
   

ABSTRACT 
 
DIETL, GREGORY PAUL.  Predators and Dangerous Prey in the Fossil Record: 
Evolution of the Busyconine Whelk-Mercenaria Predator-Prey System. (Under 
the direction of James A. Rice and Patricia H. Kelley.) 
 

Escalation is enemy-driven evolution. This top-down view of a predator-

prey evolutionary arms race downplays the role of prey in driving the predator’s 

evolution. In the related process of coevolution, species change reciprocally in 

response to one another; prey are thought to drive the evolution of their predator, 

and vice versa. In the fossil record, the two processes are distinguished most 

reliably when the predator-prey system is viewed within the context of other 

species that may influence the interaction.  

I examined the interaction between busyconine whelks and their bivalve 

prey Mercenaria to evaluate whether reciprocal adaptation (coevolution) was 

likely to occur in this predator-prey system. Species of busyconines either employ 

a wedging or a chipping mode of predation when feeding on bivalve prey that 

often results in breakage to the predator’s own shell. Prey in this interaction have 

been hypothesized to be “dangerous” because they are able to inflict damage to 

the predator as a consequence of the interaction; such damage may lead to 

decreased growth, reproduction and increased probability of mortality for 

individual whelks. Asymmetry in selection pressure (which is thought to preclude 

reciprocity of adaptation) is reduced when predators interact with damage-

inducing prey.  

The likelihood of a reciprocal selection response of the predator in the 

interaction involving the shell-chipping whelk Sinistrofulgur sinistrum and the 



   

bivalve Mercenaria mercenaria was viewed by regressing the frequency of shell 

breakage in encounters with prey (an index of predator fitness) on prey phenotype 

(a function of size). Experimental results indicate interaction with Mercenaria has 

strong highly significant and predictable selective consequences for 

Sinistrofulgur, suggesting that evolutionary response of the predator to prey 

adaptation is likely in this system.  

The late Oligocene to Recent fossil record of whelk predation traces on 

shells of Mercenaria species was analyzed to determine the temporal window of 

possible coevolution between shell-chipping whelks and Mercenaria.  Based on 

the fossil record of successful and unsuccessful whelk predation traces, chipping 

behavior evolved in the Busycon-Sinistrofulgur clade in the early late Pliocene, 

which constrains tests of reciprocal adaptation to the Pliocene to Recent record of 

the interaction.  Temporal trends in the frequency of successful and unsuccessful 

whelk predation traces on Mercenaria suggest predation intensity, and the 

likelihood of prey adaptation in response to whelk predation, increased through 

the Plio-Pleistocene record of the interaction in Florida. Mercenaria evolutionary 

size increase is best explained as coevolutionary response to whelk predators. 

Temporal trends in decreased prey effectiveness (ratio of unsuccessful to total 

predation attempts) and increase in minimum boundary of a size refuge from 

predation suggest that, although prey responded evolutionarily to whelk predation 

pressure, whelk predators also were increasing their prey capture capabilities.  

Sinistrofulgur evolutionary size increase is best explained as reciprocal 

coevolutionary response to prey adaptation (which decreased the likelihood of 



   

shell breakage when encounters with damage-inducing prey occur) coupled with 

(or reinforced by) an escalation response to the whelk’s own enemies, such as 

fasciolariid gastropods and durophagous crabs. Coevolution between predator and 

dangerous prey best explains temporal behavior-related changes in the predator 

that led to a decrease in frequency of chipping-induced damage to the predator 

when encounters with prey occur, and an increase in predator site-selective 

stereotypy of attack position.  
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PREFACE 

Nature in its infinite beauty and diversity is full of animals with elaborate 

defenses to avoid being eaten and species with offensive capabilities to overcome 

these defenses to obtain nourishmentthe endless struggle between life and death 

between predator and prey.  It is often assumed today in evolutionary biology that 

a selection process, which involves a tight link between predator and prey, shapes 

these defensive and offensive feeding-related traits and behaviors.  On an 

evolutionary time scale, this reciprocal adaptation or coevolution results in an 

arms race between predator and prey, with improvements in prey defenses 

countered by increases in the offensive capabilities of the predator.  The 

simplicity of the arms race hypothesis, perhaps due to the all too personal 

familiarity with the concept in our own day-to-day lives, has led to its wide 

acceptance as a primary driving force in the evolution of interactions among 

natural enemies. A fundamental problem with the assumption of a coevolutionary 

arms race in the fossil record of most predator-prey systems is a general lack of 

direct empirical evidence of counter-adaptation by predators to their prey.  

In a broad sense, it is equally likely that evolution of predatory capabilities 

is a response to other selective agents such as the predator’s own competitors or 

predators (enemies), rather than a response to adaptation in the prey. This 

weakness of the arms race analogy, coupled with an understanding that predator-

prey interactions are complex, often involving multiple species that interact over a 

range of spatial and temporal scales, has contributed to the development of an 

alternative view on the evolution of species interactionsthe hypothesis of 
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escalation, which predicts that enemies are more important than prey in driving 

the predator’s evolution (Vermeij, 1987).  Thus, the escalation process does not 

assume a tight linkage between predator and prey.  The evolutionary process 

underlying these related hypotheses is the subject of continued controversy and 

debate. 

 The distinction between these competing hypotheses is best evaluated 

with an understanding of the selection process, so that species interactions can be 

partitioned (or ranked) into components that contribute to the strength of selection 

by one species on another (Vermeij, 1987; Brodie and Brodie, 1999). Traditional 

paleontological studies testing the coevolution hypothesis are often not evaluated 

within the context of other species interactions, and are weakened by the 

unsupported assumption that predators should respond to prey adaptation. Thus 

independent data on whether predators respond reciprocally to prey would 

strengthen any argument of reciprocal adaptation, based on fossil evidence alone. 

In predator-prey interactions in which the prey is considered dangerous, able to 

inflict injury or even death, to its attacking predator, it is thought that coevolution 

and escalation are equivalent processes, in the sense that predators may respond 

evolutionarily to prey adaptation in defense (Vermeij, 1982).  Employing this type 

of predator-prey system in a test of selective reciprocity controls for some of the 

complexity (and limits on interpretation) inherent in the processes that shape the 

evolutionary direction of interactions among species. 

This study combines field observations and laboratory experiments with 

the fossil record of traces of predation to investigate the processes shaping the 
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evolution of the hypothesized predator-dangerous prey interaction between 

busyconine whelks (Busycon and Sinistrofulgur) and their bivalve prey 

Mercenaria. The whelk-Mercenaria system is appropriate to test the dangerous 

prey concept of coevolution for several reasons.  First, whelks are a significant 

source of mortality for Mercenaria, and thus a potentially important selective 

agent.  Secondly, at the core of any interaction is a phenotypic interface that 

comprises the characters that determine the outcome of the encounter between 

predator and prey.  These characters cause and experience the selection of an 

evolutionary arms race (Brodie and Brodie, 1999); characters important to the 

outcome of an interaction between whelks and Mercenaria are easily observable 

and manipulated experimentally. The encounter between predator and prey also 

leaves incriminating traces of the interaction on both the predator and prey shell.  

These traces of past interaction provide direct evidence of the interaction in the 

fossil record.  Both groups have an extensive fossil record extending back at least 

24 million years along the Atlantic and Gulf Coastal Plain of North America. 

Most predator-prey systems that have been used to test the dangerous prey 

concept have utilized interactions with little potential to trace the evolution of the 

interaction in the fossil record. Thus the whelk-Mercenaria system provides the 

unique opportunity to trace the dynamics of the evolutionary history of the 

interaction between predator and potentially dangerous prey.  

This dissertation is organized into four manuscripts (chapters) that each 

build on the foundation of results or conclusions of the previous paper.  Chapter I 

is in press and is coauthored with Patricia Kelley at the University of North 
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Carolina at Wilmington. This paper represents an invited contribution to a 

Paleontological Society short course entitled “The Fossil Record of Predation” to 

be held at the 2002 Annual Meeting of the Geological Society of America.  This 

chapter serves as a broad introduction to the concepts and current state of 

knowledge of the processes governing the evolution of shelled-invertebrate 

predator-prey interactions in the fossil record, including the dangerous prey 

concept of coevolution.  The main focus of the paper is to highlight the 

conceptual similarities and differences between the processes of coevolution and 

escalation in the fossil record of species interactions. 

Chapter II presents the results of experiments with live animals to evaluate 

the assumption that reciprocal adaptation (or coevolution) was likely in the 

whelk-Mercenaria predator-prey system; in other words, whether prey are 

dangerous to the predator.  Chapter III addresses the origin and potential 

circumstances that led to the evolution of the interaction between busyconine 

whelks and Mercenaria in the Miocene to Recent fossil record of predation traces 

of the interaction.  This chapter also tests the hypothesis that faster modes of 

predation should be derived evolutionarily relative to slower modes of predation.  

Results of this chapter suggest when tests of possible coevolution between whelks 

and Mercenaria should be constrained temporally. 

In Chapter IV, the results of Chapter II, which suggested that reciprocal 

adaptation was likely, and Chapter III, which constrained the temporal window to 

test the hypothesis of coevolution, are applied to evaluate hypotheses about the 

biotic factors driving the evolution of the species interaction. This chapter 
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combines results from laboratory experiments, natural history observations, and 

paleontological data in an integrated, multidisciplinary approach to testing the 

hypothesis of coevolution in the fossil record. Finally, in the Concluding 

Statements and Future Directions section I outline a few possible avenues of 

promising research based on the results of this study.           
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CHAPTER I 
 
 

THE FOSSIL RECORD OF PREDATOR-PREY ARMS RACES: 
COEVOLUTION AND ESCALATION HYPOTHESES 

 
 

ABSTRACT– Arms races between predators and prey may be driven by two related 

processesescalation and coevolution.  Escalation is enemy-driven evolution. In 

this top-down view of an arms race, the role of prey (with the exception of 

dangerous prey) is downplayed. In coevolution, two or more species change 

reciprocally in response to one another; prey are thought to drive the evolution of 

their predator, and vice versa.  In the fossil record, the two processes are most 

reliably distinguished when the predator-prey system is viewed within the context 

of the other species that may influence the interaction, thus allowing for a relative 

ranking of the importance of selective agents. Documentation of the details of the 

natural history of living predator-prey systems is recommended to distinguish the 

processes in some systems.  A geographic view of species interactions and the 

processes driving their evolution may lead to a more diverse array of testable 

hypotheses on how predator-prey systems evolve and what constraints 

interactions impose on evolution of organisms.  Scale is important in evaluating 

the role of escalation and coevolution in the evolution of species interactions.  If 

short-term reciprocal adaptation (via phenotypic plasticity or selection mosaics 

among populations) between predator and prey is a common process, then prey 

are likely to exert some selective pressure over their predators over the short term 

(on ecological time scales), but in the long run predators may still exact primary 

“top-down” control in directing evolution. On the scale of evolutionary time, 
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predators of large effect likely control the overall directionality in evolution due 

to the inequalities of predator and prey in control of resources. 

 

“Every animal has its enemies, and Nature seems to have taxed her skill and 
ingenuity to the utmost to furnish these enemies with contrivances for the 
destruction of their prey…For every defensive device with which she has armed 
an animal, she has invented a still more effective apparatus of destruction and 
bestowed it upon some foe, thus striving with unending pertinacity to outwit 
herself” Forbes (1887). 
 

 

INTRODUCTION 

The arms race concept is all too familiar to those of us who have grown up 

during the latter half of the twentieth century.  More controversial, however, is the 

idea that evolutionary arms races between interacting species (such as predator and 

prey) have characterized the history of life on Earth. Predation is a nearly universal 

pressure affecting individual animals as well as the organization of ecosystems. 

Darwin's metaphor of the "struggle for existence" indicates that he viewed biotic 

struggle (or interactions within and between species) as a major evolutionary force 

in the history of life: "The relation of organism to organism is the most important of 

all relations" (p. 477, Darwin, 1859). Arms races between species run over 

evolutionary time are likely wherever individual organisms have enemies with a 

capacity for evolutionary response (Dawkins, 1986).  Such interaction (from an 

economic standpoint) is argued to drive or shape the evolution of life (Dawkins, 

1986; 1995; Vermeij, 1987; 1999).    

Dawkins (1986) credited H. B. Cott as having been the first author to apply 

the arms-race analogy in biology to predator-prey systems: 
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…In the primeval struggle of the jungle, as in the refinements of civilized 

warfare, we see in progress a great evolutionary armament race—whose results, 

for defense, are manifested in such devices as speed, alertness, armor, 

spinescence, burrowing habits, nocturnal habits, poisonous secretions, nauseous 

taste; and for offense, in such counter-attributes as speed, … ambush, 

allurement, visual acuity, claws, teeth, stings, …[and] poison fangs.  Just as 

greater speed in the pursued has developed in relation to increased speed in the 

pursuer; or defensive armor in relation to aggressive weapons; so the perfection 

of concealing devices has evolved in response to increased powers of perception 

(Cott, 1940).   

Arms races are usually envisioned as attack-defense “games” that are slowly 

played out over long periods of evolutionary time, gradually molding species 

interactions, especially in predator-prey systems (Futuyma and Slatkin, 1983a; see 

also the recent popular account by Levy, 1999).  Thus it is generally thought that, as 

the quote by Cott suggests, offensive adaptation on one side is countered by 

defensive adaptation on the other side and vice versa.  To paraphrase Dawkins and 

Krebs (1979), claws get stronger, so shells get thicker, so claws get stronger still. But 

is this reciprocity the only, or even the most likely, way the elaborate feeding 

structures of predators and defenses of their prey evolve?   

The arms race concept has emerged in several related forms in the modern 

literature of evolutionary ecology and paleoecology, including the hypotheses of 

coevolution and escalation. Both of these processes assume that biological factors 

are major agents of natural selection and that organisms are able to respond 
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evolutionarily to selective factors imposed by other organisms in the environment. 

 Coevolution is defined traditionally as the evolution of two or more species 

in response to one another (Futuyma and Slatkin, 1983b).  The term "coevolution" 

was first used to describe the evolution of species interactions by Ehrlich and Raven 

(1964).  Various definitions have been ascribed to coevolution; in the strict sense the 

term has been applied to reciprocal adaptation of species, in which each species 

evolves in response to the other (Fig. 1).  The interacting species may be predator 

and prey, competitors, parasite and host, or mutualists.  The term "diffuse 

coevolution" has been applied to interactions involving more than two species (for 

instance, a predator with multiple prey species).    

"Arms races" may also occur without involving coevolution, as argued by 

Vermeij (1983, 1987, 1994).  Vermeij's hypothesis of escalation claims that 

biological hazards have become more severe with time and adaptations to those 

hazards have increased in expression. The hypothesis of escalation considers the 

most significant selective agent to be an organism's enemies.  However, adaptation 

need not be reciprocal (Fig. 1). Vermeij (1987) has argued that prey respond to their 

predators, but that predators are more likely to respond to their own enemies (for 

instance, their predators) than they are to their prey. Thus adaptation is unilateral.  

However, coevolution may occur if both escalating parties are enemies (such as in 

the case of a predator and dangerous prey, or parasite and host).  Escalation has two 

components: the “gap” between an organism and its biological environment (or 

hazard) and the level of the hazard.  Escalation occurs when the level of the hazard 
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increases and the gap narrows. In other words, escalation occurs when adaptations to 

the hazard become better expressed.  

Thus, in coevolution, the claws of the predator get stronger and the prey’s 

shell becomes thicker in response to one another. In escalation, increased defense 

in the prey is a response to the stronger claws of its predator, but the increased 

claw strength of the predator is a response to agents other than the prey. 

Coevolution and escalation clearly are related but they differ in what agents are 

responsible for selection when it occurs (Fig. 1; Vermeij, 1994).  The distinction 

between coevolution and escalation is not always clear in the literature, in part 

because the term coevolution has sometimes been defined to encompass the 

concept of escalation.  For instance, prior to Vermeij’s introduction of the term 

escalation for enemy-driven evolution, this phenomenon was described as 

“unilateral coevolution” (Futuyma and Slatkin, 1983b).  

The fossil record of invertebrate predator-prey systems has excellent 

potential for testing arms race hypotheses, but it is not always straightforward as 

to what process was responsible for the pattern we observe.  Such tests require a) 

demonstration that two species interacted as predator and prey, and b) evidence of 

evolution of one or both members of the system in response to the other. Chapters 

in the first two sections of this volume describe various lines of evidence and 

methods used to analyze predation in the fossil record. In this chapter, we discuss 

the dynamics of the evolutionary processes responsible for the history of predator-

prey systems.  We assess the likelihood of the occurrence of coevolution and/or 

escalation for several fossil invertebrate predator-prey systems, to address the 
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fundamental question: Are there any general “rules,” or overriding principles, that 

govern the ecological and evolutionary trajectories and outcomes of predator-prey 

interactions (see also Herre, 1999)?  We also explore the effect of scale in our 

perception of processes and patterns of predator-prey evolution. 

MODELS OF COEVOLUTION AND ESCALATION 

Red Queen Hypothesis. The extreme view of an arms race is Van 

Valen’s “Red Queen Hypothesis.” Van Valen (1973, 1976) argued that adaptation 

by one species has a deleterious effect on all other species within its effective 

environment; this idea is an extension of Fisher’s (1930) view that any well-

adapted species will experience a “constantly deteriorating” environment, owing 

to “the evolutionary changes…in associated organisms.”  As Van Valen (1976, p. 

181) suggested: “A change in the realized absolute fitness of one species is 

balanced by an equal and opposite change in the realized absolute fitness of all 

interacting species considered together.”  Thus a species must be running in place 

(continually adapting) simply to survive in the context of a changing biological 

environment, even if no change occurs within the abiotic environment.  If species 

do not adapt they will eventually go extinct.  A world run on Red Queen 

conditions would involve continuous coevolution, in the form of a series of 

progressive “linear” improvements or endless cycles of defenses and 

counterdefenses (Parker, 1983; Dieckmann et al, 1995), among the interacting 

species (Thompson, 1986; Stenseth and Maynard Smith, 1984).  

Slatkin and Maynard Smith (1979; see also Kitchell, 1982) questioned why 

predators do not evolve the ability to overexploit their prey and why prey defenses 



 7 

do not outpace predator capabilities.  If either side gains the advantage in adaptation 

the interaction will terminate. Early attempts at modeling the process of continuous 

coevolution predicted by the Red Queen Hypothesis assumed that adaptation was 

not constrained, that coevolving systems had to be stable, and that rates of change in 

prey and predator were balanced—this leads to an endless arms race in which 

neither species is expected to win the “race” (Rosenzweig, 1973; Schaffer and 

Rosenzweig, 1978; Slatkin and Maynard Smith, 1979; Roughgarden, 1983).  This 

type of approach was not motivated by abstract considerations of predator-prey 

systems, but by observations that many morphological traits are related to feeding or 

defense and that predator-prey systems do not seem to undergo frequent severe 

population fluctuations and extinctions in nature (Slatkin and Maynard Smith, 1979; 

Murdoch and Oaten, 1975).  

Although the arms-race view of continuous evolution is a valuable heuristic 

tool (Thompson, 1986), it has its limitations.  Rosenzweig et al. (1987) pointed out 

that the conditions required for continuous evolution predicted by the Red Queen 

Hypothesis may seldom occur in nature.  The Red Queen requires the existence of 

phenotypic traits that are independent and boundless (Rosenzweig et al., 1987).  In 

other words, phenotypes take more and more extreme values as a result of 

directional selection (or cycle endlessly through maintenance of multiple defenses 

and counterdefenses by frequency dependent selection).  For example, the Red 

Queen would predict that the relatively weak claw of the crab Calappa should 

evolve to infinitely more efficient shapes for crushing prey to increase its strength 

(or mechanical advantage).  However, claw shape of Calappa is under other 
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selective pressures for digging ability and maintaining respiratory pathways for 

water currents while the crab is buried (Hughes and Elner, 1989).  The additional 

function of the claws in digging compromises limitless or infinite evolution of claw 

shape (and strength) in the predator.  Calappid crabs also have a highly specialized, 

hooked tooth (an adventitious structure) on their right claw that is used to peel the lip 

of gastropod shells (Shoup, 1968; Vermeij, 1982a), and to break the shell of some 

mussel prey (Hughes and Elner, 1989).  The adventitious structure of the claw, 

which has a high mechanical advantage, may serve to compensate for the otherwise 

weak claw (in terms of what type of prey can be crushed successfully).   

An evolutionary race may stop if selection for greater prey defense or 

predator offense were counteracted by their greater costs or tradeoffs with other 

competing functions (Futuyma, 1986; see also Vermeij, 1987, 1994; Brodie and 

Brodie, 1999). A potential reason for such costs is that defensive characters that 

increase survivorship against one predator may make the species more vulnerable to 

others (or to abiotic change).  For example, the degree of expression of induced 

defense (see below), such as shell thickness, in the mussel Mytilus edulis is predator 

specific.  Mussels produce thicker shells in response to the shell drilling and shell 

crushing predators, Nucella lapillus and Carcinus maenas, respectively; the 

increased thickness response of Mytilus is greater to Nucella (Smith and Jennings, 

2000).  In contrast, mussels exposed to the crab Carcinus grow larger shells than 

those exposed to Nucella.  Thus, there may be a tradeoff between shell thickness and 

shell growth that may increase the time it takes Mytilus to achieve a size refuge from 

predation.  The specificity in response may create conflicting defenses (Smith and 
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Jennings, 2000).  Similarly, the capabilities of the predator in handling one prey 

species may come at the expense of handling others (Futuyma, 1986).  Although 

adaptation by natural selection is a powerful force in shaping the phenotypic traits of 

organisms, constraints (the “spandrels” of Gould and Lewontin (1979)), which are 

common and sometimes inescapable features of living systems, may also be 

important in limiting evolutionary response in an arms race.  

As a result of these costs, tradeoffs, and constraints, an adaptive 

“stalemate” may be a more likely outcome of an arms race than the continuous 

evolution predicted by the Red Queen (Rosenzweig et al., 1987; Vermeij, 1994).  

These limits to infinite adaptation suggest that most of the history of selection in 

an interaction may be modeled more appropriately with a stabilizing function, 

rather than the directional (i.e., the stronger the claw the better) function usually 

thought of for arms races (Brodie and Brodie, 1999).  However, these limits to 

adaptation can be broken, leading to directional change that can be tracked in the 

fossil record, if changes in the rules governing adaptive compromise are 

introduced (see Vermeij, 1973; 1987; 1994).  In this way, selection is viewed as 

an episodic rather than continuous process (Vermeij, 1994) acting on interactions 

among species.      

The nature of evolutionary trends predicted from the Red Queen.The 

expectation of linear (or “lock-step”; Bakker, 1983) evolutionary trends between 

predator and prey, derived from the Red Queen, has led some authors to conclude 

that interactions among species are not driving evolutionary change, if the 

predicted pattern is not evident in the fossil record (Stanley et al., 1983; Bakker, 
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1983).  For example, Boucot (1990, p. 562) stated that, “after the geologically 

rapid, initial relation has been established [between interacting species] the fossil 

record suggests that there is no subsequent, coevolutionary change, i.e., 

stabilizing selection sets in.”  To address this type of skepticism, DeAngelis et al. 

(1984) developed a coevolutionary model of the energetics of the predator-prey 

interaction between drilling naticid gastropods and their bivalve prey.  In contrast 

to earlier models of coevolution, their model was developed with its empirical 

utility in mind. (The fossil record of naticid predation is extensive and has been 

key to tests of the importance of biotic interactions in evolution—see Vermeij, 

1987; Kelley and Hansen, 1993, 1996.) Their model incorporated an explicit 

potential for coevolutionary feedback through size effects (Kitchell, 1986), based 

on size-dependent variation in the outcome of successful predation (Kitchell et al., 

1981). The predator was assumed to maximize its energy intake per unit time of 

foraging and the prey its allocation of energy to reproduction and defense. The 

models assume that there is a tight link between predator and prey (the underlying 

assumption of optimality theory is that natural selection favors those individuals 

that are most efficient in their behavior).   

In the first version of the model, only the influence of increasing naticid 

predation on the allocation of bivalve energy among reproduction, overall growth 

in size, and shell thickness was analyzed (DeAngelis et al., 1985). Simulation 

results showed that, as predation intensity increased, an initial single bivalve 

defense (represented as a peak in an adaptive fitness landscape) changed to three 

different strategies (or peaks) that varied in the amount of energy diverted to shell 
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growth and thickness. The three alternative means of dealing with predation 

include: 1) postponed reproduction (effectively running the predation gauntlet as 

the prey tries to grow quickly into a size refuge from predation); 2) early 

reproduction coupled with some allocation of energy to thickness increase; and 3) 

significant allocation of energy into thickness as a defense to minimize selection 

by the predator (DeAngelis et al., 1985).   

In a later version of the model (summarized in Kitchell, 1990) predator 

size was allowed to evolve simultaneously with the prey traits (thus maximizing 

both predator and prey fitnesses as interdependent dynamic responses).  A two-

way feedback was thereby introduced.  As traits in the prey varied to increase 

prey fitness, the prey in turn affected the adaptive landscape of the predator and 

caused it to change its own traits in order to maximize its own fitness.  These 

changes in the predator’s traits (size), in turn, affected the prey’s adaptive 

landscape, causing it to adjust its own evolutionary trajectory.   

Simulation results suggested that the potential exists for both stasis and 

change within the dynamics of a positive-feedback system of coevolving biotic 

interactions, and the changes may be predictably sudden and discontinuous as 

well as gradual and continuous (Kitchell 1990). This view contrasted markedly 

with Futuyma and Slatkin’s (1983b) conclusion that the “ideal paleontological 

evidence [for coevolving lineages] would be a continuous deposit of strata in which 

each of two species shows gradual change in characters that reflect their interaction.”  

In this restricted view of Futuyma and Slatkin, if prey shell thickness is a deterrent 

to predation, increased predation pressure should favor the evolution of thicker 
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shells in the prey. Similarly, if predator size increased (invading the size refuge of 

the prey), an increase in prey size is predicted from general models as the likely 

evolutionary response.  The model results summarized in Kitchell (1990) suggest 

that strategies other than thickness or size increase, in these two examples, 

predicted from general theory are possible, even without any change in the 

direction of selection. Thus the lack of the intuitive expectation of a “linear” 

response in arms races between predator and prey cannot be used as evidence that 

biotic interactions were unimportant in evolution.  

When is it coevolution and not escalation?Although the analogy of an 

arms race in coevolution between predators and prey has been used (and assumed) 

widely to characterize predator-prey interactions, such studies often lack 

empirical evidence that the predator responds evolutionarily to its prey (see 

Brodie and Brodie, 1999). Despite the assumption of a tight reciprocal link 

between naticid gastropods and their bivalve prey in the models of DeAngelis et 

al. (1984, 1985), there is no empirical evidence of reciprocal adaptation. Kelley 

(1989) interpreted the changes in thickness of the Miocene bivalves she studied as 

a response to naticid predation; species preyed upon most heavily displayed the 

greatest increase in thickness. However, evolutionary changes in the predator are 

more interpretable as defenses against the gastropod predator’s own enemies.  

Kelley (1992) did not find any significant trends in most characters thought to 

affect predator efficiency.  One character of the predator that could be interpreted 

as a reciprocal response to evolution in the prey was a size increase in the 

predatory genus Neverita (size was an important morphological character in the 
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models of coevolution discussed previously). Kelley (1992) pointed out, however, 

that the size increase in Neverita also could be interpreted as an evolutionary 

response to its own enemies.  This interpretation is supported by the fact that 

naticid shell thickness also increased, most likely as a response to the naticid’s 

own predators. 

The study of the interaction between crabs and gastropods of Lake 

Tanganyika, Africa, also highlights the lack of empirical evidence for predator 

response to prey. In general, Tanganyikan gastropods have thicker, more ornate 

shells (unusual for freshwater species; Vermeij and Covich, 1978), than other 

closely related lacustrine taxa from outside the lake.  They also display a 

considerably higher incidence of shell repair (a measure of the effectiveness of the 

shell as a defense) from unsuccessful predatory attacks by crabs (West et al., 

1991).  The endemic Tanganyikan crabs possess larger, more robust crushing 

claws than other African crabs.  A reciprocal coevolutionary arms race was 

invoked to explain the observed pattern (West et al., 1991, p. 605):  “To protect 

themselves from durophagous predators, Tanganyikan gastropods have increased 

their shell size, strength, and sculpture. Tanganyikan crabs have concordantly 

increased their shell-crushing capacity with large robust chelae lined with broad 

molariform dentition”— the argument that claws get stronger, so shells get thicker, 

so claws get stronger still.  While it is clear that prey shell characters evolved in 

response to selection from predators, a correlation between the morphological 

features of the predator and prey does not unequivocally establish reciprocal 

selection and evolution between predator and prey. It is equally probable that the 
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prey responded evolutionarily to the crabs, but the crabs, instead of responding to 

their prey, evolved in response to competition with other crabs for prey, space, 

and/or mates (an escalation interpretation; Vermeij, 1978).   

McNamara and Long (1998) implicated a coevolutionary arms race 

between cassid gastropods and spatangoid sea urchins. Cassids, such as Cassis 

tuberosa, capture and immobilize their prey by arching and extending their foot 

over the top of the urchin’s test (Hughes and Hughes, 1981). McNamara and 

Long (1998) assumed that evolutionary increase in size of the urchin Lovenia was 

driven by selection pressure to reach a size refuge from cassid predation, and that 

reciprocal selection for increased capture efficiency of larger urchin prey led to an 

evolutionary increase in predator size.  However, it seems equally likely that the 

cassids evolved larger sizes in response to their own predators or competitors. 

Another example includes the highly specialized appendages of 

gonodactylid stomatopods that function effectively as hammers (Caldwell and 

Dingle, 1976).  These mantis shrimp attack hard-shelled prey such as gastropods, 

bivalves, and other crabs. Prey are caught and then hammered by repeated strikes 

of the raptorial appendages. As with the Tanganyikan gastropod-snail interaction, 

a coevolutionary arms race is easily envisioned in this system.  However, these 

appendages are also used in agonistic encounters with conspecifics.  The 

appendages are often employed during territorial contests for shelter cavities, 

which often result in serious injury to conspecifics (Berzins and Caldwell, 1983).  

The consequences of injury to the raptorial appendages include a reduction in 

fighting ability, which affects the outcome for territorial contests (Berzins and 



 15 

Caldwell, 1983); injury also increases the likelihood of cannibalism and predation 

and lost mating opportunities.  Which interpretation is correct?  The fact that these 

appendages are much less developed among stomatopods that occupy soft 

substrates (and do not compete for cavities; Dingle and Caldwell, 1978) suggests 

that response to prey is less important than response to enemies. 

Whether or not escalation (in which most evolutionary change in predators 

is driven by their own enemies and not their prey) explains the evolution of the 

predator-prey systems discussed above, the hypothesis does highlight the 

uncertainty with which the coevolutionary arms race analogy is applied to some 

predator-prey systems. The theory of why predators are expected to respond to 

selective pressures of their enemies rather than their prey is discussed in the next 

section. Unfortunately, there have been few detailed studies of the evolution of 

species interactions that take into consideration the enemies of the predator in a 

supposed tight reciprocal interaction between predator and prey.     

Visualization of selection pressure on predator and prey.Brodie and 

Brodie (1999) developed an approach in which selection is formalized as the 

covariance between traits and fitness.  Such an approach is designed to test 

whether predators should respond reciprocally to their prey (that is, to test 

whether prey are actually enemies of the predator).  Selection is stronger when the 

covariance between phenotype and fitness is high, and selection is weaker when 

the covariance is low.  In potential coevolutionary interactions, the covariance of 

interest is between the fitness of individuals of one species (e.g., predators) and 
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the values of traits at the phenotypic interface in the other species (e.g., prey) 

(Brodie and Brodie, 1999).  

Selection that results from an interaction between predator and prey is 

viewed by regressing predator fitness (or some function of the predator’s traits) on 

the phenotype of the prey species with which it interacts (Fig. 2; Brodie and 

Brodie, 1999). In biological terms, the slope of the regression line reflects the rate 

of increase or decrease in the expected fitness of the predator as prey morphology 

changes.  A steep slope (Fig. 2 a, b) indicates that the consequences of the 

interaction are strong (i.e., change in prey morphology drastically affects predator 

fitness). The amount of scatter around the regression line reflects the 

predictability of predator fitness for a particular prey phenotype (Brodie and 

Brodie, 1999).  Selection is strong (and hence coevolution is likely) when the 

covariance is high between predator fitness and prey morphology.  

Without experimental evidence from living animals that indicates that 

fitness costs associated with feeding are likely, an analysis based solely on fossils 

can only assume that predators are tightly linked to their prey. The predator-prey 

interaction between predatory whelks of the genus Busycon and their tightly 

closing bivalve prey, Mercenaria, can be used to highlight the utility of the 

covariance approach to selection. Where these species occur sympatrically, more 

than 70% of adult Mercenaria mortality often can be attributed to whelk predation 

(Chestnut, 1952; see also Kraeuter, 2001).  Whelks actively use their shell lip to 

chip open their prey, a mode of attack that often inflicts shell damage to both 

predator and prey. Breakage must be repaired and this represents a diversion of 
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energy away from somatic growth or reproduction. Whelks that often break their 

shells while attempting to feed are faced with a potential tradeoff between 

subsequent reproduction and shell repair (Geller, 1990). If feeding rate is reduced 

significantly during repair of the injury, breakage also may lead to a net energy 

loss (or negative energy budget) for the whelk that results in a reduced growth 

rate. Breakage of the whelk’s shell thus may have severe fitness consequences 

because it increases the time the individual spends at a more vulnerable size to its 

own predators, such as the stone crab Menippe mercenaria (Magalhaes, 1948; 

Kent, 1983a). The selective consequence for predatory whelks interacting with 

Mercenaria of varying sizes is predictable (Fig. 2a; Dietl, Chapter 2). Predators 

that select large bivalve prey increase the likelihood that their shell lip will be 

broken in the process of attempting to open prey. Adaptive response of the 

predator to the prey is possible in this system of interacting predators and prey, 

with predators expected to evolve increased effectiveness in opening prey 

(perhaps represented as a temporal decrease in the frequency of repaired breakage 

to their shells from feeding on their prey). Traces of the predation event are 

retrievable from the fossil record (Dietl, unpublished data); ongoing work is 

examining the origin(s) of the chipping mode of predation and evolutionary 

history of the predator-prey interaction. 

Vermeij (1994) argued that the central issue in the debate about escalation 

and coevolution is the nature of selection; most current models of coevolution do 

not consider the process of selection. “In order to make headway in the study of 

coevolution and escalation, we need to study the sources, frequencies, and cost-
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benefit effects of selection. This entails careful observation of encounters between 

species, together with an evaluation of the effects of such encounters on survival 

and reproduction” (Vermeij, 1994, p. 232; see also Herre, 1999, and below). It is 

important to distinguish when selection occurs and what agents are responsible 

(Vermeij, 1994).  For an interpretation of reciprocal adaptation to be appropriate, 

selection by the prey on its predator has to be stronger, with predictable 

consequences (Brodie and Brodie 1999), than that caused by other enemies of the 

predator. 

Inequalities in interaction.Slobodkin’s (1974) expectation that prey in 

an evolutionary race can “keep ahead” led Dawkins and Krebs (1979) to point out 

that coevolution (reciprocal adaptation) between predator and prey gives the prey 

an inherent evolutionary advantage.  Thus predator and prey are not equal 

partners from an economic point of view in an arms race.  They termed this 

asymmetry in the evolutionary outcome between predator and prey the “life-

dinner principle.” It is a widely cited explanation for why predators may not 

respond evolutionarily to prey adaptation (Vermeij, 1982b; Kelley, 1992; Brodie 

and Brodie, 1999).  If a predator fails, it only loses a meal (and some energy and 

time), whereas failure for the prey means death (or at least injury).  The 

consequences of the interaction clearly are more severe for the individual prey, 

suggesting that selection by the predator on the prey for improved defenses is 

stronger than selection by the prey on the predator for improved offensive 

capabilities. Asymmetry in selection is assumed to result in faster evolution of 

prey than predators, leaving predators unable to keep pace (in the evolutionary 
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race) with their prey.  

Vermeij (1982b) reasoned that the prey’s contribution to selection for 

improved predator capability is further reduced if a predator preys on more than 

one species; the short-term response of the predator might be to avoid the 

increasingly well-defended prey.  Vermeij (1982b) took this to imply that 

selection for predatory improvement is likely to be far stronger from the 

predator’s own enemies rather than its prey; thus interactions among multiple 

species decouple the coevolutionary responses of a given pair of species. This was 

the major impetus for the formulation of the escalation hypothesis and its view 

that prey play a minor role in directing evolution of their predators.  

Dawkins (1982) proposed the “rare enemy effect” as a means of balancing 

the asymmetry inherent in the life-dinner principle and allowing coevolution to 

occur.  Because rare predators represent a minor selection pressure on the prey, 

the predators are thought to “win” or “keep ahead” in the arms race (Dawkins, 

1982).  However, if a predator is rare, the risk of predation for any individual prey 

is low, and the prey would not be expected to evolve costly morphological or 

avoidance defenses.  If selection pressures on the prey are weak, coevolution of 

predator and prey is difficult to envision (see also Abrams, 1986).  In such a case, 

an opposite asymmetry may arise in which the prey do not respond to evolution of 

the rare predator. 

Abrams (1986) has argued, on theoretical grounds, that the life-dinner 

principle does not take into account the fact that if a predator loses enough races, 

it will also lose its life. Predators that catch prey rarely will suffer the same fate 
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(death) as an unsuccessful prey individual.  Furthermore, the frequency or 

probability of attacks, as well as their outcome, has to be taken into account in 

determining the net lifetime effect on survival, reproductive output and fitness. 

The cost per unsuccessful attack is typically low for predators, but predators 

typically have a low success rate and must make many unsuccessful attacks for 

every successful one. In contrast, the cost to a prey is much higher, but the 

number of attacks experienced per individual may be much lower over a lifetime. 

Thus, even though the consequences of one individual attack are highly 

asymmetrical between predator and prey, the net outcome is not readily obvious 

(J. A. Rice, personal communication, 2002).  

In addition, Brodie and Brodie (1999) pointed out that the characterization of 

the life-dinner principle oversimplifies the process of phenotypic evolution, which is 

a combination of selection and inheritance.  Evolutionary change in a trait is equal to 

the product of the strength of selection and its heritability (the percentage of 

variation in a trait that is controlled by additive effects of genes; see Futuyma, 1986).  

Thus if thickness of the shell of the prey and strength of the claw of the predator 

were to experience exactly the same strength of selection, the species with the 

greater heritability for the trait in question would evolve faster.  If selection is 

unequal, as the life-dinner principle predicts, the rate of evolutionary change may 

still be equal if heritabilities differ.  If selection is stronger on prey than predators, 

prey should have less genetic variation for their defenses, based on Fisher's 

fundamental theorem of natural selection, which states that the rate of increase in 

fitness is limited by the amount of additive genetic variation (Brodie and Brodie, 
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1999).  If this is the case, heritability differences might balance the asymmetry in 

strength of selection predicted by the life-dinner principle, resulting in comparable 

rates of evolution.  

Brodie and Brodie (1999) noted that a major difference between predator-

prey interactions and other victim-exploiter systems is the intimacy of the 

interaction (i.e., the extent to which each species experiences the consequences of 

the interaction). In predator-prey interactions, prey that are unsuccessful at escape 

face the direct consequence of interaction with the predator; that is, death (or zero 

future fitness). By contrast, predators are able to avoid many selective 

consequences of interacting with their prey that occur in a more intimate 

interaction; this inequality in interaction may help explain why selection on prey 

is thought to be stronger than on predators (Brodie and Brodie, 1999). The 

consequences for the individual predator of losing a prey may be strong enough to 

start an arms race. But the predictability of this consequence for any individual 

predator is low (Fig. 2; b); a predator might capture the very next prey it interacts 

with, negating the consequences of the prior interaction, or may switch to an 

alternative prey (Brodie and Brodie, 1999).  

Brodie and Brodie (1999) argued that the only predator-prey systems 

likely to result in a coevolutionary arms race (in which selection pressures 

between predator and prey are symmetrical) are systems in which predators 

interact with dangerous prey, a conclusion Vermeij (1982b) also advocated. If a 

prey is dangerous to a predator, the predictability of consequences for the predator 

is expected to be high (small residuals; Fig. 2a) and therefore selection is strong. 
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Coevolution is likely to occur in this system of interacting predators and 

dangerous prey. In this sense predators are “forced” into experiencing selection 

from dangerous prey (Brodie and Brodie, 1999). This situation leads inevitably to 

an evolutionary response in the predator as long as variation in the offensive trait 

(either morphological or behavioral) of the predator is present.  

The dangerous prey concept was used to explain evolutionary shifts in 

stereotypic placement of holes drilled by naticids on confamilial prey (Dietl and 

Alexander, 2000). Because an escaped aggressive prey may become the predator 

and drill its former attacker (a case of the hunter becoming the hunted), naticid 

prey may be considered dangerous to their confamilial predators.  Naticids may 

have shifted the position of drill holes on confamilial prey to neutralize the 

potentially larger prey foot or more aggressive retaliatory behaviors of such 

dangerous prey (Dietl and Alexander, 2000).  This concept has been relatively 

unexplored in the fossil record of predator-prey interactions.  

The interaction between predatory crabs and their hard-shelled prey also 

may have a coevolutionary component. If we were to play devil’s advocate, West 

et al.’s (1991) example of the interaction between Tanganyikan gastropods and 

crabs discussed earlier could involve coevolution between predator and prey if the 

evolution of more powerful claws of the predator were a counter-adaptation to 

increased defensive strength of the prey’s shell.  This may result from the 

increased likelihood of breakage or damage to their claws (as a consequence of 

fatigue failure), which occurs commonly in living crab species (Juanes and 

Hartwick, 1990); in this case, the Tanganyikan gastropods are dangerous prey.  
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The consequences of claw breakage for the predatory crab Cancer magister, 

feeding on the hard-shelled bivalve Protothaca staminea, include longer prey 

handling times (decreasing feeding rates) and reduced growth, molting ability, 

and mating success (Juanes and Hartwick, 1990). Careful observations are 

required to determine when claw breakage, and hence when selection, more often 

occurs, in order to clarify the processes shaping these interactions. 

TIME SCALE AND ECOLOGICAL AND EVOLUTIONARY ARMS RACES 

Geographic mosaic theory of coevolution.Scale is important in ecology 

and evolution.  For instance, Futuyma and Slatkin (1983c) were confounded by an 

apparent lack of directional trends in the fossil record of predator-prey 

interactions, despite the documentation of adaptation between species at 

ecological scales.  Rapid, fluctuating, short-term (10’s to 100’s of years) selection 

(frequency- or density-dependent) that does not result in the production of long-

term trends is thought of as evolutionary “noise” (Thompson, 1998).  However, 

these short-term rates may be viewed as the first steps towards long-term 

directional selection (the microevolutionary processes that operate on ecological 

time scales may have macroevolutionary consequences).  Such a link between 

scales can be achieved if short-term fluctuating selection leads to adaptive 

innovations (or changes in the developmental sequence that break genetic 

covariances —or constraints on evolution— allowing traits to vary 

independently), or if this selection establishes new mutually beneficial 

partnerships among species (see also Vermeij, 1994). 
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At the interface between ecology and evolution, Thompson (1988, 1994) has 

addressed the role that variation in the outcome of interspecific interactions on an 

ecological time scale plays in the coevolution of species interactions. The ubiquity of 

geographic variation in the expression of defenses, and in the selection pressures 

caused by different groups of enemy species, is thought to act together to create a 

selection mosaic in an evolutionary arms race between antagonists, such as predator 

and prey (Thompson, 1994). Thompson termed his hypothesis the geographic 

mosaic theory of coevolution.  In general, it is hypothesized that coevolutionary 

dynamics are driven by components of geographic structure: there is a selection 

mosaic among populations that favors different evolutionary trajectories to 

interactions in different populations, and there are coevolutionary “hot spots,” which 

are subsets of communities in which reciprocal adaptation actually occurs (Fig. 3). 

Selection mosaics occur when natural selection on interactions and gene flow 

between populations vary (Gomulkiewicz et al., 2000); the selective asymmetry due 

to the life-dinner principle in predator-prey arms races discussed earlier can be either 

increased or decreased by consideration of selection mosaics.  

Hot spots are communities in which interacting species have reciprocal 

effects on fitness and are usually embedded within surrounding communities in 

which selection affects only one or neither of the interacting species (cold 

spots)(Gomulkiewicz et al., 2000).  As a result of differences in outcome among 

populations, an interaction between two species may coevolve, affect the evolution 

of only one of the species in the interaction, or have no effect on the evolution of 

either of the interacting species (Thompson, 1994).  
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The geographic mosaic theory incorporates two observations that have often 

been used as evidence against coevolution: lack of apparent coevolution in the 

interaction between a local pair of species, and lack of biogeographic congruence in 

the interacting species distributions (Thompson, 1994).  Thompson summarized the 

basic idea of his theory when he wrote that the geographic mosaic theory: 

“suggests that the coevolutionary process is much more dynamic than is 

apparent from the study of individual populations or the distribution of 

characters found in phylogenetic trees [e.g., see p. 285 in Brooks and 

McLennan (1991)]. Adaptations appear and are lost. Some populations 

become highly specialized for the interaction as others remain or become less 

specialized. Some populations may fall outside the geographic range of the 

other species, lose some of their adaptations for the interaction, and then later 

be drawn back into the interaction. A few populations may temporarily 

become evolutionary “hot spots” for the overall trajectory of coevolution 

between the species, whereas other populations act as evolutionary sinks. The 

overall course of coevolution between any two or more species is driven by 

this ever shifting geographic mosaic of the interaction” (p. 223). 

This geographic view of an arms race generates three general ecological 

predictions: populations of a species will differ in the traits shaped by 

coevolution; traits will be well matched in some communities and mismatched in 

others; and there will be few species-level coevolved traits that are distributed 

across all populations of a set of interacting species (Thompson, 1999a).  
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Thompson’s mosaic view of coevolution may be limited to highly 

specialized species interactions.  In predator-prey interactions most morphological 

prey defenses are general adaptations that work against a number of different 

predators, and are not specific to a single predator species (G.J. Vermeij, personal 

communication, 2002).  The same is true for the offensive capabilities of the 

predator. For instance, size and thickness of the shell are two general defenses in 

molluscs that are effective against shell-crushing crabs or fish, as well as shell-

drilling snails, not to mention boring parasites (Vermeij, 1987). How does this 

generality in adaptation affect the ecological predictions of the mosaic hypothesis 

of coevolution, which assume a specialized or tightly linked interaction between 

predator and prey? For instance, although the range of a predator may not overlap 

the entire range of its prey, another predator species that selects for the same prey 

defense might be present.  In this case, the selection pressure for increased 

thickness is always present.  This selective reinforcement calls into question 

Thompson’s prediction that few traits will be distributed across all populations of 

a set of interacting species.  It is easy to imagine how the same defense can be 

adaptive locally even if the source of the predation pressure changes among 

populations.  The other ecological predictions may hold in specific cases, but this 

level of variation is likely lost (or masked or misinterpreted as a high degree of 

phenotypic lability) in the fossil record. 

Thompson’s (1994, 1998) mosaic view of the evolution of species 

interactions suggests how reciprocal evolutionary change can shape species 

interactions that are asymmetric at the species level (one species interacting with 
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multiple species–i.e., a diffuse interaction; Fig. 1) but are specific at the local 

level. Thus, although predators may prey on a number of species, a single prey 

species may be most important in driving the evolution of the predator. There is 

some theoretical backing for Thompson’s argument.  Abrams (1991) has shown 

from models that interactions between a predator, a prey species, and a third 

species (either the predator’s own predator, or a second prey species) often 

increase the magnitude of coevolutionary response in the predator or prey (or 

both) to evolutionary changes in the additional species. Thus multiple prey 

species may intensify the response of a predator to its main prey.   If empirical 

data are found to support Abrams’ models, one of the tenets of the hypothesis of 

escalation may be brought into question (i.e., that predators are unlikely to 

respond specifically or be specialized to any one prey species because of the 

catholic diet of most predators (Vermeij, 1987, 1994)).   

What are the implications of the mosaic hypothesis for the fossil record of 

species interactions?In general, the mosaic view of the evolution of species 

interactions incorporates variation that occurs over a larger spatial scale (the range 

of the species) than we usually consider (i.e., within a local population) when 

evaluating arms race hypotheses.  As paleontologists, we are usually only able to 

trace traits that have spread among all the populations of a species, but this does 

not mean that the coevolutionary meanderings or continual reshaping of 

interspecific interactions is unimportant.  Interactions may come and go within the 

ecological context of a local population through time.  A prey population with a 

geographic range that extends beyond that of its predator may escape attack for 
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many generations, lose (or more likely decrease) its level of defense, and then fall 

victim again as the range of the predator expands.  Just as a lack of evidence for 

local adaptation is not conclusive evidence that coevolution (or for that matter 

escalation) has not occurred, the lack of directional trends through successive 

stratigraphic intervals in traits important to an interaction is not evidence that 

biotic factors were unimportant. Gould (1990, p. 22) commented that “positive 

feedback [should drive the evolution of an interaction] to its furthest point in a 

geological instant, while most actual events [trends] span tens of millions of 

years;” positive feedback is thought to require “locking of biotic interactions” 

over the duration of the trend.  In other words, how can long-term biotically 

driven trends be accounted for if reciprocal adaptation is expected to occur only 

early in the history of the interaction (see also Futuyma 1985)?  The mosaic view 

of selection suggests that the degree of adaptation to local conditions may 

increase or decrease depending on the amount of contact with other populations.  

The spatial distribution of genetic variation “determines the degree and scale over 

which populations have been (or are) evolutionarily independent, and 

consequently free to evolve in response to local variation in selection” (Grosberg 

and Cunningham, 2001, p. 61). In general, species with restricted gene flow are 

expected to exhibit local adaptation to spatially varying selection; as the level of 

gene flow among populations with different selective regimes increases, the 

selective costs of local adaptation increase (Grosberg and Cunningham, 2001). 

Thus, the geographic structure of a species may favor long-term trends in the 

evolution of species interactions.  Kelley and Hansen (2001) further added that 
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the condition of “locking” or maintenance of specific predator-prey interactions is 

not necessary if escalation (which does not require a strong coevolutionary 

component) is the most important process in the evolution of species interactions. 

Few interacting species have identical geographic ranges.  In addition, the 

outcome of an interaction often varies among environments within the context of the 

other species present. In modern habitats predation varies at different scales, from 

local to regional. Not surprisingly then, many studies also have shown that predation 

pressure is highly variable on both large and small spatial scales within time-

averaged assemblages in the fossil record (Vermeij, 1980; Geller, 1983; Schmidt, 

1989; Hansen and Kelley, 1995; Hoffmeister and Kowalewski, 2001; Nebelsick and 

Kowalewski, 1999; Alexander and Dietl, in press). This variation sets up the 

possibility for a selection mosaic of hot and cold spots that have fluctuated in both 

space and time.  

What studies on spatial variability in predation have neglected to ask is how 

variability in the frequency of hot and cold spots affects the rate of evolution of 

species interactions (or traits involved in the interaction). While it is important that 

we evaluate temporal trends in coevolution- or escalation-related traits among 

ecologically similar habitats (i.e., local adaptation is context dependent; Vermeij, 

1994), in doing so, we ignore the variation across other populations in the selection 

mosaic.  The degree of connection between populations may change as the 

frequency of hot and cold spots (the mosaic of spatially varying selection pressures) 

changes temporally.  If the frequency of hot spots is low relative to cold spots, and 

the scale of gene flow exceeds the scale over which selection varies, beneficial 
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adaptive changes (such as an increase in shell thickness) are unlikely to spread 

quickly to all populations of the species.  Further work is needed to determine the 

general applicability of the conclusion of Bush et al. (2002) that degree of variation 

in time-averaged fossil assemblages mirrors within-generation variability of living 

populations; if these results hold, then geographic and temporal mosaic of change 

should be observable in the time-averaged fossil record. 

The outcomes of interactions also can vary among environments as 

changes occur in the effectiveness of traits involved in an interaction (Thompson, 

1988).  Thompson has called the range in effectiveness of a particular trait an 

interaction norm in analogy to a reaction norm, which is the range of phenotypes 

a given genotype expresses among environments.  In order to understand selection 

and constraints on the evolution of species interactions, patterns of geographic 

variation in the outcomes of such interactions might have to be considered (see 

also Thompson, 1988).  Vermeij (1982b) has shown convincingly that predatory 

attacks are not always successful.  It is this failure that he argues is driving the 

evolution of adaptations to enemies (Vermeij 1982b, 1987, 2002). Geographic 

variation in sublethal predation thus provides an opportunity to understand how 

combinations of different traits affect the outcomes of interactions over 

evolutionary time (Vermeij, 1982b), or favor the evolution of new associations or 

innovations important to an interaction between species. How do different 

environments affect selection on interactions (or the interaction norm)?  

Thompson has argued that differences in outcome among environments 
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potentially may be high enough to shift the mean outcome along a continuum of 

antagonism, commensalism, and mutualism. 

Adaptive phenotypic plasticity.Heterogeneity in predation pressures 

among habitats in ecological time also favors the evolution of adaptive 

phenotypic plasticity. Inducible defenses are phenotypic changes induced directly 

by chemical cues associated with biotic agents.  Induced morphological defenses 

include the production of antipredatory structures (e.g., bryozoans, cladocerans, 

rotifers) and protective variation in shell thickness (e.g., barnacles, gastropods, 

mussels) in the presence of the predator (Harvell, 1984; Lively, 1986; Trussell, 

1996; 2000; Leonard et al., 1999). For instance, thicker shells are induced in the 

gastropod Littorina obtusata by the presence of the predatory crab Carcinus 

maenus (Trussell, 1996).  

Induced defenses are likely favored over constitutive defenses because they 

account for the unpredictability inherent in most habitats.  Inducible defenses in the 

prey are thought to evolve via two routes: “cost-benefit” (=inducible in Fig. 4) 

and “moving target.” Four factors favor the cost-benefit model (Fig. 4) of the 

evolution of inducible defenses: 1) selective pressure of the inducing agent (the 

predator) must be variable and unpredictable, but sometimes strong. If the 

antagonist is constantly present, constitutive defenses should evolve. 2) 

Availability of nonfatal predictive cues is necessary to indicate the proximity of 

the threat of future attack and activate the defense. 3) The defense must be 

effective; and 4) most defenses should incur direct allocation costs or other 

tradeoffs.  The prey trade the risk of predation against the cost of defense.   
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The moving target model induces changes in defense (to herbivory or 

predation) that are a form of nondirectional phenotypic escape from adverse 

conditions rather than a ratcheting up of defenses (Fig. 4).  Under this approach, 

prey phenotypes cannot be arrayed along a single axis from undefended to well-

defended because the prey’s defenses are affected by a variety of extrinsic 

environmental factors other than the presence of their predator, each of which has 

an independent component of effect on the predator (Adler and Karban, 1994).  

Thus there is a tradeoff in the effectiveness of different defensive phenotypes.  It 

is predicted that prey will not fix their defense to one predator if that state is 

vulnerable to another predator.  Thus a tradeoff in the moving target case does not 

depend on the cost of defense, but on the array of predator types that respond 

differently to different prey phenotypes (Adler and Karban, 1994).  A moving 

target defense is favored if environments are unpredictable and uninformative (Adler 

and Karban, 1994).  Thus environments that change frequently in ecological time 

might not allow for a specific inducible defense to be targeted by selection over 

evolutionary time. 

Predator responses to inducibly defended prey can include morphological, 

physiological, or behavioral responses, such as foraging movement strategies and 

life history changes (Levin et al., 1990).  Reciprocal phenotypic change has been 

observed in predator-prey systems.  Smith and Palmer (1994) showed that 

morphology and claw strength of the predatory crab Cancer productus was plastic. 

Larger and stronger claws were developed when crabs were fed mussel prey 

(Mytilus) with shells than when eating mussels that had their shells removed.  Smith 
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and Palmer (1994) suggested that these short-term adaptive responses to a changing 

environment (prey phenotype), if heritable, could produce evolutionary changes in 

claw size.  Conversely, mussels respond to the presence of predators (e.g., crabs) by 

inducing thicker shells (Leonard et al., 1999; Smith and Jennings, 2000). Agrawal 

(2001) argued that, because species interactions are intrinsically variable in space 

and time, and if reciprocal phenotypic change is the result of adaptive plasticity for 

both predator and prey, then it is predicted that coevolution may result in inducible 

defenses as opposed to constitutive adaptations. 

If trends in predation-related traits involve inducible, rather than constitutive, 

defenses, our understanding of such trends is affected.  Although evolutionary trends 

in constitutive and inducible defenses both result from predation, the mechanism 

differs. In cases of consistently high predation pressure, natural selection will act 

directly to favor constitutive defenses (Tollrian and Harvell, 1999). However, if 

predation has a variable or unpredictable impact, inducible defenses will be favored; 

in that case, selection acts indirectly by affecting the norm of reaction (Travis, 1994).  

As the degree and variability of predation changes, defenses may alternate between 

constitutive and inducible or perhaps be lost entirely, depending on constraints.  This 

alternation may affect what direction and what rate an evolutionary trend might take.  

Most studies have focused on plasticity from the prey’s point of view, as a 

defense against its predators.  However, adaptive plasticity not only provides a 

mechanism through which prey may avoid predation, but, in turn, may give 

predators the opportunity to respond reciprocally to overcome the prey defense. 

Thus, inducible defenses may have the potential to alter both the short-term 
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dynamics and long-term evolution of predator-prey systems (Adler and 

Grunbaum, 1999; Harvell, 1990). However, it is unclear if in the long run 

predators would still exact primary “top-down” control in directing the prey's 

evolution as predicted by the escalation hypothesis (see also Vermeij, 2002). 

Communities that are dominated by generalized predators that are capable of 

switching among diverse prey, such as the crab Callinectes sapidus in marine 

soft-bottom habitats, often control the distribution and abundance of a number of 

co-occurring species (Virnstein, 1977; Peterson, 1979; Hines et al., 1990).   

It is important here to distinguish reciprocal selection or within-generation 

change in phenotype distribution from evolutionary reciprocal adaptation, which 

is a change in phenotype distribution across generations (Fisher, 1930).  The 

conditions under which selection for induced prey defenses and predator offenses 

operate in nature remain unclear.  Is an inducible “dialogue’ between predator and 

prey played out in ecological as well as evolutionary time?  If selection targets the 

norm of reaction of both predator and prey, coevolution may occur over the long 

run (Smith and Palmer, 1994).  There is experimental evidence that partners in an 

interaction continually respond in a reciprocal fashion over ecological time 

(Agrawal, 2001). Reciprocal change in ecological time may thus have resulted 

from long-term evolution in which the environment (the species interaction) has 

been variable.  

FINAL REMARKS 

There are two major underlying themes of this paper.  Our first goal was 

to clarify the conceptual differences between coevolution and escalation.  The 

major difference between the two processes is in the nature of selection (Vermeij, 
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1994).  Escalation is enemy-driven evolution. In this view, the role of prey (with 

the exception of dangerous prey) is downplayed in arms races between predator 

and prey.  In coevolution, prey are linked tightly to their predator and thought to 

drive the evolution of their predator.  Janzen (1980) posed the question:  "When is 

it coevolution?" to draw attention to the ways in which the process was 

misunderstood. Similarly, we ask: “When is it coevolution and not escalation?”  

The answer to this question depends on the predator-prey system of interest.  The 

naticid gastropod predator-prey system was initially envisioned as a 

coevolutionary system (Kitchell et al., 1981), but fossil evidence supports an 

interpretation of escalation (Kelley, 1992).  In systems in which prey are 

dangerous to the predator, coevolution is the appropriate model (e.g., confamilial 

naticid predation, Dietl and Alexander, 2000; Busycon whelk predation on bivalve 

prey such as Mercenaria, Dietl, Chapters 2, 4).  However, even in these 

coevolving systems, the role other enemies play in reinforcing the selection 

pressure exacted by prey should not be overlooked—evolution does not take place 

in an “ecological vacuum” (sensu Boucot, 1983) even when considering a coupled 

predator-prey interaction. These systems do, however, provide more definitive 

results because traces of predation are preservable in the fossil record. Crab-

gastropod predator-prey systems typically have been characterized as exhibiting 

coevolution (Trussell, 2000; West et al., 1991), but alternative interpretations can 

be offered (see above); the same can be said for the cassid gastropod-sea urchin 

predator-prey interaction.  In such cases, the question remains open as to what 

process was important.  
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Our discussion of coevolution models has repeatedly highlighted the main 

point of contention with the escalation hypothesis; that is, predators are not 

expected to respond to changes in their prey (the “decoupling” argument).  

Coevolution models (Abrams, 1986; 1991; Kitchell, 1986; 1990) have assumed 

that positive feedback between interacting populations, in terms of changes in 

population size or density, or energy intake, is the same as reciprocal adaptation 

(Vermeij, 1994).  But are changes in population dynamics or energy intake of 

interacting species an appropriate descriptor of selection-based processes (see also 

Vermeij, 1994)?  If progress is going to be made in the debate about coevolution 

and escalation we must search for empirical evidence of evolutionary responses in 

nature. This goal requires not only a description of the products of selection in 

terms of births and deaths, or energy intake, but also an evaluation of how 

interactions among organisms affect the opportunity for adaptation (Vermeij, 

1994). Interactions have consequences in the form of success and failure; traces of 

predation allow the ranking of importance of various selective agents (Vermeij, 

1987).  “Those agencies that affect a large number of individuals … should … 

play a larger role in adaptive evolution than do agencies that affect a minority of 

individuals” (Vermeij, 1987, p. 23).   Distinction between the two processes in the 

fossil record will require documentation of sources, frequencies, and cost-benefit 

effects of selection (which for many systems requires evidence from living 

animals; Vermeij, 1994).    

Our second theme is that rates of evolutionary change of traits important 

in species interactions may vary from very short, rapid changes taking place on 
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the ecological time scale (10’s to 100’s of years; Thompson, 1998) to longer 

spans of evolutionary time (millions of years; Vermeij, 1987, 1992). Trends over 

evolutionary time are also not necessarily directional (although directional trends 

in antipredatory characters do occur, including increases in shell thickness (Kelley 

and Hansen, 2001) or ornamentation (Dietl et al., 2000)), but may be highly 

dynamic in nature (Kitchell, 1990). These findings suggest that a lack of the 

predicted ideal unbounded, progressive trend is not sufficient evidence to argue 

against the importance of interactions among species as a driving force in 

evolution (Kitchell, 1990).  Despite the apparent antiquity of many predator-prey 

associations in the fossil record (Boucot, 1990), there are still few detailed studies 

testing arms race hypotheses. This lack of focused research does not imply that 

the inherent directionality (at the level of “megatrajectories”; see Knoll and 

Bambach, 2001) in evolution is unimportant.  Given that economic inequalities 

abound in nature between enemies (Vermeij, 1999), such direction is inevitable. 

Such directionality does not assume that within evolving lineages adaptation is 

boundless as predicted by the Red Queen Hypothesis.  There are likely to be 

periods of directionality in an arms race (increasing mean values of traits) but also 

occasional reversals or even periods of stasis (Dawkins, 1986; Kitchell, 1990).  

Vermeij (1994) also espoused this view of the episodic nature of selection.  

The fossil record is the only place where the long-term effects of 

interactions among species can be traced; thus it remains a valuable resource for 

testing predictions of these processes. If the geographic mosaic process 

envisioned by Thompson is a common feature of the evolution of predator-prey 
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interactions, then escalation and coevolution studies may have to incorporate an 

understanding of the population structure of the species being studied. A 

geographic perspective in our thinking of species interactions and the processes 

driving their evolution may allow for a more diverse array of testable hypotheses 

on how predator-prey systems evolve (see also Thompson, 1994). How do 

connections among multiple populations affect the processes shaping the 

evolution of interactions among species?  By identifying general patterns, we can 

better understand the constraints that interactions impose on the evolution of 

organisms.  In addition, if short-term reciprocal adaptation (via inducibility) 

between predator and prey is a common process, then prey are likely to exert 

some selective pressure over their predators over the short term (and perhaps in 

specific cases over the long term; see above).   

At ecological time scales, reciprocal adaptation is likely to occur 

(Thompson, 1999b); coevolution may also characterize the long-term evolution of 

specific predator-prey systems.  However, at the largest scale of paleontological 

study, the escalation hypothesis may be the most important description of the 

evolutionary process (see also Thompson, 1999b).  Over the long run, then, we 

believe, it is likely that predators control the overall directionality in evolution 

(i.e., evolutionary megatrajectories) due to the inequalities of predator and prey in 

control of resources (Vermeij, 1999, 2002).  Predators that have large effects on 

community structure, by way of their high rates of consumption and their 

generalized diets (Virnstein, 1977; Peterson, 1979; Paine, 1980; Hines et al., 

1990; Birkeland, 1996), likely are “chiefly responsible for organizing the 



 39 

economy, for defining the roles and attributes of the entities with which they 

interact, and for setting the course of economic change” within the community 

(Vermeij, 1999, p. 247).    

The fundamental question raised in the introduction was whether there are 

any general “rules” that govern the ecological and evolutionary trajectories and 

outcomes of interactions (see also Herre, 1999). In order to address this question, 

we must recognize that predator-prey interactions are complex systems and that 

multiple factors may influence the outcome of encounters between predator and 

prey. Thus “it is important to understand the interactions among several different 

types of species in order to provide the context to properly pose and test 

evolutionary hypotheses about any of them” (Herre, 1999, p. 235).  Once other 

agents of selection are considered, the intuitive expectation of the type of arms 

race driving the evolution of a species interaction is often called into question.  

Thus it is important to view any predator-prey system within the context of the 

other species that may influence the interaction, and to clearly understand the 

functional interrelationships among them. We have not come to any firm 

conclusions on the “rules” governing the processes of coevolution and escalation 

in any specific predator-prey interaction because in many systems the question is 

still open.  This equivocal conclusion does not imply that the governing “rules” 

that yield explanatory power concerning the outcomes of species interactions and 

their long-term effects in evolution are not important. Instead, as Herre (1999, p. 

236) pointed out, “understanding why the rules work in the cases that they do is 

crucial, as is the appreciation that context and scale determine the applicability of 
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those rules we presently recognize.” Distinction between escalation and 

coevolution can most reliably be achieved with careful documentation of the 

details of the natural history of different systems (Vermeij, 1994).  As Kohn 

(1989, p. 1095) eloquently stated: “Natural history, in focusing on the individual 

whole organism in its environment, occupies a central position in the spectra of 

spatial and temporal scales appropriate to biological science.”  Answers to the 

conceptual problems between the coevolution and escalation processes 

fundamentally depend on growing collaboration among ecologists and 

paleontologists. This collaboration remains a seemingly elusive, yet attractive 

goal, but with it will come a much deeper understanding of the processes that 

continue to and have shaped the evolution of predator-prey systems. 
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Figure 1. Direction of selective pressures in coevolution and 
escalation of predator-prey interactions.    
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Figure 2. Covariance between predator fitness and prey 
phenotype.  Redrawn from Brodie and Brodie (1999, 
figure 1, p. 560).  A. High and predictable fitness 
consequences (steep slope and narrow spread of points).  
B. High but unpredictable fitness consequences (steep 
slope, wide spread of points).  C. Low but predictable 
fitness consequences (low slope but narrow spread of 
points).  D. Low and unpredictable fitness consequences 
(low slope, wide spread). 
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Figure 3. A geographic mosaic of coevolution between two interacting 
species.  Circles represent biological communities.  Arrows within circles 
indicate selection on one or both species in the interaction; arrow directions 
(within circles) represent different (co)evolutionary trajectories.  Arrows 
between circles indicate gene flow.  A. Coevolution occurs in all populations 
in which the interaction takes place; B, coevolutionary hotspots (in which 
reciprocal selection occurs) are intermixed with populations in which 
reciprocal selection is not occurring (cold spots).  From Thompson (1999a, 
figure 1, p. S4) with permission of the University of Chicago Press. 
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Figure 4. Constitutive, inducible (cost-benefit), and 
moving-target strategies.  Circles represent different 
phenotypes; circle size represents growth rate in 
absence of predation and shading represents degree 
of defense.  Solid arrows indicate switching in 
presence of predation and dashed arrows indicate 
switching in absence of predation.  See text for 
comparison of cost-benefit (inducible) and moving-
target models.  From Adler and Karbon (1994) with 
permission of the University of Chicago Press. 
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CHAPTER II 
 

EXPERIMENTAL TESTS OF THE STRENGTH OF INTERACTION BETWEEN 
A PREDATOR AND DANGEROUS PREY: SINISTROFULGUR PREDATION ON 

MERCENARIA 
 
 

ABSTRACT. The lack of direct empirical evidence of predator evolution in 

response to prey adaptation is a fundamental underlying weakness of the arms race 

analogy of predator-prey coevolution.  I examined the interaction between the 

predatory busyconine whelk Sinistrofulgur sinistrum and its bivalve prey 

Mercenaria mercenaria to evaluate whether reciprocal adaptation was likely in this 

predator-prey system. Whelks use their shell lip to chip open the shell of their prey, 

often resulting in breakage to its own shell. Thus, hard-shelled prey, such as 

Mercenaria, may be considered dangerous because they are able to inflict damage to 

the predator as a consequence of the interaction.  Selection that results from 

interaction between whelks and their bivalve prey was viewed by regressing the 

frequency of shell breakage in encounters with prey (an index of predator fitness) on 

the phenotype (a function of size) of its prey. Interaction with Mercenaria of varying 

sizes has strong and predictable selective consequences (r2= 0.946; p= 0.028) for 

Sinistrofulgur.  Predators that select large bivalve prey increase the likelihood that 

their shell lip will be broken in the process of attempting to open their prey. 

Ecological consequences for this feeding behavior may include reduced growth rate 

and reproductive success and increased vulnerability to predation. These results 

suggest that natural selection should favor traits or behaviors in the predator that 

reduce fitness loss when interactions with damage-inducing prey occur.  
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INTRODUCTION 

Coevolution is defined typically as reciprocal adaptation of two or more 

species in response to one another (Futuyma and Slatkin, 1983b; Vermeij, 1994; 

Dietl and Kelley, in press). This process has been proposed to be one of the most 

important modes of evolution shaping adaptation between interacting species 

(Thompson, 1994).  On an evolutionary time scale, this reciprocal adaptation 

between interacting species is invoked as a mechanism leading to "arms races" 

between predator and prey (Dawkins and Krebs, 1979; Kitchell, 1990; West et al., 

1991). While most studies suggest that prey respond to predators (Vermeij, 1983, 

1987; Kelley 1989; Dietl et al., 2000), a fundamental weakness of the arms race 

analogy of coevolution between predator and prey is the lack of direct empirical 

evidence of predator evolution in response to prey adaptation (Vermeij, 1982b; 

Abrams, 1986; Kelley, 1992; Brodie and Brodie, 1999; Dietl and Alexander, 

2000).   

Vermeij (1987, 1994) argued that predator-prey systems escalate.  In 

escalation, enemies drive evolution.  Although escalation may have a 

coevolutionary component, Vermeij (1982, 1987, 1994) argued that predators are 

more likely to respond evolutionarily to their own enemies (predators or 

competitors) rather than to their prey. Thus in escalation, although prey respond to 

their predators, adaptation is not necessarily reciprocal (Dietl and Kelley, in 

press).  

In order to evaluate competing hypotheses about the evolution of predator-

prey systems, a greater understanding is needed of the consequences of the 

interaction for the predator. Vermeij (1994, p. 232) stated: "In order to make 
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headway in the study of coevolution and escalation, we need to study the sources, 

frequencies, and cost-benefit effects of selection. This entails careful observation 

of encounters between species, together with an evaluation of the effects of such 

encounters on survival and reproduction."  Selection on prey is thought to be 

stronger than on predators; this asymmetry in selection may preclude an arms race 

between predator and prey (Dawkins and Krebs, 1979; Vermeij, 1982b; Brodie 

and Brodie, 1999). Any test of the coevolution hypothesis must first establish that 

predators are expected to respond evolutionarily to increased antipredatory 

defense in their prey.  A coevolutionary arms race is most likely when prey are 

dangerous (reducing the selective inequality) because the predator will be under 

stronger selection pressure to respond to prey adaptation (Vermeij, 1982; Brodie 

and Brodie, 1999).  In these interactions the prey is able to inflict damage to (or 

even kill) its predator and therefore should favor selection in the predator for 

increased efficiency in prey capture. 

Studies of the feeding biology of living busyconine species of the 

gastropod family Melongenidae show that thick-lipped whelk species (e.g., 

Busycon carica and Sinistrofulgur sinistrum) employ a shell-chipping mode of 

predation to open their tightly closed bivalve prey.  The predator forcefully and 

rhythmically applies its shell lip to the valve edges of its clam prey (Fig. 1), 

chipping off pieces until an opening is created through which the whelk can 

wedge its shell lip between the valves (Fig. 2C, F; Colton, 1908; Warren, 1916; 

Magalhaes, 1948; Carriker, 1949,1951; Paine, 1962; Kent, 1983a). In the process 

of opening the shell of their prey, whelks often break their own shell (Figs. 2D,E; 
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3, 4); Colton, 1908; Carriker, 1951; Dietl and Alexander, 1998; Alexander and 

Dietl, in press). In an evolutionary context, injuries are expected to lead to 

decreased survivorship and reproductive success, that is, a decrease in fitness 

(Geller, 1990).  

Vermeij (1982b) hypothesized that the chipping behavior may have 

resulted in a coevolutionary arms race between predator and prey. Chipping 

behavior appears to be costly to the predator; Carriker (1951) observed that 

whelks often damage the outer lip of their own shell during chipping attacks.  

Such damage can be repaired, but at a cost to the predator (feeding has to be 

suspended during the repair process). Allocation of energy to repair may divert 

energy away from reproduction and somatic growth (Geller, 1990; Kirkwood, 

1981).  Damage to the shell also may have other ecological consequences for the 

whelk. A reduced feeding rate may lead to decreased growth, which may translate 

into an increase in vulnerability to size-dependent predators. Tightly closing 

bivalves that are opened by chipping the edge of the prey's shell thus may be 

hypothesized to be dangerous prey because they reduce the fitness of individual 

whelk predators (Vermeij, 1982b).  

Common prey items of shell-chipping whelks throughout their geographic 

range along the Atlantic and Gulf coasts of North America are the hard-shelled 

clams, Mercenaria mercenaria and Mercenaria campechiensis (Colton, 1908; 

Warren, 1916; Clench, 1939; Magalhaes, 1948; Carriker, 1951; Chestnut, 1952; 

Kraeuter, 2001). Where whelks and hard clams occur sympatrically, more than 

70% of adult Mercenaria mortality often can be attributed to whelk predation 
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(Chestnut, 1952; Dietl, unpublished data).  The shell of Mercenaria is large and 

thick and serves as an effective defense against predators (Kitchell et al., 1981; 

Boulding, 1984; Kitchell, 1986; Vermeij, 1987; Kraeuter, 2001; Alexander and 

Dietl, in press). These defenses increase the handling time and decrease the rate of 

successful whelk predation (Kent, 1983a). 

The present study is designed to evaluate the potential for evolutionary 

response by a whelk predator to the defensive adaptations of its hard-shelled 

bivalve prey.  I assume that if interaction with hard-shelled prey, such as 

Mercenaria, has predictable fitness consequences for the predator, then natural 

selection will favor improvements in the whelk’s feeding-related behavior or traits 

that reduce fitness loss when interactions with damage-inducing prey occur. 

MATERIALS AND METHODS 

Covariance between predator fitness and prey phenotype.In potential 

coevolutionary interactions, selection may be formalized as the covariance 

between traits and fitness (Fig. 5); the covariance of interest is between the fitness 

of individuals of one species (e.g., predators) and the values of traits at the 

phenotypic interface in the other species (e.g., prey) (Brodie and Brodie, 1999). 

Selection may be viewed by regressing an index of predator fitness on the 

phenotype of the prey species. The slope of the regression line estimates the rate 

of increase or decrease in the expected fitness of the predator as the prey’s 

phenotype changes. The consequences of the interaction are strong when the slope 

of the regression line is steep (Fig. 5, A, B); i.e., a change in prey phenotype 

significantly affects predator fitness. The amount of scatter around the regression 
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line reflects the predictability of predator fitness for a particular prey phenotype 

(Brodie and Brodie, 1999). 

Selection is strong when the covariance is high between predator fitness 

and prey phenotype. If a prey is dangerous to a predator, the predictability of 

consequences for the predator is expected to be high (small residuals; Fig. 5A) 

and therefore selection is strong. Coevolution is likely to occur in this system of 

interacting predators and dangerous prey. In this sense predators are “forced” into 

experiencing selection from dangerous prey (Brodie and Brodie, 1999). This 

situation leads inevitably to an evolutionary response in the predator as long as 

variation in the offensive trait (either morphological or behavioral) of the predator 

is present. 

The predictability of the outcome of the interaction between whelks and 

their prey was determined by offering individuals of Mercenaria mercenaria that 

differed in phenotype (size) to 24 whelk predators (Sinistrofulgur sinistrum; 125 

to185 mm, apex to siphonal canal length).  Individual whelks were collected from 

intertidal habitats in the University of North Carolina at Wilmington research 

sanctuary (34.18042° N: 77.84129° W).  Whelks were maintained from July to 

November 2001 in separate 80 x 30 x 25 cm aquarium tanks that contained a 10 

cm layer of sand.   Raw seawater was continuously pumped into each tank (this 

design assured that whelk feeding behaviors were independent of one another, 

that is, not influenced by the presence of other whelks (Underwood, 1997)). Prey 

of varying sizes were offered sequentially to each predator in four predator/prey 

size ratio categories (2.0, 4.0, 6.0, and 8.0) and the result of the attack noted (i.e., 
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whether it was successful or unsuccessful and whether the apertural lip of the 

whelk broke during the attack). Repair (and its frequency) can be directly related 

to individual fitness (see Kirkwood, 1981). Therefore, a component of predator 

fitness was estimated as the ratio of the total number of breaks (to the whelk’s 

apertural lip resulting from attempted predation) to the total number of attacks.  In 

other words, predator fitness was indexed as the proportion of attacks that resulted 

in breakage of the predator’s shell. This ratio was assessed during two different 

periods of whelk growth (“old” and “new” growth stages—see below).  

Whelk shell growth is episodic (Kraeuter et al., 1989); that is, shell growth 

occurs in rapid steps each punctuated by a longer period of thickening of the 

apertural lip while the whelk is buried beneath the sediment. Between these 

episodes of shell growth, the shell of the whelk remains the same size and 

thickness; this is the “old” shell growth stage. With increased somatic growth the 

retraction depth of the foot decreases (as body size of the whelk increases) until 

the whelk’s foot almost completely fills the aperture of the shell (Dietl, 

unpublished data). At this point, prior to significant investment in shell growth, 

there is often a period of switching between feeding and shell growth in which the 

whelk may secrete a thin shell layer a few millimeters in length at the mid-lip 

between feeding bouts. This narrow swath of shell growth is invariably eroded 

away if the whelk emerges from the sediment to forage and feed (these instances 

were not used in assessment of the frequency of breakage). After this switching 

step, growth of the whelk’s shell begins with the rapid secretion of a thin, almost 

translucent, layer of shell (often stopping after a knob is formed) that is 
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subsequently slowly thickened by the addition of secondary shell layers; this is 

the “new” growth stage (see fig. 6; Chapter 4). The rate of shell growth can be 

relatively high; in a period of one week an individual 130 mm long can add more 

than 20 mm of new shell to the mid-lip (Dietl, unpublished data); the period of 

shell thickening may require over a month to complete. 

 The growth stage of the whelk was noted as either “new” or “old.” The 

experiment was started with each individual whelk in the “old” growth stage. 

New growth was limited to episodes in which a > 5 mm (measured as arc length 

distance on the final whorl) increase in shell growth was added to the mid-lip; in 

these cases, the shell lip was less than 0.25 mm in thickness. Thickness of “old” 

growth shell lip averaged 0.9 mm—measured at the point of maximum convexity 

of the lip, i.e., the edge of the lip used in chipping.  The probability of breakage of 

the shell lip while feeding is greatest during the new growth stage when the shell 

lip is thinnest. 

The ratio of the total number of breaks to the total number of attacks (an 

index of predator fitness) was regressed on prey phenotype (prey size indexed as 

predator/prey size ratio) for both new and old growth stages.  This covariance 

approach permitted a visualization of the strength of selection in the two phases of 

growth separately, and the likelihood that whelk predators in natural populations 

would respond evolutionarily to prey adaptation in defense (e.g., size and/ or 

thickness increase).   

Prey size selection by the predator.Magalhaes (1948) reported that the 

size range of Mercenaria mercenaria preyed upon by Busycon carica in her 
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studies at Beaufort, North Carolina, was 11.6 mm to 90.2 mm in length, although 

specific prey sizes a given predator selected were not reported. Kraeuter (2001) 

suggested that B. carica preferentially select large Mercenaria, but no data were 

given on the range of prey selected by a given sized predator. In this study, the 

predator-prey size ratio categories offered to each individual predator were based 

on independent field observations of whelk prey size selection; observations were 

conducted between September and November 2000 at low tide on intertidal flats 

of the UNCW research sanctuary.  For every whelk found preying on Mercenaria, 

size was measured for both predator and prey (apex to siphonal canal length and 

dorsal-ventral length, respectively). Whelk size was regressed on prey size to 

evaluate whether predator and prey sizes were related, and to determine the 

amount of variability in prey size selection for a given size predator. 

RESULTS 

Visualization of predator fitness and prey phenotype: “old” vs. “new” 

growth.A total of 1350 feeding observations was recorded; 1242 of these 

occurred during the old growth phase and 108 during the new growth phase.   

Sixty-five percent of individuals added new shell growth to the apertural lip.  

Shell damage to the predator during the old growth stage was very rare (< 1% of 

encounters, Fig. 6) and usually minor; damage was limited to the mid-lip of the 

aperture.  As a result of its infrequency, there was no significant relationship 

between predator fitness and prey phenotype (r2= 0.54; p= 0.265) during the old 

growth phase.  Breakage to the shell lip was more common during the new 

growth phase (Fig. 6, 37% of encounters). This type of breakage appears 
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scalloped or truncated (Alexander and Dietl, in press; Dietl, Chapter 4) in outline 

and often terminates at the thicker old growth shell lip (Figs. 2E; 3, 4).   In 

contrast to results for the old growth stage, feeding during the new growth stage 

produced a significant inverse relationship (r2= 0.946; p= 0.028) between predator 

fitness and prey phenotype (Fig. 7).  

Predator-prey size correlation.Whelk predators were selective of prey 

size. A weak, but positive, statistically significant correlation occurred between 

whelk size and prey size for 72 field observations of prey selection (r2= 0.177, p < 

0.001) (Fig. 8). Predators of a given size selected a wide range of prey sizes (Fig. 

9). For instance, predators 170 to 180 mm long selected prey ranging in size from 

25 to 85 mm in length, resulting in predator: prey size ratios ranging from about 

2.0 to 7.0, which is close to the extremes offered in this study. However, predator: 

prey size ratios < 4.0 occurred most frequently (~60%; Fig. 9).    

DISCUSSION 

Selective inequalities and consequences.Dawkins and Krebs (1979) 

suggested that predator and prey are not equal partners in an arms race.  They 

termed this asymmetry between predator and prey the life-dinner principle. If a 

predator fails, it loses a meal (and some energy and time), whereas if the prey 

fails it could mean death (or at least injury).  The consequences of the interaction 

are more severe for the prey. Thus selection by the predator on the prey for 

improved defenses is thought to be stronger than selection by the prey on the 

predator for improved offensive capabilities.  

Prey that are unsuccessful at escape face the direct consequence of 
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interaction with the predator; that is, death (or zero future fitness). The 

consequences for the individual predator of losing a prey may be strong enough to 

initiate an arms race. But the predictability of this consequence for any individual 

predator is low (Fig. 5B); a predator might capture the very next prey it interacts 

with, canceling out the consequences of the previous failed interaction, or may 

switch to an alternative prey (Brodie and Brodie, 1999). Brodie and Brodie (1999) 

argued that one type of predator-prey system likely to result in a coevolutionary 

arms race (in which the selection inequality is reduced) is a system in which 

predators interact with dangerous prey.  If a prey is dangerous to a predator, the 

predictability of consequences for the predator is expected to be high (Fig. 5A) 

and therefore selection is strong.  

The selective consequence for Sinistrofulgur interacting with Mercenaria 

of varying sizes is predictable during the new growth stage (Fig. 7), and suggests 

that prey size fits the model of a dangerous prey defense with strong and 

predictable selective consequences for the whelk predator. Predators that emerge 

prematurely from the shell-thickening step of shell growth and select relatively 

large bivalve prey increase the likelihood that their newly secreted apertural lip 

will be broken in the process of attempting to open their prey. Predators with a 

thin shell lip were more likely to break their apertural lip when larger prey were 

attacked. The significant positive correlation between whelk size and prey size 

(Fig. 8) and high frequency (~60%; Fig. 9) of low predator: prey size ratios 

obtained from the field observations of whelk prey selection indicates that whelks 
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often interact with prey that are most likely to break their shell during an 

interaction. 

These results identify the likely target of selection; hard-shelled prey will 

exert selection for improvement in feeding-related behaviors or traits in the 

predator that limit fitness loss during encounters with prey. Improvement in the 

predator could result from a change in the timing of prey attacks.  If attacks on 

prey are limited to the old shell growth stage, the probability of breakage is less, 

and the selective consequences of interacting with dangerous prey will be 

reduced.  Selection might also favor an increase in predator size. A larger body 

size relative to the prey will increase the predator: prey size ratio, and decrease 

the probability of shell breakage while attempting to chip open the prey’s shell.     

Breakage occurred infrequently to the old growth shell lip and its 

consequences were not predictable. This may have resulted from the fact that 

breakage to old growth lip may often have occurred by a process of fatigue failure 

of the shell lip. By this process a structure that is repeatedly loaded and unloaded 

will eventually fail as microcracks slowly form and propagate (Boulding and 

LaBarbera, 1986). Each prey item contributes to the fatigue of the structure; thus 

it is possible that the attacked prey upon which the predator breaks its shell could 

be small or large.  In other words, the structure may fail during a load that is less 

than previously applied (Boulding and LaBarbera, 1986).  Because some animals 

may not increase in shell size for more than a year (Kraueter et al., 1989), such 

damage is likely to occur in the lifetime of most individual whelks but its effect 

on individual fitness is likely to be insignificant.    
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Breakage may have severe consequences because it increases the time the 

whelk spends at a more vulnerable size to its own predators, such as the stone 

crab Menippe mercenaria (Magalhaes, 1948; Kent, 1983a). Increased size is an 

effective defense against a variety of predators (Vermeij, 1978).  Stone crabs, like 

most shell crushing or peeling crabs, prefer smaller prey items (Juanes, 1992). 

Kent (1983a) reported that S. sinistrum reached a size refuge from stone crab 

predation at about 120-130 mm in length and that the critical size at which the 

whelk was invulnerable to crab predation was only 2-3 mm longer than the largest 

whelk eaten by a given predator. Other whelk predators include Fasciolaria tulipa 

and the horse conch Triplofusus giganteus (Wells, 1958; Paine, 1963; Kent, 

1983a), which extract their prey through the aperture. Kent (1983a) estimated that 

the largest S. sinistrum that could be successfully attacked by Fasciolaria and 

Triplofusus were 130 mm and >300 mm in shell length, respectively. At smaller 

juvenile size classes, whelks are also prey for drilling moonsnails, such as 

Neverita duplicata (Dietl, personal observations).  

If an individual whelk does not begin to repair a fracture caused by 

prematurely feeding on Mercenaria, but continues to forage using the thicker old 

growth shell lip to open prey, the risk of mortality may increase. At this stage in 

the shell growth process the foot cannot be fully retracted, rendering the 

operculum (which no longer completely seals the aperture) ineffective as a 

defense.  This period of time when the whelk’s body cannot be protected 

completely by the operculum is a vulnerable stage for the whelk because potential 

enemies, such as the stone crab or horse conch, that attempt to extract the whelk 
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from its shell through the aperture, would be unimpeded in their attempted 

predation. 

Breakage also must be repaired and this may represent a diversion of 

energy away from somatic growth or reproduction. Whelks that often break their 

shells while attempting to feed are faced with a potential tradeoff between 

subsequent reproduction and shell repair (Geller, 1990). If repair detracts from 

reproduction, repair should only occur to the extent that unrepaired injuries 

decrease fitness (that is, increase mortality or decrease reproductive success; 

Geller, 1990). This potential energetic tradeoff between repair and reproduction 

suggests that reproduction should decrease as a consequence of shell repair.  

Repeated repair of feeding-induced injury may be costly in terms of 

decreasing growth rate by increasing the time to complete the shell-thickening 

step of growth.  Kraeuter et al. (1989) observed a lack of growth or even a 

“negative” growth rate in their mark-recapture study of B. carica, which they 

attributed to breakage of the whelk’s shell during feeding.  A reduced growth rate 

may indirectly influence the reproductive potential of an individual whelk because 

of the dependence of gonad size (an index of fecundity) on shell size.  In general, 

gonad mass is positively correlated with body size in marine gastropods (Hughes, 

1986).  If this relationship holds for Sinistrofulgur, which it likely does, then 

individuals that do not attempt to feed prematurely will be able to complete the 

shell-thickening step of shell growth on average faster than individuals that 

repeatedly break their shells.   In the long run, time saved may potentially lead to 

higher lifetime reproductive success of the individual. 
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 Application to the fossil record of the predator-prey interaction.One 

advantage of the Sinistrofulgur-Mercenaria system is the opportunity to examine 

the fossil record for evidence of reciprocal adaptation. Work in progress is using 

the Miocene to Pleistocene fossil record of the interaction between busyconines 

and Mercenaria to identify when shell-chipping behavior evolved in the 

interaction and to evaluate whether there has been subsequent reciprocal 

adaptation between predator and prey. The chipping mode of predation leaves 

diagnostic traces of an unsuccessful attack on the prey’s shell (Fig. 2A, B, 

F)(Carriker, 1951; Peterson, 1982; Alexander and Dietl, in press; Dietl, Chapters 

3, 4), and feeding-induced repair scars on the shell of the predator (Figs. 2D, E, 4; 

Dietl and Alexander, 1998). A possible coevolutionary arms race may have 

involved the evolution (or increased expression) of antipredatory shell defenses in 

Mercenaria (such as increased size) in response to the evolution of the chipping 

behavior in the predator. Reciprocal evolution in the predator may have increased 

the efficiency or effectiveness of the predator (perhaps represented by a temporal 

increase in the proportion of successful attacks or a temporal decrease in the 

frequency of feeding-induced shell repair). Evolution of a larger adult body size 

(thus increasing the predator: prey size ratio), or evolution of behaviors that limit 

attacks on hard-shelled prey to the old-growth stage, could lead to either (or both) 

of these potential responses.  

CONCLUSIONS 

Asymmetry in selection pressures between predator and prey is reduced 

when prey are dangerous. The strength of selection (and hence the likelihood of 
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reciprocal adaptation) in the interaction between Sinistrofulgur whelks and the 

bivalve Mercenaria was evaluated by regressing the frequency of shell breakage 

in encounters with prey (an index of predator fitness) on the phenotype (a 

function of size) of its prey. Interaction with Mercenaria has strong and 

predictable selective consequences (r2 = 0.946; p= 0.028) for Sinistrofulgur. 

Predators that select large bivalve prey during the “new” shell growth phase 

increase the likelihood that their shell lip will be broken during the process of 

prey subjugation. Field data of whelk prey size selection indicate that predators 

often interact with prey sizes most likely to cause injury to their shells. Ecological 

consequences for this feeding behavior may include reduced growth rate and 

reproductive success and increased vulnerability to predation. These results 

identify the likely target(s) of selection for a size-dependent predator in response 

to its prey; hard-shelled prey will exert selection for increase in size of the 

predator (increasing the predator: prey size ratio) or behaviors in the predator that 

reduce fitness loss when interactions with prey (a damage-inducing agent) occur. 
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Figure 1.  Shell-chipping behavior.  Busycon carica preying on 
Mercenaria mercenaria.  Redrawn from Colton (1908). 
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Figure 2.  Predation traces of the whelk-Mercenaria interaction.  
A, B.  Unsuccessful whelk predation scars (arrows indicate scar 
position). Both specimens also were killed by a whelk; A, 57.3 
mm dorsal-ventral valve height; B, 86.0 mm valve height.  C. 
Lethal whelk predation trace; 89.9 mm anterior-posterior length.  
D. Repaired shell-chipping damage on an experimental animal 
from this study. Arrow indicates transition between “old” and 
“new” shell growth episodes. Note “truncate-embayed” mid-lip 
repair scar in new growth phase, and repair scar in previous 
growth episode; 138 mm apex to siphonal canal length.  E.  Wild 
Sinistrofulgur sinistrum from UNCW Research Sanctuary with a 
truncated feeding-induced repair scar (arrows demarcate scar 
width); 99 mm whorl diameter.  F.  Unsuccessful whelk predation 
scar (arrow). Note leveling off of ventral-posterior valve edge 
where whelk successfully chipped open this specimen; 74 mm 
valve dorsal-ventral height. 
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Figure 3.  Feeding-induced shell breakage on the shell of
a wild Sinistrofulgur sinistrum from the UNCW 
Research Sanctuary.  Note break stops at the old growth 
shell lip (in yellow), but removes secondary shell 
thickening layers from new growth phase (in purple); 
184 mm apex to siphonal canal length. 
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Figure 4.  Wild Sinistrofulgur sinistrum from the UNCW 
Research Sanctuary with a feeding-induced break and subsequent 
repair at the mid-lip of the aperture.  Note thin (<2 mm) nearly 
translucent shell growth layer at mid-lip; 166 mm apex to siphonal 
canal length. 
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Figure 5. Covariance between predator fitness and prey 
phenotype.  A. Severe and predictable fitness 
consequences of interaction (steep slope, narrow spread 
of points).  B. Severe but unpredictable fitness 
consequences (steep slope, wide spread of points). C.  
Low but predictable fitness consequences (low slope, 
narrow spread of points).  D. Low and unpredictable 
fitness consequences (low slope, wide spread). Modified 
from Brodie and Brodie (1999). 
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Growth Stage 

 

 

Figure 6.  Frequency of breakage to old and new growth stages. 
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Figure 7.  Regression of the incidence of breakage 
(ratio of the total number of breaks to the total number 
of attacks) on prey phenotype (indexed as the predator: 
prey size ratio). n = 108. 
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Figure 8. Prey size selectivity of whelk predators. 
Predator size = apex to siphonal canal length, prey size 
= dorsal-ventral length. 
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CHAPTER III 
 
 

ORIGIN OF A PREDATOR-PREY ARMS RACE: TROPHIC ECOLOGY, 
PHYLOGENY, AND THE FOSSIL RECORD OF BUSYCONINE WHELK 

PREDATION TRACES ON MERCENARIA  
 
 
ABSTRACT.  The fossil record of successful and unsuccessful whelk predation 

traces on species of the bivalve Mercenaria was analyzed to reconstruct the 

pattern of trophic diversification within the late Oligocene to Recent history of 

busyconine gastropods. Members of this group either employ a wedging or a 

chipping mode of predation when feeding on bivalve prey. The chipping mode of 

predation is more effective than the wedging behavior in opening thick-shelled, 

tightly sealed prey.  The independent evolution of chipping behavior from an 

ancestor that employed wedging may have occurred at least two times in the 

evolutionary history of busyconines.  Based on the fossil record of predation 

traces, chipping behavior evolved in the late Miocene, in the genus 

“Busycotypus,” and then again in the Busycon-Sinistrofulgur clade in the late 

Pliocene.  Mapping the feeding ecology of living busyconines onto a phylogenetic 

hypothesis of relationships among modern species supports the derived nature of 

chipping behavior within the clade.  Faster modes of predation are evolutionarily 

derived within the group.  Factors that may have led to the trophic diversification 

within busyconines are complex; the evolution of chipping behavior occurred 

during times of high productivity, warm temperatures and likely intense 

competition and predation, during the late Miocene and Pliocene. The timing of 
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possible coevolution between Sinistrofulgur (and Busycon) with Mercenaria is 

constrained to the Pliocene to Recent record of the interaction. 

 

INTRODUCTION 

Vermeij (1987) has hypothesized that faster modes of predation should be 

evolutionarily derived relative to slower modes of predation. For members of the 

gastropod subfamily Busyconinae (Melongenidae)—significant shallow-water 

marine predators of bivalves (Colton, 1908; Warren, 1916; Carriker, 1951; Paine, 

1962; Kent, 1983a; Dietl, Chapter 2)— this is a contrast between two alternative 

modes of predation, wedging and chipping (Carriker, 1951; Kent, 1983a).  

Wedging is a slower mode of predation compared with chipping when feeding on 

thick-shelled, tightly closed bivalves, such as Mercenaria (Veneridae) (Carriker, 

1951; Green, 1978). 

Wedging involves orientation of the whelk’s outer shell lip along the 

commissure of the prey’s valves (fig. 1 in Dietl, Chapter 2).  In this way, the plane 

between the valves of the prey is oriented parallel to the whelk's outer apertural 

lip (Kent, 1983a).  When the bivalved shell gapes open, the whelk forces its outer 

shell lip between the valves and begins to feed by insertion of its proboscis. If the 

opening between the valves is not sufficient to admit the proboscis, the whelk 

wedges its shell lip farther between the prey’s valves, creating a larger opening. In 

chipping behavior, the prey’s shell is oriented the same way as in wedging, but 

the outer shell lip of the whelk is actively applied against the valve’s margins. 

This rhythmic action wears (or chips) the shell margin of the prey, creating an 
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opening through which the whelk can begin feeding directly, or gain a purchase to 

wedge open the prey (Fig. 1C).   

The wedging and chipping behaviors also result frequently in damage to 

the whelk’s own shell (Figs. 2, 3; see also Colton, 1908; Carriker, 1951; Dietl and 

Alexander, 1998; Alexander and Dietl, in press; Dietl, Chapters 2, 4). This 

feeding-induced damage can be differentiated into a series of progressively more 

severe types of injury (and subsequent repair), with the most severe occurring 

principally to whelks that employ the chipping mode of predation (Dietl, Chapter 

4).  The damage to the whelk’s shell from feeding also can be differentiated from 

traces of other agents of shell breakage, such as the whelk’s own enemies 

(Carriker, 1951; Peterson, 1982; Dietl, Chapter 4).  

Whelk species using the two different modes of predation generally prey 

on different species of bivalves (Paine, 1962; Davis, 1981; Kent, 1983a). Bivalves 

preyed upon by wedging whelk species, such as Fulguropsis spiratus, consist of 

active species (e.g., Spisula) that have effective escape responses to predation—

leaping, swimming, or rapid burrowing (Kent, 1983a). The valves of active prey 

species are often thin, gaping, or cannot remain closed for long periods of time 

(Kent, 1983a; Dietl et al., 2002).  Chipping whelk species, such as Sinistrofulgur 

sinistrum, prey on passive bivalve species (e.g., Chione and Mercenaria) by using 

the specialized chipping behavior for opening prey. These prey species are often 

thick-shelled, tightly sealed, and can remain closed for long periods of time (Kent, 

1983a; Dietl et al., 2002). The difference in trophic behavior has been argued to 

allow ecological persistence of sympatric pairs of species of wedging and 
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chipping whelk species throughout the geographic range of the group (Paine, 

1962; Edwards and Harasewych, 1988; Walker, 1988). 

When feeding on the same passive prey species, such as Mercenaria 

mercenaria, the shell-wedging Busycotypus may occasionally also chip the prey 

shell (Fig. 1D; Warren, 1916).  However, this “chipping” (or grinding) process is 

uncommon, arrhythmic, slower, and generally ineffective in comparison to the 

true chipping that occurs in Busycon or Sinistrofulgur. The behavior seems to 

represent an attempt to force the shell lip between the valves in order to wedge the 

valves apart, rather than to wear the prey’s shell down, as in true chipping 

behavior (Kent, 1983a).  

When, and under what conditions, busyconine trophic diversification took 

place is important to understanding not only the history of the group’s feeding 

ecology, but also its interactions with other organisms.  Here, I use the fossil 

record of unsuccessful and successful predation traces of the interaction between 

busyconines and their potential bivalve prey Mercenaria to address the timing of 

the evolution of the chipping mode of predation.  The hypothesis that chipping (a 

faster mode of predation when feeding on hard-shelled prey) is a derived trait 

relative to wedging will be evaluated within the context of busyconine phylogeny. 

If this hypothesis is accepted, traces of chipping predation on Mercenaria by 

busyconines should be absent or rare in the early history of the interaction and 

common only after the evolution of the behavior. Knowledge of the origin of the 

behavior also strengthens any test of escalation (Vermeij, 1987) or coevolution 
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hypotheses between predator and prey, which must first demonstrate that the 

species of interest interacted with each other (Dietl and Kelley, in press).     

MATERIALS AND METHODS 

Analysis of fossil record of predation traces.Traces of predation are an 

independent source of information on animal behavior (Dietl and Alexander, 

2000; Alexander and Dietl, in press; Alexander et al., in review).  Alexander and 

Dietl (2001) outlined a tripartite approach to the analysis of repair scars on 

bivalve shells that included documentation of the frequency, type, and position of 

repairs that represent unsuccessful predation.  They suggested that the presence 

(or geologically sudden appearance) of new types of repair (or unrepaired lethal 

damage) that implicate a specific predator could be used to trace the evolutionary 

timing of origin of a new mode of predation within a group of organisms in the 

fossil record. Attacks on Mercenaria by shell-chipping whelks result in highly 

diagnostic predation traces (lethal and sublethal, Fig. 1A-C, E, F) that are not 

produced by other clam predators, such as shell-crushing or -peeling crabs. 

[Although other species such as Muricanthus fulvescens have been reported to 

employ a type of "chipping" behavior when feeding on Mercenaria (Wells, 

1958a), the process, more appropriately described as "grinding,” produces a 

different type of damage trace to the prey's shell (Wells, 1958a).] Alexander and 

Dietl (in press) termed the whelk feeding trace a “beveled” scar because it 

represents a narrow swath of the (former) shell margin that was chipped or worn 

down smoothly.  
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Frequencies of this type of repair and lethal injury were assessed for the 

late Oligocene-early Miocene to Recent history of the busyconine-Mercenaria 

interaction. Species of the genus Mercenaria diversified in the early Miocene of 

the Western Atlantic (Harte, 1998; 2001) and have remained dominant potential 

prey for coexisting whelks since that time. More than 2500 valves of Mercenaria 

sp. from upper Oligocene-lower Miocene to upper Pleistocene formations of the 

Atlantic and Gulf Coastal Plain, and Recent habitats in North Carolina and 

Florida, were examined for evidence of unsuccessful and successful whelk 

predation (Table 1). Deficiencies in field collections were supplemented with 

museum collections of Mercenaria from the Florida Museum of Natural History, 

U.S. National Museum of Natural History, and Virginia Museum of Natural 

History.      

Repair frequency was calculated in two ways: 1) the number of valves that 

contained at least one repair scar divided by the total number of valves in the 

sample (Raffaelli, 1978; Geller, 1983), and 2) the number of repair scars divided 

by the total number of valves in the sample (Vermeij, 1982a; Dietl and Alexander, 

1998).  The first calculation is simply the percentage of specimens that 

experienced at least one unsuccessful whelk attack.  The second calculation 

includes information on multiple repairs, or the number of unsuccessful attacks by 

whelks on any given individual; see Alexander and Dietl (in press) for a more 

detailed discussion. The two measures are equivalent if no more than one repair 

occurs on any given damaged shell. Traces of lethal whelk predation (Fig. 1A, C) 

also can be used as evidence that whelks were preying on hard-shelled prey. The 
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frequency of lethal attacks by whelks was calculated for each sample as the 

frequency (%) of valves that exhibit evidence of lethal whelk predation. No 

correction for disarticulation of the valves after death (Kowalewski, in press) has 

been applied to these equations. This approach is warranted because in the present 

comparative context the presence or absence of the trace fossil (either sublethal or 

lethal) is more important than the frequency of such traces.  

Analysis of patterns in behavioral evolution. A consideration of the 

history and timing of evolutionary events should complement the comparative 

study of predation traces in the fossil record.  A consideration of “events” through 

time requires a phylogenetic perspective.  Therefore, to trace the evolution of 

whelk feeding ecology and to evaluate the origins of chipping behavior within 

busyconines, feeding strategies were mapped onto a molecular phylogeny of the 

subfamily (Fig. 4).  The tree is based on ~650 base pairs of nucleotide sequence 

from the mitochondrial cytochrome oxidase I gene (mtCOI) from four species of 

extant busyconines, and was calculated under unweighted maximum parsimony 

(branch and bound search) in PAUP* (version 4.0d64, provided by D. L. 

Swofford) (see Dietl and McCartney, in preparation). Node support was obtained 

by 1000 replicate bootstrap full heuristic searches calculated in PAUP* 4.0d64. 

Melongena corona was used as the outgroup taxon to root the tree.  Harasewych 

(1982) argued on anatomical grounds that the Melongeninae are the sister group 

of the Busyconinae. The fossil record suggests an Eocene divergence between 

these groups (Harasewych, 1982). Feeding behaviors were mapped on the 



 77 

phylogenetic topology using parsimony-based optimization in MacClade 3.03 

(Maddison and Maddison, 1992). 

RESULTS AND DISCUSSION 

Oligocene to Recent fossil record of chipping behavior.The evolution of 

chipping behavior is most likely correlated with significant increases in frequency 

of successful and unsuccessful damage to the prey and the subsequent temporal 

persistence of these predation traces.  Vermeij (1982b) has argued that predators 

are not always successful in attacking their prey. Unsuccessful whelk predation is 

often very common on shells of living species of Mercenaria (for instance, more 

than 40% of live-collected M. campechiensis from Suwannee Reef had sublethal 

whelk damage; sample 27; Table 2). Warren (1916) also commented that whelks 

do not always succeed in their attacks on Mercenaria.  Thus, if whelks selected 

Mercenaria as prey and employed the chipping mode of predation in the early 

Miocene, it is likely that some of their attacks would have been unsuccessful, 

especially early on in the history of the feeding behavior.  Traces of sublethal 

feeding behavior are expected to occur on shells of Mercenaria throughout the 

history of the interaction, if whelks were actively chipping open their prey.  On 

the other hand, if predators invariably killed their prey, either directly, or 

indirectly by increasing the likelihood of death following an unsuccessful attack 

(Vermeij, 1983; Dietl, in preparation), shells with traces of lethal predation should 

be common; if frequent, indirect killing would overestimate the frequency of 

lethal predation. 
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The timing of trophic diversification and evolution of chipping behavior in 

busyconine whelks is evaluated most easily within the context of a temporal 

sequence of the major evolutionary events of the group. Harasewych (1982) 

suggested that the late Oligocene to early Miocene whelk lineage “Busycon” 

spiniger shared an ancestor with Levifusus in the lower Oligocene Vicksburg 

Group of Mississippi (Harasewych, 1982); feeding-induced damage to the shell of 

“Levifusus” spiniger from the Red Bluff Formation is clearly visible in 

individuals of this species (plate 6, fig. 2 in MacNeil and Dockery, 1984). No 

predation traces are evident on Mercenaria (Securella) mississippiensis from the 

lower Oligocene Byram Formation of Mississippi, one of the earliest species of 

Mercenaria known in the fossil record (Harte, 2001); however, I was only able to 

examine five individual valves of this uncommon species. There is evidence of 

repaired shell damage caused by wedging open prey in members of the “spiniger” 

group from the upper Oligocene-lower Miocene Haywood Landing Member of 

the Belgrade Formation in North Carolina (Fig. 3A).  However, again no damage 

(either successful or unsuccessful) on the prey, caused by chipping open 

Mercenaria capax from the Belgrade Formation, was found (sample 1; Table 2). 

A lack of damage to Mercenaria and the presence of repaired feeding-induced 

damage on Oligocene to early Miocene whelks suggest that wedging of prey is 

likely plesiomorphic in busyconines. Although this conclusion is based to some 

extent on negative evidence, that is, the absence of lethal predation or repair scars 

on Mercenaria, it will be shown below within the context of busyconine 

phylogeny that chipping is likely a derived behavior in the clade. 
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During the early Miocene, “Busycotypus” split from the “spiniger” group 

(Harasewych, 1982).  No traces of successful or unsuccessful chipping behavior 

were found on Mercenaria ducateli from the Kirkwood Formation (sample 2; 

Table 2), suggesting that chipping behavior was not established at that time.  

However, there is evidence of feeding-induced damage to the shell of 

“Busycotypus” scalarispira from the lower Miocene Kirkwood Formation of 

Delaware (Dietl and Alexander, 1998), suggesting wedging behavior by the 

predator of thin-shelled prey. 

Harasewych (1982) suggested that Busycon, represented by Busycon 

monforti in the Shoal River Formation of Florida, split from the “Busycon” 

spiniger stock in the middle Miocene. Living species of this group chip open their 

thick-shelled, tightly sealed, bivalve prey (Table 3) (Colton, 1908; Carriker, 1951; 

Kent, 1983a; Dietl, Chapter 2).  In Maryland, during the early early Miocene 

(Little Cove Point Member of the St. Mary’s Formation), there is evidence of very 

rare unsuccessful “chipping” behavior on potential Mercenaria cuneata prey (RF 

= 1.3%, 0.01; sample 6; Table 2, Fig. 1E, F). The presence of these predation 

traces suggests wedging “Busycotypus” (the dominant large-sized whelk capable 

of preying on this size Mercenaria in the St. Mary's Formation) occasionally 

attacked passive bivalve prey (see also Warren, 1916; Carriker, 1951; Stickney 

and Stringer, 1957; and Kraeuter, 2001, for examples with living shell wedging 

Busycotypus).  Feeding-induced damage on predatory whelks from the St. Mary’s 

Formation is often found on shells of “Busycotypus” sp., suggesting that wedging 

of thin-shelled bivalve prey was a common mode of feeding during that time. 
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Unsuccessful and successful whelk predation attributable to chipping 

behavior is very common (RF= 22.8%, 0.26; LF= 24.6%) on shells of Mercenaria 

druidi from the Eastover Formation (sample 7; Table 2), likely indicating the 

evolution of chipping behavior in the busyconine clade. There is no evidence of 

unsuccessful chipping behavior on shells of Mercenaria inflata from the lower 

Pliocene Sunken Meadow Member of the Yorktown Formation (sample 8; Table 

2), although there was a questionable trace of successful predation (sample 8; 

Table 2). In the early late Pliocene, Sinistrofulgur diverged from Busycon 

(Harasewych, 1982). Living species of this group, as in Busycon, actively employ 

the chipping mode of predation to open the shells of their prey (Kent, 1983a) 

(Table 3). Unsuccessful whelk chipping damage is common and persistent on 

shells of Mercenaria since the early late Pliocene (RF = 4.8-42.4%, 0.05-0.56; 

samples 9 to 29; Table 2), as is the frequency of lethal traces of whelk predation 

(LF = 0.0-43.0%; samples 9 to 29; Table 2), possibly indicating an independent 

evolution of the behavior (see below).  In Recent habitats, it is not uncommon for 

more than 70% of adult Mercenaria mortality to be the result of whelk predation 

(Chestnut, 1952; Kraueter, 2001; Dietl, unpublished data).          

The fossil record of the frequency of unsuccessful whelk predation traces 

suggests that the evolution of chipping behavior may have occurred at least two 

times in the evolutionary history of the group.  “Chipping” employed by wedging 

whelks, such as in living Busycotypus, is observed in early to early late Miocene 

Mercenaria species (Table 2); however, this is limited to rare traces (<<1% of all 

Mercenaria in this time interval).  Warren (1916) noted that the living shell-
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wedging species Busycotypus canaliculatus, when large and the shell is “strong,” 

occasionally will prey on Mercenaria mercenaria; gerontic individuals of fossil 

Miocene species of “Busycotypus” are likewise predicted to have occasionally 

attacked Mercenaria using the wedging mode of predation.  The first appearance 

of rhythmic chipping, in which the foot of the whelk slowly contracts and the 

edge of the prey is brought against the inner edge of the lip, most likely occurred 

in the Eastover Formation (Cobham Bay Member, upper Miocene).  The second 

appearance of chipping occurred in the Busycon-Sinistrofulgur clade in the early 

late Pliocene. It is not possible given the current knowledge of the fossil record of 

this group to determine if the evolution of chipping behavior occurred prior to the 

Busycon-Sinistrofulgur divergence. The late late Miocene origin of chipping 

seems to be an independent evolution of the behavior because common traces of 

the behavior are not found in potential Mercenaria prey from the overlying lower 

Pliocene Yorktown Formation (sample 8; Table 2).  The single trace of suspected 

lethal predation in the Sunken Meadow Member is equivocal with regards to its 

origin, most likely representing aberrant wedging predation, as in the St. Mary’s 

Formation.   

There are three alternative hypotheses to explain the first origin of the 

behavior in the Eastover Formation. First, it is possible that descendants of the 

Busycon monforti lineage evolved the behavior in the late late Miocene and 

during the warming trend in the Eastover Formation extended their range 

northward (as suggested by Harasewych, 1982) into Virginia and were 

responsible for the predation scars evident on Mercenaria druidi.  Unfortunately 
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no fossils of Busycon have been found in the Eastover Formation.  In addition, 

this scenario implies that the behavior was subsequently lost evolutionarily and 

then re-evolved within the same group, because traces of the behavior on potential 

Mercenaria prey are uncommon during the lower Pliocene Sunken Meadow 

Member of the Yorktown even though the genus Busycon was present (Ward and 

Blackwelder, 1980).   

A second, more parsimonious, explanation would suggest the behavior 

evolved independently within “Busycotypus” during deposition of the Eastover 

Formation, and was subsequently lost at the end of the Miocene (perhaps with the 

extinction of “Busycotypus” coronatus). The morphology of “B.” coronatus 

consists of a row of knobs or tubercles on the shoulder of the shell, which are 

weakly developed in “B.” rugosus specimens from the Eastover Formation.  Ward 

(1992) suggested that the “B.” rugosus lineage survived into the Pliocene (first 

represented by Busycotypus incile in the Rushmere Member of the Yorktown 

Formationthe first appearance of this species actually may be in the lower 

Pliocene Sunken Meadow Member of the Yorktown Formation based on recent 

collections of new localities of this unit (L. Campbell, personal communication 

2002), but that the last appearance of “B.” coronatus occurs at the end of the 

Miocene. Shell growth in spinose living species such as Busycon carica and 

Sinistrofulgur sinistrum is very episodic (Kraeuter et al., 1989; Dietl, Chapter 2); 

that is, growth occurs in rapid steps each punctuated by thickening of the apertural 

lip. It is possible that this growth pattern, necessary to produce the knobs of “B.” 

coronatus, may have favored the evolution of chipping behavior. Episodic growth 
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increases the time between periods of shell growth. Competition with the rugosus 

form may have led to trophic diversification.  Passively defended prey such as 

Mercenaria druidi may have become preferred alternative prey of “B.”coronatus 

that were avoided (or rarely selected) by the wedging “B.” rugosus, which 

continued to feed on thin-shelled, gaping, active bivalves and other gastropods. 

With the extinction of the coronatus form at the end of the Miocene the behavior 

was lost only to be re-evolved independently, perhaps again due to competition 

(Kent 1983a; but see below), this time between Busycon sp. and Busycotypus 

incile for the same prey resource. Mercenaria and other passive bivalve species 

represented a relatively unexploited prey resource that was not common prey of 

wedging whelks in the Miocene. The lack of whelk predation does not suggest 

that Mercenaria lacked other predators. The shell-drilling muricid Ecphora was a 

major predator of Mercenaria in the Miocene until the late Pliocene (Fig. 5; 

Vermeij, 1987; 1995; Petuch, 1988) and represented a potential whelk competitor 

(Dietl, in preparation).  

A third alternative to explain the origin and then subsequent loss of 

chipping behavior following the Eastover Formation is if Miocene “Busycotypus” 

represents a whelk lineage that did not survive into the Pliocene. Using the data 

from the mtCO1 gene, divergence times for busyconine species pairs also were 

estimated under a molecular clock model of sequence divergence. To calibrate the 

clock we estimate the rate of mtCO1 evolution for a pair of geminate Tegula 

species (T. verrucosa and T. viridula; GenBank accession numbers AF080668 and 

AF132340, respectively) isolated by the Pliocene emergence of the Isthmus of 
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Panama (Hellberg and Vacquier, 1999), about 3.1 mya (Coates and Obando, 

1990). This independent calibration yields rates of 2.41% Kimura-corrected 

sequence divergence per million years for all sites between Tegula geminates. 

Kimura’s two-parameter genetic distances (Kimura, 1980) and estimated 

divergence times, based on the Tegula-derived molecular clock, among the COI 

whelk haplotypes, are shown in Table 4 (see also Dietl and McCartney, in 

preparation).  

These results suggest that the divergence between the Busycotypus and 

Busycon-Sinistrofulgur clade occurred no later than ~ 4 mya (Table 4), which 

suggests that Miocene “Busycotypus” belong to a different lineage that did not 

survive into the Pliocene. Thus the “special” circumstance of having “B.” rugosus 

surviving into the Pliocene and the hypothesized shell-chipping “B.” coronatus 

going extinct is no longer needed to explain the loss of the behavior at the end of 

the Miocene. The extinction of the Miocene “Busycotypus” lineage is likely the 

best explanation for the absence of the chipping behavior in the early Pliocene. 

In the Pliocene, following the deposition of the Sunken Meadow Member 

of the Yorktown Formation, chipping behavior was independently evolved from a 

wedging mode of feeding in Busycon.  Evidence of unsuccessful chipping 

behavior on Mercenaria is first found in the lower upper Pliocene Rushmere 

Member of the Yorktown Formation and its equivalents in North Carolina 

(Duplin Formation) and Florida (Tamiami Formation, Pinecrest Beds Unit 10) 

(samples 9 to 11; Table 2). The timing of this second origin of chipping behavior 

is consistent with Vermeij’s (1987; p. 182) contention that shell chipping used by 
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Busycon and Sinistrofulgur evolved during the Pliocene, based on a personal 

communication of his to Kent (1986).  My recent correspondence (1999) with 

Kent suggests that this conclusion is based on the observation that feeding-

induced repair scars are rare on Pliocene whelks and common in Recent species.  

Trophic ecology and phylogeny.Feeding ecology and behavior within 

monophyletic lineages can be constrained (or conserved) phylogenetically or be 

the result of more recent, independent selective forces. Paine (1962) commented 

that the role of the trophic diversification in the phylogenetic history of 

busyconines is difficult to assess. A phylogenetic hypothesis (Fig. 4), independent 

of the ecological data of interest, is thus essential to an evaluation of the origin(s) 

of the chipping behavioral adaptation.  

Observations on modes of predation in melongenines suggest that 

wedging and chipping behaviors are restricted to the busyconines in the family 

Melongenidae (sensu Harasewych, 1982).  However, ambiguity in character states 

at the root of the tree (Fig. 4) suggests that a change from proboscis insertion to a 

wedging mode of predation on bivalves and a wedging mode changing to 

proboscis insertion are equally parsimonious reconstructions.  Melongena corona 

is typically thought of as a scavenger (Hathaway and Woodburn, 1961), although 

it is capable of feeding on living bivalves and gastropods (Table 3; Clench and 

Turner, 1956; Gunter and Menzel, 1957; Menzel and Nichy, 1958; Wilbur and 

Herrnkind, 1984; Bowling, 1994). However, its method of predation is different 

from that of busyconines when feeding on bivalves. Gunter and Menzel (1957) 

stated that Melongena corona attacks bivalve prey by rapidly inserting the 
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proboscis between the gaped valves of the prey. This mode of attack can be 

effective on Mercenaria mercenaria (Turner, 1959).  Melongena melongena uses 

a similar mode of attack when feeding on oysters (Villarreal Chavez, 1989).  In 

other melongenids, wedging and chipping also are not employed in prey 

subjugation.  For instance, Hemifusus tuba attacks active bivalves by insertion of 

the proboscis into the mantle cavity of the prey, either through the inhalant 

siphon, the pedal gape, or at a damaged area of the shell (Morton, 1985). Morton 

(1985) stated that thick-shelled, tightly sealed, shallow burrowing venerids 

(common prey of chipping whelks), such as Gafrarium tumidum, are often 

attacked unsuccessfully.  Unlike Melongena, Hemifusus does not feed on carrion 

(Morton, 1985).  Hemifusus ternatanus also is reported to feed on gastropods and 

gaping bivalves (Hamada, 1974; Ozawa, 1981; Morton, 1986). The feeding 

behavior of Pugilina cochlidium is also one of proboscis insertion into narrow 

openings of the prey (Benny et al., 1996; Tan and Phuah, 1999; see also 

Matthews-Cascon et al., 1990 for notes on Puglina morio).  Pugilina uses this 

mode of predation to feed on bivalves and barnacles; unlike Hemifusus, the hard-

shelled venerid Gafrarium tumidum was never attacked successfully by Pugilina 

(Tan and Phuah, 1999).  

Wedging of bivalve prey is found in members of other predatory 

gastropods closely related to melongenids, such as in the families Fasciolariidae 

and Buccinidae (Wells, 1958b; Paine, 1963; Nielson, 1975; Hancock, 1960; Dietl, 

in press).  The buccinids Buccinum and Neptunea are significant predators of 

polychaetes and bivalves and also may occasionally scavenge (Taylor, 1978; 
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Pearce and Thorson, 1967; Blegvad, 1914; Dakin, 1912; Shimek, 1984; Neilson, 

1975).  In attacking bivalves, Buccinum undatum wedges its shell lip between the 

prey’s valves to allow insertion of the proboscis, as in busyconines (Neilson, 

1975).  Neilson (1975, p. 91) stated that the chipping mode of predation of 

Busycon was never observed in Buccinum; when feeding on bivalves, its attacks 

on thick-shelled, tightly closed, venerid prey were usually unsuccessful.  The 

buccinid Colus stimpsoni has been found feeding on Mercenaria mercenaria in 

the field, but this represents a case of scavenging on dead, gaping clams (West, 

1973); the main prey of this species are other gastropods (Riser, 1969; West, 

1973). Wedging is employed by fasciolariids, such as Fasciolaria hunteria, when 

preying on bivalves (Wells, 1958b; Paine, 1963; Edward et al., 1992). Mercenaria 

are opened by Fasciolaria hunteria by insertion of the outer lip of the shell 

between the valves.  This process is analogous to busyconine wedging because 

the predator does not actively apply its shell lip to the prey's shell in an attempt to 

chip it, as in Busycon (Wells, 1958b). The main prey of fasciolariids such as 

Triplofusus, Pleuroploca, and Fasciolaria are other gastropods (Wells, 1958b; 

Paine, 1963; Edward et al., 1992); scavenging on carrion also occurs (Paine, 

1963). The diet of Fasciolaria hunteria also consists of a high percentage of 

tubicolous polychaetes (Paine, 1963). There are similarities in feeding ecology 

between Busycotypus and these large-sized buccinids and fasciolariids.  Predation 

on gastropods is common to all the groups, as is some degree of scavenging on 

dead animals. Wedging is found in all three families and thus may represent either 

multiple independent origins of the behavior or common ancestry.  



 88 

The single evolutionary transition evident on the topology within the 

busyconine clade is the acquisition of chipping behavior in the Busycon-

Sinistrofulgur clade (Fig. 4). Thus wedging behavior, in which the shell lip is used 

to prevent closure of the prey’s valves for insertion of the proboscis, is the likely 

plesiomorphic behavior in busyconines. Given that this tree, and taxon sample, is 

taken as the best current estimate of busyconine relationships, chipping is a 

derived state within the clade. If we were to consider the alternative that 

Fulguropsis is the sister group to Busycotypus (Harasewych, 1982; Edwards and 

Harasewych, 1988) the result would be more equivocal.   

The independent origin of chipping behavior in “Busycotypus” from the 

Eastover Formation, inferred from the fossil record of predation traces, is not 

established in the current phylogeny, which does not include fossil species. If 

fossil taxa were added, the number of times the behavior was gained (or lost, 

although this is less probable) within the busyconine clade might change. The 

phylogeny also excludes the living whelk genus Busycoarctum. Members of this 

group are restricted to deep waters of the Gulf of Mexico (Edwards and 

Harasewych, 1988); there is no literature on any aspect of their biology.  

Busycoarctum is assumed to employ a chipping mode of predation (G. J. Vermeij, 

personal communication 2002); a specimen of this species with shell damage 

implicating a chipping mode of predation is illustrated by Hollister (1958; plate 

17, fig. 1). If the living species Busycoarctum coarctatum is included in its 

probable position(s) in the phylogeny, based on the fossil record of the group 
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(Harasewych, 1982), as either the sister group to, or as a member of the Busycon-

Sinistrofulgur clade, the derived nature of chipping behavior is retained.   

The evolution of the chipping behavior opened up a new prey resource for 

busyconines, that is thick, tightly sealed, bivalve prey.  Chipping significantly 

decreases the time needed to open this type of prey compared with the wedging 

behavior, which is usually ineffective if the predator selects these prey (Dietl, 

personal observations). If whelk predators are isolated with Mercenaria 

mercenaria (20-75 mm in size) feeding rates at 20-24 °C are nearly eight times 

higher in chipping Busycon carica than in similar-sized wedging Busycotypus 

canaliculatus (feeding rates = 0.86 vs. 0.112 clams whelk-1day-1; Carriker, 1951; 

Greene, 1978).  The difference in feeding rate suggests that chipping is a more 

efficient (faster) mode of predation when opening hard-shelled prey. Why this 

behavior, resulting in diet expansion to hard-shelled prey, evolved relatively late 

within the history of the group is the focus of the next section. 

Circumstances of trophic diversificationTo understand the evolution of 

a feeding behavior it is instructive to ask when and under what conditions the 

behavior evolved, and subsequently what circumstances may have delayed its 

evolution. Vermeij (2001, p. 481) has suggested that  “economic opportunity 

afforded by the ready availability of, and access to, nutrients” can account for 

episodes of adaptive evolution (or innovation)such as the evolution of a new 

feeding behavior.  It has been shown that chipping behavior is derived 

evolutionarily within the clade, supporting the hypothesis that faster modes of 

predation (in handling specific prey morphologies) should be derived (Vermeij 
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and Carlson, 2000). The fossil record of predation traces has further shown that 

chipping behavior may have evolved twice independently from wedging behavior 

within the busyconine clade, once in the late late Miocene and then again in the 

early late Pliocene. Vermeij (2001) has argued that this interval represented a time 

of high productivity, as evidenced by the large body size of bivalves, barnacles, 

and suspension-feeding gastropods in the temperate and tropical western Atlantic 

(Campbell, 1993; Allmon et al., 1996; see also Vermeij, 1990, for a discussion of 

the relationship between productivity and growth rate), compared with the middle 

Miocene (Ward, 1998). During this time interval “energetically costly but 

functionally useful innovations of all sorts can arise under such circumstances,” 

relative to less productive time intervals (Vermeij, 2001, p. 481).   It is possible 

that the “economic” opportunity for the evolution of chipping behavior, that is, 

expansion of prey selection to hard-shelled bivalves, such as Mercenaria, was 

only possible when productivity levels were increased in the late Miocene and 

Pliocene.  

Vermeij (1999, p. 246) has argued that there is a strong bias toward 

adaptation in productive environments: “It is in …productive settings where the 

characteristics of competitive dominants are most apt to evolve. These 

characteristicslarge size, long life span, high productivity or metabolism, and 

the ability to perform multiple functions simultaneouslyrequire access to a 

large, predictable supply of resources and to a thermal environment in which 

these resources are easily transformed catalytically into biological work.”  
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Feeding on hard-shelled prey is a costly behavior (Dietl, Chapter 2). 

Ecological consequences for feeding-induced breakage to the whelk’s shell may 

include reduced growth rate and reproductive success and increased vulnerability 

to predation.  The fitness consequences of lip breakage due to chipping behavior 

may be more severe than in wedging; the thinner apertural lip of Busycotypus 

(Magalhaes, 1948; Kent, 1983a; Dietl and Alexander, 1998) would break too 

rapidly to be of continued use in chipping open bivalves (see also Paine, 1962).  

This selective inequality may have delayed the evolution of chipping behavior 

until the more productive conditions of the late Miocene and Pliocene when the 

cost-benefit ratio for interacting with Mercenaria was more favorable.   

Vermeij (2001) has suggested that other factors in addition to increased 

productivity may favor the evolution of new traits. These factors include a general 

warming or the expansion of warm zones, and an overall increase in the area of 

shallow-water productive habitats. Thus the warmer conditions of the late 

Miocene and especially Pliocene (Vermeij, 2001; Harasewych, 1982), relative to 

the middle Miocene, may have favored the evolution of chipping behavior.  With 

these conditions, which may lead to an increase in metabolic rate, repair of 

feeding-induced shell damage is likely to be faster, making predation on 

Mercenaria (a damage-inducing agent) more feasible within the energetic 

“economy” of an individual. 

An alternative explanation for the delayed evolution of chipping behavior 

within busyconines is suggested by Vermeij’s (2001) contention that incumbency 

(the presence of well-adapted species) may control “evolutionary opportunity.” In 
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this way, unless circumstances are especially favorable to economic growth, a 

novice with an as yet very imperfect adaptation—such as chipping behavior that 

permits feeding on hard-shelled prey—is at a distinct disadvantage to a well-

adapted incumbent that is already a dominant predator of hard-shelled prey 

(Vermeij, 2001). It is possible that competition for Mercenaria prey from 

members of the shell-drilling genus Ecphora  (an established large-sized 

Mercenaria predator in the early Miocene, Fig. 5) was too intense to favor the 

evolution of chipping behavior. With more productive, warmer conditions in the 

late Miocene and Pliocene, chipping behavior may have been an option that might 

have enabled Busycon to compete more effectively with Ecphora for Mercenaria 

(and other prey).  

The diversification in busyconine trophic ecology is also likely related to 

morphological differences between the two groups.  The relative thickness of the 

apertural lip in busyconine species has been documented on numerous occasions 

(Stimpson, 1865; Paine, 1962; Magalhaes, 1948; Kent, 1983; Harasewych, 1982; 

Edwards and Harasewych, 1988), so much so that Busycotypus and Busycon are 

often referred to as “thin” and “thick” shelled, respectively.  It is thought that 

competition between thin- and thick-shelled whelk species may be responsible for 

the trophic diversification in busyconines (Paine, 1962); the importance of 

interspecific competition in driving ecological character divergence has been 

shown experimentally in other systems (Schulter, 1994). The evolution of 

wedging and chipping behavior, which has resulted in preferences for active and 

passive bivalves in Busycotypus and Busycon, respectively, most likely then was 
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selected for under (or at least reinforced by) competitive pressures.  The 

behavioral difference subsequently has been maintained because such differences 

will tend to persist in competing species (Paine, 1962; Kent, 1983).    

It is equally probable that enemies other than competing whelks initially 

may have favored the evolution of chipping behavior in Busycon. Faster modes of 

predation are favored as risks to the predators themselves increase (Vermeij, 

1987). Predation pressure by predators that crush or peel the whelk’s shell 

(Magalhaes, 1948; Kent, 1983a; Harding and Mann, 1999) may have driven the 

initial divergence in morphology between competing whelk species. This may 

also explain why trophic divergence was delayed.  The success rate of 

durophagous predators can be decreased if shell thickness is increased (Alexander 

and Dietl, in press). Such evolutionary increase in thickness of the whelk shell in 

response to pressures of predators may have made feeding on hard-shelled prey 

feasible by lessening extensive damage to the whelk’s own shell. This reduction 

in risk due to predation pressures would result in an evolutionary increase in 

thickness of the whelk’s shell lip, fortuitously increasing the opportunity for the 

evolution of chipping behavior.  Predators of whelks may have been “a 

circumstance” that promoted “evolutionary exploration” of the novel behavior of 

chipping that was unachievable because of the limitation of a thinner shell lip.  

Thus there might be a positive feedback in innovation.  In this way, escalation 

(i.e., enemy-driven evolution; Vermeij, 1987) between predators and their whelk 

prey may have itself created circumstances that are more favorable to the 
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evolution (and maintenance or retention) of a new feeding behavior or structure 

(see also Vermeij, 2001).      

Arms race between shell-chipping whelks and Mercenaria?Once the 

chipping mode of predation evolved, Mercenaria may have become an important 

selective agent for Busycon and Sinistrofulgur. In this way, selection for the 

chipping mode of predation in the predator created new interactions with other 

species (and potential enemies) and opportunities for further selection.  Selection 

may have favored a coevolutionary arms race between shell-chipping whelks and 

Mercenaria, because in this interaction the prey can be considered “dangerous” to 

the predator (Vermeij, 1982). Dangerous prey are able to inflict damage to (or 

even kill) their attacking predator (Brodie and Brodie, 1999; Dietl and Alexander, 

2000; Dietl, Chapter 2). When prey are dangerous the predator will be under 

stronger selection pressure to respond to prey adaptation (Brodie and Brodie, 

1999; Dietl and Kelley, in press; Dietl, Chapter 2). In an escalating arms race, 

evolution of more effective armor by dangerous prey could select for the 

evolution of more efficient prey handling methods of the predator.  Dietl (Chapter 

2) has shown experimentally that feeding on hard-shelled prey has predictable 

selective consequences for Sinistrofulgur.  Whelks that select large Mercenaria 

prey increase the likelihood that their shell lip will be broken in the process of 

attempting to open their prey. This result suggested that selection should favor 

traits or behaviors in the predator that reduce fitness loss when interactions with 

damage-inducing prey occur. The results of the present study suggest that tests of 

possible coevolution between shell-chipping whelks (Busycon and Sinistrofulgur) 
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and Mercenaria should be constrained to the late Pliocene to Recent record of the 

interaction.  

CONCLUSIONS 

The inference of this study that shell-chipping behavior is a recently 

derived feeding adaptation in busyconines contrasts with previous interpretations.  

Clench (1939, p. 13) stated: “It is interesting to speculate whether we are 

witnessing a habit [in reference to chipping behavior of Sinistrofulgur] that is 

evolving independently in this group of whelks, or one which originated far back 

in the past history of this group of marine shells, and now persists in only a few 

individuals.”  The results of this study suggest that Clench’s first hypothesis best 

characterizes the evolution of chipping behavior in busyconines. The fossil record 

of the frequency of unsuccessful and successful whelk predation traces on shells 

of Mercenaria suggests that the evolution of chipping behavior may have 

occurred at least two times in the evolutionary history of the group.  Chipping 

behavior first appeared in the upper Miocene Cobham Bay Member of the 

Eastover Formation, most likely within the genus “Busycotypus,” and then again 

in the Busycon-Sinistrofulgur clade in the upper Pliocene Rushmere Member of 

the Yorktown Formation (and its equivalents). Traces of the behavior are rare on 

shells of Mercenaria in the early Miocene to early late Miocene.  Mapping the 

feeding ecology of living busyconines onto a phylogenetic hypothesis of 

evolutionary relationships among modern species supports the derived nature of 

the faster chipping mode of predation, relative to plesiomorphic wedging 

behavior, within the busyconine clade.  Circumstances that led to the trophic 

diversification within busyconines are complex.  The evolution of chipping 
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behavior occurred during times of high productivity, warm temperatures and 

likely intense competition and predation, during the late Miocene and Pliocene. 

The timing of possible coevolution between shell-chipping whelks and 

Mercenaria is constrained to the Pliocene to Recent fossil record of the 

interaction.         
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Table 1.  Temporal sequence of Mercenaria species used in analysis of whelk predation  
traces. USMN: United States National Museum; VMNH: Virginia Museum of Natural  
History; FLMNH: Florida Museum of Natural History.   

 
Sample/ 
Mercenaria sp. 

Formation/Collection Locality/ 
State 

Age Source 

1. M. capax Belgrade (Haywood Landing 
Member)/ Silverdale Beds/ NC 

late Oligocene- 
early  Miocene 

USNM; (USGS)  
21278; 13301; 28093 

2. M. ducateli Kirkwood/ Pollack Farm Site/ 
DE 

early Miocene VMNH: 91LW53; 
92LW23, 24, 41, 46, 48  

3. M. sp. Oak Grove/ FL  late early  Miocene USNM: 2652, 7055 
4. M. cuneata Choptank/ Jones Wharf and 

Boston Cliffs (Zone 17/19)/ 
MD 

middle  Miocene USNM: 2451 

5. M. nannodes Shoal River/ FL middle  Miocene FLMNH: UF46069, 
4609, 45602, 45757, 
45598, 45599, 46065, 
45600, 46062, 45601, 
45611 

6. M. cuneata St. Mary's/ Little Cove Point 
(Zone 22)/ MD 

early late  Miocene  

7. M. druidi Eastover (Cobham Bay Mbr.)/ 
Bowler's Wharf/ VA 

late late  Miocene VMNH: 
69LW14;USNM 
192778; 26850; 3925 

8. M. inflata Yorktown (Sunken Meadow 
Mbr.)/ Claremont/ VA 

early Pliocene VMNH: 70LW131, 
158; 71LW37: USNM: 
(USGS 1/2431) 

9. M. corrugata/ 
rileyi 

Yorktown (Rushmere Mbr.)/ 
Lieutenant Run/Petersburg/ VA 

late Pliocene VMNH: 93LW1; 30; 
94LW; USNM: (USGS) 
155956 

10. M. rileyi Duplin/ Natural Well and 
Lumberton River/ NC 

late  Pliocene USNM: 376; 2279; 
VMNH: 83LW1 

11. M. corrugata Tamiami (Pinecrest Beds Unit 
10)/ APAC Mine/ FL 

late Pliocene  

12. M. rileyi Jackson Bluff /Alum Bluff/ FL late  Pliocene USNM: 2210; 2569 
13. M. rileyi? Yorktown (Moorehouse Mbr.)/ 

Chuckatuck/ VA 
late  Pliocene  

14. M. campechiensis Tamiami (Pinecrest Beds 6/7)/ 
Quality Aggregates/ FL 

late  Pliocene  

15. M. caroliniensis Chowan River/ NC late  Pliocene  
16. M. campechiensis Caloosahatchee/ Brantley's Pit/ 

FL 
late Pliocene   

17. M. campechiensis Nashua/ Cracker Swamp 
Ranch/ FL 

late  Pliocene FLMNH: UF100955, 
100949, 100958, 78833, 
78834 

18. M. permagna  Waccamaw/ Old Dock/ NC late Pliocene/ early 
Pleistocene 

 

19. M. permagna Waccamaw/ Shallotte/ NC early Pleistocene  
20. M. permagna James City/ Lee Creek Mine/ 

NC 
early Pleistocene  

21. M. campechiensis Bermont/ Logan Lake/ FL early Pleistocene  
22. M. campechiensis Bermont/ GKK(West Palm 

Beach Aggregates)/FL 
early Pleistocene  

23. M. campechiensis Norfolk/ Toy Ave. Pit/ NC late Pleistocene USNM: 23780; 23789 
24. M. campechiensis Ft. Thompson/ Philman Pit/ FL late Pleistocene  
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Table 1 (Continued) 
 
Mercenaria sp. Formation/Collection  

Locality/ State 
Age Source 

25. M. mercenaria Talbot/Wailes Bluff/ MD  late Pleistocene USNM: 1/1008; 24019; 
453; 2032; 8932; 2341 

26. M. mercenaria Masonboro Island/ NC Recent  
27. M. campechiensis Suwannee Reef/ FL Recent  
28. M. campechiensis Charlotte Harbor/FL Recent  
29. M. campechiensis Bokeelia/FL Recent  
    

 
 
Table 2. Temporal sequence of frequencies of unsuccessful and successful whelk 
predation traces. 
 

Sample/ Mercenaria sp. N. 
spec. 

N. 
repairs 

N. spec. 
w/ at 
least one 
repair 

RF* 
(%) 

RF  N. spec.  
w/ lethal 
damage 

LF* 
(%) 

1. M. capax 52 0 0 0.0 0.0 0 0.0 
2. M. ducateli 129 0 0 0.0 0.0 0 0.0 
3. M. sp. 40 0 0 0.0 0.0 0 0.0 
4. M. cuneata 42 0 0 0.0 0.0 0 0.0 
5. M. nannodes 80 0 0 0.0 0.0 0 0.0 
6. M. cuneata 76 1 1 1.3 0.01 0 0.0 
7. M. druidi 57 15 13 22.8 0.26 14 24.6 
8. M. inflata 61 0 0 0.0 0.0 1? 1.6? 
9. M. corrugata/ rileyi 63 5 4 6.3 0.08 3 4.8 
10. M. rileyi 21 3 2 9.5 0.14 1 4.7 
11. M. corrugata 21 1 1 4.8 0.05 0 0.0 
12. M. rileyi 19 3 3 15.8 0.16 2 11.0 
13. M. rileyi? 175 20 14 8.0 0.11 7 4.0 
14. M. campechiensis 192 19 16 8.3 0.1 11 5.7 
15. M. caroliniensis 119 15 13 10.9 0.13 0 0.0 
16. M. campechiensis 151 46 39 25.8 0.3 23 15.2 
17. M. campechiensis 40 5 4 10 0.13 3 7.5 
18. M. permagna 213 93 65 30.5 0.44 46 21.6 
19. M. permagna 174 30 26 14.9 0.17 20 11.5 
20. M. permagna 23 3 3 13.0 0.13 0 0.0 
21. M. campechiensis 133 30 28 21.1 0.23 31 23.3 
22. M. campechiensis 110 15 12 11.0 0.14 11 10.0 
23. M. campechiensis 55 13 11 20.0 0.24 0 0.0 
24. M. campechiensis 135 52 38 28.1 0.39 58 43.0 
25. M. mercenaria 41 2 2 4.9 0.05 2 5.0 
26. M. mercenaria 138 12 12 8.7 0.09 - - 
27. M. campechiensis 88 46 36 40.9 0.52 - - 
28. M. campechiensis 57 15 14 24.6 0.26 - - 
29. M. campechiensis 59 33 25 42.4 0.56 - - 

 
RF= repair frequency; LF = lethal frequency. Numbers before species name designate 
sample (see Table 1).  Highlighted samples represent inferred timing of evolution of 
chipping behavior in the Eastover Formation (sample 7) and the Rushmere Member of 
the Yorktown Formation (sample 9) and its equivalents (samples 10-11). 
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Table 3.  Mode of predation on bivalve prey and main prey in diet of Western Atlantic 
Melongenidae. 
 

Species Mode of 
Predation on 
Bivalves 

Main Prey Sources 

Melongena corona proboscis 
insertion 

gastropods, 
bivalves, 
carrion 

Clench and Turner (1956);  
Gunter and Menzel (1957);  
Menzel and Nichy (1958); 
Turner(1959);  Hathaway and 
Woodburn (1961); Wilber and 
Herrnkind (1984); Bowling 
(1994) 

Fulguropsis spiratus wedging bivalves, 
gastropods, 
carrion 

Paine (1962; 1963); Kent (1983) 

Busycotypus canaliculatus wedging bivalves,  
gastropods, 
carrion 

Colton (1908); Warren (1916);  
Magalhaes (1948); Carriker 
(1951);    
Edwards and Harasewych (1988) 

Busycon carica chipping bivalves, 
carrion 

Colton (1908); Warren (1916); 
Magalhaes (1948); Carriker 
(1949; 1951); Edwards and 
Harasewych (1988)  

Sinistrofulgur sinistrum chipping bivalves, 
carrion 

Clench (1939); Menzel and 
Nichy (1958); Paine (1962; 
1963);  
Peterson (1982); Kent (1983) 

    
 
 
 
Table 4. Pairwise differences between busyconine cytochrome oxidase (COI) 
sequences. Percent nucleotide differences at all sites, corrected by Kimura  
(1980) two-parameter model are given in the lower left half of the matrix  
(in bold). The upper right half of the matrix shows the estimated divergence  
times in million years between pairs of busyconine species (see text for  
details on molecular clock calibration; modified from Dietl and McCartney  
(in preparation). 
 

 Busycotypus 
canaliculatus 

Busycon 
carica 

Sinistrofulgur 
sinistrum 

Fulguropsis 
spiratus 

Busycotypus 
canaliculatus 

0.24 
0.57 

3.40 
 

3.86 4.40 

Busycon 
carica 

 
8.23 

0.45 
1.10 

1.76 4.22 

Sinistrofulgur 
sinistrum 

 
9.33 

 
4.25 

0.00 
0.00 

4.59 

Fulguropsis 
spiratus 

 
10.65 

 
10.20 

 
11.10 

0.21 
0.50 
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Figure 1.  Successful and unsuccessful whelk predation traces on Mercenaria.  A. 
Posteriorly located successful whelk attack on Mercenaria campechiensis. Note 
absence of concentric lamellae dorsal to the marginal damage where the shell lip 
of the whelk “shaved,” or wore the ornament down during the chipping process to 
open prey; lower upper Pliocene; Bed 6/7 of Pinecrest Beds; 79.3 mm dorsal-
ventral height.  B. Unsuccessful whelk predation scar; lower Pleistocene 
Waccamaw Formation; Shallotte, NC; length of scar = 40.0 mm. C. Successful 
Sinistrofulgur sinistrum predation on Mercenaria mercenaria. Note gap between 
valves that was chipped open and repair scar towards the dorsal margin of valve; 
97.3 mm anterior-posterior length. D. Successful Busycotypus canaliculatus 
predation on ventral valve edge of Mercenaria mercenaria; 63.4 mm dorsal 
ventral height.  E. Unsuccessful whelk feeding trace on Mercenaria cuneata 
(Little Cove Point Member of the St. Mary’s Formation; lower upper Miocene); 
length of scar = 39.6 mm.  F. Unsuccessful whelk predation on Mercenaria 
cuneata (not part of sample used to derive repair frequency). Note removal of thin 
concentric valve lamellae and wavy appearance (as in E) of margin where the 
whelk “chipped” or wore the margin down; lower upper Miocene Little Cove 
Point Member of the St. Mary’s Formation; length of scar = 14.7 mm. 
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Figure 2.  Feeding-induced shell damage and repair in 
Sinistrofulgur; lower Pleistocene Bermont Formation of Florida 
(West Palm Beach Aggregates Locality); 188 mm apex to 
siphonal canal length.  
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Figure 3.  Feeding-induced repair in Miocene whelks; 
examples of mid-lip repair in the upper Oligocene-lower 
Miocene Haywood Landing Member of the Belgrade 
Formation of North Carolina (A; 20 mm base of scar), 
and the upper upper Miocene Eastover Formation 
(Cobham Bay Member) of Virginia (B; 27 mm base of 
second scar from bottom marked by arrow). 

A 

B 
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Melongena Fulguropsis Busycotypus Busycon Sinistrofulgur

Insertion
Wedging
Chipping
Equivocal

Feeding Mode

 
 
 Figure 4. Phylogenetic variation in feeding modes within the busyconine clade 

(Fulguropsis spiratus + Busycotypus canaliculatus + Busycon carica + 
Sinistrofulgur sinistrum) mapped onto a molecular phylogeny based on ~650 
base pairs of nucleotide sequence from the mitochondrial cytochrome oxidase I 
gene.  Bootstrap values ranged between 69 to 100% for ingroup nodes. The 
phylogeny is rooted with the melongenid Melongena corona. Character tracing 
was conducted with MacClade 3.03 using the criterion of parsimony to infer 
ancestral states. All possible optimizations were examined using equivocal 
cycling.  All state changes were considered to be equally probable. 
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Figure 5.  Unsuccessful whelk predation and successful 
Ecphora drillhole in Mercenaria rileyi; lower upper 
Pliocene Moore House Member of the Yorktown 
Formation; Chuckatuck, Virginia; 92.2 mm dorsal-ventral 
valve height.  Arrows indicate position of unsuccessful 
whelk predation.  
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CHAPTER IV 
 
 

EVOLUTIONARY PATTERNS OF SINISTROFULGUR AND 
MERCENARIA IN THE PLIO-PLEISTOCENE OF FLORIDA: 
COEVOLUTION OF PREDATORS AND DANGEROUS PREY 

 
 
ABSTRACT.The history of the interaction between the predatory whelk 

Sinistrofulgur contrarium and its dangerous hard-shelled bivalve prey Mercenaria 

campechiensis was examined to evaluate the hypothesis that coevolution 

(reciprocal adaptation) was a driving force in shaping the species interaction. 

Whelks use their shell lips to chip open the shell of their prey, often resulting in 

breakage to their own shells, as well as to the attacked prey. Temporal trends in 

the frequency of successful and unsuccessful predation traces on Mercenaria 

suggest the predation intensity and the likelihood of prey adaptation (frequency of 

unsuccessful predation) in response to whelk predation increased through the 

Plio-Pleistocene record of the interaction in Florida.  Mercenaria responded 

evolutionarily to the increased hazard of whelk predation by increasing mean 

shell size. Temporal trends in decreased prey effectiveness (ratio of unsuccessful 

to total predation attempts) and increase in the minimum boundary of a size 

refuge from predation suggest that, although prey have responded evolutionarily 

to predation pressure, whelk predators also were increasing their prey capture 

capabilities, perhaps even outpacing prey adaptation.  Evolutionary size increase 

in Sinistrofulgur is best explained as a reciprocal coevolutionary response to prey 

adaptation (to decrease the likelihood of shell breakage when encounters with 

damage-inducing prey occur) coupled with (or reinforced by) an escalation 
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(unilateral) response to the whelk’s own enemies. Coevolution between predator 

and dangerous prey best explains the temporal behavioral-related changes that led 

to a decrease in frequency of feeding-induced repair scars and an increase in 

degree of stereotypy of attack position in the predator. 

 

INTRODUCTION 

On an evolutionary time scale, coevolution, or reciprocal evolutionary 

change in interacting species, is invoked as a mechanism leading to "arms races" 

between predator and prey (Dawkins and Krebs, 1979; Kitchell, 1990; West et al., 

1991; Kelley, 1992; see Dietl and Kelley, in press, for a review). In coevolution, 

prey are linked tightly to their predator and thought to drive the predator’s 

evolution.  Selection in the predator may target increases in predator efficiency or 

capture ability, and selection in the prey favors increases in defenses or 

effectiveness in avoidance of predation. A fundamental weakness of the arms race 

analogy of coevolution between predator and prey in the fossil record is the lack 

of evidence for evolutionary response of the predator to prey adaptation (Vermeij, 

1982b; Abrams, 1986; Kelley, 1992; Brodie and Brodie, 1999; Dietl and 

Alexander, 2000; Dietl and Kelley, in press; Dietl, Chapter 2). Thus our 

understanding of the role of coevolution is biased because only one side of the 

story in most cases is told; reciprocal arms races are usually only tested from the 

context of the prey’s point of view.   

Vermeij (1987, 1994) offered an alternative hypothesis to explain the 

evolution of species interactions—the process of escalation.  Escalation is enemy-
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driven evolution. In predator-prey systems, Vermeij (1982b, 1987, 1994) argued, 

predators are more likely to respond evolutionarily to their own enemies 

(predators, competitors, or parasites) instead of their prey. In escalation, although 

prey respond to their predators, adaptation is not necessarily reciprocal, as in 

coevolution (Dietl and Kelley, in press).  

Escalation and coevolution are equivalent processes when prey are 

dangerous because the predator will be under strong selection pressure to respond 

to prey adaptation (Vermeij, 1982; Brodie and Brodie, 1999; Dietl, Chapter 2).  In 

these interactions prey are able to damage or kill the attacking predator. Dietl and 

Alexander (2000) argued that the dangerous prey concept explained evolutionary 

shifts in stereotypic placement of holes drilled by naticid gastropods on 

confamilial prey.  They suggested that, because an escaped more aggressive prey 

(the hunted) may become the predator (the hunter) and drill its former attacker, 

naticid prey are dangerous to their confamilial predators (Dietl and Alexander, 

2000).  Naticids shifted the position of drill holes on confamilial prey to neutralize 

the potentially larger prey foot or more aggressive retaliatory behaviors of such 

dangerous prey (Dietl and Alexander, 2000). This shift occurred despite the fact 

that this change in stereotypy required the predator to drill through a thicker 

region of the prey’s shell, thus increasing the predator’s handling time of the prey 

(Dietl and Alexander, 2000).  This concept has been relatively unexplored in the 

fossil record of predator-prey interactions, despite the potential it has in an 

application to understand if any governing rules yield explanatory power 



 109 

concerning the outcomes of species interactions, the differences in processes 

driving them, and their long-term effects in evolution (Dietl and Kelley, in press). 

Previously, I have presented evidence of predators’ potential ability to 

respond evolutionarily to antipredatory mechanisms of prey, and argued that 

evidence for reciprocal adaptation could be obtained in the fossil record of the 

interaction between the predatory whelk Sinistrofulgur and its bivalve prey 

Mercenaria (Dietl, Chapters 2 and 3). Studies of the feeding biology of the living 

whelk Sinistrofulgur sinistrum (Melongenidae) suggest that members of this 

species employ a shell-chipping mode of predation to open tightly closed bivalve 

prey, such as Mercenaria campechiensis.  The predator forcefully and 

rhythmically applies its shell lip to the valve edges of its clam prey, chipping off 

pieces until an opening is created through which the whelk can feed directly or 

wedge its shell lip between the valves (fig. 1, Chapter 2; Figs. 1A; 2; Colton, 

1908; Warren, 1916; Magalhaes, 1948; Carriker, 1949,1951; Paine, 1962; Kent, 

1983a). In the process of opening the shells of their prey, whelks often break their 

own shells (Figs. 3-5; Colton, 1908; Carriker, 1951; Dietl and Alexander, 1998; 

Alexander and Dietl, in press; Dietl, Chapters 2 and 3).  

Dietl (Chapter 2) experimentally tested the strength of selection (and 

hence the likelihood of reciprocal adaptation) in the interaction between 

Sinistrofulgur sinistrum and Mercenaria mercenaria.  A highly significant inverse 

relationship between the frequency of feeding-induced shell breakage (an index of 

predator fitness) and the phenotype (a function of size) of Mercenaria suggested 

that interaction with hard-shelled prey has strong and predictable selective 



 110 

consequences for Sinistrofulgur. Predators that select large bivalve prey when the 

apertural lip is thin increase the likelihood that their shell lip will be broken 

during the process of capturing prey. This result identifies the likely target(s) of 

reciprocal selection for the predator in response to its prey.  Hard-shelled prey 

should exert selection pressure for 1) behaviors in the predator that reduce fitness 

loss, due to feeding-induced breakage, when interactions with hard-shelled prey 

occur, and 2) increase in predator size, which would increase the predator: prey 

size ratio, thus decreasing the likelihood of shell breakage. 

In an evolutionary context, injuries to the predator are expected to 

decrease net energy intake, survivorship, and reproductive success (Dietl, Chapter 

2). This predator-prey system provides an opportunity to evaluate the importance 

of the hypotheses of coevolution and escalation in shaping the evolution of 

Sinistrofulgur and Mercenaria, within the context of interactions with other 

selective agents in the fossil record.  I will test the hypothesis that reciprocal 

selection for improved capture abilities in the predator and antipredatory defenses 

in the prey has driven the evolutionary history of this predator-prey system. 

The fossil record of traces of predation (e.g., repair scars, drillholes) 

provides direct evidence of biotic interactions between predator and prey 

(Vermeij, 1987; Kowalewski, 2002), and has taken center stage in tests of the 

hypotheses of escalation and coevolution (Vermeij, 1987; Kelley, 1989; 1992; 

Kelley and Hansen, 1993; Dietl et al., 2000; Dietl and Alexander, 2000). The 

frequency of successful and unsuccessful traces can be used to address the 

hypothesis that the hazard of predation has increased through time (Vermeij, 
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1987) and whether evolutionary responses of predator and prey are reciprocal or 

unilateral in nature. Distinction between the two processes is a complex problem 

because multiple factors may influence the outcome and ultimate evolutionary 

trajectory that results from encounters between any specific pair of interacting 

species (Vermeij, 1994; Dietl and Kelley, in press). 

MATERIALS AND METHODS 

Samples and paleoenvironmental setting.The fossil record of predation 

traces of the whelk-Mercenaria interaction suggests that the chipping mode of 

predation originated in the early late Pliocene in the Busycon-Sinistrofulgur clade 

(Dietl, Chapter 3).  Knowledge of the evolution of chipping behavior constrains a 

test of reciprocal adaptation between predator and prey to the last three million 

years of the fossil record of interaction. It is important that a test of the reciprocal 

adaptation hypothesis be made among ecologically similar habitats (i.e., adaptation 

is context dependent; Vermeij, 1994).  Therefore, samples of Sinistrofulgur 

contrarium and Mercenaria campechiensis were obtained from the following 

successive Pliocene to Pleistocene Formations of southwestern Florida: Tamiami 

Formation (Pinecrest Beds Unit 6-7); Caloosahatchee Formation; Bermont 

Formation; and Fort Thompson Formation (Table 1).  The paleoenvironmental 

setting in which Sinistrofulgur and Mercenaria co-occurred is interpreted to have 

been a subtidal to intertidal, open, lagoon, muddy-sand bottom with patchily 

distributed turtle grass (Thalassia) beds (Petuch, 1982; 1997; Portell and 

Schindler, 1991).  Today these habitats are readily encountered on the west coast 

of Florida (see Paine, 1963; Kent, 1983a), where subtidal Thalassia grass beds are 
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scattered between patches of unconsolidated sand bars that often become exposed 

at low tide.     

Traces of predator and prey interaction.Sinistrofulgur attacks on 

Mercenaria result in highly diagnostic predation traces (lethal and sublethal, Fig. 

1; i.e., “beveled” scar of Alexander and Dietl (in press)) that are not produced by 

other predators (Dietl, Chapter 3). The frequency of these whelk predation traces 

can be used to estimate the intensity of predation, the effectiveness of prey 

defenses, the likelihood that selection will favor prey defenses, and the success 

rate of the predator (see also Kitchell, 1986; Alexander and Dietl, 2001; in press). 

The position of these traces along the valve margin also can be used to assess the 

degree of stereotypy of the predator. 

The chipping mode of predation also may cause damage to the whelk’s 

own shell (Colton, 1908; Carriker, 1951; Dietl and Alexander, 1998; Alexander 

and Dietl, in press; Dietl, Chapters 2 and 3). When this damage occurs is 

dependent on the whelk’s stage of shell growth (Dietl, Chapter 2). Episodic shell 

growth, occurring in rapid steps each punctuated by thickening of the apertural lip 

(Kraeuter et al., 1989), begins when the whelk buries itself beneath the sediment 

surface.  The thickening of the newly added shell growth may take over a month 

to complete (Dietl, unpublished data). Shell damage most likely occurs when new 

growth is added to the shell lip, if the whelk emerges from beneath the sediment 

in an attempt to feed before completion of the shell-thickening step of the process. 

The extent of breakage (including shape and position) and the stage of growth can 
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categorize feeding-induced damage into four types, and tell us something about 

the behavior of the whelk during the shell growth process. 

 1) Breakage may occur as minor chips to the convex edge of the thick, old 

growth, apertural lip that is repaired subsequently (Fig. 5A).  This type of “old-

growth” repair does not decrease an individual’s effectiveness in opening prey 

unless the break increases the thickness of the lip edge—a blunt edge is harder to 

wedge between the tightly sealed valves of closed prey (Carriker, 1951). The 

fitness consequences of such breakage for the whelk are unpredictable (Dietl, 

Chapter 2). This break may not be repaired until the whelk switches to the new 

shell growth phase. The convex old growth lip is often worn down (Fig. 5B).  The 

“beveled” appearance of the lip suggests that the old growth lip is an effective 

weapon in opening shells of Mercenaria; however, as with any “tool,” a high rate 

of usage will show its effects. This wearing down with use does not make the 

edge of the shell blunt.  As the whelk applies the prey's shell against its shell lip 

the contact with the prey’s commissure may misalign and slip, subsequently 

scraping the edge of the lip against the valve exterior of the prey (often removing 

any concentric ornamentation on the prey’s valve (Fig. 1A; also fig. 1A in Dietl, 

Chapter 3).  This scraping action may taper the edge of the lip.   

2) The remaining types of feeding-induced repairs occur during the “new” 

period of shell growth. “Switch” scars (Fig. 3) occur during the phase of growth in 

which the whelk is about to enter the new shell growth phase. With episodic 

growth there is often a period of switching between feeding and shell growth in 

which the whelk may secrete a thin shell layer a few millimeters in length at the 
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mid-lip between feeding bouts. This narrow swath of shell growth is invariably 

eroded away if the whelk attempts to feed.  The duration of the switching phase is 

variable (some individuals will repeatedly add new shell growth to the mid-lip 

only to wear it away during their next feeding bout) (Dietl, personal 

observations).   

 3) After this switching step, growth of the whelk’s shell begins with the 

rapid secretion of a thin (>10 mm long), almost translucent, layer of shell (often 

stopping after a knob is formed in Sinistrofulgur) that is subsequently slowly 

thickened by the addition of secondary shell layers (Fig. 6). “Wedge-scalloped” 

type scars (Figs. 4, 5) are concentrated at the mid-lip of the predator (these scars 

represent events where the predator emerged to feed prior to completing the shell-

thickening episode). The extent of damage of a wedge-scalloped scar is often 

minor, with low surface relief of the break, because the shell-thickening step of 

growth was almost completed prior to the attempt to feed.  The thickness of the 

shell lip increases abaperturally from the aperture’s edge so that some limited 

breakage of the newly secreted thinner outer layers of the lip may occur but stop 

once the thickness of the lip is sufficient enough to withstand the forces produced 

while attempting to open prey.  These minor breaks often remain unrepaired until 

the next episode of shell growth (as in old-growth breaks). This type of scar also 

is found commonly on whelk species that use the shell lip to wedge (Dietl, 

Chapter 3) open bivalve prey, such as Busycotypus and Fulguropsis (a typical 

example of a series of multiple repairs of this type of scar on the shell of 

Fulguropsis spiratus is illustrated in Hollister, 1958, plate 16, fig.1). The term 
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scalloped also has been used to describe scars that are predatory in origin (e.g. an 

unsuccessful crab attack), but in the present context feeding-induced wedge-

scalloped scars are limited to the area of the shell that is used in opening prey—

the convex lip.  This type of feeding-induced scar also lacks the typical jagged 

appearance of a crab attack (Figs. 7,8).  Kantor and Bouchet (1997) also used the 

invariable positioning of multiple scalloped repair scars on the turbinellid 

Ceratoxancus teramachii to suggest that the labial spine of this gastropod was 

used in prey capture (see fig. 6F in Kantor and Bouchet, 1997).   

Occasionally accompanying a wedge-scalloped scar is a cleft (Fig. 4) or 

crack in the new shell growth. The cleft originates at the apertural lip and 

propagates abaperturally, often terminating at the thicker penultimate old growth 

lip.  Clefts are caused when the whelk applies force to its shell lip while 

attempting to open prey and the relatively weak shell lip that was not completely 

thickened fails under the strain produced while chipping. (Microcracks that 

resemble clefts may also be limited to the interior shell layers of the old-growth 

lip.  Such microcracking of the shell is the result of fatigue failure (Boulding and 

LaBarbera, 1984).)  The opposing edges of the cleft in the new shell growth are 

not invariably rejoined, although the repair process (in the case of whelks the 

completion of the shell-thickening step of growth) may undercoat the cleft 

(Alexander and Dietl, 2001; in press).   

4) The most severe type of scar is a “truncate-embayed” scar (Fig. 5C; see 

also fig. 2 in Chapter 3). Repair of this type of breakage represents a significant 

investment of energy and time into shell re-growth by an individual whelk. The 
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term truncate-embayed is used because these scars often terminate abaperturally 

at the thicker old growth lip of the penultimate episode of shell growth.  The 

damage area of this type of scar, although often as deep and extensive as that 

produced by predatory crabs (i.e., an embayed scar of Alexander and Dietl, in 

press), is different from that produced by these other agents of breakage.  

Breakage due to durophagous predators (such as crabs) is often jagged in 

appearance and often not limited to the mid-lip (or the new growth stage) (Figs. 7, 

8). This type of repair is also distinguished by the extensive degree of relief along 

the fracture between the outer surface of the shell and the repaired surface 

(compare Figs. 3-5 versus 8).  Frequencies of feeding-induced damage and crab 

damage permit a relative ranking of the importance of selective agents in 

evolution (Vermeij, 1987).  

Predation traces on Mercenaria 

Intensity of whelk predation.—To determine if the hazard of whelk 

predation has increased since the origin of the chipping mode of predation in the 

early late Pliocene, the frequency of lethal whelk feeding traces (Fig. 1A) on 

articulated and disarticulated shells of Mercenaria was calculated for each 

sample. Whelk predation traces on Mercenaria occur usually (although not 

invariably) on both valves of the prey (Fig. 9). Thus if a shell that has a predation 

trace on both valves is disarticulated and each trace is counted as a separate 

predation event in the calculation of predation intensity, an artificial inflation of 

the importance of whelk predation may occur.  This bias would occur only if the 

preservation rate of valves without whelk predation traces was lower than valves 
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with whelk predation traces. If the likelihood of preservation is the same for 

valves with and without predation traces, estimates of predation intensity based on 

disarticulated valves will not be biased. However, in the unlikely case that 

disarticulation of the valves after death may actually bias an estimate of predation 

intensity, I used two approaches to calculate the frequency of successful predation 

(Kowalewski, in press). In the first method each valve was counted as a single 

individual.  In the second method predation intensity was estimated for only 

articulated individuals of the sample; this method removes the potential for 

multiple element bias (Vermeij and Dudley, 1985; Kowalewski, in press). A 

product-moment correlation was calculated between the two approaches to 

evaluate the potential for the disarticulation bias. If the two approaches are 

correlated with each other it is unlikely that the approach in counting each valve 

as a single individual is biased (i.e., it does not overestimate the frequency of the 

trace). Correlation between these two calculations is not surprising, even if there 

is a high degree of disarticulation of valves, if the actual sample of valves 

collected is much smaller than the total number of individuals that were preserved 

in the sampling area (see Gilinsky and Bennington, 1994). 

Likelihood of prey adaptive response to whelk predation.—Although 

predation intensity cannot be inferred directly from the frequency of shell repair 

(Vermeij et al., 1981; Schindel et al., 1982; Dietl et al., 2000; Alexander and 

Dietl, 2001), repaired injury to the shell of Mercenaria is a necessary condition 

for selection for defensive adaptations (Vermeij, 1982b). Vermeij et al. (1981, p. 

1024) argued that:   
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“selection favoring the evolution of breakage-resistant shells can occur only if 

individuals in a population reproduce after they have suffered nonlethal shell-

breaking attacks. If all breakage were lethal, there would be no selection 

between weak and strong shell variants and no shells would show the scars 

that record nonlethal injury. High frequencies of sublethal damage imply that 

the shell, together with other defenses, is effective in protecting the gastropod 

[or clam] against locally prevailing, shell-breaking agents. The higher the 

frequency of sublethal shell damage, the greater is the likelihood that selection 

will maintain or enhance shell armor.” 

The incidence of sublethal predation (shell repair) was estimated in two 

ways: 1) the number of valves with at least one repair divided by the total number 

of valves present in the sample (Raffaelli, 1978; Bergman et al., 1983; Geller, 

1983; Vale and Rex, 1988; Cadée et al., 1997; Walker, 2001), and 2) the total 

number of repairs divided by the number of valves in a sample (Vermeij et al., 

1981; Vermeij, 1982a; Vermeij and Dudley, 1982; Dietl and Alexander, 1998; 

Dietl et al., 2000; Alexander and Dietl, 2001). The first calculation is simply the 

percentage of specimens that experienced at least one unsuccessful whelk attack; 

if multiple scars occur on a single individual, this method underestimates the 

frequency of sublethal attacks experienced by the population. Potential bias 

attributed to disarticulation of valves was assessed in the same way as in the 

predation intensity calculation.  

The accumulation of shell repairs is often size dependent (Schindel et al., 

1982; Vermeij et al., 1980, 1981; Vermeij, 1982a; Vermeij and Dudley, 1982; 
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Dietl and Alexander, 1998; Dietl et al., 2000). Therefore, the frequency of shell 

repair also has been normalized per successive 10mm size class intervals. This 

standardization assumes shell growth rates are similar between samples, and 

hence the time of exposure to potential predators was the same between the size 

classes being compared (Alexander and Dietl, in press; Dietl, unpublished data). 

Improvement and the adaptive gap.—In the analysis of a potentially 

coupled system, how “improvement” over time of one member of the interaction 

relative to the other is judged is dependent on whether or not predator and prey 

are evolving in response to each other at similar, but not necessarily balanced, 

rates in the classic sense of an arms race.  This can be illustrated with Vermeij’s 

(1987) concepts of effectiveness and the adaptive gap. Prey effectiveness is the ratio 

of the number of unsuccessful predation attempts to the total number of predation 

attempts (Vermeij, 1987; Alexander and Dietl, in press; Dietl and Alexander, 2000; 

Kelley and Hansen, 1993; Alexander et al., submitted).  From the point of view of 

the prey, an effectiveness of 1.0 (100%) means that no adaptive gap exists (Vermeij, 

1987); in other words, the predator is always unsuccessful in killing its prey.  When 

prey effectiveness is < 1.0 an adaptive gap exists; i.e., there is potential for prey 

adaptation to improve antipredatory defense.  Improvement takes place when 

effectiveness increases (when the adaptive gap narrows). From the prey’s point of 

view, a narrowing of the adaptive gap may be driven by an increased expression of 

defenses or a decrease in the intensity of the hazard (predation)(Vermeij, 1987).  

“Whether the adaptive gap widens or narrows as a result of selection depends on the 

rate of change.  If the severity of the hazard increases faster than a species is able to 
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adapt, the adaptive gap widens; but if adaptation not only compensates for but also 

confers improvement relative to the hazards, the gap narrows” (Vermeij, 1987, 

p.14).  If prey are improving at a faster rate than their predator the adaptive gap 

will narrow (this would be evidenced by a temporal increase in prey 

effectiveness). In this specific case, prey effectiveness was calculated as the 

number of unsuccessful whelk predation traces divided by the total number of 

traces (unsuccessful and successful); prey effectiveness was calculated for all 

shells and articulated shells, separately. 

Trends in Mercenaria Size 

Evolution of prey size in response to whelk predation.— Whelks are size- 

selective predators on Mercenaria prey; Dietl (Chapter 2) found a positive 

correlation between whelk size and prey size (see also Kraueter, 2001). Thus in 

general if attacks by a predator are not invariably successful (Vermeij, 1982b), 

within constraints, increased shell size is expected to evolve.  Shell strength 

increases as size increases (Vermeij, 1987) as does the handling time of the 

predator (Kent 1983a; Kitchell et al. 1981); the characteristic of a large shell 

translates into an increased probability of failure of an attack, and armor as a 

defense is therefore more effective.  If predation intensity increases (as well as the 

frequency of repair–a measure of the likelihood for selection), it is thus expected 

that selection will favor an evolutionary trend of increased shell size in 

Mercenaria.  

Evolution of size refuge from sublethal and lethal predation.— Kent 

(1983a) stated that an upper limit to successful Sinistrofulgur sinistrum predation 
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on Mercenaria campechiensis exists for a given size predator. He stated that prey 

more than about one-half the whelk’s shell length are only infrequently 

successfully opened; prey below this upper size limit are almost invariably 

opened successfully (the upper limit to predation varies with the predator: prey 

size ratio). Leighton (2001) suggested that if prey continue to evolve defenses 

without an equivalent response from the predator, the prey eventually may evolve 

into a functional refuge, such as growing into a size refuge, that is invulnerable to 

even the largest predator.  Leighton (2001) hypothesized that repair frequency 

should be low for the prey size classes that the predator prefers (in terms of the 

cost: benefit ratio of the prey) because the attack is more likely to be successful; it 

should be noted that repair frequency also should be low for less profitable prey 

smaller than the preferred size class because these prey, if attacked, are killed 

almost invariably by the predator.  Repair frequency should increase as prey size 

increases beyond the preferred size class because the success probability of the 

predator decreases as prey size increases (Kitchell et al., 1981). Once prey reach a 

size refuge from predation, scar frequency should decrease because they are no 

longer attacked.  Leighton (2001) proposed that information on the size refuge 

from predation, if used in conjunction with morphological evidence, such as an 

increase in size, could support the hypothesis that evolution of the defense was in 

response to predation.   

For example, an increase in repair frequency with an increase in the 

minimum boundary of the size refuge likely is caused by a greater improvement 

of predator capabilities relative to prey defenses.  Conversely, if the minimum 
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boundary of the size refuge decreases, the prey’s defenses (perhaps an increase in 

shell thickness) are improving at a faster rate than the predator’s capabilities (i.e., 

a refuge from predation is obtained at smaller size). To determine if there was a 

size refuge from sublethal predation, I measured prey size at the inception of 

repair and at death and plotted them as size-frequency distributions (see 

Alexander and Dietl, 2001; in press). A size refuge from predation can also be 

obtained from direct evidence of lethal whelk predation. Again, as in sublethal 

predation traces, increased prey defenses should decrease the minimum boundary 

of the size refuge if there is no concomitant response of increased offensive 

ability of the predator.  

Trends in Sinistrofulgur Predation Efficiency 

Predator efficiency and success.—The evolution of the prey is only one 

side of the story in an arms race.  The hypothesis of improved capture ability in 

Sinistrofulgur preying on Mercenaria can be evaluated in a number of ways. 

Efficiency is usually measured in terms of the frequency of successful predation 

attempts.  The efficiency index estimates the capabilities of one member of the 

interaction relative to the other (as in the prey effectiveness calculation).  

Efficiency of the predator improves if there is an increase in the proportion of 

successful attacks. It is important to point out that such a prediction is appropriate 

for the whelk-Mercenaria system.  From the point of view of the predator, 

Abrams (1989) has shown that an increase in success of the predator is not 

expected if unsuccessful predation attempts are of low cost in energy and time, or 

mortality risk —evolution for a higher absolute number of prey killed actually 
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may result in a decreased success rate.  However, handling times of passive 

bivalve prey, such as Mercenaria or Chione, may take 8 to 10 hours or even as 

long as 9 days (Kent, 1983a; Dietl, personal observations).  Handling times are 

further increased if prey must be excavated from the sediment before they can be 

attacked (Kent, 1983a), especially for prey buried among sea grass rhizoids 

(Peterson, 1982). Predation also occurs epifaunally, so that while attempting to 

open or feed on prey the whelk is exposed to its own predators.  The considerable 

time invested in attacks on Mercenaria (and increased mortality risks) suggests 

that predator efficiency is expected to increase, rather than decrease (Abrams, 

1989) the proportion of successful to unsuccessful attacks.   

From the prey’s point of view, if efficiency of attack by the predator has 

increased, the prey are likely to become less well adapted to the predator because the 

potential for selection in favor of improved antipredatory adaptation has decreased. 

In this case, the frequency of unsuccessful whelk predation would decrease and prey 

effectiveness would decrease (from the point of view of the prey the adaptive gap is 

widening). An increase in the proportion of successful attacks (or predator 

efficiency) can also be measured as the number of successful predation attempts 

divided by the number of unsuccessful predation attempts (see also Abrams, 

1989); predator efficiency increases as the frequency of successful predation 

traces increases relative to unsuccessful traces.  In addition, if predator efficiency 

has increased there may be an increase in the minimum boundary of a size refuge 

from predation. Efficiency also may increase, even without a change in the size 

ratio where the absolute refuge is attained if there is an increase in predator 
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capture success rate.  An increase in minimum boundary of the size refuge is the 

inverse of the expected trend for greater improvement in the prey. The increase in 

minimum boundary translates to a larger size range of the prey population that is 

vulnerable to whelk predation (either successful or unsuccessful).  

Degree of stereotypy of whelk site selection.—Another measure of efficiency 

can be obtained in an analysis of the site selectivity of the predator (Kitchell et al., 

1981; Kitchell, 1986; Kelley and Hansen, 1993; Alexander et al., submitted).  

Highly stereotyped behavior may maximize the benefit to cost ratio of the 

interaction with prey (Kitchell, 1986); increased stereotypy is correlated with a 

greater probability of successful predation in some predator-prey systems (Kelley, 

1989). Whelks attack their bivalve prey along posterior, ventral, and anterior valve 

positions (Fig.10).  To determine if the variability in selection of an attack position 

has decreased through time, the site of each unsuccessful and successful whelk 

predation attack was tabulated, separately, as either: posterior, posterior-ventral, 

ventral, anterior-ventral, or anterior. In cases where a repair scar extended 

continuously across more than one region (or sector) of the margin it was counted in 

each sector it occurred in once. When a repair occurred at different positions along 

the (former) valve margin (a “double” or discontinuous scar caused by a single 

predator attacking, for example, both the anterior and posterior margins 

unsuccessfully), it was counted once in each region. The term double is used to 

avoid confusion with the term multiple in the interpretation of the “scars per shell” 

repair frequency calculation (these double scars were not counted as separate scars 

in the determination of repair frequency).    
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Double repair scars often result when the predator: prey size ratio is not 

favorable for the predator; whelks will often give up their attempt to open prey at 

one position and attack another position if the first site selected proves too difficult 

to chip or wedge open (Fig. 2; fig. 5, Chapter 3; Dietl, personal observations). This 

behavior is caused when the defenses of the prey are stronger relative to the 

predator’s capabilities; in some cases this giving-up behavior explains scars that 

traverse the entire anterior-posterior margin (Fig. 2) as the predator tried 

unsuccessfully to open its prey (this represents a significant investment in time for 

the predator with no energetic return).  Less likely, it is possible that interruption of 

one whelk predator by another (pirating of prey) produced some of these “double” 

scars or another whelk may have selected a clam before repair of an injury from a 

previous unsuccessful attack.  A high frequency of double scars indicates that the 

predator was inefficient (most likely because of an unfavorable predator: prey size 

ratio), rather than usurpation of the process by a conspecific, or conversely, that the 

prey’s defenses were effective in deterring predation.  If predatory efficiency is 

increasing, it is expected that the frequency of double scars will decrease. 

Frequency of feeding-induced repair.—A component of efficiency related 

to the predator’s foraging behavior also can be assessed by an examination of the 

record of damage to the whelk’s own shell caused by feeding on hard-shelled 

prey; damage to the shell decreases the time the predator can spend actively 

foraging for prey. Because the frequency of feeding-induced repair is dependent 

on the number of growth episodes (i.e., opportunities to prematurely feed and 

break the shell lip), the frequency of shell repair was assessed on whelk samples 
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with a similar mean number of growth episodes. (In the samples examined, mean 

number of growth episodes per shell ranged between 11.2 and 12.3; ANOVA, F-

test = 1.02, p = 0.385.)  Trends in the frequency of feeding-induced shell repair 

are predicted to increase, decrease, or fluctuate nondirectionally:    

1) A trend of decreased frequency of the truncate-embayed scars (the most 

severe type of damage) would indicate selection has favored whelk foraging 

behaviors that reduce contact with damage-inducing prey to times when the shell 

lip is less likely to break, that is during the old growth stage. 2) The trend in the 

frequency of switch scars also is predicted to decrease.  Natural selection should 

favor whelk behaviors that reduce energy loss that occurs as a result of the 

breakage of newly secreted shell formed at the apertural lip between feeding bouts 

(see discussion of switching stage of whelk shell growth above in description of 

scar types; see also Dietl, Chapter 2).  3) The frequency of old-growth scars is 

expected to vary nondirectionally or remain constant because breakage to the old 

growth lip may often occur by the process of fatigue failure, which is a 

cumulative effect, independent of prey size (Dietl, Chapter 2).  The fact that 

fitness consequences associated with old-growth breaks are predicted to be minor 

reinforces the expectation that old-growth scars should not increase directionally 

in frequency.  4) Wedge-scalloped scars also are minor breaks and should follow 

a similar fluctuating pattern.  Repair frequency for each type of scar was 

calculated following the two approaches outlined for analysis of beveled scars on 

Mercenaria—the percentage of shells with at least one scar, and the number of 
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scars divided by the total number of shells examined (calculated separately for 

each scar type). 

Size response of whelk predators to prey adaptation.—In a coevolutionary 

arms race, selection for size increase in the prey is thought to drive a reciprocal 

response in the predator to increase its own size (Kitchell, 1986, 1990). Body size is 

a primary factor governing the outcome of most predator-prey interactions (Kitchell 

et al., 1981); prey selection by the predator may be governed by profitability, the net 

energy gain per unit handling time. Thus, if prey size has increased through time, a 

reciprocal evolutionary increase in predator size (indexed as maximum shell length) 

through time is predicted from theory. Maximum whelk size was used in place of 

mean size to avoid potential biases attributable to the fact that whelk samples were 

limited to individuals > 130 mm in length.  Maximum size also is affected 

potentially by sampling bias; thus size records of the genus were also obtained from 

the literature, my own unpublished data from other geographical areas, and from 

museum samples taken from the same stratigraphic interval examined in this study.   

The Ranking of Selective Agents  

A coevolutionary interpretation would require that selection that occurs 

between Sinistrofulgur and Mercenaria is more effective (or intense) than 

selection due to other enemies (see Vermeij, 1994; Dietl and Kelley, in press).  

Thus, it is important to determine the role of other selective agents. Vermeij 

(1987, p. 23) stated:  

“An agency that results in the death of an organism or the loss of capacity of 

an individual has the potential for effecting selection among individuals. 
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Nevertheless, some of these agencies are apt to be more important than others. 

I believe it is possible as well as useful to construct a crude ranking of the 

major selective agencies. In general, those agencies that affect a large number 

of individuals and species should elicit more aptations and should 

consequently play a larger role in adaptive evolution than do agencies that 

affect a minority of individuals and species.” 

To rank selective agents in the evolution of Sinistrofulgur, the frequency 

of unsuccessful durophagous predation was determined for each sample to 

compare with the frequency of whelk feeding-induced damage scars (old growth, 

switch, wedge-scalloped, and truncate-embayed). The frequency of durophage-

induced repair was again calculated as the percentage of shells with at least one 

scar, and the number of scars divided by the total number of shells examined 

(calculated separately for each scar type). Mercenaria also may fall victim to 

other predators, such as drilling naticid and muricid gastropods that may 

contribute to selection for the evolution of improved shell defenses.  Predatory 

crabs, rays, and birds (the latter intertidally) are also significant predators of 

Mercenaria (see Kraueter, 2001, for review of literature). The frequency of repair 

scars implicating a non-whelk predator unsuccessfully attacking Mercenaria was 

calculated following the same procedures as for beveled whelk scars. Nature of 

shell breakage was categorized following the methodology of Alexander and Dietl 

(in press) as either scalloped, embayed, cleft, or divot. Scalloped repairs 

subparallel concentric growth lamellae; divoted shells have triangular to chevron-

shaped depressions in the valve where a piece of the shell margin was removed; 
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clefts display a shear in the valve (expressed either externally or internally), which 

extends from the former shell margin radially towards the umbo; embayed valves 

have a large piece of the shell removed, outlined by an irregular, jagged fracture; 

and punctured holes have a repair patch that is often recessed and occasionally 

imbedded with pieces of broken shell (see Alexander and Dietl, in press, for more 

details).  The frequency of drilling predation was calculated as the number of 

valves in the sample that contain at least one successful drillhole divided by 0.5 

times the number of valves in the sample (Kowalewski, in press). Prey 

effectiveness against drilling predators was calculated as the number of 

incomplete drillholes divided by the total number of complete and incomplete 

drillholes (Vermeij, 1987; Kelley and Hansen, 1993; Dietl and Alexander, 1995, 

1997, 2000; Dietl 2000).  

RESULTS AND ANALYSIS 

Trends in successful and unsuccessful whelk predation on 

Mercenaria.The hazard of whelk predation, as evidenced in the frequency of 

lethal predation traces on Mercenaria campechiensis, increased through the 

Pliocene and Pleistocene (Tables 2, 3) from a predation intensity low of 5.7 % and 

6.5% (articulated and disarticulated combined and articulated only, respectively) 

in the late Pliocene Tamiami Formation to a high of 43% and 45.2% (articulated 

and disarticulated combined and articulated only, respectively) in the late 

Pleistocene Fort Thompson Formation. A significant G-test of independence 

indicates that the frequency of shells with lethal predation traces is dependent on 

time (G = 71.6, p <<0.0001).  The frequency of whelk-induced sublethal repair 
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increased from the Pliocene to Pleistocene (Table 3); beveled whelk-induced scars 

were found on 8.3% and 13.0% (articulated and disarticulated combined and 

articulated only, respectively) of individuals in the Tamiami Formation and 26.0% 

and 28.1% (articulated only and articulated and disarticulated combined, 

respectively) of individuals in the Pleistocene Fort Thompson Formation (Table 

3).  The frequency of repair (scars per shell) also shows an increase in sublethal 

whelk predation from the Pliocene into the Pleistocene (0.1 to 0.39 scars per shell, 

articulated and disarticulated combined; 0.17 to 0.45 scars per shell, articulated 

only, Table 3). A significant G-test of independence indicates that the frequency 

of repair is dependent on time (G = 28.12, p << 0.0001). There is a significant 

correlation between the two repair frequency estimates (r = 0.878, p = 0.009), as 

well as between the two approaches used to assess the potential disarticulation 

bias (r = 0.983, p = 0.0004). There was no clear pattern to the accumulation of 

repair scars with size (Table 4); however, where comparisons between samples 

can be made, the frequency of scars within a given size class is almost invariably 

lower in the Pliocene relative to Pleistocene samples.     

Trends in prey effectiveness and predator success.—Mean prey 

effectiveness (PE) decreased significantly between the Tamiami-Caloosahatchee 

and Bermont-Fort Thompson time intervals for disarticulated and articulated 

combined traces of successful and unsuccessful whelk predation (mean PE = 0.65 

and 0.48, respectively; t = 7.60, p = 0.0169; Table 5).  A similar trend is evident 

in articulated individuals; PE = 0.73 in the Pliocene Tamiami Formation and 0.5 

in the Fort Thompson Formation (Table 5).  Predator success increased 
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significantly between the Pliocene and Pleistocene (mean = 0.54, Tamiami-

Caloosahatchee interval; mean = 1.08, Bermont-Fort Thompson interval; t = 8.89, 

p = 0.0124; Table 5).        

Trends in Mercenaria size.—Within the samples examined, mean size of 

Mercenaria campechiensis increased significantly monotonically from the 

Pliocene to the late Pleistocene (84.9 to 103.1mm; ANOVA, F-test = 36.3, p = 

0.0001; multiple comparison Fisher PLSD tests resulted in significant (p < 0.05) 

incremental increases between all successive time intervals; Table 6).  

Trends in minimum boundary of size refuge from whelk predation.—The 

minimum boundary of a size refuge from sublethal whelk predation increased 

with time between the Pliocene and Pleistocene samples (Table 7; Fig. 11).  The 

maximum length at the inception of repair in Tamiami and Caloosahatchee 

Mercenaria was 106 mm, while the maximum length at inception of repair was 

nearly 10 mm greater in the Bermont and Fort Thompson Formations (~115 mm). 

The mean size at the inception of repair increased monotonically from 69.4 mm in 

the Tamiami Formation to 88.3 mm in the Fort Thompson Formation (ANOVA; 

F-test = 7.36, p = 0.001; Fisher PLSD = 8.45, p <0.05 for comparison of Tamiami 

and Fort Thompson Formations; all other multiple comparisons are non-

significant statistically; Table 6). Mean size at the incidence of repair is 

significantly smaller than the mean size at death (t-test, p < 0.0001, in all cases; 

Table 6).  The difference between the maximum length at the inception of repair 

and at death varied from the Pliocene to Pleistocene. The difference decreased 

from a value of ~36 mm in the Tamiami Formation to ~8 mm in the Bermont 
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Formation, but increased again in the Fort Thompson Formation to ~32 mm 

(Table 7; column 1 minus column 2).   

 The minimum boundary of a size refuge from lethal whelk predation 

increased from the Pliocene through Pleistocene (Fig. 12) from a maximum length 

at death from whelk attack of 106.6 mm to 135.8 mm, Tamiami and Fort 

Thompson Formations, respectively (Table 7).  Similarly, mean Mercenaria size 

at death from whelk attack increased significantly between the same formations 

(78.1 mm to 94.9 mm; ANOVA; F-test = 3.67, p = 0.0143; Fisher PLSD = 11.44, 

p < 0.05; although end members are significantly different, successive 

incremental increases are non-significant in each comparison; Table 6). The 

difference in maximum length at death from successful whelk attack and from 

other mortality factors followed a trend similar to that for unsuccessful predation; 

a difference of ~35 mm in the Tamiami decreased to ~5 mm in the Bermont only 

to increase slightly in the Ft. Thompson to ~12 mm (Table 7; column 2 minus 

column 4).       

Trends in whelk stereotypy.—Variation in the site selectivity of 

Sinistrofulgur preying on Mercenaria decreased between the Pliocene and 

Pleistocene (Table 8; Fig.13).  A significant G-test of independence indicates that 

the degree of stereotypy was dependent on time, with the ventral-posterior and 

ventral-anterior valve margin positions being attacked less frequently in 

Pleistocene samples in comparison with the Pliocene (G = 40.9, p = 0.0001, lethal 

traces; G = 28.7, p = 0.0043, sublethal traces).  The frequency of double scars 

decreased from the Tamiami Formation (15.8%, 3 out of 19 repairs) to the 
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Bermont Formation (3.3%, 1 out of 30 repairs); in the Fort Thompson Formation, 

the frequency of double scars increased to 17. 6% (9 out of 51 repairs).   

Trends in feeding-induced whelk shell repair.The frequency of truncate-

embayed scars decreased monotonically from a repair frequency high of 63% (1.0 

scars per shell) in the Pliocene Tamiami Formation to a low of 20% (0.26 scars 

per shell) in the Fort Thompson Formation (Tables 9, 10).  A Fisher’s exact test of 

independence indicates that the frequency of specimens with at least one truncate 

scar is dependent on time (p = 0.0124).  The frequency of switch-type repair scars 

increased from the Pliocene to Pleistocene (50% to 77% of individuals in the 

Tamiami and Fort Thompson Formations, Table 10); a Fisher’s exact test of 

independence indicates that the frequency of individuals with at least one switch 

scar also is dependent on time (p = 0.0422).  The temporal pattern in old-growth 

scars varies from a low of 16% (0.16 scars per shell) in the Caloosahatchee 

Formation to a high of 63% (0.94 scars per shell) in the Tamiami Formation 

(Table 10); there is no dependence on frequency of old-growth scars with time 

(Fisher’s exact test; p = 0.1274).  The frequency of wedge-scalloped scars varied 

non-significantly (Fisher’s exact; p = 0.1712) with time, ranging between a low of 

29% (Fort Thompson Formation) and a high of 42% (Bermont Formation; Table 

10).  

Trends in Sinistrofulgur size.—In the samples examined, the maximum 

size of Sinistrofulgur increased from 268 mm in the Tamiami Formation to 312 

mm in the Bermont Formation and then decreased to 276 mm in the Fort 

Thompson Formation (Table 11). 
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Trends in non-whelk successful and unsuccessful predation.—The 

frequency of unsuccessful durophagous predation on Sinistrofulgur ranged from a 

low of 25% (0.25 scars per shell) in the Tamiami Formation to a high of 47% 

(0.68 scars per shell) in the Caloosahatchee Formation (Table 12); there is no 

dependence of the frequency of durophagous repair scars with time (Fisher’s 

exact test; p = 0.1443). One repaired punctured hole (repair frequency = < 1%) 

was found on a specimen of Sinistrofulgur from the Tamiami Formation (Fig. 14).  

No embayed or cleft scars were found on Mercenaria (Table 13).  Rare divot-type 

scars were found on Mercenaria in the Tamiami Formation (repair frequency = < 

1%; Table 13; or 6% of the total distribution of scar types, Fig. 13).  Scalloped 

scars (almost invariably positioned at the posterior margin of the valve, Fig. 13) 

were more common than divots (repair frequency ranged between 0.0 % to 12.6% 

(0.0 to 0.14 scars per shell; Table 13).  The percent contribution of scalloped 

repair scars on the shell of Mercenaria ranged between 0.0% and 33% of scar 

types (Fig. 13).  Non-whelk induced scars were most common on shells of 

Mercenaria from the Tamiami Formation (Fig. 13).  The frequency of successful 

drilling ranged between 0.0% (Bermont and Fort Thompson Formations) to 3.9% 

in the Caloosahatchee Formation (Table 14).  Prey effectiveness against drilling 

predators was high in the Tamiami Formation (PE = 0.67, 4 of 6 drillholes 

incomplete) and Caloosahatchee Formation (PE = 0.75, 9 of 12 drillholes 

incomplete) (Table 14).  

DISCUSSION AND INTERPRETATION 
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Evolutionary response of Mercenaria to Sinistrofulgur and other 

enemies. Evolutionary trends in morphology, behavior, and traces of interaction 

suggest that reciprocal adaptation between Sinistrofulgur and Mercenaria is 

important in this predator-prey system (Table 15).  Temporal trends in the 

frequency of successful and unsuccessful whelk predation traces on Mercenaria 

suggest that the intensity of Sinistrofulgur predation and the likelihood of prey 

evolutionary response to whelk predation have increased since the evolution of 

the chipping behavior in the early late Pliocene.  These trends agree with the 

general pattern for Mercenaria in other geographical areas along the Atlantic 

coastal plain (Dietl, Chapter 3), keeping the context of environmental differences 

in mind.  

The increase in frequency of unsuccessful predation through time likely is 

not a function of increased time exposure to potential whelk predators. Jones and 

Allmon (1995) stated that shell growth rates of M. campechiensis from the 

Pliocene Tamiami Formation (Pinecrest Beds Unit 6-7) are comparable to those 

of modern populations in the same proximate geographical area.  However, there 

is considerable variation in growth rate among modern populations of M. 

campechiensis in Florida (Jones et al., 1990). For instance, for an approximately 

20 to 24 year old individual the average adult length among sampled populations 

typically ranged between 70 to 100 mm with one extremely fast growing 

population that included individuals up to 170 mm (Jones et al., 1990; Saloman 

and Taylor, 1969).  The variability in growth seems to be related to changes in 

growth rates during the first several years of life and not an extension of lifespan.  
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It is possible that changes in growth rates are related to selective pressures to 

increase average body size, perhaps as a defense against whelk predation. 

Evolution of prey defenses in response to predators is a common 

component to the history of interactions among species (Vermeij, 1987). In 

response to the increase in the hazard of whelk predation, Mercenaria 

campechiensis have increased mean shell size. However, despite the evolution of 

this defense, the expected trends of increase in prey effectiveness and decrease in 

the minimum boundary of the size refuge from predation are not evident.  Instead, 

a decreasing trend in prey effectiveness and an increased minimum boundary of 

the size refuge from both lethal and sublethal predation occurred, suggesting an 

increase in predator efficiency relative to adaptation in the prey; these patterns 

reinforce the trends of increased success and stereotypy in the predator.  Thus, 

although prey were responding evolutionarily to increase their defenses against 

whelk predators (an escalation response), the predators were also improving their 

offensive capabilities at a comparable (or even faster) rate, thus seemingly 

outpacing prey adaptation, or “over-running” prey evolutionary improvements in 

antipredatory defense.   

The evolution of increased size in Mercenaria is likely a response to 

whelk predation and not other predators. The whelk-Mercenaria interaction is 

highly dependent on size (today whelks are the dominant predator of large-sized 

Mercenaria, and in some size classes the only common predator).  However, the 

selective pressures from other predators must be evaluated before accepting the 

hypothesis that whelk predation selected for size increase in Mercenaria.  An 
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evolutionary response to drilling predators also may favor an increase in shell 

thickness or size (Kitchell et al., 1981; Vermeij, 1987; Kelley, 1989).  For 

example, Miocene through early late Pliocene Mercenaria increased shell 

thickness considerably. The thickest Mercenaria druidi from a sample of the 

upper Miocene Eastover Formation of Virginia was about 8 mm thick at a length 

of ~75 mm (measured in the center of the valve at the point of maximum 

convexity). Similar-sized Mercenaria corrugata from the early late Pliocene 

Rushmere Member of the Yorktown Formation of Virginia reached thicknesses of 

over 20 mm, which is more than two times that of M. druidi (Dietl, in 

preparation). The increased thickness would have increased the handling time of 

drilling predators (Kitchell et al., 1981). The frequency of successful Ecphora 

drilling predation decreased between these time intervals (22.5% to 8%; Eastover 

and Yorktown, respectively; Dietl, in preparation; also see comments of Vermeij, 

1987). At the same time prey effectiveness (ratio of incomplete to total drillholes) 

increased dramatically during this time interval (PE = 0.0 to 0.6). The trend of 

increasing thickness in this example is an effective defense against drilling 

predators and was likely an escalation response. Kelley (1989) also documented 

evolutionary thickness increases in response to drilling predation of bivalves from 

the Miocene Chesapeake Group of Maryland; improvement of naticid gastropod 

predation capabilities did not keep pace with increased thickness defenses of 

Miocene bivalve prey.  As in the Ecphora example, the increase in thickness of 

Chesapeake Group bivalves was correlated negatively with predation intensity 

(drilling frequency).  
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Agents of death other than shell-chipping whelks, such as drilling snails, 

only affected (adult-sized) Tamiami and Caloosahatchee Mercenaria at very low 

frequencies of successful drilling (2.1-3.9%). Prey effectiveness is high in the 

Tamiami and Caloosahatchee Formations (0.67 and 0.75, respectively), but the 

frequency of unsuccessful drilling is low (only 4 incomplete boreholes in the 

Tamiami and 9 in the Caloosahatchee).  The absence of successful or 

unsuccessful drilling predation on adult Mercenaria in the Bermont and Fort 

Thompson Formations suggests that the continued mean increase in size was 

likely a response to a selective pressure, because continued unilateral adaptation is 

likely to occur only for short periods of time after a selective pressure wanes. 

Thus if drilling muricid and naticids were responsible for the late Pliocene to 

early Pleistocene increase in Mercenaria size, the size increase is expected to 

have stopped after drilling frequency dropped to zero in these samples. The 

increase in successful and unsuccessful predation traces, and in the minimum 

boundary of the size refuge from successful and unsuccessful whelk predation, 

suggests Sinistrofulgur was a continuing threat to adult Mercenaria that 

intensified into the Pleistocene.  (Interestingly, the dramatic temporal increase in 

whelk predation correlates with a reduction in drilling frequency in the late 

Pliocene.)  Risk of mortality due to drilling predation for adult Mercenaria was a 

more common threat in the Miocene and Pliocene than the Pleistocene.  

Durophagous crabs and fish (including rays and skates) were likely 

important predators of juvenile size classes (<30 mm) of Mercenaria as they are 

today (Carriker, 1951, 1961; Landers, 1954; Whetstone and Eversole, 1978, 1981; 
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Peterson, 1990; see Krauter, 2001, for a review of literature), but their 

contribution to the selective pressure for increased adult size would have been 

minimal because a size refuge from these predators is reached at such a small 

size. For instance, the puffer fish Diodon is a common component of sea grass 

habitats and is a competent shell crusher (Palmer, 1979; Vermeij, 1978; 1993; 

Raymundo and Chiappa, 2000) that can feed on venerid bivalves, such as Pitar 

and Chione (Raymundo and Chiappa, 2000), but is limited, due to its own size 

and gape limit, to small (< 35 mm; Vermeij, 1978) size classes of prey.  Sublethal 

fish predation on Mercenaria mercenaria can have effects on clam growth rate, if 

fish often nip the siphons of the bivalve (Coen and Heck, 1991); however, the 

evolution of larger size is unlikely to reduce the frequency of siphon-nipping 

attacks by fish.  Indirectly, crab and fish predators may have reinforced selection 

pressure for size increase, if survivors of the predation gauntlet at smaller sizes 

tended to be those with faster growth rates and/or thicker shells. However, this 

still does not account for the evolution of larger adult sizes in Mercenaria.  

Birds such as the oystercatcher Haematopus palliatus and the herring gulls 

Larus argentatus prey on larger size classes of Mercenaria than do crabs or fish 

and thus may have contributed to the trend of size increase. Oystercatchers are 

important predators of bivalves (Drinnan, 1957; Cayford and Goss-Custard, 1990; 

see Kraueter, 2001, for a review of literature).  Kraueter (2001) reported that 

oystercatchers feeding intertidally thrust their beak into the sand, move their head 

sideways quickly, and extract a clam from the sediment, subsequently jabbing at 

the clam to open it. This behavior leaves a distinctive v-notch that, sometimes 
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paired, is located typically in the posterior portion of the valve margin.  The repair 

of this v-notch, if the predator was unsuccessful, would be categorized as a 

scalloped repair (Alexander and Dietl, in press). A relatively high proportion (0-

39% of scar types) of repairs in some samples of Mercenaria may have resulted 

from attempted bird predation; however, if these scars are ranked numerically 

with other types, selection pressure from whelk predators is more important. 

While the size range of prey killed (12 to 74 mm in length; Kraueter, 2001) by 

Haematopus is smaller than that killed by Sinistrofulgur, the jabbing action of the 

predator may damage larger-sized Mercenaria that it was unable to exhume from 

the sediment.   

Gulls may be major predators of large-sized bivalves (Oldham, 1930; 

Harris, 1965; Barash, et al., 1975; Siegfried, 1976; Kent, 1981; see Kraueter, 2001 

for review of literature). Mercenaria killed by herring gulls are typically larger 

than those preyed on by oystercatchers.  Kraeuter (2001) found that prey killed by 

herring gulls ranged between 45 and 90 mm in length; gulls kill their prey by 

picking up large clams from intertidal flats and dropping them until they break 

(usually on exposed sand bars or hard surfaces, such as oyster beds, at low tide). 

Kent (1981) reported that gulls on the Gulf coast of Florida killed Mercenaria 

campechiensis (67 to 95 mm in length).  However, the percent contribution of 

adult Mercenaria affected by Larus predation is orders of magnitude less than the 

frequency of whelk predation (see fig. 11.21 in Kraeuter, 2001).  Kent (1981) 

suggested that M. campechiensis was only rarely eaten and that the largest clams 
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the gulls could handle effectively were much smaller than the largest available (95 

mm vs. 153 mm in length).   

An increase in whelk predation best explains the evolutionary size 

response in Mercenaria campechiensis.  Whelk predation impacts a greater 

proportion of the adult population, and affects a larger size range of Mercenaria 

prey, than the other potential enemies. These ontogenetic-specific dynamics of 

interaction with whelks would have exacted a strong selective pressure on 

Mercenaria to increase size. 

Evolutionary size response of Sinistrofulgur to Mercenaria and other 

enemies.Is there a coevolutionary component to escalation in this predator-prey 

system?  The improvement in prey capture efficiency of the predator was likely 

driven by the evolutionary increase in size of Sinistrofulgur.  The temporal trend 

of larger maximum sizes in Pleistocene Sinistrofulgur than in the Pliocene in my 

samples appears to be real, rather than an artifact due to sampling bias.  The trend 

of an increase in size of Sinistrofulgur between the Pliocene and Pleistocene also 

is evident from size records of the genus reported in the literature, from my own 

unpublished data from other geographical areas, and museum data.  Hollister 

(1958) reported a specimen of Sinistrofulgur sinistrum (the living descendant of S. 

contrarium) collected from the Gulf coast of Florida that was 375 mm in length 

(see also Paine, 1963; fig. 2). The largest specimen of this species found offshore 

in North Carolina measured ~315 mm (North Carolina State Museum of Natural 

Sciences, IMS Number 3377). Vermeij (1993, p. 22) stated that S. sinistrum may 

attain a length up to 400 mm. A similar trend of increased size is evident from the 
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eastern coast of Florida between the upper Pliocene Nashua Formation (F & W 

Mine locality, UF51573), maximum size = 248 mm, and the lower Pleistocene 

Bermont Formation, West Palm Beach Aggregates locality (Dietl, Chapter 3), 

maximum size = 315 mm (Dietl, unpublished data).  The largest Tamiami 

Formation (Pinecrest Beds, Unit 3) S. contrarium in the collection of the Florida 

Museum of Natural History is about 300 mm long (over 20 mm larger than the 

maximum length in my collection for the younger Unit 6/7; Table 11; R. Portell, 

personal communication, 2002), but it is still about 100 mm smaller than the 

largest living specimens.  These independent sources of data suggest that the 

maximum adult length of Sinistrofulgur has increased since the Pliocene, within 

the context of a similar environment.  

The trend an of increase in maximum predator size parallels an increase in 

mean size of Mercenaria and a decrease in the range of prey sizes that were 

invulnerable to lethal whelk predation between the Tamiami Formation and the 

Bermont Formation.  However, the range of the size refuge increases in the Fort 

Thompson Formation, when predator mean and maximum size (within my 

samples) decreases; this trend, independent of my whelk samples, may indicate 

that the decrease in whelk size within the Fort Thompson Formation, which is 

superimposed on the trend of increasing whelk size between the Pliocene and 

Recent, is real and not an artifact of sampling bias; temporary minor reversals in 

size are expected in any long-term directional trend. 

All else being equal, an increase in predator size would permit exploitation 

of larger size classes of prey (Kitchell et al., 1981).  Kitchell (1986) argued that 
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size-selective behavior of drilling naticid gastropod predators can be explained by 

the inherent shape of the prey cost-benefit function, which for a given prey 

species in the naticid-prey interaction decreases with increasing prey size.  

Therefore, larger size classes of prey have lower cost-benefit ratios and thus a 

higher net energetic return to the predator (Kitchell, 1986; Kitchell et al., 1981). 

Thus it is possible that the Sinistrofulgur-Mercenaria interaction follows a similar 

evolutionary trajectory, due to the fact that whelk predators are size-selective of 

their prey (Dietl, Chapter 2). In this case, natural selection favors stereotypic 

behaviors of the predator that increase individual fitness; this increase in fitness 

can be achieved by selective pressure to increase the net rate of energy return per 

unit of foraging time (Kitchell et al., 1981).  

But is selection of larger prey to increase net energy intake enough to 

drive and sustain an evolutionary increase in size of the predator?   Kitchell 

(1986) suggested that size change between predator and prey may be an 

evolutionary consequence of behavioral size-selective predation.  Prey size has a 

direct effect on predator energetic intake (DeAngelis et al., 1984).  Kitchell 

(1986) argued that the predator’s net energetic return is a function of its selection 

of prey size, and that natural selection should favor the average adult whelk size 

that maximizes net energy return for the predator.  In contrast, natural selection 

should favor the average adult size in the prey that maximizes reproductive 

output.  In predator-prey systems in which predators are highly selective of prey 

sizes and the probability of successful predation is size dependent (i.e., success 

depends on the predator: prey size ratio), prey may delay reproduction, 
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ontogenetically facilitating a coevolutionary size increase.  Thus predator-prey 

interactions that are governed by behavioral selection of prey sizes are “sufficient 

to generate coevolution in size” (Kitchell, 1986; p. 107). If this behavioral 

energetics hypothesis is accepted at face value it would seem that a conclusion of 

positive coevolutionary feedback between Sinistrofulgur and Mercenaria (which 

both increased in size through time) best explains the evolutionary trajectories of 

predator and prey. Over evolutionary time, as whelks selected larger prey to 

maximize net energetic return, the prey delayed allocation of energy into 

reproduction to achieve a size refuge from predation.  Within constraints, this 

positive feedback drives coevolution in size.      

However, as stated previously, predator-prey interactions are complex 

systems in which multiple factors may influence the outcome and ultimate 

evolutionary trajectory that results from encounters between predator and prey. 

Herre (1999, p. 235) stated: “It is important to understand the interactions among 

several different types of species in order to provide the context to properly pose 

and test evolutionary hypotheses about any of them.”  If other agents of selection 

are considered, the intuitive expectation of the type of arms race driving the 

evolution of a species interaction is often called into question (Dietl and Kelley, 

2002). Thus, just as in the evaluation of the size trend in Mercenaria, a ranking of 

selective agents is important if we are to understand the role of coevolution and 

escalation processes in the evolution of species interactions (Vermeij, 1987).  

The interaction between shell-drilling naticid gastropods and their bivalve 

prey is an example of a complex predator-prey system.  Prey in this system seem 
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to have evolved more effective shell defenses against drilling predators (Kelley, 

1989). Kelley (1992) documented a trend of increased size of the drilling predator 

Neverita duplicata, which might at face value suggest a reciprocal response to 

evolution in the prey, as hypothesized by Kitchell (1986). However, no 

evolutionary change was found in any other characters related to predator 

efficiency. The size increase in Neverita also could be interpreted as an 

evolutionary response to its own enemies (Kelley, 1992; Dietl and Kelley, in 

press).  Thus in this predator-prey system evolutionary changes in the predator are 

more likely a response to the naticid’s own enemies. This interpretation is 

supported by the fact that naticid shell thickness also increased, most likely as a 

response to the naticid’s own predators; indeed, Dietl and Alexander (1998) 

showed a significant increase in frequency of shell repair between Miocene and 

Recent Neverita duplicata.  

In order to understand the selection processes shaping the interaction 

between Sinistrofulgur and Mercenaria, patterns of variation in the outcomes of 

interactions with other whelk predators must be taken into consideration, before 

accepting the hypothesis of reciprocal adaptation. Evolutionary size increase in 

Sinistrofulgur may be an escalation response to predation from the whelk’s own 

predators.  Whelks are prey for a number of clawed or jawed durophages, e.g., 

crabs and sea turtles that crush or peel the whelk’s shell (Magalhaes, 1948; Kent, 

1983a; Harding and Mann, 1999), and other gastropod predators, such as 

Fasciolaria and Triplofusus (Paine, 1963).   
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The record of unsuccessful durophagous predation suggests that this type 

of predation also may have been an important selective agent driving 

Sinistrofulgur size evolution. The frequency of durophagous unsuccessful 

predation on Sinistrofulgur is high in the samples examined; 29 to 47% of 

individuals had at least one scar (these percentages are based on pooling size 

classes; range = 130 to 315 mm). Increased size is an effective defense against 

durophagous predators (Vermeij, 1978; Alexander and Dietl, in press).  Menippe 

mercenaria is a powerful (Blundon, 1988), shell-crushing crab capable of 

severely damaging the shell of Sinistrofulgur (Magalhaes, 1948; Kent, 1983a). 

Fossils of Menippe have been found in Pleistocene deposits associated with 

whelks (Portell and Schindler, 1991).  Kent (1983a) reported that Menippe were a 

major source of mortality for whelks in modern coastal habitats of Florida; 

Magalhaes (1948) also stated that Menippe was an active enemy of the whelks 

Busycon carica and Sinistrofulgur sinistrum in North Carolina.  Kent (1983a) 

argued that Sinistrofulgur sinistrum reached a size refuge from successful 

Menippe (carapace width = 119mm) predation at a shell length of 120-130 mm.  

The critical size at which the whelk was invulnerable to crab predation was only 

2-3 mm longer than the largest whelk successfully crushed by the predator.  

Although this size class is much smaller than even the average (200mm) size of 

adult Tamiami Sinistrofulgur, crushing predators may still unsuccessfully attempt 

to peel the shell of larger whelks. Chipping or peeling the edge of the apertural lip 

of gastropods is a common behavior used by crabs when the prey’s shell cannot 
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be crushed (Lau, 1987; Alexander and Dietl, in press).  The behavior allows larger 

prey to be opened than with a crushing attack alone. 

 The peeling behavior results in high frequencies of unsuccessful predation 

because as the shell lip is peeled back (especially in whelks) its thickness 

increases, resulting in an increase in probability of failed predation.  The lip of 

whelks is generally comparatively thin (< 2mm) at its edge versus the penultimate 

growth episode (>>2 mm) (Dietl, unpublished data).  Thus, although the predator 

initially is successful in breaking the prey’s shell, it increasingly encounters a 

more breakage-resistant defense and ultimately must abandon the prey 

unsuccessfully. The jagged, unsuccessful, peeling scar may traverse the entire 

length of the apertural lip (Fig. 8). The largest specimen, measured at the 

incidence of unsuccessful peeling predation, was 287 mm long from the Longan 

Lake locality of the Bermont Formation, suggesting clawed predators attempted 

to attack prey well beyond the size limits reported by Kent (1983a). Of the 23 

individual whelks in the size range of 200-315 mm, 2 specimens (8.7 %) had 

peeling scars that occurred at lengths (measured at the incidence of repair) greater 

than 200 mm. This percentage is increased to 24% (6 of 25 specimens in the 200-

315 mm size range) if a sample from the Bermont Formation (West Palm Beach 

Aggregates locality) is included for comparative purposes (Dietl, unpublished 

data).  

Gonodactyloid stomatopods (mantis shrimps) also may have been 

significant whelk predators in Pliocene to Pleistocene sea grass habitats.  These 

predators possess powerful raptorial appendages that are used to repeatedly strike 
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at, and smash holes in, the shells of gastropod prey (Vermeij, 1978; Caldwell and 

Dingle, 1975; Caldwell, et al., 1989; Full et al., 1989; Geary et al., 1991; Baluk 

and Radwanski, 1996).  In modern open, muddy to sandy, sea grass, or lagoonal 

habitats of Florida, gonodactyloids are common predators (Geary et al., 1991).  

Geary et al. (1991) reported probable traces of stomatopod predation on 

gastropods from the Plio-Pleistocene of Florida; they found evidence of 

successful mantis shrimp predation on prey as long as 133 mm (Fasciolaria prey), 

but the majority of prey were less than 70 mm long.  Stomatopods were likely 

predators of Sinistrofulgur (Fig. 15), but their contribution to selection for 

increased size is likely to have been less than that of shell-peeling durophagous 

predators that could unsuccessfully attack larger whelk size classes. No traces of 

successful stomatopod predation were found on the fossil Sinistrofulgur 

examined; however, one specimen from the Tamiami Formation has a repaired 

hole that may have resulted from unsuccessful mantis shrimp predation (Fig. 14).  

Another potentially important shell-crushing predator of larger whelks in 

coastal Florida habitats is the loggerhead sea turtle Caretta caretta.  Loggerheads 

are known gastropod predators (Plotkin et al., 1993; Preen, 1996; Gidley et al., 

1997; Houghton et al., 2000). The fossil record of Caretta in Florida extends back 

into the Pliocene (Dodd and Morgan, 1992). Very little is known about the size 

limits to predation by loggerhead turtles, but the maximum gape of this predator 

likely sets a limit to the prey sizes that can be crushed successfully.  The puffer 

fish Diodon crushes gastropods between its jaws (Palmer, 1979; Vermeij, 1978; 

1993; Raymundo and Chiappa, 2000) and has been found in the Plio-Pleistocene 
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fossil record of Florida (Morgan and Portell, 1996); however, it is limited to 

feeding on small (<35 mm; Vermeij, 1978) prey.  

Although the identity of the durophage(s) responsible for the repaired 

breakage in large whelk size classes is somewhat equivocal, it is clear that 

unsuccessful durophagous predation may have been an important selective agent 

driving Sinistrofulgur size evolution.  

The fasciolariid gastropods Triplofusus and Fasciolaria extract their prey 

through the aperture by firmly attaching their foot to the operculum of the prey 

(preventing its withdrawal) and inserting their proboscis into the shell to feed 

(Wells, 1958; Paine, 1963; Dietl, in press).  Triplofusus giganteus is the largest 

predatory gastropod in the Western Atlantic (Abbott, 1974) and has co-occurred 

with Sinistrofulgur since the Pliocene. Kent (1983a) estimated that the largest 

Sinistrofulgur sinistrum that could be attacked successfully by Fasciolaria and 

Triplofusus were 130mm and >300mm in shell length, respectively, based on 

Paine’s (1963) estimate that these species could manipulate successfully 

gastropod prey with a prey length: predator length ratio of 0.85.  Paine (1963) 

estimated that S. sinistrum represented about 28% of the diet of Triplofusus in 

Florida; “large… [Triplofusus]…fed extensively on …[Sinistrofulgur]” (Paine, 

1963; p. 67).  Kent (1983b) also considered Sinistrofulgur to be an important prey 

(33% of diet) of Triplofusus. Thus it is possible that Triplofusus may have played 

a major role in Sinistrofulgur size evolution.  The ecological effects of the 

interaction between Triplofusus and Sinistrofulgur are not known.  Sinistrofulgur 

may employ an effective “biting” behavioral defense to avoid Triplofusus 
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predation when contact between them occurs (Weldon, 1981), but the ultimate 

defense may be the attainment of a size refuge from predation (Paine, 1963).   No 

trace fossil evidence of this important predator-prey interaction is preserved in the 

record to permit the effects of Triplofusus predation on Sinistrofulgur to be ranked 

as a selective agent driving evolution. 

Triplofusus also may be an important competitor of Sinistrofulgur (Kent, 

1983b) driving the whelk to select larger Mercenaria prey. Common components 

of coastal habitats in Florida (Paine, 1963; Kent, 1983a,b; Kuhlmann, 1994) are 

the bivalves Atrina rigida and Atrina serrata. Atrina are a major component of the 

diet of Triplofusus (Paine, 1963).  In the presence of Triplofusus, Sinistrofulgur 

does not feed on Atrina (Kent, 1983b), but in its absence Atrina is a major 

component of the diet of Sinistrofulgur. Triplofusus does not prey on adult 

Mercenaria.  It is possible that competition for Atrina selected for whelk prey 

selection behavior to include larger size classes of Mercenaria in the diet.  It is 

not known whether this interaction may have influenced the evolution of whelk 

prey size-selection behavior.  

Evolutionary behavioral response of Sinistrofulgur to Mercenaria and 

other enemies.Is reciprocal adaptation of Sinistrofulgur and Mercenaria 

important? Increased size in Sinistrofulgur would allow it to attack larger prey (by 

increasing the predator: prey size ratio, which would increase efficiency, or in 

other words, the frequency of successful relative to unsuccessful predation traces).  

If predators of Sinistrofulgur were ranked the most important selective agent, the 

inferred efficiency increase of Sinistrofulgur could just be a byproduct of 
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selection acting on another species interaction. As Vermeij (1994, p. 232) has 

argued: “In order to make headway in the study of coevolution and escalation, we 

need to study the sources, frequencies, and cost-benefit effects of selection. This 

entails careful observation of encounters between species, together with an 

evaluation of the effects of such encounters on survival and reproduction.” But 

because the evolutionary effect of an interaction between whelks and Mercenaria 

depends on the cost of the predator’s failure relative to the benefit of its success 

(Vermeij, 1993), it is likely that large-sized, hard-shelled prey, such as 

Mercenaria, contribute to the evolution of improvement in the capture abilities of 

Sinistrofulgur. 

The fact that the frequency of shell breakage in encounters with prey (an 

index of predator fitness) is inversely related to Mercenaria phenotype (a function 

of the predator: prey size ratio) (Dietl, Chapter 2), suggests that the interaction 

with Mercenaria has strong and predictable selective consequences for 

Sinistrofulgur.   The probability of shell breakage increases as prey size increases. 

Thus selection should favor an increase in predator size. From the point of view 

of the predator, such a trend would improve (increase) the predator: prey size 

ratio. In such cases encounters with prey are less likely to result in damage to the 

attacking predator’s shell (Dietl, Chapter 2). In this way it is not necessarily only 

the evolution of an increased net energy intake (Kitchell, 1986) that is driving size 

evolution in Sinistrofulgur, but rather a combination of synergistic selection 

pressure from dangerous prey and the whelk’s own enemies.   
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In addition, trends in the frequency of feeding-induced repair suggest that 

a reciprocal behavioral response of the predator to dangerous prey adaptation 

(size increase) also may have been important in Sinistrofulgur evolution. As 

mentioned previously, whelks that emerge from the shell-growth phase 

prematurely and select large Mercenaria prey increase the likelihood of breaking 

their shell lip in the attack; ecological consequences for this feeding behavior may 

include reduced growth rate and reproductive success and increased vulnerability 

to predation (Dietl, Chapter 2). The decrease in frequency of truncate-embayed 

scars, from the Pliocene high of 63% to a low of 20% in the late Pleistocene, 

argues for an evolutionary change in the predator’s behavior in response to prey 

adaptation. The decreased frequency of truncate-embayed scars suggests that 

individuals were less likely to emerge prematurely to feed in the Pleistocene than 

in the Pliocene, suggesting adaptation of the predator in response to its prey.  

The trend of increased frequency of switch scars is opposite the trend 

predicted if natural selection favored behaviors that reduce this energetically 

wasteful phase of shell growth. An alternative explanation for this trend is that 

selection may have favored whelk behaviors that delay the transition (or final 

commitment) to the shell growth phase. Such behavior may maximize energy 

reserves for shell growth and metabolic maintenance while completing the shell 

thickening episode (feeding is suspended while new shell is added to the apertural 

lip). A consequence of selection for maximizing somatic growth prior to 

committing to the shell-growth phase may be an increase in the occurrence of 

(accidental?) opportunities to secrete a thin shell layer to the apertural lip.  The 
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costs of energy losses due to a higher frequency of switch-type scars may be far 

outweighed by the benefits of completing the shell-thickening step of growth, 

which significantly reduces the likelihood that the shell will be broken severely 

when encounters with Mercenaria occur.  I hypothesize that such behavior may 

increase the probability of completing the shell growth phase without premature 

emergence, which may lead to severe damage in the form of a truncate-embayed 

scar, with concomitant direct and indirect, and short- and long-term, ecological 

and evolutionary consequences; evaluation of this hypothesis will require a 

bioenergetics model of the episodic shell-growth strategy. 

To be fair, it is possible that this change in behavior also was driven in 

part by the whelk’s own predators, as in the evolution of size, but this alternative 

is not supported by the data at hand. Behavior of many animals is altered in the 

presence of predators.  For example, the presence of the seastar Asterias forbesi 

elicits a behavioral response in Mercenaria mercenaria to burrow deeper into the 

sediment to reach a depth refuge from the predator (Doering, 1982; see also 

Blundon and Kennedy, 1982, for general discussion on depth refuge from 

predation). Once Asterias, and its chemical stimulus, was removed, Mercenaria 

returned to its normal burial depth (Doering, 1982). The presence of the shell-

chipping whelk Busycon carica decreases the amount of time Mercenaria 

mercenaria spends actively feeding, thus indirectly affecting its growth rate 

(Nakaoka, 2000).  The feeding rate (and hence growth rate) of Mercenaria was 

reduced not only by the presence of whelks, but also the feeding activities of 
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whelks (Nakaoka, 2000); growth rates were further reduced in areas of intense 

whelk predation. 

Thus if the signature of the whelk’s own predators, which may be driving 

the increase in whelk size, could be detected chemically by an individual whelk, 

the change in behavior might be governed by predation pressure and not solely by 

adaptation to defenses in Mercenaria. Water-borne chemical stimuli induce 

siphonal extensions in the closely related Busycotypus canaliculatus (Copeland, 

1918; Weldon, 1981), and chemolocation of prey in busycons is well known 

(Kittinger and Powers, 2000).  While buried during the shell growth phase, 

whelks may detect enemies in the environment by extending the siphon to the 

sediment-water interface and sampling the water for the chemical cues (or 

signatures) of predatory crabs or gastropods carried in the water column.  

Magalhaes (1948) commented anecdotally that the whelk Busycon carica rapidly 

buried into the sand in the presence of the crab Menippe mercenaria.  Thus 

whelks that remain buried beneath the sediment and continue to thicken their 

apertural lip, as a response to the risk of mortality, may decrease the likelihood of 

future predation. By increasing shell thickness, which subsequently also would 

lead to a decrease in frequency of feeding-induced damage scars, whelks decrease 

the probability of death from a shell-crushing predator. Consequently, if a 

predator-mediated behavioral avoidance response is a common component of the 

defenses of Sinistrofulgur to its predators, the behavioral response of the predator 

may not be driven entirely by a reciprocal response of the predator to prey 

adaptation. An inverse relationship between the frequency of successful 
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durophagous predation and the frequency of truncate-embayed scars should be 

evident if the whelk’s own predators were important in driving the decreased 

trend in premature feeding.  Unfortunately, the frequency of successful predation 

cannot be determined with confidence in the fossil record for predators that often 

break the shell of their prey into unrecognizable fragments, such as crabs.   

However, if the frequency of unsuccessful durophagous predation is used 

as an indirect estimate of the hazard of shell-peeling (or crushing) predation for 

adult Sinistrofulgur, an evaluation of the inverse prediction is possible.  The 

frequency of unsuccessful predation may not be correlated with predation 

intensity (Vermeij, 1982a), because a low frequency of unsuccessful predation 

could indicate a decrease in predation intensity as well as an increase in 

successful predation. However, given that the size range (>> 130 mm shell 

length) of whelks used in this analysis is well beyond the limits of successful prey 

manipulation of the majority of shell-peeling or -crushing whelk predators (see 

above; Kent, 1983a), an increase in frequency of unsuccessful predation more 

likely reflects an increase in the hazard of shell-crushing predation. The 

alternative (an increase in successful predation) would require predators to have a 

high rate of capture success for prey typically well beyond their functional 

capabilities and preferences.    

Frequencies of durophagous and feeding-induced shell repair are out of 

phase (low durophage and high feeding-induced scars) in the Tamiami Formation. 

By the time of deposition of the Caloosahatchee Formation the frequency of 

unsuccessful durophagous predation is high (47.4%) and the frequency of 
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embayed-truncate scars is lower than in the Pliocene (but still relatively high 

compared with the other Pleistocene samples). These frequencies seem to be in 

phase with each other, opposite the prediction of an inverse relationship.  The 

frequency of unsuccessful durophagous predation decreases (25.7%) in the Fort 

Thompson Formation and there is no concomitant increase in the frequency of 

feeding-induced scars, which would have been predicted if the threat of crab 

predation was driving the decrease in frequency of feeding-induced shell damage.  

Thus variation in the intensity of crab predation is unlikely to account for 

the observed monotonically decreasing trend in truncate-embayed scars through 

time. With the present data, the hypothesis of reciprocal adaptation seems to best 

explain the change in whelk behavior. 

An additional component of behavior examined in this study was 

stereotypy of attack site by the predator.  A trend of increased degree of 

stereotypy was evident, suggesting improvement in the predator’s prey-handling 

efficiency. Highly stereotyped behavior may maximize the benefit to cost ratio of 

the interaction with prey, as in some size-dependent predator-prey interactions 

(Kitchell, 1986).  Increased stereotypy may be associated with a greater 

probability of successful predation (see also Kelley, 1989). It is possible that the 

whelk’s own predators may have selected for more efficient prey handling 

behavior; this may have reduced the time the whelk was exposed to its own 

predators while attempting to open its prey (a process that may take many hours 

to complete). However, when the complex interplay of trends in the degree of 

stereotypy with other agents of selection are interpreted in the context of trends in 
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prey effectiveness, improvement of the predator in response to the prey best 

explains the trend.  If predator efficiency is increasing, a decrease in failed 

predation attempts (i.e., beveled scars) should result (Alexander et al., submitted).  

In this case, an increase in stereotypy represents increased efficiency by the 

predator while defenses of the prey decline relative to the offensive capabilities of 

the predator, either because the prey are not responding to the predator, or 

because antipredatory adaptations by the prey are not keeping pace with increases 

in offensive capabilities of the predator (Alexander et al., submitted).  

Concomitant with this trend of increase in degree of stereotypy is a 

temporal trend of decrease in the frequency of double scars (15.8% to 3.3%) 

between the Tamiami and Bermont Formations.  This trend, however, seems more 

related to the size increase in Sinistrofulgur (which was likely driven by the 

whelk’s own predators), which occurred over this time range.  The inference that 

predators may have been important in driving change in frequencies of double 

scars (a measure of predator inefficiency) is further seen when average predator 

size decreased in the Fort Thompson Formation from the high in the Bermont 

Formation (Table 11).  With this slight reduction in average whelk size, 

accompanied by a widening of the size refuge (again not its minimum boundary) 

from successful whelk predation for Mercenaria, the predator: prey ratio would 

have decreased, and the probability of selecting a prey that would have to be 

attacked at multiple sites would increase.  The frequency of double scars 

increased from 3.3% in the Bermont to 17.6% in the Fort Thompson Formation 

(this increase is another line of evidence, independent of my whelk samples, that 
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suggests the mean size decrease in the Fort Thompson Formation is real and not 

an artifact of sampling bias). Despite the decrease in the predator: prey size ratio, 

the degree of stereotypy (or variability in site-selective behavior) did not relax in 

the Fort Thompson Formation, suggesting that this trend of increased efficiency in 

the predator is better explained as a response to prey adaptation than to other 

enemies.       

CONCLUDING STATEMENTS 

Escalation may have a coevolutionary component when prey are 

dangerous because the predator will be under strong selection pressure to respond 

to prey adaptation. In this study, a number of trends would seem to support both 

the escalation and coevolution hypotheses.  Trends in the frequency of successful 

and unsuccessful predation traces on Mercenaria suggest the intensity of whelk 

predation and the likelihood of prey adaptation (frequency of repair scars) in 

response to this hazard have increased through time.  Mercenaria responded to 

the increased hazard of whelk predation by increasing mean shell size (this 

morphological response cannot be explained by interactions with other enemies of 

Mercenaria).  When potential selective agents driving the evolution of 

Mercenaria are ranked, Sinistrofulgur is interpreted to have been the most 

important. These trends suggest that prey responded evolutionarily due to an 

escalation of the hazard of whelk predation.  The trends in decreased prey 

effectiveness (ratio of unsuccessful to total predation attempts) and increase in the 

minimum boundary of a size refuge from predation suggest that, although prey 
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have responded evolutionarily to predation pressure, whelk predators were also 

increasing their capabilities, perhaps even outpacing prey adaptation.   

Does evolution of a dangerous prey defense drive a component of 

reciprocal coevolutionary adaptation in the predator?  The hypothesis that prey 

size-selective behavior of predators alone will drive coevolution between predator 

and prey is not supported with the present data; the weak correlation between 

predator and prey size (Dietl, Chapter 2) suggests that other factors were likely 

more important. Although a morphological trend of size increase (predicted from 

models of size-dependent predator-prey interactions) is evident, the evolutionary 

size increase is best explained as a response to prey (to decrease the likelihood of 

breakage when encounters between damage-inducing prey occur) in combination 

with a response to the whelk’s own enemies.  Although selection pressure may be 

in the same direction, the positive effects (e.g., increased net energy return per 

foraging event) may not be adequate to drive and sustain a gradual and directional 

trend in adaptation.  When the complexity of other interactions is considered, size 

evolution seems to have a component of selection controlled by the whelk’s own 

enemies. As size increased evolutionarily in response to dangerous prey and other 

enemies, the predator: prey size ratio became more favorable for whelks as 

predators.   Evolutionary consequences of this size increase are trends of 

increased success (successful to unsuccessful ratio), increased minimum boundary 

of size refuge from predation for their prey, and decrease in the frequency of 

double (or multiple-site) attacks on prey. In many ways the predators (or even the 

competitors, e.g., Triplofusus for Atrina prey) of Sinistrofulgur indirectly have 
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affected the interaction between Sinistrofulgur and Mercenaria by setting up more 

opportunity for further escalation (and reciprocal coevolution). 

Coevolution between predator and dangerous prey best explains the 

temporal behavioral-related changes in frequencies of feeding-induced repair 

scars and degree of stereotypy. Previous studies (Dietl, Chapter 2) have shown 

that the selective consequences for Sinistrofulgur interacting with Mercenaria are 

predictable and strong; thus reciprocal adaptation was likely. Because whelks 

often break their new shell growth while attacking Mercenaria, prey are ranked as 

an important selective agent.  The change in behavior has favored limiting 

encounters with dangerous prey to times when the shell lip is thickest.     

The conclusion that the predator’s behavior coevolved with prey defenses 

contrasts with the general perception that behaviors once established do not 

change or are frozen; “behavior does not change gradually through time”(Boucot, 

1990; p. 566).  Other studies also have reported evolution of predator behavior, 

either as a coevolutionary response to dangerous prey  (Dietl and Alexander, 

2000) or escalation of offensive capabilities likely due to competition with other 

predators (Alexander, et al., submitted).  These trends in behavior are paralleled 

with gradual trends in shell defenses in response to behaviorally selective 

predators (Kelley, 1989; 1991; 1992; Dietl et al., 2000; Kelley and Hansen, 2001; 

this study).  These studies clearly suggest behavior is not “frozen.”  To be fair, 

Boucot (1990) may have been thinking of behavior in a general sense. Yes, 

whelks still use the chipping behavior to open the shell of Mercenaria, but upon 
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closer examination it is evident that natural selection has continued to modify the 

behavior since its origin.      

The interaction between shell-chipping whelks and their hard-shelled 

bivalve prey has highlighted the fact that evolutionary responses between predator 

and prey are complex. Multiple factors have influenced the outcome and ultimate 

evolutionary trajectory in the interaction between Sinistrofulgur and Mercenaria.  

By focusing on the natural history of individuals in the context of their 

environment and interactions with other organisms, a much deeper understanding 

of the processes that have shaped the evolution of species interactions is possible. 

 



 162 

 
 
Table 1. Collecting localities, museum samples, and sample size of Mercenaria (N1) and 
Sinistrofulgur (N2).  Numbers in parentheses are Florida Natural History Museum 
locality sites. 
 
Formation/ Age Collecting Locality Additional Museum 

Samples 
N1 N2 

Tamiami/  
late Pliocene 

Quality Aggregates 
Phase 9 (MA008), 
USA, Florida, 
Manatee County 

 192 16 

Caloosahatchee/ 
late late Pliocene 

Brantley’s Pit, 
USA, Florida, De 
Soto County 

Cochran Shell Pit 
(HN004), USA, Florida, 
Hendry County; 
Caloosahatchee River 01 
(HN002), USA, Florida, 
Hendry County  

151 19 

Bermont/ 
early Pleistocene 

Longan Lakes 01B, 
(CR017), USA, 
Florida, Collier 
County 

 133 36 

Fort Thompson/ 
late Pleistocene 

Philman Pit, Casa 
de Meadows 02A 
(CH027), USA, 
Florida, Charlotte 
County 

 135 35 

 
 
 
Table 2.  Number of beveled-type repair scars, number of Mercenaria valves with at  
least one beveled whelk predation trace, and number of valves with lethal damage. 
 
Formation Number of 

beveled  
repair scars 

Number of valves with 
at least one whelk 
repair 

Number of 
valves with 
lethal damage 

Tamiami 19 16 11 
Caloosahatchee 46 39 23 
Bermont 30 28 31 
Fort Thompson 52 38 58 
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Table 3.  Frequency of unsuccessful and successful predation traces on Mercenaria 
campechiensis. See text for definitions of repair frequency and predation intensity.  
 
Formation                         Repair Frequency Predation Intensity 
 All 

(%) 
Articulated 
only(%) 

All 
(scars/
shell) 

Articulated 
only 
(scars/shell) 

All 
(%) 

Articulated 
only (%) 

Tamiami 8.3 13.0 0.1 0.17 5.7 6.5 
Caloosahatchee 25.8 23.1 0.3 0.23 15.2 - 
Bermont 21.1 - 0.23 - 23.3 - 
Fort Thompson 28.1 26.0 0.39 0.45 43.0 45.2 

 
 
 
Table 4. Frequency of shell repair per successive 10 mm size class intervals (with 10 or 
more valves) of Mercenaria.  
 
Size Class 
(mm) 

                                           Formation 

 Tamiami Caloosahatchee Bermont Fort Thompson 
20-30     
30-40    + 
40-50 -   + 
50-60 - - - - 
60-70 14 (0.19) 30 (0.3)  + 
80-90 7 (0.09) 13 (0.13) + - 
90-100 7 (0.09) 12 (0.15) 16 (0.16) - 
100-110 4 (0.04) 29 (0.34) 29 (0.29) 13 (0.26) 
110-120 17 (0.17) 33 (0.47) 7 (0.7) 36 (0.40) 
120-130 + 44 (0.44)* 32 (0.41) 24 (0.27) 
130-140  - + 46 (0.92) 
140-150 - +  + 
    - 

 
Numbers with no parentheses equal the percentage of individuals with at least one whelk 
repair in a given size class relative to the total number of valves present in the size class 
sample.  Numbers in parentheses equal the total number of whelk repairs divided by the 
number of valves in the size class sample (scars/ shell); (-) = less than 9 valves in a given 
size class; no whelk repairs present; (+) = less than 9 valves in a given size class; one 
whelk repair present; (*) = 9 valves in size class. 
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Table 5. Prey effectiveness of Mercenaria campechiensis in deterring  
whelk predation and success of Sinistrofulgur contrarium predation.  
See text for definitions of prey effectiveness and predator success. 
 
Formation         Prey Effectiveness Predator 

Success 
 All shells 

combined 
Articulated  
only 

 

Tamiami 0.63 0.73 0.58 
Caloosahatchee 0.67 - 0.5 
Bermont 0.49 - 1.03 
Fort Thompson 0.47 0.5 1.12 

 
 
Table 6.  Mean sizes (mm) of Mercenaria campechiensis. See Figs. 11 and 12 for size 
frequency distributions, and Results section for statistical comparisons of mean values. 
 
Formation Mean Size 

(all shells 
combined) 

Mean Size  
(at inception 
of repair) 

Mean Size 
(at death 
from non-
whelk 
agents) 

Mean Size 
(at death 
from whelk 
attack) 

Tamiami 84.7 69.4 85.1 78.1 
Caloosahatchee 91.3 76.1 91.9 87.7 
Bermont 97.7 81.6 98.3 95.5 
Fort Thompson 103.1 88.3 109.2 94.9 

 
 
 
 
Table 7.  Maximum size (mm) of Mercenaria campechiensis at 
death from non-whelk agents and minimum boundary of a size 
refuge from sublethal (= maximum size at inception of repair) and 
lethal (= maximum size at death) whelk predation. 
 
Formation Maximum size Sublethal 

predation 
Lethal 
predation 

Tamiami 142.0 106.0 106.6 
Caloosahatchee 132.0 106.0 116.7 
Bermont 123.5 115.2 117.9 
Fort Thompson 148.0 115.8 135.8 
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Table 8.  Occurrence of Sinistrofulgur attacks at posterior-anterior valve-margin  
positions of Mercenaria.     
 
Formation                                       Valve Position  
 Posterior Ventral-

Posterior 
Ventral Ventral-

Anterior 
Anterior 

Sublethal traces      
Tamiami 5 5 6 5 3 
Caloosahatchee 9 5 17 17 4 
Bermont 10 4 14 1 2 
Fort Thompson 22 7 20 3 10 
Lethal traces      
Tamiami 6 1 1 2 3 
Caloosahatchee 9 0 7 5 7 
Bermont 27 1 5 1 0 
Fort Thompson 28 6 14 2 23 

 
 
Table 9.  Number (N) of Sinistrofulgur specimens with at least one repair scar and 
 total number of feeding-induced whelk shell repairs for each scar type. 
 
Formation        Switch        Wedge- 

      scalloped 
     Truncate- 
     embayed 

  Old-growth 

 N. 
Spec. 
One 
Repair 

Total 
N. 
Repair 

N. 
Spec. 
One 
Repair 

Total 
N. 
Repair 

N. 
Spec. 
One 
Repair 

Total 
N. 
Repair 

N. 
Spec. 
One 
Repair 

Total 
N. 
Repair 

Tamiami 8 17 5 6 10 16 10 15 
Caloosahatchee 11 17 7 9 8 11 3 3 
Bermont 24 44 15 26 14 18 12 18 
Fort Thompson 27 47 10 14 7 9 9 15 

 
 
Table 10.  Frequency of feeding-induced shell repair on Sinistrofulgur. See text for 
definitions of repair frequency (% vs. scars/shell).   
 
Formation        Switch      Wedge-  

    scalloped 
     Truncate- 
     embayed 

  Old-growth 

 % scars/ 
shell 

% scars/ 
shell 

% scars/ 
shell 

% scars/ 
shell 

Tamiami 50 1.06 31 0.38 63 1.00 63 0.94 
Caloosahatchee 58 0.89 37 0.47 42 0.58 16 0.16 
Bermont 67 1.22 42 0.72 39 0.50 33 0.50 
Fort Thompson 77 1.34 27 0.40 20 0.26 26 0.43 
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Table 11. Maximum and mean Sinistrofulgur size (mm). 
 
Formation Maximum Size Mean Size 
Tamiami 268 200 
Caloosahatchee 278 199 
Bermont 312 225 
Fort Thompson 276 212 
   

 
 
Table 12. Frequency of durophagous shell repair on shells of 
Sinistrofulgur. See text for definitions of repair frequency  
(% vs. scars/shell). 
 
Formation Number  

Specimens 
One Repair 

Total 
Number 
Repairs 

Repair 
Frequency 

   % scars/ 
shell 

Tamiami 4 6 25 0.25 
Caloosahatchee 9 13 47 0.68 
Bermont 14 18 39 0.50 
Fort Thompson 9 11 26 0.31 

 
 
Table 13.  Frequency of durophagous non-whelk shell repair types on  
Mercenaria campechiensis.  See text for definitions of repair frequency 
(% vs. scars/shell).  
 

Formation       Scallops     Divots     Clefts Embayments 
 % scars/ 

shell 
% scars/ 

shell 
% scars/ 

shell 
% scars/ 

shell 
Tamiami 5.7 0.06 <1 <1 0 0 0 0 
Caloosahatchee 0.0 0.00 0 0 0 0 0 0 
Bermont 3.0 0.03 0 0 0 0 0 0 
Fort Thompson 12.6 0.14 0 0 0 0 0 0 

 
  
Table 14.  Drilling Frequency and prey effectiveness (PE) for Mercenaria.  
See text for definition of drilling frequency and prey effectiveness. 
 
Formation Number of 

Complete  
Drillholes 

Drilling 
Frequency 
(%) 

Number of 
Incomplete 
Drillholes 

PE 

Tamiami 2 2.1 4 0.67 
Caloosahatchee 3 3.9 9 0.75 
Bermont 0 0.0 0 0.0 
Fort Thompson 0 0.0 0 0.0 
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Table 15.  Summary of major net evolutionary trends of the Mercenaria- 
Sinistrofulgur predator-prey system from the Pliocene through Pleistocene 
fossil record of the interaction.  
 
 Observed* Predicted 
Mercenaria   
Frequency of Repair (likelihood of adaptation) + + 
Prey Effectiveness - + 
Mean Size + + 
Minimum Boundary of Size Refuge - + 
   
Sinistrofulgur   
Predation Intensity + + 
Predator Success + + 
Maximum Size + + 
Variation in Predator Stereotypy (site of attack) - - 
Feeding-induced Repair Scars (truncate-embayed type) - - 
* (+) = increasing net trend; (-) = decreasing net trend   
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 Figure 1.  Successful and unsuccessful whelk feeding traces on the 
valve of Mercenaria campechiensis.  A.  Posteriorly located lethal 
damage. Note shaving of concentric ornament; Tamiami Formation 
(Pinecrest Bed 6-7; 18.6 mm feeding trace length.  B.  Unsuccessful 
predation scar (a beveled repair); Fort Thompson Formation. Note 
wavy concentric growth lines at extremes of scar to fill in the 
damaged area; 39.5 mm scar length.  C.  Beveled scar; Bermont 
Formation; 28.4 mm scar length.  D.  Ventral-anterior and anterior 
double scar on valve edge. Note flattening of valve edge at attack 
sites; Fort Thompson Formation; 109.7 mm dorsal-ventral valve 
height. 
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Figure 2.  Mercenaria mercenaria killed by Sinistrofulgur 
sinistrum from Masonboro Inlet, North Carolina.  Note whelk 
scar traverses from the anterior to the posterior shell margins 
(lower figure).  Note unsuccessful ventral-anterior beveled scar 
that shaved some of the exterior shell layers; 81.3 mm valve 
dorsal-ventral height.   
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Figure 3.  Sinistrofulgur contrarium with switch-
type feeding-induced shell repair; Waccamaw 
Formation (Old Dock, North Carolina).  Downward 
pointing arrow indicates remains of where shell was 
added during the switching phase of growth.  New 
growth shell at the mid lip was eroded away. Note 
minor wedge-scalloped repairs (upward pointing 
arrow) in the shell growth episode following the 
switch scar.  Length of same specimen in upper 
panel is 210 mm apex to siphonal canal length.   
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Figure 4. Specimen of Sinistrofulgur contrarium with cleft 
scar associated with wedge-scalloped type feeding-induced 
repair; lower Pleistocene Waccamaw Formation, Shallotte, 
North Carolina.  Note infilling of crack (right pointing 
arrow), and minor wedge-scalloped repair (upward pointing 
arrow); 180 mm, apex to siphonal canal length.    
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Figure 5.  Feeding-induced shell repair. A. Old-growth type break (arrow) (and 
subsequent repair prior to next growth episode) in Sinistrofulgur contrarium from the 
Waccamaw Formation (Old Dock, North Carolina); note cleft and minor wedge-
scalloped scar; 10.7 mm width of old-growth scar.  B. Tapering or wearing down of 
the convex shell lip in S. contrarium from the Bermont Formation (West Palm Beach 
Aggregates, Florida); 16.7 mm length of edge next to arrow.  C. Truncate-embayed 
scar in Busycon maximum from the upper Pliocene Moore House Member of the 
Yorktown Formation (Chuckatuck, Virginia); 49.2 mm base scar width.   
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 Figure 6. New growth to apertural lip of Sinistrofulgur sinistrum from
Masonboro Inlet, North Carolina.  Note variation in thickness of the 
lip. The orange (1) shell layer above operculum is the thickest layer 
followed progressively by a thinning of the pink-purple (2) layer and 
then the thinnest slightly opaque new growth in the yellow layer (3); 
note formation of the knob that is not complete at this point; height of 
layer 3 is 7 mm. 

3

2

1 
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Figure 7.  Unsuccessful durophagous predation on Sinistrofulgur contrarium; 
Bermont Formation (West Palm Beach Aggregates, Florida); note jagged 
outline of scar that is not limited to the mid lip of the aperture; this specimen 
was attacked unsuccessfully two times (the first on the left and the second on 
the right; arrow above specimen on the left indicates direction of rotation to 
view second scar on specimen shown on right; horizontal arrow indicates 
position of first scar in the two views; 91.4 mm apex to siphonal canal length. 
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 Figure 8.  Unsuccessful durophagous predation repair scar on Sinistrofulgur 
contrarium; Bermont Formation (West Palm Beach Aggregates, Florida); note 
high relief of scar; 228 mm apex to siphonal canal length.   



 176 

 

Figure 9.  Right and left valve of a specimen of Mercenaria 
mercenaria from Masonboro Island, North Carolina. Note lethal 
whelk attack by Sinistrofulgur sinistrum at ventral-posterior valve 
margin; beveled scar of unsuccessful whelk attack is evident on 
both valves (arrows). Scalloped-scar on ventral margin of valve in 
upper panel is not expressed on the opposing valve exterior. Note 
second unsuccessful whelk beveled scar in juvenile portion of 
valve dorsal to the scalloped repair, and dorsal the lethal break; 
73.5 mm valve height.  
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 Figure 10.  Variation in whelk site selectivity on Mercenaria prey.  A. Posterior 

unsuccessful attack; Mercenaria permagna (lower Pleistocene Waccamaw Formation, 
Shallotte, North Carolina); 18.6 mm scar length.  B. Multiple ventral-posterior 
unsuccessful attacks on Mercenaria rileyi (upper Pliocene Moore House Member of the 
Yorktown Formation, Chuckatuck, Virginia); 87 mm dorsal-ventral valve height.  C.  
Anterior attack on valve of M. campechiensis (lower Pleistocene Bermont Formation, 
West Palm Beach Aggregates, Florida); 29.5 mm scar length.  D.  Anterior to ventral-
anterior unsuccessful attack on M. campechiensis (upper Pleistocene, Fort Thompson 
Formation); total length of scar = 60 mm.  E. Ventral attack on M. campechiensis (lower 
Pleistocene Caloosahatchee Formation, Brantley’s Pit, Florida); note shaving of concentric
ornamentation; 40 mm scar length.  F.  Posterior attack on M. rileyi (upper Pliocene 
Moore House Member of the Yorktown Formation, Chuckatuck, Virginia); 79.2 mm 
dorsal-ventral valve height.  G. Ventral attack on M. campechiensis (lower Pleistocene 
Bermont Formation, Longan Lake, Florida); 116.2 mm dorsal-ventral length.  Arrows 
indicate repair scar position. 
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C 

D 

E

F
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 Figure 11. Size-frequency distributions for Mercenaria campechiensis 

at the incidence of repair from unsuccessful whelk predation (lined 
bars) and at the incidence of death from non-whelk agents (black bars). 
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Figure 12. Size-frequency distributions of Mercenaria campechiensis at death due 
to whelk attack (white bars) and at death due to non-whelk agents (black bars). 
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Figure 13.  Percent contribution of different types and positions of repair scars on 
the shell of Mercenaria campechiensis.  SP, scalloped-posterior; SVP, scalloped-
ventral-posterior; SV, scalloped-ventral; BP, beveled-posterior; BVP, beveled-
ventral-posterior; BV, beveled-ventral; BVA, beveled-ventral-anterior; BA, 
beveled-anterior; DP, divot-posterior; DVP, divot-ventral-posterior. 
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Figure 14.  Repaired puncture in the shell of Sinistrofulgur contrarium; Tamiami 
Formation (Pinecrest Beds Unit 6/7); 213 mm apex to siphonal canal length. 
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Figure 15.  Probable successful (top panel) and unsuccessful (bottom panel) 
stomatopod predation on Sinistrofulgur sinistrum; UF240880; 126.5 mm apex 
to siphonal canal length.  Note stereotypic placement of strikes to the shell of 
the whelk; the strikes in the unsuccessful attempt (possibly from the same 
attacking predator) did not puncture through completely but the shell is 
severely cracked in a circular pattern. 
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CONCLUDING STATEMENTS AND FUTURE DIRECTIONS 

 

“When is it coevolution and not escalation?”  This question was posed in 

the first chapter of this thesis to address the uncertainty with which the arms race 

analogy of coevolution is applied in evolutionary biology today as an overarching 

driving force in the evolution of predator-prey systems. To address this question, 

an understanding of the interactions among several different types of species, in 

other words Darwin’s “entangled bank,” is necessary to provide the context to 

properly pose and test coevolution and escalation hypotheses.   

In evolutionary biology today, increased attention is being paid to the 

coevolutionary process in predator-prey systems in which prey are dangerous to 

the predator. In these systems, the selective consequences of interaction for the 

predator with dangerous prey are predictable and unavoidable (Brodie and Brodie, 

1999).  Thus asymmetry in selection pressures between predator and prey (which 

is thought to preclude reciprocity of adaptation) is reduced in this type of 

interaction.   

My approach to testing the dangerous prey concept of coevolution 

combined experiments with live animals and paleontological data.  The 

experimental component assessed the strength of selection (and hence the 

likelihood of reciprocal adaptation) in the interaction between whelks of the genus 

Sinistrofulgur and the bivalve Mercenaria. Results of the experimental 

component suggested that interaction with Mercenaria has strong and predictable 
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selective consequences for Sinistrofulgur and identified the likely target(s) of 

selection for a size-dependent predator in response to its prey. 

The first component of the paleontological phase of the study, which used 

the trace fossil record of the interaction, was to determine the temporal window in 

which to test the hypothesis of coevolution.  Results indicated that the timing of 

potential coevolution between whelks and Mercenaria was constrained to the 

Pliocene to Recent fossil record of the interaction.  Once the time frame was 

established, the Plio-Pleistocene fossil record of the interaction between 

Sinistrofulgur contrarium and its dangerous prey Mercenaria campechiensis in 

Florida was examined to evaluate the hypothesis of reciprocity in adaptation in 

the context of similar environments and of other selective agents that may have 

influenced the evolutionary responses between predator and prey.  Results 

indicated that prey as well as factors other than prey (e.g., the whelk’s own 

predators) were important in shaping the outcome and ultimate evolutionary 

trajectory of the interaction between Sinistrofulgur and Mercenaria; both 

coevolutionary and escalation responses were documented in this system of 

interacting predator and dangerous prey.   

The next logical step is to examine the fossil record of the Sinistrofulgur-

Mercenaria interaction, as well as other functionally equivalent systems (e.g., the 

Busycon carica-Mercenaria mercenaria interaction) in different geographic areas. 

Is reciprocal adaptation part of the history of the interaction in other geographical 

areas?  Documentation of similar trends in other geographic areas between whelks 

and dangerous prey would strengthen the argument of reciprocal adaptation 
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forwarded in this study. What role does geographical variation, at both the local and 

regional scale, in the outcome of interspecific interactions on an ecological time 

scale play in the coevolution of the Sinistrofulgur-Mercenaria interaction? The 

ubiquity of geographic variation in the expression of defenses, and in the selection 

pressures caused by different groups of enemy species, may act together to create a 

selection mosaic in an evolutionary arms race between predator and prey. Do 

spatially and temporally fluctuating selection mosaics favor long-term, reciprocal, 

biotically driven trends?  

The geographic ranges of living Sinistrofulgur sinistrum (Cape Hatteras, 

North Carolina, to the Florida Keys, into the Gulf of Mexico, and along the 

Yucatan Peninsula) and Busycon carica (Cape Cod, Massachusetts, to Cape 

Canaveral, Florida) extend over a variety of habitats, from intertidal to subtidal 

depths, sandy to muddy sand sediments, shelly bottoms, oyster beds, and sea grass 

beds, in bay, estuarine, or open marine conditions. Species of Mercenaria occupy 

a similarly wide variety of habitats, and an even more extensive geographic range; 

for instance, the northern limit of Mercenaria mercenaria is the Bay of Chaleurs, 

Gulf of St. Lawrence and Sable Island, well beyond the northern limit of Busycon 

carica.  Thus the outcome of the whelk-Mercenaria interaction likely varies 

considerably among these environments within the context of the other species 

present and the degree of genetic connection among populations (whelks: Edwards 

and Humphrey, 1981; Wise et al., 1998; Berlocher, 2000; see Hilbish, 2001 for 

review of Mercenaria literature).   
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Throughout their broad geographic ranges, it is possible that the interaction 

between whelks and Mercenaria may coevolve, affect the evolution of only one of 

the species in the interaction, or have no effect on the evolution of either of the 

interacting species (Thompson, 1994). How variability in outcome of interactions, 

and degree of connection between populations, affects the likelihood of reciprocal 

selection between predator and prey is unknown, but is likely to have influenced 

rates of evolution in the fossil record. By identifying general patterns, we may be 

able to understand the constraints that interactions impose on the evolution of 

predators and their dangerous prey, and formulate more testable hypotheses 

concerning the evolution of predator-prey interactions.  

An important aspect of this study, which was only discussed speculatively, is 

why the minor innovation of the chipping mode of predation (which opened up a 

new prey resource) evolved relatively late in the history of the group.  The equivocal 

conclusions regarding its origin reached in Chapter 3 likely come from the fact that 

there are too few independently derived origins of the behavior in other predatory 

gastropod groups to make meaningful comparisons. In general, we still know very 

little about the circumstances favoring innovation. Vermeij (2001, p. 461) asked: 

“When, how, and under what circumstances do new characters arise? Which factors 

determine whether an innovation is a short-lived inconsequential trial balloon or an 

event with long-range repercussions for diversity and economic structure?” The 

results of this study suggest that more data documenting the origins, distribution, and 

fates of minor innovations are needed in other groups to understand more fully the 

conditions that favor the origin and spread of evolutionary innovations before any 
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generalities can be drawn.  Is innovation concentrated during particular periods in 

the history of life (Vermeij, 2001)?   

Lastly, this study has stressed the point that, if progress is going to be 

made in the debate about coevolution and escalation, we must search for 

empirical evidence of evolutionary responses between predator and prey in 

nature. This goal requires documentation of sources, frequencies, and cost-benefit 

effects of selection (Vermeij, 1994), which for many systems requires evidence 

from living animals. Evaluation of the conceptual differences between the 

coevolution and escalation processes depends fundamentally on a 

multidisciplinary approach that permits a much deeper understanding of the 

processes driving evolution. Without such an approach, we are likely to be 

misguided in our attempts to evaluate the generality of any “rules,” or overriding 

principles, that govern the ecological and evolutionary trajectories and outcomes 

of predator-prey interactions. 
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