Uniwersytet Slaski w Katowicach

Wydzial Nauk Przyrodniczych

Instytut Nauk o Ziemi

UNIWERSYTET SLASKI
W KATOWICACH

Jakub Slowinski

Middle and Upper Jurassic sessile polychaetes of Poland

Srodkowo- i gornojurajskie wieloszczety osiadte Polski

Rozprawa doktorska w dziedzinie nauk $cistych i przyrodniczych,

w dyscyplinie nauki o Ziemi i srodowisku

Promotor: prof. dr hab. Michal Zaton

Promotor pomocniczy: dr Olev Vinn

Sosnowiec, 2024



Spis tresci (Table of contents)

IS W 010 o] 11 Vo] | PSSR 5
SETESZEZENIE. ...ttt bbbttt bbbt bbb bbbt n e 6
AADSTIACT ...t E b r et 8
Lo INEFOTUCTION ...kttt b bbbt 11
A 1T ] [oTo o LR:T=] 11 ] T [ SUPSI 12

2.1. Paleogeographical Dackground ............ccccooiiieieiinenee s 12

2.2. Material and itS PrOVENANCE .........cceeiveieiieieeie et 13
B IMEBLNOUAS ... bbbttt ne 18
4. The article OVErvIEW and rESUILS .........c.ooiiiiiiiiiciieee e 20
5. DIHSCUSSION ..tttk b bbbkt b bbbt b bbbttt n et nb e 23

5.1. Taxonomy and paleoecological analysis of the Middle and Upper Jurassic tube-

dwelling polychaetes from the Polish Basin ............cccccveveiiiiiiicieccece e, 23
5.1.1. SySteMALiC ACCOUNT .....veiviiiieiieiete ettt 23
5.1.2. Diversity and diStribUtiON ...........ccooeiiiiiiicc e 26
5.1.3. Symbiotic relationship between serpulids and hydroids ...........c..c.ccc..... 28

5.2. Ultrastructural analysis of the Middle and Upper Jurassic tube-dwelling polychaetes
from the POLISN BaSIN ......ccviiiiiieeie e e 31
5.2.1. Phylogenetic constraints and ecological implications of the serpulid tube
0] 0 2 YL 0 (] SRS 31

5.2.2. Comparison of the biomineralization systems of serpulids and sabellids

5.2.3. Ultrastructure and mineralogy of the Jurassic calcareous sabellids and the

evolution of sabellid CalCITICATION .....uvueeeeeeeee e 35
B. CONCIUSIONS ..ottt et et et et ettt e e e e e e e e e e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeeeeneees 36
R B B I CES ..o e ———————————— 37



ATICLE 1 oo 51

Stowinski J., Surmik D., Duda P., Zaton M. (2020). Assessment of serpulid-hydroid association
through the Jurassic: A case study from the Polish Basin, PLOS ONE 15, e0242924.

AT I 2 o, 75

Stowinski, J., Vinn, O, Jager, M., Zaton, M. (2022). Middle and Late Jurassic tube-dwelling
polychaetes from the Polish Basin: diversity, palaeoecology and comparisons with other
assemblages. Acta Palaeontologica Polonica 67, 827-864.

ATEICLE B Lo 114

Stowinski, J., Banasik, K., Vinn, O. (2023). Insights into mineral composition and ultrastructure
of Jurassic sabellid tubes (Annelida, Polychaeta): the evolution of sabellid calcification and its

palaeoecological implications. Lethaia 56, 1-12.
ATEICIE 4 127

Stowinski, J., Vinn, O., Zaton, M. (2024). Ultrastructure of the Jurassic serpulid tubes —
phylogenetic and paleoecological implications. PeerJ 12, e17389.

AULOTSHIP STALCMENLS. ...\ttt ettt et e e e et e e neeeneenans 156



Podzi¢kowania

Pragne zlozy¢ serdeczne podzigkowania za zaangazowanie, merytoryczng pomoc, oraz
cierpliwos¢ w trakcie realizacji rozprawy doktorskiej mojemu promotorowi prof. dr. hab.
Michatowi Zatoniowi, oraz promotorowi pomocniczemu dr. Olevowi Vinnowi, bez ktérych ta
praca nie powstalaby w swojej obecnej formie. Dzigkuje rowniez wszystkim wspotautorom
publikacji, ktore wchodzg w sktad niniejszej dysertacji doktorskiej: dr Kamili Banasik, dr.
Piotrowi Dudzie, dr. Manfredowi Jagerowi i dr. Dawidowi Surmikowi — za rzetelny,
merytoryczny i techniczny wktad w realizacje badan i powstatych na ich podstawie publikacji.
Pragng¢ podzigkowaé wszystkim recenzentom publikacji za wnikliwe recenzje i wiele cennych
uwag, ktore znaczaco ulepszyly finalng wersje manuskryptow. Dzigkuj¢ rowniez za pomoc
techniczng w obstudze skanningowego mikroskopu elektronowego dr. Arkadiuszowi Krzatale
oraz mgr Marian Kdlaviir; dr. Wojciechowi Krawczynskiemu za pomoc w wykonaniu zdjec¢
wykorzystanych w publikacjach, oraz Pawlowi Dudzie za pomoc w segmentacji obrazow
mikrotomografii komputerowej. Pragne rowniez serdecznie podzickowaé prof. dr. hab.
Pawtowi Filipiakowi, dr. hab. Marcinowi Krajewskiemu, prof. AGH i prof. dr. hab. Mariuszowi
Salamonowi za cenne uwagi udzielone podczas ewaluacji $srodokresowej, pomocne podczas

p6zniejszych etapdw realizacji doktoratu.



Lista publikacji

Przedstawiona dysertacja doktorska sktada si¢ ze spojnego tematycznie zbioru czterech
artykutoéw opublikowanych w czasopismach naukowych posiadajgcych wspotczynnik wptywu
Impact Factor (IF). Ich sumaryczny IF wynosi 9,548. W sktad rozprawy wchodza nast¢pujace
publikacje:

1. Slowinski J., Surmik D., Duda P., Zaton M. (2020). Assessment of serpulid-hydroid
association through the Jurassic: A case study from the Polish Basin, PLOS ONE 15,
e0242924. DOI: 10.1371.0242924. 1F(2020)=3,24. MEiIN=100 pkt.

2. Stowinski, J., Vinn, O, Jager, M., Zaton, M. (2022). Middle and Late Jurassic tube-
dwelling polychaetes from the Polish Basin: diversity, palaeoecology and comparisons
with other assemblages. Acta Palaeontologica Polonica 67, 827-864. DOI:
10.4202/app.01006.2022. 1F(2022)=2,108. MEiIN=100 pkt.

3. Stowinski, J., Banasik, K., Vinn, O. (2023). Insights into mineral composition and
ultrastructure of Jurassic sabellid tubes (Annelida, Polychaeta): the evolution of sabellid
calcification and its palaeoecological implications. Lethaia 56, 1-12. DOI:
10.18261/1et.56.3.8. 1F(2022)=1,5. MEiN=100 pkt.

4. Stowinski, J., Vinn, O., Zaton, M. (2024). Ultrastructure of the Jurassic serpulid tubes
— phylogenetic and paleoecological implications. PeerJ 12, e173809.
DOI:10.7717/peerj.17389. 1F(2024)=2,7. MEiIN=100 pkt.



Streszczenie

Wieloszczety to prawie wytacznie morskie bezkregowce nalezace do typu pierécienic.
Zdecydowana wigkszo$¢ wieloszczetow reprezentowana jest przez organizmy migkkocielne,
dlatego sa rzadkie w zapisie kopalnym i ograniczone tylko do osadéw o wyjatkowym stopniu
zachowania skamieniatosci (tzw. Lagerstatte). Zapis kopalny wieloszczetow zdominowany jest
przez ich twarde cz¢sci szkieletowe reprezentowane przez weglanowe rurki mieszkalne oraz
rzadziej przez elementy aparatu szczekowego (skolekodonty), czy tez wieczka (operculum).
Sposréd wszystkich grup wieloszczetow, twarde, zmineralizowane weglanem wapnia rurki
mieszkalne sg wytwarzane jedynie przez przedstawicieli trzech rodzin osiadtych wieloszczetow
— Serpulidae, Sabellidae i Cirratulidae, z ktérych tylko serpulidy powszechnie posiadaja
zmineralizowane, weglanowe rurki. Dotychczasowe badania pos§wigcone tym organizmom z
okresu jurajskiego sa bardzo nieliczne 1 obejmujg jedynie kilka publikacji, w tym jedng z
obszaru Polski. Celem tego projektu naukowego bylo wypetnienie tych brakow poprzez
kompleksowe badania skamieniatosci jurajskich serpulidow pochodzacych z obszaru Polski.

Skamieniatosci rurek jurajskich serpulidow i sabellidow pochodzacych z osadow
reprezentujacych interwaty stratygraficzne od gornego bajosu po dolny kimeryd zbadano pod
katem ich taksonomii, paleoekologii oraz mikrostruktury. Badania taksonomiczne miaty na
celu przyporzadkowanie zebranych okazéw do konkretnego rodzaju i gatunku. Na podstawie
roznorodnych zespotow skamieniatosci opisano 24 taksony, W tym rozpoznano dwa nowe
gatunki — Filogranula spongiophila i Cementula radwanskae. 23 taksony reprezentuja dwa
(Filograninae i Serpulinae) sposrod trzech gtownych kladow serpulidow, a jeden gatunek
(Glomerula gordialis) nalezy do rodziny Sabellidae.

W oparciu o zidentyfikowany sktad taksonomiczny zespotéw rozpoznano specyficzne
dla danego rodzaju $rodowiska zespoty wieloszczetow sesylnych. Ich liczebnos$¢ i
roznorodnos$¢ jest $cisle zwigzana z okreslonym rodzajem substratu, jego charakterem i ogélng
morfologig, podczas gdy interwat stratygraficzny odgrywa drugorzedng role. Duze znaczenie
odgrywaja rowniez inne zmienne paleosrodowiskowe takie jak dostepnos$¢ pokarmu czy
hydrodynamika srodowiska. Oprdcz tego wiele wieloszczetdw wykazuje charakterystyczny
sposOb rozmieszczenia odzwierciedlajacy ich adaptacje paleoekologiczne jak np. kryptyczny
tryb zycia czy rywalizacja o przestrzen.

Analiza materialu paleontologicznego w ujeciu ekologiczno-paleosrodowiskowym

dotyczyta rowniez relacji symbiotycznych miedzy serpulidami i innymi organizmami.



Serpulidy wchodzity w relacje symbiotyczne ze stutbioptawami zachowanymi w obrebie ich
szkieletu w procesie bioklaustracji. Cho¢ symbioza migdzy serpulidami i stulbioptawami z
gatunku Protulophila gestroi ma dtuga histori¢ ewolucyjna, to zapis kopalny tego zjawiska jest
bardzo rozproszony w czasie i w przestrzeni. W obrebie jurajskiego basenu polskiego
czestotliwos¢ wystepowania tej interakcji jest niezwykle niska. W niniejszych badaniach
stutbioptawy wykazywaty ogromnag selektywnos¢ w wyborze swojego gospodarza, zasiedlajac
wylacznie jeden rodzaj serpulidow (Propomatoceros). Ponadto, znaczaca wigkszo$¢
przypadkow tej symbiozy zostala zarejestrowana wytgcznie w jednej lokalizacji i w bardzo
waskim interwale stratygraficznym. Do wizualizacji wewnetrznej morfologii  kolonii
symbiotycznych stutbioptawdw po raz pierwszy zastosowano mikrotomografie komputerowa
(micro-CT).

Na podstawie analizy mikrostrukturalnej dwunastu taksondéw  serpulidow
reprezentujacych dwa z trzech gtownych kladow tej rodziny, rozpoznano trzy rodzaje
mikrostruktur — nieregularng pryzmatyczng (IOP), sferulityczng pryzmatyczng (SPHP), oraz
prosta pryzmatyczng (SP). Sze$¢ z taksondéw posiada $ciany szkieletu zbudowane z pojedynczej
warstwy, a sze$¢ jest dwuwarstwowych. Rodzaje mikrostruktur sg charakterystyczne dla
poszczegblnych kladow i dostarczaja istotnych sygnatéw filogenetycznych w ewolucyjnych
trendach budowy mikrostrukturalnej serpulidéw. W przeciwienstwie do niektorych mtodszych
geologicznie wieloszczetow osiadtych mikrostruktura jurajskich serpulidéw nie nadaje si¢
jednak do rozpoznawania konkretnych rodzajow i gatunkdéw. Rozwdj réznorodnosci
mikrostruktur serpulidow i pojawienie si¢ rurek zbudowanych z co najmniej dwdch warstw byt
prawdopodobnie zwigzany z duzym ewolucyjnym znaczeniem rurek dla catego taksonu, co
moglto by¢ rdéwniez spotegowane przez zwigkszony poziom drapieznictwa podczas
mezozoicznej rewolucji morskiej.

System biomineralizacji serpulidow rézni si¢ od tego u sabellidow i jest bardziej
zlozony. Jurajskie sabellidy tworza jednowarstwowga rurke, ktorej sekrecja przebiega wzdluz
dhugich linii wzrostu zorientowanych réwnolegle do $ciany rurki, a kolejne pasma przyrostowe
sa dodawane do wnetrza rurki. Z tego powodu Glomerula nie jest w stanie modyfikowac
zewnetrznej, prostej morfologii szkieletu, co sprawia, ze rurka jest delikatna i podatna na
mechaniczne uszkodzenia. Z drugiej strony sabellidy ponosza stosunkowo niewielkie koszty
energetyczne podczas kalcyfikacji, dzieki czemu sg w stanie znaczaco wydtuza¢ swojg rurke w
relatywnie szybkim tempie. Pozwala to na stosowanie oportunistycznej strategii tzw.

,ucieczki” 1 unikania konkurencji. U serpulidow kolejne pasma przyrostowe sa dodawane do



krawedzi apertury, dzigki czemu mogg aktywnie modyfikowaé swojg zewnetrzng morfologie.
Nie sg w stanie tak szybko tworzy¢ szkieletu, jednak jest on znacznie wytrzymalszy i mniej
podatny na uszkodzenia. Oprocz bogatej ornamentacji rurek serpulidy czesto tworzg rdzne
struktury wzmacniajace mechanicznie rurke jak np. struktury przyczepu do substratu.
Mineralogia szkieletu wielu grup organizmdéw zmieniata si¢ w zalezno$ci od sktadu
chemicznego wody morskiej w catej historii ewolucji. Sabellidy po raz pierwszy tworzyly
zmineralizowany szkielet w permie, w okresie, w ktorym dominowaty morza aragonitowe.
Szkielet wspotczesnych sabellidow posiadajacych weglanowy szkielet, reprezentowany przez
jeden endemiczny gatunek — Glomerula piloseta, jest aragonitowy. Na podstawie badan
przeprowadzonych przy uzyciu spektroskopii ramanowskiej sktad mineralogiczny szkieletu
jurajskich sabellidow zostat zindetyfikowany jako niskomagnezowy kalcyt, co odpowiada
okresowi dominacji moérz kalcytowych. Geneza i pdzniejsze dlugoterminowe wahania
mineralogii szkieletu sabellidow byly najprawdopodobniej zalezne w znacznym stopniu od

zmieniajacego si¢ w ciggu interwalow stratygraficznych stosunku jonowego wody morskie;.

Abstract

Polychaetes (Annelida) are almost exclusively marine invertebrates. As an immense
majority of them are represented by soft-bodied organisms, their fossil record is scarce and
most often restricted to the Lagerstatte (conservation) deposits. In the fossil record, polychaete
fossils are dominated by hard parts of the exoskeleton represented by biomineralized dwelling
tubes and less often by jaw elements (scolecodonts), as well as opercula. Among the all
polychaete groups only the sessile Serpulidae, Sabellidae, and Cirratulidae are known to
produce hard tubes made of calcium carbonate, of which only the family Serpulidae
encompasses common calcareous tube builders. Previous research on the Jurassic sessile
polychaetes is rather poor in comparison to other invertebrate groups, comprising only a few
published articles, and only one concerning the Juassic serpulids from the area of Poland. This
scientific project aimed to fill up these deficiencies.

Fossil tubes of Jurassic serpulids and sabellids derived from the upper Bajocian-lower
Kimmeridgian deposits of the Polish Basin were subjected to taxonomic, paleoecological, and
ultrastructural research. Based on the diverse assemblages of serpulids and sabellids, 24 taxa

were reported including two new species — Filogranula spongiophila and Cementula



radwanskae. 23 taxa represent two of three main serpulid clades and one species (Glomerula
gordialis) belongs to the family Sabellidae.

Based on the identified taxonomic composition of the communities, distinct groups
corresponding to certain paleoenvironments have been recognized. The abundance, diversity,
and colonization patterns of the assemblages are strictly dependent on the nature of the
colonized substrate and other paleoecological variables (e.g., nutrient availability,
environmental energy), whereas the stratigraphic interval plays a secondary role. Other
paleoenvironmental factors, such as nutrient availability and environmental hydrodynamics,
also play a significant role. In addition, many tube-dwelling polychaetes show a characteristic
distribution pattern reflecting their paleoecological adaptations, such as a cryptic lifestyle or
spatial competition.

The analysis of paleontological material from an ecological and paleoenvironmental
perspective also concerned symbiotic relationships between serpulids and hydroids, which were
preserved in the process of bioclaustration. Although this kind of interaction has a very long
evolutionary history (Pliensbachian-Recent), the fossil record of this phenomenon is highly
dispersed both in time and space. In the Jurassic sea of the Polish Basin, serpulids very rarely
hosted symbiotic hydroids referred to as the species Protulophila gestroi. In the herein research,
hydroids were highly selective in the choice of their host colonizing only one serpulid genus,
Propomatoceros. Moreover, the vast majority of the infestation cases (17 out of 20) was
recorded from a single site and a single stratigraphic zone. In order to visualize the internal
morphology of the symbiotic hydroids, micro-computed tomography (micro-CT) has been
applied for the first time.

The microstructural analysis of serpulid tubes encompassing 12 taxa revealed a
relatively low microstructural diversity comprising three types — irregularly oriented prismatic
structure (I0OP), spherulitic prismatic structure (SPHP) and simple prismatic structure (SP). Six
of the taxa have skeletal walls composed of a single layer and six taxa have two-layered tubes.
Microstructure types correspond to the specific clades and provide important phylogenetic
signals; however, they are neither genus nor species-dependent. Therefore, contrary to some
geologically younger serpulids, they are not suitable for ultrastructure-based recognition.
Anyhow, the development of ultrastructural diversity in serpulids and the emergence of multi-
layered tubes was presumably connected with the evolutionary importance of the tubes for the
taxon, which could be enhanced by increased predation levels during the Marine Mesozoic

Revolution.



The biomineralization system of serpulids differs from that of sabellids and remains
more complex. Jurassic calcareous sabellids built a single-layered tube, the secretion of which
proceeds along the long and oriented parallelly to the tube wall growth lines, where the
subsequent growth increments are added to the interior of the tube - therefore Glomerula is
unable to modify its external morphology. It also results in a very uniform set of tube characters
and makes the tube fragile and susceptible to mechanical damage. On the other hand, sabellids
bear a relatively low energy expenditure during tube secretion, being able to perform an
opportunistic, “fugitive” strategy. Serpulids instead, add their subsequent growth increments to
the rim of the aperture and are able to actively modify their external morphology. As a result,
serpulids are capable of mechanically strengthening the tube being more resistant to any
damage.

Throughout evolutionary history, the skeleton mineralogy of numerous groups of
organisms has changed in response to oscillations in the chemical composition of seawater.
Sabellids first formed a mineralized skeleton in the Middle Permian, a period when aragonite
seas dominated. The skeleton of contemporary calcareous sabellids, represented by one
endemic species - Glomerula piloseta, is aragonitic. Based on the Raman spectroscopy the
mineralogy of the tube of the sabellid Glomerula gordialis has been identified for the first time
as low-Mg calcite, which corresponds to the Middle Jurassic-Eocene calcite seas. The ambient
seawater chemistry had a significant impact on the sabellid skeleton mineralogy. The origin and
subsequent long-term fluctuations in the mineral composition of the sabellid skeleton were
presumably dependent to a large extent on the changes of the ionic ratio of seawater over

geological periods.
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1. Introduction

Polychaetes are a class of invertebrates that belong to the phylum Annelida (Rouse and
Pleijel, 2001). Although the oldest, soft-bodied representatives of this group are known from
the Lower Cambrian (Vinther et al., 2011; Han et al., 2019), due to the lack of mineralized
exoskeleton they are uncommon in the fossil record, being restricted mainly to the deposits
characterized by exceptional fossil preservation (so-called Fossil-Lagerstétte). The abundance
of polychaetes in the fossil record is thus strictly dependent on the presence of hard, calcareous
external skeleton, secreted by these animals most often in the form of dwelling tubes of diverse
shapes and sizes (see e.g., ten Hove and Kupriyanova, 2009; Ippolitov et al., 2014 for a review).
Amongst the all known polychaete families, only three of them bear tubes made of calcium
carbonate of which only Serpulidae are obligatory carbonate tube builders (Vinn et al., 2008b),
while the other two (Cirratullidae, Sabellidae) are represented by single genera (Reish, 1952;
Perkins, 1991; Fischer et al., 2000; Vinn et al., 2008a; Koc¢i et al., 2021; Stowinski et al., 2023;
Guido et al., 2024).

Serpulids are sessile, almost exclusively marine (see Bosak et al., 2004; Kupriyanova et
al., 2009) invertebrates attaching to hard substrates such as rocks and shells. Representatives of
this group appeared for the first time in the fossil record during the Middle Permian (Sanfilippo
etal., 2017; 2018); however, they were very uncommon until the end of the Early Triassic (e.g.,
Ramsdale, 2021) with rare, genuine reports from Middle Triassic, as well (Assmann, 1937;
Stiller, 2000; Senowbari-Daryan et al., 2007). The diversity and abundance of serpulid fauna,
as well as their paleogeographic distribution, have been growing since the Middle-Late Triassic
(Ziegler and Michalik, 1980; Berra and Jadoul, 1996; Cirilli et al., 1999); however, their
significant diversification occurred during the Middle Jurassic, with the continuing growth in
the Cretaceous (J&ger, 1983; 2005; Ippolitov et al., 2014; Koci and Jager, 2015b; Kodi et al.,
2017, Stowinski et al., 2022). That increase in diversity and abundance of serpulid fauna during
the Middle-Late Jurassic coincided with the general development of various organisms
colonizing hard substrates (Taylor and Wilson, 2003; Vinn and Mutvei, 2009; Zaton et al.,
2011a; b; 2012). Similarly, the first unequivocal sabellids appeared during the Middle Permian
(Sanfilippo et al., 2017).

Despite being widespread and abundant, the Jurassic tube-dwelling, sessile polychaetes
are relatively poorly studied as compared to their Cretaceous representatives (e.g., Briinnich
Nielsen, 1931; Jager, 1983; 2005; 2011; Macellari, 1984; Tapaswi, 1988; Radwanska, 1996;
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Ko¢i and Jager, 2015a; b; Koci et al., 2017). Although considerably more research has been
conducted in recent years (e.g., Ippolitov, 2007a; b; Jager and Schubert, 2008; Vinn and Wilson,
2010; Koci et al., 2019; Breton et al., 2020), still most of the complex elaborations on the
Jurassic serpulids are now obsolete (e.g., Parsch, 1956). From the area of Poland, there is only
one publication focusing on the taxonomy and paleoecology of Upper Jurassic species from the
Kuyavia region (Radwanska, 2004), and one report from the uppermost Jurassic (Tithonian) of
Brzostéwka and Stawno, central Poland (Radwanska, 2003).

The lack of a comprehensive review on the taxonomy and paleoecology of the Middle
and Upper Jurassic serpulids from Poland, combined with numerous, fossiliferous exposures of
the Polish Basin sediments was both approachable and necessary due to these meaningful
deficiencies. Thus, this scientific project was aimed at filling up all these gaps by a multifaceted
examination of ample fossil material derived from 11 sites from southern and south-central
Poland representing diverse paleoenvironments and stratigraphic intervals (Fig. 1). The main
aims encompassed: 1) taxonomic identification of the serpulid and sabellid tubes; 2)
paleoecology of serpulid/sabellid assemblages through time and across paleoenvironments; 3)

ultrastructural analysis of serpulid and sabellid tubes.

2. Geological setting

2.1. Paleogeographical background

The Polish Basin was the easternmost region of the Central European Basin System
(CEBS), a wider system of epicontinental seas that existed during the Mesozoic era (Ziegler,
1990). During the Middle Jurassic, the Polish Basin was bounded by the Fennoscandian shield
from the north, by the Belarusian massif and the Ukrainian shield from the east, and by Meta-
Carpathian and Bohemian landmasses from the south, which separated it from the Tethys Ocean
(Dadlez, 1989). Thus, the Polish Basin's connection to other Central European basins was quite
limited, as it was only connected to the west by the Germanic Basin and to the south-east by
the East Carpathian Gate (Dayczak-Calikowska and Moryc, 1988; Dadlez, 1989; Dayczak-
Calikowska et al., 1997). The sedimentation was dominated by siliciclastic material, the major
source areas of which were the Fennoscandian Shield and Bohemian Massif (Dadlez, 1997;
Marynowski et al., 2007). From the onset of the Middle Jurassic, the Polish Basin underwent

gradual transgression interrupted by two regressive episodes (lower-upper Bajocian boundary
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and in the lower Callovian; see Marynowski et al., 2007), which were generally coincident with
the global sea-level fluctuation (Feldman-Olszewska, 1997).

Callovian was a time of further deepening and widening of the marine basin and a
decreasing input of terrigenous material (Gizejewska and Wieczorek, 1977; Dembicz and
Praszkier, 2007; Wierzbowski et al., 2009; Matyszkiewicz et al., 2015). During the Late
Jurassic, the Polish Basin underwent a shift with the onset of carbonate platform deposition on
the northern margins of the Tethys Ocean (Kutek, 1994; Matyja and Wierzbowski, 2006;
Matyszkiewicz et al., 2016). The extensive development of massive microbial-sponge and
microbial reef complexes (e.g., Trammer, 1982; Ostrowski, 2005) was governed by diversified
architecture of the Paleozoic basement and synsedimentary tectonics, as well as sea-level and
climate fluctuations (e.g., Leinfelder, 1993; Kutek, 1994; Gutowski et al., 2005, Krajewski et
al., 2011; 2016; Matyszkiewicz et al., 2012; 2016). During the Kimmeridgian different
carbonate facies emerged including shell beds, pelitic limestones, as well as oolitic and oncolitic
facies with common hardgrounds (Kazmierczak and Pszczotkowski, 1968; Gruszczynski, 1986;
Kutek, 1994; Machalski, 1998; Krajewski et al., 2017).

2.2. Material and its provenance

The examined fossils consist of 7048 serpulids and sabellids (of which ca 1/3 is well-
preserved) and were derived from 11 outcrops from the area of Polish Jura and the Mesozoic
Margin of the Holy Cross-Mountains (Fig. 1). The localities represent various stratigraphic
intervals spanning the upper Bajocian—lower Kimmeridgian representing different marine
paleoenvironments of the Polish Basin. In the ascending stratigraphic order, the localities are
as follows:

Mokrsko: Deposits from Mokrsko and from the subsequent seven localities occur as
epicontinental sediments in the form of monotonous sequences of dark siliciclastics with
calcitic hiatus concretions and siderite nodules belonging to the Czestochowa Ore-bearing Clay
Formation (e.g., Majewski, 2000; Matyja and Wierzbowski, 2000; Zaton et al., 2011a;
Leonowicz, 2015b). These deposits are characterized by a monoclinal structure referred to as
the Polish Jura and extend in a belt from southeast to northwest in southern and south-central
Poland. Apart from Ogrodzieniec and Ogrodzieniec-Swiertowiec, this and the remaining five
localities (Kawodrza Gorna, Gnaszyn Dolny, Bugaj, Krzyworzeka, Zarki) are confined to the
northern sedimentary region of the Polish Jura, which is considered to represent deeper parts of
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the Polish Basin characterized by fully developed and of great thickness ore-bearing sequences
(Rézycki, 1953). The deposits of the above-mentioned localities represent slightly different
bathymetric regimes of epicontinental paleoenvironments, generally interpreted to have been
deposited in located below the storm wave-base, calm conditions with well-oxygenated bottom
waters (Marynowski et al., 2007; Szczepanik et al., 2007; Leonowicz, 2012; 2013). It has to be
noted, however, that within these deposits some sedimentological fabrics indicate the
occurrence of episodic storm events. Such evidences include accumulations of shell detritus,
sand inclusions, erosional surfaces (Leonowicz, 2015a), or hiatus concretions (Majewski, 2000;
Zaton et al., 2011a) indicating breaks in sediments supply and seafloor erosion. In Mokrsko,
mudstones and siltstones are frequently intercalated with levels of both isolated and horizon-
forming carbonate hiatus concretions, which are commonly encrusted by sabellid and serpulid
tubes. Although the concretions form a continuous horizon, some of them are dispersed
unevenly within clay deposits, that have been glaciotectonically disturbed during the
Pleistocene glaciation (Zaton et al., 2011a). The upper Bajocian age of the deposits was
determined based on the presence of Parkinsonia ammonites (Parkinsoni Zone). The deposits
in Mokrsko represent a paleoenvironment probably located below the storm wave base (Zaton
etal., 2011a). In total, 358 tube-dwelling polychaete fossils have been collected.

Ogrodzieniec-Swiertowiec: Serpulids and sabellids from this outcrop heavily encrust
oncoids of cyanobacterial genesis (Zaton et al., 2012). The oncoids have been derived from
condensed, sandy, and carbonate layers, being overlain by mudstones of the Ore-bearing
Czg¢stochowa Clay Formation. The late Bajocian—early Bathonian age (up to the Macrescens
Subzone of the Zigzag Zone) of the oncoid-bearing deposits was based on ammonites
Parkinsonia spp. and Parkinsonia (Oraniceras) gyrumbilica (Zaton and Taylor, 2009a; Zaton
et al., 2012), dinoflagellate cysts (Valansiella ovula and Ctenidodinium cf. combatzii,
Przemystaw Gedl, written communication, 2019), and Paleomilliolina czestochowiensis
foraminifers (Zofia Dubicka, written communication, 2019; see Stowinski, 2019). The locality
is confined to the southern sedimentary region of the Polish Jura, representing shallow,
marginal parts of the basin (Leonowicz, 2013; Rézycki, 1953) and characterized by smaller
thicknesses of the deposits with common hiatuses (Rozycki, 1953). Due to the origin of oncoids,
the paleoenvironment was interpreted as shallow marine, located within the photic zone, and
slightly below a fair-weather wave base (Zaton et al., 2012). In total, 1103 tube-dwelling
polychaete fossils have been collected.
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Kawodrza Goérna: The fossil material from Kawodrza Gérna derives from the “Sowa”
brick pit. Serpulids and sabellids encrusting oyster shells come from the lower Bathonian
(Zigzag Zone) mudstones (Matyja and Wierzbowski, 2000; Zaton, 2010), which were deposited
in deeper, below storm wave-base conditions (Matyja and Wierzbowski, 2000; Gedl et al.,
2012). In total, 90 tube-dwelling polychaete fossils have been collected.

Gnaszyn Dolny: Serpulid and sabellid tubes from this locality come from the lower part
of the “Gnaszyn” brick pit (Zaton et al., 2011a). In the majority, they densely encrust belemnite
rostra and oyster shells. The fossils derive from the middle Bathonian (Morissi Zone)
mudstones originating in the marine environment, below the storm wave base (Gedl and Kaim,
2012; Gedl et al., 2012). In total, 777 tube-dwelling polychaete fossils have been collected.

Bugaj: Tube-dwelling polychaetes from this site were cemented to the middle
Bathonian (likely Morissi or Subcontractus Zone; see Zaton, 2010; Zaton et al., 2006; 2011a)
hiatus concretions. At present, the site is unavailable for any field research due to its
transformation into a construction area, which makes the already collected material
scientifically valuable. In total, 553 tube-dwelling polychaete fossils have been collected.

Ogrodzieniec: Similarly to Ogrodzieniec-Swiertowiec, this locality is confined to the
southern sedimentary region of the Polish Jura. Serpulid and sabellid fauna encrusted
calcareous hiatus concretions derived from the upper Bathonian sediments (Hodsoni Zone;
Zaton et al., 2006; 2011a; Zaton and Taylor, 2009b; Zaton, 2010), ranging even to its topmost
Discus Zone (Barski et al., 2004). In total, 337 tube-dwelling polychaete fossils have been
collected.

Krzyworzeka: Polychaetes from this site encrust carbonate hiatus concretions. The
concretion-bearing sediments from this locality are confined to the upper Bathonian (Poulsen,
1998; Zaton, 2010). The deposits from Krzyworzeka originated in a calm outer shelf
environment (Zaton et al., 2011a; Sadlok and Zaton, 2020), located below the storm wave base
(Rézycki, 1953; Leonowicz, 2013) and belong to the northernmost of the studied sites. In total,
920 tube-dwelling polychaete fossils have been collected.

Zarki: Serpulids and sabellids encrusting hiatus concretions have been derived from the
upper Bathonian mudstones. The concretion-bearing sediments are late Bathonian (Hodsoni
Zone) in age (Zaton and Taylor, 2009b; Zaton, 2010). Deposits within this location originated
in a relatively calm but interrupted by episodic storm events (Leonowicz, 2015a), marine
paleoenvironment (Marynowski et al., 2007; Leonowicz, 2012; 2013). In total, 58 tube-

dwelling polychaete fossils have been collected.

15



Bolecin: The serpulid and sabellid tubes have been found within sandy limestones
containing abundant grains of non-skeletal origin, presumably referring to the so-called “Balin
Oolite.” The polychaete tubes have been found fixed to a variety of fossils including bivalves,
gastropods, and ammonites, as well as belemnite rostra. These condensed sediments (see
Tarkowski et al., 1994; Mangold et al., 1996) were deposited presumably in an open marine
paleoenvironment and are of late Bathonian (Retrocostatum and Discus Zones)—early Callovian
(Herveyi, Koenigi, and Calloviense Zones), age as evidenced from ammonite fauna (Mangold
et al., 1996). In total, 1011 tube-dwelling polychaete fossils have been collected.

Zalas: The fossil material collected from this locality comes from two sites: 1) an active
quarry with sandy limestones forming a hardground of middle-earliest late Callovian age
(Gizejewska and Wieczorek, 1977; Dembicz and Praszkier, 2007); here, the serpulids encrust
notably large Ctenostreon proboscideum (J. Sowerby and G.B. Sowerby, 1820) bivalves, but
also a wide variety of other invertebrate fossils such as ammonites, belemnites, and nautiloids.
Transgressive Callovian sediments lie discordantly over Lower Permian porphyres and
rhyodacites (Gizejewska and Wieczorek, 1977), which form a laccolith (Nawrocki et al., 2005).
Hardground deposits originated in a deeper open marine setting corresponding to a shelf
environment (Dembicz and Praszkier, 2007; Zaton et al., 2011b); 2) overlying, lower Oxfordian
light limestones hosting sponge bioherms (Trammer, 1982; Matyszkiewicz et al., 2012), to
which serpulid tubes were attached. In total, 1174 tube-dwelling polychaete fossils have been
collected from the Callovian deposits and 510 from the Oxfordian sponge facies.

Malogoszcz: Serpulid and sabellid fauna has been derived from an active quarry located
in close proximity to the town of Matogoszcz. This site is located in the southwestern part of
the Mesozoic margin of the Holy Cross Mountains. The tubes are attached to bivalve shells,
particularly the oyster Actinostreon gregareum (J. Sowerby, 1815). Lower Kimmeridgian
fossiliferous deposits are referred to as the Skorkow Lumachelle (Kutek, 1994; Machalski,
1998; Zaton and Machalski, 2013). These shell beds were deposited during episodic storms in
a relatively shallow marine paleoenvironment (Machalski, 1998). In total, 157 tube-dwelling

polychaete fossils have been collected.
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Figure 1. A. Geological sketch-map of Poland without the Cenozoic cover showing three
investigated locations. HCM, Holy Cross Mountains; PJ, Polish Jura; 1. Bolecin; 2. Zalas; 3.
Matogoszcz. B. Geological map of the Polish Jura area without Quaternary cover, with
sampled localities indicated (modified after Zaton et al., 2006).

3. Methods

Collected fossils were subjected to taxonomic, paleoecological, and microstructural
research. The study on the taxonomy of tube-dwelling polychaetes was focused on assigning
each morphotype to the lowest taxonomic level possible. All damaged or strongly abraded tubes
have been discarded from further inspection, as their potential taxonomic determination would
be ambiguous or impossible. Sufficiently preserved research material was carefully cleaned and
inspected, paying special attention to the specific characters of the tubes (e.g., sculpture,
presence or lack of tabulae and attachment structures, type and direction of coiling, internal
tube structures (ITS), type of aggregation and shape, size and expansion rate of a tube diameter;
see Ippolitov et al., 2014). The recognition was based on comparative external and internal
morphology and morphometric analyses. For this purpose, apart from macroscopic
observations, Prolab binocular microscope was used. The selected specimens were coated with
ammonium chloride and photographed using the Canon EOS camera.

In order to examine the distribution and relative abundance of serpulids and sabellids in
relation to a specific substrate within a given paleoenvironment, statistical tools have been used
based on the already obtained systematic account and the total number of specimens. Using the
PAST software (Hammer et al., 2001), Q-mode cluster analysis was performed in order to
investigate quantitatively the similarities of different paleoenvironments. The Raup-Crick
similarity index and the unweighted pair group method with arithmetic mean (UPGMA)
algorithm were employed. The Raup-Crick index was applied due to the use of Monte Carlo
randomization, which compares the observed number of taxa occurring within two associations
with the distribution of their co-occurrences on the basis of 200 random interactions.
Assessment of the communities’ structure was based on the employment of the popular
biodiversity indices: Dominance (D), Simpson’s (1-D), Shannon’s (H), and evenness (eH/S)
using the PAST software (Hammer et al., 2001).

Serpulids were also examined for their symbiosis with hydroids to obtain data on the
frequency of this phenomenon in the Polish Basin, and to determine whether there is any
preference for hosts. Tubes bearing unique characters in the form of bioclaustrated traces after

18



hydroid symbionts (Stowinski et al., 2020) were selected for further examination using micro-
computed tomography (micro-CT) to provide virtual sections of the hydroid colony appearance
within the serpulid tubes. Prior to micro-CT scanning, serpulid tubes infested by hydroids were
cleaned using an ultrasonic cleaner. Virtual sections were made using the GE Phoenix v[tome|x
micro-CT equipment with scanning voltage ranging 140-180 kV, current intensity 50-90 pA,
and scanning time of 25 to 35 min depending on the sample. The investigations were conducted
in the X-ray Microtomography Laboratory at the Faculty of Computer Science and Materials
Science, University of Silesia in Katowice, Chorzéw, Poland. To process the obtained micro-
CT scans the Volume Graphics® VGSTUDIO Max software and Volume Graphics® myVGL
Viewer App and Fiji were utilized (Schindelin et al., 2015). The collected images were used to
produce a volumetric rendering and a movie using Drishti (Limaye, 2012).

Toward microstructural recognition of the fossils, well-preserved tubes of selected taxa
were cut longitudinally, polished, and etched with a 1% solution of acetic acid. Such prepared
samples were subsequently examined in an uncoated state using a scanning electron microscope
SEM Zeiss EVO MA15 using a back-scattered electron detector (BSE) in a low vacuum regime.
The beam voltage was 20 kV (Department of Geology, University of Tartu, Estonia). The
polished tubes were also studied under the environmental scanning electron microscope
(ESEM) Philips XL30, and the Quanta 250 scanning electron microscope (SEM) at the Institute
of Earth Sciences in Sosnowiec. The latter SEM, equipped with Thermo-Fisher’s EDS UltraDry
analyzer, was also used for supplementary investigation of the mineral composition of the
sabellid tubes. Selected specimens were tested in high vacuum mode (<1.19 * 10-4 Pa) at 15
KeV accelerating voltages. An analytical EDS detector (Energy Dispersive Spectroscopy) was
used to map the elemental distribution and conduct chemical microanalyses at selected areas of
the tube wall. This technique enables a quick semi-quantitative identification of the elemental
composition of the samples analyzed.

In order to determine the exact mineral composition of the sabellid tubes Confocal
Raman Spectroscopy (CRS) was used. A WITec alpha 300R Confocal Raman Microscope
(housed at the Institute of Earth Sciences in Sosnowiec) equipped with an air-cooled solid laser
488 nm and a CCD camera operating at —61°C was used to record the raman spectra of the
selected samples. The laser radiation was coupled to a microscope through a single-mode
optical fiber with a diameter of 3.5 pm. An air Zeiss LD EC Epiplan-Neofluan DIC
(100/0.75NA) objective was used. Raman scattered light was focused by a broad band single

mode fiber with an effective pinhole size of about 30 um and a monochromator with a 600 mm-—
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1 grating. The power of the laser at the sample position was 42 mW. Integration times of 5 sec
with the accumulation of 15 scans and a resolution of 3 cm-1 were chosen. The monochromator
was calibrated using the Raman scattering line of a silicon plate (520.7 cm-1). Spectra
processing, such as baseline correction and smoothing was applied using the SpectraCalc
software package GRAMS (Galactic Industries Corporation, NH, USA). Bands fitting was
performed using a Gauss-Lorentz cross-product function, with a minimum number of

component bands used for the fitting process.

4. The article overview and results

The main body of the herein thesis comprises four articles, a brief description of
which is provided below. | am the first and corresponding author of all these publications;

my scientific contribution is specified in the “Authorship statements” section.

1. Stowinski J., Surmik D., Duda P., Zaton M. (2020). Assessment of serpulid-hydroid
association through the Jurassic: A case study from the Polish Basin, PLOS ONE 15,
e0242924. DOI: 10.1371.0242924. 1F(2020)=3,24. MEiN=100 pkt.

The first article was focused on the inspection of the symbiotic relationship
between serpulids and hydroids. Serpulid tubes infested by hydroids were derived from
the Middle and Upper Jurassic sediments representing different paleoenvironments of
the Polish Basin. The hydroids are preserved within the external part of the serpulids’
tube as a result of syn vivo incorporation due to the worm’s skeletal overgrowth. The
external appearance is manifested by many tiny opened apertures, surrounded by bulges
of different shapes, which are scattered over the tube’s surface. The internal morphology
was visualized using micro-computed tomography. It shows a network of thin branching
stolonal tubes and polyp chambers, which open on the outer surface. Serpulid-hydroid
symbiosis was an extremely rare phenomenon in the Jurassic Polish Basin with an
infestation rate of 0,6%. The interaction has been recorded in four outcrops spanning
upper Bajocian—Callovian. Anyhow, 17 out of 20 cases have been found on a single
species (Propomatoceros lumbricalis) coming from the middle Bathonian Morissi Zone
of Gnaszyn Dolny. Such a pattern of infestation attests to an extremely high selectivity

of Protulophila gestroi in the choice of its host.
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2. Slowinski, J., Vinn, O, Jager, M., Zaton, M. (2022). Middle and Late Jurassic tube-
dwelling polychaetes from the Polish Basin: diversity, palaeoecology and comparisons
with other assemblages. Acta Palaeontologica Polonica 67, 827-864. DOI:
10.4202/app.01006.2022. 1F(2022)=2,108. MEiIN=100 pkt.

The second article illustrates the systematic account of Jurassic (upper Bajocian
to lower Kimmeridgian) serpulids and sabellids inhabiting diverse paleoenvironments
of the Polish Basin, their abundance, diversity, and distribution. A total of 24 taxa were
reported, comprising two new species (Filogranula spongiophila sp. nov. and
Cementula radwanskae sp. nov.). The most significant factors affecting the structure of
the examined assemblages were the kind and character of the colonized substrate, the
energy of the paleoenvironment, and the food supply. The highest biodiversity indices
are characteristic of the Middle Jurassic communities inhabiting hardgrounds, oncoids,
and skeletal remnants on the soft muddy substrates. In turn, the least diverse are tube-
dwelling polychaetes from the Middle Jurassic hiatus concretions and Upper Jurassic
oyster shell beds. Some species are linked with specific kinds of substrate, whereas
stratigraphic interval is less important. Sponge build-ups are characterized by the most
distinct taxa of serpulids and sabellids, followed by soft muddy substrates. Apart from
sponge facies, in all locations, the basis of the tube-dwelling polychaete communities
constitute the ubiquitous sabellid Glomerula gordialis and serpulid Propomatoceros
lumbricalis. The assemblages from the Polish Basin are mostly comparable in their
abundance and diversity with other tube-dwelling polychaete assemblages inhabiting

various Jurassic paleoenvironments.

3. Stowinski, J., Banasik, K., Vinn, O. (2023). Insights into mineral composition and
ultrastructure of Jurassic sabellid tubes (Annelida, Polychaeta): the evolution of sabellid
calcification and its palaeoecological implications. Lethaia 56(3), s. 1-12. DOI:
10.18261/1et.56.3.8. 1F(2022)=1,5. MEiN=100 pkt.

The third article concerns the ultrastructure and mineralogy of the Middle and
Upper Jurassic sabellid Glomerula gordialis and their evolutionary significance. The
tube of Glomerula is built of a single layer, composed of an oriented, spherulitic
prismatic structure (SPHP), which stays congruent with previous reports on the sabellid
tube ultrastructure. To determine the mineral composition of the calcareous sabellid

tubes, Raman spectroscopy and supplementary SEM-EDS analyses were used. In all
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cases, the mineralogy of the Jurassic sabellid tubes was low-Mg calcite matching
chemistry of the Middle Jurassic-Eocene calcitic seas. Biomineralized skeletons of
sabellids are first recorded in the Middle Permian, a time of aragonite sea dominance.
Similarly to Oligocene cirratulids, calcareous sabellids are envisaged to have
independently evolved their calcareous skeleton with the mineral composition
corresponding to the seawater chemistry during the time of their origin. The
biomineralization system of sabellids is simpler than that of serpulids. Bearing lower
energy expenditure in the formation of the skeleton, Glomerula is capable of fast

spreading over the substrate and avoiding competition, as well as other obstacles.

Stowinski, J., Vinn, O., Zaton, M. (2024). Ultrastructure of the Jurassic serpulid tubes
— phylogenetic and paleoecological implications. PeerJ 12, e173809.
DOI:10.7717/peerj.17389. 1F(2024)=2,7. MEiN=100 pkt.

The fourth article describes the ultrastructural diversity of the Jurassic serpulids
from the Polish Basin, its phylogenetic constraints and paleoecological implications. On
the basis of 12 serpulid species constituting two out of three major serpulid clades, three
distinct ultrastructure types have been described — irregularly oriented prismatic
structure (IOP), spherulitic prismatic structure (SPHP), and simple prismatic structure
(SP). Half of the investigated species have a single-layered tube wall and half are two-
layered. Distinct ultrastructure types are related to particular clades. The representatives
of Filograninae possess a single-layered tube wall, which is usually composed of a
primitive, irregularly oriented prismatic structure (IOP). Most members of the clade
Serpulinae have a two-layered tube wall. While the internal layer is composed of
irregularly oriented prismatic structure (IOP) too, the denser, outer layer is built of
regularly oriented prismatic structures — spherulitic (SPHP) or simple (SP). Formation
of such ultrastructures requires a higher degree of biological control over
biomineralization compared to the isotropic, non-oriented prismatic structure of
Filograninae. The growth of ultrastructural diversity and the emergence of the dense
outer protective layer (DOL) likely arose as a response against predation and
environmental vagaries. The biomineralization system of serpulids is more complex as
compared to sabellids. Serpulids have a well-developed parabolic layer, which allows

them to actively modify external morphology during secretion of subsequent growth
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increments at the rim of the worm’s aperture. Although bearing higher energy
expenditures, serpulids are able to enhance tube durability by the formation of
attachment structures and a thicker, robust skeleton.

5. Discussion
5.1. Taxonomy and paleoecological analysis of the Middle and Upper Jurassic
tube-dwelling polychaetes from the Polish Basin

5.1.1. Systematic account

Taxonomic research aimed to assign the collected specimens to the lowest taxonomic
level possible. Due to the bad state of preservation, a part of the collection was discarded from
further taxonomic studies being uninformative. Based on 2314 sufficiently preserved specimens
of tube-dwelling polychaetes, 24 taxa have been recognized (Tab. 1), including the two new
species — Filogranula spongiophila (Fig. 2D) and Cementula radwanskae (Fig. 2H). 23 species
constitute two of the three main serpulid clades — Filograninae and Serpulinae — the latter being
subdivided into two tribes — Serpulini and Ficopomatini. Within the family Serpulidae, only the
members of the Spirorbinae clade are absent in the studied material. One species — Glomerula

gordialis — belongs to the family Sabellidae.
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Glomerula gordialis 66 13 30 52 60 62 3 174 | 102 [ 181 36 45 879
Meravermilia cf. smiarissima 7 33 1 18 24 56 134
Meiavermilia? sp. 11 11
Filogramula runcinata 3 3 13 5 5 15 11 55
Filogramua spangiophila sp. nov. 16 16
Cementula spirolinires 122 122
Cementula radvwanskae sp. nov. 4 29 33
Cementula cf. circinnalis 38 38
“Serputla cingulatad™ 3 3
Propomatocereos lumbricalis 21 31 228 | 81 33 23 9 156 | 81 149 28 840
Proponiatoceros sp. 1 1 4 5
Propamatoceros sp. 2 1 1
Propomatoceros sp. 3 1 1
Nogrobs af. quadvilarera 3 36
Nogrobs? aff. tricristata 8 8
Nogrobs aff. terragona 29 29
Mucroserpula wicavinaia 2 2
Mucroserpula? sp. 2 2
Placostegus planorbiformis 7 7
Pseudovermilia sp. 4 4
Serpulidae sp. 1 23 5 43 71
Serpulidae sp. 2 1 1
Serpulidae sp. 3 10 10
Serpulidae sp. 4 6 6
Toul taisher oo fvitials o1 | 47 |422|138| 95 | 118 | 18 | 414 | 231 | 476 | 184 | 80 2314

Table 1. Data on provenance and number of the well-preserved sabellids and serpulids

(Stowinski et al., 2022).
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Figure 2. Serpulid and sabellid polychaetes from the Jurassic of Poland. A. Glomerula
gordialis (Schlotheim, 1820) from the Callovian of Zalas (GIUS 8-3589/2). B. Metavermilia
cf. striatissima (Fursich, Palmer and Goodyear, 1994) from the Callovian of Zalas (GIUS 8-
3589/3). C. “Serpula cingulata” (Munster in Goldfuss, 1831) from the Oxfordian of Zalas
(GIUS 8-3746/7). D. Filogranula spongiophila (Stowinski, Vinn, Jager and Zaton, 2022) from
the Oxfordian of Zalas (GIUS 8-3746/2). E. Nogrobs aff. quadrilatera (Goldfuss, 1831) from
the middle Bathonian of Gnaszyn Dolny (GIUS 8-3730/17). F. Mucroserpula sp. (Regenhardt,
1961) from the middle Bathonian of Gnaszyn Dolny (GIUS 8-3730/26). G. Cementula
spirolinites (Minster in Goldfuss, 1831) from the Oxfordian of Zalas (GIUS 8-3746/4). H.
Cementula radwanskae (Stowinski, Vinn, Jager and Zaton, 2022) from the Callovian of Zalas
(GIUS 8-3589/7). 1. Propomatoceros lumbricalis (Schlotheim, 1820) from the Callovian of
Zalas (GIUS 8-3589/11). J. Pseudovermilia sp. (Bush, 1907) from the Callovian of Zalas
(GIUS 8-3589/15). K. Serpulidae sp. 1 from the Callovian of Zalas (GIUS 8-3589/16). L.
Placostegus planorbiformis (Munster in Goldfuss, 1831) from the Oxfordian of Zalas (GIUS
8-3746/8). M. Serpulidae sp. 2 from the middle Bathonian of Gnaszyn Dolny (GIUS 8-
3730/27). N. Serpulidae sp. 3 from the middle Bathonian of Gnaszyn Dolny (GIUS 8-3730/28).
O. Serpulidae sp. 4 from the lower Kimmeridgian of Matogoszcz (GIUS 8-3747/3). (Modified
after Stowinski et al., 2022). Scale: 1 mm.
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5.1.2. Diversity and distribution

The paleoecological study of the already recognized species demonstrates, that serpulids
and sabellids are dependent to a significant degree on the inhabited substrate, its nature, and
physical properties (Stowinski et al., 2022; see also Ippolitov, 2010). Other factors influencing
larval settlement and subsequent colonization of tube-dwelling polychaetes are temperature,
light availability, as well as salinity and oxygen levels (Kupriyanova et al., 2019). The
stratigraphic interval in which they occur plays a marginal role, which generally stays congruent
with a common opinion of highly constrained serpulid biostratigraphy (but see Macellari, 1984;
Tapaswi, 1988).

By applying cluster analysis, we were able to group the tube-dwelling polychaetes into
several clusters of different substrates sharing similar taxa (Stowinski et al., 2022). The
community within the Oxfordian sponge facies of Zalas displays the highest distinctness with
the majority of taxa reported nowhere else — the substrate provided by sponges was dominated
by compact (e.g., Placostegus planorbiformis; Fig. 2L) and fast-growing forms with tiny
diameters (e.g., Cementula spirolinites; Fig. 2G). The highest degree of similarity is shown
between serpulid and sabellid assemblages inhabiting mobile substrates such as hiatus
concretions and oncoids, which were susceptible (although to a different degree) to physical
disturbances and resulting overturning (e.g., Wilson, 1987; Zaton et al., 2011a; 2012). As a
result, the qualitative composition of the tube-dwelling polychaete assemblages living on such
substrates is very similar, where the most opportunistic and scour-resilient species dominate.

Anyhow, hiatus concretions and oncoids differed in the nature of the colonized surface,
which strongly influenced the quantitative composition of serpulids and sabellids. The least
diverse communities have been recorded on the Middle Jurassic hiatus concretions (Stowinski
et al., 2022), which presumably resulted from their repeated overturning leading to abrasion
and smothering of the colonizing larvae. Rather rare, episodic storm events (Zaton et al., 2011a)
resulted in a low diversity and predominance of the most opportunistic species, such as
Glomerula gordialis (Fig. 2A) and Propomatoceros lumbricalis (Fig. 21). Although oncoids
served as a mobile substrate too, their stability on the seafloor was higher due to a more flat
shape and increasing volume of an oncoid during the continuous formation of its cortex layers,
which made them less prone to overturning. Another environmental advantage of oncoids from
Ogrodzieniec-Swiertowiec over locations with hiatus concretion was a high nutrient availability

in the photic zone, which could have facilitated intense colonization and flourishment of
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serpulids and sabellids (e.g., Kupriyanova et al., 2001; Gosselin and Sewell, 2013; but see e.g.,
Kuklinski, 2009).

Based on the values of Shannon index (H), as well as Simpson index of diversity (1-D)
and dominance (D) (see Stowinski et al., 2022), the highest biodiversity is noted for Bathonian
and Callovian hardgrounds (Bolecin and Zalas), Bajocian—Bathonian oncoids (Ogrodzieniec-
Swiertowiec), and the middle Bathonian skeletal remains from soft muddy substrates. Unlike
other kinds of substrates, flat oyster shells and belemnite rostra lying on the soft, muddy bottom
from Gnaszyn Dolny served as “benthic islands” (e.g., Zuschin et al., 1999; Taylor and Wilson,
2003) and were a stable substrate not only for tube-dwelling polychaetes but also for other
epibionts. Moreover, the paleoenvironment is generally interpreted as deposited in relatively
calm conditions, below the storm wave-base (Gedl et al., 2012). The low hydrodynamics also
contributed to the best state of preservation compared to other sites. The lowest evenness value
from this locality attests to both the high number of individuals and species richness (Stowinski
et al., 2022). In the case of hardgrounds and oncoids, convenient conditions, but also time-
averaging, influenced the final composition of the assemblages. The evenness value of
Ogrodzieniec-Swiertowiec points to the lower biodiversity, which, however, resulted from
comparable proportions between the representatives of different taxa (Stowinski et al., 2022).

Simpson index of diversity (1-D), dominance (D), Shannon index (H), as well as
evenness values, point to the moderate level of biodiversity within parautochtonous shell beds
from the lower Kimmeridgian of Matogoszcz (Stowinski et al., 2022). Although characterized
by a low taxonomic richness, which was an effect of a relatively shallow paleoenvironment
with episodically occurring storm events (Machalski, 1998) hampering colonization, the
number of individuals within different species was relatively similar.

In addition, many tube-dwelling polychaetes displayed a characteristic distribution over
the substrate, which resulted from resolving similar adaptive strategies, such as mechanical
strengthening of the skeleton leading to morphological resistance against tube damage, cryptic
lifestyle (Kobluk, 1988), or a “fugitive” strategy (Taylor, 2016). The latter two allowed for a
withdrawal away from dominating species and either inhabiting empty borings, concavities,
and deflections (Palmer and Firsich, 1974; Wilson, 1998; Taylor and Wilson, 2003; Schldgl et
al., 2008) or fast retreating during unfavorable conditions (Stowinski et al., 2022; 2023).
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5.1.3. Symbiotic relationship between serpulids and hydroids

Throughout their evolutionary history serpulids formed symbiotic relationships with
representatives of different invertebrate groups. The vast majority of such serpulid relationships
were formed with hydroids, which could be explained by utilizing different feeding strategies
of both partners (see Vinn et al., 2023). Such a specific kind of symbiotic interaction between
the serpulid Propomatoceros and the hydroid referred to as Protulophila gestroi (Rovereto,
1901) was recorded in the Jurassic of the Polish Basin (Fig. 3A-B; Stowinski et al., 2020). The
symbionts are preserved in the form of bioclaustrated (embedment) traces (see Palmer and
Wilson, 1988; Taylor, 1990; Tapanila and Ekdale, 2007) within the serpulid tube wall, which
indicates that the interaction took place syn vivo. The process of bioclaustration provides here
a unique glimpse of these soft-bodied fossils. Hydroid colonies embedded within the serpulid
skeleton are represented by the hollow traces left after their thin stolonal network and polyp
chambers, which are bent outwardly and open on the serpulid tube surface. Their external
appearance is marked by tiny, circular, or oval openings representing apertures and minute
bulges occurring around them (Fig. 3B; see also Scrutton, 1975; Radwanska, 2004; Jager, 2005;
Niebuhr and Wilmsen, 2005; Zagorsek et al., 2009; Kamali Sarvestani et al., 2015; Stowinski
et al., 2020). The morphology of fossils is rather uniform across different stratigraphic intervals
(Scrutton, 1975; Radwanska, 1996; 2004; Jager, 2005; Niebuhr and Wilmsen, 2005; Jager and
Schubert, 2008; Zagorsek et al., 2009; Zaton et al., 2011a; Kamali Sarvestani et al., 2015;
Stowinski et al., 2020) and slight differences are presumably an effect of variable physiological
(e.g., calcification rate of the host and consequent avoidance of the symbiont of being
completely embedded by the overgrowing organism) or paleoecological conditions.

Although the true systematic position and the mode of origin of the hydroid symbionts
has been examined and recognized by Scrutton (1975), the phylogenetic position of
Protulophila gestroi, usually described as selective in the choice of its host (see below),
spanning Pliensbachian (Jager and Schubert, 2008) to recent (Taylor et al., 2015), is at least
questionable. However, with recently acquired by micro-CT scanning internal morphology of
the embedded hydroid colonies (Fig. 3C; Stowinski et al., 2020), we are able to obtain a better
picture of the symbionts’ persistence through the geological time by cautious comparisons of
the hydroid morphologies derived from different stratigraphic intervals. Such research is

currently underway by the author, thanks to the financial support (Preludium grant).
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In the Middle—Late Jurassic sea of the Polish Basin, serpulids very rarely played the role
of hosts for their symbiotic hydroids. Protulophila gestroi was highly selective in choosing
their host. The majority of Protulophila gestroi colonies, spanning the Lower Jurassic (Jager
and Schubert, 2008) to Pliocene (Scrutton, 1975; Carboni et al., 1982), generally infested very
few, or even one serpulid species within a single stratigraphic interval. Similarly, in the Polish
Basin in all the cases, they colonized serpulids belonging to only one species — Propomatoceros
lumbricalis, the vast majority of which (17 out of 20 cases) were recorded in a single location
from a single stratigraphic zone (Gnaszyn Dolny, middle Bathonian, Morrisi Zone; Stowinski
et al., 2020). The possible explanations of settlement preferences of hydroids are different
beneficial conditions, such as a conducive chemical composition enhancing settling and
subsequent recruitment, and other physiological and behavioral factors (see Mokady and
Brickner, 2001; Savazzi, 2001). Anyhow, the movement capability of hydroid larvae is highly
restricted (Mokady and Brickner, 2001). Therefore, it cannot also be ruled out that free-living
larvae encountered serpulids randomly and only a small part of the population had a chance to
recruit and develop. Combined with the specific kind of substrate provided by large, flat-lying
oysters, which acted as “benthic islands” on the otherwise soft, muddy sea bottom, hydroid
larvae had the biggest opportunity to settle on closely adjacent serpulids encrusting the same
substrate. Such distribution of several hydroid colonies preserved on single oysters is here well
exemplified (Stowinski et al., 2020).

Considering the nature of the serpulid-hydroid symbiosis, mutualism, parasitism, and
commensalism could be involved, the latter of which seems to be the most plausible
explanation. There is no evidence that hydroids provided any advantages for serpulids, whereas
hydroids presumably benefited from the serpulid’s radiole-propelled nutrient currents, as well
as from receiving shelter from being partially overgrown by serpulid skeleton (Fig. 3A).
Moreover, commensalism is often characterized by a strong host preference that results in some
obligate cohabitation of host and colonizer (Tapanila and Ekdale, 2007), which could account
for the host selection of Protulophila gestroi. In the case of mutualism, hydroids were
presumably insignificant for serpulids. Extreme selectivity in the choice of its host and scarcity
of infestation cases rather precludes mutualism as a confident kind of relationship. Furthermore,
even if the protective role of hydroid cnidocytes (see Stowinski et al., 2020) is indeed true, it
played a minor role. There is also no evidence for any harmful activity of hydroids to take

parasitism into consideration.
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Figure 3. A. Reconstruction of the symbiotic relationship between serpulid
Propomatoceros and hydroids Protulophila gestroi (Rovereto, 1901); drawings by
Bogustaw Waksmundzki. B. Protulophila gestroi bioclaustrated by the serpulid
Propomatoceros from the upper Bajocian of Mokrsko (GIUS 8-3730/1). C.
Visualization of the bioclaustrated hydroid colony by the host serpulid from the middle
Bathonian of Gnaszyn Dolny showing the internal morphology of the colony and the
arrangement of stolonal network and zooids (GIUS 8-3730/8).
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5.2. Ultrastructural analysis of the Middle and Upper Jurassic tube-dwelling
polychaetes from the Polish Basin
5.2.1. Phylogenetic constraints and ecological implications of the serpulid tube

ultrastructure

Serpulids can build calcareous tubes composed of up to four layers exhibiting various
ultrastructural characters (Vinn et al., 2008b). Anyhow, the majority of the Jurassic serpulid
species was single-layered and the percentage of species secreting multi-layered tubes
constituted ca 25% (Vinn and Furrer, 2008). Ultrastructural diversity and the number of serpulid
species possessing at least two tube wall layers gradually increased across geological time
(Vinn et al., 2008b), which possibly resulted from the importance of the tube for serpulids.
Although the most sophisticated ultrastructure types evolved during the Eocene (Vinn, 2008;
Buckman, 2020) and the Jurassic was a time of limited ultrastructural diversity comprising ten
types (Vinn, 2007); still, relatively complex, oriented prismatic structures evolved at the latest
during the Middle Jurassic (Stowinski et al., 2024).

During the examination of 12 serpulid taxa derived from the Middle and Upper Jurassic
of the Polish Basin, three distinct ultrastructural types were recognized — irregularly oriented
prismatic structure (IOP; Fig. 4E-F), spherulitic prismatic structure (SPHP; Fig. 4A-B), and
simple prismatic structure (SP; Fig. 4C-D). Six of these taxa are single-layered and six possess
two-layered tube walls (Stowinski et al., 2024). The investigated species represent two of three
main serpulid clades — Filograninae and Serpulinae (which is further subdivided into two tribes:
Serpulini and Ficopomatini; Kupriyanova et al., 2023). Different types of ultrastructure are
characteristic of individual clades; however, in spite of some younger serpulid representatives
(e.g., Sanfilippo, 1998; Vinn, 2007; Ippolitov and Rzhavsky, 2008; Kupriyanova and Ippolitov,
2015; Buckman, 2020), the ultrastructure of the Jurassic serpulids is not suitable for recognizing
certain species or genera. Regardless, the ultrastructure of the Jurassic serpulid tubes may still
be useful for obtaining important phylogenetic signals and serpulid evolutionary trends.

Members of Filograninae are most often characterized by single-layered tube walls
composed of irregularly oriented prismatic structure (IOP; Fig. 4F)(Vinn, 2007), which
determine optically opaque tubes in the recent serpulids (Vinn et al., 2008b). Compared to more
advanced, regularly oriented structures (see below), the formation of IOP appears to be under
the animal’s lower biological control. This kind of ultrastructure undoubtedly appeared at the
latest during the Early Jurassic (Vinn et al., 2008c). Nevertheless, such a primitive way of
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skeletal secretion suggests an earlier origin of this ultrastructure type implying its plesiomorphic
character (see also Vinn, 2013; Ippolitov and Rzhavsky, 2015a; 2015b), especially that rather
unequivocal members of Filograninae were present already in the Permian (Sanfilippo et al.,
2017; Ramsdale, 2021). Filograninae is represented in the studied material by Metavermilia cf.
striatissima (Fig. 2B) possessing a single-layered tube wall composed of IOP and by the genus
Filogranula having a tube wall built of a single layer with simple and spherulitic prismatic
structure (F. spongiophila and F. runcinata respectively; see Stowinski et al., 2024).
Filogranula remains slightly problematic in the fossil record, as it may be a polyphyletic taxon
(see Ippolitov et al., 2014; Ko¢i and Jager, 2015a). Although the Recent (Kupriyanova et al.,
2023) and Cretaceous (Koci and Jager, 2015a) representatives of this genus are considered to
belong to Filograninae, the phylogenetic position of the Jurassic Filogranula remains uncertain
due to its prismatic microstructure, characteristic of Serpulinae. Anyhow, prismatic structures
might be insufficient in distinguishing between these two clades (see Ippolitov and Rzhavsky,
2014; 2015a; b).

In contrast to Filograninae, Serpulinae governs a higher biological control over
biomineralization, being able to form oriented (Stowinski et al., 2024), or even more complex
microstructure types (e.g., Vinn and Furrer, 2008; Vinn and Kupriyanova, 2011). In the Jurassic
Polish Basin, Serpulinae were widely represented by the Serpulini genus Cementula (Fig. 2G-
H) and members of the tribe Ficopomatini including Propomatoceros (Fig. 2I), Mucroserpula
(Fig. 2F), Nogrobs (Fig. 2E), and Placostegus (Fig. 2L). Most representatives of the clade
Serpulinae have two-layered skeletal walls, with the internal thin layer composed of irregularly
oriented prismatic structure (IOP) and the denser, external layer built of a regular prismatic
microstructure, either simple or spherulitic (Fig. 4D; Stowinski et al., 2024). Prismatic
structures are very characteristic of the Jurassic Serpulinae members and are considered to be
apomorphic (see Vinn and Kupriyanova, 2011). Recent serpulids with tubes composed of
prismatic structures, which show the uniform orientation of crystals, are optically transparent
(Zibrowius and ten Hove, 1987; Ippolitov and Rzhavsky, 2008).

Dense outer protective layers (DOLS) occur in a vast majority of tubes of the members
of the clade Serpulinae and are present in serpulids living in a wide range of habitats (Vinn and
Kupriyanova, 2011), indicating their evolutionary significance regardless of environment.
Formation of DOL could have served as a deterrent adaptation against predation, especially
intensified during the Marine Mesozoic Revolution (Vermeij, 1977). Additionally, the dense

external layer might have been a response to carbonate dissolution, especially in the case of
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deep-sea serpulids (Kupriyanova et al., 2011; Kupriyanova and Ippolitov, 2015). Furthermore,
the ability to form multi-layered tubes, as well as a general increase in ultrastructural diversity
(Vinn et al., 2008b) enhanced the development of diverse morphogenetic programs (e.g., free,
vertical growth off the substrate), which increased functional adjusting to paleoenvironmental

constraints (see Vinn et al., 2024).

L >

Figure 4. Longitudinal sections of the selected tube-dwelling polychaetes from the Jurassic of
Poland showing ultrastructural diversity. A, B. Spherulitic prismatic structure (SPHP) of the
sabellid Glomerula gordialis (A; GIUS 8-3751/7) and the serpulid Filogranula runcinata (B;
GIUS 8-3730/10) C. Simple prismatic (SP) structure of Placostegus planorbiformis from the
Oxfordian of Zalas (GIUS 8-3746/8). D. Nogrobs? aff. tricristata from the middle Bathonian
of Gnaszyn Dolny exhibiting two distinct layers: the external simple prismatic structure (SP)
and internal irregularly oriented prismatic structure (IOP)(GIUS 8-3730/20). E. A close-up of
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the internal tube layer of Nogrobs? aff. tricristata showed in D. F. Irregularly oriented prismatic
(IOP) structure of Metavermilia cf. striatissima from the upper Bathonian of Krzyworzeka
(GIUS 8-3751/3)(Modified after Stowinski et al., 2024).

5.2.2. Comparison of the biomineralization systems of serpulids and sabellids

Serpulids and sabellids employ a biomineralization system that differs in complexity,
which is reflected in the paleoecology of both groups. Two kinds of tube layers can be
distinguished in terms of their origin and application. Jurassic calcareous sabellids are
composed of a single layer of skeleton (Vinn et al., 2008a; Stowinski et al., 2023) referred to
as a cylindrical layer (see Jager, 1983). Secretion of this layer proceeds along the long growth
lines oriented parallel to the tube wall with subsequent growth increments added to the interior
of the tube (Jager, 1983); therefore, Glomerula is unable to modify its external morphology,
which results in a very simple set of tube characters. In contrast, serpulids are capable of
forming also a parabolic layer (Jager, 1983) with successive chevron-shaped growth increments
(Weedon, 1994) added to the rim of the worm’s aperture, which contributes to a sophisticated
architecture of many serpulid tubes and their variety of forms. Such a way of skeleton secretion
is a serious limitation for calcareous sabellids because their tubes are fragile and prone to
damage. On the other hand, parallel to the tube wall, the much longer secretion zone of
Glomerula, allows for a faster calcification while incurring comparatively lower physiological
costs, which enables a significant tube extension at a relatively fast pace. It facilitates retreating
from competition and temporarily inconvenient conditions performing an opportunistic,
“fugitive” strategy (see Taylor, 2016; Stowinski et al., 2023). Serpulids are rather not capable
of such quick dispersal over the substrate; however, the presence of a parabolic layer enables
them to form robust, durable, and strongly ornamented tubes, often equipped with attachment

structures enhancing a better anchorage to the substrate (Stowinski et al., 2024).
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5.2.3. Ultrastructure and mineralogy of the Jurassic calcareous sabellids and

the evolution of sabellid calcification

The tube of the calcareous Jurassic sabellids represented by Glomerula gordialis is built
of a single layer, composed of oriented, spherulitic prismatic microstructure (Fig. 4A),
corroborating previous ultrastructural investigations of calcareous sabellids (e.g., Vinn et al.,
2008a).

Based on the Confocal Raman Spectroscopy and supplementary SEM-EDS analyses,
the mineralogy of the Middle to Upper Jurassic tube-dwelling sabellids was determined as low-
Mg calcite (Stowinski et al., 2023). The mineralogical composition of non-skeletal precipitates
oscillated throughout the entire Phanerozoic with periods of calcite precipitation alternating
with aragonite precipitation (Sandberg, 1983; 1985). Skeletal mineralogy of many groups of
organisms (e.g., Ries, 2004; 2006; 2009; 2010; Stanley et al., 2005; Ries et al., 2006; Stolarski
et al., 2007; Taylor et al., 2014) was influenced by the chemical composition of the ambient
seawater during changing calcite and aragonite seas (Stanley, 2006), in most cases fitting the
seawater chemistry during their origin (see Porter, 2007).

Sabellids first formed biomineralized skeletons during the Middle Permian (Sanfilippo
et al., 2017), a period, that coincided with the Late Carboniferous—Early Jurassic episode of
aragonitic seas (Stanley, 2006). The skeleton of the Recent calcareous sabellids represented by
Glomerula piloseta is aragonitic (Vinn et al., 2008a), matching the contemporary seawater
chemistry. In turn, during the Middle and Late Jurassic and the period of calcite seas dominance,
the skeleton of Glomerula gordialis was of low-Mg calcite mineralogy (Stowinski et al., 2023).
The origin and following shifts in the mineralogical composition of the sabellid skeleton were
possibly strongly reliant upon the fluctuating ionic ratio of the seawater throughout geological
time. Similarly, calcareous cirratulids had their origin in the Oligocene (Fischer et al., 1989;
2000) and corresponded to the chemical composition of seawater of that time (Taylor et al.,
2010).

Sabellid worms utilize biologically controlled biomineralization (Vinn et al., 2008a) and
although ions are acquired from the ambient seawater, the nucleation of biominerals and
secretion of the skeleton is controlled by the physiological activity of the animal (see Neff
1971a; b; Vinn, 2021). Nevertheless, the long-term variations in the ratio of magnesium and
calcium ions could have had an indirect effect on the skeleton secretion of sabellids through

natural selection. Formation of skeletons that are not supported by seawater chemistry is more
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difficult for calcifying organisms (e.g., Stanley et al., 2002; Ries, 2004; 2009). Being vulnerable
to inconvenient conditions they are not capable of fully controlling their biomineralization,
which may lead to a slower precipitation rate (e.g., Ries et al., 2006), or developing a weaker
skeleton (Dixon-Anderson, 2021).

6. Conclusions

1) 24 serpulid and sabellid taxa were recognized in 11 outcrops hosting deposits of the Middle
and Late Jurassic Polish Basin; two new species were described — Filogranula spongiophila
and Cementula radwanskae. (Article 2)

2) Distribution and abundance of certain species are strongly dependent upon a specific kind of
substrate, its nature, morphology, as well as energy of the environment, whereas the
stratigraphic interval plays a secondary role. (Article 2)

3) Serpulids formed a symbiotic relationship with hydroids preserved in the process of
bioclaustration evidencing syn vivo interaction. This phenomenon was very rare and host-
selective. The internal morphology of the bioclaustrated hydroid colony was visualized using
micro-computed tomography. (Article 1)

4) Investigation of 12 taxa representing two of three major serpulid clades revealed a relatively
modest ultrastructural diversity comprising three types — irregularly oriented prismatic structure
(I0P), spherulitic prismatic structure (SPHP), and simple prismatic structure (SP);
ultrastructure types are characteristic of certain serpulid clades. (Article 4)

5) The biomineralization system of sabellids is simpler as compared to serpulids, which results
in the scarcity of sabellid forms and is reflected in the paleoecology of both groups. (Articles 3
and 4)

6) Based on the Raman spectroscopy, the mineralogical composition of the Jurassic tube-
dwelling sabellids was determined as low-magnesium calcite; the origin and further long-term
fluctuations in the tube mineralogy of sabellids depended on the ionic ratio of seawater

changing over geological time. (Article 3)
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Abstract

The coexistence of sessile, tube-dwelling polychaetes (serpulids) and hydroids, has been
investigated. Serpulid tubes bearing traces after hydroids are derived from different strati-
graphic intervals spanning the Middle and Upper Jurassic, the rocks of which represent the
diverse paleoenvironments of the Polish Basin. Although fossil colonial hydroids classified
under the species Protulophila gestroi are a commonly occurring symbiont of these poly-
chaetes during the Late Cretaceous and Cenozoic, they seem to be significantly less fre-
quent during the Jurassic and limited to specific paleoenvironments. The hydroids
described here are represented by traces after a thin stolonal network with elongated polyp
chambers that open to the outer polychaete tube’s surface with small, more or less subcircu-
lar apertures. Small chimney-like bulges around openings are an effect of the incorporation
of the organism by in vivo embedment (bioclaustration) within the outer layers of the calcare-
ous tube of the serpulid host. Considering the rich collection of well-preserved serpulid
tubes (>3000 specimens), the frequency of bioclaustrated hydroids is very low, with an
infestation percentage of only 0.6% (20 cases). It has been noticed that only specimens of
the genus Propomatoceros from the Upper Bajocian, Lower Bathonian, Middle Bathonian,
and Callovian have been found infested. However, the majority of bioclaustrated hydroids
(17 cases) have been recorded in the Middle Bathonian serpulid species Propomatoceros
lumbricalis coming from a single sampled site. Representatives of other genera are not
affected, which is congruent with previous reports indicating that Protulophila gestroi was
strongly selective in the choice of its host. A presumably commensal relationship is com-
pared with the recent symbiosis between the hydroids of the genus Proboscidactyla and cer-
tain genera of sabellid polychaetes.

Introduction

Organisms colonizing other organisms are usually referred to as epibionts ([1]; see also [2]).
Such organisms have been present throughout the entire Phanerozoic, colonizing a variety of
available hosts (see [2] for a comprehensive review). In many instances, such epibiont-host
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organism associations were symbiotic (e.g., [3-5]) with a fossil record extending as far back as
the Cambrian (e.g., [5-7]).

An immense majority of epibionts bear calcareous skeletons that can easily be fossilized, leav-
ing behind many soft-bodied colonizers unpreserved. However, some soft-bodied organisms
adhering to the substrate they colonized may have been preserved due to bioimmuration or bio-
claustration (see [8-18]), the processes that provide a unique glimpse of the morphology, diversity,
and abundance of tiny, soft-bodied epibionts, which otherwise would have not been fossilized.

One such group of soft-bodied organisms, which are the focus of the present paper, are
colonial hydroids symbiotically inhabiting serpulid polychaetes. The hydroids grew simulta-
neously within the outer layers of infested polychaete tubes, embedded within their skeleton
due to the process known as bioclaustration ([10]; see also [11, 17, 19, 20]). Although the poly-
chaete-hydroid association has already been noticed by J.D.C. Sowerby [21], Rovereto [22]
was the first to describe it. Based on the material from the Pliocene of Italy, Rovereto [22] clas-
sified the bioclaustrated hydroids as Protulophila gestroi. However, despite the fact that the
name was adopted for the fossil, his taxonomic interpretation was incorrect, as he inferred the
traces of an organism to be a new genus and species of ctenostomatous bryozoan being adher-
ent to the surface of a tube belonging to the serpulid species Protula firma. Further discussions
of the affinities of Protulophila gestroi did not reveal the true origin of an organism, including
interpretations such as the formation of molds on the surface of the tube by a serpulid itself
[23] and describing it as a new species of bryozoans [24].

The first full description of the nature of the relationship as well as a detailed description of
the fossil itself, which allowed to unequivocally classify the organism taxonomically, was pro-
vided by Scrutton [8]. He proved that colonial hydroids infested certain species of tube-dwelling
polychaetes and concluded that the first available name for the molds left by the bioclaustrated
hydroids is Protulophila gestroi Rovereto, 1901. Since then, serpulid-hydroid associations have
been reported from sedimentary rocks of different ages, beginning from the Lower Jurassic
(Pliensbachian, see [25]), Middle to Upper Jurassic [14, 26], and Cretaceous [15, 27-29]. Inter-
estingly, in all these cases, the hydroid bioclaustrations were invariably classified as a single spe-
cies—Protulophila gestroi. It must also be mentioned that the existence of Recent examples of
Protulophila gestroi was mentioned for the first time by Jager in 1993 [30], but no scientific
description has been published so far. Recently, Taylor and co-workers announced that investi-
gation of Protulophila infesting serpulids from modern seas is under way [31].

To date, any data concerning the serpulid-hydroid relationship come from single stratigraphic
units and/or localities, which limit our understanding of the nature of this association. To fill this
gap, in the present study, we decided to conduct a thorough assessment of this relationship
through an inspection of rich material of serpulid tubes derived from different stratigraphic inter-
vals of the Middle to Upper Jurassic (Bajocian-Kimmeridgian) deposits, representing diverse
paleoenvironments within a single paleogeographic entity—the Polish Basin. Such an approach
may allow a better picture of the persistence, abundance, and symbiotic relationship of such an
association both through time and across paleoenvironments. Additionally, we traced the mor-
phology of the hydroid symbionts and their relationship with the serpulid hosts using scanning
electron microscopy and, for the first time for these fossils, micro-computed tomography meth-
ods. The phylogenetic affinity of the Jurassic hydroid symbionts was also discussed.

Materials and methods
Materials and their provenance

The fossils discussed herein were derived from eleven outcrops representing different strati-
graphic intervals, spanning the Middle to Upper Jurassic, and various marine

PLOS ONE | https://doi.org/10.1371/journal.pone.0242924 December 9, 2020 2/23

53


https://doi.org/10.1371/journal.pone.0242924

PLOS ONE Serpulid-hydroid association through the Jurassic

® Krzyworzek

Prosna Mokrsko

-

Czestochowa.
Gnaszyn Dolny :

Kawodrza Gérna

@ Carpathian overthrust awiercie \
< o Ogrodzieniec —— =
/ Faults Phe &
Ogrodzieniec-

@ Investigated sites Smertomec _,‘_’%

Fig 1. A. Geological sketch-map of Poland without the Cenozoic cover with three sampled localities indicated; a-pre-Jurassic, b-Jurassic, c-Cretaceous, HCM-Holy
Cross Mountains; PJ-Polish Jura; 1 -Bolecin; 2 -Zalas; 3 ~Matogoszcz. B. Geological map of the Polish Jura area without Quaternary cover, with sampled localities
indicated; a-Upper Triassic, b-Lower Jurassic, c-Middle Jurassic, d-Upper Jurassic, e-Cretaceous, f-Miocene, g-Pliocene (modified after Zaton et al. [32]).

https://doi.org/10.1371/journal.pone.0242924.9001

paleoenvironments of the Polish Basin (Fig 1). All of the fossil material collected is stored at
the Institute of Earth Sciences in Sosnowiec (abbreviated GIUS 8-3730).

Bolecin. Bolecin is located in the area of the Polish Jura about 6 km to the east of the town
of Chrzanéw (50°06°25"N, 19°29°25"E), between Katowice and Krakéw (Fig 1). The fossils col-
lected from this locality have been found in highly fossiliferous, sandy limestones containing
abundant non-skeletal grains (such as quartz pebbles and ooids), most probably referring to
the so-called “Balin Oolite.” Fossils are irregularly distributed within the deposits. Polychaete
tubes are attached to various fossils such as bivalves, gastropods, ammonites, and belemnites,
which act as substrates for these episkeletozoans (sensu [33]). Using ammonite fauna [34], the
Balin Oolite was dated as Upper Bathonian (Retrocostatum and Discus zones) to Lower Callo-
vian (Herveyi, Koenigi, and Calloviense zones), with a possible base of the Middle Callovian
(Jason Zone) also present (see [35]). The stratigraphic ranges of diverse ammonite genera and
low thickness (less than 1 m) of reworked deposits indicate that the carbonates are condensed,
as previously noted by Tarkowski et al. [36] and Mangold et al. [34]. The presence of diverse
fauna, including ammonites (e.g., [34]), may indicate an open marine paleoenvironment. In
total, 1,011 polychaete tubes were inspected, of which 589 were well-preserved. From now on,
the term “well-preserved” refers to those specimens which have unabraded external tube por-
tion showing any signs of bioclaustrated hydroids.
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Zalas. The material was collected in an active quarry located in the Zalas village near
Krzeszowice (50°05°06.7"N 19°38’49.5"E) in the southern part of the Polish Jura (Fig 1). Fossils
were derived from both Callovian sandy limestones and overlying Oxfordian deposits. Trans-
gressive Middle Jurassic deposits discordantly overlie uneven Lower Permian porphyres and
rhyodacites [37], forming a laccolith [38], which are the major subjects of quarry exploitation.
Within the Callovian deposits, sclerozoan hosts occur within a hardground (Middle Callovian
and the lower part of Upper Callovian; see [37, 39]), which originated in an open-sea, deep
shelf environment [39, 40]. Diverse organisms bearing hard exoskeletons play a role as sub-
strates for diverse and abundant sclerobionts (see [40]). A substantial majority of serpulids
have been found fixed to large bivalves Ctenostreon proboscideum (J.D.C. Sowerby); however,
some of them have also been found encrusting belemnites, ammonites (Macrocephalites), and
nautiloids. Lower Oxfordian serpulids have been found attached only to sponges that form
sponge bioherms (e.g., [41]). In total, 1,684 specimens (976 well-preserved) from both Callo-
vian and Oxfordian were inspected.

Matogoszcz. Fossils from Malogoszcz are derived from an active quarry located about 1
km to the north of Malogoszcz town center (50°49°21.6"N 20°15’39.2"E) and about 30 km to
the west of the city of Kielce (Fig 1). It is situated in the southwestern part of the Mesozoic Bor-
der of the Holy Cross Mountains [42-44]. In this locality, all the collected polychaete tubes
encrust bivalve shells, the majority of which belong to the genus Actinostreon. The fossil-rich,
Lower Kimmeridgian (Hypselocyclum and Divisum zones, see [43-45]) deposits are referred
to as the Skorkéw Lumachelle [43]. The shell-bearing deposits are an effect of storm episodes
in a relatively shallow marine environment [43]. In total, 157 serpulid polychaetes (104 well-
preserved) encrusting oyster bivalves were examined.

Ogrodzieniec. Sediments from Ogrodzieniec, together with the following localities, occur
as epicontinental deposits forming monotonous sequences of dark mudstones and siltstones
[46-50]. These deposits are referred to as the Ore-bearing Czestochowa Clay Formation (see
[46, 51, 52]). These siliciclastics are intercalated with numerous levels of isolated and horizon-
forming, carbonate, and fossil-rich concretions (e.g., [51, 53]). This and the following locality
are confined to the southern sedimentary region of the Polish Jura, which is considered to rep-
resent the shallow, marginal part of the Polish Basin [49, 54]. The deposits originating in the
southern sedimentary region are more variable with respect to facies, are thinner, and bear
common hiatuses [54], which are also evidenced by widespread exhumed carbonate concre-
tions (hiatus concretions) marking distinct breaks in sediment supply and/or sea-floor erosion
(see [26]). In Ogrodzieniec, the fossils were cemented to the hiatus concretions collected in a
small clay-pit (50°27°31.1"N 19°30°13.1"E) with an exposure of siltstones of ca. 8 m thick. The
concretion-bearing deposits represent the Upper Bathonian, ranging up to its topmost Discus
Zone, as evidenced from dinocysts [55]. In total, 337 serpulid fossils (122 well-preserved) were
inspected.

Ogrodzieniec-Swiertowiec. The specimens collected were derived from a small outcrop
located approximately 1 km south of the town center of Ogrodzieniec (50°26°23.8"N 19°
31’13.0"E). Condensed, sandy, and carbonate sediments underlying the dark mudstones of the
ore-bearing Czestochowa Clay Formation are exposed (e.g., [48, 56]). Polychaete tubes form
dense aggregations on the surface of large oncoids. Due to the occurrence of dinoflagellate
cysts (Valansiella ovula and Ctenidodinium cf. combazii, Przemystaw Gedl, written communi-
cation, March 2019), foraminifers Paleomilliolina czestochowiensis (Zofia Dubicka, written
communication, March 2019) found within the oncoid cortices [57], and previously noted
ammonites Parkinsonia spp. and Parkinsonia (Oraniceras) gyrumbilica (see [48]), the con-
densed oncoid-bearing interval is confined to the Upper Bajocian-Lower Bathonian (up to the
Macrescens Subzone of the Zigzag Zone). Considering the cyanobacterial genesis of the
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oncoids [56, 57], serpulid polychaete worms inhabited photic conditions, slightly beneath the
fair weather wave base. In total, 1,103 specimens (621 well-preserved) were examined.

Zarki. Deposits in Zarki, together with all the following localities, are confined to the
northern sedimentary region of the Polish Jura, which is characterized by thicker and more
complete sequences of ore-bearing clays [54]. Sediments within these localities are interpreted
to have been deposited in calm, epicontinental paleoenvironments with generally well-oxygen-
ated bottom waters (e.g., [49, 58-60]). However, some ichnofabrics, accumulations of shell
detritus, and erosional surfaces indicate episodic storm events [61]. All of the fossils investi-
gated herein are attached to carbonate hiatus concretions. In this locality (an active brick-pit,
50°37°09.0"N 19°22°02.7"E), concretions were partly collected in situ from the bottom part of a
15 m thick section [62]. The age of the concretion-bearing horizon is Upper Bathonian (Hod-
soni Zone, see [47]). In total, 58 polychaete tubes have been investigated, of which 23 are well-
preserved.

Bugaj. In this locality, serpulid polychaetes inhabited Middle Bathonian (likely Morrisi
Zone) carbonate hiatus concretions (see [26]). Currently, the excavation in Bugaj (50°45’51.5"N
19°10°05.9"E) is abandoned, and the clay-pit filled by dumped waste material is unavailable for
field research. Therefore, the collection of fossils from Bugaj is scientifically valuable. In total,
553 fossils (170 well-preserved) were collected and inspected from this locality.

Gnaszyn Dolny. The fossils are derived from the Middle Bathonian (Morrisi Zone) mud-
stones exposed in the lower part of the “Gnaszyn” brick-pit [26] (50°48’12.6"N 19°02°26.8"E).
The serpulid tubes are preserved on bivalve shells (mainly oysters), where they form densely
packed aggregations. Clay sediments containing encrusted shells were deposited in a deeper
marine paleoenvironment, below the storm wave base (e.g., [26, 63, 64]. In this locality, 777
polychaete tubes have been found, of which 374 are well-preserved.

Kawodrza Gorna. The specimens collected in Kawodrza Gérna (“Sowa” brick-pit, 50°
47°05.1"N 19°02°35.4"E) are from the Lower Bathonian deposits (Zigzag Zone, e.g., [46, 53]),
which represent similar siliciclastic facies and paleoenvironment as those present in neighbor-
ing Gnaszyn Dolny (e.g., [46, 64]). All of the fossils found encrust oyster shells. In total, 90
polychaete tubes were collected (57 well-preserved).

Mokrsko. Polychaete tubes from this locality commonly encrust carbonate hiatus concre-
tions occurring in the “Mokrsko” brick-pit (see [26], 51°10°00.4"N 18°26°05.7"E). The concre-
tions form a continuous horizon; however, some of them are irregularly distributed within
glaciotectonically deformed clay sediments [26]. Due to the presence of the ammonites Parkin-
sonia [32], the age of sediments is Upper Bajocian (Parkinsoni Zone). The deposits in Mokrsko,
as in the case of the above-mentioned deposits, represent a paleoenvironment probably located
below the storm wave base [26]. In total, 358 specimens (111 well-preserved) were inspected.

Krzyworzeka. At this locality (51°10°06.9"N 18°31°07.1"E), all the collected polychaete fos-
sils encrust hiatus concretions; however, the majority of them are strongly abraded. Krzywor-
zeka is the northernmost locality in the area investigated and the sediments thought to have
been deposited in a calm environment related to an outer shelf (e.g., [26, 65]), located below
the storm wave base. However, due to the overturning of the concretions, episodic storms are
not excluded (see [26]). Dinoflagellate cyst dating indicates that deposits from Krzyworzeka
range up to the Upper Bathonian Discus Zone [66]. In total, 920 specimens (199 well-pre-
served) were inspected.

Methods

All the specimens derived from the localities listed above were carefully inspected under a bin-
ocular microscope, paying special attention to the potential occurrence of bioclaustrations
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after hydroids. Although all serpulid tubes in each locality were counted, we separately counted
unabraded, externally well-preserved tubes, and poorly-preserved specimens, having abraded
or strongly exfoliated tubes showing no signs of bioclaustration. Those tubes bearing hydroid
symbionts were determined to at least the generic level.

Polychaete tubes bearing hydroid traces were cleaned using an ultrasonic cleaner, and
selected specimens were examined under an environmental scanning electron microscope
(ESEM) Philips X130 at the Institute of Earth Sciences in Sosnowiec. The fossils were scanned
in an uncoated state in back-scattered electron (BSE) imaging mode.

Four serpulid tubes (two from Gnaszyn Dolny, one from Kawodrza Gérna, and one from
Mokrsko) with the best-preserved and visible bioclaustration traces were selected for further
examination using computed microtomography (micro-CT). Virtual sections were made in
the X-ray Microtomography Laboratory at the Faculty of Computer Science and Materials Sci-
ence, University of Silesia in Katowice, Chorzéw, Poland, using the GE Phoenix v|tome|x
micro-CT equipment with scanning voltage ranging 140-180 kV, current intensity 50-90 uA,
and scanning time of 25 to 35 min depending on the sample. The collected images were pro-
cessed using Volume Graphics® VGSTUDIO Max software and Volume Graphics® myVGL
Viewer App and Fiji [67]. Based on the micro-CT scans, a volumetric rendering and movie
were produced using Drishti [68].

Results
Morphology of the bioclaustrated hydroids

The bioclaustrated traces after hydroids referred to as Protulophila gestroi are represented by
systems of stolons and polyp chambers (reflecting casts of zooids) preserved by the skeletal
overgrowth of the host serpulid polychaetes. Thus, the structures preserved within the serpu-
lids investigated here are in agreement with other hydroid bioclaustrations reported so far.

The external appearance of the hydroids dwelling within the serpulid’s tube is shown by the
presence of small, more or less subcircular apertures superficially resembling borings (see
[10]), and chimney-like bosses scattered both regularly and irregularly over the serpulid tube’s
exterior (Fig 2A-2E). With a few exceptions, the apertures are declivous toward the anterior of
the tube with a proximal lip slightly flattened, and distal lip curved and uplifted, often forming
a small hood, or a bigger, irregular lump (Fig 2). In some cases, the apertures are gently bent in
different directions, which might reflect the adjustment of zooids to the ontogenic skeletal
growth of the tube as well as to its bulges and curvatures (Fig 2B and 2D). Due to the increasing
stolonal network depth of burial and the rugosity of a tube, bosses become bigger, more robust
and solid, and occasionally overhang orifices (Fig 2B and 2F). A large majority of these small
polyp openings, exhibiting the external appearance of the particular zooids, is located in the
anterior part of the dwelling tube (Fig 2A-2D). None of the specimens of Protulophila gestroi
have been found bioclaustrated in the tube’s posterior (however, one specimen is represented
by a fragmented tube with indistinct characters providing recognition of the part of the tube).
Some hydroid colonies encircle nearly a whole serpulid tube, occupying the surface from the
keel on the top to the same base (Fig 2B and 2C). Both the shape and size of the apertures are
variable, even within the same specimen. The orifice size ranges from 0.15 to 0.25 mm in diam-
eter (Fig 3E and 3F), with bosses up to even 1 mm across.

Based on the micro-CT scans and resulting visualization (Fig 4), an internal appearance of
this association shows a network of branching stolonal tubes embedded in the tube wall, join-
ing together in the hydroid’s chambers (Fig 4B, 4C, 4E and 4F). These elongated, cylinder-
shaped internal cavities after particular polyps, well-visible in the visualization (Fig 4), are bur-
ied concurrently to the surface of a tube and are bent outward, which is revealed on the
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Fig 2. Protulophila gestroi Rovereto bioclaustrated by two species of the serpulid Propomatoceros from the Polish Jura. A. A
strongly infested Propomatoceros sp. from the Upper Bajocian of Mokrsko, exhibiting a regular arrangement of the colony. External
appearance shows apertures slightly bent toward the anterior of the tube; elongation of polyp chambers to the serpulid’s growth direction
is visible, GIUS 8-3730/1. B. Strongly infested Propomatoceros lumbricalis (von Schlotheim) from the Middle Bathonian of Gnaszyn
Dolny. Dense arrangement of the hydroid colony shows different apertural morphologies within one specimen. Three views (two lateral
and one dorsal) show hydroid colony embedment around nearly entire tube, GIUS 8-3730/2. C. Infested Propomatoceros lumbricalis
from the Lower Bathonian of Kawodrza Gérna, showing an irregular colony pattern with small polyp openings scattered over the tube.
Aperture lips are slightly flattened, forming only indistinct hoods. A hydroid colony encircled the whole tube from the base to the keel
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(as shown in three views of the tube), GIUS 8-3730/3. D. A hydroid colony located in the anterior part of the tube of Propomatoceros
lumbricalis from the Middle Bathonian of Gnaszyn Dolny. Single apertures are bent backward, GIUS 8-3730/4. E. Moderately infested
tube from the Middle Bathonian of Gnaszyn Dolny with a relatively regular colony pattern, GIUS 8-3730/5. F-G. ESEM back-scattered
images presenting detailed morphology of hydroid apertures. In F, two robust bosses overhanging the apertures (indicated by white
arrows) and a few smaller hoods are shown, GIUS 8-3730/2. G indicates delicate lumps, GIUS 8-3730/1. Scale bars: 5 mm (A-E), 0.5 mm

https://doi.org/10.1371/journal.pone.0242924.9002

external part of the tubes by small orifices (Fig 4). Polyp chambers are elongated in the direc-
tion of the skeletal growth of the worm (Fig 2A, 2E and 2G). The mean chamber size is 0.84
mm long and 0.31 mm wide, while stolons have a diameter of 50 pm (Fig 3A-3D). Depending
on the depth of embedment, the stolonal network is visible in some specimens, being embed-
ded relatively shallowly in the external part of a tube (Figs 2C and 3A). The irregular arrange-
ment of the colony in some cases might be a result of the tube’s external morphology or
inconstant skeletal growth. However, despite the differences in particular hydroid’s stolonal
network depth within the serpulid tube, it tends to be incorporated at an approximately con-
stant depth in the tube’s interior within the same specimen of the host serpulid. The depth of
hydroid network embedment varies from 0.19 to 0.63 mm, depending on the specimen

(Fig 3A).

Frequency and occurrence of bioclaustrated hydroids

Following an examination of 7,048 specimens of tube-dwelling polychaetes, of which 3,346 are
well-preserved, biocluastration traces after the hydroids Protulophila gestroi have been noted
in only 20 specimens of serpulid tubes (Table 1). Thus, in the present case, the overall percent-
age of hydroid infestation was notably low, with a rate of only 0.28% among all the specimens
of polychaete tubes collected. Although the percentage of infestation among the well-preserved
fossils is more than twice as high, at 0.6%, this value is very low. However, due to the signifi-
cant abrasion of the tubes acting as a substrate for Protulophila gestroi, potentially embedded
hydroids, if they ever existed, would not have been preserved in the fossil record. Thus, it is
possible that the real percentage of hydroid infestation might have been higher than presented
herein.

Serpulid tubes played the role of a substrate for colonial hydroids, potentially providing
both insight into the paleoecological issues and information about the relationship. Of all the
polychaete tube fossils examined, only specimens assigned to the genus Propomatoceros Ware
have been found to be infested by Protulophila gestroi, the data on which is presented in
Table 2. The tubes of Propomatoceros investigated here possibly represent two species: 1) slen-
der, gracile forms with distinctive longitudinal keels on the top of the Lower Bathonian of
Kawodrza Gorna and Middle Bathonian of Gnaszyn Dolny, referred to as the species Propo-
matoceros lumbricalis (von Schlotheim) on the basis of similarity to the Middle Jurassic species
described by Ippolitov [69], and 2) larger, robust tubes from the Upper Bajocian of Mokrsko
and Callovian of Zalas, referred to as the species Propomatoceros sp. The tubes may be slightly
curved, increasing in diameter toward the anterior part (faster in Propomatoceros lumbricalis),
with a subtriangular cross-section (more distinct in Propomatoceros lumbricalis). The external
surface is relatively smooth and sometimes uneven with very small bulges. Attachment struc-
tures are usually well-developed and visible. The arrangement of the hydroid colonies seems to
be more regular within the species Propomatoceros sp.

The other serpulid taxa present on the Upper Bajocian through Kimmeridgian substrates
investigated here (see [26, 56, 70, 71]), such as Nogrobs, Cementula, Filogranula, Spiraserpula,
Metavermillia, Mucroserpula, Placostegus, and the most abundant species Glomerula gordialis,
lack any traces after bioclaustrated hydroids. Moreover, 17 out of 20 specimens of Protulophila
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Fig 3. Internal appearance of serpulid-hydroid association shown on micro-CT scans (A-D) and ESEM back-scattered images
(E-F). A. Scan of the serpulid tube from the Lower Bathonian of Kawodrza Gorna (the lateral view of the tube); black arrows show
two polyp chambers with the depth of embedment visible, GIUS 8-3730/3. B. Scan of the tube from the Middle Bathonian of
Gnaszyn Dolny; black arrow indicates the longitudinal section of the stolonal tube, GIUS 8-3730/2. C-D. Cross-section scans of
the infested serpulid tube from the Lower Bathonian of Kawodrza Gérna, GIUS 8-3730/3. In C, the arrows show the stolonal
tubes in cross-section (black arrows), and longitudinal (slightly inclined) section (white arrow). In D, cross-sections of polyp
chambers are visible, as well as the branching stolonal tubes connected to them. E-F. Single hydroid apertures. E. Specimen from
the Lower Bathonian of Kawodrza Gérna, GIUS 8-3730/3. F. Specimen from the Upper Bajocian of Mokrsko, GIUS 8-3730/1.
Scale bars: 0.25 mm (A-C), 0.35 mm (D), 0.2 mm (E), 0.1 mm (F).

https://doi.org/10.1371/journal.pone.0242924.9003
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Fig 4. Visualization of the bioclaustrated hydroid colony Protulophila gestroi by the host serpulid Propomatoceros lumbricalis from the Middle
Bathonian of Gnaszyn Dolny, GIUS 8-3730/8. A. External left side of the tube showing bioclaustrated apertures after hydroids (aper). B-C. The same
side showing the morphology and internal arrangement of hydroid zooids (zo0) and stolons (sto), magnified in C. D. Right side of the tube showing
bioclaustrated apertures after hydroids (aper) and numerous microborings (mic). E. The same side showing the morphology and internal arrangement of
hydroid zooids (zoo) and stolons (sto). F. Isolated system of stolons and hydroid zooids embedded within the tube showed in C. Serpulid aperture is on
the top. Scale bars: 1 mm (A-F).

https://doi.org/10.1371/journal.pone.0242924.9004

gestroi have been found only on the tubes coming from a single locality and stratigraphic inter-
val (Gnaszyn Dolny, Middle Bathonian, Morrisi Zone, Table 2).

Discussion
Morphology and phylogenetic affinity of Protulophila gestroi

The overall pattern of the colonial hydroids clearly indicates that stolonal network and polyp
chambers were incorporated in vivo within the external parts of the host’s tube during its skele-
tal growth and, as previously recognized by Scrutton [8], cannot be considered as a boring
activity. Deflected apertural lips (marked by the differential rate of skeletal secretion of the
host) and the fact that none of the polyp orifices is fully overgrown by the serpulid (which
might have happened after the death of the hydroid) indicate that both the colonizer and the
host must have been alive during interaction. The general arrangement of stoloniferous
hydroids is more or less convergent with all the reported cases from different stratigraphic
intervals (e.g., [8, 14, 15, 18, 25-29]). Slight differences in morphological details may only
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Table 2. Data on the occurrence of bioclaustrated hydroids on the background of the investigated Propomatoceros
tubes.

Mokrsko Kawodrza Gorna | Gnaszyn Dolny Zalas
(Upper (Lower (Middle (Callovian)
Bajocian) Bathonian) Bathonian)
Well-preserved specimens 9 16 187 52
Poorly preserved specimens 15 5 74 36
No. hydroids 1 1 17 1
% infestation of well-preserved 11,11% 6,25% 9,09% 1,92%

specimens

https://doi.org/10.1371/journal.pone.0242924.1002

imply different physiological and/or paleoecological conditions as well as supposedly interspe-
cific variations (see below).

Although the mode of origin of the fossils has already been well recognized by Scrutton [8],
with the corroboration of all subsequent reports, the close phylogenetic relationships of Protu-
lophila gestroi are still uncertain. In attempts to link Protulophila gestroi with contemporary
species of hydroids, it is generally affiliated with the living genus Proboscidactyla Brandt [72];
however, apart from Scrutton [8], who provided a detailed description of its possible affinity,
little attention has been paid to this problem. Proboscidactyla is an obligatory inhabitant of
sabellid polychaetes (e.g., [73, 74]). This modern hydroid captures nutrients from polychaete-
propelled feeding currents and directly from a worm’s radiole [73, 75]. Although this symbi-
otic relationship is well recognized and has been described several times (e.g., [73, 74, 76]),
more attention has been paid to the life cycle and ecology of the medusa form of Proboscidac-
tyla (e.g., [77-80]) than to the symbiotic association itself. The comparison of Scrutton [8]
seems to be appropriate in terms of lifestyle; however, the overall arrangement of the colony
differs strikingly from the colonial pattern of Protulophila gestroi. It might be putatively
explained as evolutionary changes, from a simple, relatively regular pattern of Protulophila to
more complex, anastomosing stolons and polyps of Proboscidactyla. Moreover, due to tapho-
nomic processes, the morphology of the stolonal network and tentacles of the living organism
cannot be directly compared to the fossil preserved solely as an embedded cast. Scrutton [8]
also mentioned Tubularia as an example of hydroids with a colony growth pattern similar to
that observed in Protulophila gestroi. However, except this feature, the ecology of Tubularia
[81] in no way resembles that of Protulophila gestroi.

Reports on the arrangement of Protulophila gestroi colonies, with the majority of them
located in the anterior parts of polychaetes’ tubes (e.g., [8, 15, 27]; the present study) is conver-
gent with the manner of Proboscidactyla colony [73, 75], suggesting a similar lifestyle. Only
Zagorsek et al. [29] reported Cretaceous Protulophila gestroi as being located in the middle
part of the serpulid’s tube, which was interpreted as a growth ceasement before the serpulid’s
death [29]. Located close to the tube’s rim, hydroids could have captured food particles from
the feeding currents generated by the worm or directly from the brachial crown. The direction
of hydranths’ growth (hence the resulting hoods and apertural shape as evidenced in the fossils
described here, see Fig 2A-2C and 2F) toward the proximal parts of the tube may also express
an attempt to be located closer to the “feathery” radiole of the polychaete and its propelled
feeding currents bearing nutrients (Fig 5). However, single apertures have also been found to
be bent backward-some hydranths’ growth direction might have been influenced by external
currents as well. The second important advantage gained by these hydroids was the protection
provided by a hard, mineralized tube of serpulid, which probably became the only profit dur-
ing astogeny, as the older hydranths gradually receded from the polychaete’s radiole and thus
were excluded from the benefits of the host’s feeding currents. Such older hydranths could
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Fig 5. Artistic reconstruction of a Middle Jurassic serpulid Propomatoceros lumbricalis syn vivo infested by hydroids Protulophila gestroi. It is hypothesized
that the everted polyps in older part of the serpulid tube may have relied on the food particles delivered by external currents. An inset shows some everted polyps
from the host serpulid’s tube (drawn by Bogustaw Waksmundzki).

https://doi.org/10.1371/journal.pone.0242924.9005

have been active, anyway, gathering the food delivering by external currents (Fig 5), which is
evidenced in the apertures bent backward, a feature which was mentioned above.

Although we cannot phylogenetically link exclusively modern Proboscidactyla with the fos-
sil hydroid with full confidence, all of the data collected hitherto on both symbionts seem to be
sufficient to provide a reliable comparison, at least in the means of their lifestyles. The possible
affinity is strengthened by the bilateral symmetry of apertures of Jurassic hydroids, as sug-
gested by Baliniski et al. [82]. However, the phylogenetic affinity of modern Protulophila is still
under study [31] and, therefore, nothing more can be added here at the moment.

Morphological disparities between specimens of both the external and internal appearance
of colonial hydroids are also presumably a reflection of different ecological issues, such as the
host’s calcification rate, which directly reflects the external appearance of a hydroid colony.
Individual zooids might have adjusted to the skeletal growth of the tube, varying on the calcifi-
cation activity of the serpulid (see Scrutton’s experiment [8]). Polyps most likely changed their
growth orientation to avoid a complete embedment due to calcium carbonate tube
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precipitation (for the serpulid skeletal formation, see e.g., [83, 84]). Changes in skeletal activity
may also be reflected in the depth of burial of the stolonal network (see [8]) and density of the
colony. Some morphological modifications potentially may also correspond to the functional
specialization of single zooids. According to modern Proboscidactyla [73], ancient hydroids
might have also possessed different kinds of individuals playing various roles in a colony, such
as gastrozooids, gonozooids, and dactylozooids.

The overall appearance of the fossils studied is relatively similar to all previous reports. Dis-
parities are slight: from elongated orifices with broad sinuses and flattened lips (rare in the
present study, see [8], PL. 39, Figs 1-8; [27, 29]), through some intermediate forms exhibiting
delicate hoods (Fig 2A, 2C, 2E and 2G; see also e.g., [8], PL. 39, Fig 11, P1. 41, Fig 9), to circular,
with robust, chimney-like bosses occasionally overhanging apertures (Fig 2B and 2F; see also
e.g., [8], PL. 39, Figs 13-14; [15], Fig 4A-4D). The size of the polyp opening and density of the
colony is variable, as well as the total number of apertures and different tube area infested-
either encircling the tube from the keel to its flanges or being scattered more irregularly. The
presence of morphological disparities within all the stratigraphic intervals suggests that mor-
phology itself is not particularly useful in taxonomic classification, as it presumably represents
differences in the calcifying activity of polychaetes and other ecological factors. As not all Pro-
tulophila gestroi bioclaustrations reported so far are as well-preserved as those present in some
exfoliated serpulid tubes illustrated by Zagorsek et al. [29], the best solution for proper com-
parison of different colonies, is a micro-CT scanning of various specimens. Further visualiza-
tion, as made for the present paper, may be helpful in better recognition of key features which
then could be used for taxonomic differentiation of particular colonies.

Selection of the host by hydroids

Proboscidactyla is distinctly selective in the choice of the host, often restricted to one or very
few species of polychaetes [73, 75]. This may at least partially explain why hydroids (all
assigned to Protulophila gestroi) spanning from the Pliensbachian [25] to the Pliocene [8, 85],
with possible modern representatives [31], have often been described to be selective in their
choice of the host, predominantly infesting very few, or even one serpulid species within a
given stratigraphic unit and geographic area. Scrutton [8] conducted a comprehensive review
of the previously reported Jurassic, Cretaceous, and Cenozoic serpulids from Europe and the
Middle East acting as hosts for symbiotic hydroids. All the Jurassic (Bajocian-Oxfordian)
hydroids infested different species of his genus Serpula, some of which may belong to the
genus Propomatoceros. Radwanska [14] found only one tube of Ditrupula from the Oxfordian
of central Poland bearing the hydroids Protulophila gestroi. Cretaceous hydroids infested Rotu-
laria, Parsimonia, Glomerula (the only ancient sabellid worm found to be infested), while
Cenozoic hydroids were restricted to Sclerostyla and Protula. Jager [86] found over 50% of
Cretaceous (Coniacian to Upper Maastrichtian) Martina turbinella (Laqueoserpula?) tubes
from northern Germany infested by Protulophila gestroi, while other species were clearly more
rarely infested. In Poland, Radwanska [27] described hydroids associated with three polychaete
species from the Campanian (Proliserpula ampullacea, Pentaditrupa subtorquata, Sclerostyla
macropus) and only one from Maastrichtian (Ditrupula quadrisulcata). Niebuhr and Wilmsen
[15] reported hydroid-bearing serpulids exclusively represented by the genus Rotulispira from
the Middle Cenomanian of northern Germany. Kamali Sarvestani et al. [18] also reported
infested Rotulispira serpulids from the Lower-Middle Cenomanian of Iran. All the current
data from the Middle and Upper Jurassic of Poland presented here clearly show that each
encountered Protulophila gestroi colony is associated with a single genus Propomatoceros, of
which most often infested (18 cases) is the species Propomatoceros lumbricalis. Interestingly,
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Ippolitov [69] also mentioned that the latter serpulid species was most often colonized by Pro-
tulophila gestroi in the Middle Jurassic (Callovian) of Russia.

It seems less likely that a single (as stated here) species of hydroid, generally described as a
selective in its choice of the host, had colonized many diverse species of polychaete worms
through such a long geologic time (ca. 190 Ma) in different locations around the world. Com-
paring this with Proboscidactyla, where a variety of species are found fixed to different sabellids
[73], it seems to be even more hesitant. The general pattern of Protulophila gestroi shows only
slight morphological disparities (as described above) among all, very extensive fossil records,
and none specific characteristics of fossils seem to correspond with any specific stratigraphic
interval. Here appears a dilemma: despite the high probability of the existence of more than
one species within all specimens assigned to Protulophila gestroi, we are not able to distinguish
potentially separate species for taphonomic reasons and the resulting scarce, insufficient data
of indistinct modifications of these fossils, regardless of the geological time. Thus, the putative
interspecific variation of Protulophila gestroi is very difficult, or even impossible, to assess
objectively based on the external morphology alone.

The settlement preferences of hydroids throughout the Mesozoic and Cenozoic surely indi-
cate some favorable conditions for the settler. A possible factor strongly influencing larval
recruitment and subsequent bioclaustration is a conducive chemical composition. The settling
of a juvenile form and its subsequent development may have also been enhanced by physiolog-
ical and behavioral factors (see [87, 88]), some of which may be unobtainable from the fossil
record. Allegedly, the selectivity of hydroid could even concern particular specimens, for
example, due to a particular characteristic of the potential host providing a stable substrate to
anchor. Some hydroid larvae settled on small, slender tubes representing juvenile forms of ser-
pulids, which indicate that bioclaustration took place in the early ontogenetic stages of the
worm. Another putative explanation is a random acquisition of the host, which might have
resulted in the recruitment of only those larvae where “the good” choices have been made,
whereas most of them, in all likelihood, never develop. The substantiation of such a mecha-
nism is that the capability of free-living larvae to control their movement is very limited (see
[88]). Recent bioclaustrated symbionts also show host preferences ([20, 89, 90]; however, see
[91]), and some of them are completely dependent on the host [92].

Possible interpretations of hydroid-serpulid symbiosis involve mutualism, commensalism,
and parasitism. Due to the large host’s selectivity of Protulophila gestroi as well as a lack of evi-
dence for serpulid deriving benefits from this interaction (except the supposed protection pro-
vided by the hydroids’ nematocysts), commensalism appears to be the most plausible kind of
relationship. Furthermore, this type of interaction demonstrates a strong host preference lead-
ing to some obligate host-colonizer cohabitants [20], which might at least partially explain the
selectivity of the hydroids.

Both mutualism and parasitism between Protulophila gestroi and Propomatoceros seem to
be unlikely. In the first case, as already mentioned above, we don’t have any evidence that Pro-
tulophila possessed nematocysts which could have protected the serpulid host. Additionally,
the percentage of infestation is too low to consider mutualism as a confident type of interac-
tion-hydroids probably have not been notably advantageous for serpulids. In the second case,
although the assumption that the incorporation of hydroids bears energy expenditure for ser-
pulids may be reasonable, nothing indicates that the bioclaustrated hydroids might have been
parasites. In both cases, there are no disparities between the infested and non-infested serpu-
lids of the genus Propomatoceros (and other genera), resulting either in the exhibition of par-
ticular patterns by serpulids, which might have provided any successful ecological solutions
(mutualism), or in malformations of the polychaetes’ tubes and conceivably smaller size and/
or slower skeletal growth of the host due to the harmful activity of the hydroids. Moreover,
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symbiotic relations can range (shifting during ontogeny) from mutualistic to parasitic and vice
versa (e.g., [93]), which makes this assessment even more difficult. Even if the explanation of
hydroid cnidocytes’ protective contribution (whichever way possible) is true, in all likelihood,
it did not play any significant role. A fully confident determination of the relationship between
mutualistic, commensal, and parasitic is not easy in the fossil record. In the present case, how-
ever, a commensal relationship, even though it is still difficult to prove in the fossil record (see
[94]), is the most plausible and acceptable on the grounds of the available evidence presented
above.

How common was the serpulid-hydroid symbiosis in the marine Jurassic
Polish Basin?

Generally, the presence of Protulophila gestroi in the fossil record coincided with the growing
diversification of serpulids that started during the Late Triassic-Lower Jurassic and continued
during the entire Mesozoic [95]. Thus, this symbiotic relationship may have originated some-
where during the Triassic-Jurassic transition, as the oldest example comes from the Pliensba-
chian [25]. An increase in the abundance of Protulophila gestroi over time appears to be
related to two factors: 1) higher taxonomic diversity and abundance of serpulid fauna in the
Cretaceous [96], whose skeletons provided a suitable substrate for colonization and 2) gener-
ally better taxonomic recognition of Upper Cretaceous serpulid worms compared to the Juras-
sic ones, a factor which increases a chance for detection of hydroid symbionts in a larger
collection of host serpulids.

The percentage of infestation cases in the present study (0.6% among all 3,346 well-pre-
served fossils, see Table 1) was much lower than in most settings previously investigated,
where the rates may even reach 45% [15] or 50% [86]. However, despite several reports of Pro-
tulophila gestroi, its paleoecology and the rate of infestation have rarely been studied, as the
main scope of the research was polychaete fossils and not hydroids (e.g., [14, 25, 27]), or the
study was based on a single specimen only [29]. The infestation rate seems to be commonly
higher in younger, Cretaceous deposits [15, 18, 86]. Except for very few reports of this associa-
tion from the Jurassic [8, 14, 26], no complex research has been conducted to better under-
stand the abundance and paleoecology of this relationship. Reports on this association from
the Cenozoic are also rarer than those from the Cretaceous. Despite the growing diversity in
Palaeogene, serpulid fauna has been relatively poorly studied from this stratigraphic interval
(see [95]), which also possibly reflects very few reports on the serpulid-hydroid relationship
from this time interval [8, 22, 85]. The lack of comprehensive reviews of the hydroid-serpulid
coexistence in the Jurassic may result from a significantly lower percentage of infestation,
which may, in turn, be a consequence of unfavorable conditions for Protulophila gestroi to
settle.

It has to be highlighted that most of the collected specimens of bioclaustrated hydroids (17
cases per 187 well-preserved serpulids) were derived from a single stratigraphic interval (Gnas-
zyn Dolny, Middle Bathonian, Morrisi Zone, Table 2) representing deeper (transgressive cycle
T5 of [50]), calm paleoenvironment characterized by a muddy bottom on which a hard sub-
strate suitable for serpulid colonization was very patchy or completely absent. There, 17
hydroid infestation cases have been noted in Propomatoceros lumbricalis, which constitute 9%
of the all 187 well-preserved serpulids collected (Table 2). However, the infestation percentage
could even be higher here, if the rest of 74 Propomatoceros tubes weren’t worn. The single
cases of infestation of Propomatoceros tubes noted in the remaining assemblages (Table 2), cer-
tainly result from a much lower number of perspective specimens. In Gnaszyn Dolny,
hydroids have been found to infest serpulid tubes located on the same, very small substrate

PLOS ONE | https://doi.org/10.1371/journal.pone.0242924 December 9, 2020 16/23

67


https://doi.org/10.1371/journal.pone.0242924

PLOS ONE

Serpulid-hydroid association through the Jurassic

Fig 6. Aggregation of several serpulid tubes on two single oyster valves from the Middle Bathonian of Gnaszyn Dolny, Polish Jura,
a number of which (arrowed) possess traces after bioclaustrated hydroids. A. An aggregation of six (arrowed) serpulids with
Protulophila gestroi, GIUS 8-3730/6. B-C. Magnified shell areas showing bioclaustrated serpulid tubes, GIUS 8-3730/6a and GIUS 8-
3730/6b, respectively. D. Aggregation of five (arrowed) serpulid specimens with Protulophila gestroi, GIUS 8-3730/7. E. Magnified part
showing very dense aggregation of tubes on a small substrate surface bearing indistinct bioclaustrated traces (GIUS 8-3730/7a). Scale
bars equal 1 cm.

https://doi.org/10.1371/journal.pone.0242924.9006

surfaces provided by oyster shells (Fig 6). This may favor the explanation that due to the very
limited mobility of hydroid larvae, most of them presumably have not been able to recruit,
unless settled on a convenient substrate (serpulid tube) providing bioclaustration (protection
of colonies) and possibly also nutrient supply. In the case of the successful settlement of
hydroid larvae on a given serpulid, their further spread was strongly limited by the available
hard substrate with other potential hosts. Thus, the hydroid larvae had the greatest chance to
colonize the neighboring serpulids on the same substrate, as exemplified by those present on
the single oyster shells (Fig 6). The colonization of other hosts, growing on separate substrates,
might have been exceedingly difficult or impossible for the larvae. The lack of any hydroid
symbionts noted in abundant serpulids, including Propomatoceros, colonizing the Middle and
Upper Bathonian hiatus concretions from Bugaj, Ogrodzieniec, and Krzyworzeka [26], or
large oncoids from Ogrodzieniec [56] is striking. However, in these cases, the

PLOS ONE | https://doi.org/10.1371/journal.pone.0242924 December 9, 2020 17/23

68 68:2379788000


https://doi.org/10.1371/journal.pone.0242924.g006
https://doi.org/10.1371/journal.pone.0242924

PLOS ONE

Serpulid-hydroid association through the Jurassic

paleoenvironmental conditions might have, at least to some extent, played a role. The hiatus
concretions and oncoids were repeatedly overturned on the seabed due to hydrodynamical
processes and/or animal activities (e.g., [26, 48, 56]); thus, they might not have provided a suf-
ficiently stable habitat for the host serpulids and thus for the colonizing hydroids, as well. Even
though some larvae may have been recruited on some serpulid hosts, they could not have
developed when substrate with the hosts were overturned. Additionally, stronger currents in
such settings might have prevented the hydroid larvae from settling on the hosts.

The lack of any bioclaustrated hydroids within the polychaete tubes from the Oxfordian
sponge buildups of Zalas may be caused by a lack of suitable specific species of the host. In the
present study, the polychaete tubes are represented by dominating Glomerula, followed by Pro-
pomatoceros and Tetraserpula (Nogrobs), constituting 75%, 24.8%, and 0.2% of the polychaete
assemblage, respectively (as calculated from Kuziomko-Szewczuk [71]). There, either 1) the
hydroids have not been present or 2) did not develop following settlement on the host, or 3)
these polychaete species were not suitable hosts for the symbionts. Interestingly, in the Oxford-
ian of central Poland, Radwanska [14] noted only one example of Protulophila gestroi pre-
served within the tube of Ditrupula, a genus not found in the Oxfordian assemblage of Zalas.
A similar situation might have been responsible for the lack of any Protulophila gestroi speci-
men preserved within the polychaete tubes from the Kimmeridgian of Matogoszcz, which are
represented by similar forms as in the Oxfordian of Zalas (see [70]). In summary, the fossil
record of serpulid-hydroid symbiosis within the Polish Basin during the Middle and Late
Jurassic was a rare phenomenon with a very patchy distribution, mostly limited to a single set-
ting characterized by a calm paleoenvironment with a slow (or even halted) sedimentation
rate, allowing for the establishment and persistence of a suitable hard substrate for hydroid
hosts.

Conclusions

The overall appearance of a hydroid colony is shown by external, subcircular apertures with
bosses of different shapes and sizes and an internal network of branching stolons and polyp
chambers. The morphology of the bioclaustrated traces left by hydroids shows a very indepen-
dent arrangement of the colony, both within a given stratigraphic interval and through time.
The differences in morphological details occur regardless of the geological interval, as it pre-
sumably reflects physiological and paleoecological conditions rather than interspecific variabil-
ity. Although there is a faint probability that all the hydroid remnants described hitherto
spanning through ca. 190 Ma belong to the single species Protulophila gestroi, we are not able
to provide any reliable lower taxonomic classification based exclusively on the bioclaustrated
traces as morphological disparities occur within all stratigraphic intervals. In order to make
better comparisons of different colonies for any future taxonomic classification, a micro-CT
scanning and volumetric rendering providing a number of features not visible externally,
would be a good solution.

The studied hydroids show a significant bias toward certain serpulid genera. It possibly
reflects some favorable conditions for Protulophila gestroi recruitment, comprising chemical
composition, sufficient protection, and nutrient supply. The dependence on certain paleo-
ecological conditions is striking, as current findings are almost restricted to only one strati-
graphic zone, representing a specific paleoenvironment. The mobility of larvae might have
been poor, which is also reflected in accumulated hydroid occurrences on a very small sub-
strate. If convenient recruitment conditions existed, hydroids colonized close neighboring
tubes and might not be able to colonize more distant, separated substrates. Based on all the
available data, the most probable type of hydroid-serpulid symbiosis is commensalism.
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The frequency of bioclaustrated hydroids is scarce in the material studied with a percentage
of infestation of 0.6% among the well-preserved polychaete fossils. Such a pattern of occur-
rence of serpulid-hydroid symbiosis during the Middle and Late Jurassic within the Polish
Basin seems to have resulted from an interplay of biological (host specificity, mobility of sym-
biont larvae and their survival) and paleoenvironmental (hydrodynamism and sedimentation
rate) factors. The presence of hydroid symbionts only within the tubes of a single genus Propo-
matoceros indicates that host specificity plays an important role in the hydroid larvae. Taphon-
omy (preservation of tubes) probably played a minor role, as well-preserved tubes in a given
assemblage analyzed here constituted a fairly large sample size.

The present case study shows that serpulid polychaete-hydroid symbiosis over a long-time
interval within a single basin may show a very patchy distribution, concentrated only in single
intervals where appropriate conditions for its development occurred. The morphological stasis
of the preserved structures after hydroid Protulophila gestroi combined with its rarity in many
stratigraphic intervals precludes any firm analyses concerning the co-evolution of both symbi-
onts in both time and space of the same paleogeographic entity.

Supporting information

S1 Movie. CT longitudinal sectioning of specimen GIUS 8-3730/3 showing internal appear-
ance of serpulid-hydroid association where polyp chambers and connected with them
branching stolonal tubes are visible.

(AVI)

$2 Movie. Visualization of the individual tube of the serpulid Propomatoceros lumbricalis
infested by hydroids Protulophila gestroi.
(AVI)
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Stowinski, J., Vinn, O., Jager, M., and Zaton, M. 2022. Middle and Late Jurassic tube-dwelling polychaetes from the
Polish Basin: diversity, palacoecology and comparisons with other assemblages. Acta Palaeontologica Polonica 67 (4):
827-864.

This study describes diverse assemblages of serpulid and sabellid polychaetes from various Middle and Upper Jurassic
(upper Bajocian to lower Kimmeridgian) deposits of the Polish Basin. Twenty four taxa are reported in total, including
two new species (Cementula radwanskae sp. nov. and Filogranula spongiophila sp. nov.). Abundance, distribution, and
colonization patterns of serpulids and sabellids significantly depended on many palacoenvironmental variables including
the nature of the colonized substrate and its overall shape, food supply, and hydrodynamism. The most diverse assem-
blages have been noted on the Middle Jurassic shells inhabiting soft muddy substrates, on hardgrounds and oncoids,
whereas the lowest biodiversity levels have been found on the Middle Jurassic hiatus concretions and Kimmeridgian oys-
ter shell beds. Some species are clearly associated with certain substrate types, whereas stratigraphic interval is not that
important. Middle Jurassic mobile rockgrounds (hiatus concretions and oncoids) and hardgrounds are characterized by
the most similar species associations, while Middle Jurassic shelly substrates from soft-bottom environments and Upper
Jurassic shell beds and sponge build-ups are most dissimilar with respect to the colonizing tube dwelling polychaete
taxa. Among the diverse assemblages of the encrusting faunas, serpulid and sabellid tubeworms are the most abundant
constituents in the majority of settings, what is explained by their opportunism and ability to effectively outcompete
other contenders. In the majority of locations, the most abundant tube-dwelling polychaete is the ubiquitous sabellid
Glomerula gordialis, followed by the serpulid species Propomatoceros lumbricalis. The dominance of these species is
congruent with many other serpulid and sabellid communities inhabiting various Jurassic palacoenvironments.
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Tube-dwelling polychaetes are sessile, almost exclu-
sively marine (but see Bosak et al. 2004; Kupriyanova et al.
2009) invertebrates predominantly attaching to hard sub-
strates, such as rocks and shells. The oldest known serpu-
lids are middle Permian in age (Sanfilippo et al. 2017, 2018).
However, there are only very few reports of true tube-dwell-
ing polychaetes of the late Permian (e.g., Ramsdale 2021) to
Early Triassic age. In the Middle Triassic (Assmann 1937,
Fligel et al. 1984; Stiller 2000; Senowbari-Daryan et al.

Introduction

Among the all tube-dwelling polychaete families, only
Serpulidae dwell exclusively in calcareous tubes, while in
the Sabellidae and Cirratulidae, calcareous species are re-
stricted to single genera in each family, Glomerula and
Dodecaceria, respectively (Perkins 1991; Fischer et al. 1989,
2000; Vinn et al. 2008a). Moreover, another extinct cirrat-
ulid genus—Diplochaetetes—dwelled in partly calcareous

tubes (Koci et al. 2021). During the Jurassic, calcareous
cirratulids were absent (Fischer et al. 2000), and thus the
only representatives bearing hard, mineralized skeletons
were sabellids and, obviously, the most abundant serpulids.

Acta Palaeontol. Pol. 67 (4): 827-864, 2022
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2007), the abundance and diversity of serpulids, as well
as their palacogeographic distribution, started to increase,
which continued further during the Late Triassic (Ziegler
and Michalik 1980; Berra and Jadoul 1996; Cirilli et al.
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1999). Tube-dwelling polychaetes have been widespread
since the Early Jurassic, and their major diversification
took place during the Middle and Late Jurassic, and con-
tinued during the Cretaceous (for review see Ippolitov et
al. 2014). Such an increase in both diversity and abundance
of sessile polychaete fauna during the Middle and Late
Jurassic coincided with an overall evolutionary radiation of
various organisms colonizing hard substrates (e.g., Palmer
and Fiirsich 1974; Wilson and Palmer 1990; Feldman and
Brett 1998; Taylor and Wilson 2003; Wilson et al. 2008;
Zaton and Taylor 2009b; Zaton et al. 2011a, b; Breton et
al. 2020). This sclerobiont (sensu Taylor and Wilson 2002)
“bloom” during the Jurassic resulted from an increase of
carbonate, lithified substrates and hard, calcarcous skel-
etons of diverse sessile organisms (see e.g., Taylor and
Wilson 2003 for a comprehensive review). The last factor
might have also been a response to increasing levels of pre-
dation during the so-called Mesozoic Marine Revolution
(Vermeij 1977).

In spite of their large number and wide distribution,
tube-dwelling polychaetes are a group which seems to have
been omitted quite often in palacontological research, pos-
sibly due to their morphological simplicity and a common
opinion that they are an unimportant group for biostratigra-
phy. Among the best studied serpulid and sabellid taxa are
those from the Upper Cretaceous (e.g., Briinnich Nielsen
1931; Jager 1983, 2005, 2011; Macellari 1984; Tapaswi 1988;
Radwanska 1996; Koci and Jager 2015a, b; Koci et al. 2017),
whereas other stratigraphic intervals are characterized by
scattered reports. Although in recent years much more ef-
fort has been made towards a better recognition of Jurassic
serpulids and sabellids (e.g., Ippolitov 2007a, b; Jager and
Schubert 2008; Vinn and Wilson 2010; Koci et al. 2019),
the more complex treatments of Jurassic representatives are
now clearly outdated (e.g., Parsch 1956). Despite extensive
Middle and Upper Jurassic outcrops in Poland, with depos-
its bearing a vast abundance of tube-dwelling polychaetes,
there is only one publication focusing only on the taxonomy
and palaeoecology of the Oxfordian (now Kimmeridgian,
see Loba and Radwanska 2022) species from the Kuyavia
region in central Poland (Radwanska 2004). Some other,
single reports either treated a single species (Filograna so-
cialis from the Tithonian (Upper Jurassic) of Stawno, see
Radwanska 2003) or only mentioned serpulids and sabellids
on the palaeoecological background and were not the main
scope of the research (e.g., Kaim 2011; Zaton et al. 2011a, b,
2012).

The lack of a comprehensive study of Middle and Upper
Jurassic tube-dwelling polychaetes from Poland hampers
our understanding of evolution and ecology of encrusting
faunas of the Jurassic Polish Basin and Jurassic serpulids
and sabellids in general. This serious gap in knowledge is
here filled by our systematic and palaeoecological study of
serpulids and sabellids derived from numerous outcrops of
Middle and Upper Jurassic deposits, representing various
palacoenvironments in the Polish Basin.
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Nomenclatural acts—This published work and the nomen-
clatural acts it contains have been registered in ZooBank:
urn:lsid:zoobank.org:pub:1FOC99C5-769A-4C82-80C8-
1A92584BF19D

Institutional abbreviations.—GIUS, Institute of Earth
Sciences, University of Silesia in Katowice, Poland.

Other abbreviations.—CEBS, Central European Basin
System; ITS, Internal Tube Structures; UPGMA, unweighted
pair group method with arithmetic mean algorithm.

Geological setting

Palaeogeographical background—During the Mesozoic,
the epicontinental Polish Basin constituted the easternmost
part of the larger system of epicontinental seas called the
Central European Basin System (CEBS). During the Middle
Jurassic, the Polish Basin was restricted from the north, east
and south by Fennoscandian, Ukrainian, Meta-Carpathian
and Bohemian landmasses, respectively (Fig. 1A), so its
connection with other Central European basins was quite
limited and only existed to the west via the Germanic Basin
and to the south-east via the East Carpathian Gate which
linked the Polish Basin with the Tethys Ocean (Dayczak-
Calikowska and Moryc 1988; Dayczak-Calikowska et al.
1997). From the Aalenian, the basin progressively widened
during gradual transgression, punctuated by some regressive
events, and in the late Bathonian the entire area of the Polish
Lowlands was submerged (Matyja and Wierzbowski 1998).
During this time, sedimentation was dominated by clastics
derived from the surrounding land masses (especially from
the largest Fennoscandian land, Marynowski et al. 2007),
the depositional systems of which followed transgressive-re-
gressive cycles (Feldman-Olszewska 1997; Leonowicz
2015a). During the Callovian (Middle Jurassic), the Polish
Basin witnessed further progressive deepening with a peak
transgression noted in the late Callovian (Wierzbowski et
al. 2009). The Late Jurassic was a time of reorganization
of the Polish Basin and the onset of carbonate platform
deposition. After this time, the Polish Basin became part of
the northern shelf of the Tethys Ocean (Kutek 1994; Matyja
and Wierzbowski 2006), where the development of the car-
bonate platform was controlled by sea-level and climate
changes, as well as the architecture of the Paleozoic base-
ment and synsedimentary tectonics (Kutek 1994; Gutowski
et al. 2005; Krajewski et al. 2011, 2016, 2017; Matyszkiewicz
et al. 2012, 2016). Characteristic bioherms formed by sili-
ceous sponges and microbial consortia were extensively de-
veloped during the Oxfordian (Late Jurassic; e.g., Trammer
1982; Ostrowski 2005; Matyja 2006; Matyszkiewicz et al.
2012) and various carbonate facies commenced during the
Kimmeridgian (Late Jurassic), including oolites and onco-
lites with hardgrounds, and shell-beds in a variety of marine
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Fig. 1. Palacogeography and geology of the investigated area. A. Paleogeographical sketch-map of Europe during the Middle Jurassic (from Leonowicz
2016, modified after Ziegler 1990). AM, Armorican Massif; BM, Bohemian Massif; CEBS, Central European Basin System; CNSD, Central North Sea
Dome; IBM, Iberian Meseta,; IM, Irish Massif; LBM, London-Brabant Massif; MCA, Meta-Carpathian Arc; RHB, Rockall-Hatton Bank; UH, Ukrainian
High. B. Geological sketch-map of Poland without the Cenozoic cover with three sampled localities indicated. HCM, Holy Cross Mountains; PJ, Polish
Jura; 1, Bolecin; 2, Zalas; 3, Matogoszcz. C. Geological map of the Polish Jura area without Quaternary cover, with sampled localities indicated (after

Zaton and Taylor 2009b).

environments (Kutek 1994; Machalski 1998; Matyja et al.
2006; Krajewski et al. 2017).

Investigated outcrops—In total, 11 localities exposing
Middle to Upper Jurassic deposits in the Polish Jura area and
the Mesozoic margin of the Holy Cross Mountains have been
sampled (Fig. 1B, C; Table 1). As the details of the sampled
sites have already been presented by Stowinski et al. (2020),
here we provide only those stratigraphic and palaeoenviron-
mental data which are most important for the present paper.
In ascending stratigraphic order, these are as follows:

Ogrodzieniec-Swiertowiec: The outcrop is located 1 km
south of the town of Ogrodzieniec, Polish Jura. The ser-
pulid and sabellid fauna has been found encrusting large
oncoids encased within condensed, sandy and carbonate de-
posits underlain by the dark mudstone of the Czgstochowa
Ore-bearing Clay Formation. Dinoflagellate cysts and for-
aminifers found in the oncoid cortices (Stowinski 2019),
as well as ammonites found within the host rocks, indi-
cate that the oncoid-bearing deposits are confined to the
upper Bajocian—lower Bathonian (up to the Morphoceras
macrescens Subzone of the Zigzagiceras zigzag Zone, see
Zaton and Taylor 2009a; Zaton et al. 2012). The palaecoenvi-
ronment was interpreted as a shallow-water marine habitat
within the photic zone and slightly below fair-weather wave
base (Zaton et al. 2012).

Ogrodzieniec, Zarki, Bugaj, Kawodrza Gérna, Gnaszyn
Dolny, Mokrsko, and Krzyworzeka: These seven sites are
located in the Polish Jura (Fig. 1B, C) area and contain
Middle Jurassic (upper Bajocian—Bathonian) siliciclastic
deposits in the form of dark mudstone and siltstone beds
with siderite nodules and calcite hiatus concretions belong-

78

ing to the Czgstochowa Ore-bearing Clay Formation (e.g.,
Majewski 2000; Matyja and Wierzbowski 2000; Zaton et al.
2011a; Leonowicz 2015b). The tube-dwelling polychaetes
have been found encrusting bivalve shells and belemnite
rostra collected in Kawodrza Goérna (lower Bathonian) and
Gnaszyn Dolny (middle Bathonian), as well as the hiatus
concretions from Mokrsko (upper Bajocian), Bugaj (middle
Bathonian), Ogrodzieniec, Zarki, and Krzyworzeka (up-
per Bathonian). Mudstone beds of the Czgstochowa Ore-
bearing Clays were deposited in various bathymetric re-
gimes, ranging from lower offshore to offshore transition,
e.g., below, and above storm wave-base (Gedl et al. 2012;
Leonowicz 2015a). The horizons with tubeworm-bearing
hiatus concretions mark distinct decreases (or even pauses)
in sedimentation rate and erosion of the seafloor (Zaton et
al. 2011a; Leonowicz 2015b).

Bolecin: This site is about 6 km to the east of the town
of Chrzanow, between Katowice and Krakow, Polish Jura
(Fig. 1B). The trench dug in a nearby wood exposed highly
fossiliferous, condensed sandy limestone with abundant
quartz pebbles and ooids, which most probably correspond
to the so-called “Balin Oolite” of upper Bathonian—lower
Callovian (Middle Jurassic), with possible base of middle
Callovian present (Tarkowski et al. 1994; Mangold et al.
1996; Taylor 2008). The presence of a diverse macrofauna,
including ammonites (Mangold et al. 1996), may indicate
an open marine palacoenvironment. Tube-dwelling poly-
chaetes were found encrusting various shells and skeletal
remains of different mollusks.

Zalas: The active quarry is located in the Zalas village
near Krzeszowice, southern part of the Polish Jura (Fig. 1B).
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Table 1. Data on provenance and number of all sabellid and serpulid specimens.

8| g 23 | =l
o | § | £y g% §| E| § | Toul numbe
Taxa - Sy B = | S g1 _ |8 £| £ 2 Zg S, | of individuals
< SE BEE B 2 S IE|EE| | 8T | 8% £ | (pertaxon)
< 0 (==} = on H < =Y [} < <

= | 80 |8a| @ | 0| ¥ [N |o%| & | R RS =
Glomerula gordialis 66 13 80 52 60 62 8 174 | 102 | 181 36 45 879
Metavermilia cf. striatissima 2 33 1 18 24 56 134
Metavermilia? sp. 11 11
Filogranula runcinata 3 3 13 5 5 15 11 55
Filogranula spongiophila sp. nov. 16 16
Cementula spirolinites 122 122
Cementula radwanskae sp. nov. 4 29 33
Cementula cft. circinnalis 38 38
“Serpula cingulata” 3 3
Propomatoceros lumbricalis 21 31 228 | 81 23 9 156 | 81 149 28 840
Propomatoceros sp. 1 1 4 5
Propomatoceros sp. 2 1 1
Propomatoceros sp. 3 1 1
Nogrobs aff. quadrilatera 36 36
Nogrobs? aff. tricristata 8 8
Nogrobs aff. tetragona 29 29
Mucroserpula tricarinata 2 2
Mucroserpula? sp. 2 2
Placostegus planorbiformis 7 7
Pseudovermilia sp. 4 4
Serpulidae sp. 1 23 5 43 71
Serpulidae sp. 2 1 1
Serpulidae sp. 3 10 10
Serpulidae sp. 4 6 6
Total number of individuals 91 47 | 422|138 | 95 | 118 | 18 | 414 | 231 | 476 | 184 | 80 2314
(per locality)

The serpulid and sabellid fauna has been derived from two
different lithologies and stratigraphic units. Stratigraphically
older specimens have been found encrusting various macro-
fossils (especially the large bivalve Ctenostreon probosci-
deum (Sowerby and Sowerby, 1820) encased within a hard-
ground of middle Callovian—earliest late Callovian age
(Middle Jurassic; Gizejewska and Wieczorek 1977, Dembicz
and Praszkier 2007), and originating in an open-sea, off-
shore environment (Dembicz and Praszkier 2007; Zaton et
al. 2011b). Stratigraphically younger specimens were found
on lower Oxfordian (Upper Jurassic) sponge-forming bio-
herms (Matyja 2006; Matyszkiewicz et al. 2012).

Matogoszcz: Serpulid and sabellid fauna has been col-
lected in an active quarry situated in the southwestern
part of the Mesozoic margin of the Holy Cross Mountains,
ca. 1 km north of Matogoszcz town centre (Fig. 1B). The
specimens encrusted bivalve shells, especially specimens of
Actinostreon gregareum (Sowerby, 1815), derived from the
lower Kimmeridgian (Upper Jurassic) shell-beds referred to
as the Skorkéw Lumachelle (Kutek 1994; Machalski 1998;
Matyja et al. 2006; Zaton and Machalski 2013), which re-
sulted from storm-induced deposition in a relatively shallow
marine environment (Machalski 1998).

Material and methods

The investigated material encompasses in total 2314 spec-
imens of fossil serpulids and sabellids (Table 1), most of
which are relatively well-preserved, allowing for proper tax-
onomic assignment. All strongly abraded tubes, whose de-
termination was ambiguous, were eliminated from further
examination.

Sufficiently well-preserved specimens have been cleaned
and carefully studied under a binocular microscope paying
special attention to all the diagnostic characters of the tubes,
which allowed for a reliable identification to the lowest possi-
ble taxonomic level. Following their taxonomic identification,
the total number of specimens, their relative abundance and
distribution in relation to and within the specific substrate
have been assessed, employing biodiversity indices such as
Dominance (D), Simpson’s (1-D), Shannon’s (H) and even-
ness (e'/S) using the PAST software (Hammer et al. 2001).

In order to analyse the relationship of particular tube-
dwelling polychaete assemblages inhabiting different sub-
strates and palacoenvironments, cluster analysis using
the PAST software (Hammer et al. 2001) was performed.
In order to quantitatively examine the similarities of the
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communities between particular substrates/palacoenvi-
ronments, Q-mode cluster analysis was used. The analysis
was performed using the Raup-Crick similarity index and
the unweighted pair group method with arithmetic mean
(UPGMA) algorithm. The Raup-Crick index was applied
as it uses Monte Carlo randomization, which compares the
observed number of taxa occurring within two associations
with the distribution of their co-occurrences on the basis of
200 random interactions.

The specimens were coated with ammonium chlo-
ride prior to photography. All the material investigated is
housed at the Institute of Earth Sciences in Sosnowiec, un-
der collection numbers GIUS 8-3589 (Callovian of Zalas),
GIUS 8-3730 (Gnaszyn Dolny and Kawodrza Goérna),
GIUS 8-3745 (Bolecin), GIUS 8-3746 (Oxfordian of Zalas),
GIUS 8-3747 (Matogoszcz), GIUS 8-3750 (Ogrodzieniec-
Swiertowiec), GIUS 8-3751 (Mokrsko, Bugaj, Ogrodzieniec,
Krzyworzeka, and Zarki).

Systematic palacontology

Phylum Annelida Lamarck, 1802

Class Polychaeta Grube, 1850

Subclass Sedentaria Lamarck, 1818

Infraclass Canalipalpata Rouse and Fauchald, 1997
Order Sabellida Levinsen, 1883

Family Sabellidae Latreille, 1825

Subfamily Sabellinae Chamberlin, 1919

Genus Glomerula Brinnich Nielsen, 1931

Type species: Serpulites gordialis (Schlotheim, 1820); Schlotheim
(1820) lists seven specimens from the Alps and Jurassic limestone,
from different localities; Switzerland; no precise location mentioned;
Heidenheim, South Germany, Upper Jurassic; Ermreuth, South Ger-
many, Jurassic (possibly Middle or Upper Jurassic); more precise stra-
tigraphy unknown.

Glomerula gordialis (Schlotheim, 1820)
Figs. 2A-H, 3A, B, E, F, 5D, 10A, 12A.

1820 Serpulites gordialis sp. nov.; Schlotheim 1820: 96.

1831 Serpula gordialis Schloth.; Goldfuss 1831: 234, pl. 69: 8a—c.

1956 Serpula (Cycloserpula) gordialis Schlotheim, 1820; Parsch 1956:
214, pl. 20: 15, 16.

pars 1983 Glomerula gordialis (Schlotheim, 1820); Jager 1983: 26, pl.
2:1,non pl. 2: 2—18 (with a large synonymy including Cretaceous
and Palacogene specimens which Jéger [2005: 127-131, pl. 1:
1-10] later considered as belonging to two separate species).

2004 Glomerula gordialis (Schlotheim, 1820); Radwanska 2004: 38,
pl. 1: 1-10.

2010 Glomerula gordialis (Schlotheim, 1820); Vinn and Wilson 2010:
36:6.7,6.8.

Material—879 variably preserved specimens encrusting
hiatus concretions (66 from Mokrsko, 52 from Bugaj, 60
from Ogrodzieniec, 62 from Krzyworzeka, and 8 from
Zarki), oncoids (174 from Ogrodzieniec-Swiertowiec), bi-
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valve, cephalopod, and gastropod shells (and moulds to a
lesser extent) (13 from Kawodrza Goérna, 80 from Gnaszyn
Dolny, 102 from Bolecin, and 181 from the Callovian of
Zalas), and sponges (36 from the Oxfordian of Zalas from
the Middle—Upper Jurassic of the Polish Jura and 45 from
Upper Jurassic of Matogoszcz) (see Table 1); GIUS 8-3589,
GIUS 8-3730, GIUS 8-3745, GIUS 8-3746, GIUS 8-3747,
GIUS 8-3750, GIUS 8-3751.

Description—Tubes small to large, up to 100—150 mm long,
forming numerous, usually irregularly curved loops and
dense, coiled aggregations; some specimens are also repre-
sented by straight or slightly meandering, only occasionally
complex and coiled tubes. Tube diameter nearly constant
along the whole length, and cross-section always circular to
subcircular. Relative to the diameter of the tube (up to 2 mm,
most often 1 mm or less), the wall is relatively thick. Tubes
do not possess any flanges or attachment structures, and
the base is not distinctly flattened. Surface entirely smooth,
lacking ornamentation and peristomes. Interior smooth
without any internal tube structures.

Remarks.—The specimens studied are assigned to Glome-
rula gordialis because of their irregularly curved loops and
dense aggregations, which are characteristic of the species.
Specimens also lack any internal tube structures, which—
if present—cause a trilobate shape of the lumen. Some
specimens with coiled tube parts alternating with straight
to curved parts somewhat resemble Glomerula flaccida
(Goldfuss, 1831); however, presumably all such specimens
(especially those lacking characteristic knee-like bends) be-
long in fact to G. gordialis, which is abundant on substrates
with unlimited surface. Some specimens of G. gordialis
(both in this collection and elsewhere) are superficially sim-
ilar to Glomerula serpentina (Goldfuss, 1831) in having
their tubes coiled in a characteristic, meandering fashion.
However, the primary character distinguishing G. gordialis
from G. serpentina is the potential ability of G. serpentina
to form trilobate constrictions of the tube’s lumen (see e.g.,
Jager 1983: 191, pl. 2: 14B, 17). Such constrictions have been
relatively common only since the Late Cretaceous, during
the Early Cretaceous they occur rarely, but are totally absent
in the Jurassic (Jager 2005). Thus, similarly to Glomerula
gordialis tubes resembling G. flaccida, those resembling
G. serpentina are presumably also a result of ecopheno-
typic variation resulting in a specific shape of G. gordialis.
Therefore, a specific shape of the Glomerula tube alone
cannot be considered as a good taxonomic indicator.

Stratigraphic and geographic range.—In the material stud-
ied the species occurs in the Bajocian—lower Oxfordian
(Middle—Upper Jurassic) of the Polish Jura and in the lower
Kimmeridgian (Upper Jurassic) of the Mesozoic margin
of the Holy Cross Mountains (Malogoszcz). Previously,
tubes identified as G. gordialis were reported from Jurassic
(Pugaczewska 1970; Radwanska 2004; Zaton et al. 2011a),
Cretaceous (Radwanska 1996), and Paleocene localities
(Pugaczewska 1967) in Poland. The species is widespread
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in the Jurassic of England (Sowerby 1844), Germany
(Parsch 1956), Czech Republic (Ko¢i et al. 2019), and France
(Breton et al. 2020). It has also been described from the
Jurassic of Israel (Wilson et al. 2008; Vinn and Wilson
2010). Glomerula tubes cited as G. gordialis are also wide-
spread in the Cretaceous of Europe (e.g., in Germany, Jager
1983) and India (Chiplonkar and Tapaswi 1973).

Family Serpulidae Rafinesque, 1815
Genus Metavermilia Bush, 1905

Tipe species: Vermilia multicristata (Philippi, 1844); Recent, Medi-
terranean Sea.

Metavermilia cf. striatissima (Fiirsich, Palmer, and
Goodyear, 1994)
Figs. 2A, 3CF, 5D, 7B.

Material —134 well-preserved specimens encrusting hiatus
concretions (2 from Ogrodzieniec, 33 from Krzyworzeka,
and 1 from Zarki), bivalve shells (and moulds to a lesser ex-
tent) (24 from Bolecin and 56 from the Callovian of Zalas),
and oncoids (18 from Ogrodzieniec-Swiertowiec) from the
Bajocian—Callovian (Middle Jurassic) of the Polish Jura (see
Table 1); GIUS 8-3589, GIUS 8-3745, GIUS 8-3759, GIUS
8-3751.

Description—Tubes irregularly and strongly curved, but
not coiled. Solitary tubes relatively small, however, some
specimens may be up to 30—40 mm long. Tube diameter
nearly constant throughout the entire length, rarely exceed-
ing 1 mm. Cross-section subcircular or more frequently
angular due to a multi-keeled tube. In some specimens, the
cross-section may be more subtriangular due to a widened
tube base. Tubes usually lack specific attachment struc-
tures and are attached to the substrate by a flattened and
occasionally widened base, without a free apertural tube
part. Tubes usually covered by six longitudinal keels, evenly
spaced from the top of the tube to its flanges. Ampullacea-
type peristomes (proles ampullacea) usually thick, prom-
inent and irregularly distributed. Apart from longitudinal
ornamentation and peristomes, the tube’s external surface
is variable, being smooth or ornamented by corrugations
and wrinkles. Some tubes bear a characteristic combination
of transverse and longitudinal ornamentation, resulting in
a strongly developed but very irregular reticulate “honey-
comb” structure.

Remarks.—The type specimens of Metavermilia striatis-
sima from the Tithonian (Upper Jurassic) of southern
England (Fiirsich et al. 1994) are somewhat smaller than our
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specimens. Except for the specimens from the type area,
five or six-keeled specimens like the one described here
have been relatively rarely reported from the Jurassic of
western and central Europe. Metavermilia cf. striatissima
may locally be a common species in the Jurassic of Poland.
This species encompasses two kinds of populations slightly
differing in details. The general tube aspect of both groups
is very similar, characterized by such features as: presence
of six (rarely five) distinct keels consistent in outline; sub-
circular to subangular cross-section; presence of irregu-
larly scattered ampullacea-type peristomes, and the mode
of curvature. The slight differences are in the ornamenta-
tion. The populations from Zalas and Bolgcin (hardgrounds)
have smooth outer surfaces (between keels and peristomes)
and bear better developed flanges (Fig. 3D—F), whereas
the other group (primarily from Krzyworzeka) bears some
additional transverse elements resulting in a delicate “hon-
eycomb” structure (Fig. 3C; see also Kupriyanova 1993: 155,
for comparison), and less developed attachment structures,
although basal margins are widened in some specimens
as well. These slight differences presumably resulted from
ecophenotypic variations.

Metavermilia? sp.
Fig. 4A.

Material—Eleven specimens attached to belemnite rostra
from the middle Bathonian (Middle Jurassic) of Gnaszyn
Dolny, Polish Jura (see Table 1); GIUS 8-3730.

Description—Tubes medium-sized (ca. 15 mm long), gently
curved to straight without peristomes, very slowly increasing
in diameter (up to 1 mm in total diameter). Tubes attached
to the substrate along their entire length and have well-de-
veloped, widened flanges. The tubes have three prominent
keels which are continuous and rather unmodified along the
whole length of the tube and are separated by well-developed
furrows. Keels are directed outwards forming a centrifu-
gal pattern. Tubes covered with usually weak perpendicular
growth lines. Cross-section subcircular, slightly angular.

Remarks—The specimens studied are tentatively assigned
to an unidentified species of Metavermilia because of simi-
larity in ornamentation to other species of this genus which
usually bear 3 to 7 keels. Alternatively, the fossils might be-
long to Mucroserpula. In spite of the fact that tubes assigned
to the latter genus commonly tend to form curved loops and
may considerably increase in diameter, the studied spec-
imens have been found only on straight belemnite rostra,
where they might have not been able to form curves and
loops. Moreover, Ippolitov (2007b) suggested that during

Fig. 2. Sabellid and serpulid polychaetes from the Jurassic of Poland. A. Sabellid polychaete Glomerula gordialis (Schlotheim, 1820), tiny serpulid
polychaete Metavermilia cf. striatissima (Fursich, Palmer, and Goodyear, 1994) (arrowhead), and tiny, juvenile serpulid polychaete Propomatoceros
lumbricalis (Schlotheim, 1820) (arrow) encrusting oncoid from the upper Bajocian—lower Bathonian of Ogrodzieniec-Swiertowiec (GIUS 8-3750/1).
B-H. Glomerula gordialis, specimen encrusting: oncoid from the upper Bajocian—lower Bathonian of Ogrodzieniec-Swiertowiec (B, GIUS 8-3750/2);
hiatus concretions from the upper Bathonian of Ogrodzieniec (C, GIUS 8-3751/1; D, GIUS 8-3751/2); shell fragments from the upper Bathonian—lower
Callovian of Bolecin (F, GIUS 8-3745/1) and Callovian of Zalas (G, GIUS 8-3589/1; H, GIUS 8-3589/2); specimen partially detached from a belemnite

rostrum from the middle Bathonian of Gnaszyn Dolny (E, GIUS 8-3730/8).
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the Bathonian—Callovian (Middle Jurassic), some straight,
three-keeled Mucroserpula representatives might have co-
existed with those of Propomatoceros, which indicates both
genera diverged earlier. The arrangement of the three keels
of Metavermilia? sp. described here remains somewhat
similar to “Tetraserpula quinquangularis (Goldfuss, 1831)”
sensu Parsch 1956: 224, pl. 21: 25), however, “Tetraserpula
quinquangularis” sensu Parsch (1956) presumably should
be synonymized with Mucroserpula tricarinata (Sowerby,
1829). The specific name “quinquangularis” is doubtful; in
any case, the overall appearance of the tubes does not fully
resemble species of Mucroserpula sensu stricto, and more
likely is a member of the genus Metavermilia. It differs from
Mucroserpula tricarinata in the much wider arrangement
of the lateral keels, the keels being less prominent and only
slightly undulating.

Genus Filogranula Langerhans, 1884

Type species: Filogranula gracilis (Langerhans, 1884); Recent, At-
lantic.

Filogranula runcinata (Sowerby, 1829)
Figs. 4B-E, 12B.

1829 Serpula runcinata sp. nov.; Sowerby 1829: 227, pl. 608: 6.

1955 Serpula tricarinata Sowerby, 1829; Gerasimov 1955: 29, pl. 9:
1-14.

2007 Filogranula runcinata (Sowerby, 1829); Ippolitov 2007a: 263,
pl. 7: 7-12.

2020 “Filogranula” runcinata (J. de C. Sow.); Kosenko and Ippolitov
2020: 117, pl. 1: 2, pl. 2: 2a.

Material —55 mostly well-preserved specimens encrusting
bivalves, belemnites, nautiloids, ammonites (3 from Kawo-
drza Goérna, 13 from Gnaszyn Dolny, 15 from Bolgcin,
and 11 from The Callovian of Zalas), hiatus concretions
(3 from Mokrsko and 5 from Bugaj), and oncoids (5 from
Ogrodzieniec-Swiertowiec) from the Middle Jurassic of the
Polish Jura (see Table 1); GIUS 8-3589, GIUS 8-3730, GIUS
8-3745, GIUS 8-3750, GIUS 8-3751.

Description—Tubes small, most often slightly undulat-
ing, but curved specimens also occur, though these are not
loop-forming. The tubes are attached to the substrate along
their entire length and grow to rather small diameter (usu-
ally up to 1 mm). Except for the lower lateral tube parts,
which remain almost smooth, the tubes are distinctly orna-
mented by three parallel and longitudinal keels (of which the
middle one is usually more elevated) separated by grooves.
Each keel is either topped or replaced by a row of distinctive
denticles, usually distributed evenly throughout the entire
length of the keels; however, the appearance of the keels is
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sometimes inconsistent, varying in shape and size, depend-
ing on locality. Denticles are directed forward, sometimes
forming a centrifugal pattern. Peristomes absent. Cross-
section subtriangular, slightly flattened, relatively narrow
at the top, widens downward, and sometimes widens even
more at the base.

Remarks—The specimens are assigned to Filogranula
runcinata due to their distinctive three keels, which are most
often topped or replaced by pronounced denticles. The spe-
cies most similar to F. runcinata is Metavermilia goldfussi
(Ippolitov, 2007a), which co-occurs at some European lo-
calities (Ippolitov 2007a). These two species bear similarly
well-developed external ornamentation. However, M. gold-
fussi differs from F. runcinata mainly by the lack of such
specific features as stronger developed/more denticulate
keels or lack of free anterior tube portion. Although M. gold-
fussi usually bears better developed basal margins and at-
tachment structures, which are present in a part of the spec-
imens studied here, this feature seems to be insufficient for
an unequivocal designation. Within Filogranula runcinata, a
few populations consisting of very similar tubes (sometimes
represented by only several specimens in each locality) can
be distinguished in different localities. The tubes, however,
only slightly differ in details, presumably depending on (i)
different palacoenvironments recorded in particular local-
ities, and/or (ii) evolutionary change. Nevertheless, despite
minor differences, these few forms are included into sin-
gle species due to the presence of distinct features such as:
(1) three strongly denticulate, rather consistent keels present
throughout entire ontogeny; (ii) most often slightly widened
tube base; (iii) lateral walls being smooth in their lowermost
part and strongly ornamented closer to the upper part; (iv)
tube attached to the substrate along its entire length; (v)
universal lack of peristomes. It must be also noticed that
due to the differences in wall microstructures between F.
runcinata and other species of Filogranula, the former was
also referred to as “Filogranula” runcinata by Ippolitov et al.
(2014), suggesting its uncertain affiliation to this genus, and
even to different clade than geologically younger species of
Filogranula (see also Koc¢i and Jager 2015a).

Stratigraphic and geographic range—The specimens of
Filogranula runcinata studied herein come from the Bajo-
cian—Callovian (Middle Jurassic) of the Polish Jura. This spe-
cies was reported also from the Middle and Upper Jurassic
of Russia (Gerasimov 1955; Ippolitov 2007a; Kosenko and
Ippolitov 2020) and UK (Sowerby 1829).

Fig. 3. Sabellid and serpulid polychaetes from the Jurassic of Poland. A. Sabellid polychaete Glomerula gordialis (Schlotheim, 1820) encrusting a sponge
fragment from the Oxfordian of Zalas (GIUS 8-3746/1). B. Glomerula gordialis and cyclostome bryozoan colony encrusting an oyster fragment from the
lower Kimmeridgian of Matogoszcz (GIUS 8-3747/1). C. Serpulid polychaete Metavermilia cf. striatissima (Firsich, Palmer, and Goodyear, 1994) encrust-
ing the interior of the boring Gastrochaenolites from the upper Bathonian of Krzyworzeka (GIUS 8-3751/3); note the additional, delicate transverse elements.
D-F. Metavermilia cf. striatissima encrusting shell fragments from the Callovian of Zalas (D, GIUS 8-3589/3; E, GIUS 8-3589/4; F, GIUS 8-3589/5), note
specimen in E is intertwined with Glomerula gordialis tube, specimen in F is encrusted by a juvenile Propomatoceros lumbricalis; Glomerula gordialis

indicated by an arrow.
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Fig. 4. Serpulid polychaetes from the Jurassic of Poland. A. Metavermilia? sp. encrusting a belemnite rostrum from the middle Bathonian of Gnaszyn
Dolny (GIUS 8-3730/9). B-E. Filogranula runcinata (Sowerby, 1829), specimens encrusting: an oncoid from the upper Bajocian—lower Bathonian of
Ogrodzieniec-Swiertowiec (B, GIUS 8-3750/3); a hiatus concretion from the upper Bajocian of Mokrsko (C, GIUS 8-3751/4); shell fragments from the
middle Bathonian of Gnaszyn Dolny (D, GIUS 8-3730/10), the Callovian of Zalas (E, GIUS 8-3589/6). F, G. Filogranula spongiophila sp. nov. encrust-
ing sponge fragments from the Oxfordian of Zalas (F, holotype, GIUS 8-3746/2; G, paratype, GIUS 8-3746/3). Scale bars 1 mm.

Filo granu la spongio ph ila Sp. nov. Etymology: After the substrate (sponges), the sole substrate this species
encrusts.

Fig. 4F, G. Type material: Holotype: GIUS 8-3746/2 (almost completely preser-

ved tube attached to a sponge substrate). Paratype: GIUS 8-3746/3

(almost completely preserved tube attached to a sponge substrate) from

C9-0D02C21E584D the type locality and horizon.

Zoobank LSID: urn:1sid:zoobank.org:act:DOCS5AD2A-271B-4D41-B6
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Type locality: Zalas near Krzeszowice, southern Poland.
Type horizon: Lower Oxfordian, Upper Jurassic.

Material —16 specimens encrusting sponges from the type
locality and horizon (see Table 1); GIUS 8-3746.

Diagnosis.—A species of the genus Filogranula which lacks
continuous keels; instead, it has three longitudinal rows of
large granules. Moreover, occasionally a free apertural part
and peristomes occurring like thickenings on the tube may
be present.

Description—Tubes small to medium-sized (5-20 mm long;
tube diameter 0.5—1.5 mm), usually straight or only slightly
undulating, and attached to the substrate by most of their
length; however, in some specimens the anterior part is de-
tached by angular folding and erected upwards. Lateral tube
walls are almost parallel, only slightly rounded. Tube base is
not widened and lacks any flanges or attachment structures.
Longitudinal ornamentation is strongly developed and be-
comes most distinctive in the anterior part of the tube. Keels
are lacking; instead, each tube bears three longitudinal rows
of large granules which are present along the entire tube
length. They may project over the aperture. The median
line of granules may be slightly weaker in some specimens.
Transverse elements are occasionally represented by irregu-
larly distributed, thick, somewhat nodular (due to the gran-
ules), very slightly flaring peristomes occurring rather like
thickenings on the tube. However, peristomes are not always
present. Tube cross-section rounded pentagonal or petaloid.

Remarks—Filogranula spongiophila sp. nov. differs from
F. runcinata by having rows of granules instead of continu-
ous keels. Moreover, it differs from Filogranula tricristata
(Goldfuss, 1831) by its thicker peristomes and the presence
of occasionally a free-apertural part. Filogranula spongio-
phila sp. nov. differs from other species investigated in the
present study in the presence of petaloid aperture sometimes
raised above the substrate, and keels substituted by rows of
granules. However, these regularly ornamented, denticulated
forms occur solely within the lower Oxfordian sponge facies
of Zalas and are clearly different from Filogranula runci-
nata from the upper Bajocian—Callovian of other localities
mentioned above. To the best of our knowledge, these and
similar fossils have not been found in any other locality and
currently are known only encrusting sponges from Zalas.
Thus, their assignment to a new species is justified.

Stratigraphic and geographic range—Lower Oxfordian
(Upper Jurassic), Zalas, Poland.

Genus Cementula Regenhardt, 1961

Type species: Cementula sphaerica (Briinnich Nielsen, 1931); Maas-
trichtian (Upper Cretaceous), Nerre Uttrup, Denmark.

Cementula spirolinites (Miinster in Goldfuss, 1831)
Fig. 5SA-C.

1831 Serpula spirolinites sp. nov.; Miinster in Goldfuss 1931: 229, pl.
68: S5a—c.
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1956 Serpula (Dorsoserpula) spirolinites Miinster, 1831; Parsch 1956:
221, pl. 21: 29.

2004 Cementula spirolinites (Miinster in Goldfuss, 1831); Radwanska
2004: 39, pl. 2: 6-8.

2019 Cementula spirolinites (Miinster in Goldfuss, 1831); Ko¢i et al.
2019: 317: 4D.

Material—122 specimens attached to sponges from the
lower Oxfordian (Upper Jurassic) of Zalas, Polish Jura (see
Table 1); GIUS 8-3746.

Description—Tubes up to 100 mm long. Predominantly
straight or slightly undulating tube portions alternate with
planispiral coils. Tube diameter small (not exceeding 2 mm),
almost constant throughout the length of the tube and ap-
parently small also if compared to the diameter of the spiral.
Within most spirals, the tube not overgrowing its previous
whorls, so that all whorls most often remain visible. About
five whorls usually tightly contiguous; however, in some
loops the whorls without tight contact and more or less ir-
regularly coiled, and most often with a small open umbilicus
in the center of the spiral. Usually, the tubes attached to the
substrate by indistinctive basal flanges. A single well-de-
veloped median keel present along the entire length of the
tube. Transverse elements represented by rare, irregularly
occurring alae-type peristomes, strongly developed on top
of the tube and less strongly and less often developed in the
upper-lateral position where the peristome may resemble a
pair of “ears”. However, they stay rather faint outside these
positions and close to the basal margins. Apart from the me-
dian keel and peristomes, the tube’s external surface smooth
and without any additional ornamentation. The cross-section
usually rounded-triangular.

Remarks—Our specimens described above resemble tubes
of Spiraserpula oligospiralis Ippolitov, 2007b, in several
features: consistent median keel throughout entire length
of the tube, alternation of straight portions with contiguous
coiled spirals leaving an open umbilicus, and absence of ITS
(Internal Tube Structures). However, they differ by the spirals
growing larger in diameter and amounting to a considerably
higher percentage of the total tube length, as well as by the
keel being conspicuous already in the posterior tube portion.
The genera Spiraserpula Regenhardt, 1961, and Cementula
are hardly distinguishable due to similarities in external ap-
pearance, in spite of the fact that Spiraserpula tends to grow
to a larger size forming a more complex tube system con-
sisting of alternating straight tube portions and several spi-
rals. A reliable distinction between the genera Spiraserpula
and Cementula, as previously mentioned by Pillai (1993) and
Pillai and Hove (1994), is based only on the presence of ITS,
which are present in Spiraserpula, while in Cementula they
are absent. Thus, the principal character allowing distinction
between these two genera is the potential ability to form
ITS in Spiraserpula. To prevent ambiguous determinations
where ITS would be an exclusive feature determining this
taxon, Ippolitov (2007b) proposed to consider Cementula
as a subgenus of Spiraserpula. Although an ability to form
ITS cannot be taken as the only taxonomic feature simply
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Fig. 5. Serpulid polychaetes from the Jurassic of Poland. A—C. Cementula spirolinites (Miinster in Goldfuss, 1831), specimen encrusting: sponge fragment
from the Oxfordian of Zalas (A, GIUS 8-3746/4; B, GIUS 8-3746/5; C, GIUS 8-3746/6). D. Cementula radwanskae sp. nov., holotype (GIUS 8-3589/7,
arrow) encrusting a shell fragment from the Callovian of Zalas; partially encrusting another C. radwanskae, sabellid Glomerula gordialis (Schlotheim,
1820) (white arrowhead), and serpulid Metavermilia cf. striatissima (Firsich, Palmer, and Goodyear, 1994) (black arrowhead). E-G. Cementula rad-
wanskae sp. nov. encrusting shell fragments from the Callovian of Zalas (E, paratype, GIUS 8-3589/8; F, paratype, GIUS 8-3589/9; G, GIUS 8-3589/10).
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due to taphonomic reasons, possibly except for well-recog-
nizable species within certain stratigraphic intervals (e.g.,
Cementula spirolinites), in principle this problem seems to
refer to younger species than those described here. To the best
of our knowledge, until now not a single ITS in tubes of any
Spiraserpula species older than Campanian has been found
(see Pillai 1993; Pillai and Hove 1994; Jager 2005).

Stratigraphic and geographic range—The material stud-
ied herein come from lower Oxfordian (Upper Jurassic) of
Zalas, Polish Jura. This species was also reported from the
Oxfordian (Upper Jurassic) of central Poland (Wapienno
Quarry) by Radwanska (2004), Germany (Goldfuss 1831;
Parsch 1956), and Czech Republic (Ko¢i et al. 2019).

Cementula radwanskae sp. nov.

Fig. 5SD-G.

Zoobank LSID: urn:lsid:zoobank.org:act:67B0722D-4F88-4DDD-A
813-CO90E89B4E54

Etymology: In honor of Urszula Radwanska in recognition of her stud-
ies on tube-dwelling polychaetes.

Type material: Holotype: GIUS 8-3589/7 (almost complete coiled
tube attached to a bivalve shell fragment, partially encrusting another
Cementula radwanskae sp. nov.). Paratypes: GIUS 8-3589/8, GIUS
8-3589/9 (two slightly eroded coiled tubes attached to a bivalve shell
fragment). All from type locality and type horizon, see below.

Type locality: Zalas near Krzeszowice, southern Poland.

Type horizon: Middle—upper Callovian (Middle Jurassic).

Material—33 well-preserved specimens encrusting mainly
bivalves from the Middle Jurassic of the Polish Jura (4 from
Bolecin and 29 from the Callovian of Zalas) (see Table 1);
GIUS 8-3589, GIUS 8-3745.

Diagnosis—The tubes forming rather small spirals which
are coiled in a compact tight mode. Keels and peristomes
lacking. The entire surface covered by delicate wrinkles and
corrugations and lines of tiny granules.

Description—Tubes very small, planispirally coiled. Spirals
reaching only up to 3 mm in diameter, usually consisting of
up to five whorls. Predominately sinistrally coiled, but both
directions of coiling may occur. Rarely, small anterior tube
portions uncoiled. All the whorls are tightly adherent to
each other. The umbilicus in the center of the spiral is tiny
or absent. Tubes are attached to the substrate by their entire
length and do not overgrow each other. Tube diameter (less
than 0.5 mm) increasing only very slowly or constant in the
anterior part. The tubes lacking any strongly developed or-
namentation such as keels or peristomes, but usually the en-
tire surface densely covered by somewhat irregular delicate
corrugations, wrinkles and lines of tiny granules protruding
slightly at the tube’s median line. Cross-section circular or
subcircular.

Remarks—The specimens studied are similar to Cementula
cf. circinnalis (Minster in Goldfuss, 1831) occurring in Bajo-
cian—Bathonian (Middle Jurassic) deposits of Ogrodzieniec-
Swiertowiec, but differ from this species in granulate
ornamentation present on a vast majority of Cementula rad-
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wanskae sp. nov. specimens and more tightly coiled whorls.
Cementula radwanskae sp. nov. bears features somewhat
similar to the species Cementula sp. 2 from the Bajocian of
Normandy, France, described by Breton et al. (2020), whose
spirals, however, may reach more than twice the diameter of
the spirals of C. radwanskae sp. nov. Cementula radwans-
kae sp. nov. differs from C. spirolinites by its much smaller
size, compact coiling mode, and universal lack of keels and
peristomes. In contrast to C. circinnalis, C. radwanskae sp.
nov. possesses delicate wrinkles and corrugations on the en-
tire surface and has more tightly coiled whorls. In contrast
to Cementula complanata (Goldfuss, 1831) (see Jager and
Schubert 2008), C. radwanskae sp. nov. possesses occasion-
ally straightened anteriormost tube portion and has delicate
ornamentation.

Stratigraphic and geographic range—The material stud-
ied herein comes from upper Bathonian—lower Callovian
(Middle Jurassic) of Bolgcin, and Callovian (Middle Jurassic)
of Zalas, Polish Jura. Possibly, the species may also occur in
the Bajocian of Normandy, France (Breton et al. 2020).

Cementula cf. circinnalis (Miinster in Goldfuss, 1831)
Fig. 6A, C.

Material—38 well-preserved specimens exclusively en-
crusting oncoids from the upper Bajocian—lower Bathonian
(Middle Jurassic) of Ogrodzieniec-Swiertowiec, Polish Jura
(see Table 1); GIUS 8-3750.

Description—Tubes very small, planispirally coiled, usually
consisting of three to five whorls. Sinistral and dextral spirals
occur. The maximum diameter of entire spiral reaching only
3 mm, while the tube diameter does not exceed 0.5 mm. Most
of the whorls very tightly coiled; however, in some specimens
they are not completely adpressed, and show small chinks left
between subsequent whorls. A minute umbilicus occasionally
present in the center of the spiral. In some cases, anterior-
most tube portions straight and not adhering to the previous
whorl. The attachment area sometimes widened at the basal
margins. The tube diameter increasing moderately fast in
the early ontogenetic stages, but rather constant in the adult
tube portions. The external surface of the tubes completely
smooth. Cross-section circular to subcircular.

Remarks.—In overall shape, these tubes are similar to those
assigned to Cementula radwanskae sp. nov.; however, in all
cases they differ in having an entirely smooth surface lack-
ing any ornamentation, whereas C. radwanskae sp. nov. pos-
sesses granulate ornamentation. Coiling mode is also slightly
different in the vast majority of spirals, the tubes are less
tightly coiled than in C. radwanskae sp. nov. and straight tube
portions in the anterior occur more frequently. Therefore, we
consider them separate species. The type of Cementula cir-
cinnalis comes from the lower Aalenian (Middle Jurassic;
Goldfuss 1831). Another possible affiliation is Cementula
filaria (Goldfuss, 1831), but due to the unification of species
from two presumably different genera under this name by
Goldfuss (1831), the species name “filaria” seems to be not
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Fig. 6. Serpulid polychaetes from the Jurassic of Poland. A. Cementula cf. circinnalis (Miinster in Goldfuss, 1831) encrusting an oncoid from the upper
Bajocian—lower Bathonian of Ogrodzieniec-Swiertowiec (GIUS 8-3750/4). B. “Serpula cingulata Miinster in Goldfuss, 18317 encrusting a sponge frag-
ment from the the Oxfordian of Zalas (GIUS 8-3746/7). C. Propomatoceros lumbricalis (Schlotheim, 1820) (arrowhead) and Cementula cf. circinnalis
(arrow) encrusting an oncoid from the upper Bajocian—lower Bathonian of Ogrodzieniec-Swiertowiec (GIUS 8-3750/5). D-F. Propomatoceros lumbri-
calis, specimen encrusting: a piece of a belemnite rostrum from the middle Bathonian of Gnaszyn Dolny (D, GIUS 8-3730/11); an oyster shell from the
middle Bathonian of Gnaszyn Dolny (E, GIUS 8-3730/12); a shell fragment from the Callovian of Zalas (F, GIUS 8-3589/11).
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a good choice for these Middle Jurassic forms. Specimens
presumably of the same species as those discussed here were
described from the Bajocian of Normandy under the name
Cementula sp. 1 by Breton et al. (2020).

Genus Serpula Linnaeus, 1758

Type species: Serpula vermicularis (Linnaeus, 1767); Recent, western
European seas.

“Serpula cingulata Miinster in Goldfuss, 1831”
Fig. 6B.

Material —Three specimens attached to sponges from the
lower Oxfordian (Upper Jurassic) of Zalas, Polish Jura (see
Table 1); GIUS 8-3746.

Description.—Tubes relatively short (ca. 10 mm long), at-
tached to the substrate along their entire length. Tube diameter
increases slowly, up to 1 mm. Tubes slightly undulate form-
ing delicate curves. Attachment structures absent, although
basal parts of the tubes are slightly widened. Ornamentation
consisting of thick, densely and regularly spaced, ring-
like peristomes present along the whole length of the tube.
Longitudinal elements are absent. Cross-section not well-vis-
ible; likely subcircular due to the overall shape of the tube.

Remarks—The name “Serpula cingulata” is derived from
Miinster in Goldfuss (1831), although the true generic affil-
iation of the present species to the genus Serpula is unclear.

Stratigraphic and geographic range—The material studied
herein comes from the lower Oxfordian (Upper Jurassic) of
Zalas, Polish Jura; present also in the Upper Jurassic sponge
facies of Germany (Parsch 1956: 215).

Genus Propomatoceros Ware, 1975

Type species: Propomatoceros sulcicarinata (Ware, 1975); Aptian
(Lower Cretaceous), Faringdon, UK.

Propomatoceros lumbricalis (Schlotheim, 1820)
Figs. 2A, 3F, 6C—F, 7A-D.

1820 Serpulites lumbricalis sp. nov.; Schlotheim 1820: 96.
1952 Serpula cf. lumbricalis Schlotheim; Makowski 1952: 4, pl. 2: 2, 3.
1956 Serpula (Dorsoserpula) lumbricalis (Schlotheim) 1820; Parsch
1956: 219, pl. 20: 18, 20.
2007 Propomatoceros lumbricalis (Schlotheim, 1820); Ippolitov 2007b:
432, pl. 12: 1c, 3, 6-8, 9c, 9d.
Material —840 variably preserved specimens, mainly en-
crusting oysters and belemnites (31 from Kawodrza Gorna,
228 from Gnaszyn Dolny, 81 from Bolecin, and 149 from
the Callovian of Zalas), but also hiatus concretions (21 from
Mokrsko, 81 from Bugaj, 33 from Ogrodzieniec, 23 from
Krzyworzeka, and 9 from Zarki) and oncoids (156 from
Ogrodzieniec-Swiertowiec) from the Middle Jurassic of the
Polish Jura and Upper Jurassic of Matogoszcz (28) (see Table
1); GIUS 8-3589, GIUS 8-3730, GIUS 8-3745, GIUS 8-3747,
GIUS 8-3750, GIUS 8-3751.

Description.—Tubes of different, sometimes large sizes (up
to 80 mm long), straight to strongly curved, very rarely
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forming loops; large and robust tubes dominate in the ma-
jority of localities. Tubes grow in diameter (up to 6 mm) at a
moderately fast rate. Attachment structures well developed,
forming characteristic tubulae, sometimes resulting in a
widened tube base; however, in some specimens flanges are
less developed. Tubulae are most often divided into cham-
bers which are visible in the abraded tube parts where the
irregularly distributed transverse elements occur; hollow
tubulae are rare. A prominent median keel on the top of
the tube running along its entire length. In the middle and
anterior parts, the keel sometimes tends to undulate. Curved
alae-type peristomes, most often well developed, occur oc-
casionally at irregular intervals. Growth lines most promi-
nently near the median keel, seldom visible along the whole
length of the tube. The tube surface usually smooth, only
occasionally covered irregularly by tiny granules. Cross-
section depending on the ontogenetic stage, most often be-
ing triangular, and subtriangular at early ontogenetic stages,
and becoming more subcircular at later stages, with the
lateral walls becoming more convex, and the longitudinal
keel on top only delicately marked.

Remarks.—Among fossil serpulids, Propomatoceros is one
of the most common, geographically widespread and geo-
logically long-ranging genera. Its occurrence in Jurassic
and Cretaceous deposits combined with conservative mor-
phology, which varies intraspecifically and depending on
palaecoenvironment and ontogeny, makes reliable species
determinations within this genus remarkably difficult.
The species name Serpulites lumbricalis is historically the
oldest available species name which can be included into
Propomatoceros. It was introduced by Schlotheim (1820) for
Middle and Late Jurassic species, but unfortunately without
providing any figure or type specimen. Nevertheless, as this
is the oldest available name, we decided to use it, includ-
ing also some informal names such as e.g., forma “fimax”,
which Goldfuss (1831) had introduced as a species name
for Bajocian (Middle Jurassic) serpulids from Southern
Germany. In contrast to Schlotheim (1820), Goldfuss (1831)
provided figures and more detailed information on several
species which now can be included into Propomatoceros.
Parsch (1956) and Ippolitov (2007b) validated the species
status of Promopatoceros lumbricalis, and they considered
forma “limax” of Goldfuss (1831) as its subjective synonym.

Considering the difficulties in proposing a morpholog-
ically well-defined species concept for this genus with a
well-defined stratigraphic range, here, we consider all speci-
mens having a similar suite of features as belonging to a single
species Propomatoceros lumbricalis. Although the specimens
are slightly variable within certain populations, they display
rather congruent morphology as all the easily-distinguishable
features of species of Propomatoceros, such as e.g., distinc-
tive keel which may vary inter- and intraspecifically, and on-
togenically. Thus, we regard such small-scale morphological
differences which might have led to the introduction of sep-
arate species as a result of intraspecific, palacoenvironmen-
tally controlled changes within a given population. However,
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for the sake of coherence, we use such taxonomic names
as forma “/imax” and forma “conformis” (both of Goldfuss
1831) only as names of particular morphotypes. In fact, a
part of the studied specimens of Propomatoceros lumbricalis
might have been represented by the genuine representatives of
Propomatoceros limax (Goldfuss, 1831) and Propomatoceros
conformis (Goldfuss, 1831).

Propomatoceros lumbricalis sensu stricto differs from
the forma “/imax” by its more prominent keel, better de-
veloped but less common peristomes, and smooth surface,
as well as less convex lateral walls due to a usually faster
growth. It differs from forma “conformis” in the more promi-
nent and rather more undulating median keel and in the more
rounded cross-section. Our specimens also exhibit a striking
morphological resemblance to this species as described and
figured by Ippolitov (2007b; see also Stowinski et al. 2020).

Further detailed studies are needed concerning the af-
finity and the true systematic position of the genus Propo-
matoceros within the “Spirobranchus group”, as well as a
reliable intrageneric division of the genus. Detailed mor-
phological studies engaging statistical methods within and
between certain groups of Propomatoceros serpulids inhab-
iting different palacoenvironments, both different-aged and
coeval, together with microstructural data of different mor-
photypes will possibly help to solve this problem. Perhaps,
it will allow to draw a proper universal concept of Jurassic
species of Propomatoceros. All in all, at the moment it is not
possible to provide unambiguous determination of species,
proper differentiation between them, and exact stratigraphic
ranges of all Propomatoceros fossils studied herein.

Stratigraphic and geographic range—The material studied
herein comes from the middle Bathonian—Callovian (Middle
Jurassic) of the Polish Jura, and lower Kimmeridgian
(Upper Jurassic) of the Mesozoic margin of the Holy
Cross Mountains (Malogoszcz). This species was also re-
ported from the Middle and Upper Jurassic of Germany
(Schlotheim 1820; Parsch 1956) and the Middle Jurassic of
Central Russia (Ippolitov 2007D).

Propomatoceros sp. 1
Figs. 7E, 8A, B.

Material —Five variously preserved specimens, four of which
encrust oyster shells and one encrusting a hiatus concretion
from the upper Bajocian (Middle Jurassic) of Mokrsko and
the middle Bathonian (Middle Jurassic) of Gnaszyn Dolny,
Polish Jura (see Table 1); GIUS 8-3730, GIUS 8-3751.

Description.—Tubes large (up to 60 mm long) and robust,
strongly curved or serpentine, rarely forming loops, but

843

also with straight portions. Tube diameter growing moder-
ately slowly and reaching up to 4 mm. Uneroded tube parts
with an indistinct median keel presumably present along
the entire tube length and forming only a slightly marked
denticle above the aperture. Tubes with densely and regu-
larly spaced, chevron-shaped transverse growth lines; in-
terspaces between the growth lines only slightly wider than
the width of growth lines. Common but indistinct alae-type
peristomes occur at irregular intervals. The shape of growth
lines and peristomes is identical, but peristomes are about
twice as prominent as growth lines. Cross-section subtri-
angular to subcircular due to strongly convex walls in later
ontogenetic stages. The tube wall is thick and often breaks
along the boundary between its two layers.

Remarks—The specimens studied superficially resemble
Propomatoceros semicostatus (Regenhardt, 1961) sensu
Luci et al. (2013) in their large size, strong, characteris-
tic ornamentation, and typical coiling. However, the type
specimen figured by Regenhardt (1961) is smaller than
Propomatoceros sp. 1 studied herein and more straight. In
addition, the type specimen of Propomatoceros semicosta-
tus as well as the tubes described by Luci et al. (2013) were
found in Lower Cretaceous deposits; therefore, it is rather
unlikely that our specimens belong to P. semicostatus. Our
tubes may represent a new species; however, due to the
highly limited number of specimens, we refrain from desig-
nation of the new species.

Propomatoceros sp. 2
Fig. 8C.

Material —One specimen encrusting a small shell fragment
of Ctenostreon proboscideum (Sowerby and Sowerby, 1820)
from the Callovian (Middle Jurassic) of Zalas, Polish Jura
(see Table 1); GIUS 8-3589.

Description—The tube diameter reaching 2.5 mm, but the
diameter of the entire tightly coiled specimen not exceeding
10 mm. Posterior tube parts planispirally coiled and attached
to the substrate along their entire length, the anterior part of
the tube overgrows older portions, forming a loop with an
open but narrow umbilicus, and rising above the substrate.
The tube robust and possessing a not very high but consis-
tent, only slightly undulating median keel. Otherwise the
surface smooth. The base not distinctly widened; however,
attachment structures visible due to expansion of the lower-
most tube parts. Lateral walls distinctly convex and the tube
is delicately flattened, resulting in a subtriangular or even
almost circular cross-section and slightly lowered lateral
sides below the median keel.

Fig. 7. Representatives of the serpulid polychaete Propomatoceros spp. from the Jurassic of Poland. A. Partially eroded Propomatoceros lumbricalis
(Schlotheim, 1820) encrusting an oyster shell from the middle Bathonian of Gnaszyn Dolny (GIUS 8-3730/13); eroded tube fragments show well-de-
veloped tubules, which are divided into chambers by densely spaced septa. B. Two specimens of Propomatoceros lumbricalis forma “conformis” and
partially preserved, straight, tiny serpulid Metavermilia cf. striatissima (Fiirsich, Palmer, and Goodyear, 1994) (arrow) inside an unclosed loop of P. lum-
bricalis encrusting a shell fragment from the upper Bathonian—lower Callovian of Bolecin (GIUS 8-3745/2). C, D. Propomatoceros lumbricalis forma
“limax” encrusting shell fragments from the Callovian of Zalas (C, GIUS 8-3589/12; D, GIUS 8-3589/13). E. Robust Propomatoceros sp. 1 encrusting a
hiatus concretion from the upper Bajocian of Mokrsko (GIUS 8-3751/5); the arrow points to the delicate growth lines.
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Remarks—The single tube is assigned to the Propomato-
ceros due to its low but distinctive keel and relatively large
size. The specimen is characterized by a kind of tight coil-
ing, which, although not common, is not so rare in Propo-
matoceros.

Propomatoceros sp. 3
Fig. 8D.

Material —One specimen attached to a bivalve shell from
the lower Kimmeridgian (Upper Jurassic) of Matogoszcz,
the Mesozoic margin of the Holy Cross Mountains, Poland
(see Table 1); GIUS 8-3747.

Description—The tube large, robust, and significantly in-
creasing in diameter (up to 4 mm). The entire specimen
coiled and forms a loop. A very prominent, slightly un-
dulating keel on the top of the tube, which results in its
subtriangular cross-section. Otherwise, the surface com-
pletely smooth, lacking any ornamentation. Flanges are
very well-developed.

Remarks—The specimen is assigned to the genus Propo-
matoceros because of the large size, the very distinctive keel
and very well-developed flanges. Nevertheless, it seems to
differ from other species of Propomatoceros by its com-
pletely smooth surface lacking any growth lines or orna-
mentation except for the keel.

Genus Nogrobs Montfort, 1808

Type species: Nogrobs vermicularis Montfort, 1808, Middle Jurassic
(presumably Stephanoceras humphriesanum Zone of the Bajocian),
Muttenz, Switzerland.

Nogrobs aft. quadrilatera (Goldfuss, 1831)
Fig. 9A—C.

Material —36 specimens, the majority of which are well-
preserved, encrusting belemnite rostra from the middle
Bathonian (Middle Jurassic) of Gnaszyn Dolny, Polish Jura
(see Table 1); GIUS 8-3730.

Description.—Tubes medium-sized (up to 25 mm long),
straight to slightly curved, adjusting to the available solid
substrates to which they are attached: small to medium-sized,
but relatively long belemnite rostra. Tubes growing relatively
fast in diameter in the early ontogenetic stages where some of
the specimens forming either a loose or a tight spiral, whereas
in the adult anterior tube portions increase in diameter (up to
1.5 mm) slowly or very slowly. The tube base sometimes del-
icately widened and rarely possesses hollow flanges, which
are visible in a few cases where the tubes are partly worn
out. Tubes distinctly flattened on top and have three median
longitudinal crests, of which the two marginal ones more con-
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spicuous than the central one, which is faint or barely pres-
ent. The vast majority of specimens attached to the substrate
along their entire length; only in a few tubes the anterior
portions raised above a substrate. Transverse ornamentation
represented by well-visible, regular growth lines which are
especially well-developed between the keels. Weakly devel-
oped nodular peristomes occasionally occur. Lateral walls
nearly parallel, resulting in a subquadrangular to subcircular
cross-section, in some specimens slightly convex in profile.
The tube wall composed of two layers.

Remarks—The tubes are assigned to Nogrobs aff. quadri-
latera (Goldfuss, 1831) because their cross-section, shape
and ornamentation are characteristic for this species.
Similarly to our specimens, N. quadrilatera sensu stricto
has a flattened upper side, three small median keels and
a subquadrangular cross-section. However, unlike in spe-
cies of Nogrobs from many other localities (e.g., Germany,
England), the broken-off, free tube portions which origi-
nally rose above the substrate are relatively rare in our ma-
terials. Our tubes somewhat resemble Nogrobs tricarinata
(Goldfuss, 1831) (see Parsch 1956: 224, pl. 21: 21). Moreover,
Serpula tricarinata (Goldfuss, 1831), is a junior homonym
of Serpula tricarinata Sowerby, 1829, the latter correctly
affiliated to Mucroserpula by Ippolitov (2007b). To replace
Goldfuss’ (1831) invalid junior homonym, Ippolitov (2007a)
proposed a new combination Metavermilia goldfussi.
Nogrobs aff. quadricarinata reported by Vinn et al. (2014:
fig. 4G, H) bears similar growth lines to those present in our
specimens; however, these are less visible.

Nogrobs? aft. tricristata (Goldfuss, 1831)
Fig. 9D, E.

Material —Eight, mostly well-preserved specimens encrust-
ing belemnite rostra from the middle Bathonian (Middle
Jurassic) of Gnaszyn Dolny, Polish Jura (see Table 1); GIUS
8-3730.

Description.—Tubes medium-sized (up to 20 mm long),
straight or only slightly undulating; however, in two cases
they form a loose loop in the early ontogenetic stages. The
upper surface flattened and bears three consistent longitu-
dinal keels. The central keel rather weakly developed, the
lateral two are more distinct. All three keels well-visible
and present in all specimens along the entire tube length.
The lateral walls nearly parallel. The tubes with many ir-
regularly distributed, flaring peristomes which in some
specimens slightly protrude at the keels to form short and
blunt spines. In some specimens, after forming a sharp,
angular folding, the anterior tube part projecting upwards
and rising above the substrate. In the anteriormost tube part,
walls slightly concave. Prominent and regular growth lines

Fig. 8. Representatives of the serpulid polychaete Propomatoceros spp. from the Jurassic of Poland. A, B. Propomatoceros sp. 1 detached from fragmented
shell from the middle Bathonian of Gnaszyn Dolny (A, GIUS 8-3730/14, B, GIUS 8-3730/15). C. Propomatoceros sp. 2 encrusting a shell fragment of
Ctenostreon proboscideum (Sowerby and Sowerby, 1820) from the Callovian of Zalas (GIUS 8-3745/3); top (C,) and lateral (C,) views. Note the anterior
tube part overgrowing older portion of the tube and rising above the substrate (C,). D. Propomatoceros sp. 3 encrusting a small piece of a shell from the

Kimmeridgian of Matogoszcz (GIUS 8-3747/2).
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covering the flattened upper surface between the lateral
keels. Perpendicular growth lines well-visible also on the
lateral tube sides. The tubes gently curved, quadrangular in
cross-section, and slowly growing in diameter up to 1 mm.
The tube wall composed of two layers.

Remarks—The specimens studied are tentatively assigned
to Nogrobs because of their overall shape, quadrangular
cross-section and perpendicular growth lines. However,
these specimens may also be referred to Filogranula due to a
characteristic rising above substrate in the anterior part, often
slightly flaring and weakly spiny peristomes, and three con-
sistent keels running along the entire tube, although the keels
are not denticulate. Specimens discussed here are also sim-
ilar in general shape to Nogrobs aff. quadrilatera described
above and might also be a variation of that species from the
same locality; however, differences comprise flaring and
more frequent peristomes, three better developed keels, and
parallel or delicately concave lateral walls (see Parsch 1956:
225, pl. 19: 17). Filogranula tricristata (Goldfuss, 1831) de-
scribed from Toarcian—Aalenian (Lower—Middle Jurassic)
deposits of Germany has occasionally widened base of the
tubes resulting in the trapezoidal cross-section (MJ own ob-
servations), which clearly differs from the tubes described
here. Moreover, Filogranula tricristata is attached to the
substrate along its entire length, while the specimens dis-
cussed herein have their anterior portions occasionally raised
up. This supports the distinction between the studied spec-
imens from Poland and the typical Filogranula tricristata
from the Toarcian and Aalenian from Germany.

Nogrobs aft. tetragona (Sowerby, 1829)
Fig. 9F-J.

Material —29 specimens from the middle Bathonian (Mid-
dle Jurassic) of Gnaszyn Dolny, Polish Jura (see Table 1);
GIUS 8-3730; three of the specimens encrust two belemnite
rostra and the rest are free-lying/detached.

Description.—Tubes small (up to 10 mm long), almost
straight or only slightly curved. Nearly all free-lying; only
three partially attached to the substrate. Only the attached
posterior tube portion bearing a small median keel on the
tube’s upper side, whereas the free anterior portion with no
median keel. No growth lines visible except those on the lat-
eral walls. Peristomes occasionally occurring; they consist
of four thick nodes situated at the edges of the square. The
tube diameter expanding very slowly, except for the anterior
end where it (up to 1 mm) increases more abruptly. The most
distinctive character of the tube, especially of its free ante-
rior portion, is the quadrangular cross-section, with all the
walls markedly concave between the edges.
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Remarks.—Nogrobs tetragona was described from clay-
stone of late Oxfordian—early Kimmeridgian age in Eng-
land, and is characterized by masses of densely entangled
clusters of tubes (Sowerby 1829), which are not attached to
the substrate, lack any attachment scars and never tend to
form a compact spiral in the posterior tube part (MJ own
observations). However, N. fetragona has been used in the
literature in a wider sense (e.g., Sowerby 1829; Gerasimov
1955; Ippolitov 2007a) for predominantly free tube por-
tions, which lack or possess only inconspicuous, rare peri-
stomes with a quadrangular cross-section, found in many
localities from the Middle and Upper Jurassic of England
(Sowerby 1829) and Germany (Parsch 1956). The tubes de-
scribed here match N. tetragona well, if it is understood
in that wider sense. The specimens described show a very
close resemblance to “Serpula (Tetraserpula) tetragona”
(see Parsch 1956: 223, pl. 21: 14), “Tetraserpula tetragona”
(see Ippolitov 2007a), and to a lesser extent to “Serpula
(Tetraserpula) quadrisulcata” (see Parsch 1956: 227, pl. 21:
15), which bears more prominent and sharp margins.

Genus Mucroserpula Regenhardt, 1961

Type species: Mucroserpula mucroserpula (Regenhardt, 1961); Hau-
terivian (Lower Cretaceous), Schandelah, north Germany.

Mucroserpula tricarinata (Sowerby, 1829)
Fig. 10A.

1829 Serpula tricarinata sp. nov.; Sowerby 1829: 226, pl. 608: 3, 4.

1956 Serpula (Tetraserpula) quinquangularis Goldfuss 1831; Parsch
1956: 224, pl. 19: 9, pl. 20: 13, pl. 21: 25.

2007 Mucroserpula tricarinata (J. de C. Sowerby, 1829); Ippolitov
2007b: 429, pl. 12: 1a, 1b, 2.

Material —Two partially preserved specimens attached to
bivalve shells from the Callovian (Middle Jurassic) of Zalas,
Polish Jura (see Table 1); GIUS 8-3589.

Description—Tubes medium-sized (less than 20 mm long),
curved in a loose loop, moderately increasing in diameter
(ca. 1 mm). The tubes possessing a consistent, slightly un-
dulating median keel and two weaker lateral keels. Delicate,
perpendicular growth lines visible along most of the tubes’
length. Specimens are attached to the substrate along their
entire length, and the tube base is widened, resulting in a
triangular to subtriangular cross-section; however, the ante-
riormost parts are pentagonal due to the three keels and the
edges of the base.

Remarks.—The specimens described are assigned to the ge-
nus Mucroserpula due to their characteristic three keels and
the mode of coiling. In spite of the fact that the tubes are not
very well-preserved, the features indicative of Mucroserpula

<— Fig. 9. Representatives of the serpulid polychaete Nogrobs spp. from the middle Bathonian (Middle Jurassic) of Gnaszyn Dolny, Poland. A—C. Nogrobs

aff. quadrilatera (Goldfuss, 1831) encrusting belemnite rostra (A, GIUS 8-3730/16; B, GIUS 8-3730/17; C, GIUS 8-3730/18); the specimen in C has
been partially detached from its substrate. D, E. Nogrobs? aff. tricristata (Goldfuss, 1831) encrusting belemnite rostra (D, GIUS 8-3730/19; E, GIUS
8-3730/20); ctenostomate bryozoan colony indicated by arrow in D. F-J. Free-lying tubes of Nogrobs aff. tetragona (Sowerby, 1829) (GIUS 8-3730/21—
25, respectively); lateral (I;) and cross-section (I,) view; I, shows characteristic quadrangular cross-section with distinctly concave walls between the
edges. Notice characteristic quadrangular cross-section with distinctly concave walls between the edges visible in J. Scale bars 1 mm.

96

96:7201438252



ACTA PALAEONTOLOGICA POLONICA 67 (4), 2022

Fig. 10. Serpulid and sabellid polychaetes from the Jurassic of Poland. A. Mucroserpula tricarinata (Sowerby, 1829) (white arrow) and sabellid Glomerula
gordialis (black arrow) encrusting a fragment of a shell from the Callovian of Zalas (GIUS 8-3589/14). B. Mucroserpula? sp. encrusting a fragment of
a shell from the middle Bathonian of Gnaszyn Dolny (GIUS 8-3730/26); top (B;) and cross-section view (B,). Notice the characteristic pentagonal

cross-section (B,) due to the presence of three keels. Scale bars 1 mm.

are sufficiently visible. Our specimens are small compared
to other specimens of Mucroserpula tricarinata, presumably
representing juveniles. Mucroserpula jaegeri Radwanska,
2004, from the lower Kimmeridgian (Upper Jurassic; see
Wierzbowski et al. 2016) of central Poland differs from M.

tricarinata by its very regular spiral coiling: the posterior
tube portion forms a tightly coiled spiral, whereas the ante-
rior, which is still attached all along its length, forms a wide
open spiral curve. Moreover, M. jaegeri has weaker devel-
oped lateral keels and a more distinctly flattened tube.
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Stratigraphic and geographic range.—The material studied
here come from Callovian (Middle Jurassic) of Zalas, Polish
Jura. Mucroserpula tricarinata was also reported from the
Middle and Upper Jurassic of England (Sowerby 1829),
Germany (Parsch 1956), and Russia (Ippolitov 2007b).

Mucroserpula? sp.
Fig. 10B.

Material—Two specimens attached to an oyster shell and
a belemnite from the middle Bathonian (Middle Jurassic)
of Gnaszyn Dolny, Polish Jura (see Table 1); GIUS 8-3730.

Description—Tubes relatively small, up to 15 mm long, in-
crease slowly in diameter (up to ca. I mm), straight and at-
tached to the substrate along their entire length. Tubes with
three slightly developed keels, of which the median one
may be slightly undulating and with very delicate alae-type
peristomes forming a short denticle above the aperture. The
tube surface slightly rough and its base only gently widened.
Cross-section pentagonal.

Remarks—The specimens investigated are tentatively
assigned to Mucroserpula due to their median and su-
pralateral keels and resulting pentagonal cross-section.
However, due to their slightly undulating median keel and
relatively small size, the tubes may also belong to the
genus Filogranula. Apart from the distinctive pentagonal
cross-section and a short denticle marked above the aper-
ture, both typical for the species of Mucroserpula, these
tubes also resemble those of species of Propomatoceros
from the same locality. The somewhat artificial classifi-
cation of strictly single-keeled Propomatoceros and three-
keeled Mucroserpula is not completely satisfactory, and it
is highly subjective where to put a boundary between these
genera. Cross-section and appearance of the keels may
vary during ontogeny, making clear designations difficult.
Additionally, diagenetic compression may also change
the curvature and general outline. Although species of
Mucroserpula are usually described as forming loop-like
tubes (e.g., Ippolitov 2007b), coiling mode cannot be a
primary indicative feature as the coiling may be faculta-
tive and strongly dependent on the kind of substrate and
restriction of space for winding and coiling. Finally, the
number of specimens described here is limited, hampering
proper and unambiguous determination.

Genus Placostegus Philippi, 1844
Tipe species: Serpula tridentata (Fabricius, 1779); Recent, Greenlan-
dic part of the Arctic Ocean.

Placostegus planorbiformis (Miinster in Goldfuss,
1831)
Fig. 11A.

1831 Serpula planorbiformis sp. nov.; Miinster in Goldfuss 1831: 231,
pl. 68: 12a, b.

1956 Serpula (Tetraserpula) planorbiformis Minster 1831; Parsch
1956: 225, pl. 19: 10, pl. 20 1, 2.
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Material—Seven relatively well-preserved specimens en-
crusting sponges from the lower Oxfordian (Upper Jurassic)
of Zalas, Polish Jura; GIUS 8-3746.

Description—Tubes medium-sized, planispirally (sinis-
trally) and tightly coiled; diameter of the tube up to 2.5 mm,
while the diameter of the entire spiral is ca. 10 mm. Spiral
leaves only a narrow but deep central umbilicus open; how-
ever, coiling is evolute, leaving parts of the inner whorls
well visible and countable. The tubes consist of four whorls
increasing moderately rapidly in diameter. Tubes attached
to the substrate along most of their length, except for the
anterior part which may be attached predominantly to the
previous whorl. The tube base widened. Cross-section sub-
triangular due to the presence of an explicit keel running
uniformly along the entire tube length and forms a spine
above the aperture. The anteriormost part projecting up-
wards; possibly it grew vertically (see Radwanska 2004);
however, this is not evident in the material studied. The tube
wall thick.

Remarks.—The studied specimens are very similar to those
described by Radwanska (2004) as Placostegus conchoph-
ilus (Radwanska, 2004). However, P. conchophilus pos-
sesses a rather convex outer wall, whereas in P. planor-
biformis the cross-section is roof-shaped, topped by a low,
consistent keel.

Stratigraphic and geographic range—The material stud-
ied herein comes from lower Oxfordian (Upper Jurassic) of
Zalas, Polish Jura. P. planorbiformis is also common in the
Oxfordian (Upper Jurassic) of South Germany (e.g., Parsch
1956; MJ own observation).

Genus Pseudovermilia Bush, 1907

Type species: Spirobranchus occidentalis (Mclntosh, 1885); Recent,
The Bermuda Archipelago.

Pseudovermilia sp.
Fig. 11B.

Material—Four tubes attached to rock fragments from
the Callovian (Middle Jurassic) of Zalas, Polish Jura (see
Table 1); GIUS 8-3589.

Description.—Tubes long (up to 50 mm), rather flat, irreg-
ularly curved, having nearly constant diameter (ca. 1 mm).
Ornamentation composed of closely and regularly spaced
transverse elements subdivided in the middle by a slightly
thicker longitudinal crest running through the entire tube
length, and two similar longitudinal crests situated at the
lateral margins of the flat upper side. The combination of
transverse and longitudinal ornamentation results in a reg-
ular, reticular pattern which is disturbed only by larger,
slightly nodular peristomes. Some of the transverse elements
are slightly curved forward near the longitudinal crests, but
this curvature is not always well-developed. Structures re-
sembling tubulae usually present within basal flanges occur
uniformly throughout the entire tube.
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Fig. 11. Serpulid polychaetes from the Jurassic of Poland. A. Placostegus planorbiformis (Miinster in Goldfuss, 1831) encrusting a sponge fragment from
the Oxfordian of Zalas (GIUS 8-3746/8). B. Pseudovermilia sp. encrusting a rock fragment from the Callovian of Zalas (GIUS 8-3589/15). Scale bars 1 mm.

Remarks—The four specimens studied are assigned to the
genus Pseudovermilia due to their very distinctive, reticu-
late tube morphology (see Hove 1975; Jager and Lang 2017).
In the Mesozoic, Pseudovermilia occurs very rarely. The
genus was previously reported by Jager and Lang (2017)
from the Kimmeridgian (Upper Jurassic), based on a single
specimen only. Because of a very limited material, scarce
reports, and scarce occurrences, we are unable to provide
a reliable specific name. It is possible that our specimens
represent a new species. To the best of our knowledge this is
the first report of this genus from Poland.

Serpulidae sp. 1
Fig. 12A, B.

Material—71 specimens attached to bivalve shells (and
moulds to a lesser extent), and oncoids from the upper
Bajocian—lower Bathonian (Middle Jurassic) of Ogrodzie-
niec-Swiertowiec (23), upper Bathonian—lower Callovian
(Middle Jurassic) of Bolecin (5), and Callovian (Middle
Jurassic) of Zalas (43), Polish Jura (see Table 1); GIUS
8-3589, GIUS 8-3745, GIUS 8-3750.

Description—Tubes small to medium-sized (up to 100 mm
long). Tubes are morphologically diverse, ranging from al-
most straight, gently curved to more strongly coiled. Tube
diameter (slightly exceeding 1 mm) almost constant in the
adult part. Depending on the specimen, tubes may be ei-
ther smooth without any ornamentation, except for well-de-
veloped, irregularly scattered ampullacea-type to slightly
nodular peristomes, or bear some corrugations and/or striae
on the tube’s outer surface. On the upper side of some of
the tubes a faint, crest-like keel present, as well as two lon-
gitudinal, lateral edges on the marginal parts of the tube.
The tube attached to the substrate by its entire length with
minor flanges. The tube base seems to be even narrowed
below the lateral margins which are directed outwards.
All the specimens are distinctly flattened which results in
the rounded-rectangular, or at least angular, to subcircular
cross-section.

Remarks.—The general shape of the tubes (irregularly
curved, of nearly constant diameter and substantial length,
bearing ampullacea-type to slightly nodular peristomes and
longitudinal ornamentation) is similar to the Pseudovermilia
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Fig. 12. Serpulidae sp. 1 from the Jurassic of Poland. A. Serpulidae sp. 1 and a tiny Glomerula gordialis (Schlotheim, 1820) (arrowed) encrusting a
shell fragment from the upper Bathonian—lower Callovian of Bolecin (GIUS 8-3745/4); top (A;) and lateral (A,) view; A, shows a flattened shape of the
tube. B. Serpulidae sp. 1 and a tiny, presumably juvenile Filogranula runcinata (Sowerby, 1829) (above, arrowed) encrusting a shell fragment from the

Callovian of Zalas (GIUS 8-3589/16). Scale bars | mm.

sp. described above. The difference is the intensity of
the reticulate ornamentation, which is very prominent in
Pseudovermilia sp., whereas in the Serpulidae sp. 1 it is less
pronounced, or even occasionally lacking in some parts of
the tubes. The reticulate ornamentation of Recent tubes of
Pseudovermilia may be very variable, but remains strong
(Hove 1975), which rather excludes our specimens from
this genus. Alternatively, at least a part of the tubes may
represent a species of either Filogranula or Nogrobs with
relatively well-developed transverse ornamentation.

Serpulidae sp. 2
Fig. 13A.

Material —One unattached and partially eroded specimen
from the middle Bathonian (Middle Jurassic) of Gnaszyn
Dolny, Polish Jura (see Table 1); GIUS 8-3730.

100

Description—The tube is thick and robust, 7 mm in diame-
ter, less than 16 mm long, consisting of a small attached and
a short free tube portion. bearing irregular but prominent
ampullacea-type peristomes. The specimen bearing some
well-visible, perpendicular growth lines. Cross-section cir-
cular, wall composed of two layers.

Remarks—The specimen shows some superficial resem-
blance to Neovermilia ampullacea (Sowerby, 1829) (Jager
1983: 41, pl. 5: 3, as “Proliserpula ampullacea”) due to dis-
tinctive, thick, bulge-like ampullacea-type peristomes and
circular cross-section.

Serpulidae sp. 3
Fig. 13B.

Material —Ten specimens attached to belemnite rostra from
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Fig. 13. Serpulid polychaetes from the Jurassic of Poland. A. Unattached Serpulidae sp. 2 from the middle Bathonian of Gnaszyn Dolny (GIUS 8-3730/27).
B. Dense aggregation of closely spaced Serpulidae sp. 3 encrusting a fragment of a belemnite rostrum from the middle Bathonian of Gnaszyn Dolny
(GIUS 8-3730/28). C. Serpulidae sp. 4 from the lower Kimmeridgian of Malogoszcz (GIUS 8-3747/3).

the middle Bathonian (Middle Jurassic) of Gnaszyn Dolny,
Polish Jura (see Table 1); GIUS 8-3730.

Description—Tubes medium-sized (ca. 20 mm long), straight
to slightly curved or slightly serpentine, nearly constant in
diameter (up to 1 mm). The tubes with three very widely
spaced keels; the two relatively weakly developed lateral
keels located very close to the tube base. The prominent and
thick median keel is occasionally slightly undulating. Small
transverse ribs are most often well-visible, especially in the
anterior tube part; they are densely and regularly spaced and
curved forward, towards the three keels. Tubes most often
attached to the substrate for their entire length with rare ex-
ceptions, where a part of the tube rises slightly above the
substrate. The characteristic distribution of keels resulting in
wide furrows in between them and thus triangular, subtrian-
gular or otherwise angular cross-section.

Remarks.—Most of the tubes have been found on a single
belemnite rostrum; they form a dense aggregation of closely
spaced tubes. The specimens somewhat resemble species
of several genera, but do not fully match any of those, so
that we decided not to assign them to a definite genus. They
resemble species of Propomatoceros and Placostegus in
their triangular cross-section with a prominent median keel,
and of Placostegus in the small and only slowly increas-
ing tube diameter and small transverse ribs. However, they

differ from these genera by possessing two lateral keels.
Moreover, they slightly resemble Metavermilia? sp. descri-
bed above; however, their longitudinal ornamentation is less
pronounced; the median keel forms a simple upper edge to
the tube (“Kante” sensu Jager 1983: 14, fig. 4a), and the late-
ral crests are only very delicate, placed at the very bottom
lateral parts of the tubes.

Serpulidae sp. 4
Fig. 13C.

Material—Six specimens (four partially preserved, at-
tached to oyster shells and two specimens detached) from
the lower Kimmeridgian (Upper Jurassic) of Matogoszcz,
Mesozoic margin of the Holy Cross Mountains, Poland (see
Table 1); GIUS 8-3747.

Description—Tubes large (up to 30 mm long, however, none
of the specimens fully preserved), externally covered with
prominent growth lines running perpendicularly to the tube
long axis but showing no other ornamentation. Some thick,
slightly curved tubes are attached to the substrate, but most
specimens represent broken off anterior tube fragments. The
cross-section is circular with the diameter up to 2 mm.

Remarks.—The specimens are superficially similar in gen-
eral outline to Glomerula gordialis (Schlotheim, 1820) apart
from the perpendicular growth lines and much thicker tubes.
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Discussion

Serpulid and sabellid diversity and distribution across
palaeoenvironments.—The use of cluster analysis allowed
us to group the investigated fossils into several clusters (Fig.
14). The study shows that serpulids and sabellids are highly
dependent on the habitat, especially the substrate they are
cemented to, whereas the geological age or the stratigraphi-
cal distance between compared localities plays a minor role.
This is in agreement with studies of other ancient serpulid
and sabellid tubeworms. Although some morphotypes might
have not been confined to certain substrates (e.g., Ko¢i et
al. 2019), the nature and resultant physical properties of the
substrate appear to have been among the most crucial factors
inducing serpulid and sabellid colonization (see Ippolitov
2010). However, tube-dwelling polychaetes in general are
also reliant upon factors other than substrate. Temperature,
oxygen and salinity levels, as well as light availability might
also influence larval settlement (Kupriyanova et al. 2019).

The tube-dwelling polychaetes are preserved attached
to a variety of available hard substrates (see Fig. 15). The
highest similarity in serpulid and sabellid communities be-
tween certain localities is displayed between hiatus concre-
tions and oncoids (Fig. 14), both of which served as mobile
substrates prone to physical disturbances (e.g., Wilson 1987,
Zaton et al. 2011a, 2012), differing, however, in the nature of
encrusted surface, which had a quantitative and (to a lesser
extent) qualitative impact on the communities. Relatively
similar to them are hardgrounds sensu stricto, where all taxa
present on mobile rockgrounds occur as well. Hardgrounds,
hiatus concretions and oncoids evidently witnessed, albeit to
a different degree, time-averaging, so that factor could have
potentially played a role in composition of tubeworm assem-
blages. The serpulid and sabellid faunas at the hardground
localities are among the most diverse.

Tubeworm faunas encrusting oyster shell beds and those
encrusting bivalve shells derived from soft muddy sub-
strates exhibit moderate similarity levels (Fig. 14). Although
the substrate available for tube dwelling polychaete coloni-
zation was similar, the prevailing conditions were quite dif-
ferent. Low taxonomic variability of serpulid and sabellid
worm tubes encrusting parautochthonous oyster shells from
the lower Kimmeridgian of Matogoszcz possibly was a re-
sult of impeded colonization in a relatively shallow marine
environment affected by storm episodes (Machalski 1998).
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Fig. 14. Dendrogram showing clustering of substrates sharing similar taxa
of tube-dwelling polychaetes from the Polish Basin.

On the other hand, oyster shells and their aggregations,
together with belemnite rostra, provided isolated benthic is-
lands (e.g., Zuschin et al. 1999; Taylor and Wilson 2003) on
otherwise muddy seafloor in relatively calm (below storm
wave-base) palacoenvironments (Gedl et al. 2012). On a
soft-bottom, they offered a sufficiently stable substrate for
colonization and further establishment of populations. Such
conditions led to the highest taxonomic variability among
the all palacoenvironments.

The community from the lower Oxfordian (Upper Jurassic)
sponge bioherms of Zalas shows the highest taxonomic dis-
tinctness (Fig. 14). Biotic substrate provided by sponges led
to domination by usually compact (e.g., Placostegus planor-
biformis) and fast-growing forms with minute diameters (e.g.,
Cementula spirolinites) and possibly hampered colonization
of larger, slowly growing serpulids.

For the majority of localities and settings, moderate
Simpson Index of Diversity (1-D) and Dominance (D) val-
ues indicate intermediate polychaete variability, with no
species highly dominating (see Table 2). Such diversity and
dominance values are confined to locations with intermedi-
ate levels of hydrodynamic and physical disturbances (e.g.,
Wilson 1987). Highest biodiversity has been noted on up-
per Bathonian—lower Callovian and Callovian hardgrounds
(Bolgcin and Zalas, respectively) and upper Bajocian—
lower Bathonian oncoids (Ogrodzieniec-Swiertowiec) (see
Table 2); it may attest to time-averaging of deposits with low-
ered sedimentation rates (hardgrounds) and particularly fa-
vourable conditions (oncoids). Slightly lower, but still among
the highest diversity levels of Simpson and Dominance in-
dices, are serpulid and sabellid communities derived from

Table 2. Biodiversity indices calculated for the investigated polychaete assemblages.

. g | § = 5 S 5% | g g | B
Index 7 ko] > . N N g > =
£ 2258 5 | | &g SE % oz2 | 2 £
[ —
= 25 | 548 a 3 v, N o A S S =
Dominance (D) 0.5805 | 0.481 | 0.335 | 0.4692 0.52 | 0.3795 | 0.4506 | 0.2991 | 0.3219 | 0.2642 0.4762 | 0.4403
Simpson (1-D) 0.4195 | 0.519 | 0.665 | 0.5308 0.48 | 0.6205 | 0.5494 | 0.7009 | 0.6781 | 0.7358 0.5238 | 0.5597
Shannon (H) 0.7334 | 0.8746 | 1.503 | 0.8491 | 0.7388 | 1.021 | 0.8676 1.4 1.334 1.546 1.005 | 0.9683
Evenness e'/S 0.5205 | 0.7993 | 0.4087 | 0.7792 | 0.6978 | 0.9252 | 0.7937 | 0.6762 | 0.6325 | 0.5213 0.5463 | 0.6584
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Fig. 15. Representative hard substrates colonized by the Middle and Upper Jurassic tube-dwelling polychaetes from the Polish Basin. A. Upper Bathonian
hiatus concretion from Ogrodzieniec; sabellid Glomerula gordialis (Schlotheim, 1820) (GIUS 8-3751), indicated by arrows. B. Bajocian—Bathonian oncoid
from Ogrodzieniec-Swiertowiec; the entire oncoid is intensively encrusted by serpulids and sabellids (GIUS 8-3750). C. Callovian bivalve Ctenostreon
proboscideum (Sowerby, 1820) from hardground of Zalas; black arrow indicates sabellid Glomerula gordialis, white arrow indicates juvenile serpulid
Propomatoceros lumbricalis (GIUS 8-3589). D. Lower Kimmeridgian oyster from oyster shell beds of Malogoszcz; an arrow indicates sabellid Glomerula
gordialis (Schlotheim, 1820) (GIUS 8-3747). E. Middle Bathonian oyster from soft muddy substrates of Gnaszyn Dolny; serpulid Propomatoceros lumbrica-
lis (Schlotheim, 1820) is exemplified by arrows (black and white). White arrows point the specimens infested by the hydroid Protulophila gestroi (Rovereto,
1901) (GIUS 8-3730). F. Oxfordian sponge from Zalas; an arrow indicates serpulid Filogranula spongiophila sp. nov. (GIUS 8-3746). Scale bars 10 mm.
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middle Bathonian skeletal remains from Gnaszyn Dolny,
serving as benthic islands on the soft sediment (see Table 2).
Such quiet water conditions may have fitted best with the
feeding strategy of most tube-dwelling polychaete species.
Based on the values of Shannon index (H), polychaetes
from these substrates, together with hardgrounds, are also
among the most diverse, followed by oncoids (see Table 2).
Evenness values point to moderate (in the case of oncoids
from Ogrodzieniec-Swiertowiec and lower Kimmeridgian
oyster shell beds from Matogoszcz, as well as a part of hiatus
concretion localities, e.g., Ogrodzieniec, upper Bathonian),
or even low biodiversity (in the case of a part of hiatus con-
cretion localities, e.g., Krzyworzeka, upper Bathonian, and
the Callovian hardground of Zalas) (see Table 2), which is an
effect of similar proportions of different species’ represen-
tatives within these assemblages. The lowest evenness level
in the case of the middle Bathonian (Middle Jurassic) of
Gnaszyn Dolny (see Table 2) testifies to the highest species
richness and abundance of both species and individuals at
this locality, indicating highly advantageous palacoenviron-
mental conditions (see Table 1).

Mobile rockgrounds.—Both fossil (e.g., Wilson 1985; Lee
et al. 1997; Zaton et al. 2011a) and Recent (e.g., Osman 1977,
Sousa 1979; Maughan and Barnes 2000; Kuklinski 2009) en-
crusting biotas inhabiting mobile lithic substrates are strongly
affected and restrained by physical disruptions within ma-
rine environments, which strongly influences the ecology
of substrate-dwellers. Generally, an increase in physical en-
ergy in the environment leading to frequent overturning of
loose lithic substrates such as hiatus concretions and oncoids
causes an increase in diversity of the fauna and hampers sin-
gle species prevalence (Wilson 1987; Barnes and Kuklinski
2005). On the other hand, too high levels of physical distur-
bance, where the cobble and pebble overturning is continuous
and frequent, may be destructive, leading to a lethal outcome
even for the most opportunistic, robust, and scour-resilient
serpulids, highly impeding any ecological succession.

Sediments from which the concretions were derived
are interpreted to have been deposited in calm conditions,
usually located below storm wave-base (e.g., Leonowicz
2013). Hiatus concretions (Majewski 2000; Zaton et al.
2006, 2011a) and such sedimentological fabrics, as e.g.,
trace fossil associations, alternating laminated and biotur-
bated intervals, or biodeformational structures (Leonowicz
2015a) within the Middle Jurassic siliciclastic sediments
of the Polish Jura indicate episodic storm events causing
distinct sedimentation breaks and seafloor erosion. Rather
rare episodic overturning of the mobile substrates resulted
in relatively low diversity (in total five species, Table 1)
leading to a predominance of robust, thick-walled species of
Propomatoceros and ubiquitous Glomerula gordialis.

The shape and regularity of the concretions’ surfaces is
another important factor strongly influencing the quantity
and distribution of serpulids and sabellids (Wilson 1987).
Larger and more rounded hiatus concretions (as well as on-
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coids; see below) were less resilient to hydrodynamic events
and overturning on the sea bottom, compared to wider and
more flattened ones. While resting on the seafloor, only the
upper sides of these substrates were available for serpulid
and sabellid colonization, while lower surfaces facing the
sediment were inaccessible. It is possible that even such rel-
atively stable concretions did not offer full stability against
overturning. Minor differences in the encrustation pattern
between certain localities seem to reflect slight disparities
in the general concretions’ outlook which in turn presum-
ably resulted from the frequency of episodic hydrodynamic
activities, depth of concretions’ burial or biological activity
of animals inhabiting firmgrounds (Zaton et al. 2011a). The
differences in concretions’ bioerosional patterns between
the localities, likewise, reflect the position of the certain
setting (proximal/distal) and thus the intensity and the fre-
quency of palacoenvironmental currents (Sadlok and Zaton
2020). Organisms burrowing in the ambient sediment might
have also loosened it enhancing exhumation of the concre-
tions (Hesselbo and Palmer 1992).

The most important serpulid and sabellid adaptive strat-
egies for persistence on mobile lithic grounds (Wilson 1987)
were: (i) the morphological resistance to abrasion which was
possible by hard and solid tubes; (ii) cavity dwelling; hazard-
ous impact of repeated substrate overturning in highly en-
ergetic environments might have entailed attempts of with-
drawal, whenever an opportunity had arisen. Tube-dwelling
polychaetes often resolve to cryptic lifestyle (Kobluk 1988)
hiding in places such as empty borings and concavities (e.g.,
Palmer and Fiirsich 1974; Wilson and Palmer 1990; Palmer
and Wilson 1990; Wilson 1998; Taylor and Wilson 2003;
Mallela 2007; Schlogl et al. 2008). Such a solution facilitates
also retreating from competition with dominating species.
Anyhow, in spite of the presence of borings, some of the
tubes encrust the surface of the concretions. A possible ex-
planation is that such cavities have already been occupied by
boring bivalves, which made the unavailable for nestling by
tubeworms, thus of necessity colonizing the outer surface
(see also Zaton et al. 2011a).

Concretions from Mokrsko, Bugaj, Ogrodzieniec, Krzy-
worzeka, and Zarki experienced high taphonomic loss as the
vast majority of encrusters inhabiting the surface of the con-
cretions were prone to abrasion/corrasion, what is evidenced
by many poorly preserved fossils, presumably representing
various ecological successions.

Although serpulids and sabellids inhabiting large on-
coids are only slightly more taxonomically diverse than that
from hiatus concretions, attaining one species more (in total
six species, Table 1), their abundance is much higher. Tube-
dwelling polychaetes thrived inhabiting these coated grains
in spite of the fact, that cryptic places were highly limited by
the lack of borings, which were common on the hiatus con-
cretions. Intense colonization and further flourishment of
serpulids and sabellids must have been enhanced by the pho-
tic conditions, where cyanobacterial mats covering oncoids
could develop (Zaton et al. 2012; Stowinski 2019). A high
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availability of food supply, especially composed of mixed
algae species, significantly induced larval development and
subsequent growth (Leone 1970; Kupriyanova et al. 2001;
Gosselin and Sewell 2013). Although algal mats covering
substrates may hamper epibionts’ development (McKinney
1996; Kuklinski 2009; Zaton et al. 2011b), they may also
facilitate it (Wieczorek and Todd 1998; Kupriyanova et al.
2019). Additionally, in contrast to the tubeworms encrusting
hiatus concretions, tubeworms colonizing oncoids were able
to settle on the not yet lithified substrate during the forma-
tion of possibly still mucous biofilm forming on the oncoids
(Taylor and Wilson 2003). Another advantage of oncoids
over hiatus concretions (serving as a substrate for colo-
nization) is that their stability might have been enhanced
during growth. The formation of subsequent cortex layers
increased the volume and thus reduced the susceptibility to
overturning on the sea bottom.

Hardgrounds.—Serpulids and sabellids from hardgrounds
are derived from two localities (Zalas and Bolgcin) of slightly
different in palacoecological conditions. Limited supply of
sediment and resulting time-averaging (Gizejewska and
Wieczorek 1977; Tarkowski et al. 1994; Mangold et al. 1996;
Taylor 2008; Zaton et al. 2011b) strongly influenced encrus-
tation patterns of both communities. The species richness
of tube-dwelling polychaetes in these localities could have
resulted from favorable palacoenvironmental conditions
and long-term exposure of the hard substrates; however,
some time-averaging responsible for the final assemblage
preserved is not excluded (Taylor 2008; Zaton et al. 2011b).

The Zalas deposits are characterized by a much more
abundant and more taxonomically diverse sessile polychaete
fauna (in total nine species, see Table 1) as compared to
Bolgcin (in total six species, see Table 1). Such differences
presumably resulted from more favourable conditions for
the settlers, such as a relatively steady salinity level, a
calm, sublittoral environment located within a dysphotic
zone (Zaton et al. 2011b), and a slow sedimentation rate at
Zalas (Gizejewska and Wieczorek 1977). The total number
of tube-dwelling polychaetes from Bolgcin, the deposits of
which may be an equivalent of the uppermost Bathonian—
lowermost Callovian Balin Oolite (e.g., Tarkowski et al.
1994; Mangold et al. 1996; Taylor 2008), is not among the
lowest. However, the investigated number of substrate-serv-
ing fossils was ample. Therefore, the percentage of inhabit-
ing sessile polychaetes is low, possibly due to higher abra-
sion levels and Quaternary periglacial events, which may
have reworked the sediments (Mangold et al. 1996), affect-
ing the preservation of the fossils.

Any reciprocal interactions (see Taylor 2016) were very
rare, or even absent in Bolgcin; therefore, most of them might
have simply resulted from random settling of worms in close
proximity and are not an evidence of spatial competition
(Zaton et al. 2011b; Taylor 2016). Most often, tube-dwell-
ing polychaetes are overgrown by bryozoans and other
polychaetes, both of the same and different genera, sup-
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porting an explanation of random and post-mortem over-
growth on a small surface of substrate (Taylor and Wilson
2003). Anyhow, a scarce number of mutual (reciprocal) over-
growths and intraspecific stand-offs (“when growth of both
interacting individuals is halted at their junction™; see Taylor
2016) may suggest that at least some sclerobionts, notably
serpulids, were actively competing for available substrate.
Some individuals tended to grow towards the deflections
between Ctenostreon proboscideum (Sowerby and Sowerby,
1820) shell ribs or on the underside of lower valves indicating
the preferences of inhabiting cryptic niches.

Oyster shell beds.—In the shell beds with Actinostreon
gregareum (Sowerby, 1815) within lower Kimmeridgian
(Upper Jurassic) deposits of Matogoszcz quarry, many
oyster shells which served as substrate for serpulids and
sabellids are disarticulated. The oysters set up parautoch-
tonous accumulations, resulting from storm events in a rel-
atively shallow-marine environment (Seilacher et al. 1985;
Machalski 1998; Zaton and Machalski 2013). In spite of the
high substrate availability for these polychaetes, their colo-
nization was there impeded by mode of life of the oysters.
These bivalves displayed different kinds of ecophenotypic
adjustments, such as mud-sticker mode of life populating
the sediment in a vertical position, sometimes cementing to
other individuals; and recliners, which lay flat on the sedi-
ment and might have cemented to various hard objects, as
e.g., fragmented rocks, shells or oncoids (Machalski 1998).
While the flat-lying shells provided convenient settling con-
ditions and relatively much space, in the vertically arranged
ones, it was highly limited, especially when only an ante-
riormost part of the shell protruded from the sediment.

Possibly, a part of the shells forming small clusters of ce-
mented valves, which displayed a three-dimensional shape
might have been occasionally overturned. Such a situation
occurred in slightly younger shell beds with Nanogyra nana
(Sowerby, 1822) from the lower Kimmeridgian (Upper
Jurassic) of Matogoszcz, which contributed to the forma-
tion of ostreoliths (Zaton and Machalski 2013). Such large,
spherical objects were prone to overturning due to hydro-
dynamic and biological agents (Zaton and Machalski 2013).
However, even isolated shells or shell clusters exhibiting
rather flat morphology presumably might have been oc-
casionally overturned due to their smaller sizes and a rel-
atively shallow marine palacoenvironment with episodic
storm events (Machalski 1998; Radwanska and Radwanski
2003).

The diversity of serpulid and sabellid fauna from these
deposits is among the lowest of all the sites investigated (in
total four species, Table 1). On the ostreoliths mentioned
above, Zaton and Machalski (2013) noted only two sessile
polychaete species. Interestingly, similarily low sessile poly-
chaete diversity was noted on lower Kimmeridgian carbon-
ate cobbles from nearby Sobkow locality by Krajewski et
al. (2017). Presumably, such low diversity might have been
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governed by salinity fluctuations in shallow water settings,
as evidenced by stable isotopes (Krajewski et al. 2017).

Nonetheless, oysters provided a range of places to be
colonized, offering many cryptic and upward-facing hab-
itats, what may reveal encrusters’ polarization. Although
the slight majority of tube-dwelling polychaetes inhabited
the exterior surfaces of the valves (Szewczuk 2010), many
of them settled on the interiors, evidencing that encrusta-
tion of the oyster shells also took place post-mortem (e.g.,
McKinney 1995; Fagerstrom et al. 2000). Clustered oyster
valves also could have acted as a good cryptic habitat due
to an increased accessibility of fissures and crevices (e.g.,
Kidwell 1986; Zuschin et al. 1999; Coen and Grizzle 2007,
Zaton and Machalski 2013).

Soft muddy substrates.—Serpulids and sabellids derived
from the middle Bathonian (Middle Jurassic) of Gnaszyn
Dolny and lower Bathonian (Middle Jurassic) of Kawodrza
Gorna inhabited mainly oyster shells and belemnite ros-
tra, as well as wood-falls (see Kaim 2011), scattered over
the soft muddy seafloor. Thus, biogenic substrates suit-
able for sclerobiont colonization were very patchy. Tube-
dwelling polychaetes on such benthic islands frequently oc-
cur crowded, forming dense aggregations, and exhibit the
highest diversity among the all studied sites (in total eleven
species, see Table 1).

In contrast to other kinds of substrates, oyster shells pro-
vided here a sufficiently stable habitat for the encrusters.
The sediments are interpreted to have been deposited in a
relatively deep, calm, oxygenated environment below the
storm-wave base (Marynowski et al. 2007; Zaton et al. 2009;
Gedl and Kaim 2012; Gedl et al. 2012). However, coloniza-
tion might have been intermittent as presumably a bulk of
larvae did not even have a chance to settle on a convenient
hard substrate. In the case of successful colonization, sub-
sequent larvae possibly had a greater chance to be recruited
in the direct vicinity because of available adjacent space.
Even though serpulid larvae exhibit either lecithotrophic or
planktotrophic larval development strategies (Kupriyanova
et al. 2001; Rouse and Pleijel 2001), many serpulids settle
non-randomly (Kupriyanova et al. 2019), which may result in
a relatively distant dispersal (Andrews and Anderson 1962;
Dirnberger 1993; Kupriyanova et al. 2001). The larvae may
develop into dense monospecific assemblages with regard
to attached individuals of their own species (Scheltema et
al. 1981). To encourage gregarious settling, chemical signals
associated with living adults may be used (Pawlik 1992;
Toonen and Pawlik 1996; Bryan et al. 1997). On the other
hand, the absence of a mature source population in close
proximity to an accessible hard substrate will highly reduce
the chance of recruitment (see Taylor and Wilson 2003).

Restriction of the surface may have resulted in occa-
sional competitive interactions. Despite difficulties in a clear
designation between syn vivo and post-mortem interactions
(see Fagerstrom et al. 2000), possibly at least a part of over-
growths between epibionts did not result from overgrow-

106

857

ing dead skeletons. Although clear reciprocal overgrowths
are absent, a part of intraspecific interactions resulted in
stand-offs (see Taylor 2016). Such an outcome may support
the interpretation that encounters of the same species acted
syn vivo (Taylor 2016). It is evident that some sclerobionts
colonized the interiors of bivalve valves, being a proof of
post-mortem colonization (e.g., McKinney 1995; Fagerstrom
et al. 2000). Some tubes of Propomatoceros lumbricalis also
acted as hosts for in vivo bioclaustrating hydroids; however,
such interactions were extremely rare (Stowinski et al. 2020).

Large, flat-lying oyster valves were highly resilient
against physical agents, especially in calm settings as in
the present case, offering a stable substrate, where irreg-
ularly, slowly growing, large Propomatoceros lumbrica-
lis constituted the basis of the community. Smaller, com-
pact and faster-growing tube-dwellers were outcompeted.
Nonetheless, because sclerobionts were substrate-restricted
in settlement and colonization, they were forced to settle
together with more opportunistic and thus dominating poly-
chaetes, sometimes displaying cryptic behavior, encrust-
ing e.g., the deflections between the oyster shell ribs. A
different situation occurred on the substrate provided by
belemnite rostra. Regardless of the calm palaeoenviron-
ment, they were less stable on the seabed, being much more
susceptible to any disturbances. Despite scarce exceptions,
robust, slowly growing species were unable to successfully
colonize the rostra, whereas smaller species like species of
Nogrobs showed higher plasticity enabling them to adjust
to such small, conical/cylindrical substrates. Yet another
ecological adjustment was performed by flat, free-living
Nogrobs aff. tetragona, which was favored by a slow sed-
imentation rate. Possibly, juvenile representative first en-
crusted a small surface of any hard substrate available, sub-
sequently detaching, and terminating as a free-lying on the
soft sediment (Sanfilippo 2009). Rare, curved tube portions
may have resulted from shifting due to a response to a tem-
porary instability within a sediment, showing an attempt to
avoid ecologically unpleasant conditions (Fig. 9H; see also
Sanfilippo 2009: fig. 6A, C, L). Alternatively, they may
have lived embedded within the sediment with only their
apertures protruding and lying upon the sea floor, as do
the Recent soft bottom-inhabiting species Ditrupa arietina
(Hove and Smith 1990; Vinn et al. 2008b).

Due to a stable palacoenvironment with low hydrody-
namics (Gedl et al. 2012), most encrusters were not inten-
sively abraded, which attests that negative taphonomic pro-
cesses affecting the fossil assemblages were insignificant.

Sponge build-ups.—The substrate for the tube-dwell-
ing polychaetes from the Oxfordian (Upper Jurassic) of
Zalas was provided by lithistid sponges (Trammer 1982),
that formed biohermal structures (Trammer 1982, 1985;
Ostrowski 2005; Matyszkiewicz et al. 2012). Such sponge
mounds provided “live” substratum for sclerozoans. With
respect to taxonomic composition (in total five species,
Table 1), sessile polychaetes are here completely different
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from the all other sites, as the species composition was
presumably strongly influenced by substrate-specific pref-
erences (see Kupriyanova et al. 2001, 2019; Ippolitov 2010).

Relatively calm environment, quite low sedimentation
rates, and high nutrient availability (Matyszkiewicz et al.
2012) probably escalated spatial and resource competi-
tion (Palmer and Fiirsich 1981). Faster calcification rates
seem to have been favored in the environment of the reefal
substrate, which promoted polychaetes, which were easily
adaptable to the prevailing conditions by a higher ecophe-
notypic plasticity. It may explain the absence of any spe-
cies of Propomatoceros within sponge build-ups of Zalas.
Conspicuous in this population is also the relative scarcity
of Glomerula gordialis. Being rather easy-adjustable to dif-
ferent conditions (e.g., Parsch 1956; Ippolitov 2010; Vinn
and Wilson 2010; Breton et al. 2020), this sabellid is here
dominated by much more abundant and possibly more op-
portunistic Cementula spirolinites, which tended to occur in
the advantageous conspecific aggregations (e.g., Palmer and
Palmer 1977; Palmer and Fiirsich 1981; Schlogl et al. 2008).

Tube-dwelling polychaetes from Zalas were attached to
both sides of the sponges, being slightly more numerous on
the exterior (33% compared to 22% on the interior, as calcu-
lated from Kuziomko-Szewczuk 2010). Such a polarization
of space occupation could have arisen from relatively equal
preferences towards certain sides. Anyway, it appears that
more serpulids and sabellids inhabited the external sides of
sponges. With their often irregular shapes, these principal
frame-builders provided a variety of microhabitats where
tubeworms might have led a cryptic mode of life (Riding
2002). Outwardly projected growth of sponges, laterally
widening to the top possibly provided shaded, cryptic niches
on the undersides of the mushroom-shaped sponge skeleton
(Palmer and Fiirsich 1981; Wilson et al. 2008).

Many sponges are fragmented, limiting an insight into
actual shape of the entire organism. Such fragments possi-
bly constituted a biohermal talus. Nevertheless, the differ-
ences in the level of tube-dwelling polychaete encrustation
on both sides seem to be small. Presumably, they were able
to settle on any available hard substrate provided by sponges
surrounded by soft sediment (see Trammer 1982, 1989).

Remarks on serpulid and sabellid evolution during
the Middle and Late Jurassic.—Following the radiation
that commenced in the aftermath of the Triassic/Jurassic
mass extinction, significant diversification of tube-dwell-
ing polychaetes occurred during the Early and Middle
Jurassic, when the total number of known morphotypes
increased greatly. However, the Middle Jurassic was also a
time of a relative stagnation within the already established
clades, such as e.g., the sabellid Glomerula and serpulids
Filograna, three-keeled Metavermilia, or Propomatoceros
(see Ippolitov et al. 2014, for a review). Among the new
evolutionary clades that appeared is Metavermilia stria-
tissima (Firsich et al. 1994), regarded as a possibly sep-
arate minor lineage within the genus Metavermilia, and
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Genicularia (Quenstedt 1856: 589), a genus which has not
been reported in the Polish Basin.

Biostratigraphy of serpulids is highly constrained (but
see Macellari 1984; Tapaswi 1988) and specific morpho-
types most often do not correspond to certain stratigraphic
intervals. It is further complicated by slow intrageneric ra-
diation during the Middle Jurassic and an increase in tube
disparity within particular species, which possibly may be
an outcome of the evolution of the group, but also a result
of some local, ecophenotypic adjustments. These make tax-
onomic attribution of many Jurassic serpulids and sabellids
problematic, and there is still no widely acknowledged cur-
rent scheme of species and morphological or stratigraphical
borders between species in most of these clades.

The serpulid fauna became more diversified with the
emergence of sponge and microbial facies. The advent of
some new forms occurred during Oxfordian (Late Jurassic),
when such build-ups became widespread in Europe (e.g.,
Goldfuss 1831; Parsch 1956; Trammer 1982; Pisera 1991;
Radwanska 2004; Matyszkiewicz et al. 2012), and locally be-
ing present even in the Bathonian (Middle Jurassic; Palmer
and Firsich 1981). Such new forms include here “Serpula
cingulata”, Cementula spirolinites, Placostegus planor-
biformis, and Filogranula spongiophila sp. nov. However,
tube-dwelling polychaete faunas during the Oxfordian and
Kimmeridgian beyond these reefal deposits still remained
rather “old-fashioned” (e.g., Wignall 1990; this study). Such
distribution supports an explanation for high substrate-de-
pendent serpulid and sabellid settlement (Ippolitov 2010).

Apart from the serpulid genera of clade BII represented
by monophyletic Spirorbinae, members of all the informally
established clades (see Kupriyanova et al. 2009) are present
in our material. Some of them, like e.g., Filogranula, which
possibly is a polyphyletic taxon (see Ippolitov et al. 2014;
Koc¢i and Jager 2015a) need further investigation. However,
such considerations, although essential, are beyond the
scope of the present study.

Comparisons with other Middle and Upper Jurassic
tube-dwelling polychaete assemblages.—The great ma-
jority of all known Middle and Late Jurassic tube-dwelling
polychaete communities are described from Europe, includ-
ing the European part of Russia (among more recent publica-
tions e.g., Pugaczewska 1970; Jager et al. 2001; Radwanska
2004; Ippolitov 2007a, b; Koci et al. 2019; Breton et al.
2020). Except of some clearly outdated studies (e.g., Parsch
1956), the majority of these reports dealt with assemblages
coming from single stratigraphic intervals (e.g. Ippolitov
2007a, b), or with assemblages which were not the main
objective of the investigation (e.g., Zaton et al. 2011a). Thus,
this research dealing with fossil material spanning the upper
Bajocian to lower Kimmeridgian, representing a variety
of palaecoenvironments, may serve as a potential reference
point for future investigations.

Relatively little data is available on Jurassic serpulids and
sabellids settling on mobile rockgrounds. Investigations by
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Kazmierczak (1974), Chudzikiewicz and Wieczorek (1985),
Fiirsich et al. (1992), Zaton et al. (2011a), and Krajewski et
al. (2014, 2017) did not deal with tube-dwelling polychaete
assemblages as the major scope. The total number of the
taxa reported in above mentioned studies was rather low,
comprising two, or three species compared to five noted
during the present study. Despite different stratigraphic
intervals, the taxonomic composition of the assemblages
indicated above was very similar to the hiatus concretions
described here, dominated by the genera Glomerula and
Propomatoceros. The quantitative data also seem to be
comparable, with polychaetes being at least not abundant.

In comparison to hiatus concretions, oncoids are signifi-
cantly more heavily encrusted. Tube-dwelling polychaetes
preserved on this kind of substrate have been mentioned
from, e.g., the Bajocian (Middle Jurassic) of England (Gatrall
et al. 1972; Palmer and Wilson 1990) and France (Palmer
and Wilson 1990), Bathonian (Middle Jurassic) of Poland
(Zaton and Taylor 2009a; Zaton et al. 2012), or Oxfordian
(Upper Jurassic) of Switzerland (Védrine et al. 2007). The
record of serpulid and sabellid taxa present on the oncoids
in the current study (six taxa) is comparable to those in the
studies listed above, reaching seven (Palmer and Wilson
1990) to nine species (Zaton et al. 2012). These assemblages
are dominated by species of Glomerula, followed by those of
Propomatoceros. It has to be noted that Zaton et al. (2011a)
and Zaton et al. (2012) used most of the same research mate-
rial as in the current study revealing eight and nine tubeworm
species, respectively. However, presumably due to overinter-
pretations of certain morphotypes, which rather represented
ecophenotypic variations of the same species, the number
of serpulid and sabellid species is lower, comparable to the
present study. Although the species richness is not signifi-
cantly higher as compared to hiatus concretions, the overall
number of polychaete tubes is substantially larger. In spite of
the fact that at least a part of the investigations listed above
(e.g., Gatrall et al. 1972; Védrine et al. 2007) might have not
been sufficiently focused on serpulids and sabellids, their
abundance has usually been noted.

In comparison to various mobile rockgrounds, more is
known about tube-dwelling polychaetes from metazoan
build-ups and a variety of hardgrounds. Serpulids and sabel-
lids preserved on Jurassic reefal structures extending across
Europe have been mentioned many times (e.g., Goldfuss
1831; Parsch 1956; Fliigel and Steiger 1981; Palmer and
Fiirsich 1981; Pisera 1991; Radwanska 2004; Matyszkiewicz
et al. 2012; Ples et al. 2013). However, more recent investi-
gations focusing on sessile polychaetes in more detail have
been performed only by Radwanska (2004) and to a lesser
extent by Palmer and Fiirsich (1981). Compared to only
five species from the Oxfordian (Upper Jurassic) of Zalas,
Radwanska (2004) reported 14 polychaete taxa occurring
in Kimmeridgian sponge buildups of Wapienno/Bielawy in
Kuyavia region (see also Loba and Radwanska 2022). In
spite of striking differences in species numbers, the serpulid
and sabellid fauna from Zalas appears to be more abundant
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than that of Kuyavia (Radwanska 2004). The Wapienno/
Bielawy quarries (Radwanska 2004) contain the majority
of the taxa found in Zalas, including Glomerula gordia-
lis, Cementula spirolinites, and the genera Placostegus and
Filogranula. They are also present in the Oxfordian (Upper
Jurassic) sponge facies of southern Germany (Parsch 1956).
Upper Bathonian (Middle Jurassic) tube-dwelling poly-
chaetes described by Palmer and Fiirsich (1981) consist of
seven species. However, “Spirorbula sp.”’, which has been
described as the most abundant tubeworm within the up-
per Bathonian sclerobiont assemblage (Palmer and Fiirsich
1981), has been proven to actually represent a microcon-
chid (Vinn and Taylor 2007). Other species may also require
systematic reinvestigation, although the genera Glomerula,
Propomatoceros and Cementula are likely to be represented.

Serpulid and sabellid communities inhabiting lithic sub-
strates (e.g., hardgrounds) and carbonate skeletal remains of
various organisms seem to be more diverse due to a wider
range of substrate types and prevailing conditions (up to
eleven taxa in the present study). Breton et al. (2020) de-
scribed tube-dwelling polychaetes among other sclerobionts
from the Bajocian (Middle Jurassic) ferruginous oolithic fa-
cies of France. They are mostly preserved on mollusk shells,
with diversity reaching nine species, where Glomerula gordi-
alis and Propomatoceros lumbricalis dominate. Krajewski et
al. (2017) mentioned only one serpulid species, Tetraserpula
sp. (possibly representing Nogrobs); and two sabellid spe-
cies represented by Cycloserpula sp. and Glomerula gor-
dialis (presumably representing a single species) from the
Kimmeridgian (Upper Jurassic) carbonate cobbles from the
Mesozoic margin of the Holy Cross Mountains.

Serpulid and sabellid assemblages preserved on marl nod-
ules and invertebrate skeletons from the Callovian (Middle
Jurassic) of Russia described by Ippolitov (2007a, b) are
represented by eight species. Interestingly, in contrast to the
majority of reports, sabellids (e.g., Glomerula) are a minor
component there, with a predominance of Propomatoceros
lumbricalis constituting hundreds of specimens.

Outside of Europe, Middle Jurassic serpulid and sabellid
fauna has also been described from the Matmor Formation
in Israel, being the closest to the equator assemblage during
the Middle Jurassic (Vinn and Wilson 2010). It differs in the
high dominance of the species of sabellid genus Glomerula
and the presence of the genus Vermiliopsis, which seems to
be uniformly absent in the Jurassic of Europe. Such differ-
ences might have resulted from a domination of the species
of opportunistic Glomerula; however, Vermiliopsis might
have originated in the warm equatorial, shallow seas be-
fore its further dispersal towards higher latitudes (Vinn and
Wilson 2010).

Koci et al. (2019) described nine serpulid and sabellid
species from the Oxfordian (Upper Jurassic) of the Czech
Republic, mainly encrusting brachiopod shells and sponge
remains. However, all the taxa are represented by only a few
individuals limiting an insight into the community. Even
though the species composition differs from site to site, di-
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versity remains relatively similar, often displaying a pattern
of biodiversity increase through time (see Ippolitov 2010).
Moreover, tube-dwelling polychaete assemblages are fre-
quently dominated by a single, possibly most opportunistic
species. Finally and crucially, true sabellid and serpulid
diversity was likely higher in all studied Jurassic sites. This
is because the taxonomy of fossil tube-dwelling polychaetes
is based exclusively on the morphology of their tubes, while
many different modern serpulid species produce similar or
identical tubes (Hove and Kupriyanova 2009).

Conclusions

The first comprehensive investigation dealing with the
Middle and Late Jurassic tube-dwelling polychaetes (sabel-
lids and serpulids) from the Polish Basin reveals the presence
of 24 species, of which Filogranula spongiophila sp. nov. and
Cementula radwanskae sp. nov. are considered new. Certain
species (e.g., Cementula spirolinites, Placostegus planor-
biformis, Filogranula spongiophila sp. nov.) are clearly as-
sociated with specific kinds of substrate, while stratigraphic
interval plays a secondary role in determining patterns of
distribution. At the majority of locations and substrates, how-
ever, the stratigraphically and geographically widespread
sabellid species Glomerula gordialis dominates over the
serpulids and very often seems to be the most opportunis-
tic tubeworm species. The second most abundant species is
Propomatoceros lumbricalis, although it is uniformly absent
within the sponge build-ups of the Polish Jura.

Taking the distribution patterns and abundance of serpu-
lids and sabellids into account, it is evident that prevailing
conditions had a significant impact on the composition of
assemblages. Aside from substrate type, food availability,
hydrodynamism of the palacoenvironment and sedimenta-
tion rate were among the most important factors influencing
colonization and subsequent development of serpulids and
sabellids. Biodiversity indices show, that the most diverse
tube-dwelling polychaete faunas are those inhabiting skel-
etal remains derived from soft muddy bottoms, as well as
those inhabiting hardgrounds and large oncoids, which re-
sulted from highly suitable conditions at these sites. The
lowest biodiversity occurs in communities colonizing hiatus
concretions, which possibly was an effect of their repeated
overturning due to external agents, such as bottom-currents
and/or animal activity. Many of the tube-dwelling poly-
chaetes display similar distributional patterns featuring e.g.,
a cryptic lifestyle, or competition for space with both other
polychaetes and other epibionts.
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Insights into mineral composition and ultrastructure of
Jurassic sabellid tubes (Annelida, Polychaeta): the evolution
of sabellid calcification and its palaecoecological implications

JAKUB SLOWINSKI, KAMILA BANASIK AND OLEV VINN

The mineral composition and tube ultrastructure of the Middle and Upper Jurassic cal-
careous sabellid Glomerula gordialis (Schlotheim, 1820) from the Polish Basin have been
assessed. In all cases, the Jurassic sabellid tubes studied were found to consist of low-Mg
calcite, as revealed by Raman spectroscopy and supplementary SEM-EDS analyses. The
tube of Glomerula gordialis is single-layered and its ultrastructure has been identified as
a spherulitic prismatic structure (oriented prismatic structure), supporting earlier ultra-
structural observations of calcareous sabellids. The ambient seawater chemistry largely
influenced the formation and evolution of sabellid skeletal mineralogy, and their min-
eral composition at the times of their first appearance presumably corresponded to the
Permian aragonitic seas. The earliest skeletons of each calcareous polychaete group are
considered to have autonomously evolved according to the chemistry of the seawater
at the time of their origin. The relatively simple biomineralization system of sabellids is
similar to that of calcareous cirratulids and remains less complex compared to serpulids.
Physiologically less expensive formation of the calcareous tube in sabellids implies their
palaeoecological avoidance strategy, allowing for a faster dispersal over the substrate
during potentially unfavourable conditions. (] Sabellidae, Glomerula, tubeworms, bio-
mineralization, seawater chemistry, Raman spectroscopy.
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Almost all calcareous tube-dwelling polychaetes
belong to the family Serpulidae (Weedon 1994, Vinn
et al. 2008b). Having appeared at least during the
Middle Permian (Sanfilippo et al. 2017, 2018), serpu-
lids became a common constituent of hard substrate
benthos since the Jurassic. Hard skeleton, composed
of calcium carbonate, also occurs in the two gen-
era of the family Cirratulidae - Dodecaceria and
Diplochaetetes (Reish 1952, Fischer et al. 1989, 2000,
Taylor et al. 2010, Kodi et al. 2021), as well as in one
genus of the family Sabellidae — Glomerula (Perkins
1991, Jager 2005, Vinn et al. 2008a). The oldest
unambiguous known fossil cirratulids are Oligocene
in age (Fischer et al. 1989, 2000). It is noteworthy,
however, that Diplochaetetes was also mistakenly
referred to Eocene anthozoans (Weissermel 1913,
1926), and subsequently, Oligocene and Miocene
poriferan (Wilson 1986), due to internal tabulation
of the skeleton. Therefore, it is possible that cirratu-
lids existed since the Eocene. The first unequivocal
sabellids appeared in the Middle Permian (Sanfilippo
et al. 2017). Moreover, Hoare et al. (2002) reported
tiny worm tubes encrusting rostroconchs derived

from the Late Carboniferous sediments. It cannot be
ruled out that these minute epibionts represent the
first sabellids due to their at least superficial resem-
blance to this polychaete group. However, the oldest
record of sabellids as confirmed by a tube micro-
structure study is from the Middle Jurassic (Vinn
et al. 2008a).

The skeletal microstructure of the tube-forming
polychaetes has received much interest in recent
years allowing a wide microstructural variability in
both modern and fossil polychaetes to be revealed
(e.g. Bubel et al. 1983; Nishi 1993; Weedon 1994;
Sanfilippo 1998; Fischer et al. 2000; Vinn 2005, 2020,
2021; Vinn et al. 2008a, b; Buckman 2020). Although
not flawless (see Ippolitov et al. 2014), such research
has enabled analysis of the phylogeny of some taxa
and to assess a model of biomineralization, as well
as its evolutionary and palaeoecological implica-
tions (e.g., Bornhold & Milliman 1973; Vinn et al.
2008a; Vinn & Kupriyanova 2011; Kupriyanova &
Ippolitov 2012; Vinn 2013; Buckman 2020; Buckman
& Harries 2020). However, for obvious reasons, only
the tube ultrastructure of serpulids has been studied
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thoroughly. Research conducted on tube microstruc-
ture, including formation and mineral composition,
of cirratulids (Fischer et al. 1989, 2000; Taylor et al.
2010) and sabellids (Vinn et al. 2008a) is far more
limited.

Serpulids may be composed of calcite, aragonite, or
a combination of both (Bornhold & Milliman 1973,
Vinn et al. 2008b). Tube-dwelling cirratulids have
been confirmed to be of purely aragonitic mineral-
ogy (Taylor et al. 2010). Calcareous sabellids were
maintained to be composed of aragonite in the case
of both fossil and recent representatives (Vinn et al.
2008a). Although the recent Glomerula piloseta (the
only recent sabellid possessing a calcareous skeletal
tube instead of an organic one) has been proven to
be aragonitic based on the high content of strontium
obtained during SEM-EDS studies (Vinn et al. 2008a),
the mineral composition of the tube wall of fossil
sabellid representatives has not yet been thoroughly
investigated.

The chemistry of abiotic carbonate precipitates
fluctuated over the Phanerozoic period (Sandberg
1983, 1985, Dickson 2002) due to changing Mg/Ca
ratios of the seawater, which promoted either cal-
citic or aragonitic precipitation (Sandberg 1983, Ries
2010). Aragonite precipitation was favoured in the
Early Cambrian, Late Carboniferous to Early Jurassic,
and Oligocene to Recent seas. There were also two
intervals of calcite seas in the Middle Cambrian to
Early Carboniferous, and in the Middle Jurassic to
Eocene (Stanley 2006). Seawater chemistry had a sig-
nificant impact on the biomineralization of various
invertebrates (see Ries 2006; Ries et al. 2006; Porter
2007; Stolarski et al. 2007; Taylor 2008; Zhuravlev
& Wood 2008; Taylor et al. 2014; Wood 2018); this,
however, has not been investigated in sabellids. The
sabellids very likely appeared during times of arago-
nitic seas of the Permian, or at the latest in the Early
Jurassic (Jager 2005, Sanfilippo et al. 2017), and
there could have been some correlation between the
aragonite-calcite seas and the skeletal mineralogy
of sabellid polychaetes (see Vinn & Mutvei 2009).
Before embarking on such conjecture, sabellid min-
eralogy and its evolution require more study.

As a step towards filling this gap, here we provide a
detailed microscopic and spectroscopic investigation
of Middle and Upper Jurassic sabellid tubes in order
to decipher their ultrastructure and, most impor-
tantly, to identify their mineral composition. Such an
approach may further help us to provide a better
understanding of the evolution of sabellid biominer-
alization and its potential relationship to palaeoenvi-
ronmental conditions, particularly the oscillations in
seawater chemistry across geological time.
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Material and methods

Geological setting and material provenance

The investigated materials encompass eight tubes of
the sabellid species Glomerula gordialis. Two spec-
imens from both Gnaszyn Dolny and Ogrodzieniec
and one from each of the other locations were selected
from a rich fossil material (see Stowinski et al. 2020,
2022) based on their well-preserved microstruc-
ture deciphered using scanning electron microscopy
(SEM). In total, six localities with deposits represent-
ing different marine palaeoenvironments and various
stratigraphical intervals, spanning the upper Bajocian-
lower Kimmeridgian, have been sampled. The investi-
gated outcrops expose deposits of the Polish Jura and
the Mesozoic margin of the Holy Cross Mountains
(Fig. 1). These are listed in ascending stratigraphi-
cal order. All the collected fossils are housed at the
Institute of Earth Sciences in Sosnowiec, abbrevi-
ated GIUS 8-3589 (Zalas), GIUS 8-3730 (Gnaszyn
Dolny), GIUS 8-3747 (Malogoszcz), GIUS 8-3750
(Ogrodzieniec-Swiertowiec), GIUS 8-3751 (Mokrsko
and Ogrodzieniec) (Fig. 2).

Mokrsko.—This outcrop, together with the subse-
quent localities (except Malogoszcz), is located within
the area of the Polish Jura (Fig. 1). The deposits
occur in the form of dark siliciclastics belonging to
the Czestochowa Ore-bearing Clay Formation (e.g.,
Majewski 2000; Matyja & Wierzbowski 2000; Zaton
et al. 2011a; Leonowicz 2015). In Mokrsko, these sed-
iments are upper Bajocian in age. Sabellid tubes from
this site encrust carbonate hiatus concretions, which
occur either isolated or more often form a continuous
horizon within the surrounding dark mudstones and
siltstones. Hiatus concretions indicate a much lower
sedimentation rate or even pauses in the accumula-
tion and mark seafloor erosion (Zaton et al. 2011a,
Leonowicz 2015). The deposits represent a palaecoen-
vironment that presumably corresponds to below the
storm wave-base conditions (Zaton et al. 2011a).

Ogrodzieniec-Swiertowiec—This ~ site is situated
approximately 1 km south of Ogrodzieniec, Polish Jura
(Fig. 1). Sabellids from this locality densely encrust
large oncoids, which were found within condensed,
sandy, and carbonate deposits. These are overlain by
dark siliciclastics belonging to Czestochowa Ore-
bearing Clay Formation. Ammonites (Zaton & Taylor
2009, Zaton et al. 2012), as well as dinoflagellate cysts,
and foraminifers (Stowinski 2019), indicate upper
Bajocian-lower Bathonian age of the oncoid-bear-
ing deposits. Based on the cyanobacterial genesis of
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Fig. 1. Geology of the studied area A, geological sketch-map of Poland without the Cenozoic cover showing two sampled localities; HCM-Holy
Cross Mountains; PJ-Polish Jura; 1-Zalas; 2-Malogoszcz. B, geological map of the Polish Jura area without Quaternary cover, with sampled

localities indicated; (modified after Zaton et al. 2006).

the oncoids, the habitat was situated within the pho-
tic zone, characterized as a shallow marine palaeoen-
vironment located slightly below a fair-weather wave
base (Zaton et al. 2012).

Gnaszyn Dolny.—Glomerula tubes from this locality
have been found fixed mainly to belemnite rostra and
bivalve shells. The fossils were derived from clay sedi-
ments of the middle Bathonian age. These mudstones
were deposited deeper, below the storm wave base
marine conditions (Gedl & Kaim 2012, Gedl et al.
2012).

Ogrodzieniec.—Sabellids from this site encrust hiatus
concretions. Concretion-bearing sediments from this
locality are confined to the upper Bathonian (Barski
et al. 2004). The deposits from Ogrodzieniec belong
to the southern sedimentary region of the Polish rep-
resenting the marginal part of the Polish Basin (Fig.
1), characterized by the shallow marine conditions
(Rozycki 1953, Leonowicz 2013).

Zalas.—An active quarry is located in the Zalas vil-
lage in close proximity to Krzeszowice. The locality
belongs to the southern part of the Polish Jura (Fig. 1).
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The investigated sabellid tubes were cemented mainly
to big bivalves Ctenostreon proboscideum (Sowerby
& Sowerby 1820). These fossils were derived from
middle-earliest late Callovian sandy limestones form-
ing a hardground (Gizejewska & Wieczorek 1977,
Dembicz & Praszkier 2007), which formed in an open
sea, deep shelf environment (Dembicz & Praszkier
2007, Zaton et al. 2011b).

Matogoszcz.—Sabellids have been collected in an active
quarry near the town centre of Malogoszcz. It is located
in the southwestern part of the Mesozoic margin
of the Holy Cross Mountains (Fig. 1). Glomerula tubes
have been found fixed to bivalve shells, especially
Actinostreon gregareum (Sowerby, 1815). The fossil-
bearing deposits are lower Kimmeridgian and are
referred to as the Skorkéow Lumachelle (Kutek 1994,
Machalski 1998, Zatonn & Machalski 2013). The shell
beds originated in a relatively shallow marine environ-
ment due to storm episodes (Machalski 1998).

Methods

The specimens were coated with ammonium chlo-
ride and photographed prior to the preparation of the
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Fig. 2. Selected specimens of Glomerula gordialis (Schlotheim, 1820) from the Jurassic of Poland. A, Glomerula gordialis encrusting an oncoid
from the upper Bajocian-lower Bathonian of Ogrodzieniec-Swiertowiec, Polish Jura; GIUS 8-3750/1. B, Glomerula gordialis encrusting a
hiatus concretion from the upper Bathonian of Ogrodzieniec, Polish Jura; GIUS 8-3751/7. C-F, longitudinally ground, polished, and etched
sections of the tubes, show the ultrastructure spherulitic prismatic structure of Glomerula gordialis; the ultrastructure in C, D exhibits densely
patched, elongated prismatic crystals of slightly spherulitic arrangement; the growth increments are visible. C, section of Glomerula gordialis
tube from the upper Bajocian of Mokrsko, Polish Jura; GIUS 8-3751/6. D-F, section of Glomerula gordialis tube from the upper Bathonian of
Ogrodzieniec, Polish Jura; GIUS 8-3751/7. Arrows point to the exterior of the tube; the tips of arrows touch the limit of an external surface.
Note the spherulites are composed of a bunch of acicular crystals oriented outwardly in E, E Scale bars: 5 mm (A), 1 mm (B), 100 pm (C-F).

fossils for scanning electron microscopy. Subsequently,
the samples were ground longitudinally, polished,
and etched with a 1% solution of acetic acid for five
minutes. Subsequently, the tube microstructure of
the tubes has been examined under a SEM Zeiss
EVO MA15 using a back-scattered electron detector
(BSE) in a low vacuum regime. The beam voltage was
20 kV (Department of Geology, University of Tartu,
Estonia). The samples were also studied using the
environmental scanning electron microscope (ESEM)
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Philips XL30, and a Quanta 250 scanning electron
microscope (both at the Institute of Earth Sciences in
Sosnowiec). The fossils were scanned in an uncoated
state using a BSE imaging.

The mineral composition of the tubes was exam-
ined using a Quanta 250 scanning microscope with
Thermo-Fisher’s EDS UltraDry analyser (Institute of
Earth Sciences in Sosnowiec). Samples were tested
in high vacuum mode (<1.19 * 10-4 Pa) at 15 KeV
accelerating voltages. Chemical microanalyses and
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mapping of the elemental distribution were performed
at selected areas of the tube wall using the analytical
detector EDS (Energy Dispersive Spectroscopy), which
allows for quick semi-quantitative determination of the
elemental composition of the tested materials.

The Raman spectra were recorded using a WITec
alpha 300R Confocal Raman Microscope (Institute of
Earth Sciences in Sosnowiec), equipped with an air-
cooled solid laser 488 nm and a CCD camera oper-
ating at —61°C. The laser radiation was coupled to a
microscope through a single-mode optical fibre with
a diameter of 3.5 pm. An air Zeiss LD EC Epiplan-
Neofluan DIC - 100/0.75NA objective was used.
Raman scattered light was focused by a broadband sin-
gle mode fibre with an effective pinhole size of about
30 um and a monochromator with a 600 mm™ grating.
The power of the laser at the sample position was 42
mW. Integration times of 5 sec with the accumulation
of 15 scans and a resolution of 3 cm™ were chosen.
The monochromator was calibrated using the Raman
scattering line of a silicon plate (520.7 cm™). Spectra
processing, such as baseline correction and smoothing
was performed using the SpectraCalc software package
GRAMS (Galactic Industries Corporation, NH, USA).
Bands fitting was performed using a Gauss-Lorentz
cross-product function, with a minimum number of
component bands used for the fitting process.

Results

Skeletal microstructure of sabellids

In line with previous research conducted by Vinn et al.
(2008a), the Jurassic Glomerula gordialis (as opposed
to the Recent sabellids, which have a two-layered tube
wall; see Vinn ef al. 2008a), possesses a tube wall con-
sisting of a single layer composed of calcium carbon-
ate (Fig. 2C, D). The single-layered tube consists of a
spherulitic prismatic structure (SPHP), which is an ori-
ented prismatic structure (see Vinn et al. 2008b, Vinn
2020). The elongated, prismatic, densely packed crystals
constituting the microstructure, have an approximately
perpendicular orientation to the tube wall. Distinct
growth lamellae are oriented parallel or subparallel to
the tube wall and pass through the prisms (Fig. 2C, D).
Occasionally, distinct spherulites occur between the
growth lines. They are composed of a bunch of acicular
crystals oriented outwardly (Fig. 2E, F).

Mineral composition of sabellid tubes

Confocal Raman Spectroscopy (CRS).—Raman spectra
of low-Mg calcite in all the examined samples showed
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vibrations in the same range of spectral values, typical
for this mineral (Fig. 3). In most of the Raman spectra
obtained, along with the calcite ones, the broad bands
related to vibrations in the D and G regions of organic
matter were observed (Fig. 3C, D). The dispersed
organic matter showed slight differentiation depend-
ing on the analysed location. In the Raman spectrum
of calcite, the following bands are distinguished: 156
cm™, 282 cm™!, 714 cm™!, 1087 cm™!, 1437 cm™, and
1749 cm™'. Characteristic Raman bands related to
the CO, group are as follows: v1 (symmetric stretch-
ing) and v4 (symmetric bending) modes are 1087
and 714 cm™, respectively (Buzgar & Apopei 2009).
Asymmetric stretching vibration (v3) is attributed
to a line at 1438 cm™'. The asymmetric bending (v2)
vibration mode of the CO, group does not appear in
the Raman spectrum. A weak band observed at 1749
cm™ may be regarded as the combination of bands of
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Fig. 3. Compiled Raman spectra of calcite structures, obtained
from the Glomerula gordialis (Schlotheim, 1820) tubes. A, Raman
spectrum after deconvolution showing the low-Mg content in
the calcite structure of Glomerula gordialis tube from the upper
Bajocian-lower Bathonian of Ogrodzieniec-Swiertowiec, Polish
Jura; GIUS 8-3750/1. B-E stacked, not converted Raman spectra
from the B, Upper Bathonian of Ogrodzieniec, Polish Jura; GIUS
8-3751/7. C, Middle Bathonian of Gnaszyn Dolny, Polish Jura;
GIUS 8-3730/29. D, Upper Bajocian of Mokrsko, Polish Jura;
GIUS 8-3751/6. E, Lower Kimmeridgian of Malogoszcz, Mesozoic
margin of the Holy Cross Mountains; GIUS 8-3747/4. F, Callovian
of Zalas, Polish Jura; GIUS 8-3589/17. The symbols * indicate an
admixture of organic matter.
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v1+ v4 modes or explained as the 2 x v2 (O-C-O out-
of-plane bend) mode (Gunasekaran et al. 2006, Bell
2016). The lower wave numbers of calcite (156 cm™,
282 cm™) arise from the external vibrations of the
CO, groups involving translatory and rotatory oscil-
lations of these groups (relative translations between
the cation and anionic groups, see Gunasekaran et al.
2006, Buzgar & Apopei 2009).

Scanning Electron Microscopy (SEM).—SEM anal-
yses determined the chemical composition of the
tubes of Glomerula gordialis as calcium carbonate.
The surface distribution of elements confirms the
predominance of calcium crystalline phases (Fig. 4).
Magnesium and iron cations have a negligible share
in the calcite structure (see Fig. 4F I). In the asso-
ciation of the Glomerula gordialis calcitic skeleton,
aluminum-silicate phases and sulphide minerals
(mainly iron sulphides) are visible, which in most of

the cases matches with the claystone-type lithology
of the studied area, constituting the Formation of the
Czestochowa Ore-bearing Clays. The scarce occur-
rence of strontium (Fig. 4H) is presumably associ-
ated with the mineralization of the sediment, rather
than with the primary microstructure of Glomerula
gordialis tubes themselves.

The supplementary SEM-EDS analyses (Fig. 5)
showed variable Mg content in the tube walls of
Glomerula gordialis. Sr was barely discernible, and
even when it was detected, it displayed microlocal dis-
persion, and presumably was not connected with the
primary microstructure of the polychaete tubes them-
selves. The EDS analyses varied between ca 0.3 weight%
and 2.54 weight% of Mg (usually between 1 weight%
and 1.5 weight% of Mg). Such analyses remain consis-
tent with the low-Mg calcitic mineralogy of the sabellid
tubes determined using CRS since the presence of Mg
is employed as a proxy for calcite detection.

Si Ko

Fig. 4. A, SEM BSE image of two Glomerula gordialis tubes from the middle Bathonian of Gnaszyn Dolny, Polish Jura (GIUS 8-3730/29),
magnified in B. C-I, Surface distribution of selected elements in characteristic X-rays of the image fragment showed in B. Scale bars: 1 mm

(A), 200 pm (B-I).
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Fig. 5. Representative SEM-EDS spectrum obtained from the tube of Glomerula gordialis from the middle Bathonian of Gnaszyn Dolny,
Polish Jura; GIUS 8-3730/29. The spectrum exhibits the presence of magnesium suggesting a calcitic mineralogy of the skeleton, corrobo-

rating evidence from Raman spectroscopy.

Discussion

Evolution of sabellid calcification and its
influence on their abundance

The acquisition of a given mineralogical skeleton com-
position has changed according to the seawater chem-
istry throughout the evolutionary history of many
groups of organisms, such as for example, bryozoans
(Taylor et al. 2014), corals (Ries et al. 2006, Stolarski
et al. 2007), echinoids and crustaceans (Ries 2004),
calcareous algae (Ries, 2006, 2009), or coccolitho-
phores (Stanley et al. 2005). Mineralogical switchovers
of the sabellid skeleton during the evolution of these
tube-dwelling polychaetes possibly also occurred sev-
eral times, implying a biological reliance on the ionic
ratio of seawater.

Although the first representatives of the fam-
ily Sabellidae, as confirmed by tube microstructural
investigation, have existed since the Middle Jurassic
(Vinn et al. 2008a), unequivocal sabellids have already
been present in the Middle Permian (Sanfilippo et al.
2017), if not even earlier in the Carboniferous (Hoare
et al. 2002). Regardless, their first appearance coin-
cided with the Late Carboniferous - Early Jurassic
episode of aragonitic seas (Stanley 2006). It suggests
that the skeleton of sabellids acquired aragonitic min-
eralogy during their origin, which presumably was
regulated by the prevailing seawater conditions (e.g.,
Porter 2007). The tube of the Recent Glomerula pilos-
eta, the only extant tube-dwelling sabellid (Perkins
1991), is composed of aragonite as well (Vinn et al.
2008a). In turn, our research provides evidence that
Middle and Late Jurassic Glomerula gordialis had
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low-Mg calcitic mineralogy. It is noteworthy that in
the siliciclastic deposits belonging to the Formation of
the Czestochowa Ore-bearing Clays from which the
majority of the investigated specimens are derived,
primary aragonitic skeletons of gastropods (Kaim
2012) and ammonites (Wierzbowski & Joachimski
2007, Wierzbowski et al. 2012) are preserved. Hence,
apart from the evidence of well-preserved micro-
structure mentioned here, the calcitic mineralogy of
our sabellid tubes is primary and did not form from
the post-burial diagenetic alteration of aragonite.
Thus, sabellids may have altered their mineralogy in
response to changes in seawater chemistry from ara-
gonitic to calcitic in the Middle Jurassic, and from
calcitic to aragonitic during the Eocene-Oligocene
transition. Interestingly, the SPHP ultrastructure of
the sabellids’ tube remained unchanged at least since
the Middle Jurassic (Vinn et al. 2008a).

It has to be noted, however, that the secretion of
the calcareous tube by the sabellid (and similarly by
serpulid) worms is not fully environmentally driven,
as these animals engage biologically-controlled bio-
mineralization (Vinn et al. 2008a). Although tube-
dwelling polychaetes form their skeleton by an ion
uptake from the seawater, the nucleation, and sub-
sequent biomineral growth are controlled by cel-
lular activities of an animal (see Neff 1971a, b),
mediated also by the organic matrix and secreted
together with calcium cations by an epithelium
(Vinn et al. 2008a, Vinn 2021). Contrary to biologi-
cally-induced or biologically-influenced biomineral-
ization (Weiner & Dove 2003, Dupraz et al. 2009),
the nucleation of a biomineral is rather isolated from
the ambient environment and controlled by intrinsic
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factors, thus the biomineralization processes are
biologically-controlled.

Anyhow, the long-term fluctuations of Mg/Ca
ratio of the seawater presumably had an indirect
effect on the skeletal production of sabellids gov-
erning their radiation and decline through natural
selection. Calcareous sabellids’ scarcity during their
times of origin could have been connected with
disadvantageous conditions to secrete calcite as a
potentially favoured biomineral. In such cases, sabel-
lids were vulnerable to ambient seawater chemistry
which imposed aragonitic mineralogy and thereby
incurred higher energy expenditure to precipitate
aragonite during unfavourable ionic ratios. Such an
assumption can be also supported by experimental
studies of organisms, which adjusted the secreted
biomineral negatively affected by artificial condi-
tions (e.g., Stanley et al. 2002, Ries 2004, 2009). It is
more challenging for calcifying organisms to secrete
skeletons not encouraged by the chemistry of sea-
water. As a result, their growth rates remain slower
(e.g., Ries et al. 2006), or they are unable to fully
regulate their biomineralization, which may lead to
the precipitation of a less robust skeleton (Dixon-
Anderson 2021).

On the other hand, calcareous sabellids could
have simply favoured the easiest biomineral to obtain
(which was aragonite during aragonite-facilitating
conditions) to produce a skeleton during the times
of their emergence. Similarly, many other groups of
organisms secreted skeletons matching the seawater
chemistry during the times of their first appearance
(Porter 2007). Their very low richness and abundance
during the times of aragonitic seas were then not only
related to the ionic ratio of the seawater but also to
other palaeoecological and biotic factors (such as e.g.,
oxygen and salinity level, availability of substrate to
colonization and its kind, nutrient availability) which
could have negatively affected their occurrence.
Such an explanation for the scarcity of sabellids (and
serpulids) during the times of their origin may be
the ecological pressure by microconchids (and also
other encrusters), which during Late Paleozoic (e.g.,
Toomey & Cys 1977, Wilson et al. 2011) and early
Mesozoic (e.g., Ball 1980, Vinn 2010, Zaton et al.
2013) were still a relatively important component
encrusting biogenic substrates, gradually vanishing,
and disappearing in the upper Bathonian (Vinn &
Taylor 2007, Zaton & Vinn 2011).

Bloom of calcareous sabellids began with the onset
of calcite sea interval in the Middle Jurassic when they
became a common constituent of many hard sub-
strates, which coincided with the sclerobiont (sensu
Taylor & Wilson 2002) bloom in general (see Taylor
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& Wilson 2003). In contrast to the calcite seas of the
Jurassic (Palmer & Firsich 1974, Wilson & Palmer
1990, Feldman & Brett 1998, Taylor & Wilson 2003,
Zaton et al. 2011b, Krajewski et al. 2017), carbonate
hardgrounds were sparse, if present at all, during the
Permian (Taylor & Wilson 2003, Christ et al. 2015).
Thus, although of a big probability sabellids’ miner-
alogical transition into calcite during the Jurassic was
correlated with the high abundance and availability of
Ca ions in the seawater, their further speciation and
abundance probably were facilitated by a much higher
availability of carbonate hard substrates suitable for
colonization (e.g., Palmer & Fiirsich 1974, Palmer
1982, Wilson & Palmer 1990, Taylor & Wilson 2003,
Zaton et al. 2011b, Krajewski et al. 2017).

Cenozoic calcareous sabellids underwent a gradual
decline since the Eocene/Oligocene transition (see
Ippolitov et al. 2014 for a review) and are represented
nowadays by one endemic species Glomerula piloseta
(Perkins 1991). This big decline may be connected
with the transition into aragonitic seas, supporting
an explanation of aragonite as an unfavourable bio-
mineral for sabellids and higher energy expenditures.
However, the decrease of importance of sabellids
during the Cenozoic may be simply linked with the
rise of serpulid biodiversity (see Ippolitov et al. 2014).

The biodiversity of calcareous sabellids has pos-
sibly been also affected by the significant ecological
changes driven by mass extinctions (see Kiessling
et al. 2008), which led to biotic turnovers, and which
also indirectly influenced changes in the ionic ratio of
seawater. The restoration of deserted ecosystems after
extinction could have exerted a strong control over
the evolution of the mineralogical composition of the
sabellid skeleton. Although the fluctuations of differ-
ent variables such as temperature (e.g. Morse et al.
1997), salinity (e.g. Borremans et al. 2009), or acid-
ification (e.g. Morse et al. 2006) also influenced the
ocean chemistry, the scope of such changes seems to
have been rather regional (see Ries 2010 for a review).
The evolution of the skeletal mineralogy of sabellids
must have been governed by the protracted changes
in the chemistry of global oceans, adjusting to facili-
tating Mg/Ca ratio conditions and driving their bio-
diversity dynamics.

In line with all previous assumptions and investi-
gations (e.g. Taylor et al. 2010) we envisage that the
families Serpulidae and Cirratulidae, as well as the dis-
cussed sabellids, evolved their skeletons independently
and presumably, their mineralogy corresponded to that
of the ambient seawater during their origin. Serpulids
undoubtedly originated before the second calcitic sea
interval, which lasted from the Middle Jurassic to
Eocene. Although they may be composed of calcite,
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aragonite, or the combination of these two phases (e.g.,
Bornhold & Milliman 1973, Vinn et al. 2008b), the
majority of them build a calcitic skeleton, at least since
their radiation in the Middle Jurassic. However, the
first, Middle Permian serpulids (Sanfilippo et al. 2017,
2018) possibly formed their tubes utilizing aragonite
during Late Carboniferous — Early Jurassic arago-
nitic sea episode. Similarly, aragonitic Cirratulids (see
Taylor et al. 2010), which originated in the Oligocene
(Fischer et al. 1989, 2000), fit in the Eocene-recent
aragonitic sea interval. The lack of impoverishment
within the family Serpulidae during the Eocene-
Oligocene transition may be explained by their broad
ecological tolerance and often mixed mineralogy of
their tubes (Bornhold & Milliman 1973, Vinn et al.
2008b). This would mean, that they are not so strongly
reliant upon a certain mineralogy and perform higher
plasticity in the secretion of a particular phase of
CaCo,.

Palaeoecological implications of
biomineralization system in sabellids

The biomineralization system of sabellids differs from
other calcareous polychaetes. Serpulid tubes may
consist of up to four layers and manifest different
ultrastructures according to the arrangement and
orientation of calcium carbonate crystals (e.g., Vinn
et al. 2008b). Sabellids, similarly cirratulids (Taylor
et al. 2010), have a single-layered spherulitic prismatic
structure (Vinn et al. 2008a). A relatively simple system
of biomineralization could have impeded the diver-
sity of sabellids’ tube morphology resulting in their
very uniform set of tube characters, such as smooth
surface, universal lack of longitudinal and transverse
ornamentation, and the lack of attachment structures.
The main morphological differences within the genus
Glomerula (e.g. the shape of a tube) resulted from the
ecophenotypic adjustments dictated by the palacoen-
vironment allowing either to spread over the substrate
in a meandering or straight fashion or coiling when
there was a restriction of space.

On the other hand, lower incurred physiological
costs in the production of the skeleton could have
been a convenient evolutionary adjustment allowing
for a faster calcification and thereby, faster tube dis-
persal due to potential palaeoenvironmental vagaries.
Instead of competing for space with a mechanical
strengthening of a tube and/or firmly attaching to a
substrate like the majority of serpulids do, sabellids
may perform a fugitive strategy being capable of a
‘quick escape’. Such an opportunistic adaptation is
used among colonial organisms, such as e.g., bryo-
zoans, which avoid active competition for space (see
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Taylor 2016). When encountering hazards, narrowly
arranged rows of zooids allow for a relatively fast
spreading over a substrate, enabling the survival of
at least a part of a colony. Sabellids fit well in such a
strategy.

In comparison to other calcareous tube-dwelling
polychaetes, the only calcareous sabellid, Glomerula,
achieves a very considerable tube length, especially
taking into consideration the tube diameter. Such
length directly follows the biomineralization abili-
ties of these worms. Having a relatively brittle and
thin tube wall, Glomerula avoids direct competition
for space through the fast formation of the elongated
tube. As the worm animal is located in its anterior-
most portion, this strategy fulfills well its protective
function.

Conclusions

The mineralogy and ultrastructure of Middle and
Upper Jurassic sabellid tubes were studied. Although
the aspects of biomineralization in calcareous poly-
chaetes, including sabellids, were the subject of
interest of several studies, the mineralogy of Jurassic
Glomerula (the only calcareous tube-dwelling sabel-
lid) has been investigated in detail for the first time
using confocal Raman spectroscopy and supplemen-
tary SEM-EDS studies. The data obtained indicate
a low-Mg calcitic mineralogy of the single-layered
sabellid tubes composed of an oriented spherulitic
prismatic structure (SPHP). While the kind of ultra-
structure stays congruent with earlier observations,
the mineralogy of the tubes is inconsistent with pre-
vious studies. The calcitic composition of Jurassic
sabellids is also different from the Recent Glomerula
piloseta and most probably from their Permian ances-
tors. The origin and further long-term fluctuations
in the skeletal mineralogy of sabellids and other
calcareous polychaete groups (serpulids and cirrat-
ulids) were dependent to a significant extent upon
the changes of the ionic ratio of the ambient seawater
across long stratigraphical intervals. Sabellids pro-
duced mineralized skeletons for the first time in the
Permian, an interval when aragonitic seas prevailed.
Calcareous serpulids and cirratulids originated in the
Permian and Oligocene, respectively. In both cases,
they matched the seawater chemistry of that time.
Biomineralization in sabellids and cirratulids remains
simple, whereas serpulids employ a more sophisticated
biomineralization system. This results in a paucity of
forms within sabellids producing calcareous habita-
tion tubes. However, faster skeletal secretion of sabel-
lids bearing lower energy expenditures (compared to
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their counterparts in the family Serpulidae) possibly
served as a mean of avoiding direct competition.
Instead, they were able to spread fast over the sub-
strate during deteriorating conditions.
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ABSTRACT

The ultrastructural diversity of the Middle and Late Jurassic serpulid tubes from the
Polish Basin has been investigated. The inspection of 12 taxa representing the two
major serpulid clades allowed for the identification of three ultrastructure types—
irregularly oriented prismatic structure (IOP), spherulitic prismatic structure (SPHP),
and simple prismatic structure (SP). Six of the studied species are single-layered and
six species possess two distinct layers. Ultrastructural diversity corresponds to certain
serpulid clades. The members of Filograninae have single-layered tube walls composed
of possibly plesiomorphic, irregularly oriented prismatic structure (IOP). Two-layered
tubes occur solely within the clade Serpulinae, where the external, denser layer is built
of either the ordered spherulitic (SPHP) or simple prismatic microstructure (SP),
and the internal layer is composed of irregularly oriented prismatic structure (IOP).
Apart from phylogenetic signals provided by the tube ultrastructure, it can be used
in analyzing paleoecological aspects of tube-dwelling polychaetes. Compared to the
more primitive, irregularly oriented microstructures of Filograninae, the regularly
oriented microstructures of Serpulinae need a higher level of biological control
over biomineralization. The advent of the dense outer protective layer (DOL) in
serpulids, as well as the general increase in ultrastructure diversity, was likely a result
of the evolutionary importance of the tubes for serpulids. Such diversity of the tube
ultrastructural fabrics allowed for maximizing functionality by utilizing a variety of
morphogenetic programs. The biomineralization system of serpulids remains more
complex compared to other tube-dwelling polychaetes. Physiologically more expensive
tube formation allows for mechanical strengthening of the tube by building robust,
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strongly ornamented tubes and firm attachment to the substrate. Contrary to sabellids,
which perform a fugitive strategy, an increased tube durability allows serpulids a
competitive advantage over other encrusters.
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INTRODUCTION

Numerous polychaete families produce habitation tubes (Rouse ¢ Pleijel, 2001). Tubicolous
polychaetes may either agglutinate exogenous material, such as sand particles and shell
fragments, using a proteinaceous cement to form a tube (e.g., Stewart et al., 2004; Zhao
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et al., 2005; Fournier, Etienne ¢» Le Cam, 2010; Vinn ¢ Luque, 2013) or produce secretions
by themselves utilizing a variety of glands (e.g., Hausen, 2005; Tanur et al., 2010). Secreted
tubes may be composed of organic substances, such as proteins and polysaccharides
(e.g., Barnes, 1965; Chamoy et al., 2001; Nishi ¢ Rouse, 2013), and mineral substances such
as calcium carbonate (Weedon, 1994; Fischer, Pernet ¢~ Reitner, 2000; Vinn et al., 2008).
Amongst tube-dwelling polychaetes producing hard, mineralized exoskeletons are the
families Sabellidae, Cirratulidae, and Serpulidae. Whereas calcareous sabellids (Perkins,
1991; Vinn, ten Hove ¢ Mutvei, 2008; Stowiriski, Banasik ¢~ Vinn, 2023) and cirratulids
(Reish, 1952; Fischer, Oliver & Reitner, 1989; Fischer, Pernet ¢ Reitner, 2000; Taylor et al.,
20105 Koci et al., 2021; Guido et al., 2024) are restricted to one (Glomerula) and two genera
(Dodecaceria, Diplochaetetes) in each family respectively, only serpulids dwell exclusively
in tubes composed of calcium carbonate (Vinn et al., 2008).

Thus, having a hard, mineralized exoskeleton, serpulids are the most abundant
polychaetes in the fossil record, appearing as far back as the Middle Permian (Sanfilippo
et al., 2017; Sanfilippo et al., 2018). However, their hard parts are not strictly related to the
organism’s soft body and form only a habitation tube serving, among others, for protection
against predators (e.g., Morton ¢» Harper, 2009; Klompmaker, 2012). Although tubes’
taxonomic usefulness is not without validity, as many genera possess easily recognizable
tubes, which are diagnostic displaying different longitudinal and transverse elements
(see e.g., Ippolitov et al., 2014), homeomorphy is still a common feature in serpulid
tube morphology (e.g., Kupriyanova & Ippolitov, 2015) due to convergence and high
ecophenotypic plasticity. This leads to certain discrepancies between paleontological and
biological classification, the latter of which is based solely on the molecular data, soft parts,
and their reciprocal relationships (Kupriyanova, Macdonald ¢ Rouse, 2006; ten Hove &
Kupriyanova, 2009). Moreover, it makes the linkage of contemporary species with their
ancestors difficult due to the lack of fully reliable taxonomic tools.

Serpulid tubes can be composed of up to four layers; however, most of them are
single-layered (Vinn et al., 2008). They exhibit different ultrastructural fabrics, depending
on how calcium carbonate crystals are arranged and oriented (see Vinn et al., 2008).
During the progressing expansion of the tube, an animal secretes consecutive growth
lamellae, which correspond to a single growth episode. Such growth lines may be either
straight, perpendicular to the direction of growth (e.g., Baluk ¢ Radwariski, 1997) or much
more frequently chevron-shaped (see Weedon, 1994). Serpulid ultrastructures may provide
phylogenetic signals in the case of Jurassic taxa but also serve as a record of the physiological
changes of the worm during its entire lifespan, providing important ecological signatures
that may be successfully implemented in paleoecological analyses. Moreover, serpulid tubes
may exhibit additional skeletal structures such as tubulae, alveolar structures, or internal
tube structures, helping in unraveling their true systematics (e.g., Thomas, 1940; Pillai,
1993; Pillai & ten Hove, 1994; Jiger, 2005).

Recent studies have proven a tube microstructure to be a useful tool in deciphering the
true affinity of fossil serpulid (e.g., Bornhold ¢ Milliman, 1973; Vinn, ten Hove ¢ Mutvei,
2008; Vinn & Kupriyanova, 2011; Kupriyanova & Ippolitov, 2012; Vinn, 2013; Buckman,
20205 Buckman & Harries, 2020), and other calcareous tube-dwelling polychaete species
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(Vinn, ten Hove & Mutvei, 2008; Taylor et al., 2010; Stowiriski, Banasik ¢ Vinn, 2023).
However, the majority of them were conducted based on single species, and/or single
specimens.

In the present study, we performed a microstructural investigation of the Jurassic
serpulid tubes based on the representatives of the two main serpulid clades according to
the newest systematics (Kupriyanova, ten Hove ¢ Rouse, 2023). We provide paleoecological
implications of different microstructures and consequently biomineralization system and
highlight some phylogenetic signals and evolutionary patterns of distinct microstructures.

MATERIAL AND METHODS

The examined fossils consist of 47 specimens of serpulids representing 12 taxa (Table 1).
The studied material has been selected from an ample collection (see Stowiriski et al.,
20205 Stowiriski et al., 2022) concerning the well-preserved specimens, which allowed for a
reliable ultrastructural investigation. All diagenetically altered tubes have been discarded
from further studies. Almost all specimens encrust a variety of invertebrate fossils, oncoids,
and hiatus concretions, and have been derived from various localities with Middle and
Upper Jurassic (upper Bajocian—lower Kimmeridgian) deposits (Fig. 1) representing an
array of paleoenvironments. The investigated material is stored at the Institute of Earth
Sciences in Sosnowiec, abbreviated GIUS 8-3589 (Callovian of Zalas), GIUS 8-3730 (middle
Bathonian of Gnaszyn Dolny), GIUS 8-3745 (upper Bathonian-lower Callovian of Bolecin),
GIUS 8-3746 (Oxfordian of Zalas), GIUS 8-3747 (lower Kimmeridgian of Matogoszcz),
GIUS 8-3750 (Bajocian-Bathonian of Ogrodzieniec—éwiertowiec), GIUS 8-3751 (upper
Bathonian of Krzyworzeka and upper Bathonian of Zarki). Their paleogeographic and
geological background is beyond the scope of the present research and has already been
discussed in detail by Stowiriski et al. (2020) and Stowiriski et al. (2022).

Before the preparation of specimens for the SEM examination, they were coated with
ammonium chloride and photographed using the Canon EOS 350D digital camera. All
previously selected samples were cut longitudinally, polished, and etched with a 5%
solution of acetic acid for one minute prior to the SEM study. Part of these tube portions
were oriented and mounted in epoxy resin before polishing. Subsequently, the serpulid
tube microstructure investigations were performed on a SEM Zeiss EVO MA15 under a
back-scattered electron detector (BSE) in a low vacuum regime (Department of Geology,
University of Tartu, Estonia). The sections were also inspected under an environmental
scanning electron microscope (ESEM) Philips XL30, and a Quanta 250 scanning electron
microscope using BSE imaging (both at the Institute of Earth Sciences in Sosnowiec). The
beam voltage was operated at 20 kV.

RESULTS

During the examination of 12 taxa within eight genera representing two major clades, three
types of ultrastructure were distinguished: irregularly oriented prismatic structure (IOP),
spherulitic prismatic structure (SPHP), and simple prismatic structure (SP) (Table 1).
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Table 1 Ultrastructural diversity of the Jurassic serpulid tubes from Poland.

Taxon Ultrastructure Age Locality Number of
individuals
investigated

IOP SPHP Sp

Metavermilia cf. striatissima 1 upper Bathonian Krzyworzeka 3

Filogranula runcinata * (2] 1 middle Bathonian, Callovian Gnaszyn Dolny, Zalas 5

Filogranula spongiophila * 1 Oxfordian Zalas 3

Cementula spirolinites o 1 Oxfordian Zalas 9

Cementula radwanskae [1] Callovian Zalas 4

Propomatoceros lumbricalis x 2 1, [3] Bajocian-Bathonian, middle (?grodzieniec— 8

Bathonian, upper Bathonian, Swiertowiec, Gnaszyn
Bathonian-Callovian, Callovian, Dolny, Zarki, Bolecin,
lower Kimmeridgian Zalas, Malogoszcz

Nogrobs aft. quadrilatera x 2 1 middle Bathonian Gnaszyn Dolny 3

Nogrobs? aff. tricristata x 2 1 middle Bathonian Gnaszyn Dolny 1

Nogrobs aff. tetragona x 2 1 middle Bathonian Gnaszyn Dolny 2

Mucroserpula sp. x 2 1 middle Bathonian Gnaszyn Dolny 3

Placostegus planorbiformis x 1 Oxfordian Zalas 3

Serpulidae sp. x 2 1 middle Bathonian Gnaszyn Dolny 3

Total 47

Notes.

IOP, irregularly oriented prismatic structure; SPHP, spherulitic prismatic structure; SP, simple prismatic structure.
Numbers (1, 2, 3) indicate the position of the layer within the tube counted from the exterior. Square brackets denote partially preserved or equivocal microstructure precluding
a fully reliable recognition. Asterisk, circle, and xmark correspond to Filograninae, Serpulini, and Ficopomatini respectively. All the taxa have been described taxonomically in

Stowiriski et al. (2022).

Filograninae (BI)

Members of the clade Filograninae, formerly referred to as BI (see Kupriyanova, Macdonald
¢ Rouse, 2006; Kupriyanova et al., 2009), are represented in the herein material by two
genera: Metavermilia and Filogranula, the latter one consisting of two species: F. runcinata
(Sowerby, 1829) and F. spongiophila (Stowitiski et al., 2022).

The tube wall of Metavermilia cf. striatissima (Fiirsich, Palmer ¢ Goodyear, 1994) is
single-layered, and composed of an irregularly oriented prismatic structure (IOP) (Fig. 2).
Minute (maximally a few wm), needle-like crystals are deployed more or less evenly within
the entire tube wall. The longitudinal axes of crystals lack a uniform orientation.

The tube of Filogranula runcinata is presumably single-layered and is composed of a
spherulitic, regularly oriented prismatic microstructure (SPHP) (Fig. 3). It is formed by
crystals of prismatic shape exhibiting a slightly spherulitic arrangement. Some internal
parts of the tube are built of irregularly oriented, tiny, elongated crystals indicating an
irregularly oriented prismatic structure (IOP). However, the boundary between the two
putative layers is transitional and the latter microstructure occurs rather like inclusions
in certain areas of the tube wall. Growth lines are apparent across almost the entire tube.
Some minor, external parts of the section may appear like fine homogeneous granular
microstructure; however, more likely it corresponds to the differences in preservation
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Figure 1 Geology of the investigated area. (A) Geological sketch-map of Poland without the Cenozoic
cover showing three sampled sites; HCM—Holy Cross Mountains; PJ-Polish Jura; 1-Bolecin; 2—Zalas; 3—
Matogoszcz. (B) Geological map of the Polish Jura area without Quaternary cover, with sampled localities
indicated (modified after Zatori, Marynowski ¢ Bzowska, 2006).
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between the external and internal parts of the tube due to the diagenetic alteration of
irregularly oriented prismatic microstructure.

The tube of Filogranula spongiophila consists of a single layer that is composed of a
simple, regularly oriented prismatic structure (SP) (Fig. 4). Growth increments are visible
across almost the whole tube (Figs. 4C—4E).

Serpulinae, tribe Serpulini (Al)

This tribe is represented in the investigated material by one genus comprising two species:
Cementula spirolinites (Munster in Goldfuss, 1831) and Cementula radwanskae (Stowiriski
etal., 2022).

The tube wall of C. spirolinites is single-layered and consists of a simple prismatic
structure (SP) (Fig. 5). This microstructure is formed by parallel prismatic crystals oriented
perpendicularly to each growth line showing incremental zonation. The crystals are
arranged perpendicularly or obliquely to the tube wall.

The tube microstructure of the investigated specimens of C. radwanskae is altered in
most places. However, some places exhibiting faint growth increments indicate possibly a
simple (SP) or spherulitic prismatic structure (SPHP) constituting a single layer (Fig. 6).
Certain areas with tiny, elongated irregularly oriented crystals presumably are an effect of
a diagenetic distortion of the tube wall.
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Figure 2 Selected specimens of Metavermilia. cf. striatissima (Fiirsich, Palmer & Goodyear, 1994)
from the Jurassic of Poland. (A, B) Metavermilia cf. striatissima encrusting the interior of the boring Gas-
trochaenolites from the upper Bathonian of Krzyworzeka, Polish Jura ((A) GIUS 8-3751/3; (B) GIUS 8-
3751/8). (C, D) Longitudinal sections of the tubes from the upper Bathonian of Krzyworzeka with visi-
ble irregularly oriented prismatic structure (IOP). (C) General look of the ground, polished and etched
tube with visible thin, single-layered walls (GIUS 8-3751/3). (D) Close-up of the tube wall section showing
densely packed, tiny, elongated prismatic crystals of irregular arrangement (GIUS 8-3751/3).

Full-size & DOLI: 10.7717/peerj.17389/fig-2

Serpulinae, tribe Ficopomatini (All)

The tribe Ficopomatini, formerly referred to as Al (see Kupriyanova, Macdonald ¢ Rouse,
2006; Kupriyanova et al., 2009), includes here five genera with seven species. Propomatoceros
lumbricalis (von Schlotheim, 1820) possesses a tube wall consisting of two or three layers
(Fig. 7). The majority of the examined specimens have two-layered tubes. The external
part is formed by a spherulitic prismatic structure (SPHP), which consists of parallel
crystals of a slightly spherulitic arrangement. The inner part has an irregularly oriented
prismatic microstructure (IOP) comprising elongated, but relatively short, tiny crystals
with inconsistent orientation axes. In some areas of the tubes’ wall, the IOP structure is
diagenetically altered superficially resembling a fine homogeneous granular structure. The
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Figure 3 Selected specimens of Filogranula runcinata (Sowerby, 1829) from the Jurassic of Poland.
(A, B) Filogranula runcinata from the middle Bathonian of Gnaszyn Dolny (A. GIUS 8-3730/10) and the
Callovian of Zalas (B. GIUS 8-3589/6) encrusting shell fragments. (C-F) Longitudinal sections of the tubes
showing a single-layered tube wall built of spherulitic prismatic structure (SPHP) with well-visible growth
increments (GIUS 8-3730/10).

Full-size Gl DOI: 10.7717/peerj.17389/fig-3

putative three-layered tube wall (Fig. 7D) is built of the external and internal (uncertain)
parts composed of a spherulitic prismatic structure (SPHP). The middle part shows a fine
homogeneous granular microstructure, which may be either a primary microstructure
or similarly to other specimens, an obliterated IOP structure. In contrast to two-layered
P. lumbricalis tubes, no areas exhibiting irregularly oriented prismatic structures have
been found. As such, it is not evident, whether these microstructures are primary or
have undergone diagenetic alteration. The external parts exhibit incremental zonation
with prominent chevron-shaped growth lines. The crystals are continuously and regularly
positioned through successive growth increments.
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Figure 4 Selected specimens of Filogranula spongiophila (Stowiriski et al., 2022) from the Jurassic of
Poland. (A, B) Filogranula spongiophila from the Oxfordian of Zalas ((A) GIUS 8-3746/2; (B) GIUS 8-
3746/3) encrusting sponge fragments. (C—E) Longitudinal sections of the tubes showing the simple pris-
matic structure (SP) with well-visible growth increments (GIUS 8-3746/9).

Full-size & DOI: 10.7717/peer;.17389/fig-4

Herein, Nogrobs is represented by three species: N. aff. quadrilatera (Goldfuss, 1831),
N. aff. tetragona (Sowerby, 1829), and N? aff. tricristata (Goldfuss, 1831), which, however,
share all the major microstructural characters. The tube walls of all the species have two
layers, which are separated from each other with a sharp boundary. The external layer is
composed of a simple prismatic structure (SP), whereas the internal layer is composed
of very thin, short, needle-like crystals, which make up an irregularly oriented prismatic
structure (IOP) (Fig. 8).

Mucroserpula sp. (Regenhardt, 1961) possesses a two-layered tube wall (Fig. 9). The
internal layer is composed of an irregularly oriented prismatic structure (IOP) consisting
of bunches of densely packed, short but elongated crystals lacking uniform orientation
axes. The external layer is composed of a regular spherulitic prismatic structure (SPHP),
which constitutes the major part of the tube wall. Within this layer, crystals are oriented
perpendicularly with respect to each incremental zone and have a somewhat prismatic
arrangement. The chevron-shaped growth lines are very well-visible alongside almost the
whole tube length. The border between the two layers is somewhat transitional.
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Figure 5 Selected specimens of Cementula spirolinites (Miinster in Goldfuss, 1831) from the Jurassic
of Poland. (A) Cementula spirolinites from the Oxfordian of Zalas encrusting a sponge fragment (GIUS 8-
3746/4). (B-D) Longitudinal sections of the tubes showing the simple prismatic structure (SP). (B) GIUS
8-3746/10; (C, D) GIUS 8-3746/11.

Full-size & DOLI: 10.7717/peerj.17389/fig-5

The tube wall of Placostegus planorbiformis (Munster in Goldfuss, 1831) is single-layered,
and composed of a simple prismatic structure (SP) (Fig. 10). All crystals are more or less
parallel within each incremental zone. Within the outermost part of the tube, the crystals
are oriented perpendicularly to the tube wall.

The specimens of undetermined serpulid, Serpulidae sp. possess a two-layered tube wall
(Fig. 11). The external part features a regularly oriented simple prismatic structure (SP).
The internal, thinner part, separated from the external with a sharp boundary is formed
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Figure 6 Selected specimens of Cementula radwanskae (Stowiriski et al., 2022) from the Jurassic
of Poland. (A, B) Cementula radwanskae from the Callovian of Zalas encrusting shell fragments (A)
8-3589/7; (B) GIUS 8-3589/10). (C-E) Longitudinal sections of the tubes showing mostly altered,
presumably simple prismatic microstructure (SP); GIUS 8-3589/18. Note the weak growth increments in
C.

Full-size &8 DOT: 10.7717/peerj.17389/fig-6
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Figure 7 Selected specimens of Propomatoceros lumbricalis (Schlotheim, 1820) from the Jurassic of
Poland. (A, B) Propomatoceros lumbricalis encrusting a shell fragment from the Callovian of Zalas (A)
GIUS 8-3589/11; (B) GIUS 8-3589/12). (C) Propomatoceros lumbricalis encrusting an oyster shell from the
middle Bathonian of Gnaszyn Dolny (GIUS 8-3730/12). (D-J) Sections of the tubes showing the ultra-
structural details. (continued on next page...)

Full-size & DOI: 10.7717/peerj.17389/fig-7
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Figure 7 (...continued)

(D) The longitudinal section of the P. lumbricalis tube from the upper Bathonian—lower Callovian of
Bolecin showing the putative three-layered tube (GIUS 8-3745/5). The external layer shows spherulitic
prismatic structure (SPHP) with growth increments; the middle part exhibits presumably altered
irregularly oriented prismatic structure (IOP) superficially resembling homogeneous structure; the
internal layer shows uncertain spherulitic prismatic structure. (E) The longitudinal section of the
two-layered P. lumbricalis tube from the middle Bathonian of Gnaszyn Dolny showing the external
spherulitic prismatic structure (SPHP) with growth increments and the internal irregularly oriented
prismatic structure (IOP) (GIUS 8-3730/30). (F) A close-up showing the internal layer built of irregularly
oriented prismatic structure (IOP) with short, needle-like crystals of different length and orientation
(GIUS 8-3730/30). (G) The longitudinal section of the P. lumbricalis tube from the lower Kimmeridgian
of Matogoszcz (GIUS 8-3747/5) showing the spherulitic arrangement of crystals within the external
tube layer. (H, I) Longitudinal sections of the two P. lumbricalis tubes from the middle Bathonian of
Gnaszyn Dolny showing the external spherulitic prismatic structure (SPHP) with well-visible growth
increments and the internal, partially recrystallized irregularly oriented prismatic structure (IOP) (H.
GIUS 8-3730/31; 1. GIUS 8-3730/32). (J) The lateral section of the P. lumbricalis tube from the middle
Bathonian of Gnaszyn Dolny showing tubulae subdivided densely by septae (GIUS 8-3730/33).

by an irregularly oriented prismatic structure (IOP) composed of densely packed, minute,
elongated crystals.

DISCUSSION

Tube ultrastructure evolution and its phylogenetic constraints

Three distinct types of ultrastructure have been identified within 12 taxa corresponding
to the two of three main clades of serpulids—Filograninae and Serpulinae (Kupriyanova,
ten Hove & Rouse, 2023). These microstructures comprise irregularly oriented prismatic
structure (IOP), spherulitic prismatic structure (SPHP), and simple prismatic structure
(SP) (see Table 1), which are among the most prevalent microstructure type in fossil
serpulids (Vinn et al., 2008; Vinn, 2020). Six of these taxa have single-layered tubes and six
are two-layered, of which one taxon perhaps may possess either two or three ultrastructural
layers (see discussion). The majority of both Cenozoic and contemporary serpulids are
single-layered, only about one-third of serpulid species have at least two or up to four
distinct ultrastructural layers (Vinn et al., 2008). During the Jurassic, the percentage of
multi-layered serpulid species was lower, constituting approximately 25% (Vinn ¢ Furrer,
2008). It may have resulted from the evolutionary pattern where more complex tube walls
with at least two layers were more common from the beginning of the Cenozoic onward—
the growing complexity of microstructures combined with relatively fast biomineralization
likely enhanced the strengthening abilities of the tubes. It can also be explained by the
vagaries of the fossil record resulting in incomplete preservation of the outermost layers,
which might be similar to the case of calcareous sabellids (Vinn, ten Hove & Mutvei, 2008;
Stowiriski, Banasik ¢ Vinn, 2023).

Sanfilippo (1998) presented a concept to utilize the ultrastructural diversity of serpulids to
assess their generic determination. Further studies revealed that microstructure characters
may be species-dependent (Vinn, 2007; Vinn et al., 2008; Kupriyanova & Ippolitov, 2015),
which limits the application of tube microstructures in deciphering the generic affiliation
of serpulids. Regardless, ultrastructural fabrics of tubes may still be used to approach the

Stowinski et al. (2024), PeerJ, DOI 10.7717/peerj.17389 12/28

139


https://peerj.com
http://dx.doi.org/10.7717/peerj.17389

Peer

1 mm

Figure 8 Selected specimens of Nogrobs from the Jurassic of Poland. (A) Two specimens of Nogrobs
aff. quadrilatera (Goldfuss, 1831) encrusting a belemnite rostrum from the middle Bathonian of Gnaszyn
Dolny (GIUS 8-3730/17). (B) Nogrobs? aff. tricristata (Goldfuss, 1831) encrusting a belemnite rostrum
from the middle Bathonian of Gnaszyn Dolny (GIUS 8-3730/19). (C, D) Free-lying tubes of Nogrobs aff.
tetragona (Sowerby, 1829) (C. GIUS 8-3730/24; D. GIUS 8-3730/25); lateral (C, ) and cross-section (C,, D)

view. (continued on next page...)
Full-size & DOI: 10.7717/peerj.17389/fig-8

Stowinski et al. (2024), PeerJ, DOI 10.7717/peerj.17389 13/28
140 140:1301369820


https://peerj.com
https://doi.org/10.7717/peerj.17389/fig-8
http://dx.doi.org/10.7717/peerj.17389

Peer

Figure 8 (...continued)

(E, F, G, I, J) The longitudinal sections of the Nogrobs aff. tetragona (E, F. GIUS 8-3730/34), Nogrobs? aff.
tricristata (G. GIUS 8-3730/20), and Nogrobs aff. quadrilatera (1. GIUS 8-3730/35; J. GIUS 8-3730/36)
tubes from the middle Bathonian of Gnaszyn Dolny showing two distinct layers: the external simple pris-
matic structure (SP) with distinct growth lines and internal irregularly oriented prismatic structure (IOP).
(H, K) A close-up of the longitudinal sections of the internal tube layer of Nogrobs? aff. tricristata (H.
GIUS 8-3730/20) and Nogrobs aff. quadrilatera (K. GIUS 8-3730/36) showing irregularly oriented pris-
matic structure (IOP) with short, needle-like crystals of different length and orientation.

Figure 9 Selected specimens of Mucroserpula (Regenhardt, 1961) from the Jurassic of Poland. (A, B)
Mucroserpula sp. encrusting a fragment of a shell from the middle Bathonian of Gnaszyn Dolny (GIUS 8-
3730/26); top (A) and cross-section view (B). (C-E) Longitudinal sections of the Mucroserpula sp. tube
from the middle Bathonian of Gnaszyn Dolny showing two distinct layers: the external spherulitic pris-
matic structure (SPHP) with distinct, chevron-shaped growth lines (C) and internal irregularly oriented
prismatic structure (IOP) (GIUS 8-3730/26). (F) A close-up of the longitudinal section of the internal tube
layer showing irregularly oriented prismatic structure (IOP) with short, needle-like crystals of different
length and orientation (GIUS 8-3730/26).

Full-size Gl DOI: 10.7717/peerj.17389/fig-9

relationships between distinct types of structures throughout the evolution of the main
serpulid clades (e.g., Vinn et al., 2008; Vinn ¢ Kupriyanova, 2011; Vinn, 2013; Ippolitov &
Rzhavsky, 2014; Ippolitov & Rzhavsky, 2015a; Ippolitov & Rzhavsky, 2015b).
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Figure 10 Selected specimens of Placostegus planorbiformis (Miinster in Goldfuss, 1831) from the
Jurassic of Poland. (A) P. planorbiformis encrusting a sponge fragment from the Oxfordian of Zalas
(GIUS 8-3746/8). (B-D) Longitudinal sections of the tubes showing the simple prismatic structure (SP)
with well-visible growth increments (GIUS 8-3746/8).

Full-size & DOI: 10.7717/peer;j.17389/fig-10

The most recent phylogenetic analyses indicate that serpulids are split into three major
clades—Filograninae, Spirorbinae, and Serpulinae, the last of which is further subdivided
into two tribes: Serpulini and Ficopomatini (Kupriyanova, ten Hove ¢ Rouse, 2023). The
family Serpulidae until recently was maintained to comprise two major clades referred to
as B and A, separated into BI, BII, AL, and AIl (Kupriyanova, Macdonald ¢ Rouse, 2006;
Kupriyanova et al., 2009; Kupriyanova & Nishi, 2010). Formerly recognized clades BI and
BII generally may be related to Filograninae and Spirorbinae, whereas Al and AlI, both
settled within Serpulinae, correspond to the tribes Serpulini and Ficopomatini, respectively
(Kupriyanova, Macdonald & Rouse, 2006; Kupriyanova et al., 2009; Kupriyanova, ten Hove
¢ Rouse, 2023). Apart from Spirorbinae (former BII), members of all clades are present in
the material studied.

Clade Filograninae is possibly rooted even in the Permian with primitive tubes such
as Filograna (Sanfilippo et al., 2017; Ramsdale, 2021), and abundantly represented in the
fossil record during the Mesozoic by many strongly ornamented tubes with several keels,
e.g., Vermiliopsis, Metavermilia, and Filogranula, the latter two of which are present
in the material investigated. Metavemilia cf. striatissima is single-layered and possesses
irregularly oriented prismatic microstructure (IOP), which has been also found in the
recent Metavermilia multicristata (Vinn et al., 2008). It is characteristic of this clade and
is also the most common microstructure in the recent serpulids encompassing ca 60% of
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Figure 11 Selected specimens of Serpulidae sp. from the Jurassic of Poland. (A) Dense aggregation of
closely spaced Serpulidae sp. 3 (see Stowiriski et al., 2022) encrusting a fragment of a belemnite rostrum
from the middle Bathonian of Gnaszyn Dolny (GIUS 8-3730/28). (B-E) Longitudinal sections of the Ser-
pulidae sp. tube from the middle Bathonian of Gnaszyn Dolny showing two distinct layers: the exter-

nal simple prismatic structure (SP) and internal irregularly oriented prismatic structure (IOP) (GIUS 8-

3730/28).
Full-size Gl DOI: 10.7717/peerj.17389/fig-11

species (Vinn, 2007). IOP microstructure most often builds the wall of single-layered tubes,
or alternatively the inner part of multi-layered tubes (see Vinn ¢ Furrer, 2008).

The representatives of Filograninae are generally characterized in the fossil record by
more or less uniform fabrics of tube microstructures forming irregularly oriented structures,
notably irregularly oriented prismatic structure (IOP). Secretion of such microstructures
seems to be governed by the lower biological control of an animal, compared to more

Stowinski et al.

(2024), PeerJ, DOI 10.7717/peerj.17389 16/28

143 143:1849877315


https://peerj.com
https://doi.org/10.7717/peerj.17389/fig-11
http://dx.doi.org/10.7717/peerj.17389

Peer

advanced microstructures. The first confirmed appearance of such ultrastructure dates
back to the Early Jurassic, possibly being present already in the Triassic (Vinn, Jiger ¢
Kirsimde, 2008). Such a simpler way of tube formation may indicate its plesiomorphic
character and earlier origin (see also Vinn, 2013; Ippolitov & Rzhavsky, 2015a; Ippolitov ¢
Rzhavsky, 2015D).

Another representative of this clade in the investigated material is the genus Filogranula
comprising the recently discovered new species F. spongiophila (Stowiriski et al., 2022),
which has been studied with respect to ultrastructure for the first time, and by F. runcinata.
The tube wall of F. spongiophila is single-layered and has a simple prismatic structure (SP),
whereas F. runcinata possesses one well-preserved layer composed of spherulitic prismatic
structure (SPHP) and a dubious IOP layer consisting of somewhat distorted, occasionally
occurring areas of tiny, irregularly oriented crystals. As a result, the tube wall is interpreted
as single-layered, composed of SPHP structure. Such microstructure occurs commonly
in the clade Serpulinae comprising both formerly established “A” clades. The systematic
position of the fossil Filogranula seems to be complicated, as the recent Filogranula is
considered to be settled within Filograninae, relatively closely related to Vermiliopsis and
Metavermilia (Kupriyanova, ten Hove & Rouse, 2023). While the Cretaceous Filogranula
cincta (Goldfuss, 1831) is classified as belonging to Filograninae too, the Jurassic Filogranula
runcinata was considered to be placed in Serpulinae, within the tribe Ficopomatini (see
Ippolitov et al., 2014; Koci & Jiger, 2015), due to its prismatic microstructure, characteristic
of the serpulid tubes appearing transparent in the recent species, such as e.g., Placostegus. On
the other hand, prismatic structures are not a fully satisfactory character in differentiating
between former A and B clades. Ippolitov & Rzhavsky (2014), Ippolitov & Rzhavsky (2015a)
and Ippolitov & Rzhavsky (2015b) found out that some spirorbins may also have their
tubes composed of regularly oriented prismatic microstructures, in spite of the fact, that
Spirorbinae is phylogenetically closely related to Filograninae, which commonly form
irregularly oriented structures.

Serpulinae constitutes two well-supported tribes—Serpulini and Ficopomatini
(Kupriyanova, ten Hove ¢ Rouse, 2023). The first unequivocal members of Serpulinae
very likely existed since the Triassic (Assmann, 1937; see Ippolitov et al., 2014) if not
even since the Permian (Sanfilippo et al., 2017; Sanfilippo et al., 2018). In contrast to
Filograninae, which have mostly non-oriented structures, serpulids within this lineage
have a more advanced biomineralization system and are capable of forming complex
microstructures, such as e.g., oriented, lamello-fibrillar, or oriented-fibrillar (see Vinn
& Furrer, 2008; Vinn & Kupriyanova, 2011). During the Jurassic, serpulid microstructure
diversity was relatively modest (ten types; see Schligl et al., 2018; Vinn, 2020) compared
to an array of contemporary and Cenozoic ones (Vinn, 2007; Koci, Milan ¢ Jiger,
2023). The most sophisticated microstructures in serpulids evolved in the Eocene (e.g.,
(Vinn, 2008; Buckman, 20205 Koci, Goedert ¢» Buckeridge, 2022). Although such complex
microstructures as lamello-fibrillar or regularly ridged prismatic appeared quite late in the
evolution of serpulids, the oriented prismatic structures evolved at the latest during the
Middle Jurassic. Simple and spherulitic prismatic microstructures are very common
and characteristic of the Jurassic Serpulinae and are considered to be apomorphic.
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Oriented prismatic structures are unknown from any genus of Filograninae; however,
they were found to persist in the clade Spirorbinae (Ippolitov & Rzhavsky, 2015a; Ippolitov
& Rzhavsky, 2015b), which appeared in the Cretaceous. It may mean, that either it is
plesiomorphic, or the prismatic structures have evolved at least twice.

The tribe Serpulini is represented in the Jurassic by characteristically coiled Spiraserpula
and related Cementula, which is present in the herein material. C. spirolinites and C.
radwanskae are both single-layered and possess their tube walls built of simple prismatic
microstructure (SP), though in the latter it is somewhat obliterated. Simple and spherulitic
prismatic microstructures exhibit the predominantly uniform orientation of calcium
carbonate crystals which determines the optical transparency of the tubes (Ippolitov ¢
Rzhavsky, 2008; Zibrowius ¢ ten Hove, 1987), supported also by the dense arrangement of
crystals and their large size (Vinn & Kupriyanova, 2011). In contrast, the recent tubes with
IOP microstructure most often are optically opaque (Vinn et al., 2008).

All the main members of the Jurassic representatives of Ficopomatini are present in the
investigated material. They contain genera with various morphotypes comprising a robust,
single-keeled Propomatoceros, a three-keeled Mucroserpula, quadrangular tubes attributed
most often to Nogrobs, and a well-defined, planispirally coiled Placostegus. Serpulids in
this tribe commonly possess two layers of tube walls having the outer dense layer built of
ordered prismatic structures (simple or spherulitic), and the internal layer composed of
irregularly oriented prismatic structure. Two-layered tubes appeared in the Jurassic (Vinn
¢ Furrer, 2008) and have their external layer denser than the internal, which is composed
of thinner mineral microstructure. Dense outer protective layers (DOL) have been found
in tube walls of serpulids inhabiting diverse environments (see Vinn ¢ Kupriyanova, 2011).
Consequently, rather than being dependent on the environment, the advent of DOLs during
the Jurassic appears to be a significant evolutionary adaptation of serpulids. Except for
some members of Spirorbinae (Ippolitov ¢ Rzhavsky, 2014; Ippolitov ¢ Rzhavsky, 2015a;
Ippolitov & Rzhavsky, 2015b) and one species in the clade Filograninae, dense, outer layers
exist exclusively in the clade Serpulinae (Vinn ¢ Kupriyanova, 2011).

Propomatoceros lumbricalis and Mucroserpula possess here two well-distinguishable
layers: internal IOP and external SPHP. A single Propomatoceros specimen may have three
layers, which, however, is ambiguous, as its internal layer may be diagenetically obliterated,
and therefore all the specimens are considered two-layered. As discussed previously
(Ippolitov et al., 2014; Stowiriski et al., 2022), it cannot be ruled out, that Mucroserpula and
Propomatoceros may represent the same genus. The diagnostic characters of both genera are
highly transitional, subjective, and dependent to a large extent on different variables, such as
e.g., ontogenetic stage (see Stowiriski ef al., 2022). Nonetheless, the microstructural fabrics
of the two genera in our investigation are essentially the same and typical of Ficopomatini.

Nogrobs consists here of three species: N. aff. quadrilatera, N? aff. tricristata, and
N. aff. tetragona. All of them are two-layered composed of internal IOP and external SP
microstructure. Apart from Nogrobs, Jurassic quadrangular fossils of serpulids that share
morphological similarities with this genus were attributed by various authors to different
genera, partially of questionable validity—Tetraserpula (Parsch, 1956), Tetraditrupa
(Regenhardt, 1961), Glandifera (Regenhardt, 1961), Tubulostium (Stoliczka, 1868),
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Tectorotularia (Regenhardt, 1961), and Ditrupula (Briinnich Nielsen, 1931). Kupriyanova
¢ Ippolitov (2015) examined and reviewed a number of microstructures of extant and
fossil taxa having tusk-shaped, tetragonal in cross-section tubes, concluding, that these
morphologically similar forms belong to several different genera, most likely being an
effect of convergence. Not surprisingly, these recent taxa cannot be synonymized with the
fossil Nogrobs. Nevertheless, the authors claim that at least the majority of fossil Nogrobs
species may be members of a single clade, as opposed to morphologically-related recent
species. According to its external tube layer composed of simple prismatic microstructure
(responding to a transparent tube), the three investigated species fit well Ficopomatini,
confirming previous ultrastructural studies (Kupriyanova ¢ Ippolitov, 2015). It has to be
noted, however, that the recent Nogrobs grimaldii (Fauvel, 1909) has been found to possess
an opaque tube (Kupriyanova ¢ Nishi, 2011).

The only exception not having a two-layered tube wall within this tribe is Placostegus,
represented here by P. planorbiformis, which has a single layer made entirely of a simple
prismatic structure (SP). Similarly, contemporary P. tridentatus (Fabricius, 1779) possesses
a tube wall composed of a simple prismatic microstructure resulting in a completely
transparent tube (ten Hove & Kupriyanova, 2009: 8, fig. 1F; Vinn & Kupriyanova, 2011).

The undetermined serpulid taxon Serpulidae sp., described recently by Stowiriski et al.
(2022) has been studied here with respect to its microstructure. Although the investigated
specimens externally resemble a few genera, such as Propomatoceros, Placostegus, and
Metavermilia, they do not exactly fit any of those taxa (see Stowiriski et al., 2022). The
specimens possess a tube wall composed of two layers—external simple prismatic (SP),
and internal irregularly oriented prismatic microstructure (IOP), which is of a very close
resemblance to other members of Ficopomatini, notably Nogrobs.

Ecological implications and comparisons with sabellids

Serpulids perform biologically controlled biomineralization where their cellular activity
regulates the nucleation and extracellular growth of the calcium carbonate crystals by the
ion uptake from the surrounding water (see Neff, 1971a; Neff, 1971b) using a secretory
epithelium, mediated and controlled by the organic matrix (Vinn, Kirsimde ¢ ten Hove,
2009; Vinn, 2021a). As a result, serpulids accomplish a specified crystal orientation within
the tube wall, which is reflected by their variety of ultrastructural fabrics—the growth
direction of crystals may be anisotropic, semi-oriented, or oriented (Weedon, 1994; Vinn
et al., 2008). Apart from a matrix-mediated crystallization (Vinn, 2021a), an alternative
explanation has been proposed recently to define the crystal orientation mechanism,
which is based on a variable application of the serpulid’s collar rotational force between
the formation of ordered and unordered microstructures (Buckman ¢ Harries, 2020).
Considering the fact that the same growth increments may occur across zones with diverse
ultrastructures makes (Vinn, 2021a; Vinn, 2021b) this model strongly disputable.

The serpulid biomineralization system differs from that of other tube-dwelling
polychaetes. By the formation of the cylindrical and parabolic layers (see Jiger, 1983)
serpulids are capable of forming multi-layered tubes arranged in distinct microstructures
(see Vinn et al., 2008). Importantly, the parabolic layer is formed by adding secretory
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increments to the rim of the worm’s aperture allowing it to actively modify the external
morphology according to the tube’s sculpture, but also depending on the temporary
ecological requirements. Such a solution results in a wide array of serpulid tube characters
including attachment structures and base widenings of the tube, which combined with
the ability to form several layers greatly improves the durability of the tube. Fossil
cirratulids (Vinn, 2009; Taylor et al., 2010) and sabellids (Vinn, ten Hove ¢» Mutvei, 2008;
Stowiriski, Banasik ¢ Vinn, 2023) possess single-layered tube wall composed of a spherulitic
prismatic structure. The presence of only cylindrical layer in sabellids strongly impairs their
biomineralization abilities. Unlike serpulids having mostly chevron-shaped growth lines
(see Weedon, 1994), they form their tubes by secreting calcareous material along distinct
growth lamellae oriented parallel to the tube wall (Vinn, ten Hove ¢ Mutvei, 2008; Stowiriski,
Banasik & Vinn, 2023). Subsequent increments are added to the internal surface of the
tube, and therefore Glomerula is unable to modify its simple tube architecture. A much
longer secretion zone in sabellids compared to serpulids enables them for a fast calcification
incurring comparably lower physiological costs, which allows them to considerably prolong
their tubes. On the other hand, such fast dispersal may be required by the diminishing
inside of the tube, insufficient for the growing worm. Interestingly, cirratulids perform
a double-phased, combined controlled, and influenced biomineralization. The products
of an influenced biomineralization such as agglutinated xenolithic granules within a
calcareous matrix, as well as the anisotropic orientation of different-sized crystals, indicate,
that cirratulids govern even a weaker than sabellids control over biomineralization (Guido
etal., 2024).

A much more advanced biomineralization system of serpulids and the resulting variety
of microstructures are an important evolutionary adaptation for this taxon, which is
an obligatory tube-dweller. The emergence of multi-layered tubes with dense, outer
protective layers during the Jurassic could have been triggered by the intensified predation
during the Mesozoic Marine Revolution (Vermieij, 1977). Interestingly, the development
of dense, outer protective layers in spirorbins was shown to have a relationship with
the type of paleoenvironment, its energy, and substrate kind (see Ippolitov ¢ Rzhavsky,
2015a; Ippolitov & Rzhavsky, 2015b). With the skeleton development, serpulids could
perform competitive strategies against other organisms instead of avoiding competition or
temporary paleoenvironmental vagaries. Gradual increase in abundance of serpulids during
the Mesozoic and Cenozoic (see Ippolitov et al., 2014 for a review), and their advantage
over other organisms allowed for higher plasticity and divergence of different morphotypes
(Vinn et al., 2024). Different morphogenetic programs in turn enhanced their functional
utilization not only by mechanical strengthening of the tubes but also by optimizing their
space by planispiral coiling, providing a higher feeding tier, avoiding being overgrown or
coated by sediment thanks to upward growth. Free-living serpulids with tusk-shaped tubes
were presumably adapted to live in or on the surface of soft sediment during episodes of
increased sedimentation rates (see Vinn et al., 2024 for a review). Sabellid biomineralization
system allowed them to quickly elongate their tubes but these polychaetes did not exhibit
such diverse morphotypes. Instead, they could grow irregularly away from the initial point
of encrustation and perform an opportunistic, fugitive strategy (see Taylor, 2016; Stowiriski,
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Banasik ¢ Vinn, 2023). Additionally, it could be the outcome of biomineralization’s lack
of significance in this group as calcareous sabellids were restricted to a single genus in the
family.

CONCLUSIONS

The first thorough assessment of the ultrastructural diversity of Middle and Late Jurassic
serpulid tubes has been conducted. The obtained data reveal a characteristic of the
Jurassic serpulids, a relatively low diversity of ultrastructural fabrics, which generally
correspond to certain clades recognized among extant taxa. Amongst 12 taxa representing
two (Filograninae and Serpulinae) of the three main serpulid clades, six of them possess tube
walls composed of a single layer, and six are two-layered. There are certain evolutionary
trends in tube ultrastructures. The representatives of the clade Filograninae are single-
layered and have their tube walls built of a primitive, irregularly oriented prismatic
microstructure (IOP). The majority of members of possibly apomorphic clade Serpulinae
possess two-layered tube walls, where the denser, external layer is composed of oriented,
prismatic microstructures (either spherulitic (SPHP) or simple (SP)), and the internal is
irregularly oriented prismatic (IOP). The exceptions are Placostegus planorbiformis and the
genus Cementula, which are single-layered, and built of simple prismatic structure (SP).

Serpulid tube ultrastructures reflect their biomineralization abilities providing important
paleoecological signatures. Formation of the regularly oriented microstructures of
Serpulinae requires a higher biological control over biomineralization compared to the
more primitive, anisotropic microstructures of Filograninae. The development of serpulid
ultrastructure diversity was likely triggered by the evolutionary importance of the tubes for
this group. A variety of microstructure types and the ability to form multi-layered tubes
allowed serpulids to employ different morphogenetic programs, which had an impact on
their functional utilization.

The differences in the biomineralization system between serpulids and other tube-
dwelling polychaetes resulted from the importance of tubes for the former taxon. The
complex biomineralization system of serpulids resulted in a multiplicity of forms and an
ability to form robust, strongly ornamented tubes, which mechanically strengthened their
durability. Although higher energy expenditure of skeletal secretion decreased the rate of
tube formation, the solid attachment and skeleton robustness allowed for a competitive
advantage over other encrusters. Conversely, sabellid primitive biomineralization abilities
presumably were elicited by the unimportance of skeleton for this taxon resulting in a
simplicity of forms. On the other hand, it enabled a fast spreading over the substrate,
shunning competition and disadvantageous conditions by utilizing an opportunistic
strategy of quick tube elongation.
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