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Abstract
Soft tissue preservation is reported from Upper Devonian deposits of the Holy Cross

Mountains, central Poland, for the first time. The preserved soft tissues are muscles associ-

ated with arthropod cuticle fragments. The muscles are phosphatized with variable states of

preservation. Well-preserved specimens display the typical banding of striated muscles.

Other muscle fragments are highly degraded and/or recrystallized such that their micro-

structure is barely visible. The phosphatized muscles and associated cuticle are frag-

mented, occur in patches and some are scattered on the bedding plane. Due to the state of

preservation and the lack of diagnostic features, the cuticle identification is problematic;

however, it may have belonged to a phyllocarid crustacean. Taphonomic features of the

remains indicate that they do not represent fossilized fecal matter (coprolite) but may repre-

sent a regurgitate, but the hypothesis is difficult to test. Most probably they represent the

leftover remains after arthropod or fish scavenging. The present study shows that soft tis-

sues, which even earlier were manipulated by scavenger, may be preserved if only special

microenvironmental conditions within and around the animal remains are established.

Introduction
Well-preserved fossils are widespread in both space and time, but those having soft tissues
preserved are mainly limited to deposits that formed under specific environmental and geo-
chemical conditions. Such deposits, termed Konservat-Lagerstätten [1], have a patchy global
distribution [2–3]. With respect to marine paleoenvironments, the most frequent Lagerstätte
deposits are confined to the oldest, Ediacaran (Neoproterozoic) and Cambrian periods, fol-
lowed by those from the Ordovician and Devonian, and then from the Jurassic [3]. The fidelity
of soft tissue preservation may also vary between different Lagerstätte deposits, between differ-
ent fossils in the same deposits, and even between different parts of the same fossil [4].

Although the soft-bodied organisms and the animals' soft-tissues may be preserved through
a variety of early diagenetic processes, such as replication by clay minerals [5–6], calcitization
[7] or pyritization [8–10], the mineral most commonly preserving soft tissues is apatite [11].
Many soft-bodied organisms and structures are known to be exquisitely preserved due to phos-
phatization processes. These include such geologically old fossils as algae and animal embryos
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from the famous Ediacaran Doushantuo phosphorite of China [12–13], or tiny Cambrian
arthropods from the 'Orsten' Lagerstätte of Sweden [14]. However, phosphatization processes
frequently affected such labile soft parts as muscle tissues. Phosphatized muscles are known
from many different invertebrate and vertebrate taxa throughout the Phanerozoic, including
Silurian and Jurassic horseshoe crabs [15–16], Devonian and Jurassic fishes [17–19], Devonian
and Jurassic crustaceans [4, 20–22], Jurassic marine reptiles [23], Cretaceous pterosaurs [24]
and dinosaurs [25]. The iconic examples, however, are from the Cretaceous Santana Formation
in Brazil where phosphatic soft tissues of fishes are excellently preserved at the subcellular
level, retaining such structures as cell nuclei and mitochondria [26–28]. Due to phosphatiza-
tion, the exceptionally preserved soft tissues not only provide a unique window into paleobiol-
ogy of extinct organisms, but also gave the impetus for laboratory experiments which were
designed to help understanding fossilization processes in the context of microenvironmental
and geochemical conditions [29–33].

Here we report on the preservation of soft tissues in the form of phosphatized muscles from
the Upper Devonian of the Holy Cross Mountains, central Poland, for the first time. Interest-
ingly, the phosphatized soft tissues have been found in lower Famennian deposits containing
abundant phosphatic arthropod cuticle and non-biomineralized algae. The deposits, generally
coined as the Kowala Lagersttätte [34], however, have not provided any fossilized animal soft
tissues so far. Therefore, this find indicates that the deposits are prospective for soft tissue pres-
ervation, suggesting this lower Famennian site may be another conservation Lagersttätte.
Importantly, it is confined to the time-interval shortly post-dating the Frasnian-Famennian
biotic crisis.

Material and Methods
The preserved soft tissues were found on the surface of a laminated, marly shale sample derived
from the lower Famennian portion of a marine, Upper Devonian sequence exposed at the
Kowala quarry in the Holy Cross Mountains, Poland (Fig 1, for details see [34]). The lower
Famennian deposits here investigated are 21 m thick and best outcrop in a trench (N50°
47’43,476”, E20°33’53,568”). The deposits comprise thin-bedded, laminated, dark, carbona-
ceous shales and thin-bedded, grey, micritic limestones, which stratigraphically encompass the
Palmatolepis crepida standard conodont Zone [34]. The interval investigated is confined to
lithologic unit H-4 of Racki & Szulczewski [35].

The specimen was investigated using an environmental scanning electron microscope
(ESEM) under low vacuum conditions in uncoated state using back-scattered electron (BSE)
imaging. The elemental composition was measured using an energy dispersive spectroscopy
(EDS) detector coupled with the ESEM. The specimen is housed at the Faculty of Earth Sci-
ences, Sosnowiec, abbreviated GIUS 4–3657.

Dyckerhoff Polska Sp. z o.o. granted permission for fieldwork in the Kowala quarry.

Results
The structure containing preserved soft tissues is small, with a length of one cm exposed on the
surface of a marly shale, and it is irregularly distributed. Its width varies from 0.5 mm to 1.3
mm (Fig 2A) and is formed by a few distinct patches of preserved material; however, some por-
tions are loosely scattered around. The structure is light-brown in colour.

The texture of the soft tissues reported here are comparable to muscle tissues preserved in
fossil fishes and crustaceans [4, 16, 19, 27–28], as well as modern crustaceans subjected to
decay experiments [29]. Like other fossil examples, some reported here are presumably also
preserved in the form of bundles of fibers (Figs 2C and 3) which, in well-preserved specimens,
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show (typical for striated muscles) clear banding caused by separation of the sarcomeres (Fig
3C–3L). Although the muscle tissues retain their three-dimensional architecture, they are pre-
served differently. In one place they may be highly degraded and/or recrystallized as their
structure is barely visible (Figs 2B, 3A and 3B), whereas in other places their state of preserva-
tion is very good (Figs 2A, 2C, 2D and 3C–3L). It is clear that the preserved muscle tissues and
putative degraded muscles are fragmented and variously oriented on the bedding plane (Fig
2B–2D). In more poorly preserved specimens the banding is indistinct but still recognizable
(Fig 3A and 3B). In some muscles, straight, tubular and sometimes branching structures c.
3μm in diameter occur (Fig 3I). Although incomplete, with respect to morphology and size,
they could represent remnants of transverse tubules (T-tubules), organelles that have previ-
ously been reported in other phosphatized muscle tissues [28]. The phosphatized muscle tis-
sues, both well-preserved and degraded, have been noted in patches (Fig 2B–2D); however,
some isolated fragments have also been detected on the outside of the main fossilized mass
(inset in Fig 2A). The remains preserved in the right, distal most part of the specimen primarily
consist of differently preserved arthropod cuticle (Figs 2E and 4A). The arthropod affinity of
the cuticle preserved is supported by laminated structure as evidenced from its exfoliated lay-
ers, as well as a characteristic external ornamentation (Figs 2E and 4B). In some places, the
cuticle fragments are distinctly displaced and associated with structures which may represent
highly degraded and/or recrystalized muscles (Fig 4C). Some cuticle fragments are also dis-
persed and associated with muscle tissues in other patches (Fig 2C–2D). The cuticle is, how-
ever, too fragmentary and lacks diagnostic features to be determined with confidence. In the
lower Famennian of the Kowala quarry, three arthropod groups have been reported: thylacoce-
phalans, phyllocarids and angustidontids [34]. Thylacocephalans may be excluded as those
occurring in these deposits have a distinctive, polygonal ornamentation of the carapace. Angu-
stidontids possess characteristic, granular ornamentation, at least on some parts of the cara-
pace, and thus does not match the ornamentation present in the preserved cuticle fragments.
Quite similar carapace ornamentation occurs in some phyllocarid crustaceans [36]; however,
any complete specimen having such ornamentation has yet to be found in these deposits, but
we can assume that the cuticle fragments belonged to a crustacean-like arthropod.

As shown by the EDS analysis, the preserved muscles tissues, as well as putative T-tubules,
are phosphatic (see Fig 5). The phosphatized muscle tissues are characterized by the presence

Fig 1. Geological sketch-map of the Paleozoic of the Holy Cross Mountains with the Kowala quarry
indicated by the red star (modified after Marynowski et al. [51]).

doi:10.1371/journal.pone.0142619.g001
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of tiny (0.7μm) apatite crystallites replacing the original tissue (Fig 3E and 3J). There is no
direct evidence of the former presence of bacteria on the muscle tissues in the form of either
phosphatized coccoid microstructures or hollows after bacterial cells preserved in phosphatized

Fig 2. A. Surface of an Upper Devonianmarly shale from the Kowala quarry with scattered remains. Arrows point to scattered remains outside the
main patches. Line drawing indicating the position of particular remains is presented below. B-D. Variously preserved muscle tissues. White arrows indicate
well-preserved tissues, grey arrows indicate putative degraded muscles, and black arrows point to cuticle fragments. E. Cuticle fragments.

doi:10.1371/journal.pone.0142619.g002
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tissues [4, 16]. Thus, the phosphatized tissues here described are characterized by substrate
microfabric sensu Wilby and Briggs [4].

Fig 3. Magnifications of selectedmuscle tissues. A-B. Poorly preserved muscles with indistinct banding (white arrow) and degraded/recrystallized parts
(black arrow). C-L. Well-preserved muscles showing well-developed banding. Arrows in I point to T-tubules-like structures. Tiny apatite crystallites replicating
the muscle tissue are easily visible in magnified views E and J. White dotted line in K indicates the possible boundary between particular muscle fibers.

doi:10.1371/journal.pone.0142619.g003
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Discussion
The phosphatized muscles and cuticle most probably belong to the same animal, as there is no
admixture of other fossils such as fish scales or teeth. Thus, the arthropod origin of the remains
preserved is most likely. The context in which the described muscle tissues and associated cuti-
cle are preserved indicates that they do not represent the remains of a buried carcass. The
remains are fragmented, occur in patches and some are scattered around (Fig 2). Thus, they
must represent only the small portion of the animal, incompletely preserved due to some bio-
logical and taphonomic processes. Although the interpretation of the fossilized remains is
equivocal, the following three hypotheses concerning their origination are worth of discussion:
1. They represent the remains, not completely eaten by a scavenger or predator; 2. They

Fig 4. ESEM photomicrographs of cuticle fragments occurring close to the phosphatized muscle tissues from the lower Famennian of the Kowala
quarry. A. View on a cuticle having distinct ornamentation in the form of ridges on its surface. B. Cuticle fragments showing layering by exfoliation of
particular laminae (white arrows). C. Fragmented and dislocated cuticle fragments (white arrows) associated with putative highly degraded and/or
recrystalized muscle tissue (black arrows).

doi:10.1371/journal.pone.0142619.g004
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Fig 5. Spectra of EDS analysis of selectedmuscle tissues (A-C) and putative T-tubules structures (D), showing their phosphatic composition. The
enrichment of aluminosilicates (Al, Si) is derived from the host sediment. White dots on the ESEM photomicrographs indicate the spots of the EDS analysis.

doi:10.1371/journal.pone.0142619.g005
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represent the remains regurgitated by a predator, or 3. They represent the defecated remains
preserved in the form of disaggregated coprolite.

The first hypothesis is supported by the preservation of the remains in the form of patchily
distributed muscles and cuticle remains which are also chaotically scattered around. Addition-
ally, they are fragmentary which is suggestive for scavenging on an arthropod by other arthro-
pods or even fish. Although other, unpreserved animals could have been responsible, both of
the latter organisms have good fossil record in these deposits. Potential scavenging arthropods
may have been represented by thylacocephalans, phyllocarids or angustidontids [34]. The
fishes are well-represented by isolated shark teeth [37] and recently discovered coelacanth
remains (Fig 6). Moreover, indirect evidence for fish activity in the area of the present-day
Kowala area during the early Famennian consists of numerous coprolites preserving both
arthropod cuticle and small fish remains [38]. In the case of this hypothesis, the remains would
represent the smaller, uneaten portions of the animal which were quickly buried within anoxic
sediment. The laminated fabric of the host sediment [34] indicates that disintegration of the
dead arthropod by the burrowing animals had not taken place.

The second hypothesis that the remains represent the regurgitated mass, expelled by the
predator (most probably a fish) is also considered possible. The main problem, however, is the
lack of any modern and fossil example of a regurgitate preserving soft tissue of the prey. Also
the fragmented carapaces of thylacocephalan arthropods noticed from the same lower Famen-
nian deposits and interpreted as fossilized regurgitates [39] are devoid of any signs of muscle
tissue preservation. Known from both the Recent and the fossil record, the regurgitates mainly
contain undigested hard parts in the form of bones of vertebrates or shells and other skeletal
remains of invertebrates [40–44]. However, the occurrence of the remains in the form of
patches and scattered elements around is quite suggestive for the regurgitate hypothesis. If
true, to be preserved, the muscle tissues couldn’t have passed through the digestive tract of the
fish, but had to be very quickly expelled out of the mouth after swallowing the prey. It is known
that whereas the fossilized prey remains in the fish’s stomach may be very well-preserved, they
do not show any traces of soft tissue preservation [45]. Thus, the very short residence time in
the fish’s digestive tract would be a prerequisite for the preservation of the muscle tissue
reported here. Such a rapid regurgitation of ‘fresh’ remains would even indicate that it was a

Fig 6. Coelacanth fish remains from lower Famennian deposits of the Kowala quarry.Remains of the head region of the specimens GIUS 4-3655/3 (A)
and GIUS 4-3655/1 (B). Abbreviations of the elements identified: cl–cleithrum, gu–gulars, op–operculum, sc–scales, ur–urohyal.

doi:10.1371/journal.pone.0142619.g006
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non-habitual process resulting from, for example, irritation of the digestive tract. Besides a very
short residence time of the soft tissues within the predator’s interior, such labile soft tissues as
muscles would have been preserved only during special taphonomic conditions. These may
have been established on the sea-floor where the remains were embedded within mucus. As a
cohesive and microbe-bearing medium, the mucus could have separated the remains from the
external environment and provided a suitable microenvironment for phosphatization. How-
ever, to be certain as they represent fossilized regurgitates preserving soft tissues, some compar-
ative experiments involving modern fish and crustaceans would be desirable.

The third hypothesis is that the remains represent the disaggregated coprolite. In that case,
the fragments preserved would represent the defecated remains of undigested tissues which
passed through the predator’s digestive tract, following their disaggregation on the sea-bottom.
Ironically, as in the fossil record there is no example of soft tissue preservation within the pred-
ator’s stomach [45] and fossilized regurgitates, there is one example of preservation of undi-
gested muscle tissue preserved within the Late Cretaceous dinosaur coprolite [46]. The latter
example is a unique, as it clearly shows that not all labile tissue were completely digested and
some not only survived degradation within the animal’s stomach but also later on during the
coprolite formation. This opens a possibility that such structures as coprolites may contain
more paleobiological informations than previously thought. Fish coprolites are well-known
from the lower Famennian deposits from the Kowala quarry either in the form of compact, pel-
let-like structures [38] and more disaggregated masses. However, despite the fact that they con-
tain the prey’s hard parts (teeth, scales, cuticle), no any remnants of phosphatized soft tissue
has been detected. Moreover, all the undigested remains in both the compact and disaggregated
coprolites are enclosed within the phosphatic groundmass, which is absent in the present
example. Thus, the aggregation of the soft tissues and cuticle fragments clearly differ with
respect to taphonomic features from the coeval coprolites.

From the taphonomic features and comparisons presented above, it may be considered that
the preserved muscles and cuticle remains do not represent the disaggregated coprolite, from
which they substantially differ. The remains, however, may likely represent the leftover of scav-
enger activity on the arthropod animal, which subsequently were quickly buried. Such remains,
but in the form of vertebrate bone fragments, are known from the fossil record [47]. The regur-
gitate hypothesis, although also likely, suffers from the lack of any modern and fossil compara-
tive material showing soft tissue preservation.

The preservation of soft tissues in fossils are mainly limited to the Konservat-Lagerstätte
deposits which formed under special environmental and geochemical conditions, where car-
casses were not only unaffected by scavengers and bioturbators, but also were quickly buried
and their labile soft tissues rapidly mineralized [2, 30, 48–49]. The lower Famennian deposits
from the Kowala quarry which are rich in phosphatic cuticle of arthropods (thylacocephalans,
phyllocarids and angustidontids) and carbonaceous compressions of non-biomineralized algae
[34], have not provided any signs of animal soft tissue preservation until now. Thus, the pres-
ent find indicates that in these deposits, at least locally, even soft tissues manipulated by a scav-
enger may be preserved when suitable conditions occur prior to and during burial. This
increases the chances of finding more fossilized soft tissues in the deposits investigated here, as
well as in other deposits originally known from the absence of soft tissue preservation.

In comparison to the Frasnian-Famennian boundary interval at the Kowala quarry, the
deposition of the lower Famennian deposits of the crepida Zone took place in a more oxygen-
ated sea-bottom conditions, as is evidenced from Th/U ratios [50], biomarkers and framboid
pyrite size distributions [51]. Such conditions must have prevailed during scavenging on the
arthropod remains on the sea-floor. Episodically, however, the environment witnessed dysoxia
and anoxia on the sea-floor and even euxinia in the water column above, as documented by
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such specific biomarkers as aryl isoprenoids, isorenieratane and gammacerane [51]. The epi-
sodic, oxygen-deficient bottom waters are also indicated by large concentrations of amorphous
organic matter [52], the impoverished benthic fauna, the common disseminated pyrite crystals
and the presence of fossilized non-calcified algae [34]. Fluctuating redox conditions and the
onset of oxygen-deficiency on the sea-bottom would have been the first step in preservation of
the soft tissue remains by exclusion of further scavengers. After burial, the remains entered the
closed, oxygen-deficient microenvironment devoid of bioturbators which otherwise would
either directly degrade the tissues or indirectly influenced their degradation via oxygenated
waters penetrating the sediment [2]. Indeed, the lack of bioturbators is well evidenced not only
in the laminated fabric of soft tissue-bearing marly shale sample, but also in laminated marls
and limestones occurring in some intervals of the studied deposits [50]. Such closed conditions
within the sediment were crucial for preservation of the muscles, as it is well known that phos-
phatization of soft tissues requires special microenvironment characterized by specific pH and
redox conditions, and the presence of sufficient concentration of phosphate [11, 20, 29–30].
The absence of fossilized microbes on the phosphatized muscle tissues reported here indicates
that such substrate microfabric [4] may have resulted from autolytic decay that has created a
favourable chemical environment characterized by the presence of sufficient phosphate avail-
ability. In such conditions, the muscle tissues may be preserved with high fidelity by extremely
small apatite crystallites [4]. Although the phosphorous may have been delivered from both
the decaying tissues and the sediment [4], in the present case it would have been derived from
decaying carcass remains. Although the preserved remains consist of small bits of phosphatized
soft tissues, it is supported by the laboratory experiments of Briggs and Kear [29], which clearly
demonstrated that phosphatization of soft tissues do not need very high concentrations of
phosphate external to the carcass. Moreover, the weakly (Fig 3A and 3B) and poorly preserved
muscles without any signs of banding (Fig 2B) may suggest that these, during decay, delivered
much of phosphate used for mineralization of those muscles which are here best preserved
(Figs 2A, 2C, 2D and 3C–3L). This is also supported by the laboratory experiments [29] which
showed that phosphate liberated from the decaying soft tissues of a shrimp, was used for min-
eralization of the adjacent muscle tissue.

Conclusions
The phosphatized muscle tissues associated with cuticle fragments of arthropod origin have
been detected in the lower Famennian of the Holy Cross Mountains, Poland, for the first time.
The taphonomic features of the preserved remains indicate, that they did not belong to a com-
plete animal buried within the sediment following its death. The taphonomic features and
comparisons show that the remains do not represent fossilized fecal material (coprolite). They
could have resulted from regurgitation of undigested remains by a predatory fish; however, the
lack of any comparative data from both modern settings and the fossil record, makes the regur-
gitation hypothesis equivocal. Rather, the fragmentary nature of the specimen indicates, that
the preserved remains represent a leftover after arthropod or fish scavenging on an arthropod,
which were subsequently quickly buried in a suitable microenvironment allowing for their
rapid phosphatization. This single example of phosphatized muscle tissues indicates that soft
tissues, even earlier manipulated by scavenger, may be preserved if only special microenviron-
mental and taphonomic conditions within and around the animal remains are established. The
present find makes a chance to find more fossilized soft tissues in the deposits investigated
here, as well as in other deposits originally known from the absence of soft tissue preservation.

Soft Tissue Preservation in Devonian Deposits

PLOS ONE | DOI:10.1371/journal.pone.0142619 November 11, 2015 10 / 13



Acknowledgments
David Martill is thanked for fruitful discussion concerning the phosphatized muscle tissues.
David Martill and Mark Wilson provided the linguistic corrections at different stages of manu-
script preparation which is greatly appreciated. Rodney Feldmann, David Martill, Robert
Gaines, three anonymous referees and the journal Editor Roberto Macchiarelli are enormously
acknowledged for their constructive reviews, useful remarks and linguistic corrections which
helped to improve the final version of the manuscript.

Author Contributions
Conceived and designed the experiments: MZ. Performed the experiments: MZ. Analyzed the
data: MZ KB. Wrote the paper: MZ KB.

References
1. Seilacher A (1970) Begriff und Bedeutung der Fossil-Lagerstätten. Neues Jahrbuch Geol Paläontol,

Monat 1970 (1): 34–39.

2. Allison PA, Briggs DEG (1993) Exceptional fossil record: Distribution of soft-tissue preservation through
the Phanerozoic. Geology 21: 527–530.

3. Schiffbauer JD, Laflamme M (2012) Lagerstatten through time: a collection of exceptional preserva-
tional pathways from the terminal Neoproterozoic through today. Palaios 27: 275–278.

4. Wilby PR, Briggs DEG (1997) Taxonomic trends in the resolution of detail preserved in fossil phospha-
tized soft tissues. Geobios, Mem Spec 20: 493–502.

5. Gabbott SE, Aldridge RJ, Theron JN (1995) A giant conodont with preserved muscle tissue from the
Upper Ordovician of South Africa. Nature 374: 800–803.

6. Orr PJ, Briggs DEG, Kearns SL (1998) Cambrian Burgess Shale animals replicated in clay minerals.
Science 281: 1173–1175. PMID: 9712577

7. Briggs DEG, Siveter DJ, Siveter DJ (1996) Soft-bodied fossils from a Silurian volcaniclastic deposit.
Nature 382: 248–250.

8. Briggs DEG, Raiswell R, Bottrell SH, Hatfield D, Bartels C (1996) Controls on the pyritization of excep-
tionally preserved fossils: an analysis of the Lower Devonian Hunsrück Slate of Germany. Am J Sci
296: 633–663.

9. Gabbott SE, Hou X-G, Norry MJ, Siveter DJ (2004) Preservation of Early Cambrian animals of the
Chengjiang biota. Geology 32: 901–904.

10. Raiswell R, Newton R, Bottrell SH, Coburn PM, Briggs DEG, Bond D, et al. (2008) Turbidite deposi-
tional influences on the diagenesis of Beecher’s Trilobite Bed and the Hunsrück Slate: sites of soft tis-
sue pyritization. Am J Sci 308: 105–129.

11. Briggs DEG (2003) Exceptionally preserved fossils. In: Briggs DEG, Crowther PR (eds), Palaeobiology
II. Blackwell Publishing, pp. 328–332.

12. Xiao S, Zhang Y, Knoll AH (1998) Three-dimensional preservation of algae and animal embryos in a
Neoproterozoic phosphorite. Nature 391: 553–558.

13. Xiao S, Knoll AH (1999) Fossil preservation in the Neoproterozoic Doushantuo phosphorite Lager-
stätte. Lethaia 32: 219–240. PMID: 11543524

14. Maas A, Braun A, Dong X-P, Donoghue PCJ, Müller KJ, Olempska E, et al. (2006) The ‘Orsten’–More
than a Cambrian Konservat-Lagerstätte yielding exceptional preservation. Palaeoworld 15: 266–282.

15. Moore RA, Briggs DEG, Braddy SJ, Schultz JW (2011) Synziphosurines (Xiphosura: Chelicerata) from
the Silurian of Iowa. J Paleontol 85: 83–91.

16. Briggs DEG, Moore RA, Schultz JW, Schweigert G (2005) Mineralization of soft-part anatomy and
invading microbes in the horseshoe crabMesolimulus from the Upper Jurassic Lagerstätte of Nusplin-
gen, Germany. Proc Royal Soc B 272: 627–632.

17. Trinajstic K, Marschall C, Long J, Bifield K (2007) Exceptional preservation of nerve and muscle tissues
in Late Devonian placoderm fish and their evolutionary implications. Biol Let 3: 197–200.

18. Trinajstic K, Sanchez S, Dupret V, Tafforeau P, Long J, Young G, et al. (2013) Fossil musculature of
the most primitive jawed vertebrate. Science 341: 160–164. doi: 10.1126/science.1237275 PMID:
23765280

Soft Tissue Preservation in Devonian Deposits

PLOS ONE | DOI:10.1371/journal.pone.0142619 November 11, 2015 11 / 13

http://www.ncbi.nlm.nih.gov/pubmed/9712577
http://www.ncbi.nlm.nih.gov/pubmed/11543524
http://dx.doi.org/10.1126/science.1237275
http://www.ncbi.nlm.nih.gov/pubmed/23765280


19. Schultze H-P (1989) Three-dimensional muscle preservation in Jurassic fishes of Chile. Rev Geol
Chile 16: 183–215.

20. Briggs DEG,Wilby PR (1996) The role of the calcium carbonate-calcium phosphate switch in the miner-
alization of soft-bodied fossils. J Geol Soc London 153: 665–668.

21. Wilby PR, Briggs DEG, Bernier P, Gaillard C (1996) Role of microbial mats in the fossilization of soft-tis-
sues. Geology 24: 787–790.

22. Feldmann RM, Schweitzer CE (2010) The oldest shrimp (Devonian: Famennian) and remarkable pres-
ervation of soft tissue. J Crust Biol 30: 629–635.

23. Martill DM (1995) An ichthyosaur with preserved soft tissue from the Sinemurian of of southern
England. Palaeontology 38: 897–903.

24. Martill DM, Unwin DM (1989) Exceptionally well preserved pterosaur wing membrane from the Creta-
ceous of Brazil. Nature 340: 138–140.

25. Kellner AWA (1996) Fossilized theropod soft tissue. Nature 379: 32.

26. Martill DM (1988) Preservation of fish in the Cretaceous Santana Formation of Brazil. Palaeontology
31: 1–18.

27. Martill DM (1990) Macromolecular resolution of fossilized muscle tissue from an elopomorph fish.
Nature 346: 171–172.

28. Martill DM (2003) The Santana Formation. In: Briggs DEG, Crowther PR (eds), Palaeobiology II. Black-
well Publishing, pp 351–356.

29. Briggs DEG, Kear AJ (1994) Decay and mineralization of shrimps. Palaios 9: 431–456.

30. Sagemann J, Bale SJ, Briggs DEG, Parkes RJ (1999) Controls on the formation of authigenic minerals
in association with decaying organic matter: an experimental approach. Geochim Cosmochim Acta 63:
1083–1095.

31. Martin D, Briggs DEG, Parkes RJ (2003) Experimental mineralization of invertebrate eggs and the pres-
ervation of Neoproterozoic embryos. Geology 31: 39–42.

32. Raff EC, Schollaert KL, Nelson DE, Donoghue PCJ, Thomas C-W, Turner FR, et al. (2008) Embryo fos-
silization is a biological process mediated by microbial biofilm. Proc Natl Acad of Sci USA 105: 19360–
19365.

33. Cunningham JA, Thomas C-W, Bengtson S, Marone F, Stampanoni M, Turner FR, et al. (2012) Experi-
mental taphonomy of giant Sulphur bacteria: implications for the interpretation of the embryo-like edia-
caran Doushantuo fossils. Proc Royal Soc B 297: 1857–1864.

34. ZatońM, Filipiak P, Rakociński M, Krawczyński W (2014) Kowala Lagerstätte: Late Devonian arthro-
pods and non-biomineralized algae from Poland. Lethaia 47: 352–364.

35. Racki G, Szulczewski M (1996) Stop 4. Kowala railroad cut and quarry, In: Szulczewski M, Skompski S
(eds.), Sixth European Conodont Symposium (ECOS VI), Excursion Guide, Instytut Paleobiologii PAN,
Warszawa, pp 27–33.

36. Racheboef PR (1994) Silurian and Devonian phyllocarid crustaceans from the Massif Armoricain, NW
France. Rev Paléobiol 13: 281–305.

37. Ginter M (2002) Chondrichthyan fauna of the Frasnian–Famennian boundary beds in Poland. Acta
Palaeontol Pol 47: 329–338.

38. ZatońM, Rakociński M (2014) Coprolite evidence for carnivorous predation in a Late Devonian pelagic
environment of southern Laurussia. Palaeogeog Palaeoclimatol Palaeoecol 394: 1–11.

39. Broda K, Wolny M, ZatońM (2015) Palaeobiological significance of damaged and fragmented thylaco-
cephalan carapaces from the Upper Devonian of Poland. Proc Geol Assoc 126: 589–598.

40. Hattin DE (1996) Fossilized regurgitate from Smoky Hill Member of Niobrara Chalk (Upper Cretaceous)
of Kansas, USA. Cret Res 17: 443–450.

41. Vannier J, Chen J (2005) Early Cambrian food chain: new evidence from fossil aggregates in the Mao-
tianshan shale biota, SW China. Palaios 20: 3–26.

42. Aldridge RJ, Gabbott SE, Siveter LJ, Theron JN (2006) Bromalites from the Soom Lagerstätte (Upper
Ordovician) of South Africa: palaeoecological and palaeobiological implications. Palaeontology 49:
857–871.

43. ZatońM, Villier L, Salamon MA (2007) Signs of predation in the Middle Jurassic of south-central
Poland: evidence from echinoderm taphonomy. Lethaia 40: 139–151.

44. Myhrvold NP (2012) A call to search for fossilized gastric pellets. Hist Biol 24: 505–5017.

45. Wilby PR, Martill DM (1992) Fossil fish stomachs: a microenvironment for exceptional preservation.
Hist Biol 6: 25–36.

Soft Tissue Preservation in Devonian Deposits

PLOS ONE | DOI:10.1371/journal.pone.0142619 November 11, 2015 12 / 13



46. Chin K, Eberth DA, Schweitzer MH, Rando TA, SlobodaWJ, Horner JR (2003) Remarkable preserva-
tion of undigested muscle tissue within a Late Cretaceous tyrannosaurid coprolite from Alberta, Can-
ada. Palaios 18: 286–294. PMID: 12866547

47. Montalvo CI, Tomassini RL, Sostillo R (2015) Leftover prey remains: a new taphonomic mode from the
Late Miocene Cerro Azul Formation of Central Argentina. Lethaia doi: 10.1111/let.12140

48. Allison PA (1988) Konservat-Lagerstätten: cause and classification. Paleobiology 14: 331–344.

49. Martill DM (1989) The Medusa effect: instantaneous fossilization. Geol Today 6: 201–205

50. Bond D, ZatońM (2003) Gamma-ray spectrometry across the Upper Devonian basin succession at
Kowala in the Holy Cross Mountains (Poland). Acta Geol Pol 53: 93–99.

51. Marynowski L, Rakociński M, Borcuch E, Kremer B, Schubert BA, Jahren HA (2011) Molecular and pet-
rographic indicators of redox conditions and bacterial communities after the F/F mass extinction
(Kowala, Holy Cross Mountains, Poland). Palaeogeog Palaeoclimat Palaeoecol 306, 1–14.

52. Filipiak P (2009) Lower Famennian phytoplankton from the Holy Cross Mountains (Central Poland).
Rev Palaeobot Palyno 157: 326–338.

Soft Tissue Preservation in Devonian Deposits

PLOS ONE | DOI:10.1371/journal.pone.0142619 November 11, 2015 13 / 13

http://www.ncbi.nlm.nih.gov/pubmed/12866547
http://dx.doi.org/10.1111/let.12140

