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INTRODUCTION

IN RECENT YEARS, paleontological research
on predation has become increasingly sophisticated
in terms of complexity of tested hypotheses,
intricacy of sampling designs, and quality of
analytical methods. Moreover, its thematic scope has
expanded abruptly as we now collect much more
diverse data for a much broader spectrum of
organisms over a much wider range of observational
scales, from individual interactions to global-scale
secular trends. Unfortunately, albeit perhaps
inevitably, our data are collected in various, often
disparate ways, so our research efforts are
contaminated with methodologically undesirable
idiosyncrasies. The irreconcilable differences in
sampling strategies, types of collected information,
definition of variables, and even reporting style
make it difficult to compare directly many
otherwise valuable data sets, and hamper meta-
analytical attempts to explore hoards of data
amassed in the rapidly growing literature on the
fossil record of predation.

The methodological overview presented in this

chapter and the two subsequent contributions
included in this volume (Chin, 2002; Haynes, 2002)
bring together a diversity of methods used for
studying the fossil record of predation. These
reviews should help us in collecting and reporting
future data in a more congruent manner so as to
avoid the confusion that we often encounter when
communicating our research.

This chapter focuses primarily on trace fossils
found on skeletons of marine invertebrate prey. Such
fossilized traces of predation provide arguably the
richest source of quantifiable data on prey-predator
interactions available in the fossil record (see
especially Kitchell, 1986) and have been widely used
in paleontological research to date. Other important
lines of evidence for studying predator-prey
interactions are discussed here only briefly. The
subsequent methodological contributions included
in this volume review the methods employed to
investigate coprolites (Chin, 2002) and the distinct
strategies used to study hominids and other
vertebrate predators and prey (Haynes, 2002).

Following Bambach (2002), predators are
defined here as organisms that “…hunt or trap,

ABSTRACT—Paleontological research on predation has been expanding rapidly in scope, methods, and goals. The
growing assortment of research strategies and goals has led to increasing differences in sampling strategies,
types of data collected, definition of variables, and even reporting style. This methodological overview serves as
a starting point for erecting some general methodological guidelines for studying the fossil record of predation.
I focus here on trace fossils left by predators in the skeleton of their prey, arguably one of the most powerful
sources of direct data on predator-prey interactions available in the fossil record. A critical survey of sampling
protocols (data collecting strategy, sieve size, and sample size) and analytical approaches (predation intensity
metrics, strategies for evaluating behavioral selectivity of predators, and taphonomic tests) reveals that various
approaches can be fruitful depending on logistic circumstances and scientific goals of paleoecological projects.
Despite numerous caveats and uncertainties, trace fossils left by predators on skeletons of their prey remain one
of the most promising directions of research in paleoecology and evolutionary paleobiology.



PALEONTOLOGICAL SOCIETY PAPERS, V. 8, 2002

4

subdue, and kill individual animals that have some
capacity for either protection or escape.” The word
“individual” serves to distinguish predators from
passive filter feeders, such as crinoids and some
whales, which represent a distinct type of ecological
interactions. However, even direct lines of evidence
of predation (e.g., trace fossils, stomach contents,
coprolites) rarely provide unambiguous means to
distinguish predators from scavengers or even
parasites (e.g., Baumiller et al., 1999; Kowalewski
et al., 2000). Thus, paleontological research on
“predation” is broader than indicated by the above
definition. This is not necessarily a bad thing
considering how closely those behaviors are related
to predation. In fact, continuous behavioral spectra
span from predation to scavenging, from lethal
predation to partial (sublethal) predation (e.g.,
Nebelsick and Kampfer, 1994; Lawrence and
Vasquez, 1996; Wood, in press; Vermeij, 2002), from
predation to parasitism, or even from parasitism to
amensalism or commensalism (Baumiller, 2002;
Baumiller and Gahn, 2002). Moreover, in cases of
confamilial predator-prey interactions, the attacker
may end up being a prey (e.g., Dietl and Alexander,
1995, 2000). For all those reasons, and except for a
few places where these terms are contrasted, the

words “predator” and “prey” are used here broadly
to denote predator/parasite/scavenger and prey/host/
carrion, respectively.

MAJOR TYPES OF
PREDATION INDICATORS

Various direct and indirect indicators of
predation are available to paleontologists (Table 1):

1. Trace fossils left by predators on skeletons
of their prey (drill holes, repair scars, tooth marks,
gnawing, fracture, and other structural damage) are
the most common and widely studied direct
indicators of biotic interactions (e.g., Kauffman and
Kessling, 1960; Brunton, 1966; Reyment, 1967;
Hoffman et al., 1974; Thomas, 1976; Rohr, 1976;
Sheehan and Lespérance, 1978; Vermeij et al.,
1980, 1981; Alexander, 1981, 1986a, 1986b;
Bromley, 1981, 1996; Smith et al., 1985; Allmon
et al., 1990; Boucot, 1990; Martill, 1990; Babcock,
1993; Lyman, 1994; Hirsch et al., 1997; Nedin,
1999; Dietl et al., 2000; Neumann, 2000).
Moreover, they often yield a variety of quantitative
data (e.g., Kitchell, 1986) that can be used to test
rigorously various hypotheses on predator-prey
interactions (e.g., Babcock and Robinson, 1989;

TABLE 1—Major types of predation indicators.

Indicator
Type of 
Evidence

Examples

Trace Fossils Direct A predatory drill hole in a bivalve shell, 
a repair scar

Coprolites and Stomach Contents Direct A theropod coprolite with identifiable prey 
remains, a spiral coprolite

Exceptional Preservational Events Direct A parasitic/amensal snail preserved attached to 
a crinoid calyx, a fish buried alive while eating 
smaller fish

Taphonomic Patterns Indirect A localized accumulation of shell or bone (e.g., 
midden), skeletal fragmentation patterns

Functional morphology and 
phylogenetic affinities

Indirect Heavily armored prey skeleton, powerful 
appendages designed for crushing prey 
skeleton, behavior of the nearest living relative
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Kelley and Hansen, 1993; Alexander and Dietl,
2001; Dietl and Kelley, 2002).

2. Coprolites and stomach contents with
identifiable prey remains consumed by predators are
a direct indicator (e.g., Bishop, 1977; Sohn and
Chatterjee, 1979; Stewart and Carpenter, 1990,
1999; Coy, 1995; Becker et al., 1999; Richter and
Baszio, 2001; Carrion et al., 2001) that is particularly
widely used in studying the fossil record of terrestrial
vertebrates (e.g., Chin et al., 1998; Andrews and
Fernandez Jalvo, 1998). Coprolite-based research
is discussed later in this book (Chin, 2002). A source
of direct evidence, similar to coprolites, is provided
by stomach contents. Although rarely preserved in
the fossil record, instances of prey remains found in
the digestive system of a predator are known for a
wide range of predator-prey systems (e.g., Spencer
and Wright, 1966; Moy-Thomas and Miles, 1971:
Alpert and Moore, 1975).

3. Exceptional Preservational Events (EPE),
in which two or more individuals are preserved
together while interacting (e.g., Baumiller, 1990;
Carpenter, 2000), also represent a direct indicator
of biotic interactions. Trace fossils left by
interacting organisms can also be included here (e.g.,
trails left by predators chasing their prey; Lockley
and Madsen, 1992; Pickerill and Blissett, 1999).
Although such indicators can be an insightful source
of information on biotic interactions, they are very
rare and thus of limited use in quantitative analyses
or any large-scale studies that require multiple
records through time or space.

4. Taphonomic patterns offer a wide range of
indirect evidence such as the degree and
characteristics of shell and bone fragmentation,
preservation of predators and prey in close spatial
association, midden deposits, or some other distinct
biostratinomic characteristics in the arrangement of
prey skeleton fragments (e.g., Wilson, 1967; Cadée,
1968, 1994, 2000; Mayhew, 1977; Stallibrass, 1984,
1990; Wilson, 1987; Todd and Rapson, 1988; Van
Valkenburgh and Hertel, 1993; Cate and Evans, 1994;
Lyman, 1994; Brandt et al., 1995; Chin, 1997; Stewart
et al., 1999; Merle, 2000). However, these indicators
are often limited to unique taphonomic settings and
their interpretation tends to be ambiguous. For

example, fragmentation may occur due to various
causes other than direct biotic interactions (although
breakage of biotic origin may be admittedly a
dominant factor; e.g., Cadée, 1968; Cate and Evans,
1994; Oji et al., 2001). Other taphonomic lines of
evidence are also debatable. The close spatial
association of presumed predators and prey may
reflect unique preservational circumstances (e.g.,
taphonomic traps such as tar pits) and accumulations
of abiotic origin may be so similar to middens that
their differentiation requires a careful statistical
analysis (e.g., Henderson et al., 2002).

5. Indirect evidence is also provided by
inferring predatory or defensive behaviors from
functional morphology of fossils and phylogenetic
affinities of studied groups, including ecology and
ethology of their nearest living relatives. There are
obvious dangers of interpretations based on
functional morphology and phylogeny. Organisms
may change their behavior, but, due to exaptations
or various constructional constraints, may still retain
morphological characters reflecting their previous
ecology and behavior. Also, a morphology that can
be interpreted as serving a particular function (e.g.,
prey defensive traits) may have evolved due to
abiotic factors, and distinguishing between the two
causes may be difficult (e.g., Wood, in press).
Phylogenetic affinities are also a dangerous tool
given the arguably high evolutionary plasticity of
ecology and behavior of organisms. Moreover,
feeding ecologies may be non-randomly distributed
within and across metazoan clades, as is suggested
by the derived nature of herbivory observed at many
scales of phylogenetic analysis (Vermeij and
Lindberg, 2000). Even more discouragingly, indirect
strategies based on phylogeny or functional
morphology typically provide information about
only one component of the biotic interaction (e.g., a
particular predator, a given prey clade, etc.), but tell
us next to nothing about types of organisms with
which the studied group may have interacted.
Moreover, such indicators offer no quantifiable
paleoecological data on the frequency of predatory
attacks, prey selectivity, size refuge, and other
aspects of predator-prey interactions (see also
Leighton, 2002). Thus, they offer limited interpretive
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power relative to trace fossils or coprolites,
especially for detailed paleoecological analyses.
Despite those caveats, these indirect indicators
represent a valuable source of data because
functional morphology can be applied to nearly all
fossil specimens, and interpretations based on
phylogenetic affinities can be postulated for
virtually any lineage. Not surprisingly, the
approach has proven a powerful tool in numerous
studies, especially in large-scale studies of temporal
and spatial gradients (e.g., Vermeij, 1977, 1987,
2002; Signor and Brett, 1984; Leighton, 1999;
McRoberts, 2001; Dietl and Kelley, 2001; Van
Valkenburgh and Jenkins, 2002; Bambach, 2002;
and references therein).

VIRTUES OF TRACE FOSSILS
AS PREDATION INDICATORS

I focus here on the most common quantifiable
indicator of predation in the fossil record: trace fossils.
These direct indicators have numerous virtues:

1. Traces of predation are common across
various depositional environments. For example,
drill holes and repair scars of predatory origin occur
not only in a wide spectrum of marine environments
(see Vermeij, 1987, for numerous references) but
also can be found on skeletons of terrestrial prey
(e.g., Vermeij, 1987, 2002; Ørstan, 1999;
Gittenberger, 1999). Similarly, vertebrate tooth and
gnawing marks can be found in both terrestrial
(Lyman, 1994; Haynes, 2002) and marine prey
(Kauffman and Kesling, 1960; Stewart and
Carpenter, 1999; Tsujita and Westermann, 2001; but
see Kase et al., 1998).

2. Traces of predation are found on skeletons of
a wide spectrum of prey—from protists (e.g., Sliter,
1971, 1975; Lipps, 1988; Culver and Lipps, in press;
Lipps and Culver, 2002; Hageman and Kaessler,
2002) through virtually all groups of metazoans with
biomineralized skeletons, including marine
invertebrates (see especially Vermeij, 1987; Brett and
Walker, 2002; Walker and Brett, 2002; Brett, in press;
Alexander and Dietl, in press; Kelley and Hansen, in
press), terrestrial invertebrates (LaBandeira, 2002),
and terrestrial vertebrates, including hominids (e.g.,

Lyman, 1994; Haynes, 2002).
3. Traces of predation are ubiquitous in the

geological record and span virtually the entire fossil
record of metazoan organisms with biomineralized
skeletons. Starting with enigmatic tubes of the Late
Precambrian Cloudina (Bengtson and Yue, 1992;
Bengtson, 2002) and followed by diverse trace
fossils found in Cambrian prey (e.g., Alpert and
Moore, 1975; Miller and Sundberg, 1984; Jensen,
1990; Conway Morris and Bengtson, 1994; Nedin,
1999), drill holes, punch holes, repair scars, and
other traces left by predators litter the fossil record
of marine invertebrates (see reviews and data
compilations by Vermeij, 1983, 1987; Signor and
Brett, 1984; Alexander, 1986b; Kabat, 1990;
Kowalewski et al., 1998; Brett, in press; Brett and
Walker, 2002; Walker and Brett, 2002). Trace
fossils left in terrestrial invertebrate (Labandeira,
2002, and references therein) and especially
vertebrate prey (e.g., Jacobsen, 1997, 1998; Farlow
and Holtz, 2002; Haynes, 2002; and references
therein) are also well documented.

4. Trace fossils left by predators are made in
biomineralized skeletons. Consequently, such traces
have as good, or almost as good (see below), potential
for preservation as the skeletons of their prey.

5. Finally, and perhaps most importantly, traces
of predation provide direct evidence of biotic
interaction and thus offer a rich array of quantifiable
data on predator-prey interaction. Drill holes offer
a particularly spectacular example of the incredible
wealth of data that can be retrieved from traces left
by predators in the skeletons of their victims (Fig. 1).

CRITERIA FOR IDENTIFYING
AND INTERPRETING
PREDATION TRACES

Trace fossils that may record predatory activity
are often controversial in terms of their origin and
need to be assessed rigorously. I advocate here a
three-phased evaluation approach.

First, the biotic nature of the traces needs to
be demonstrated. Chemical and physical agents can
also create marks on shells and bones. For example,
Lescinsky and Benninger (1994) documented a
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number of diagenetic alterations in marine
invertebrate shells that could be potentially
misidentified as traces of biological activity. Various
abiotic processes, ranging from impacts of wave-
borne stones to compaction, can result in fractures
(or even repair scars in case of pre-mortem damage)
and be mistaken for records of biotic interactions.

Second, demonstrating biotic origin is not
enough. Not all biotic traces represent interactions
between two living organisms. For example,
substrate borings or substrate attachment scars can
be postulated for structures interpreted as traces of
predation or parasitism (see discussions in Carriker
and Yochelson, 1968; Richards and Shabica, 1969;
Kase et al., 1998; Kaplan and Baumiller, 2000,
2001; Wilson and Palmer, 2001; Tsujita and

Westermann, 2001) and self-inflicted damage of
burrowers can be misinterpreted as records of an
encounter with a predator (Checa, 1993; Cadée et
al., 1997). Thus, before attempting any analysis, it
is necessary to demonstrate that the studied traces
record contacts between living organisms (i.e., live-
live rather than live-dead interactions).

Third, the specific ecological nature of the
interaction needs to be identified. For example,
many traces are ambiguous in that they may have
been formed by predators, scavengers, parasites,
amensals, or commensals. There are also cases
when trace fossils represent self-inflicted damage
suffered by a predator during an attack on its prey
as in the case of predatory attacks by Busycon
(Dietl, pers. comm., 2001). Thus, it is even possible

FIGURE 1—The wealth of ecological and behavioral information that may be obtained by analysis of just
one type of trace fossils left by predators: drill holes (after Kitchell, 1986). Whereas many lines of evidence
included on this diagram involve debatable assumptions, the figure illustrates the interpretive potential of
the paleontological record provided by trace fossils left by predators on skeletons of their prey.
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incorrectly to attribute self-inflicted damage to a
predator as a record of an attack by another predator
(although this error can be often avoided by careful
examination of the damage; Dietl, pers. comm.,
2002). Finally, it is also useful to try to differentiate
traces that represent sublethal damage (e.g., repair
scars, healed drill holes, etc.) from lethal traces
(e.g., extensive breakage, complete drill holes). It
is noteworthy that sublethal damage may record
two different types of events. First, it may represent
failed lethal predation; for example, unsuccessful
attacks of crabs that failed to kill and eat their
mollusk prey. Second, sublethal damage may
record successful partial predation by carnivores
that only partially consume their prey. Such victims
often recover, even though the attempt was
successful from the perspective of the attacker.
Examples of prey that are frequently subjected to
partial predation in present-day ecosystems
include, among others, echinoderms (e.g.,
Kowalewski and Nebelsick, in press), corals (e.g.,
Wood, in press), and bivalves (e.g., Vermeij, 2002).

Numerous lines of evidence can be used to
recognize trace fossils produced by biotic
interactions (see also Carriker and Yochelson, 1968;
Bishop, 1975; Chatterton and Whitehead, 1987;
Rohr, 1991; Lyman, 1994; Bromley, 1996;
Baumiller et al., 1999; Alexander and Dietl, in press):

1. Traces have distinct geometric shape (e.g., drill
holes, double punctures, peeling, tooth marks). This
criterion helps to rule out abiotic origin of traces.

2. Traces show a relatively narrow size range.
This pattern also suggests biotic origin of traces,
as abiotic traces tend to be more variable in size.

3. The nature of traces suggests that they were
made to gain access to the inside of the protective
armor of the prey or host. This type of evidence
includes, for example, holes and punctures that
penetrate external skeletons from outside and do
not go through the opposite side of those skeletons
(traces that go through are likely to represent
substrate borers; see Richards and Shabica, 1969;
Kaplan and Baumiller, 2000).

4. Traces are distributed non-randomly across
taxa. Such species-selectivity is strong evidence
that traces are biotic in origin, especially if taxa

are comparable in mineralogy, microstructure, and
physical durability of skeletons, as it is hard to
imagine that destructive abiotic (physical and
chemical) processes would be highly selective
among taphonomically comparable fossils.

5. Biotic traces made by predators or parasites
are often non-random in their distribution on prey
skeletons. Drill holes made by snails may
concentrate in a particular area of the shell (e.g.,
Reyment, 1971; Negus, 1975; Berg, 1976; Kelley,
1988; Leighton, 2001) and vertebrate predators
such as owls may preferentially break or otherwise
damage only certain types of bones (Dodson and
Wexlar, 1979; Kusmer, 1990; Lyman, 1994). This
type of site-selectivity can not only help us to
demonstrate the biotic origin of traces but may also
allow us to postulate the specific type of behavior
recorded by these traces. For example, traces may
be distributed to give optimal access to muscle
tissues, suggesting predatory rather than parasitic
behavior (e.g., Hoffmeister et al., submitted).

6. Traces may occur preferentially in a
particular size class of fossils. This pattern suggests
size-selective behavior and thus points to biotic
interactions. For example, Hoffmeister et al.
(submitted) demonstrated that drill holes in
Pennsylvanian brachiopods are restricted to a
narrow size range of prey specimens.

7. Traces made by predators tend to be singular
whereas parasitic traces are often multiple. For
example, echinoid tests drilled by cassid snails
typically bear one hole only (e.g., Nebelsick and
Kowalewski, 1999) whereas those drilled by
parasitic eulimid snails often contains several holes
(e.g., Wáren et al., 1994; Kowalewski and
Nebelsick, in press). However, there are
exceptions. For example, predatory octopods tend
to drill two or more holes to inject the venom more
effectively (Bromley, 1993); and even textbook
predators such as naticids and muricids are known
to drill multiple successful holes in some prey (e.g.,
Dietl and Alexander, 2000; Dietl, 2000).

8. The presence of complementary scars on
opposite sides of the skeleton suggests that these traces
were made by a scissor-like weapon such as a crab
claw or bird beak (e.g., Kowalewski et al., 1997).
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9. The correlation between size of traces and
size of fossils that contain them can also support
predatory/parasitic origin of traces (but see
discussion of taphonomic biases below).

10. Attachment scars can sometimes be
observed in association with trace fossils,
suggesting that the trace maker was attached to its
victim for a prolonged period of time. Such
attachment scars are typically interpreted as
evidence for parasitic origin of traces (e.g.,
Matsukuma, 1978; Baumiller, 1990).

Typically, because of the nature of available
data, only some of the above criteria are applicable
in any given case study. Many of those criteria are
insufficient when applied alone and, ideally,
multiple lines of evidence should be applied to make
a convincing case. The criteria can be supplemented
with indirect lines of evidence such as the repeated
co-occurrence of possible trace makers with their
victims in many fossil assemblages through time
and space, or such spatio-temporal changes in
frequency of traces that are more likely to reflect
changes in intensity of biotic interactions rather than
changes in the intensity of taphonomic and other
abiotic processes.

It is dangerous to assume, however, that all
traces were made by the same type of organisms
(e.g., naticid snails), or even represent a single
behavior (e.g., predation) (see Gibson and Watson,
1989 for a convincing example). In fact, given a
wide variety of origins that can be postulated for
any given type of trace fossil (see below), it seems
likely that trace fossil assemblages often contain a
mix of records representing a whole spectrum of
behaviors, including even abiotic traces. Ausich
and Gurrola (1979) made a case for simultaneous
presence of drill holes of parasitic and predatory
origin in the same fossil assemblage, whereas a
lively discussion between Kaplan and Baumiller
(2000, 2001) and Wilson and Palmer (2001) offers
a good example of methodological and practical
difficulties in dealing with this issue. Ultimately,
Bayesian statistical approaches may be needed to
deal with those issues in a formalized way, but
methodological strategies for dealing with this
problem are still in their infancy.

CAN WE IDENTIFY
THE CULPRIT?

Once the behavioral origin of the traces is
demonstrated, one may attempt to pinpoint the
biological identity of the culprit. However, as with
any trace fossil (see Bromley, 1996), the
identification of a predator from traces is a risky
business (see especially Bromley, 1993). Different
clades of predators often produce similar traces.
For example, even the most morphologically
distinct and informative traces such as drill holes
can be made by a whole spectrum of organisms
including as many as 14 different groups of
predatory or parasitic invertebrates (Table 2; see
also Vermeij, 1987; Kabat, 1990; Kowalewski,
1993; Brett and Walker, 2002; and Walker and
Brett, 2002). Moreover, the same species of
predator can produce traces that vary notably in
morphology (e.g., Wodinsky, 1969; Bromley,
1970). In fact, even the same individual preying
on a single prey type can make traces that vary
greatly in shape and size, as demonstrated for single
specimens of Octopus vulgaris preying on strombid
gastropods (Arnold and Arnold, 1969).

In addition to these problems, the morphology
of traces is not just a function of the anatomy and
behavior of predators but may also vary greatly
depending on prey morphology and many other
factors. For example, at least seven additional factors
are known to affect the geometry of a drill hole
(Table 3). Because drill holes are widely considered
to be one of the most unambiguous sources of
information on predator-prey interactions in the fossil
record (e.g., Kitchell, 1986), Table 3 is likely to be
the best-case scenario. Arguably, other less distinct
and inherently more variable traces such as repair
scars, fractures, chewing marks and so on are an
even more capricious source of information on the
predator’s identity, although exceptions certainly
exist. For example, distinct double punctures made
by stomatopods may be possible to identify in the
fossil record (Geary et al., 1991; Bauk and Radwaski,
1996; but see Alexander and Dietl, in press).

In sum, different organisms can make similar
traces, the same organisms can make different
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traces, and traces may also vary in morphology for
reasons unrelated to the identity of a trace maker.
Thus, with few exceptions, trying to identify the
specific organism responsible for traces found in
the fossil record is difficult. In fact, such
identification efforts can only distract us from the
real strength of trace fossils: their informative value
as records of interactions that affected populations
of an identifiable prey.

DATA COLLECTION

At least six strategies have been used to acquire
data on traces of predation:

1. Outcrop Surveys rely on visual screening of
outcrops for fossils with traces of predation,
including accidental discoveries of such specimens
by researchers collecting fossils for other reasons
(e.g., Kowalewski and Flessa, 1994). Outcrop

Drilling Organism Selected References

NEMATODS Sliter 1971, 1975; Arnold et al., 1985

FLATWORMS Yonge, 1964; Woelke, 1957

GASTROPODS

Nudibranchs Zilch, 1959; Young, 1969; Taylor et al., 1983

Pulmonates Wächtler, 1927; Degner, 1928; Carriker and Yochelson, 1968; 
Mordan, 1977

Platyceratids Baumiller, 1990, 1993, 1996, 2002; Baumiller and Macurda, 1995; 
Baumiller et al., 1999

Naticids Fischer, 1922-1966; Ziegelmeier, 1954; Carriker, 1961, 1981; 
Sohl 1969, Reyment, 1963-1967; Berg and Nishenko, 1975; Berg, 1976; 
Wiltse, 1980; Taylor et al., 1980; Savazzi and Reyment, 1989

Muricids Fischer, 1922-1966; Carriker, 1943-1981; Reyment, 1963-1967; 
Sohl, 1969; Carriker and Van Zandt, 1972a,b; Matsukuma, 1977; 
Taylor et al., 1980, 1983

Cassids Hirsch, 1915; Roughley, 1925; Day, 1969; Sohl. 1969; 
Hughes and Hughes, 1971, 1981; Nebelsick and Kowalewski, 1999; 
Kowalewski and Nebelsick, in press

Eulimids Warén, 1980, 1981; Warén and Crossland, 1991; Crossland et al., 1991; 
Rinaldi, 1994; Warén et al., 1994; Kowalewski and Nebelsick, in press

Capulids Orr, 1962; Kosuge and Hayashi, 1967; Matsukuma, 1978; Bromley 1981

Nassarids Fisher, 1922, 1962a; Reyment, 1967; Morton and Chan, 1997

Marginellids Ponder and Taylor, 1992

Buccinids Peterson and Black, 1995; Harper et al., 1998

OCTOPODS Fuijta, 1916; Arnold and Arnold 1969; Nixon, 1979; Ambrose, 1986; 
Guerra and Nixon, 1987

TABLE 2—Drill hole producers reported in the biological and paleontological literature (expanded and
updated after Kowalewski, 1993).
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surveys represent a highly uncontrolled sampling
strategy that has limited use in quantitative
analyses. However, they are an effective method
for maximizing the chances of finding evidence of
predation when such evidence is not expected to
be common (e.g., in pilot projects that focus on time
intervals, depositional environments, or prey types
known to be a poor source of data on predation).

2. Direct Bulk Sampling provides quantitative
data of highest quality by offering a full control on
sampling design and data acquisition strategies.

This method has been widely used to study
predation (e.g., Hoffman and Martinell, 1984;
Kelley and Hansen, 1993, 1996; Hagadorn and
Boyajian, 1997; Stewart et al., 1999; Dietl et al.,
2000). Although arguably superior to other
sampling strategies, bulk methods suffer some
drawbacks. First, bulk samples are limited spatio-
temporally and, consequently, may offer a non-
representative estimate of the sampled fossil
assemblage. Second, bulk samples are limited
volumetrically and very large specimens may be

Confounding 
Factors

Morphological Consequences References

Site of the drill hole 
on the prey shell

Holes with an imperfectly developed form are produced 
when drilling is localized at the edge of the shell.

Vermeij, 1980

Thickness of the 
bored shell

The vertical shape of the hole is imperfectly developed 
if shells are too thin.

Ziegelmeier, 1954; 
Kitchell et al., 1981; 
Taylor et al., 1983; 
Yochelson et al., 1983

Structure of 
bored material

The stepped appearance of drill holes can result from 
the effect of the presence of the hard conchiolin layer 
in the shell of the prey (e.g., corbulid bivalves).

Ziegelmeier, 1954; 
Fischer, 1963; Taylor et 
al., 1983; Cauwer, 1985

Hardness of 
bored material

Changes in size and shape of drill holes may depend 
on the hardness of drilled skeleton, even when all 
holes were made by the same drilling predator.

Nixon, 1979

Ornamentation of 
prey shell

Drill hole geometry also can be controlled by 
ornamentation. For example, the drill hole morphotype
 "F" (sensu Arua and Hoque, 1989) always occurs between 
the ribs of ribbed shells (see Table 5 in Arua and Hoque, 
1989).

Arua and Hoque, 1989

Geometry of 
prey shell

The unusual oval shape of the drill holes bored in 
scaphopod shells is an effect of the cylindrical 
geometry of the shell.

Yochelson et al., 1983

Taphonomic 
alteration

Taphonomic processes can affect drill hole morphology 
from subtle alteration of its outline to major modifications 
that completely change the shape of the drill hole. Whereas 
detailed studies exploring this issue are lacking, marginal 
remarks can be found in many previous works.

Vermeij and 
Dudley, 1982; 
Taylor et al., 1983; 
Allmon et al., 1990

TABLE 3—Confounding factors that may hamper reliable identification of the taxonomic identity of a
drill hole maker; based on review by Kowalewski (1993).
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severely under-sampled (see also Dietl et al., 2000).
Finally, a high time demand is involved in bulk
sampling. Thus, typically, such studies are limited
to few sites with a narrow stratigraphic and
geographic coverage (e.g., Colbath, 1985;
Kowalewski, 1990). However, large scale research
programs that apply direct bulk sampling strategies
are feasible and can yield some of the most
comprehensive insights into the history of predation,
as demonstrated by efforts of Kelley, Hansen, and
their students and collaborators (e.g., Kelley and
Hansen, 1993, 1996, in press; Hansen and Kelley,
1995; Kelley et al., 2001).

3. Indirect Bulk Sampling is based on reusing
previously collected, either processed or—better
yet—unprocessed, bulk materials. For example,
despite highly constrained spatial, temporal, and
environmental scopes of their study (north-central
Europe, early middle Miocene, marine clastic
epicontinental facies), Kowalewski et al. (2002)
obtained numerous, high-quality bulk samples
from museums, university collections, individual
researchers, and private collectors. Hoffmeister and
Kowalewski (2001) used the resulting dataset in a
detailed quantitative analysis of drilling predation
patterns and produced data comparable to those
obtained when direct bulk sampling strategies are
employed. Although the indirect bulk sampling
method does not offer full control on selection of
sampling sites and sample processing procedures,
the resulting data can be of comparable quality and
their acquisition can be much less time consuming,
thus permitting studies with much broader spatial
and/or temporal scopes.

4. Museum Surveys are a widely used method
based on revisiting existing collections of fossils
stored in museums and research collections (e.g.,
Hoffman et al., 1974; Allmon et al., 1990;
Baumiller, 1993, 1996; Harper et al., 1998; Harper
and Wharton, 2000; Hoffmeister, 2002;
Hoffmeister et al., submitted). These types of
projects can be particularly effective when traces
of predation are rare and large collections need to
be examined to achieve quantitative data (e.g.,
Hoffmeister, 2002). Museum collections may be
biased by removal of “imperfect” specimens by

overzealous curators (Walker, 1989) or by
paleoecologists interested in studying specimens
with trace fossils (Baumiller, pers. comm., 1999).
Kowalewski (1990) showed that bulk samples of
Miocene mollusks from the Korytnica Clays
(central Poland) yielded similar estimates of
drilling predation intensity for most (but not all)
taxa that were analyzed previously by Hoffman et
al. (1974; see also Zlotnik, 2001). However, some
museum collections can offer materials that are
comparable to bulk materials for individual taxa
(Harper et al., 1998) or even for entire assemblages
(Hoffmeister, 2002), providing suitable materials
for quantitative studies.

5. Monograph Surveys represent a lamentably
underutilized research strategy. Monographs
provide thousands of photographs and thus allow
us to examine quickly large numbers of specimens
already identified and documented in terms of
sampling site and stratigraphy. Such surveys are a
great tool for pilot studies in exploring understudied
groups of prey or geological time intervals known
to have limited records of predation. Moreover,
despite many obvious drawbacks, monographs can
yield data that provide useful information on
predator-prey interactions, and can go beyond mere
pilot studies. Kowalewski et al. (2000) examined
the series of monographs of Cooper and Grant
(1972-1976) and were able not only to show that
drilling predation (or parasitism) was continuously
present in the Permian, but also to explore some
quantitative patterns regarding behavioral stereotypy
of the drillers. Even the quantitative estimates
obtained by Kowalewski et al. (2000) were not
unreasonable, as demonstrated in a subsequent study
(Hoffmeister, 2002) of a brachiopod collection
housed in the Smithsonian Institution (the
collection is a nearly complete representation of
bulk materials processed by Cooper and Grant
during the preparation of their monographs).

6. Meta-Analytical Literature Compilations
combine data assembled in previous qualitative and
quantitative studies and provide a powerful tool for
large-scale analyses of global secular trends in
predation (e.g., Vermeij, 1987; Kowalewski et al.,
1998). Although such studies are admittedly
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hampered by methodological differences among case
studies, they can provide first-order approximations
for long-term trends that are otherwise difficult to
access (but see Harper et al., 1999).

The six categories represent end members in a
spectrum of possible approaches. Also, the data
obtained with different approaches can be
combined to broaden the scope of the study (e.g.,
Allmon et al., 1990; Hagadorn and Boyajian, 1997;
Dietl et al., 2000). The numerous case studies cited
for each strategy illustrate that all of the above
approaches can be fruitful depending on logistic
circumstances and research goals.

DATA PROCESSING

Numerous decisions are made when designing
any research project. These decisions, often forced
by pragmatic aspects of a particular investigation,
can influence the quality and informative value of
the data. Sieve size, sample size requirements,
tallying strategies, and styles of data reporting are
particularly important.

Sieve Size.—In many cases, paleoecological
samples are processed with sieves to separate
fossils from the enclosing sediment or rock. Sieve
sizes can vary greatly among case studies, even
for projects that target the same type of fossils. It
is intuitively obvious that the choice of the mesh
size used can greatly affect any quantitative
paleoecological estimates derived from the
analyzed residue. Because predators may be size
selective (either directly by selecting certain size
classes of prey or indirectly by selecting
preferentially species from certain size classes), the
sieve effect can be severe. To illustrate this
problem, I re-analyze here a large dataset of
mollusks from the Miocene of Europe (Hoffmeister
and Kowalewski, 2001). The data include over
3500 specimens that were measured in terms of
size and analyzed for presence of drill holes. A
series of computer simulations was used to
randomly sub-sample the database while
mimicking the sieve effect (Fig. 2). The results
indicate that, in this particular case, the drilling
intensity rises as the mesh size is incrementally

increased from 1mm to 10mm (the frequency of
holes increases roughly by half: from ca. 15% for
1mm mesh to 23% for 10mm mesh). This simple
example shows that the mesh size can influence
the estimates of predation. Because small
specimens can be excluded analytically, the
compatibility of a study with previous studies is
increased when the mesh size is small: the finer is
the sieve, the more comparable will be the resulting
data in future meta-analytical studies.

The above exercise shows how the exclusion
of small specimens may affect the analysis. The
exclusion or under-sampling of large specimens,
which may be associated with bulk sampling (see
above), may introduce similar types of biases into
the analysis.

Sample Size Requirements.—Because traces of
predation do not occur in all collected specimens
and some specimens may bear more than one trace
fossil, the sample size can be computed in three
ways as (1) number of specimens; (2) number of
trace fossils; and (3) number of specimens with
traces fossils. Depending on the target of our
analysis and frequency of traces, different sampling
requirements may apply. For example, if the
intensity of predation is the primary parameter of
interest and traces are common, individual samples
of 30 to 50 specimens may be sufficient to evaluate
the analyzed patterns in a meaningful way. Note
that maximizing the number of samples by
reducing their size is a statistically advantageous
tradeoff in quantitative paleoecological analyses
(see Bennington and Rutheford, 1999). On the
other hand, if the spatial distribution of traces is of
primary interest and traces are rare, several
thousand specimens may be required to obtain data
that are statistically meaningful (e.g., Hoffmeister,
2002). Finally, the sample size also may be pre-
determined by demands of statistical tests (e.g.,
contingency tables [goodness of fit tests] require a
certain number of observations per cell), although
this issue can be partly alleviated by applying
computer-intensive methods.

Tallying Strategies.—When processing
samples, specimens and trace fossils can be tallied
in several ways. First, data entry may be limited to
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only specimens with traces. This is usually not
desirable because such data do not allow us to
compute frequency of traces in bulk samples, and
many other types of analyses (see below) cannot
be conducted. However, this method may be
effective in extracting some quantitative data, when
very large collections are screened for traces of
predation. Preferably, a data entry table should
include at least one row per specimen (multiple
rows per entry are recommended if multiple traces
are found on the same specimens).

Data Reporting.—With increasing use of
online repository systems, many journals allow for
electronic publication of raw data tables. This is
the most desirable way of reporting data that gives
other researchers full access to all information
collected in a project. Because the posting of
repository materials may be delayed (authors may

rightly feel it premature to disclose their data), it
is also important to report clearly the results of the
study, so the reader is able to distinguish, for
example, counts of trace fossils from counts of
fossils with traces and counts of valves of bivalves
from counts of shells of bivalves.

ANALYSES OF PREDATION
INTENSITY (FREQUENCY)

The frequency of traces is arguably the most
important and widely used metric in quantitative
analyses of the fossil record of predation that
estimates the frequency of predator-prey interactions
and may serve as a proxy for predation intensity
(but see below). Four different, albeit related,
methods have been used for estimating the frequency
of predator-prey interactions in the fossil record.

FIGURE 2—An empirical example of the effect of sieve size on the estimates of drilling intensity. A
large dataset of Miocene mollusks (> 3500 gastropod and bivalve shells) was obtained by processing
bulk samples using fine sieves with mesh below 1mm (Hoffmeister and Kowalewski, 2001; Kowalewski
et al., 2002). An effect of sieve size was then mimicked in a computer simulation by removing from the
database all specimens below a given mesh size. For each sieve size, 1000 subsamples of 100
specimens were randomly selected and assemblage frequencies (AF; see Equation 1) were computed,
including mean drilling frequencies (large solid points) and 95% confidence intervals around them
(small solid points). The confidence intervals are based on 2.5 and 97.5 percentile of 1000 AF values
obtained for each mesh size.
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1. Lower Taxon Frequency (LTF) aims to
estimate the frequency of interactions for a given
lower taxon of prey (typically species, genus, or
family). Examples of LTF estimates include the
frequency of drill holes in turittellid gastropods
(e.g., Allmon et al., 1990) or the frequency of
fractures in hominid bone assemblages (e.g., Villa
and Mahieu, 1991). LTF is computed as follows:

Equation 1:  LTF = D
K
/N

K
 ,

where K is a lower taxon target in the analysis, D
K

is the number of specimens of that taxon that
contain at least one successful predation trace and
N

K
 is the total number of specimens of that taxon

in the sample. Similarly, LTF can be used to
compute the frequency of failed attacks (e.g.,
frequency of repair scars in gryphaeid oysters),
although the interpretation of such estimates tends
to be more complicated (e.g., Dietl et al., 2000).

2. Assemblage Frequency (AF) aims to
estimate the overall frequency of predator-prey
interactions recorded by a fossil assemblage. In
practice, this metric typically estimates frequency
of traces in a higher taxon targeted by the bulk
sampling protocol (e.g., all mollusks or all
brachiopods). Examples include frequency of
drilling in all mollusks found in bulk samples (e.g.,
Robba and Ostinelli, 1975; Hoffman and Martinell,
1984; Colbath, 1985; Kowalewski, 1990; Kelley
and Hansen, 1993) or frequency of cut marks found
in a survey of bones for all types of small or large
bovids (e.g., Bunn and Kroll, 1986). AF is
computed as follows:

Equation 2:  AF = ΣD
i
/ΣN

i 
,

where D
i
 is the number of specimens of i-th species

with at least one predation trace and N
i
 is the total

number of specimens of i-th species in the sample.
3. Highest Lower Taxon Frequency (LTF

MAX
)

aims to estimate the highest frequency of traces
observed among lower taxa. LTF

MAX
 is computed

as follows:

Equation 3:  LTF
MAX 

= D
MAX

/N
MAX

 ,

where MAX is a lower taxon with the highest
frequency of traces in the assemblage, D

MAX
 is the

number of specimens of that species that contain
at least one successful predation trace, and N

MAX
 is

the total number of specimens of that species in
the sample. This metric can be derived only from
bulk materials when the data on frequency of traces
for the entire sampled assemblage are available.

4. Assemblage Taxon Frequency (ATF),
proposed by Vermeij (1987; see also Hansen and
Kelley, 1995), is comparable to AF in that it also
aims to estimate the overall predation intensity in
a fossil assemblage. However, unlike the AF metric,
the ATF metric uses a proportion of lower taxa
rather than the proportion of specimens to derive
an estimate of the overall predation intensity. ATF
is computed as follows:

Equation 4:  ATF = D
T
/N

T
 ,

where D
T
 is a number of common taxa that

frequently bear traces of predation and N
T
 is the

total number of taxa in the sample. The terms
“common” and “frequently” are defined a priori
numerically. Vermeij (1987, p. 308), when
analyzing drilling intensity for bivalved organisms
through the Phanerozoic, defined “common
species” as those represented by at least 20 valves
and “frequently attacked” as those with LTF > 10%.
However, if traces are rare we may decide to define
as “frequently attacked” lower taxa with as few as
one specimen with traces of predation (i.e., LTF >
0) (e.g., Hoffmeister, 2002).

Except for ATF, all of the metrics listed above
use some estimate of the number of specimens with
traces of predation versus some estimate of the
number of specimens. It is important to stress two
caveats here. First, the number of specimens with
traces of predation [D

K
] is not synonymous with

the total number of traces found in those specimens
unless all specimens bear singular traces (i.e.,
multiple traces are completely absent). When
computing predation intensity we should always
use the number of prey specimens attacked (i.e.,
the number of specimens with traces) and not the
number of attacks (i.e., the number of traces).
Second, the strategies for computing the total
number of specimens may vary greatly depending
on the number of unique elements, degree of
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disarticulation of those elements, and statistical and
taphonomic assumptions made in the course of a
study (see especially Gilinsky and Bennington,
1994 and references therein). These equations are
thus directly applicable only to specimens with
single-element skeletons and may require
modifications when applied to multi-element
skeletons (see also below).

Discussion of Metrics.—LTF provides a metric
system that offers the best chance for a biologically
meaningful analysis of predator-prey interaction
in the fossil record (see also Leighton, 2002;
Vermeij, 2002). This is because lower taxa are more
likely to represent a single behavioral and
ecological type of prey, which may interact with a
similar suite of predators through time and space.
Also, potential taphonomic biases associated with
differential preservation of taxa are not as severe
when the analysis is restricted to a single genus or
family (see also Leighton, 2002).The fact that the
estimate is restricted to one prey type also decreases
the chances for variable behavior of the trace
maker, which may change its behavior depending
on prey type (e.g., drilling predation may be
obligatory for bivalve prey that are able to shut
their valves tightly and facultative for prey with
valves that allow a predator to insert its proboscis
without drilling; e.g., Frey et al., 1986).

In contrast, the AF metric, by combining prey
with a wide range of morphological and ecological
characteristics, is less reliable both in terms of
biologic interpretations and potential taphonomic
biases. However, AF offers a significant pragmatic
advantage: it can be computed for any fossil sample
and thus provides a metric that is comparable
analytically (if not biologically) throughout the
fossil record. In contrast, few lower taxa are
continuously abundant through long intervals of
geological time and virtually none can be used to
study very long secular trends: an LTF study
encompassing the entire Phanerozoic cannot be
done, except perhaps for such extremely
conservative, long-lived lower taxa like Lingulidae.
Thus, in the case of comprehensive long-term
studies, AF is the lesser of two evils: it makes more
sense to compare overall assemblage frequencies

between the Paleozoic and the Cenozoic than to
compare a specific family of Permian bivalves with
a different family of Cenozoic bivalves. AF can be
a useful indicator as long as we recognize that it is
not likely to provide estimates for specific predator-
prey interactions but rather represents a proxy for
the overall predation pressure in the ecosystem.
Whereas the credibility of AF has been recently
debated (e.g., Leighton, 2002; Vermeij, 2002), it
is worth pointing out here that assemblage-level
metrics also provide an important baseline for the
overall intensity of a particular behavior (e.g.,
drilling) through time. This baseline can provide
an important reference standard against which
specific lineages can be compared. Also, as shown
below, the metrics tend to correlate highly (they
are obviously dependent) so it may actually not
matter that much which one is used. Thus, although
AF may be a misleading metric when applied to
test a specific model such as the Hypothesis of
Escalation (this is yet to be demonstrated
empirically), we should not discard it entirely.

LTF
MAX

 resembles AF in that it does not focus
on specific interactions of a particular lineage of
prey, but rather tries to estimate the overall intensity
in the assemblage by targeting the most frequently
drilled taxon. AF should tend to be more reliable
because a maximum is a highly volatile parameter
both in a statistical as well as biological sense.

Although ATF is akin conceptually to AF, it does
differ fundamentally from AF in that it provides an
estimate for how widespread predation was across
prey taxa rather than across prey specimens. ATF
may also provide an indirect proxy for behavioral,
ecological, and maybe even taxonomic diversity of
predators. Thus, in the best-case scenario, and
notwithstanding all caveats listed above and below,
AF may tell us how intense was the overall predation
pressure ecologically (what proportion of biota was
being killed by predators), and ATF can tell us how
intense was predation pressure macro-evolutionarily
(what proportion of phylogenetic lineages was
affected by predators).

All four estimates are expected to show some
correlation with one another: as frequency of traces
increases the metrics all should go up. This is
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especially so in the case of AF, LTF, and LTF
max

 ,
which can become nearly synonymous when the
analyzed fossil assemblages are close to
monospecific, which happens occasionally
especially in Paleozoic marine fossil assemblages
(e.g., Chatterton and Whitehead, 1987). However,
the extent to which the metrics approximate each
other may vary notably, as exemplified in Figure 3
for these three metrics (AF, LTF, ATF). In the
Paleozoic brachiopod assemblages from Texas, all
metrics correlate tightly; whereas in the Miocene
mollusk assemblages from Europe, the correlation
is much poorer.

I do not advocate any of these metrics as
necessarily superior to the others, as they all have
advantages and drawbacks and all may be
applicable depending on logistic circumstances and
research goals. However, four recommendations
seem appropriate here. First, researchers should
make sure that they explicitly and precisely define
the intensity metric up front. Second, whenever
possible, data should be collected to make it
possible to compute all metrics. Third, as suggested
recently by Leighton (2002), the intensity metrics
can be enhanced by combining these variables with
population and size-class data, both within and
across species. Finally, when the required data are
available, multiple metrics should be computed so
we can evaluate their relative volatility and
interpret them jointly. As of now, only a few studies
have used more than one type of metric when
studying the intensity of predation (e.g., Hansen
and Kelley, 1995; Hoffmeister, 2002).

Complicating Factors.—Regardless of the
methods used, there are general complicating
factors that need to be considered. Traces of
predation represent a record of specific predator-
prey interaction and there are many predators in
ecosystems that kill without leaving any evidence
because they feed by whole-animal ingestion or
access soft tissue without damaging the prey
skeleton. There are also many predators that
destroy prey skeletons entirely. For all these
reasons the assemblage-level estimates such as AF
and ATF are likely to underestimate the overall
predation pressures. The interpretation becomes

even more ambiguous for specific predator-prey
systems because frequencies of traces recorded in
lower taxa (especially the LTF metric) can both
underestimate and overestimate the intensity of
predation. For example, a given frequency of tests
of echinoids drilled by cassid snails may
underestimate the importance of cassid-echinoid
interactions because cassids are facultative drillers
that occasionally access the soft tissues of their prey
via peristomal or periproctal membranes (Hughes
and Hughes, 1981), and because drillings of cassids
may be mistakenly attributed to parasitic eulimid
gastropods (see Kowalewski and Nebelsick, in
press). On the other hand, the drilling frequency
may overestimate the importance of cassids
because many other predators of echinoids tend to
destroy prey tests (e.g., Nebelsick, 1999;
Kowalewski and Nebelsick, in press), resulting in
too high a percentage of preserved tests killed by
drilling predators. The importance of cassids may
also be overestimated because eulimid drillings can
be mistakenly attributed to cassids (e.g.,
Kowalewski and Nebelsick, in press).

A unique host of problems affects repair scars,
healed drill holes, and other traces that record
unsuccessful predation events. Such traces are
inherently difficult to interpret (see also Schoener,
1979; Schindel et al., 1982; Vermeij, 1983; Walker
and Voight, 1994; Cadée et al., 1997; Kowalewski
et al., 1997; Leighton, 2002) because they cannot
be used directly to estimate predation intensity: a
prey population with a repair scar frequency of 20%
may be preyed upon at much higher rates by an
efficient predator or at much lower rates by a
clumsy predator. In fact, some predators are known
to repeatedly attack unsuitable prey (e.g., Vermeij,
1982), and thus it is feasible that a “prey” with
frequent repair scars is never subjected to
successful predation. Also, if a predator is (at least
occasionally) successful, the repair scars represent
only a subsample of all attacks. Unless the
unsuccessful and successful attacks are statistically
indistinguishable in their ecological and behavioral
aspects (e.g., prey size, site of attack), a quantitative
analysis of repair scars may provide misleading
insights into predation.
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FIGURE 3—Comparison of three different metrics to estimate intensity of predation for the same sets of
samples. Each point represents one sample. Symbols: + – highest per-taxon estimates plotted against
assemblage estimates, o – taxon estimates plotted against assemblage estimates, r – Spearman rank
correlation coefficient (reported only if p < 0.05). A. Drilling predation estimates for 21 museum samples
of Permian brachiopods of West Texas (data from Hoffmeister, 2002). B. Drilling predation estimates for
15 bulk samples of Miocene mollusks of central Europe (data from Hoffmeister and Kowalewski, 2001).
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Finally, traces of predation may both decrease
and increase the preservational potential of the prey
skeleton, biasing quantitative estimates based on
frequency of specimens with traces (e.g., Roy et al.,
1994; Hagstrom, 1999; Zuschin and Stanton, 2001;
see also below for a discussion of taphonomic biases).

How to Correct Predation Frequency Estimates
for Disarticulated Elements.—The equations
discussed in the above section can be applied directly
to taxa with single-element skeletons (gastropod
shells, foraminiferan tests, etc.). However, many
prey animals possess skeletons that consist of two
or more elements that tend to disarticulate after
death. If a predation event is recorded on one of
those elements only, then the probability of finding
evidence of predation (preserved by only one
disarticulated element) is smaller than the probability
of finding prey (represented by any of its elements).
Consider, for example, a bivalve mollusk killed by
a predator that drilled a hole in one of its valves.
Assuming that both valves have the same
preservational potential, the probability of finding
one of the two valves of the prey is two times more
likely than finding specifically the valve that was
drilled. Thus, a correction by a factor of 2 is required.
It is worth stressing here that, regardless of whether
the sampling domain is infinite and all sampled
valves are unique or the sampling domain is finite
and some valves come from the same individuals

(see Gilinsky and Bennington, 1994), this correction
is required (see also Bambach and Kowalewski,
2000; Hoffmeister and Kowalewski, 2001).

The issue of correction may appear trivial but it
turns out that there are two ways of making this
correction and both of them are used in the literature.

Equation 5:  f
d
 = d/0.5n

Equation 6:  f
d
 = 2d/n,

where f
d
 represents the estimate of drilling frequency,

d is the number of valves in the sample that contain
at least one successful drill hole, and n is the total
number of valves in the sample. These two equations
may appear synonymous but, from a statistical
perspective, they are not. Equation 6 produces an
estimate with a sample size that is two times higher
than an estimate produced by Equation 5.
Consequently, Equation 6 offers much more power
than Equation 5. Table 4 shows a hypothetical
example of two samples of bivalves. If Equation 6
is employed all statistical tests used indicate that
the two samples differ significantly in drilling
frequency. If Equation 5 is used none of the tests
rejects the null hypothesis that the two samples
came from a single underlying population. Which
equation is correct?

The answer to this question is not intuitively
obvious. Whereas Equation 6 doubles the

TABLE 4—A hypothetical example illustrating differences in statistical power of the two equations used
to correct frequency estimates for drill holes in bivalved fossils. Symbols: N – total number of valves,
D – number of drilled valves, R – drilling frequency, P

chi
, P

G
, and P

Fisher
 – The probability estimates (Chi-

square, Log-likelihood G, and Fisher’s Exact tests, respectively) for the null hypothesis that the two
samples came from a population with the same drilling frequency. All tests are significant at alpha=0.05
level for Equation 6, but none is significant for the more conservative Equation 5. Computer simulations
(Fig. 4) show that Equation 5 yields correct estimates of Type I Error.

Equation 5         Equation 6

N1=30 N2=40 N1=15, N2=20; D1=11, D2=5 N1=30, N2=40; D1=22, D2=10

D1=11 D2=5 R1=73.3%, R2=25% R1=73.3%, R2=25%

R1=36.7% R2=12.5% PChi=0.09, PG=0.08, PFish=0.13 PChi=0.02, PG=0.01, PFish=0.02

Drilling IntensitySample 1 Sample 2
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observations in the numerator, increasing the power
of the test, Equation 5 halves the number of
observations in the denominator, decreasing the
power of the test. A simple computer simulation can
resolve this issue. If we draw random samples from
a known underlying distribution and use a=5% to
reject the null hypothesis, which we know to be
correct in this case, we should reject incorrectly 5%
of the tests. Results show that, regardless of sample
size, when Equation 5 is used ca. 5% of tests are
rejected and if Equation 6 is used over 11% of tests
are rejected (Fig. 4). This simulation indicates that
Equation 5 performs correctly and should be
employed in future studies whereas Equation 6
clearly is too powerful and should not be used to
correct for disarticulated elements.

Note here that the example considered above
assumes the following: (1) the two opposite valves
are equally likely to be preserved; (2) the predator
always produces a trace in one valve only; (3) the
trace does not weaken the skeleton; and (4) the
predator does not show valve selectivity. All these
assumptions are questionable, and more complex
corrective strategies (most likely, based on the
Bayesian approach) should be developed in the future.

Escalation parameters.—Escalation parameters
are estimates that provide some measure of the
predator’s failure. A relative frequency of failed
attacks (often referred to as “prey effectiveness”;
e.g., Vermeij, 1987; Alexander and Dietl, in press;
Kelley et al., 2001), as recorded by traces
documenting unsuccessful attacks (e.g., repair scar

FIGURE 4—A series of computer simulations testing the statistical power of Equations 5 and 6. In the
simulation, samples of specimens are drawn randomly from an infinite population of disarticulated valves
of bivalve mollusks with a predefined drilling frequency of 50%. The correct null hypothesis (drilling
frequency = 50%) is then tested for each random sample using Fisher’s Exact Test and alpha=0.05.
When Equation 5 is used the Type Error I (the erroneous rejection of the correct null hypothesis) varies
around 5% (mean=5.32) indicating that this test performs correctly. When Equation 6 is used over 11% of
tests are significant indicating that Equation 6 offers over two times more statistical power than it should.
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or healed drill hole), is the most frequent metric of
escalation. It is typically computed as follows:

Equation 7:  P
E
 = T

F
/T

T
 ,

where P
E
 denotes prey effectiveness computed as

T
F
, the number of a particular trace fossil of

predatory origin that records failed attacks (e.g.,
the number of incomplete and healed drill holes),
divided by T

T
, the total number of these trace

fossils (e.g., the total number of drill holes). Note
that, unlike for the intensity metrics above, the
numbers are computed using the number of traces
and not the number of specimens with traces (if a
predator left two repair scars on a single prey, the
prey survived twice, not once, and the predator
failed twice, not once).

As intensity metrics, escalation parameters and
escalation tests are not without problems. For
example, in a case of repair scars, numerous
confounding factors need to be considered (based
partly on Alexander and Dietl, in press):

1. No single method for quantifying shell
breakage can be applied when prey include a wide
range of taxonomy and morphology (e.g., highly
ornamented forms provide many more indications
of repair than do smooth forms) (see also Schindel
et al., 1982; Cadée et al., 1997).

2. Repairs may accumulate on skeletal parts
that are less readily preserved (e.g., opercula but
not the shell of a gastropod; see Alexander and
Dietl, in press).

3. Lethal shell damage is often unrecognizable
and thus the denominator of Equation 7 is
underestimated and the prey effectiveness is
overestimated.

4. Predators may mistakenly attack a skeleton
of a dead prey. Consequently, post-mortem attacks
can be confused with successful attacks, the
denominator of Equation 7 is overestimated, and
the prey effectiveness is underestimated (see
especially Walker and Yamada, 1993).

5. Prey skeletons are often completely destroyed
by predators (e.g., Alexander and Dietl, in press).

6. Frequency of attacks can be severely
underestimated in the case of prey that experience
ecdysis. For example, if a trilobite molted 5 times
and survived one unsuccessful attack, the frequency

of repairs will be underestimated five-fold.
7. Different morphs of species that display

sexual dimorphism or developmental
polymorphism may be preyed upon with different
intensity and/or different predatory success.

8. Spatial variability in escalation patterns may
obscure temporal trends (e.g., Hoffmeister and
Kowalewski, 2001).

9. Ambiguities in distinguishing failed and
successful attacks can confuse the computation of
the prey effectiveness (see above and Alexander
and Dietl, in press).

10. Disarticulation may complicate computing
the prey effectiveness (e.g., Alexander and Dietl,
2001).

Despite this depressingly long list of problems,
there are exceptions when the complicating factors
can be partly or entirely eliminated (e.g., Kohn and
Arua, 1999; Alexander and Dietl, in press).

It is noteworthy that, very much as was the case
for the intensity metrics above, Equation 7 can be
computed at various scales—from specific lower
taxa affected by a single type of trace fossil up to
entire assemblages of prey including various higher
taxa and a wide range of trace fossil types. All of
the above factors complicating the prey effectiveness
analysis are increasingly likely to mask or distort
the patterns when the taxonomic resolution is
decreased. Thus, the prey effectiveness is best
applied to specific lineages (see also Vermeij, 2002).
However, as in the case of intensity metrics and for
similar reasons, we should not discard assemblage
estimates completely. In this case again they may
serve as an important reference baseline and overall
proxy of failure rates. The assemblage approach is
again more debatable when used to test specific
causative hypotheses (although, again, it is yet to
be demonstrated beyond reasonable doubt that the
problems above render these assemblage tests
completely invalid).

ANALYSES OF SELECTIVITY

The second major analytical focus of research
on predation traces deals with selectivity patterns
revealed by non-random distribution of traces (1)
across prey taxa (taxon selectivity), (2) on prey
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skeletons (site selectivity), and (3) among prey with
different sizes (size selectivity). This type of analysis
is routinely included in detailed quantitative studies
of predation traces and can provide many important
insights into the nature of predator-prey interactions.

Taxon Selectivity.—Predators are often highly
selective in choosing the species (or lower taxon)
of their prey. In the most general terms, taxon
selectivity simply means that a given taxon is
attacked more frequently than is expected by chance.
Based on the work of Botton (1984), Alexander and
Dietl (in press) suggested that this type of
evaluation can be performed using the Strauss
Index, which can be defined as follows:

Equation 8:  L
I
 = R

I
—P

I 
,

where R
I
 is the percentage of specimens with traces

belonging to taxon i computed relative to all
specimens with traces found in the assemblage, and
P

I
 is the percentage of taxon i in the assemblage.

This index can help us to detect prey taxa with
unusually high or low proportion of traces.

Another possible strategy is to apply computer
simulations to evaluate how likely it is to obtain
the observed distribution of traces across lower taxa
for a given sampling design. In an example shown
in Fig. 5, all common genera of silicified
brachiopods from the Permian of West Texas (4452
specimens from 37 genera; data from Hoffmeister,
2002) are plotted and the frequency of traces of
predation (drill holes) is marked by black parts of
the bars. Notice that holes are generally rare
(overall predation rate AF = 1.1%) so many genera
do not include any specimens with traces (the

FIGURE 5—Evaluation of genus selectivity in drilling on Permian brachiopods from West Texas (data
from Hoffmeister, 2002 and in prep.). See text for details. The SAS/IML code for the Monte Carlo model
shown in the inset plot is provided in Appendix 1.
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proportion of drilled brachiopod genera ATF =
43.6%). It is difficult to assess visually if the
distribution of traces is random or not. A Monte
Carlo model (see Appendix 1 for SAS/IML code)
was therefore used to draw random samples of
4452 specimens assigned to 37 genera of
brachiopods, mimicking the actual sample sizes for
those genera. The simulated specimens were then
“drilled” by the computer with an a priori assigned
probability of 1.1%. The inset plot shows the result
of the simulation. Only one time in 999 iterations
was the simulated ATF value lower than or equal
to 43.6%, demonstrating that drill holes are
distributed non-randomly (i.e., if drilling was
random, significantly more genera should contain
holes than is observed in the data). The reported
p=0.002 includes 999 random values and the actual
sample (see Manly, 1995).

One should be careful in interpreting taxon
selectivity, especially in the case of paleontological
data. Because of time-averaging, the assemblage
may contain prey taxa that never encountered the
predator even though they are preserved in the same
assemblage; so the “selectivity” may have nothing
to do with active selection by predators but may
simply reflect the fact that predators never had a
chance to encounter some of their “contemporary”
prey. Also, and this problem applies to
neontological studies as well, the lack of traces may
mean that the predators failed in their attacks, and
not that they did not try.

Leighton (2002) points to another serious
problem of selectivity analyses related to the
sequential nature of many predator-prey
interactions. Because marine benthic predators tend
to encounter one prey at a time, the frequency of
attacks may reflect the frequency of prey
encounters, and not a preferential selection by an
optimally foraging predator. If, as Leighton (2002)
argues, the “zero-one rule” is in effect (i.e., any
prey type that is ever taken will always be taken),
then differences in frequency of drill holes or repair
scars observed across prey taxa may reflect the
relative abundance and/or accessibility of those
prey taxa. Although the zero-one rule may be
questioned—many models postulate that the

behavior of individual organisms varies through
time so any prey type that is ever taken does not
have to be always taken (e.g., Evolutionarily Stable
Strategy; see Dawkins, 1976 for an excellent
review)—the sequential nature of encounters
makes selectivity analyses based on relative
frequencies of predation traces questionable (see
Leighton, 2002 for more details).

Site Selectivity.—The location of trace fossils left
by a predator on skeletons of its prey may provide
useful information about the behavior of that predator
and its interaction with its prey. Many predators,
parasites, or amensal organisms are behaviorally
stereotyped in showing a preference for a particular
location for their attack or attachment site.
Consequently, biotic traces often display non-random
patterns in terms of their spatial distribution on prey
or host skeletons. The evaluation of such site
selectivity is useful for several reasons. First, the
presence of site selectivity provides strong evidence
for the biotic origin of traces (see section above on
criteria for identifying traces of predation). Second,
the specific nature of site selectivity may provide
clues as to the nature of biotic interactions recorded
by traces (e.g., drill holes located around areas that
give direct access to muscle tissues of victims are
more likely to represent predation than parasitism).
Third, changes in site selectivity through time may
offer a good tool for evaluating various evolutionary
models (e.g., Hagadorn and Boyajian, 1997; Dietl
and Alexander, 2000). In exceptional circumstances,
multimodal patterns in distribution of trace fossils
along the growth axis of its prey may be used to
detect seasonality of predation and growth curves
of the prey (e.g., Kowalewski and Flessa, 2000).

Although the evaluation of site selectivity can
be applied to various types of traces, including
fractures, repair scars, cut marks, and tooth marks
(e.g., Babcock and Robinson, 1989; Lyman, 1994;
Kowalewski et al., 1997; Kowalewski and Flessa,
2000), most of the studies in the marine fossil record
have focused on drill holes in invertebrate shells
(e.g., Reyment, 1971; Negus, 1975; Kelley, 1988;
Kowalewski, 1990; Anderson, 1992; Roopnarine
and Beussink, 1999; Dietl and Alexander, 2000;
Hoffmeister and Kowalewski, 2001; and many
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FIGURE 6
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references therein). This is not surprising
considering that drill holes are highly localized
traces (i.e., attack sites can be unambiguously
determined) that often represent a uniform record
of a single behavior and are frequent enough to
make statistical analyses possible.

The strategies used to study site selectivity are
dependent on prey type and scale of analysis. They
include two general approaches: (1) among-element
selectivity and (2) within-element selectivity.

Among-element tests for selectivity are based
on evaluating distribution of traces across different
skeletal elements or symmetry axes. Naticids may
prefer to drill a left rather than a right valve of a
bivalve mollusk prey, or a carnivore may
preferentially gnaw and chew particular types of
bones (e.g., Dodson and Wexlar, 1979; Kusmer,
1990; Lyman, 1994). The evaluation methods are
straightforward analytically (although biological
interpretations may not be—see especially Kaplan
and Baumiller, 2000; Wilson and Palmer, 2001;
Kaplan and Baumiller, 2001) and typically involve
a comparison of expected frequency of traces
(given the relative frequency of elements) against
their observed frequencies. The Fisher’s exact test
can be applied for cases when two elements are
involved, and Homogeneity (G-test, Chi-square)
and/or Kolmogorov-Smirnov tests can be applied
for multiple elements. If elements vary in their
preservational potential, a more complicated
analysis can be considered: Kaplan and Baumiller
(2001) combined trace fossil distribution patterns
with taphonomic information in a way somewhat
akin to Bayesian statistical methods.

Within-element methods test for non-

randomness in the spatial distribution of trace
fossils on a particular type of skeletal element: for
example, distribution of repair scars on brachiopod
valves along the growth axis (e.g., Kowalewski et
al., 1997), angular distribution of drill holes on snail
shells (e.g., Dietl and Alexander, 2000), or spatial
distribution of attack sites across the symmetry axis
of a bilateral organism (e.g., Babcock, 1993).
Numerous analytical strategies have been
developed over the years. The five main types can
be distinguished here:

1. Qualitative Approach is based on
superimposing all traces on a single “standard”
element (Fig. 6a). This method is highly imprecise
(because of the high potential operator error and
morphological and allometric variability among
specimens) and produces data that cannot be
converted to data usable in other approaches listed
below. On the other hand, the approach allows us
to define sectors that are biologically meaningful,
and it can be used to test very specific hypotheses
about the nature of traces (see especially Leighton,
2001; Zlotnik, 2001).

2. Sector Approach is based on partitioning the
prey skeleton into sectors and tallying the
frequency of traces in each sector. The resulting
distribution can then be evaluated statistically using
homogeneity tests (e.g., Reyment, 1971; Kowalewski
et al., 1997), the Shannon-Weaver Evenness Index
(Dietl et al., 2001), or computer-intensive methods
(e.g., Kowalewski et al., 1997). The sector-based
approaches include two variants. Uneven-sector
approach is a widely used strategy (e.g., Kelley,
1988; Kowalewski, 1990; Anderson, 1992;
Hoffmeister and Kowalewski, 2001) based on

FIGURE 6—Examples of strategies for evaluating site selectivity of predation. All examples are based on
drill holes in marine invertebrate prey. A. Qualitative approach based on plotting drill holes on a standardized
prey skeleton. The diagram shows distribution of large (>1mm) (triangles) and small (<1mm) (dots) naticid
holes in the right valve of the Miocene bivalve Corbula gibba (Korytnica Clays, Central Poland) (modified
after Zlotnik, 2001). B. A scheme of uneven sectors based on Kelley (1988) and modified after Kowalewski
(1990). C. Bookstein (shape) coordinates of drill holes in pedicle valves of the Pennsylvanian brachiopod
Cordiarina cordata (left diagram). These data can be readily converted into even-sector data (right diagram).
Both diagrams modified after Hoffmeister (2002) and Hoffmeister et al. (submitted).

←
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partitioning a skeleton into a small number
(typically <10) of sectors of uneven size (Fig. 6b).
Because the sectors are of uneven size, data
analyses are somewhat complicated as the sectors
need to be corrected for differences in the area they
represent. Even-sector approach, based on
subdividing shells into sectors of equal area, is
analytically more elegant because it makes all
sectors statistically comparable (e.g., Reyment,
1971; Kowalewski et al. 1997); but it produces a
biologically arbitrary grid system.

3. Angular Approach can be applied to skeletal
surfaces that can be quantified using angles (e.g.,
snail or ammonite shells). The position of traces
can be quantified using continuous variables
measured in radians or degrees. Parametric tests
for circular data (see Zar, 1999) can be applied but
are not recommended because of the unrealistic
assumptions of normality and, especially,
unimodality. An example of a computer-intensive
method that can be used to avoid these assumptions
is provided in Appendix 1.

4. Sclerochronological Approach can be
employed for repair scars in organisms with clearly
defined growth axes. A distribution of traces along
the growth axis of an organism can provide
information about the distribution of unsuccessful
attacks across prey age/size classes. In some
exceptional circumstances this approach can be
used to detect seasonality of predation
(Kowalewski and Flessa, 2000), although this
strategy is most applicable to living populations
where time-averaging and several other
complicating factors can be ignored.

5. Landmark Approach (Fig. 6c) was proposed
in a clever analysis by Roopnarine and Beussink
(1999), who treated drill holes as two-dimensional
landmarks. This strategy allows us to apply modern
morphometric techniques (e.g., Bookstein, 1991;
Marcus et al., 1996; Dryden and Mardia, 1998) to
compute the position of drill holes in relation to
homologous landmarks and pseudolandmarks on the
prey skeleton (Roopnarine and Beussink, 1999;
Hoffmeister et al., submitted). This is one of the most
effective ways of quantifying the position of predation
traces (in fact, it can be viewed as a quantitative

version of the qualitative approach discussed in point
1 above) that allows for rigorous integration of
behavioral data on predators with morphological
information about their prey. The analyses can be
further enhanced by superimposing additional
information such as trace size on the resulting plots
(this last enhancement can also be exploited when
other site-selectivity methods are used).

Size Selectivity.—Size of prey may be an
important factor in many predator-prey
interactions, as many prey become less vulnerable
to predation as they grow bigger (see Vermeij, 1987
and references therein); and the cost-benefit ratio
for predators may also vary considerably with prey
size (e.g., Kitchell et al., 1981; Pyke, 1984;
Kitchell, 1986). For all these reasons traces of
predation may be non-randomly distributed across
size classes of prey and, depending on the predator-
prey system, may reflect size selectivity for smaller,
intermediate, or larger individuals in a prey
population (see examples in Alexander and Dietl,
in press). Such non-random patterns may mean that
the predator preferred attacking particular size
classes. In the case of repair scars, the interpretation
is more ambiguous because such a pattern may
mean that the predator failed more frequently when
attacking a given size range.

A simple analytical way to evaluate for size
selectivity is to compare, within samples or
collections, the size-frequency distributions (SFD)
of drilled specimens of a given prey against the
SFD of undrilled specimens of that prey. The
statistical difference can be evaluated using non-
parametric tests such as the Kolmogorov-Smirnov
test (evaluating the significance of the overall shape
differences) and the Wilcoxon test (evaluating the
significance of the difference in central tendency
as estimated by median specimen size).

Because some trace fossils such as drill holes
may be used as a proxy for relative size of the predator
(e.g., Kitchell, 1986; but note that this claim is based
on one case study for one naticid species), there may
even be a way to evaluate if prey size correlates with
the size of its predator. Such correlation may also
indicate size selectivity by the attacker. The approach
involves a simple bivariate correlation analysis in
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which the size of a trace is evaluated against the size
of a prey specimen that contains that trace (e.g.,
Kitchell et al., 1981; Kowalewski, 1990; Anderson,
1992; Harper et al., 1998). The standard correlation
tests can be applied here. However, size data tend to
be non-normally distributed and rarely represent
continuous variables (e.g., drill holes may vary by
as little as 1 mm so even if the measurement
precision is 0.1 mm the resulting variable is discrete
in practice: we group holes in 10 or so size
categories). Consequently, Spearman rank
correlation rather than Pearson correlation should
be employed for analysis. The size estimate is
typically based on the maximum dimensions of a
skeleton. However, Centroid Size (CS) is preferred
here because this landmark-based measure tends to
be isometric (e.g., Dryden and Mardia, 1998). CS is
especially convenient to use when geometric
morphometric methods are applied to quantify prey
shape and trace fossil position (see above).

In the case of drill holes, several studies
integrated size selectivity with cost-benefit analysis
(e.g., Kitchell et al., 1981; Kelley, 1988; Anderson
et al., 1991; see recent review by Kelley and
Hansen, in press, for more examples). In such
analyses the cost-benefit analysis is used to
estimate the expected size class of prey that should
be preferred by the predator, and the resulting
prediction is contrasted against the observed pattern
estimated from the distribution of traces across all
size classes of prey (but see Leighton, 2002).

Size analysis is prone to various biases. In the
case of repair scars, the larger specimens tend to
have more scars for two reasons that have nothing
to do with size selectivity. First, the larger prey
are often more likely to survive predatory attacks;
and second, the larger prey lived longer and
therefore had a higher chance of encountering
predators (e.g., Vermeij and Dudley, 1982;
Vermeij, 1987; Kowalewski et al., 1997;
Alexander and Dietl, in press). Size analysis may
also be particularly sensitive to taphonomic
problems. A large trace made in a small skeleton
may substantially weaken that skeleton and make
its preservation less likely. Notice that typically
a positive correlation is expected intuitively

(larger predators eat larger prey), but such
correlation can be enhanced because the skeleton
of a small prey attacked by a large predator is less
likely to be preserved than a skeleton of a large
prey attacked by a large predator.

TESTING FOR
TAPHONOMIC BIASES

Traces of predation may weaken prey skeletons
or affect their hydrodynamic properties. Even if
traces do not affect the skeleton notably, post-
mortem processes may obscure or remove traces
left by predators. Consequently, taphonomic filters
ranging from pre-burial processes to compaction
and diagenesis may bias quantitative patterns
preserved in the geological record. For example,
in the case of drill holes, Lever et al. (1961)
demonstrated that drilled specimens were
transported farther up the beach than undrilled
valves (note that most fossil samples used in
paleoecological studies are from deposits that
accumulated in more offshore settings, for which
the results of the Lever et al. (1961) study may not
apply directly). Such post-mortem sorting may
distort quantitative estimates of drilling intensity
(see also Kornicker et al., 1961). Roy et al. (1994)
used an experimental approach to show that drilled
valves of the mactrid bivalve Mulinia were weaker
under point-load compression than were undrilled
valves. On the other hand, sediment compaction
experiments indicate that drilled specimens of the
bivalve Anadara break less frequently than
comparable undrilled valves from the same genus
(Zuschin and Stanton, 2001; see also Kaplan and
Baumiller, 2000); and Hagstrom (1996) showed
that the point-load weakening observed by Roy et
al. (1994) may be a serious problem only in high-
energy environments.

Many other taphonomic processes may distort
the data. Post-mortem encrusters may veneer over
a repair scar left by a predator, and incomplete drill
holes can become “complete” through subsequent
removal of their thin bottoms (e.g., the translucent,
ultra-thin flooring of incomplete drill holes
observed commonly in Spisula solidissima [R.R.
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Alexander, pers. comm., 2002] can easily be
removed by taphonomic processes).

The evaluation of paleoecological data on
predation can involve both experimental and
indirect taphonomic approaches. An experimental
approach is exemplified by the work of Kaplan and
Baumiller (2000), who performed a series of
experiments with casts mimicking the morphology
of the studied prey (the brachiopod Onniella) and
used the results of their experiment to evaluate for
taphonomic biases.

Taphonomic data can also be used indirectly
to evaluate biases. Roy et al. (1994) suggested a
set of simple questions to assess for taphonomic
bias in drill holes. Do fragments of prey skeleton
frequently show partial traces? Frequent partial
traces indicate that most of the fractures pass
through the trace fossils and may have been
initiated by those traces. This pattern suggests that
a bias exists. Are fragments generally common in
the fossil assemblage? If they are rare, the
fragmentation bias cannot be severe.

Nebelsick and Kowalewski (1999), in a study
of drilling predation on echinoids, proposed a simple
taphonomic model to test for bias. They argued that,
if drill holes have no taphonomic effect, their
distribution should be independent of the
taphonomic alteration of drilled tests (i.e., uniform
across taphonomic grades); if drill holes affect the
preservation potential of echinoids by substantially
weakening their tests, the proportion of drilled tests
should decrease with the increase in taphonomic
alteration; and, finally, if drill holes are of
taphonomic (post-mortem) origin (i.e., they are
pseudo-drillings), a proportion of drilled tests should
increase with the increase in taphonomic alteration.
Nebelsick and Kowalewski (1999) then showed that
drilled specimens are as common among tests
severely altered by taphonomic processes as among
tests that are still pristine; that is, the proportion of
drilled tests does not decrease or increase with the
increase in taphonomic alteration of the tests (Fig. 7).
They concluded that drill holes are unlikely to have
a serious taphonomic effect even for the small, thin
tests of the clypeasteroid echinoids used in their
study. They noted, however, that the neontological

material they studied, unlike most of the fossilized
tests, was unaffected by compaction, during which
preferential breakage of drilled tests would be more
likely to occur. Finally, in a daring study, Kaplan
and Baumiller (2000) proposed the use of
taphonomic data to correct for biases in a
quantitative way. This approach, specifically
designed for bivalved organisms, estimates the
magnitude of the differential bias in the preservation
of opposite valves of an organism and uses the
resulting estimate to correct the frequency data of
trace fossils found in those valves.

METHODOLOGICAL
RECOMMENDATIONS

It is clear from the above review that there is
a multitude of approaches for collecting traces of
predation, processing and tabulating the resulting
materials, analyzing the resulting data, and
interpreting the analytical outputs. It is also clear
that interpretations are rarely unambiguous
because of the complexity of ecological
interactions, the confounding effects of abiotic
factors, and the obscuring and biasing effects of
taphonomic processes.

It would be foolish to suggest at this point (or
perhaps at any point in the development of a scientific
discipline) that we should erect strict guidelines
regarding how to collect, analyze, or interpret the data
(see also Feyerabend, 1978). Consequently, whereas
I do propose here some general methodological
recommendations, they are primarily geared toward
making our data more compatible and readable (i.e.,
more useful to other researchers).

1. Given a wide range of data collecting and
processing strategies, a method that maximizes the
compatibility of resulting data with future
comparative analyses should be preferred. For
example, if possible, fine mesh size should be used
in sieving the samples because that way data can
be compared (by eliminating analytically small
specimens) to other datasets that were processed
with coarser meshes.

2. Results should be reported in a clear manner
so that future researchers can combine the reported
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data with other datasets or compute different
indices than those computed in an original study.
Also, one should not restrict her/his reports to
processed/corrected results from which raw data
cannot be recomputed. We should follow
Stuckenrath’s (1977, p. 187) plea not to correct raw
data because “…eventually these corrected [data]
will have to be uncorrected in order to be
recorrected in order to be correct…”.

3. When faced with different tabulating and
analytical strategies, a method that makes the
resulting data usable in the widest possible range
of analytical approaches should be preferred. For
example, if possible, data should be collected in a

way that allows one to compute various measures
of predation intensity rather than only one metric.
A particular metric may indeed be the most useful
and appropriate for a specific case study, but others
may want to use the data for other reasons (even
the authors may, perhaps, agree retrospectively that
their preferred metric does not work for these new
research goals).

4. When faced with a multitude of analytical
choices, one should keep in mind that the choice
of the method may not always be important. If
possible, a comparison of different metrics may
help us to resolve the issue (if all correlate highly
the approach may not matter, but if they vary a lot

FIGURE 7—Taphonomic comparison of drilled and undrilled tests of clypeasteroid echinoids from the
Northern Bay of Safaga, Red Sea. A. Fibularia ovulum. B. Echinocyamus crispus. Symbols: n – sample
size. Modified after Kowalewski and Nebelsick (in press). Taphonomic Grade is a semi-quantitative rank
variable that varies from 1 for the least altered echinoid tests to 10 for the most heavily altered tests.
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one needs to make an explicit claim as to why one
of them is selected for the analysis).

5. Various protocols and analytical methods can
be fruitful depending on the logistic circumstances
and scientific goals of a paleoecological project.

6. The most fruitful analyses are based on
relative comparative approaches. Latitudinal
changes in predation intensity or temporal shifts in
behavioral stereotypy are more insightful than a given
absolute frequency of predation or a specific degree
of stereotypy. Comparative analyses can also help
avoid various biases. For example, taphonomic bias
or spatial/environmental overprint can be minimized
if comparisons are done for samples from similar
taphonomic settings and comparable depositional
environments (the “isotaphonomic approach” of
Behrensmeyer and Hook, 1992).

7. Finally, regardless of the above points, it
seems particularly useful to provide raw data (either
as repository data or appendices) so that future
researchers can re-analyze these data in new ways.
Consider all the data on predation traces that have
been collected over the last 40 years and cannot be
accessed. At best, a few succinct tables and graphs
are all that remain. This is the one mistake we need
not repeat in our future efforts.

CLOSING REMARKS

The methodological dimension of research on
predation traces is a rapidly growing field of study.
Based on current activities, the future

methodological themes that are likely to benefit
our discipline include (1) laboratory experiments
that should help us in dealing with various
taphonomic biases, (2) neontological analyses that
provide reference baselines and should further help
us to understand various confounding factors that
need to be accounted for before proposing any
interpretation (e.g., spatial gradients in predation),
and (3) numerical modeling that should continue
to improve our arsenal of statistical tools and
analytical strategies.

Despite all caveats and problems, distinct
traces of predation such as drill holes offer one of
the best sources of quantitative data in
paleoecology. Such traces provide unusually
favorable research conditions for testing new
methodologies and for pushing our interpretive
powers to the highest possible limits. Research on
predation traces can thus be viewed as one of the
foremost areas for testing the scientific limits of
our discipline—by examining traces of predation
we can examine the limits, strengths, methods, and
assumptions of paleoecology.
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APPENDIX 1—A SAS/IML and SAS/STAT program
to test for non-random distribution of traces across
taxa. The program generates four outputs: (1)
frequency of traces for each taxon and each
iteration; (2) Null proportion of taxa expected to
contain traces sorted by iteration; (3) Null highest
per-taxon frequency of traces sorted by iteration;
and (4) Null highest per-taxon frequency of traces
by iteration and taxon. Written by M. Kowalewski.

________________________________________________

%let prob=0.011; * - assemblage-level drilling frequency (AF);
%let times=999; * - number of iterations;
PROC IML;

X={292,280,280,280,220,200,200,200,140,140,140,120,120,100,

100,100,100,100,100,100,80,80,80,80,80,80,60,60,60,60,60,60,60,60,60,60,60};

* - enter the specimen numbers for all taxa here;
START drill(X,fin);

    Z=X; a=1-&prob; b=&prob; k=nrow(Z);

    DO i=1 to k;

     new=shape(i,Z[i],1);

     size=shape(Z[i],Z[i],1);

     newsize=new||size;

     new2=new2//newsize;

    END;

    out1=new2; k2=nrow(out1);

    DO j=1 to k2;

      c=rantbl(0,a,b); c1=c-1;

      c2=c2//c1;

    END;

    out2=c2; out3=out1||out2;

    fin=out3;

FINISH drill;

START simul(X,out);

    do i=1 to &times;

    run drill(X,fin);

    fin2=fin||shape(i,nrow(fin),1);

    fin3=fin3//fin2;

    end;

    out=fin3;

FINISH simul;

RUN simul(X,out);

CREATE new from out;

APPEND from out;

CLOSE new;

RUN;

DATA output;

    set new; taxon=col1; nspec=col2; drill=col3; iter=col4;

PROC sort; by iter taxon nspec;

PROC univariate noprint;

    by iter taxon nspec; var drill;

    output out=final n=n mean=mean sum=sum;

title1*Simulation Output for &times iterat & drilling prob &prob*;

title2’Total output’;

PROC print;

    var iter taxon nspec mean sum;

DATA new2;

    set final;

    if sum>0 then sum=1;

PROC univariate noprint;

    by iter; var sum;

    output out=final2 mean=mean;

title2’Proportion of taxa drilled by iteration’;

PROC print;

PROC univariate data=final noprint;

    by iter; var mean;

    output out=final3 max=max;

title2’The highest per-taxon drilling frequency by iteration’;

PROC print;

PROC sort data=final; by iter nspec;

PROC univariate noprint;

    by iter nspec; var mean;

    output out=final4 max=max;

DATA new3;

    set final4; keep iter nspec max;

title2’The highest drilling frequency by taxon sample size by

iteration’;

PROC print;

QUIT;

_______________________________________________________

APPENDIX 2—A SAS/IML and SAS/STAT program
for a two-sample bootstrap test for difference in
means for circular (azimuth) data. The algorithm
for the Watson-Williams two-sample test is based
on equations from Zar (1999, p. 626, Example
27.8). F statistic is not corrected (i.e., K=1; see
Zar, 1999, Equation 27.11). The correction is not
needed here because the probability density
function for F is established empirically through
bootstrap simulation. Bootstrap probability [p] is
calculated as follows: p=s+1/i+1, where s is the
number of bootstrap values larger than or equal to
actual F and i is the number of iterations (this
equation includes the actual samples in computing
p; see Manly, 1995). Written by M. Kowalewski.
Note: This code was used recently by Dietl and
Alexander (2000) to analyze changes in site
selectivity of drilling on Cenozoic gastropods.

_______________________________________

%let TIMES=999;       *—number of times to randomize;
%let DATA1=’ang1.dat’;   *—file containing first variable;
%let DATA2=’ang2.dat’;   *—file containing second variable;
Title1’2-sample bootstrap for circular data (Watson-Williams

test)’;
Title2’written by Michal Kowalewski, October 11, 1999';
DATA data1;    infile &DATA1; input var1;
DATA data2;    infile &DATA2; input var2; RUN;
PROC IML; %let pi=3.1415926535;
USE data1; READ all var{var1} into X1;
USE data2; READ all var{var2} into X2;
START RANVEC(in,v_out); k=nrow(in); v_index=in;
DO i=1 to k; rand=floor((k-i+1)*ranuni(0) + 1);

v_ran=v_ran||v_index[rand]; v_index=remove(v_index,rand); END;
v_out=v_ran; FINISH RANVEC;

START MIXUP(X,times,template);
n=nrow(X); template=t(1:n)*j(1,times,1);
DO i=1 to times; run ranvec(template[,i],out);

template[,i]=t(out); END; DO i=1 to n; run
ranvec(t(template[i,]),out); template[i,]=out; END; FINISH MIXUP;

START WATSON(D1,D2,F);
Y1=D1/(180/&pi); Y2=D2/(180/&pi); Y=Y1//Y2;
C1=sum(COS(Y1))/nrow(Y1); S1=sum(SIN(Y1))/nrow(Y1);
R1=sqrt(C1**2+S1**2)*nrow(Y1); a1=arcos(C1/(R1/

nrow(Y1)))*(180/&pi);
C2=sum(COS(Y2))/nrow(Y2); S2=sum(SIN(Y2))/nrow(Y2);
R2=sqrt(C2**2+S2**2)*nrow(Y2); a2=arcos(C2/(R2/
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nrow(Y2)))*(180/&pi);
C=sum(COS(Y))/nrow(Y); S=sum(SIN(Y))/nrow(Y);
R=sqrt(C**2+S**2)*nrow(Y); mean_a=arcos(C/(R/

nrow(Y)))*(180/&pi);
Fstat=((nrow(Y)-2)*(R1+R2-R))/(nrow(Y)-R1-R2);
F=a1||a2||mean_a||Fstat; FINISH WATSON;
START BOOT(X1,X2,times,dist);
RUN watson(X1,X2,aF); X=X1//X2; k=nrow(X1);

j=nrow(X2);
RUN mixup(X,times,template);
Do i=1 to times; Y1=X[template[1:k,i]];

Y2=X[template[(k+1):(k+j),i]];
RUN watson(Y1,Y2,F); rF=rF//(i| |F); END; rand=rF;

act=shape(aF,nrow(rand),ncol(aF)); dist=rand||act; FINISH BOOT;
RUN BOOT(X1,X2,&times,dist);
CREATE OUT from DIST [colname={‘i’ ‘r1’ ‘r2’ ‘mean-r’ ‘rF’

‘a1’ ‘a2’ ‘mean_a’ ‘aF’}];
APPEND from DIST; CLOSE OUT;
DATA report; set OUT; if i=1; keep a1 a2 mean_a aF;
DATA count; set OUT; if rF>=aF then p=1; else p=0;
PROC univariate noprint; var p; output out=last sum=s N=n;
DATA prob; set last; n=n+1; p=(s+1)/n; keep p n;
DATA final; merge prob report;
PROC print data=final noobs split=’*’;
label a1=’mean angle for the first sample’; label a2=’mean

angle for the second sample’; label mean_a=’mean angle for pooled
data’; label aF=’Waston-Williams Stat. without K-factor correction’;
label n=’number of random samples (# iterations + 1)’; label
p=’probabil. that 2 samples have the same mean angle’; RUN; QUIT


