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Abstract

The structurally reinforced jaws of the cownose ray, Rhinoptera bonasus testify to this species’ durophagous diet of
mollusks, but seem ill-suited to the behaviors necessary for excavating such prey. This study explores this discordance
by investigating the prey excavation and capture kinematics of R. bonasus. Based on the basal suction feeding
mechanism in this group of fishes, we hypothesized a hydraulic method of excavation. As expected, prey capture
kinematics of R. bonasus show marked differences relative to other elasmobranchs, relating to prey excavation and use
of the cephalic lobes (modified anterior pectoral fin extensions unique to derived myliobatiform rays). Prey are
excavated by repeated opening and closing of the jaws to fluidize surrounding sand. The food item is then enclosed
laterally by the depressed cephalic lobes, which transport it toward the mouth for ingestion by inertial suction. Unlike
in most sharks, upper jaw protrusion and mandibular depression are simultaneous. During food capture, the ray’s
spiracle, mouth, and gill slit movements are timed such that water enters only the mouth (e.g., the spiracle closes prior
to prey capture and reopens immediately following). Indigestible parts are then hydraulically winnowed from edible
prey portions, by mouth movements similar to those used in excavation, and ejected through the mouth. The unique
sensory/manipulatory capabilities of the cephalic lobes, as well as the cownose ray’s hydraulic excavation/winnowing
behaviors and suction feeding, make this species an effective benthic predator, despite its epibenthic lifestyle.
© 2006 Elsevier GmbH. All rights reserved.
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Introduction Schroeder, 1953; Orth, 1975; Smith, 1980; Schwartz,

1989; Collins, 2005): the symphyses are fused, stout

Functional and dietary specialization typically come ligaments limit the gape, and the cartilage is reinforced

at the price of versatility. The jaw morphology of the with calcified struts (Summers, 2000). Compared with

cownose ray (Elasmobranchii: Batoidea: Rhinoptera more basal rays (Fig. 1), the jaws of cownose rays are

bonasus) reflects its durophagous diet of benthic bivalve extremely robust and the teeth have been reduced to an
mollusks, crustaceans, and polychaetes (Bigelow and imbricated, pavement-like dentition.

The very factors that make this morphology suited for
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E-mail address: mdean@uci.edu (M.N. Dean). viors needed to retrieve hard prey. Although R. bonasus

0944-2006/$ - see front matter © 2006 Elsevier GmbH. All rights reserved.
doi:10.1016/j.z001.2005.12.005


http://www.elsevier.de/zool
http://dx.doi.org/10.1016/j.zool.2005.12.005
mailto:mdean@uci.edu

172 D.E. Sasko et al. / Zoology 109 (2006) 171-181

Pristiformes =&4 """" ;

. . Axial-

Guitarfishes @3:% Giida
. locomotion

Torpediniformes @g ;

Rajiformes ¢ &=— 777 :
............ Undulatory
locomotion
Myliobatiformes Oscillatory
: locomotion

Fig. 1. Phylogeny of batoid elasmobranchs (skates, rays,
sawfishes and guitarfishes) showing differences in swimming
style. Basal species rely largely on tail-based locomotion, while
intermediate species use undulatory pectoral fin motion and
derived species are “flapping fliers” and employ oscillatory
locomotion. The order Myliobatiformes is expanded to show
familial differences in head shape: more derived species possess
more enlarged cephalic lobes (shaded gray) (phylogeny,
morphology and locomotion information based on Nelson,
1994; McEachran and Aschliman, 2004; Schaefer and Sum-
mers, 2005).

is known to create large feeding pits (up to 1 m wide and
20-45cm deep) when feeding in seagrass beds (Orth,
1975), the jaws are neither flexible nor protrusible
enough to be shoved into the sand as a primary
excavation tool (as in the lesser electric ray, Narcine
brasiliensis; Dean and Motta, 2004). As a result,
previous ecological and observational studies have
hypothesized excavation mechanisms of either pectoral
fin flapping or hydraulic jetting from the mouth or gills
(VanBlaricom, 1976; Howard et al., 1977; Gregory
et al., 1979).

In this study, we investigate the feeding behavior of
the cownose ray in order to resolve the discordance
between its jaw morphology and benthic feeding habit.
We hypothesized a primarily hydraulic excavation
mechanism for two reasons: (1) Like most myliobatid
rays, cownose rays are active swimmers with greatly
enlarged pectoral fins. Clearing a pit localized below the
mouth would be much more difficult with fins where the
margins are far removed from the center of the body; (2)
suction feeding is apparently the basal prey capture
mechanism conserved in all batoids except filter feeders
(Motta, 2004). Hydrodynamic excavation (i.e., cough-
ing) is simply the reverse of this process. For this reason,
we also expected inertial suction feeding in our analysis
of the cranial kinematics of prey capture.

Excavation and prey capture in cownose rays may
also be aided by the fleshy cephalic lobes, which are
modified anterior extensions of the pectoral fins.
Cephalic lobes are only present in myliobatid rays,
where the position and orientation varies considerably.
In their most reduced condition, they form the immobile
and unpaired rostra of bat rays (Myliobatis) and eagle
rays (Aetobatus) (McEachran et al., 1996; McEachran
and Aschliman, 2004). In cownose rays (Rhinoptera),
they are protractile, paired cephalic lobes, which are
further enlarged in Mobula spp. and Manta spp. into
terminal cephalic wings (Nelson, 1994; McEachran
et al., 1996; McEachran and Aschliman, 2004; Fig. 1).
These lobes are covered in mechanotactile and electro-
sensory pores, similar to all elasmobranch rostra, and
have a supposed sensory role. While cephalic lobes
apparently serve a hydrodynamic function in filter
feeders ( Manta birostris, Mobula tarapacana; Notarbar-
tolo-Di-Sciara and Hillyer, 1989; Motta, 2004), previous
observations suggest they will be used by Rhinoptera to
prevent the escape of benthic prey and/or to help push
food into the mouth (Moss, 1977; Smith and Merriner,
1985; Schwartz, 1989; Summers, 2000). The reliance on
pectoral fins for locomotion in derived batoids (Fig. 1)
and the necessity of handling benthic prey also suggest
that Rhinoptera may benefit from a mechanism for prey
manipulation that does not involve the pectoral fins.

Materials and methods
Natural feeding behavior

As a supplement to laboratory experiments, the
feeding behavior of wild Rhinoptera bonasus was
observed during April-July of 1998 in shallow waters
of the Gulf of Mexico near Anna Maria Island, FL.
Large schools of cownose rays (approximately 50-75
individuals) were followed in water 1 m deep over a
sandy substrate. Qualitative data from several hours of
footage were taken on prey approach, capture, and
processing behavior with a Hi-8 video camera (Fuji
H128SW) in an underwater housing. Footage was
studied frame by frame using a Panasonic AG1970
video analyzer and timings/durations were compared
with laboratory behaviors (see below).

Laboratory and semi-natural feeding behavior

Laboratory specimens

Six juvenile male Rhinoptera bonasus of 50-60 cm disc
width were collected in Sarasota Bay, Florida and
housed at Mote Marine Laboratory, Sarasota, FL.
The specimens were maintained at 25-30 °C in a
natural seawater flow-through aquarium system with a
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photoperiod of 12L:12D and fed a diet of squid (Loligo
sp.), fish (Opisthonema oglinum), shrimp (Penaeus
duorarum), and bivalves (Donax sp., Geukensia demissa,
Crassostrea virginica). The maintenance diet was offered
three times per day, 6 days per week. All experimental
animals were maintained for 2 months prior to the first
experimental feeding trial. Unless referring to capture of
whole, live prey items under natural conditions (i.e.,
buried, intact bivalves), the term “food” is used to refer
to items ingested during experimental procedures.

Food capture kinematics

Food capture kinematics were recorded with a high
speed video camera (NAC HSV-200) at 200 fields/s
under quartz-halogen (1500 W) illumination. Rays were
fed one food item at a time (Opisthonema oglinum,
scaled to half mouth width) until satiation. Fish was
chosen as the food item for filming because it mimicked
soft-bodied prey items taken in the wild that require
comparatively little manipulation. More complex food
items (e.g., bivalves) elicited longer processing events
during which rays would typically leave the camera’s
field of view.

Rays were fed over a clear acrylic platform to allow
unobstructed view of cranial kinematics. A mirror was
oriented at 45° beneath the platform, with a second
mirror positioned on the platform and aligned at 45° to
the sagittal plane of the animal. In this way, a single,
laterally placed camera recorded lateral, ventral and
anterior views of feeding behaviors. A 1cm x 1 cm grid
was placed behind the lateral view as a size reference.

Only capture events performed directly over the
platform and within the field of view of the camera
were used for analysis. A total of 60 capture events (10
for each of six-rays) were analyzed field by field with a
Panasonic AG1970 video analyzer and monitor (5 ms/
field). The onset of mandibular depression was taken as
time zero. Variables included: (1) time to peak mandible
depression; (2) time to onset of upper jaw protrusion; (3)
duration of upper jaw protrusion (from onset to peak
protrusion); (4) time to maximum gape (when the
anterior margin of the mandible and upper jaw are at
maximum distance apart); (5) time to food entering
mouth; (6) duration of upper jaw retraction (from peak
upper jaw protrusion to retraction); (7) duration of
mandible elevation (from peak mandible depression to
jaw closure); (8) time to jaw closure; (9) time to gill slit
closure; (10) time to gill slit reopening; (11) time to onset
of cephalic lobe depression; (12) time to onset of
cephalic lobe elevation (when the subrostral lobes are
fully retracted and flush with the ventral surface of the
animal); (13) time to spiracle closure; and (14) time to
spiracle reopening. Because the rays swam out of the
field of view during food processing, processing was
excluded from analysis and is discussed only qualita-
tively in natural feeding behavior experiments.

Displacement of the ray and food were measured
relative to the background reference grid on the feeding
platform in order to illustrate relative contributions of
ram and suction to capture. Predator approach velocity
was measured at the tip of the rostrum from the onset of
mandibular depression until the food entered the mouth.
The velocity of movement of the food toward the mouth
was calculated for the same period.

The cephalic lobes typically obscured anterior and
lateral views of the majority of jaw movements prior to
peak protrusion/depression. As a result, timing variables
were typically recorded from ventral views. One capture
sequence, however, permitted clear visualization of the
entire gape cycle, allowing the displacement of cranial
structures to be quantified from the footage; this event
was analyzed as an example. The following kinematic
events were quantified every other field (10 ms) using
SigmaScan Pro (SPSS Science) from —500ms prior to
mandibular depression to 500ms after mandibular
depression: (1) distance of cephalic lobe depression
(measured from the center of the eye to the most distal
point of the lateral margin of the lobe); (2) angle of
cranial movement (the change in angle in a line from the
anterior margin of the rostrum to the center of the eye to
the posterior margin of the spiracle); (3) gape distance
(the distance between the most anterior margin of the
upper jaw to the anterior margin of the mandible); (4)
angle of mandibular depression (the change in angle
from the center of the eye to first gill slit to the anterior
margin of the mandible); and (5) spiracle and gill slit
movements (recorded as closed or open). Although we
cannot presume that these displacement measures are
entirely representative, the timings of this sequence fell
within the kinematic means from laboratory experi-
ments and therefore we feel the event to be instructive.

Excavation behavior

In order to compare pre-capture behaviors observed
over the bare platform with those of more natural
conditions, rays were fed using the same experimental
setup with a 2.0cm layer of sand (grain size 620)
covering the clear acrylic platform. Only the ventral
mirror was used, and rays were observed in lateral and
ventral views excavating buried food items (Opisthone-
ma oglinum). With this thin layer of sand, mouth
movements and associated flow patterns were visible
from beneath as the sand was disturbed.

A total of 10 excavations for each of six rays yielded a
total of 60 excavations. For each excavation event, the
oscillation frequency (Hz) of the upper jaw and
mandibular cartilages was calculated by counting the
number of cycles of jaw opening/closing movements and
then dividing by the total duration of time to excavate
the food item.
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Statistical analysis

Normality and equality of variance for kinematic
variables were tested (p <0.05) using the Kolmogorov—
Smirnov and the Levene Median tests, respectively. For
kinematic variables (1-10) with a balanced design, a
principal components analysis (PCA) based on a
correlation matrix was performed. Only principal
components with eigenvalues greater than 1.0 were
included in further analysis. Additionally, only variables
with component loading scores above 0.45 were
considered to load heavily on the respective axis. To
test for significant differences among individuals, PC
axis 1-4 factor loading scores were analyzed together
using a MANOVA. Statistical analyses were performed
with Sigma Stat version 2.03.0 and SYSTAT version 9
(SPSS Science). Variables 11-14 were used for descrip-
tive purposes and excluded from statistical analysis.

Results
Observations of natural feeding

The active cephalic lobe use is a major functional
motif in cownose ray feeding. For the sake of this
discussion, lobes in resting position (flush with the
ventral body wall) are considered ‘retracted’, lobes
depressed and parallel to the sediment are ‘horizontally
oriented’, and lobes depressed to a vertical orientation
are ‘fully depressed’ (Fig. 2).

Rays fed in the shallow, nearshore habitat either early
in the morning or later in the afternoon when visibility
was clear (>3 m horizontal) and wave action was at a
minimum (< 1m). Schools of R. bonasus were typically
found moving north/south parallel to the coastline at a
distance of approximately 20-30m from the beach in
about 1 m depth of water.

Rhinoptera bonasus capture behavior involves descent
to the bottom, excavation and capture of the food item,
and a long processing phase as the ray leaves the bottom
and continues to swim. Cownose rays observed in the
wild fed entirely on benthic prey, but were rarely
stationary. Individual rays dropped from the school
and glided for several seconds directly above the sandy
substrate with the cephalic lobes horizontally oriented.
The rays would then pause above a buried prey item and
excavate it while repeatedly lifting and depressing the
head. Although gut contents were not analyzed, sedi-
ment samples taken at depths similar to feeding pits
indicated rays were likely selecting bivalves, Donax sp.,
which were abundantly available (Sasko, 2000). Limited
gut content sampling of R. bonansus in Chesapeake Bay
also found bivalves to be the primary prey consumed
(Orth, 1975), whereas in Charlotte Harbor, Florida,

Retracted

Horizontally oriented

Fig. 2. Cephalic lobe positions exhibited by Rhinoptera
bonasus during prey capture. Rays hold lobes horizontally
while searching for prey, then fully depress them during
excavation and ingestion, forming lateral boundaries around
excavated prey. Lobes are also moved unilaterally to position
food directly beneath the mouth.

bivalves are ranked third in the diet after crustaceans
and polychaetes (Collins, 2005). During excavation and
ingestion behaviors, the paired cephalic lobes were
rhythmically depressed and retracted, often asynchro-
nously. This behavior lasted approximately 5-6s and
resulted in a feeding depression approximately 20 cm in
diameter and Scm deep in the sand. The animal then
flushed sand from the mouth and the gill slits while
swimming to rejoin the school.

Laboratory and semi-natural feeding behavior

We combined behavioral/kinematic observations
from sequences over the bare acrylic platform with
excavation and spiracular kinematic sequences over
sand (unless noted) in order to provide a complete
picture of capture behavior. Durations and timings are
kinematic averages (Table 1) and timings listed are rela-
tive to time zero, the onset of mandibular depression.
Negative values are prior to time zero.
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Table 1. Kinematic mean durations and PCA component loadings of four axes for food capture in Rhinoptera bonasus

Kinematic variables Mean (ms) SE (+) 1 2 3 4
Time to onset upper jaw protrusion 10 1 0.164 -0.019 —0.877 -0.131
Time to peak mandible depression 64 3 0.662 -0.619 —0.060 0.178
Duration of upper jaw protrusion 77 3 0.480 —0.699 0.221 0.251
Time to maximum gape 77 2 0.677 —0.626 —0.141 0.132
Time to food entering mouth 124 8 0.495 0.016 —0.459 —-0.395
Duration of upper jaw retraction 156 6 0.766 0.615 0.001 0.072
Duration of mandible elevation 169 6 0.780 0.575 0.112 0.118
Time to jaw closure 233 7 0.918 0.331 0.084 0.163
Time to gill slit closure 22 37 0.222 -0.315 0.255 —0.688
Time to gill slit reopening 202 5 0.511 0.022 0.347 -0.501
Time to spiracle closure -230 94

Time to spiracle reopening 412 27

Time to onset of cephalic lobe elevation 780 101

Time to onset of cephalic lobe depression -1099 327

Percent total variance explained 37.5 21.8 12.6 10.5

Component loading scores above 0.45 indicated in bold.

Pre-capture excavation

Rhinoptera bonasus approached food items (mean
velocity = 4.2+2.16cm/s) with cephalic lobes horizon-
tally oriented and spiracles closed. Cephalic lobe
depression and spiracle closure occur well before
mandibular depression (time zero) at —1099 +327 and
—230+94ms, respectively. Cephalic lobe depression
was present in all feeding events, yet the following
winnowing and head bobbing behaviors were observed
only when food was buried. Rays would stop immedi-
ately over buried food items and arch their bodies, while
keeping the cephalic lobes horizontally oriented and
pectoral and pelvic fins in contact with the substrate.
This behavior created a laterally and partially anteriorly
enclosed chamber around the jaws. Rays then repeatedly
opened and closed their jaws (oscillation frequen-
cy =2.681+0.25Hz), jetting water either simulta-
neously or in alternating series from the mouth and
gill slits to resuspend sand particles surrounding the
food item. The pulsatile movement of the surrounding
sand suggests that rays are generating positive and
negative pressure pulses to redistribute sand, although
pressure was not recorded. Rays exhibited no differences
among individuals in the rate of jaw opening and closing
movements during this hydraulic winnowing behavior
(where water movement was employed to excavate prey;
df =5, F=1.417, p =0.185). Pectoral fins were sta-
tionary during excavation and contributed little to
resuspension of sand.

Food capture kinematics

Unlike hydraulic winnowing (in which rays appar-
ently use pressure pulses for separating food from
sediment), food capture apparently involves only a
single suction event. Rays would transition between

winnowing and capture with what appeared to be a
normal ventilation cycle, expelling water from the
mouth (preparatory phase) immediately prior to reopen-
ing it to capture food. Rays drew the food item and a
small amount of sand into the orobranchial chamber,
expelling water and sand through the gill slits, but not
the closed spiracles.

Mandibular depression (time zero) was followed
immediately (10+ 1 ms; Table 1) by the onset of upper
jaw protrusion, which deflected the nasal cartilages
anteroventrally (Fig. 3). The gill slits closed (22437 ms)
as the upper jaw continued to protrude (Fig. 3, Table 1).
Peak mandibular depression (64 + 3 ms) was followed by
peak upper jaw protrusion (81 ms, duration = 77 ms)
and the entry of food into the ventrally directed mouth
(124 +8 ms; Table 1). Food capture therefore occurred
in the expansive phase of the gape cycle and was suction
dominated. This was evidenced by no movement of the
ray’s mouth or body in the direction of the food as it
was drawn off the bottom (mean velocity = 9.54+
3.57cm/s). The cephalic lobes were fully depressed and
moved independently during this phase, occasionally
pushing the food beneath the mouth.

The compressive phase began with the onset of upper jaw
retraction (duration = 156+ 6ms) and mandibular eleva-
tion (duration = 169 4 6 ms) following ingestion of the food
item (Fig. 3; Table 1). The gill slits reopened (202 +5ms)
immediately prior to jaw closure (233 +7ms; Table 1). The
recovery phase included reopening of the spiracle
(412427 ms), and complete retraction of the cephalic lobes
(7804101 ms; marking the end of the capture sequence)
with the jaws returning to the resting position (Fig. 3).
There was no cranial elevation and depression during food
capture in the laboratory with the food presented on the
bare acrylic feeding platform (Fig. 3).
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Fig. 3. A schematic representation of food capture in Rhinoptera bonasus demonstrating the kinematic movements of the cephalic
lobes, jaws, spiracle, and gill slits. Average kinematic onsets and offsets for variables listed on the left are illustrated by gray
horizontal boxes (with black standard error bars). Average time to maximum gape and food ingestion are represented by vertical
gray dashed lines just after time zero (mandibular depression). Typical body positions are depicted at the top of the page in right
lateral (top row) and ventral (bottom row) view. An example of a capture event taken from high-speed video of a single individual
on the bare platform is illustrated by the gray traces, using the same black-text variables but the scale in gray text on the right of the
figure. In this example, gill slit and spiracle position are represented by gray triangles, where C and O indicate closed and opened,
respectively. Palatoquadrate protrusion could not be adequately visualized in this example and is therefore not included. Note that
the representative maximum gape and food ingestion times differ from average values.

Manipulation

Following capture, rays would manipulate food by
ejecting and reorienting the item, then recapturing and
reducing it in size, ejecting unwanted pieces. Jaw
movements employed to manipulate the food were
grossly similar to excavation movements, involving
cyclic opening and closing of the jaws (~3.0 Hz), while
jetting water from the mouth. During maintenance
feeding, rays stripped the indigestible parts of the food
item (i.e., mussel shells, skin of the squid mantle, fish
skin and spines, shrimp exoskeleton) from the edible,
softer parts and ejected the unwanted pieces from the
mouth and gill slits. During manipulation, the spiracles
resumed their pre-capture rate of opening and closing,
however, food was never ejected from the spiracles. This
separation of food and chaff took place entirely within

the buccopharyngeal cavity, presumably by hydrody-
namic methods (as all elasmobranchs lack the phar-
yngeal jaws seen in some bony fishes). Similar behavior
was observed in wild feeding events; the fish pieces used
for laboratory feedings required less manipulation and
little material was expelled.

Statistics results

The principal component analysis indicated that
approximately 60% of the total variance was explained
by the first two axes. Variables involved in similar
portions of the capture cycle tended to load similarly
(i.e., on the same axis) and therefore each axis can be
thought of as a thematic summary of its component
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loadings (Table 1). Eight of ten variables exhibited
loadings greater than 0.45 on axis 1, however, five
variables associated with jaw movements accounted for
the majority of this variability, with gill slit, food
movement and upper jaw protrusion variables loading
less strongly.

Four of the five variables which loaded heavily on axis
1 also loaded strongly on axis 2, except time to jaw
closure. In addition, duration of upper jaw protrusion
loaded more strongly on axis 2. As a result, whereas axis
1 describes jaw movements across the entire capture
cycle, axis 2 hones in on maximum gape and the
associated protrusion and depression of the upper and
lower jaws, respectively, that occur around this event.
Axis 2 indicates that the durations of jaw protrusion/
depression and retraction/elevation are antagonistic,
such that the faster the upper jaw is protruded and the
mandible depressed, the slower is their retraction and
elevation. Axis 3 can be considered as indicating the
time to onset of upper jaw protrusion and axis 4 is
associated with gill slit movements.

In summary, jaw movements (protrusion of the upper
jaw, depression of the lower jaw) contribute the majority
of the variation in our dataset, while variables asso-
ciated with gill slit and food movement are less
informative. MANOVA indicated there were no sig-
nificant differences among rays for axis 1 (df =S5,
F=10.909, p=0.484), axis 2 (df =5, F=2.080, p =
0.086), or axis 3 variables (df = 5, F = 0.960, p = 0.452),
but there was a difference among rays for axis 4
variables (df = 5, F = 3.221, p = 0.014) indicating dif-
ferences primarily in the timing of gill slit opening and
closing (Table 1).

Discussion
Expansive phase protrusion and spiracle kinematics

The food/prey capture behavior of R. bonasus is
characterized by nearly constant locomotion, prey
excavation by buccal oscillations, and dexterous food
manipulation with the cephalic lobes and jaws. The
cownose ray uses inertial suction to capture food,
employing a kinematic pattern that is generally con-
sistent with other elasmobranchs (Motta, 2004). In
particular, our data illustrate notable aspects of upper
jaw and spiracle movements, likely related to this
species’ benthic suction feeding.

The onset of upper jaw protrusion occurs in the
expansive phase in R bonasus, within 10ms of
mandibular depression. Expansive phase protrusion
(the upper jaw protrudes as the mouth opens) is
characteristic of the bony fish feeding mechanism where
movement of the lower jaw drives protraction of the

upper jaw (Motta, 1984). In elasmobranchs, the timing
of protrusion shows a wider variation: species exhibit
expansive or compressive (the upper jaw protrudes as
the mouth closes) phase protrusion or the ability to
protrude during both phases. To date, obligate expan-
sive phase protrusion has only been observed in
elasmobranchs that possess ligamentous or cartilaginous
morphologies that couple movements of the upper and
lower jaws (reviewed in Dean and Motta, 2004).
Expansive phase protrusion in cownose rays could be
attributed to gape-limiting ligaments which stabilize the
jaws for durophagy, but may also restrict the mobility of
the upper and lower jaws and couple their movements.
Rhinoptera bonasus possesses ligaments on the medial
and lateral articular surfaces (Summers, 2000). As a
result, the upper jaw and mandibular cartilages can only
move in the coronal plane relative to one another
(Summers, 2000), and upper jaw protrusion occurs with
lower jaw depression in the expansive phase.

Obligate expansive phase protruders include two
suction-feeding rays (Rhinoptera; this study; Narcine;
Dean and Motta, 2004) and an orectolobiform shark
(Orectolobus; Wu, 1994); expansive phase protrusion is
likely more widespread, but palatoquadrate movements
can be difficult to observe in species that do not exhibit
extreme jaw protrusion (>25% head length, sensu Dean
and Motta, 2004). The remaining elasmobranchs studied
possess independently mobile upper jaws and protrude
in the compressive phase, although some ram-feeding
carcharhinid sharks (Carcharhinus spp., Negaprion
brevirostris; Frazzetta and Prange, 1987; Frazzetta,
1994; Motta et al., 1997) are capable of protrusion in
both phases.

Although not all suction-feeding elasmobranchs are
obligate expansive phase protruders (e.g., Heterodontus,
Rhinobatos protrude in the compressive phase; Wilga
and Motta, 1998; Edmonds et al., 2001), this mechanism
may be functionally important to suction feeding;
however, performance data is scarce from elasmobranch
suction feeding. Simultaneous protrusion of both upper
and lower jaws forms a tubular gape which may allow a
more efficient generation of negative pressures and
accurate directing of flow (Carroll and Wainwright,
2003; Ferry-Graham et al., 2003). In R. bonasus,
simultaneous protrusion may also serve to direct
positive pressure pulses for excavation.

Generation of subambient pressures adequate for
suction feeding requires control of buccal cavity volume
and flow (Osse and Muller, 1980; Svanbéck et al., 2002;
Ferry-Graham et al., 2003). In addition to the mouth,
water can enter through the spiracles, vestigial phar-
yngeal slits providing a dorsal connection between the
body wall and the buccopharyngeal cavity. Unlike
sharks, all batoids possess spiracles; the patency of the
valvular opening to the spiracular cavity can be clearly
visualized dorsally in most species. While this has been
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exploited to study the involvement of spiracles in
respiration (e.g., Summers and Ferry-Graham, 2001),
their function in feeding has not been examined. The
spiracles of R. bonasus are particularly large compared
with other batoids, perhaps reflecting their importance
in the excavation mechanism of this species.

The closing of the spiracle toward the end of the pre-
capture phase coupled with the compression of the jaws
during the preparatory phase act to prepare the feeding
mechanism for prey capture. Jaw compression may also
contribute to suction performance by allowing maximal
buccal cavity expansion in the expansive phase. During
the expansive phase, water only enters the buccophar-
yngeal cavity through the mouth, as the spiracle and gill
slits remain closed. This maximizes the suction pressure
for prey capture, especially when employed with con-
current anterolateral occlusion of the mouth by the
cephalic lobes (Osse and Muller, 1980; Lauder and Clark,
1984; Svanbick et al., 2002; Ferry-Graham et al., 2003).

The spiracles apparently act to constrain buccal cavity
access during prey capture, but then are reopened
during manipulation so water may be drawn in and
unwanted food items ejected through the mouth. The
majority of rays possess ventral mouths and gill slits;
spiracles therefore provide important access to com-
paratively sediment-free water as a source of oxygen and
for rinsing food. It is necessary to examine spiracle use
during feeding in other species of sharks and rays to
clarify their functional significance and selective pres-
sures leading to their evolution.

Excavation

Numerous observations of myliobatiform ray excava-
tion behavior cite the flapping of the pectoral fins as the
primary source of sand resuspension (Bigelow and
Schroeder, 1953; VanBlaricom, 1976; Howard et al.,
1977). However, our study supports the alternative
hypothesis that food is mined hydraulically by jetting
water from the mouth or gills (Babel, 1967; Gregory
et al., 1979; Schwartz, 1989). The rhythmic opening and
closing of the jaws in Rhinoptera bonasus serves to
generate a flow of water perpendicular to the plane of
the sand platform to excavate the food item.

In our experiments, the pectoral fins were found to
make only slight movements, producing minimal move-
ment of sand particles. However, our laboratory studies
used only a 2.0cm layer of sand; the pectoral fins may
contribute more to excavation in the wild, where the
prey may be buried deeper in the substrate or protected
by sea grass root systems. Large-scale destruction of
eelgrass Zostera marina beds in the Chesapeake Bay has
been attributed to this excavation behavior by R.
bonasus and these depressions are generally 1 m wide
and 20-45cm deep (Orth, 1975).

Head bobbing (cyclical cranial elevation and depres-
sion) is apparently a common excavation behavior, as
evidenced by our observations in natural conditions and
laboratory trials with buried food items. These head
movements augment buccal oscillation and flush flui-
dized sediment from feeding pits. Myliobatid and
rhinopterid rays (which feed by excavation of prey)
show an increase relative to other myliobatiform rays in
the mass of the epaxial muscle, which is used to lift the
head (Gonzalez-Isais and Dominguez, 2004). The lack
of cranial elevation and depression (as well as the lack of
kinematic inter-individual variability) in R. bonasus
capture trials with no sand may also be due to the
consistent presentation of unburied food directly be-
neath the ventrally positioned mouth on the platform.
The lack of variability in this study should therefore be
taken with caution and may also be due to a
comparatively slow filming rate (Sms differences be-
tween frames) and/or single prey-type effects.

Post-capture manipulation

Post-capture food manipulation consists of cyclic jaw
movements which are kinematically similar to those
involved in food capture, however, the food item is
handled entirely within the buccopharyngeal cavity,
either between or caudal to the tooth plates. Therefore it
would appear that manipulation is largely accomplished
hydraulically, with water currents generated by coordi-
nated mouth, branchial and spiracle movements.

This manipulation behavior sifts ingested material,
separating edible and inedible items and ejecting the
latter from the mouth. When offered squid with
enclosed pen, or shrimp in their exoskeletons, the
inedible portions were ejected after considerable manip-
ulation (Sasko, 2000). A similar ‘hydrodynamic tongue’
was proposed for the lungfish Lepidosiren paradoxa
(Bemis and Lauder, 1986) and cichlid Astatoreochromis
sp. (Liem, 1991), in which water currents between the
buccal and pharyngeal cavities turn the prey item until it
is moved into a proper orientation for crushing.

This hydraulic winnowing behavior may be common to
many myliobatids: gut contents of R bonasus and
Aetobatus narinari have been shown to contain only the
viscera of ingested mollusks (Coles, 1910; Gudger, 1914).
The ventral cranial musculature of rays, and particularly
myliobatids, is notably more complex than that of sharks
and may permit this impressive manipulatory ability
(Miyake, 1988; Gonzalez-Isais, 2003; Gonzalez-Isais and
Dominguez, 2004; Dean et al., 2005). This is underlined
by the reduction in ventral cephalic musculature in filter-
feeding myliobatids (Gonzalez-Isais, 2003), which have
less need for delicate buccal cavity control.

During winnowing, food may also be spit out of the
mouth and reoriented for reingestion. These winnowing
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behaviors are typical of bottom-feeding fishes including
Rhinobatos lentiginosus, Narcine brasiliensis, the mor-
wong Cheilodactylus spectabilis, and the carp Cyprinus
carpio (Sibbing, 1989; McCormick, 1998; Wilga and
Motta, 1998; Dean and Motta, 2004). The nurse shark
Ginglymostoma cirratum also uses this behavior to
reposition its food and reduce it in size prior to
transport (Motta et al., 2002; Matott et al., 2005).

Pectoral fin and cephalic lobe use

The progression from basal to derived batoid species
is marked by a reduction in tail width and the ancestral
tail-based (axial-undulatory) locomotion, and an in-
crease in pectoral fin size and use. Basal species (axial-
undulatory, Fig. 1) and intermediate species (undula-
tory, Fig. 1) differ in the autonomy of their pectoral fins
relative to the remainder of the body disk (i.e., the
mobility of the fins relative to the axial skeleton and
rostrum). The pectoral fins of basal species are reduced
and inflexible and play less of a role in locomotion, while
intermediate species (including many benthic/demersal
non-myliobatiform stingrays) locomote by undulating
the pectoral fin margins.

In basal and intermediate species, the body disk
(including rostrum, fins and head) can be employed in
prey manipulation, with the degree of pectoral fin use
reflecting fin flexibility (e.g., Rhinobatos will pin prey
beneath its stiff rostrum, while Narcine and Torpedo
wrap their pectoral fins around their prey). In general,
the fins of basal and intermediate species may be used to
“cup” the prey item during the pre-capture phase, to
facilitate electrogenesis (e.g., Torpedo, Bray and Hixon,
1978; Belbenoit, 1986), reduce the chance of prey escape,
and/or stabilize the body during head or jaw movements
(e.g., Torpedo, Bray and Hixon, 1978; Rhinobatos, Wilga
and Motta, 1998; Narcine, Dean and Motta, 2004). The
pectoral fins may also be used to excavate buried prey
items (Bigelow and Schroeder, 1953; VanBlaricom,
1976; Howard et al., 1977).

By contrast, derived species (gymnurid and myliobati-
form rays) have greatly enlarged pectoral fins and
employ lift-based oscillatory locomotion to “fly”
through the water (Fig. 1; Nelson, 1994; Schaefer and
Summers, 2005). In these species, the pectoral fins are
increasingly dedicated to locomotion and used less in
food handling (although spiny butterfly rays, Gymnura
altaveta, have been documented to slap and stun prey
with their fins; Henningsen, 1996). In the most derived
example, pelagic myliobatiform rays (e.g., Manta) are
filter feeders and their planktonic prey requires little
manipulation; concomitantly, their pectoral fins are
enormous and apparently employed solely in locomo-
tion. The only food handling necessary is direction of
flow and prey into the mouth by orientation of the body

and perhaps positioning of the cephalic lobes. The non-
planktivorous myliobatiform species, however, pose an
interesting problem in that their locomotion is oscilla-
tory, yet their prey is benthic and still requires some
means of manipulation.

Our study shows that the cephalic lobes of the
cownose ray fill many of the functional roles accom-
plished by the rostrum and pectoral fins of basal
batoids. These modified anterior pectoral fin extensions
are ventrally positioned and composed of radial
cartilages for support, muscle tissue for movement,
and ampullae and neuromasts for sensory input
(McEachran et al.,, 1996; Sasko, 2000). Pre-capture
horizontal orientation of the cephalic lobes, which
occurs in all feeding events, presumably facilitates prey
item detection via electro- and mechanoreception
(Maruska, 2001). This behavior is therefore functionally
analogous to basal rays positioning the rostrum over
food items before a feeding event (Wilga and Motta,
1998; Dean and Motta, 2004).

In their fully depressed position, the lobes play an
important role in positioning and restricting food prior
to capture. At peak jaw protrusion, the fully depressed
cephalic lobes form anterolateral shields around the
food item, creating a partial enclosure for resuspending
the surrounding sediment and perhaps preventing prey
escape. Once the food item is excavated, the cephalic
lobes can move independently to deflect sand and push
the food into position for suction feeding. Lateral
enclosure of the mouth cavity during prey capture also
results in a constrained suction field with most of the
water entering the mouth immediately beneath the gape,
where suction pressures are presumably the highest
(Lauder and Clark, 1984; Motta et al., 2002; Sanford
and Wainwright, 2002; Ferry-Graham et al., 2003).

The cephalic lobes of cownose rays represent an
intermediate condition in the evolution of myliobatid
pectoral fin extensions (Fig. 1; Nelson, 1994). In the
Myliobatinae, the subrostral fin is not incised, unlike
the bipartite subrostral fin of the Rhinopterinae and the
paired cephalic lobes of Mobulinae. The trend is
therefore toward reduced posteromedial areas of attach-
ment and increased mobility; the cephalic lobes are
functional limbs and play a clear role in food
manipulation in Rhinopterinae, and perhaps flow (and
therefore food) control in filter feeding Mobulinae.

Cephalic lobe use in R. bonasus is grossly convergent
with the impressive manipulatory abilities of facial
bristles in dugongs (Mammalia: Sirenia; Marshall
et al., 1998, 2000). The sirenian feeding apparatus is
an effective gathering device for ingesting aquatic
vegetation: the highly mobile bristles can be unilaterally
controlled and are found across the manatees and
dugongs, exhibiting a variety of functions in feeding.
Some sirenian bristle fields serve to prevent escape of
vegetative food items from the mouth during feeding,
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while others may be involved in excavating rhizomes.
Like cownose ray cephalic lobes, the perioral bristles of
dugongs do not act as prehensile forceps (as in
manatees), but rather as an efficient gathering and
transport mechanism.

Summary

Prey/food capture in R. bonasus is distinguished by
unique methods of excavation, winnowing and prey
handling. Inertial suction capture is facilitated by the
timing of spiracle, mouth, and gill slit movements which
ensure that water only enters through the mouth.
Excavation of buried food under these conditions is
accomplished by repeated jaw opening and closing
movements. These buccal oscillations re-suspend the
sand and food, allowing partial external winnowing of
edible and inedible items.

The cranial kinematics of R. bonasus show several
notable exceptions relative to other elasmobranchs.
Upper jaw protrusion occurs during the expansive phase
which is most likely a function of the ligamentous
coupling of the jaws, a modification for durophagy.
Expansive phase protrusion, coupled with cephalic lobe
depression, may also facilitate benthic inertial suction
feeding. The cephalic lobes of cownose rays play a vital
role in prey excavation and manipulation by enclosing
food and moving it toward the mouth. These dexterous
structures take over the manipulatory function of the
pectoral fins in basal batoids, facilitating benthic feeding
in this epibenthic species.
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