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 50 

Abstract 51 

 Animal performance is tightly linked to morphological function, whereby changes in size and 52 

performance can influence niche dynamics over ontogeny.  To understand how growth affects feeding 53 

performance, we examined how bite force over ontogeny differed between two populations of 54 

durophagous stingrays, Rhinoptera bonasus (from the Chesapeake Bay and the Florida Gulf Coast, USA). 55 

Cownose stingrays from the Chesapeake Bay specialize on mollusks, whereas Gulf of Mexico stingrays 56 

are omnivorous, feeding on a variety of benthic invertebrates.  Increases in jaw adductor size resulted in 57 

positive bite force allometry across ontogeny in both stingray populations.  However, scaling patterns 58 

between muscle units differed between the populations, with more drastic increases in bite force over 59 

ontogeny in populations feeding on more robust prey.  Mechanical testing of the fracture forces of prey 60 

suggests that juvenile bivalves are particularly vulnerable to predation by either stingray population. 61 

 However, Gulf coast stingrays exhibit lower bite forces across ontogeny compared to Chesapeake rays. 62 
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 Chesapeake Bay rays are born larger, further exaggerating the performance disparity between these 63 

populations. Although these animals generate considerable bite forces, their ability to comminute bivalves 64 

at marketable sizes is doubtful.  65 

 66 

Key Words: bite force, durophagy, ecomorphology, Myliobatidae, shellfish declines, trophic cascade, 67 

stingray, Rhinoptera bonasus 68 

 69 

Introduction 70 

 Changes in animal size and shape underlie shifts in performance and resource use over ontogeny 71 

(Verwaijen, van Damme, and Herrel, 2002; Vincent et al., 2007; Gignac and Erickson, 2015).  When 72 

competing with sympatric taxa, species specialize on some nuance of a shared resource to stave off 73 

competition, particularly when formerly abundant resources become scarce (Liem, 1980).  While 74 

increases in predator size expand access to larger prey items and potentially more diverse prey through 75 

isometric increases in performance (particularly with regards to bite force), juvenile predators may 76 

circumvent size constraints via allometric performance trajectories (Herrel and Gibb, 2006; Anderson, 77 

McBrayer, and Herrel, 2008; Habegger et al., 2012). Allometric performance gains allow juveniles to 78 

access the energy resources required for rapid growth, thereby also reducing predation risk and 79 

conspecific competition (Arnold, 1983; Werner and Gilliam, 1984).  Increased feeding performance is 80 

presumably selected for early in ontogeny, when younger animals are under considerable selective 81 

pressure to perform in a manner similar to adults, with which they may co-occur and even compete 82 

(Erickson, Lappin, and Vliet, 2003).  83 

 Durophagous taxa feed on prey with exoskeletons that are particularly tough, stiff, or hard and 84 

can serve as a viable study system for relating ontogeny of performance to prey characteristics.   Although 85 

ancestrally possessing compliant cartilaginous skeletons, several lineages of chondrichthyan fishes have 86 

evolved highly mineralized jaws enabling them to act as durophagous predators (Summers, 2000; Dean 87 

and Summers, 2006). Among these taxa are myliobatid stingrays like cownose rays (Rhinoptera bonasus; 88 

Mitchill, 1815), which occur in the southeastern United States, with one population inhabiting coastal 89 

waters from Virginia to Florida and the other, the Gulf of Mexico (Schwartz, 1990; Aschliman, 2014; Fig. 90 

1).  Cownose rays from the Chesapeake Bay region are typically larger (female median size at maturity, 91 

860 mm; Fisher, Call, and Grubbs, 2013) than Gulf of Mexico individuals and primarily consume shelled 92 

prey such as bivalves.  Those from the Gulf of Mexico on the other hand are smaller (female median size 93 

at maturity, 653 mm; Neer and Thompson, 2005; Fig. 1) and primarily consume smaller bivalve taxa and 94 

softer-bodied benthic invertebrates, such as cumaceans and amphipods (Collins et al., 2007; Fisher, 2010; 95 
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Ajemian and Powers, 2012; Fisher et al., 2013; Fig. 1).  Given the occurrence of resource-based plasticity 96 

in the feeding mechanisms of fishes (Turingan, Wainwright, and Hensley, 1995; Hernandez and Motta, 97 

1997; Wintzer and Motta, 2005), differences in the diet of cownose ray populations may be echoed by 98 

ecomorphological specialization, whereby rays feeding on more robust prey are expected to be more 99 

robust, thereby maximizing feeding performance (i.e. bite force).   100 

 Here we examine whether feeding performance is greater in durophagous Chesapeake Bay 101 

cownose rays compared to more omnivorous rays from the Gulf of Mexico, using a biomechanical model 102 

that estimates bite forces across ontogeny for both populations. These anatomical models have been 103 

shown to accurately predict bite force generation in live cownose rays (Kolmann et al., 2015a). We 104 

hypothesize that bite force performance will be greater in stingrays from Chesapeake Bay. We also expect 105 

that differences in muscle scaling and greater size-at-parturition of these Chesapeake Bay rays allows 106 

greater bite force generation in Chesapeake rays relative to their Gulf of Mexico relatives.  We examined 107 

the ecological ramifications of alternate feeding performance in these two predator populations by 108 

quantifying the rupture behavior of several kinds of mollusk prey. We demonstrate that Chesapeake Bay 109 

rays can crush a larger size range of prey, as well as a greater diversity of mollusks earlier in ontogeny, 110 

than more omnivorous rays from the Gulf of Mexico.  111 

 112 

Methodology 113 

Specimen Collection 114 

 Rhinoptera bonasus specimens were obtained through fishery-independent surveys of two 115 

regions, the Gulf Coast of Florida and Chesapeake Bay, Virginia.  Gulf of Mexico (n = 27) animals were 116 

collected by National Marine Fisheries Service (NMFS) - Panama City Laboratory, Florida Fish and 117 

Wildlife Commission - Charlotte Harbor and Eastpoint Labs, and by the authors (RDG, MK) during 118 

NMFS GulfSPAN surveys of elasmobranch diversity, between Panama City in the northwestern 119 

panhandle region of Florida and south to Charlotte Harbor.  Stingrays from Virginia (n = 21) were 120 

collected by the authors (RDG, RF) during the Virginia Institute of Marine Science and ChesMMAP 121 

surveys.  Disk width (DW, in cm), as a metric of body size, was recorded along with geographic location, 122 

sex, and maturity.  All animals were sacrificed in accordance with Institutional Animal Care and Use 123 

Committee guidelines (protocol #: 1118; RDG) at Florida State University or by the guidelines of each 124 

respective agency. 125 

Bivalve species were collected using a variety of methods throughout Florida and Chesapeake 126 

Bay.  Oysters (Crassostrea virginica, n = 22) were obtained manually from pilings at the Florida State 127 

University Coastal and Marine Laboratory, collected from VIMS shellfish surveys, or commercially 128 

purchased (Mineral Springs Seafood Company, Panacea, FL).  Coquina clams (Donax variabilis, n = 45) 129 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

were collected manually from high-energy beaches with a shovel and sieve, between Alligator Point and 130 

Carabelle Beach, FL.  Larger C. virginica, hard clams (Mercenaria mercenaria), and other bivalves (Mya 131 

arenaria, Ensis minor, Mytilus edulis, and Ostrea ariakensis) were obtained from the Chesapeake Bay 132 

region, VA. 133 

 134 

Bite-Force Modeling 135 

 The theoretical bite-force modeling for Rhinoptera bonasus followed Kolmann et al. (2015a).  In 136 

brief, the relative origin and insertion of each muscle, the position of the jaw joint, and the bite points 137 

were measured relative to a three-dimensional coordinate system with its origin at the anterior-most, 138 

medial tip of the palatoquadrate cartilage using digital calipers.  In order to determine the lever geometry 139 

of the feeding apparatus, as well as the relative direction and magnitude of the in-forces generated by each 140 

muscle, the relative positions of all anatomical points were determined by measuring their distances from 141 

the X, Y, and Z planes intersecting at the origin (Huber et al., 2005, 2006, 2008).  Muscle identity of R. 142 

bonasus follows Kolmann et al. (2014) (Fig. 2). 143 

Muscle force output scales in proportion to muscle fiber cross-sectional areas (Powell et al., 144 

1984).  It was estimated, in parallel-fibered muscles in the present study, by sectioning the muscle 145 

through its center of mass, perpendicular to the fiber angle direction, and then digitally photographing the 146 

cross section (EOS Rebel, Canon Inc., Lake Success, New York). For muscles with pennate-fibered 147 

morphology, physiological cross-sectional area was estimated using to the following equation: 148 

 149 

Physiological CSA = muscle mass muscle density X cos∅ fiber length 150 

(∅ represents the insertion angle of the muscle fibers onto the central tendon of the muscle) 151 

 152 

Muscle CSA, fiber length, and fiber angle and length were measured from the digital photographs using 153 

ImageJ v. 1.40 (National Institute of Health, Bethesda, MD).  Theoretical maximum tetanic tension (PO) 154 

was determined by multiplying the muscle CSA (either anatomical or physiological) by the specific 155 

tension (TS) for elasmobranch red muscle (14.9 Nm-2 

 157 

– Lou, Curtin, and Woledge, 2002): 156 

PO = CSA * T

 159 

S 158 

 In-lever (LI) distances were calculated using the insertion of each muscle on the lower jaw and 160 

the position of the jaw joint using the 3D coordinate system.  A resultant in-lever distance was determined 161 

by using a weighted average of all the muscle in-levers, with weighting conditional on the overall force 162 
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contribution of each muscle.  Out-lever (LO

 A static equilibrium model was used to calculate the summation of the bending moments 166 

generated by the jaw adducting musculature about the jaw joints, and used to estimate theoretical 167 

maximum medial bite forces (BF

) distances were based on the positions of the medial bite point 163 

in comparison to the jaw joint.  Mechanical advantage (MA) at the medial bite point was calculated by 164 

dividing the resultant in-lever by its out-lever distance.   165 

med) (Huber et al., 2005). The static equilibrium of all the forces acting on 168 

the lower jaw (FLJ

 170 

) is represented by the following equation: 169 

Σ FLJ = FJR + FAMMe + FSB + FAMLa + FAMMa + FAMD  + FAMLi  + FB

(F

 = 0 171 

JR is the joint reaction force [which balances bite force and allows summation to 0], FB is the bite force 172 

occurring for a given prey item at one of the bite points, while FAMMe, FSB, FAMLa, FAMMa, FAMD , FAMLi 

 175 

 are the 173 

adductor muscle forces acting upon the lower jaw) 174 

Equilibrium models were run for medial biting scenarios only as this is the primary location (according to 176 

wear on the tooth modules) where prey is first grasped and then ruptured. 177 

 178 

Prey Rupture Forces  179 

We examined how rupture forces scaled over ontogeny for Donax variabilis and Crassostrea 180 

virginica, for which we had ontogenetic series.  Given the limited size sample for other bivalve taxa in 181 

our study, we examined qualitatively how rupture forces differed between prey bivalves that may be be 182 

consumed by either Rhinoptera population.  There is some overlap in diets between Gulf of Mexico and 183 

Chesapeake populations of cownose rays; both taxa consume veneroid clams such as Donax (D. 184 

variabilis) and Ensis (E. minor) as well as mytilids like Mytilus edulis and Geukensia demissa (Ajemian 185 

and Powers, 2012).  However, Chesapeake cownose rays have historically consumed larger soft-shell 186 

clams such as Mya arenaria (Smith and Merriner, 1985).  Crossostrea virginica and Mercenaria 187 

mercenaria make up a small component of the diet of cownose rays in Chesapeake Bay (Smith and 188 

Merriner, 1985, Fisher 2010), but have not been confirmed in the diet of cownose rays from the Gulf of 189 

Mexico (Collins et al., 2007; Ajemian and Powers, 2012).  190 

Bivalve specimens were measured for shell depth: the greatest dorso-ventral distance 191 

perpendicular to the umbo. Shellfish were subjected to axial compression tests using two different a 192 

mechanical loading frame systems: (A) an Material Testing Station (model 312.31, MTS Corp., Eden 193 

Prairie, MN, USA) with a 2500N load cell (model 661.19e-01, MTS Corp.) for smaller specimens of 194 

Crassostrea virginica and Donax variabilis; or (B) a 100 Kip Enerpac (Actuant Corp., Menomonee Falls, 195 

WI, USA) manual hydraulic pump and jack system, connected to a 25 kN load cell (model 661.20b-01, 196 
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MTS Corp.) for larger oysters (C. virginica, C. ariakensis), mussels, (Mytilus edulis), soft clams (Mya 197 

arenaria), razor clams (Ensis minor), and hard clams (Mercenaria mercenaria).  All compression tests 198 

were performed on live or recently deceased shellfish.  All bivalve specimens were crushed along their 199 

dorso-ventral axis with a constant loading rate of 0.5mms-1

In scenario (A), shellfish were crushed using the actual, preserved jaws from an adult cownose 201 

ray (72 cm DW), while in scenario (B), shellfish were crushed between two steel plates.  In scenario (A), 202 

the jaw was embedded upside-down in a mold of mixed fiberglass fibers and Elite© Stone dental molding 203 

cement (Zhermack Inc. River Edge NJ).  Axial displacement of the loading frame pushes against a load 204 

cell, which was affixed with a steel peg.  The peg contacted a subsequent steel roller, resting in the wing 205 

process of the Meckel’s cartilage of the lower jaw, allowing jaw closure to maintain a natural 206 

configuration.  The average natural gape height for each pair of jaws was not exceeded during testing on 207 

shellfish (Fisher, Call, and Grubbs, 2011).  To determine if the two methods of testing, for those species 208 

for which we have overlap in sampling, shell depth was regressed against shell failure force.  The 209 

residuals of this regression were compared with a Welch’s t-test to determine if there were significant 210 

differences in the mean for either method.   211 

 (Pfaller, Gignac, and Erickson, 2011).    200 

 212 

Statistical Analysis 213 

 Muscle forces, masses and CSAs, as well as lever distances, and pennate-fibered muscle fiber 214 

lengths and angles were log10-transformed and linearly regressed using reduced major axis regression 215 

(RMA) against log10-transformed body size (disk width).  We tested whether our metric for body size, 216 

disk width, scaled is an appropriate or comparable metric (with body mass) for scaling analyses, using 217 

OLS regression to confirm an isometric relationship between log-transformed disk width and body mass 218 

(n = 984). Mechanical advantage ratios and muscle fiber angles were left untransformed as these values 219 

are dimensionless (Pfaller et al., 2011). Scaling relationships between these variables with respect to body 220 

size were determined by comparing the regression slopes versus the expected isometric slope for that 221 

given variable (mechanical advantage and fiber angles = 0; lever distances = 1; areas and forces = 2, 222 

muscle masses = 3).  Confidence intervals generated around RMA slopes were compared to the expected 223 

isometric slope for each variable in order to determine positive or negative performance allometry, or 224 

isometry.  Reduced-major axis regression was also used to determine the scaling relationships between 225 

shell size and shell rupture forces.  For descriptive purposes, we used an isometric slope of 2 to compare 226 

the scaling relationship between shell depth and shellfish rupture forces. Reduced major axis regressions, 227 

including slope, elevation, and shift comparisons of regression models were performed using the lmodel2 228 

and smatr packages. 229 
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Kolmann and colleagues (2015a), measured bite forces from live cownose rays and found them to 230 

be approximately twice the estimated values for bite forces determined from feeding anatomy.  For 231 

comparisons of bite force to shell rupture forces, we used anatomically-determined bite force values as 232 

our minimum estimates of feeding performance, and then doubled these values to obtain an absolute 233 

maximum estimate of bite force at a given ecologically-relevant life history stage (neonates, young-of-234 

the-year, and mature adults). Mean disk width at critical life stages (neonates, year 1, and population-level 235 

median size at maturity) in Rhinoptera were gathered from the literature for the Gulf Coast of Mexico 236 

(Neer and Thompson, 2005; Poulakis, 2013) and Chesapeake Bay (Fisher et al., 2013) populations.  The 237 

maximum forces required to fracture mollusks of known dimensions were then used to generate 238 

regression (OLS) equations from which either shell depth or shell rupture forces could be extrapolated 239 

(Hernandez and Motta, 1997).  By inputting estimated stingray bite forces into these equations, and 240 

solving for shell size we determined the size range of shellfish vulnerable to predation.   241 

The lack of an entire size series for bivalve prey (Mya sp, Mercenaria sp, Mytilus sp, Ostrea 242 

ariakensis, and Ensis sp) other than Donax sp and Crassostrea sp.precluded us from running further 243 

statistical analyses to determine what life stages these mollusks would be vulnerable to predation. 244 

 Therefore, we present rupture forces for these taxa qualitatively in comparison to D. sp and C. sp. All 245 

statistical analyses were implemented using R (version 2.15.0; www.theRproject.org). 246 

 247 

Results 248 

Biomechanical Scaling 249 

 Scaling relationships between body size (DW) and biomechanical and physiological variables for 250 

cownose rays from the Gulf of Mexico are detailed in Kolmann et al. (2015a).  Regressions of log-251 

transformed body mass (kg) against disk width (cm) show tight correlation, increasingly isometrically 252 

throughout the size range of cownose rays (slope = 3.25, r2 = 0.9898). Similar to findings from Kolmann 253 

et al. (2015), the mass of the main jaw adductor, the adductor mandibulae major (AMMa) in Chesapeake 254 

Bay stingrays is both the largest jaw-closing muscle as well as the greatest contributor to overall muscular 255 

in-force (Table S1).  The AMMa in rays from the Chesapeake Bay produces 45.7% of the overall muscle 256 

force (54.7% in rays from Florida), followed by the suborbitalis (11.7%; 13.9% in Florida rays), adductor 257 

mandibulae lateralis (AMLa – 9.1%; 12.7% in Florida rays), AM lingualis (AMLi – 6.8%; 9.4% in 258 

Florida rays), AM deep (5.7%; 7.3% in Florida rays), and AM medialis (1.26%; 1.7% in Florida rays) 259 

(Table 1).  All jaw adductor masses scale with positive allometry relative to disk width (Table S1), while 260 

all jaw adductor cross-sectional areas also increased with positive allometry (Table S1). Jaw adductor 261 

forces scaled with positive allometry in Chesapeake Bay and Florida stingrays; the adductor mandibulae 262 

major (slope = 3.06; 3.76 in Florida rays), followed by the suborbitalis (slope = 3.56; 4.08 in Florida 263 
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rays), adductor mandibulae lateralis (slope = 3.01; 4.04 in Florida rays), AM lingualis (slope = 2.64; 4.02 264 

in Florida rays), AM deep (slope = 2.96; 3.66 in Florida rays), and AM medialis (slope = 3.56; 4.38 in 265 

Florida rays) (Table S1). However, in Chesapeake Bay stingrays both the fiber angle (slope = -1.53) and 266 

fiber length (slope = 1.31) of the AM major scaled isometrically with respect to disk width over the 267 

ontogeny (Table 2). 268 

 In Chesapeake Bay stingrays lever distances with respect to body size scaled with positive 269 

allometry (Table 2).  The medial out-lever scaled with positive allometry (slope = 1.13; 0.97 in Florida 270 

rays) and the resultant in-lever (weighted by muscle contribution to overall bite force) also scaled with 271 

positive allometry with respect to disk width (slope = 1.21; 1.00 in Florida rays; Fig. 3).  Given that the 272 

out-lever as well as the in-lever scaled with positive allometry, mechanical advantage scaled isometrically 273 

(medial MA slope = 0.26; -0.36 in Florida rays; Table 2). Gulf of Mexico rays also showed isometric 274 

scaling of mechanical advantage, but due to comparable, isometric scaling across all lever distances 275 

(Kolmann et al., 2015a).  Medial bite forces scaled with positive allometry with respect to disk width 276 

through ontogeny (slope = 2.42; 2.36 in Florida rays; Table 2). 277 

 Bite forces were higher in rays collected from the Chesapeake Bay at all stages of their ontogeny 278 

than rays from the Gulf of Mexico (Fig. 4). This higher performance was due to both an elevational 279 

change and shift in the regression line of Chesapeake over Gulf coast rays: Virginia cownose are both 280 

larger in size and have higher performance than Florida cownose rays (elevation: Wald statistic = 8.389; p 281 

= 0.003; shift: Wald statistic = 15.9; p < 0.006). However, regression slopes between Chesapeake and 282 

Gulf Coast stingrays were indistinguishable (p = 0.285; LRT = 1.139).   283 

 284 

Prey Rupture Testing 285 

 Welch’s t-test results show no significant differences between our two failure testing methods (t = 286 

1.2324, p = 0.2254). In coquina clams (D. variabilis), rupture forces scaled isometrically (slope = 2.36; 287 

CI: 1.971-2.838) when compared to shell depth (p < 0.01; r2 = 0.626). Rupture forces in eastern oysters 288 

(C. virginica) scaled with negative allometry (slope = 0.63; CI: 0.573-0.694) with regards to shell depth 289 

(p < 0.01; r2

Gulf neonate cownose rays (mean DW ~ 30cm; Poulakis, 2013) are predicted to have the capacity 292 

of consuming Donax sp. clams approximately 0.6-0.9 cm shell depth (Fig. 5) using their average bite 293 

force of 29.5 N.  Chesapeake Bay neonate cownose rays (mean DW ~ 42cm; Fisher et al., 2013) could 294 

theoretically consume Donax. sp. clams of 0.6-1.5 cm shell depth with bite forces exceeding 81.7 N. 295 

 Year 1 Gulf of Mexico (~47 cm DW) and Chesapeake Bay cownose rays (~63cm DW) could potentially 296 

consume the rest of the size series of Donax. sp clams represented in this data set (Fig. 5).  Neonate Gulf 297 

 = 0.841) (Fig. 5).  Linear regressions of rupture force (N) on shell depth were used for 290 

comparisons between cownose ray bite forces and prey rupture forces (Fig. 5).   291 
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rays (mean DW ~ 35cm) could consume up to 0.42-0.78cm shell depth for eastern oysters (Fig. 5). 298 

 Chesapeake Bay cownose rays (median DW ~ 40cm) could theoretically consume eastern oysters of up 299 

to 0.53-1.1 cm shell depth (Fig. 5).  Year 1 Gulf of Mexico rays (~47 cm DW) could rupture up to 0.69-300 

1.1 cm shell depth for eastern oysters.  Year 1 Chesapeake Bay rays (~47 cm DW) could rupture 1.04-301 

2.18 cm shell depth oysters.  Mature Gulf cownose rays (~70cm DW) could theoretically rupture 1.2-2.18 302 

cm shell depth eastern oysters.  Mature Chesapeake Bay cownose rays (~85cm DW) could theoretically 303 

rupture 1.5-2.18 cm shell depth eastern oysters.  Both cownose ray populations have comparable adult-304 

level performance, i.e. both are capable of feeding on the entire size range of their respective potential 305 

prey, by year two of their development (Fig. 5).   306 

 307 

Discussion 308 

This study is the first to address interspecific differences in feeding performance between 309 

elasmobranch populations. All muscle CSAs, masses, and forces scaled with positive allometry over the 310 

development of cownose rays from Chesapeake Bay.  This stands in contrast to patterns recovered from 311 

Gulf of Mexico stingrays, in which only three of six jaw muscles showed positive, allometric growth in 312 

muscle CSA and only two of six jaw muscles showed positive allometry of force generation (Kolmann et 313 

al., 2015a).  In addition, Chesapeake Bay rays are born larger, by approximately 10-12cm (Poulakis, 314 

2013; Fisher et al., 2013) leading to an absolute difference in initial performance due to size alone. These 315 

findings support the weight of literature regarding vertebrate feeding systems, which overwhelmingly 316 

demonstrate that trophic partitioning between related taxa is mediated by absolute differences in size in 317 

many taxa, and by alternate modes of performance scaling in many dietary specialists (Anderson et al., 318 

2008).  Both populations of cownose rays follow the latter pattern, but with larger size at parturition in 319 

Chesapeake Bay rays further contributing to overall higher performance early in ontogeny. 320 

 Overall, rays from the western Chesapeake Bay showed higher bite force performance values at 321 

all sizes than cownose rays from the Gulf of Mexico. These higher bite forces presumably allow 322 

Chesapeake Bay rays to access less-robust bivalve taxa (e.g. Donax sp.) within their first year of growth, 323 

compared to rays from the Gulf of Mexico (Figures. 5 & 6).  However, after year one, Gulf coast cownose 324 

rays are predicted to be able to consume the entire size range of Donax sp, making these rays potential 325 

predators even at small sizes (Fig. 6). Although we are not able to statistically determine the relationship 326 

between prey rupture forces for some bivalve prey with respect to stingray feeding performance, Figure 6 327 

illustrates how some harder mollusks common to the Chesapeake Bay region (Mya sp. and Mytilus sp.) 328 

are well within neonate levels of feeding performance for cownose rays from this area.  Timely access to 329 

an expanded size range and diversity of mollusks increases the probability that these stingrays can 330 

successfully consume readily available prey. While within-species variation in size at birth can represent 331 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

a means of coping with higher predation pressure, shorter growing seasons, and a migratory life history 332 

strategy, we also find that larger neonate sizes confer higher feeding performance (and perhaps even 333 

foraging, by reducing prey-handling times; Fisher et al., 2011). 334 

 Differences in muscle size explain the disparity in feeding performance between the two cownose 335 

stingray populations, whereas the scaling of the jaw lever mechanics are comparable. In rays from the 336 

Chesapeake Bay, positive allometry of both in-levers and out-levers cancelled out such that the overall 337 

mechanical advantages show an isometric pattern through ontogeny. Gulf of Mexico rays also exhibit 338 

isometric mechanical advantage, although this on the contrary is the product of isometric growth in both 339 

the jaw adducting in-lever and out-levers. These findings suggest the presence of strong constraints on the 340 

remodeling ability of the jaw musculoskeletal module, leaving muscle physiology, architecture, and 341 

growth as the primary means driving ontogenetic changes in feeding performance. The lack of a tongue, 342 

or other means of fine-scale prey manipulation might be limiting to these animals making movement of 343 

prey to an ideal position to maximize force transmittance in these animals with rays relatively akinetic 344 

jaws relative to other stingrays (Dean, Wilga, and Summers, 2005; Mulvany and Motta, 2014; Kolmann 345 

et al., 2014, 2016; but see Sasko et al., 2006). 346 

 These findings are another example of equifinality in the feeding apparatus of myliobatid 347 

stingrays and other vertebrates (Young, Haselkorn, and Badyaev, 2007; Kolmann et al., 2015b). Despite 348 

differences regarding the relative positions of muscle insertions (in-lever), jaw joint (fulcrum), and 349 

occlusal surface (out-lever), jaw mechanical advantage remains functionally equivalent between both 350 

stingray taxa.  Whereas Kolmann et al. (2015a) postulated that conservative growth patterns of jaw 351 

leverage in Gulf of Mexico Rhinoptera were due to constraints on remodeling jaw cartilage, our findings 352 

suggest that this scenario is more complex.  Maintenance of biomechanically advantageous leverage 353 

performance throughout ontogeny, rather than leverage augmentation, seems to be a motif for 354 

rhinopterines as opposed to other durophagous chondrichthyans and other vertebrates in general (Huber et 355 

al., 2008; Kolmann & Huber, 2009; Pfaller et al., 2011).  We hypothesize that this could be necessary to 356 

ensure constancy of force transmittance along the entire occlusal surface, allowing prey to be crushed 357 

across the broad dental battery.   358 

 Cownose rays, like their distant cousins the California bat ray (Myliobatis californica) have been 359 

implicated in commercially-harvested shellfish declines such as oysters (Smith and Merriner, 1985; Gray, 360 

Mulligan, and Hannah, 1997; Myers et al., 2007). However, dietary studies analyzing gut contents for 361 

cownose rays show that bivalves make up a negligible component of their overall diet (Collins et al., 362 

2007; Ajemian and Powers, 2012). In fact, California bat rays were shown to prey overwhelmingly on 363 

one of the Pacific oysters’ primary predators – crabs of the genus Cancer (Gray et al., 1997). Recent 364 

reanalysis of the findings of Myers et al. (2017) by Grubbs et al. (2016) found that declines in large 365 
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coastal sharks did not coincide with purported increases in cownose ray populations, nor did cownose ray 366 

abundances coincide with shellfish declines. Furthermore, Grubbs et al. (2016) found little evidence for 367 

‘explosive’ population growth in Rhinoptera in Chesapeake Bay. Fisher et al. (2011) showed that even in 368 

conditions where Rhinoptera were forced to consume oysters of various sizes, probability of predation 369 

dropped precipitously at shell depths greater than 2.3 cm for adults, and for juveniles at 0.8 cm shell depth 370 

(Fisher et al., 2011). Our findings support Fisher (2011) in that adult cownose rays are not capable of 371 

crushing oysters much larger than 2.0cm in shell depth, which on average exceed the 550-650 N bite 372 

forces large rays can generate.  In fact, the rupture forces for most of the commercially valuable bivalves 373 

which cownose rays have allegedly consumed fall far outside the maximum estimated performance for 374 

mature adult rays (Fig. 6).  Bivalves within these ranges of shell depth would be considered of marketable 375 

size (7-8 cm), suggesting that cownose rays are incapable of consuming shellfish at their most marketable 376 

size classes, although juvenile shellfish are still at risk (Fisher et al., 2011).  377 
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 485 

TABLES 486 

Table 1.  Descriptive statistics for jaw muscle variables and contribution to bite force generation in 487 

Chesapeake Bay Rhinoptera bonasus.  AMMe: adductor mandibulae medialis, SB: suborbitalis, AMLa: 488 

adductor mandibulae lateralis, AMMa: adductor mandibulae major, AMD: adductor mandibulae deep, 489 

AMLi: adductor mandibulae lingualis, CSA: muscle cross-sectional area. Animals are 48-104 cm disk 490 

width. 491 

Table 2. Results of reduced-major axis regression scaling analyses of mechanical advantage and bite force 492 

with respect to disk width (cm) in the feeding apparatus of Chesapeake Bay Rhinoptera bonasus (log Y = 493 

b log x +log a). Independent variables scaled against log disk width.  Significance level (α = 0.05). 494 

 Confidence interval; CI.  LO-med: medial out-lever, LO-lat: lateral out-lever, RLI: in-lever, MA-med: 495 

medial advantage, MA-lat: lateral mechanical advantage. For scaling scenarios, I = isometry, P = positive, 496 

and N = negative. Animals are 48-104 cm disk width. 497 

 498 

FIGURES 499 

Figure 1. Diet and geographic range of two populations of Rhinoptera bonasus.  (a) Percent of mollusk 500 

and crustacean prey by volume of gut content; (b) Geographical range of the two populations – 501 

Chesapeake Bay rays (red) and Gulf of Mexico (blue). 502 
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Figure 2.  Cranial musculature of Rhinoptera bonasus.  (a) Ventral and (b) Dorsal perspectives of the 503 

upper and lower jaws removed from cranium. AMMe: Adductor mandibulae medialis, AMLa: Adductor 504 

mandibulae lateralis, AMD: Adductor mandibulae deep, AMLi: Adductor mandibulae lingualis, AMMa: 505 

Adductor mandibulae major, SB: Suborbitalis, HYM: Hyomandibular cartilage, LP: Levator 506 

palatoquadrati, PQ: Palatoquadrate, MK: Meckel’s cartilage. 507 

Figure 3. Scaling of jaw lever distances (cm) and mechanical advantage versus disk width over ontogeny 508 

in Chesapeake Bay Rhinoptera bonasus. Solid lines, reduced major axis regressions for the data; dashed 509 

lines, scaling predictions based on isometric growth set to cross data lines at the mean values of each 510 

independent variable.  (a) Resultant in-lever distance, (b) medial out-lever distance, (c) Medial 511 

mechanical advantage. “P” denotes positive allometry, “N” denotes negative allometry, “I” denotes 512 

isometry. 513 

Figure 4. Maximum theoretical bite forces (N) over ontogeny in Rhinoptera bonasus. Solid lines, reduced 514 

major axis regressions for the data; dashed lines, scaling predictions based on isometric growth set to 515 

cross data lines at the mean values of each independent variable.  (a) Medial bite force in cownose rays 516 

from the Gulf of Mexico, (b) Chesapeake Bay, and (c) both populations combined, Gulf of Mexico rays 517 

(circles), Chesapeake Bay rays (triangles). Horizontal dashed line indicates age at parturition. “P” denotes 518 

positive allometry, “I” denotes isometry. 519 

Figure 5. Scaling of rupture forces (N) for two ontogenetic series of bivalves. Solid lines, reduced major 520 

axis regressions for the data; dashed lines, scaling predictions based on isometric growth set to cross data 521 

lines at the mean values of each independent variable.  Red colors denote performance data from 522 

Chesapeake Bay cownose rays, blue colors are performance data from Gulf of Mexico stingrays. (a) 523 

Donax variabilis, (b) Crassostrea virginica. “P” denotes positive allometry, “N” denotes negative 524 

allometry, “I” denotes isometry. 525 

Figure 6. Prey bivalve rupture forces (N). Vertical lines represent the gape height limit of adult 526 

Rhinoptera from Chesapeake Bay. Dotted line is data from Fisher  (2011), showing the probability of 527 

predation on mollusks by cownose rays from Chesapeake Bay. Blue shading indicates neonate to yearling 528 

bite force performance threshold, green shading indicates sub-adult performance threshold, orange 529 

shading indicates adult performance threshold. Prey are Ostrea ariakensis, Crassostrea virginica, Ensis 530 

minor, Mytilus edulis, Mercenaria mercenaria, Mya arenaria, and Donax variabilis. 531 

 532 
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Table S1. Results of reduced-major axis regression scaling analyses of muscle masses, CSAs, and muscle 534 

forces with respect to disk width (cm) in the feeding apparatus of Chesapeake Bay Rhinoptera bonasus 535 

(log Y = b log x +log a). Independent variables scaled against log disk width.  Significance level (α = 536 

0.05).  Confidence interval; CI.  AMMe: Adductor mandibulae medialis, AMLa: Adductor mandibulae 537 

lateralis, AMD: Adductor mandibulae deep, AMLi: Adductor mandibulae lingualis, AMMa: Adductor 538 

mandibulae major, SB: Suborbitalis. For scaling scenarios, I = isometry, P = positive allometry, and N = 539 

negative allometry. 540 

Figure S1. Jaw adductor muscle mass (g) over ontogeny in Chesapeake Bay Rhinoptera bonasus. Solid 541 

lines, reduced major axis regressions for the data; dashed lines, scaling predictions based on isometric 542 

growth set to cross data lines at the mean values of each independent variable.  (a) Suborbitalis muscle 543 

masses, (b) adductor mandibulae deep muscle masses, (c) adductor mandibulae major muscle masses, (d) 544 

adductor mandibulae medialis muscle masses, (e) adductor mandibulae lingualis muscle masses, (f) 545 

adductor mandibulae lateralis muscle masses. “P” denotes positive allometry, “I” denotes isometry. 546 

Figure S2. Jaw adductor muscle cross-sectional areas (cm2

Figure S3. Jaw adductor muscle forces (N) over ontogeny in Chesapeake Bay Rhinoptera bonasus. Solid 554 

lines, reduced major axis regressions for the data; dashed lines, scaling predictions based on isometric 555 

growth set to cross data lines at the mean values of each independent variable.  (a) Suborbitalis muscle 556 

forces, (b) adductor mandibulae deep forces masses, (c) adductor mandibulae major muscle forces, (d) 557 

adductor mandibulae medialis muscle forces, (e) adductor mandibulae lingualis muscle forces, (f) 558 

adductor mandibulae lateralis muscle forces.  “P” denotes positive allometry, “I” denotes isometry. 559 

) over ontogeny in Chesapeake Bay Rhinoptera 547 

bonasus. Solid lines, reduced major axis regressions for the data; dashed lines, scaling predictions based 548 

on isometric growth set to cross data lines at the mean values of each independent variable.  (a) 549 

Suborbitalis muscle CSAs, (b) adductor mandibulae deep muscle CSAs, (c) adductor mandibulae major 550 

muscle CSAs, (d) adductor mandibulae medialis muscle CSAs, (e) adductor mandibulae lingualis muscle 551 

CSAs, (f) adductor mandibulae lateralis muscle CSAs. “P” denotes positive allometry, “I” denotes 552 

isometry. 553 
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Table 1. Descriptive statistics for musculoskeletal variables and bite force generation in Chesapeake Bay Rhinoptera bonasus 

Muscle Division Mass (g) CSA (cm2) In-Lever (cm) Muscle Force (N) 

Percent Contribution to Bite 

Force (N) 

AMMe 
1.62 ± 0.247 0.31 ± 0.06 3.61 ± 0.18 3.69 ± 0.43 1.26 ± 0.13 

0.09-4.00 0.05-1.35 1.89-5.10 0.75-8.64 0.85-3.85 

SB 
8.36 ± 0.181 2.277 ± 0.27  3.41 ± 0.272 27.22 ± 0.751 11.7 ± 0.74 

0.90-20.7 0.74-5.15 1.83-5.24 6.56-60.2 6.49-19.31 

AMLa 
4.184 ± 0.196 1.75 ± 0.247 3.41 ± 0.247 17.84 ± 2.13 9.17 ± 0.76 

0.30-13.0 0.18-4.04 1.83-5.24 3.35-40.74 5.61-21.44 

AMD 
3.415 ± 0.196 2.268 ± 1.152 1.855 ± 0.152 17.17 ± 0.542 5.76 ± 0.37 

0.30-10.0 0.30-3.29 1.07-3.24 4.47-49.02 2.99-8.80 

AMMa 
34.53 ± 0.137 9.334 ± 1.175 4.001 ± 1.175 139.08 ± 5.54 45.75 ± 2.43 

3.80-109.0 1.55-24.03 1.26-6.67 23.03-358.23 27.99-76.40 

AMLi 
7.133 ± 0.29 1.355 ± 0.172 4.189 ± 0.17 20.17 ± 1.08 6.81 ± 0.34 

0.80-21.0 0.39-3.67 2.03-7.52 5.81-54.68 4.00-9.85 

Values are the mean ±  s.e.m.         
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Table 2. Scaling of mechanical advantage and bite force in Chesapeake Bay Rhinoptera bonasus 

Independent variables r2  
Isometric 

Slope 
Intercept (a) Slope (b) CI p 

Scaling 

Scenario 

LO-med. 0.95 1 -3.34 1.13 1.009-1.259 1.59E-13 P 

RLI 0.87 1 -4.18 1.21 1.016-1.440 8.98E-10 P 

MA med 0.01 0 -0.53 0.26 0.166-0.418 0.7218 I 

MA lat 0.01 0 2.52 -0.38 -0.597- -0.237 0.7036 I 

BFmed 0.90 2 -5.00 2.42 2.077-2.830 9.17E-11 P 

In-lever and out-lever lengths scaled against disk width.  Significance level (α = 0.05).  Confidence interval; CI.  

medial mechanical advantage; LO-med., Medial bite force (N); BFmed, resultant in-lever; RLI, medial mechanical advantage; MAmed, 

lateral mechanical advantage; MAlat. 

For scaling scenarios, I = isometry, P = positive allometry and N = negative allometry. 
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