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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 etltyn (predators) ahbottomup (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 ceastnd were used to: (1) distinguish the roles of
selection and constraint on dactyl morphology through allometric and shape comparisons in the
context of the crabbés phyl ogenetic relationsh
whether weapatterns 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 frequencieRelationships among shapes, allometries, and padserns 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 raodel

The results of this dissertati@stablish a means by which dactyls can be used in detailed
evolutionary studies of predatprey interactions in the fossil record. Dactyls of xanthoid crabs
were found to behaped by recesklective pressures, agthshapes and allometriesrrespond
more closely to their inferred ecological similarities than their phylogenetic relationships.
addition,wear patterns alontdpe occlusal surface of dactyls canduantitatively described by
outline-based morphomet techniquesindused to infeboth claw function anthe degreeof
durophagy ircrabs Predation intensities in subfossil and fossil crab assembégesay be

inferred by usindrequencies of dactyl handedness reversals as proxies for nonlettied attd
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predatory fractures as proxies for total attacks (both lethal and nonlethal, the relative
influence of topdown and bottorup controls on dactyl evolution can be identified by
correlating dactyl morphologies with evidence of predation eliierabs (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, 1981e M&7;

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
aguaculture), have made decapods the subject of numerteimaigs, 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 fligtentia
preservable decapod species inhabiting coastal waters of Florida (Camp, 1998) have been
reported as fossils (Portell and Agnew, 2004). This urgjeesentation is due to a combination
of taphonomic and systematic biases. Decapod exoskeletonscdiagetalmost immediately
following molting or death, with the less welalcified portions being particularly prone to
physical and biological destruction (Plotnick et al., 1990). Most ongoing systematic research on
fossil crabs, however, relies on whdledied specimens and complete carapaces (e.g.,

Feldmann, 1995; Feldmann et al., 1997, 1998, 1999, 2005; Karasawa and Fudouiji, 2000;
Schweitzer, 2000, 2001; Schweitzer and Feldmann, 1999, 2000; Schweitzer et al., 1999, 2000,
2007; Vega et al., 2001; Feldnraand 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).



The fossil record of decapod crustaceans, however, is more complete than published
records suggest. Decapod chel ae, particul ar/l
are havily calcified and well represented in shedh 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 remainbeaentified 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 quaMatxamination of dactyl morphology. Agnew
(2001) also was able to identify 10 fossil decapod species solely from dactyls collected from
shell beds of the Pli®leistocene Caloosahatchee and Bermont formations. More recently,
guantitative approaches usiogtline-based and geometric morphomethese been employed
to distinguish fingers of sibling species and hybrids of the stonevteaippe(Agnew and
Anderson, 2002), closely related speciePahopeugAgnew and Anderson, 2006), and several
other xanhoid 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.
Havingmultiple 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 raflegteadmber 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 morpietric analysis, and (4) have overall shapes and occlusal

geometries that often correspond highly with diebr example, crabs that feed on hahelled



prey (e.g., panopeids, and calappids) have dimorphic dactyls (Figure 1.1 (a, b)) with which the
majordactyl is used to crush shells, and the minor dactyl manipulates objects and possibly
captures fasioving prey (Schenk and Wainwright, 2001). In these taxa, the major dactyl is
larger, more robust, and more strongly curved, giving this dactyl a higteramical 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 p&shénk and Wainwright, 20R1 Crabs that

feed on fastmoving prey such as portunidsave 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 alf@eding crabs, such as the majids, tend to have
isomorphic datyls with low mechanical advantages, spabaped 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, thehotogic 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, 20019r 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, | 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 ninediwanthoid 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 dimorphiswr the (a) panopeid®énopeus herbs}ii (b) calappidsCalappa
sp.), (c) portunids@valipessp.), and (d) majidd_(binia sp.).



taxa with similar diets or ecologies should have dactyls with similar allometric trajectories if
morphology is under the ctinl 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
ecobgical 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 dtedroy current

selective pressures because their shapes and allometries match their inferred ecological

similarities rather than their phylogenetic relationships.

Panopeus herbstii Panopeus lacustris Panopeus herbstii

Panopeus obesus Eriphia gonagra Eurypanopeus depressus
Panopeus lacustris Panopeus obesus Menippe adina
Eurypanopeus depressus Panopeus herbstii Panopeus obesus
Dyspanopeus texanus Eurypanopeus depressus Dyspanopeus texanus

Cataleptodius floridanus Cataleptodius floridanus Eriphia gonagra

_': Menippe mercenaria Dyspanopeus texanus Panopeus lacustris }
Menippe adina Menippe adina Cataleptodius floridanus
Eriphia gonagra Menippe mercenaria Menippe mercenaria
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 evalte 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 eddom (predators) and
bottomup (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 knowledgeeaxfatorprey interactions over

geologic timescales, the relative importance ofdop/n (predation) and bottoop (primary



producers) evolutionary controls remains unknown because most of this research focuses only on
prey animalge.g., Anderson, 1992;d{ley, 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 docunented.

To provide a tool for inferring preselated 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 atnaihard shell prey (mollusks,
barnacles) they consume. In this chapter, scanning electron microscopy is coupled with outline
based morphometric techniques to capture and quantidydaeed wear on dactyls from
laboratoryraised, livecaptured, and $xfossil crabs (see Figure 1L.3Results indicate thatactyl
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
source®f 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 inferrechparisons with
unworn dactyls and among assemblages with similar molt stages

In chapter 4, | 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 shapingvaadion.
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 usif®anopeus obesud subfosil dactyls ofP. herbstij P. obesusand

Dyspanopeus texanysee Figure 1.4). Predation intensity in fossil crabs can be calculated by



Figure 1.3. Representative SEM images of unworn (A) and worn (B) daci&nopeus
herbstii(1, 2),P. obesug3, 4), andP. lacustris(5, 6). Al, A2.P. herbstiidactyl from South
Carolina life assemblage. A3, A4. Dactyl from molt of laborataigedP. obesus A5, A6. P.
lacustrisdactyl from Ohio Key life assemblage. B1, B2.herbstiidactyl from South @rolina
subfossil assemblage. B3, BR. obesuslactyl from west Florida subfossil assemblage. B5, B6.
P. lacustrisdactyl from Ohio Key subfossil assemblage.




Figure 1.4. Representative SEM images of fractured dactyls inferred to be from crab predation
on the clawPanopeus obesutactyls recovered fldwing cannibalism experiment-@ (see
Chapter 4). Subfosdsi. herbstiidactyl from Charleston, S.C. (8, fSubfossilP. obesu$rom
Engelwood, FL (y SubfossiEurypanopeus depressitem New Smyrna Beach, FL (8).




subtracting frequencies of nonlethal claw loss from predatory fracture frequencies. Predation
intensities calculated from handedness reVemad predatory fractures matched the predation
intensities predicted between genera (i.e., higher predation intensiiasyjpanopeusand

across latitudes (i.e., higher predation intensities in lower latitudes), and thus this method of
inferring predéon 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 ainet is, therefore, a functional unit appropriate for
top-down/bottomup studies in evolutionary paleoecology. In addition, wear patterns on the
occlusal surface of dactyls can be used to infer the relative proportion estiedield prey in the
diet of @abs, although care must be taken to ensurgIhatear is identified and distinguished
from other sources of variation or alteration, and (2) comparisons of wear are made among
similar molt stagesFinally, although the results indicate that predaimensities 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 intensiti€kearly, 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 specifiedate 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 mdrpmetric analysis, and (4) have overall shapes and occlusal geometries
that often correspond highly with diet. For example, crabs that feed osielted prey have
dimorphic dactyls (e.g., panopeids, and calappids; Figure 2.1 (a, b)). For thedectaxajot
dactyl is used to crush shells, whereas the minor dactyl manipulates objects and possibly
captures fastoving prey (Schenk and Wainwright, 2001). As a result, the major dactyl is
larger, more robusgnd more strongly curved than the minor. didiion, the major dactyl has
well-developed broad, blunt, basal molariform teeth, and a high mechanical advantage. Crabs
that feed on fastoving prey (e.g., portunids ), have fairly equal, long, straight dactyls with low
mechanical advantages and shiaigngular teetl{Freire et al., 1996) (Figure 2.1 (c)). Detritus
and algadeeding crabs, such as the majids, tend to have isomorphic dactyls with low

mechanical advantages, spegitaped 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) panopé&dadpeus herbs}ii (b) calappidsCalappa
sp.), (c) portunids@valipessp.), and (d) majidd_(binia 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 clavtydiaedsno
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 frparticular 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 eent 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 restribtesktaspects 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 trajectoriesaor 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 Significanceof 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 oéthe tin 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 dirégnal and stabilizing selection becomes a constraint (Stearns, 1986).
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Gould (1989) suggested that constraints be
those restrictions upon change, thandbarise through the action of stated causes within a
favor ed t heory. o Il n other words, acconding to
excluding natural selectidanthat control evolution. Gould (1989) considered two primary types
of constraint: historical and formal. Historical constraintscargingent 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 expressioaritogeny.

Goul dés notion of developmental constraint
(1985) who described devel opmental constraint
phenotypes or a limitation on phenotype variability caused by thdwsteucharacter, or
composition of the devel opmental system. o0 G
therefore, are essentially no different than the local and universal constraints of Maynard Smith
et al. (1985), which are constraints res&ttto 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
Chi pmandés (2003) generative aRods(19¥)bmwtict i ve con
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., st constraint), and selective constraints are
factors that restrict maladaptive phenotypes (e.qg., structural constraint). Allmon and Ross (1990)
define biotic intrinsic factors as fAthose fac

organisn and that | imit, direct, or guide the dir
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Abiotic intrinsic factors are described as fAp
that affect the morphol ogy ®&dss 8990).evel opi ng or
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. Theifitag®n 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 constraintsather authors, including Maynard Smith et al. (1985), Gould
(21989), and Allmon and Ross (1990).
2.1.2 Influence of Constraint and Selection on lometry
Allometry, which refers to shape changes that accompany increases in size, results from
differentialgrowth 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). @é&rfayenerative 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 allometrigsmphysically possible boundaries. In fact,
the two primary types of allometry described by Gould (1968)ometry required by size and
allometry allowed by sizé are examples of selective constraints. Serpiired allometry
implies that form mustlange with size to remain functional. Surface area to volume ratios and
the crosssectional area of a structure are two of many properties critical to biological function

that change with size (Gould, 1966). Alternatively, sitewed allometry permita 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, howeveryaryhg 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 famétry in feedingelated 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. Majorclaws of male fiddler crabsJ¢aspp.), 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 isormestnyado
necessarily impair function.

2.1.3 Distinguishing Constraints from &lection

Although distinguishing the influence of constraint and selection on different aspects of
morphology is difficult, an interspecific allometric comparativerapph 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 condsaiAlso, 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 differenegcolog
(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 selectiveupeegTable 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 regiought 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 traitshould 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 clossdytasiat
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 clod@iadsds 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 ceuésponsible 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 traitsmang 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, andraits 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, suchregirobably
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 ClaneBeneration

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 releaskato 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 seriesydlts. 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 sugdethat 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). Hassledne
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 developmengal sta 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 clardowever 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 patteafsegenerative 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 earlyntogeny 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 agatild 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 afevelopmental 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
congraints readily explain such a pattern.

2.1.5 Study Q@ganisms

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 intertidgialfwv 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 (Williad@34) (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 contsaints 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 cherippe adia, M. mercenaria,
andEriphia gonagraof the family EriphidaePanopeus herbstiP. obesusP. lacustris
Eurypanopeus depressundDyspanopeus texana$ the family Panopeidae; af@htaleptodius
floridanusof the family Xanthidae.

In the western Atntic and Gulf of Mexico, Eriphidae is represented by three species of
Menippeas well a€riphia gonagra. Eriphia gonagreanges along the western Atlantic coast
from North Carolina to Argentina and also Bermuda (Williams, 1983). The primary haliiat of
gonagrais intertidal rocks, but it also occurs in shallow subtidal seaweed, sponges, and coral
reefs (Williams, 1984). The two speciesdMénippeexamined here are sister taxa, well known
for their massive, commercially harvested claws, and distihgdiby 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 mercenarieanges from Nolt Carolina, around the Florida peninsula, and
through the Caribbean, wherddsadinaoccurs 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 besported in northwestern Florida and within the rangd.of
mercenariaalong the coast of Georgia and northeastern Florida (Bert and Harrison, 1988).
Adults of M. adinaare common on oyster reefs, wherasnercenariaadults prefer seagrass
habitat (Willams and Felder, 1986). Causes for the differentiation between western Atlantic and
western Gulf populations dflenippemay involve a previous disruption of gene flow and/or
adaptation to different habitats (Bert, 1986; SchneBteussard et al., 1998 Menipge also has
the largest and strongest claws of any Atlantic or Gulf of Mexico decapod crustacean (Vermeij,
1977). The major claw d¥lenippebears a welbeveloped molariform complex, specialized for
crushing haregshelled prey, their primary souroéfood (Schenk and Wainwright, 2001).

Crabs of the family Panopeidae are the most common sheléter crabs of the
northwest Atlantic. They occupy similar habitatdvéanippe but have more generalized diets
consisting of mollusks, crustaceans, aJgael detritus (McDonald, 1982; Williams, 1983). The
genusPanopeuss 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 herbstis an inhabitant of intertidal and shallow subtidal oyster
reefs from Boston Harbor, Massachusetts to Indian River County, southeastern Florida, whereas
P. obesuss most common in intertidal marsh habitats from Beaufort, North CaroliGaadogia
and in intertidal marsh and oyster reefs from Sarasota County, Florida to Louisiana (Williams,
1983; Menendez, 1987PRanopeus lacustris associated with mangroves and coarse substrates
from extreme southern Florida and throughout the Caribtee@abo 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 habitatdiefitaxa stu

Taxa CW Range Diet Habitat
Panopeusherbstii 47'° U.S. Atlantic coast from Boston Harbor, MAto  Omnivore; bivalves, barnacles, Intertidal and subtidal oyster reefs a
Indian River Co., FI*° crustaceans, detritds'® other shelly substraté$
Panopeus obesus 51*° U.S. Atlantic and Gulf coasts from Beaufort, NC t Omnivore; bivalves, gastropods, Primarily intertidal burrows in salt
GA and Sarasota Co., FL to TX barnacles, amphipods, decapods, marshes in Atlantic; both salt marsh
detritus® 3 and oyster reef Florida™®

Panopeus lacustrit57 *°

Eurypanopeus 25
depressus

Dyspanopeus 271
texanus

Cataleptodius 337
floridanus

Menippe 129"
mercenaria

Menippe adina  120°

Eriphia gonagra 48"

Bermuda; extreme southern FL; through West Inc Omnivore; bivalves, gastropods,
along continental margin of Caribbean to Cabo Fibarnacles, amphipods, decapods,
Brazil *° fish, sponges, detritdd

U.S. Atlantic and Gulf coasts from MA to southert Omnivore; bivalves, barnacles,
TX; Dutch West Indies; Uruguay; Bermutfa amphipods, algae, detritas

U.S. Gulf coast from Charlotte Co., FL to X Largely unknown; likely omnivore

Bermuda; FL Keys; in Caribbean from Bahamas 1 Herbivore to omnivore; mostly
Brazil ’ algae’

U.S. Atlantic and Gulf coasts from NC to Opportunistic carnivore; bivalves,

Primarily intertidal and shallow
subtidal rocks, but also coral and
oyster reefs, seagrass, mangro\es

Intertidal oyster reef§"

Shallow subtidal seagra$s

Primarily intertidal and shallow
subtidal rocks, but also shallow
subtidal seagrags*

Primarily subtidal burrows in

northwestern FL; in Caribbean from Bahamas ani gastropods, barnacles, crustacéhn seagras, but also rocks, shéfl

Greater Antilles to Yucatan Peninsula, Mexico an
Belize?

Gulf coast from northwestern FL to Tamaulias Sti Opportunistic carnivore; bivalves,

Mexico *? gastropods, barnacles, crustaceéah
western Atlantic coast from NC to Argentina; Largely unknown for this species,
Bermuda® but other species driphia prey on

bivalves, gastropods, barnacles,
crustaceans, annelids

Intertidal and subtidal oyster reéfs

Primarily intertidal and shallow
subtidal rocks, but also shallow
subtdal seaweed,

sponges, coral reefs

References ‘Abele (1972)?Brown and Haight (19925Guillory et al. (1995)’Hazlett et al. (1977fMcDonald (1977)°McDermott (1960),
"Rathbun (1930¥Reames and Williams (1983)/annini et al. (1989}°Williams (1983),"Williams (1984),**Williams and Felder
(1986),"*Unpublished data (2006).
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The genuPyspanopeuss represented by two sibling species in the northwestern
Atlantic. Dyspanopeus sayivhich was not included in this study, ranges from New Brunswick,
Canada to the Florida Keys, wher@&agexanuss restricted to the Gulf of Mexico from
Charlotte County, West Florida to Texas (Abele, 1972). Both species inhabit shallow subtidal
mud andseagrass environments, but occur at highest densities in seagrass (Strieb et al., 1995;
Glancy et al., 2003).

Northwestern Atlantic mud crabs of the geliusypanopeuslso are among the most
common crabs and are divided into four spedtesypanopeuslepressusccurs 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 floridanugamily Xanthidae) occurs in intertidal rocksdashallow
subtidal seagrass (Hazlett et al., 1977) in Bermuda, the Florida Keys, and in the Caribbean from
Bahamas to Brazil (Rathbun, 193@ataleptodius floridanus an omnivore, but feeds
extensively on algae (Hazlett et al., 1977).

2.1.6 Evolutionay Relationships and Ecological Similarities among the Study @bs

Distinguishing constraint from selection requires knowledge of both phylogenetic
relationships and ecological similarities. Schubart et al. (2000) used mitochondriaubrget
16S rRNA to reconstruct the phylogeny of panopeid crabs (Figure 2.2oughtilthe genus
Panopeuss not a monophyletic group, the specie®ahopeusised in this study are members
of a single subclade. In this subclaBanopeus herbstandP. obesusre more closely related
to each other than either areRolacustris The phylogeny also indicates tHayspanopeus
texanusandEurypanopeus depressase 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 Menippemercenariavas used as an outgroup for the panopeid phylogeny and is
distantly related to the panopeids &wataleptodius Other phylogenies show tht
mercenarisaandM. adinaare more closely related to each other than to the other species in this
study, and tha€&riphia gonagrais more closely related tdenippethan to these other species as
well (e.g., Schram, 2001; Karasawa and Schweitzer, 2006).
- Panopeus herbstii (T)

——{99 Panopeus simpsoni

Panopeus obesus
Panopeus lacustris

Panopeus occidentalis
Eurytium limosum (T)

i 96 Hexapanopeus paulensis
£Hexapanopeus angustifrons (T)

Eurypanopeus crenatus (T)

50

99 — Eurypanopeus a. abbreviatus

Eurypanopeus a. ater
54

99 Rhithropanopeus harrisii (T)

99 - Eurypanopeus depressus
1 100L Eurypanopeus turgidus

55

Eurypanopeus dissimilis
96 Dyspanopeus sayi (T
- s v_{—- yspanop yi (T)

= ngis Dyspanopeus texanus
Neopanope packardii (T)

Panopeus americanus

Panopeus bermudensis

Xantho poressa (Xanthidae)

61_| Cataleptodius floridanus (Xanthidae)

Trapezia cymodoce (Trapeziidae)
——i Menippe mercenaria (Menippidae)

| |
| 1

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 maxispansimony analysis, respectively. T
represents type species of panopeid genera.
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Figure 2.3 shows the phylogenetic (2a3 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 (Figur@.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 cralbasae on size.

The largest size class includdgnippe adinandM. mercenariaPanopeus herbstiR.

lacustris P. obesusandEriphia gonagracomprise the intermediate size class; and the smallest
size class includeSurypanopeus depressus, Cataleptssdloridanus andDyspanopeus

texanugsee Table 2.2)Size is likely to be an important ecological factor for crabs because
predatorgend 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 hattkelled prey. It can, therefore, bs@sed 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 sigatdégstodiusand
Eurypanopeusre most closely associated because both are known to feed on algae (Hazlett et
al., 1977; McDonald, 1977), whereas the dieDgépanopeuss unknown. Among crabs within
the middle size class (i.€2anopeusandEriphia), Panopeus lacustriandE. gonagraare
grouped because both prefer rocky intertidal, carbonate environments and are likely to consume
similar hardshelled prey (Williams, 1983, 1984; Vannini et al., 1989anopeus obesus then
grouped withP. lacustrisard E. gonagrabecause all are capable of preying on gastropods

(Reames and Williams, 1983; Williams, 1983, 1984; Vannini et al., 1988 opeus herbstis
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considered the most divergent ecologically because it exclusively inhabits oyster reefs and does
nat 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 omnivors, 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 largésit loi#fiierences of
latitude and substratd?anopeus herbstiP. obesusE. depressy®D. texanusandM. adina
inhabit siliciclastic environments and occur in comparatively higher latitudes, witereas
gonagra P. lacustris C. floridanus andM. merceiria 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 similaridasopeus herbstiandE. depressus
were grouped most closely together because both almost exclusively inhabit intertidal oyster
reefs (McDonald, 1982; Williams, 1983Menippe adinavas grouped with FherbstiiandE.
depressubecause it also can be foundiotertidal oyster reefs, but occurs primarily on subtidal
oyster reefs (Guillory et al., 1995Panopeus obeswgas grouped witlP. herbstij E. depressus
andM. adinabecause it primarily inhabits burrows in intertidal salt marshes, but also occurs on
intertidal oyster reefs in the Gulf of Mexico (Williams, 198B)yspanopeus texanuwss
considered the most ecologically distant of the siliciclastic crabs because it occurs exclusively in
subtidal seagrass beds (Abele, 1972).

The two subdivisions in withithe carbonate environment division of the juvenile

ecological dendogram also were based on further habitat similaiigshia gonagra P.
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lacustris andC. floridanuswere considered a single group because all occur primarily among
intertidal and shH&ow subtidal rocks, but also are found in other shallow subtidal habitats
(Hazlett et al., 1977; Williams, 1983, 1984lenippespecies were grouped separately because
they are restricted to subtidal habitats (Williams and Felder, 1986).

The hypotleses 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. Fpleexam
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, ¢)

Panopeus herbstii Panopeus lacustris Panopeus herbstii
Panopeus obesus Eriphia gonagra Eurypanopeus depressus
Panopeus lacustris Panopeus obesus Menippe adina
Eurypanopeus depressus Panopeus herbstii Panopeus obesus
Dyspanopeus texanus Eurypanopeus depressus Dyspanopeus texanus
Cataleptodius floridanus Cataleptodius floridanus Eriphia gonagra
_': Menippe mercenaria Dyspanopeus texanus Panopeus lacustris E|—

Menippe adina Menippe adina Cataleptodius floridanus

Eriphia gonagra Menippe mercenaria

Menippe mercenaria

a b o
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 samplingdations for the nine taxa examined. SpecimeriZanibpeus
andEurypanopeusvere collected live in intertidal oyster reefs from North Carolina to west
Florida in June 2004, July 2005, and February 2006 and stored in ethyl albyisphnopeus

texanugdaclls were extracted from seagrass death assemblages collected along the west coast of
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Florida in June 2004Panopeus lacustrj<. floridanus E. gonagraand smallM. mercenaria
dactyls were collected from the surface of intertidal and shallow subtdiaiesets and hard
bottoms of the Florida Keys in July 2003, October 2004, and August 2006 P Liaeustrisand
C. floridanusalso were collected in August 2006 from Ohio Key, Florida and stored in ethyl
alcohol. Twentythree large claws d¥lenippe merceariawer e donated i n 2002
Crab and were likely harvested from southwest Florida (not included in Table 2.3). ftwenty
largeM. adinaclaws were purchased and presumably harvested near Leeville, Louisiana in July
2002 (not included in Takl2.3). Small dactyls fromdl. adinawere 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 wh normal claw asymmetries, (2) molts of laborataiged 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)-ieltected crabs \th
reversed claws. Determination of normal claw asymmetry for all taxa, exclGdiad¢eptodius
floridanus,was based on the presence of a right major claw and a left minor claw. Because
major and minor claws d. floridanusoccurred on either side witlgqual frequency, normal and
reversed claws could not be distinguished.

2.2.1 Claw Regeneration Eperiment
Fifty individuals ofPanopeus herbstwere raised in two 2@allon aquarium tanks to examine
the effects of autotomy on claw regeneration. Crabs with normal claw asymmetries and carapace
widths (CW) of 240 mm were collected from intertidal oyster reefs near Beaufort, South
Carolina in July2005. Panopeusndividuals were assigned identification numbers ianthted

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

number of dactyls for each specief2anopeus herbstit P. lacustris  P. obesus* Eurypanopeus depressdsDyspanopeus
texanus D Menippe mercenarig M. ading A Cataleptodius floridanys< Eriphia gonagra

North Carolina  South Carolina Florida Atlantic Florida Keys Florida Gulf Louisiana
Topsail Island N. Myrtle Beach Marineland Ohio Key Panacea Timbalier Island
N3430.32806 N3351. 16906 N2940.20906 N244019 N3001. 62406 N29 04.290
WO07725. 046 W07835. 62106 WO08I12. 948038 W8114.35 Wo08421. 69006 W90 31.083
n# =7 n(+) =25 n(+) =16 n(D) = 41 n (M) =20 n (6)=32
nA)=76
Wrightsville Georgetown Flagler Beach n(<)=44 Cedar Key Cameron
N3413.26706 N3319.58406 N2926.13006 Nn()=62 N2908. 1356 N29 46.035
WO07748. 443 W07910. 5756 WO08106.7726 Wo08302. 73006 W93 30.287
n+) =6 nH#=9 n(+) =40 n (M =29 n (6) = 32
Charleston New Smyrna Saint Petersburg
N3239.84306 Beach N 27 39.288
WO07955. 9730 N2855. 8630 W 82 43.032
n(+)=6 WO08049. 8638 n (%) =46
n(+) =36 nE)=95
Beaufort Fort Pierce Englewood
N3222.1926 N2729.3176 N2655. 7550
W08050. 04606 WO08018. 897058 Wo08221.0620
n(+) =26 n() =28 n (1) = 47
n(v) =34 n(*) =54
nE)=10
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286C and 30a, respectively. To induce autotomy,
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 laeeted with the
crab identification number and date of molt and stored in individual plastic vials.

2.2.2 Shape Aalysis

Shapes of crab dactyls were quantified by a principal component analysis of elliptic
Fourier descriptors (EFDs) with the software package SHAPE (Ilwata and Ukai, 2002). This
technique was used because of its ability to accurately capture simple and csimapiex
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 measurerseahd geometric morphometric techniques.
Although landmarkbased geometric morphometrics has been used to discriminate dactyls of
closely related species bfenippe(Agnew and Anderson, 2002), larger datasets including more
distantly related taxa coulibt be readilyconstructedecause 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 (lwata and Ukai[PROI0).
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 tfaom, 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 ofrdoast 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 noiseducing erosioflilation operations of ChainCoder were skipped

because they invariably distorted the contour. To ensure that ChainCoder extracted accurate
shapecontours, tools in Adobe Photoshop 7 were used to enhance the digital images prior to

|l oadi ng. Adobe Photoshop al 90 dwmas ydsed stoo tfhla
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 (lwata and Ukai, 2002). EFD coefficients were
normdized 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 variaogeariance matrix of normalized EFD
coefficients were performed with the PrinCoprpgram (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 phylogenetamd 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 dactigrgpanopeusDyspanopeus
andCataleptodius(2) the major dactyls d?anopeus herbstiP. obesusP. 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 fietwllected and laboratomaisedP. herbstiiwith normal
claw asymmetries as well as reversedherbsti dactyls following laboratomnduced autotomy
of the major claw. Another PCA incorporated normal and reversed major and minor field
collected dactyls dMenippe. Shape contours for each principal component of all analyses were
reconstructed by invergeurier 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)pee®rmed 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 | errors for multiple pairwise comparisons of slopes,
alpha levels were calculated using the Bomiei 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 Tukedjusted pvalues were computed with the LSMEANS statement in

PROC MIXED.

2.3 Results and Discussion

2.3.1 Congruent Shapes among Distantly Related Species with Similacdogies

Traits that are congruent among distantly related taxa with similar ecologies were likely
shaped by recent selective pressuréss pattern is illustrated in three examples: (1) the
allometries oEurypanopeusDyspanopeusandPanopeus(2) the overall dctyl shapes of
EurypanopeusDyspanopeusandCataleptodiusand (3) the molar teeth of dactylsRdnopeus

herbstii P. lacustris P. obesusandEriphia gonagra
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For the first example, PC1 scores (62% of variation and reflecting dactyl curvature and
height) of similarly sizedurypanopeusndPanopeuslactyls are indistinguishable and change
to the same degree as dactyl size increases (i.e., they have the same allometric trend), whereas
the allometry oDyspanopeusdactyls is transposed from thatRdénopeusandEurypanopeus
(Figure 2.4; data culled from scores of Analyksigable 2.4) In other words, although the
slopes of allometric trends in these three taxa are similar, comparably sized dactyls of
Dyspanopeubave, nonetheless, shapes that are significantly differentReorapeugp <
0.0001) andeurypanopeusgp < 0.0001).

The allometric, phylogenetic, and inferred juvenile ecologic associations among
PanopeusEurypanopeusDyspanopeugthe congruent alloetry, distant phylogeny, similar
ecology ofPanopeusandEurypanopeuss. the incongruent allometry, close phylogeny, and
distant ecology oEruypanopeusndDyspanopeusindicate that current selective pressures
control their dactyl allometries. Of thavenile 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. JuvenilesEdirypanopeusndPanopeusvere predicted to be the
most eologically similar pair based on their shared habitat, whereas as Bdaffsanopeusnd
Dyspanopeusvere considered to be the most ecologically similar pair based on their similar
adult sizes. When comparing the ecologies of adult crab taxa, adudheizid be considered
because diet breath generally increases with size (Petchey et al., 2008). However, the allometric
trajectories oPanopeusEurypanopeusandDyspanopeuare based on dactyls with equivalent
size ranges. Because similarly sized cidizsuld have broadly similar ecologies, any
differences in the ecology of similarly sizBdrypanopeusDyspanopeusandPanopeushould

be caused by differences among their habitats (the basis for juvenile ecological differences
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Table 2.4. Summary of PCénalyses 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 % -2SD Mean +2SD

(1) Major and

minor dactyls of all g37 pcy1 62 Q Q Q
taxa

(2) Major dactyls

of Eurypanopeus  >3g pc1 42 Q Q Q
Dyspanopeusand

Cataleptodius

(3) Major dactyls

of .Panopeuand 316 PC1 54
Eriphia

(4) P. herbstii

majors and minors 283 PCl 81 Q Q @
(5) Menippe
majors and minors 150 PC1 63 @

inferred here).EurypanopeusndPanopeushare similar ecological niches when their sizes

overlap on oyster reefs in the western AtlantiicDonald 1977, 1982), whered3yspanopeuss
restricted to subtidal seagrass beds. Therefore, the allometdmpamong 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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+ Panopeus major
+ Eurypanopeus major
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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 oRlgnopeusEurypanopeusandDyspanopeus
Logarithmically fitted curves shown for major dactylsRanopeugblue) Eurypanopeusred),
andDyspanopeugyellow). Reconstructed outlines represe@tSD and + 2 SD from the mean
shape for PC1.

Aspects of shape among the dactyl&ofypanopeusDyspanopeusandCataleptodius
(Example 2) also are congruent among distantly related taxawitlar ecologies and thus were
likely shaped by recent selectioBurypanopeusandDyspanopeuare more closely related to
one another than either is@ataleptodiuswhereas adults &urypanopeusndCataleptodius
were predicted to be the most ecabtadjy 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 oCathikptodius

andEurypanopeusre not significantly differenfp(= 0.8763), whereas the dactyls of adult

EurypanopeusndDyspanopeusare < 0.0001). The congruent dactyl shapes between
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similarly sized major dactyls &urypanopeuandCataleptodiusnay, therefore, be related to

diet as botleurypanopeusndCataleptodiugeed on algae and both have spabtaped tips, as

do other decapod crustaceans that feed on algae and detritus, including fiddler crabs (Williams,
1984). The relatively straight amloin dactyls ofDyspanopeusay be adapted for catching fast
moving softbodied prey common to their seagrass habitats, but studies of Digtpanopeus

are needed to test this interpretation.

0.15 1

+ Eurypanopeus depressus
0.10 - Dyspanopeus texanus
+ Cataleptodius floridanus

0.05

PCl1

0.00 A

, -0.05

-0.10 A

'0. 15 T T T T T
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40

Dactyl length (cm)
Figure 2.5.Dactyl length (cm) vs. PC1 for major dalstfrom Eurypanopeusred),
Dyspanopeusgyellow), andCataleptodiugblack) with logarithmically fitted curves.
Reconstructed outlines represeérit SD and + 2 SD from the mean shape for PC1.
Variation in the position and orientation of the molar teétRhanopeus herbstiP.
lacustris andP. obesusandEriphia gonagra(Example 3) are congruent between distantly

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

The three species &fanopeudorm a subcladeiith P. herbstiiandP. obesudeing more closely
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related to each other than either i$tdacustris wherea€. gonagrais the most distantly
related. However, adulP. lacustrisandE. gonagrawere predicted to be the most ecologically
similar pair due to their shared habitaBanopeus lacustrj€. gonagra andP. obesuslso

were grouped together ecologically because they prey on gastropods, Whéeredsstiidoes

not. In the analysis (Aalysis 3, Table 2.4) &?. herbstii,P. obesus, P. lacustriandE.
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 molarteethberbsidact yl s O 8.5 mm di
significantly in position and orientation from similarly sized dactyl® obbesusP. lacustris

andE. gonagra(p < 0.0001), and the molar teethfobesusindP. lacustrisd act yl s O 8. 5
are not significantly differentp(= 0.3505). The ontogenetic slopedPofobesuaindP. lacustris

also are not significantly differempé 0. 0472, U = 0.008), bpt Dboth

< 0.0001) fronP. herbstii(Figure 2.6).

The position and orientation of molar teetiPoferbstij P. obesusP. lacustris andE.
gonagraare likely influenced by the types of prey available to them in their respective
environments. In many brachyuran crabs, incluttagopeusndEriphia, the molar tooth is
used primarily for crushing sfis. Becaus®. herbstiilive exclusively on oyster reefs, most of
their hardshelled 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 frgenathe ed
larger shells. AlthougR. obesusindP. lacustrisoccasionally 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.PCL1 vs. PC3 of major dactyls frdfanopeus herbst{blue),P. obesuggreen),P.
lacustris(red), ancEriphia gonagra(purple). Linear regression lines are shownHoherbstij

P. obesusandP. lacustris Reconstructed outlines represeér 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. kegttials ofP. obesuandP.
simpsonisupport this interpretation (Reames and Williams, 1983nopeus obeswgas

observed feeding on the marsh periwinklgorina irrorata, wherea$?. simpsoniwhich occurs
exclusively in oyster reefs and has a &nhy positioned and orientated molar toothPaserbstii

(personal obs.), was wunable to chip the periw
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2.3.2 Congruent $apesamong Closely Related Species with Similardologies

Shapes that are congraemong 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 costraints 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 ambng close
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 jugalepeus herbstiP.
lacustris,andP. obesugAnalysis 3, Table 2.4). In the compansof all taxaPanopeus
EurypanopeusandDyspanopeusare more closely related (i.e., part of the panopeid clade) and
more ecologically similar to one another than any one of these taxienippe The
ontogenetic slopes of major dactyls of the pamdg as captured on PC1, are not significantly
different from one anothep® 0. 30), but all p< e0.sd@nl.,fildamntd.
from the slope oMenippedactyls (Figure 2.7). As size increases (and PC1 decreases) in
PanopeusEurypan@eus andDyspanopeugheir major dactyls exponentially curve and
become higher dorsoventrally (Figure 2.7), while their minor dactyls grow isometrically. In
contrast to the panopeids, as size increaskemppe their major and minor dactyls show
linear declines in heigheandminor 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 softbodied to hareshelled prey. Major dactyls from juvenile paedds 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.aAesult, 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 herlts does increase the proportion of hateelled prey in its diet as it grows

(e.g., McDonald, 1982), and although the diets of juvddylepanopeusEurypanopeusP.

lacustris andP. obesusre unknown, similar ontogenetic changes in diet also are conmmon
lobsters (e.g., Saifglarie 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 cothenon ancestor of the
panopeids, but generative constraints may have preserved this allometry in modern panopeids.
Also, smallMenippeco-occurwith panopeids and could be affected by the same selective
pressures, yet the dactyl morphologies of similaitgdMenippeand panopeid crabs are
different (Figure 2.7). Therefore, the juvenile ecologies of all these taxa should be investigated.
If juveniles ofMenippeand panopeids are ecologically similar, then a generative constraint could
be inferred, whe&s 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 dactylsRxfherbstii, P. lacustrisandP. obesuslin these
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Figure 2.7. Dactyl length (cm) vs. PC1 for major and minor dactyls with normal claw
asymmetries fronPanopeugblue), Eurypanopeusgred), Menippe(green),Dyspanopeus

(yellow), Eriphia (purple), andCataleptodiugblack). Logarithmically fitted curvesiewn for
major and minor dactyls ¢fanopeugblue)andMenippe(green). Reconstructed outlines

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

species, overlapping molar tooth positions and orientations of &l mm)dactyls of

PanopeuserbstiiandP. obesugould 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 simpéer The position and

orientation of molar teeth in sm&ll herbstiiandP. obesuslactyls are not significantly different
(p=0.7452), whereas small dactylsRxflacustrisare significantly differentg< 0.0001) from

bothP. herbstiiandP. obesus.
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2.3.3 Congruent Reversal Patterns among Decapod Taxa with DifferentBlogies

Allometric patterns of handedness reversals in decapod crustaceans, whereby a minor
claw gradually transforms into a major claw over several successive molts, are mpst likel
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 additiopyévailing 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).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
achiee 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 mdmws (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 allonetry 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 degievefopmental
flexibility not predicted by generative constraints.

Patterns of handedness reversaBanopeus herbstdactyls 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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Menippebelow for the preferred interpretation of these patterns). Small (< 0.25 cm) right major
and left minor dactyls dPanopeusre morphologically similar, but as dactyl size increases the
right major dactyl becomes higher and more strongly curved 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 moltghereas 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.
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Figure 2.8. Dactyl length (cm) vs. PC1 for major and minor dactylPahopeus herbstwith

normal and reversed handedness. Right major (blue) and left minor (red) dactyls have normal
asymmetries, whereas left major (green) and right minor (yellow) dast/keversed. 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 adar regression of left minor PC1 scores. The blue line is a
logarithmically fitted regression of right major PC1 scores. Reconstructed outlines repr@sent
SD and + 2 SD from the mean shape for PCL1.
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Allometric pattern®f handedness reversalMenippeindicate that physical properties of
the exoskeleton (i.e., selective constraints) constrain dactyl development. In contrast to
Panopeusright major (normal) dactyls dflenippedisplay isometry or weak allometry along
PC1, whereas left minor dactylsglay allometry (Analysis 5, Table 2.4; Figure 2.9). Because
the major and minor dactyls dMenippefollow separate ontogenetic trajectories, the reversed
majors ofMenippedo not fall on the same allometric trajectory of either the major or minor
dactyls. However, as iRanopeuslactyls, the reversed dactyls (left majorsM&Ehippehave
morphologies intermediate between normal major and minor dactyls (Figure 2.9)ughtine

analyzed dactyls dflenippec ame fr om i sol ated cl aws so that
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Figure 2.9. Dactyl length (cm) vs. PC1 for major and minor dactyeofippewith normal and
reversed claw asymmetries. Left major (green) reptesatected 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 2 SD andt+ 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 revédsafersenaria

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

1981), but all juvenildenippealso are initially righthanded (Simonson, 1985). The presence

of left major dactyls with morphologies intermediate between right major and left minor dactyls
indicaes 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 majmia@isdeveals

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 teedective 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 inferrectelogical similarities. The influence of current selective pressures
was revealed in three caselsere dactyl shapes and/or allometries were congruent among
xanthoids with distant phylogenies and similar ecolodiBsthe allometries dEurypanopeus
DyspanopeusandPanopeus(2) the overall dactyl shapesBiirypanopeusDyspanopeusand
Cataleptodiusand (3) the molar teeth of dactylsRdnopeus herbstiP. lacustris P. obesus
andEriphia gonagra Patterns of dactyl shape and/or allometrieevieund to be under the
control of either selection or generative constraint in two instances. No definitive cases of
generative constraint were discover&ecause selection freely controls dactyl morphology and

allometry, their shapes should providees about the primary selective pressures acting upon

48



them. Dactyls may, therefore, be used to decipher the relative roles of different evolutionary
forces.

The ubiquityof 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 reversiMgnippedactyls do not follow the same allometric trajectories a
either major or minor dactyls, generative constraints are unlikely. Therefore, the physical
properties of the exoskeleton may constrain dactyl developrsemh selective constraints
would affect all dactyl allometries by limiting the degree of chahgecan 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

3.1lIntroduction

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@atan (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, fastnoving prey lave 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
modernand 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 (Doaoghue
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 digtsese 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 differentiatbetween 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 clawstargeddor mastication, wear
patterns will not reflect claw occlusion.

This paper uses scanning electron microscopy coupled with eb#sed morphometric
techniques to describe the patterns of wear along the occlusal margin of dactyls from the mud
crals Panopeus herbstii, P. obesas\dP. lacustris. AlthoughPanopeuss apparently a
polyphyletic genus, these three species are members of a monophyletic subclade of panopeids
(Schubart et al., 2000). | test the hypothesis that multivariate analydkgstiabé Fourier
descriptors of dactyl outlines can accurately capture and quantipdiseed wear from both
life and subfossiPanopeusssemblages. | also formulate testable hypotheses concerning the
causes of the observed wear patterns.

3.1.1 StudyAnimals

The genu$anopeuss 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 speciepais
usd in this study conform to this pattern, having overlapping but distinct geographic ranges and
habitat preferences, and dactyls that differ in sh&pgure 3.1 shows the geographic ranges for
P. herbstij P. lacustris andP. obesus Panopeus herbstis an inhabitant of intertidal and
shallow subtidal oyster reefs from Boston Harbor, Massachusetts, to Indian River County,

southeastern FloridaPanopeus obesus common in intertidal marsh habitats from Beaufort,
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North Carolina to Georgia, but occurshoth intertidal marsh and oyster reefs from Sarasota
County, Florida to Louisiana (Williams, 1983; Menendez, 19®gnopeus lacustris

associated with mangroves and coarse substrates from extreme southern Florida and throughout
the Caribbean to Calfrio, Brazil (Williams, 1983).
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Figure 3.1. Geographic rangeshofobesugyellow) and P. herbsti{red), and northern portion
of geographic range &f. lacustris(orange).

Panopeid crabs are omnivores, although they are particularly voracious medator
mollusks and barnacles (McDermott, 196Banopeusfor example, has been observed breaking
the shells of the musseBeukensia demissandBrachidontesexustugSeed, 1980; Lin, 1990),

the hard clanMercenaria mercenarigWWhetstone and Eversole, 1981), the oySiassostrea
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virginica (McDermott, 1960; Bisker and Castagna, 1987), the periwinkigraria irrorata
(Reames and Williams, 1983; Silliman et al., 2004), and the barBaldaussp. (McDermott,
1960). Other kawn prey ofPanopeusnclude fish, crustaceans, polychaetes, sponges, and
bryozoans (Reames and Williams, 1983).

As in other durophagous crabs, the clawBahopeusre 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 capturerfasting prey. The major claw has a stronger biting
force than the minor clawecause 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
majorclaw 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 Panopeusas well as associated sediment dasypvere 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 herbstwas sampled from intertidal oyster reefs at 12
localities along the southeastédrS. Atlantic coast from North Carolina to Florida, in July 2005.
Panopeus lacustrigas collected in August 2006, from the rocky intertidal and shallow subtidal
coast of Ohio Key, Florida, arfel obesusvas 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 cealefered to herein as life

assemblage crabs.
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Figure 3.2. Collecting localities f&. obesugyellow), P. herbstii(red) andP. lacustris
(orange).

Live Panopeus herbstandP. obesusvere 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 da&gisopeus herbstivere collected
from Beaufot, North Carolina and Beaufort, South Carolina, wheReasbesusvere collected

from Englewood, Florida. Crabs were separated in labeled glass jars to keep track of individuals
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and prevent cannibalism, fed a soft diet of commercial crab food, and clazskefdr 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 asrktboy dactyls.

Table 3.1. Coordinates of collecting localities showing the number of life, subfossil, and
laboratory assemblage dactyls of Benopeuspecies analyzed in this chapter. Square symbols
represenPanopeus herbstiroundP. lacustris andtriangularP. obesusFilled black symbols

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

North South Florida Florida Florida Gulf

Carolina Carolina Atlantic Atlantic

Beaufort N. Myrtle Bch. Big Talbot New Smyrna  Panacea

N34 41.585 N3351. 169 Island Bch. N3001.624

WOQ07705. 72 WO07835. 62 N3030. 834N2855. 863 W08421.69

nA)=5 n(A)=11 W08 27.65 W08049. 86 n(p)=10

nA)=7 n@)=7 n@A)=6 n(A) =19 nr)=4

nA)=4

Topsail Island Georgetown St. Augustine  Florida Keys  Cedar Key

N3430. 328 N3319.584N2953. 086 OhioKey N2908. 135

WO07725. 04 WO07910. 57 WO081'17. 19 N2440. 1906 W08302. 73

n@A)=6 n(A)=9 n@)=21 wslr14.35¢nh(P)=8
n()=19 n()=33

ne)=53

Wrightsville Charleston Marineland Saint

N3413.267N3239.843N2940.209 Petersburg

WO07748. 44 WO07955. 97 W08I'12. 94 N2739. 288

nA)=4 nA)=4 n(A)=8 W82 43.03:

n@A)=11 n@E)=12 n@A)=24 nr)=11
Beaufort Flagler Beach Englewood
N3222.192N2926. 130 N2655. 755
W08050. 04 WO0BT06. 77 Wo08221. 06
nA)=3 n @A) =32 np)=36
n(A)=5 n@A)=1 nr )=35
n(A)=12 np)=11

Surface and near surface sediment2§@m 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 dactyR. ddicustrisalong the coast of Ohio Key
occur within the sediment at lower concentrations thanopeuslactyls from siliciclastic
sampling localities, subfossil dactyls of this species were collected by hand from the surface of
intertidal and shallow subtidal sedints.

3.2.2 SEM Analysis

To observe patterns of microscopic wear, major dactyPaabpeuswhich are involved
in shell crushing, were examined under magnification using a JEOL 840A scanning electron
microscope (SEM). In total, 41 major life and subfoasgdemblage dactyls were selected from
dactyls previously photographed with a binocular microscope and included in the-bageck
shape analysis (see 3.2.4). Five life assemblage and five subfossil assemblage dactyls were
randomly selected from eachesjes for SEM shape analysis. In addition, to characterize end
members of dactyl wear, three unworn laboratory dacty®s berbstiiand three unworn
laboratory dactyl®. obesusvere imaged. FdP. lacustris which were not kept in aquaria, two
dactys 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, shehavéar patterns could
be compared directly with the results from the outliased shape analyses.

3.2.3 Optical Microscopy Aalysis

Dactyls selected for analysis from life and subfossil assemblages were complete and
taphonomically unaltered (i.e., dgls 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 thetiips or molar teeth at 120x. Because skalpering 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 suspectbd that t
shape of the occlusal margin was unaltered.

3.2.4 Shape Aalysis

To determine whether wear patterns on dactyls could be quantitatively described by the
shapes of their occlusal margins, dactyl outlines of life, subfossil, and laberaieyg crabs
were analyzed using the software package SHAPE (lwata and Ukai, 2002), which performs a
principal components analysis @lfiptic Fourierdescriptor coefficients (EFPCA). Major
dactyls of life and subfosslssemblages &f. herbstij P. obesusandP. lacustris(Table 3.1,

3.2) and laboratorf. herbstii(n=19) andP. obesugn=11) (Table 3.1) were selected for shape
analysis. The mworn dactyls were included in the EFFECAS to help determine whether a
particular principal component captures wemluceal 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 occlual 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&eChapter 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 alorejp@@iltest 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 variable3 akely adjusted walues 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,-if&semblage, and subfossdsemblage crabs Bf
herbstii P. obesusandP. lacustris(Figure 3.3). Teeth along the ogsal 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 oleseonly along the occlusal margin and appeared as small
fractures between 10 and 50t (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 bunt tips (Figure 3.3).

The life assemblage dactyls are generally less abraded than the dactyls from the subfossil
assemblages. This is especially tru® oherbstiiwhere the dactyls of the life assemblage have
relatively unaltered teeth with the exdeptof minor nicks, and the dactyls of the subfossil
assemblage are abraded to the extent that teeth are missing or have altered shapes. Ractyls of
obesusandP. lacustrisfrom life assemblages also are less abraded than dactyls from subfossil
assemblges, but the differences between life and subfossil assemblages are not as great as they

are withP. 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 (@yld@f Panopeus
herbstii(1, 2),P. obesug3, 4), andP. lacustris(5, 6). Al, A2.P. herbstiidactyl from South
Carolina life assemblage. A3, A4. Dactyl from molt of laborataigedP. obesus A5, A6. P.
lacustrisdactyl from Ohio Key life assemblage. B1, B2.herbstiidactyl from South Carolina
subfossil assemblage. B3, BR. obesuslactyl from west Florida subfossil assemblage. B5, B6.
P. lacustrisdactyl from Ohio Key subfossil assemblage.
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Patterns of abramn for each taxon are uniqguanopeus herbstdactyls are abraded on
both their tips and molar teeth. The dactyl®obbesusave abraded tips, but their molar teeth
are usually unabraded. In contrast, the molar teefh laicustrisdactyls are dén extensively
abraded, whereas their tips are relatively unabraded.

3.3.20ptical Microscope Analysis

Approximately 75% of the dactyls examined with a binocular compound microscope
exhibit some degree of wear in the form of visible chips aratdwes 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 assemblag@anopeus herbstdactyls show the largest
discrepancy between life and subfossil addage wear. FdP. 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 dactyl® obbesus The percentages of worn life and
worn subfossitlactyls ofP. lacustrisare 76% and 75%, respectively.

Table 3.2. Numbers of dactyls with and without wear from life and subfossil assemblages of
Panopeus herbstiP. obesusandP. lacustris

Assemblage Panopeus herbstii  Panopeus obesus Panopeudacustris
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 Aalysis
The results of the combined ERBCA of all three species &fanopeusre similar to the
speciesspecific EFDPCAs (Table 3.3). The first four principal components of all EHRIASs

explain 8586% of the total variation in dactyl shape. The types of vanatescribed by the
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Table 3.3. Summary of four separate EFDA analyses showing the percent of variation within
overlapping reconstructed contours of the first four principal components (Axis). The range of
variation along each EFPCA axis is illustragd by overlapping reconstructions of contours of
the mean shape and the shapéstaio standard deviations.

Axis All species P. herbstii P. obesus P. lacustris

BC1

o ey
. 2 )
) &)

PC4

first four principal components of each EfHTA also are alike. The first principal component
of each EFBPCA explains between 48 and 51%twt 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 hetgind 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 diffepen0(5865).

The varation described by PC2 also is similar among the four-BEAs. 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 P&2 scor
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



lowest PC2 scores in all four EHBCAs. Comparisons of SEM imegjof individual dactyls
with their corresponding PC2 scores confirm that PC2 accurately separates ddetylsmdus

according to their degree of wear.
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Figure 3.4. Dactyl length vs. PC1 for lab, worn and unworn life, and worn and unworn subfossil
aser_nblage 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 diffenesdictyls > 8 mm in length.
Mean PC2 values between unworn and worn life assemblage dactyls of all sizes are not
significantly different forP. herbstii(p = 0.2337),P. lacustris(p = 0.4878), oP. obesugp =
1.000), whereas these assemblages andfisantly different forP. herbstii(p < 0.0001) andP.
obesugp = 0.0028) dactyls > 8 mm in length. Differences between unworn life and worn

subfossil assemblage dactyls of all sizes are significai.foerbstii(p < 0.0001) andP. obesus

(p<0.00Q), but are not significant fa?. lacustris(p = 0.4878). For dactyls > 8 mm long, PC2
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Figure 3.5. PC1 vs. PC2 for combined EPDA of all taxa, but showing values for only
Panopeus herbst{ip), P. herbstitonly EFD-PCA (B), combined EFEPCA, but slbwing values
for only P. obesugC), P. obesusonly EFD-PCA (D), combined EFEPCA, but showing values
for only P. lacustris(E), andP. lacustrisonly EFD-PCA (F). Polynomial regression lines are
fitted for worn life (blue), unworn life (red), and subfibskctyls (green). The red polynomial
regression foP. lacustris(E, F) fits both unworn life and unworn subfossil dactyls.
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