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ABSTRACT

Drill holes in prey skeletons are the most common source of data for
quantifying predator-prey interactions in the fossil record. To be use-
ful, however, such drill holes need to be identified correctly. Field
emission scanning electron microscopy (FE-SEM) and environmental
scanning electron microscopy (ESEM) were applied to describe and
quantify microstructural characteristics of drill holes. Various spec-
imens, including modern limpets and mussels drilled by muricid
snails in laboratory experiments, subfossil limpets collected from a
tidal flat (San Juan Island, Washington state, USA), and various Mio-
cene bivalves collected from multiple European sites, were examined
for microstructural features. The microstructures observed are in-
terpreted here as Radulichnus-like micro-rasping marks, or preda-
tory microtraces, made by the radula of drilling gastropod predators.
The mean adjacent spacing of these microtraces is notably denser
than the spacing of muricid radular teeth determined by measure-
ments taken from the literature. Because the radular marks typically
overlie or crosscut each other, the denser spacing of predatory mi-
crotraces likely reflects superimposition of scratches from repeated
passes of the radula. One incomplete drill hole showed a clear, chem-
ically aided drilling dissolution signature around its outer margin,
while a number of other specimens showed similar, but ambiguous,
traces of dissolution. The range of organisms examined illustrates the
utility of scanning electron microscopy (SEM) imaging for identifying
micro-rasping marks associated with predatory drill holes in both
modern and fossil specimens. These distinct microtraces offer prom-
ise for augmenting our ability to identify drill holes in the fossil re-
cord and to distinguish them from holes produced by non-predatory
means.

INTRODUCTION

Drill holes bored by predators in prey shells provide direct data on
predator-prey interactions and have been widely used by paleontologists
to quantify predation patterns in the fossil record (e.g., Vermeij, 1987;
Kowalewski et al., 1998, 2005; Leighton, 2001, 2003; Kelley and Hansen,
2006; Huntley and Kowalewski, 2007 and numerous references therein).
Many qualitative and quantitative assumptions, however, are involved in
applying drill holes to study the fossil record of predation (see Kowa-
lewski, 2002; Walker, 2007 for detailed reviews), including the funda-
mental issue of correctly distinguishing traces produced by drilling pred-
ators from those produced by other biotic and abiotic agents (e.g., Kaplan
and Baumiller, 2001; Wilson and Palmer, 2001). Specifically, two main

* Corresponding author.

Copyright © 2008, SEPM (Society for Sedimentary Geology)

types of diagnostic errors can be anticipated: (1) traces other than pred-
atory drill holes (i.e., substrate borings, non-predatory dissolution or bio-
erosion, punctures, fixichnia, etc.) are misidentified as drillings of pred-
atory origin (Lescinsky and Benninger, 1994); and (2) true drill holes are
not identified as predatory in origin. Both of these errors may be partic-
ularly frequent when the examined fossils have been significantly de-
graded. In such cases, “false” drill holes may form by taphonomic pro-
cesses and “true” drill holes may remain unidentified due to their poor
preservation.

Efforts to mitigate identification errors have focused so far on two
independent strategies: (1) the use of non-morphological criteria, such as
evaluating holes for non-random (site-specific, size-selective, or taxon-
restricted) distribution of traces (e.g., Sheehan and Lesperance, 1978;
Kitchell et al., 1981; Kelley, 1988; Leighton, 2002; Hoffmeister et al.,
2003) and (2) morphometric strategies focused on quantifying drill-hole
shapes (e.g., Kowalewski, 1993; Urrutia and Navarro, 2001; Grey et al.,
2005; Dietl and Kelley, 2006). Here, we explore a third approach based
on physical and chemical microstructural criteria: micron-scale predatory
signatures (predatory microtraces) of drill holes that can be recognized
and examined through high-magnification, high-resolution imaging under
field emission and environmental scanning electron microscopy (FE-SEM
and ESEM, respectively).

The microstructural approach builds directly on the pioneering work
of Carriker (1969, 1978) and Carriker and Van Zandt (1972), who used
SEM micrographs to study microstructural details of drill holes bored by
modern snails in oysters and mussels. Substantial advances in nano-
imaging technology, taphonomy, and paleoecology make this approach a
particularly promising strategy for augmenting our ability to identify drill
holes found in fossil prey correctly.

This study represents a first step towards establishing and using mi-
crostructural criteria to identify predatory drillings. We focus on com-
paring microstructural details of drillings in a range of taxa from lab-
oratory feeding experiments and field collections of both subfossil and
fossil shells. Specifically, we have evaluated micron-scale features of
drill holes made by muricid gastropod predators in both limpets and
mussels from laboratory settings at Friday Harbor Laboratories (FHL),
San Juan Island (University of Washington). In addition, we have ex-
amined subfossil limpet specimens collected from a modern tidal-flat
setting (San Juan Island, Washington state, USA) and various bivalve
fossil samples collected from marine Miocene bioprovinces of Europe,
including the Boreal province, Paratethys, and southeast North Atlantic
(Kowalewski et al., 2002). This range of organisms illustrates the utility
of SEM image analysis to identify radular microtraces of predatory drill
holes. Moreover, the integration of observations from feeding experi-
ments with analyses of subfossil and fossil material makes it possible
to assess the detrimental effects of taphonomic processes on microtraces
of predatory drill holes and evaluate the preservation potential of these
microtraces in the fossil record. The initial data reported here suggest
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that microstructural criteria may indeed facilitate the identification of
drill holes in the fossil record.

MATERIALS AND METHODS
Sample Collection and Laboratory-Feeding Experiment Protocol

Laboratory-Observed Limpets.—All studied lottiid prey and muricid
predators were collected from rocky intertidal habitats of False Bay, lo-
cated on the southwest coast of San Juan Island. Collection for the feed-
ing experiments focused on two limpet species, coarsely ribbed Lottia
digitalis (Rathke) and smooth-shelled Tectura scutum (Rathke), both of
which are known to be prey species. One species of drilling predator, the
muricid gastropod Nucella ostrina (Gould) (common name, northern
striped dogwinkle) was also collected. These three species are highly
abundant, readily accessible for collecting, and overlap spatially in their
distribution in the study area.

To examine examples of drilling known to be made by the muricid
Nucella, 100 specimens of N. ostrina and 120 limpets (60 of L. digitalis
and 60 of T. scutum) were housed in an open-circulation sea table at
FHL. The prey had freedom of movement and were readily accessible to
each predator individual. Salinity and temperature, which were monitored
daily in the open-circulation system, were relatively stable during the
month-long laboratory observation period (30.5%¢ % 0.8%0 and 13.5° *+
0.9 °C, respectively). Only two drilled limpets (L. digitalis and T. scutun)
were obtained in the laboratory, as the muricid gastropods in the labo-
ratory setting were not as active as anticipated.

The two drilled limpets were collected after being abandoned by their
predator (no predation attempts were manually interrupted), and any re-
maining limpet soft tissue was removed from the shell. The predator
responsible for the kill was photographed and its shell maximum length
and width were measured with digital calipers to the nearest 0.1 mm. In
order to protect local dogwinkle and limpet populations, all individuals
still alive at the end of the experiment were returned to the original
sampling locale.

Laboratory-Observed Mussels.—The mussel samples examined came
from a previously published experimental study (Kowalewski, 2004).
Mytilid prey and their muricid predators were originally collected from
Argyle Creek, a narrow channel connecting Argyle Lagoon and North
Bay, San Juan Island. Kowalewski (2004) used the mussel Mytilus tros-
sulus (Gould) and the gastropod predator Nucella lamellosa (Gmelin)
(common name, frilled dogwinkle) in laboratory-feeding experiments. He
also noted that empty Mytilus shells with predatory drill holes were abun-
dant at the sample site, and that snails were commonly observed actively
feeding on mussels (Kowalewski, 2004). These two organisms not only
co-occur naturally, but also represent an important predator-prey inter-
action within the creek habitat (Kowalewski, 2004).

The current study examined six mussels drilled by two predator indi-
viduals; the six were selected from the Virginia Tech repository of 76
drilled mussels from the feeding experiment reported by Kowalewski
(2004). Using the same FHL facilities as employed for the limpet feeding
experiment, Kowalewski (2004) placed ~100 specimens of N. lamellosa
and several hundred M. trossulus specimens into two open-circulation sea
tables. The gastropod predators were permitted to hunt freely until ob-
served attacking prey. During the attack, the snail and mussel were caged
in a meshed container and allowed to finish their attack unobstructed and
uncontested. Abandoned prey shells were collected, predators were re-
corded, and all individuals, predator and prey, were measured. All indi-
viduals alive at the end of the experiment were returned to the original
sampling locale, with the exception of two predatory dogwinkles that
drilled the shells examined for this study; these were stored in ethyl
alcohol.

Subfossil Limpets.—Three bulk samples of subfossil shell remains (in-
cluding complete and fragmented shells) were randomly collected from
a single surficial shell assemblage from the same intertidal region of False
Bay as the live specimens. Each bulk sample, which consisted of ~1 kg

of shell remains of multiple organisms, was first cleaned, sorted for limpet
shells, and then examined for the presence of possible drill holes. Drill
holes of probable or possible predatory origin were identified by mea-
suring the circular regularity of the outline under reflected light micros-
copy. In total, ten limpets with putative drill holes were selected for SEM
analysis. Drilled T. scutum individuals were exceedingly rare in the sub-
fossil bulk samples, and consequently only L. digitalis specimens are
included in the FE-SEM examination of subfossil material.

Miocene Bivalves.—The examined Miocene samples came from a pre-
viously published study (Kowalewski et al., 2002; see also Hoffmeister
and Kowalewski, 2001), in which a total of 24 bulk samples were col-
lected from 13 Miocene localities spanning central and western Europe.
Specimens were selected from the Virginia Tech repository on the basis
of range of sampling locales, in an effort to examine material from each
of the sampled bioprovinces and ages. Drill holes of probable predatory
origin were first examined under reflected light, and a total of twelve
specimens were chosen for SEM analysis. These included eight speci-
mens of Astarte radiata (Nyst and Westendorp) from Burdigalian deposits
(early Miocene, sample age of 16.5 Ma) of the Boreal province, from
the Winterswijk-Miste area (Netherlands); one Clausinella basteroti
(Deshayes) from Langhian deposits (middle Miocene, sample age of 15.5
Ma) of the Paratethys, Szabd Quarry (Varpalota Basin, Hungary), and
three specimens (Callista sp. [Lamarck], Anadara diluvii [Lamarck], and
Callucina dujardini [Dall]) from Serravallian deposits (middle Miocene,
sample age of ~14 Ma) of the southeastern North Atlantic province, from
Ferriere Largon (Loire River, France) (Kowalewski et al., 2002).

The sampled material was reposited in the Department of Geosciences
at Virginia Polytechnic Institute and State University (Virginia Tech).
Specimen identification numbers are provided in Table 1 and throughout
the text where applicable.

Scanning Electron Microscopy

Randomly located drill holes bored by muricid gastropods in limpets
and mussels in the laboratory setting and putative, randomly located drill
holes identified in field-collected subfossil limpets and fossil bivalves
were analyzed using field-emission scanning electron microscopy (LEO
1550 FE-SEM) or environmental scanning electron microscopy (FEI
Quanta 600 FEG). All limpet specimens were sputter-coated with a gold-
palladium mixture (20 nm thickness in a Cressington 208HR high reso-
lution sputter coater) and analyzed via FE-SEM. The laboratory-drilled
mussels and Miocene bivalves were imaged via ESEM in low-vacuum
mode without gold-palladium coating, in order to avoid possibly obscur-
ing submicron-scale features of interest (e.g., shell crystalline microar-
chitectures). The brightness (or shadowing) effects observed for various
features of the drill holes, when utilizing secondary electron detection in
either FE-SEM or ESEM, indicate areas receiving more (or less) electron
beam interaction, thus demonstrating simulated three-dimensional surface
relief that represents topographic sculpture of the external drill-hole sur-
faces. Each electron micrograph was examined with Image]® or Adobe
Photoshop® CS2 software, both of which permitted the collection of pre-
cise numerical measurements of the drill holes, including (1) spacing
between the microrasping marks produced by the teeth of the radula; (2)
distance between microrasping marks and the inner-hole margin; and (3)
overall diameter of the drill-hole opening. These numerical measures
were taken in order to quantitatively describe the preserved microstruc-
tures in and around the observed drill holes. The ESEM micrographs of
uncoated mussels presented an opportunity to collect data on the crys-
talline microarchitecture of the shells possibly related to the radular rasp-
ing microtraces. These features were also imaged and analyzed via Pho-
toshop® CS2 as were two published scanning electron micrographs of
the radula of the dogwhelk, Nucella lapillus (Linnaeus) (Rolén et al.,
2004) for comparative purposes. This specific publication was chosen
because the illustrated radulae were from drilling predators congeneric to
those used in the two laboratory feeding experiments (N. ostrina in the
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TABLE 1—Descriptive statistics for the quantified predatory microtraces, shell-growth microfabrics, and radular cusp measurements from Roldn et al. (2004). Symbols: Specimen
ID = Virginia Tech repository number; n = number of measured rasp marks; SD = standard deviation; Max = maximum size measured; Min = minimum size measured.

Specimen ID# Species Sample origin n Mean (wm) SD (wm)  Max (um)  Min (pm)
VT-P-001 Lottia digitalis Laboratory-observed limpets 42 11.18 3.16 20.04 6.88
VT-P-002 Tectura scutum Laboratory-observed limpets 88 5.38 1.45 10.28 2.94
Pooled laboratory-observed limpets 130 7.25 3.47 20.04 2.94
VT-MT-17 (predator NL-16) Mpytilus trossulus Laboratory-observed mussels 13 8.67 3.37 17.67 4.17
VT-MT-52 (predator NL-16) M. trossulus Laboratory-observed mussels 132 8.61 3.58 21.67 1.84
VT-MT-53 (predator NL-16) M. trossulus Laboratory-observed mussels 26 8.44 221 13.25 5.21
VT-MT-72 (predator NL-16) M. trossulus Laboratory-observed mussels 18 8.14 1.68 11.76 5.56
VT-MT-48 (predator NL-34) M. trossulus Laboratory-observed mussels 42 6.47 2.02 10.86 3.49
VT-MT-68 (predator NL-34) M. trossulus Laboratory-observed mussels 47 8.69 229 16.13 5.07
Pooled laboratory-observed mussels 278 8.26 3.04 21.67 1.84
VT-2-3 C-3, subfossil limpet L. digitalis Subfossil limpet assemblage 16 8.24 1.81 10.69 435
VT-1-4 B-3, subfossil limpet L. digitalis Subfossil limpet assemblage 12 4.72 0.89 6.09 3.58
VT-2-3 B-10, subfossil limpet L. digitalis Subfossil limpet assemblage 10 6.37 1.49 9.85 451
VT-1-6 B-1, subfossil limpet L. digitalis Subfossil limpet assemblage 15 13.03 247 17.31 9.68
Pooled subfossil limpets 53 8.44 3.64 17.31 3.58
VT-B5-3-1 Astarte radiata Winterswijk-Miste, Burdigalian Stage 50 6.92 1.71 10.68 3.86
VT-B5-3-4 A. radiata Winterswijk-Miste, Burdigalian Stage 25 10.47 1.66 13.58 7.25
VT-S14-11 Clausinella basteroti ~ Szab6é Quarry, Langhian Stage 88 5.13 1.34 8.83 2.51
Pooled Miocene bivalves 163 6.50 240 13.58 251
Total pooled predatory microstructures 624 7.60 3.13 21.67 1.84
Additional structures of note
Pooled crystalline shell microfabrics 152 1.37 0.39 2.57 0.53
Radular cusp width Nucella lapillus Roldn et al., 2004 45 15.26 218 21.36 11.53
Multiple-pass versus single-pass rasp marks
Multiple-pass microstructures 149 5.75 .79 11.21 1.84
Single-pass microstructures 108 10.31 3.25 21.67 4.18

limpet-feeding experiment and N. lamellosa in the mussel-feeding ex-
periment). The measurements assessed from these micrographs consisted
of basal widths of the cusps from each rachidian tooth. PAST software
(Hammer et al., 2001) was used for univariate statistical analyses.

RESULTS
Overview of Microtrace Morphology

A number of randomly located drill holes examined under high-
resolution FE-SEM or ESEM displayed physical scratch marks consisting
of parallel to subparallel, straight to slightly curvilinear, distinctly cor-
rugated lines. These Radulichnus-like lines are oriented in laterally
sweeping patterns, ranging from subparallel to perpendicular to the drill-
hole outline (Fig. 1). This corrugated pattern consists of indentations (or
troughs) separated by raised ridges, which are interpreted as radular teeth
marks (radular cusp width) and areas between the radular teeth (or inter-
cusp spacing), respectively. As a proxy of radular cusp width, quantifi-
cations of microtrace spacing consisted of measuring from ridge to ridge.
These measurements were evaluated for individual shells and also pooled

by group (as defined in Table 1; Fig. 2). The spacing of adjacent micro-
traces, pooled for all measured individuals, ranges from 1.84 to 21.67
m with a mean spacing of 7.60 pm, and standard deviation of 3.13 wm
(n = 624; pooled data histogram Fig. 3A). Spacings of the interpreted
predatory microtraces, pooled by grouping and type (multiple-pass and
single-pass radular microtraces), were additionally compared to crystal-
line shell microfabrics (Figs. 3B-D) and to radular tooth widths from the
literature (Figs. 3E-F 4A-C).

Drill Holes in Laboratory Setting on Living Organisms

Laboratory-Observed Limpets.—The two limpets (L. digitalis and T.
scutum) that were drilled in the laboratory setting had N. ostrina predators
of similar size: 21.1 mm and 24.1 mm long, by 14.6 mm and 15.7 mm
wide. Lottia digitalis displayed a complete drill hole, with a maximum
inner diameter of ~770 wm (Fig. 1A), while T. scutum showed a non-
functional (incomplete) hole, with a maximum inner diameter of ~260
pm (Figs. 1B-C). Both specimens displayed quantifiable microrasping
marks. The mean distance between adjacent microtraces of L. digitalis

-

FIGURE 1—Representative micro-rasping marks. A—-C) FE-SEM micrographs of drill holes from limpets killed by the muricid gastropod Nucella ostrina in the laboratory.
A) Lottia digitalis drill hole with perpendicular to subparallel, sweeping microtraces on margin (specimen VT-P-001). B) Tectura scutum outer margin of non-functional or
incomplete drill hole; arrow = chemical dissolution signature (VT-P-002). C) Inner surface of 7. scutum non-functional drill hole showing rasping microtraces perpendicular
to drill-hole margin; arrows = superimposition of radular passes. D-F) ESEM micrographs of drill holes from mussel specimens killed by Nucella lamellosa in the laboratory.
D) Mytilus trossulus (VT-MT-68, killed by VT-NL-34); outer drill-hole margin with parallel to slightly subparallel micro-rasping marks oriented subparallel to drill hole.
E-F) M. trossulus (VT-MT-52, killed by VT-NL-16) showing (E) outer drill-hole margin with parallel micro-rasping marks oriented parallel to drill hole and (F) inner drill-
hole margin with crystalline microstructures (arrow) oriented obliquely to the parallel micro-rasping marks; note variable spacing of rasp marks (F) compared to microtraces
(E). G-I) FE-SEM micrographs of predatory drill holes from field-collected L. digitalis specimens. G) Parallel micro-rasping marks in L. digitalis (VT-2-3 C-3), oriented
perpendicular to drill-hole margin. H-I) Inner drill-hole margin of L. digitalis (VT-1-4 B-3) showing a sweeping, fan-like pattern of micro-rasping marks (H) (arrows =
outer fan edge) and possible chemical dissolution signature on inner drill-hole margin (arrow, I). J-L) ESEM micrographs of drill holes on Miocene bivalves. J) Astarte
radiata (VT-B5-3-1) outer drill-hole margin with parallel micro-rasping marks oriented nearly perpendicular to margin (left arrow) and parallel to drill-hole margin (lower
right). K) A. radiata (VT-B5-3-4) with perpendicularly oriented micro-rasping marks on outer drill-hole margin. L) Clausinella basteroti (VT-S14-11); outer drill-hole margin
with possible eroded micro-rasping marks (upper arrow) and minor perforations likely associated with bioerosion (lower arrow).
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was more than two times greater (11.18 m; n = 42) than that assessed
for T. scutum (5.38 pm; n = 88), a difference that is statistically sig-
nificant (Mann Whitney U test, p << 0.001). The pooled, laboratory ob-
served limpet microtraces ranged in size from 2.94 to 20.04 pm, with a
mean spacing of 7.25 pm (Table 1, Fig. 2A). In addition to physical
rasping microtraces, chemical dissolution signatures can be recognized
toward the outer margin of the incomplete drill hole found on the T.
scutum shell (Fig. 1B). In contrast, physical microrasping marks occupy
the inner, depressed region of the incomplete drill hole (Fig. 1C).

Laboratory-Observed Mussels.—The six individuals selected had been
drilled by one of two N. lamellosa predators (specimen ID# VT-NL-34
drilled two shells and VT-NL-16 drilled four shells). These specific pred-
ators were significantly larger than the N. ostrina specimens used in the
limpet-feeding experiment, with lengths of 33.5 mm and 36.1 mm and
widths of 20.8 mm and 21.1 mm for VT-NL-34 and VT-NL-16, respec-
tively. The drill holes exhibited maximum inner diameters ranging from
~900 to ~1500 wm, and quantifiable micro-rasping marks were present
on all six specimens. The mean distance between adjacent microtraces
(Table 1) of M. trossulus pooled by predator differs significantly between
the two predators (Mann Whitney U test, p = 0.026), with micro-rasping
marks produced by the smaller snail (VT-NL-34) averaging 7.64 pm (n
= 89) and those produced by the larger snail (VT-NL-16) averaging 8.55
pm (n = 189). In total, the pooled laboratory-observed mussel micro-
traces ranged in size from 1.84 to 21.67 wm, with a mean spacing of
8.26 pm (Table 1, Fig. 2F). Two specimens illustrated possible chemical
dissolution signatures in addition to physical predatory microtraces. In
contrast to the dissolution signatures observed on the laboratory-drilled
T. scutum specimen, the putative chemical signatures were located to-
wards the inner drill-hole margin, with radular microtraces occupying the
outer drill-hole margin. Additionally, the chemical dissolution features
noted here appear comparatively rough and give the impression of ero-
sional or bioerosional surfaces commonly observed in the subfossil and
fossil specimens.

Published Nucella Radula Micrographs.—Two published scanning
electron micrographs (Rolén et al., 2004, fig. 2E-F; see Fig. 3F) of the
radula of the dogwhelk N. lapillus were analyzed for comparative pur-
poses. Because these radulae came from drilling predators congeneric to
those used in the two laboratory feeding experiments, they should display
similar radular morphologies. Moreover, the two radula illustrated in Ro-
lan et al. (2004) came from muricids of similar sizes to those used in the
feeding experiments (lengths of 26.2 mm and 25.9 mm, respectively).
Individual cusp widths ranged from 11.53 to 21.36 m, with a mean
cusp width of 15.26 wm (n = 45; Table 1, Fig. 3E).

Drill Holes in Subfossil and Fossil Organisms

Subfossil Limpets.—Ten drilled subfossil shells of L. digitalis were ex-
amined for microstructural features under FE-SEM. The majority of the
individuals recovered showed signs of substantial taphonomic degrada-
tion, including fragmentation, loss of color, corrosion (deterioration and
abrasion), bioerosion (microperforations not caused by predation or par-
asitism), and encrustation. Nevertheless, four of the ten shells preserve
distinct micro-rasping marks around the drill-hole margins (Figs. 1G-I),
one of which contains radular microtraces oriented in a sweeping, fan-
like pattern (Fig. 1H). These four drill holes exhibited maximum inner
diameters of ~360 to ~670 wm. The distance between micro-rasping

marks illustrated a mean of 8.44 wm and ranged from 3.58 to 17.31 pum
(n = 53; Table 1, Fig. 2J). One specimen contained a tenuous chemical
dissolution signature in addition to physical rasping microtraces (Fig. 1I).
Much like those of the laboratory-drilled mussels, the possible chemical
dissolution signature appeared rutted and was located towards the inner
drill-hole margin, with radular microtraces and indications of bioerosion
occupying the outer drill-hole margin.

Miocene Bivalves.—The majority of the twelve Miocene bivalves ex-
amined displayed signs of substantial taphonomic degradation. A total of
three shells illustrated easily identifiable micro-rasping marks around the
drill-hole margins, including two A. radiata shells (Burdigalian) and the
C. basteroti specimen (Langhian) (Figs. 1J-L). The maximum inner di-
ameters of these three drill holes ranged from ~650 to ~1070 pwm, and
the micro-rasping marks ranged from 2.51 to 13.58 m with a mean of
6.50 wm (n = 163; Table 1, Fig. 2M).

The observed subfossil and fossil predatory microtraces are located in
direct proximity to the drill-hole margins and bear close resemblance to
microtraces observed around the laboratory-observed drill holes for both
limpets and mussels. The spacing of individual micro-rasping marks is
comparable (overlapping) to those observed in the laboratory data. Dis-
tinct chemical dissolution signatures observed for the incomplete drill
hole obtained in the laboratory could not be confidently identified for any
of the field-collected subfossil and fossil specimens.

Multiple-Pass and Single-Pass Micro-Rasping Marks

In order to further categorize the rasping microtraces, the measured
images from all four groupings were selected, pooled, and comparatively
evaluated in two categories: (1) clearly overlain micro-rasping marks—
i.e., multiple, superimposed radular-pass microtraces (Figs. 4D-G), which
ranged in size from 1.84 to 11.21 wm (mean = 5.75 pm, n = 149);
and (2) micro-rasping marks that show no evidence of superimposition—
i.e., single radular-pass microtraces (Figs. 4H-K), which ranged in size
from 4.18 to 21.67 pwm (mean = 10.31 wm, n = 108) (Table 1, Figs.
4A-B). These two distributions are significantly different from each other,
as well as from the literature-assessed radular tooth widths (Mann Whit-
ney U test, in all three cases p < 0.001).

Shell Crystalline Microarchitecture

Two of the six laboratory-drilled mussels analyzed illustrated quanti-
fiable crystalline microfabrics oriented subparallel to the radular micro-
traces (Figs. 1E 3C), which ranged in size from 0.53 to 2.57 pm (mean
= 1.48 pm, n = 102). The laboratory-drilled L. digitalis limpet speci-
men showed hints of crystalline microfabrics oriented subparallel to the
radular microtraces (Fig. 4H), which are similar, although less continuous
and pronounced, to crystalline microfabrics observed in the laboratory-
drilled mussels. These structures were not quantified, as their interpreta-
tion remains tenuous. In addition to the quantified mussel microfabrics,
one of the Miocene bivalve specimens, A. radiata from the Winterswijk-
Miste area, showed a crossed-lamellar microfabric on a fracture surface
(Fig. 3D). These lamellae illustrated a similar, but narrower, range to those
ascertained from the two mussel specimens, extending from 0.66 to 1.75
pm, with a mean of 1.17 wm, (n = 50). The pooled crystalline micro-
fabrics ranged from 0.53 to 2.57 pm (mean = 1.37 pm, n = 152; Table
1, Fig. 3B).

«—

FIGURE 2—Predatory microtrace size-frequency distributions and images of corresponding shells. Spacing between micro-rasping marks measured to the nearest 0.01
pm. A, E J, M) Microtrace spacing distribution of laboratory-drilled shells; for histogram shading, see Figure 3. B-E) Shells of Tectura scutum (B—C, specimen VT-P-002)
and Lottia digitalis (D-E, VT-P-001) with corresponding electron micrographs illustrating measured predatory microtraces (lighter strip on shells in B and D represents area
covered by conductive copper tape where specimen was not sputter coated). G-I1) Mytilus trossulus showing representative specimen (G) and electron micrographs of
predatory microtraces drilled by Nucella lamellosa (H-1, VI-NL-16 and VT-NL-34, respectively). K-L) Representative subfossil L. digitalis and electron micrograph of
predatory microtraces. N-Q) Miocene bivalves Clausinella basteroti (N-O, VT-S14-11) and Astarte radiata (P-Q, VT-B5-3-1) with corresponding electron micrographs
illustrating predatory microtraces. Photographic scale bars = 0.5 cm; SEM scale bars = 50 m.



In fact, the two species of limpets showed an appreciably wide variation
of microtrace spacing, nearly reaching the range endpoints of all exam-
ined shells, including both subfossil and fossil shells. Moreover, the larger
dogwinkle predator that drilled T. scutum produced more tightly spaced
micro-rasping marks.
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100y A Pooled predatory microtraces DISCUSSION
(n=624, mean=7.60 um) The predatory drilling process involves intermittent use of the acces-
901 - sory boring organ, located in the foot of muricids, and the radula. The
I:l Laboratory limpets accessory boring organ reduces the structural integrity of the prey’s cal-
80" Laboratory mussels cium carbonate shell and proteinaceous matrix via secretion of ion che-
__ o lating agents (acids and enzymes), and the radula physically rasps the
70, [ Subfossil limpets weakened shell material away (Carriker, 1981). We infer that the micro-
. Miocene bivalves traces observed in high-resolution FE-SEM and ESEM micrographs rep-
resent this rasping motion and consequent removal of shell material, as
60 has been suggested in earlier studies on modern prey shells such as oys-
ters and mussels (Carriker, 1969, 1978; Carriker and Van Zandt, 1972).
50 Two hypotheses can be proposed to explain the microtrace spacing var-
iation among these groups: (1) predator taxonomy and size may induce
401 variations in radular cusp size or radular intercusp spacing, thus affecting
the spacing of the micro-rasping marks observed on the prey shells; and
(2) observed microtrace spacing may result from overprinting of multiple
30- radular passes.
20 Primary Hypotheses to Explain Predatory Microtrace Variations
Predator Taxonomy and Size-Age Class.—Differences in radular size
- 10 and cusp spacing may be related to intergeneric distinctions in radular
o morphology as well as variations in predator size or age class. The two
a 0Lle S — muricid predators (N. ostrina) responsible for drilling in the limpet-
8 130- B Pooled shell microfabrics feeding experiment differed by only a few millimeters in size (3.0 mm
£ N _ in length); the predator that drilled L. digitalis was slightly smaller than
® 1201 (n=152, mean=1.37 uym) the one that drilled 7. scutum. The primary assumption was that larger
) predators would produce more widely spaced micro-rasping marks. Ac-
S cordingly, due to the roughly similar sizes of these two predator individ-
"g 110 uals, the spacings of the microtraces generated were expected, a priori,
= to differ proportionally with predator size, but not dramatically. The dif-
g 100 ference in microtrace spacing means between these two predators, 5.80
5 pm (11.18 wm mean for L. digitalis, 5.38 pm mean for 7. scutum; Mann
é Whitney U test, p < 0.001), however, was much larger than anticipated.
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In the mussel-feeding experiments, the two N. lamellosa predators
again varied in size by only a few millimeters (a difference of 2.6 mm
in length). Based on size differences in the predators, the distances be-
tween radular microtraces on the mussel prey shells were anticipated to
differ respectively—if much at all. Although the microtrace spacing var-
iation between predators observed in the mussels was much less than that
of the limpets, the difference was again statistically significant. The pred-
ators used in the mussel-feeding experiments were nearly 10 mm larger
than those used in the limpet-feeding experiments, so a larger relative
difference between pooled means would be expected. Because the mi-
crotrace spacing means for laboratory-drilled limpets illustrated a differ-
ence of nearly 6 wm between prey drilled by the two different predators,
a difference in mean rasp-mark spacing between pooled laboratory ex-
periments of only 1.01 wm was unexpected (8.26 wm mean for pooled
mussels, 7.25 pm mean for pooled limpets; Mann Whitney U test, p <

«—

FIGURE 3—Predatory microtrace, shell microstructure, and radular cusp data. A)
Size-frequency distribution of spacing between rasping marks for all analyzed drill
holes. B) Size-frequency distribution of crystalline mussel-shell microstructures. C)
Electron micrograph of mussel-shell fibrous prismatic microfabric. D) Electron mi-
crograph of Miocene Astarte radiata shell crossed-lamellar microfabric. E) Radular
cusp widths measured from Roldn et al. (2004). F) Radular cusps of N. lapillus,
upper arrow indicates rachidian tooth containing three radular cusps; line = tooth
width. Lower arrow indicates single radular cusp; line = cusp width (modified from
fig. 2E of Roldn et al., 2004). Scale bars in C, D, and F = 50 m.
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1A Representative multiple-pass 0.001). Unfortunately, even with statistically significant results, no quan-

40 _ predatory microtraces titatively prognostic statements can be made relating predator size to rad-

| (n=149, mean=5.75 pym) ular microtrace-spacing distances due to the irregular and unpredictable
magnitudes by which the spacings differ from case to case.

301 Despite substantial taphonomic alterations, multiple subfossil and fossil

Number of microstructures measured
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[l Miocene bivalves

Representative single-pass
predatory microtraces
(n=108, mean=10.31 pm)
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(n=45, mean=15.26 ym)
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specimens preserve a distinct predatory microstructural signature asso-
ciated with the drilling process or predatory microtraces. The notable
differences in rasp-mark spacing are difficult to evaluate given that the
size and specific taxonomic identity of predators that drilled the field-
collected shells are unknown. Indeed, in regard to the subfossil-collected
assemblage, not only do False Bay muricids vary notably in size as ob-
served in the field, but field studies also (e.g., Palmer, 1988) indicate that
there are at least two more Nucella species that may drill limpets in the
study area, N. lima (Gmelin) and N. canaliculata (Duclos). Certainly,
multiple species of drilling gastropods (from varying size or age classes)
were present throughout the sampled European Miocene deposits (Hoff-
meister and Kowalewski, 2001; Kowalewski et al., 2002). The distances
between rasping microtraces around the drill holes of subfossil limpet
shells (ranging from 3.58 to 17.31 wm) and Miocene bivalve shells (2.51-
13.58 m) overlap with the range of values reported above for laboratory-
observed drill holes (Table 1, Figs. 2A, E J, M).

A pertinent test for effects of predator size on radular microtrace spac-
ing undoubtedly exists, although we could not evaluate this issue more
rigorously in the current experimental design, as the animals used in the
limpet experiment were released unharmed after the study to protect local
snail populations, and the specimens in the mussel-feeding experiment
were too highly degraded after four years in alcohol to remove the radula
intact. It is noteworthy that the minimum radular tooth widths (11.53
pm) measured from similar-sized congeneric dogwhelks (Rolén et al.,
2004) overlap with the predatory microtrace spacings measured in all
laboratory specimens. Nearly 15% (60 of 408) of the measured micro-
rasping marks have spacings =11.53 m, although comparisons of the
overall measurement distributions are significantly different (Mann Whit-
ney U test, p < 0.001). Because the drilling muricids examined by Roldn
et al. (2004) are closely related, and morphologically similar, to those
used in the feeding experiments here, they should display relatively sim-
ilar radular morphologies and drilling methodologies versus, for example,
a comparison with the radular morphologies and drilling methodologies
of naticid or cassid gastropods. The difference between maximum values
for radular cusp width (21.36 pwm) and microtrace spacings among all
laboratory-observed drill holes (21.67 pm) is only 0.31 pm, which is
certainly reasonable given that radular size and morphology may vary
considerably across predator size and age classes. The maximum value
for the pooled subfossil and fossil microtrace spacings (17.31 pm) is
4.05 pm smaller than the upper limit of the radular cusp width range,
and ~9% (20 of 216) of the measured subfossil-fossil microtrace spac-
ings are =11.53 pm. Again, the distributions remain statistically differ-
ent (Mann Whitney U test, p << 0.001). The proximity of rasp-mark
spacings between the subfossil-fossil drill holes and the radular cusp
widths assessed from Roldn et al. (2004), however, is obviously less
meaningful than that calculated for the laboratory-observed micro-rasping
marks, but this is to be expected with the lack of information on predator
taxonomy, size, and age class.

«—

FIGURE 4—Size differentiation of multiple-pass (overlain) and single-pass preda-
tory microtraces (A-B) versus distribution of radular cusp widths in N. lapillus (C),
as measured from Rolén et al. (2004). D-G) Representative multiple-pass predatory
microtraces from: D) a laboratory-observed limpet (specimen VT-P-002), E) a lab-
oratory-observed mussel (VT-MT-52, left margin), F) a subfossil limpet (VT-1-4
B-3), and G) Miocene Astarte radiata (VT-B5-3-1). Arrows indicate points of cross-
cutting radular marks. H-K) Representative single-pass predatory microtraces from:
H) a laboratory-observed limpet (VT-P-001), I) a laboratory-observed mussel (VT-
MT-52, bottom margin), J) a subfossil limpet (VT-2-3 C-3), and K) A. radiata (spec-
imen VT-B5-3-4). All scale bars = 50 pm unless otherwise labeled.
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Although the radulae used for comparative analyses were preserved in
alcohol (Roldn et al., 2004), which may cause radular shrinkage, it was
still possible to assess the basal cusp widths. As the drill-hole microtrace
widths should correlate closely to depth of radular cusp penetration, using
the basal cusp widths approximates a maximum value for predatory
microtrace-spacing. That is, radular passes with less pressure should pro-
duce more narrowly spaced rasping microtraces, as only the tip of the
radular cusps would penetrate the shell material; conversely, deeply pen-
etrating radular passes should be nearer to the basal width of the radular
cusps. Varying widths of the predatory microtraces should be expected,
however, as the scenarios described above simply represent end members
of the range.

Superimposition of Radular Passes.—The differences in microtrace
spacing may be induced by the superimposition of multiple radular passes
(visible in Figs. 1C, 4D-G), which is perhaps more likely than differences
resulting from predator size variation. In this scenario, the differences in
microtrace spacing represent a composite of sequential overlying raspings
on the drilled region of the prey shell. It has been proposed that me-
chanical radular rasping plays a relatively minor role in the drilling pro-
cess, functioning to remove chelated prey shell material (Carriker, 1981).
A study on drilling predation by modern N. lapillus on Mytilus edulis
(Linnaeus) prey, however, proposes a more extensive role for the radula,
in which the first quarter of the drilling process consists of “frequent and
intense mechanical scraping” by the radula, broken by periods of inac-
tivity, inferred as shell chelation (Rovero et al., 1999, p. 1083). The case
for superimposition of radular rasping, or multiple radular passes, is sup-
ported by the rachidian cusp widths measured from published N. lapillus
SEM micrographs (Roldn et al., 2004), where the mean cusp width (15.26
pm) was approximately double the mean of the pooled rasping micro-
traces (7.60 wm) and, more specifically, the feeding experiment micro-
rasping marks (7.94 wm). Detailed information about radular teeth spac-
ing from drill-hole microtrace spacing could be disputable, however, be-
cause it may not be feasible to distinguish an earlier radular pass from
any later passes. It may be worthwhile to examine variation among the
inner drill-hole-region microtrace spacing, particularly in incomplete drill
holes, versus that of the outer drill-hole margin. Presumably, the outer
margin of drill holes should not receive as many radular passes as the
central region of the bored area because less prey shell material is re-
moved along the outer margin. Thus, the lower number of overlapping
radular rasp marks along the outer margin may have more diagnostic
value in relation to radular cusp width of the predator. Ultimately, the
best-case scenario would be the identification of pristine, single radular
passes. In more heavily rasped regions of the drill hole, it is challenging
to discern (1) the number of overlapping radular passes and (2) the
amount or spacing of overlap. Therefore, extracting any meaningful data
on radular cusp width in such areas is unlikely, and such data would also
be contentious.

It is most likely that, as the drilling process proceeds, the fluids released
by the accessory boring organ reduce or obscure earlier micro-rasping
marks and create a smoothed dissolution halo around the outer rim of the
drill-hole cavity. During the final stages of penetration, rasping may over-
print and obscure evidence for dissolution around the inner opening.
While no definitive chemical dissolution features were observed in any
subfossil or fossil shells, one unambiguous dissolution feature was ob-
served in the incomplete drill hole produced in the limpet laboratory
experiment. Chemical dissolution signatures in previous laboratory ex-
periments were observed when the drilling process was interrupted (Car-
riker, 1969; Carriker and Van Zandt, 1972), and distinct chemical disso-
lution halos were observed in complete drill holes (interpreted as cassid
gastropod drillings) found in echinoid tests (Nebelsick and Kowalewski,
1999). Although not always present or discernible, the predatory micro-
structural gradient documented in the laboratory-observed incomplete
drill hole—with physical micro-rasping marks located proximally and a
chemical dissolution halo more distally—represents a distinct signature
of chemically aided radular drilling. The equivocal chemical dissolution

signatures toward the inner drill-hole margins from two of the laboratory-
observed mussels and one of the subfossil limpets may represent varia-
tions in shell structure toward the inner surface of the shell or a period
of chemically aided dissolution just prior to the final puncturing of the
prey shell.

If an accurate depth-profile of radular marks could be attained, pre-
sumably the most recent pass would generate the deepest and most pris-
tine microtraces, while microtraces generated in earlier passes would be
less pronounced or more eroded. Although obtaining precise three-
dimensional measurements is difficult, a distinction can be made between
more pristine, single radular passes and overlying, multiple passes by
searching for signs of crosscutting within the predatory microtraces, and
this characteristic may provide a means to further resolve microtrace
spacing. To test this idea, representative multiple-pass and single-pass
micro-rasping marks from all four primary groupings of shells were com-
paratively evaluated. The range of multiple-pass predatory microtrace
widths does not intersect the distribution of radular tooth widths (Figs.
4A, C), while the distribution of single-pass predatory microtrace widths
is closer to, and overlaps the distribution of radular tooth widths, with
slightly more than 35% (38 of 108) overlap (Figs. 4B, C).

Microtraces and Shell Crystalline Microarchitecture—An alternative
interpretation of the predatory microtraces is that their morphology re-
flects the crystal fabric of the shells. In the laboratory-drilled mussels,
two of the six mussels illustrated crystalline fabrics that are unambigu-
ously oriented subparallel to the radular rasping marks (Figs. 1E 3C).
Additionally, one of the Miocene bivalves illustrated typical crossed-
lamellar growth fabrics (Fig. 3D) (for SEM of shell microarchitectures,
see Carter, 1990a, 1990b; Herbert, 2005). When the pooled crystalline
microfabric measurements, ranging from 0.53 to 2.57 pwm wide (mean
= 1.37 pm, n = 152, Table 1), are compared to the overall range of
predatory microtrace sizes, the larger end of the crystalline microfabric
range only slightly overlaps the smallest radular microtraces (8.6% over-
lap; 13 of 152 microfabric elements are larger than the smallest rasp mark
(1.84 wm). This difference is statistically significant (Mann Whitney U
test, p < 0.001). Conversely, the smallest observed predatory microtraces
overlap the crystalline microfabric range by a mere 0.48%. Only three
of 624 predatory microtraces were =2.57 wm, the maximum size of the
crystalline elements. In the mussels, the crystalline microstructures are
organized predominantly into fibrous prismatic bundles, which group to-
gether into higher-order structural growth packages. At first inspection,
the radular marks reported here may be mistakenly identified as either
individual bundles or larger structural packages of bundles. The size and
arrangement of these bundles and higher-order packages, however, is con-
sistent from individual to individual, due to the regularity of shell growth
patterns within species. On the other hand, the rasp marks vary in spacing,
direction relative to drill-hole margin, and orientation relative to the crys-
talline bundles, all of which distinguish them from features of the shell
microstructure. In addition, no combination of the shell-growth micro-
fabrics has been observed to produce the larger, corrugated pattern of
ridges and troughs formed by the rasp marks, a pattern which varies in
direction from shell to shell. Many of the rasping marks not only change
direction within single drill holes, but also cut across one another, which
would not be expected if they were merely expressions of the underlying
growth layers. Perhaps most convincing is the incomplete drill hole ob-
served in one of the laboratory-drilled limpets showing distal chemical-
dissolution features, with superimposed micro-rasping marks in the cen-
tral drill-hole depression. Because chemical dissolution serves to reduce
or smooth the topographical expression of the crystalline shell microar-
chitecture, the superposition of parallel rasping microtraces on top of this
smoothed area provides further evidence to separate the rasping marks
from any shell-growth microfabrics. Lastly, radular rasp marks have a
similar morphology, regardless of species of prey, while shell structure
varies from prismatic, crossed-lamellar, and fibrillar in limpets (Lindberg,
1988) to irregular, complex crossed-lamellar and fibrous prismatic bun-
dles in mussels (Carter and Lutz, 1990), to crossed-lamellar in Miocene
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bivalves (Carter and Lutz, 1990). This consistency of predatory-micro-
trace morphology despite differences in the prey-shell crystalline micro-
fabrics suggests that shell microarchitecture plays a negligible role in
predatory interpretations. Furthermore, due to differences in scale, ori-
entation, and arrangement between the predatory microtraces and the
prey-shell crystalline microarchitectures, we suggest that the microtraces
reported here are distinctly not expressions of underlying shell microar-
chitectures.

CONCLUSIONS

The numerical evaluation and diagnostic value of predatory microtrace
spacing deserves attention and provides intriguing avenues for future re-
search. In particular, experimental studies that would jointly consider
SEM micrographs of rasping microtraces and radular morphology and
cusp width of their producers could help to evaluate the anatomical fi-
delity of these microtraces. Moreover, as these radular corrugations seem
randomly oriented, future examinations may focus on more stringently
assessing rasp-mark orientation with regard to location of the drill hole
on the prey shell and variation of prey-shell crystalline microarchitectures.

The presence of such predatory microtraces, especially in true fossil
specimens, may provide a viable tool for identifying taphonomically de-
graded or irregularly shaped drill holes that would otherwise be dismissed
by researchers. Likewise, dissolution signatures, which can be preserved
around drill-hole margins in well-preserved fossils, may help us to eval-
uate whether the drilling process was chemically aided—an important
criterion for identifying the presence of accessory boring organs or sim-
ilar structures in ancient predators. Although chemical dissolution sig-
natures have been observed in numerous modern drill holes, the quanti-
fication of predatory microtrace spacing may have more diagnostic value
in evaluating predator-prey interactions. Finally, distinct microtraces of
radular rasping that can be readily identified and numerically evaluated
using SEM techniques offer promise for augmenting our ability to iden-
tify drill holes from fossil specimens, especially when fossils are degrad-
ed or when drilling organisms are difficult to infer independently.
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