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The fossil record of predatory drill holes in shelled invertebrates provides valuable evidence to understand
the evolutionary role of biotic interactions in deep time. It is hypothesized from modern studies that preda-
tory gastropods do not randomly attack molluscan prey; rather they select their prey in order to maximize
the energy gain. We have tested this hypothesis using bivalves from Miocene marine deposits of Kutch,
India. The prey group consists of Chlamys sp., Placuna lamellata and four species of oyster bivalve namely
Ostrea latimarginata, Ostrea angulata, Crassostrea gigensis, and Hyotissa hyotis. The overall drilling frequency
is 20% and the species level frequency is as high as 35%. There is quite a high incidence of incomplete drill
holes; while the assemblage level frequency is 41%, the species level frequency is as high as 57%. Our assem-
blage demonstrates preferred selection of prey in terms of taxonomy, size, site and valve by the predatory
gastropod. Such selections are guided by the energy maximization strategy of the predator. Moreover, the
high incidence of incomplete drill hole makes the dynamics even more intriguing since it shows a different
pattern of selectivity compared to that of successful attacks. The success rate of an attack differs with size
of the predators, hence indicative of an ontogenetic improvement in predatory skills. The overall predation
intensity, although comparable to a few reports from other continents, is largely different from the global
average of drilling frequency of Miocene.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Predation plays a major role in natural selection. It has contributed
significantly in shaping the global biodiversity of the marine fauna
(Carriker and Yochelson, 1968; Vermeij, 1987; Huntley and
Kowalewski, 2007; Stanley, 2008). Although the importance of preda-
tion has been recognized, it is often difficult to study the effect in deep
time due to the lack of preservable traces of such interactions. Preda-
tion by drilling gastropods creates a unique scenario where it pro-
duces a readily preservable signature of the predatory event in the
victim itself. Drilling predation, therefore, has been extensively stud-
ied to evaluate hypotheses on evolutionary significance of biotic in-
teraction, such as coevolution (e.g., De Angelis et al., 1985; Kitchell,
1986, 1990) and escalation (e.g., Vermeij, 1987; Kelley and Hansen,
1993, 1996; Dietl and Alexander, 2000). The borehole produced by a
muricid or naticid gastropod on prey provides evidence of the success
or failure of predation, a measure of the size of the predator and a si-
multaneous measure of relevant characteristics of the prey (Kitchell
et al., 1981; Chattopadhyay and Baumiller, 2007). Moreover, the pres-
ence of drilling behavior in Recent molluscan assemblages allows us
to conduct actualistic studies and use the results to decipher the biotic
interaction in deep time.
adhyay).

rights reserved.
Extensive studies have been conducted worldwide to understand
the details of drilling predation on bivalves in Recent (reviewed by
Kitchell et al., 1981; Kelley and Hansen, 2003; Sawyer and Zuschin,
2010) and ancient ecosystems (reviewed by Kelley and Hansen,
2003; Harper 2003, 2006; Huntley and Kowalewski, 2007). Most of
such studies have been conducted on Cenozoic assemblages. There
have been reports on Miocene bivalves showing predatory drill
holes from all over the globe (Hoffman et al., 1974; Dudley and
Dudley, 1980; Colbath, 1985; Kelley, 1988; Kowalewski, 1990;
Anderson, 1992; Hoffmeister and Kowalewski, 2001; Zlotnik, 2001;
Amano, 2003, 2006; Kelley and Hansen, 2006; Sawyer and Zuschin,
2011) except from the Indian subcontinent. The only study on dril-
ling predation from this area focuses on Mesozoic assemblage
(Bardhan et al., 2012).

In the global reports on Cenozoic drilling predation on molluscs,
only a very few studies established the nature and cause of selectivity
of such attacks. Some approaches tried to explain the selectivity from
ecological preference (Hoffmeister and Kowalewski, 2001; Sawyer
and Zuschin, 2010) by showing difference in predation intensity in
different ecological guilds. Others studied it using energy maximiza-
tion model to demonstrate the difference in net energy gain by
selecting a specific prey (Kitchell et al., 1981; Kelley, 1988).

This study presents the first report of extensive drilling predation
from Miocene strata of Kutch, India. We have further investigated
the nature of drilling behavior from ecological as well as energy-
maximization strategy.

http://dx.doi.org/10.1016/j.palaeo.2013.01.016
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2. Materials and methods

2.1. Geologic and paleontological settings

All the samples used for the study were collected from an expo-
sure near Rampar village (N 23°20.110′, E 68°48.735′) located in
Kutch region of Western India (Fig. 1) during a field trip in December,
2011. The beds belong to the lower Chhasra Formation of Early Mio-
cene age. The thickness of the beds varied from 30 cm to 200 cm in
this region. Chhasra Formation is comprised of two members: lower
Claystone and upper Siltstone member (Kumar et al., 2009). The
specimens belong to the biostromal composite concentration (also
known as community shell concentration, Norris, 1986; Meldahl,
1993; Cantalamessa et al., 2005) of the lower claystone member of
the Chhasra Formation, mainly characterized by matrix-supported
fabric, randomly oriented shells, low to moderate fragmentation and
dissolution of shells (Fig. 2).

Molluscan specimens were collected from the vertical face of the
exposure by surface sampling; the heavy rainfall during 2011 consid-
erably loosened the claystone yielding intact fossil specimens. Where
the hard rock prohibited the safe recovery of the specimen, we took
detailed field photographs for documentation. The Cenozoic mollus-
can assemblages from Kutch region have been studied and described
in detail (Kachhara et al., 2012; Borkar et al., 2004; Chattopadhyay,
2004; Kulkarni et al., 2007, 2009). The present locality represents
many of the typical taxa. The faunal assemblage of this locality con-
sists of bivalves (dominantly oysters), gastropods, echinoids and
bryozoans.

2.2. Data collection and analysis

Specimens were brought back to the laboratory for detailed study.
All the specimens were photographed and examined for evidence of
drill holes. The photographs were later analyzed for maximum size,
shape and size of the drill holes using digitization software (ImageJ).
Dimensions of some fragmented specimens were reconstructed using
the relationship between anterior-posterior and dorsal-ventral length
Fig. 1. Detailed map
of intact specimens of the same species. The size of a drill hole was
measured by measuring the maximum outer diameter of the hole
(outer borehole diameter or OBD). The valves were recognized as
right or left in order to check selectivity of valve by the predator.
The collected samples were housed in the paleontology laboratory
of Department of Earth Sciences, IISER Kolkata (IISER-K/Ku/Mio/
1-319).

All the specimens in our collection were disarticulated valves.
Hence, the frequency of drilling predation was calculated by dividing
the number of bored valves by the half of total number of valves in
the collection (Kowalewski, 2002).

Drilling Frequency DFð Þ ¼ ND= N � 0:5ð Þ

where

ND Number of valves with complete drill hole
N Total number of valves.

The incomplete drilling frequency however was calculated by di-
viding the total number of incompletely drilled valves by the total
number of drilled valves present in the collection.

Incomplete Drilling Frequency IDFð Þ ¼ NID= NID þNDð Þ

where

NID Number of valves with incomplete drill hole
ND Number of valves with complete drill hole.

Previous workers have used a similar index called “prey effective-
ness (PE),” defined by Vermeij as the number of incomplete drill holes
divided by the total number of attempted drillholes (complete and in-
complete). Our metric would be comparable to PE if there is no inci-
dence of multiple drill holes. Both DF and IDF were calculated for
assemblage level as well as for species level. Assemblage Frequency
of the locality.



Fig. 2. Lithostratigraphic classification of Miocene rocks of Kutch (after Biswas, 1992) with the detailed litholog of the Claystone member of Chhasra Formation.
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metric (AF) and Lower Taxon Frequency metric (LTF) were calculated
using the protocol described by Kowalewski (2002).

Size preference was evaluated by two methods: 1) comparing
the size of drilled valves with undrilled valves of the same species
and 2) evaluating the relationship between OBD and corresponding
prey size for a drill hole. In order to check for site stereotypy, it is
been a standard practice to use nine sector grids following Kelley
(1988). However, it was difficult to implement the protocol on the
oysters because of their irregular shape. Therefore, we adopted an-
other protocol similar to what is been frequently used for testing
stereotypy on gastropod prey (Berg and Nishenko, 1975). Once all
the specimens were photographed and digitized using ImageJ, the
umbo was identified. We measured the angle between the tangents
drawn on the outline of the shell in two opposite sides near umbo.
The angle was then divided in five equal parts and incidence of drill
holes was studied in each of the segments. We compared the incidence
of drill holes in different sectors after normalizing for their difference in
area. It is worth noting that thismethod, however, has the disadvantage
of dividing the prey's shell into dorso-ventrally elongated sectors. This
might permit a considerable degree of variation in placement of the
drill holes along the long axis of the sector to count as a non-random
distribution in placement. This method was exercised only on two spe-
cies of Ostrea. Others had too few drill holes to run any meaningful sta-
tistical analysis. All the statistical analyses were performed in PAST 2.16
(Hammer et al., 2001).

3. Results

3.1. Basic structure of the studied assemblage

A total of 275 valves of bivalve molluscs were collected, identified to
species level and studied for drill holes. These shells represent four spe-
cies of Oysters (Ostrea latimarginata, Ostrea angulata, Hyotissa hyotis,
Crassostrea gigensis), Placuna lamellata and Chlamys sp. (Fig. 3, Table
1). The two most abundant bivalve species are Ostrea latimarginata
and Ostrea angulata.

3.2. Drilling frequency

We found 27 of the valveswith complete drill holes in our collection
(Fig. 3, Table 1). The Assemblage Frequency metric, AF, is 20%. The LTF
metric showed that the 2nd most common species, Ostrea angulata, ex-
hibits the highest frequency of drill holes (35.4%) followed by Ostrea
latimarginata (15%) and Chlamys sp. (13%) (Table 1).

The overall incidence of incomplete drill hole is quite high (41%).
Out of a total of 19 incomplete drill holes, Ostrea latimarginata alone
has 12 while Ostrea angulata has 5 (Fig. 5a, Table 1). Hyotissa hyotis
does not have any complete or incomplete drill holes. There is no in-
cidence of multiple drill holes in any of the specimens.

3.3. Taxa selectivity

Among the diverse bivalve species present, the predator successfully
preyed upon predominantly one species, Ostrea angulata. O. angulata
has a higher drilling frequency compared to any other species. This dif-
ference is statistically significant for Ostrea latimarginata (χ2 test,
pb0.05) (Fig. 3). O. latimarginata has a higher incomplete drill hole fre-
quency compared to any other species. This difference is statistically
significant for O. angulata (χ2 test, pb0.05) (Fig. 4).

3.4. Size selectivity

We compared the size of drilled (complete and incomplete) individ-
ualswith the undrilled valves in each species that has drill holes (Fig. 5).
ForOstrea angulata the average size of individuals with drill holes is sig-
nificantly higher than the undrilled individual (t=4.58, pbb0.05). The
specimens of O. angulata with incomplete drill holes are significantly
larger than those with complete drill holes (t=2.78, pbb0.05)
(Fig. 5a). For O. latimarginata, the trend remains the same (Fig. 5b).
For Chlamys sp. too the specimenswith incomplete drill holes are larger
than those with complete drill holes (Fig. 5c). However, the completely
drilled specimen of Crassostrea gigensis is larger than the incompletely
drilled one (Fig. 5d). No statistical analysis could be performed on
these species because of the small sample size.

There is no significant correlation between prey size and OBD for
Ostrea angulata. However, the average OBD for complete drill holes
is significantly higher compared to the incomplete drill holes (t=
3.29, pbb0.05) (Fig. 6a). The same is true for Ostrea latimarginata
(t=2.27, pbb0.05) (Fig. 6b). For combined data on O. latimarginata
and O. angulata we compared the success rate (relative proportion
of complete and incomplete drill holes) of small (OBDb0.15 cm)
and large (OBD>=0.15 cm) predators. We found that the larger
predators have a significantly higher success rate (χ2 test, pb0.05).
For Chlamys sp. and Crassostrea gigensis, the sample size is too small
for such statistical evaluation. However, for both the groups, the
OBD size for completely drilled specimens is higher than those with
incomplete drill holes (Fig. 7).

3.5. Site selectivity

All the drilled valves have been drilled from outside confirming
their predatory origin. The drill hole positions vary within and be-
tween species (Figs. 8, 9). For both Ostrea latimarginata and Ostrea
angulata all the drill holes are concentrated in sector 2, 3 and 4. For
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Fig. 3. Complete drillhole on specimens of Ostrea angulata (a), Ostrea latimarginata (b), Chlamys sp.(c). Complete specimens of Crassostrea gigensis (d), Placuna lamellata (e) and
Hyotisa hyotis (f).
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O. angulata, sector 3 has the highest concentration of drill holes and
this concentration is statistically significantly higher than other sec-
tors (χ2 test, pb0.05). For O. latimarginata, sector 3 has the highest
concentration of drill holes and this concentration is statistically sig-
nificantly higher than all other sectors (χ2 test, pb0.05) except 2
where it is marginally significant (χ2 test, p=0.05) (Fig. 8). For the
rest of the species, the position of the drill holes varies quite a lot.
We did not find any edge drilling in any of the specimens.
3.6. Valve selectivity

Drill holes are observed to be found on both of the left and the
right valve. Careful study of the valve selectivity pattern reveals that
for Ostrea angulata the left valve was chosen 9 times out of 14, and
Ostrea latimarginata had 8 out of 9 drill holes on its left valve. This dif-
ference of incidence of drill hole between right and left valve is statis-
tically significant (χ2 test, pb0.05).
Table 1
Taxonomic summary of drill hole data.

Group Valves Complete drills Incomplete drills DF IDF

Ostrea latimarginata 120 9 12 0.15 0.57
Ostrea angulata 79 14 5 0.35 0.26
Chlamys sp. 30 2 1 0.13 0.33
Crassostrea gigensis 22 1 1 0.09 0.5
Placuna lamellata 17 1 0 0.12 0
Hyotissa hyotis 7 0 0 0 0
Total 275 27 19 0.2 0.41
4. Discussion

An event of drilling gets captured in its entirety in a drilled shell pro-
viding a wealth of information about the event such as the identity of
the predator. The beveled, parabolic holes of naticids are easily distin-
guished from relatively smaller and more cylindrical muricid holes.
Apart from the identity of the predator, the drill holes are also indicative
of size of the individual predator since OBD is correlatedwith the size of
the predator for both naticid (Kitchell et al., 1981) andmuricid (Carriker
and Gruber, 1999; Chattopadhyay and Baumiller, 2009) as revealed by
neontological experiments. The detailed study of the drill hole itself re-
veals whether or not the attack was successful. Incomplete or multiple
drill holes are often indicative of failed drilling attempt. The position
of the drill hole on the shell provides information on prey-handling be-
haviors of the predator. Combination of the above techniques of infer-
ence could produce a detailed picture of past biotic interaction which
otherwise is extremely difficult to achieve.
4.1. Nature of drilling

The drill holes in our collection are confirmed to be of predatory
origin as we find distinctive traces of predatory activities such as cir-
cular outline, axis perpendicular to shell surface, sizes being narrowly
distributed and narrow range of outer borehole diameter (Leighton,
2001; Kelley and Hansen, 2003). Moreover, the parabolic shape of
the drill hole cross-section and a raised central area in incomplete
drill holes suggest the predator to be a Naticidae. The presence of
naticid-like form Globularia carlei from the same locality is also
reported by previous researchers (Harzhauser et al., 2009; Kulkarni
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Fig. 4. Incomplete drillhole on Ostrea angulata (a), Ostrea latimarginata (b).
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et al., 2010). Many workers considered Globularia (Sohl, 1965; Kase,
1984; Fischer and Weber, 1997; Das et al., 1999) to be a Naticidae.
However, it is worth noting that sometimes it is quite impossible to
differentiate between the drill holes made by muricid and naticid gas-
tropods (Herbert and Dietl, 2002). A few additional taxa have been
discovered to drill holes that resemble those made by naticids
Fig. 5. Plot showing the relationship between length and width of specimens of Ostrea an
lamellata (e), and Hyotissa hyotis (f). Solid black circles represent completely drilled spec
undrilled specimens. Fragmented specimens have not been plotted.
(Harper et al., 1998) such as Marginellidae, Nassariidae (Ponder and
Taylor, 1992; Morton and Chan, 1997). It is also quite rare to find
naticid attacks on oysters and scallops which are more frequently
preyed upon by muricids. However, the absence of any muricid gas-
tropod from the studied locality inhibits us from concluding muricids
as the true identity of the predators.
gulata (a), Ostrea latimarginata (b), Chlamys sp. (c), Crassostrea gigensis (d), Placuna
imens and grey solid circles represent incomplete drillholes. Open circles represent

image of Fig.�4
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Fig. 6. Plot showing the relationship between prey length and outer borehole diameter (OBD) for Ostrea angulata (a), and Ostrea latimarginata (b). Solid circles represent completely
drilled specimens and open circles represent incomplete drill holes.
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4.2. Prey selectivity

Our study shows that the frequency of drill holes are taxon specific,
as the highest drilling frequency in Ostrea angulata is significantly
higher compared to all other groups. The other species of Ostrea, al-
though attacked the most (represented by total number of complete
and incomplete drill holes), yields a much lower complete drilling fre-
quency. Abundance does not explain the high incidence of complete
drill holes in O. angulata as Ostrea latimarginata is more abundant but
records a high incomplete drilling frequency. The other species show
a much lower drilling frequency that might be linked to their morpho-
logical or behavioral adaptation. Chlamys sp. are known for their swim-
ming adaptations that often makes it difficult for the gastropod drillers
to drill them.Crassostrea gigensishas extremely thick shells besides hav-
ing a large size. Therefore, it is not surprising to find only 50% success
rate of drilling attack for this species. Placuna lamellata, although not a
thick-shelled bivalve, has a very large size. Therefore, it is particularly
difficult to tackle for the naticid predators that trap the prey in their
mesopodium and drag it under the sediment. In such circumstances, it
is not unusual to find the drill hole to be concentrated near the margin.
The only drilled specimen of Placuna lamellata in our collection has a
drill hole that is very close the margin (Fig. 9c). Hyotissa hyotis has an
extremely thick and corrugated shell of considerable size that might
havemade it an undesirable prey item. Examples of such highly specific
prey preferences in predatory gastropods are observed in the Recent
and are also available in the fossil record (Carriker, 1955; Carriker and
Yochelson, 1968; Kitchell et al., 1981; Croll, 1983; Kelley, 1988, 1991;
Dietl and Alexander, 1995).

Size seems to be another extremely important contributing factor in
prey selection. For all the groups the average size of undrilled specimens
is smaller than the drilled specimens. This result contradicts the claim of
Fig. 7. Plot showing relationship between prey length and outer borehole diameter
(OBD) for three species. Circles represent Chlamys sp., squares represent Crassostrea
gigensis and the triangle represents Placuna lamellata. Solid symbols represent com-
plete drill holes and the open symbols represent incomplete drillings.
a size refuge where attaining a particular larger size makes a prey resis-
tant to predatory attack (Vermeij, 1987). The predator–prey dynamics
seems to be much more complex. Kitchell et al. (1981) have argued
that the naticid predator selects its prey in order to maximize net ener-
gy gain. They have demonstrated the phenomena using the data from
live and fossil assemblages of naticid predation. The same has also
been demonstrated for extant muricid drillers (Chattopadhyay and
Baumiller, 2009). Both studies have demonstrated that for a specific
size class of a predator, there exists an optimal prey size. If the predator
attacks a prey smaller than that optimal size, the net energy gain would
be lower than the optimal value. Likewise, if the predator attacks a prey
larger than the optimal size, it might not be able to finish the attack be-
cause of its own physiological constraints. The net energy gain, there-
fore, would be zero because of a failed attack. Kitchell et al. (1981)
have also demonstrated the existence of a “handling limit” for a specific
size of naticid predator beyond which the attacks are more likely to fail.
Moreover, if the size ratio of a prey to its predator is too large, the pred-
ator could be overpowered the prey; the outcome of the attackmight be
fatal for the predator (Casey and Chattopadhyay, 2008) and therefore
yielding a negative energy gain. Such specific prey size selection by
predatory gastropods is also documented by other neontological stud-
ies. Vignali and Galleni (1986) argued that bivalve predation mortality
initially increases with prey size up to a maximum that represents the
preferred size, beyond which mortality progressively decreases to-
wards themaximum prey size attained. Naticid predation therefore ap-
pears to be most intense on medium-sized bivalves (Edwards and
Huebner, 1977; Franz, 1977), a similar finding to the present study.
The lack of strict correlation betweenOBD and prey size does not negate
the existence of size selection by the predator in their prey choice. The
Fig. 8. Diagram showing the position of drill holes in Ostrea angulata (a) and Ostrea
latimarginata (b). The dotted lines represent the boundary of the sector grids. The
solid circles represent complete drill holes and the open circles represent incomplete
drill holes.
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Fig. 9. Diagram showing the position of drill holes in Chlamys sp. (a), Crassostrea gigensis (b) and Placuna lamellata (c). The solid circles represent complete drill holes and the open
circles represent incomplete drill holes.
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experimental studies have demonstrated that even energetically viable
attacks are often associated with an insignificant correlation between
OBD and prey size (Chattopadhyay and Baumiller, 2007, 2009).

Stereotypic behavior of selecting a specific site for drilling is quite
common among drilling predators, especially naticids. The stereotypy
of drilling behavior frequently results in the clustered distribution of
drill holes on the prey shell. Indeed, non-random siting of drill holes
by the Naticidae is widely reported (Taylor, 1970; Berg and Porter,
1974; Berg and Nishenko, 1975; Rosewater, 1980; Kitchell et al.,
1981). For naticids, the position of the drill hole is largely affected by
prey handling (Ziegelmeier, 1954), which may be influenced by size
and shape of the prey (Ansell, 1960; Kitchell, 1986; Roopnarine and
Willard, 2001). Stereotypy in drill hole position is exhibited by naticids
immediately upon metamorphosis (Berg, 1976). Researchers have ob-
served ontogenetic change in prey-handling skills among naticids
(Vignali and Galleni, 1986) and muricids (Urrutia and Navarro, 2001).
It has been argued that selectivity of drill hole site increases the overall
energy gain and placing it in the thinnest area of the shell could con-
siderably increase the profitability and success rate (Hughes and de
Dunkin, 1984; Kitchell, 1986; Kelley, 1988). Our study shows a con-
siderable degree of site stereotypy for two dominant prey species,
O. angulata and O. latimarginata. For the two dominant prey groups,
the central segment with the highest incidence of complete drill
holes is not the thinnest part of the shell either. However, that is
the spot where the adductor muscle of these monomyarian bivalves
is situated and attacking the muscle, therefore, ensures the immedi-
ate opening of the valves. Such behavior has been observed in drillers
preying upon oysters (Chattopadhyay, 2011) and abalone (Hughes
and de Dunkin, 1984; Thomas and Day, 1995). We did not find any
significant difference between the complete and incomplete drill
holes in terms of their stereotypy. It is worth noting that the site ste-
reotypy of the incomplete drill holes are often complicated to asses
since the prey continues to grow after the attack and hence alter
the relative position of an incomplete drill hole with respect to mor-
phological landmarks such as umbo and margin.

It is not expected to find valve preference by the predator for prey
with symmetric valves. For asymmetric valves, however, such prefer-
ence could be expected due to a greater ease of manipulation, or due
to differences associated with the cost of drilling (Fretter and Graham,
1994). The periostracum of the left valve of corbulid bivalves prevents
it from getting drilled and producing a right-valve heavy distribution
of drill holes in corbulids (Lewy and Samtleben, 1979). Conversely,
the naticid Neverita didyma preferentially drills the left valve of
Ruditapes philippinarum (Rodrigues et al., 1987). A higher degree of dril-
ling in a specific valve may also be caused by the orientation of the bi-
valve in the sediment that results in a greater accessibility for the
predator to a specific valve over the other. We have observed a higher
proportion of drilled left valves compared to the right valves for the
two species of Ostrea. Right valves of oysters are always attached to
the substrate and therefore it might be difficult to drill (Harper, 1991).
This could explain the high proportion of drilled left valves in the pop-
ulation. However, for the same reason, valve selectivity could be related
to the biased preservation potential ofOstrea valves if only the left valve
gets dislodged and therefore preserved individually. In fact, our speci-
mens of the undrilled valves of Ostrea species show a higher proportion
of left valves compared to the right valves. Transportation could also
result in such biased assemblage of valves due to variation in hydrody-
namic properties of valves as demonstrated in the laboratory experi-
ments with Recent shells (Chattopadhyay et al., in press).

4.3. Success of predator

Success of drilling attempts is inferred from the frequency of com-
plete drill holes. Incomplete drill holes are used as proxy for failure of
the predator. Although it represents a failed attack in majority of the
cases, there are instances where prey was suffocated after such failed
attack (Kowalewski, 2002; but see Visaggi et al., 2012). Incomplete
drill holes might be a result of predator inefficiency, mechanical limits
to drilling thick shells or interruption of drilling. Such interruption
could be mediated by biological factors such as the escape of the prey.
Larger, therefore thicker, prey are susceptible to sustain incomplete
holes because the greater time required to penetrate a thick shell in-
creases the likelihood of interruption of drilling by physical factors or
prey escape behaviors. A change in the frequency of incomplete drill
holes thus indicates change in the prey's defensive ability relative to
the capacity of the predator through physiological changes such as
changes in shell thickness, size or mobility. Kelley (1988) found a posi-
tive relationship between degree of selectivity of prey size and percent-
age of predation attempts that were successful. Incomplete drilling
frequency is thus conventionally interpreted as a proxy for prey-
effectiveness (Kelley and Hansen, 2003). However, there are instances
where the incomplete drill holes are created by reasons unrelated to
prey's morphological or behavioral characteristics. In the presence of a
secondary predator a driller is prone to abandon a drilling attempt
and leave an incomplete drill hole on the prey (Chattopadhyay and
Baumiller, 2007). In those scenarios, incomplete drill holes would not
be concentrated in larger shells since the decision of abandoning a dril-
ling attempt is dictated by the investeddrilling time. A change in incom-
plete drilling frequency in deep time, therefore, could also be linked to
the risk of the driller (Chattopadhyay and Baumiller, 2010). These two
entirely different causes of incomplete drill holes, one linked to the in-
trinsic properties of the prey and the other to the ambient ecosystem,
brings a simple interpretation of incomplete drilling frequency as
“prey-effectiveness” into question. Although there is no direct way to
ascertain which of the causal mechanism is true for a particular assem-
blage, we can use an indirect method of drill hole depth to conclude.
Chattopadhyay and Baumiller (2007) have demonstrated that when
under threat, the drillers are prone to preferentially abandon the prey
on which they have invested less time. Consequently, such “time-
dependent” behavior would produce incomplete drill holes that

image of Fig.�9


Table 2
Statistical comparison of the drill frequencies of the present study with published data
from other Miocene basins. Only the bivalve data has been considered.

Locality Undrilled Drilled DF
(%)

χ2 p Source

Kutch, India 229 27 20 – – Present study
Central
Paratethys

7747 726 8.6 1.23 0.266 Sawyer and
Zuschin, 2011

Boreal 461 102 18.1 7.6 bb0.05 Hoffmeister and
Kowalewski, 2001

Paratethys 353 72 16.9 5.25 b0.05 Hoffmeister and
Kowalewski, 2001

Southeastern
North
Atlantic

43 5 10.4 0.0007 0.9 Hoffmeister and
Kowalewski, 2001

US Atlantic
Coast

14372 7435 34.1 62.68 bb0.05 Kelley and Hansen,
2006

Del Norte
Country,
California, US

2185 52 2.3 50.61 bb0.05 Watkins, 1974
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are quite shallow. On the contrary, we would expect to have a
broader distribution of incomplete drill hole depths if the interac-
tion is guided by the prey size (and shell thickness).We can use
this relative difference in incomplete drill hole depth to establish
the causal nature of failure.

In our observed specimens, the incomplete drilling frequency is sig-
nificantly different between O. angulata and O. latimarginatawhere the
last has the highest incomplete drilling frequency. Comparing the size
of the individuals with incomplete vs complete drill holes reveals that
the specimens with incomplete drill holes are larger than those with
complete ones. This pattern could suggest a causal mechanism of such
failure that is linked to themorphological/behavioral attributes of larger
prey. As Kitchell et al. (1981) suggested the existence of a “handling
limit” in prey size for specific predator size beyond which the predator
does not succeed. Therefore, the larger prey might have posed the han-
dling limit due to their size resulting in higher incidences of incomplete
drill holes. However, this explanation hold true only if the size of the
prey did not increase after the attack. Since incomplete drill holes are
nonlethal, the prey is likely to grow after the failed attack. Hence the ob-
served size does not represent the size during the attack. On the con-
trary, the size of a completely drilled shell represents the true size
during the lethal attack. Such intrinsic difference in captured size of
shells with complete and incomplete drill holes could produce the ob-
served pattern. It is not possible to differentiate between these two pos-
sibilities with our existing data.

Predator success could also be a function of predator size. It has
been demonstrated that larger predators could handle both small as
well as large prey (Kingsley-Smith et al., 2003). Hughes and de
Dunkin (1984) have showed that Nucella lapillus modified its drilling
behavior through learning that resulted in a higher success. For both
naticid and muricid, the drilling behavior changes with experience
(Calvet, 1992; Gosselin and Chia, 1996; Gordillo and Amuchastegui,
1998; Dietl, 2000). In our study we found that the rate of success de-
pends on the size of the predator. The OBD size for complete drill
holes is significantly larger than those for incomplete drill holes for
each of the five prey species. This might be indicative of an increasing
success rate in drilling with ontogeny. Such ontogenetic change in
success rate in predatory attack has rarely been documented in
palaeoecosystems.

5. Implication

Predatory drilling traces are among the most widely studied evi-
dence of biotic interactions in the fossil record (Vermeij, 1982,
1987; Vermeij and Dudley, 1982; Kelley and Hansen, 2003 and refer-
ence there in). In order to test evolutionary hypotheses such as co-
evolution and escalation, temporal trend of drilling predation data
has widely been used (Kelley, 1992; Kelley and Hansen, 1993). For
such studies, assemblage-level patterns of drilling predation data
are essential. One such compilation comes from the Cenozoic deposits
along the Atlantic Coast of the United States (Kelley and Hansen,
1993, 1996, 2007; Kelley et al., 2001). The other detailed studies of
various Cenozoic time period are focused on Central Europe
(Hoffmeister and Kowalewski, 2001; Sawyer and Zuschin, 2011). It
is well established that both in Recent and paleoecosystems, nature
of ecological interactions dramatically change geographically (Kelley
and Hansen, 2007). We, therefore, need to bring more data from
other continents to fill the gap. Our present find fills it up to the sub-
tropics of the northern Hemisphere where India was positioned dur-
ing Miocene. In contrast to the North American Atlantic Coastal Plain
or Europe, the Cenozoic of India has a complex geologic history where
it travelled a considerable distance before reaching to its current po-
sition. Due to its history of long journey and fluctuating environ-
ments, one would expect the ecological history of India, including
that of drilling predation, to differ from the ecological history of
both North American Atlantic Coastal Plain and Central Europe. This
is the first study to evaluate the Cenozoic drilling predation on mol-
luscs from this area. When we compare our result with the global pic-
ture, we find patterns that are quite intriguing. The assemblage level
drilling frequency of 20% reported in the present study is comparable
to data reported from Miocene basins of Central Paratethys and
Southeastern North Atlantic. However, it is quite different from com-
parable units of US Atlantic Coast, Boreal, Paratethys and Del Norte
Country, California, US (Table 2). Such spatial variation in drilling fre-
quency places temporal average into question unless we incorporate
enough data from various parts of the world.
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