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Bromalites from the Upper Triassic
Polzberg section (Austria); insights
into trophic interactions and food

chains of the Polzberg palaeobiota

Alexander Lukeneder?, Dawid Surmik?, Przemystaw Gorzelak?, Robert Niedzwiedzki*,
Tomasz Brachaniec? & Mariusz A. Salamon?**

Arich assemblage of various types of bromalites from the lower Carnian “Konservat-Lagerstétte”
from the Reingraben Shales in Polzberg (Northern Calcareous Alps, Lower Austria) is described for
the first time in detail. They comprise large regurgitalites consisting of numerous entire shells of
ammonoid Austrotrachyceras or their fragments and rare teuthid arm hooks, and buccal cartilage of
Phragmoteuthis. Small coprolites composed mainly of fish remains were also found. The size, shape
and co-occurrence with vertebrate skeletal remains imply that regurgitalites were likely produced

by large durophagous fish (most likely by cartilaginous fish Acrodus). Coprolites, in turn, were likely
produced by medium-sized piscivorous actinopterygians. Our findings are consistent with other lines
of evidence suggesting that durophagous predation has been intense during the Triassic and that the
so-called Mesozoic marine revolution has already started in the early Mesozoic.

Bromalites, the fossilized products of digestion, are precious source of palaeobiological information'™. They
provide unique insights into dietary habits®, trophic interaction between animals®~/, health condition (e.g.,
parasitic infections system®), and some physiological aspects of extinct vertebrates’. The Triassic bromalites were
recently described from a number of sites comprising localities in Germanic Basin epicontinental sea®*'°. Until
recently, a detailed study on bromalites from Northern Calcareous Alps has been lacking. They have been only
briefly mentioned by Glaessner!! from the Upper Triassic Polzberg locality (the Northern Calcareous Alps). This
locality (also known as Pélzberg'?; southern part of the Lunz Nappe, Lower Austria; Fig. 1) comprises the lower
Carnian Reingraben Shales which form at this locality a fossiliferous site known as “Konservat Lagerstitte” sensu
Seilacher" (see also'*"%). Lithologies and the fossil content of the area, and distinct parts of the Polzberg section
are known since the nineteenth century'>'®. More recently'>!’-*" new lithological and palaeontological data for
the Polzberg locality were provided. During the last decade, private collectors detected new important biostrati-
nomic elements within distinct layers of the thinly laminated deposits of the Reingraben Shales from Polzberg.

In this paper, we report fossilized vomits (regurgitalites) and coprolites, which provide new insights into
pelagic invertebrates-vertebrates trophic chain of the Late Triassic Polzberg biota.

Geologic setting

The Polzberg outcrop (710 m above sea level) is located on the western slope of Mount Schindelberg (1066 m),
4 km northeast of Lunz am See around Polzberg (postal code 3293) in the Lunz Nappe of Lower Austria. Hidden
in a small mountain creek, the locality is accessible from the south over the Zellerrain street 71 via Mariazell or
from the west over Lunz am See the WeifSenbach street 25 and then street 71 (1:50,000, sheet 58 Baden 1996%!;
Fig. 1). The exact position of the fossiliferous locality (Reingraben Shales) was determined by GPS (global posi-
tioning system): N 47°53'4.98"” and E 15°4'28.15".

Excavation campaigns were organized by the Austrian Geological Survey in 1885 and 1909. During these
years, two fossil mines were driven into the basal part of the Reingraben Shales yielding better-preserved fossils,
not harmed by weathering of soft marly deposits on the surface. The historical abandoned and collapsed mines
were located approximately at N 47°53'23.31” and E 15°4'45.80".
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Figure 1. Map of Austria and the Northern Calcareous Alps with their main tectonic subdivisions (Bajuvaric,
Tyrolic and Juvavic Units). Indicated with asterisk is the position of the Polzberg locality (Polz). Prepared by AL
using Corel DRAW X7; www.coreldraw.com.

Figure 2. Section within the Carnian Reingraben shales at Polzberg in the Polzberg ravine, 2. Mai 2014 by G.
Bryda. Solid lines = main fault zones with indicated direction of shearing, dashed lines = marker layers. Prepared
by AL using Core] DRAW X7; www.coreldraw.com.

Classically, the Northern Calcareous Alps (NCA) are subdivided from north to south into the Lower and
Upper Bajuvaric Units, the Tyrolic Unit, and the Lower and Upper Juvavic Units (Fig. 12%*). The northernmost
tectonic elements of the NCA in Lower Austria are the Frankenfels Nappe, followed subsequently to the south
by the Lunz Nappe. Within the Lunz Nappe in Lower Austria, the Reifling basin is located between the Polzberg
and Grofireifling.

The lower Upper Triassic (Austrotrachyceras austriacum Zone, Julian 2, lower Carnian) Polzberg section is
located in the southern part of the Reifling basin'* on the easternmost part of the Geological map 1:50,000, sheet
71 Ybbsitz?**? (Fig. 1). The Polzberg locality is located in the southern area of the Lunz Nappe (Upper Bajuvaric
Unit of the Northern Calcareous Alps) that is bordered to the north by the Low-Bajuvaric Unit of the Frankenfels
Nappe, and to the south of the lake Lunzer See by the Tyrolic Otscher Nappe.

The known conservation Fossil-Lagerstitte in Reingraben Shales from Polzberg in Lower Austria is poorly
understood'?. Teller' published first preliminary data on the Polzberg locality. The deposits consisting of milli-
metre-laminated, dark grey, brownish, slightly bituminous marls, with clearly visible bright/dark stratification
without any bioturbation'*'®!* are included the Reingraben Member in the Lunz Formation. Nevertheless we
consider the Reingraben Shales as informal lithostratigraphic unit (= Reingrabener Schiefer?; “Halobienschiefer”
of?”?%) given the more siliciclastic and fine-grained facies types (Fig. 2).

Fossil content in the Reingraben Shales

In the late 19th and early twentieth centuries, hundreds of fossils have been collected from Polzberg locality.
The fauna was dominated by ammonites of the ceratitid species Austrotrachyceras austriacum with original
aragonite shell, hundreds of fish remains, and arthropods. The ammonites derive from several distinct ammonite
layers. Rare ammonites of the genera Carnites, Sageceras and Simonyceras also occur. Over 100 fragments of
coleoid proostraca and phragmocones of Phragmoteuthis bisinuata®, showing arm hooks and buccal cartilage
have been recovered from the Polzberg deposits. The Reingraben Shales contain common remains of fossil
fishes!"7?1-33 The lungfish Ceratodus sturi'® was also found in deposits from Polzberg?. A single conodont
cluster with abundant Mosherella, assigned to Triassic jawless fishes, was reported. Noteworthy, Forchielli &
Pervesler' re-described the arthropods consisting of dozens of thylacocephalan Austriocaris'! and noted the
presence of other arthropods (including crustaceans with decapods and isopods) from the Polzberg locality.
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Thousands of shells of the benthic bivalves Halobia rugosa (1-3 mm length), dozens of gastropods, and rare
brachiopods appear in the Polzberg collections housed at the Natural History Museum Vienna and the Geological
Survey Vienna. The Reingraben Shales are mostly scarce or barren of microfossils. Ostracods (Dicerobairdia),
foraminifera (Trocholina), and pelagic crinoids (Osteocrinus®) are locally common.

Palaeoenvironment of the Reingraben Shales

The Reingraben Shales? are interpreted as deposits of a relatively deep marine environment within intra-platform
basin as inferred from the dominance of a nektonic fauna'>***. There is some confusion in the designation to
either Lunz or Polzberg localities in official collections of the Natural History Museum Vienn, the Geological
Survey Vienna or the University of Vienna. As stated by Forchielli and Pervesler'® the fauna of the Polzberg
Lagerstitte were often referred to the Lunz Lagerstitte in the scientific past. Both localities are different in
biostratigraphy, lithology, and depositional environments.

Data from the outcrops in the Polzberg area show a nektonic dominated fauna with abundant fishes and
cephalopods. The well preserved soft bodied fauna, the abundance of organic material in the sediment, the
presence of common framboidal pyrite (e.g., Fig. 3D) crystals', the absence of sessile organisms, and lack of
bioturbation suggest dysoxic to anoxic bottom conditions during deposition of the Reingraben Shales. As noted
by Griffith!” the Polzberg basin was mainly normal marine with ephemeral and limited freshwater input.

Results
Two morphotypes of bromalites are distinguished:

Type A. Flat, slightly oval, large (>40 mm) and up to about 1 cm thick; they contain numerous and densely
packed body macrofossils:

NHMW 2020/0033/0001 Polz (slab): Massive, thick (<11 mm), maximum dispersion (i.e., diameter)
50 mm, composed of variously oriented entire ammonite specimens (with original white shells), ammo-
nite hash with angular shell margins and teuthid cartilage fragments (Figs. 44, 5), including teuthid hook.
SEM observations show some slight traces of calcium carbonate dissolution (Fig. 3F, Supplementary Data
S1) in some ammonite shell fragments, suggesting their partial digestion in the digestive tract.

NHMW 2020/0033/0002 1910 A (slab): Massive, thick (< 10 mm), maximum dispersion 100 mm, com-
posed of variously oriented entire ammonite specimens (with original white shell), ammonite hash with
angular shell margins and teuthid cartilage fragments (Fig. 4B). Results of Raman spectroscopy show that
skeletal debris on the surface of bromalites are composed of calcite (distinct peak at ~ 1090 cm™); Supple-
mentary Fig. S1). Closer examination under SEM indicates that these carbonate debris are crushed shell
fragments of mollusk (Fig. 3C) and teuthid buccal cartilage (Supplementary Data S2).

NHMW 2020/0033/0003 AS93 (slab and counter-slab): Thin fragile mass, maximum 2.5 mm thick, maxi-
mum dispersion 38 mm, composed of variously oriented entire ammonites (with original white shell) and
ammonite fragments displaying angular shell margins and teuthid arm hooks (n=13) (Fig. 4C).
NHMW 2020/0033/0004 AS186 A (slab and counter-slab): Thin (<2 mm) fragile mass, max. dispersion
68 mm, composed of variously oriented entire ammonites (with original white shell) and ammonite frag-
ments displaying angular shell margins (Fig. 4D).

NHMW 2020/0033/0005 1910 B (slab and counter-slab): Thin (< 3.5 mm) fragile mass, maximum disper-
sion 70 mm, composed of variously oriented entire ammonites (with original white shell) and ammonite
fragments displaying angular shell margins with teuthid arm hooks (n=4) (Fig. 4E).

NHMW 2020/0033/0006 AS187 (slab and counter-slab): Thin (< 2.5 mm) mass, maximum dispersion
46 mm, composed of variously oriented fragmented ammonite specimens (with original white shell) and
their fragments displaying angular shell margins, and associated organic black ink material (Fig. 4F).

Type B Elongated, cylindrical, small (< 15 mm); they contain loosely dispersed remains of the body macro-
fossils/microfossils.

NHMW 2020/0033/0007 AS193: Small elongated bromalite, up to 5 mm thick, 8 mm in breadth, and
13 mm in length, with rare fish scales (Fig. 4G). XRD analysis shows that the host rock surrounding bro-
malite contains mainly clay minerals, represented by illite-smectite mixed layer structure and chlorite,
however small amount of mica and kaolinite are also detected (Supplementary Fig. S2; Supplementary
Data S3). The XRD spectrum shows numerous strong reflections indicating the presence of quartz, sodium
feldspars (albite) and carbonate minerals—calcite, with an admixture of dolomite. Calcite reflections are
doubled, which indicates the occurrence of two generations of calcium carbonate, differing in structure,
which in turn may be related to the occurrence of a more Mg-rich variety. For example, the main calcite
d,o.4 peak consists of two overlapped reflections—3.027 and 3.010 A. The first peak, 3.027 A, represents a
purer calcite variety; the second peak indicates a Mg-rich generation. In the analyzed bromalite sample,
some minerals found in the parent rock sample are also present (quartz, chlorite and illite), but they
represent only a small admixture. The main minerals detected in the bromalite matrix are apatite and
calcite. The obtained apatite reflections match with a high score the carbonate apatite reference patterns.
For the Rietveld refinement the 01-073-9696 (ICDD, PDF4 +) carbonate-fluorapatite structure was used.
The calculated structural parameters (lattice parameters) of apatite are a=9.3202(5) A and ¢=6.9012(5)

Scientific Reports |

(2020) 10:20545 | https://doi.org/10.1038/s41598-020-77017-x nature research



www.nature.com/scientificreports/

Figure 3. The detailed images of bromalites from Polzberg section. (A) SEM-image of specimen NHMW
2020/0033/0008 AS244 thin-section showing small fish jaw embebbed in coprolite matrix; (B) microscope
image of NHMW 2020/0033/0008 AS244 thin-section exhibiting aptychus/cephalic cartilage; (C) NHMW
2020/0033/0002 1910A, higher magnification of cephalopod remains showing calcium carbonate crystals; (D)
sample NHMW 2020/0033/0002 19104, iron oxide pseudomorphosis after pyrite framboids; (E) SEM image
of sample NHMW 2020/0033/0001 Polz, detailed view of two ammonite tubercles; (F) SEM image of sample
NHMW 2020/0033/0001 Polz, areas of calcium carbonate dissolution. Scale bar equals 100 um for (A,B,E); it is
20 um for (C); 10 um for (F), and 5 pm for (D).
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Figure 4. Bromalites from Polzberg section. (A) fragment of NHMW 2020/0033/0001 Polz specimen
exhibiting ammonite hash and fragments of teuthid cartilage; (B) specimen NHMW 2020/0033/0002 1910A
composed mainly of entire ammonite specimens; (C) specimen of NHMW 2020/0033/0003 AS93 exhibiting
amonite hash and entire ammonites; (D) specimen NHMW 2020/0033/0004 AS186A composed of variously
oriented ammonites; (E) specimen NHMW 2020/0033/0005 1910B showing fragmented ammonite specimens,
dominated by external views; (F) specimen NHMW 2020/0033/0006 AS187 revealing fragmented ammonites,
large specimen from external view with organix black material; (G) specimen NHMW 2020/0033/0007

AS193 showing entire coprolite; (H) thin-section of specimen NHMW 2020/0033/0008 AS244 exhibiting
actinopterygian fish remains. Scale bar equals 10 mm.
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Figure 5. Enlargements of the angular shell fragments showing their jagged margins (A,B). Both photographs
taken from NHMW 2020/0033/0001 Polz. Scale bar equals 1 mm.

A, refined in the P63/m (no. 176) space group. Semi-quantitative XRD calculations show that apatite is
present in an amount of about 53 wt%. Calcite constitutes up to 42 wt% (Supplementary Data S3).
NHMW 2020/0033/0008 AS244: Small elongated bromalite, up to 3 mm thick, 6 mm in breadth, and
11 mm in length, with relatively abundant fish scales (Fig. 4H). It is characterized by dark grey matrix as
visible in CT scans with radiologically dense filamentous shapes located randomly throughout the bro-
malite matrix in some cases reaching to the peripheries. The further observations of thin-sections under
optical microscope revealed these objects are crushed and etched small vertebrate skeletal remains, espe-
cially actinopterygian fish scales (Fig. 4H). Interestingly, a small fish mandible was observed in the section
(Fig. 3A). An individual fragment of aptychus/cephalic cartilage was also observed (Fig. 3B).

Discussion

Types of bromalites. Possible explanation for the origins of distinct accumulations of shells and/or shell
hash (morphotypes A and B) reported herein is that they represent abiotic structures produced by post-mortem
transport by bottom currents or waves or that they are ichnofossils (e.g., infills of decapod burrows). However,
the occurrence of densely packed ammonoid shells and their fragments in distinct oval spots, the rarity of these
shells in the surrounding host rock, the lack of size sorting (shell size from below 1 mm up to 20 mm) and pref-
erential orientation, low degree of shell roundness and abrasion, lack of ripple marks, and the fact that they do
not penetrate deep into the sediment, all suggest that these accumulations were produced by predator activity
(i.e., they represent bromalites).

Distinguishing between different types of bromalites is not always easy to draw. However, a number of
diagnostic criteria have been recently proposed®*-*. More specifically, regurgitalites are thin, and commonly
composed of randomly grouped and intermingled angular skeletal fragments of different size, revealing low
degree of roundness and distortion of individual crystal fibers at the shell edges. Furthermore, they usually lack
a phosphatic matrix and may contain debris, which are not significantly affected by gastric etching (including
soft body tissues). By contrast, coprolites typically are massive, usually thick, possess a more or less regular shape,
and contain a phosphatic matrix and fossil inclusions revealing signs of digestion. The gastric residues (fossil-
ized stomach contents, i.e., consumulites) may reveal similar features to regurgitalites, however they are usually
thicker and are associated with the body fossil of the producer.

The evidence suggests that Polzberg locality preserves two types of bromalites with regurgitalites (morpho-
type A) being the most common. An interesting feature is the presence of uncrushed ammonoid shells within
some regurgitalites (NHMW 2020/0033/0003 AS93 (Fig. 4C); NHMW 2020/0033/0002 1910 A (Fig. 4B). In
other accumulations, crushed ammonite fragments predominate. The presence of uncrushed shells may result
either from the fact that the predator swallowed the entire ammonoids or from the fact that while swallowing it
crushed only the body chamber containing the soft tissues. In this case, phragmocone remains ingested undam-
aged. Accumulations of ammonoid shells consisting of phragmocones, interpreted as a result of predation, have
been described in the literature*?. However, among ammonoids from studied bromalites from Polzberg inner
moulds are unknown, thus it is uncertain if these shells represent entire specimens or if they are phragmocone
parts of ammonoids.

Potential producers of bromalites. Based on the size of regurgitalites (up to 100 mm) and the fact that
in some of them entire (uncrushed) ammonite shells (diameter up to 20 mm) can be also found, it seems that
they were produced by large durophagous predators. Cephalopods and arthropods noted from Polzberg section
appear to be too small to produce these bromalites. Furthermore, these invertebrates have a rather alkaline gas-
tric pH, and thus they produce regurgitates commonly containing specific hardparts (e.g., aptychi of ammonites)
without etching-related features®.

A rich inventory of Triassic ichthyofauna and lack of the reptile remains in the Polzberg section allow to
search probable bromalite producers among predatory fishes.

There is evidence that Palaeozoic and Mesozoic shelled cephalopods have been preyed upon by sharks and
actinopterygian fishes*"*>-**. Noteworthy, Recent sharks and actinopterygian fishes are known to attack on
Nautilus*. Interestingly, predation experiments on living durophagous fish (Diodon) revealed that the critical
size of the prey, i.e., the size above which this fish is incapable of crushing a given prey species is about 12% of
the fish length?®*”. We thus hypothesize that studied regurgitalites at hand (dispersed over 7 cm and containing
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intact ammonite shells up to about 2 cm in diameter) might have been produced by a fish having at least several
dozen cm in length.

Glaessner'! and Griffith'” noted the occurrence of 12 genera (representing 13 species and 5 taxa of actinop-
terygiids indeterminate at the genus level) with the cartilaginous fish Acrodus, the coelacanthid? Coelacanthus,
dipnoan Ceratodus sturi*é, and the actinopterygiids: Elpistoichthys, Gigantopterus, Saurichthys, Thoracopterus,
Habroichthys, Nannolepis, Peltopleurus, Phaidrosoma, Phloidophoretes and Polzbergia; of these genera, the first
seven are predatory'’.

Griffith!” stated that the Upper Triassic ichtiofauna of Polzberg region is characterized by the large content
of flying fish, which, according to this author, suggests a strong predation pressure in this marine ecosystem.
Furthermore, 55% of the genera of marine fish known from Polzberg were predatory'’. On the other hand, the
specimens of predatory fish from the Reingraben Shales of Polzberg, in which the body size could have been
reconstructed, usually reveal rather small body sizes (a few to 11 cm in length)'’. The largest specimens of preda-
tory fish described by Griffith!” belonged to Saurichthys (up to about 40 cm in length), palaeoniscids, probably
belonging to the family Acrolepididae (20-25 cm in length), and Gigantopterus telleri (18.6 cm in length). Apart
from these taxa, remains of large sarcopterygian fishes are known, namely dipnoan (lungfish) Ceratodus sturi,
with the length up to about 1.5 m'® and coelacanth Coelacanthus lunzensis'®*®). However, Mesozoic dipnoans
were restricted to freshwater environments and their remains found in marine deposits are commonly inter-
preted as a result of post mortem transport from freshwater ecosystems and/or as a result of redeposition from
older, non-marine sediments*. Thus, it is doubtful if Ceratodus was a true member of marine palaeobiota in
the Polzberg area.

Among large (several dozen cm in length) marine predatory vertebrates occuring in Polzberg region, which
might have produced regurgitalites desribed herein, are Acrodus, Saurichthys and eventually coelacanths. For
instance, the reconstructed standard length of the Middle Triassic specimens of shark Acrodus from the so-called
Grenzbitumenzone from Monte San Giorgio (Switzerland) is 1.8-2.5 m*, marine species of the Late Triassic
Saurichthys may reach up to about 1.1 m (Upper Triassic of Alps near Salzburg®) to 1.5 m in length (Norian,
Southern Calcareous Alps, see® Lower Triassic of Idaho, USA%?). Triassic marine coelacanths may reach above
60 cm (e.g., Middle Triassic, Switzerland®; Late Triassic, England®*).

In particular, a typical durophagous dentition (crushing or grinding teeth) with blunt and broad teeth is
observed in Acrodus®®>. The actinopterygian assemblage of Polzberg does not contain typial durophagous
taxa'”* although durophagy sensu lato (the ability to consumption of hard prey*®*’) is possible with other den-
tal types, especially when dealing with thin-shelled preys, such as small ammonites occuring in regurgitalites.
A Late Triassic fish Legnonotus® with peg-like teeth is also considered a durophagous. Likewise, hybodont or
ctenacant sharks with relatively narrow and long cusp (tearing-type of dentition sensu Cappetta®) might have
attacked ammonites*»**. Small, thin-shelled scaphites were noted in the stomach of Cretaceous plesiosauroids
and pliosauroids, which displayed conical, quite long teeth with an acute, but rounded apex®. Furthermore, thin-
shelled ammonites might have been preyed upon by marine reptiles with crunching teeth (robust with a blunt
apices conical teeth)®. Triassic species of Saurichthys are characterized by monognathic heterodonty—the teeth
in one jaw have different size and shape. They possessed two types of conical teeth: robust with approximately
circular in section small teeth, and larger, slender teeth with acute apex®2, Triassic coelacanths commonly
possessed robust, conically pointed teeth, however they also had small rounded teeth on the parasphenoid®.
On the other hand, shells of ammonoids which have been attacked by predators having conical teeth commonly
reveal shell damages in the form of indentations or holes of various size and shape, occuring both in the body
chamber and in the phragmocone***. Similar damages were not recorded in ammonoid shells from Polzberg.
Given the above, we argue that a durophagous shark Acrodus was likely a producer of regurgitalites studied,
although other durophagous predators (until now not found in the Upper Triassic deposit of Polzberg), which
were present in the latest Ladinian and early Carnian in the other areas of the east part of Alpine domain, includ-
ing durophagous (placodonts) and semi-durophagous (thallatosaurs) reptiles (recorded in a few outcrops in NE
Italy®*%%; Slovenia®; Hungary (Bakony)®, some hybodontid sharks (e.g., Palaeobates, Asteracanthus; see®*” and
some actinopterygian fishes (e.g., Colobodus®®”), cannot be fully excluded.

Regarding coprolites, given their longitudinal shape, small size and occurrence of the fish scales, we hypoth-
esize that they were likely produced by medium-sized piscivorous actinopterygians (such as, common in the fish
assemblage from Polzberg, Elpistoichthys and Thoracopterus or rarer Gigantopterus, acrolepids and Saurichthys).
These coprolites do not reveal a spiral morphology, which is characteristic for coprolites produced by chondrich-
thyans, dipnoans and some actinopterygian fishes (e.g.>%).

Conclusions

Discovery of bromalites at Polzberg locality not only proves for the first time the presence of large predators in
the Reifling basin and provides insights into trophic interactions, and food chains of this Late Triassic ecosystem,
but also constitutes another important evidence confirming previous hypotheses that the so-called Mesozoic
marine revolution (a time of increased escalatory adaptions to shell-crushing predation®) has already started
in the early Mesozoic”’. Not so long ago, it has been argued that marine durophagous predation was not intense
during the Triassic®. For instance, McRoberts”! pointed out that durophagous predators displayed low abundances
and limited distribution during the Triassic. More recent reports, however, highlighted that innovations for
durophagy appeared in many Triassic invertebrates (e.g., sea urchins) and vertebrates (including Chondrichthyes
(hybodontids), some ichthyopterygian’? and sauropterygian vertebrates (such as placodonts, pachypleurosaurs,
some pistosaurs and nothosaurs)’®’*=”7, which might have affected the evolution of shallow-marine benthic
comunities. Nonetheless, the more direct evidence of durophagous predation in Triassic marine communities
still remains limited> . Our findings thus constitute a new important evidence for durophagy in the Triassic,

Scientific Reports |

(2020) 10:20545 | https://doi.org/10.1038/s41598-020-77017-x nature research



www.nature.com/scientificreports/

and together with other lines of indicators (i.e., predatory or defensive behaviors of predators and prey inferred
from functional morphology, taphonomy and trace fossils)>*7%7>7%7° confirm recent hypotheses about the early
timing of Mesozoic marine revolution.

Material and methods

Among the several dozens of bromalite specimens obtained from the locality, 8 representative bromalites were
selected for detailed investigation. These bromalites came from the ravin Schindelberggraben (Fig. 2) near
Polzberg (=Polzberggraben in'%; or given as Polzberg locality in numerous collections), between mount Féll-
baumberg (1014 m) to the west and mount Schindelberg (1066 m) to the east. The investigated fossil material is
housed in the collections of the Natural History Museum Vienna (NHMW) and the Geological Survey Vienna.
The bromalite material was collected over the last 10 years by Birgitt and Karl Aschauer (both Waidhofen an
der Ybbs, Lower Austria).

Bromalites recorded herein have been investigated with a number of different analytical tools.

Scanning electron microscopy. The SEM images of internal inclusions from selected bromalites were
taken using the Phenom XL SEM, PhenomWorld (ThermoFisher Scientific, Eindhoven, The Netherlands)
equipped with an energy-dispersive X-ray spectroscopy (EDS) detector, installed in the Faculty of Natural Sci-
ences, University of Silesia in Katowice in low-vacuum settings with accelerating voltage 15 kV. Composite
images were collected using Phenom SEM software, then stitched and processed using Image Composite Editor
by Microsoft Research.

Microtomography. Virtual sections of a selected specimen were made in the Faculty X-ray Microtomogra-
phy Laboratory at Faculty of Computer Science and Material Science, University of Silesia in Katowice, Chorzéw,
Poland using the General Electric Phoenix v|tome|x micro-CT equipment at 160 kV, 70pA and scanning time
of 20 min. Projection images were captured using a 1000 x 2024 pxs scintillator/CCD with an exposure time of
250 ms and processed using Volume Graphics VGSTUDIO Max software and analysed using Volume Graphics
myVGL viewer app and Fiji image processing package.

Thin-sectioning. Thin sections from two specimens were made in the Grindery at the Faculty of Natural
Sciences, University of Silesia in Katowice, Sosnowiec, Poland. Specimens were embedded in Araldite epoxy
resin, sectioned, mounted on the microscope slides and polished with silicon carbide and aluminium oxide
powders to about 30 pm thick.

Mineralogical studies. One specimen was examined using X-ray diffraction and Raman spectroscopy to
determine its mineralogical composition. The powdered bulk X-ray diffraction analysis of coprolite matrix was
performed using PANalytical X’Pert PROMPD PW 3040/60 diffractometer at the Laboratory of X-ray Diffrac-
tion, Faculty of Natural Sciences, University of Silesia in Katowice, Sosnowiec. Raman spectroscopy was used for
in-depth characterization of carbonate phase of skeletal remnants observed in coprolite matrix. The analysis was
performed using WITec alpha300 confocal Raman microscope equipped with a laser (A =532 nm), coupled with
a CCD camera and with an Olympus MPLAN objective.

XRD analyses were performed on powdered samples using a PANalytical X’Pert Pro MPD (multipurpose
diffractometer) powered by a Philips PW3040/60 X-ray generator and fitted with a 1D silicon strip detector
(X’Celerator). The measurements were performed using Co Ka-radiation with a wavelength of 0.1789010 nm,
an acceleration voltage of 40 kV, a current of 40 mA, and with 0.02° 20 step sizes between the angles of 5° and
90° 20 and a 200 s measurement time per step. The data obtained were processed using HighScore + software
and the ICSD database and PDF4 + ICDD database. All XRD analyses were performed at the Faculty of Earth
Sciences, University of Silesia in Katowice, Sosnowiec. The diffractometer was manufactured in the Almelo
Malvern Panalytical B.V. factory (Holland).

Received: 31 August 2020; Accepted: 2 November 2020
Published online: 25 November 2020

References
1. Hunt, A. P. Late Pennsylvanian coprolites fromthe Kinney Brick Quarry, central New Mexico with notes on the classification and
utility of coprolites. Bull. New Mex. Bur. Min. Mineral Resour. 138, 221-229 (1992).
2. Hunt, A. P, Chin, K. & Lockley, M. In The palaeobiology of vertebrate coprolites (ed. Donovan, S.) 221-240 (Wiley, New York, 1994).

. Northwood, C. Early Triassic coprolites from Australia and their palacobiological significance. Palaeontology 48, 49-68 (2005).

4. Zaton, M. et al. Coprolites of Late Triassic carnivorous vertebrates from Poland: an integrative approach. Palaeogeogr. Palaeocli-
matol. Palaeoecol. 430, 21-46 (2015).

5. Salamon, M. A., NiedZwiedzki, R., Gorzelak, P, Lach, R. & Surmik, D. Bromalites from the Middle Triassic of Poland and the rise
of the Mesozoic Marine Revolution. Palaeogeogr. Palaeoclimatol. Palaeoecol. 321-322, 142-150. https://doi.org/10.1016/j.palae
0.2012.01.029 (2012).

6. Niedzwiedzki, G., Bajdek, P., Owocki, K. & Kear, B. P. An Early Triassic polar predator ecosystem revealed by vertebrate coprolites
from the Bulgo Sandstone (Sydney Basin) of southeastern Australia. Palaeogeogr. Palaeoclimatol. Palaeoecol. 464, 5-15. https://
doi.org/10.1016/j.palaeo.2016.04.003 (2016).

7. Hansen, B. B. et al. Coprolites from the Late Triassic Kap Stewart Formation, Jameson Land, East Greenland: morphology, clas-
sification and prey inclusions. Geol. Soc. Lond. Spec. Publ. 434, 49-69. https://doi.org/10.1144/SP434.12 (2016).

8. Brachaniec, T. et al. Coprolites of marine vertebrate predators from the Lower Triassic of southern Poland. Palaeogeogr. Palaeocli-
matol. Palaeoecol. 435, 118-126. https://doi.org/10.1016/j.palaeo.2015.06.005 (2015).

W

Scientific Reports |

(2020) 10:20545 | https://doi.org/10.1038/s41598-020-77017-x nature research


https://doi.org/10.1016/j.palaeo.2012.01.029
https://doi.org/10.1016/j.palaeo.2012.01.029
https://doi.org/10.1016/j.palaeo.2016.04.003
https://doi.org/10.1016/j.palaeo.2016.04.003
https://doi.org/10.1144/SP434.12
https://doi.org/10.1016/j.palaeo.2015.06.005

www.nature.com/scientificreports/

9. Umamaheswaran, R., Prasad, G. V. R,, Rudra, A. & Dutta, S. Investigation of Biomarkers in Triassic Coprolites from India, 1-1
(2019).

10. Chrzastek, A. & Niedzwiedzki, R. Kregowce retu i dolnego wapienia muszlowego na Slasku. Prace geologiczno-mineralogiczne
LXIV. Acta Universitatis Wratislaviensis, 69-81 (in Polish) (1998).

11. Glaessner, M. E. Eine Crustaceen fauna aus den Lunzer Schichten Niederésterreichs. Jahrbuch Geologische Bundesanstalt Wien 81,
467-486 (1931).

12. Stur, D. Neue Aufschlisse im Lunzer Sandsteine bei Lunz und ein neuer Fundort von Wengerschiefer im Pélzberg zwischen
Lunzersee und Gaming. Verhandlungen der kaiserlich koniglichen Geologischen Reichsanstalt 1,271-273 (1874).

13. Seilacher, A. Begriff und Bedeutung der Fossil-Lagerstitten (Concept and meaning of fossil lagerstitten). Neues Jahrbuch fiir
Geologie und Paldontologie, Abhandlungen 1970, 34-39 (1970).

14. Krystyn, L. Die Fossillagerstitten der alpinen Trias. (eds. D. Nagel & G. Rabeder) 23-78 (Osterreichische Paliontologische Gesells-
chaft Wien, 1991).

15. Forchielli, A. & Pervesler, P. Phosphatic cuticle in thylacocephalans: a taphonomic case study of (Arthropoda, Thylacocephala)
from the Fossil-Lagerstatte Polzberg (Reingraben shales, Carnian, Upper Triassic, Lower Austria). Aust. J. Earth Sci. 106, 46-61
(2013).

16. Teller, E. Uber den Schédel eines fossilen Dipnoers, Ceratodus Sturii nov. spec aus den Schichten der oberen Trias der Nordalpen.
Abhandlungen der kaiserlich koniglichen Geologischen Reichsanstalt 15, 1-2 (1981).

17. Griffith, J. The Upper Triassic fishes from Polzberg bei Lunz. Zool. J. Linnaean Soc. 60, 1-93 (1977).

18. Doguzhaeva, L. A., Mapes, R. H., Summesberger, H. & Mutvei, H. In The Preservation of Body Tissues, Shell, and Mandibles in the
Ceratitid Ammonoid Austrotrachyceras (Late Triassic), Austria (eds Landman, H. N. et al.) 221-237 (Springer, New York, 2007).

19. Doguzhaeva, L. A., Summesberger, H., Mutvei, H. & Brandstaetter, F. The mantle, ink sac, ink, arm hooks and soft body debris
associated with the shells in Late Triassic coleoid cephalopod Phragmoteuthis from the Austrian Alps. Palacoworld 16, 272-284
(2007).

20. Doguzhaeva, L. A. & Summesberger, H. Pro-ostraca of Triassic belemnoids (Cephalopoda) from Northern Calcareous Alps,
with observations on their mode of preservation in an environment of northern Tethys which allowed for carbonization of non-
biomineralized structures. Neues Jahrbuch fiir Geologie und Paldontologie Abhandlungen 266, 31-38 (2012).

21. Austromap Online 2020. Bundesamt fir Eich- und Vermessungswesen, Wien. https://www.austrianmap.at/amap/index
.php?SKN=1andXPX=637andYPX=492 (accessed 5 Feb 2020).

22. Wagreich, M., Pervesler, P, Khatun, M., Wimmer-Frey, I. & Scholger, R. Probing the underground at the Badenian type locality:
geology and sedimentology of the Baden-Sooss section (Middle Miocene, Vienna Basin, Austria). Geol. Carpath. 59, 375-394
(2008).

23. Lukeneder, A. & Zverkov, N. First evidence of a conical-toothed pliosaurid (Reptilia, Sauropterygia) in the Hauterivian of the
Northern Calcareous Alps, Austria. Cretac. Res. 106, 104248 (2020).

24. Geologische Karte der Republik Osterreich, Sheet Ybbsitz 71 1:50.000. Geologische Bundesanstalt Wien (1988).

25. Geologische Karte der Republik Osterreich, Sheet Mariazell 72, 1:50.000. Geologische Bundesanstalt Wien (1997).

26. Tollmann, A. Analyse des klassischen nordalpinen Mesozoikums 580 (Franz Deuticke Wien, 1976).

27. von Hauer, F. R. Ueber die Gliederung der Trias-, Lias- und Juragebilde in den nérdlichsten Alpen. Kaiserlich Konigliche reichsan-
stalt 4,715-783 (1853).

28. Piller, W. E. et al. M. Die Stratigraphische Tabelle von Osterreich 2004 (sedimentire Schichtfolgen). Kommission fiir die Paldontolo-
gische und stratigraphische Erforschung Osterreichs. Osterreichische Akademie der Wissenschaften und Osterreichische Stratigra-
phische Kommission, Wien (2004).

29. Glaessner, M. F. Eine Crustacenfauna aus den Lunzer Schichten Niederdsterreichs. Jahrbuch der geologischen Bundes-Anstalt 81,
467-489 (1931).

30. Bronn, H. G. Nachtrag tiber die Trias-Fauna von Raibl. Neues Jahrbuch fiir Mineralogie, Geognosie, Geologie und Petrefaktenkunde
1859, 39-45 (1859).

31. Abel, O. Fossile Flugfische. Abhandlungen der kaiserlich koniglichen Geologischen Reichsanstalt 56, 1-88 (1906).

32. Trauth, F. Geologie des Kalkalpenbereiches der zweiten Wiener Hochquellenleitung. Abhandlungen der Geologisches Bundesanstalt
26, 1-99 (1948).

33. Mostler, H. & Scheuring, B. W. Mikrofloren aus dem Langobard und Cordevol der Nérdlichen Kalkalpen und das Problem des
beginns der Keupersedimentation im Germanischen Raum. Geol. Paldontol. Mitteilungen Innsbruck 4, 1-35 (1974).

34. Hornung, T. & Brandner, R. Biochronostratigraphy of the Reingraben Turnover (Hallstatt facies belt): Local black shale events
controlled by regional tectonism, climatic change and plate tectonics. Facies 51, 460-479 (2005).

35. Hornung, T., Brandner, R., Krystyn, L., Joachimski, M. M. & Keim, L. Multistratigraphic constraints on the NW Tethyan ’Carnin
Crisis. New Mexico Museum Nat. Hist. Bull. 41, 59-67 (2007).

36. Hasiotis, S. T, Platt, B. E, Hembree, D. I. & Everhart, M. J. In The Trace—Fossil Record of Vertebrates (ed. Miller, W.) 196-218
(Elsevier, Amsterdam, 2007).

37. Gordon, C. M., Roach, B. T., Parker, W. G. & Briggs, D. E. G. Distinguishing regurgitalites and coprolites: a case study using a
Triassic bromalite with soft tissue of the pseudosuchian archosaur Revueltosaurus. Palaios 35, 111-121 (2020).

38. Salamon, M. A., Gorzelak, P, Niedzwiedzki, R., Trzgsiok, D. & Baumiller, T. K. Trends in shell fragmentation as evidence of mid-
Paleozoic changes in marine predation. Paleobiology 40, 14-23 (2014).

39. Salamon, M. A, Le$ko, K. & Gorzelak, P. Experimental tumbling of Dreissena polymorpha: implications for recognizing duropha-
gous predation in the fossil record. Facies 64, 4 (2018).

40. Salamon, M. A., Brachaniec, T. & Gorzelak, P. Durophagous fish predation traces versus tumbling-induced shell damage: a paleo-
biological perspective. Palaios 35, 37-47 (2020).

41. Reboulet, S. & Rard, A. Double alignments of ammonoid aptychi from the Lower Cretaceous of Southeast France: result of a
post—mortem transport or bromalites?. Acta Palaeontol. Pol. 53, 261-274 (2008).

42. Mapes, R. H. & Chaffin, D. T. In Predation on Cephalopods: A General Overview with a Case Study from the Upper Carboniferous
of Texas (eds Kelley, H. P. et al.) 177-213 (Kluwer/Plenum, New York, 2003).

43. Hoffmann, R., Stevens, K., Keupp, H., Simonsen, S. & Schweigert, G. Regurgitalites: a winodw into the trophic ecology of fossil
cephalopods. J. Geol. Soc. 177, 82-102 (2020).

44. Keupp, H. Ammoniten: Paldobiologische Erfolgsspiralen (Thorbecke, Stuttgart, 2000).

45. Vullo, R. Direct evidence of hybodont shark predation on Late Jurassic ammonites. Naturwissenschaften 98, 545-549 (2011).

46. Ward, P, Dooley, E & Barord, G. J. Nautilus: biology, systematics, and paleobiology as viewed from 2015. Swiss J. Palaeont. 135,
169-185 (2016).

47. Palmer, A. R. Fish predation and the evolution of gastropod shell sculpture: experimental and geographic evidence. Evolution 33,
697-713 (1979).

48. Reis, O. M. Coelacanthus lunzensis Teller. Jahrbuch der kaiserlich koniglichen Geologischen Reichsanstalt 50, 187-192 (1900).

49. Skrzycki, P,, Niedzwiedzki, G. & Talanda, M. Dipnoan remains from the Lower-Middle Triassic of the Holy Cross Mountains and
northeastern Poland, with remarks on dipnoan palaeobiogeography. Palaeogeogr. Palaeoclimatol. Palaeoecol. 496, 332-345 (2018).

50. Mutter, R. J. Tooth variability and reconstruction of dentition in Acrodus sp (Chondrichthyes, Selachii, Hybodontoidea) from the
Grenzbitumenzone (Middle Triassic) of Monte San Giorgio (Ticino, Switzerland). Geologisch 3, 25-31 (1998).

Scientific Reports|  (2020) 10:20545 | https://doi.org/10.1038/s41598-020-77017-x nature research


http://www.austrianmap.at/amap/index.php?SKN=1andXPX=637andYPX=492
http://www.austrianmap.at/amap/index.php?SKN=1andXPX=637andYPX=492

www.nature.com/scientificreports/

51. Griffith, J. The Triassic fish Saurichthys krambergeri Schlosser. Palaeontology 5, 344-354 (1962).

52. Romano, C., Kogan, L, Jenks, J., Jerjen, I. & Brinkmann, W. Saurichthys and other fossil fishes from the late Smithian (Early Triassic)
of Bear Lake County (Idaho, USA), with a discussion of saurichthyid palaecogeography and evolution. Bull. Geosci. 87, 543-570
(2012).

53. Cavin, L., Furrer, H. & Obrist, Ch. New coelacanth material from the Middle Triassic of eastern Switzerland, and comments on
the taxic diversity of actinistans. Swiss J. Geosci. 106, 161-177 (2013).

54. Hauser, L. M. & Martill, D. M. Evidence for coelacanths in the Late Triassic (Rhaetian) of England. Proc. Geol. Assoc. 124, 982-987
(2013).

55. Tintori, A. Fish biodiversity in the marine Norian (Late Triassic) of northern Italy: the first neopterygian radiation. Italian J. Zool.
65, 193-198 (1998).

56. Wilga, C. D. & Motta, P. J. Durophagy in sharks: feeding mechanics of hammerhead sharks Sphyrna tiburo. J. Exp. Biol. 203,
2781-2796 (2000).

57. Huber, D. R, Eason, T. G., Hueter, R. E. & Motta, P. ]. Analysis of the bite force and mechanical design of the feeding mechanism
of the durophagous horn shark Heterodontus francisci. J. Exp. Biol. 208, 3553-3571 (2005).

58. Cappetta, H. Chondrichthyes II: Mesozoic and Cenozoic Elasmobranchii Handbook of Paleoichthyology 1-193 (Gustav Fischer Verlag,
Stuttgart, 1987).

59. Rees, J. Interrelationships of Mesozoic hybodont sharks as indicated by dental morphology: preliminary results. Acta Geol. Pol.
58,217-221 (2008).

60. Massare, J. A. Tooth morphology and prey preference of Mesozoic marine reptiles. J. Vertebr. Paleontol. 7,121-137 (1987).

61. Schmidt, M. Die Lebewelt Unserer Trias 461 (Ferdinand Rau, Ohringen, 1928).

62. Griffith, J. On the anatomy of two saurichthyid fishes, Saurichthys striolatus (Bronn) and S. curioni (Belotti). Proc. Zool. Soc. Lond.
132, 587-606 (1959).

63. Wen, W. et al. Coelacanths from the Middle Triassic Luoping Biota, Yunnan, South China, with the earliest evidence of ovovivipar-
ity. Acta Palaeontol. Pol. 58, 175-193 (2013).

64. Bernardi, M., Avanzini, M. & Bizzarini, F. Vertebrate fauna from the San Cassiano Formation (early Carnian) of the Dolomites
region. Geo. Alp. 8,122-127 (2011).

65. Dalla Vecchia, F. M. Reptile remains from the Middle-Upper Triassic of Carnic and Julian Alps (Friuli-Venezia Giulia, Northeastern
Italy), Gortania. Atti del Museo Friulano di Storia Naturale 15, 49-66 (1994).

66. Buffetaut, E. & Novak, M. A cyamodontid placodont (Reptilia: Sauropterygia) from the Triassic of Slovenia. Palaeontology 51,
1301-1306 (2008).

67. Sirna, G., Dalla Vecchia, E. M., Muscio, G. & Piccoli, G. Catalogue of paleozoic and mesozoic vertebrates and vertebrate localities
of the Tre Venezie area (North Eastern Italy). Mem. Istit. Geol. Mineral. Univ. Padova 46, 255-281 (1994).

68. Qvarnstrém, M., Niedzwiedzki, G., Tafforeau, P, Zigaité, Z & Ahlberg, P. E. Synchrotron phase-contrast microtomography of
coprolites generates novel palacobiological data. Sci. Rep. 7, 2723 (2017).

69. Vermeij, G. . The Mesozoic marine revolution: evidence from snails, predators and grazers. Paleobiology 3, 245-258 (1977).

70. Baumiller, T. K. et al. Post-Paleozoic crinoid radiation to benthic predation preceded the Mesozoic marine revolution. Proc. Natl.
Acad. Sci. USA 107, 5893-5896 (2010).

71. McRoberts, C. A. Triassic bivalves and the initial marine Mesozoic revolution; a role of predators?. Geology 29, 359-362 (2001).

72. Huang, J. et al. Repeated evolution of durophagy during ichthyosaur radiation after mass extinction indicated by hidden dentition.
Sci. Rep. 10,7798 (2020).

73. Walker, S. E. & Brett, C. E. Post-Paleozoic patterns in marine predations: was there a Mesozoic and Cenozoic Marine Predatory
Revolution?. Palentol. Soc. Pap. 8, 119-193 (2002).

74. Underwood, C.J. Diversification of the Neoselachii (Chondrichthyes) during the Jurassic and Cretaceous. Paleobiology 32, 215-235
(2006).

75. Kriwet, J., Kiessling, W. & Klug, S. Diversification trajectories and evolutionary lifehistory traits in early sharks and batoids. Proc.
R. Soc. Lond. B 276, 945-951 (2009).

76. Gorzelak, P, Salamon, M. A. & Baumiller, T. K. Predator induced macroevolutionary trends in Mesozoic crinoids. Proc. Natl. Acad.
Sci. USA 109, 7004-7007 (2012).

77. Scheyer, T. M., Romano, C., Jenks, J. & Bucher, H. Early triassic marine biotic recovery: the predators’ perspective. PLoS ONE 9,
88987 (2014).

78. Gorzelak, P. Microstructural evidence for stalk autotomy in Holocrinus: the oldest stem-group isocrinid. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 506, 202-207 (2018).

79. Gorzelak, P. et al. Experimental neoichnology of post-autotomy arm movements of sea lilies and possible evidence of thrashing
behaviour in Triassic holocrinids. Sci. Rep. 10, 15147 (2020).

Acknowledgements

We are particularly grateful to Birgitt and Karl Aschauer (Waidhofen an der Ybbs) to allocate the fossil material
for scientific investigations. Dr. Dorota Srodek (SEM, Raman), Dr. Tomasz Krzykawski (XRD), Dr. Piotr Duda
(microtomography) and Mr. Mariusz Gardocki (thin-sections) are acknowledged for technical support. Com-
ments by Luis Buatois (University of Saskatchewan), Adrian Hunt (Flying Heritage & Combat Armor Museum)
and an anonymous reviewer greatly improved this paper. Part of the work was supported financially by the
Institute of Geological Sciences, University of Wroctaw.

Author contributions
AL, M.A.S. designed research. A.L., D.S. provided documentation on fossil material. A.L., PG.,R.N., D.S., T.B.
and M.A.S. contributed to writing the paper; all authors edited the final version of MS.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-77017-x.

Correspondence and requests for materials should be addressed to M.A.S.

Reprints and permissions information is available at www.nature.com/reprints.

Scientific Reports |

(2020) 10:20545 | https://doi.org/10.1038/s41598-020-77017-x nature research


https://doi.org/10.1038/s41598-020-77017-x
www.nature.com/reprints

www.nature.com/scientificreports/

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

Scientific Reports|  (2020) 10:20545 | https://doi.org/10.1038/s41598-020-77017-x natureresearch


http://creativecommons.org/licenses/by/4.0/

	Bromalites from the Upper Triassic Polzberg section (Austria); insights into trophic interactions and food chains of the Polzberg palaeobiota
	Geologic setting
	Fossil content in the Reingraben Shales
	Palaeoenvironment of the Reingraben Shales
	Results
	Discussion
	Types of bromalites. 
	Potential producers of bromalites. 

	Conclusions
	Material and methods
	Scanning electron microscopy. 
	Microtomography. 
	Thin-sectioning. 
	Mineralogical studies. 

	References
	Acknowledgements


