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ABSTRACT

Predatory naticid gastropods typically attack other infaunal molluscs by drilling holes that record their
activities in the shells of their prey. Other modes of naticid predation, which need not leave complete
boreholes, have been noted in the literature and may complicate interpretation of the record of naticid
predation in fossil and modern assemblages. ‘Smothering’ is an alternative form of predation that has
never been defined clearly with respect to naticid gastropods. Feeding occurs in the absence of a com-
pleted drillhole; in most cases suffocation is implied, but reported deaths may be linked to an array of
mechanisms (e.g. direct feeding, anaesthetizing mucus). We examine the pervasiveness of alternative
modes of predation employed by naticids reported in the literature and offer recommendations regard-
ing the terminology used in referring to such mechanisms. Because it is unclear if predatory behaviours
such as suffocation are common in natural settings or are mostly artefacts of laboratory conditions such
as insufficient substrate, we examined experimentally the influence of different sediment depths on
drilling vs suffocation of Mercenaria mercenaria prey by Neverita duplicata. More than 99% (n ¼ 404) of
the clams recorded as consumed in our experiments were drilled, regardless of sediment depth, with
,1% (n ¼ 3) noted as cases of potential suffocation. Our results indicate that shallower sediment
depths do not affect drilling in this species. Analysis of previous studies indicates that prey health and
other laboratory effects are likely responsible for many instances of suffocation reported in the literature.
Thus concerns regarding use of drillholes as an indicator of predation by naticids in modern and fossil
deposits should be alleviated. Future work on other alternative modes of predation by naticids, in both
laboratory and field experiments, should focus on validating reported occurrences of such predation
and identifying different mechanisms that may be involved.

INTRODUCTION

The Naticidae are a cosmopolitan family of predatory marine
gastropods (Kabat, 1990; Kelley & Hansen, 2003). Commonly
referred to as moon snails, naticids are widely recognized for
their shell-drilling (boring) behaviour that results in characteris-
tically countersunk drillholes in the shells of their prey, com-
prised mostly of other infaunal molluscs. Naticid drillholes
preserved as trace fossils provide a record of ancient predator-
prey interactions and are commonly utilized by palaeontologists
in studying evolution (e.g. Kitchell, 1986; Vermeij, 1987;
Kowalewski & Kelley, 2002; Kelley & Hansen, 2003; Harper &

Kelley, 2012). Although drilling is the dominant predatory be-
haviour employed by moon snails, nondrilling mechanisms by
naticids have been reported in the literature. Over the last
decade, increased awareness of alternative modes of predation
(sometimes referred to as ‘atypical’, ‘anomalous’ or ‘aberrant’
behaviours) has raised uncertainty about the interpretation of
data provided by bevelled drillholes attributed to naticids (e.g.
Leighton, 2002; Harries & Schopf, 2007; Kelley & Hansen,
2007); however, no report has yet addressed specifically how
pervasive alternative forms of predation are among the
Naticidae and how these predatory behaviours are executed.
In this study we review literature accounts of alternative forms of
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naticid predation and employ laboratory experiments to
examine how factors in artificial settings, specifically insufficient
sediment depth, may influence reported occurrences of alterna-
tive modes of predation. In particular, we focus on predation
commonly referred to as ‘suffocation’ by biologists and ‘smother-
ing’ by palaeontologists.

Alternative modes of predation

Naticid gastropods are often regarded as models of stereotypy
in their predatory behaviour (Kitchell, 1986; Kabat, 1990).
Burrowing through soft substrates, most naticids forage at or
below the sediment surface and remain submerged while in
pursuit of their prey. Prey manipulation begins as a victim is
captured, secured in the large muscular foot of the naticid and
enveloped in a film of mucus. Although foraging may occur near
the sediment surface, an immobilized prey is usually dragged
down into the substrate before drilling is initiated (see summar-
ies in Kitchell, 1986; Kabat, 1990; Reyment, 1999; Kelley &
Hansen, 2003). Shell penetration is achieved by alternation of
chemical etching and physical abrasion (Ziegelmeier, 1954;
Fretter & Graham, 1962; Carriker, 1981; Kabat, 1990), after
which the proboscis is inserted through the hole for consumption
of prey. Alternative modes of naticid predation do not require
completed drillholes for feeding to commence.

To facilitate discussion, we categorize modes of naticid preda-
tion (Table 1) first by the primary attack (drilling or nondril-
ling) and then according to the outcome of each death scenario
(preservation of a complete drillhole, incomplete drillhole, or no
drillhole, which would affect interpretation of predation in the
fossil record). Nondrilling predation includes operculum
wedging and direct feeding via a natural opening. Suffocation is
an alternative mode of naticid predation that may either accom-
pany or occur without drilling of prey.

Alternative modes of naticid predation have been recorded in
both field (Table 2) and laboratory (Table 3) settings. Field
reports of alternative predatory behaviours are based mostly on
gaping prey or rely on indirect observations, such as incomplete-
ly drilled or undamaged shells from experimental plots.
Documentation of suffocation in bivalves capable of tightly
closing their margin is restricted usually to laboratory observa-
tions. This situation is not surprising given that the infaunal
mode of naticids prevents study of their behaviour in the field
without interruption.

The present work focuses on deaths due to suffocation in
which entry through the commissure is permitted via forced

gaping before or during the drilling process, rather than through
an existing permanent gape, which may allow feeding without
prior suffocation of prey. Suffocation, whether intentional or
not, may be advantageous if it reduces prey handling time
before feeding begins (Hughes, 1985; Ansell & Morton, 1987).
It also may be less expensive energetically than is drilling
(Ansell & Morton, 1987; Kabat, 1990) and should limit periods
of rest needed for repair of the radula due to wear (Reyment,
1999). Such suffocation has sometimes been referred to as
‘smothering’. However, this term is not defined clearly in the lit-
erature and smothering has not been addressed explicitly as a
form of naticid predation. Therefore, we begin by tracing the
evolution of the word ‘smothering’ as used by authors in studies
of drilling predation. A thorough investigation of the term’s
nuanced history and semantic connotations requires a wide di-
versity of information sources, including primary literature (e.g.
peer-reviewed journal articles) and grey literature (e.g. technical
reports, dissertations, government documents and conference
proceedings). An integration of the qualitative and quantitative
information from these sources allows for a richer understanding
of what ‘smothering’ means.

What is smothering?

Part of the confusion concerning the definition of ‘smothering’
in studies of drilling predation is caused by a division in the lan-
guage used by different disciplines. ‘Smothering’ is an alterna-
tive form of naticid predation usually cited by palaeontologists,
whereas ‘suffocation’ is utilized more frequently by biologists
(Appendix 1), although Aronowsky (2003) incorporated both
words in discussing alternative naticid predation. Further com-
plicating matters, the etymology of the word ‘smothering’ indi-
cates multiple meanings (e.g. to suffocate or to cover thickly,
with some substance). To our knowledge, smothering, as an
attack behaviour executed by gastropods, was used first by
Morton (1958) to describe predation by members of the
Cassididae, Harpidae, Olividae, Tonnidae and Volutidae.
Suffocation was not stated explicitly as the cause of death but
was implied by the phrase “smothering with the foot” (Morton,
1958: 95). Nondrilling predation by moon snails has been linked
to suffocation for nearly a century (Agersborg, 1920). Ricketts &
Calvin (1962) used ‘smothering’ alongside suffocation in the
third edition of their book Between Pacific tides. Leighton (2001,
2002) applied ‘smothering’ when citing alternative predation
modes described by Vermeij (1980) and Ansell & Morton
(1987). Leighton, as well as subsequent palaeontologists (e.g.
Harries & Schopf, 2007; Kelley & Hansen, 2007), apparently
employed this term as a synonym for nondrilling predation by
suffocation, although this use was never stated clearly and
perhaps led to misinterpretation of the term as a catch-all phrase
for any instance of naticid feeding in the absence of drilling.
More recently, Hasegawa & Sato (2009) used ‘smothering’ to
denote merely the encasement of mucus that immobilizes naticid
prey for days, even though eventual death is due to drilling and
not suffocation, adding further confusion to the meaning of
smothering as a predatory behaviour exhibited by moon snails.

Even in cases of mortality attributed specifically to suffocation
by naticids, relatively little is known about the actual cause of
death. Agersborg (1920) described suffocation first as an
outcome of siphon plugging (e.g. in Mya) or as a result of being
held in the naticid foot until adductor muscles relaxed or the
prey died (e.g. in Protothaca and Clinocardium). However, many
bivalves are noted for their capacity to remain closed for long
periods, suggesting that such questionable deaths may not be
attributable entirely to suffocation; consequently, copious
mucus secretions that aid in prey capture and handling are often
considered (Ansell &Morton, 1987).

Table 1. Types of naticid predation as summarized from the literature
and categorized based on initial attack, cause of mortality, entry for
feeding and whether any form of a drillhole (DH) results from the
predation event.

Mode of

attack

Cause of

mortality

Entry for feeding End product

Drilling Drilling Drillhole Complete DH

Suffocation* Aperture/existing gape/

opened valves

Incomplete DH

Nondrilling Suffocation* Aperture/existing gape/

opened valves

No DH

Operculum

wedging

Aperture No DH

Direct entry Existing gape No DH

Only live attacks are addressed; scavenging is not included.

*The precise role of the mucus in this process is unclear; anaesthetizing

substances are proposed in the literature.
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The role of mucus secretions in naticid predation, particularly
by suffocation, is controversial. Mucus may: (1) serve in subdu-
ing prey by keeping valves or the operculum closed and thus lim-
iting escape (Richter, 1962), (2) produce suffocation by
obstructing access to oxygen (Reid & Gustafson, 1989) or (3)
have anaesthetizing properties that facilitate prey subjugation as
hypothesized by many authors (e.g. Wheatley, 1947; Turner,
1955; Carriker, 1981; Hughes, 1985; Ansell & Morton, 1987).
Such a narcotic effect might yield relaxation of the muscles
keeping the valves closed, leading to apparent suffocation by
permitting an entry for feeding through the margin. Savazzi &
Reyment (1989) suggested that mucus from Natica gualteriana
affected Umbonium vestiarium prey even after removal of the
predator. Control specimens free of mucus burrowed rapidly
(perhaps a flight response), whereas prey with apertures
plugged by mucus remained stationary and retracted for several
hours. Removal of mucus yielded an active response from U. ves-
tiarium within 30 min, however, indicating that any numbing
effect was not permanent. Reid & Gustafson (1989) stated that
bivalve prey were limp and unresponsive after being drilled,
leading them to investigate pharmacological properties of oe-
sophageal gland secretions of Lunatia lewisii. They found no
paralysing effect in placing these secretions on the heart of Tresus
nuttallii and concluded that prey must be suffocated as suggested
by others.

Nondrilling attacks on bivalves with a permanent gape, or by
forced entry through the aperture of gastropods, are not usually
considered by palaeontologists to represent deaths by smother-
ing, due to the availability of direct access for feeding. This view
is supported by Morton & Morton (1983: 285) in discussions of
predation by nonnaticid gastropods as “either smothering them
with the foot, or plunging the proboscis into the soft parts”.
Unfortunately, it is often not clear from the literature if feeding
occurs directly through the natural opening or if it is only

feasible after first suffocating or anaesthetizing prey, particularly
as Agersborg (1920) initially described suffocation by naticids in
part based on the gaping preyMya. Thus it remains uncertain if
a single agent or a combination of factors may be responsible for
several so-called smothering deaths in the literature; resolving
such accounts is beyond the scope of our work.
Our review of the literature generates several recommenda-

tions concerning terminology applied to alternative modes of
naticid predation: (1) avoid using the phrase ‘nondrilling preda-
tion’ if death of prey occurs as a byproduct of the drilling process
(e.g. due to suffocation); (2) restrict use of ‘suffocation’ to situa-
tions in which mortality is attributed to respiratory distress; (3)
promote the more appropriate phrase ‘alternative modes of pre-
dation’ as encompassing all feeding by naticids that is not
accomplished using a completed drillhole and (4) abandon the
term ‘smothering’ as it is not employed consistently or clearly in
the literature, in part because multiple mechanisms may be exe-
cuted by naticids in achieving apparent suffocation. This prob-
lematic usage extends to descriptions of ‘smothering’ predation
by other gastropods. Our literature review also highlights that
different causal mechanisms may allow moon snails to feed in
the absence of a completed drillhole; research is needed on alter-
native naticid predation modes that may be a concern for study-
ing predator-prey interactions using drillholes. The experiments
conducted in this study are a first step in such research.

Sediment depth

Alternative modes of predation such as suffocation may result
from unnatural laboratory environments, and in particular a
lack of sufficient sediment for burrowing with captured prey.
Most aquaria contain only a few centimetres of sand, in contrast
to the greater depths naticids might inhabit in the wild.
Maximum depths reported from field observations range

Table 2. Alternative modes of naticid predation reported in the literature based on field investigations.

Naticid taxon Localities Prey taxon Prey family Gape Un/Inc Obs/shells Reference

Glossaulax

reclusiana

CA and OR, USA Olivella biplicata Olivellidae n/a Inc Both* Edwards (1969)

Lunatia heros NB, Canada Mya arenaria Myidae Y Un and Inc Shells Thurber (1949) and

Medcof & Thurber (1958)

NS, Canada Mya arenaria Myidae Y Un Both Wheatley (1947)

PE, Canada Spisula solidissima Mactridae S Un Obs Wheatley (1947) and

Medcof & Thurber (1958)

ME, USA Mya arenaria Myidae Y Un Shells Vencile (1997)

Lunatia triseriata NS, Canada Mya arenaria Myidae Y Un Both Wheatley (1947)

ME, USA Mya arenaria Myidae Y Un Shells Vencile (1997)

Lunatia lewisii BC, Canada Tresus nuttallii Mactridae Y Un Obs Grey (2001)

BC, Canada Saxidomus giganteus Veneridae S Un and Inc Both* Bernard (1967)

WA, USA Tresus nuttallii Mactridae Y Un Obs Reid & Friesen (1980)

WA, USA Mya arenaria Myidae Y Un Obs Agersborg (1920)

Protothaca staminea Veneridae N Un Obs

Clinocardium nuttallii Cardiidae N Un Obs

Neverita

duplicata

MA, USA Ensis directus Pharidae Y Un Shells Edwards (1974)

MA, USA Ensis directus Pharidae Y Un Obs Schneider (1982)

n/p Ensis directus Pharidae Y Un Both Turner (1955)

Tectonatica tecta South Africa n/p n/p n/p Un Obs Ansell & Morton (1985)

Taxon names for naticids are updated as per Torigoe & Inaba (2011). Author interpretations are noted as based on observations, shells or both; items marked by an

asterisk indicate that laboratory accounts of alternative predation were additionally discussed (see Table 3 for further details). Only live attacks are incorporated

here; scavenging is not reviewed. Abbreviations: n/a, not applicable; n/p, not provided; Y, yes; N, no; S, slight; Un, undrilled; Inc, incompletely drilled;

Obs, observations. Standard postal abbreviations for states (USA) and provinces (Canada) are employed.
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Table 3. Alternative modes of naticid predation reported in the literature based on laboratory investigations.

Naticid Taxon Size, no. Collected (Exp) Prey Taxon Prey Size Prey Family % no./Total Gape Un/ Inc Sed Depth Monitored Reference

Conuber melastoma �27.5, Mu Hong Kong Venerupis philippinarum 20–40 Veneridae 13% 3/23 N Un SL Daily Ansell & Morton (1985)

Glossaulax didyma 47–52, Si Hong Kong Venerupis philippinarum 30–39 Veneridae 50% 8/16 N Un and Inc SL Daily Ansell & Morton (1987)

Anomalocardia squamosa n/p Veneridae 78% 7/9 N Un

Atactodea striata Mesodesmatidae 25% 1/4 N Un

Coecella chinensis Mesodesmatidae 13% 3/23 N Un

Glauconome chinensis Glauconomidae 57% 4/7 Y Un

Glossaulax reclusiana �29.5, Mu CA and OR, USA Olivella biplicata 18–28 Olivellidae 81% 17/21 n/a Un and Inc SL n/p Edwards (1969)

Lunatia heros 24.5–47.5, Si NJ (NC), USA Mercenaria mercenaria 25–43 Veneridae 27% 13/48 N Inc 3 cm 1–2 days Friend (2011)

Large, B MA (CA), USA Venerupis philippinarum 20–40 Veneridae 38% (Un),

16% (Inc)^

42/111 (Un),

18/111 (Inc)^

N Un and Inc 10–15 cm Daily Aronowsky (2003)

Mercenaria mercenaria �40 Veneridae N Un and Inc

Macoma spp. 8–45 Tellinidae
]

S-N Un and Inc

n/p, Mu NJ, USA Spisula solidissima larger Mactridae n/p n/p S Un n/p n/p Weissberger & Grassle (2003)

30–60, Si NB (ON), Canada Protothaca staminea 20–60 Veneridae 9% (Un),

21% (Inc)^

n/p N Un and Inc 10 cm n/p Grey (2001)

Lunatia lewisii 50–100, Si BC (ON), Canada Protothaca staminea 20–60 Veneridae ] N Un and Inc 10 cm n/p Grey (2001)

n/p, Mu BC, Canada Saxidomus giganteus n/p Veneridae ≥25% n/p S Un 7.6 cm daily Bernard (1967)

n/p, B BC (AB), Canada Venerupis philippinarum 37–57 Veneridae 54% 917/1687 N Un and Inc SL n/p Newel & Bourne (2012)

Natica gualteriana 20.9, Si Guam Tellina robusta n/p Tellinidae 11% 2/19 N Un 1.4–3.5 cm n/p Vermeij (1980)

Natica unifasciata 25–34 (H), Mu Panama Olivella volutella 15–20 Olivellidae 100% 3/3 n/a Un 5 cm Hourly–daily Hughes (1985)

Neverita duplicata 15–26, B NC, USA Mercenaria mercenaria 7–23 Veneridae 10% 81/807 N Un 7.6 cm 2–3 days Gould (2010)

Medium–small, B Macoma spp. �25 Tellinidae 4% (Un), 11/265 (Un), S-N Un and Inc 10–15 cm Daily Aronowsky (2003)

MA (CA), USA Venerupis philippinarum �37 Veneridae ] 12% (Inc)^ 32/265 (Inc)^ N Un and Inc

Neverita duplicata smaller Naticidae 100% 1/1 n/a Inc

Polinices mammilla �28, Mu Hong Kong Venerupis philippinarum 10–40 Veneridae 36% 44/114 N Un SL Daily Ansell & Morton (1985)

Larger, B Hong Kong Venerupis philippinarum n/p Veneridae 55% 78/142 N Un SL Daily Ansell & Morton (1987)

Anomalocardia squamosa Veneridae 44% 10/23 N Un

Atactodea striata Mesodesmatidae 14% 4/28 N Un

Coecella chinensis Mesodesmatidae 20% 10/49 N Un

Donax faba Donacidae 16% 3/19 N Un

Glauconome chinensis Glauconomidae 15% 5/34 Y Un

25.7–35.4, Si Guam Gafrarium pectinatum n/p Veneridae 13% 1/8 N Un 1.4–3.5 cm n/p Vermeij (1980)

Timoclea marica Veneridae 100% 4/4 N Un

Tellina robusta Tellinidae 21% 4/19 N Un

Quidnipagus palatam Tellinidae 60% 6/10 S Un

Taxon names for naticids are updated as per Torigoe & Inaba (2011).

Abbreviations: as in Table 2; SL, sand layer provided but precise depth not given. Locations for specimen collection vs experimentation are noted separately, with the latter enclosed in parentheses. Percentages and numbers listed represent the proportion of

prey consumed by alternative means. Both predator and prey size are recorded in mm; sizes are based on lengths unless otherwise defined as height (H). The number of predators confined to the same aquarium setup is denoted as single (Si), multiple (Mu) or

both (B). Only live attacks are incorporated here; scavenging is not reviewed. ^Available data listed here for prey consumed by alternative means were not divided by prey species by Aronowsky (2003) or by predator species by Grey (2001).
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upwards of 15–25 cm (Stinson, 1946;Medcof & Thurber, 1958;
Bernard, 1967; Kenchington, Duggan & Riddell, 1998).
Mismatches between field and experimental conditions could
lead to altered behaviours in laboratory settings, as normal bur-
rowing activities may be restricted (Kabat, 1990). For example,
Bayliss (1986) found that Euspira pulchella was unable to drill
prey in aquaria containing only a few millimetres of sand;
although victims could be captured, moon snails were unable to
burrow and merely moved in circles, dragging their prey with
them. Drilling captive prey commenced only upon relocation to
a setup containing 9 cm of sand, in which they immediately bur-
rowed. Hasegawa & Sato (2009) capitalized on modified beha-
viours exhibited by Laguncula pulchella in varying sediment
depths to demonstrate how altered life-positions of prey led to
differences in drilling of right vs left valves. Depth of sediment is
often not considered in setting up laboratory experiments;
whether or not insufficient depths of sand may lead to predation
via suffocation has yet to be explored. Here we address this
concern by investigating changes in predatory mode with sedi-
ment depth using a naticid species that is studied intensely in
both modern communities and palaeontological assemblages.

Neverita duplicata (Say, 1822) is an abundant moon snail inha-
biting shallow intertidal to subtidal environments along the
eastern coast of the United States. It is a generalist predator that
feeds primarily on infaunal bivalves (Belding, 1930; Edwards,
1974). This species is often utilized in laboratory settings (e.g.
Kitchell et al., 1981; Kardon, 1998; Dietl & Kelley, 2006), and
has been reported to suffocate its bivalve prey (Table 3).
Fregeau (1991) found that N. duplicata preyed on clams at a
mean depth of 12.7 cm in laboratory experiments and that it did
not attack prey deeper than 16 cm, even when surface clams
were removed. Carriker (1951) also reported feeding by N. dupli-
cata at 12.7 cm depth in a field setting in New Jersey.

To determine whether insufficient substrate for burying with
prey is related to laboratory reports of alternative predation
modes, our experiments examined changes in frequency of dif-
ferent forms of predation (drilling vs suffocation) by N. duplicata
when exposed to various substrate levels, ranging from no sand
to a maximum depth of 20 cm. We hypothesize that suffocation
should be more common than drilling at shallower sediment
depths due to extensive prey carrying during prolonged search-
ing for a preferred location to burrow with prey. By varying only
sediment depth, we focus on suffocation rather than other alter-
native modes of predation. For instance, any influence from po-
tentially paralysing mucus secretions should not vary
predictably with the amount of substrate provided.

MATERIAL AND METHODS

Sediment depth

The hypothesis that decreasing substrate depths yield increasing
deaths by suffocation was tested in a laboratory setting through
five treatments: 0 (i.e. no sediment), 1, 2, 6 and 20 cm. The sedi-
ment consisted of fine sand collected from nearby Wrightsville
Beach, NC, similar to the natural habitat of Neverita duplicata.
Three replicate trials of 48 days each were conducted at the
University of North Carolina Wilmington’s Center for Marine
Science during September–October 2010, October–December
2010 and June–July 2011, in part due to limited availability of
specimens during the winter and concerns regarding suppressed
feeding rates in cooler months. Multiple pairwise Fisher exact
tests showed that there were no differences across trials in clams
consumed by drilling vs other deaths (P . 0.05 in all cases);
thus, only pooled data are reported in subsequent analyses.
Variation in the frequency of clams consumed by drilling in dif-
ferent sediment depths was assessed using a chi-square
goodness-of-fit test with an alpha level of 0.05.

Each experimental setup contained only a single predator and
six prey, which were replaced every 6 d as consumed. Neverita
duplicata were collected locally from an intertidal flat near
Masonboro Inlet, NC (UNCW Research Lease: 3481004600N,
7785003000W); all moon snails were initially sized at 25–26 mm
in length. Height (maximum dimension parallel to the coiling
axis) and length (perpendicular to height) were recorded every
6 d for each naticid to evaluate growth rates during the experi-
mental period.Mercenaria mercenaria (18–21 mm in anteroposter-
ior length) were used as prey. Predator-prey size ratios for these
species are appropriate based on the work of Kitchell et al.
(1981). Bivalves were obtained from Virginia and North
Carolina hatcheries and held in aquaria with access to flowing
seawater to permit natural filter feeding prior to use in
experiments.
The decision to use M. mercenaria as prey was based on several

factors. Alternative modes of predation on this species are attrib-
uted to naticids in multiple laboratory experiments; other
members of the Veneridae are additionally noted as suffocated
by naticids in the literature (Table 3). This species is a common
prey item of N. duplicata in the field (Edwards, 1974) and in
experimental research in laboratory settings (e.g. Kitchell et al.,
1981), in part because it is readily available as a commercial
species.
Experiments were conducted in a closed system; each 37.85-l

aquarium included an air pump for oxygen circulation. Tanks
were monitored every 72 h and seawater was partially changed
in each setup during the interval halfway between experimental
checks. To minimize the impact of external factors on feeding
behaviour, only seawater controlled to room temperature was
used (19.4–23.48C). Surface observations were noted at this
midpoint between 6 d experimental checks, but moon snails
within the substrate were not disturbed if possible. Salinity and
pH also were monitored every 6 d. Salinity fluctuated between
19.2 and 37 ppt; pH ranged between 6.2 and 9.2.

Monitoring of prey health

To test the hypothesis that suffocation is more common at shal-
lower sediment depths due to prolonged prey carrying, it is es-
sential that prey used in laboratory experiments are healthy.
Otherwise, decay or scavenging following natural mortality of
weak prey could leave empty shells that might be misinterpreted
as deaths due to suffocation. To minimize concerns regarding
prey health in our study, we eliminated unhealthy prey from our
study, i.e. individuals unable to maintain tight valve closure
and/or that did not exhibit normal burrowing behaviour
(Flimlin, 2004).
Several measures were employed to assess the condition of

Mercenaria mercenaria prey before, during and after being incorpo-
rated in our experiments. First, strength of valve closure was
tested before placing prey in experimental setups as well as
during experimental checks by trying to insert a fingernail in the
ventral margin. The few bivalves exhibiting signs of questionable
health, as indicated by successful wedging, were discarded prior
to experiments. This process also removed any empty shells that
were held together by surface tension (Flimlin, 2004). Ability to
wedge a fingernail between valves during the course of experi-
ments was noted as a potential sign of deteriorating health and
used as an indicator to replace bivalves as discovered. Secondly,
dates of entry into aquaria were recorded on all prey as a way to
monitor how long individuals remained in experiments; average
duration of occupancy in aquaria was quantified. Thirdly, every
72 h surface observations were noted for signs of decay or weak
clams that had gaped or could not bury themselves in the sand
(Flimlin, 2004). Finally, following Visaggi (2012), empty shells
recovered every 6 d were analysed for signs of decay following
natural mortality, including odour and whether any soft parts
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remained, as naticids typically consume the entire soft tissues of
prey (Kitchell et al., 1981).

Incomplete drilling

Incomplete drillholes in several laboratory studies have been
linked to abandonment of drilling during suffocation (Table 3).
In our study, incomplete drilling, typically due to interruption
during experimental checks, was monitored carefully.Mercenaria
mercenaria containing incomplete drillholes were returned to the
same setup upon experimental checks if exhibiting signs of good
health. Drillholes were tallied as complete, incomplete or near
complete (perforating the shell, but with the opening too small
to permit entry by the proboscis), in order to track whether
incomplete or nearly complete drillholes were redrilled during
subsequent attacks.

RESULTS

Sediment depth

Differences in sediment depth did not impact frequency of prey
consumed by drilling vs suffocation for Neverita duplicata (Fig. 1).

All moon snails fed during the course of the experiment except
for two of the individuals in aquaria lacking sand. Of 411 dead
clams recovered, 404 were consumed by drilling. Frequency of
prey consumed by drilling is consistent across aquaria regardless
of substrate depth (1, 2, 6, 20 cm) using a chi-square
goodness-of-fit test (x2 ¼ 2.31, df ¼ 3, P ¼ 0.51).

Three clams were drilled to completion, but were not con-
sumed due to interruption during an experimental check. Two
of these individuals (in the 2- and 6-cm aquaria) were not subse-
quently redrilled; observations 3 d later revealed decay instead.
The third clam showed no indication of decay afterward or
weakness, yet was discovered in the 20-cm setup within the sub-
strate and completely empty at the next experimental check.
Three additional clams were recovered completely empty, but
without a drillhole (one each in the 2-, 6- and 20-cm aquaria).
One final clam without a drillhole was found gaping atop the
sediment surface in the 1-cm setup, but decaying flesh accom-
panied by an unpleasant odour indicated death by natural
causes.

Prey health

Most prey (75%) were consumed within 6 d of entry into
aquaria and thus did not linger in experiments long enough for
health to deteriorate (Fig. 2). Only eight live individuals were
removed and consequently replaced during the course of experi-
ments due to health concerns; four or fewer were replaced per
trial. Four of these individuals contained incomplete drillholes.
Of the three clams found empty but undrilled, previous signs of
poor health followed by evidence suggestive of decay were
recorded for the clam in the 6-cm setup, but not for the indivi-
duals in the 2- or 20-cm aquaria. Shells of drilled prey were void
of soft tissue upon recovery from aquaria; only one individual
was documented as partially consumed with the remaining
residue left to decay.

Incomplete drilling

Incomplete drillholes resulted from interruptions in drilling
during experimental checks and possibly during water changes.
Interruptions were most common at the shallowest depths of
1 cm and decreased in frequency as depth of sand increased.
Nearly all prey with incomplete drillholes were redrilled success-
fully regardless of the amount of substrate provided (including
the 0-cm setup). Tracking of incomplete boreholes revealed that
subsequent drilling occurred in both valves, with 22 instances in
the opposite valve vs 24 occurrences in the same valve (21 of

Figure 1. Number of Mercenaria mercenaria consumed by Neverita duplicata
for different sediment depths based on pooled data from all replicates.
Mode of death was categorized as either drilled or potentially suffocated.

Figure 2. Residency of Mercenaria mercenaria in experimental aquaria before being consumed by Neverita duplicata by drilling for all substrate depths
(all replicates combined).
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which coincided completely with earlier incomplete drillings
such that incipient attempts were no longer visible). In addition,
four holes that were complete but not yet sufficiently widened
for feeding were subsequently redrilled, as later observations
revealed expanded inner diameters.

DISCUSSION

Our experiments indicate a lack of deaths by suffocation in
Neverita duplicata consuming Mercenaria mercenaria. As discussed
below, shallow sediment depths did not impact successful dril-
ling predation. Moon snails were mostly engaged in drilling
upon being disturbed during experimental checks in all aquaria
containing sand, and nearly all bivalves were drilled regardless
of the depth of available substrate. Only three specimens
(,1%) were found empty without drillholes.

Possible suffocation events

One of the three individuals found empty without drillholes
showed clear evidence of decomposition, indicating decay follow-
ing natural mortality rather than suffocation or scavenging. The
latter interpretation is further supported by the observation that
a naticid repeatedly ignored a decaying Mercenaria mercenaria on
the sediment surface in a 6-cm setup. The other two nondrilled
clams lacked signs of decay and may have been suffocated. One
specimen, in a 20-cm aquarium, was discovered empty on the
sediment surface after only 3 d. The other, in a 2-cm tank, was
found on the surface at 3 d but with signs of gaping, perhaps indi-
cating that weakness prevented it from burrowing. Three days
after these observations suggesting questionable health, this spe-
cimen was discovered empty with no drillhole. Although our ex-
periment was not designed specifically to test the effect of prey
health on suffocation, it appears that poor prey health may have
made these two individuals susceptible to suffocation.

The only other indication of potential suffocation is repre-
sented by a prey item that had lingered in a 20-cm aquarium for
24 days before being drilled to completion, but then was not
eaten due to interruption by an experimental check. Although
the clam appeared healthy and was returned to the tank, a week
later it was found empty within the sediment yet with no signs of
decay. If the bivalve was in fact injured by the previous drilling
attempt and gaped shortly after being enveloped by the naticid
at the onset of a second attack, it may have been suffocated,
eliminating the need for further drilling. Alternatively, the
naticid may have been able to feed using the former drillhole.

Influence of sediment depth on suffocation

Overall, our experiments indicate that suffocation by Neverita
duplicata is not linked to insufficient sediment. Two of the three
possible instances of suffocation occurred in aquaria with 20 cm
of sand, which exceeds the burrowing depth of N. duplicata in the
field as well as in this experiment; naticids were always found in
the upper half of the sediment (usually in 8 cm of sand or less).
The results demonstrate that shallower sediment depths do not
impede the capacity of N. duplicata to drill prey as long as at least
1 cm of sand is provided. Predators often attempted to bury
themselves at least partially in the sediment, however, indicating
that more substrate is preferred. Drilling occurred beneath the
sediment, on the sediment (Fig. 3A), and in the absence of it
(Fig. 3B). Prey were held underneath the snail in the 6- and
20-cm aquaria; less substrate forced naticids to drill while lying
sideways or upside down with prey wrapped in the foot.
However, as long as some sediment was present, regardless of
depth, variation in drilling position did not impact predation
mode, frequency of feeding or stereotypy of drillholes, as nearly
all penetrated in the vicinity of the umbo (Fig. 3C). Drillholes

were evenly distributed among right and left valves in each
setup (51.2% R: 48.8% L for all depths combined).
Although shallower sediment depths did not seem to impact

outcome of predation by N. duplicata significantly, absence of
sediment greatly affected predatory behaviour. Two of the nati-
cids in our 0-cm setup did not feed over the 48 d and mostly
remained upside down on the apex of their shell with their foot
extended (Fig. 3D). This behaviour is not commonly observed if
sand is provided; Bernard (1967) noted that such behaviour by
naticids likely reflects undesirable conditions. These moon snails
were stressed in the absence of sediment and showed no interest
in available prey. Both naticids immediately reverted to infaunal
behaviours, however, when placed in aquaria with sand at the
conclusion of experiments. They burrowed promptly and drilled
prey despite a nearly seven week hiatus from exposure to infaun-
al surroundings.
Insufficient sediment hindered feeding by naticids in other la-

boratory experiments (Bayliss, 1986); nevertheless, some moon
snails are capable of foraging in the absence of sand or if given
an artificial substrate instead. For example, several authors used
clear beads instead of sediment to facilitate viewing of infaunal
behaviours (Bernard, 1967; Rodrigues, 1986; Hasegawa & Sato,
2009); apparently naticids were not deterred by this altered sub-
strate. Kingsley-Smith, Richardson & Seed (2003) did not
provide any substrate in aquaria for Euspira pulchella, but this un-
natural state did not impact drilling on cardiid prey (contra
Bayliss, 1986). Although sediment likely offers greater stability
in handling of prey items, one of our N. duplicata regularly
pursued and drilled clams in the absence of supportive sediment;
however, fewer prey were consumed relative to most moon snails
in aquaria with sand (22 prey compared with an average of 32
prey per predator in tanks with sediment). Upon conclusion of
our sediment depth experiments, four additional N. duplicata
were placed in aquaria lacking sand for further observation.
One individual quickly drilled several Mercenaria mercenaria prey
without difficulty; all others appeared fixated in the upside-
down position with their foot extended.
Our results provide insight as to appropriate sediment depths

for laboratory work on N. duplicata, alleviating prior concerns
that minimal sediment leads to suffocation of prey. However,
other species may have different depth requirements (e.g.
Huelsken et al., 2008) and may not respond in the same way if
exposed to varying sediment levels in laboratory settings. In add-
ition, predator size may influence the depth of sediment required
for normal feeding behaviour; Kabat (1990) noted that most
experiments offer only slightly more sand than the size of the pre-
dators or prey under observation. Appropriate substrate depths
for prey species should be considered as well, especially for any
that exhibit escape behaviours such as leaping or are large and
have long siphons for deep burrowing within the sediment, as dis-
cussed by Bayliss (1986); extrapolation of laboratory observations
to field settings may not be appropriate if artificial conditions do
not reflect natural habitats. Rodrigues (1986) specifically com-
mented on this matter, stating that reduced sediment likely
altered normal foraging behaviours of Glossaulax didyma on
Venerupis philippinarum. Due to shallow depths of the laboratory
setup, moon snails were limited in their capacity to attack prey
from below as may occur under natural circumstances.

Potential role of prey health

The rarity of suffocation in our experiments contrasts with
accounts of more frequent suffocation by Neverita duplicata in
other laboratory studies (Table 3); explanations other than in-
sufficient sediment are needed for reports of alleged suffocation.
Because suffocation is not easily observed, empty shells that lack
completed boreholes typically serve as evidence that suffocation
has occurred (and specimens covered in mucus at least are
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suggestive of handling by naticids; e.g. Ansell & Morton, 1987).
However, the condition of prey used in experiments is often not
mentioned, so it is unclear in many cases if deaths attributed to
suffocation are accidental byproducts of poor prey health.
Quality control and monitoring of prey are crucial to identify
cases of natural mortality (as recognized by Ansell & Morton,
1985, 1987) or inadvertent suffocation of stressed prey.

Studies that control explicitly for prey health seem to show
low frequencies of suffocation. We were able to minimize prey
health as a concern by assessing the condition of prey before,
during and after experimentation and monitoring the duration
of prey used in aquaria. Because 75% of clams consumed by
drilling were preyed upon within 6 d, most individuals did not
survive long enough to merit concerns regarding gradual de-
terioration of health. In addition, prior to use in experiments,
Mercenaria mercenaria had access to food in flow-through holding
tanks. Seawater changes offered a new source of food every six
days, which should have been adequate to maintain prey that
likely fed less actively in the presence of predators. Similarly,
Edwards & Huebner (1977), Fregeau (1991) and Vencile
(1997) used prey collected locally in their laboratory experi-
ments, offering control in quality and health, and did not report
nondrilling mortality. Furthermore, Kardon (1998) did not
observe any alternative modes of predation by N. duplicata on
M. mercenaria in long-term experiments that carefully monitored
the prey offered.

Nevertheless, recurrent documentation of suffocation has been
noted for venerid bivalves, including Mercenaria, which are often
used as experimental prey (Table 3). Such commercially im-
portant taxa are easier to obtain in large batches for use in
experiments and bulk purchases are more likely to include
empty shells and individuals weakened by parasites or stressful
holding conditions, perhaps leading to more instances of per-
ceived suffocation. Experiments conducted using prey purchased
at fish markets (e.g. Aronowsky, 2003) or during stressful warm
summer temperatures (e.g. Gould, 2010) could have led to
gaping, allowing for feeding via the margin, or natural mortality
followed by scavenging, which could have been perceived as
suffocation. Neverita duplicata typically avoids carrion (Kitchell
et al., 1986; Fregeau, 1991), but consumes freshly injured
(Edwards & Huebner, 1977) or, albeit rarely, recently killed
prey (Fig. 3E). However, carrion consumption has been
reported for several other species that are also thought to suffo-
cate prey, including Lunatia heros (Gould, 1841; Ganong, 1889;
Kenchington et al., 1998). In addition, prey health issues could
be accentuated in laboratory studies with multiple predators in
a tank, if extensive carrying of prey occurred due to a perceived
threat from other naticids. Presence of multiple predators could
be a factor influencing suffocation in some previous studies
(Table 3); decreased incidence of suffocation in our experiments
may be related also to the fact that only single predators were
utilized in each tank.

Figure 3. Specimens of predatory Neverita duplicata (c. 25 mm in length) and Mercenaria mercenaria prey (c. 20 mm in length). A. N. duplicata drilling on
the surface of the sand in a 1-cm setup. The bivalve prey is visibly wrapped in foot of the naticid; proboscis is engaged as shown by arrow.
B. N. duplicata preying on a M. mercenaria in a 0-cm aquarium. Position of prey reflects stereotypical drilling of umbonal region. C. Two drilled prey
from experiments conducted in autumn. Note date of entry used to monitor duration of prey in experiments. Nearly all drillholes in this investigation
were located at umbo, as seen in these specimens.D. The recurrent behavioural display characterized as upside-down and foot extended by a naticid in
a 0-cm setup. This behaviour was very rarely observed in moon snails exposed to aquaria containing substrate �1 cm. E. Evidence of scavenging by
N. duplicata in a laboratory setting. This freshly killed M. mercenaria was offered as prey independent of the sediment depth experiments. Note the
proboscis indicated by arrow. The naticid wrapped its foot around the prey and attempted to drag and bury with the specimen, although the latter was
open and recently dead.
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Kitchell et al. (1986) recognized the issue of prey health in la-
boratory studies and proposed that Medcof & Thurber (1958)
incorrectly ascribed Mya arenaria deaths without drillholes to
naticid predation instead of considering background mortality
of experimental prey after being placed in the field. Although
some authors have attributed undamaged shells to naticid pre-
dation in field settings (e.g. Wheatley, 1947), others have
regarded natural mortality or disease as the destructive agents
(e.g. Turner, 1950; Edwards & Huebner, 1977). Most field
experiments are conducted in the summer months; heat stress
may be a contributing factor that allows naticids to feed on wea-
kened prey without drilling in nature. These examples highlight
the challenges in assessing how undrilled prey perish in the field;
concerns regarding prey health are not limited to laboratory
experiments in attempting to recognize alternative modes of pre-
dation by naticids.

Susceptible prey

We found suffocation of Mercenaria prey to be extremely infre-
quent in our experiments. Mercenaria mercenaria has tightly
closing valves and a moderate metabolic rate and may be able to
withstand lower oxygen conditions (Savage, 1976), perhaps con-
tributing to the low incidence of suffocation observed here. We
recognize, however, that other prey species may be more suscep-
tible to suffocation.

Studies of drilling predation often consider the antipredatory
role of morphological traits such as shell thickness, sculpture and
tightness of valve closure (e.g. Vermeij, 1980). The extent to
which such morphological characteristics affect susceptibility of
prey to suffocation is unknown. For instance, Ansell & Morton
(1987) found certain prey (Venerupis philippinarum and
Anomalocardia squamosa) were more frequently consumed by
Polinices mammilla in the absence of drilling. Yet no clear pattern
existed between the percentage of prey attacked through sup-
posed suffocation and characteristics such as surface ornamenta-
tion or shell thickness. Tightness of valve closure, however, is
likely to be more closely related to suffocation susceptibility.
Christensen (1970), for instance, reported that there is an
inverse correlation between size of the gape and oxygen toler-
ance in bivalves, suggesting that widely gaping bivalves are
likely more susceptible to suffocation. Although it is often
unclear from the literature whether such bivalve prey are suffo-
cated or attacked directly via a natural opening, reports of prey
consumed despite incomplete boreholes imply that suffocation
may have led to abandonment of a drillhole for easier feeding
through the gaped valve margin. Gastropods that can be
attacked through the aperture may also be suffocated more
easily. For example, Edwards (1969) noted that, of 21 Olivella
biplicata consumed in laboratory experiments, only 19% were
completely drilled; 67% had incomplete drillholes and 14%
remained undrilled. Deaths were mostly attributed to suffoca-
tion as opposed to operculum wedging, due to the presence of in-
complete drillholes.

Because the capacity to endure lower oxygen concentrations is
most often inversely correlated with metabolic rate (Christensen,
1970), taxa with faster metabolisms may be more prone to suffo-
cation. For instance, highly active prey such as Spisulamay be par-
ticularly vulnerable. In contrast, species able to remain sealed for
very long periods should be drilled exclusively. Vermeij (1980)
noted, in experiments on bivalves in Guam, that lucinids were
always drilled as opposed to other species apparently expiring
from suffocation. Although his comments are based on only 11
observations, he cited high anaerobic capacities of the Lucinidae
(e.g. Jackson, 1973) in support of his speculation. Drilling on luci-
nids is pervasive in modern and fossil assemblages globally (see
compilation by Kabat, 1990); suffocation has not been reported
in laboratory studies of naticid predation on lucinids (Vermeij,

1980; Ishikawa & Kase, 2007). However, lucinids are not fre-
quently used in predation experiments, likely influenced by the
fact that other bivalves of commercial importance are more
readily available to use as prey.
In addition to metabolic differences among species, metabolic

rates vary during the ontogeny of a species. Several authors have
noted that only larger prey were suffocated in their experiments
(e.g. Weissberger & Grassle, 2003, for Spisula and Ansell &
Morton, 1987, for Venerupis). These results seem counterintuitive
because larger members of a species have reduced metabolic
requirements (Bayne, 1976), though perhaps larger shells take
longer to drill and put the individual, especially if it is weak, at
greater risk of suffocation. Thus prolonged handling of oversized
prey merits further consideration in susceptibility to suffocation.

Potential suffocation by other naticid species

Although we found little evidence for suffocation by Neverita
duplicata in our experiments, suffocation may be more common
for other naticid species. Information on feeding behaviours
in modern naticids is limited, however, and data are lacking
for the majority of extant species. Nevertheless, it is useful to
hypothesize the circumstances under which suffocation might
be employed by naticid species, as a starting point for future
research.
Natural selection would be unlikely to favour suffocation if it

is slower or more expensive energetically than drilling. If suffoca-
tion is faster than drilling, it could be favoured by natural selec-
tion in highly competitive settings (see Dietl, Herbert &
Vermeij, 2004, for an analogous argument concerning edge dril-
ling). However, a predator exerts less control over predation
success in suffocation, in which success depends more on prey
respiration rates, than in drilling. All else being equal, natural
selection should favour active behaviours that are predictable
(e.g. drilling time-prey shell thickness relationships are predict-
able), instead of those in which outcomes are less certain (e.g.
suffocation). An exception may be suffocation that is aided by
toxicity, as drilling is likely more expensive and slower than use
of paralysing secretions.
Neurotoxins have been reported in several naticids from the

Indo-Pacific, as a result of research on shellfish poisonings in
humans (Hwang et al., 2007). Tetrodotoxin (TTX), produced
by marine bacteria, is documented in a variety of organisms and
is accumulated as ingested through diet at multiple trophic
levels in the marine realm. Because TTX-bearing gastropods
are strongly attracted to concentrations of TTX, Hwang,
Noguchi & Hwang (2004) suggested that this neurotoxin may
serve as a defence or attack behaviour for such species. Although
TTX is found mostly in the muscle or digestive glands of nati-
cids, Natica lineata demonstrated a capacity to release seawater
yielding acute paralytic toxicity in response to external stimula-
tion, i.e. removal from aquaria (Hwang, Chueh & Deng, 1990).
It is interesting to note that TTX is found in Polinices mammilla
and Glossalaux didyma, both reported to suffocate prey; use of
TTX in alternative modes of predation by these naticids war-
rants investigation.

Biogeographical implications

Palaeontologists have focused recently on analysing latitudinal
trends in drilling by naticids. No consensus yet exists regarding
latitudinal variation in drilling frequency; peaks in drilling are
reported poleward, equatorward or at mid-latitudes based on
modern and fossil shell deposits (for a review, see Kelley &
Hansen, 2007; Visaggi, 2012). Anecdotal suffocation by Lunatia
under laboratory conditions initially guided Kelley & Hansen
(2007) to propose that this behaviour may account for decreased
drilling at higher latitudes; based on the present study, it is

C. C. VISAGGI ET AL.

318

D
ow

nloaded from
 https://academ

ic.oup.com
/m

ollus/article/79/4/310/1010484 by guest on 21 August 2022



unclear whether such reports can be substantiated in light of con-
cerns regarding prey health and extrapolated to natural settings.
Furthermore, suffocation of prey noted in laboratory experiments
is widespread latitudinally (Tables 2 and 3), perhaps indicating
that alternative predation modes may contribute to lower drilling
at warmer latitudes instead, especially if toxins are involved.
Confirmation of alternative modes of predation in other naticid
species is needed before a lack of drilling can be attributed to
such behaviours based on laboratory observations.

Palaeontological implications

Most palaeontologists have not considered alternative modes of
predation in studies of evolutionary patterns of naticid preda-
tion, such as tests of the hypotheses of escalation and coevolution
based primarily on drillholes (e.g. Vermeij, 1987; Kelley, 1989,
1991, 1992; Dietl & Alexander, 2000; Kelley & Hansen, 2001,
2003). Such studies typically define predation intensity as
percent of prey individuals with complete drillholes. However, if
alternative modes of predation are regularly employed by moon
snails, using only drillholes to infer frequency of successful
naticid predation could lead to underestimation of mortality by
predatory moon snails in both modern and fossil deposits
(Vermeij, 1980; Ansell & Morton, 1987; Leighton, 2002). In
addition, incomplete drillholes have been interpreted to signify
failed attempts at drilling (e.g. Vermeij, 1987; Kelley & Hansen,
2003), yet this interpretation would be incorrect if suffocation
commonly produces incomplete drillholes (Ansell & Morton,
1987; Kowalewski, 2004), as would estimates of prey effective-
ness, i.e. the adaptive gap between predator and prey (Vermeij,
1987). Our experiments, however, show that most modern
accounts of suffocation in tightly closing bivalves can be dis-
counted as a result of weak prey in laboratory settings, alleviat-
ing concerns regarding the interpretation of the frequency of
complete and incomplete drillholes.

CONCLUSIONS

Despite exhibiting stereotypic behaviours useful for studying
ecological and evolutionary aspects of predator-prey interac-
tions, naticid gastropods have been reported as utilizing alterna-
tive modes of predation, such as suffocation. Our study
indicated a lack of suffocation by Neverita duplicata on Mercenaria
mercenaria; 99% of consumed prey were drilled. Different sedi-
ment depths did not impact predation by drilling or frequency
of feeding except in the absence of any sediment; reports of suffo-
cation in the literature may largely be a result of poor prey
health or other effects of laboratory settings.

Although our data indicate that shallower substrates do not
impact predation by drilling, we recognize that only a single
predator and prey species are examined here. We offer the fol-
lowing recommendations for future work on alternative modes
of naticid predation in laboratory settings. (1) Tank space and
substrate depths should be considered with respect to predator
and prey sizes, life habits, and any attack, burrowing or escape
behaviours. (2) Prey abundance should be controlled and moni-
tored, and naticid predators should be isolated from one another
unless testing for effects of multiple predators. (3) Prey health
must be assessed initially and throughout experimental work to
minimize incorrect attribution of deaths to scavenging or suffo-
cation.

Although careful control of laboratory conditions may minim-
ize false reports of suffocation by naticids, in some cases alterna-
tive modes of predation may be real. To understand better the
extent and execution of alternative predatory modes, research in
the following areas is needed: oxygen limits of prey, feeding
behaviours for naticids not yet studied including scavenging,
emergent effects due to multiple predators and especially other

Naticidae, and the role of mucus secretions, particularly in
regards to neurotoxins such as TTX. Understanding alternative
modes of predation by naticids requires enhanced collaboration
among malacologists, ecologists, physiologists, biochemists and
palaeontologists.

Lastly, we advise caution in documenting alternative modes
of naticid predation and applying terminology to mortality of
the prey. Terms such as ‘smothering’ are ambiguous and should
be abandoned; ‘nondrilling predation’ is not inclusive of all al-
ternative predatory behaviours. Examining literature accounts
of alternative modes of naticid predation is challenging, because
potential confounding variables have often not been reported
(e.g. predator-prey sizes, frequency of monitoring, density of
predator and prey individuals and prey health). Validation of
alternative predatory modes is needed in light of these concerns
for several species of moon snails before questioning the quality
of data provided by bevelled drillholes in modern and fossil shell
assemblages.
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APPENDIX I

Use of ‘suffocation’ (SU) vs ‘smothering’ (SM) in the literature in reference to alternative predation by naticids. These examples do not include
unpublished MSc or PhD work, abstracts, books, comments or replies to articles, or personal communication citations in publications.

Term Reference Text

SU Agersborg (1920) “In the case of Mya, the gasteropod sucks itself over the syphon down into the sand until its victim is dead from suffocation,

and then when the clam has opened, Polynices simply sends its proboscis between the valves and devours the content.”

p. 421

SU Edwards (1969) “Although Polinices may occasionally force its prey’s operculum, the incomplete bore holes suggest another explanation, viz.,

that O. biplicata suffocates while wrapped in the predator’s foot and relaxes.” p. 327

SU Vermeij (1980) “ . . . Arcopagia robusta and Quidnipagus palatam which can be eaten by naticids without drilling. It is likely that these clams

suffocate while being enveloped by the predator’s foot before drilling has proceeded very far.” p. 332

SU Hughes (1985) “Since in the present study, N. unifasciata consumed O. volutella within 12 h, a forceful entry through or round the edges of the

flimsy operculum seems a more likely method than suffocation.” p. 334

SU Ansell & Morton (1987) “The immediate cause of gaping of the prey is interpreted here as suffocation, but it is also possible that the process is

facilitated by the presence in the pedal mucus or other secretion of the predator of a narcotizing toxin.” p. 117

SU Reid & Gustafson (1989) “We explored the possibility... secretion might have a pharmacological effect [...] There was no such effect, and we conclude

that the condition of prey is due to suffocation [. . .] An identical effect results from sealing clams in seawater in cooled

plastic bags for 12 h.” p. 327

SU Vermeij, Dudley & Zipser

(1989)

“. . . but Ansell & Morton (1987) have shown in laboratory trials with Venerupis japonica eaten by various naticids that some

incompletely drilled prey had nevertheless been consumed by the predator. In such cases, the prey was apparently

suffocated. . .” p. 270

SU Kabat (1990) [used repeatedly in citing the work of others]

SU Calvet i Catà (1992) “Naticid gastropods use several strategies to feed on their prey ,. . .. suffocation in snails with a large mesopodium (Ansell &

Morton, 1987), and non-boring predation as observed in razor clams (Schneider, 1981).” p. 58

SU Peitso et al. (1994) “Large Glossaulax didiyma begin boring their prey, but consume it after the prey suffocates, before boring is complete (Ansell

and Morton, 1987).” p. 323

SM Leighton (2001) “Vermeij (1980) noted that many of the smaller prey species in his study might have been killed by smothering before drilling

was necessary.” p. 57

SM Leighton (2002) "Also, some naticids may be capable of smothering, rather than drilling, their prey (Ansell & Morton, 1987)." p. 333

SU Weissberger & Grassle

(2003)

"A naticid may kill a bivalve too large by suffocating it with its foot (Ansell & Morton, 1987; E. Weissberger personal

observation), leaving no trace of predation on the bivalve’s shell." p. 680

SU Kingsley-Smith et al. (2003) "Shell valves cleaned of tissue that lacked evidence of drilling were not recovered from aquaria, such that P. pulchellus did not

appear to employ any non-drilling methods of subjugating prey, such as suffocation." p. 182

SU Kowalewski (2004) "Similarly, Ansell & Morton (1987) observed in aquarium experiments that the naticid Glossaulax didyma abandoned

incomplete drill holes and consumed some of its prey, which suffocated during initial phases of drilling, without penetrating

the shell." p. 365

SU Harper (2006) "Ansell and Morton (1987) observed that some individuals of the naticid Glossaulax didyma feeding on Tapes philipinarum

started but failed to complete drillholes, but instead suffocated the prey and fed on it successfully." p. 326

SM Kelley & Hansen (2007) ". . .alternative modes such as smothering may be more common at higher latitudes." p. 287

SM Harries & Schopf (2007) "Ansell and Morton (1987) have documented a range of feeding modes, such as smothering [. . .] Because smothering

predation leaves no discernable signature in the fossil record. . ." pp. 42–43

SU Morton (2008) "Ansell & Morton (1987) also showed that Polinices tumidus Swainson, 1840, held its prey with the rear of its foot and, as a

consequence, sometimes suffocated it such that there were no drill holes to identify the predation event." p. 317

SM Hasegawa & Sato (2009) ". . .four successive phases of behaviour: (1) capture, (2) smothering, (3) rotation and (4) drilling. [. . .] pedal mucus, which

enveloped and hardened around the prey, immobilizing it for a few days. . ." p.149

SU Baumiller et al. (2010) "It has been shown, however, that some extant boring predators can subdue their prey by suffocating them (Kowalewski,

2004). . ." p. 639

SM Klompmaker (2012) ". . .how often smothering or rasping into the tube via the aperture to kill the organism was employed by naticids cannot be

addressed." p. 117
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