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Scale dependence of drilling predation in the Holocene of the
northern Adriatic Sea across benthic habitats and nutrient regimes

Martin Zuschin* , Rafał Nawrot , Markus Dengg, Ivo Gallmetzer,
Alexandra Haselmair, Sandra Wurzer, and Adam Tomašových

Abstract.—Predation has strongly shaped past and modern marine ecosystems, but the scale dependency
of patterns in drilling predation, the most widely used proxy for predator–prey interactions in the fossil
record, is a matter of debate. To assess the effects of spatial and taxonomic scale on temporal trends in
the drilling frequencies (DFs), we analyzed Holocene molluscan assemblages of different benthic habitats
and nutrient regimes from the northern Adriatic shelf in a sequence-stratigraphic context. Although it has
been postulated that low predation pressures facilitated the development of high-biomass epifaunal com-
munities in the eastern, relatively oligotrophic portion of the northern Adriatic shelf, DFs reaching up to
30%–40% in the studied assemblage show that drilling predation levels are comparable to those typical of
late Cenozoic ecosystems. DFs tend to increase from the transgressive systems tract (TST) into the high-
stand systems tract (HST) at the local scale, reflecting an increase in water depth by 20–40m and a shift
from infralittoral to circalittoral habitats over the past 10,000 years. As transgressive deposits are thicker
at shallower locations and highstand deposits are thicker at deeper locations, a regional increase in DFs
from TST to HST is evident only when these differences are accounted for. The increase in DF toward
the HST can be recognized at the level of total assemblages, classes, and few abundant and widespread
families, but it disappears at the level of genera and species because of their specific environmental
requirements, leading to uneven or patchy distribution in space and time.
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Introduction

Predation is one of the key factors shaping
marine ecosystems today (Paine 1974; Connolly
and Roughgarden 1999; Freestone et al. 2011;
Harper and Peck 2016) and through the Phan-
erozoic (Vermeij 1977; Harper 2003) and is
hypothesized to be responsible for secular
changes in the guild composition and energet-
ics of benthic ecosystems (Bottjer and Ausich
1986; Bambach 1993; McRoberts 2001; Aberhan
et al. 2006). Drill holes provide direct evidence
of predation and are thus the most often stud-
ied predator–prey interaction in the fossil
record (Kowalewski 2002). Several authors

argued that the long-term increase in the preda-
tion intensity led to the replacement of epi-
faunal communities with sessile or poorly
mobile species by infaunal benthic communi-
ties in soft-bottom habitats and that present-
day epifaunal communities remain typical of
habitats characterized by low predation pres-
sure (Aronson et al. 1997; Gili et al. 2006; Bow-
den et al. 2011). However, it is unclear how
species-level drilling frequencies (DFs) scale
to community levels (Kelley and Hansen
2006) and how local estimates scale up to
regional or global scales (Hoffmeister and
Kowalewski 2001). Given the nonrandom pres-
ervation of depositional environments in the
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rock record (Holland 2000; Smith 2007) and
restricted outcrop area of many ancient succes-
sions, understanding these scaling relation-
ships is crucial for interpreting time series of
predator–prey interactions and distinguishing
evolutionary factors (e.g., coevolution, escal-
ation) from changes in the physical environ-
ment as their primary drivers (Leonard-Pingel
and Jackson 2016).
First, global compilations demonstrate a dis-

tinct Phanerozoic increase in DF at the level of
individual prey populations (e.g., Huntley
and Kowalewski 2007). However, local-scale
dynamics may not directly extrapolate to larger
spatial scales: the effects of predator–prey inter-
actions on the food webs can propagate to
entire regional ecosystems, but geographic
variability in the strength of interactions and
source-sink or mass-effect metacommunity
dynamics can reduce their importance (Holt
and Hoopes 2005). Second, global or regional
patterns in local-scale DF are frequently per-
ceived at the level of the total assemblage
(Kowalewski et al. 1998), which may reflect
trends that are driven by varying relative
abundances of prey species and differences
in their susceptibility to drilling predation
(Leighton 2002). However, most species or
genera have constrained environmental and
stratigraphic distribution, inhibiting assess-
ments of species-level trends in DF across
different habitats and over longer timescales.
Aggregating species into higher taxa can thus
average out uneven or patchy occurrences of
species with narrow niches across samples
and can reveal community-level ecological sig-
nals that cannot be perceived at the species level
(Zuschin et al. 2017).
Here, we assess the congruence between

local and regional (i.e., basin-scale) strati-
graphic patterns in DFs at different levels of
taxonomic resolution and their relationship to
environmental proxies using sediment cores
from the Holocene succession of the northern
Adriatic Sea. This shelf exhibits a marked east-
ward decline in sea-surface primary productiv-
ity and sediment accumulation rate. McKinney
(2003) and McKinney and Hageman (2006)
suggested that communities dominated by epi-
faunal suspension feeders in the northern Adri-
atic Sea are limited to oligotrophic habitats and

that the decline in primary productivity is asso-
ciated with a decline in predation pressure. In
contrast, Zuschin and Stachowitsch (2009)
showed that epifaunal communities in the nor-
thern Adriatic Sea are not restricted to oligo-
trophic settings, while predation intensity is
similarly high as elsewhere in the Mediterra-
nean Sea (Sawyer and Zuschin 2010). However,
as ecological surveys and DFs observed in
surface death assemblages are affected by
anthropogenic impacts (Smith et al. 2018),
assessments of natural predation pressure
require analyses of sediment cores that capture
Holocene communities inhabiting the northern
Adriatic shelf since its flooding ∼10,000 years
ago. To rigorously assess DFs in the northern
Adriatic Sea during the Holocene, high-
resolution field data need to be placed within a
robust, temporally constrained framework that
integrates facies relationships and stratal archi-
tecture (Brett 1998; Leonard-Pingel and Jackson
2016; Patzkowsky 2017). Therefore, we evalu-
ated DF patterns in a sequence-stratigraphic
framework at different taxonomic resolutions
and correlated them with environmental
factors, represented by grain size and geochem-
ical proxies. This is the first study on predator–
prey interaction in the fossil record that uses
such an integrative approach.
We show that stratigraphic trends in DF at

regional scales can be confounded by habitat
differences in DFs and can be biased by geo-
graphic differences in the thickness of systems
tracts. We also demonstrate that the frequencies
of drilling predation in the oligotrophic parts of
the northern Adriatic Sea were not particularly
low during the Holocene as previously sug-
gested (McKinney 2007: p. 243) and were simi-
lar to average Cenozoic levels (e.g., Baumiller
et al. 2006; Klompmaker 2009; Sawyer and
Zuschin 2011; Chattopadhyay et al. 2016;
Neely et al. 2021) (rather than to Paleozoic or
early Mesozoic levels before the onset of the
Mesozoic marine revolution; Kowalewski
et al. 2005).
One exception is represented by a location

that was characterized by seagrass develop-
ment, indicating that structured biogenic habi-
tats like seagrass meadows can significantly
affect predator–prey interactions (e.g., Orth
et al. 1984; Leonard-Pingel and Jackson 2016).

DRILLING PREDATION AND SEQUENCE STRATIGRAPHY 463

https://doi.org/10.1017/pab.2022.6 Published online by Cambridge University Press

https://doi.org/10.1017/pab.2022.6


Materials and Methods

Sediment Cores.—Piston cores 136–160 cm in
length, penetrating the Holocene succession
and representing the local scale, were taken in
2013 at four stations with different sediment
types and at water depths between 21 and
44 m (Fig. 1). At each station, a separate core
was taken to evaluate stratigraphic variability
in grain size and chemical composition at the
Institute of Marine Sciences in Venice. Ten
increments were chosen from each core, three
within the uppermost 10 cm (0–2 cm, 4–6 cm,
and 8–10 cm) and seven evenly spaced along
the rest of the core, at depths slightly deviating
between cores from individual stations. Only
eight samples in total were analyzed from the
Venice core due to its shorter length. For each
increment, grain size, total carbon, total organic
carbon, total nitrogen, and carbonate content
were measured from the sediment (Vidović
et al. 2016; Gallmetzer et al. 2019). For faunal
analysis, core increments, 4–5 cm in thickness,
were sieved through a 1-mmmesh, andmollus-
can shells were counted and identified to the
species level (Gallmetzer et al. 2019).

In total, 124 samples containing 70,783 mol-
luscan individuals were analyzed. Two sam-
ples were excluded because their number of
individuals fell below the threshold of 20 indi-
viduals, which resulted in a final dataset of
70,362 individuals. Muricid and naticid gastro-
pods are abundant in our samples and are the
most likely producers of predatory drill holes
encountered (Bromley 1981; Kelley andHansen
2003), but no attempt to distinguish between
Oichnus paraboloides (made by naticids) and
Oichnus simplex (made by muricids) was
made. The mean percentage of naticids per
sample is 0.9% with a maximum of 2.7%. For
muricids, the mean is 0.7% and the maximum
3%. Naticidae (827 individuals) are strongly
dominated by Euspira nitida (81.9%), followed
by Euspira macilenta (15.6%), Natica stercusmus-
carum (1.7%), and unidentified juvenile naticids
(0.8%). Muricidae (495 individuals) are
strongly dominated by Hexaplex trunculus
(77.2%), followed by Bolinus brandaris (10.1%),
unidentified juvenile muricids (6.5%), Ocenebra
erinaceus (4.4%), Ocinebrina helleri (0.6%), Tro-
phonospis sp. 1 (0.8%), and Typhinellus labiatus
(0.4%). All naticids are apparently capable of
shell drilling (e.g., Carriker 1981; Kabat 1990).
For the muricids encountered in our samples,
shell drilling has been documented for H. trun-
culus (Peharda and Morton 2006; Morton et al.
2007; Sawyer et al. 2009) and B. brandaris (Abi-
dli et al. 2012; P. Vasconcelos personal commu-
nication August 2021). All juvenile muricids in
our samples belong either to Hexaplex or Boli-
nus, and although they could not be assigned
with confidence to either genus, they therefore
still can count as drilling predators. Ocenebra
erinaceus is also a facultative driller (Hancock
1960). We have no information on the preda-
tory behavior of O. helleri, Trophonospis sp. 1,
and T. labiatus, but together they only account
for 1.8% of the total number of muricids. All
naticids and virtually all muricids in our quan-
titative material can therefore count as obliga-
tory or facultative shell-drilling predators.
To estimate DF, the total number of drilled

shells was divided by the total number of
bivalve, gastropod, and scaphopod individuals
per core increment. Because only one valve in
bivalves is usually drilled, DF was corrected
using the equation of Bardhan et al. (2012):

FIGURE 1. The location of the Venice, Brijuni, Piran 1, and
Piran 2 sampling stations in the northern Adriatic Sea.
Coordinates of stations are provided in Gallmetzer et al.
(2019).
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DF =DV/[(RV + LV)/2 + A], where DV is the
total number of drilled valves, RV the total
number of right valves, LV the total number
of left valves, and A the number of articulated
individuals. As there are only 23 samples
with minimum 20 scaphopod shells, we per-
form class-level analysis only for bivalves and
gastropods. Family-level analyses are per-
formed for the eight most abundant families
(Table 1), which together account for 64% of
the individuals in the total dataset, with a
range from 17.4% (Veneridae) to 2.7% (Tellini-
dae). These families also have a sufficiently
high number of samples with minimum 20
individuals. Similarly, a species-level analysis
was restricted to the eight most abundant spe-
cies, which together account for 43% of the indi-
viduals in the total dataset, with a range from
10.8% (Gouldia minima) to 2.7% (Striarca lactea).
Note that the families Corbulidae and Noetii-
dae are each strongly dominated by a single
species; therefore, the family- and species-level
analyses are almost identical. A genus-level
analysis was not performed, because most gen-
era are either monospecific or numerically
strongly dominated by one species. Freshwater
species, which occur mostly at the base of the
cores, were excluded from the analyses.

Core Geochronology and Stratigraphic Frame-
work.—The core chronologies are based on
extensive dating by radiocarbon-calibrated
amino acid racemization of one or two bivalve
species occurring at high abundance at each
station, with supplementary dates from other
taxa (documented in our former studies, see
below). For the two Piran cores, G. minima
(316 shells) and Corbula gibba (232 shells) were
dated with additional dates from Arca noae
and Ostrea sp. (Mautner et al. 2018; Gallmetzer
et al. 2019; Tomašových et al. 2019); for Brijuni,
Timoclea ovata (305 shells) was used with add-
itional dates fromGlycymeris,Aequipecten,Chla-
mys,Ostrea, and a plant remnant (Schnedl et al.
2018; Gallmetzer et al. 2019); and for Venice,
Lucinella divaricata (341 shells) was used with
additional dates from Aequipecten (Gallmetzer
et al. 2019).
The history of relative sea-level changes since

the last glacial maximum in the northern Adri-
atic is characterized by a rapid deepening dur-
ing the transgressive phase, followed by a slow

increase in accommodation space over the past
5000 years (Antonioli et al. 2007; Vacchi et al.
2016). Prograding highstand sediment wedges
formed near river deltas (Po, Tagliamento,
and Isonzo Rivers; e.g., Zecchin et al. 2015;
Amorosi et al. 2019) and in bays (e.g., Koper
Bay; Novak et al. 2020), whereas transgressive
lags formed in current-swept and sediment-
starved environments in the Gulf of Venice, in
the Gulf of Trieste, and off Istria (Cattaneo
et al. 2007; Trobec et al. 2017; Novak et al.
2019). In spite of this along-strike variability
in sediment supply (Trincardi et al. 1994; Catu-
neanu 2019), the timing of the maximum
ingression and the shift in the stacking from
retrogradation to progradation are relatively
isochronous in the whole region at millennial
timescales. Although beyond the seismic reso-
lution, Holocene sediments in our cores can
be subdivided at the centimeter or decimeter
scale of resolution into distinct lithologic units
that can be correlated (on the basis of geo-
chronological data) with the late-transgressive
phase, the phase of maximum flooding, and
the highstand phase (Gallmetzer et al. 2019).
The starved locations were in the aggradational
regime even during the highstand phase due to
a slow increase in accommodation space (and
locally even under an erosional regime), but
the geochronological dating indicates that sedi-
ments in the uppermost decimeters of cores col-
lected at Venice, Brijuni, and Piran are
dominated by bioclastic (molluscan) particles
produced over the past two millennia rather
than by skeletal remains reworked from the
transgressive sediments (Gallmetzer et al.
2019; Tomašových et al. 2019, 2022). These
deposits thus represent thin condensed sedi-
ment veneers that are isochronous with thick
prograding, highstand wedges in parts of the
Northern Adriatic Sea characterized by high
terrigenous sediment supply. Distinct shell
beds at Piran and Brijuni formed by epifaunal
bivalves are located in units that were
deposited during the maximum ingression
(∼5000–7000 years ago), in accordance with
the predicted occurrence of such beds at the
maximum flooding surfaces (separating the
TST from the HST) due to the lack of dilution
and higher productivity of epifauna under
slow sedimentation rates (e.g., Kidwell 1988,
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TABLE 1. The number of samples and abundance of prey classes, dominant prey families and species, and predatory families per systems tract at the four stations.

Station Systems tract Number of samples Prey Abundance
(n > 20)* mollusks bivalves gastropods scaphopods Veneridae Cardiidae Rissoidae Cerithiidae Corbulidae Nassariidae Noetiidae Tellinidae

Brijuni lHST 5 905 509 393 3 90 112 117 115 38 7 19 1
eHST 14 7442 3883 3539 20 1160 702 900 780 210 72 407 18
MFZ 6 4834 2521 2310 3 941 307 869 343 72 68 525 7
TST 8 5986 2986 2998 2 953 278 1276 378 75 129 869 4

Piran1 lHST 2 1799 1026 761 12 424 203 103 401 192 47 4 10
eHST 2 4263 2188 2017 58 1096 428 419 1015 275 95 13 27
MFZ 4 8918 4386 4273 259 1886 728 1050 1584 580 547 28 156
TST 22 9422 5332 3757 333 1255 594 960 1231 1073 628 22 392

Piran2 lHST 2 3725 1941 1773 11 931 432 244 843 292 165 7 22
eHST 2 3290 1576 1669 45 809 332 273 764 196 160 3 27
MFZ 4 3719 1778 1866 75 753 294 318 733 221 324 7 108
TST 24 10506 6383 3853 270 1550 799 736 1003 1315 908 18 386

Venice lHST 7 958 719 228 11 75 135 35 52 30 20 1 72
eHST 12 1480 1166 285 29 113 190 82 44 18 16 0 209
MFZ 3 954 739 183 32 63 80 36 25 12 10 0 156
TST 5 2161 1554 550 57 144 131 106 139 26 50 2 271

Total 122 70362 38687 30455 1220 12243 4346 7524 9450 4625 3246 1925 1866
Percentage 100 55.0 43.3 1.7 17.4 6.2 10.7 13.4 6.6 4.6 2.7 2.7
number of samples > 20 individuals 122 122 115 23 85 82 77 79 63 42 20 37
% number of samples > 20 individuals 100.0 100.0 94.3 18.9 69.7 67.2 63.1 64.8 51.6 34.4 16.4 30.3
*refers to mollusks

Station
Systems
tract

Number of
samples

Predator abundance

(n > 20)*
Gouldia
minima

Corbula
gibba

Bittium
latreilli

Bittium
submamillatum

Nassarius
pygmaeus

Timoclea
ovata

Parvicardium
scabrum

Striarca
lactea Naticidae

Naticidae
% Muricidae

Muricidae
%

Brijuni lHST 5 16 38 21 69 7 48 9 19 0 0.00 4 0.44
eHST 14 72 210 112 526 66 888 130 407 46 0.62 55 0.74
MFZ 6 86 72 93 199 68 699 89 525 32 0.66 45 0.93
TST 8 113 75 154 147 128 649 90 869 38 0.63 61 1.02

Piran1 lHST 2 391 192 275 100 47 4 124 4 28 1.56 5 0.28
eHST 2 1015 275 549 378 95 6 207 13 76 1.78 14 0.33
MFZ 4 1666 580 841 598 547 9 285 28 142 1.59 62 0.70
TST 22 884 1072 372 745 628 11 147 22 96 1.02 76 0.81

Piran2 lHST 2 846 292 584 180 165 18 204 7 63 1.69 9 0.24
eHST 2 748 196 517 176 160 13 153 3 56 1.70 25 0.76
MFZ 4 623 221 326 332 323 3 127 7 71 1.91 31 0.83
TST 24 1105 1310 449 433 903 11 221 18 142 1.35 80 0.76

Venice lHST 7 4 30 24 10 20 7 121 1 4 0.42 17 1.77
eHST 12 3 18 19 17 16 3 162 0 5 0.34 6 0.41
MFZ 3 0 12 18 4 10 3 60 0 6 0.63 4 0.42
TST 5 5 26 63 2 50 2 86 2 22 1.02 1 0.05

Total 122 7577 4619 4417 3916 3233 2374 2215 1925 827 1.18 495 0.70
Percentage 10.8 6.6 6.3 5.6 4.6 3.4 3.1 2.7 1.18 1.18 0.70 0.70
number of samples > 20

individuals
43 63 33 59 40 26 34 20

% number of samples > 20
individuals

35.2 51.6 27.0 48.4 32.8 21.3 27.9 16.4

*refers to mollusks
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1993; Kondo et al. 1998; Fürsich et al. 2021).
High abundance of large epifaunal mollusks,
high degree of skeletal alteration, and tapho-
nomic feedback triggering high abundance of
encrusters confirmed that the maximum flood-
ing zone (MFZ) shell bed at Brijuni formed
under limited clastic supply that was compen-
sated by high carbonate production of
mollusks, leading to temporally invariant long-
term sediment accumulation (Tomašových
et al. 2022). A similar, although less distinct
shell bed with scallops and concretions marks
the MFZ at the Venice station (Gallmetzer
et al. 2019: fig. 7).
To compare long-term ecological trajectories

among stations, core increments were assigned
on the basis of grain-size, taphonomic, and
paleoecological data to four intervals following
the sequence-stratigraphic terminology of
model III of Catuneanu et al. (2009), in which
the highstand phase terminates before the base-
level fall (Hunt and Tucker 1992): (1) a trans-
gressive systems tract (TST) with transgressive
lags andmixed assemblages formed bymarine,
brackish, and freshwater species; (2) an MFZ
with densely packed molluscan shell beds
and increments rich in concretions; (3) an
early highstand systems tract (eHST); and (4)
a late highstand systems tract (lHST). The shal-
lower stations at Venice and Piran (21–23m)
were flooded ∼9000–10,000 yr BP, and the dee-
per station at Brijuni (44m) ∼11,300 yr BP
(Antonioli et al. 2007; Storms et al. 2008; Vacchi
et al. 2016). Thus, all cores generally preserve
similar durations of the Holocene record. How-
ever, they differ in the thickness of the TST and
HST units: the MFZ is located at 90–105 cm at
Venice and at 90–120 cm at Brijuni, but only at
16–35 cm at both Piran stations (Fig. 1). We
note that the bases and tops of the MFZ shell
beds and concretion horizons that separate
the TST and the HST at all stations are also
geochronologically well defined, effectively
represent distinct stratigraphic surfaces. How-
ever, all intervals were subjected to intense bio-
turbation so that transitions between systems
tracts are ultimately represented by gradual
transitions at the scale of several centimeters
or even decimeters. Uppermost increments
deposited during the late highstand (effectively
anthropogenic) phase (lHST) are separated

from increments deposited during the early
highstand (lHST) by geochronological data
and by the strong increase in organic and inor-
ganic pollutants at most stations (Gallmetzer
et al. 2019: fig. 10).

Analyses.—DFs between higher taxa,
between stations, and between systems tracts
were compared with the Wilcoxon rank-sum
test and with the Kruskal-Wallis test (followed
by the pairwise Wilcoxon test), using a poster-
iori Bonferroni correction for multiple compari-
son. To account for the unequal number of
increments per sequence-stratigraphic unit at
stations, two increments per station (i.e., the
minimum number available) were randomly
drawn from each systems tract, resulting in
eight increments per unit in total. This subsamp-
ling procedure was repeated 10,000 times to
obtain mean values and corresponding 95%
confidence intervals (CIs) for regional-scale
median DF per increment. Only increments
with at least 20 individuals for each studied
taxon were used in statistical analyses.
To explore the effect of scale on the identifica-

tion of potential environmental correlates of
DFs, the proportion of clay (PC), an indicator
of hydrodynamic conditions, total organic car-
bon (TOC) and total nitrogen content (TN),
both proxies for sediment organic enrichment,
and CaCO3 content of the sediment were used
in the analyses. The PC in bottom sediments
typically explains a large portion of variation
in the composition of benthic communities
(Sanders 1958; Rosenberg 1995), and in add-
ition to water energy can be also affected by
proximity of mud-sourcing river deltas and
by bioturbation that determines mud erodibil-
ity (Rhoads and Boyer 1982; Brückner et al.
2021). At the regional scale, we estimated the
effect of these environmental factors and of
the relative abundance of the most likely preda-
tors (i.e., muricid and naticid gastropods rela-
tive to the total number of molluscan
individuals) on the DF of the total assemblage
and of the molluscan classes using generalized
linear mixed models (GLMM) with station
included as a random effect; for the stations
we used generalized linear models (GLM)
(O’Hara 2009; Bates et al. 2015). We also used
generalized least squares (GLS; Pinheiro and
Bates 2006) to assess whether per-station
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analyses are affected by temporal autocorrel-
ation, with first-order autoregressive correl-
ation structure. TOC and TN were excluded
from model fitting because they are strongly
correlated with each other and with PC (Sup-
plementary Figure 1). The GLMM was fit
using the lme4 R-package (v. 1.-26; Bates et al.
2020). Statistical analyses were performed
with the software package R (v. 4.0.3.). All
data used in this study are shown in Supple-
mentary Table 1.

Results

DFs differ between localities and show dis-
tinct trends along individual sediment cores
(Fig. 2). At the regional scale, the median
per-increment DF in the total assemblage is
17%. DF is equally high in bivalves and gastro-
pods (18%) and low in scaphopods (7%) (Fig. 3,
Table 2).
A spatial comparison reveals that the median

per-station increment-level DF of the total
assemblage is similarly high at Brijuni (17%),
Piran 1 (19%), and Piran 2 (22%), but is very
lowat Venice (7%). DFs for bivalves and gastro-
pods range from 15% to 25% at Piran 1, Piran 2,
and Brijuni, although in changing rank order
(Fig. 4, Table 2). The very low median DF of
the total assemblage at Venice is shared by
both bivalves (6%) and gastropods (8%)
(Fig. 5, Table 2).
At the local scale, a distinct trend emerges at

most stations: DFs of the total assemblage are
low in the TST and MFZ and high in the
eHST and lHST. DFs increase from ∼12% in
the TST to ∼25% in the HST at Brijuni, and
from 16%–21% in the TST to 28%–30% in the
HST at the Piran stations. At Venice, however,
DFs are low across all systems tracts (Fig. 5).
The stratigraphic increase in DF holds for
bivalves and gastropods (Fig. 5) and for the
families Rissoidae and Cerithiidae (Fig. 6).
However, it is absent in most families, genera,
or species (Figs. 6, 7).
At the regional scale, when data from all sta-

tions are considered together, the median DFs
hardly differ between systems tracts at the
level of the total assemblages (16%–20%)
(Fig. 8, Table 2) and of bivalves (17%–19%), gas-
tropods (15%–22%), and scaphopods (5%–12%)

(Fig. 8). Standardizing the number of incre-
ments per station and systems tract demon-
strates, however, that DFs are significantly
higher in the HST than in the TST and MFZ,
both for the total assemblage and for individual
classes (Fig. 8).
At the regional scale, the abundances of pre-

dators, PC, and CaCO3 significantly and posi-
tively correlate with DFs in the total
assemblage (Fig. 9). The results are similar for
bivalves and gastropods, although PC has no
significant influence on DFs in bivalves and
abundance of muricids has no significant influ-
ence on DFs in gastropods. In contrast, at the
local scale of individual stations, the relation-
ships between DFs and these environmental
variables are divergent, mainly owing to
between-station differences in the raw relation-
ship between PC and CaCO3. The Spearman
rank relation between PC and CaCO3 is nega-
tive at both Piran stations (r =−0.38, p = 0.28
at Piran 1, r =−0.9, p = 0.0009 at Piran 2) and
at Venice (r =−0.6, p = 0.1), but it is strongly
positive at Brijuni (r = 0.77, p = 0.01). Differen-
cing these variables leads to low and insignifi-
cant correlations between PC and CaCO3 at
the scale of stations. However, when account-
ing for temporal autocorrelation in GLS ana-
lyses with single predictors, the contrast
between the local and regional scales persists:
the effects of PC on DFs are negative at both
Piran stations (slope =−0.07, p = 0.0001 at
Piran 1, slope =−0.03, p = 0.09 at Piran 2), posi-
tive at Brijuni (slope = 0.04, p = 0.08), and negli-
gible at Venice (slope =−0.003, p = 0.7). The
effects of CaCO3 on DFs are consistently posi-
tive at all stations. Within-station GLM ana-
lyses with four predictors show that DFs in
the total assemblage at Piran 1 increase with
decreasing PC andwith increasing abundances
of muricids, while at Piran 2 they increase with
PC, CaCO3, and abundance of naticids. At Bri-
juni, DFs of the total assemblage increase with
PC, and no significant relations are evident
for DFs at Venice. These results are largely simi-
lar for bivalves and gastropods (Fig. 9, Table 3).
Accounting for temporal autocorrelation in
GLS with four predictors, DFs in the total
assemblage increase with decreasing PC at
Piran 1 and with increasing CaCO3 at Piran 2
and Brijuni. However, as mentioned earlier,
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FIGURE 2. Stratigraphic changes in drilling frequencies (DFs) in the total molluscan assemblage and molluscan classes at
the four sampling stations with 95% binomial confidence intervals (CIs); vertical lines represent the regional median DF of
the total assemblage. Note that Piston cores differ in length between 136 and 160 cm. eHST, early highstand systems tract;
IHST, late highstand systems tract; MFZ, maximum flooding zone; TST, transgressive systems tract.
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the within-station collinearity between PC and
CaCO3 affects these analyses and hides the
observation that DFs decline with increasing
clay content at the Piran stations, whereas
they increase with increasing clay content at
Brijuni.

Discussion

Differences in DF between Regional and Local
Scales.—Our results demonstrate that spatial
heterogeneity in DFs is very high at local scales
and between taxa, making extrapolations to
entire communities and larger spatial scales
problematic. At the local scale, assemblage-
level DFs tend to increase during the postgla-
cial sea-level rise (from the TST to HST) at
three out of four stations, but regional-scale
comparisons suggest that the median DF
remained stable within the basin throughout
the Holocene. This pattern can be explained
by strong habitat variability within systems
tracts typical for higher-order sequences like
the one studied here (e.g., with the develop-
ment of seagrass communities at Venice station
and level-bottom communities at other stations

FIGURE 3. Box plots of drilling frequencies (DFs) of the total
assemblage and the three classes at the regional scale. Num-
bers above box plots refer to number of samples with at
least 20 individuals.

TABLE 2. Results of statistical tests for significance of differences in drilling frequencies (DFs). Bold values indicate
significance level < 0.01; underlined values indicate significance level < 0.05.

A. Kruskal-Wallis test for differences of DFs for molluscan classes between stations and systems tracts

Chi-squared df p-value

Classes 29.377 2 <0.001
Stations_Mollusks 67.99 3 <0.001
Stations_Bivalves 79.445 3 <0.001
Stations_Gastropods 38.309 3 <0.001
Systems tracts_Mollusks 0.32033 3 0.956
Systems tracts_Bivalves 0.74315 3 0.863
Systems tracts_Gastropods 3.6923 3 0.297
Systems tracts_Scaphopods 4.094 2 0.129

B. The p-values from pairwise Wilcoxon test, using a posteriori Bonferroni correction for multiple comparison
Mollusks Brijuni Piran1 Piran2
Piran1 1
Piran2 0.031 0.242
Venice <0.001 <0.001 <0.001

Bivalves Brijuni Piran1 Piran2
Piran1 0.505
Piran2 0.001 <0.001
Venice <0.001 <0.001 <0.001

Gastropods Brijuni Piran1 Piran2
Piran1 0.001
Piran2 1 0.014
Venice 0.002 <0.001 <0.001
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at similar depths; Scarponi and Kowalewski
2007; Zuschin et al. 2011) and by the differences
in thickness of systems tracts between the indi-
vidual stations.
Spatial distribution and abundance of both

predator and prey taxa vary between habitats
(e.g., Sawyer and Zuschin 2010; Leonard-
Pingel and Jackson 2016), which in turn shift
laterally through time in response to changes
in sea level and available accommodation
space (Holland 2000), producing systematic
changes in facies—and consequently DFs—
observed at stratigraphic sections. As different
stations within the basin differ in their environ-
mental histories and thicknesses of systems

tracts, the local trends in DF can be averaged
out regionally and thus do not necessarily
scale up to the entire basin.
Such distinct stratigraphic patterns in facies

and unit thickness are evident among the stud-
ied cores. For example, owing to earlier marine
flooding, the HST at Brijuni (fining-upward
trend) and Venice (sandy throughout) is
expanded, in contrast to the condensed, coarse-
grained HST at Piran 1 and 2 (Gallmetzer et al.
2019). Consequently, the HST is represented by
many increments with low DFs at Brijuni and
especially Venice and few increments with con-
sistently high DFs at Piran. Pooling data from
these stations together without accounting for

FIGURE 4. Box plots of drilling frequencies (DFs) of the total assemblage and the three classes at stations. Numbers above
box plots refer to number of samples with at least 20 individuals.

FIGURE 5. Box plots of drilling frequencies (DFs) in systems tracts at stations (i.e., local scale) for the total assemblage and
molluscan classes. Numbers above box plots refer to number of samples with at least 20 individuals. eHST, early highstand
systems tract; IHST, late highstand systems tract; MFZ, maximum flooding zone; TST, transgressive systems tract.
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FIGURE 6. Box plots of drilling frequencies (DFs) for the eight most abundant families in systems tracts at stations. Num-
bers above box plots refer to number of sampleswith at least 20 individuals. eHST, early highstand systems tract; IHST, late
highstand systems tract; MFZ, maximum flooding zone; TST, transgressive systems tract.
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FIGURE 7. Box plots of drilling frequencies (DFs) for the eightmost abundant species in systems tracts at stations. Numbers
above box plots refer to number of samples with at least 20 individuals. eHST, early highstand systems tract; IHST, late
highstand systems tract; MFZ, maximum flooding zone; TST, transgressive systems tract.
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the differences in numbers of increments dam-
pens the regional DF. Conversely, the large
number of increments combined with relatively
high DFs in the stratigraphically expanded TST
at the two Piran stations results in higher
regional DF. Therefore, even though each station
is represented by a similar number of equally
spaced samples (Figs. 1, 2), the regional patterns
are still biased by the variable thickness of sys-
tems tracts and thus by the number of samples
representing each stratigraphic unit. As a result,
local and regional stratigraphic patterns in DFs
appear decoupled. However, a consistent tem-
poral trend of increasing DFs emerges at both
scales when the same number of samples from
each station and systems tracts is used (Fig. 8).
Therefore, integration of information on
sequence-stratigraphic architecture and facies
changes at individual locations/sections across
a basin provides the most useful framework
for tracking DF patterns at regional scales.

The Advantages of Analyzing DF on Assem-
blage and Higher-Taxon Levels.—Our results sug-
gest that the regional within-sequence trends in
DFs and along environmental gradients mani-
fest primarily at higher taxonomic levels or at
the level of whole assemblages, not at the
level of species or genera. Lower taxa are typic-
ally confined to specific habitats, which vary in
their geographic extent through time. There-
fore, most species, genera, and even families

do not range through the studied Holocene
sequence at sufficient abundance to allow
meaningful comparison of DF patterns across
the basin or between systems tracts.
Abundances of predators and environmental

factors do not correlate with local DFs in a con-
sistent way. At the regional scale, however, DF
largely increases with increasing PC (and corre-
lated increase in organic enrichment and/or
decrease in hydrodynamic energy driven by
the increase in water depth), with increasing
predation pressure (as reflected in the relative
abundance of naticid and muricid gastropods),
and with increasing CaCO3 content. These rela-
tionships suggest that over the timescales of
thousands of years, in which the regional spe-
cies pool remained largely stable, an increase
in organic enrichment and an increase in
water depth enhances predator–prey interac-
tions in the metacommunity (e.g., Menge and
Sutherland 1987; Leibold 1989).

No Evidence for Unusually Low Predation Pres-
sure in the Northern Adriatic Sea.—The northern
Adriatic Sea was considered to be an area of
overall unusually low predation pressure, a
background condition that would allow sessile
epibenthos to flourish in the oligotrophic
waters of the eastern part of this basin (McKin-
ney and Hageman 2006; McKinney et al. 2007).
By pooling all increments at the regional scale,
we show, however, that DFs during the

FIGURE 8. Box plots of drilling frequencies (DFs) in systems tracts at the regional scale for the total assemblage and mol-
luscan classes. Results are shown for raw data (box plots) and after resampling to account for different number of samples
per systems tracts at individual stations (mean value and 95% confidence intervals [Cis] across 10,000 iterations). Numbers
above box plots refer to number of samples with at least 20 individuals. eHST, early highstand systems tract; IHST, late
highstand systems tract; MFZ, maximum flooding zone; TST, transgressive systems tract.
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Holocene have remained at levels very typical
for warm-temperate seas in the Cenozoic
(Yochelson et al. 1983; Kelley and Hansen
2003). Similar to other regions, DFs are high
for bivalves and gastropods and significantly
lower for scaphopods. Our results demonstrate

that DF in the northern Adriatic varies between
and within systems tracts, generally increasing
toward deeper habitats. Previous studies tar-
geting surface death assemblages documented
high environmental variability in DF in that
basin as well. For example, Huntley and

FIGURE 9. Coefficient plot showing results of the fitted generalized linear mixed models (GLMM) and generalized linear
models (GLM) for the drilling frequencies (DFs) in the total assemblage and classes in the region and at each station. Effect
sizes for predictors are shown with 95% confidence intervals (CIs). For significances and R2 of the regional GLMM, see
Table 3.
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Scarponi (2015) found that DF is highest in
sediment-starved environments north of the
Po delta, while it is considerably lower in high-
sedimentation environments south of it. Saw-
yer and Zuschin (2010) demonstrated that DFs
in subtidal environments of the Isonzo delta
and Bay of Panzano were of typical modern
levels, while those from tidal flats were very
low. However, subtidal habitats in the north-
east Adriatic Sea, now inhabited by abundant
epifaunal suspension feeders at Piran and
Brijuni, have consistently high DFs (>25%),
contradicting the hypothesis that low sea-
surface primary productivity typical for these
areas is associated with reduced predation
intensities. At the same time, our study also
suggests the very low DFs can be a persistent
feature in subtidal areas with seagrass develop-
ment (see following section). However, this
pattern only further underscores high spatial

variability in drilling predation pressure fre-
quently observed at regional scales (e.g., Han-
sen and Kelley 1995; Hoffmeister and
Kowalewski 2001; Sawyer and Zuschin 2011)
and does not qualify low predation intensity
as a key condition in the northern Adriatic Sea.

Reduced Drilling Frequencies in Seagrass
Habitats.—At Venice, DFs are significantly
lower than at the other three stations. This
unusually low DF is possibly due to pervasive
seagrass development at that site throughout
the Holocene succession, as indicated by
the high abundance of the chemosymbiotic
lucinid bivalve Lucinella divaricata, which
occurs preferentially in sediments of seagrass
meadows, and by the occurrence of strictly
seagrass-associated rissoid gastropods such as
Rissoa monodonta and Rissoa membranacea (Gall-
metzer et al. 2019). The millennial-scale stabil-
ity of seagrass ecosystems is well proven (e.g.,

TABLE 3. The fitted generalized linear mixed models (GLMM) and generalized linear models (GLM) for the total
assemblage and molluscan classes at regional and local scale. Bold values indicate significance level < 0.01, underlined
values indicate significance level < 0.05. R2m, marginal R squared; R2c, conditional R squared; AIC =Akaike information
criterion.

Molluscs Region Piran 1 Piran 2 Brijuni Venice
GLMM GLM GLM GLM GLM

Intercept −1.5829 −1.2680 −1.1189 −1.4143 −2.6187
Naticidae 0.1925 −0.1055 0.2130 −0.1022 −0.3648
Muricidae 0.0617 0.1148 0.0542 0.0064 0.0815
Clay 0.1592 −0.4588 0.1909 0.2346 0.3540
CaCO3 0.6916 −0.0409 0.2598 0.1807 0.2152
AIC 382.6 91.588 91.775 78.867 44.036
Theoretical R2m 0.1346
Theoretical R2c 0.2667

Bivalves Region Piran 1 Piran 2 Brijuni Venice
GLMM GLM GLM GLM GLM

Intercept −1.6055 −1.4545 −0.9936 −1.3528 −2.7352
Naticidae 0.1153 −0.0439 0.0834 −0.0612 −0.4041
Muricidae 0.1078 0.1705 0.0722 −0.0546 0.0590
Clay 0.0794 −0.3428 0.1856 −0.1390 0.2486
CaCO3 0.4879 −0.0385 0.2334 0.3634 0.3737
AIC 317.5 87.605 84.529 71.24 44.388
Theoretical R2m 0.0681
Theoretical R2c 0.2133

Gastropods Region Piran 1 Piran 2 Brijuni Venice
GLMM GLM GLM GLM GLM

Intercept −1.4176 −0.9967 −1.3831 −1.5374 −2.1560
Naticidae 0.2761 −0.1780 0.4888 −0.2006 −0.4253
Muricidae −0.0089 0.0214 0.0837 −0.0900 0.1594
Clay 0.2435 −0.5297 0.1267 0.8186 0.6837
CaCO3 0.9183 −0.0506 0.3041 −0.2793 −0.1819
AIC 330.4 69.342 75.446 63.429 30.951
Theoretical R2m 0.2331
Theoretical R2c 0.3461
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Mateo et al. 2010; Leiva-Dueñas et al. 2018;
Hyman et al. 2019), but the significance of sea-
grass development for predator–prey interac-
tions is controversial. Experiments in modern
environments suggest that the root mat typic-
ally formed by seagrasses protects infauna
from burrowing predators (Orth et al. 1984),
and this is particularly true for infaunal
bivalves (Peterson 1982; Irlandi 1997; Goshima
and Peterson 2012). On the other hand, DFs in
the Neogene fossil record of the Caribbean
were shown to be uniformly higher in biogenic
habitats such as seagrass meadows compared
with soft sediments (Leonard-Pingel and Jack-
son 2016). The very low DFs at Venice are in
line with the experimental studies and suggest
that seagrasses provided mollusks a refuge
from drilling predation over the paleoecologi-
cally relevant timescale of millennia.
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