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ABSTRACT 

Because of their high preservation potential and uses in foraging and defense, decapod 

crustacean dactyls (movable fingers of claws) are potentially excellent test subjects for an 

ongoing debate concerning the relative importance of top-down (predators) and bottom-up (prey) 

controls on morphologic diversification and evolution.  The utility of dactyls for inferring 

evolutionary patterns were evaluated using living and subfossil xanthoid crabs sampled from the 

southeast U.S. Atlantic and Gulf of Mexico coasts, and were used to: (1) distinguish the roles of 

selection and constraint on dactyl morphology through allometric and shape comparisons in the 

context of the crabôs phylogenetic relationships and inferred ecological similarities; (2) evaluate 

whether wear patterns can serve as proxies for diet and claw function; and (3) develop and 

evaluate a proxy for predation intensity on crabs that combines handedness reversal and 

predatory fracture frequencies.  Relationships among shapes, allometries, and wear patterns of 

dactyl outlines were quantitatively described by principal component analyses of elliptical 

Fourier descriptor coefficients.  Frequencies of dactyls with predatory fractures and handedness 

reversals were analyzed using logistic regression models.  

The results of this dissertation establish a means by which dactyls can be used in detailed 

evolutionary studies of predator-prey interactions in the fossil record.  Dactyls of xanthoid crabs 

were found to be shaped by recent selective pressures, as their shapes and allometries correspond 

more closely to their inferred ecological similarities than their phylogenetic relationships.  In 

addition, wear patterns along the occlusal surface of dactyls can be quantitatively described by 

outline-based morphometric techniques and used to infer both claw function and the degree of 

durophagy in crabs.  Predation intensities in subfossil and fossil crab assemblages also may be 

inferred by using frequencies of dactyl handedness reversals as proxies for nonlethal attacks and 
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predatory fractures as proxies for total attacks (both lethal and nonlethal).  Thus, the relative 

influence of top-down and bottom-up controls on dactyl evolution can be identified by 

correlating dactyl morphologies with evidence of predation either by crabs (wear patterns) or on 

crabs (handedness reversals and predatory fractures) using the most commonly preserved 

remains of living and/or fossil taxa.   
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CHAPTER 1. INTRODUCTION  
 

Decapod crustaceans are ubiquitous and often occur in extraordinary abundance in 

marine environments where their activities as bioturbators and predators control the abundance, 

size and structure of benthic communities (Knudsen, 1960; Brenchley, 1981; Menge, 1976; 

Posey, 1986; Silliman et al., 2004).  These qualities, in addition to their specialized appendages, 

complex behaviors, and commercial value (as food and as pests in aquatic fisheries and 

aquaculture), have made decapods the subject of numerous systematic, ecological, behavioral, 

and functional morphological studies.  

The fossil record of decapod crustaceans, however, is generally considered to be rather 

poor (Plotnick, 1986).  For instance, until recently (2001) only 4 of the more than 400 potentially 

preservable decapod species inhabiting coastal waters of Florida (Camp, 1998) have been 

reported as fossils (Portell and Agnew, 2004).  This under-representation is due to a combination 

of taphonomic and systematic biases.  Decapod exoskeletons disarticulate almost immediately 

following molting or death, with the less well-calcified portions being particularly prone to 

physical and biological destruction (Plotnick et al., 1990).  Most ongoing systematic research on 

fossil crabs, however, relies on whole-bodied specimens and complete carapaces (e.g., 

Feldmann, 1995; Feldmann et al., 1997, 1998, 1999, 2005; Karasawa and Fudouji, 2000; 

Schweitzer, 2000, 2001; Schweitzer and Feldmann, 1999, 2000; Schweitzer et al., 1999, 2000, 

2007; Vega et al., 2001; Feldmann and Portell, 2007; Feldmann and Schweitzer, 2007).  As a 

result of this mismatch between preferential preservation and systematic study, occurrences of 

decapods in fossil assemblages are likely to be greatly underreported, and when reported are 

often recorded only at high taxonomic levels (identified to family or order).  
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The fossil record of decapod crustaceans, however, is more complete than published 

records suggest.  Decapod chelae, particularly dactyls (the movable ófingerô or the crab claw), 

are heavily calcified and well represented in shell-rich fossil assemblages (Rathbun 1919, 1935; 

Nations, 1975; Collins and Morris, 1976; Bishop, 1986; Collins and Portell, 1998; Agnew et al., 

1999, 2001; Portell and Agnew, 2004).  In addition, claw remains can be identified to low 

taxonomic ranks. For example, Agnew (2001) demonstrated that 40% of 60 common living 

decapods currently inhabiting Florida coastal waters could be identified to species, and all taxa, 

except for xanthids, to genus with only a qualitative examination of dactyl morphology.  Agnew 

(2001) also was able to identify 10 fossil decapod species solely from dactyls collected from 

shell beds of the Plio-Pleistocene Caloosahatchee and Bermont formations. More recently, 

quantitative approaches using outline-based and geometric morphometrics have been employed 

to distinguish fingers of sibling species and hybrids of the stone crab Menippe (Agnew and 

Anderson, 2002), closely related species of Panopeus (Agnew and Anderson, 2006), and several 

other xanthoid genera included in this dissertation (see Chapter 2).  

Differential preservation of decapod claws in death and fossil assemblages is fortuitous 

because these remains hold the potential to be excellent subjects for evolutionary studies.  

Having multiple functions, decapod claws are likely shaped by numerous selective agents (e.g., 

Lee, 1995; Seed and Hughes, 1995).  Consequently, the sizes and shapes of decapod claws are 

diverse and their uses for feeding, defense, and display often are reflected in a number of distinct 

traits.  Dactyls may be particularly useful for studying evolution because they (1) are among the 

most common parts of decapods preserved as fossils, (2) constitute single functional units (i.e., 

levers), (3) are amenable to morphometric analysis, and (4) have overall shapes and occlusal 

geometries that often correspond highly with diet.  For example, crabs that feed on hard-shelled 
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prey (e.g., panopeids, and calappids) have dimorphic dactyls (Figure 1.1 (a, b)) with which the 

major dactyl is used to crush shells, and the minor dactyl manipulates objects and possibly 

captures fast-moving prey (Schenk and Wainwright, 2001).  In these taxa, the major dactyl is 

larger, more robust, and more strongly curved, giving this dactyl a higher mechanical advantage 

than the minor.  In addition, the major dactyl possesses broad, blunt molariform teeth at its base 

that are typically used to crush the shells of prey (Schenk and Wainwright, 2001).  Crabs that 

feed on fast-moving prey such as portunids, have fairly equal dactyls that are long and straight, 

and have low mechanical advantages (Figure 1.1 (c)).  Portunid dactyls also are equipped with 

sharp triangular teeth.  Detritus and algae-feeding crabs, such as the majids, tend to have 

isomorphic dactyls with low mechanical advantages, spoon-shaped tips, and nearly smooth 

occlusive margins (Figure 1.1 (d)). 

Despite the association of specific claw traits with diet, the forces shaping the evolution 

of claws have not been examined. For example, the morphologic diversity of claws could be 

controlled by natural selection (Lee, 1995; Freire et al., 1996; Rebach and Wowor, 1997; Schenk 

and Wainwright, 2001), constraints that limit or regulate phenotypic variation available for 

selection (e.g., Taylor, 2001), or the interplay of the two.  Furthermore, the relative importance 

of selective pressures related to mate competition, mate choice, feeding, and defense are 

unknown.   

In this dissertation, I seek to develop new proxies that will allow the causes of claw 

evolution to be inferred, and that can be applied to dactyls of both living and fossil decapod 

crustaceans.  For example, Chapter 2 examines the roles of selection and constraint on dactyl 

evolution through allometric comparisons of dactyls from nine living xanthoid taxa in the 

context of their phylogenetic relationships and inferred ecological similarities.  In general, crab  
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Figure 2.1.  Outlines of the inner face of minor (left) and major (right) dactyls illustrating typical 

size and shape dimorphism for the (a) panopeids (Panopeus herbstii), (b) calappids (Calappa 

sp.), (c) portunids (Ovalipes sp.), and (d) majids (Libinia sp.).  
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taxa with similar diets or ecologies should have dactyls with similar allometric trajectories if 

morphology is under the control of selection, whereas constraints are implicated if allometric 

similarities among dactyls of different taxa reflect phylogenetic relationships.  Figure 1.2 

illustrates phylogenetic relationships (a, pruned from Schubart et al., 2000) and inferred 

ecological similarities of adults (b) and juveniles (c) among the nine taxa studied (for an 

explanation of how the ecological dendograms were constructed see section 2.1.6).  Results of 

this research indicate that xanthoid dactyl morphology is primarily controlled by current 

selective pressures because their shapes and allometries match their inferred ecological 

similarities rather than their phylogenetic relationships.  

           
a                                                  b                                              c        

 

Figure 1.2.  (a) Molecular phylogeny, pruned from the work of Schubart et. al., 2000 reported in 

Figure 2.2 and inferred ecological relationships of adults (b) and juveniles (c) among the study 

taxa.   

 

Chapters 3 and 4 evaluate newly developed proxies for inferring predation by and on 

fossil crabs, respectively.  As both predators and prey, crabs could provide an important test to 

an ongoing controversy in paleobiology concerning the roles of top-down (predators) and 

bottom-up (prey) controls on morphologic diversification and evolution (Vermeij, 1987, 1994, 

2002; Dietl and Kelley, 2002).  Although studies of predation in the fossil record generated by 

this controversy have contributed greatly to our knowledge of predator-prey interactions over 

geologic timescales, the relative importance of top-down (predation) and bottom-up (primary 
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producers) evolutionary controls remains unknown because most of this research focuses only on 

prey animals (e.g., Anderson, 1992; Kelley, 1992; Kelley and Hansen, 1996; Alexander and 

Dietl, 2003).  As a result, the adaptive responses of prey to varying predation pressures is 

relatively well known, but the evolutionary effects of prey on predator morphology and behavior 

is little documented. 

To provide a tool for inferring prey-related selective pressures on fossil dactyls, Chapter 

3 evaluates wear patterns on recent and subfossil dactyls as a proxy for diet using three species 

of portunid crab (mud crabs) that vary in the type and amount of hard shell prey (mollusks, 

barnacles) they consume.  In this chapter, scanning electron microscopy is coupled with outline-

based morphometric techniques to capture and quantify use-induced wear on dactyls from 

laboratory-raised, live-captured, and subfossil crabs (see Figure 1.3).  Results indicate that dactyl 

wear can be used to infer both claw function and degree of durophagy in living, subfossil, and 

fossil assemblages of crabs.  Wear caused by shell crushing can be distinguished from other 

sources of dactyl variation or alteration and quantitatively described using morphometric 

techniques.  Regions along dactyl occlusal margins involved in shell crushing may be identified 

by the distribution of wear, whereas degree of durophagy can be inferred by comparisons with 

unworn dactyls and among assemblages with similar molt stages. 

In chapter 4, I develop two proxies that, in combination, can infer predation intensity on 

fossil crabs, and therefore could be used to test the role of predators in shaping dactyl evolution.  

These proxies are handedness reversals, which quantify sublethal attacks, and predatory scars, 

which indicate total predatory attacks (lethal and sublethal), using data from a laboratory 

predation experiment using Panopeus obesus and subfossil dactyls of P. herbstii, P. obesus, and 

Dyspanopeus texanus (see Figure 1.4).  Predation intensity in fossil crabs can be calculated by  
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Figure 1.3.  Representative SEM images of unworn (A) and worn (B) dactyls of Panopeus 

herbstii (1, 2), P. obesus (3, 4), and P. lacustris (5, 6).  A1, A2. P. herbstii dactyl from South 

Carolina life assemblage.  A3, A4. Dactyl from molt of laboratory-raised P. obesus.  A5, A6.  P. 

lacustris dactyl from Ohio Key life assemblage. B1, B2. P. herbstii dactyl from South Carolina 

subfossil assemblage.  B3, B4.  P. obesus dactyl from west Florida subfossil assemblage. B5, B6.  

P. lacustris dactyl from Ohio Key subfossil assemblage. 
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Figure 1.4. Representative SEM images of fractured dactyls inferred to be from crab predation 

on the claw. Panopeus obesus dactyls recovered following cannibalism experiment (a-d) (see 

Chapter 4). Subfossil P. herbstii dactyl from Charleston, S.C. (e, f).  Subfossil P. obesus from 

Engelwood, FL (g).  Subfossil Eurypanopeus depressus from New Smyrna Beach, FL (8).     
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subtracting frequencies of nonlethal claw loss from predatory fracture frequencies.  Predation 

intensities calculated from handedness reversals and predatory fractures matched the predation 

intensities predicted between genera (i.e., higher predation intensities in Eurypanopeus) and 

across latitudes (i.e., higher predation intensities in lower latitudes), and thus this method of 

inferring predation intensities may be reliable, but should be further refined by future work 

before it is applied to the fossil record. 

In summary, the results of this dissertation research demonstrate that dactyl morphology 

is shaped by recent selection related to diet and is, therefore, a functional unit appropriate for 

top-down/bottom-up studies in evolutionary paleoecology.  In addition, wear patterns on the 

occlusal surface of dactyls can be used to infer the relative proportion of hard-shelled prey in the 

diet of crabs, although care must be taken to ensure that (1) wear is identified and distinguished 

from other sources of variation or alteration, and (2) comparisons of wear are made among 

similar molt stages.  Finally, although the results indicate that predation intensities can be 

determined by the difference in handedness reversal and predatory fracture frequencies, 

predation intensities calculated using this method (i.e., Chapter 4 results) should be confirmed by 

experimentally measured predation intensities.  Clearly, crab dactyls have the potential to be 

critical test subjects for future paleobiological/paleoecological studies. 
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CHAPTER 2. ROLE OF SELECTION AND CONSTRAINT ON DACTYL 

MORPHOLOGY IN XANT HOID CRABS 
 

2.1 Introduction  

Decapod crustacean claws are excellent potential candidates for detailed evolutionary 

studies.  Having multiple functions, decapod claws potentially are affected by numerous 

selective agents (e.g., Lee, 1995; Seed and Hughes, 1995).  Consequently, the sizes and shapes of 

decapod claws are diverse and their uses for feeding, defense, and display often are reflected in a 

number of distinct traits that are unique to specific selective pressures.  Claw dactyls (movable 

fingers) have great potential for studying evolution because they (1) are among the most 

common parts of decapods preserved as fossils, (2) constitute single functional units (i.e., levers), 

(3) are amenable to morphometric analysis, and (4) have overall shapes and occlusal geometries 

that often correspond highly with diet.  For example, crabs that feed on hard-shelled prey have 

dimorphic dactyls (e.g., panopeids, and calappids; Figure 2.1 (a, b)).  For these taxa, the major 

dactyl is used to crush shells, whereas the minor dactyl manipulates objects and possibly 

captures fast-moving prey (Schenk and Wainwright, 2001). As a result, the major dactyl is 

larger, more robust, and more strongly curved than the minor.  In addition, the major dactyl has 

well-developed broad, blunt, basal molariform teeth, and a high mechanical advantage.  Crabs 

that feed on fast-moving prey (e.g., portunids ), have fairly equal, long, straight dactyls with low 

mechanical advantages and sharp triangular teeth (Freire et al., 1996) (Figure 2.1 (c)).  Detritus 

and algae-feeding crabs, such as the majids, tend to have isomorphic dactyls with low 

mechanical advantages, spoon-shaped tips, and nearly smooth occlusive margins (Figure 2.1 

(d)). 
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Figure 2.1.  Outlines of the inner face of minor (left) and major (right) dactyls illustrating typical 

size and shape dimorphism for the (a) panopeids (Panopeus herbstii), (b) calappids (Calappa 

sp.), (c) portunids (Ovalipes sp.), and (d) majids (Libinia sp.).  
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Despite the association of specific claw traits with diet, the causal mechanism(s) 

(selection and/or constraint) for claw diversity have not been tested.  In fact, most comparative 

studies assume selection shapes claw morphology and promotes claw diversity, and no 

publication to date has made more than cursory reference to dactyls.  Nonetheless, fossil dactyls 

may hold great promise for deciphering the relative roles of different evolutionary forces, if 

long-term trends in traits predicted to result from particular selective pressures can be correlated 

with biotic and environmental variables (e.g., Anderson, 2004; Anderson and Roopnarine, 2005; 

Webber and Hunda, 2007).  It also may be possible to distinguish the role of different selective 

pressures in recent dactyls if (1) aspects of dactyl shape currently under the control of selection 

can be distinguished from features constrained by structural limitations or prior selection and (2) 

analyses and causal explanations of dactyl shape are then restricted to those aspects of 

morphology recently influenced by selection.  This chapter seeks to distinguish dactyl traits 

controlled by current selective pressures from those controlled by constraints using a method that 

compares shapes and allometric trajectories of major and minor dactyls in nine xanthoid taxa in 

the context of their phylogenetic relationships and inferred ecological similarities.  The relative 

roles of selection and constraints on patterns of claw regeneration also are examined. 

2.1.1 Significance of Constraint Terminology  

The term constraint has been the source of much confusion in the literature, primarily due 

to its inconsistent usage (Antonovics and van Tienderen, 1991).  Therefore, important aspects of 

its various meanings are highlighted here to clarify my use of the term.  In its broadest usage, an 

evolutionary constraint is anything that restricts a particular course of evolution.  This definition, 

however, lacks explanatory power because everything that affects evolution, including physical 

laws, time, and even directional and stabilizing selection becomes a constraint (Stearns, 1986).  
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Gould (1989) suggested that constraints be regarded as ñsources of those changes, or 

those restrictions upon change, that do not arise through the action of stated causes within a 

favored theory.ò   In other words, according to Gouldôs definition, constraints are all factors ï 

excluding natural selection ï that control evolution.  Gould (1989) considered two primary types 

of constraint: historical and formal.  Historical constraints are contingent properties of 

phylogenetic history, whereas formal constraints are universal properties of physical laws 

(Gould, 1989).  Gould (1989) classified both historical and formal constraints as developmental 

constraints because of their expression in ontogeny.   

Gouldôs notion of developmental constraint is not unlike that of Maynard Smith et al. 

(1985) who described developmental constraints as ña bias on the production of variant 

phenotypes or a limitation on phenotype variability caused by the structure, character, or 

composition of the developmental system.ò   Gouldôs (1989) historical and formal constraints, 

therefore, are essentially no different than the local and universal constraints of Maynard Smith 

et al. (1985), which are constraints restricted to particular taxa and constraints that apply to all 

organisms because of physical laws, respectively.   

These two main constraint types also are nearly synonymous with Richardson and 

Chipmanôs (2003) generative and selective constraints and Allmon and Ross (1990) biotic 

intrinsic and abiotic intrinsic evolutionary factors.  According to Richardson and Chipman 

(2003), generative constraints are properties inherent to organism development that prohibit the 

production of particular phenotypes (e.g., historical constraint), and selective constraints are 

factors that restrict maladaptive phenotypes (e.g., structural constraint).  Allmon and Ross (1990) 

define biotic intrinsic factors as ñthose factors in some way inherent or internal to an individual 

organism and that limit, direct, or guide the direction, rate, or mode of evolutionary change.ò   
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Abiotic intrinsic factors are described as ñphysical laws or purely physical properties of materials 

that affect the morphology of a developing organismò (Allmon and Ross, 1990).   

The aforementioned types of constraint or evolutionary factors are broadly similar in their 

meaning.  All include two primary factors, (1) those inherent to organisms and (2) those outside 

of the realm of natural selection, that bias evolution.   The classification scheme for constraints 

devised by Richardson and Chipman (2003) is followed here because its two primary divisions 

into generative and selective constraints are defined clearly and broadly enough to encompass 

the specific types of constraints of other authors, including Maynard Smith et al. (1985), Gould 

(1989), and Allmon and Ross (1990).  

2.1.2 Influence of Constraint and Selection on Allometry  

 Allometry, which refers to shape changes that accompany increases in size, results from 

differential growth of body parts during ontogeny.   Because of its ubiquity, allometry is viewed 

as both a source of variation for natural selection (e.g., Klingenberg, 1998), and as a consequence 

of constraint on the direction of evolution (e.g., Gould, 2002).  Certainly, generative and 

selective constraints encountered during ontogeny may act together or separately to produce 

allometry. Generative constraints may affect allometry by limiting developmental pathways, 

whereas selective constraints channel allometries within physically possible boundaries.  In fact, 

the two primary types of allometry described by Gould (1966) ï allometry required by size and 

allometry allowed by size ï are examples of selective constraints. Size-required allometry 

implies that form must change with size to remain functional.  Surface area to volume ratios and 

the cross-sectional area of a structure are two of many properties critical to biological function 

that change with size (Gould, 1966).  Alternatively, size-allowed allometry permits a greater 
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variety of shapes as size increases.  For example, the rate of calcification may constrain 

development of thick, ornate shells in small, rapidly growing mollusks (Vermeij, 2002).  

Allometry does not require explanation by constraint, however, and varying selective 

pressures throughout life history can produce allometry (Maynard Smith et al., 1985), especially 

if juveniles and adults occupy different habitats.  For example, differences in diet between 

juveniles and adults may be responsible for allometry in feeding-related structures, such as teeth 

or claws.   Sexual selection also is capable of generating allometry.  Structures used to attract 

mates, or for intrasexual competitive interactions, often exhibit pronounced ontogenetic 

allometry.  Major claws of male fiddler crabs (Uca spp.), for example, display exaggerated 

allometry, yet growth of female and male minor claws is nearly isometric (Rosenberg, 2002).  In 

the case of minor claws, which are used for feeding, it is also clear that isometry does not 

necessarily impair function.               

2.1.3 Distinguishing Constraints from Selection 

Although distinguishing the influence of constraint and selection on different aspects of 

morphology is difficult, an interspecific allometric comparative approach can be used to tease 

apart these factors.  Because traits or allometries under the control of generative constraints are 

limited evolutionarily by internal properties of organisms, closely related organisms should 

posses the same generative constraints.  Also, features controlled by generative constraints are 

not influenced by current selective pressures.  Therefore, generative constraints may be identified 

if aspects of shape or allometry are congruent among closely related taxa with different ecologies 

(Table 2.1).  Incongruent traits among distantly related taxa with similar ecologies also would 

indicate a role for generative constraints in generating those aspects or shape or allometry 

because they are not being influenced by current selective pressures (Table 2.1).   
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If dactyl traits are under the control of current selective pressures, then dactyls 

experiencing similar pressures (due to similar ecology and/or diet) also should have congruent 

traits, whereas dactyls under different selective regimes ought to have incongruent traits, whether 

or not they are closely related (Table 2.1).  Crabs with similar ecologies or diets are probably 

subjected to the same selective pressures.  In addition, in the absence of generative constraints 

congruent traits should be independent of phylogeny.  Consequently, aspects of shape under the 

current influence of selection should be congruent among distantly related taxa with similar 

ecologies.  Components of shape or allometry that are incongruent among closely related taxa 

with different ecologies also are likely under the control of selection.  

As universal limitations of traits caused by physical laws, selective constraints should 

affect all taxa regardless of their ecological similarities or phylogenetic closeness (Table 2.1).  

Because congruencies of traits among taxa can be caused by similar evolutionary histories and/or 

ecologies, selective constraints are easiest to identify when traits are congruent among taxa with 

distant phylogenies and different ecologies. 

The effects of selection and generative constraint cannot be distinguished for two 

scenarios (Table 2.1).  When aspects of shape or allometry are congruent among closely related 

taxa with similar ecologies, either selection or generative constraint could be responsible because 

generative constraints typically are associated with closely related taxa and because traits under 

the control of selection should be the congruent among taxa with similar ecologies regardless of 

their phylogeny.  Incongruent traits among taxa with distant phylogenies and different ecologies 

also would be predicted to occur under the control of generative constraint or selection.  

Generative constraints among distantly related taxa should produce incongruent shapes or 

allometries, and traits affected by different selective pressures also should be incongruent.  
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Finally, because incongruent traits among closely related taxa with similar ecologies cannot be 

explained by generative constraint, selection, or selective constraint, such traits are probably 

caused by genetic drift (Table 2.1). 

Table 2.1.  Predicted evolutionary controls of shape and allometric patterns among taxa based 

upon their phylogenetic relationships and ecological similarities. 

   

Evolutionary control  Allometry (or shape) Phylogeny Ecology/Diet 

Generative constraint Congruent Close Different 

Generative constraint Incongruent Distant Similar 

Selection Congruent Distant Similar 

Selection Incongruent Close Different 

Selective constraint Congruent Distant Different 

Selection or generative Congruent Close Similar 

Selection or generative Incongruent Distant Different 

Genetic drift Incongruent Close Similar 

 

2.1.4 Influence of Generative and Selective Constraints on Claw Regeneration 

 

Patterns of regenerative growth in decapod crustaceans may illuminate the causes of 

some allometric patterns in dactyls.  When confronted by predators, crabs outstretch their claws 

in defense and if attacked, will readily autotomize (voluntarily release) a claw to escape (e.g., 

Robinson et al., 1970; Wasson et al., 2002).  In some decapods if a major claw is lost, a minor 

claw regenerates in its place immediately upon the next molt, and a major claw regenerates from 

the previous minor claw over a series of molts.  Previous reports of this phenomenon indicate 

that regenerating major claws progress through morphologies intermediate between major and 

minor claws (e.g., Govind et al., 1988; Simonson, 1985).  Studies of claw regeneration in 

snapping shrimp suggest that minor claws represent an arrested developmental stage of major 

claws (Wilson, 1903; Darby, 1934).  According to this hypothesis, the presence of a major claw 

neurally inhibits the minor from developing into a major (Read and Govind, 1997).  Handedness 

reversals, therefore, occur because inhibition of the minor claw is removed by the loss of the 

major claw, thus allowing the minor claw to develop into a major and also inhibiting the newly 
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regenerating claw from progressing beyond the developmental stage of a minor (Read and 

Govind, 1997).   

The prevailing adaptive explanation for handedness reversals maintains that it is easier to 

preserve size dimorphism by transforming the existing minor claw into a major claw and 

regenerating a smaller minor claw.  However, if different selective pressures at varying 

ontogenetic stages drive claw allometry, reversals in adults should not require the minor to pass 

through the allometric trajectory of the major, nor should they require several successive molts to 

achieve adult major morphology. Such patterns of regenerative growth in decapod crustaceans 

may, therefore, indicate the presence of either generative or selective constraints on claw 

development.   If major and minor dactyls have similar morphologies early in ontogeny and the 

major claw displays allometry and minor isometry as they develop, then regenerating major 

claws may repeat their earlier ontogenetic trajectories.  If this is the case, then a generative 

constraint on dactyl allometry may be inferred as it would suggest a fixed developmental 

pathway for major dactyls.  However, if majors and minors have different allometric trajectories 

and regenerating dactyls progress through stages intermediate between major and minors, then 

this would imply a degree of developmental flexibility not predicted by generative constraints.  

With this scenario, selective constraints would be inferred because this reversal pattern is 

congruent among ecologically different crabs, and because neither selection nor generative 

constraints readily explain such a pattern.    

2.1.5 Study Organisms 

 Crabs of the superfamily Xanthoidea (e.g., mud crabs, stone crabs) are good candidates 

for studying the roles of selection and constraint on morphological evolution.  These crabs are 

among the most abundant and diverse inhabitants of marine intertidal and shallow subtidal 
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environments.  In the northwestern Atlantic, these crabs are found associated with bare sand and 

mud, seagrasses, mangroves, marshes, oyster reefs, and other shelly substrates in hypersaline to 

freshwater nearshore environments (Williams, 1984) (Table 2.2).  The bodies of xanthoid species 

are morphologically conservative, and a number of conflicting morphological taxonomies have 

been proposed (Schubart et al., 2000).   Therefore, the similar morphologies among these taxa 

could reflect constraints limiting possible phenotypic variability and/or convergent adaptations to 

similar niches.  

The influence of constraint and selection on dactyl morphology is investigated by 

comparing dactyl allometries in nine species of xanthoid crabs: Menippe adina, M. mercenaria, 

and Eriphia gonagra of the family Eriphidae; Panopeus herbstii, P. obesus, P. lacustris, 

Eurypanopeus depressus, and Dyspanopeus texanus of the family Panopeidae; and Cataleptodius 

floridanus of the family Xanthidae.   

In the western Atlantic and Gulf of Mexico, Eriphidae is represented by three species of 

Menippe as well as Eriphia gonagra.  Eriphia gonagra ranges along the western Atlantic coast 

from North Carolina to Argentina and also Bermuda (Williams, 1983).  The primary habitat of E. 

gonagra is intertidal rocks, but it also occurs in shallow subtidal seaweed, sponges, and coral 

reefs (Williams, 1984).  The two species of Menippe examined here are sister taxa, well known 

for their massive, commercially harvested claws, and distinguished by subtle color pattern and 

genetic differences (Williams and Felder, 1986).  These two species also have discrete 

geographic ranges despite a high potential for wide geographic dispersal (Williams and Felder, 

1986). Menippe mercenaria ranges from North Carolina, around the Florida peninsula, and 

through the Caribbean, whereas M. adina occurs in the Gulf of Mexico from northwestern 

Florida to Tamaulipas State, Mexico (Williams and Felder, 1986).  Zones of hybridization 
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between the two species have been reported in northwestern Florida and within the range of M. 

mercenaria along the coast of Georgia and northeastern Florida (Bert and Harrison, 1988).  

Adults of M. adina are common on oyster reefs, whereas M. mercenaria adults prefer seagrass 

habitat (Williams and Felder, 1986).  Causes for the differentiation between western Atlantic and  

western Gulf populations of Menippe may involve a previous disruption of gene flow and/or 

adaptation to different habitats (Bert, 1986; Schneider-Broussard et al., 1998).  Menippe also has 

the largest and strongest claws of any Atlantic or Gulf of Mexico decapod crustacean (Vermeij, 

1977).  The major claw of Menippe bears a well-developed molariform complex, specialized for 

crushing hard-shelled prey, their primary source of food (Schenk and Wainwright, 2001).    

Crabs of the family Panopeidae are the most common shallow-water crabs of the 

northwest Atlantic.  They occupy similar habitats as Menippe, but have more generalized diets 

consisting of mollusks, crustaceans, algae, and detritus (McDonald, 1982; Williams, 1983).  The 

genus Panopeus is represented in the northwestern Atlantic by seven morphologically similar 

species, separated by habitat, geography, and to a lesser extent, claw and carapace shape 

(Williams, 1983).  Panopeus herbstii is an inhabitant of intertidal and shallow subtidal oyster 

reefs from Boston Harbor, Massachusetts to Indian River County, southeastern Florida, whereas 

P. obesus is most common in intertidal marsh habitats from Beaufort, North Carolina to Georgia 

and in intertidal marsh and oyster reefs from Sarasota County, Florida to Louisiana (Williams, 

1983; Menendez, 1987).  Panopeus lacustris is associated with mangroves and coarse substrates 

from extreme southern Florida and throughout the Caribbean to Cabo Frio, Brazil (Williams, 

1983).   
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Table 2.2.  Summary of adult carapace widths (CW in mm), geographic ranges, reported diets, and reported habitats of taxa studied.     

 

Taxa CW  Range Diet Habitat  

Panopeus  herbstii 47 
10

 U.S. Atlantic coast from Boston Harbor, MA to 

Indian River Co., FL 
10

 

Omnivore; bivalves, barnacles, 

crustaceans, detritus 
6, 13

 

Intertidal and subtidal oyster reefs and 

other shelly substrates 
10

 

Panopeus obesus 51 
10

 U.S. Atlantic and Gulf coasts from Beaufort, NC to 

GA and Sarasota Co., FL to TX 
10

 

Omnivore; bivalves, gastropods, 

barnacles, amphipods, decapods, 

detritus 
8, 13

 

Primarily intertidal burrows in salt 

marshes in Atlantic; both salt marshes 

and oyster reefs in Florida 
10

 

Panopeus lacustris 57 
10

 Bermuda; extreme southern FL; through West Indies, 

along continental margin of Caribbean to Cabo Frio, 

Brazil 
10

 

Omnivore; bivalves, gastropods, 

barnacles, amphipods, decapods, 

fish, sponges, detritus 
13

 

Primarily intertidal and shallow 

subtidal rocks, but also coral and 

oyster reefs, seagrass, mangroves 
10

 

Eurypanopeus 

depressus 

25 
11

 U.S. Atlantic and Gulf coasts from MA to southern 

TX; Dutch West Indies; Uruguay; Bermuda 
11

 

Omnivore; bivalves, barnacles, 

amphipods, algae, detritus 
5, 6

 

Intertidal oyster reefs 
11

 

Dyspanopeus 

texanus 

 

27 
11

 U.S. Gulf coast from Charlotte Co., FL to TX 
1
 Largely unknown; likely omnivore Shallow subtidal seagrass 

1
 

Cataleptodius 

floridanus 

33 
7
 Bermuda; FL Keys; in Caribbean from Bahamas to 

Brazil 
7
 

Herbivore to omnivore; mostly  

algae 
4
 

Primarily intertidal and shallow 

subtidal rocks, but also shallow 

subtidal seagrass 
4, 11 

 

Menippe 

mercenaria 

129 
11

 U.S. Atlantic and Gulf coasts from NC to 

northwestern FL; in Caribbean from Bahamas and 

Greater Antilles to Yucatan Peninsula, Mexico and 

Belize 
12

 

Opportunistic carnivore; bivalves, 

gastropods, barnacles, crustaceans
11

 

Primarily subtidal burrows in 

seagrass, but also rocks, shell 
12

 

Menippe adina 120 
3
 Gulf coast from northwestern FL to Tamaulias State, 

Mexico 
12

 

Opportunistic carnivore; bivalves, 

gastropods, barnacles, crustaceans 
2, 3

 

Intertidal and subtidal oyster reefs 
3
 

Eriphia gonagra 48 
11

 western Atlantic coast from NC to Argentina; 

Bermuda 
6
 

Largely unknown for this species, 

but other species of Eriphia prey on 

bivalves, gastropods, barnacles, 

crustaceans, annelids 
9
  

Primarily intertidal and shallow 

subtidal  rocks, but also shallow 

subtidal seaweed,  

sponges, coral reefs 
9 
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The genus Dyspanopeus is represented by two sibling species in the northwestern 

Atlantic. Dyspanopeus sayi, which was not included in this study, ranges from New Brunswick, 

Canada to the Florida Keys, whereas D. texanus is restricted to the Gulf of Mexico from 

Charlotte County, West Florida to Texas (Abele, 1972).  Both species inhabit shallow subtidal 

mud and seagrass environments, but occur at highest densities in seagrass (Strieb et al., 1995; 

Glancy et al., 2003).   

Northwestern Atlantic mud crabs of the genus Eurypanopeus also are among the most 

common crabs and are divided into four species. Eurypanopeus depressus occurs on subtidal and 

intertidal oyster reefs from Massachusetts to southern Texas and has also been reported from 

Dutch West Indies, Uruguay, and Bermuda (Williams, 1984). 

Cataleptodius floridanus (family Xanthidae) occurs in intertidal rocks and shallow 

subtidal seagrass (Hazlett et al., 1977) in Bermuda, the Florida Keys, and in the Caribbean from 

Bahamas to Brazil (Rathbun, 1930).  Cataleptodius floridanus is an omnivore, but feeds 

extensively on algae (Hazlett et al., 1977). 

2.1.6 Evolutionary Relationships and Ecological Similarities among the Study Crabs 

 

Distinguishing constraint from selection requires knowledge of both phylogenetic 

relationships and ecological similarities.  Schubart et al. (2000) used mitochondrial large-subunit 

16S rRNA to reconstruct the phylogeny of panopeid crabs (Figure 2.2).  Although the genus 

Panopeus is not a monophyletic group, the species of Panopeus used in this study are members 

of a single subclade.  In this subclade, Panopeus herbstii and P. obesus are more closely related 

to each other than either are to P. lacustris.  The phylogeny also indicates that Dyspanopeus 

texanus and Eurypanopeus depressus are more closely related to each other than to any species 

of Panopeus.  The panopeid crabs in this study are more closely related to each other than to 
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Cataleptodius.  Menippe mercenaria was used as an outgroup for the panopeid phylogeny and is 

distantly related to the panopeids and Cataleptodius.  Other phylogenies show that M. 

mercenaria and M. adina are more closely related to each other than to the other species in this 

study, and that Eriphia gonagra is more closely related to Menippe than to these other species as 

well (e.g.,  Schram, 2001; Karasawa and Schweitzer, 2006).    

Figure 2.2.  Phylogeny of northwestern Atlantic Panopeidae based on 529 base pairs of 16S 

rRNA gene (from Schubart et al., 2000).  Upper and lower node numbers are confidence values 

from internal node test and 2000 bootstrap maximum-parsimony analysis, respectively.  T 

represents type species of panopeid genera. 
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Figure 2.3 shows the phylogenetic (2.3 (a) pruned from Figure 2.2) relationships and 

inferred ecological similarities among the studied crab taxa. Dendograms illustrating inferred 

ecological similarities among the studied taxa were constructed for both adult (Figure 2.3 (b)) 

and juvenile (Figure 2.3 (c)) crabs. Proposed ecological similarities among the adult crabs are 

based their size and inferred dietary preferences.  Because these crabs are omnivores and their 

diets are not always well known, the three primary divisions for the adult crabs are based on size.  

The largest size class includes Menippe adina and M. mercenaria; Panopeus herbstii, P. 

lacustris, P. obesus, and Eriphia gonagra comprise the intermediate size class; and the smallest 

size class includes Eurypanopeus depressus, Cataleptoidius floridanus, and Dyspanopeus 

texanus (see Table 2.2).  Size is likely to be an important ecological factor for crabs because 

predators tend to consume prey smaller than themselves (Petchey et al., 2008).  This may be 

especially true for durophagous crabs because as their overall size increases so does their claw 

strength and range of potential hard-shelled prey.  It can, therefore, be assumed that crabs with 

comparable body sizes have similar diets (Petchey et al., 2008).  

Further subdivisions of the adult ecological dendogram are based on inferred dietary 

preferences (see Table 2.2 and references therein).  For the smallest size class, Cataleptodius and 

Eurypanopeus are most closely associated because both are known to feed on algae (Hazlett et 

al., 1977; McDonald, 1977), whereas the diet of Dyspanopeus is unknown.  Among crabs within 

the middle size class (i.e., Panopeus and Eriphia), Panopeus lacustris and E. gonagra are 

grouped because both prefer rocky intertidal, carbonate environments and are likely to consume 

similar hard-shelled prey (Williams, 1983, 1984; Vannini et al., 1989).  Panopeus obesus is then 

grouped with P. lacustris and E. gonagra because all are capable of preying on gastropods 

(Reames and Williams, 1983; Williams, 1983, 1984; Vannini et al., 1989).  Panopeus herbstii is 
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considered the most divergent ecologically because it exclusively inhabits oyster reefs and does 

not consume gastropods (McDonald, 1982; Williams, 1983).    

The ecological associations inferred among the juvenile study crabs were based entirely 

on similarities among their preferred habitats.  Although the diet of these juveniles are unknown, 

as omnivores, these crabs should consume what is available to them.  Therefore, if potential prey 

vary among habitats, then the primary diets of crabs also should vary.  The two primary divisions 

for the ecological dendogram of juveniles were based on the largest habitat differences of 

latitude and substrate.  Panopeus herbstii, P. obesus, E. depressus, D. texanus, and M. adina 

inhabit siliciclastic environments and occur in comparatively higher latitudes, whereas E. 

gonagra, P. lacustris, C. floridanus, and M. mercenaria inhabit carbonate environments and 

occur in comparatively lower latitudes (Williams, 1983, 1984).   

The subdivisions within the siliclastic environment division of the juvenile ecological 

dendrogram were based on further substrate similarities.  Panopeus herbstii and E. depressus 

were grouped most closely together because both almost exclusively inhabit intertidal oyster 

reefs (McDonald, 1982; Williams, 1983).  Menippe adina was grouped with P. herbstii and E. 

depressus because it also can be found on intertidal oyster reefs, but occurs primarily on subtidal 

oyster reefs (Guillory et al., 1995).  Panopeus obesus was grouped with P. herbstii, E. depressus, 

and M. adina because it primarily inhabits burrows in intertidal salt marshes, but also occurs on 

intertidal oyster reefs in the Gulf of Mexico (Williams, 1983).  Dyspanopeus texanus was 

considered the most ecologically distant of the siliciclastic crabs because it occurs exclusively in 

subtidal seagrass beds (Abele, 1972). 

The two subdivisions in within the carbonate environment division of the juvenile 

ecological dendogram also were based on further habitat similarities.  Eriphia gonagra, P. 
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lacustris, and C. floridanus were considered a single group because all occur primarily among 

intertidal and shallow subtidal rocks, but also are found in other shallow subtidal habitats 

(Hazlett et al., 1977; Williams, 1983, 1984).  Menippe species were grouped separately because 

they are restricted to subtidal habitats (Williams and Felder, 1986).       

The hypotheses of phylogenetic relationships and ecologic similarities illustrated in 

Figure 2.3 are used in this study to construct comparisons to examine the relative roles of 

selection and constraint in shaping dactyl morphology in these xanthoid crabs.  For example, 

when aspects of shape and allometry among closely related taxa are congruent, generative 

constraints are implicated (Figure 2.3, a).  Selection, on the other hand, is implicated for 

congruent traits among taxa with similar ecologies (Figure 2.3, b, c).    

 

          
a                                                  b                                              c        

 

Figure 2.3.  (a) Molecular phylogeny, pruned from the work of Schubart et. al., 2000 reported in 

Figure 2.2 and inferred ecological relationships of adults (b) and juveniles (c) among the study 

taxa.   

 

2.2 Materials and Methods 

Table 2.3 shows sampling locations for the nine taxa examined.  Specimens of Panopeus 

and Eurypanopeus were collected live in intertidal oyster reefs from North Carolina to west 

Florida in June 2004, July 2005, and February 2006 and stored in ethyl alcohol.  Dyspanopeus 

texanus dactyls were extracted from seagrass death assemblages collected along the west coast of 
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Florida in June 2004.  Panopeus lacustris, C. floridanus, E. gonagra, and small M. mercenaria 

dactyls were collected from the surface of intertidal and shallow subtidal sediments and hard 

bottoms of the Florida Keys in July 2003, October 2004, and August 2006.  Live P. lacustris and 

C. floridanus also were collected in August 2006 from Ohio Key, Florida and stored in ethyl 

alcohol.  Twenty-three large claws of Menippe mercenaria were donated in 2002 by Joeôs Stone 

Crab and were likely harvested from southwest Florida (not included in Table 2.3). Twenty-two 

large M. adina claws were purchased and presumably harvested near Leeville, Louisiana in July 

2002 (not included in Table 2.3).  Small dactyls from M. adina were collected from Constance 

Beach near Cameron, Louisiana and Timbalier Island, Louisiana in 2004 (Table 2.3).  

Shapes of major and minor dactyls were analyzed from four sets of specimens: (1) field-

collected crabs with normal claw asymmetries, (2) molts of laboratory-raised crabs with normal 

claw asymmetries, (3) successive regenerative molts of laboratory crabs with reversed claw 

asymmetry following induced autotomy of the major claw, and (4) field-collected crabs with 

reversed claws.  Determination of normal claw asymmetry for all taxa, excluding Cataleptodius 

floridanus, was based on the presence of a right major claw and a left minor claw.  Because 

major and minor claws of C. floridanus occurred on either side with equal frequency, normal and 

reversed claws could not be distinguished.  

2.2.1 Claw Regeneration Experiment   

Fifty individuals of Panopeus herbstii were raised in two 20-gallon aquarium tanks to examine 

the effects of autotomy on claw regeneration.  Crabs with normal claw asymmetries and carapace 

widths (CW) of 2- 40 mm were collected from intertidal oyster reefs near Beaufort, South 

Carolina in July 2005.  Panopeus individuals were assigned identification numbers and isolated 

in separate glass jars inside the two tanks with temperatures and salinities maintained at 
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Table 2.3. Sampling localities of field-collected crabs used in shape analyses, with nearest city, latitude/longitude coordinates, and 

number of dactyls for each species. + Panopeus herbstii, - P. lacustris, ¶ P. obesus, * Eurypanopeus depressus, ³ Dyspanopeus 

texanus, D Menippe mercenaria, ö M. adina, Ä Cataleptodius floridanus, < Eriphia gonagra 

 

North Carolina  South Carolina Florida Atlantic  Florida Keys Florida Gulf  Louisiana 

Topsail Island  
N34̄  30.328ô 

W 077̄  25.046ô 

n (+) = 7 

N. Myrtle Beach  
N 33̄  51.169ô 

W 078̄  35.621ô 

n (+) = 25 

Marineland  
N 29̄  40.209ô 

W 081̄  12.948ô 

n (+) = 16 

Ohio Key 
N 24̄  40.19 

W 81̄ 14.35 

n(D) = 41 

n(Ä) = 76 

n(<) = 44 

n(-) = 62 

Panacea  
N 30̄  01.624ô 

W 084̄  21.690ô 

n (¶) = 20 

Timbalier Island 
N 29̄  04.290 

W 90̄  31.083 

n (ö)= 32 

  

Wrightsville  
N 34̄  13.267ô 

W 077̄  48.443ô 

n (+) = 6 

Georgetown  
N 33̄  19.584ô 

W 079̄  10.575ô 

n (+) = 9 

 

Flagler Beach 
N 29̄  26.130ô 

W 081̄  06.772ô 

n (+) = 40 

Cedar Key  
N 29̄  08.135ô 

W 083̄  02.730ô 

n (¶) = 29 

Cameron 
N 29̄  46.035 

W 93̄  30.287 

n (ö) = 32 

 Charleston  
N 32̄  39.843ô 

W 079̄  55.973ô 

n (+) = 6 

New Smyrna 

Beach 
N 28̄  55.863ô 

W 080̄  49.863ô 

n (+) = 36 

 Saint Petersburg  
N 27̄  39.288 

W 82̄  43.032 

n (*) = 46  

n (³) = 95 

 

 

 Beaufort  
N 32̄  22.192ô 

W 080̄  50.046ô 

n (+) = 26 

Fort Pierce  
N 27̄  29.317ô 

W 080̄  18.897ô 

n (-) = 28  

n (*) = 34 

 Englewood  
N 26̄  55.755ô 

W 082̄  21.062ô 

n (¶) = 47  

n (*) = 54  

n (³) = 10 
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28̄ C and 30ă, respectively. To induce autotomy, a metal probe was inserted into the joint 

between the merus and carpus of the claws of half of the individuals.  All crabs were fed 

commercial crab and fish food and monitored daily for molts.  All exuviae were labeled with the 

crab identification number and date of molt and stored in individual plastic vials.  

2.2.2 Shape Analysis 

Shapes of crab dactyls were quantified by a principal component analysis of elliptic 

Fourier descriptors (EFDs) with the software package SHAPE (Iwata and Ukai, 2002).  This 

technique was used because of its ability to accurately capture simple and complex shape 

outlines.  For example, significant aspects of dactyl shape, such as curvature of the dorsal surface 

and form of the occlusal margin can be quantified by EFDs, whereas these features are difficult 

to analyze with traditional (e.g. linear measurements) and geometric morphometric techniques.   

Although landmark-based geometric morphometrics has been used to discriminate dactyls of 

closely related species of Menippe (Agnew and Anderson, 2002), larger datasets including more 

distantly related taxa could not be readily constructed because highly variable numbers of teeth 

along the occlusal margins of dactyls made it difficult to consistently locate homologous points 

among forms.  In addition, dactyl teeth typically appear late in ontogeny and thus dactyl 

allometry is best measured with an outline based method such as Fourier analysis.   

 Outlines from digital images of the inner lateral face of dactyls were extracted and stored 

as chain code (Freeman, 1974) by the ChainCoder program (Iwata and Ukai, 2002). Digital 

images of individual dactyls less than 1.5 cm were captured under magnification of a binocular 

microscope with the Motic Images Plus 2.0 digital camera and software.  A Nikon digital camera 

was used to take digital images of dactyls greater than 1.5 cm, which extended beyond the field 

of view of the microscope.  Consistent orientations of the inner lateral face of dactyls were 
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achieved by resting dactyls on their outer lateral surface.  Because precise outline extraction 

requires a high degree of contrast between the object and its background, digital images were 

taken of dactyls placed on a black surface with light directed perpendicular to their dorsal and 

occlusal margins.  The noise-reducing erosion-dilation operations of ChainCoder were skipped 

because they invariably distorted the contour. To ensure that ChainCoder extracted accurate 

shape-contours, tools in Adobe Photoshop 7 were used to enhance the digital images prior to 

loading.  Adobe Photoshop also was used to flip left dactyls into ñrightò dactyls, so that left and 

right dactyl shape could be compared directly. 

Discrete Fourier transformation of chain codes was used to calculate EFD coefficients for 

25 harmonics using the Chc2Nef program (Iwata and Ukai, 2002).  EFD coefficients were 

normalized by the ellipse of the first harmonic to remove effects of trace starting position, size 

and orientation for all analyses.   

Principal component analyses of the variance-covariance matrix of normalized EFD 

coefficients were performed with the PrinComp program (Iwata and Ukai, 2002).  A total of five 

discrete principal component analyses (PCAs) were completed using 970 individual dactyls.  

Three PCAs were designed to compare allometric trajectories among taxa, and test predictions 

based on phylogenetic and inferred ecological relationships. In these analyses, either PC1 or 

dactyl length was used as a proxy for overall size. The most inclusive PCA combined major and 

minor dactyls of normal claw asymmetries from all nine taxa for broad comparisons of their 

allometries.  Two PCAs were limited to comparisons of major dactyls among ecologically 

similar crabs (see Figure 2.3) and included (1) the major dactyls of Eurypanopeus, Dyspanopeus, 

and Cataleptodius, (2) the major dactyls of Panopeus herbstii, P. obesus, P. lacustris, and 

Eriphia gonagra.  Two PCAs examined the effects of autotomy on claw regeneration.  One PCA 
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included major and minor dactyls of field-collected and laboratory-raised P. herbstii with normal 

claw asymmetries as well as reversed P. herbstii dactyls following laboratory-induced autotomy 

of the major claw.  Another PCA incorporated normal and reversed major and minor field-

collected dactyls of Menippe.  Shape contours for each principal component of all analyses were 

reconstructed by inverse Fourier transformation of the mean plus or minus two times the 

standard deviation of EFD coefficients.   

Differences in shapes and allometries of dactyls were tested for significance using log 

transformed PCA scores.  An analysis of covariance (ANCOVA) was performed using Proc 

GLM in SAS to test for differences in slopes among the ontogenetic trajectories of dactyls of 

each taxon.  To reduce the chance of type I errors for multiple pairwise comparisons of slopes, 

alpha levels were calculated using the Bonferroni adjustment.  Differences in shapes (i.e., PCA 

scores) among specific size classes of dactyls from different taxa were tested using analysis of 

variance (ANOVA) with PROC GLM in SAS.  All possible pairwise comparisons among PCA 

scores of taxa and Tukey adjusted p-values were computed with the LSMEANS statement in 

PROC MIXED.           

2.3 Results and Discussion 
 

2.3.1 Congruent Shapes among Distantly Related Species with Similar Ecologies 

 

Traits that are congruent among distantly related taxa with similar ecologies were likely 

shaped by recent selective pressures. This pattern is illustrated in three examples: (1) the 

allometries of Eurypanopeus, Dyspanopeus, and Panopeus, (2) the overall dactyl shapes of 

Eurypanopeus, Dyspanopeus, and Cataleptodius, and (3) the molar teeth of dactyls of Panopeus 

herbstii, P. lacustris, P. obesus, and Eriphia gonagra.   
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For the first example, PC1 scores (62% of variation and reflecting dactyl curvature and 

height) of similarly sized Eurypanopeus and Panopeus dactyls are indistinguishable and change 

to the same degree as dactyl size increases (i.e., they have the same allometric trend), whereas 

the allometry of Dyspanopeus dactyls is transposed from that of Panopeus and Eurypanopeus 

(Figure 2.4; data culled from scores of Analysis 1 Table 2.4).  In other words, although the 

slopes of allometric trends in these three taxa are similar, comparably sized dactyls of 

Dyspanopeus have, nonetheless, shapes that are significantly different from Panopeus (p < 

0.0001) and Eurypanopeus (p < 0.0001).   

The allometric, phylogenetic, and inferred juvenile ecologic associations among 

Panopeus, Eurypanopeus, Dyspanopeus (the congruent allometry, distant phylogeny, similar 

ecology of Panopeus and Eurypanopeus vs. the incongruent allometry, close phylogeny, and 

distant ecology of Eruypanopeus and Dyspanopeus) indicate that current selective pressures 

control their dactyl allometries.  Of the juvenile and adult ecological inferences (Figure, 2.3), the 

juvenile inferences are more appropriate for comparisons with the allometric trends of these taxa 

for the following reasons.  Juveniles of Eurypanopeus and Panopeus were predicted to be the 

most ecologically similar pair based on their shared habitat, whereas as adults Eurypanopeus and 

Dyspanopeus were considered to be the most ecologically similar pair based on their similar 

adult sizes.  When comparing the ecologies of adult crab taxa, adult size should be considered 

because diet breath generally increases with size (Petchey et al., 2008).  However, the allometric 

trajectories of Panopeus, Eurypanopeus, and Dyspanopeus are based on dactyls with equivalent 

size ranges.  Because similarly sized crabs should have broadly similar ecologies, any 

differences in the ecology of similarly sized Eurypanopeus, Dyspanopeus, and Panopeus should 

be caused by differences among their habitats (the basis for juvenile ecological differences  
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Table 2.4. Summary of PCA analyses showing number of specimens (n) and the percent of 

variation (%) described by selected principal components (axis).  The range of variation along a 

particular PCA axis is illustrated by reconstructions of contours of the mean shape and shapes ± 

2 standard deviations (SD) using an inverse Fourier transformation of elliptic Fourier coefficients 

for the corresponding principal component.   

 

Analysis n Axis % -2 S D Mean +2 S D 

 

(1) Major and 

minor dactyls of all 

taxa 

 
 

837 PC1 62 

 
  

 

(2) Major dactyls 

of Eurypanopeus, 

Dyspanopeus, and 

Cataleptodius 
 

230 PC1 42 

   

 

(3) Major dactyls 

of Panopeus and 

Eriphia 

 

 

316 PC1 54 

   

 

(4) P. herbstii 

majors and minors 

 

 

 

283 PC1 81 

 
 

 

 

(5) Menippe 

majors and minors 

 

 

150 PC1 63 

   

 

inferred here).  Eurypanopeus and Panopeus share similar ecological niches when their sizes 

overlap on oyster reefs in the western Atlantic (McDonald, 1977, 1982), whereas Dyspanopeus is 

restricted to subtidal seagrass beds.  Therefore, the allometric patterns among these taxa were 

most likely caused by differences in interspecific agonistic interactions or food resources 

between their habitats (i.e., selection). 
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Figure 2.4.  Dactyl length (cm) vs. PC1 for dactyls with normal claw asymmetries from the 

analysis combining all taxa, but showing only Panopeus, Eurypanopeus, and Dyspanopeus. 

Logarithmically fitted curves shown for major dactyls of Panopeus (blue) Eurypanopeus (red), 

and Dyspanopeus (yellow).  Reconstructed outlines represent ï 2 SD and + 2 SD from the mean 

shape for PC1. 

 

Aspects of shape among the dactyls of Eurypanopeus, Dyspanopeus, and Cataleptodius 

(Example 2) also are congruent among distantly related taxa with similar ecologies and thus were 

likely shaped by recent selection.  Eurypanopeus and Dyspanopeus are more closely related to 

one another than either is to Cataleptodius, whereas adults of Eurypanopeus and Cataleptodius 

were predicted to be the most ecologically similar pair.  For the shape component represented by 

PC1, which explains 42% of the total variation in dactyl shape and describes differences in 

dactyl height and curvature (Analysis 2, Table 2.4 Figure 2.5), the dactyls of adult Cataleptodius 

and Eurypanopeus are not significantly different (p = 0.8763), whereas the dactyls of adult 

Eurypanopeus and Dyspanopeus are (p < 0.0001).  The congruent dactyl shapes between 
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similarly sized major dactyls of Eurypanopeus and Cataleptodius may, therefore, be related to 

diet as both Eurypanopeus and Cataleptodius feed on algae and both have spoon-shaped tips, as 

do other decapod crustaceans that feed on algae and detritus, including fiddler crabs (Williams, 

1984).  The relatively straight and thin dactyls of Dyspanopeus may be adapted for catching fast-

moving soft-bodied prey common to their seagrass habitats, but studies of diet in Dyspanopeus 

are needed to test this interpretation.     

Figure 2.5.  Dactyl length (cm) vs. PC1 for major dactyls from Eurypanopeus (red), 

Dyspanopeus (yellow), and Cataleptodius (black) with logarithmically fitted curves.  

Reconstructed outlines represent ï 2 SD and + 2 SD from the mean shape for PC1. 

 

Variation in the position and orientation of the molar teeth of Panopeus herbstii, P. 

lacustris, and P. obesus, and Eriphia gonagra (Example 3) are congruent between distantly 

related taxa with similar ecologies and thus were likely caused by current selective pressures.  

The three species of Panopeus form a subclade with P. herbstii and P. obesus being more closely 
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related to each other than either is to P. lacustris, whereas E. gonagra is the most distantly 

related.  However, adult P. lacustris and E. gonagra were predicted to be the most ecologically 

similar pair due to their shared habitats.  Panopeus lacustris, E. gonagra, and P. obesus also 

were grouped together ecologically because they prey on gastropods, whereas P. herbstii does 

not.  In the analysis (Analysis 3, Table 2.4) of P. herbstii, P. obesus, P. lacustris, and E. 

gonagra, most shape differences among dactyls relate to the position and orientation of the 

proximal molar teeth (Figure 2.6, PC3), which accounts for 8% of the total variation in dactyl 

shape.  Molar teeth either are oriented more or less perpendicular to the occlusal margin and 

positioned near the center of the dactyl, or are proximally directed and positioned close to the 

apodome (closer muscle) insertion.  The molar teeth of P. herbstii  dactyls Ó 8.5 mm differ 

significantly in position and orientation from similarly sized dactyls of P. obesus, P. lacustris 

and E. gonagra (p < 0.0001), and the molar teeth of P. obesus and P. lacustris dactyls Ó 8.5 mm 

are not significantly different (p = 0.3505).  The ontogenetic slopes of P. obesus and P. lacustris 

also are not significantly different (p = 0.0472, Ŭ = 0.008), but both are significantly different (p 

< 0.0001) from P. herbstii (Figure 2.6). 

 The position and orientation of molar teeth of P. herbstii, P. obesus, P. lacustris, and E. 

gonagra are likely influenced by the types of prey available to them in their respective 

environments.  In many brachyuran crabs, including Panopeus and Eriphia, the molar tooth is 

used primarily for crushing shells.  Because P. herbstii live exclusively on oyster reefs, most of 

their hard-shelled prey are epifaunal, and having the molar tooth positioned more distally would 

make it easier to crush prey, such as oyster spat and barnacles, attached away from the edge of  

larger shells.  Although P. obesus and P. lacustris occasionally live on oyster reefs, they also 

occur in marshes and seagrass, where infaunal prey are more common.  For these species, their   
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Figure 2.6.  PC1 vs. PC3 of major dactyls from Panopeus herbstii (blue), P. obesus (green), P. 

lacustris (red), and Eriphia gonagra (purple). Linear regression lines are shown for P. herbstii, 

P. obesus, and P. lacustris. Reconstructed outlines represent ï 2 SD and + 2 SD from the mean 

shape for PC3.  

 

molar tooth is positioned and oriented closer to the proximal end to maximize its mechanical 

advantage.  But as a consequence, their molar tooth can only apply force at shell margins, which 

makes it well suited for chipping the edges of bivalve shells and apertures of gastropods, but 

difficult to crush epifaunal prey growing on other shells.  Feeding trials of P. obesus and P. 

simpsoni support this interpretation (Reames and Williams, 1983).  Panopeus obesus was 

observed feeding on the marsh periwinkle, Littorina irrorata, whereas P. simpsoni, which occurs 

exclusively in oyster reefs and has a similarly positioned and orientated molar tooth as P. herbstii 

(personal obs.), was unable to chip the periwinkleôs aperture (Reames and Williams, 1983).      
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2.3.2 Congruent Shapes among Closely Related Species with Similar Ecologies 

 

Shapes that are congruent among closely related species with similar ecologies could 

have been caused by either selection or generative constraint.  Selection and generative 

constraints cannot be distinguished with such scenarios because traits under the control of 

generative constraints tend to be congruent among closely related taxa regardless of their 

ecology and traits under the control of selection will be congruent among taxa with similar 

ecologies regardless of their phylogeny.  Such patterns of congruent shapes among closely 

related species with similar ecologies emerge in (1) the allometric comparisons among all taxa 

(Analysis 1, Table 2.4) and (2) the shapes of molar teeth of juvenile Panopeus herbstii, P. 

lacustris, and P. obesus (Analysis 3, Table 2.4).  In the comparison of all taxa, Panopeus, 

Eurypanopeus, and Dyspanopeus are more closely related (i.e., part of the panopeid clade) and 

more ecologically similar to one another than any one of these taxa is to Menippe.  The 

ontogenetic slopes of major dactyls of the panopeids, as captured on PC1, are not significantly 

different from one another (p Ó 0.30), but all are significantly different (p < 0.0001, Ŭ = 0.0033) 

from the slope of Menippe dactyls (Figure 2.7).  As size increases (and PC1 decreases) in 

Panopeus, Eurypanopeus, and Dyspanopeus, their major dactyls exponentially curve and 

become higher dorsoventrally (Figure 2.7), while their minor dactyls grow isometrically.  In 

contrast to the panopeids, as size increases in Menippe, their major and minor dactyls show 

linear declines in height and minor dactyls also straighten.  Therefore, the congruent allometric 

trajectories for both major and minor dactyls of the panopeids (Analysis 1, Table 2.4) could be 

caused by either selection or generative constraint.    

 Current selective pressures also could have caused the congruent allometric trajectories 

of the panopeid major dactyls because panopeid allometry mirrors an ontogenetic shift in diet 
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from soft-bodied to hard-shelled prey.  Major dactyls from juvenile panopeids are relatively 

straight, long, and narrow, and have poorly developed proximal teeth.  Through dactyl 

development (and decreasing PC1 values), height, curvature, and mechanical advantage increase, 

and the proximal tooth disproportionately enlarges.  As a result, large dactyls of panopeids have 

higher mechanical advantages, better developed proximal molar teeth, and are more robust than 

small dactyls, making the shape of large dactyls better suited than small dactyls for crushing 

shells.  Panopeus herbstii  does increase the proportion of hard-shelled prey in its diet as it grows 

(e.g., McDonald, 1982), and although the diets of juvenile Dyspanopeus, Eurypanopeus, P. 

lacustris, and P. obesus are unknown, similar ontogenetic changes in diet also are common in 

lobsters (e.g., Sainte-Marie and Chabot, 2002), portunid crabs (e.g., Freire et al., 1996), snow 

crabs (Squires and Dawe, 2003), dungeness crabs (e.g., Gotshall, 1977; Jensen and Asplen, 

1998), and even durophagous fish (e.g., Bergmann and Motta, 2005).   

Alternatively, the congruent allometries of the panopeid dactyls could be explained by 

generative constraints because these crabs are closely related.  For example, selection for an 

ontogenetic shift in diet may have caused the dactyl allometry in the common ancestor of the 

panopeids, but generative constraints may have preserved this allometry in modern panopeids. 

Also, small Menippe co-occur with panopeids and could be affected by the same selective 

pressures, yet the dactyl morphologies of similarly sized Menippe and panopeid crabs are 

different (Figure 2.7).  Therefore, the juvenile ecologies of all these taxa should be investigated.  

If juveniles of Menippe and panopeids are ecologically similar, then a generative constraint could 

be inferred, whereas selection would be implicated if they differ.     

Another instance in which selection and generative constraint cannot be distinguished is 

in molar tooth patterns in small dactyls of P. herbstii, P. lacustris, and P. obesus. In these  
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Figure 2.7.  Dactyl length (cm) vs. PC1 for major and minor dactyls with normal claw 

asymmetries from Panopeus (blue), Eurypanopeus (red), Menippe (green), Dyspanopeus 

(yellow), Eriphia (purple), and Cataleptodius (black).   Logarithmically fitted curves shown for 

major and minor dactyls of Panopeus (blue) and Menippe (green).  Reconstructed outlines 

represent ï 2 SD and + 2 SD from the mean shape for PC1. 

 

species, overlapping molar tooth positions and orientations of small (< 6.0 mm) dactyls of 

Panopeus herbstii and P. obesus could be explained by either selection or generative constraint 

because these are the most closely related pair and as juveniles these species were predicted (on 

the basis of habitat similarities) to be the most ecologically similar pair.  The position and 

orientation of molar teeth in small P. herbstii and P. obesus dactyls are not significantly different 

(p = 0.7452), whereas small dactyls of P. lacustris are significantly different (p < 0.0001) from 

both P. herbstii and P. obesus.   
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2.3.3 Congruent Reversal Patterns among Decapod Taxa with Different Ecologies 

 

Allometric patterns of handedness reversals in decapod crustaceans, whereby a minor 

claw gradually transforms into a major claw over several successive molts, are most likely 

caused by generative or selective constraints.  Because such reversal patterns are congruent 

among decapods with different ecologies and claw functions (e.g., mud crabs and snapping 

shrimp), they are unlikely to be caused by selection.  In addition, the prevailing adaptive 

explanation for handedness reversals maintains that it is easier to preserve size dimorphism by 

transforming the existing minor claw into a major claw and regenerating a smaller minor claw 

(e.g., Simonson, 1985; Govind et al., 1988).  In contrast, if claw allometry is driven by varying 

selective pressures during ontogeny, then reversals in adults should not require the minor to pass 

through the allometric trajectory of the major, nor should they require several successive molts to 

achieve adult major morphology.   

Thus, congruent reversal patterns among ecologically different decapods could be caused 

by either a generative or selective constraint common to all decapods.  If minor claws represent 

the arrested developmental stage of major claws (Wilson, 1903; Darby, 1934) and the autotomy 

of a major claw triggers a minor claw to continue along its potential ontogenetic trajectory (Read 

and Govind, 1997), then a generative constraint would be indicated because this pattern suggests 

that allometry is inflexible.  Selective constraints may be inferred if regenerating dactyls progress 

through stages intermediate between majors and minors when minor dactyls have different 

allometric trajectories than major dactyls, as this would imply a degree of developmental 

flexibility not predicted by generative constraints.   

Patterns of handedness reversals in Panopeus herbstii dactyls are consistent with the 

predictions for a generative constraint (Analysis 4, Table 2.4; Figure 2.8) (but see section on 
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Menippe below for the preferred interpretation of these patterns).  Small (< 0.25 cm) right major 

and left minor dactyls of Panopeus are morphologically similar, but as dactyl size increases the 

right major dactyl becomes higher and more strongly curved (i.e., growth is allometric), whereas 

the left minor dactyl maintains the same shape as small dactyls (i.e., growth is isometric) (Figure 

2.8).  Following autotomy, left minor dactyls progressively transform into major dactyls over 

several successive molts, whereas the first regenerative right dactyls are morphologically 

indistinguishable from normal left minor dactyls (Figure 2.8).  Thus, it appears that left major 

dactyls develop along the same ontogenetic trajectory as normal right major dactyls.     

 

Figure 2.8.  Dactyl length (cm) vs. PC1 for major and minor dactyls of Panopeus herbstii with 

normal and reversed handedness.  Right major (blue) and left minor (red) dactyls have normal 

asymmetries, whereas left major (green) and right minor (yellow) dactyls are reversed. The left 

major dactyls are from the first regenerative molts of crabs that had their right major dactyls 

autotomized. Right minor dactyls represent dactyls that regenerated in place of an autotomized 

right major dactyl.  The red line is a linear regression of left minor PC1 scores.  The blue line is a 

logarithmically fitted regression of right major PC1 scores.  Reconstructed outlines represent ï 2 

SD and + 2 SD from the mean shape for PC1.  
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Allometric patterns of handedness reversal in Menippe indicate that physical properties of 

the exoskeleton (i.e., selective constraints) constrain dactyl development.  In contrast to 

Panopeus, right major (normal) dactyls of Menippe display isometry or weak allometry along 

PC1, whereas left minor dactyls display allometry (Analysis 5, Table 2.4; Figure 2.9).  Because 

the major and minor dactyls of Menippe follow separate ontogenetic trajectories, the reversed 

majors of Menippe do not fall on the same allometric trajectory of either the major or minor 

dactyls.   However, as in Panopeus dactyls, the reversed dactyls (left majors) of Menippe have 

morphologies intermediate between normal major and minor dactyls (Figure 2.9).  Although the  

analyzed dactyls of Menippe came from isolated claws so that the morphology each individualôs 

 
 

Figure 2.9.  Dactyl length (cm) vs. PC1 for major and minor dactyls of Menippe with normal and 

reversed claw asymmetries.  Left major (green) represents selected left dactyls with molar teeth 

of major dactyls.   Yellow line fits a linear regression for left minor dactyls.  Blue curve 

represents a logarithmically fitted regression line for right major dactyls.  Reconstructed outlines 

represent ï 2 SD and + 2 SD from the mean shape for PC1. 
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opposite dactyl is unknown (claws and not whole stone crabs are harvested), the left major 

dactyls almost certainly represent reversals.  Not only are handedness reversals in M. mercenaria 

well documented (e.g., Savage and Sullivan, 1978; Simonson, 1985; Simonson and Steele, 

1981), but all juvenile Menippe also are initially right-handed (Simonson, 1985).  The presence 

of left major dactyls with morphologies intermediate between right major and left minor dactyls 

indicates that the developmental pathways of major dactyls are not tightly controlled by 

generative constraints.  However, the ubiquity of the reversal pattern in decapod crustaceans 

whereby left major dactyls pass through shapes intermediate between majors and minors reveals 

the influence of a selective constraint. The exoskeleton may constrain the amount of change that 

can take place with each successive molt.  If true, then not only reversing dactyls, but all dactyl 

allometries also would be influenced by this selective constraint.       

2.4 Conclusions 

The influence of constraint and selection on different aspects of dactyl morphology can 

be teased apart by comparing dactyl shapes and allometric trajectories with their phylogenetic 

relationships and inferred ecological similarities.  The influence of current selective pressures 

was revealed in three cases where dactyl shapes and/or allometries were congruent among 

xanthoids with distant phylogenies and similar ecologies: (1) the allometries of Eurypanopeus, 

Dyspanopeus, and Panopeus, (2) the overall dactyl shapes of Eurypanopeus, Dyspanopeus, and 

Cataleptodius, and (3) the molar teeth of dactyls of Panopeus herbstii, P. lacustris, P. obesus, 

and Eriphia gonagra.  Patterns of dactyl shape and/or allometries were found to be under the 

control of either selection or generative constraint in two instances.  No definitive cases of 

generative constraint were discovered.  Because selection freely controls dactyl morphology and 

allometry, their shapes should provide clues about the primary selective pressures acting upon 
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them.  Dactyls may, therefore, be used to decipher the relative roles of different evolutionary 

forces.    

The ubiquity of regenerative dactyls that pass through a series of forms intermediate 

between major and minor dactyls to reverse their claw asymmetry also indicates constraint.  

However, because reversing Menippe dactyls do not follow the same allometric trajectories as 

either major or minor dactyls, generative constraints are unlikely.  Therefore, the physical 

properties of the exoskeleton may constrain dactyl development.  Such selective constraints 

would affect all dactyl allometries by limiting the degree of change that can occur between 

successive molts.       
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CHAPTER 3. TESTING WEAR AS A PROXY FOR DUROPHAGY IN 

FOSSIL CRABS: LESSONS FROM LIFE AND SUBFOSSIL 

ASSEMBLAGES OF THE MUD CRAB PANOPEUS 
 

3.1 Introduction  
 

The purpose of this chapter is to evaluate whether wear patterns on crab dactyls (the 

moveable finger of claws) can serve as proxies for the diet and claw function of fossil crabs. In 

living decapods, claw morphology and diet are closely associated (e.g., Seed and Hughes, 1995).  

Durophagous crabs, for example, have massive claws with high mechanical advantages, and 

blunt molar teeth that appear to be specifically adapted for crushing shells, whereas crabs that 

feed on soft, fast-moving prey have slender claws with low mechanical advantages, and sharp 

teeth.  Despite the association between claw shape and diet in modern crabs, the influence of 

prey on claw evolution has not been adequately tested, as little is known about the evolution and 

function of fossil crab claws.   If wear is a reliable proxy for diet in fossil crabs, then it may be 

possible to test the influence of durophagy on claw evolution. 

Wear patterns, although not previously tested, are promising as proxies for function in 

modern and fossil decapod claws, as tooth wear has been used to infer diet or occlusal 

mechanisms in a variety of animals including antelopes (Solounias and Hayek, 1993), bovids 

(Schubert et al., 2006), big cats (Van Valkenburgh et al. 1990), conodonts (Donoghue and 

Purnell, 1999), giraffes (Solounias et al., 1988), horses (Rensberger et al., 1984), parrotfish (Carr 

et al., 2006), primates (e.g., Ungar, 1998), squirrels (Nelson et al., 2005), and tyrannosaurid 

dinosaurs (Schubert and Ungar, 2005).  Specific diets of these modern animals often produce 

unique wear patterns that can be used to infer diets of fossil animals (e.g., Teaford, 1988).  For 

example, the occurrence and density of microwear features, such as pits and scratches, have been 

used to differentiate between folivorous and frugivorous primates (e.g., Teaford and Walker, 
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1984; Ungar, 1996), and browsing and grazing ungulates (Schubert et al., 2006).  The direction 

of jaw mastication in animals also can be understood by the slope of worn surfaces and 

orientation of striae on teeth (Greaves, 1973; Carr et al., 2006).   Analogously, it may be possible 

to infer degree of durophagy and identify regions of the crab claw that are involved in shell 

crushing using wear patterns. However, because crab claws are not used for mastication, wear 

patterns will not reflect claw occlusion.   

This paper uses scanning electron microscopy coupled with outline-based morphometric 

techniques to describe the patterns of wear along the occlusal margin of dactyls from the mud 

crabs Panopeus herbstii, P. obesus, and P. lacustris.  Although Panopeus is apparently a 

polyphyletic genus, these three species are members of a monophyletic subclade of panopeids 

(Schubart et al., 2000).  I test the hypothesis that multivariate analyses of elliptical Fourier 

descriptors of dactyl outlines can accurately capture and quantify use-induced wear from both 

life and subfossil Panopeus assemblages.  I also formulate testable hypotheses concerning the 

causes of the observed wear patterns. 

3.1.1 Study Animals  

The genus Panopeus is represented in the northwestern Atlantic Ocean by seven 

morphologically similar species that can be differentiated using habitat and geographic ranges, 

and to a lesser extent, carapace and claw shape (Williams, 1983).  The three species of Panopeus 

used in this study conform to this pattern, having overlapping but distinct geographic ranges and 

habitat preferences, and dactyls that differ in shape.  Figure 3.1 shows the geographic ranges for 

P. herbstii, P. lacustris, and P. obesus.  Panopeus herbstii is an inhabitant of intertidal and 

shallow subtidal oyster reefs from Boston Harbor, Massachusetts, to Indian River County, 

southeastern Florida.   Panopeus obesus is common in intertidal marsh habitats from Beaufort, 



 56 

North Carolina to Georgia, but occurs in both intertidal marsh and oyster reefs from Sarasota 

County, Florida to Louisiana (Williams, 1983; Menendez, 1987).  Panopeus lacustris is 

associated with mangroves and coarse substrates from extreme southern Florida and throughout 

the Caribbean to Cabo Frio, Brazil (Williams, 1983). 

 

Figure 3.1.  Geographic ranges of P. obesus (yellow) and P. herbstii (red), and northern portion 

of geographic range of P. lacustris (orange). 

 

Panopeid crabs are omnivores, although they are particularly voracious predators of 

mollusks and barnacles (McDermott, 1960).  Panopeus, for example, has been observed breaking 

the shells of the mussels Geukensia demissa and Brachidontes exustus (Seed, 1980; Lin, 1990), 

the hard clam Mercenaria mercenaria (Whetstone and Eversole, 1981), the oyster Crassostrea 
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virginica (McDermott, 1960; Bisker and Castagna, 1987), the periwinkle Littoraria irrorata 

(Reames and Williams, 1983; Silliman et al., 2004), and the barnacle Balanus sp. (McDermott, 

1960).  Other known prey of Panopeus include fish, crustaceans, polychaetes, sponges, and 

bryozoans (Reames and Williams, 1983).   

As in other durophagous crabs, the claws of Panopeus are dimorphic.  The major claw, 

which occurs on the right side, is used primarily for crushing shells, whereas the left minor claw 

is used to manipulate objects and capture fast-moving prey.  The major claw has a stronger biting 

force than the minor claw because of its larger size and higher mechanical advantage (Schenk 

and Wainwright, 2001). The minor claw, however, occludes faster than the major claw due to its 

faster muscle fibers and lower mechanical advantage (Schenk and Wainwright, 2001).  The 

major claw also has a thickened dactyl and propodal process (fixed finger), each with broad 

molariform teeth, whereas those on the minor claw are thin and have narrow teeth.            

3.2 Methods 

3.2.1 Sampling 

Live Panopeus, as well as associated sediment samples, were collected intertidally along 

the U.S. Atlantic and Gulf of Mexico coasts from North Carolina to the panhandle of Florida 

(Figure 3.2, Table 3.1).  Panopeus herbstii was sampled from intertidal oyster reefs at 12 

localities along the southeastern U.S. Atlantic coast from North Carolina to Florida, in July 2005.  

Panopeus lacustris was collected in August 2006, from the rocky intertidal and shallow subtidal 

coast of Ohio Key, Florida, and P. obesus was collected from intertidal oyster reefs at four 

localities along the coast of western Florida, between June 2004 and February 2006.  At each 

sampling location, living crabs were collected during low tide from underneath either rocks or 
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oyster shells and immediately placed in 95% ethanol.  These crabs are referred to herein as life 

assemblage crabs. 

 

Figure 3.2.  Collecting localities for P. obesus (yellow), P. herbstii (red), and P. lacustris 

(orange). 

 

Live Panopeus herbstii and P. obesus were collected from sediment screened at three 

intertidal oyster reefs and raised in aquaria so that occlusal margin of dactyls unaffected by shell 

crushing could be compared to the life and subfossil dactyls: Panopeus herbstii were collected 

from Beaufort, North Carolina and Beaufort, South Carolina, whereas P. obesus were collected 

from Englewood, Florida.  Crabs were separated in labeled glass jars to keep track of individuals 



 59 

and prevent cannibalism, fed a soft diet of commercial crab food, and checked daily for molts, 

which were collected and labeled.  After the first molt in the lab, subsequent molts (representing  

instars that only experienced soft food) were used as examples of unworn dactyls.  Dactyls from 

these crabs are herein referred to as laboratory dactyls. 

Table 3.1.  Coordinates of collecting localities showing the number of life, subfossil, and 

laboratory assemblage dactyls of the Panopeus species analyzed in this chapter.  Square symbols 

represent Panopeus herbstii, round P. lacustris, and triangular P. obesus. Filled black symbols 

represent life assemblages, filled red symbols indicate laboratory crabs, and open symbols reflect 

subfossil assemblages. 

  

North 

Carolina 

South 

Carolina 

Florida 

Atlantic  

Florida 

Atlantic  

Florida Gulf  

Beaufort 
N34̄  41.585ô 

W 077̄  05.726ô 

n (Â) = 5 

n (Â) = 7 

N. Myrtle Bch.  
N 33̄  51.169ô 

W 078̄  35.621ô 

n (Â) = 11 

n (Ä) = 7 

Big Talbot 

Island 
N 30̄  30.834ô 

W 081̄  27.654ô 

n (Ä) = 6 

New Smyrna 

Bch. 
N 28̄  55.863ô 

W 080̄  49.863ô 

n (Â) = 19 

n (Ä) = 4 

 

Panacea  
N 30̄  01.624ô 

W 084̄  21.690ô 

n (p) = 10 

n (r) = 4 

Topsail Island  
N34̄  30.328ô 

W 077̄  25.046ô 

n (Ä) = 6 

 

Georgetown  
N 33̄  19.584ô 

W 079̄  10.575ô 

n (Â) = 9 

n (Ä) = 19 

 

St. Augustine 
N 29̄  53.08ô 

W 081̄  17.19ô 

n (Ä) = 21 

Florida Keys 

Ohio Key 
N 24̄  40.19ô 

W 81̄  14.35ô 

n (̧ ) = 33 

n (¹) = 53 

Cedar Key  
N 29̄  08.135ô 

W 083̄  02.730ô 

n (p) = 8 

Wrightsville  
N 34̄  13.267ô 

W 077̄  48.443ô 

n (Â) = 4 

n (Ä) = 11 

 

Charleston  
N 32̄  39.843ô 

W 079̄  55.973ô 

n (Â) = 4 

n (Ä) = 12 

Marineland  
N 29̄  40.209ô 

W 081̄  12.948ô 

n (Â) = 8 

n (Ä) = 24 

Saint 

Petersburg  
N 27̄  39.288ô 

W 82̄  43.032ô 

n (r) = 11 

 Beaufort  
N 32̄  22.192ô 

W 080̄  50.046ô 

n (Â) = 3 

n (Ä) = 5 

n (Â) = 12 

Flagler Beach 
N 29̄  26.130ô 

W 081̄  06.772ô 

n (Â) = 32 

n (Ä) = 1 

 Englewood  
N 26̄  55.755ô 

W 082̄  21.062ô 

n (p) = 36  

n (r) = 35 

n (p) = 11 

 

Surface and near surface sediments (0-25 cm deep) also were screened at each site with 

the > 1 mm size fractions collected.  Isolated claws and dactyls of molted or dead crabs (referred 

to herein as crab subfossil assemblages) were picked from the sampled sediment with the aid of a 
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binocular microscope.  Because subfossil dactyls of P. lacustris along the coast of Ohio Key 

occur within the sediment at lower concentrations than Panopeus dactyls from siliciclastic 

sampling localities,  subfossil dactyls of this species were collected by hand from the surface of 

intertidal and shallow subtidal sediments. 

3.2.2 SEM Analysis 

To observe patterns of microscopic wear, major dactyls of Panopeus, which are involved 

in shell crushing, were examined under magnification using a JEOL 840A scanning electron 

microscope (SEM).  In total, 41 major life and subfossil assemblage dactyls were selected from 

dactyls previously photographed with a binocular microscope and included in the outline-based 

shape analysis (see 3.2.4).  Five life assemblage and five subfossil assemblage dactyls were 

randomly selected from each species for SEM shape analysis.   In addition, to characterize end 

members of dactyl wear, three unworn laboratory dactyls of P. herbstii and three unworn 

laboratory dactyls P. obesus were imaged.   For P. lacustris, which were not kept in aquaria, two 

dactyls also were selected from crabs that had recently molted and appeared unworn under a 

binocular microscope. In addition, one extensively worn dactyl of each species was selected for 

SEM analysis.  Dactyls were mounted to rest on their outer face, so that their wear patterns could 

be compared directly with the results from the outline-based shape analyses. 

3.2.3 Optical Microscopy Analysis 

 Dactyls selected for analysis from life and subfossil assemblages were complete and 

taphonomically unaltered (i.e., dactyls with a chalky or pitted surface were excluded from this 

study).   Remaining dactyls were separated into worn and unworn categories by examination 

under a binocular compound microscope. Dactyls classified as unworn showed no signs of 

abrasion on their tips or molar teeth at 120x.  Because shape-altering wear could not be 
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distinguished from minor surface wear, any dactyl that exhibited chips or scratches along the 

occlusal margin at this magnification were considered worn, even if it was suspected that the 

shape of the occlusal margin was unaltered.  

3.2.4 Shape Analysis 

To determine whether wear patterns on dactyls could be quantitatively described by the 

shapes of their occlusal margins, dactyl outlines of  life, subfossil, and laboratory-raised crabs 

were analyzed using the software package SHAPE (Iwata and Ukai, 2002), which performs a 

principal components analysis of elliptic Fourier descriptor coefficients (EFD-PCA). Major 

dactyls of life and subfossil assemblages of P. herbstii, P. obesus, and P. lacustris (Table 3.1, 

3.2) and laboratory P. herbstii (n=19) and P. obesus (n=11) (Table 3.1) were selected for shape 

analysis. The unworn dactyls were included in the EFD-PCAs to help determine whether a 

particular principal component captures wear-induced shape changes by serving as an end-

member state.   

Dactyls used in the shape analysis were placed on their outer surface, photographed, and 

digitized.  Resting dactyls on their outer surface was preferred because it provides an optimal 

view of the occlusal margin and a stable, thus consistent, orientation.  Dactyl outlines were 

analyzed in four separate principal component analyses: one combined analysis that included the 

dactyls of all species and individual analyses of each species.   The Methods section of Chapter 2 

contains a full description of the morphometric techniques.  

3.2.5 Statistical Analysis 

Differences in shapes and allometries of dactyls were tested using log transformed PCA 

scores.  An analysis of covariance (ANCOVA) was performed using Proc GLM in SAS to test 

for differences in slopes among the ontogenetic trajectories of dactyls along PC1 and to test for 
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differences in mean PC2, PC3, and PC4 scores.  Differences in PC2 and PC4 scores among 

dactyls > 8 mm dactyls were tested using an analysis of variance (ANOVA) with PROC GLM in 

SAS.  All possible pairwise comparisons between variables and Tukey adjusted p-values were 

computed with the LSMEANS statement.           

3.3 Results 

 
3.3.1 SEM Analysis 

SEM images were used to document differences in patterns of abrasion along the occlusal 

margins of dactyls among the laboratory, life-assemblage, and subfossil-assemblage crabs of P. 

herbstii, P. obesus, and P. lacustris (Figure 3.3).  Teeth along the occlusal margins of laboratory 

dactyls are intact, smooth, and show no signs of abrasion, whereas the teeth of dactyls from both 

life and subfossil assemblages illustrate varying degrees of abrasion (Figure 3.3).  For both  

assemblage types, abrasion was observed only along the occlusal margin and appeared as small 

fractures between 10 and 500 mm (longest linear dimension) on the tips and molar teeth of the 

dactyls.  When extensively abraded, dactyls often are lacking teeth along the occlusal margin and 

have blunt tips (Figure 3.3).  

The life assemblage dactyls are generally less abraded than the dactyls from the subfossil 

assemblages.  This is especially true of P. herbstii where the dactyls of the life assemblage have 

relatively unaltered teeth with the exception of minor nicks, and the dactyls of the subfossil 

assemblage are abraded to the extent that teeth are missing or have altered shapes.  Dactyls of P. 

obesus and P. lacustris from life assemblages also are less abraded than dactyls from subfossil 

assemblages, but the differences between life and subfossil assemblages are not as great as they 

are with P. herbstii. This pattern also is illustrated in the shape analyses (next section).   
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Figure 3.3.  Representative SEM images of unworn (A) and worn (B) dactyls of Panopeus 

herbstii (1, 2), P. obesus (3, 4), and P. lacustris (5, 6).  A1, A2. P. herbstii dactyl from South 

Carolina life assemblage.  A3, A4. Dactyl from molt of laboratory-raised P. obesus.  A5, A6.  P. 

lacustris dactyl from Ohio Key life assemblage. B1, B2. P. herbstii dactyl from South Carolina 

subfossil assemblage.  B3, B4.  P. obesus dactyl from west Florida subfossil assemblage. B5, B6.  

P. lacustris dactyl from Ohio Key subfossil assemblage. 
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Patterns of abrasion for each taxon are unique.  Panopeus herbstii dactyls are abraded on 

both their tips and molar teeth.  The dactyls of P. obesus have abraded tips, but their molar teeth 

are usually unabraded.  In contrast, the molar teeth of P. lacustris dactyls are often extensively 

abraded, whereas their tips are relatively unabraded.         

3.3.2 Optical Microscope Analysis 

 Approximately 75% of the dactyls examined with a binocular compound microscope 

exhibit some degree of wear in the form of visible chips and scratches along the occlusal margin 

(Table 3.2).  Sixty percent of the dactyls from life assemblages are worn, whereas wear was 

found in 89% of the subfossil assemblages.  Panopeus herbstii dactyls show the largest 

discrepancy between life and subfossil assemblage wear.  For P. herbstii, 42% of life assemblage 

dactyls and 93% of the subfossil assemblage dactyls are worn.  Wear was observed on 65% of 

the life dactyls and 92% of the subfossil dactyls of P. obesus.  The percentages of worn life and 

worn subfossil dactyls of P. lacustris are 76% and 75%, respectively.    

 Table 3.2.  Numbers of dactyls with and without wear from life and subfossil assemblages of 

Panopeus herbstii, P. obesus, and P. lacustris.   

 

Assemblage Panopeus herbstii Panopeus obesus Panopeus lacustris 

Unworn life  58% (55) 35% (10) 24% (8) 

Worn life 42% (40) 65% (44) 76% (25) 

Unworn subfossil 7% (8 ) 8% (4) 25% (13) 

Worn subfossil 93% (108) 92% (46) 75% (40) 

 

3.3.3 Shape Analysis  

The results of the combined EFD-PCA of all three species of Panopeus are similar to the 

species-specific EFD-PCAs (Table 3.3).  The first four principal components of all EFD-PCAs 

explain 85-86% of the total variation in dactyl shape.  The types of variation described by the 
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Table 3.3.  Summary of four separate EFD-PCA analyses showing the percent of variation within 

overlapping reconstructed contours of the first four principal components (Axis).  The range of 

variation along each EFD-PCA axis is illustrated by overlapping reconstructions of contours of 

the mean shape and the shapes at ° two standard deviations.  

 

 

first four principal components of each EFD-PCA also are alike.  The first principal component 

of each EFD-PCA explains between 48 and 51% of the variation (Table 3.3) and captures shape 

differences related to dactyl size (Figure 3.4).  Positive PC1 values represent small dactyls, 

which are relatively straight and narrow.  As size increases, the PC1 values of the dactyls 

decrease as dactyl height and curvature increases and the proximal molar tooth becomes more 

pronounced.  Each species follows the same general allometric trajectory and the slopes between 

the life and subfossil assemblages are not significantly different (p = 0.5865).    

The variation described by PC2 also is similar among the four EFD-PCAs.  This 

component explains between 18 and 28% of the variation in dactyl shape and describes shape 

differences along the ventral margin of the dactyl (Table 3.3).  Dactyls with negative PC2 scores 

have well developed molar teeth and pointed tips, whereas the molar teeth and tips of dactyls 

with positive PC2 scores are reduced (Figures 3.5, 3.6).  As a result, unworn dactyls have the 
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lowest PC2 scores in all four EFD-PCAs.  Comparisons of SEM images of individual dactyls 

with their corresponding PC2 scores confirm that PC2 accurately separates dactyls of Panopeus 

according to their degree of wear.     

Figure 3.4. Dactyl length vs. PC1 for lab, worn and unworn life, and worn and unworn subfossil 

assemblage crabs.  Polynomial curves are fitted for the life and subfossil assemblages of each 

species.  

 

Differences in PC2 values between unworn and worn and between life and subfossil 

assemblage dactylss are greater, and typically significantly different, in dactyls > 8 mm in length.  

Mean PC2 values between unworn and worn life assemblage dactyls of all sizes are not 

significantly different for P. herbstii (p = 0.2337), P. lacustris (p = 0.4878), or P. obesus (p = 

1.000), whereas these assemblages are significantly different for P. herbstii (p < 0.0001) and P. 

obesus (p = 0.0028) dactyls > 8 mm in length.  Differences between unworn life and worn 

subfossil assemblage dactyls of all sizes are significant for P. herbstii (p < 0.0001) and P. obesus 

(p < 0.0001), but are not significant for P. lacustris (p = 0.4878).  For dactyls > 8 mm long, PC2  
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Figure 3.5.  PC1 vs. PC2 for combined EFD-PCA of all taxa, but showing values for only 

Panopeus herbstii (A), P. herbstii-only EFD-PCA (B), combined EFD-PCA, but showing values 

for only P. obesus (C), P. obesus-only EFD-PCA (D), combined EFD-PCA, but showing values 

for only P. lacustris (E), and P. lacustris-only EFD-PCA (F).  Polynomial regression lines are 

fitted for worn life (blue), unworn life (red), and subfossil dactyls (green).  The red polynomial 

regression for P. lacustris (E, F) fits both unworn life and unworn subfossil dactyls.        


