice.

The boundary between the Aeronian Lituigraptus ras-
trum Biozone and the lower Telychian Rastrites linnaei
Biozone is described within a pale-coloured mudstone
without graptolites.

A basalt sill occurring within it separates the linnaei
Biozone (see Fig. 2; Storch, 2023).

The Zelkovice locality is historically significant for
graptolite research based on unusually favourable
preservational conditions. Barrande (1850), Perner
(1897), and Boucek and Pribyl (1941) were among the first
to describe species from the Rastrites linnaei Biozone
in Zelkovice. Boucek (1953) studied the stratigraphic
position and division of the locality and recognised the
sedgwickii Biozone for the first time. Currently, its upper
part belongs to the Lituigraptus rastrum Biozone (Storch,
2023; Storch & Fryda, 2012), which corresponds to the
Stimulograptus halli Biozone of Loydell (1991, 1992).
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Fig. 2 Stratigraphic-sedimentary chart and biozonation of the key interval at the Zelkovice locality. Modified after Strossové et al. (2024)

and McAdams et al. (2019).

Boucek (1953) divided the linnaei Biozone into the
lower Petalograptus (Parapetalolithus) palmeus and

upper  Petalograptus  (Parapetalolithus)  hispanicus
subzones.  Strossovd  (2024)  recently  studied
Parapetalolithus species, including their juvenile

stages, and discussed the overall composition of the
graptolite community and its fluctuations in a case study
(in Strossova et al., 2024).

The Prague Synform area has been the subject of
geological and palaeontological study since the 18th
Century. Barrande (1850) and Suess (1851) were the
first to describe graptolites from the Prague Basin. A
pioneer in modern graptolite research, Boucek (1933,
1937) focused primarily on the Ordovician and Silurian
sedimentary successions in the same area in the (Boucek,
and Pribyl, 1930)s. The first mention about graptolites
from the Zelkovice locality within the linnaei Biozone
was published by Barrande (1850), followed by Perner
(1897), Boucek (1953), Boucek and Piibyl (1941),
Storch (1994), and, most recently, Strossova (2024)
and Strossovd et al. (2024). The locality is currently
inaccessible, and the most recent material used in this
study was obtained during a research rescue operation
in the summer of 2021 by the first author. Conodonts in
the Prague Synform are important for the stratigraphy of
limestone facies. They are essential for understanding the

alternating sequences of shale and limestone layers from
the Silurian and Devonian periods, where the graptolite
record is either incomplete or entirely absent (see Manda
etal,, 2012, 2019, 2023; Weinerovi et al., 2024).

The first report of conodonts in the Prague Basin
was made by Perner (1894), but this is questionable.
The so-called ,Prioniodus barrandei’ originated from
Barrande’s ,Lapworth Colony‘ near Zdice. This site was
later rediscovered by Boucek (1930); however, he did not
mention the occurrence of any other conodonts. Both
Boucek (1930) and Storch (1994) described a graptolite
community from the ,Lapworth Colony* that corresponds
to the linnaei and crispus biozones in terms of age.
Unfortunately, it is not possible to confirm or rule out the
identification of this conodont. As Tonarova (2008) and
Tonarova et al. (2012) summarised, the deposition of the
type material of P barrandei remains unknown.

Over the last 150 years, several papers about graptolites
have been published from the Zelkovice locality (see,
for example, Barrande, 1850; Perner, 1897; Boucek &
Pribyl, 1943 ; Boucek, 1953; Storch, 1994).

Nevertheless, no paper dealing with conodont elements
from the eponymous locality has been published.
Strossovd et al. (2024) mentioned ,some conodont
elements’ in the descriptions of the study layers for the
first time, but without providing further details.
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Material and methods

The conodonts and graptolites were photographed either
dry or immersed in ethanol using an Olympus SZX16 and
an Olympus SZX10 stereo microscopes fitted with a Canon
EOS 2000D camera at the Institute of Geology of the Acad-
emy of Sciences in Prague, Czech Republic. Figures con-
taining photos and line drawings were created using Adobe
Photoshop and CorelDRAW software. Conodonts are pre-
served embedded in the pelitic matrix of the rock, and only
part of the element are observable, being the rest of the ele-
ment covered.

Graptolites are mostly preserved as flattened silvery
impressions on black shale surfaces, and are rarely par-
tially pyritized and preserved in low relief. The conodonts
and graptolites were collected by the first author (ZS) dur-
ing in situ sampling of the lower Litohlavy Formation at the
Zelkovice sections. The material is currently temporarily
stored at the Institute of Geology, Academy of Sciences of
the Czech Republic in Prague, and will later be deposited in
the collection of Zuzana Strossova (prefix ZAZ) at the Czech
Geological Survey in Prague. The illustrated graptolite speci-
mens and conodont elements with the prefix ‘L’ are from the
collections of the National Museum in Prague (Barrande’s
type material, Perner, Boucek and Pribyl) and are stored at its
Horni Pocernice site in Prague.

All determined conodont taxa are mentioned in Table 1.
Figure 3 shows the deposition of scattered conodont speci-
mens between individual graptolites on the shale surface.
All recognised conodont taxa are illustrated in Figs. 4 and 5.
The key, index species of graptolites are shown in Fig. 6. The
newly documented, rarely preserved accompanying fauna
is illustrated in Fig. 7. All material, which was the subject of
this study, comes exclusively from the Zelkovice locality in
Prague Synform, from black shales of the age linnaei Biozone
in the base of the Litohlavy Formation (see Fig. 2).
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Results
Conodonts
More than 170 conodont elements were discovered on
black shales surfaces of the Litohlavy Formation from
the Zelkovice locality. Of these, 159 of the best preserved
conodonts were selected for this study. In general the state
of preservation is not good, and the determination of many
elements is difficult because they are imbedded in the rock
and, therefore, only partially observable (see Figs. 4 and 5
and appendices 1 and 2). As example, the two platform P1
elements (see Fig. 4, element W) collected are exposed in
lower and in lower-lateral view, respectively, whereas the
main diagnostic features are observable in upper view. We
were able to determine only about a half of the fauna, and
among those only one fourth tentatively at species level,
whereas the rest is left in open nomenclature. The list of taxa
discriminated and their abundance is reported in Table 1.
The large majority of the association is represented by
genera which apparatuses are composed only by coni-
form elements ( Dapsilodus, Panderodus, Pseudooneotodus
and Walliserodus), which represent the 68% of the deter-
mined association. Platforms and ramiforms elements are
less represented and are attributed to genera Aspelundia,
Distomodus, Ozarkodina, and Wurmiella. Distomodus
staurognathoides (Walliser, 1964) is the index species for
the eponymous biozone that spans the upper Aeronian and
lower Telychian (Corradini et al., 2024), and encompass sev-
eral graptolite biozones, including the S. guerichi Biozone
(Melchin et al., 2020) that is equivalent to the local Czech R.
linnaei Biozone (Fig. 6; Storch et al., 2024), to which is attrib-
uted the studied section. The other discriminated taxa has a
longer stratigraphic distribution, that includes the R. linnaei
graptolite Biozone.

Table 1 List of determined conodont taxa and the number of recognized elements of individual elements

Conodont taxa

Aspelundia fluegeli (Walliser, 1964)

Aspelundia sp.

Dapsilodus obliquicostatus (Branson and Mehl, 1933)
Dapsilodus cf. praecipuus Barrick, 1977

Dapsilodus cf. sparsus Barrick, 1977

Dapsilodus sp.

Distomodus staurognathoides (Walliser, 1964)
Distomodus sp.

Ozarkodina sp.

Panderodus cf. recurvatus (Rhodes, 1953)

Panderodus sp.

Pseudooneotodus beckmanni (Bischoff and Sannemann, 1958)
Walliserodus sp.

Wurmiella sp.

no. of elements

12
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Fig. 3 An example of the preservation and size ratio of scattered conodont elements to graptolite rhabdosomes on the surface of black shales (A,
D, E). B, C—Detail of conodont elements and their positions near (or in) the thecae apertures of the graptolites Parapetalolithus ovatus (Barrande,
1850) in figs A, C), specimens no. ZAZ 50 and Metaclimacograptus asejradi Legrand, 1993 (in figs. B, D), specimens no. ZAZ 111. E The conodont
elements are captured in red circles. Conodonts Walliserodus sp. (circle above) and Aspelundia sp. (circle below) are found near the index graptolite
species Spirograptus guerichii (right), sample no. ZAZ 136. All illustrated conodont elements and graptolites originate from the linnaei Biozone,

the lowermost Litohlavy Formation in the Zelkovice locality of the Prague Synform. Scale bars represent 1 mm.
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Fig. 4 Conodont taxa identified from surface of black shales. A Dapsilodus sp., specimen no. ZAZ 122. B Dapsilodus sp., specimen no. ZAZ 123.C
Dapsilodus cf. praecipuus (Barrick, 1977), specimen no. ZAZ 124. D Dapsilodus cf. praecipuus (Barrick, 1977), specimen no. ZAZ 125. E Dapsilodus cf.
sparsus (Barrick, 1977); specimen no. ZAZ 126. F Dapsilodus cf. sparsus (Barrick, 1977); specimen no. ZAZ 127. G Dapsilodus obliquicostatus (Branson
& Mehl, 1933); specimen no. ZAZ 128. H Dapsilodus obliquicostatus (Branson & Mehl, 1933); specimen no. ZAZ 129. 1 Dapsilodus obliquicostatus
(Branson & Mehl, 1933); specimen no. ZAZ 130.J Dapsilodus obliquicostatus (Branson & Mehl, 1933); specimen no. ZAZ 131. K Dapsilodus sp,
specimen no. ZAZ 133. L Distomodus staurognathoides (Walliser, 1964), element S2, specimen no. L 30167 (b). M Pseudooneotodus beckmanni
(Bischoff & Sannemann, 1958), specimen no. L 31470 (b). N Wurmiella sp., specimen no. L 31470 (c). O Aspelundia fluegeli (Walliser, 1964), specimen
no. ZAZ 135. P Panderodus sp., specimen no. L 31624 (c). Q Panderodus cf. recurvatus (Rhodes, 1953) specimen no. ZAZ 132. R Aspelundia sp.,
element SO, specimen no. ZAZ 136. S Aspelundia sp., specimen no. ZAZ 137. T Distomodus staurognathoides (Walliser, 1964), element S2, specimen
no. ZAZ 139. U fragment of Distomodus sp., specimen no. ZAZ 141.V Distomodus staurognathoides (Walliser, 1964), element S2, specimen no. ZAZ
138. W Distomodus staurognathoides (Walliser, 1964), P1 element, specimen no. ZAZ 142. X Distomodus staurognathoides (Walliser, 1964), element
52, specimen no. ZAZ 140. Allillustrated conodont elements originate from the linnaei Biozone, the lowermost Litohlavy Formation in the Zelkovice
locality of the Prague Synform. Elements C and J were photographed using the ethanol, the others without. Scale bars represent 1T mm.

Graptolites

The damaged graptolite rhabdosomes are from material from
the Zelkovice locality, linnaei Biozone age, which includes
a smaller part of the Petr Storch collection (obtained in the
1990s) and a larger part of the Zuzana Strossova collection
(7180 specimens), obtained during the research rescue
operation in the summer of 2021. All the material is stored
in the collections of the Czech Geological Survey, prefix
ZAZ. In total, more than 9500 graptolite specimens were
examined, of which more than 40 showed signs of damage of
rhabodosomes, interpreted as a result of predation.

Broken and folded or partially broken and interrupted
rhabdosomes have been documented in the uniserial grap-
tolites Streptograptus sp. A (14), Stimulograptus becki (16),
Pristiograptus dentatus (4) or Torquigraptus contortus (7)
and many specimens from the genus Rastrites (several
dozen) (see Fig. 8). Especially, in specimens of the genus Ras-
trites, several graptolites have been documented to be broken
or bent and twisted after the 2—4 thecae. Due to the delicate
morphology of the rhabdosome, the possibility cannot be
excluded in some species (e.g Rastrites abbreviatus) that the
interruption of the rhabdosome was caused by the fragility of
the rhabdosome, and not by the external environment.

No specimens of biserial graptolite species have yet
been documented whose rhabdosome disruption could be
attributed to predation.

Discussion

Taphonomical view of black shales from Zelkovice locality,
linnaei Biozone

Boucek and Pribyl (1941), Boucek (1953), Storch
(1994) and Strossova et al. (2024) confirmed that the
sedimentation of the black shales of the Litohlavy
Formation in the linnaei Biozone occurred slowly under
relatively calm conditions. There is no evidence of
turbidites in the black shales derived from distant lands
that have ever been observed or described. Black shales
are more or less locally ferruginous, with alternating
lighter (dysoxic) and darker (anoxic) laminae that are
occasionally visible in cross sections. Cavities are filled

with iron or iron minerals such as limonite and pyrite.
Pyrite occurs as concretions or small crystals, but is
usually found in the form of coatings. Sometimes,
graptolite rhabdosomes are pyritised. Pyrite probably
originated in the early stages of diagenesis, or even prior
to its onset during sedimentation (see Berner, 1984;
Raiswell, 1997). Secondary precipitated pyrite occurs in
the form of pseudomorphs that fill cavities after pyrite
crystals, in coatings, or dispersed. Regularly oriented
rhabdosome graptolites have been observed locally, but
their orientation has never been described within one
formation or layer (Boucek, 1953; Storch, 1994; Strossova
et al., 2024).

Based on the unusual occurrence of benthic fauna
(see Fig. 7, fig. C) and absence of ichnofossils, as well as
the rarity of pelagic taxa (see Fig. 7), we can hypothesise
short-term or seasonal fluctuations in sea level. This the-
ory is supported by previous graptolite data, as well as the
inclusion of the conodont record. The vertical mixing of
oxygenated and non-oxygenated waters close to the sea
bottom (e.g. due to upwelling and downwelling) is not very
probable; however, we may hypothesise a minimal concen-
tration of dissolved oxygen slightly above the sea bed.

This could lead to the formation of pyrite concretions and
crystals, as well as pyritised rhabdosome graptolites, during
the deposition of lighter (dysoxic) laminae of black shales.
This suggests that horizontal transport post-mortem from
the upper portions of the water column, where the cono-
donts and graptolites died, was less significant. Dead organ-
isms (or lost teeth’) gradually sank to the seabed, where
they were destroyed by microbiological activity (mainly soft
tissues), protected from predators and scavengers due to
anoxic conditions.

Conodont elements were observed sporadically on the
surface layers of black shales, but never in large numbers.
Rhabdosomes of graptolites occur both dispersed and in
clusters. Sometimes they are oriented in one direction,
probably due to a current (see Strossovd et al, 2024).
Pyritized rhabdosome graptolites are occasionally found in
the lighter layers of black shale. It was counted between a few
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Fig. 4 (Seelegend on previous page.)

hundred and a few thousand specimens of graptolites on the
surface of the black shales, measuring 1 square metre. The
specimens can be independent individuals or in undestroyed
colonies of different ages (see Strossovd, 2024, and Strossova
et al, 2024). Colonies of rhabdosomes are excellently
preserved as silver-plated impressions. Occasionally, fine,
morphologically significant structures can be seen, such
as the medium septum, fusselar rings and nematularia,
which are typically found in 3D preserved specimens or in

secondary, bleached, weathered shales (see Storch et al,
2024). No impressions of the soft tissues of conodonts or
graptolites were observed. However, some elements occur
close to the graptolite rhabdosome, and some specimens
of graptolites are clearly broken, as discussed below. The
origin of pyrite in sediments and pyritised fossils in black
shales, and their relationship to taphonomic processes, has
been discussed by several authors (Berner, 1984; Feldman,
1989; Diaz & Morse, 1992; Morse & Wang, 1997; Raiswell,
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Fig. 5 Conodont taxa identified from the surface of black shales
and illustrated in their original state. A Aspelundia fluegeli (Walliser,
1964), S2 element, specimen no. L 27530 (b). B Aspelundia fluegeli
(Walliser, 1964), S2 element, specimen no. ZAZ 144. C Aspelundia

sp., S2 element specimen no. ZAZ 145. D Aspelundia sp., S2 element
specimen no. ZAZ 146. E ?Distomodus sp., S2 element, specimens

no. ZAZ 147 and ZAZ 148. F ?Distomodus sp., S2 element, specimens
no. ZAZ 147 and ZAZ 148. G Distomodus staurognathoides (Walliser,
1964), element P1, specimen no. ZAZ 149. All illustrated conodont
elements originate from the /innaei Biozone, the lowermost Litohlavy
Formation in the Zelkovice locality of the Prague Synform. All
elements were photographed without the use of ethanol. Scale bars
represent T mm.
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1997; Raiswell & Canfield, 1998; Borkow & Babcock, 2003;
Schieber, 2003; Liu et al,, 2021; Chang et al., 2022).

If we apply the findings and knowledge from the above
works to the studied level of black shales from the Zelkovice
locality, whose conodont and graptolite communities are
the subject of this study, we cannot avoid comparison with
recent marine euxinic basins, in which black shales are
also deposited. Long-term basinal stratification in surface-
oxygenated waters and deeper anoxic portions of oceans,
where sulfate reduction to sulfide occurs and sulfur is
reduced by bacteria, followed by pyritization, are processes
that are already known from the Paleozoic era under
comparable, perhaps even the same, conditions.

Environment and palaeoecology at the Zelkovice locality
Currently, for the Silurian Period, we generally distinguish
two main graptolite bioprovinces: the Circumequatorial
province and the Rheic-West Gondwana province, as
defined by Melchin (1989) and Sun et al. (2022). The
Prague Synform, the source of the material studied here,
was located in the south-western part of the Rheic-West
Gondwana bioprovincial area (see Fig. 1). In comparison
with previous Ordovician Period, Silurian graptolites
show a lesser degree of a faunal differentiation (see
Melchin et al., 2013, Maletz, 2017 and Storch et al., 2024).

According to Storch (1998), within the peri-Gondwana
European Graptolite Province, three depth-nutrient
graptolite assemblages (in the original ,subfaunas“) can
be recognised in south-western part of the Rhetic-West
Gondwana bioprovince (see Fig. 1a):

(i) A low-diversified graptolite assemblage.
(ii) A moderately diversified subfauna in deeper
environments, still within the shelf and (iii) A rich
graptolite subfauna.

The graptolite fauna of the studied level at the
Zelkovice locality corresponds more to the second
last mentioned graptolite community, inhabiting
the deeper shelf environment. However, rare or
unusual occurrences of the newly documented
fauna correspond to the third, deep-water graptolite
community, with the occurrence of graptolite index
species, where non-graptolite fauna are rare and
significant representatives may be absent.

Similar to graptolites, conodonts also exhibit facies-
lateral division. The previous concept of communi-
ties (see Barnes et al., 1973; Merrill, 1973) was later
replaced by the concept of biofacies (see Corradini
et al, 2024). Based on the conodont community,
we distinguish three general biofacies here: (i) the
major marine shelf biofacies, which has a higher spe-
cies diversity; (ii) the offshore biofacies; and (iii) the
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Fig. 6 Index graptolites species of linnaei Biozone, Parapetalolithus
palmeus (Barrande, 1850) and Parapetalolithus hispanicus (Haberfelner,
1931), dividing the linnaei Biozone into two eponymous subzones;
the lower palmeus Subzone and the upper hispanicus Subzone. A
Parapetalolithus hispanicus (Haberfelner, 1931), specimens no. ZAZ 23.
B Parapetalolithus palmeus (Barrande, 1850), specimens no. ZAZ 12.
Scale bars represent T mm.

deeper water biofacies, which extends along the shelf
margins, slope and basinal settings.

Cosmopolitan species of conodonts are found in offshore
and deep-water biofacies, but the species that are most use-
ful for global correlation are found in the offshore biofacies.
In contrast, species diversity is low and endemic species
occur in the nearshore biofacies. The most diverse conodont
assemblages are found in tropical to subtropical regions, with
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diversity decreasing towards higher latitudes, particularly in
areas affected by glacial activity (Corradini et al., 2024).

The identified conodonts of the studied level belong to
cosmopolitan, long-ranging taxa, occurring mainly in deep-
water environments. However, the use of the concept of
conodont biofacies can be sometimes questionable, because
during the early Silurian (and early Telychian) conodont
diversity was very low globally (see Knell et al. 2012).

However, for example, a comprehensive study by Yan et al,,
(2022) using multivariate statistical analysis recognized two
conodont biofacies within the Pterosphatodus eopennatus
conodont Biozone on the South China Palaeoplate, namely
a deep-water (Dapsilodus-Decoriconus) and a shallow-water
(Apsidognathus-Galerodus) biofacies.

Simultaneously, they provide a detailed description of
the abundance of transitional conodont elements between
these two biofacies. The identified taxa of conodonts at the
Zelkovice locality mainly correspond to the characteristics
of the deep-water community of the Dapsilodus-Decorico-
nus biofacies, after Yan et al. (2022).

In conclusion, the absence of turbidites, landslides, and
traces of storm surges, as well as benthic assemblages,
and the presence of an abundant and diverse community
of graptolites, cosmopolitan conodonts, rare remains
of arthropods, brachiopods and cephalopods, and (see
Fig. 7), together with the data of previous authors, support
the idea of a deeper marine environment, probably
shelfal, with episodic fluctuations in sea level and the
possible movement of the thermocline, as well as an
indeterminately large mass of oxygenated water. This
environment is analogous to today’s euxinic basins.

Graptolites—traces of parasitism, predation

or degeneration?

The topic of predation on planktonic graptolites is
little-studied, but all the more interesting. In the Early
Paleozoic food chain, graptolites were probably the main
representatives of primary consumers and, simultaneously,
a food source for organisms in the higher layers of the
food pyramid. It may be hypothesised that predation on
graptolites was relatively common. However, there remains
a paucity of direct evidence to support this hypothesis.
Each new piece of data on predation is significant progress
(see Underwood, 1993, Bull, 1996, Loydell et al., 1998, or
for a summary see Maletz, 2017).

The research presented herein was focused on new
conodont data and disturbed graptolite rhabdosomes (see
Fig. 8). The nature of the observed damage or ,injury”
bears a resemblance to post-predation attacks, as previ-
ously described by Loydell et al. (1998). It is imperative
to note that significant disruption to the rhabdosome
must have originated in the water column, prior to the
colony’s descent to the seabed. This is predicated on the
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Fig. 7 Overview of the fauna recorded from the Zelkovice locality, linnaei Biozone. A Remain of metasoma part from an Arthropod representative,
probably of the order Eurypterida or Chasmataspidida, specimen no. ZAZ 150. B Part of representative by the Cephalopoda group, specimen no. ZAZ
151. CThe acrotretid microbrachiopod Opsiconidion sp., brachial valve, specimen no. ZAZ 152. D Fragment of Distomodus sp., conodont, specimen
no. ZAZ 141. E Torquigraptus contortus, representatives of planktonic graptolites, specimen no. ZAZ 153. Scale bars represent 1 mm.

premise that the absence of subsequent effects from scav-
engers is indicative of an absence of bioturbation caused
by anoxic and dysoxic conditions. Significantly damaged,
attacked graptolites (broken or folded rhabdosomes—see
Fig. 8, B—G) are not preserved in the so—called ,dense,
ovoid masses, and apparently not even faecal pellets sensu
Loydell et al. (1998). It is important to note that only unise-
rial graptolites with this type of rhabdosome damage have
been found so far at the Zelkovice locality.

There are three hypothetical explanations for broken
damagedd rhabdosomes (see Fig. 8): (i) parasitism—activ-
ity of some microorganisms would literally decompose
damaged areas in rhabdosome or parasitic microorgan-
isms that sucked zooids would intensively break the rhab-
dosome. This hypothetical explanation is not very probable
because we have not any supporting evidence.

(ii) predation—the graptolite was attacked by an
hypothetical predator, which ,tasted rhabdosome and
graptolite zooids. Rhabdosome would be significantly
damaged (see details in Figure 8 and frames C-E) in this
case. Shortly after, the hypothetical predator probably left
graptolite colony before ingestion of graptolite rhabsome.
Similar examples are discussed by Underwood (1993) and
Loydell et al. (1998).

(ili) degeneration—the rhabdosome was broken/frac-
tured without external influence, due to the age of the
colony. However, the longest documented graptolite col-
onies reached a diameter of about 50 cm and a length of
up to 145 cm (Boucek, 1957; Loydell & Loveridge, 2001;
Maletz, 2017) and the topic of unfinished growth in some
graptolite species is still open (Maletz, 2017). Illustrated
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Fig. 8 Traces of injury and probable predation on graptolites rhabdosomes, caused by an unknown (?) predator. A Accumulation of broken
parts of graptolite rhabdosomes, both monograptid (Stimulograptus, Streptograptus and Spirograptus) and biserial types (Glyptograptus), no. ZAZ
154. Occurrences of these accumulations on shales surfaces were not rare. B Mature specimen of Pristiograptus pristinus Pribyl, (Pander 1940), no.
ZAZ 155, with several broken, but unseparated parts of the rhabdosome, highlighted by white circles and re-illustrated at higher magnification
in C, D, E. These injuries were probably caused by an unknown predator, possibly a member of the Arthropod family. C, D, E Details of injuries
and broken and twisted parts of the rhabdosome by Pristiograptus pristinus Pribyl, 1940, no. ZAZ 155. F Specimen by Streptograptus sp., no. ZAZ
156, with a partially broken rhabdosome. G Mature specimen of Torquigraptus contortus (Perner, 1897), no. ZAZ 157, with a broken and twisted
rhabdosome. All illustrated specimens originate from the linnaei Biozone, Litohlavy Formation, location Zelkovice. Scale bars represent 1 mm.
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specimens of the genera Pristiograptus and Streptograptus
do not reach such dimensions (see Figure 8 and scale).

Disruption-damage of rhabdosome is usually explained
(Loydell et al., 1998; Maletz, 2017, 2023; Underwood,
1993) by an attack by predators but such examples of
predation of graptolites are very rare.

The following text aims to provide a concise summary of
the key points discussed. This study posits that predation, a
phenomenon that occurs infrequently among graptolites,
serves as the most probable explanation for the observed
disruption of rhabdosomes. The identity of the hypothetical
predator remains unknown.

The most probable hypothesis is that the unknown
predator can belong to the Arthropoda based on the type
of disruption and "abnormal cutting” of rhabdosomes of
Streptograptus, Stimulograptus or Rastrites specimens after
a few thecae (see Fig. 8, A). In this study, we present a new
set of specimens (see Fig. 8) from the same geographical
location and stratigraphic level.

Conodont elements have been frequently discovered in
close proximity to the apertures of rhabdosomal graptolite
thecae (see Fig. 3, frames A-D). This phenomenon can be
explained by the predatory or parasitic relationship between
conodonts and graptolites. As stated by Underwood (1993),
the concept was initially proposed as being highly probable,
albeit with the caveat that there was an absence of direct
evidence to support this assertion.

However, if we take into account the relationship of
conodonts to vertebrates (Aldridge et al, 1995; Purnell,
1995) and lampreys living today (class Cephalaspidomorphi),
whose model organism is Petromyzon marinus, it is not
difficult to apply the principle of actualism by analogy.

Petromyzon marinus feeds on fishes as adults, sucking
their blood and gnawing their flesh. The protective shell of
graptolites, the so-called rhabdosome, was probably not
attractive to conodonts and other predators (Bates & Kirk,
1986). However, the "soft" zooids essentially offer their
nutritional value. In the context of the recent observations
of lampreys parasitically sucking blood from fishes, it
is pertinent to consider the potential of conodonts to
similarly suck zooids from the rhabdosome of graptolites.
A comparison of the feeding apparatus of extant lampreys
and extinct conodonts reveals a high degree of similarity
in their structural design (Aldridge et al.,, 1995; Yokoyama
et al, 2020). Furthermore, in the upper layers of the water
column, which were oxygen-depleted, a sufficient source of
sustenance was a limiting factor for all organisms, including
conodonts.

The presence of a possible low-energy source of nutrients
was a pervasive phenomenon, characterised by its substan-
tial abundance, which likely attracted certain predators.

Underwood (1993) described damaged specimens of
Silurian monograptids in detail and discussed hypothetical
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modes of predation on graptolites including their potential
originators. He distinguished and demonstrated three main
modes of attack and damage of graptolites: absorption,
crunching and plucking. The third possibility, i.e., the damage
to the rhabdomosome thecae, it may even be impossible to
demonstrate this in the fossil record. Concurrently, the third
possibility of predation may corroborate the hypotheses
of Underwood (1993) and Storch et al. (2014), and others,
who proposed variations of thecae and thecae apertures,
the occurrence of dorso-ventral spines, and substantial
narrowing of the apertures in Silurian uniserial graptolites
as a specialized defences against attacks on graptolite zooids.
Maletz (2017) noted that this explanation, unfortunately
remains speculative, as ,the gradational change of thecal
styles along the stipes in many monograptids (e.g., ,biform"
monograptids: Hutt, 1974) may suggest a connection to the
lifestyle and feeding mechanism of the graptolites.” However,
findings from previous works and this study are more
inclined to follow Underwood (1993) or Storch et al. (2014).
Predation has been observed in uniserial graptolites with
shorter and more open thecae (see Fig. 8).

Interestingly, no case of predation has been observed in
biserial taxa (e.g. genera Parapetalolithus and Glyptograptus)
from the Zelkovice locality. The explanation could be simple.
Biserial graptolites (especially the genus Parapetalolithus, see
Strossovd, 2024) had relatively longer and narrower thecae
and thecal apertures. If graptolite zooids were capable of
retraction, they may have retracted ,deep” into the theca
and thus were better protected from attack. Similarly, the
biform monograptids discussed by Hutt (1974) may have
been specialized. However, this does not explain attacks
on biserial graptolites, illustrated by Underwood (1993).
Simultaneously, it may be a reason why we still have no
have direct evidence in the fossil record concerns feeding
interaction between graptolites and conodonts.

Finally, Lidgard (2008) described predation of bryozoans
by small predators that attack individual bryozoan zooids.
According to Maletz (2017), it would be difficult to compare
and imagine this situation in planktonic graptolites within
the water column. He wrote, “because one would have to
expect that another planktonic or nectic organism would
feed on them (graptolites)”” Nevertheless, conodonts were
probably capable of coordinated, active movement (see
Briggs et al., 1983).

Suggested predation remains speculative till the time when
somebody provides direct evidence from the fossil record of
conodont predation/parasitism on graptolites.

The overlap of conodont and graptolite biofacies, their
stratigraphic use, and their potential

If we want to correlate the graptolite and conodont
biozones in the Silurian as accurately as possible, we have
to take into account the influence of several factors.
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Firstly, graptolite and conodont biozones are found
in different lithofacies, reflecting their original niches
(biofacies). This leads to significant differences in the
abundance and diversity of conodont and graptolite taxa.
In an environment less favorable for the given group, only
the most resistant taxa will survive in the long term, which
are usually very few species, but will show a relatively
high abundance. In such environments, monospecific
assemblages are formed (Corradini et al., 2024; Maletz,
2017). These monospecific assemblages can survive not
only locally but also globally if unfavourable conditions
persist. The “proven” morphology of these long-lived taxa
remains unchanged (see Maletz, 2017; Voldman et al,
2017).

Secondly, global climate change influences the
distribution of carbonate platform platform facies and
black shale facies, which has a direct impact on conodont
and graptolite occurrence. The diversity of conodonts
varies repeatedly from the Cambrian to the Triassic,
reflecting global environmental changes. Sometimes
diversity increased (e.g. in the Ordovician and Devonian
periods), while at other times it decreased rapidly (e.g. in
the first half of the Silurian and the early Carboniferous;
see Knell et al.,, 2012; Goldman et al., 2020; Corradini et al.,
2024).

However, the main problem of Silurian biostratigraphy
is the correlation of the graptolite and conodont
zonation schemes, due to the very rare localities where
the two groups co-exist. Due to taphonomic and
palaeonvironmental factors, graptolites are abundant in
pelitic facies, and very rarely preserved in limestones.
Oppositely, conodonts are well preserved and abundant
in calcareous facies, whereas they are rarely reported
from black shales. It results that the correlation of the
two schemes is mainly based on the few localities where
limestone and black shales alternate in the sedimentary
record (e.g., Corradini et al., 2015; Manda et al., 2023).

It is important to note that, in the stratigraphically older
and younger layers of black shales from the same locality
belong to the sedgwickii and turriculatus biozones, there
is still no mention yet or published evidence of other
conodonts occurring alongside graptolites.

The collection from Zelkovice contains both graptolites
and conodonts, and confirms the precise correlation
between the S. guerichi graptolite Biozone and the D.
staurognathoides conodont Biozone. It results that the
studied section is among the few others Silurian localities in
the world where conodonts and graptolites co-occur in the
same beds, as, for example, Dob‘s Linn (Scotland; Barnes &
Williams, 1988), El Kachla (Morocco, Minnik et al., 2011),
Fluminimaggiore (SW Sardinia, Italy; Corradini et al., 2009;
Ferretti et al., 1998, 2009), Corral de Calatrava (central Spain;
Loydell et al.,, 2009) and Latvia (Loydell et al., 2003, 2010).
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Conclusions

1. Ten conodont taxa are documented for the first
time from the Zelkovice locality. These are also the
first conodonts from black shales at this level in
the Prague Synform, and the first reliably verified
conodonts in Silurian black shales in the Prague
Synform. In addition to conodonts, fossil remains
of arthropods, cephalopods and brachiopods were
recorded and illustrated for the first time.

2. Coniform conodonts represent the majority of the
association, mainly represented by genera Dapsilodus
and Panderodus. However, due to the preservation on
bedding plane, only a minor part of the association can
be determined at least at genus level, and about 15% at
specificic level.

3. The presence of the zonal index conodont species
Distomodus staurognathoides, allows to attribute the
section to the eponymous D. staurognathoides Biozone,
in good agreement with the age already established
on the basis of the graptolite fauna: in fact the D.
staurognathoides Biozone encompass several graptolite
zones of latest Aeronian and early Telychian age,
including the Rastrites linnaei Biozone.

4. The graptolite community at this site corresponds to a
deep-water or deeper shelf environment. Other data
(e.g. the absence of benthos, turbidites and storm surges)
confirm this idea.

5. The overlap of conodont and graptolite indicates
fluctuations in the sea level and may confirm the
existence of a vast, oxygenated body of water between
the anoxic seabed and the surface of the sea. This
allowed pelagic fauna to be present and to migrate. Thus,
anoxic conditions could not have occurred across the
entire water column up to the sea surface.

6. Available specimens and the overlap of conodonts
and graptolites suggest hypothetical parasitic-
predatory relationships between them, which
could have occurred precisely due to their overlap
of facies. However, direct evidence is lacking and
this idea remains untested.

7. Finally, new examples of hypothetical predation
on graptolites from the same locality and else-
where in the Prague Basin have been documented.
The type of predator is far from certain. However,
the way in which the rhabdosome of the grap-
tolites was interrupted (broken) suggests that the
predators may have belonged to an arthropod

group.
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Appendix 1
See Fig. 9.

Fig. 9 Conodont taxa identified from surface of black shales and illustrated in their original state, illustrated in Fig. 3. A Dapsilodus cf. sparsus
(Barrick, 1977); specimen no. ZAZ 126. B Dapsilodus cf. praecipuus (Barrick, 1977), specimen no. ZAZ 124. C Dapsilodus cf. praecipuus (Barrick, 1977),
specimen no. ZAZ 125. D Dapsilodus cf. sparsus (Barrick, 1977); specimen no. ZAZ 127. E Dapsilodus sp, specimen no. ZAZ 133. F Dapsilodus sp.,
specimen no. ZAZ 122. G Dapsilodus sp., specimen no. ZAZ 123. H Aspelundia sp., element S0, specimen no. ZAZ 136. | Aspelundia fluegeli (Walliser,
1964), specimen no. ZAZ 135. J fragment of Distomodus sp., specimen no. ZAZ 141. K Dapsilodus obliquicostatus (Branson & Mehl, 1933); specimen
no. ZAZ 128. L Dapsilodus obliquicostatus (Branson & Mehl, 1933); specimen no. L 31624 (b). M Dapsilodus obliquicostatus (Branson & Mehl, 1933);
specimen no. ZAZ 129. N Dapsilodus obliquicostatus (Branson & Mehl, 1933); specimen no. ZAZ 131. All illustrated conodont elements originate
from the linnaei Biozone, the lowermost Litohlavy Formation in the Zelkovice locality of the Prague Synform. Scale bars represent 1 mm
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Appendix 2
See Fig. 10.

Fig. 10 Conodont taxa identified from surface of black shales and illustrated in their original state, illustrated in Fig. 3—continued. A Distomodus
staurognathoides (Walliser, 1964), element S2, specimen no. L 30167 (b). B Pseudooneotodus beckmanni (Bischoff & Sannemann, 1958), specimen
no. L31470 (b). C Wurmiella sp., specimen no. L 31470 (c). D Panderodus cf. recurvatus (Rhodes, 1953) specimen no. ZAZ 132. E Panderodus sp.,
specimen no. L 31624 (c). F Distomodus staurognathoides (Walliser, 1964), element S2, specimen no. ZAZ 139. G Aspelundia sp., specimen no. ZAZ
137. H Distomodus staurognathoides (Walliser, 1964), SO element, specimen no. ZAZ 134. | Distomodus staurognathoides (Walliser, 1964), P1 element,
specimen no. ZAZ 142. ) Distomodus staurognathoides (Walliser, 1964), element S2, specimen no. ZAZ 138. K Distomodus staurognathoides (Walliser,
1964), element S2, specimen no. ZAZ 140. All illustrated conodont elements originate from the linnaei Biozone, the lowermost Litohlavy Formation
in the Zelkovice locality of the Prague Synform. Scale bars represent 1 mm



The first documented co-occurrence of conodonts and graptolites in Silurian

Acknowledgements

ZS would like to thank colleagues P. Tonarové and L. Slavik for their advice and
opinions at the beginning of this article’s creation. She would like to express
her gratitude to colleagues Martina Koc¢ova Veselska and Ji Bek for their
professional help, unceasing support, and lots of valuable advice. She also
likes thank Martin Valent from the National Museum for his help in finding
the graptolite type specimens. Many thanks also go to S. Radzevic¢ius and one
anonymous reviewer for their insightful comments and suggestions on the
earlier version of the paper.

Author contributions

7S, C.C.and M.G.C. collaborated on the research’s conceptualization and
investigation. Z.S. dealt with the graptolite material and partly the conodont
material, and C.C. with M.G.C. analysed and determined the conodont
material. Z.S. and C.C. worked jointly on the original draft preparation. ZS
worked on visualization of manuscript.

Funding

The research was supported by a study scholarship at Charles University
allocated to ZS. This manuscript also contributes to Czech Science Foundation
project GA 20-23363S, and research plan RVO 67985831 of the Institute of
Geology of the Czech Academy of Sciences. This research was performed
within the framework and with the financial support of the European
Community—Next Generation EU, Italian Ministry of University and Research,
CUP J53D23002950006, PRIN 2022 Project n. 2022ZH5RWP “DEEP PAST" (CC
and MGQ).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 17 August 2025 Accepted: 31 October 2025
Published online: 28 December 2025

References

Albanesi, G. L, & Ortega, G. (2016). Conodont and graptolite biostratigraphy
of the Ordovician System of Argentina. In Stratigraphy & timescales
(Vol. 1, pp. 61-121). Academic Press.

Aldridge, R. J,, Purnell, M. A, Gabbott, S. E, & Theron, J. N. (1995). The apparatus
architecture and function of Promissum pulchrum Kovacs-Endrody
(Conodonta, Upper Ordovician) and the prioniodontid plan. Philosophi-
cal Transactions of the Royal Society of London. Series b, Biological Sciences,
347(1321), 275-291. https://doi.org/10.1098/rstb.1995.0027

Barnes, C. R, Rexroad, C. B, & Miller, J. F. (1973). Lower Paleozoic provincialism.
In F. H.T. Rhodes (Ed.), Conodont paleozoology (pp. 156-190). Geological
Society of America.

Barnes, C. R, & Williams, S. H. (1988). Conodonts from the Ordovician-Silu-
rian boundary stratotype, Dob’s Linn, Scotland. Bulletin of the British
Museum, Natural History. Geology, 43, 31-39.

Barrande, J. (1850). Graptolites de Bohéme. Extrait du Systéme Silurien du
centre de la Bohéme. Chez l'auteur, Prague. vi +74 pp., 4 pl. Imprimerie
et papier de Théophile Haase Fils.

Barrick, J. E. (1977). Multielement simple-cone conodonts from the Clarita
Formation (Silurian), Arbuckle Mountains, Oklahoma. Geologica Et
Palaeontologica, 11,47-68.

Bates, D. E. B, & Kirk, N. H. (1986). Graptolites, a fossil case-history of evolution
from sessile, colonial animals to automobile superindividuals. Proceed-
ings of the Royal Society of London. Series B, Biological Sciences, 228(1251),
207-224.

Page170f19 79

Bergstrom, S. M., Wang, Z., & Goldman, D. (2017). Relations between Darriwil-
jan and Sandbian conodont and graptolite biozones. In Darriwilian to
Katian (Ordovician) graptolites from northwest China (pp. 39-78). Elsevier.

Bergstrom, S. M. (1971). Correlation of the North Atlantic Middle and Upper
Ordovician conodont zonation with the graptolite succession. Mem-
oires Du Bureau De Recherches Geologiques Et Minieres. Paris, 73,177.

Bergstrom, S. M. (1986). Biostratigraphic integration of Ordovician graptolite
and conodont zones—a regional review. Geological Society, London,
Special Publications, 20(1), 61-78.

Berner, R. A. (1984). Sedimentary pyrite formation: An update. Geochimica Et
Cosmochimica Acta, 48(4), 605-615.

Bischoff, G., & Sannemann, D. (1958). Unterdevonische Conodonten aus dem
Frankenwald. Notizblatt des Hessischen Landesamtes Fiir Bodenforschung
Zu Wiesbaden, 86, 87-110.

Borkow, P.S., & Babcock, L. E. (2003). Turning pyrite concretions outside-in: Role
of biofilms in pyritization of fossils. The Sedimentary Record, 1(3), 4-7.

Boucek, B. (1930). O stratigrafickych pomérech pasma ea "kolonie Lapworth”u
Zdic. Casopis Ndrodniho Muzea, 104, 88-97.

Boucek, B. (1933). Prispévek k poznani graptolitl pasma komarovského (d) a
sareckého (d 1) ceského ordoviku. Véstnik Stdtniho Geologického Ustavu
Ceskoslovenské Republiky, 9, 145-154.

Boucek, B. (1937). Graptolitova fauna ¢eského spodniho ludlowu. Rozpravy
Ceské Akademie \éd a Uméni, Trida Il, 46(16), 1-26.

Boucek, B. (1953). Biostratigraphy, development and correlation of the
Zelkovice and Motol Beds of the Silurian of Bohemia. Sbornik Ustfedniho
Ustavu Geologického, Oddil Paleontologicky, 20, 421-484.

Boucek, B. (1957). The dendroid graptolites of the Silurian of Bohemia.
Rozpravy Usttedniho Ustavu Geologického, 23, 1-294.

Boucek, B., & Pribyl, A. (1941). O rodu Petalolithus Suess z ¢eského siluru.
Rozpravy Ceské Akademie Véd a Uméni, Trida 2, 51(11), 1-22.

Boucek, B, & Pribyl, A. (1943). Uber bshmische Monograpten aus der Untergat-
tung Streptograptus Yin. Mitteilungen der Akademie der Wissenschaften
der Tschechischen Republik, 52, 1-23.

Branson, E. B, & Mehl, M. G. (1933). Conodonts from the Bainbridge (Silurian) of
Missouri. University of Missouri Studies, 8, 39-53.

Briggs, D. E. G, Clarkson, E. N. K, & Aldridge, R. J. (1983). The conodont animal.
Lethaia, 16(1), 1-14. https://doi.org/10.1111/].1502-3931.1983.tb01993 x

Bull, E. E. (1996). Implications of normal and abnormal growth structures in a
Scottish Silurian dendroid graptolite. Palaeontology, 39(1), 219-240.

Chang, J, Li,Y, & Lu, H. (2022). The morphological characteristics of authigenic
pyrite formed in marine sediments. Journal of Marine Science and
Engineering, 10(10), 1533.

Chlupéc, I, Havlicek, V, KFiz, J, Kukal, Z. & Storch, P. (1998). Palaeozoic of the Bar-
randian (Cambrian to Devonian). Czech Geological Survey, Prague.

Corradini, C, Henderson, C,, Barrick, J. E, & Ferretti, A. (2024). Conodonts in
Biostratigraphy. A 300-million-years s time. Newsletters on Stratigraphy.
https://doi.org/10.1127/nos/0822

Corradini, C, Corriga, M. G, Ferretti, A, & Leone, F. (2009). The Silurian of the
Foreland Zone (southwestern Sardinia). Rendiconti della Societa Paleon-
tologica ltaliana, 3, 51-56.

Corradini, C, Corriga, M. G,, Mannik, P, & Schonlaub, H. P. (2015). Revised cono-
dont stratigraphy of the Cellon section (Silurian, Carnic Alps). Lethaia,
48(1), 56-71. https://doi.org/10.1111/let.12087

Elison, S. P, & Graves, R.W. (1941). Lower Pennsylvanian (Dimple limestone)
conodonts of the Marathon region, Texas. School of Mines and Metal-
lurgy, Technical Series, 14, 1-22.

Feldman, H. R. (1989). Taphonomic processes in the Waldron shale, Silurian,
southern Indiana. Palaios, 4, 144-156.

Ferretti, A, Corradini, C, & Serpagli, E. (1998). Wenlock-Ludlow conodonts from
Perd’e Fogu (Fluminimaggiore). Giornale di Geologia, 60(Special Issue),
156-167.

Ferretti, A, Storch, P, & Corradini, C. (2009). The silurian of Sardinia: Facies
development and palaeoecology. Rendiconti della Societa Paleonto-
logica Italiana, 3, 57-66.

Goldman, D, Sadler, P. M, Leslie, S. A, Melchin, M. J, Agterberg, F. P, & Grad-
stein, F. M. (2020). The Ordovician Period. Geologic time scale 2020 (pp.
631-694). Elsevier. https://doi.org/10.1016/b978-0-12-824360-2.00020-6

Haberfelner, E. (1931). Graptolithen aus dem Obersilur der Karnischen Alpen.

. Hochwipfel Nordseite. Sitzungsberichte, Osterreichische Akademie
der Wissenschaften, Wien, Mathematisch-Naturwissenschaftliche Klasse,
Abteilung, 140(1), 89-168.


https://doi.org/10.1098/rstb.1995.0027
https://doi.org/10.1111/j.1502-3931.1983.tb01993.x
https://doi.org/10.1127/nos/0822
https://doi.org/10.1111/let.12087
https://doi.org/10.1016/b978-0-12-824360-2.00020-6

79 Page 18 of 19

Havlicek, V. (1981). Development of a linear sedimentary depression exempli-
fied by the Prague Basin (Ordovician-Middle Devonian; Barrandian
area—central Bohemia). Sbornik Geologickych Véd, Geologie, 35, 7-48.

Havlicek, V., & KFiz, J. (1973). Svrchni llandover a spodni devon u Hyskova (Bar-
randien). V&stnik Ustredniho Ustavu Geologického, 48, 103-107.

Havlicek, V., Vanék, J., & Fatka, O. (1994). Perunica microcontinent in the Ordovi-
cian (its position within the Medi-terranean Province, series division,
benthic and pelagic communities). Sbornik Geologickych Véd, Geologie,
46,23-56.

Huerta-Diaz, M. A, & Morse, J. W. (1992). Pyritization of trace metals in anoxic
marine sediments. Geochimica Et Cosmochimica Acta, 56(7), 2681-2702.

Hutt, J. E. (1974). A new group of Llandovery biform monograptids. Special
Papers in Palaeontology, 13, 189-203.

Jarochowska, E., Tonarovd, P, Munnecke, A, Ferrova, L., Vodrazkova, S., & Nor-
dbayern, G. (2013). An acid-free method of microfossil extraction from
clay-rich, lithologies using the surfactant Rewoquat. Palaeontologia
Electronica, 16, 16.3.7T, 16. https://doi.org/10.26879/382.

Knell, S. J. (2012). The great fossil enigma: The search for the conodont animal.
Indiana University Press.

K¥iz, J. (1992). Silurian field excursions: Prague Basin (Barrandian), Bohemia.
National Museum Wales, Geological Series, 13, 1-111.

Lidgard, S. (2008). Predation on marine bryozoan colonies: Taxa, traits and
trophic groups. Marine Ecology Progress Series, 359, 117-131.

Liu, J, Antler, G, Pellerin, A, 1zon, G., Dohrmann, I, Findlay, A. J,, Ray, H., Shuhei,
O. S, Turchyn, AV, Kasten, S., & Jargensen, B. B. (2021). Isotopically
“heavy” pyrite in marine sediments due to high sedimentation rates
and non-steady-state deposition. Geology, 49(7), 816-821.

Loydell, D. K. (1991). The biostratigraphy and formational relationships of the
upper Aeronian and lower Telychian (Llandovery, Silurian) formations of
western mid-Wales. Geological Journal, 26(3), 209-244.

Loydell, D. K. (1992). Upper Aeronian and lower Telychian (Llandovery) grap-
tolites from western mid-Wales. Monographs of the Palaeontographical
Society, 147(592), 55-164. https://doi.org/10.1080/25761900.2022.12131
772

Loydell, D. K, Kleffner, M. A, Mullins, G. L., Butcher, A, Matteson, D. K., & Ebert, J.
R. (2007). The lower Williamson Shale (Silurian) of New York: A biostrati-
graphical enigma. Geological Magazine, 144(2), 225-234.

Loydell, D. K, & Loveridge, R. F. (2001). The world’s longest graptolite? Geologi-
cal Journal, 36, 55-57.

Loydell, D. K, Mannik, P, & Nestor, V. (2003). Integrated biostratigraphy of the
lower Silurian of the Aizpute-41 core, Latvia. Geological Magazine,
140(2), 205-229. https://doi.org/10.1017/S0016756802007264

Loydell, D. K, Nestor, V., & Mannik, P. (2010). Integrated biostratigraphy of the
lower Silurian of the Kolka-54 core, Latvia. Geological Magazine, 147(2),
253-280. https://doi.org/10.1017/50016756809990574

Loydell, D. K, Sarmiento, G. N, Storch, P, & Gutiérrez-Marco, J. C. (2009).
Graptolite and conodont biostratigraphy of the upper Telychian-lower
Sheinwoodian (Llandovery-Wenlock) strata, Jabalén River section, Cor-
ral de Calatrava, central Spain. Geological Magazine, 146(2), 187-198.

Loydell, D. K, Zalasiewicz, J., & Cave, R. (1998). Predation on graptoloids: New
evidence from the Silurian of Wales. Palaeontology, 41(3), 423-427.

Maletz, J. (2017). Graptolite paleobiology. Wiley Blackwell.

Maletz, J. (2023). Graptolites—survival in the palaeozoic seas. Historical Biology,
36(9), 1804-1814.

Manda, S, Slavik, L, Storch, P, Tasaryova, Z., & Cép, P. (2023). Division of Pridolf
series in Central Bohemia: Graptolite and conodont biostratigraphy,
faunal changes, and geochemical record. Newsletters on Stratigraphy,
56,89-123.

Manda, S, Storch, P, Fryda, J, Slavik, L., & Tasaryovéd, Z. (2019). The mid-Homer-
ian (Silurian) biotic crisis in offshore settings of the Prague Synform,
Czech Republic: Integration of the graptolite fossil record with
conodonts, shelly fauna and carbon isotope data. Palaeogeography,
Palaeoclimatology, Palaeoecology, 528, 14-34.

Manda, S, Storch, P, Slavik, L, Fryda, J, K¥iz, J, & Tasaryova, Z. (2012). The
graptolite, conodont and sedimentary record through the late Ludlow
Kozlowskii event (Silurian) in the shale-dominated succession of Bohe-
mia. Geological Magazine, 149(3), 507-531.

Z.Strossova et al.

Mannik, P, Loydell, D. K., & Lubeseder, S. (2011). Sheinwoodian (Silurian)
conodonts and graptolites from NE Anti-Atlas, Morocco. Lethaia, 44(4),
410-416.

McAdams, N. E. B, Cramer, B. D,, Bancroft, A. M., Melchin, M. J, Devera, J. A, &
Day, J. E. (2019). Integrated &13Ccarb, conodont, and graptolite bio-
chemostratigraphy of the Silurian from the lllinois Basin and stratigraphic
revision of the Bainbridge Group. Geological Society of America Bulletin,
131,335-352. https://doi.org/10.1130/B32033.1

Melchin, M. J,, Sadler, P. M., & Cramer, B. D. (2020). The Silurian period. Geologic
time scale 2020, 695-732. Elsevier.

Melchin, M. J. (1989). Llandovery graptolite biostratigraphy and paleobioge-
ography, Cape Phillips Formation, Canadian Arctic Islands. Canadian
Journal of Earth Sciences, 26(9), 1726-1746.

Melchin, M. J,, Mitchell, C. E, Holmden, C.,, & Storch, P. (2013). Environmental
changes in the Late Ordovician—early Silurian: Review and new insights
from black shales and nitrogen isotopes. Geological Society of America
Bulletin, 125(11-12), 1635-1670. https://doi.org/10.1130/B30812.1

Melichar, R. (2004). Tectonics of the Prague Synform: A hundred years of scien-
tific discussion. Krystalinikum, 30, 167-187.

Merrill, G. M. (1973). Pennsylvanian conodont paleoecology. Geological Society
of America Special Paper, 141,239-274.

Morse, J. W.,, &Wang, Q. (1997). Pyrite formation under conditions approximat-
ing those in anoxic sediments: II. Influence of precursor iron minerals
and organic matter. Marine Chemistry, 57(3-4), 187-193.

Palsson, C., Mansson, K., & Bergstrom, S. M. (2002). Biostratigraphical and
palaeoecological significance of graptolites, trilobites and conodonts in
the Middle-Upper Ordovician Andersé Shale: An unusual ‘mixed facies’
deposit in Jamtland, central Sweden. Transactions of the Royal Society of
Edinburgh: Earth Sciences, 93(1), 35-57.

Pander, C. H. (1856). Monographie der fossilen fische des silurischen systems
des Russisch-baltischen gouvernements. Buchdruckerei der Kaiserlichen
Akademie der Wissenschaften, pp. 91.

Perner, J. (1894). O conodontu z ¢eského siluru. Rozpravy Ceské Akademie Cisare
Frantiska Josefa pro Védy, Slovesnost A Uméni, Trida Il (Matematicko-
Prirodnickd), 3(2), 1-4.

Perner, J. (1897). Etudes sur les Graptolites de Bohéme. Part 3. section A. Raimond
Gerhard. https://doi.org/10.5962/bhl title.100697

Purnell, M. A. (1995). Large eyes and vision in conodonts. Lethaia, 28(2),
187-188. https://doi.org/10.1111/j.1502-3931.1995.tb01612.x

Raiswell, R. (1997). A geochemical framework for the application of stable
sulphur isotopes to fossil pyritization. Journal of the Geological Society,
154(2), 343-356.

Raiswell, R, & Canfield, D. E. (1998). Sources of iron for pyrite formation in
marine sediments. American Journal of Science, 298(3), 219-245. https://
doi.org/10.2475/ajs.298.3.219

Rhodes, F. H.T. (1953). Some British lower Palaeozoic conodont faunas. Philo-
sophical Transactions of the Royal Society of London. Series B, Biological
Sciences, 237(647), 261-334.

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

Schieber, J. (2003). Simple gifts and buried treasures-Implications of finding
bioturbation and erosion surfaces in black shales. The Sedimentary
Record, 1(2), 4-8.

Schmidt, H. (1934). Conodonten-funde in urspringlichem zusammenhang.
Paldontologische Zeitschrift, 16(1-2), 76-85.

Scott, H.W. (1934). The zoological relationships of the conodonts. Journal of
Paleontology, 8(4), 448-455.

Spiridonoy, A, Stankevi¢, R, Gecas, T, Silinskas, T, Brazauskas, A, Meidla, T,
Ainsaar, L., Musteikis, P, & Radzevicius, S. (2017). Integrated record
of Ludlow (Upper Silurian) oceanic geobioevents—Coordination of
changes in conodont, and brachiopod faunas, and stable isotopes.
Gondwana Research, 51(11), 272-288.

Storch, P.(1994). Graptolite biostratigraphy of the lower Silurian (Llandovery
and Wenlock) of Bohemia. Geological Journal, 29, 137-165. https://doi.
0rg/10.1002/9}.3350290204

Storch, P. (1998). Biostratigraphy, palaeobiogeographical links and envi-
ronmental interpretation of the Llandovery and Wenlock graptolite
faunas of peri-Gondwanan Europe. In Sixth International Graptolite
Conference, Madrid, Temas Geoldgicos-Mineros, 23,126-129.


https://doi.org/10.26879/382
https://doi.org/10.1080/25761900.2022.12131772
https://doi.org/10.1080/25761900.2022.12131772
https://doi.org/10.1017/S0016756802007264
https://doi.org/10.1017/S0016756809990574
https://doi.org/10.1130/B32033.1
https://doi.org/10.1130/B30812.1
https://doi.org/10.5962/bhl.title.100697
https://doi.org/10.1111/j.1502-3931.1995.tb01612.x
https://doi.org/10.2475/ajs.298.3.219
https://doi.org/10.2475/ajs.298.3.219
https://doi.org/10.1002/gj.3350290204
https://doi.org/10.1002/gj.3350290204

The first documented co-occurrence of conodonts and graptolites in Silurian

Storch, P. (2001). Graptolites, stratigraphy and depositional setting of the
middle llandovery (Silurian) volcanic-carbonate facies at Hyskov (Bar-
randian area, Czech Repubilic). Bulletin of the Czech Geological Survey,
76,55-76.

Storch, P. (2006). Facies development, depositional settings and sequence
stratigraphy across the Ordovician-Silurian boundary: A new
perspective from Barrandian area of the Czech Republic. Geological
Journal, 41,163-192. https://doi.org/10.1002/gj.1038

Storch, P. (2023). Graptolite biostratigraphy and biodiversity dynamics in
the Silurian System of the Prague Synform (Barrandian area, Czech
Republic). Bulletin of GeoscieNces, 98(1), 1-78. https://doi.org/10.
3140/bull.geosci.1862

Storch, P, & Fryda, J. (2012). The late Aeronian graptolite sedgwickii event,
associated positive carbon isotope excursion and facies changes in
the Prague Synform (Barrandian area, Bohemia). Geological Magazine,
7149(6), 1089-1106. https://doi.org/10.1017/5001675681200026X

Storch, P, Loydell, D., Melchin, M. J., & Goldman, D. (2024). Graptolites in
biostratigraphy: The primary tool for subdivision and correlation of
Ordovician, Silurian, and Lower Devonian offshore marine succes-
sions. Newsletters on StratigrAphy. https://doi.org/10.1127/nos/2024/
0810

Storch, P, Manda, S, & Loydell, D. K. (2014). The early Ludfordian leintwar-
dinensis graptolite event and the Gorstian-Ludfordian boundary in
Bohemia (Silurian, Czech Republic). Palaeontology, 57(5), 1003-1043.

Strossova, Z. (2024). Lower telychian (Silurian) species of Parapetalolithus
from the linnaei, turriculatus and crispus biozones in the Prague
Synform: Taxonomy in the light of astogeny and intraspecific vari-
ability. Bulletin of Geosciences, 99(1), 43-71. https://doi.org/10.3140/
bull.geosci.1889

Strossova, Z., Kovér, V., & Storch, P. (2024). Qualitative and quantitative
analysis of the graptolite assemblage in the /innaei Biozone (Silurian,
lowermost Telychian) at Zelkovice, Prague Synform (Czech Republic).
Palaeontologia Electronica, 27(3), 1-29. https://doi.org/10.26879/1425

Suess, E. (1851). Uber b6hmische Graptolithen (pp. 1-50). Naturwissen-
schaftlichen Abhandlungen herausgegeben vom W. Haidinger.

Sun, Z, Storch, P, Fan, J,, Melchin, M. J,, & Suyarkova, A. (2022). Lower
Aeronian (Llandovery, Silurian) graptolites of the genera Rastrites
and Stavrites: Systematics, biostratigraphy and palaeobiogeography.
Papers in Palaeontology, 8(2), Article e1429. https://doi.org/10.1002/
spp2.1429

Tonarové, P. (2008). Revision of kettnerites Zebera, 1935 (Scolecodonta, Silu-
rian of the Barrandian area, Czech Republic): Preliminary results. Acta
Musei Nationalis Pragae, Series B, Historia Naturalis, 64, 185-192.

Tonarova, P, Eriksson, M. E., & Hints, O. (2012). A jawed polychaete fauna
from the late Ludlow Kozlowskii event interval in the Prague Basin
(Czech Republic). Bulletin of Geosciences, 87(4), 713-732.

Towe, K. M., & Urbanek, A. (1972). Collagen-like structures in Ordovician
graptolite periderm. Nature, 237, 443-445.

Ulrich, E. O,, & Bassler, R. S. (1926). A classification of the toothlike fossils,
conodonts, with descriptions of American Devonian and Mississip-
pian species. Proceedings of the United States National Museum, 68,
1-63.

Underwood, C. J. (1993). The position of graptolites within lower Palaeozoic
planktic ecosystems. Lethaia, 26(3), 189-202.

Vacek, F, & Z&k, J. (2017). A lifetime of the Variscan orogenic plateau from uplift
to collapse as recorded by the Prague Basin, Bohemian Massif. Geologi-
cal Magazine, 156(3), 485-509.

Voldman, G. G,, Alonso, J. L, Banchig, A. L., & Albanesi, G. L. (2017). Silurian
conodonts from the Rinconada Formation, Argentine Precordillera.
Ameghiniana, 54(4), 390-404.

von Bitter, P H., Purnell, M. A, Tetreault, D. K, & Stott, C. A. (2007). Eramosa
Lagerstatte—Exceptionally preserved soft-bodied biotas with shallow-
marine shelly and bioturbating organisms (Silurian, Ontario, Canada).
Geology, 35(10), 879-882.

Walliser, O. (1964). Conodonten des Silurs. Abhandlungen des Hessischen Lande-
samtes Flr Bodenforschung Zu Wiesbaden, 41, 1-106.

Weinerov4, H,, Slavik, L, Weiner, T,, & Hladil, J. (2024). In search for the Basal
Emsian GSSP in the Prague Synform: Mramorka-a possible candidate
section. Newsletters on Stratigraphy, 57, 171-201. https://doi.org/10.
1127/n0s/2024/0795

Page190f19 79

Yan, G, Wu, R, Huang, B, Percival, I. G, Gong, F, Wei, X, &Li, L. (2022). Llando-
very (Silurian) conodont biofacies on the Yangtze Platform of South
China and their palaeoenvironmental implications. Journal of Asian
Earth Sciences, 225, Article 105044.

Yokoyama, H., Yoshimura, M., Suzuki, D. G., Higashiyama, H., & Wada, H. (2020).
Development of the lamprey velum and implications for the evolution
of the vertebrate jaw. Developmental Dynamics, 250(1), 88-98.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1002/gj.1038
https://doi.org/10.3140/bull.geosci.1862
https://doi.org/10.3140/bull.geosci.1862
https://doi.org/10.1017/S001675681200026X
https://doi.org/10.1127/nos/2024/0810
https://doi.org/10.1127/nos/2024/0810
https://doi.org/10.3140/bull.geosci.1889
https://doi.org/10.3140/bull.geosci.1889
https://doi.org/10.26879/1425
https://doi.org/10.1002/spp2.1429
https://doi.org/10.1002/spp2.1429
https://doi.org/10.1127/nos/2024/0795
https://doi.org/10.1127/nos/2024/0795

	The first documented co-occurrence of conodonts and graptolites in Silurian (Telychian) black shales of the Prague Synform, Czech Republic, and its stratigraphical and palaeoecological significance
	Abstract 
	Introduction
	Geological setting and history of research

	Material and methods
	Results
	Conodonts

	Graptolites
	Discussion
	Taphonomical view of black shales from Želkovice locality, linnaei Biozone
	Environment and palaeoecology at the Želkovice locality
	Graptolites–traces of parasitism, predation or degeneration?
	The overlap of conodont and graptolite biofacies, their stratigraphic use, and their potential

	Conclusions
	Appendix 1
	Appendix 2
	Acknowledgements
	References


