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Abstract

Animal performance is tightly linked to morphological function, whereby chamgsige and
performance can influence niche dynamics over ontog&nyunderstand how growth affects feeding
performance, wezexamined how bite force over ontogeny differed between two pogubdtio
durophagous,stingrayRhinoptera bonasus (from the Chesapeake Bay and the Florida Gulf Coast, USA).
Cownose stingrays from the Chesapeake Bay specialize on mollusks, whereas Gulf of Mexiypsst
are omnivorous; feeding on a iaty of benthic invertebratesncreases in jaw adductor size resdin
positive bite,force allometry across ontogeny in both stingray populatitmsever, scaling patterns
between muscle units dified between the populations, with more drastic increases in bite force over
ontogeny in populations feeding on more robust pMgchanical testing of the fracture forces of prey
suggedsthat juvenile bivalves are particularly vulnerable to predation by either stingrayagiopul

However, Gulf coast stingrays exhibit lower bite forces across ontogeny compatessap€ake rays.
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Chesapeake Bay rays are born larger, further exaggerating the performance dispagien these

populations. Although theseiamals generate considerable bite forces, their ability to comminute bivalves

at marketable sizes is doubtful.

Key Words: bite force, durophagy, ecomorphology, Myliobatidaelfisthetieclines, trophic cascade,

stingray,Rhinoptera bonasus

Introduction

Changesiranimalsize and shape underlie shifts in performance and resourceersmtogeny
(Verwaijen, van. Damme, and HerrgD02; Vincent et al., 2007; Gignac and Erickson, 20¥#)en
competing'with sympatric taxa, specspgcialize on some nuance of a shared resdarstave off
competitionyparticularly wheformerly abundantesources become scarce (Liem, 198@hile
increases ipredatorsize expand access todar prey items and potentialigore diverse prethrough
isometric increases performancdparticularly with regards to bite forcglivenilepredatorsnay
circumvent'size*constraints via allometric performance trajectdfiesdl and Gibb, 200&\nderson,
McBrayer, [and HerreR008; Haleggeret al., 2012).Allometric performance gains allow juveniles to
access thenergy resources required for rapid growhierebyalso reducing predation risind
conspecificcempetiion (Arnold, 1983; Werner and Gilliam, 1984ncreased feeding performance is
presumably'selected fearlyin ontogeny when younger animals are under considerable selective
pressure to perform in a manner similar to adults, with whichrfegyco-occur ancevencompete
(Erickson, Lappin, and V0ie2003).

Durophagous taxéeedon prey withexoskeletons that are particularly tough, stiff hardand
can serve as a vialbdtudy system for relating ontogeny of performanceréy characteristics Although
ancestrallypessessing compliant cartilaginous skeletons, several lineages of chondrichthgstmafie
evolvedhighly.-mineralizeghwsenabling them to act akirophagous predatofSummers, 200@ean
and Summersyp2006Amongthese taxa amayliobatid stingraydike cownose raysRhinoptera bonasus;
Mitchill, 1815), which occur in thesoutheastern United States, withe populationnhabiing coastal
waters from*Virginia to Floridand theother, the Gulf of Mexico (Schwartz, 1990; Aschliman, 2QHg.
1). Cownese rays from théhesapeake Baggion are typically larggfemale median size at maturity,
860 mm;FisherpCall, and Grubb2013)than Gulf of Mexicdndividualsand primarily consume shed
preysuch adivalves. Those from the Gulf of Mexiam the other hand are smaller (female median size
at maturity, 653nm; Neer and Thompson, 2005ig. 1) andprimarily consume smaller bivalve taxa and
softerbodied benthic invertebrates, such as cumacaashamphipodgCollinset al., 2007; Fisher, 2010;
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96 Ajemian and Powers, 2012; Fishetial., 2013 Fig. 1). Given theoccurrence of resourdsased plasticity
97 in the feeding mechanisms fishes(Turingan, Wainwright, and Hensley, 19%%rnandez and Motta,
98  1997;Wintzer and Motta, 20Q5differences in the diet of cownaose ray populations may be echoed by
99  ecomorphological specialization, whereby rays feeding on more robusaneexpected to be more

100  robust therebymaximizing feedingerformance (i.e. bite force).

101 Here we examine wdiherfeeding performance is greater in durophagolssapeake Bay

102  cownose rays compared to mamnivorousrays from the Gulf of Mxico, using a biomechanical model

103  thatestimates bite forces across ontogéar both populationsThese anatomical modelave been

104  shown toaccurately predict bite force generation in live cownags(Kolmannet al., 2015a) We

105 hypothesize thdiite forceperformance will bgreatetin stingraysrom Chesapeake Bay. Vé¢so expect

106 that differenceS’in muscle scaling ayr@atersize-at-parturitionof these Chesapeake Baays allows

107  greatembite force’generatioin Chesapeake rayslative to theitGulf of Mexico relatives We examinel

108 the ecological ramifidgons ofalternatefeeding performance ithese two predator populatiobg

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

110 rays carcrusha largersizerange of prey, as well as a greaterersity of mollusksearlier in ontogeny

111 thanmore annivorousrays from the Gulf of Mexico.

112

113 M ethodology

114  Specimen Collection

115 Rhinoptera bonasus specimens were obtained throuigheryindependent surveysf two

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

117  collected by'National Marine Fisheries ServisBMFS) -Panama City Latratory, Florida Fish and

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

119  NMFS GulfSPAN surveys of elasmobranch diverdigtween Panama City in the northwestern

120  panhandle region of Floridendsouthto Charlotte Harbor.Stingrays from Virginign = 21)were

121  collected by the autho(®DG, RF duringthe Virginia Instituteof Marine Sciencand ChesMMAP

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

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

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

125  respective,agency.

126 Bivalve species were collected using a variety of methods throughout Floddahesapeake

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

128  University Coastal and Marine Laboratory, collected from VIMS shellfish sunaysmmercially

129  purchasedNlineral SpringsSeafood Company, Panacea, FCpquina clams@onax variabilis, n = 45)
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were collected manually from higdnergy beaches with a shovel and sieve, between Alligator Point and
Carabelle Beach, FLLargerC. virginica, hard clamgMercenaria mercenaria), and othebivalves(Mya
arenaria, Ensis minor, Mytilus edulis, andOstrea ariakensis) were obtained from the Chesapeake Bay

region, VA.

Bite-Force Modeling

The theoretical bitéorce modelingor Rhinoptera bonasus followed Kolmannet al. (2015a). In
brief, the relative origin and insertion of each muscle, the position of theijaywand the bite points
were measuredyrelative to a thidinensional coordinate system with its origin at the antemiost,
medial tip of,the/palatoquadrate cartilageng digital calipersin order to determine the lever geometry
of the feeding/apparatus, as well as the relative direction and magnitudersfdtees generated by each
muscle, the relative positions of all anatomical poivgsedetermined by measuring their distances from
the X, Y, andZ planes intersecting atdlorigin (Huberet al., 2005, 2006, 2008)Muscle identity oR.
bonasus follows Kolmannet al. (2014) Fig. 2).

Muscle forceoutput scales in proportion to miesdiber crosssectional areaPowellet al.,
19849). It was.estimatedn paralletibered muscle# the present studpy sectioning the muscle
through its'center of mass, perpendicular to the fiber angle directiothemdigitallyphotographing the
cross sectiofEOS Rebel, Canon Inc., Lake Success, New Y&y muscles with pennafdered

morphology, physiologicatrosssectional area was estimated udimghe following equation

Physiological CSA smuscle mass muscle density X cos@ fiber length

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

Muscle CSA, fiber length, and fiber angle and length were measuredHeatigital photographs using
ImageJ v. L.4@National Institute of Health, Bethesda, MDljheoretical maximum tetanic tension, )P
was determined by multiplying the muscle CSA (either anatomical or physialply the specific

tension (T)fer.elasmobranch red muscle (14.9 Nrhou, Curtin, and Woledge, 2002):

P,= CSA*T,

In-lever (L) distances were calculated using the insertion of each muscle on the lower jaw and
the position of the jaw joint usirthpe 3D coordinate systemA resultant inlever distance was determined

by using a weighted average of all the musclieuers, with weghting conditional on the overall force
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163  contribution of each muscleDut-lever (L) distances were based on the positions ofrtadial bite point
164 in comparison to the jaw jointMechanical advantage (MA) at the medial Ipitént was calculated by
165  dividing the resultant kbever byits out-lever distance.

166 A static equilibrium model was used to calculate the summation of the bending teomen
167 generated by the jaw adducting musculature about the jaw joints, and used to estionatiedh

168  maximum mediabite forces (BE.) (Huberet al., 2005). The static equilibrium of all the forces acting on
169 the lower jaw (E) is represented by the following equation:

170

171 CF,=Ft+FutFe+ Rt Rt R+ R + R =0

172 (F. isthejointreaction force [which balances bite force and allows summation to 0], F. isthe bite force
173 occurring far a‘given prey item at one of the bite points, while Fau., Fs, Fawes Famars Fan, Fa @rethe

174  adductor muscleforces acting upon the lower jaw)

175

176  Equilibrium modelsvere run for medial biting scenarios only as this is the primary location (acgdodin
177  wear on the tooth modules) where prey is first grasped and then ruptured.

178

179  Prey Rupture,Forces

180 We"examined how rupture forces scaled over ontogerydpax variabilis andCrassostrea

181  virginica, for which we had ontogenetic serigSiven the limitedsizesample for other bivalve taxa

182  our studywe examined qualitatively how rupture forces differed between prey bivalves thaeimay b
183  consumed by eithd®hinoptera population. There issomeoverlap in diets between Gulf of Mexico and
184  Chesapeakpopulations of cownose rayspth taxa consumeeneroid clams such &@wonax (D.

185  variabilis) andEnsis (E. minor) as well as mytilids likévytilus edulis andGeukensia demissa (Ajemian
186  and Powers, 2012However, Chesapeakewnose rays have historicaipnsumed larger sehell

187  clams such ablya arenaria (Smith and Merriner, 1985)Crossostrea virginica andMercenaria

188  mercenariajnake,up a small component of the diet of cownose ra@s@sapeake Bapmith and

189  Merriner, 1985, Fisher 2010), but have not been confirmed in the diet of cownose rays=fi@uiftof
190 Mexico(Collinsetal., 2007; Ajemian and Powers, 2012)

191 Bivalvesspecimens were measured for shell depth: the greatestvanitsal disance

192  perpendicular to the umb8hellfish were subjected to axial compression tests using two different a
193  mechanical loading frame systeni&) an Material Testing Statiogimodel 312.31, MIS Corp., Eden

194  Prairie, MN, USA) with a 2500N load cell (model 661. 48 MTS Corp.) for smaller specimens of
195  Crassostrea virginica andDonax variabilis; or (B) a 100 Kip Enerpac (Actuant Corp., Menomonee Falls,

196  WI, USA) manual hydraulic pump and jack system, connected to a 25 kN load cell (mo@8basll,.

This article is protected by copyright. All rights reserved



197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229

MTS Corp.) for larger oyster€(virginica, C. ariakensis), mussels, Nytilus edulis), soft clams ya
arenaria), razor clamsknsis minor), and hard clamé@Vercenaria mercenaria). All compressiortests
were performed on live or recently deceased shellfighbivalve specimens were crushed along their
dorseventral axis with @onstant loading rate of 0.5mmgPfaller, Gignac, and Ericksp8011).

In"scenario (A)shellfish were crushed using the actual, preserved jaws from an adult cownose
ray (72 cm'DW), while in scenario (Byhellfish were crushed between two steel plabescenario (A),
the jaw was embedded upsidewn in a mold of mixed fiberglass fibers and Elite© Stone dentiding
cement (Zhermack Inc. River Edge N#)xial displacement of the loading frame pushes against a load
cell, which was,affixed with a steel pe@he peg contacted a subsequent steel roller, resting in the wing
process of the Meckel's cartilage of tbaver jaw, allowing jaw closure to maintain a natural
configuration. The average natural gape height for each pair of jaws was not exceeded during testing on
shellfish EisheryCall, and Grubb2011). To determine if the two methods of testing, forsaspecies
for which we have overlap in sampling, shell depth was regressed against shell dadleird tie
residuals of this regression were compared with a Weldie'st to determine if there were significant

differences.in the mean for either method.

Satistical Analysis

Musclerforces, masses and CSAs, as well as lever distances, and+iberedemuscle fiber
lengths and angles were lpgansformed and linearly regresaesing reduced major axis regression
(RMA) againstiog-transformed bodgize (disk width).We tested whether our metric for body size,
disk width, scaled is an appropriate or comparable metric (with body mass) fog suadiyses, using
OLS regressiontto confirm an isometric relationship betweetrdogformed disk widthrad body mass
(n = 984) Mechanical advantage ratios and muscle fiber angles were left untransformed as these values
are dimensionless (Pfalleral., 2011). Scaling relationships between these variables with respect to body
size were determined by comparing the regression slopes versus the expected isomeinicthpe f
given variable (mechanical advantage and fiber angles = 0O; lever distances = 1; areas and forces = 2,
muscle masses = 3Confidence intervals generated around RMA slopes were compared to the expected
isometric slope for each variable in order to determine positive or negatifeemanceallometry, or
isometry. Redueedmajor axis regression was also used to determine the scaling relationships between
shell sizesand shell rupture forceSor descriptive purposes, we used an isometric slopeécot@mpare
the scaling relationship betweshell depthand shellfish rupture forceReduced major axis regressions,
including slope, elevation, and shift comparisons of regression models eviened using themodel 2

andsmatr packages.
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230 Kolmannand colleague@015a), measured bite forces from live cownose aagsfound them to
231  beapproximatelytwice the estimated values for bite forces determined from feeding anateony.

232 comparisons of bite force to shell rupture forces, we used anatorrdesdismined bite force values as
233 our minimum estimates of feeding performance, and then doubled thesetgalb&sn an absolute

234  maximum estimate of bite force at a given ecologieadlgvant life history stage (neonates, yourfg
235 theyear, and mature adults). Mean disk width at critical life stages (neonates, yeapapalationlevel
236  median size at mattyi in Rhinoptera were gathered from the literature for the Gulf Coadflexico

237  (Neer and Thompson, 2008pulakis, 2013andChesapeake Bayrisheret al., 2013) populationsThe
238  maximum forces required foacturemollusks of known dimensions were then used to generate

239  regression(OLS) equations from which either shell depth or shell rupture forcédeatrapolated
240  (Hernandez'and\Motta, 1997y inputting estimated stingray bite forces into these equatmas,

241  solving for shell'size we determithéhe size range of shellfish vulnerable to predation.

242 The lack of an entire size series for bivalve pidyd sp, Mercenaria sp, Mytilus sp, Ostrea

243  ariakensis, andEnsis sp) other tharDonax sp and Crassostrea sp.precluded us from running further
244  statistical analyse® determine what life stages these mollusks would be vulnerable to predation.
245 Thereforewe present rupture forces for these taxa qualitatively in comparigorspoandC. sp. All

246  statistical analyss were implemented using fRe(sion 2.15.0www.theRproject.org).

247

248 Results

249  Biomechanical*Sealing

250 Scaling relationships between body size (DW) and biomechanical and physiologeialesafior
251  cownose rayssfrom the Gulf of Mexico are detailed in Kolmetrah. (2015a). Regressions of leg

252  transformed body mass (kg) against disk width (cm) show tight correlataeasingly isometrically
253  throughout the'Size range of cownose rays (slope = 3.25).8898) Similar to findingsfrom Kolmann
254 et al. (2015)the mass of the main jaw adductor, the adductor mandibulae major (AMI@aEsapeake
255  Baystingrays is both the largest jaskosing muscle as well as the greatest contributor to overall muscular
256 in-force (Table S1).The AMMa in rays fronthe Chesapeake Bgyoduces 45% of the overall muscle
257  force(54.7% in rays from Florida), followed by the suborbitali$.[®@6; 13.9% in Florida rays), adductor
258  mandibulae lateralis (AMLa 9.1%; 12.7% in Florida rays), AM lingualis (AML+ 6.8%; 9.4% in

259  Florida rayg, AM deep b6.7%; 7.3% in Florida rays and AM medialis1.268%; 1.7 in Florida rayy

260 (Table 1). All jaw adductormasse scale with positive allometrylegive to disk width (Table S1), while
261  all jaw adductor crossectional areas alsocireasedvith positive allometry (Table S1)aw adductor
262  forces scaled with positive allometry in Chesapeakea®ayFloridastingraysithe adductor mandibulae
263  major(slope = 3.06; 3.76 in Florida rays), followed by the suborbitalis (sldh&6:-4.08in Florida
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264  rays), adductor mandibulae lateralis (slop&@1; 4.04in Florida rays), AM lingualis (slope 2.64; 4.02
265 in Florida rays), AM deep (slope296 3.66in Florida rays), and AM medialis (slope3-56 4.38in

266  Florida rays) (Table S1However in Chesapeake Bay stingraysth the fiber angléslope =-1.53)and

267  fiber length (slope = 1.31f the AM major scaletsometricallywith respect to disk width over the

268  ontogeny (Table2).

269 In Chesapeake Bay stingrays lever distamd#s respect to bodsize scaled with positive

270  allometry (Table 2).The mediabutleverscaled with positive allometry (gde = 1.130.97 in Florida

271  ray9 and theresultant inlever (weighted by muscle contribution to overall bite force) also scaled with
272 positive allomety, with respect to disk width (slope = 1;21100 in Florida raysfig. 3). Given thatthe

273  outlever asywell@as the ilever scaled with positive allometry, mechanical advantage scaled isaifetr
274  (medial MAssliope = 0.26:0.36 in Florida raysTable 2).Gulf of Mexicorays also showed isometric

275  scaling of mechanical advantage, but due to comparable, isometric scaling adeves distances

276  (Kolmannet al., 2015a). Medial bite forces scaled with positive allometry with respect to diskhwidt
277  throughontogery (slope = 2.42; 2.36 in Florida rays; Table 2

278 Bite forces were higher in rays collected frim Chesapeake Bay at all stages of their ontogeny
279  than rays from the Gulf of Mexic@-ig. 4). This higher performance was due to both an elevational
280 change and shift'in the regression line of Chesapeake over Gulf coast rays: Virginia cownote are b
281 larger inssizesand have higher performance than Florida cownose rays (elevation:aiisid st8389;p
282  =0.003; shift: Wald statistic = 15.p;< 0.006). However, regression slopes between Chesapeake and
283  Gulf Coastsstingraysereindistinguishabldp = 0.285; LRT = 1.139).

284

285  Prey RuptureTesting

286 Welch's ttest results show no significant differences between oufdioe testingnethodqt =
287  1.2324, p =072254)n coquina clams[. variahilis), rupture forces scaled isometricallope = 2.36;

288  Cl: 1.9712.838)when compared to sl depth (p <0.01; F = 0.62§. Rupture forces irastern oysters
289  (C.virginica) scaledwith negative allometryslope =0.63 CI: 0.5730.694 with regards tshell depth

290  (p <0.01; f=0841) (Fig.5). Linear regressions of rupture force (N) on shell depth wese fos

291  comparisons between cownose ray bite forces and prey rupture feiges)

292 Gulf neanate cownose rays (mean DW ~ 30cm; Poulakis, 2013) are predicted to have the capacity
293  of consumingdonax sp.clams approximately 0-:6.9 cm shelbepth(Fig. 5) using their average bite

294  force of 29.5 N.Chesapeake Bay neonate cownose rays (mean DW ~ 42cm; dtishe2013) could

295 theoretically consumBonax. sp.clams of 0.61.5 cm sheltepthwith bite forces exceedingl.7 N.

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

297  consume the rest of the size serieBoffiax. sp clams represented in this data $&(5). Neonate Gulf
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298 rays (mean DW ~ 35cm) could consume up to-@.&B3cm sheltlepthfor eastern oyster§ig. 5).

299 Chesapeake Bagownose rays (median DW ~ 40cm) could theoretically consume eastern oysters of up
300 to 0.531.1 cm sheldepth(Fig. 5). Year 1 Gulfof Mexicorays (~47 cm DW) could rupture up to 0-69

301 1.1 cm shelbepthfor eastern oystersYearl Chesapeake Bawys (~47 cm DW) could rupture 1:04

302  2.18 cm sheltlepthoysters. Mature Gulf cownose rays (~70cm DW) could theoretically ruptur@ 1.2

303 cm shelldeptheastern oysteraMatureChesapeake Bagownose rays (~85cm DW) could theoretically

304 rupture 1.52.18 cm shelteptheastern oystersBoth cownose ray populatiohsvecomparable adult

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

306  prey, by year, two of their developmertig. 5).

307
308 Discussion
309 This study is the first to address interspecific differences in feeding performetmezeh

310 elasmobranch populatiomll muscle CSAs, masses, and forces scaled with positive allometry over the
311  development o€ownoseays fromChesapeake BayThis stands in contragt patterns recovered from
312  Gulf of Mexico stingraysjn which only three of sixaw muscles showepositive,allometric growthin

313  muscle CSAandonly two of six jaw muscles showed positive allometry of force gener@€ioimannet

314  al., 2015a).In'addition, Chesapealgay rays are born larger, by approximately1Zcm (Poulakis,

315  2013; Fisheetaly 2013) leading to an absolute differencénitial performance due to size alarkghese
316 findings supportthe weight of literature regarding vertebrate feeding systlink,overwhelmingly

317 demonstratetthatitrophic partitioning between related taxa is mediated byteldgtdnences in size in

318 many taxa, and bglternate modes of performance scaling in many dietary specialists (Andeason

319 2008). Both'populations of cownose rays follow the latter patteabwith larger size at parturition in

320 Chesapeake Bawnysfurthercontributingto overall higheperformance early iontogeny.

321 Overall;rays from the western Chesapeake #mwed highebite force performance values at
322  all sizes than cownose rays from the Gulf of Mexideese higher bite forces presumably allow

323  ChesapeakBay rays to access lessbust bivalve taxag(g.Donax sp.) within their first year of growth,
324  compared to rays from the Gulf of Mexidéidures. 5 & 6). However, after year one, Gulf coast cownose
325 rays are predicted to be able to consume the entire size raDgaaxfsp, making these raysotential

326  predabrs even.atismall sizeBi. 6). Although we are not able to statistically determine the relationship
327  between prey rupture forces for some bivalve pvitl respect tstingray feeding performance, Figue
328 illustrates how smehardemollusks commoro the Chesapeake Baggion (Mya sp. andMytilus sp.)

329 are well within neonate levels fdedingperformance for cownogaysfrom this area.Timely acces$o

330 an expanded size range and diversitynoflusksincreases the probability that these stingiays

331  successfully consunreadily avaihble preyWhile within-species variation in size at birth can represent
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ameanf copingwith higher predation pressure, shorter growing seasowka migratory life history
strategy, we also find that larger neonate sizes confer higher feeding pedertaad perhaps even
foraging, by reducing prelgandling times; Fisher et al., 2011

Differences in muscle size expldimedisparity infeeding performancketweerthe two cownose
stingray populationsvhereas the scaling of the jaw lever mechaaiesomparableln rays from the
Chesapeake Bayositive allometry of both Hevers and oulevers cancelled out such that the overall
mechanical advantagshow an isometric pattethrough ontogenyGulf of Mexicorays also exhibit
isometric mechanical adntage, although this on the contraryhis product of isometric growth in both
the jaw addating.in-lever and outevers.These findings suggest the presence of strong constraints on the
remodelingability of the jaw musculoskeletal module, leaving muscle physiology, acthit, and
growth as therimarymeandriving ontogenetic changen feeding performance. The lack of a tongue,
or other means'of finscale prey manipulation might be limiting to these animakingmovement of
prey to an idegbosition b maximize force transmittance in these animals with rays relatively akinetic
jawsrelative to other stingray®ean, Wilga, and Summera005; Mulvany and Motta, 201&polmann
etal., 2014 2016 but see Sasket al., 2009.

These findings aranother example of equifinality the feeding apparatus of myliobatid
stingrays and'other vertebrates (Young, Haselkorn, and Bad3@@¥; Kolmanret al., 2015b) Despite
differencessregarding the relative positions of muscle insertiodey@n), jaw joint (fulcrum), and
occlusal surfacey(odever), jaw mechanical advantage remains functionally equivalent between both
stingray/taxa:\Whereas Kolmanat al. (2015a)postulated that conservative growth patterns of jaw
leverage in Gulf of Mexic&hinoptera were due to constraints on remodeling jaw cartilage, our findings
suggest thatthissscenario is more complgtaintenance obiomechanically advantageoleverage
performancé@hroughout ontogeny, rather thEaverageaugmentationseems to be a motif for
rhinopterinesassopposed to other durophagous chondrichthyans and other vertebrates in generat (Huber
al., 2008; Kolmann & Huber, 2009; Pfalletral., 2011). We hypothesize that this could be necessary to
ensure constancy of force transmittaatmng theentireocclusal surfaceallowing prey to be crushed
across théroad dental battery

Cownoe rays, like their distant cousins the California bat hMylipbatis californica) have been
implicated in commercialiharvested shellfish declines such as oysters (Smith and Merriner,(1285;
Mulligan,.and Hannah, 1997; Myessal., 2007).However,dietary studies analyzing gut contents for
cownose rays show thbivalves make up a negligible componenthar overall diet(Collinset al.,

2007; Ajemiarand Powers, 2012). In fact, California bat rays were shown to prey overwhelmingly on
one of the Pacific oysters’ primary predatersrabs of the genuSancer (Grayet al., 1997). Recent
reanalysis of the findings of Myeesal. (2017) by Grubbst al. (2016) found that déioes in large
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coastal sharks did not coincide with purported increases in cownose ray poputetialid, cownose ray
abundances coincide with shellfish declines. Furthermore, Gailabhg2016) found little evidence for
‘explosive’ population growthniRhinoptera in Chesapeake Baffisheret al. (2011) showed that even in
conditions wheré&hinoptera were forced to consume oysters of various sizes, probability of predation
dropped precipitously at shell depths greater thaer®.8r adults, and fguveniles at 0.&m shell depth
(Fisheret al., 2012).0Our findings support Fisher (2011) in that adult cownose rays are not capable of
crushing oysters much larger than 2.0cm in shell depth, which on average exceed@beNbite

forces large rays cagenerate.In fact, the rupture forces for most of the commerciadlipable bivalves
which cownose,rays hawatlegedly consumefall far outside the maximum estimated performeafar
mature adult raysHg. 6). Bivalves within these ranges of shell deptould be considered of marketable
size(7-8 cm) suggesting that cownose rays im@apableof consuming shellfish at their most marketable
size classes; although juvenile shellfish are still at(fsheret al., 2011)
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TABLES

Table 1. Descriptive statistics for jaw muscle variables and contribution to bite force genenat
Chesapeake Bdsghinoptera bonasus. AMMe: adductor mandibulae medialis, S&iborbitalis, AMLa:
adductor mandibulae lateralis, AMMa: adductor mandibulae major, AMD: adductalitoéae deep,
AMLI: adductersmandibulae lingualis, CSA: muscle craesstional areaAnimals are 48104 cm disk
width.

Table 2. Results of reducedajor axis regression scaling analyses of mechanical advantage and bite force
with respect to disk width (cm) in the feeding apparatuStefsapeake Baghinoptera bonasus (log Y =

b log x +log a). Independent variables scaled against log disk w&itginificancelevel (o = 0.05).

Confidence interval; CILO-med: medial outever, LOlat: lateral outever, RLI: inlever, MA-med:

medial advantage, MAat: lateral mechanical advantage. For scaling scenarios, | = isometry, P = positive,

and N = negativeAnimals are 48104 cm disk width.

FIGURES

Figure 1. Diet and geographic range of two populatiori®hofoptera bonasus. (a) Percent of mollusk
and crustacean prey by volume of gut content; (b) Geographical range of the two populations

Chesapeake Bapys (ed and Gulf of Mexico (blue)
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503  Figure 2. Cranial musculaturef Rhinoptera bonasus. (a) Ventral and (bDorsal perspectivesf the

504  upper and lower jaws removed from cranium. AMMe: Adductor mandibulae medialisaAMiductor
505 mandibulae lateralis, AMD: Adduat mandibulae deep, AMLi: Adductor mandibulae lingualis, AMMa:
506  Adductor mandibulae major, SB: Suborbitalis, HYM: Hyomandibular cartilage, LRitaev

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

508  Figure 3 Scaling/of jaw lever distances (car)d mechanical advantagersus disk widtlover ontogeny

509 in Chesapeake Bdyhinoptera bonasus. Solid lines, reduced major axis regressions for the data; dashed
510 lines, scalingspredictions based on isometric growth set to cross data lines at the meari ®atires o

511 independent variablgla) Resultant idever distance, (b) medial claver distance, (c) Medial

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

513  isometry.

514  Figure 4. Maximum theoretical bite forc@¢) over ontogeny ifRhinoptera bonasus. Solid lines, reduced
515  major axis regressions for the data; dashed lines, scaling predictions based on iscomdtrisag to

516  cross data'lines at the mean values of each independent vaa@iéedial bite forcen cownose rays

517  from theGulf of Mexico, (b) Chesapeake Bawand (c) both populations combined, Gulf of Mexiags

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

519  positive @llometry, “I” denoteisometry.

520 Figure5. Sealing of rupture forces (N) for two ontogenetic series of bivaBasd lines, reduced major
521  axis regressions for the data; dashed lines, scaling predictions based on isometric gtovettosetata
522 lines at theimean values ofchandependent variabldred colors denote performance data from

523  Chesapeake Bay cownose rays, blue colors are performance data from Gulf of Mexico s{aigrays.
524  Donax variabilis, (b) Crassostrea virginica. “P” denotes positive allometry, “N” denotes néga

525  allometry, “I=denotes isometry.

526  Figure6. Prey bivalve rupture forces (Nyertical lines represent the gape height limit of adult

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

528  predationon molluks by cownose rays from Chesapeake Bay. Blue shading indicates neonate to yearling
529  bite force performance thresholdegn shading indicates saldult performance threshold, orange

530 shading‘indicates adult performance threshold. Pre@sirea ariakensis, Crassostrea virginica, Ensis

531  minor, Mytilus edulis, Mercenaria mercenaria, Mya arenaria, andDonax variahilis.
532

533 SUPPLEMENTAL MATERIAL
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Table S1. Results of reducethjor axis regression scaling analyses of muscle masses, CSAs, and muscle
forces with respect to disk width (cm) in the feeding apparatus of ChesapeaRhi Baptera bonasus

(log Y = b log x +log a). Independent variables scaled against log disk Wiidiificance level (o =

0.05). Confidence interval; CIAMMe: Adductor madibulae medialis, AMLa: Adductor mandibulae
lateralis, AMD:"Adductor mandibulae deep, AMLIi: Adductor mandibulae linguaNéiia: Adductor
mandibulag major, SB: Suborbitalis. For scaling scenarios, | = isometry, P = palbitiaetry, and N =

negativeallometry.

Figure S1.Jawsadductor muscle mass (g) over ontogeblydeapeake Bdghinoptera bonasus. Solid
lines, reduced major axis regressions for the data; dashed lines, scaling predictions smmadtdc
growth set to cross data lines at the mealnes of each independent variabla) Suborbitalis muscle
masses, (h) adductor mandibulae deep muscle masses, (c) adductor mandibulaesokgonasses, (d)
adductor mandibulae medialis muscle masses, (e) adductor mandibulae linguelksmasse<f)

adductor mandibulae lateralis muscle masses. “P” denotes positive allometry, “Eg<isonetry.

Figure S2.'Jaw adductor muscle crgsstional areas (cjrover ontogeny ilChesapeake Bdghinoptera
bonasus. Solid lines, reduced major axis regressions for the data; dashed lines, scaling peedaded
on isometric growth set to cross data lines at the mean values of each indepenalget (@i
Suborbitalissmuscle CSAs, (b) adductor mandibulae deep muscle CSAs, (c) adtuadidbulae major
musde CSAs, (d)yadductor mandibulae medialis muscle CSAs, (e) adductor mandiguaéd muscle
CSAs, (f)adductor mandibulae lateralis muscle CSAs. “P” denotes positive allotHalisnotes

isometry.

Figure S3. Jaw,adductor muscle forces (N) over ompgeChesapeake Bdghinoptera bonasus. Solid
lines, reduced major axis regressions for the data; dashed lines, scaling predictions =madtac
growth set to-cross data lines at the mean values of each independent véa)abigorbitalis muscle
forces, (b).adductor mandibulae deep forces masses, (c) adductor mandibulae s@gfaraes, (d)
adductorsmandibulae medialis muscle forces, (e) adductor mandibulae lingualis forees, (f)

adductor mandibulae lateralis muscle forc#¥’. denotespositive allometry, “I” denotes isometry.
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‘able 1. Descriptive statistics for musculoskeletal variables and bite force generation in Chesapeake Bay Rhinoptera bonasus

Percent Contribution to Bite

Muscle Division Mass (g) CSA (cnf) In-Lever (cm) Muscle Force (N) Force (N)
1.627#0:247 0.31 +0.06 3.61+0.18 3.69 +0.43 1.26 £0.13

AMMe 0,09-4400 0.05-1.35 1.89-5.10 0.75-8.64 0.85-3.85
8.36+0.181 2.277 +£0.27 3.41 +0.272 27.22 +0.751 11.7+0.74

S8 0:90=2017 0.74-5.15 1.83-5.24 6.56-60.2 6.49-19.31
4.184 + 0.196 1.75+0.247 3.41 + 0.247 17.84+£2.13 9.17 £ 0.76

AMLa 0.30-13.0 0.18-4.04 1.83-5.24 3.35-40.74 5.61-21.44
3.415+ 0.196 2.268 +1.152 1.855+0.152 17.17 £ 0.542 5.76 £ 0.37

AMD 0/30-10:0 0.30-3.29 1.07-3.24 4.47-49.02 2.99-8.80
34.53+0.137 9.334 £ 1.175 4.001 £1.175 139.08 £ 5.54 45,75 £ 2.43
AMMa 3.80-109.0 1.55-24.03 1.26-6.67 23.03-358.23 27.99-76.40
] 7.133£0.29 1.355+0.172 4.189 +0.17 20.17 +1.08 6.81 +0.34

AMU 0:80-21.0 0.39-3.67 2.03-7.52 5.81-54.68 4.00-9.85

/alues are the meanste.m.
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Table 2. Scaling of mechanical advantage and bite force in Chesapeake Bay Rhinoptera bonasus

_ 5 Isometric Scaling
Independent variables r Intercept (a)  Slope (b) Cl p _
Slope Scenario

Lo-med. 0.95 1 -3.34 1.13 1.009-1.259 1.59E43 P
RL, 0.87 1 -4.18 1.21 1.016-1.440 8.98E40 P
MA red 0.01 0 -0.53 0.26 0.166-0.418 0.7218 I
MA at 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 9.17E41l P

In-lever and outever lengths scaled against disk width. Significance level (a = 0.05). Confidence interval; CI.
medial mechanical advantages-med., Medial bite force (N); Blgg resultant in-lever; Rl.medial mechanical advantage; M4
lateral mechanical advantage; MA

For scaling scenarios, | =sisemetry, P = positive allometry and N = negative allometry.
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