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Drilling predation on Early Jurassic bivalves and behavioral
patterns of the presumed gastropod predator—evidence from
Pliensbachian soft-bottom deposits of northern Germany

Baran Karapunar* , Winfried Werner, Sönke Simonsen, Manfred Bade, Markus Lücke,
Thomas Rebbe, Siegfried Schubert, and Alexis Rojas

Abstract.—Drilling predation is a common reason for mortality of benthic mollusks but did not become
common until the late Mesozoic. The scarcity of drill holes in the early Mesozoic fossil record limits our
understanding of the evolution of drilling behavior and its role on shaping early Mesozoic marine com-
munities. Here, we use drilling traces on several bivalve taxa from the Lower Jurassic (Pliensbachian) mar-
ine soft-bottom deposits in northern Germany to explore behavioral patterns of the predator (e.g., site
selectivity, change in site-selective behavior with age). Although none of the known drilling gastropod
groups existed in the Pliensbachian, including the studied localities, the drill-hole morphology suggests
that the predator was probably a gastropod. The ecology and identity of the target prey changes from a
diverse array of epifaunal to infaunal taxa in older deposits to focus on a single, large, deep infaunal
taxon, Gresslya intermedia, in younger deposits, suggesting a potential trend in prey selectivity over
time. Spatial point pattern analysis of traces (SPPAT) reveals an aggregated pattern of drill holes on Gres-
slya, suggesting strong selectivity in drill-hole location. Drilling on a single large infaunal taxon and site
selectivity are common patterns also inferred previously from the drilled deep infaunal Eothyasira from
the Pliensbachian of southern Germany. In addition to the scarcity of predators, the highly specialized
behavior of the early drilling predators, including strong prey selectivity in terms of prey identity and
life habit, can partly explain the rarity of the early Mesozoic drill holes.
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Introduction

Predatory drill holes onmarine shelled inver-
tebrates are direct indicators of predator–prey
interactions in marine environments, and they
potentially document different aspects of
these interactions in marine ecosystems
(e.g., Kitchell 1986; Kowalewski 2002; Kelley

and Hansen 2003; Klompmaker et al. 2019).
The high preservation potential of drill holes
allows the tracing back of the evolution of dril-
ling behavior in Earth’s history and testing of
evolutionary hypotheses such as the Mesozoic
marine revolution or escalation (Vermeij 1977,
1987). Predation is one of the selective agents
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in nature and is regarded as a strong evolution-
ary driver (Vermeij 1987). Drilling predation is
a common reason for mortality in Recent ben-
thic mollusks (e.g., Vermeij 1980; Chiba and
Arai 2014; Gordillo et al. 2020), but the intensity
of this type of predatory interaction differs spa-
tially (Visaggi and Kelley 2015) and temporally
(Kelley and Hansen 2006).
In the fossil record, the producers of drill

holes are difficult to identify because the dril-
ling organisms are rarely preserved with the
drill hole in situ. Generally, the identity of dril-
ling predators in the fossil record is interpreted
by comparing the drilling traces with their
modern equivalents and by comparison with
organisms that produce similar traces. Drill
holes on hard substrates can be produced by
domicile-seeking organisms, parasites, and
predators (Wilson 2007; Klompmaker et al.
2019). Small drill holes on hard shells are pro-
duced by nematodes (0.2 mm in diameter on
oysters), flatworms (0.1 mm in diameter on for-
aminifers), bryozoans (0.1 mm on calcareous
substrates), and foraminifers (Pohowsky 1978;
Bromley 1981; Kabat 1990; Walker et al. 2017).
Acrothoracid barnacles also produce drill
holes on hard substrates, but their drill holes
are easily recognized by their compressed
ovate shape (Baird et al. 1990). Large drill
holes (0.2–5 mm in diameter) on Recent hard
shells are produced mostly by gastropods but
also by octopods (Bromley 1981; Kabat 1990;
Klompmaker et al. 2019). Octopods drill on epi-
faunal organisms; their drill holes can be iden-
tified by the characteristic teardrop shape of the
drill hole and by the position of the holes on a
molluscan prey (Bromley 1981; Klompmaker
et al. 2019). Octopods drill epifaunal molluscan
prey on sites where the adductor muscle is
located and inject venom through the hole to
relax the muscles (Cortez et al. 1998; Klomp-
maker and Kittle 2021). The oldest drill holes
that are attributable to Octopodoidea are from
the Cretaceous (Klompmaker and Landman
2021). Among gastropods, Capulidae live para-
sitically on epifaunal bivalves and echinoids,
but their drill holes can be recognized by the
attachment scar they produce around the drill
hole (Matsukuma 1978; Breton et al. 2017).
There are several living gastropod groups mak-
ing predatory or parasitic drill holes on their

shelled prey (Klompmaker et al. 2019; Nützel
2021); however, the majority of the predatory
drill holes in Recent marine environments are
made by Naticidae and Muricidae. Generally,
naticids prey on infaunal organisms and pro-
duce parabolic drill holes with the larger diam-
eter on the external shell surface (ichnospecies
Oichnus paraboloides Bromley, 1981), while mur-
icids prey largely on epifaunal taxa and pro-
duce straight-sided drill holes (Oichnus
simplex Bromley, 1981), but there are exceptions
(Kelley and Hansen 2003). These two groups
are unique among gastropods in having an
accessory boring organ. They drill by chemical
dissolution with the enzymes secreted by the
accessory boring organ and mechanical abra-
sion by rasping with the radula (Carriker
1981; Carriker and Gruber 1999; Büchner-
Miranda et al. 2021). The fossil record of the liv-
ing drilling gastropod groups does not extend
back further than the Cretaceous (Klompmaker
et al. 2019). The oldest occurrence of the family
Naticidae has been considered to be from the
Early Cretaceous (Kase and Ishikawa 2003;
Klompmaker et al. 2016). Naticids recently
reported from the Upper Jurassic of Kutch,
India (Das et al. 2019) are now considered as
Miocene in age (Fürsich et al. 2023). During
the Paleozoic, the gastropod family Platycerati-
dae produced drill holes and lived as an epi-
faunal parasite on blastoids, crinoids, and
brachiopods (Baumiller et al. 1999; Baumiller
and Gahn 2002; Thomka and Brett 2021). Platy-
ceratids are considered to have become extinct
at the end-Permian mass extinction, but some
members might have persisted into the Triassic
(Bandel 1992; Tracey et al. 1993).
Although there is a substantial amount of

drill-hole record from the Cretaceous onward
(Huntley and Kowalewski 2007; Rojas et al.
2017), the record is quite scarce in the Triassic
(i.e., Fürsich and Jablonski 1984; Newton et al.
1987; McRoberts and Blodgett 2000; Klomp-
maker et al. 2016; Tackett and Tintori 2019)
and in the Jurassic (i.e., Sohl 1969; Bromley
1981; Harper et al. 1998; Kowalewski et al.
1998; Harper and Wharton 2000; Aberhan
et al. 2011; Bardhan et al. 2012; Karapunar
et al. 2020a,b; Saha et al. 2021; see also Fürsich
et al. 2023). Different hypotheses have been
proposed to explain the rarity of drill holes in
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the Mesozoic fossil record: low diversity of
drilling organisms (Kowalewski et al. 1998;
Huntley and Kowalewski 2007), low sampling
intensity and poor preservation (Huntley and
Kowalewski 2007), and taphonomic bias
(Harper et al. 1998). Because of this scarcity,
the evolution of drilling behavior in the early
Mesozoic, phylogenetic relationships of early
Mesozoic drilling organisms to Paleozoic and
Cenozoic drilling organisms, and the effects
of drilling predation on prey populations dur-
ing the early Mesozoic are not yet well
understood.
There are many quantitative studies on drill

holes from the Cenozoic and Recent that ana-
lyze site-selective behavior (i.e., attacking cer-
tain shell regions of the prey taxon) and
size-selective behavior of drilling predators
using traditional statistical methods (e.g.,
Kitchell 1986; Kowalewski 2002; Kelley and
Hansen 2003). Recently, Rojas et al. (2020)
developed the spatial point pattern analysis of
traces (SPPAT) to analyze spatial distribution
of drill holes and other traces with distance-
based statistical methods, which allows investi-
gation of the drill holes without loss of position
information. In contrast to the studies on
Cenozoic and Recent drill holes, quantitative
analyses with drill holes to infer behavioral pat-
tern of the drill-hole producers (e.g., site select-
ivity, size selectivity, prey selectivity) from the
earlyMesozoic (Early Triassic–Middle Jurassic)
are scarce. There is only one quantitative study
from the Triassic (Forel et al. 2022) and two
quantitative studies of drill holes from the
Lower Jurassic analyzing behavioral patterns
of drill-hole producers. Harper et al. (1998)
mentioned predatory drill holes on several
taxa from different localities and showed that
the drill holes on astartid bivalve shells from
the lower Pliensbachian (Tragophylloceras ibex
Zone) of the United Kingdom were nonran-
domly distributed, indicating a site-selective
behavior. Karapunar et al. (2020a) reported
predatory drill holes in 81% of the articulated
specimens (56 out of 69 specimens) of the che-
mosymbiotic bivalve Eothyasira antiqua and in
one astartid specimen from the upper Pliensba-
chian Amaltheenton Formation (Pleuroceras spi-
natum Zone) from southern Germany. They
showed a nonrandom distribution of drill

holes (site selectivity) and strong prey selectiv-
ity. Drill holes from the Amaltheenton Forma-
tion from northern Germany were first
mentioned by Aberhan et al. (2011) in a taxo-
nomic study on the bivalve fauna. The authors
reported a high predatory pressure (5 out of 19
Gresslya intermedia specimens were bored) but
did not provide quantitative analyses with
regard to site-selective, size-selective, or prey-
selective behavior of the predator.
Herewe document a considerably high num-

ber of drill holes in bivalves in comparison to
previous reports from the Early Jurassic. The
drilled specimens belong to taxa with different
life habits and come from two argillaceous for-
mations of the Pliensbachian of northwestern
Germany (Capricornumergel and Amaltheen-
ton Formations). The main aim of the paper is
to analyze the drill holes to infer the behavioral
pattern of the drill-hole producer (site selectiv-
ity, improvement in site-selective behaviorwith
age, size selectivity, prey selectivity) during a
geological time interval when the drilling of
shelled taxawas a rare phenomenon. Addition-
ally, taphonomic features and ichnofossils on
some bivalve specimens are discussed in the
context of a possible relation with the origin
of the drill holes and compared with similar
occurrences in the Pliensbachian of southern
Germany.

Material and Methods

The studied bivalve specimens come from
several Pliensbachian (Lower Jurassic) clay
pits of Nordrhein-Westfalen (northwestern
Germany) that expose silty clays with interca-
lated clay-ironstone concretions and reworked
horizons of the Tragophylloceras ibex Zone
(lower Pliensbachian) of the Capricornumergel
Formation and/or the upper Pliensbachian
(Amaltheus margaritatus Zone or Pleuroceras
spinatum Zone) of the AmaltheentonFormation.
Adetaileddescriptionof the localitiesandagesof
the outcrops are given by Schubert (2006, 2010,
2013) and provided in Appendix S1 and shown
in Figure 1. The GPS points of the localities
where the drilled specimens were found are as
follows: Bonenburg (51°33′46.1′′N, 9°02′17.9′′E),
Sommersell (51°49′45.3′′N, 9°10′12.0′′E), Boden-
heide/Jöllenbeck (52°05′43.1′′N, 8°34′18.7′′E),
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Westerengerstrasse I (52°06′47.3′′N, 8°30′44.7′′E),
Westerengerstrasse II (52°06′49.1′′N, 8°31′06.3′′E),
Bardüttingdorf (52°07′38.5′′N, 8°24′24.3′′E),
Dreeke Bielefeld (52°05′08.2′′N, 8°29′32.9′′E), and
Osnabrück/Ledde (52°15′04.0′′N, 7°51′13.7′′E).
Almost all drilled specimens were collected
from unlithified clay deposits, and a single
drilled specimen comes from clay-ironstone
concretions (Modiolus imbricatus, SNSB-BSPG
2021 XX 1). All drilled specimens have their
original three-dimensional shapes due to the
presence of lithified internal molds and were
not compacted, unlike the thin-shelled taxa
(e.g., Parainoceramya) without lithified internal
molds. Some of the studied (undrilled) bivalves
stem from shell beds deposited in reworked
horizons during short interruptions of sedi-
mentation (indicated by shell accumulations).
Reworking of these layers is inferred from the
presenceof epifaunal trace fossils onconcretions
(e.g., gastropod rasping; B.K.,W.W., andS. Sch.,

personal observation) and epifaunal worm
tubes on calcareous concretions (Jäger and
Schubert 2008). The bivalves and bivalve-
bearing concretionswere collected from the sur-
face along with other macrofossils (especially
ammonites) mainly by the authors T.R., M.B.,
S. Sch., S. Sim., and M.L. over the last decades.
The specimens were not collected quantita-
tively. Therefore, exact drill-hole frequencies
cannot be provided, but some estimates based
on the studied material are given in the
“Results.”
All bivalve specimens found in the studied

localities were examined. The complete list of
the bivalve species found in the studied local-
ities and their life habits are given in Appendix
S3. A total of 44 drilled bivalve specimens were
found, 34 specimens from the upper Pliensba-
chian (A. margaritatus Zone or P. spinatum
Zone) and 10 specimens from the lower Pliens-
bachian (T. ibex Zone). In the statistical

FIGURE 1. A, Map of Germany, with state boundaries. B, Sketch map of the studied localities in northwestern Germany. C,
Stratigraphic chart of the Pliensbachian and the corresponding ammonite biozonations of the studied localities.
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analyses, only 33 Gresslya intermedia
specimens from the upper Pliensbachian (30
from the A. margaritatus Zone and 3 from the
P. spinatum Zone) were used. All G. intermedia
specimens used in the analyses are either
articulated valves or preserved as internal
molds of articulated valves. The specimens
were measured with a digital caliper. The drill
holes were measured under a microscope
with the digital caliper. In the specimens with
preserved shell, the outer diameter of the
drill hole was measured. In the specimens
without preserved shell (internal molds), the
circular impression on the internal mold was
measured. All measurements are given in
Appendix S2.
To evaluate the spatial distribution of drill

holes on G. intermedia shells (a total of 38 drill
holes on 33 specimens), we used SPPAT
(Rojas et al. 2020). Point pattern analyses have
been used previously to evaluate univariate
and bivariate spatial distributions of body fos-
sils preserved in situ (Mitchell et al. 2019).
However, the SPPAT combines spatial statistics
with landmark-based morphometrics to quan-
tify site-selectivity patterns in drilling predation.
SPPAT uses distance-based statistics (e.g.,
K-function, L-function, and pair-correlation
function [PCF]), which describes how the nor-
malized density of drilling traces changes as a
function of distance on the prey shell. Spatial
distribution of traces on shells are classified as
random (complete spatial randomness [CSR]),
aggregated (individual traces are placed
together into clusters), segregated (individual
traces are placed farther apart than they would
be under CSR), or some combination of these
patterns. In this approach, the K-function is
transformed to a straight line using the
L-function to facilitate visual assessment of the
graphical output (Baddeley et al. 2016; Rojas
et al. 2020). Because the SPPAT approach used
herein was originally described through a case
study of drilling predation on bivalve prey
(Rojas et al. 2020), its protocol formorphometric-
based estimation of drill-hole location, as
well as the interpretation of kernel density
maps, hotspot maps, and graphical outputs
from distance-based statistics for hypothesis
testing (i.e., L-function and PCF) are transferred
directly to our study of G. intermedia. A detailed

description of SPPAT is provided in the
R code used for the analysis. The R code and
the data are provided in the Supplementary
Material.
Drill-hole size is used as a proxy to estimate

predator size (Kitchell et al. 1981; Kelley 1988;
Kelley and Hansen 2003; Klompmaker et al.
2017). To test whether large predators show
more stereotyped site selection (i.e., greater
aggregation of drill holes), the drill holes were
divided into two size categories. The drill
holes smaller than the median diameter of
drill holes (1.76 mm) were assigned to the
small size category (16 drill holes), and the
drill holes equal to or larger than the median
value were assigned to the large size category
(20 drill holes). The SPPAT was repeated for
the two size classes. Two drill holes with inde-
terminate diameter were discarded from this
analysis.
To evaluate whether larger predators prefer

larger prey, the Spearman’s rank correlation
method was applied to test whether drill-hole
size (a proxy for predator size) was correlated
with shell height (prey size). The ordinary
least-squares method was used in regression
analysis.
For comparison, we reexamined Eothyasira

antiqua (Münster in Goldfuss, 1841) and Gres-
slya intermedia (Tate, 1876) specimens from the
upper Pliensbachian Amaltheenton Formation
at Buttenheim, southern Germany, for trace fos-
sils other than drill holes to explore whether
there is any trace fossil associated with drill
holes. These specimens were already part of
previous studies (Karapunar et al. 2020a, b)
but not in the context of coprolite and burrow-
ing traces observed in the bivalves of northern
Germany.
The specimens of the present study

are deposited in the Naturkunde-Museum
Bielefeld (NAMU) and the Bayerische
Staatssammlung fürPaläontologieundGeologie
(SNSB-BSPG) in Munich. Additional material
with the inventory number abbreviations SJSR,
SBDD, SOLG, SWESII (coll. S. Sch.) will later be
stored in a public collection in Nordrhein-
Westfalen.
The specimens were covered with ammo-

nium chloride before photography, unless sta-
ted otherwise.
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Results

Drill holes were found on the shells of seven
bivalve taxa, ranging from the Tragophylloceras
ibex Zone to the Pleuroceras spinatum Zone of
the Pliensbachian from several localities
(Figs. 2–4). There are remarkable differences
with regard to mode of life, diversity, and com-
position of target species between the lower and
the upper Pliensbachian occurrences. Drilled
bivalves from the T. ibex Zone (lower Pliensba-
chian) are the semi-infaunal Modiolus cf. scal-
prum (J. Sowerby, 1821) and Modiolus cf.
imbricatus (J. Sowerby, 1818), the epifaunal
Gervillia? cf. olifex Quenstedt, 1856, and the
deep infaunal species Pholadomya ambigua
(J. Sowerby, 1818), Pleuromya costata (Young
and Bird, 1828) and Gresslya intermedia (Tate,
1876). In contrast, in the Amaltheus margaritatus
Zone and P. spinatum Zone (upper Pliensba-
chian), drill holes are restricted to the deep
infaunal species Pachymya (Arcomya) arcacea
(Seebach, 1864) and G. intermedia, although epi-
faunal and shallow infaunal taxa are present in
the upper Pliensbachian deposits in the studied
localities (Schubert 2007, 2010; Aberhan et al.
2011; Appendix S3).
Assemblage frequency (Kowalewski 2002) of

bivalves collected from the lower Pliensbachian
at the same locality (Bonenburg) is estimated to
be 2.5% (2 drilled of 80 bivalve specimens). Esti-
mates for the ratio between drilled and non-
drilled specimens (lower taxon frequency;
Kowalewski 2002) within the species G. inter-
media varies between 20% and 50% among the
upper Pliensbachian localities, with the lowest
estimated drilling frequency at Jöllenbeck
(20%) and an estimated peak frequency at the
localities Grube am Wald (Ledde) and Wester-
engerstrasse II (40–50%).
The shape of the drill holes is circular, with

outer diameter (i.e., diameter of the drill hole
measured on the external shell surface) slightly
larger than the inner one (i.e., diameter of the
drill hole on the internal shell surface) (Figs.
2–4). Therefore, the drill holes are assigned to
the ichnotaxon Oichnus paraboloides Bromley,
1981. All drill holes are perpendicular to the
valve surface, and theywere produced by pene-
tration from the external surface inward, as

suggested by the larger outer diameter of the
drill holes. Among 33 drilled specimens, three
Gresslya specimens exhibit two drill holes on
their valves (e.g., Fig. 3G,H), and one Gresslya
specimen exhibits three drill holes on its valves
(Fig. 3E,F). Among these four specimens with
multiple drill holes, one specimen has both
holes on the same valve, and three specimens
have holes on both valves. All drill holes are
complete (the valve is entirely perforated). The
outer diameter of the drill holes ranges from 0.9
to 3.4 mm with a median value of 1.76 mm
(Appendix S2). The drilled shells of the thin-
shelled deep infaunal taxa (Gresslya, Pholadomya,
Pleuromya, Arcomya) show a circular collapsed
zone around the drill hole with a diameter ran-
ging from 2.32 to 8.45 mm (Figs. 3,4). In some
specimens preserved as internal molds, bur-
rowing traces were found (Figs. 3C, 4A,D,F).
These traces are assigned toArachnostega gastro-
chaenae Bertling, 1992. Additionally, rodlike
coprolites were found in the posterior region
of one Gresslya specimen (Lü 05, Fig. 4G,I).
Similar rodlike structures were found in some
of the drilled Eothyasira specimens from south-
ern Germany (Fig. 5A–G).

Kernel density mapping shows that areas
with higher concentrations of drill holes on G.
intermedia are located around the central region
of its shell (Fig. 6). Hotspot analysis indicates
that two locations account for the highest 10%
of kernel estimated values, located close to
each other at the central shell region (Fig. 6).
The graphical output of the L-function
and PCF indicates a significant aggregated
pattern of drilling traces across a range of dis-
tances on the shell of G. intermedia (Fig. 7)
(Diggle-Cressie-Loosmore-Ford test of CSR
(goodness-of-fit): u = 0.0008; p << 0.01). The
maximum clustering distance is 0.21 Bookstein
shape units. Despite observing two hotspots of
drilling traces on the prey shell, the L-function
does not support a segregated pattern, whereas
the PCF indicates only a marginally significant
segregated pattern, that is, pairs of traces
located at large distances from each other
(>0.4 Bookstein shape units) are not farther
apart than expected under CSR (Fig. 7). A simi-
lar spatial pattern in the distribution of drilling
traces on the prey shell also emerges when the
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FIGURE 2. Drilled shells from the lower Pliensbachian (Tragophylloceras ibexZone) of northernGermany. A–C,Modiolus imbri-
catus (J. Sowerby, 1818), SNSB-BSPG 2021 XX 1. B, Detail of A, showing the drilled specimen. C,Detail of B. D,Modiolus imbri-
catus (J. Sowerby, 1818), namu ES/jl-11463. E, F,Modiolus cf. scalprum (J. Sowerby, 1821), namu ES/jl-11467. F, Detail of E. G,
Pholadomya ambigua (J. Sowerby, 1818), namu ES/jl-11466. H, I,Modiolus cf. scalprum (J. Sowerby, 1821), namu ES/jl-11462. I,
Detail ofH. J,Pleuromya costata (Young and Bird, 1828), namu ES/jl-11464. K, L,Gervillia? cf. olifexQuenstedt, 1856, namuES/
jl-11460. L, Detail of K. M, Pleuromya costata (Young and Bird, 1828), namu ES/jl-11465. N, O. Gervillia? cf. olifex Quenstedt,
1856, namu ES/jl-11461. O, Detail of N. Scale bars, 1 mm (C, F); 2 mm (I, L, O); 5 mm (B, D); 10 mm (A, E, G, H, J, K, M, N).
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FIGURE 3. Drilled shells from the upper Pliensbachian (Amaltheus margaritatus Zone) of northern Germany. A, B, Gresslya
intermedia (Tate, 1876), internal mold, namu ES/jl-11443. B, Detail of A. C, D,Gresslya intermedia (Tate, 1876), internal mold,
namu ES/jl-11470. D, Detail of C. E, F,Gresslya intermedia (Tate, 1876), specimenwith three drill holes, namu ES/jl-11468. F,
Left valve view, showing two drill holes. G, H, Gresslya intermedia (Tate, 1876), namu ES/jl-11475. I–L, Gresslya intermedia
(Tate, 1876), SBDD 851. J, Detail of I. L, Detail of K. M, N,Gresslya intermedia (Tate, 1876), SJSR 850. N, Detail of M. O, Pachy-
mya (Arcomya) arcacea (Seebach, 1864), namu ES/jl-11444. Scale bars, 2 mm (B, D, J, L, N); 10 mm (A, C, E–I, K, M, O).
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point pattern is divided into two subpatterns
according to drill-hole size (Figs. 8, 9).
Although weak and not statistically signifi-

cant, there is a positive relationship between
the drill-hole diameter (indicator of predator
size) and the size of the prey (Spearman’s
rank correlation: drill-hole diameter vs. shell
height, rs = 0.14, p = 0.42; drill-hole diameter
vs. shell length, rs = 0.05, p = 0.76; Fig. 10),
which might suggest that larger predators
tend to target larger prey. On the one hand,
the correlation is not as strong as the ones
found in Recent assemblages (e.g., Kitchell
et al. 1981; Aristov and Varfolomeeva 2019)
and in Cenozoic assemblages (e.g., Kitchell

1986; Kelley 1988; Kelley and Hansen 2003
and references therein). On the other hand,
the presence of a positive relationship between
drill-hole diameter and prey size differs from
that of Harper et al. (1998), who found no asso-
ciation between drill-hole diameter and prey
size in the Pliensbachian of the United
Kingdom.

Discussion

Predatory or Parasitic Origin of Drill Holes
Drill holes in fossil shells and other hard sub-

strates from the Lower Jurassic may have had
different origins and served different purposes.

FIGURE 4. Drilled Gresslya intermedia (Tate, 1876) from the upper Pliensbachian (Amaltheus margaritatus Zone) of northern
Germany. A, B, Internal mold with Arachnostega, namu ES/jl-11471. B, Detail of A. C, namu ES/jl-11447. D, E, Internal
mold with Arachnostega, namu ES/jl-11445. E, Detail of D. F, Two drill holes and Arachnostega, namu ES/jl-11446. G–I,
Internalmoldwith rodlike coprolites, namuES/jl-11448. G, Left valve view, showing the drill hole and coprolites. H, Detail
of G. I, Detail of H. Scale bars, 1 mm (B, I); 2 mm (E); 5 mm (H); 10 mm (A, C, D, F, G).
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For example, domichnia were previously
reported from the Lower Jurassic, made by
bivalves on epifaunal bivalves (Gastrochaeno-
lites; Bassi et al. 2017) and by acrothoracid
barnacles on hard substrates (Rogerella) from
the Amaltheenton Formation (Keupp and
Schweigert 2021). The drill-hole characteristics
in the studied specimens—the shape of the
drill holes (Oichnus paraboloides), the presence
of boreholes on shells of infaunal taxa, and
the concentration of holes on certain sites (site
selectivity)—do not support their

interpretation as domichnia. Additionally, the
concentration of drill holes on certain taxa
(prey selectivity), the number of holes on each
shell (maximum of three), and the absence of
continuation of drill holes to the other valve
cannot be explained by a producer of domich-
nia. Parasites may show host or site selectivity,
but no parasite producing a large drill hole
(0.9–3.4 mm in the present material) on
infaunal bivalves has been recorded in Earth’s
history. Furthermore, it is not certain that a
host–parasite relationship can be maintained

FIGURE 5. Coprolites preserved in the internal molds from the upper Pliensbachian (Pleuroceras spinatum Zone) of Butten-
heim, southern Germany. A–C, Eothyasira antiqua (Münster in Goldfuss, 1841) with a drill hole and rodlike coprolites,
SNSB-BSPG 2011 XI 624. B, Detail of A. C, Detail of B. D, E, Eothyasira antiqua (Münster in Goldfuss, 1841) with a drill
hole (on left valve) and rodlike coprolites, SNSB-BSPG 2011 XI 625. D, Right valve view. E, Detail of D. F, G, Eothyasira antiqua
(Münster in Goldfuss, 1841), with a drill hole and rodlike coprolites, SNSB-BSPG 2011 XI 545. G, Detail of F. H, I, Gresslya
intermedia (Tate, 1876), without a drill hole but with coprolites (Coprulus isp.), SNSB-BSPG 2011 XI 776. I, Detail of
H. Images in A–C, E–I were taken without ammonium chloride. Scale bars, 1 mm (C, E, G); 2 mm (B, I); 5 mm (A, D, F, H).
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for a prolonged interval between a deep
infaunal bivalve and a large parasite (sug-
gested by the large diameter of the drill hole),
because the stability of position in clay sedi-
ments is vital for infaunal soft-bottom bivalves.
A long-term attachment of a large and heavy
parasite would disturb the balance of the
bivalve within the soft sediment, and the
bivalve would not keep the orientation of its
shell and siphon, which is vital for infaunal

bivalves for food and oxygen uptake. Drill
holes on Recent infaunal bivalves in this size
range are produced by predators and mostly
by naticid gastropods, which show prey, size,
and site selectivity (e.g., Kitchell et al. 1981;
Kelley and Hansen 2003). As outlined above,
no Recent drilling gastropod groups or extinct
platyceratid gastropods have been reported
from the Lower Jurassic, and particularly from
the Amaltheenton Formation (cf. Nützel and

FIGURE 6. Kernel density and hotspot maps of drill holes on Gresslya intermedia specimens from the upper Pliensbachian.
Exact locations of 38 drill holes are denoted with crosses.

FIGURE 7. Graphical output from the distance-based statistics estimated on Gresslya intermedia specimens from the upper
Pliensbachian. L-function and pair-correlation function (PCF). Straight curve (Data) is based on observed data function,
dashed line (CSR) is complete spatial randomness function. The dark gray area is the simulation envelope for 999
Monte Carlo simulations of CSR. Black arrow indicates the point of maximum clustering distance (MCD).
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Kiessling 1997; Gründel and Nützel 1998, 2015;
Gründel 2007; Schubert et al. 2008; Nützel and
Gründel 2015). The drill-hole characteristics
(shape, number, aggregation on certain area)
and the ecology and identity of the prey are
very similar to the predatory drilling interaction
between Recent gastropods (especially of nati-
cids) and bivalves (see Klompmaker et al.
[2019] for characteristics of predatory drill
holes). Therefore, we assume that the drill
holes were producedmost likely by a predatory
gastropod. Given the fact that the drilling habit
has evolved independently several times in gas-
tropods (Klompmaker et al. 2019: table 2), and
at least one drilling gastropod became extinct
in the evolutionary history of gastropods (Platy-
ceratidae; Tracey et al. 1993), it is well possible

that the drill holes presented here were pro-
duced by a representative of an extinct gastro-
pod group.
Previously, Karapunar et al. (2020a) used

drill-hole diameter as a proxy for size of a
potential gastropod predator from the
Amaltheenton Formation in southern Germany
and discussed the possible identity of the
gastropod predator in that size range. They
concluded that the most likely candidate is
Hayamia reticulata (Münster in Goldfuss, 1844),
which occurs in the same horizons with the
drilled specimens from that locality. Hayamia
reticulata was preliminarily classified as
Neritimorpha but might instead belong to Veti-
gastropoda or Caenogastropoda (Nützel and
Gründel 2015). This species was also reported

FIGURE 8. Kernel density and hotspotmaps of drill holes onGresslya intermedia specimens for two drill-hole size categories.
Exact locations of the large and small drill holes are denoted with crosses.
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from one of the studied Pliensbachian localities
of northern Germany (Jöllenbeck) and from
the Pliensbachian of the United Kingdom
(Schubert et al. 2008; Nützel and Gründel
2015). As there is no additional evidence
for an alternative candidate, we also regard
H. reticulata as the most likely producer of the
drill holes found in northern Germany. A pos-
sible phylogenetic relationship between the
drill-hole producers from the Triassic (e.g.,

Klompmaker et al. 2016) and the Lower Jurassic
cannot be proposed, because the identity of
the drill-hole producer from the Triassic occur-
rences is also not known with certainty. Hence,
how many times the drilling habit evolved in
the early Mesozoic cannot be assessed. The
presence of naticid-like drill holes long before
the origination of Naticidae (e.g., Ausich and
Gurrola 1979; Hoffmeister et al. 2004; Klomp-
maker et al. 2016; Karapunar et al. 2020a; this

FIGURE 9. Graphical output from the distance-based statistics estimated on large and small Gresslya intermedia specimens.
L-function and pair-correlation function (PCF). Straight curve (Data) is based on observed data function, dashed line (CSR)
is complete spatial randomness function. The dark gray area is the simulation envelope for 999Monte Carlo simulations of
CSR. Black arrow indicates the point of maximum clustering distance (MCD).
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study) or muricid-like drill holes long before
the origination of Muricidae (Harper et al.
1998) corroborates that drilling predation
evolved several times in different gastropod
groups during Earth’s history. The presence
of the same drill-hole shapes in the fossil record
long before the appearance of modern drilling
taxa (e.g., Naticidae andMuricidae) in the fossil
record also shows that the shapes of the drill
holes are convergent, and identification of the
drill-hole producer in the fossil record based
solely on drill-hole shape might be erroneous
(e.g., interpreting O. paraboloides to be made
only by Naticidae).

Behavior of the Predator
Prey Selectivity.—There is a remarkable dif-

ference in the species composition and diversity
of the drilled taxa between the Capricornumer-
gel Formation of the lower Pliensbachian
and the Amaltheenton Formation of the upper
Pliensbachian. While the drill holes were
found in epifaunal, semi-infaunal, and infaunal
taxa in the older deposits, they are present only
in deep infaunal taxa and almost exclusively in
Gresslya in theyounger deposits, although semi-
infaunal and epifaunal taxa existed throughout
thePliensbachian (AppendixS3).Atfirst glance,
this could indicate a presence of different preda-
tors specialized on epifaunal and infaunal
bivalves. If the epifaunal bivalve Gervillia? and
the infaunal bivalves were targeted by different
predators, this could indicate the extinction of
the epifaunal predator at the end of the early
Pliensbachian while the infaunal predator per-
sisted through the late Pliensbachian. However,

shape and size of the drill holes (O. paraboloides)
are identical in both upper and lower Pliensba-
chian formations. Furthermore, all specimens
were found in similar lithologies (unlithified
clay deposits and rarely from clay-ironstone
concretions), and upper and lower Pliensba-
chian formations share similar benthic faunal
compositions (Appendix S3), indicating widely
similar environmental conditions in both for-
mations (see also Hoffmann 1982; Schubert
2007). Therefore, a reasonable interpretation is
that the same predator was responsible for the
drill holes in the lower and the upper Pliensba-
chian occurrences in the studied localities.
Although all drilled bivalve species occur
throughout the Pliensbachian interval in this
region, including some of the studied localities
(cf. Schubert 2007, 2010; Aberhan et al. 2011;
Appendix S3), there is a shift in the mode of
life of the targeted bivalves between the lower
and the upper Pliensbachian. The difference in
the life mode of the targeted bivalves may be
due to short-term changes in the environmental
conditions favoring semi-infaunal and epi-
faunal taxa in the early Pliensbachian (e.g.,
slightly firmer substrate) and exclusively
infaunal taxa (e.g., distinct soft-bottom condi-
tions) during the late Pliensbachian, and hence
prey availability might have played a role. The
apparent absence of drill holes in the epifaunal
bivalves from the upper Pliensbachian might
be due to the scarcity of epifaunal taxa in
upper Pliensbachian deposits. However, the
fact that the drilled epifaunal and semi-infaunal
species of the lower Pliensbachian still occur in
the upper Pliensbachian Amaltheenton Forma-
tion (cf. Aberhan et al. 2011; Appendix S3) indi-
cates a more selective behavior of the predator
favoring infaunal taxa as prey. It remains ques-
tionable if the here-assumed change in selection
of prey taxa is due to a general behavioral
change of the predator (e.g., less effort and
cost), better protection from nektonic or epi-
faunal predators when drilling on infaunal
prey, or competition with other predators (see
“Comparisonwith the Predator from the Pliens-
bachian of Southern Germany”).

Site Selectivity.—Because of the low number
of specimens, the drill-hole sites in the epi-
faunal and semi-infaunal species of the Trago-
phylloceras ibex Zone cannot be quantitatively

FIGURE 10. Scatter plot of drill-hole diameter versus shell
height. The dashed line represents the linear regression line.
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analyzed. The drill holes inModiolus are located
in the mid-part of the shell, either near the
anteroposterior ridge (Fig. 1B,D,E) or slightly
above that ridge (Fig. 1E). In Gervillia?, they
are positioned near the anteroventral ridge in
the region of the umbo. With respect to the
semi-infaunal life habit of Modiolus (Stanley
1970) and the epifaunal to semi-infaunal life
habit of Gervillia? (Muster 1995; Ros Franch
et al. 2014), the drill-hole sites are close to the
substrate, suggesting that the predator might
have attacked the prey from within the sedi-
ment. The drill holes in theModiolus specimens
are located in the central part of the shells. This
region might be preferred because the most
nutritious organs are located in that region
(e.g., Hughes and Dunkin 1984). The drilled
site in Gervillia? is near the umbo, which repre-
sents the most inflated part of the shell and
might yield a large portion of the soft tissue,
but it is also a relatively thick shell region,
which would increase the drilling time and the
energy spent for drilling. Unlike the targeted
infaunal taxawith slowmotility (Gresslya, Pleur-
omya, Pholadomya; Ros Franch et al. 2014), these
byssate taxa (Modiolus, Gervillia?) might have
been easier to prey on because they were not
motile. However, longer drilling time (due to
drilling a thicker shell) and being partially
exposed in the substrate (when preying on semi-
infaunal taxa) might expose the epifaunal driller
to danger from epifaunal predators or impose a
greater energy cost if disturbed during drilling
(see further discussion below).
Concerning the infaunal species Gresslya

intermedia from the upper Pliensbachian
(Amaltheus margaritatus Zone and Pleuroceras
spinatum Zone), SPPAT shows a concentration
of drill holes on the central shell region. In con-
trast with a previous study of predation by nati-
cid gastropods on bivalve prey (Rojas et al.
2015, 2020), distance-based statistics do not
support segregated patterns. The central shell
region in Gresslya represents the region with
more inflation and also the region where most
soft tissues (gonads, stomach) were probably
located, while the posterior region was mostly
filled with the siphon. The Recent muricid spe-
cies Nucella lapillus drills on sites where more
nutritious and more easily digestible parts are
located, instead of a site where it can drill faster

(Hughes and Dunkin 1984). The energy gain
per unit time is also important for prey selec-
tion in muricids (Averbuj et al. 2021). The mur-
icid N. lapillus can reach all soft tissues with its
proboscis irrespective of where it drills
(Hughes and Dunkin 1984), but it is not clear
if the Amaltheenton predator had such a long
proboscis and could reach all soft body parts
(see also discussion below). Naticids also
show site selection and drill in the umbonal
or central shell regions of the bivalve prey (Har-
per and Kelley 2012). However, the location of
drill holes might also be related to the anatomy
of naticids (Calvet 1992). Taking these exam-
ples from the Recent into account, the site
selectivity of the Amaltheenton predator on
infaunal bivalves was likely related to energy
gain per unit time. The degree to which the
soft anatomy of the predator played a role in
site selectivity is not known.
If there is an improvement in site selectivity

through the life span of individuals of the preda-
tor species, drill holes produced by older (larger)
predators might show a more distinct site select-
ivity compared with the drill holes made by
younger predators (e.g., Hughes and Dunkin
1984: table 2), or younger and older individuals
of a predator species might select different sites
on shells for drilling (e.g., Rojas et al. 2015: fig.
3B,C). Similar aggregated patterns in the distri-
bution of drill holes onG. intermedia are observed
when the underlying drilling data are divided
into small and large size classes according to
the drill-hole diameter (Figs. 8, 9). SPPAT sug-
gests that there was no significant difference in
site-selective behavior between the younger
and older predators (inferred by drill-hole size).
The deep infaunal bivalves such as G. inter-

media, Pleuromya costata, and Pholadomya ambi-
gua have slightly gaping posterior ends
(cf. Karapunar et al. 2020b). Some Recent
predatory gastropods are able to use this pos-
terior gape to reach the soft tissue of their
prey (e.g., muricids on gaping bivalves [Kent
1981]; naticids on Ensis and Solen [Frey et al.
1986]) instead of spending energy for drilling.
However, this procedure requires a long pro-
boscis in the case of muricids. The high inci-
dence of drill holes on G. intermedia might
indicate that the Lower Jurassic predator did
not have such long proboscis or the ability to
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reach the soft body through the gape and
needed to drill the central part of the shell to
reach the nutritious soft parts of its prey.
Modern experiments and field observations

indicate that drilling and consumption can
take hours to days for Recent predators (Kitch-
ell et al. 1981; Averbuj et al. 2021). Given the
thin shell of Gresslya, drilling time might not
have lasted days. However, keeping the prey
stable while drilling is important for the preda-
tor to be able to complete drilling. When a
gastropod is disturbed during drilling, it can-
not reoccupy the previously unfinished drill
hole and starts drilling anew (Kitchell et al.
1981). If a predator encounters any disturbance,
a drilling attempt might become unsuccessful
and might result in incomplete drill holes
(e.g., Klompmaker et al. 2016). Being station-
ary, attached to the substrate with their byssus,
the drilled epifaunal bivalve taxa probably
could not disturb the predator during drilling.
However, drilling on epifauna might bring
other dangers, such as disturbance by other
predators. All studied drill holes on preserved
shell material are complete, which suggests
that all predators were successful. However,
the absence of original shell material in several
specimens lowers the probability of detecting
incomplete drill holes, if any, because incom-
plete drill holes do not leave any impression
on internal molds. Recent naticids wrap their
prey with their foot to immobilize the prey
(Visaggi et al. 2013). There is no gastropod
from the Amaltheenton Formation known to
have a soft body potentially large enough to
wrap a Gresslya specimen completely. On the
other hand, the predator may have profited
from pustules to attach the prey firmly. Pus-
tules on the external shell surface are a common
feature of the drilled deep infaunal taxa (e.g.,
Gresslya, Pholadomya, Pleuromya,Arcomya; Kara-
punar et al. 2020b). The function of pustules is
thought to be to increase the friction on shell
surface to keep the shell stable within the sedi-
ment (Checa and Harper 2010). The pustules
might have helped predators to grip the prey.

Comparison with the Predator from the
Pliensbachian of Southern Germany
Despite the differences in stratigraphic age

there are some reasons to assume that the

predator from the Pliensbachian of northern
Germany is identical to the predator recorded
from the upper Pliensbachian of southern Ger-
many (Karapunar et al. 2020a). The common
features in both regions are the drill-hole
shape, an infaunal life habit of most drilled
prey at least in the upper Pliensbachian, and
the generally similar argillaceous soft substrate.
The lateral continuation of the same strati-
graphic unit (the Amaltheenton Formation)
further suggests uninterrupted connection of
the same environment in the northern and
southern settings, at least during the late Pliens-
bachian. One argument against the assumption
of the same identity is the difference in the
range of drill-hole diameters in both settings
(0.9–3.4 mm, median 1.76 mm in Gresslya
[this study]; 0.7–2.9 mm, median 1.4 mm in
Eothyasira [Karapunar et al. 2020a]; the median
drill-hole sizes are significantly different,
Kruskal-Wallis test, H = 18.34, p < 0.05). This
difference might indicate different predators
in the two settings. However, the size differ-
ence might have been caused by the different
size–frequency distributions of populations of
the same species in different settings (see
below). The specimens from both regions
(southern and northern Germany) exhibit com-
pletely perforated holes and occasionally mul-
tiple holes. Among the drilled Eothyasira
specimens, 14% exhibit two drill holes either
on the same valve or on both valves (Karapunar
et al. 2020a). In the case of Gresslya specimens
from the studied localities, 13% exhibit mul-
tiple drill holes. Three Gresslya specimens
exhibit two drill holes, and one specimen exhi-
bits three drill holes, again either on the same or
on both valves. The diameters of the multiple
drill holes on Gresslya differ, which suggests
that the holes were produced by different indi-
viduals, a pattern also inferred from the drilled
Eothyasira from southern Germany. Karapunar
et al. (2020a) previously concluded that the
predator from the Amaltheenton Formation
from southern Germany was prey selective,
because the drill holes were found only in
two bivalve taxa and almost exclusively on
the chemosymbiotic deep infaunal bivalve
Eothyasira antiqua. According to Karapunar
et al. (2020a) the predator was selecting Eothya-
sira because of its large size compared with
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other infaunal taxa (e.g., nuculanids). Gresslya
is one of the largest species in the Amaltheen-
ton Formation and occurred in both northern
and southern settings but is rarer in the south.
The reason for the strong selection of Gresslya
as prey in the studied occurrences from the
upper Pliensbachian of northern Germany
could be the large size but also the thin shell.
Indeed, the thin shells of deep infaunal bivalves
are explained by the reduction of predation on
deep infauna (Stanley 1988), but the
Amaltheenton predator seemingly explored
this previously unoccupied niche. Both the
large size and thin shell favor benefit in the
cost–benefit ratio (Kitchell et al. 1981).
Assuming that the drill holes were produced

by the same predator taxon in the upper Pliens-
bachian of southern and northern Germany, it
is remarkable that this predator preyed exclu-
sively onGresslya in northern Germany (A. mar-
garitatus Zone and P. spinatum Zone) while it
preyed exclusively on Eothyasira in southern
Germany (the P. spinatum Zone). Karapunar
et al. (2020a) discussed that large prey size
was an important factor in prey selection for
the predator in the southern Germany but
also questioned why other large infaunal taxa
(e.g., Gresslya, Pholadomya, Pleuromya, Arcomya)
lack drill holes in southern Germany if prey size
was the primary factor in prey selection. These
large infaunal taxa are very rare in the southern
setting (Karapunar et al. 2020b). Similarly,
Eothyasira, the taxon exclusively drilled in
southern Germany, is absent in northern Ger-
many. Thus, prey availability based on general
species presence and minor differences in
environmental conditions might have played
a role in prey selectivity along with size. It is
notable that the predator in southern Germany
did not drill any epifaunal taxon, although epi-
faunal species were diverse and abundant
(Karapunar et al. 2020b). One shared feature
between the drilled infaunal taxa from nor-
thern Germany (Gresslya, Pholadomya, Pleuro-
mya, Arcomya) and Eothyasira is the presence
of tiny pustules on the shell (Karapunar et al.
2020a: fig. 7E; Karapunar et al. 2020b: plate
18, fig. 6, plate 19, figs. 2,5). Whether the preda-
tor recognized the prey based on these pustules
might be speculative, but they could have
helped the predator to tightly grip the shell

(see “Site Selectivity”). Recent predators use
chemical cues in locating their prey: scent trails,
and vibrations created by the prey (Croll 1983;
Hughes 1985). Similar tracking methods can
be assumed to have been employed by the
predator in the Lower Jurassic.
The individuals belonging to the same

bivalve taxa are larger in the older sediments
of the Amaltheenton Formation in northern
Germany than the individuals from younger
sediments of the Amaltheenton Formation in
southern Germany (Aberhan et al. 2011; Kara-
punar et al. 2020b; B.K. and W.W., personal
observation). Even the species endemic to
southern Germany are small compared with
the widely distributed co-occurring species
from the same genus (Karapunar et al. 2021).
Smaller size can be an adaptation to finer sedi-
ment grain size, less oxygen availability (Für-
sich et al. 2020), and higher temperature
(Piazza et al. 2019, 2020). The size difference
suggests that the Amaltheenton environment
at northern settings was more oxygenated, the
substrate had larger grain size, and the fauna
had less physiological stress. Higher species
diversity of bivalves in southern settings indi-
cates more favorable conditions, but the
recorded diversity might be also biased by the
excessive sampling effort (Karapunar et al.
2020b). Presence ofArachnostega in the northern
Amaltheenton (see also “Taphonomic Features
of the Drilled Specimens”) might indicate a
relatively colder climate (cf. Vinn et al. 2014).
Not only the size of bivalves, but also the
median size and upper size range of the drill
holes are larger in the north, suggesting that a
larger size was also attained by the predator.
As alreadymentioned above for the localities

in northern Germany, there is a remarkable
change from drilled epifaunal, semi-infaunal,
and infaunal species in the lower Pliensbachian
T. ibex Zone to exclusively infaunal (mostly
deep infaunal) drilled species in the upper
Pliensbachian. This feature seems to be con-
firmed by the exclusive presence of drill holes
in infaunal species in the upper Pliensbachian
of southern Germany. As the concerned epi-
faunal and semi-infaunal bivalve species are
recorded through the whole Pliensbachian,
this change can be best explained by a change
in prey selection by the assumed gastropod
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predator through time. The focus on infaunal
prey in the upper Pliensbachian reflects a
more specialized adaptation of the predator.
Drilling is a slow process and makes the

predator itself vulnerable to predation (Vermeij
1987: pp. 167–173). It is interesting that the
early Mesozoic drillers attacked largely
infaunal taxa (e.g., Harper et al. 1998; Klomp-
maker et al. 2016; Karapunar et al. 2020a; this
study). This is in contrast to the Paleozoic dril-
ling organisms, which were epifaunal parasites
(e.g., platyceratid gastropods; Baumiller and
Gahn 2002; Thomka and Brett 2021) or epi-
faunal predators (e.g., Ausich and Gurrola
1979; Hoffmeister et al. 2004). The increase in
infaunalization of bivalves through the Norian
(Late Triassic) was explained by the prolifer-
ation of durophagous predators (Tackett and
Bottjer 2012). Similarly, the low frequency of
drill holes in the Late Triassic was explained
by the prevalence of durophagous predators
(Tackett and Tintori 2019). The Jurassic also
shows an increase in infaunalization, which is
suggested by the increase in the number of bor-
ing ichnogenera and ichnoguilds (Wilson 2007;
Buatois et al. 2022). This increase in infaunaliza-
tion is in part considered to be a response to an
increase in predation pressure (Wilson 2007),
but an unequivocal link between the predation
and infaunalization in the early Mesozoic has
not yet been established (Buatois et al. 2022).
If infaunalization was caused by an increase
in predation from the Late Triassic to Early Jur-
assic, the occupation of infaunal environment
by the drilling organisms at this time might
also have been caused by the durophagous pre-
dation, which may have imposed predation
pressure on the drillers as well.
There can be a latitudinal gradient in preda-

tion, either increasing toward the equator
(Kelley and Hansen 2007; Visaggi and Kelley
2015) or poleward (Vermeij et al. 1989). Consid-
ering that the drill-hole data from the Pliensba-
chian are scarce and diachronic, comparison of
the drill-hole record of three localities (20.4% of
astartids from the T. ibex Zone in Blockley,
southwest England [Harper et al. 1998]; esti-
mated as 2.5% of total bivalve specimens from
the T. ibex Zone and 20–50% of Gresslya speci-
mens from the A. margaritatus Zone of northern
Germany [this study]; 0.8% of total bivalve

specimens; 81% of Eothyasira specimens from
the P. spinatum Zone of southern Germany
[Karapunar et al. 2020a]) suggests an increase
in within-species drilling frequency from nor-
thern to southern and from older to younger
strata. The observed pattern might have been
created by specialization in prey selectivity
rather than being linked to the latitudinal gradi-
ent. However, the data are not reliable enough
to draw far-reaching conclusions.

Taphonomic Features of the Drilled Specimens
A remarkable feature is the presence of a col-

lapsed zone around the drill holes in thin-
shelled infaunal taxa (Gresslya, Pholadomya,
Pleuromya, Arcomya). One might assume that
the predator was responsible for this collapse.
However, in that case, the broken parts would
not be preserved in situ because of the sediment
infill into the shell after drilling was complete.
The collapsed zones are obviously postmortem
deformations of the shell when the shells were
already filled with sediments. The sediments
most likely entered the shell through the nar-
row posterior gape and the drill hole (sug-
gested by articulated preservation of the
shells). The drill hole weakened the area
around the hole against stress load imposed
by burial and compaction, most likely creating
such collapses (cf. Roy et al. 1994).
Apart from the drill holes, burrowing traces

(Arachnostega gastrochaenae) are found on
internal molds (Figs. 3C, 4A,D,F). Arachnostega
is interpreted as feeding traces produced by
polychaetes (Bertling 1992) and is recorded
from the Ordovician onward (Toom et al.
2019). Previously, Brunthansová and Kraft
(2003) found Arachnostega together with copro-
lites and concluded that the coprolites and Ara-
chnostega were produced by the same
organism; however, they might be produced
by different organisms (Toom et al. 2020).
Among the studied specimens, one drilled
Gresslya specimen has Arachnostega and rodlike
coprolite fossils with a diameter of 0.16 mm
(Fig. 4G–I). Similar rodlike structures
(0.12 mm in diameter), which we interpret as
coprolites, were found in some of the drilled
Eothyasira specimens from southern Germany
(Fig. 5A–G). However, no burrowing traces
(Arachnostega) in Eothyasira specimens were
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found. Among the Gresslya specimens from
southern Germany (all are non-drilled),
rounded rather than rodlike coprolites were
found in one specimen (Fig. 5H,I) and assigned
herein to Coprulus isp. (see Knaust 2020). As
previously suggested by Brunthansová and
Kraft (2003), Arachnostega and coprolites
might have been produced by animals that
used empty shells as a domicile. Arachnostega
was found in internal molds of gaping bivalves
(e.g., Gresslya) irrespective of the presence or
absence of the drill holes. The producers of
the burrowing traces and coprolites might
have entered the shell either through the drill
hole after the predator emptied the shell or
through the posterior gape after the death of
the bivalve.
One conspicuous feature is the preservation

of some drill holes in the Amaltheenton envir-
onment. These drill holes were preserved on
the internal molds as circular pits. The same
preservation was reported by Karapunar et al.
(2020a, b) in Eothyasira from slightly younger
sediments of the Pliensbachian Amaltheenton
Formation. As previously discussed by Kara-
punar et al. (2020a), the drill holes were obvi-
ously not produced after the formation of the
internal molds. This unique taphonomic fea-
ture seems to have improved the preservation
potential of the drill holes.

Implications for Drilling Predation Patterns in
the Early Mesozoic
The present study and the previously pub-

lished data (Karapunar et al. 2020a) suggest
that the drilling predator in the Amaltheenton
Formation was highly specialized (prey, size,
and site selective). The low incidence of preda-
tion in the Amaltheenton environment can be
partially explained by the high specialization
of the predator (i.e., strict prey selection in
terms of prey’s life habit and identity), which
limits the number of drill holes to the abun-
dance of the target prey group rather than the
abundance of predator. However, the scarcity
of the drill-hole record is a global phenomenon
in the early Mesozoic (Huntley and Kowa-
lewski 2007). The scarcity of drill holes in the
Jurassic was previously hypothesized to be
caused by bias in aragonite preservation (Har-
per et al. 1998); that is, the absence of drill

holes was due to loss of aragonitic shell mater-
ial. The nature of preservation (i.e., the preser-
vation of drill holes on internal molds even in
the absence of the original shell), the low
assemblage frequency, and the low within-
species drilling frequency (lower taxon fre-
quency) in the Amaltheenton Formation (0.8%
of total bivalve specimens; 81% of the Eothyasira
specimens in southern Germany; Karapunar
et al. 2020a) argue against this claim. Although
the original aragonite is preserved, the
drilling percentage in the mollusk-dominated
St. Cassian assemblages (Carnian, Triassic) is
also low (1.7% out of 119 specimens; Klomp-
maker et al. 2016) compared with the younger
reports of drilling percentages from the Cret-
aceous onward (Tackett and Tintori 2019).
The Mesozoic Era started with the biggest

extinction of life on Earth (Payne and Clapham
2012), and the first half of the era experienced
several subsequent extinction events (Carnian
pluvial event, Late Triassic [Dal Corso et al.
2020]; end-Triassic [Kiessling et al. 2007];
early Toarcian [Little and Benton 1995]) in con-
trast to the relatively more stable second half.
These extinctions affected both the diversity
of potential prey (e.g., bivalves) and potential
drilling predators (e.g., gastropods). Predators,
which were already rare, might have been
wiped out repeatedly during these extinction
events, and hence their expansion might have
been hampered. In the Lower Jurassic, the drill-
hole record is patchily present in the Hettan-
gian, Sinemurian, and Pliensbachian until it
was interrupted at the Pliensbachian–Toarcian
extinction event. The drilling record reap-
peared in the Bajocian–Bathonian (Kowalewski
et al. 1998 with supplementary material; Har-
per et al. 1998) and increased from the Late Jur-
assic onward (Tackett and Tintori 2019; Saha
et al. 2021). Similar to the drilling interactions
(both parasitic and predatory ones; Huntley
and Kowalewski 2007), parasitic interactions
also decreased in the late Paleozoic and early
Mesozoic (De Baets et al. 2021). The decline
in parasitic interactions is explained by the
decline in parasite diversity and biodiversity
in general. A high incidence of drill holes in
the earlyMesozoic (e.g., Carnian [Klompmaker
et al. 2016]; Pliensbachian [Harper et al. 1998;
Karapunar et al. 2020a; this study]) coincides
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with the peaks in diversity of potential preda-
tors (Triassic gastropods; Karapunar and
Nützel 2021: figs. 92–94, 97) and prey taxa (Tri-
assic bivalves [McRoberts 2001]; Early Jurassic
bivalves [Aberhan and Fürsich 2000]). The
low drilling intensity in the Triassic and Early
Jurassic can be best explained by the rarity
(low diversity) of predators, as previously pro-
posed (Kowalewski et al. 1998; Huntley and
Kowalewski 2007). Our findings suggest that
the predator in the soft-bottom Amaltheenton
environment was highly specialized, focusing
exclusively on a single prey taxon (prey select-
ivity), which was Gresslya in the northern set-
tings and Eothyasira in the southern settings.
In addition to a low diversity of predators,
such specializations might have caused the rar-
ity of drill holes and resulted in extinction of
drill-hole producers.

Acknowledgments

S.-L. Hilpert (Sülfeld, Germany) is acknowl-
edged for donating her specimen for the current
study. M. Keiter (Naturkunde Museum Biele-
feld) is thanked for inventorying. P. Kelley, the
two anonymous reviewers, and the editors
J. Crampton and J. Huntley are acknowledged
for their critical comments, which considerably
improved the article. P. Kelley is further
acknowledged for her editorial comments.
Open access funding provided by the Ludwig
Maximilian University of Munich.

Declaration of Competing Interests

The authors declare no competing interests.

Data Availability Statement

Data available from the DryadDigital Reposi-
tory (Supplementary material and Appendix):
https://doi.org/10.5061/dryad.gxd2547qs.

Literature Cited
Aberhan, M., and F. T. Fürsich. 2000. Mass origination versus mass
extinction: the biological contribution to the Pliensbachian–Toar-
cian extinction event. Journal of the Geological Society of London
157:55–60.

Aberhan, M., A. Scholz, and S. Schubert. 2011. Das Ober-
Pliensbachium (Domerium) der Herforder Liasmulde-Teil 3-Tax-
onomie und Paläoökologie der Bivalvia aus der Amaltheenton-

Formation (Unterjura) der Herforder Liasmulde. Geologie und
Paläontologie in Westfalen 80:61–109.

Aristov, D., and M. Varfolomeeva. 2019. Moon snails Amauropsis
islandica can shape the population of Baltic clams Limecola balthica
by size-selective predation in the high-latitude White Sea. Polar
Biology 42:2227–2236.

Ausich, W. I., and R. A. Gurrola. 1979. Two boring organisms in a
Lower Mississippian community of southern Indiana. Journal
of Paleontology 53:335–344.

Averbuj, A., J. Büchner-Miranda, L. Salas-Yanquin, J. Navarro,
L. Pardo, A. Matos, J. Pechenik, and O. Chaparro. 2021. Energetic
trade-offs: implications for selection between two bivalve prey spe-
cies by a carnivorous muricid gastropod. PLoS ONE 16:e0250937.

Baddeley, A., E. Rubak, and R. Turner. 2016. Spatial point patterns:
methodology and applications with R. CRC Press, Boca Raton, Fla.

Baird, G. C., C. E. Brett, and J. T. Tomlinson. 1990. Host-specific
acrothoracid barnacles on Middle Devonian platyceratid gastro-
pods. Historical Biology 4:221–244.

Bandel, K. 1992. Platyceratidae from the Triassic St. Cassian Forma-
tion and the evolutionary history of the Neritomorpha (Gastro-
poda). Paläontologische Zeitschrift 66:231–240.

Bardhan, S., D. Chattopadhyay, S. Mondal, S. S. Das, S. Mallick,
A. Roy, and P. Chanda. 2012. Record of intense predatory drilling
from Upper Jurassic bivalves of Kutch, India: implications for the
history of biotic interaction. Palaeogeography, Palaeoclimat-
ology, Palaeoecology 317–318:153–161.

Bassi, D., R. Posenato, J. H. Nebelsick, M. Owada, E. Domenicali,
and Y. Iryu. 2017. Bivalve borings in Lower Jurassic Lithiotis
fauna from northeastern Italy and its palaeoecological interpret-
ation. Historical Biology 29:937–946.

Baumiller, T. K., and F. J. Gahn. 2002. Fossil record of parasitism on
marine invertebrates with special emphasis on the platyceratid-
crinoid interaction. Paleontological Society Papers 8:195–210.

Baumiller, T. K., L. R. Leighton, and D. L. Thompson. 1999. Bore-
holes in Mississippian spiriferide brachiopods and their implica-
tions for Paleozoic gastropod drilling. Palaeogeography,
Palaeoclimatology, Palaeoecology 147:283–289.

Bertling, M. 1992. Arachnostega n. ichnog.-burrowing traces in
internal moulds of boring bivalves (Late Jurassic, Northern Ger-
many). Paläontologische Zeitschrift 66:177–185.

Breton, G.,M.Wisshak, D. Néraudeau, andN.Morel. 2017. Parasitic
gastropod bioerosion trace fossil on Cenomanian oysters from Le
Mans, France and its ichnologic and taphonomic context. Acta
Palaeontologica Polonica 62:45–57.

Bromley, R. G. 1981. Concepts in ichnotaxonomy illustrated
by small round holes in shells. Acta Geologica Hispanica
16:55–64.

Bruthansová, J., and P. Kraft. 2003. Pellets independent of or asso-
ciated with Bohemian Ordovician body fossils. Acta Palaeontolo-
gica Polonica 48:437–445.

Buatois, L. A., M. G. Mángano, B. Desai, N. B. Carmona, F. Burns,
D. Meek, and B. Eglington. 2022. Infaunalization and resource
partitioning during the Mesozoic marine revolution. Geology
50:786–790.

Büchner-Miranda, J.A., L. P. Salas-Yanquin,A.Averbuj, J.M.Navarro,
V.M.Cubillos, A.Matos, S. Zabala, andO. R. Chaparro. 2021.Onto-
genetic shifts of predatory strategies by the carnivorous gastropod
Acanthina monodon (Pallas, 1774). Malacologia 64:93–108.

Calvet, C. 1992. Borehole site-selection inNaticarius hebraeus (Chem-
nitz in Karsten, 1789) (Naticidae: Gastropoda)? Orsis: organismes
i sistemes 7:57–64.

Carriker, M. R. 1981. Shell penetration and feeding by naticacean
and muricacean predatory gastropods: a synthesis. Malacologia
20:403–422.

Carriker, M. R., and G. L. Gruber. 1999. Uniqueness of the gastro-
pod accessory boring organ (ABO): comparative biology, an
update. Journal of Shellfish Research 18:579–595.

DRILLING PREDATION ON EARLY JURASSIC BIVALVES 661

https://doi.org/10.1017/pab.2023.6 Published online by Cambridge University Press

https://doi.org/10.5061/dryad.gxd2547qs
https://doi.org/10.5061/dryad.gxd2547qs
https://doi.org/10.1017/pab.2023.6


Checa, A. G., and E. M. Harper. 2010. Spikey bivalves: intra-
periostracal crystal growth in anomalodesmatans. Biological Bul-
letin 219:231–248.

Chiba, S., and Y. Arai. 2014. Predation impact of small drilling gas-
tropods on the Japanese scallop Mizuhopecten yessoensis. Journal
of Shellfish Research 33:137–144.

Cortez, T., B. G. Castro, and A. Guerra. 1998. Drilling behaviour of
Octopus mimus Gould. Journal of Experimental Marine Biology
and Ecology 224:193–203.

Croll, R. P. 1983. Gastropod chemoreception. Biological Reviews
58:293–319.

Dal Corso, J., M. Bernardi, Y. Sun, H. Song, L. J. Seyfullah, N. Preto,
P. Gianolla, A. Ruffell, E. Kustatscher, G. Roghi, A. Merico,
S. Hohn, A. R. Schmidt, A. Marzoli, R. J. Newton, P. B. Wignall,
and M. J. Benton. 2020. Extinction and dawn of the modern
world in the Carnian (Late Triassic). Science Advances 6:
eaba0099.

Das, S. S., S. Mondal, S. Saha, S. Bardhan, and R. Saha. 2019. Family
Naticidae (Gastropoda) from the Upper Jurassic of Kutch, India
and a critical reappraisal of taxonomy and time of origination
of the family. Journal of Paleontology 93:673–684.

De Baets, K., J. W. Huntley, D. Scarponi, A. A. Klompmaker, and
A. Skawina. 2021. Phanerozoic parasitism and marine metazoan
diversity: dilution versus amplification. Philosophical Transac-
tions of the Royal Society of London B 376:20200366.

Forel, M.-B., C. T. Bergue, andM. d. S. A. S.Maranhão. 2022. Unveil-
ing the Permian and Triassic record of drilling predation on ostra-
cods. Marine Micropaleontology 173:102113.

Frey, R. W., J. D. Howard, and J.-S. Hong. 1986. Naticid gastropods
may kill solenid bivalves without boring; ichnologic and tapho-
nomic consequences. Palaios 1:610–612.

Fürsich, F. T., and D. Jablonski. 1984. Late Triassic naticid drillholes:
carnivorous gastropods gain a major adaptation but fail to radi-
ate. Science 224:78–80.

Fürsich, F. T., B. Karapunar, W. Werner, and A. Nützel. 2020. Ecol-
ogy of the Early Jurassic bivalve Harpax spinosus (J. Sowerby,
1819). Neues Jahrbuch für Geologie und Paläontologie-Abhan-
dlungen 297:227–243.

Fürsich, F. T., S. Bhosale, M. Alberti, and D. K., Pandey. 2023. Mio-
cene instead of Jurassic: the importance of sound fieldwork for
paleontological data analysis. Journal of Paleontology. doi:
https://doi.org/10.1017/jpa.2022.106.

Goldfuss, G. A. 1841–1844. PetrefactaGermaniae. Arnz, Düsseldorf.
Gordillo, S., M. E. Malvé, G. A. Morán, and G. M. Boretto. 2020.
Naticid drilling predation from tidal flats in northern Patagonia,
SW Atlantic. Journal of the Marine Biological Association of the
United Kingdom 100:909–919.

Gründel, J. 2007. Gastropoden des Pliensbachiums (unterer Jura)
aus der Usedom-Senke (Nordostdeutschland). Zitteliana
A47:69–103.

Gründel, J., and A. Nützel. 1998. Gastropoden aus dem oberen
Pliensbachium (Lias delta 2, Zone des Pleuroceras spinatum) von
Kalchreuth östlich Erlangen (Mittelfranken). Mitteilungen der
Bayerischen Staatssammlung für Paläontologie und historische
Geologie 38:63–96.

Gründel, J., and A. Nützel. 2015. Gastropoden aus dem oberen
Pliensbachium (Amaltheenton-Formation) NE Bayerns (Umge-
bung von Stauf/Dörlbach/Altdorf)(Franken, Süddeutschland).
Zitteliana A55:45–76.

Harper, E.M., andD. S.Wharton. 2000. Boring predation andMeso-
zoic articulate brachiopods. Palaeogeography, Palaeoclimat-
ology, Palaeoecology 158:15–24.

Harper, E. M., and P. H. Kelley. 2012. Part N (revised), vol. 1,
chap. 22: Predation of bivalves. Treatise Online 44:1–21.

Harper, E. M., G. T. W. Forsythe, and T. Palmer. 1998.
Taphonomy and the Mesozoic marine revolution; preservation
state masks the importance of boring predators. Palaios
13:352–360.

Hoffmann, K. 1982. Die Stratigraphie, Paläogeographie und
Ammonitenführung des Unter-Pliensbachium (Carixium, Lias
gamma) in Nordwest-Deutschland. Geologisches Jahrbuch
Reihe A 55:3–439.

Hoffmeister, A. P., M. Kowalewski, T. K. Baumiller, and R.
K. Bambach. 2004. Drilling predation on Permian brachiopods
and bivalves from the Glass Mountains, west Texas. Acta
Palaeontologica Polonica 49:443–454.

Hughes, R. N. 1985. Predatory behaviour of Natica unifasciata feed-
ing intertidally on gastropods. Journal of Molluscan Studies
51:331–335.

Hughes, R. N., and S. de B. Dunkin. 1984. Behavioural components
of prey selection by dogwhelks, Nucella lapillus (L.), feeding on
mussels, Mytilus edulis L., in the laboratory. Journal of Experi-
mental Marine Biology and Ecology 77:45–68.

Huntley, J. W., and M. Kowalewski. 2007. Strong coupling of preda-
tion intensity and diversity in the Phanerozoic fossil record. Pro-
ceedings of theNationalAcademyof ScienceUSA104:15006–15010.

Jäger, M. and S. Schubert. 2008. Das Ober-Pliensbachium (Domer-
ium) der Herforder Liasmulde; Teil 2, Serpuliden (Kalkröhren-
würmer). Geologie und Paläontologie in Westfalen 71:47–75.

Kabat, A. R. 1990. Predatory ecology of naticid gastropods with a
review of shell boring predation. Malacologia 32:155–193.

Karapunar, B., and A. Nützel. 2021. Slit-band gastropods (Pleuroto-
mariida) from the Upper Triassic St. Cassian Formation and their
diversity dynamics in the Triassic. Zootaxa 5042:1–165.

Karapunar, B., W. Werner, F. T. Fürsich, and A. Nützel. 2020a.
Predatory drill holes in the oldest thyasirid bivalve, from the
Lower Jurassic of South Germany. Lethaia 54:229–244.

Karapunar, B., W. Werner, F. T. Fürsich, and A. Nützel. 2020b. Tax-
onomy and palaeoecology of the Early Jurassic (Pliensbachian)
bivalves from Buttenheim, Franconia (Southern Germany).
Palaeontographica Abteilung A 318:1–127.

Karapunar, B., W. Werner, F. T. Fürsich, and A. Nützel. 2021. The
earliest example of sexual dimorphism in bivalves—evidence
from the astartid Nicaniella (Lower Jurassic, southern Germany).
Journal of Paleontology 95:1216–1225.

Kase, T., and M. Ishikawa. 2003. Mystery of naticid predation
history solved: evidence from a “living fossil” species. Geology
31:403–406.

Kelley, P. H. 1988. Predation by Miocene gastropods of the Chesa-
peake Group: stereotyped and predictable. Palaios 3:436–448.

Kelley, P. H., and T. A. Hansen. 2003. The fossil record of drilling
predation on bivalves and gastropods. Pp. 113–139 in P.
H. Kelley, M. Kowalewski, and T. A. Hansen, eds. Predator-prey
interactions in the fossil record. Kluwer Academic/Plenum Pub-
lishers, New York.

Kelley, P. H., and T. A. Hansen. 2006. Comparisons of class- and
lower taxon-level patterns in naticid gastropod predation, Cret-
aceous to Pleistocene of the US Coastal Plain. Palaeogeography,
Palaeoclimatology, Palaeoecology 236:302–320.

Kelley, P. H., and T. A. Hansen. 2007. Latitudinal patterns in naticid
gastropod predation along the east coast of the United States: a
modern baseline for interpreting temporal patterns in the fossil
record. SEPM Special Publication 88:287–299.

Kent, B. W. 1981. Feeding and food preferences of the muricid
gastropod Ceratostoma foliatum. Nautilus 95:38–42.

Keupp, H., and G. Schweigert. 2021. Die Krebse (Crustacea) aus
dem Amaltheenton von Buttenheim. Fossilien Sonderheft
2021:59–66.

Kiessling, W., M. Aberhan, B. Brenneis, and P. J. Wagner. 2007.
Extinction trajectories of benthic organisms across the Triassic–
Jurassic boundary. Palaeogeography Palaeoclimatology, Palaeo-
ecology 244:201–222.

Kitchell, J. A. 1986. The evolution of predator-prey behavior: naticid
gastropods and their molluscan prey. Pp. 88–110 inM. H. Nitecki
and J. A. Kitchell, eds. Evolution of animal behavior: paleonto-
logical and field approaches. Oxford University Press, New York.

BARAN KARAPUNAR ET AL.662

https://doi.org/10.1017/pab.2023.6 Published online by Cambridge University Press

https://doi.org/10.1017/jpa.2022.106
https://doi.org/10.1017/jpa.2022.106
https://doi.org/10.1017/pab.2023.6


Kitchell, J. A., C. H. Boggs, J. F. Kitchell, and J. A. Rice. 1981. Prey
selection by naticid gastropods: experimental tests and applica-
tion to the fossil record. Paleobiology 7:533–552.

Klompmaker, A. A., and B. A. Kittle. 2021. Inferring octopodoid
and gastropod behavior from their Plio-Pleistocene cowrie prey
(Gastropoda: Cypraeidae). Palaeogeography, Palaeoclimatology,
Palaeoecology 567:110251.

Klompmaker, A. A., and N. H. Landman. 2021. Octopodoidea as
predators near the end of the Mesozoic Marine Revolution. Bio-
logical Journal of the Linnean Society 132:894–899.

Klompmaker, A. A., A. Nützel, and A. Kaim. 2016. Drill hole con-
vergence and a quantitative analysis of drill holes in mollusks
and brachiopods from the Triassic of Italy and Poland. Palaeo-
geography, Palaeoclimatology, Palaeoecology 457:342–359.

Klompmaker, A. A., M. Kowalewski, J. W. Huntley, and
S. Finnegan. 2017. Increase in predator-prey size ratios through-
out the Phanerozoic history of marine ecosystems. Science
356:1178–1180.

Klompmaker, A. A., P. H. Kelley, D. Chattopadhyay, J. C. Clements,
J. W. Huntley, and M. Kowalewski. 2019. Predation in the marine
fossil record: studies, data, recognition, environmental factors,
and behavior. Earth-Science Reviews 194:472–520.

Knaust, D. 2020. Invertebrate coprolites and cololites revised.
Papers in Palaeontology 6:385–423.

Kowalewski, M. 2002. The fossil record of predation: an overview of
analytical methods. Paleontological Society Papers 8:3–42.

Kowalewski, M., A. d. Dulai, and F. T. Fürsich. 1998. A fossil record
full of holes: the Phanerozoic history of drilling predation. Geol-
ogy 26:1091–1094.

Little, C. T. S., andM. J. Benton. 1995. Early Jurassic mass extinction:
a global long-term event. Geology 23:495–498.

Matsukuma, A. 1978. Fossil boreholes made by shell-boring preda-
tors or commensals, part I: boreholes of capulid gastropods.
Venus 37:29–45.

McRoberts, C. A. 2001. Triassic bivalves and the initial marine
Mesozoic revolution: a role for predators? Geology 29:359–362.

McRoberts, C. A., and R. B. Blodgett. 2000. Late Triassic (Norian)
mollusks from the Taylor Mountains Quadrangle, southwestern
Alaska. U.S. Geological Survey Professional Paper 1662:55–67.

Mitchell, E. G., S. Harris, C. G. Kenchington, P. Vixseboxse,
L. Roberts, C. Clark, A. Dennis, A. G. Liu, and P. R. Wilby.
2019. The importance of neutral over niche processes in structur-
ing Ediacaran early animal communities. Ecology Letters
22:2028–2038.

Muster, H. 1995. Taxonomie und Paläobiogeographie der Bakevel-
liidae (Bivalvia). Beringeria 14:1–161.

Newton, C. R., M. T. Whalen, J. B. Thompson, N. Prins, and
D. Delalla. 1987. Systematics and paleoecology of Norian (Late
Triassic) bivalves from a tropical island arc: Wallowa Terrane,
Oregon. Journal of Paleontology 61(Suppl. 22):1–83.

Nützel, A. 2021. Gastropods as parasites and carnivorous grazers: a
major guild in marine ecosystems. Pp. 209–229 inK. De Baets and
J. W. Huntley, eds. The evolution and fossil record of parasitism:
identification and macroevolution of parasites. Springer, Cham,
Switzerland.

Nützel, A., and J. Gründel. 2015. Early Jurassic (Pliensbachian) gas-
tropods from Franconia, southern Germany. Palaeontographica
Abteilung A 305:1–89.

Nützel, A., and W. Kiessling. 1997. Gastropoden aus dem
Amaltheenton (oberes Pliensbachium) von Kalchreuth. Geolo-
gische Blätter für Nordostbayern 47:381–414.

Payne, J. L., andM. E. Clapham. 2012. End-Permianmass extinction
in the oceans: an ancient analog for the twenty-first century?
Annual Review of Earth and Planetary Sciences 40:89–111.

Piazza, V., L. V. Duarte, J. Renaudie, and M. Aberhan. 2019. Reduc-
tions in body size of benthic macroinvertebrates as a precursor of
the early Toarcian (Early Jurassic) extinction event in the Lusita-
nian Basin, Portugal. Paleobiology 45:296–316.

Piazza, V., C. V. Ullmann, and M. Aberhan. 2020. Temperature-
related body size change of marine benthic macroinvertebrates
across the Early Toarcian Anoxic Event. Scientific Reports
10:1–13.

Pohowsky, R. A. 1978. The boring ctenostomate Bryozoa: taxonomy
and paleobiology based on cavities in calcareous substrata. Bulle-
tins of American Paleontology 73:5–192.

Quenstedt, F. A. 1856–1857. Der Jura. H. Laupp, Tübingen.
Rojas, A., A. Hendy, and G. P. Dietl. 2015. Edge-drilling behavior in
the predatory gastropod Notocochlis unifasciata (Lamarck, 1822)
(Caenogastropoda, Naticidae) from the Pacific coast of Panama:
taxonomic and biogeographical implications. Vita Malacologica
13:63–72.

Rojas, A., R. W. Portell, and M. Kowalewski. 2017. The post-
Palaeozoic fossil record of drilling predation on lingulide brachio-
pods. Lethaia 50:296–305.

Rojas, A., G. P. Dietl, M. Kowalewski, R. W. Portell, A. Hendy, and J.
K. Blackburn. 2020. Spatial point pattern analysis of traces (SPPAT):
an approach for visualizing and quantifying site-selectivity
patterns of drilling predators. Paleobiology 46:259–271.

Ros-Franch, S., A. Márquez-Aliaga, and S. E. Damborenea. 2014.
Comprehensive database on Induan (Lower Triassic) to Sinemur-
ian (Lower Jurassic) marine bivalve genera and their paleobiogeo-
graphic record. Paleontological Contributions 2014(8):1–219.

Roy, K., D. J. Miller, and M. LaBarbera. 1994. Taphonomic bias in
analyses of drilling predation: effects of gastropod drill holes on
bivalve shell strength. Palaios 9:413–421.

Saha, R., S. Paul, S. Mondal, S. Bardhan, S. S. Das, S. Saha, and
D. Sarkar. 2021. Gastropod drilling predation in the Upper Juras-
sic of Kutch, India. Palaios 36:301–312.

Schubert, S. 2006. Die geologischen Aufschlüsse Bielefelds und sei-
ner Umgebung im Jahre 2005. Berichte des Naturwissenschaftli-
chen Verein für Bielefeld und Umgegend 46:31–44.

Schubert, S. 2007. Das Ober-Pliensbachium (Domerium) der Herfor-
der Liasmulde. Geologie und Paläontologie in Westfalen 68:3–89.

Schubert, S. 2010. Geologische Erkenntnisse aus den Tongruben bei
Sommersell, Stadt Nieheim. Geologie und Paläontologie in West-
falen 74:5–37.

Schubert, S. 2013. Die geologischen Aufschlüsse Bielefelds und sei-
ner Umgebung der Jahre 2010 und 2011. Berichte des Naturwis-
senschaftlichen Verein für Bielefeld und Umgegend 51:32–42.

Schubert, S., J. Gründel, and A. Nützel. 2008. Early Jurassic (Upper
Pliensbachian) gastropods from the Herforder Liasmulde (Biele-
feld, Northwest Germany). Paläontologische Zeitschrift 82:17–30.

Seebach, K. 1864. Der Hannoversche Jura. Hertz, Berlin.
Sohl, N. F. 1969. The fossil record of shell boring by snails. American
Zoologist 9:725–734.

Sowerby, J. 1812–1821. The mineral conchology of Great Britain. B.
Meredith, London.

Stanley, S. M. 1970. Relation of shell form to life habits of the Bival-
via (Mollusca). Geological Society of America Memoir 125.

Stanley, S. M. 1988. Adaptive morphology of the shell in bivalves
and gastropods. Mollusca 11:105–141.

Tackett, L. S., and D. J. Bottjer. 2012. Faunal succession of Norian
(Late Triassic) level-bottom benthos in the Lombardian Basin:
implications for the timing, rate, and nature of the early Mesozoic
marine revolution. Palaios 27:585–593.

Tackett, L. S., and A. Tintori. 2019. Low drilling frequency in Norian
benthic assemblages from the southern Italian Alps and the role
of specialized durophages during the Late Triassic. Palaeogeog-
raphy, Palaeoclimatology, Palaeoecology 513:25–34.

Tate, R. 1876. Class Lamellibranchiata. Pp. 357–412 in R. Tate and J.
F. Blake, eds. The Yorkshire Lias. John Van Voorst, London.

Thomka, J. R., and C. E. Brett. 2021. Parasitism of paleozoic crinoids
and related stalked echinoderms: paleopathology, ichnology,
coevolution, and evolutionary paleoecology. Pp. 289–316 in K.
De Baets and J. W. Huntley, eds. The evolution and fossil record
of parasitism. Springer, Cham, Switzerland.

DRILLING PREDATION ON EARLY JURASSIC BIVALVES 663

https://doi.org/10.1017/pab.2023.6 Published online by Cambridge University Press

https://doi.org/10.1017/pab.2023.6


Toom, U., O. Vinn, and O. Hints. 2019. Ordovician and Silurian ich-
nofossils from carbonate facies in Estonia: a collection-based
review. Palaeoworld 28:123–144.

Toom, U., O. Vinn,M. Isakar, A.Madison, andO.Hints. 2020. Small
faecal pellets in Ordovician shelly fossils from Estonia, Baltoscan-
dia. Estonian Journal of Earth Sciences 69:1–19.

Tracey, S., J. A. Todd, and D. H. Erwin. 1993. Mollusca: Gastropoda.
Pp. 131–167 inM. J. Benton, ed. The fossil record 2. Chapman and
Hall, Cambridge, U.K.

Vermeij, G. 1980. Drilling predation of bivalves in Guam: some
paleoecological implications. Malacologia 19:329–334.

Vermeij,G., E.Dudley, andE.Zipser. 1989. Successful andunsuccess-
ful drilling predation in recent pelecypods. The Veliger 32:266–273.

Vermeij, G. J. 1977. The Mesozoic marine revolution: evidence from
snails, predators and grazers. Paleobiology 3:245–258.

Vermeij, G. J. 1987. Evolution and escalation: an ecological history of
life. Princeton University Press, Princeton, N.J.

Vinn, O., M. A. Wilson, M. Zatoń, and U. Toom. 2014. The trace fos-
sil Arachnostega in the Ordovician of Estonia (Baltica). Palaeonto-
logia Electronica 17(40A):1–9.

Visaggi, C. C., and P. H. Kelley. 2015. Equatorward increase in nati-
cid gastropod drilling predation on infaunal bivalves from Brazil
with paleontological implications. Palaeogeography, Palaeo-
climatology, Palaeoecology 438:285–299.

Visaggi, C. C., G. P. Dietl, and P. H. Kelley. 2013. Testing the
influence of sediment depth on drilling behaviour of Neverita
duplicata (Gastropoda: Naticidae), with a review of alternative
modes of predation by naticids. Journal of Molluscan Studies
79:310–322.

Walker, S. E., L. G. Hancock, and S. S. Bowser. 2017. Diversity, bio-
geography, body size and fossil record of parasitic and suspected
parasitic foraminifera: a review. Journal of Foraminiferal Research
47:34–55.

Wilson, M. A. 2007. Macroborings and the evolution of marine
bioerosion. Pp. 356–367 in W. Miller, ed. Trace fossils. Elsevier,
Amsterdam.

Young, G., and J. Bird. 1828. A geological survey of the Yorkshire
coast: describing the strata and fossils occurring between the
Humber and the Tees, from the German ocean to the plain of
York, 2nd ed. Clark, Whitby, U.K.

BARAN KARAPUNAR ET AL.664

https://doi.org/10.1017/pab.2023.6 Published online by Cambridge University Press

https://doi.org/10.1017/pab.2023.6

	Drilling predation on Early Jurassic bivalves and behavioral patterns of the presumed gastropod predator---evidence from Pliensbachian soft-bottom deposits of northern Germany
	Introduction
	Material and Methods
	Results
	Discussion
	Predatory or Parasitic Origin of Drill Holes
	Behavior of the Predator
	Prey Selectivity
	Site Selectivity

	Comparison with the Predator from the Pliensbachian of Southern Germany
	Taphonomic Features of the Drilled Specimens
	Implications for Drilling Predation Patterns in the Early Mesozoic

	Acknowledgments
	Literature Cited


