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ABSTRACT 

PREDATORY CAPACITY OF KING CRABS IN ANTARCTICA 

 
by Brittan V. Steffel, 

B.S. Florida Institute of Technology 

 
Chairperson of Advisory Committee: Richard Aronson, Ph.D. 

 

For millions of years, cold water temperatures have excluded shell-crushing 

(durophagous) predators from continental-shelf environments off the western 

Antarctic Peninsula. Recently, however, king crabs, Paralomis birsteini, have been 

found in dense, reproductively viable populations on the upper continental slope, 

and rapid warming might enable them to expand to the shelf. King crabs are 

crushing shelled invertebrates on the slope, but calcification of sturdy, shell-

crushing chelae is likely inhibited by the low saturation state of high-Mg calcite in 

the deep Southern Ocean.  

The objectives of this study were to better understand the predatory capacity 

of P. birsteini by estimating the potential force generation of their chelae and the 

allocation of calcium carbonate in their exoskeletons. The potential force 

generation of the crab chelae was compared with the force required to crush their 

prey. The allocation of calcium-carbonate was compared with temperate, shallow-

water species of brachyuran crab to infer the selection pressures on polar, deep-sea 

crabs. P. birsteini can generate about eight times more force than what is required 

to crush their shelled, invertebrate prey. They allocate more calcium-carbonate 
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resources to their chelae than to their carapaces, in contrast to brachyurans living in 

temperate, shallow-water environments. This difference in resource allocation is 

likely a consequence of the limited predation pressure on the king crabs and the 

energetic cost of calcification in cold water.  
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INTRODUCTION 

RATIONALE  

Durophagous (shell-crushing) predators have not been ecologically 

significant in the shallow waters off the western Antarctic Peninsula for millions to 

tens of millions of years because of their inability to survive cold temperatures 

(Thatje and Arntz 2004; Aronson et al. 2007; Whittle et al. 2014). In recent 

decades, waters off the western peninsula have warmed (Schmidtko et al. 2014), 

and king crabs, Paralomis birsteini, have been reported (Arana and Retamel 1999; 

Smith et al. 2011; Aronson et al. 2015). These crabs are presumably consuming a 

variety of invertebrates on the continental slope (Falk-Peterson et al. 2011) 

including ophiuroids, echinoids, and gastropods (Aronson et al. 2015). However, 

laying down the calcium carbonate required to build shell-crushing chelae may be 

challenging in cold temperatures, where metabolic energy is reduced and saturation 

states of high-Mg calcite are low (Frederich et al. 2000; Walther et al. 2011; 

Lebrato et al. 2016). Calculating the force-generation estimates of P. birsteini 

chelae and the allocation of calcium-carbonate resources in their exoskeletons will 

allow us to better understand the predatory capacity of these crabs on the 

continental slope, and the potential impacts they may have on the continental shelf. 

Comparing these results with brachyurans living in temperate, shallow-water 

environments will highlight the selection pressures on polar, deep-sea lithodids. 
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KING CRABS AND THE ANTARCTIC BENTHOS 

Predation pressure structures benthic-marine communities worldwide, and 

generally decreases with increasing depth and latitude (Vermeij 1978; Harper and 

Peck 2016). On the continental shelf off Antarctica, predation pressure is 

particularly low. In the absence of durophagous predators, the benthic community 

is functionally similar to that of Paleozoic seas, in which the top predators were 

slow-moving invertebrates (Aronson and Blake 2001). Durophagous animals such 

as decapod crustaceans, teleostean fishes, and neoselachian sharks and rays have 

not been significant predators in this area for millions of years because of the cold 

temperatures, in which they cannot physiologically survive (Thatje and Arntz 2004; 

Aronson et al. 2007; Whittle et al. 2014). Reptant decapod crustaceans naturally 

have high levels of magnesium in their haemolymph, which slows down their 

physiological functions, at cold temperatures, acting as a narcotic (Frederich et al. 

2000). The low temperatures experienced in Antarctica limit metabolic energy in 

ectotherms and the ability to regulate those magnesium ions, which build up and 

turn fatal between 0.4 –1°C (Frederich et al. 2001; Hall and Thatje 2011). Waters 

around Antarctica are, however, warming faster than most other places on earth. 

Surface and shelf bottom water temperatures off the western Antarctic Peninsula 

have increased by nearly 1.5 °C since 1950 (Schmidtko et al. 2014). Recent 

changes in the global climate may be lifting the temperature barrier around 
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Antarctica and allowing durophagous predators to return, with lithodid crabs likely 

reaching the continental shelf first (Aronson et al. 2015).  

King crabs were first reported on the continental slope off the western 

Antarctic Peninsula in 1998 (Arana and Retamel 1999) and appear to be expanding 

their range toward the continental shelf (Aronson et al. 2015). Their emergence on 

the continental shelf could impact the endemic communities of invertebrates that 

are not well-adapted to durophagous predation pressure (Boudreau and Worm 

2012; Aronson et al. 2015). Gut-content analyses indicate P. birsteini on the 

continental slope are feeding on a variety of invertebrate prey, some that require 

crushing forces to consume (Smith et al. unpublished data). Paralomis may already 

be impacting these benthic communities. There is a complementary distribution of 

P. birsteini and their prey species at locations on the continental slope with a high 

density of crabs (Smith et al. unpublished data). Some of those prey species also 

appear to exhibit behavioral changes in response to the elevated predation pressure 

by the crabs (Brothers et al. 2016).  

We can imagine a similar fate for the endemic prey species in shallow, 

Antarctic systems as has already been observed in Arctic ecosystems. After the 

introduction of the red king crab, Paralithodes camtschaticus, to the Barents Sea, 

there was a significant decrease in the number of prey species, the abundance of 

each prey species, and the number of functional groups, homogenizing the benthic 

community structure in the Barents Sea (Falk-Petersen et al. 2011). These areas 
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have also seen a reduction in suspension-feeders and surface deposit-feeders, while 

errant forms and predatory feeders have increased (Oug et al. 2017). An invasion of 

king crabs on the Antarctic shelf would also presumably impact the unique trophic 

structure currently realized in the benthic fauna there. Some indicators of the extent 

to which P. birsteini could impact these communities reside in the structural and 

functional properties of their chelae. 

 

FORCE PRODUCTION OF THE CHELAE 

Feeding structures determine a predator’s success and can impact the 

populations and characteristics of their prey. Lithodids in Antarctica have 

dimorphic chelae consisting of a ‘major’ chela with thick, blunt molars used for 

breaking hard-shelled prey, and a ‘minor’ chela with thin, sharp teeth used for 

tearing soft prey (Blundon and Kennedy 1982; Smith et al. 2017). Decapod species 

that display both morphologies are likely to cause greater impacts on their prey 

populations than crabs that only display one morphology, as they can utilize 

tradeoffs between both strength and speed in their predatory activities (Yamada and 

Boulding 1998). Internal and external structures of the chelae can be used to 

estimate the force that they can generate. Force production has been found to 

correlate with mechanical advantage (Elner and Campbell 1981), closer-muscle 

cross-sectional area (Schenk and Wainwright 2001), chela thickness (Block and 

Rebach 1998), apodeme area (Claxton et al. 1994), and muscle stress and length of 
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sarcomeres (Taylor 2000). The estimated force generation and predatory capacity 

of P. birsteini from the continental slope off the western Antarctic Peninsula can, 

therefore, be calculated using measurements of all these factors (Schenk and 

Wainwright 2001).  

King crabs are opportunistic feeders that consume sessile or slow-moving 

benthic prey (Falk-Petersen et al. 2011). Calculating the force that P. birsteini can 

potentially generate in their chelae will determine whether they are physiologically 

capable of crushing the shelled invertebrates inhabiting the continental slope off the 

western Antarctic Peninsula, and whether they can generate forces capable of 

crushing prey with potentially different mechanisms of protection on the 

continental shelf. In addition to force production, the mechanical properties of the 

exoskeleton also need to be considered when assessing predatory capacity.   

 

MECHANICAL PROPERTIES OF THE EXOSKELETON 

The mineralized crustacean cuticle serves many purposes including 

resistance to mechanical loads by both predators and prey, protection from the 

environment, and structural support of the body for mobility. The exoskeleton was 

used for this analysis because the selection pressures acting on polar, deep-sea 

predators may therefore be realized in these important structures. Changes in the 

mechanical properties of the exoskeleton of P. birsteini may reflect differential 

resource allocation and selection pressures on deep-sea predators. Vickers hardness 
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is a measure of compressive strength, or the resistance to mechanical deformation. 

The harder a material is, the more resistant it is to mechanical failure, and the more 

likely it is to crush something when a given force is applied. The hardness of the 

exoskeleton in crustaceans results from the physical structure of the material or 

from the amount of mineralization (Coffey et al. 2017). Hardness values can vary 

by species and by body region within the same species. In the Dungeness crab, 

Cancer magister, the exoskeleton of the chelae is significantly harder than the 

exoskeleton of the carapace, despite the carapace having a larger calcium content 

than the claw. This difference is attributed to the chitin fibers being more densely 

packed in the chelae, demonstrating that mineralization is not the only determinant 

of cuticle hardness (Lian and Wang 2014).  Altered physical structure is also seen 

at different locations in the chelae of the stone crab, Menippe mercenaria. The 

hardness of the distal portion of the chela, which is darker in color, is much greater 

than the proximal portion, which is lighter in color. The darker portion of the 

chelae has increased tanning of the chitin-protein bundles, which decreases the 

porosity and thus yields a harder material (Melnick et al. 1996).  

Hardness values can also be altered by environmental constraints on 

mineralization. Juvenile blue and red king crabs, Paralithodes platypus and 

Paralithodes camtschaticus, that were exposed to a seawater pH of 7.5 had a lower 

hardness in their chelae that those at a pH of 8.1. If substantial ocean acidification 

is realized, the reduction in hardness will likely impair their ability to feed and 
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defend themselves (Coffey et al. 2017). To better understand the factors controlling 

the mechanical properties of P. birsteini exoskeletons and their allocation of 

resources, we focus on mineralization of the exoskeleton and the chemical 

environment of the Southern Ocean.  

 

CALCIFICATION AND THE ENVIRONMENT 

Crustacean calcification varies among species and among body regions 

within species. Chelae are often more mineralized than carapaces because of the 

nature of their functions: crushing versus protection. Differences among species 

can be attributed to their ecologies and behaviors. Crustaceans that cling to the 

ground or hide in the sand when attacked require more mineralized shells than 

those than can swim away or hide in rocks (Boblemann et al. 2007). Mineralization 

occurs in crustaceans when high Mg-calcite is incorporated into their chitin-protein 

exoskeletons.  High Mg-calcite is one of the most soluble forms of calcium 

carbonate, as the addition of magnesium decreases the mineral stability (Kleypas et 

al. 1999; Ries et al. 2009). During the calcification process, calcium and carbonate 

ions are taken up from ambient seawater through the gills (Cameron and Wood 

1985). The uptake of these ions is especially important in marine crustacean 

species, as they can lose up to 95% percent of their calcium carbonate deposits 

during ecdysis (Greenaway 1985). However, calcification in marine decapods is 

influenced by the temperature-dependent saturation state of high Mg-calcite (ΩHMC) 
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in the ambient water, and calcified structures dissolve when directly exposed to sea 

water with ΩHMC < 1 (Feely et al. 2009). Cold, deep waters naturally have a lower 

saturation state of calcium carbonate than shallower, more temperate waters, and 

the deep waters off Antarctica are already undersaturated with respect to high-Mg 

calcite (Fabry et al. 2009; Lebrato et al. 2016; Jones et al. 2016).  

Near Marguerite Bay off the western Antarctic Peninsula the saturation 

horizon for aragonite, which has comparable solubility properties to high-Mg 

calcite, is at about 100 m, much shallower than the depth at which the lithodids are 

currently found (Jones et al. 2016; Aronson et al. 2015).  The near-freezing 

temperatures in this area are also likely to limit the metabolic energy and oxygen 

consumption in crustacean ectotherms, which further inhibits calcification in these 

crabs compared with temperate, shallow water species (Peck 2002; Walther et al. 

2011; Watson et al. 2017). The chemical environment of the Southern Ocean, 

therefore, does not favor the calcification of robust, crushing chelae (Orr et al. 

2005; Ries et al. 2009). The limited availability of calcium-carbonate resources and 

the cold seawater temperatures are likely to limit the crabs’ predation potential 

because their chelae may be weakly constructed compared with temperate and 

tropical crustaceans. Predation pressures on king crabs in the Antarctic are very 

low, and consequently they may be able to allocate their limited resources to their 

chelae over their carapace. Understanding how king crabs in Antarctica allocate 
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those resources to build shell-crushing chelae will provide insight into the selection 

pressures on polar, deep-sea predators. 

 

RESEARCH QUESTIONS AND HYPOTHESES 

To better understand the predatory capacity of king crabs in Antarctica, I 

compared the force-potential estimates of P. birsteini with the compressive force of 

their shelled prey. I also compared the resource allocation of calcium carbonate by 

measuring the microhardness, the amount of calcium, the ratio of magnesium to 

calcium, and the thickness of the exoskeleton in P. birsteini. I inferred selection 

pressures of polar, deep-sea predators by comparing those measurements with the 

blue crab, Callinectes sapidus, the Jonah crab, Cancer borealis, and the Tanner 

crab, Chionoecetes bairdi, from shallower waters in temperate latitudes. I 

addressed the following research questions: 

1. Are P. birsteini in Antarctica able to generate enough mechanical force 

to crush their potential shelled prey?  

2. Are P. birsteini in Antarctica preferentially allocating calcium 

carbonate resources to their chelae than to their carapaces, compared 

with shallow-water, temperate crabs? 

I aimed to determine the following: (1) whether P. birsteini can physically 

crush the endemic, Antarctic invertebrates living in slope and shelf environments; 

and (2) whether P. birsteini allocate resources differently than crabs living in 
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calcium carbonate-saturated environments that have evolved in the presence of 

durophagous predation. Based on the physiological potential of P. birsteini as 

predators, and the chemical and physical properties of the Southern Ocean, I posed 

the following hypotheses: 

Hypothesis 1: P. birsteini can generate enough force to crush 

skeletonized invertebrate prey in Antarctica. 

Hypothesis 2: P. birsteini are allocating calcium carbonate resources to 

their chelae rather than to their carapaces, compared with shallow, 

temperate brachyuran species. 

 

OBJECTIVES 

The objective of this study was to determine if P. birsteini have the 

predatory capacity to reorganize benthic communities in Antarctica, despite the 

environment being undersaturated in high Mg-calcite. To answer my research 

questions, I completed the following five objectives for P. birsteini specimens. For 

comparisons with shallow-water temperate species, I completed the third, fourth, 

and fifth objectives for the three additional crab species.  

Objective 1: Calculate the compressive force of the prey species. I 

measured the force required to crush three representative species of P. 

birsteini’s endemic, shelled prey using a tensometer. 
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Objective 2: Calculate the force potential estimate of P. birsteini major and 

minor chelae. I measured the force that the Antarctic lithodids could 

potentially generate in both of their chelae using measurements of the 

surface area of the closer-apodeme, angle of pinnation of closer muscle 

fibers, muscle stress, and mechanical advantage. I compared the potential 

force produced by each type of chela with the compressive force of the king 

crab’s shelled prey. 

Objective 3: Measure the mechanical properties of the exoskeleton in P. 

birsteini and compare them with temperate, shallow brachyuran species. I 

measured the Vickers microhardness of the carapaces, major chelae, and 

minor chelae for three crab species. To analyze resource allocation, I 

compared the Vickers microhardness measurements within each species and 

among species within each body region.  

Objective 4: Measure the elemental composition of the exoskeleton in P. 

birsteini and compare it with temperate, shallow-water brachyuran species. 

I measured the amount of calcium and the ratio of magnesium to calcium in 

the carapaces, major chelae, and minor chelae for four crab species. To 

analyze resource allocation I compared the calcium and Mg/Ca 

measurements within each species and among species within each body 

region.   
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Objective 5: Measure the thickness of the exoskeleton in P. birsteini and 

compare it with temperate, shallow-water brachyuran species. I measured 

the exoskeleton thickness of the carapaces, major chelae, and minor chelae 

for four crab species. To analyze resource allocation I compared the 

difference in thickness between each type of chela and the carapace across 

species. I also compared the thickness measurements within each species 

and within each body region. 
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METHODS 

STUDY ORGANISMS 

Specimens of the king crab P. birsteini were collected from the continental 

slope off Marguerite Bay (MB), Antarctica in 2015 (Figure 1a). One to three strings 

of six semicircular Chilean crab pots, 142 cm in diameter and separated by 40 m of 

line, were deployed in depths averaging ~1300 m. Each pot was baited with pieces 

of sardine (Sardinops sagax). Six deployments were completed, with an average 

soak-time of 32 hours. A Blake trawl was towed once to gather invertebrates from 

~1150 m depth. 

Specimens of the blue crab, Callinectes sapidus, were caught in Melbourne, 

FL, USA and purchased from Direct Seafood Outlet in 2016 (Figure 1d). 

Specimens of the Jonah crab, Cancer borealis, were caught in the Gulf of Maine 

and purchased from D.C. Air and Seafood in Winter Harbor, ME in 2016 (Figure 

1c). Specimens of the Tanner crab, Chionoecetes bairdi, were caught in Chiniak 

Bay, AK and reared at the NOAA facility in Kodiak, AK in ambient seawater 

(Swiney et al. 2016; Figure 1b). All specimens were frozen at -20°C prior to 

analysis. The three brachyuran species were selected for comparison as they are 

morphologically and ecologically similar to king crabs. All species are benthic 

predators that have at least one crusher chela and feed on shelled invertebrates. The 
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brachyuran crabs span a broad latitudinal range, and all comparison species have 

significant predators of their own.  

To avoid ambiguity, all crustaceans will be referred to by their genus name 

throughout the paper. However, the results explain the specific species outlined 

above, not the genera. Ten males of Paralomis, Cancer, and Callinectes were used 

for elemental analysis, and, for Paralomis, to calculate the force potential estimate 

(FPE). Five individuals of Paralomis and Cancer were used for microhardness 

testing. Ten female Chionoecetes were used for microhardness testing and 

elemental analysis.  

All Paralomis specimens were determined to be in the intermolt stage as 

they had dark pink or red exoskeletons and epibionts were common (Smith et al. 

2017). Cancer specimens were also determined to be in the intermolt period 

because the adults molt at most once a year in the boreal winter (Reilly and Saila 

1978), and the specimens were collected in July. Callinectes molt often, with 

maximum calcification of their exoskeleton occurring at three days post-molt 

(Cameron 1989). The specimens used were considered to be in the intermolt period 

as they had hard cuticles. Chionoecetes were determined to be in the intermolt stage 

based on laboratory observations (Swiney et al. 2016).  
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Figure 1.  Four decapod crustacean species used in resource-allocation 
analyses. a) Paralomis birsteini collected from the western Antarctic 
Peninsula. b) Chionoecetes bairdi collected from Chiniak Bay, 

Alaska, USA. c) Cancer borealis collected from the Gulf of Maine, 
USA. d) Callinectes sapidus collected from Melbourne, Florida, 

USA.  
 

FORCE PRODUCTION ESTIMATE 

     MORPHOMETRICS  

Each chela was removed from the organism for dissection at the joint 

between the carpus and the propodus. Morphometric data were collected following 

methods from Mitchell et al. (2003). The measurements taken included carapace 

length, carapace width, chela height and maximum gape-width from the tip of the 
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dactyl to the tip of the pollex. Dactyl length and propodus length were measured 

from each tip to the beginning of the manus ridge. 

     COMPRESSIVE STRENGTH 

The forces required to crush Antarctic invertebrate prey were measured in 

Newtons using a Chantillon DFM-100 digital force gauge. Three of the shelled 

prey species that were most commonly found in the gut contents of Paralomis, 

including the gastropod Harpovoluta sp., the irregular echinoids Abatus sp., and the 

regular echinoid Sterechinus sp., were used. Pressure was applied to the top of 

mollusk shells and on the side of echinoid tests until failure.  

 

Figure 2.  Three shelled prey species of Paralomis. a) Sterechinus sp. b) Abatus 
sp. c) Harpovoluta sp.  

 

     INTERNAL CHELA MEASUREMENTS 

The dorsal exoskeleton of the manus, the chela-opener muscle, and opener 

apodeme of each claw were dissected away to expose the closer apodeme and the 

closer muscle. Photographs were taken of the angle of pinnation of the closer 
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muscle fibers of the open chelae by manually stretching the dactyl to its maximum 

gape (Figure 3a). Average angle of pinnation of the muscle fibers was calculated 

from three measurements using Photoshop CS6. The closer muscle was then 

dissected away and the closer apodeme cut out. The lateral surface of the apodeme 

was photographed and the area was measured using Coral Point Count with Excel 

extensions (Kohler and Gill 2006; Figure 3c). The distances from the pivot of the 

dactyl to the insertion on the closer muscle apodeme (Li) and from the pivot of the 

dactyl to the dactyl tip (Lo) were measured to calculate mechanical advantage 

(MA; Figure 3b). 
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Figure 3.  Morphometric measurements of force potential estimate (FPE). a) 
Angle of pinnation of closer muscle fibers against closer apodeme. 
b). Mechanical advantage is calculated as Li/Lo. c) Surface area of 

the closer apodeme.   
 

     FORCE POTENTIAL ESTIMATE 

The force potential estimate was calculated using an equation from Schenk 

and Wainwright (2001) and Mitchell et al. (2003): 

FPE = (A σ sin 2α) MA   [1] 

where FPE is the potential force the claws can generate, A is the surface area of the 

crab’s apodeme (Figure 3c). The apodeme is the chitinous support-structure inside 

the claw. The muscle fibers attach to this structure and the surface area provides a 
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proxy for muscle cross-sectional area.  σ is a species-specific constant for muscle 

stress, or the force per unit of muscle cross-sectional area. Muscle-stress values 

were taken from the published literature for species that were the closest 

morphologically and ecologically to Paralomis. The muscle-stress value used to 

calculate the force-potential estimate for Paralomis was 55.2 N cm-2 and was 

calculated from Tanner crabs (Chionoecetes bairdi) (Claxton et al. 1993).  This 

value was used because Tanner crabs are morphologically and ecologically the 

closest published values to lithodids. α is the angle of closer-muscle pinnation, or 

the angle at which the muscle fibers attach to the apodeme when the claw is fully 

open (Figure 3a). MA is the mechanical advantage. Mechanical advantage is a 

measure of force amplification, and allows us to measure both potential force 

produced and potential force transmitted to the dactyl tip (Figure 3b). To be 

conservative, all measurements used for analysis were the forces applied at the tip 

of the dactyl.  The compressive force of the prey species was then compared with 

the potential force generation of the chelae. A t-test was run to compare the force 

generation of the major chela with each prey species, yielding three independent 

tests. Then a t-test was run to compare the force generation of the minor chela with 

each prey species, yielding three independent tests. The type I error-rate was 

adjusted to αadj=0.0167 to account for the multiple independent tests within each 

chela type. All statistical analyses were performed using R statistical analysis 

software (R Core Team 2017).  
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MICROMECHANICAL TESTING 

Samples of carapace and chela dactylus were shipped on dry ice to The 

College of New Jersey (Ewing, NJ) for embedding and cuticle-hardness 

assessments. Micromechanical testing was performed by Gary Dickinson and 

Kerstin Baran. To enable embedding, carapace samples were cut into a roughly 1 x 

1 cm square using a diamond jigsaw (C-40, Gryphon). The dactyli of the major 

chelae were cut perpendicular to the long axis, approximately 2-3 cm from the 

distal tip. Visible tissue was removed from all samples using forceps. All samples 

were dried in a lyophilizer (Yamato, DC41-A) for 18 hours and then stored in a 

desiccator until use.  

Embedding and polishing of cuticle samples followed the methods 

described in Coffey et al. (2017). Briefly, samples were placed into 1.25” 

cylindrical mounting cups. The carapace samples were oriented with the anterior 

side facing the bottom of the cup, which produced a cross-section along the 

carapace width-axis after grinding and polishing. Claw samples were oriented with 

their long axis parallel to the bottom of the cup, which produced a cross-section 

through the tip and denticles after grinding and polishing (Figure 4). Mounting cups 

were filled with a two-part epoxy (#145-20000, Allied High Tech Products) and 

allowed to cure for at least 24 hrs.  For claw samples, the lumen of the dactylus was 

filled with epoxy using a micropipette to prevent the formation of air pockets. 

Embedded claw samples were cut to the midline on a low-speed diamond saw 
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(TechCut 4, Allied High Tech Products), and then polished on a manual 

grinding/polishing machine (M-Prep 5, Allied High Tech Products). Embedded 

carapace samples were ground directly on the grinding/polishing machine. Samples 

were passed through a series of silicon-carbide papers (180, 320, 600, and 800 grit) 

and then polished with a 1-μm diamond and a 0.04-μm colloidal-silica suspension. 

Samples were checked for scratches and evenness under a metallurgical microscope 

(MET-233, Jenco) and were repolished if necessary until completely flat and free 

of scratches. The polished samples were stored in a desiccator until testing.  

Vickers microhardness was tested on a microhardness tester (HM-200, 

Mitutoyo) at 0.10 N load, 5s dwell time. A series of indents (8-13) were made on 

each sample, all within the endocuticle. For carapace samples, indents were made 

along the length of the sample, each approximately midway through the width of 

the endocuticle. Claw samples were tested in two regions for each sample, as 

shown in Figure 4. Samples were tested within the dorsal side, which would not 

make contact with prey or predators, as well as in the denticle structures on the 

ventral side of the dactylus, the side that would make contact with prey or 

predators. Immediately following each indentation, the diagonals were measured 

directly on the hardness tester, and Vickers microhardness was calculated as: 

VHN=F/A   [2] 
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where F is the force applied and A is the surface area of the indentation. Replicate 

indents for region of each sample were averaged to provide a value of mean 

hardness. 

The microhardness values were compared within species using a 

randomized-block analysis of variance (RBANOVA) or a paired t-test to account 

for the multiple measurements taken from the same individual. Microhardness 

values were compared across species using a one-way analysis of variance 

(ANOVA). Data were tested for normality using a Shaprio-Wilk test and for 

homogeneity of variances using a Bartlett test. If the assumptions of a parametric 

ANOVA or t-test were not met, the data were transformed using square root or 

logarithmic transformations. Tukey’s honestly significant difference (HSD) tests 

were run to detect differences among groups. If the assumptions of parametric 

statistics were not met after transformation, the Friedman test or Wilcoxon signed-

rank test was used, and non-parametric multiple comparisons were run.  
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Figure 4.  Claw dactylus cross-sections for microhardness testing. a) 
Paralomis. b) Cancer. Mechanical testing was conducted within the 
dorsal (non-contact) and ventral (contact) side of the dactylus in the 

regions marked with red boxes.  
 

ELEMENTAL ANALYSIS 

To determine how P. birsteini allocate their resources, I measured the 

amount of calcium in the exoskeleton and the thickness of the exoskeleton in each 

chela and carapace. To determine if this allocation was different than in the 

shallow, temperate species, I compared the same measurements in Chionoecetes, 

Cancer, and Callinectes. Calcium content and the ratio of magnesium to calcium 

were measured using inductively coupled plasma–optical emission spectrometry 

(ICP–OES). Methods for trace-metal analysis were modified from Gravinese et al. 

(2016) and Russell et al. (2004).  
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All muscle tissue was first dissected from the carapace and chelae of each 

crab. Each sample was oxidized in a 1:1 mixture of H2O2 and NaOH by sonication 

for 20 minutes. The peroxide mixture was then removed and replaced with Milli-Q 

water. The samples were sonicated again for five minutes and the water was 

removed.  This oxidation process was then repeated.  

After the second oxidation treatment, the samples were dried in an oven at 

90°C before being ground into a fine powder using a pestle and mortar.  The 

powder was oxidized again using the above 1:1 mixture. The samples were 

sonicated for 30 minutes and vented every two minutes.  Each tube was then 

centrifuged, and the oxidization mixture was removed. Milli-Q water was added, 

the samples were sonicated for five minutes, the tubes were centrifuged, and the 

water was removed. This oxidation process was again repeated.   

The samples were returned to the oven until completely dry. A PerkinElmer 

7300 dual-view ICP–OES was used to measure the elemental composition of Ca 

and the Mg:Ca ratio of each crab sample. ICP–OES methods were performed by 

Jen Flannery at the United States Geological Survey Coastal and Marine Science 

Center in St. Petersburg, FL. Between 88 and 237 μg of each sample were weighed 

out and acidified in a fixed volume of 2% HNO3 to obtain a target Ca concentration 

of 20 ppm, the concentration yielding the highest linear calibration on the 

instrument. Statistical analyses were performed as outlined above in 

‘Micromechanical Testing.’ 
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EXOSKELETON THICKNESS 

Samples of the exoskeleton of each crab were measured for thickness. 

Approximately 1-cm2 sections were cut from the carapace and the manus wall of 

each chela in all crab species. Samples were photographed using a Jenoptix camera 

attached to a dissecting microscope. The image size was calibrated using ProgRes 

CapturePro Camera Control software version 2.9.0.1, and the thickness of the 

exoskeleton was measured in millimeters at three points along each sample (Figure 

5). Statistical analyses were performed as outlined above in ‘Micromechanical 

Testing.’ 
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Figure 5.  Exoskeleton thickness measurements. Values for the carapace and 
chelae were measured at three points along each sample.  
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RESULTS 

COMPRESSIVE STRENGTH 

The three prey species tested had thin shells and tests that were easy to 

compress. Harpovoluta sp., the gastropods with symbiotic anemones on their 

shells, could withstand the greatest forces. The individual compressive strengths 

measured between 6.5 and 15 N, averaging 9.5 N. Similarly, Abatus sp., the 

irregular echinoids, could withstand forces between 6.5 and 12.5 N, averaging 9.3 

N. The regular echinoids, Sterechinus sp., however, had the lowest compressive 

strengths and were only able to withstand forces between 3.5 and 6 N, averaging 

4.9 N (Fig. 6). 

 

FORCE-PRODUCTION ESTIMATE 

The major chelae of Paralomis birsteini could generate a significantly 

larger potential force than the minor chelae could generate (t=6.03, df=18, 

p<0.001).  The force at the dactyl tip of the major chelae of Paralomis ranged from 

16 to 141 N and averaged 77 N; whereas the force at the dactyl tip of the minor 

chelae ranged from 8 to 28 N and averaged 17 N. Separate t-tests between the 

major chelae and each prey genus indicated the major chelae were able to generate 

a significantly larger force than what was required to crush all three endemic prey 

species tested, even after Bonferroni corrections (major chela to Abatus: t=5.77, 
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df=12, p<0.001; major chela to Harpovoluta: t=6.30, df=13, p<0.001; major chela 

to Sterechinus: t=7.70, df=12, p<0.001; αadj=0.0167 for all three tests).  Separate t-

tests between the minor chelae and each prey genus indicated the minor chelae 

could generate a significantly greater force only than what was required to crush 

Sterechinus, after Bonferroni corrections (minor chela to Abatus: t=2.45, df=12, 

p=0.03; minor chela to Harpovoluta: t=2.55, df=13, p=0.02; minor chela to 

Sterechinus: t=5.48, df=12, p<0.001; αadj=0.0167 for all three tests; Fig. 6). 

 



29 
 

 

 

 
Figure 6.  Force potential estimate of Paralomis major (a,b,c) and minor (d,e,f) 

chelae compared with the compressive force of their shelled prey. 

Asterisks indicate significant differences between groups. Note the 
different axis scales between the major and minor chelae. 

 

MICROMECHANICAL TESTING 

The microhardness values were significantly different among body regions 

within each species of crab tested: Paralomis (F=75.68, df=2,5, p<0.001), Cancer 
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(F=81.68, df=2,5, p<0.001), and Chionoecetes (t=10.88, df=6, p<0.001; Figure 7). 

As expected, the Vickers Hardness Number (VHN) increased from the carapace to 

dactyl (non-contact) side of the major chela to denticle (contact) side of the major 

chela. The hardness of the carapace in Paralomis was no different than the 

shallower, temperate brachyurans (F=2.286, df=2,14, p=0.138; Figure 8), but the 

non-contact side of the major chelae was significantly different among all three 

species tested. Chionoecetes had the hardest chelae and Cancer had the least-hard 

chelae (F=24.74, df=2,14, p<0.001; Figure 8).  The contact-side of the major chelae 

in Paralomis was also significantly harder than the contact-side in Cancer 

(F=10.72, df=1,8, p=0.011; Figure 8).  

 

 
Figure 7.  Microhardness comparisons within species. ANOVA results refer to 

separate tests run within each species, and letters indicate significant 

differences among groups. Microhardness testing was not performed 
on Callinectes or the denticle of Chionoecetes. VHN refers to the 

Vickers Hardness Number. Error bars represent +1 SE.  
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Figure 8.  Microhardness comparisons across species. ANOVA results refer to 

separate tests run within each body region, and letters indicate 
significant differences among groups. Microhardness testing was not 

performed on Callinectes or the denticle of Chionoecetes. VHN 
refers to Vickers Hardness Number. Error bars represent +1 SE.  

 

ELEMENTAL ANALYSIS 

The chelae generally had more calcium than the carapace in all four species; 

however, there was no significant difference in the amount of calcium among the 

major chela, minor chela, or carapace within Paralomis (χ2 =5.6, df=2, p=0.061) or 

within Callinectes (χ2=1.56, df=2, p=0.459). In contrast, Cancer and Chionoecetes 

did have significantly less calcium in their carapaces than in their chelae (Cancer: 

F=5.52, df=2,18, p=0.013; Chionoecetes: t=8.270, df=9, p<0.001; Figure 9). The 

amount of calcium in the carapace was significantly lower in Chionoecetes than the 

other three species (F=8.13, df=3,35, p<0.001). There was no difference in the 
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amount of calcium in the minor chelae of Paralomis than the other two brachyurans 

tested (χ2=1.56, df=2, p=0.0502), but the major chelae of Cancer had significantly 

more calcium per weight than Paralomis and Callinectes (F=4.332, df=3,35, 

p=0.0107; Figure 10).  

Paralomis showed no difference in the ratio of magnesium to calcium 

within the different regions of their body (F=1.76, df=2,18, p=0.2). The other 

species showed varying results. Callinectes had a lower ratio in their carapace than 

either chela (F=8.903, df=2,18, p=0.003), whereas Cancer had a significantly larger 

ratio in their carapace than their minor chela (F=7.413, df=2,18, p=0.0045), and 

Chionoecetes had a significantly higher ratio in their carapace than in their major 

chela (t=19.4043, df=9, p<0.001; Figure 11). Chionoecetes also had a significantly 

higher Mg:Ca ratio in their carapace than any other species (χ2=25.444, df=3, 

p<0.001).  There was no difference in Mg:Ca ratio among the minor chelae for the 

three species tested (F=1.612, df=2,26, p=0.219) or the major chelae for the four 

species tested (F=2.352, df=3,35, p=0.089; Figure 12). This indicates Chionoecetes 

have the most soluble carapace of the species tested, but the chelae of all species 

are equally soluble.  
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Figure 9.  Calcium content comparisons within species. ANOVA results refer 
to separate tests run within each species, and letters indicate 
significant differences among groups. Calcium analysis was not 

performed on the minor chelae of Chionoecetes. Error bars represent 
+1 SE. 

 

 

Figure 10.  Calcium content comparisons across species. ANOVA results refer 
to separate tests run within each body region, and letters indicate 

significant differences among groups. Calcium analysis was not 
performed on the minor chelae of Chionoecetes. Error bars represent 
+1 SE. 
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Figure 11.  Mg/Ca comparisons within species. ANOVA results refer to separate 
tests run within each species, and letters indicate significant 
differences among groups. Magnesium analysis was not performed 

on the minor chelae of Chionoecetes. Error bars represent +1 SE. 
 

 
Figure 12.  Mg/Ca comparisons across species. ANOVA results refer to separate 

tests run within each body region, and letters indicate significant 
differences among groups. Magnesium analysis was not performed 

on the minor chelae of Chionoecetes. Error bars represent +1 SE. 
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EXOSKELETON THICKNESS 

To analyze the thickness of the exoskeleton, I measured the degree to which 

the chelae were thicker than the carapace by taking the difference between each 

chela and the carapace. I then compared those differences across species. There was 

a general trend of decreasing thickness from the major chela to the minor chela to 

the carapace in all three species analyzed. A one-way ANOVA indicated the 

difference between the minor chela and the carapace in Paralomis was significantly 

larger than Callinectes or Cancer (F=6.082, df=2,15, p=0.012; Figure 13). The 

difference in thickness between the major chela and the carapace was significantly 

larger in Paralomis than it was in Callinectes or Chionoecetes, but not than Cancer 

(F=8.939, df=3,21, p<0.001; Figure 13). Overall, the difference in thickness 

between chelae and carapaces decreased from the polar, deep-sea king crabs to the 

shallow, temperate species. To determine if this trend was due to Paralomis having 

very thick claws or very thin carapaces, I compared the thickness of each chela 

with the carapace within each species. Paralomis had a significantly thinner 

carapace than either chela (F=37.3, df=2,10, p<0.001; Figure 14), a trend not nearly 

as pronounced in the shallow, temperate species. Callinectes and Cancer had only a 

thicker major chela than carapace, and Chionoecetes showed no difference between 

major chela and carapace at all (Cancer: F=11, df=2,10, p=0.003; Callinectes: 

F=6.437, df=2,10, p=0.016; Chionoecetes: V=7, df=1, p=0.297; Figure 14). 
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The thickness of the carapace among all four species was significantly 

different except for Callinectes and Chionoecetes, with Cancer being the thickest 

and Paralomis being the thinnest (F=72.33, df=3,21, p<0.001). The major and 

minor chelae were significantly thicker in Cancer than the other species tested 

(minor: F=16.75, df=2,15, p<0.001; major: F=11.56, df=3,21, p<0.001; Figure 15). 

The carapace of Paralomis was significantly thinner than all the other species, but 

the thickness of the chelae was comparable with the other species.  

 

Figure 13.  Exoskeleton difference in thickness comparisons across species. 
ANOVA results refer to separate tests run within each body region, 

and letters indicate significant differences among groups. Thickness 
analysis was not performed on the minor chelae of Chionoecetes. 
Error bars represent +1 SE. 
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Figure 14.  Exoskeleton thickness comparisons within species. ANOVA results 
refer to separate tests run within each species, and letters indicate 
significant differences among groups. Thickness analysis was not 

performed on the minor chelae of Chionoecetes. Error bars represent 
+1 SE. 

 

 

Figure 15.  Exoskeleton thickness comparisons across species. ANOVA results 
refer to separate tests run within each body region, and letters 

indicate significant differences among groups. Thickness analysis 
was not performed on the minor chelae of Chionoecetes. Error bars 
represent +1 SE.  
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DISCUSSION 

PREDATORY CAPACITY OF PARALOMIS IN ANTARCTICA 

Paralomis birsteini are able to generate about eight times more force in 

their major chela and about two times more force in their minor chela than the force 

required to crush their shelled prey off the western Antarctic Peninsula. Compared 

with shallow-water, temperate species, they are likely able to grow their robust, 

crushing chelae by preferentially laying down more of their limited calcium-

carbonate resources in their claws than in their carapaces. The lithodids showed no 

difference in the amount of calcium per weight, or the ratio of magnesium to 

calcium among the different body regions. However, the difference in thickness 

between each chela and the carapace was much more pronounced than in the 

shallower, temperate species. Paralomis also had a much harder, or more efficient, 

exoskeleton than the temperate Cancer tested, despite the fact that the Cancer crabs 

have a much thicker exoskeleton than Paralomis. Cancer also showed no 

consistent trend in calcium content in each body region.  In contrast, the high-

temperate brachyuran species Chionoecetes had a harder exoskeleton in their chela 

than Paralomis, as well as more calcium per weight in their chela than in their 

carapace. However, they displayed no difference in the thickness ratios between 

body regions. Overall, Paralomis chelae were much harder and thicker than their 

carapaces, and showed a general trend of having more calcium. The hardness, 
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thickness, and calcium content of Paralomis chelae were comparable to the 

shallow, temperate species tested, despite living in cold, undersaturated conditions. 

The hardness and calcium content of Paralomis carapaces were comparable to the 

shallow, temperate species tested, but they were much thinner. The degree to which 

Paralomis show preferential allocation of their limited resources is likely due to the 

energetic cost of calcification in cold water and the limited predation pressure on 

lithodids there. 

 

SELECTION PRESSURES IN THE DEEP SEA 

The waters near Marguerite Bay off the western Antarctic Peninsula 

become undersaturated with aragonite around 100 m depth, but the Paralomis were 

collected from ~1300 m and have only been found as shallow as ~700 m (Jones et 

al. 2016; Smith et al. 2017; Aronson et al. 2015). This indicates the lithodids are 

living in environments that are limited in the high-Mg-calcite resources required to 

calcify their exoskeletons. Conversely, the temperate crabs used in this study were 

collected from shallower waters at lower latitudes where they are likely not 

experiencing corrosive conditions to the same degree as the lithodids on the 

western Antarctic Peninsula.  

Marine calcifiers that are exposed to undersaturated conditions should 

experience shell corrosion; however, the thick, predatory chelae laid down by 

Paralomis may be made possible by known coping mechanisms. Some calcifiers 
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utilize organic coverings, like the epicuticle in crustaceans, whereas others maintain 

calcification at the expense of growth and reproduction (Ries et al. 2009; Wood et 

al. 2008). The use of bicarbonate in the mineralization process by decapods 

(Cameron and Wood 1985) may also explain their ability to maintain calcium 

content despite a decrease in calcium-carbonate saturation state. Lithodids in 

Antarctica may be utilizing these strategies as well, and their resource allocation 

shows a larger proportion of energy invested in predatory structures than in 

defense. The opposite allocation is seen in the porcelain crab (Pisidia longicornis), 

which allocates more calcium to its carapace than to its chelae. This trend is 

attributed to the crabs being filter feeders, not shell-crushers and using their speed, 

not their chelae, to avoid predators (Page et al. 2016). Similarly, the great spider 

crab (Hyas araneus) in their colder, more northern habitat reduce their calcification 

when exposed to reduced calcium carbonate saturation states, but warmer, more 

southern populations do not reduce calcification. The ability of the colder 

population to decrease calcification was attributed to the limited predation pressure 

experienced in the colder waters (Walther et al. 2011). Limited predation pressure 

towards the poles may also influence the smaller exoskeleton size observed in 

marine molluscs, rather than the energetic costs of production (Watson et al. 2017). 

Lithodids in Antarctica likely experience limited predation pressure, which may 

explain their difference in resource allocation between predatory chelae and 

protective carapace.  
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Lithodids seem to have few predators of their own on the continental slope 

and shelf off the WAP (Aronson et al. 2015). Durophagous predators have been 

excluded from an ecologically significant role in these areas for millions of years 

because of the cold temperatures (Thatje and Arntz 2004; Aronson et al. 2007). The 

common predators of benthic decapods at lower latitudes that are present in the 

Antarctic—cephalopods, skates, seals, and fish—are uncommon at the depths in 

which the lithodids were observed and are not likely to pose significant threats to 

adult lithodids (Aronson et al. 2007; 2015). The notothenoid and zoarcid fish species 

present off the western Antarctic Peninsula may potentially be predators of 

Paralomis, but their jaw morphology is not conducive to durophagous predation, and 

they likely don’t consume adult lithodids (Bansode et al. 2014). Conversely, redfish 

(Sciaenops ocellatus) are common predators of Callinectes sapidus in subtropical 

habitats, and cod (Gadus morhua and G. macrocephalus) are common predators of 

Cancer borealis and Chionoecetes bairdi, respectively, in temperate habitats.   

Callinectes, Cancer, and Chionoecetes would require a larger proportion of energy 

invested in defense from their shell-crushing predators than lithodids in Antarctica 

would.  

 

IMPLICATIONS 

The results of this study have provided insight into the selection pressures 

on polar, deep-sea predators. The force the king crabs are able to generate indicates 
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they have the potential to be significant predators on the continental shelf. As 

temperatures continue to increase rapidly around the western Antarctic Peninsula, 

king crabs are equipped to reinvade and restructure the shelf communities. In the 

absence of significant predation pressure, they are able to devote more of their 

limited CaCO3 resources to their predatory chelae than would otherwise be 

allocated to their protective carapaces. Paralomis living on the continental slope 

around the western Antarctic Peninsula have evolved in the absence predators and 

have allocated their limited calcium-carbonate resources to specialized predatory 

structures. 
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CONCLUSION 

As water temperatures continue to rise off the western Antarctic Peninsula, 

the probability of an invasion of durophagous predators increases. Predicting 

potential impacts to the endemic fauna is increasingly important to conserve that 

community structure. This study investigated the predatory capacity of king crabs 

on the Antarctic continental slope, and concluded that in the absence of significant 

predation pressure, Paralomis are able to devote more resources to building their 

feeding structures than they would otherwise be able to in a near-freezing 

environment limited in calcium carbonate. King crabs are significant predators on 

the weakly-constructed shelled prey currently inhabiting the continental slope off 

the western Antarctic Peninsula. They will likely restructure the unique, benthic 

community of the continental shelf if an invasion occurs.  
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APPENDIX A 

Table A-1. Compressive force measurements of the shelled-prey of Paralomis 
birsteini off the western Antarctic Peninsula. 

Genus ID Compressive Force (N) 

Abatus 1 7.0 

 2 12.5 

 3 6.5 

 4 11.0 

Harpovoluta 1 9.0 

 2 10.5 

 3 6.5 

 4 6.5 

 5 15.0 

Sterechinus 1 3.5 

 2 5.0 

 3 5.0 

 4 6.0 

 

  



 
 

 

 

5
1 

Table A-2. Morphological measurements of force generation in the chelae of Paralomis birsteini off the western Antarctic 

Peninsula. Surface area measured in cm2; angle of pinnation of closer muscle fibers measured in radians; 
force measured in Newtons. 

ID 
Chela 

Morphology 

Surface Area of 

the Apodeme 

Mean Angle of 

Pinnation  

Force 

Produced 

Mechanical 

Advantage 

Force Transmitted 

to Dactyl Tip 

4 Major 3.593 0.82845 197.599 0.37559 74.2165 
 Minor 1.4346 0.73944 78.8556 0.22064 17.3985 

5 Major 4.901 0.51371 231.574 0.40340 93.4175 
 Minor 1.5919 0.89419 85.801 0.23388 20.0674 

6 Major 6.0749 0.39619 238.767 0.4358 104.055 

 Minor 2.0248 0.35663 73.1302 0.26269 19.2107 

9 Major 2.5632 0.7342 140.748 0.35692 50.2359 
 Minor 0.8225 0.54978 40.4535 0.2179 8.81483 

35 Major 4.9305 0.40666 197.747 0.38246 75.6306 

 Minor 1.4489 0.47706 65.2472 0.21168 13.8115 

36 Major 3.8193 0.7342 209.721 0.34505 72.3634 
 Minor 0.9619 0.70395 52.394 0.23043 12.0733 

37 Major 4.5048 0.39677 177.259 0.39032 69.1883 

 Minor 1.3328 0.59516 68.3092 0.23225 15.8648 

38 Major 1.9523 0.43168 81.9059 0.34204 28.0147 
 Minor 0.7169 0.71908 39.2253 0.20482 8.03409 

45 Major 7.3966 0.60098 380.832 0.37114 141.342 

 Minor 1.81 0.68882 98.0541 0.22155 21.7235 

48 Major 5.8072 0.51836 275.917 0.41953 115.755 
 Minor 2.2248 0.84939 121.804 0.22837 27.8161 
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Table A-3. Vickers microhardness measurements for Paralomis birsteini, 

Chionoecetes bairdi, and Cancer borealis. All measurements were 
taken in the endocuticle of the major chela.  

Species ID Region Vickers Hardness Number 

Paralomis birsteini 4 Carapace 27.833 

 5 Dactyl 69.9889 

  Denticle 200.5375 

 6 Dactyl 92.37 

  Denticle 173.175 

 20 Carapace 52.2 

 35 Carapace 38.2125 

  Dactyl 54.5 

  Denticle 180.9125 

 36 Carapace 47.65 

  Dactyl 104.8375 

  Denticle 167.25 

 37 Dactyl 98.6333 

  Denticle 191.5625 

 38 Carapace 34.5556 

Chionoecetes bairdi 13 Carapace  19.867 

  Dactyl 113.2593 

 14 Carapace  38.6564 

  Dactyl 107.5419 

 18 Carapace  33.4008 

  Dactyl 144.3779 

 22 Carapace  39.3129 

  Dactyl 119.9583 

 28 Carapace  28.4438 

  Dactyl 144.4997 

 34 Carapace  26.7611 

  Dactyl 101.99 

 47 Carapace  17.8103 

  Dactyl 149.6959 
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Cancer borealis 1 Carapace 31.45 

 3 Dactyl 47.575 

  Denticle 169.975 

 7 Carapace 31.925 

  Dactyl 44.175 

  Denticle 167.7125 

 8 Dactyl 55.6333 

  Denticle 139.75 

 9 Dactyl 69.55 

  Denticle 130.1635 

 10 Carapace 25.2375 

 11 Carapace 35.19 

  Dactyl 43.8444 

  Denticle 141.8 
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Table A-4. Calcium content, Mg:Ca, and exoskeleton thickness in Paralomis 

birsteini. Calcium content reported in parts per billion, magnesium to 
calcium ratios reported in mol per mol; thickness reported in 
millimeters.  

ID Region 
Calcium 

Content 
Mg:Ca Thickness 

4 Carapace 22.55 0.039 0.31 
 Minor Chela 29.0 0.038 0.576 

 Major Chela 15.03 0.039 0.62 

5 Carapace 12.80 0.041 0.17 
 Minor Chela 14.94 0.029 0.34 

 Major Chela 17.14 0.039 0.40 

6 Carapace 11.58 0.038 0.26 
 Minor Chela 20.27 0.046 0.57 
 Major Chela 16.43 0.034 0.723 

9 Carapace 15.55 0.042 0.8 
 Minor Chela 14.32 0.040 0.42 
 Major Chela 17.29 0.038 0.50 

35 Carapace 12.99 0.045 0.24 

 Minor Chela 11.18 0.042 0.83 
 Major Chela 14.55 0.055 0.83 

36 Carapace 14.74 0.055 NA 

 Minor Chela 15.93 0.062 NA 
 Major Chela 17.24 0.071 NA 

37 Carapace 14.59 0.043 0.23 
 Minor Chela 16.01 0.053 0.46 

 Major Chela 15.29 0.054 0.68 

38 Carapace 15.19 0.054 NA 
 Minor Chela 16.28 0.067 NA 

 Major Chela 14.96 0.062 NA 

45 Carapace 12.50 0.068 NA 
 Minor Chela 13.89 0.085 NA 

 Major Chela 14.71 0.078 NA 

48 Carapace 14.24 0.066 NA 
 Minor Chela 14.91 0.060 NA 
 Major Chela 15.86 0.066 NA 
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Table A-5. Calcium content, Mg:Ca, and exoskeleton thickness in Chionoecetes 

bairdi. Calcium content reported in parts per billion, magnesium to 
calcium ratios reported in mol per mol; thickness reported in 
millimeters. 

ID Region 
Calcium 

Content 
Mg:Ca Thickness 

1 Carapace 13.15 0.170 NA 
 Major Chela 21.65 0.045 NA 

13 Carapace 10.29 0.189 0.653 

 Major Chela 17.09 0.074 0.767 

14 Carapace 15.57 0.147 0.634 
 Major Chela 18.09 0.033 0.557 

18 Carapace 11.38 0.213 0.645 

 Major Chela 17.03 0.048 0.739 

22 Carapace 11.96 0.200 0.575 
 Major Chela 16.89 0.057 0.605 

27 Carapace 11.12 0.211 NA 

 Major Chela 15.90 0.050 NA 

28 Carapace 12.31 0.187 0.462 
 Major Chela 17.03 0.056 0.419 

34 Carapace 12.28 0.183 0.621 

 Major Chela 14.67 0.058 0.808 

35 Carapace 11.96 0.218 NA 
 Major Chela 19.10 0.038 NA 

47 Carapace 12.61 0.205 0.643 
 Major Chela 15.41 0.054 0.556 
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Table A-6. Calcium content, Mg:Ca, and exoskeleton thickness in Cancer borealis. 

Calcium content reported in parts per billion, magnesium to calcium 
ratios reported in mol per mol; thickness reported in millimeters. 

ID Region 
Calcium 

Content 
Mg:Ca Thickness 

1 Carapace 12.61 0.054 1.246 
 Minor Chela 15.01 0.054 1.396 
 Major Chela 14.76 0.052 1.579 

3 Carapace 17.30 0.051 1.013 

 Minor Chela 17.86 0.057 1.108 
 Major Chela 17.40 0.057 1.071 

4 Carapace 17.82 0.055 1.170 

 Minor Chela 21.04 0.051 1.376 
 Major Chela 19.18 0.051 1.613 

5 Carapace 17.07 0.086 NA 

 Minor Chela 16.55 0.071 NA 
 Major Chela 16.62 0.075 NA 

6 Carapace 16.10 0.057 0.930 
 Minor Chela 17.21 0.058 0.929 

 Major Chela 20.13 0.055 1.074 

7 Carapace 16.28 0.101 NA 
 Minor Chela 15.94 0.070 NA 

 Major Chela 18.00 0.094 NA 

8 Carapace 17.87 0.053 0.830 
 Minor Chela 17.96 0.046 0.886 
 Major Chela 18.72 0.049 0.981 

9 Carapace 15.95 0.091 NA 
 Minor Chela 16.16 0.069 NA 
 Major Chela 17.80 0.084 NA 

10 Carapace 16.37 0.047 0.823 

 Minor Chela 19.32 0.029 0.821 
 Major Chela 17.84 0.038 0.891 

11 Carapace 16.20 0.090 NA 

 Minor Chela 18.27 0.069 NA 
 Major Chela 16.96 0.075 NA 
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Table A-7. Calcium content, Mg:Ca, and exoskeleton thickness in Callinectes 

sapidus. Calcium content reported in parts per billion, magnesium to 
calcium ratios reported in mol per mol; thickness reported in 
millimeters. 

ID Region 
Calcium 

Content 
Mg:Ca Thickness 

1 Carapace 13.03 0.051 0.556 
 Minor Chela 14.88 0.061 0.653 

 Major Chela 16.01 0.061 0.712 

2 Carapace 13.93 0.052 0.622 
 Minor Chela 14.67 0.055 0.725 

 Major Chela 13.67 0.056 0.771 

4 Carapace 14.69 0.049 0.445 
 Minor Chela 14.27 0.062 0.566 
 Major Chela 14.39 0.063 0.616 

5 Carapace 13.83 0.047 0.536 
 Minor Chela 14.56 0.060 0.707 
 Major Chela 15.02 0.060 0.682 

7 Carapace 14.30 0.044 0.616 

 Minor Chela 14.70 0.052 0.576 
 Major Chela 13.77 0.056 0.545 

8 Carapace 17.93 0.045 0.584 

 Minor Chela 23.27 0.046 0.610 
 Major Chela 15.30 0.047 0.642 

9 Carapace 15.42 0.078 NA 
 Minor Chela 16.18 0.089 NA 

 Major Chela 16.71 0.097 NA 

10 Carapace 15.08 0.068 NA 
 Minor Chela 14.97 0.079 NA 

 Major Chela 17.00 0.086 NA 

12 Carapace 15.75 0.094 NA 
 Minor Chela 16.72 0.075 NA 

 Major Chela 18.29 0.089 NA 
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APPENDIX B 

MICROHARDNESS RESULTS WITHIN SPECIES 

Table B-1. ANOVA results for comparison of exoskeleton microhardness within 

species.  

P
a
ra

lo
m

is
 

Source df Sum of Squares Mean Square F p 

Region 2 132.29 66.14 75.677 0.0002 

ID 7 4.82 0.69 0.788 0.6271 

Residuals 5 4.37 0.87   

Total 14 141.48    

C
a
n

ce
r 

      

Region 2 5.934 2.9671 81.679 0.0002 

ID 7 0.222 0.0317 0.873 0.5811 

Residuals 5 0.182 0.0363   

Total 14 6.334    

 

Table B-2. TukeyHSD post-hoc results for the comparison of exoskeleton 
microhardness within species.  

   95% Confidence Interval  

P
a
ra

lo
m

is
 Region 

Mean 

Difference 

Lower 

Bound 

Upper 

Bound 
Sig. 

Carapace-Dactyl 2.8132 0.8893 4.7372 0.0116 

Carapace-Denticle 7.2161 5.2922 9.1401 0.0002 

Dactyl-Denticle 4.4029 2.4789 6.3268 0.0016 

C
a
n

ce
r 

     

Carapace-Dactyl 0.4306 0.0383 0.8228 0.0358 

Carapace-Denticle 1.4963 1.1041 1.8886 0.0001 

Dactyl-Denticle 1.0658 0.6735 1.4580 0.0007 
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MICROHARDNESS RESULTS WITHIN BODY REGIONS 

Table B-3. ANOVA table for comparison of exoskeleton microhardness within body 
regions.  

C
a
ra

p
a
ce

 Source df Sum of Squares Mean Square F p 

Species 2 347.6 173.81 2.286 0.138 

Error 14 1064.6 76.04   

Total 16 1412.2    

D
a
ct

y
l 

      

Species 2 16,299 8149 24.74 <0.0001 

Error 14 4611 329   

Total 16 20,901    

 
 

Table B-4. TukeyHSD post-hoc results for the comparison of exoskeleton 
microhardness within each body region.  

  95% Confidence Interval  

Species 
Mean 

Difference 

Lower 

Bound 

Upper 

Bound 
Sig. 

Paralomis-Chionoecetes -41.8374 -69.6492 -14.0255 0.0040 

Paralomis-Cancer 31.9104 1.8702 61.9506 0.0369 

Chionoecetes-Cancer 73.7478 45.9359 101.5596 <0.0001 
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CALCIUM CONTENT RESULTS WITHIN SPECIES 

Table B-5. ANOVA table for comparison of exoskeleton calcium content within 
species.  

P
a
ra

lo
m

is
 

Source df Sum of Squares Mean Square F p 

Region 2 0.0715 0.03574 1.449 0.2610 

ID 9 0.4804 0.05338 2.164 0.0781 

Residuals 18 0.4441 0.02467   

Total 29 0.996    

C
a
n

ce
r 

      

Region 2 11.10 5.551 5.524 0.0135 

ID 9 49.95 5.550 5.523 0.0010 

Residuals 18 18.09 1.005   

Total 29 79.14    

C
a
ll
in

ec
te

s 

      

Region 2 0.0206 0.0103 1.322 0.294 

ID 9 0.2120 0.0264 3.389 0.018 

Residuals 18 0.1245 0.0078   

Total 29 0.3571    

 

 
Table B-6. TukeyHSD post-hoc results for the comparison of exoskeleton calcium 

content within Cancer borealis.  

  95% Confidence Interval  

Region 
Mean 

Difference 
Lower Bound Upper Bound Sig. 

Carapace-Minor 1.1738 0.0296 2.3179 0.0438 

Carapace-Major 1.3819 0.2378 2.5261 0.0168 

Minor-Major 0.2082 -0.9360 1.3523 0.8887 
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CALCIUM CONTENT RESULTS WITHIN BODY REGIONS 

Table B-7. ANOVA table for comparison of exoskeleton calcium content across 
body regions.  

C
a
ra

p
a
ce

 Source df Sum of Squares Mean Square F p 

Species 3 1.527 0.5089 8.13 0.0003 

Error 35 2.191 0.0626   

Total 38 3.718    

M
a
jo

r 

      

Species 3 30.44 10.146 4.332 0.0107 

Error 35 81.98 2.342   

Total 38 112.42    

 
 

Table B-8. TukeyHSD post-hoc results for the comparison of exoskeleton calcium 
content within body regions.  

C
a
ra

p
a
ce

 

  
95% Confidence 

Interval 
 

Species 
Mean 

Difference 

Lower 

Bound 

Upper 

Bound 
Sig. 

Paralomis-Chionoecetes 0.3177 0.0159 0.6195 0.0359 

Paralomis-Cancer -0.2261 -0.5278 0.0757 0.2000 

Paralomis-Callinectes -0.0398 -0.3498 0.2702 0.9855 

Chionoecetes-Cancer -0.5438 -0.8455 -0.2420 0.0001 

Chionoecetes-Callinectes 0.3575 0.0475 0.6675 0.0186 

Cancer-Callinectes -0.1863 -0.4963 0.1238 0.3807 

M
a
jo

r 
C

h
el

a
e 

    

Paralomis-Chionoecetes -1.2340 -3.0800 0.6119 0.2891 

Paralomis-Cancer -1.8890 -3.735 -0.0430 0.0433 

Paralomis-Callinectes 0.2776 -1.6189 2.1741 0.9788 

Chionoecetes-Cancer -0.6550 -2.5009 1.1909 0.7744 

Chionoecetes-Callinectes -1.5117 -3.4081 0.3848 0.1576 

Cancer-Callinectes -2.1667 -4.0631 -0.2701 0.0199 
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MG:CA RESULTS WITHIN SPECIES 

Table B-9. ANOVA results for comparison of exoskeleton Mg:Ca within species.  
P

a
ra

lo
m

is
 

Source df Sum of Squares Mean Square F p 

Region 2 0.0005 0.0003 1.764 0.2 

ID 9 0.0238 0.0026 17.84 <0.0001 

Residuals 18 0.0027 0.0001   

Total 29 0.027    

C
a
n

ce
r 

      

Region 2 0.0006 0.0003 7.413 0.0045 

ID 9 0.0076 0.0008 20.125 <0.0001 

Residuals 18 0.00076 0.0000   

Total 29 0.009    

C
a
ll
in

ec
te

s 

      

Region 2 0.1108 0.0554 8.903 0.0025 

ID 9 1.3425 0.1678 26.972 <0.0001 

Residuals 18 0.0996 0.0062   

Total 29 1.553    

 

Table B-10. TukeyHSD post-hoc results for the comparison of exoskeleton Mg:Ca 
within species.  

C
a
n

ce
r 

  95% Confidence Interval  

Region 
Mean 

Difference 
Lower Bound 

Upper 

Bound 
Sig. 

Carapace-Minor -0.112 -0.0186 -0.00038 0.0032 

Carapace-Major -0.0055 -0.0129 0.0019 0.1717 

Minor-Major 0.0057 -0.0017 0.0191 0.1497 

C
a
ll
in

ec
te

s      

Carapace-Minor 0.1037 0.0078 0.1997 0.0333 

Carapace-Major 0.1538 0.0579 0.2497 0.0021 

Minor-Major 0.0501 -0.0458 0.1461 0.3906 
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MG:CA RESULTS WITHIN BODY REGIONS 

Table B-11. ANOVA table for comparison of exoskeleton Mg:Ca within body 
regions.  

M
in

o
r 

Source df Sum of Squares Mean Square F p 

Species 2 0.0007 0.0004 1.612 0.219 

Error 26 0.0057 0.002   

Total 28 0.0064    

M
a
jo

r 

      

Species 3 0.0017 0.0006 2.352 0.089 

Error 35 0.0086 0.0002   

Total 38 0.0103    
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DIFFERENCE IN THICKNESS RESULTS  

Table B-12. ANOVA table for comparison of the difference in exoskeleton thickness 
between the chelae and the carapace.  

M
in

o
r-

C
a
ra

p
a
ce

 Source df Sum of Squares Mean Square F p 

Species 2 0.1926 0.0963 6.082 0.0116 

Error 15 0.2375 0.0158   

Total 17 0.4301    

M
a
jo

r-

C
a
ra

p
a
ce

       

Species 3 0.3910 0.13034 8.939 0.0005 

Error 21 0.3062 0.0146   

Total 24 0.6972    

 

Table B-13. Tukey HSD post-hoc results for the comparison of the difference in 
exoskeleton thickness between each chela and the carapace.  

M
in

o
r-

C
a
ra

p
a
ce

   
95% Confidence 

Interval 
 

Species 
Mean 

Difference 

Lower 

Bound 

Upper 

Bound 
Sig. 

Paralomis-Cancer 0.2077 0.0190 0.3964 0.0303 

Paralomis-Callinectes 0.2295 0.0408 0.4183 0.0168 

Cancer-Callinectes -0.0219 -0.2106 0.1668 0.9514 

M
a
jo

r-
C

a
ra

p
a
ce

     

Paralomis-Chionoecetes 0.3306 0.1434 0.5179 0.0004 

Paralomis-Cancer 0.1641 -0.0302 0.3585 0.1176 

Paralomis-Callinectes 0.2638 0..0694 0.4581 0.0056 

Chionoecetes-Cancer -0.1665 -0.3538 0.0207 0.0928 

Chionoecetes-Callinectes 0.0669 -0.1204 0.2542 0.7534 

Cancer-Callinectes -0.9961 -0.2939 0.0947 0.4962 
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EXOSKELETON THICKNESS RESULTS WITHIN SPECIES 

Table B-14. ANOVA table for comparison of exoskeleton thickness within species.  
P

a
ra

lo
m

is
 

Source df Sum of Squares Mean Square F p 

Region 2 0.2739 0.1369 37.30 <0.0001 

ID 5 0.0911 0.0182 4.96 0.0153 

Residuals 10 0.0367 0.0037   

Total 17 0.4017    

C
a
n

ce
r 

      

Region 2 0.0249 0.0125 11.0 0.0030 

ID 5 0.1953 0.0391 34.5 <0.0001 

Residuals 10 0.0113 0.0011   

Total 17 0.2315    

C
a
ll
in

ec
te

s 

      

Region 2 0.0342 0.0171 6.437 0.0160 

ID 5 0.0481 0.0096 3.626 0.0394 

Residuals 10 0.0265 0.0027   

Total 17 0.1088    

 
Table B-15. TukeyHSD post-hoc results for the comparison of exoskeleton 

thickness within species.  

P
a
ra

lo
m

is
 

  95% Confidence Interval  

Region 
Mean 

Difference 

Lower 

Bound 

Upper 

Bound 
Sig. 

Carapace-Minor 0.2253 0.1294 0.3212 0.0002 

Carapace-Major 0.2870 0.1911 0.3829 <0.0001 

Minor-Major 0.0617 -0.0342 0.1576 0.2302 

C
a
n

ce
r 

    

Carapace-Minor 0.0385 -0.0147 0.0918 0.1663 

Carapace-Major 0.0907 0.0375 0.1440 0.0023 

Minor-Major 0.0522 -0.0010 0.1054 0.0546 

C
a
ll
in

ec
te

s     

Carapace-Minor 0.0797 -0.0019 0.1612 0.0554 

Carapace-Major 0.1013 0.0198 0.1828 0.0167 

Minor-Major 0.0217 -0.0599 0.1032 0.7527 



66 
 

 

 

EXOSKELETON THICKNESS RESULTS WITHIN BODY REGIONS 

Table B-16. ANOVA table for comparison of the exoskeleton thickness within body 
regions.  

C
a
ra

p
a
ce

 Source df Sum of Squares Mean Square F p 

Species 3 0.7553 0.2518 72.33 <0.0001 

Error 21 0.0731 0.00348   

Total 24 0.8284    

M
in

o
r 

      

Species 2 0.3212 0.1606 16.75 0.0002 

Error 15 0.1438 0.0096   

Total 24 0.465    

M
a
jo

r 

      

Species 3 1.740 0.5800 11.56 0.0001 

Error 21 1.053 0.0502   

Total 24 2.793    
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Table B-17. Tukey HSD post-hoc results for the comparison of the exoskeleton 

thickness within each body region.  
C

a
ra

p
a
ce

 

  
95% Confidence 

Interval 
 

Species 
Mean 

Difference 

Lower 

Bound 

Upper 

Bound 
Sig. 

Paralomis-Chionoecetes -0.2789 -0.3704 -0.1874 <0.0001 

Paralomis-Cancer -0.5003 -0.5953 -0.4054 <0.0001 

Paralomis-Callinectes -0.2450 -0.3445 -0.1547 <0.0001 

Chionoecetes-Cancer -0.2215 -0.3130 -0.1300 <0.0001 

Chionoecetes-Callinectes -0.0293 -0.1208 0.0622 0.8090 

Cancer-Callinectes -0.2508 -0.3460 -0.1558 <0.0001 

M
in

o
r 

    

Paralomis-Cancer -0.3136 -0.4605 -0.1668 0.0002 

Paralomis-Callinectes -0.0760 -0.2225 0.0709 0.3939 

Cancer-Callinectes -0.2376 -0.3845 -0.0908 0.0021 

M
a
jo

r 

    

Paralomis-Chionoecetes -0.0457 -0.3930 0.3015 0.9826 

Paralomis-Cancer -0.6564 -1.0168 -0.2960 0.0003 

Paralomis-Callinectes -0.0801 -0.4405 0.2803 0.9246 

Chionoecetes-Cancer -0.6107 -0.9594 -0.2634 0.0004 

Chionoecetes-Callinectes 0.0344 -0.3129 0.3817 0.9924 

Cancer-Callinectes -0.5763 -0.9367 -0.2159 0.0012 

 

 


