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Morphology of the Mechanosensory Lateral Line 
System in the Atlantic Stingray, Dasyatis sabina: 
The Mechanotactile Hypothesis 
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ABSTRACT The biological function of anatomical specializations in the 
mechanosensory lateral line of elasmobranch fshes is essentially unknown. 
The gross and histological features of the lateral line in the Atlantic stingray, 
Dasyatis sabina, were examined with special reference to its role in the 
localization and capture of natural invertebrate prey. Superfcial neuromasts 
are arranged in bilateral rows near the dorsal midline from the spiracle to the 
posterior body disk and in a lateral position along the entire length of the tail. 
All dorsal lateral line canals are pored, contain sensory neuromasts, and have 
accessory lateral tubules that most likely function to increase their receptive 
feld. The pored ventral canal system consists of the lateral hyomandibular 
canal along the disk margin and the short, separate mandibular canal on the 
lower jaw. The extensive nonpored and relatively compliant ventral infraor-
bital, supraorbital, and medial hyomandibular canals form a continuous 
complex on the snout, around the mouth, and along the abdomen. Vesicles of 
Savi are small mechanosensory subdermal pouches that occur in bilateral 
rows only along the ventral midline of the rostrum. Superfcial neuromasts 
are best positioned to detect water movements along the transverse body axis 
such as those produced by tidal currents, conspecifcs, or predators. The pored 
dorsal canal system is positioned to detect water movements created by 
conspecifcs, predators, or possibly distortions in the fow feld during swim-
ming. Based upon the stingray lateral line morphology and feeding behavior, 
we propose the Mechanotactile Hypothesis, which states that the ventral 
nonpored canals and vesicles of Savi function as specialized tactile mechano-
receptors that facilitate the detection and capture of small benthic inverte-
brate prey. J. Morphol. 238:1–22, 1998. 1998 Wiley-Liss, Inc. r 
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The mechanosensory lateral line occurs in 
all fshes and aquatic amphibians (Dijkgraff, 
’63; Lannoo, ’87; Webb, ’89; Northcutt, ’92) 
and detects near feld water movements rela-
tive to the skin surface (Harris and Van 
Bergeijk, ’62; Kalmijn, ’89; Coombs, ’94; 
Coombs et al., ’96). The functional unit of the 
lateral line system is the neuromast, com-
posed of mechanosensory hair cells and sup-
port cells covered by a gelatinous cupula. 
Displacement of this cupula by viscous drag 
modulates the hair cell receptor potential 
and associated primary afferent neural dis-
charges (Hoagland, ’33). Morphological fea-
tures of the peripheral lateral line system 
determine the characteristics of information 

sent to processing centers in the brain. For 
example, the spatial distribution of neuro-
masts defnes the receptive feld on the body 
(Denton and Gray, ’83), innervation patterns 
infuence system sensitivity, and provide in-
formation on peripheral processing mecha-
nisms (Munz, ’89), and neuromast morphol-
ogy determines which component of water 
motion (e.g., acceleration or velocity) is en-
coded (Kalmijn, ’89; Kroese and Schellart, 
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’92). Assessment of characteristics such as 
neuromast morphology, distribution, and 
patterns of innervation are essential to 
evaluate the functional organization of the 
lateral line system. 

With the exception of the review by Boord 
and Campbell (’77) on shark lateral line 
systems, studies on the organization of the 
lateral line periphery in elasmobranchs are 
generally incomplete and make little refer-
ence to function. Three types of neuromasts 
occur in most elasmobranchs. Superfcial 
neuromasts (SN), or pit organs, are located 
on the skin surface with the cupula directly 
exposed to the water. Canal neuromasts (CN) 
are situated in dermal or subdermal canals 
that are in contact with the water via pores 
on the skin. Vesicles of Savi (VS) are isolated 
mechanoreceptors situated in subdermal 
pouches primarily on the ventral surface of 
some torpediniform and dasyatid batoids. 
Lateral line canals are generally described 
separately (Garman, 1888; Tester and Ken-
dall, ’69; Chu and Wen, ’79; Puzdrowski and 
Leonard, ’93) from superfcial neuromasts 
(pit organs) in elasmobranchs (Tester and 
Nelson, ’69) and are considered together only 
in the skate, Raja batis (Ewart and Mitchell, 
1892). Thus complete descriptions of the 
anatomy of the peripheral mechanosensory 
system within a single elasmobranch spe-
cies are extremely limited. 

The lateral line system in teleosts func-
tions in the detection of water fow across 
the skin, and facilitates schooling behavior 
(Partridge and Pitcher, ’80), localization of 
stationary objects (Campenhausen et al., ’81; 
Hassan, ’89), social communication (Satou 
et al., ’91, ’94), and prey detection (Hoekstra 
and Janssen, ’85, ’86; Montgomery and Saun-
ders, ’85; Montgomery et al., ’88; Montgom-
ery, ’89; Montgomery and Milton, ’93; Jans-
sen et al., ’95). However, use of lateral line-
mediated mechanoreception for these 
functions in elasmobranch fshes is pres-
ently uninvestigated. The organization of 
the lateral line system in elasmobranchs 
differs from that of all teleosts primarily in 
the location of multiple neuromasts between 
adjacent pores and the existence of exten-
sive nonpored canals on the head (Chu and 
Wen, ’79; Webb and Northcutt, ’97; Webb, 
’89). These morphological differences likely 
represent unique transduction mechanisms 
between teleost and elasmobranch lateral 
line systems that may be related to function. 

The Atlantic stingray, Dasyatis sabina, is  
the most abundant and widely distributed 
batoid elasmobranch in estuarine waters of 
the southeastern United States. It feeds al-
most exclusively on small benthic infaunal 
invertebrates (e.g., amphipods, mysids, iso-
pods, ophiuroids, polychaetes, and bivalves) 
that it excavates from the sand substrate 
(Turner et al., ’82; Cook, ’94) and feeds al-
most continuously throughout the day and 
night (Bradley, ’96). We used this species to 
examine the gross anatomy, morphology, spa-
tial organization, and innervation patterns 
of lateral line mechanoreceptors to interpret 
the function of these different receptor types 
with special emphasis on their role in preda-
tion. As a result of this analysis, we propose 
the Mechanotactile Hypothesis to explain at 
least one function for the unique, nonpored 
lateral line canals found in elasmobranch 
fshes. 

MATERIALS AND METHODS 

General morphology, distribution, and in-
nervation patterns of the mechanosensory 
lateral line system were examined in the 
Atlantic stingray, Dasyatis sabina. Canal 
topography and neuromast distribution, in-
nervation and axon characteristics, and dis-
tribution of cutaneous nerve endings were 
examined by gross dissection and standard 
histological techniques. Observations on 
stingray feeding behavior were conducted in 
the feld and used in conjunction with mor-
phological data to formulate hypotheses on 
the possible function of lateral line mechano-
receptors in the detection and capture of 
benthic invertebrate prey. 

Canal topography and neuromast 
distribution 

Mature adult Atlantic stingrays, Dasyatis 
sabina, of both sexes were collected with a 1’’ 
mesh seine net from the Banana River (FL). 
Rays were anesthetized (MS222) and pithed, 
fxed in 10% formalin, and stored in 50% 
isopropyl alcohol. Superfcial neuromasts 
were stained in six live rays by immersion in 
a 0.05% methylene blue-seawater solution 
for 4–6 h. Superfcial neuromasts are lo-
cated on raised areas of epidermis (termed 
papillae) that contain a central groove with 
a sensory epithelium that sits at the groove 
base. Immersion of the ray in methylene 
blue solution stains the edges of the papillae 
grooves light blue. Each superfcial neuro-
mast papilla was marked with colored latex 
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paint and counted under a dissecting micro-
scope. Orientation of the superfcial neuro-
mast papilla groove was recorded as the 
angular deviation from the rostrocaudal body 
axis and midsagittal plane. 

Locations of the dorsal and ventral hyo-
mandibular, supraorbital, infraorbital, pos-
terior lateral line, and mandibular canals 
were mapped after pressure injection of a 
0.5% methylene blue solution into the ca-
nals. Vesicles of Savi and canal neuromasts 
were located by injection of 0.5% toluidine 
blue stain into the lateral branches of each 
canal and visualized under a dissecting mi-
croscope. Classifcation of the canals as hyo-
mandibular, supraorbital, infraorbital, and 
mandibular follows that of Ewart and 
Mitchell (1892) and Tester and Kendall (’69). 
However, we adopt the term ‘‘posterior lat-
eral line canal’’ (PLL) used by Puzdrowski 
and Leonard (’93), which is based on innerva-
tion of this canal by the posterior lateral line 
nerve, to replace the term ‘‘lateral canal’’ 
used by others (Ewart and Mitchell, 1892; 
Tester and Kendall, ’69; Chu and Wen, ’79). 

Neuromasts and surrounding tissue dis-
sected from preserved stingrays were dehy-
drated in a graded alcohol series, cleared in 
toluene, and infltrated with and embedded 
in paraffin (paraplast t). Tissue was sec-
tioned at 8 µm on a microtome, mounted on 
chrom-alum coated slides, and stained with 
Mayer’s hematoxylin and eosin or Gomori’s 
trichrome stain (Humason, ’79). The ana-
tomy of mechanoreceptors (canal neuro-
masts, superfcial neuromasts, and vesicles 
of Savi) was then examined under a com-
pound microscope, but the polarity and den-
sity of hair cells were not examined in this 
study. General neuromast dimensions (length 
and width) were measured with an ocular 
micrometer. The thickness of the epidermis 
and dermis (stratum compactum and stra-
tum spongiosum) overlying the dorsal and 
ventral hyomandibular lateral line canals 
(n 5 6 individuals) was also measured as an 
indicator of distance between the skin sur-
face and canal roof. Further, the number of 
fbroblast cells (identifed as nucleated cellu-
lar components within the connective tissue 
canal wall) within the dorsal and ventral 
hyomandibular canal walls (n 5 6 individu-
als) was counted and compared by a stu-
dent’s t – test to estimate structural differ-
ences and relative canal wall rigidity. 

Innervation and axon characteristics 
Innervation patterns of neuromasts were 

determined by dissection and application of 
99% isopropyl alcohol saturated Oil red O 
stain to nerve fbers and surrounding tissue. 
Connective and muscle tissue was then 
destained with 70% alcohol and rinsed with 
tap water. Nerves stained a darker red than 
the surrounding connective and muscle tis-
sues. Nerve fbers were traced distally to the 
canal or neuromast base by dissecting away 
connective and muscle tissue. 

Nerves that innervate individual canal 
neuromasts, superfcial neuromasts, or 
vesicles of Savi were removed at the mecha-
noreceptor base from formalin-fxed sting-
rays, embedded in Tissue Tek OCT com-
pound, cut in cross section at 2–10 µm on a 
cryostat, mounted on chrom-alum-coated 
slides, and stained with sudan black B in 
propylene glycol. The numbers of total fbers, 
afferent, and efferent axons were counted for 
each nerve. Efferents were defned as axons 
3–5 µm smaller in diameter than the sur-
rounding afferent axons, but identifcation 
was based solely on relative size (Roberts 
and Ryan, ’71). Differences in the number of 
total afferent and efferent axons associated 
with neuromasts in ten different canal loca-
tions (n 5 8 nerves per location in a single 
ray) were tested by oneway analysis of vari-
ance (ANOVA) with replication and a subse-
quent T-method test for unplanned compari-
sons (Sokal and Rohlf, ’81). 

Distribution of cutaneous nerve endings 
The distribution of putative tactile nerve 

endings in the skin was examined in fve 
female rays that ranged in disk width (DW) 
from 26.5–28.0 cm to determine relative tac-
tile sensitivity in areas around the mouth 
and on the rostrum relative to other regions 
of the body. This analysis was important 
because of the possibility that enhanced so-
matosensory sensitivity rather than the ven-
tral nonpored canals and vesicles of Savi 
could mediate localization of prey near the 
mouth. Skin samples (1 cm2) of epidermis, 
dermis, and underlying muscle tissue that 
included a section of the hyomandibular lat-
eral line canal (dorsal disk) were removed 
from the dorsal middisk area caudal to the 
branchial chamber. Tissue samples from the 
ventral surface were dissected from: (1) the 
middisk area lateral to the gill slits and not 
associated with any lateral line canals (ven-
tral disk), (2) an area lateral to the mouth 
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that included sections of the supraorbital or 
infraorbital lateral line canals (jaw), and (3) 
an area on the rostrum that included a sec-
tion of the infraorbital lateral line canal 
(rostrum). Tissue was fxed in 10% formalin, 
cut in cross section (to the rostrocaudal body 
axis) at 32 µm on a cryostat, and mounted on 
chrom-alum-coated slides. Slides were dried 
and then stained with the Winkelmann and 
Schmit (’57) silver method. The number of 
nerve fbers observed within the layers su-
perfcial to the muscle (stratum compactum, 
stratum spongiosum, and epidermis) was 
counted under a compound microscope on 
six randomly chosen 32-µm-thick sections 
(192 µm total tissue analyzed per location 
per animal) from each of the four locations in 
fve female rays and analyzed by oneway 
analysis of variance (ANOVA) with a subse-
quent T-method test for unplanned compari-
sons (Sokal and Rohlf, ’81). Classifcation of 
the dermis into the superfcial stratum spon-
giosum (SS) and deeper stratum compactum 
(SC) layers follows the terminology of Mur-
ray (’61) and Hawkes (’74) for elasmobranch 
and teleost skin, respectively. These layers 
(stratum spongiosum and stratum compac-
tum) also correspond to the superfcial der-
mal region and stratum compactum, respec-
tively, used by Motta (’77) to describe the 
dermis of several shark species. The elasmo-
branch general cutaneous system consists of 
free nerve endings and specialized nerve 
terminals that terminate within the dermal 
layers of the skin (see review by Roberts, 
’69a). All cutaneous nerves not associated 
with lateral line mechanoreceptors were 
counted in this study and no attempt was 
made to distinguish between or quantify 
morphologically different nerve types. 

Behavioral observations 
Dasyatis sabina feeds almost exclusively 

on small benthic invertebrates (amphipods, 
isopods, ophiuroids, bivalves, mysids, poly-
chaetes) that they mechanically excavate 
from the sand with characteristic motions of 
the pectoral fns and mouth to displace sand 
beneath the body and expose buried prey 
(Cook, ’94; Bradley, ’96). The foraging and 
prey capture behaviors of D. sabina were 
recorded in the feld to assess any potential 
role for the ventral lateral line system in 
feeding. Stingrays were observed on the sand 
fats and seagrass beds of the Banana River 
(FL) at the study site of Cook (’94) over a 
period of several months during daylight 
hours in 1–2 h sessions for a total of 200 h. 

Feeding stingrays were followed from a dis-
tance of 2–4 m and behaviors recorded from 
the time they presumably detected prey (time 
when animal stopped and began mechanical 
excavation to expose buried prey) until the 
animal swam away from the feeding depres-
sion. Body, head, hyoid, and jaw movements 
were qualitatively recorded before, during, 
and after prey consumption. Specifc atten-
tion was given to relationships between prey 
localization and capture behaviors and the 
associated lateral line system. 

RESULTS 
Canal topography and neuromast 

distribution 
Neuromasts are composed of sensory hair 

cells and support cells that are covered by a 
gelatinous cupula and are innervated by 
branches of the posterior (PLLN) and ante-
rior lateral line (ALLN) nerves. Dasyatis 
sabina has superfcial neuromasts on the 
skin surface, canal neuromasts in subder-
mal pored and nonpored canals that include 
the hyomandibular, infraorbital, supraor-
bital, posterior lateral line and mandibular 
canals, and vesicles of Savi in isolated sub-
dermal pouches on the ventral rostrum (Fig. 
1A-D). 

The posterior lateral line nerve inner-
vates both canal (posterior lateral line ca-
nal) and superfcial neuromasts on the trunk 
and tail. Superfcial neuromasts occur on 
papillae in bilateral rows near the midline 
that extend from the spiracle to the tip of the 
tail only on the dorsal body surface (x 5 
101.8 6 10.5 SD) (Fig. 2). Sensory epithelia 
are positioned at the base of the papilla 
groove with cupulae directly exposed to the 
surrounding water through the groove (Fig. 
1A). The raised papillae are ,0.5–0.75 mm 
wide and 0.3–0.5 mm high above the sur-
rounding skin, whereas the sensory epithe-
lia of the neuromasts are 50–100 µm wide 
(perpendicular to the groove axis) (Fig. 3A). 
The main axis of superfcial neuromast 
grooves near the spiracle lie at 100–160° to 
the rostrocaudal body axis, whereas grooves 
from the suprabranchial region to the tail 
base lie at ,90° to the dorsal midline. Groove 
axes of superfcial neuromasts on the tail 
are positioned laterally and lie in the dorso-
ventral axis (Fig. 2B). 

Posterior lateral line canal (PLL) distribu-
tion overlaps that of the superfcial neuro-
masts on the dorsal surface of the disk and 
tail (Fig. 4). The posterior lateral line canal 
begins near the suprabranchial midline, but 
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Fig. 1. Schematic diagram of mechanoreceptor types subdermal pouches on the ventral rostrum midline. Sche-
found in the Atlantic stingray, Dasyatis sabina. A: Super- matic dorsal view of mechanoreceptors shown at left 
fcial neuromasts are located at the base of a central (not to scale) and a lateral view shown at right. Ventral 
groove through a papillae on the skin surface. The is down on C and D. Bar 5 100 µm for A and 1 mm for 
sensory epithelium is presumably covered by a gelati- B-D. Neuromasts are indicated in solid black, and dashed 
nous cupula and is directly exposed to the water via the lines over each neuromast represent the predicted, but 
groove. B: Pored canal neuromasts are enclosed in sub- undetermined cupula location. Single hatches represent 
dermal canals with pores (P) that open to the water. the epidermis (E), dots indicate the stratum spongiosum 
C: Nonpored canals have no connection to the surround- (SS), and cross hatching indicates the stratum compac-
ing water. D: Vesicles of Savi are located in isolated tum (SC) layers of the dermis. NE, nerve. 
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Fig. 2. Distribution and groove orientation of super- A: Neuromast grooves near the spiracle are positioned 
fcial neuromasts on the dorsal surface of the Atlantic 100–160° and grooves from the suprabranchial region to 
stingray, Dasyatis sabina. Each dot represents a single the base of the tail are near 90° to the rostrocaudal body 
superfcial neuromast papilla and arrows (right side) axis. Bar 5 0.5 cm. B: Neuromasts assume a lateral 
show the groove orientation. There are approximately position on the tail and all grooves are positioned in the 
100 superfcial neuromasts situated at the base of papil- dorsoventral axis (arrow). Bar 5 1.0 cm. 
lae grooves on the skin along the dorsal midline and tail. 
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like the superfcial neuromasts is positioned 
laterally along the tail (Fig. 4). The posterior 
lateral line canal is continuous with the 
dorsal supraorbital canal on the head and 
has lateral tubules that lack neuromasts 
and terminate in pores in the suprabran-
chial region as well as above and below the 
canal along the tail (Fig. 4). 

The mechanosensory lateral line system 
innervated by branches of the anterior lat-
eral line nerve is more complex and consists 
of three dorsal and four ventral canals. The 
head canals include the bilateral and inter-
connected hyomandibular (HYO), infraor-
bital (IO), and supraorbital (SO) canals and 
the nonconnected mandibular (MAN) canal 
on the lower jaw. Neuromasts form a nearly 
continuous sensory epithelium within each 
of these canals (Fig. 1B,C). Each canal neu-
romast is oval and # 1 mm long and # 0.5 
mm wide. Adjacent neuromasts are either 
continuous or separated by ,100 µm (Fig. 
1B,C). Histological techniques often cause 
destruction of the cupula, so it is unknown 
whether this structure is also continuous or 
what proportion of the canal opening it occu-
pies. There are no neuromasts in the lateral 
tubules that terminate in pores in any of the 
canals. 

The thickness of the epidermis overlying 
the canals does not differ between canals on 
the ventral (x 5 76.3 6 11.6 µm SD) and 
dorsal (x 5 81.2 6 12.9 µm SD) surfaces 
(t-test, df 5 18, P 5 0.38). However, the 
dermal layers between the epidermis and 
canal roof are characterized by a different 
organization (Fig. 3C,E). The thickness of 
the stratum spongiosum does not differ be-
tween dorsal and ventral surfaces (t-test, 
df 5 18, P 5 0.25), but the stratum compac-
tum, which sits directly over the canal, is 
thicker on the dorsal surface than on the 
ventral (t-test, df 5 18, P 5 0.005) (Fig. 
3C,E). Further, dorsal hyomandibular canal 
walls contain more fbroblast cells (x num-
ber 5 309.3 6 40.8 SD) (measured as the 
mean number of fbroblast cells per 8 µm 
canal wall cross section from six individuals) 
than the ventral hyomandibular canal (x 
number 5 151.6 6 54.8 SD) (t-test, df 5 20, 
P 5 0.0003). However, there is no difference 
in the number of fbroblast cells between the 
pored and nonpored sections of the ventral 
hyomandibular canal (t-test, df 5 10, P 5 
0.37). Thus the thicker stratum compactum 
and greater number of fbroblast cells indi-
cate that dorsal canal walls are more rigid in 

structure compared to their ventral pored 
and nonpored counterparts. 

The canals of the dorsal surface are inter-
connected (HYO, IO, SO) but independently 
penetrate the disk to join their ventral coun-
terparts. The dorsal hyomandibular canal 
extends from the caudal suprabranchial re-
gion anteriorly around the branchial cham-
ber and rostral to the eye where it penetrates 
the disk to join the ventral hyomandibular 
canal (Fig. 4). Tubules that lack neuromasts 
extend from the dorsal hyomandibular canal 
and furcate to terminate in between one and 
six pores near the disk margin. The dorsal 
supraorbital canal is partially embedded in 
the cartilage of the chondrocranium and ex-
tends from caudal to the eye, anteriorly to 
the tip of the rostrum. A short canal section 
posterior to the endolymphatic pores (sur-
face openings that connect the inner ear to 
the water) joins the right and left supraor-
bital canals across the midline. Short lateral 
tubules extend from the supraorbital canal 
and terminate in pores on the head, but 
there are no tubules or pores associated with 
the supraorbital canal on the rostrum (Fig. 
4). The dorsal infraorbital canal is continu-
ous with the dorsal supraorbital canal on 
the chondrocranium caudal to the eye. The 
infraorbital canal is located between the eye 
and spiracle and extends to the disk where it 
bifurcates to terminate in pores both rostral 
and caudal to the eye and spiracle. The infra-
orbital canal penetrates the disk adjacent to 
the dorsal hyomandibular canal on the ros-
trum to join the ventral infraorbital canal 
(Fig. 4). 

The ventral hyomandibular, infraorbital, 
and supraorbital canals are also intercon-
nected, and they independently penetrate 
the disk to join their dorsal counterparts. In 
contrast, the mandibular canal is short and 
isolated from other canals and extends across 
the midline with a single pore at the lateral 
edge of the lower jaw (Fig. 5). The ventral 
hyomandibular canal is located along the 
anterior disk margin but continues medially 
and away from the margin caudally. This 
portion of the hyomandibular canal near the 
anterior disk margin contains short (, 2 cm) 
tubules that lack neuromasts and terminate 
in pores within 1 cm of the rostral disk edge. 
However, the portion of the hyomandibular 
canal that extends from the caudal pectoral 
fn edge anteriorly along the midline and 
around the gill slits lacks pores (Fig. 5). The 
ventral infraorbital canal forms an undulat-
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ing loop from the hyomandibular canal near 
the frst gill slit to the rostrum where it 
penetrates to join the dorsal infraorbital ca-
nal. The infraorbital canal also extends me-
dially from the hyomandibular canal to the 
posterior edge of the naris and along the 
rostrum midline. The ventral infraorbital 
canal also lacks pores and the two sides are 
joined across the midline by a deep commis-
sural canal rostral to the upper jaw (Fig. 5). 
The ventral supraorbital canal composes the 
medial portion of the infraorbital canal loop 
lateral to the naris and mouth and extends 
around the rostral edge of the naris where it 
is continuous with the row of vesicles of Savi 
on the rostrum. 

Vesicles of Savi occur in bilateral rows 
that are continuous with the anterior end of 
the ventral supraorbital canal and extend to 
the rostrum tip (x number 5 8.4 6 1.8 SD), 
but the location and number of vesicles var-
ies bilaterally (Fig. 6). Each vesicle is com-
posed of a single neuromast in a thin-walled 
pouch along the ventral midline of the ros-
trum (Fig. 1D). Each pouch is ,0.5–1.0 mm 
long (along the rostrocaudal axis), 200–500 
µm wide at the center, and situated ,1–3 
mm below loose collagenous tissue layers 
(Fig. 3G). The neuromast is ,100 µm wide 
(at the center) and 150–200 µm long (along 
the rostrocaudal axis) with tapered ends 
(Fig. 1D). The lumina of adjacent vesicles 

Fig. 3. Histological cross sections of mechanorecep-
tors in the Atlantic stingray, Dasyatis sabina. A: Super-
fcial neuromasts (SN) are located in raised papillae on 
the dorsal skin surface. Bar 5 100 µm. B: Each superf-
cial neuromast is composed of sensory hair cells (HC) 
positioned at the base of a groove (G) with cupulae (not 
shown) exposed to the water. Bar 5 25 µm. C: Dorsal 
canal neuromasts (arrow) are located in canals (C) be-
neath the epidermal (E), upper stratum spongiosum 
(SS), and dense stratum compactum (SC) dermal skin 
layers. Bar 5 500 µm. D: Canal neuromasts are com-
posed of sensory hair cells (HC) and support cells nor-
mally covered by a gelatinous cupula (not shown) and 
are innervated by afferent and efferent nerve fbers (NE, 
seen here in cross section). Bar 5 50 µm. E: Ventral 
canal neuromasts (arrow) are located in canals (C) above 
epidermal (E) and loose, compliant stratum spongiosum 
(SS), and stratum compactum (SC) dermal skin layers. 
Bar 5 500 µm. F: Ventral canal neuromasts also consist 
of sensory hair cells (HC) and support cells covered by a 
gelatinous cupula (CU). Bar 5 50 µm. G: Vesicles of Savi 
(VS) are located in subdermal pouches above epidermal 
(E) and loose, compliant layers on the ventral surface. 
Bar 5 250 µm. H: These neuromasts also consist of 
sensory hair cells (HC) covered by a gelatinous cupula 
(remnants visible above neuromast) and are innervated 
by afferent and efferent nerve fbers (NE, seen here in 
cross section). Bar 5 25 µm. 

Fig. 4. Distribution and innervation of the lateral 
line canal system on the dorsal surface of the Atlantic 
stingray, Dasyatis sabina. Left side illustrates location 
of all canals and pores. Right side shows lateral line 
nerves that innervate the canal neuromasts. Canals are 
bilateral, subdermal, and interconnected both between 
sides and within sides. Neuromasts form a near continu-
ous sensory epithelium in the canals close to the mid-
line. HYO, hyomandibular canal; IO, infraorbital canal; 
PLL, posterior lateral line canal; SO, supraorbital canal. 
Bar 5 0.5 cm. 

are joined together by a thin-walled tubule 
,20–50 µm in diameter that lacks both neu-
romasts and pores. The distance between 
adjacent vesicles ranges from 2–20 mm (x 5 
8.1 6 5.5 mm SD) with vesicles closest to the 
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Fig. 5. Distribution and innervation of the lateral lar, infraorbital, and supraorbital canals along the mid-
line canal system on the ventral surface of the Atlantic line, on the snout and around the mouth lack pores, but 
stingray, Dasyatis sabina. Left side illustrates location do contain innervated neuromasts. HYO, hyomandibu-
of all canals and pores for the hyomandibular and man- lar canal; IO, infraorbital canal; MAN, mandibular ca-
dibular canals. Right side shows lateral line nerves that nal; SO, supraorbital canal; VS, vesicles of Savi. Bar 5 
innervate canal neuromasts. Sections of the hyomandibu- 0.5 cm. 

supraorbital canal positioned closer together 
than those near the rostrum tip. 

Innervation and axon characteristics 
The dorsal and ventral canals (HYO, IO, 

SO, MAN) and vesicles of Savi are inner-

vated by separate branches of the anterior 
lateral line nerve complex, whereas the pos-
terior lateral line canal and superfcial neu-
romasts are innervated by the posterior lat-
eral line nerve. The external mandibular 
branch of the anterior lateral line nerve 
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Fig. 6. Distribution of the ventral canals on the nected via a thin-walled neuromast-free tubule and are 
rostrum and vesicles of Savi in the Atlantic stingray, not open to the surrounding water. HYO, hyomandibu-
Dasyatis sabina. Vesicles of Savi (large dots) occur in lar canal; IO, infraorbital canal; MAN, mandibular ca-
bilateral rows immediately lateral to the medial infraor- nal; Mo, mouth; N, nare; SO, supraorbital canal; VS, 
bital canals on the rostrum. The vesicles are intercon- vesicles of Savi. 

innervates the dorsal and ventral hyoman-
dibular and the mandibular canals. The dor-
sal and ventral supraorbital canals and 
vesicles of Savi are innervated by the super-
fcial ophthalmic branch and the dorsal and 
ventral infraorbital canals are innervated 
by the buccal branch of the anterior lateral 
line nerve. The posterior lateral line nerve 
innervates the canal and superfcial neuro-
masts behind the branchial chamber and on 
the tail. Innervation of superfcial neuro-
masts anterior to the branchial chamber 
was not determined due to the complex net-
work of fbers in this area and the inability 
to trace the small nerves back to the main 
branch using Oil red stain. Nerves show 
extensive peripheral branching as they di-
vide multiple times prior to innervating a 
neuromast (Figs. 4, 5). 

The number of primary afferent fbers per 
neuromast varies among mechanoreceptor 
type (canal neuromast, superfcial neuro-
mast and vesicles of Savi) and canal location 
(Table 1). There are ,fve total axons for 
each superfcial neuromast (x 5 5.3 6 1.5 
SD), 16 for each canal neuromast (x 5 15.8 6 
2.1 SD), and 19 for each vesicle of Savi (x 5 
19.4 6 4.4 SD). The total number of axons 
and afferent axons per canal neuromast dif-
fers only between the dorsal infraorbital and 
dorsal supraorbital canals, which represent 

the lowest and highest means, respectively 
(ANOVA, df 5 9, 70, F 5 2.96, P 5 0.04, 
T-method test) (Fig. 7). There are ,12 affer-
ent (x 5 12.4 6 1.9 SD) and three efferent 
(x 5 3.4 6 0.6 SD) axons in each nerve 
branch with a mean afferent:efferent axon 
ratio of 4.5 6 0.7 SD for a single canal 
neuromast. There was no difference in the 
number of efferent axons associated with 
each neuromast among canal locations 
(ANOVA, df 5 9, 70, F 5 1.04, P 5 0.17). In 
summary, the dorsal supraorbital canal neu-
romasts have a higher number of primary 
afferent fbers than the dorsal infraorbital 
canal neuromasts, but the efferent innerva-
tion is similar among all canal locations. 

Distribution of cutaneous nerve endings 
Cutaneous nerves not associated with lat-

eral line mechanoreceptors were character-
ized as single fbers, groups of axons, or 
coiled endings in layers superfcial to the 
muscles in accordance with descriptions and 
photographs from other elasmobranch spe-
cies (Murray, ’61; Roberts, ’69a,b). However, 
distribution of morphologically different cu-
taneous nerves was not quantifed in this 
study. All nerves were observed within or 
beneath the dermal layers (stratum spongio-
sum and compactum) and no fbers pen-
etrated the layer of cuboidal cells that forms 
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TABLE 1. Number of axons (mean 6 SD, n 5 8 nerves per location in a single individual) that innervate 
individual canal neuromasts, superfcial neuromasts, and vesicles of Savi in the Atlantic stingray, Dasyatis sabina 

Location1 Total axons Afferent axons Efferent axons Afferent/efferent ratio 

Ventral HYO (P) 13.5 6 5.5 10.6 6 3.7 2.9 6 2.2 5.3 6 3.1 
Ventral HYO (NP) 16.3 6 4.3 12.5 6 3.0 3.8 6 1.6 4.2 6 3.2 
Dorsal HYO 13.5 6 2.8 10.5 6 2.1 3.0 6 1.1 4.1 6 2.1 
Ventral IO 18.0 6 2.3 14.5 6 2.8 3.5 6 1.6 5.5 6 3.8 
Dorsal IO 12.5 6 3.0 10.1 6 2.6 2.4 6 0.9 4.8 6 1.9 
Ventral SO 15.5 6 4.6 12.1 6 3.9 3.4 6 1.3 3.9 6 1.6 
Dorsal SO 19.9 6 4.1 15.3 6 3.3 4.6 6 1.7 3.5 6 1.0 
MAN 14.1 6 2.9 11.1 6 1.8 3.0 6 1.5 4.6 6 2.5 
PLL 2 trunk 15.6 6 2.7 12.5 6 2.3 3.1 6 1.0 4.3 6 1.4 
PLL 2 suprabranchial 18.6 6 5.8 14.8 6 4.8 3.9 6 1.6 4.5 6 2.6 
Grand mean 15.8 6 2.1 12.4 6 1.9 3.4 6 0.6 4.5 6 0.6 
SN 5.3 6 1.5 
VS 19.4 6 4.4 15.3 6 2.4 4.1 6 0.9 4.2 6 1.3 

1HYO, hyomandibular; P, pored; NP, nonpored; IO, infraorbital; SO, supraorbital; MAN, mandibular; PLL, posterior lateral line; SN, 
superfcial neuromast; VS, vesicles of Savi. 

the basal epidermal layer. Larger nerves 
furcated just beneath the stratum compac-
tum and sent axons toward the skin surface 
where they often branched again within the 
stratum compactum or spongiosum and ter-
minated just below the epidermis. 

Fig. 7. Total number of afferent (closed circles) and 
efferent (open circles) axons that innervate a single 
canal neuromast from ten different locations on the 
Atlantic stingray, Dasyatis sabina. Each point repre-
sents the mean 6 95% confdence limits (T-method 
test for unplanned comparisons) for afferents and the 
mean 6 SD for efferents. Horizontal lines lie above 
afferent fber values that do not differ. There is no 
difference in the number of efferent fbers among canals 
and a difference in the number of afferent fbers occurs 
only between the dorsal supraorbital and the dorsal 
infraorbital canals, which represent the highest and 
lowest means respectively. HYO-D, dorsal hyomandibu-
lar; HYO-p, ventral pored hyomandibular; HYO-np, ven-
tral nonpored hyomandibular; IO-D, dorsal infraorbital; 
IO-V, ventral infraorbital; MAN, mandibular; SO-D, dor-
sal supraorbital; SO-V, ventral supraorbital; PLL-sup, 
posterior lateral line (suprabranchial); PLL-tr, posterior 
lateral line (trunk). 

More than three times as many cutaneous 
fbers occur on the ventral disk as on the 
dorsal disk of the ray (ANOVA, df 5 3,20, 
P 5 0.00003, T-method test) (Table 2). How-
ever, there was no difference in the number 
of cutaneous fbers between the ventral disk, 
jaw, and rostrum locations (ANOVA, df 5 2, 
15, P 5 0.15). These data indicate that there 
is no specialized distribution of cutaneous or 
putative tactile nerve endings around the 
mouth and on the rostrum that would serve 
to increase tactile sensitivity in these areas. 

Feeding behavior 
Atlantic stingrays feed almost exclusively 

on small benthic invertebrates (e.g., amphi-
pods, mysids, polychaetes, ophiuroids, bi-
valves, isopods) that they excavate from the 
sand substrate (Cook, ’94). Observations on 
feeding behavior in the feld indicate that 
the detection of prey likely involves multiple 
sensory systems that possibly include elec-
troreception and olfaction. Search behavior 
involves slow swimming at , 0.1–0.25 m/sec 
and 1–5 cm above the sand substrate fol-
lowed by an abrupt stop to examine an area 
for prey (Fig. 8A, B). During inspection be-
havior, the ray briefy lies motionless on the 

TABLE 2. Number of cutaneous fbers not associated 
with lateral line mechanoreceptors (mean 6 SD, 

n 5 5 individuals) within the dermis 
of the Atlantic stingray, Dasyatis sabina 

Location No. of cutaneous fbers 

Dorsal disk 7.9 6 1.8 
Ventral disk 29.9 6 9.2 
Jaw 42.7 6 10.6 
Rostrum 37.8 6 8.8 

https://0.1�0.25
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bottom presumably to detect prey beneath 
the body by cutaneous contact, stimulation 
of the lateral line, or electroreception. This 
period of quiescence may be followed by peri-
odic movements to reposition the body. When 
prey are detected within the substrate, the 
ray begins to displace the sand beneath the 
body by swift undulations of the tips of its 
pectoral fns (Fig. 8C). This excavation ex-
poses prey within a feeding depression that 
is about the diameter of the disk. Excavated 
and often motile prey are retained in the 
feeding depression beneath the disk and the 
body is moved to position the mouth over the 
prey (Fig. 8D-F). In some cases, the ray will 
brace the pectoral fns against the substrate, 
raise its body above the feeding depression, 
and pause for several seconds before it makes 
subsequent strikes at prey. Prey located 
deeper in the substrate, such as tube dwell-
ing polychaetes, are further excavated within 
the original feeding depression by a strong 
suction action of the mouth that creates a 
small deep pit slightly larger than the diam-
eter of the mouth. Prey are consumed by 
rapid biting motions of the jaws and associ-
ated rapid spiracle and gill movements, dis-
placement of sand to the side of the pectoral 
fns, or exhalation of sediments through the 
spiracles. 

DISCUSSION 

This study provides the frst description of 
the canal topography, neuromast distribu-
tion, and innervation patterns of the entire 
peripheral lateral line system in an elasmo-
branch species. Further, it is the only study 
to show the distribution of superfcial neuro-
masts in a batoid since the pioneer study by 
Ewart and Mitchell (1892) of the skate, Raja 
batis. We formulate the Mechanotactile Hy-
pothesis of lateral line function that pro-
poses that the nonpored canals and vesicles 
of Savi function as touch receptors that en-
code displacement of the underlying skin 
caused by prey. Finally, we propose a model 
for the role of the ventral lateral line system 
in predation in Dasyatis sabina based on its 
natural food habits, feeding behavior, and 
organization of the peripheral lateral line 
system. 

Canal topography and neuromast 
distribution 

Superfcial neuromast distribution in the 
stingray, Dasyatis sabina, is similar to that 
of both shark and skate species only with 

regard to the line along the dorsal midline 
and tail (dorsal-lateral line) (Ewart and 
Mitchell, 1892; Tester and Nelson, ’69). Bud-
ker (’58) suggested that superfcial neuro-
masts in sharks follow the generalized plan 
of a line of superfcial neuromasts posterior 
to the mouth, a line between the pectoral 
fns, lines on the dorsal-lateral portion of the 
body and caudal fn, and a pair of neuro-
masts anterior to the endolymphatic pores. 
Superfcial neuromasts in the skate, Raja 
batis, are located in bilateral rows on the 
dorsal midline with a single pair anterior to 
the endolymphatic pores (Ewart and 
Mitchell, 1892). The stingray, D. sabina, dif-
fers from all shark species examined thus 
far (Tester and Nelson, ’69) and Raja by its 
lack of a pair of superfcial neuromasts ante-
rior to the endolymphatic pores. Dasyatis 
sabina further differs from all shark species 
examined because it lacks the lines of super-
fcial neuromasts posterior to the mouth and 
between the pectoral fns. The ,100 superf-
cial neuromasts in D. sabina most closely 
resemble the 77 superfcial neuromasts seen 
in the dogfsh, Squalus acanthias, but this 
number (77) is lower than that observed for 
other shark species examined (e.g., . 600 
SN for Sphyrna lewini, Tester and Nelson, 
’69). The arrangement and number of super-
fcial neuromasts on the stingray may have 
some functional signifcance, but evolution-
ary trends cannot be determined until a 
larger number of taxa are examined. 

All superfcial neuromasts observed in 
Dasyatis sabina occur on the dorsal body 
surface with their grooves oriented perpen-
dicular (90°) to the rostrocaudal body axis. 
Thus, the best response of superfcial neuro-
masts on the dorsal disk should be to water 
movements that are along the transverse 
body axis. However, superfcial neuromasts 
along the entire tail are in a lateral position 
with a dorsoventral orientation of the 
grooves. This rotation of groove orientation 
indicates that superfcial neuromasts on the 
tail will have a best response to water move-
ments that are parallel to the dorsoventral 
axis and a weak response in the direction 
parallel to the anteroposterior body axis. 
However, these proposed axes of best and 
least sensitivities are based solely on gross 
morphology and assume the neuromast hair 
cells have a best sensitivity parallel to the 
groove axis. 

The superfcial neuromast sensory epithe-
lium is located inside a well-developed groove 
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Fig. 8. Diagrammatic summary of the feeding behav- prey (C). The lateral line is hypothesized to help localize 
ior of the Atlantic stingray, Dasyatis sabina. Rays search prey (D), then position (E) and guide (F) the mouth over 
for and detect concealed invertebrate prey (small dots the prey for capture. Other senses such as electrorecep-
beneath ray in B,C,D,E) with multiple sensory systems tion are also hypothesized to function in conjunction 
such as electroreception, olfaction, or lateral line (A, B)  with mechanoreception during the fnal stages of prey 
(see text). Mechanical motion of the mouth and pectoral capture (see text). 
fns is used by the ray to excavate and expose the buried 

above the skin surface that would promote 
water fow parallel to the cupula, enhance 
directional sensitivity, and protect the cu-
pula from abrasion or damage. This differs 
considerably from the pit organs of sharks in 
which superfcial neuromasts lie between 
the bases of modifed scales and are recessed 

below the skin surface (Tester and Nelson, 
’69). Lateral placement of superfcial neuro-
masts on the tail of Dasyatis sabina and 
other batoids may refect their benthic and 
often sedentary behavior where they rest 
motionless on the bottom. This system would 
function to detect low frequency water move-
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ment across the dorsal surface generated by 
tidal currents, conspecifcs or predatory bull 
sharks, Carcharhinus leucas, which are the 
major predators of D. sabina in the Indian 
River Lagoon (Snelson et al., ’84). In addi-
tion, superfcial neuromasts may mediate 
rheotaxis behavior (orientation to water cur-
rents) in the stingray as recently demon-
strated for several teleost species (Montgom-
ery et al., ’97). 

Canal topography in Dasyatis sabina is 
similar to that described for other batoid 
species (Garman, 1888; Chu and Wen, ’79). 
Canal organization was described for D. 
sabina by Puzdrowski and Leonard (’93), 
but the distribution of neuromasts within 
canals was not assessed. Canal neuromasts 
in the stingray form a nearly continuous 
sensory epithelium in the canals (PLL, HYO, 
IO, SO, MAN) close to the midline. This 
neuromast confguration was frst described 
in elasmobranch canals by Johnson (’17) and 
differs from teleost lateral line systems that 
typically contain a single discrete neuro-
mast between two adjacent pores (Coombs 
et al., ’88). Placement of neuromasts close to 
the midline in canals on the dorsal surface 
may be an adaptation to reduce the self-
generated noise caused by pectoral fn undu-
lations during swimming. 

Nonpored canals in Dasyatis sabina con-
tain hundreds of neuromasts that form a 
nearly continuous epithelium within a single 
canal. The absence of pores in these canals 
suggests a unique mechanical transduction 
mechanism since these receptors would not 
respond to water movements parallel to the 
skin surface. However, since cupular dimen-
sions and associated hair cell mechanics are 
also important parameters that infuence 
neuromast transduction properties (van 
Netten and Kroese, ’89a,b; van Netten and 
Khanna, ’94), it would be necessary to deter-
mine the cupular morphology and organiza-
tion among adjacent neuromasts before the 
physics of these unique mechanoreceptors 
can be modeled. 

The numerous branched tubules that lack 
neuromasts and terminate in pores on the 
dorsal surface of Dasyatis sabina likely func-
tion to increase sampling area, displace the 
receptive feld to the disk periphery, and 
improve signal-to-noise ratio. The canals on 
the dorsal surface of D. sabina are in the 
best position to detect water movements gen-
erated by conspecifcs or predators, but not 
by benthic prey. Branched tubules are char-

acteristic of most elasmobranchs (Garman, 
1888; Chu and Wen, ’79) and some teleosts 
(Stephens, ’85), and the number and com-
plexity of branches usually increase with 
body size. A similar phenomenon occurs in 
D. sabina where the number of branches per 
hyomandibular tubule on the dorsal surface 
increases from one to two in embryos to as 
many as six in adults (pers. obs.). Bleck-
mann and Munz (’90) showed that the highly 
branched lateral line of the black prickle-
back, Xiphister atropurpureus, increases the 
receptive feld only if nearby objects create 
water displacements just above threshold 
levels or if the stimulus is masked by back-
ground noise. Branched tubules in Dasyatis 
sabina may also increase the receptive feld 
if the stimulus is masked by the background 
noise of wave action, currents, or swimming. 
The pored canals on the dorsal surface may 
also function to detect underwater objects by 
perceiving distortions in the fow feld gener-
ated around the body while swimming, but 
this remains to be tested. 

The ventral canal system of Dasyatis 
sabina differs from the dorsal canal system 
in that it contains long segments that en-
tirely lack surface pores. Nonpored head ca-
nals occur in all shark, skate, and ray spe-
cies (Garman, 1888; Chu and Wen, ’79). This 
lack of connection between canal and sur-
rounding water indicates they will not re-
spond to water motion across the skin as for 
pored canals and superfcial neuromasts. The 
mechanical properties of excitation in canals 
without pores should be considerably differ-
ent from pored canal systems, but knowl-
edge of canal, neuromast, and cupular di-
mensions is necessary to predict canal fow 
and transduction mechanisms (Denton and 
Gray, ’88). However, preliminary neurophysi-
ological recordings have verifed that pri-
mary afferents from nonpored canal neuro-
masts are not sensitive to water motion, but 
do respond to tactile stimulation of the un-
derlying skin (pers. obs.). Ventral canals typi-
cally have a less dense dermal layer over the 
canal relative to their dorsal counterparts 
and therefore should be more compliant and 
sensitive to displacements of the underlying 
skin. Although nonpored canals are de-
scribed for a number of elasmobranch spe-
cies, an ecological function for this system 
has previously not been proposed. One ad-
vantage of a nonpored canal system in ben-
thic feeding batoids would be to eliminate or 
reduce lateral line stimulation by extrane-
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ous water currents produced during prey 
excavation or burying behavior. Water move-
ment specifcally created by these behaviors 
would stimulate pored canals, especially on 
the ventral surface. Thus such self-gener-
ated noise would be greatly reduced in the 
nonpored canal system but still permit detec-
tion of prey that displace the skin surface. 

Vesicles of Savi also appear to be special-
ized mechanoreceptors primarily found on 
the ventral surface of many torpedo rays 
(Torpedinidae), electric rays (Narcinidae), 
and stingrays (Dasyatidae) (Norris, ’32; 
Szabo, ’68; Nickel and Fuchs, ’74; Chu and 
Wen, ’79; Barry and Bennett, ’89). In Dasy-
atis sabina, vesicles of Savi contain indi-
vidual mechanoreceptors within subdermal 
pouches that form a single row on each side 
of the ventral rostrum midline. Each vesicle 
of Savi in the torpediniform rays (Narcini-
dae and Torpedinidae) contains one large 
central neuromast between two smaller pe-
ripheral neuromasts (Norris, ’32; Szabo, ’68; 
Nickel and Fuchs, ’74; Chu and Wen, ’79; 
Barry and Bennett, ’89). At the light micros-
copy level, this appears to differ in D. sabina 
by the presence of only a single neuromast, 
but this needs to be verifed by scanning 
electron microscopy. Further, the ventral lat-
eral line canal system in torpediniform rays 
is often reduced or absent, but the number 
and surface area covered by the vesicles of 
Savi are increased. This differs from many of 
the dasyatid rays that have both an elabo-
rate canal system and a reduced vesicle sys-
tem on the ventral surface. The functional 
and evolutionary signifcance of these differ-
ences among torpediniform and myliobati-
form rays remains to be determined. 

The lack of a direct connection to the sur-
rounding water in the vesicles of Savi and 
close association with cartilaginous skeletal 
elements also indicates a function different 
from pored lateral line canals. Like the non-
pored lateral line canals, the vesicles of Savi 
would not respond to pressure differences 
across the skin surface caused by water 
movements. However, they should also be 
sensitive to direct displacement of the under-
lying skin, which would cause bi-directional 
fow of fuid from the overlying vesicle and 
excite hair cells of opposite polarity in adjoin-
ing rostral and caudal vesicles. Thus vesicles 
of Savi could also function as touch recep-
tors. Vesicles in the lesser electric ray, Nar-
cine brasiliensis, are sensitive to vibrations 
of 150–200 Hz and were suggested possibly 

to function to detect substrate borne vibra-
tions (Szabo, ’68; Barry and Bennett, ’89), 
but this needs to be tested directly. The 
spatial separation of vesicles in the stingray 
(2–20 mm) would function as an excellent 
point source detector when prey are immedi-
ately rostral to the mouth. We propose that 
these vesicles in Dasyatis sabina are used to 
guide the mouth (via body movement) to-
ward invertebrate prey immediately before 
capture. 

Innervation and axon characteristics 
Neuromast innervation patterns are an 

important determinant of the spatial resolu-
tion and sensitivity of the lateral line sys-
tem. Canal neuromasts usually exceed super-
fcial neuromasts both in size and in 
associated fber innervation, or number of 
fbers per neuromast (Tester and Kendall, 
’67; Munz, ’89). Canal neuromasts in Dasy-
atis sabina are larger than superfcial neuro-
masts and contain about three times more 
fbers. Furthermore, the number of fbers 
that innervate an individual canal neuro-
mast does not differ among locations except 
between the dorsal infraorbital and dorsal 
supraorbital canals. The dorsal infraorbital 
canal contains fewer afferent fbers and may 
refect increased sensitivity in canals around 
the eyes provided that hair cell numbers in 
these two canals are the same. One advan-
tage of increased sensitivity to water move-
ments around the eyes would be to facilitate 
detection of objects, predators or prey at 
night or in turbid water when visual cues 
are reduced. A second advantage of in-
creased lateral line sensitivity within the 
visual feld would be the multimodal integra-
tion of visual and mechanosensory informa-
tion in higher processing centers of the brain 
(e.g., the tectum). The coincident detection 
of visual and lateral line stimuli may be 
necessary to elicit a behavioral response (e.g., 
escape response) similar to that seen with 
the overlapping visual and electrosensory 
felds mapped in the tectum of the skate 
(Bodznick, ’91). Therefore, it would be advan-
tageous to have increased mechanosensory 
sensitivity within the visual feld if these 
stimuli are integrated in tectal or other pro-
cessing regions of the brain. 

Canal neuromasts are innervated by both 
afferent and efferent axons with a ratio of 
,5:1. Efferent fbers are several microns 
smaller in diameter than afferent fbers in 
the same nerve (Roberts and Ryan, ’71) and 
although distinct axon diameter size classes 
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were observed in fbers that innervate canal 
neuromasts, none were found in superfcial 
neuromast nerves. Efferent neurons can be 
activated by other sensory stimuli (e.g., vi-
sual, tactile, and vestibular) and function in 
the peripheral processing of mechanorecep-
tive information (Roberts and Russell, ’72; 
Highstein and Baker, ’85; Tricas and High-
stein, ’91). The apparent lack of efferent 
innervation in the superfcial neuromasts of 
Dasyatis sabina (based solely on differential 
axon diameter data) would indicate that 
mechanosensory stimuli at the periphery are 
not modifed by efferent activity as they are 
in canal neuromasts. Another hypothesized 
function of efferent fbers is to reduce the 
fring rate of primary afferents and prevent 
transmitter depletion in response to swim-
ming activity (Roberts and Russell, ’72; Rus-
sell and Roberts, ’72). However, since super-
fcial neuromast morphology in D. sabina 
indicates an axis of best response perpen-
dicular to the rostrocaudal body axis, stimu-
lation of these mechanoreceptors would be 
minimal with forward swimming motion, 
possibly reducing the need for efferent inner-
vation. Studies of immunocytochemical label-
ing for acetylcholinesterase will be neces-
sary to confrm the absence of superfcial 
neuromast efferent axons in the stingray. 

Each vesicle of Savi is innervated by ,20 
axons, which is four times that of superfcial 
neuromasts and 1.3 greater than the overall 
mean for canal neuromasts in Dasyatis 
sabina. Vesicles also have an afferent:effer-
ent fber ratio of 4.2 6 1.3 SD, which is 
similar to that observed in the canal neuro-
mast locations. The greater number of affer-
ent fbers that innervate each vesicle of Savi 
may be associated with increased hair cell 
numbers, or possibly represent a higher hair 
cell to axon ratio that would increase the 
sensitivity of these mechanoreceptors to tac-
tile stimuli. However, unknown parameters 
such as hair cell density, neuromast size, 
and cupula dimensions must be determined 
before relative sensitivity and transfer func-
tions can be adequately determined or mod-
eled. 

The Mechanotactile Hypothesis: 
Role of the lateral line in predation 

One important function of the teleost 
mechanosensory system is to detect and lo-
calize prey (Hoekstra and Janssen, ’85, ’86; 
Montgomery and Saunders, ’85; Montgom-
ery et al., ’88; Montgomery, ’89; Montgomery 
and Milton, ’93; Janssen et al., ’95). How-

ever, whereas the use of olfaction, electrore-
ception, and vision for the detection and 
localization of prey is established in many 
elasmobranch species (Tester, ’63; Gilbert, 
’63; Kalmijn, ’71), use of mechanoreception 
for feeding remains uninvestigated. Dasy-
atis sabina feeds almost exclusively on small 
benthic invertebrates (e.g., amphipods, iso-
pods, mysids, polychaetes, bivalves and 
ophiuroids) that it excavates from the sand 
substrate (Cook, ’94) and feeds throughout 
most of the day and night (Bradley, ’96). The 
majority of these prey items are found be-
neath the substrate surface and are not in 
the visual feld. The electrosensory system 
of the stingray, which consists of the ampul-
lae of Lorenzini, is used to detect weak bio-
electric felds emitted by concealed natural 
prey. Use of this sensory system for prey 
detection and localization is well documented 
in elasmobranch species (Kalmijn, ’71; 
Blonder and Alevizon, ’88). Initial detection 
of prey by D. sabina likely involves multiple 
sensory systems such as electroreception 
(Blonder and Alevizon, ’88), olfaction (Silver, 
’79), and possibly mechanoreception (pro-
posed below) followed by mechanical excava-
tion to expose these invertebrate prey. There-
fore, prey detection and capture are likely 
mediated by several sensory systems that 
work in concert to enhance the feeding effi-
ciency of the ray. We suggest that the lateral 
line system is also an important sense used 
in the feeding behavior of this species. 

We propose the Mechanotactile Hypoth-
esis to explain a potential functional role for 
the ventral nonpored lateral line canals and 
the vesicles of Savi in the stingray, Dasyatis 
sabina. Water movements produced by mo-
tile or sessile prey may be detected by the 
ventral pored lateral line canals along the 
rostral disk margin and posterior middisk 
area (Fig. 9:1). If prey are buried beneath 
the sand substrate, the ray will excavate a 
feeding pit below the body to expose and 
contain the prey. Once detected, the ray 
moves its body to position the prey beneath 
the nonpored canals on the rostrum and 
around the mouth. These canals do not re-
spond to water movements, but rather func-
tion as touch receptors when stimulated by 
direct contact of prey with the skin surface 
(the subject of the deformation of the skin is 
ripe for a biomechanical analysis). The neu-
romast hair cells are stimulated by move-
ment of canal fuid and subsequent cupula 
displacement (Fig. 9:2). The ray may then 
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move its body again to position the rostrum 
and vesicles of Savi over the prey. Similar to 
nonpored canals, vesicles of Savi do not re-
spond to local water motion but may func-
tion as point-source touch receptors (Fig. 
9:3). The narrow diameter of the intercon-
necting tubules indicates that prey contact 
with the skin surface between two adjacent 
vesicles should only stimulate those two 
vesicles compared to stimulation of multiple 
neuromasts in the nonpored canal system. 
The relatively wide spatial separation be-
tween vesicles (2–20 mm) includes the size 
range of amphipod and isopod prey most 
common in the natural diet. These features 
of the vesicle of Savi system may facilitate a 
more accurate source location than the 
nearly continuous neuromasts of the non-
pored canals. The ray can then move its 
mouth toward the prey as the tactile stimu-
lus is passed along a sequence of vesicles on 
the rostrum. Final prey guidance to the 
mouth for capture is facilitated by the short 
mandibular canal on the lower jaw and the 
nonpored infraorbital and supraorbital ca-
nals on the rostrum (Fig. 9:4). When prey 
are positioned beneath the mouth, the jaw 
can protrude to capture and consume the 
prey. 

This mechanotactile mechanism suggests 
a novel function not previously described for 
the lateral line system. Mechanoreceptive 
detection of benthic prey is likely also used 
by other batoid species that possess non-
pored canal systems on the ventral surface. 
For example, Myliobatis and Rhinoptera con-
tain extensive convoluted nonpored canals 
on the ventral surface of the rostrum (Chu 
and Wen, ’79) and feed on benthic inverte-
brate prey (e.g., bivalves, polychaetes, crus-
taceans) that require excavation from the 
substrate (Ridge, ’63; Smith and Merriner, 
’85). Also, Montgomery and Skipworth (’97) 
recently demonstrated the importance of the 
ventral canal system of the short-tailed sting-
ray, Dasyatis brevicaudata, in the detection 
of water currents produced by the respira-
tion and flter feeding of bivalves. The ven-
tral lateral line system of this species con-
tains a nonpored canal system similar to 
Dasyatis sabina. Whereas the pored canals 
along the anterior disk margin may detect 
these water movements generated by bi-
valve prey, the nonpored canals may be di-
rectly stimulated by skin displacements as 
described above. Thus the proposed function 
of the ventral lateral line system in feeding 

is supported by the fact that most batoids 
possess either nonpored canals or vesicles of 
Savi on the ventral surface that likely func-
tion as mechanotactile receptors and that 
the majority of species feed on benthic organ-
isms. 

Nonpored canals on the head are not re-
stricted to batoids, but are characteristic of 
all elasmobranch species studied thus far 
(Garman, 1888; Chu and Wen, ’79). The pres-
ence of nonpored canals on the ventral sur-
face of sharks may also serve a mechanotac-
tile function in the localization and capture 
of prey as described above for the stingray. 
For example, in the wild the great hammer-
head shark, Sphyrna mokarran, pins sting-
rays to the bottom with its laterally ex-
panded head and pivots to bring the ray’s 
wing under the head (Strong et al., ’90). 
Most hammerhead species have nonpored 
canals on the dorsal laterally expanded head 
as well as on the ventral rostrum and around 
the mouth (Chu and Wen, ’79). These canals 
would be stimulated by this direct contact 
and provide the shark with positional infor-
mation used to orient the mouth over the 
stingray wing to bite. Although the non-
pored canal system might serve a mechano-
tactile function in feeding in some species, 
what function might these nonpored canals 
serve on a pelagic shark that does not feed 
on the bottom? Many pelagic species such as 
the mako (Isurus glaucus) and blacktip (Car-
charhinus limbatus) sharks have nonpored 
canals only on the dorsal snout in front of 
the eyes and on the ventral rostrum anterior 
to the mouth (Garman, 1888; Chu and Wen, 
’79). One possible function of these canals 
would be to reduce stimulation of the entire 
canal system caused by water movements 
generated during forward swimming mo-
tion. Forward swimming behavior of pelagic 
sharks generally includes movement of the 
head from side to side that would stimulate 
pored canals on the snout while this self-
generated noise would be reduced with a 
nonpored canal system. A second possibility 
is that these canals function as mechanotac-
tile receptors during the fnal stages of prey 
capture, prey handling, or to localize a prey 
item (e.g., a fsh) and guide it to the mouth 
after an initial unsuccessful strike. A third 
possible function for these nonpored canals 
in any elasmobranch would be as mechano-
tactile receptors used to facilitate body posi-
tion during copulatory behavior. Elasmo-
branchs have internal fertilization that 
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Fig. 9. Diagrammatic representation of the Mechano- toward the prey. 3. Vesicles of Savi also function as 
tactile Hypothesis for the function of the ventral lateral mechanotactile receptors to detect the exact location of 
line system of the Atlantic stingray, Dasyatis sabina, in  prey and position the rostrum and mouth above it. 4. 
predation on small benthic infaunal prey. Exposed inver- The ray repositions its body to place the prey beneath 
tebrate prey (e.g., an amphipod or patch of amphipods) the mouth for capture. This fnal guidance probably 
are contained by the pectoral fns in an excavated feed- involves both the vesicles of Savi and the short mandibu-
ing depression beneath the ray. 1. The pored hyoman- lar canal on the lower jaw. HYO, hyomandibular canal; 
dibular canal detects water movement caused by motile IO, infraorbital canal; MAN, mandibular canal; Mo, 
or sessile prey at the peripheral ventral disk surface. 2. mouth; Ne, nerve; SO, supraorbital canal; VS, vesicles of 
Nonpored canals function as mechanotactile receptors Savi. 
to position and guide the mouth or vesicles of Savi 

requires the male to bite the pectoral fn of 
the female allowing the pair to position their 
bodies ventral-to-ventral for the male to in-
sert the clasper (intromittent organ) into the 
female’s cloaca. Thus the nonpored canals 
around the mouth and on the rostrum may 
also function to facilitate body positioning 
for copulation. However, these speculative 
functions of nonpored canals and vesicles of 

Savi in elasmobranchs remain to be experi-
mentally tested. 

Elasmobranchs also possess a general cu-
taneous system of free nerve endings and 
specialized nerve terminals (e.g., corpuscles 
of Wunderer and endings of Poloumord-
winoff) that provide proprioceptive, tactile, 
and possibly temperature sensation (Rob-
erts, ’69a; Bone and Chubb, ’75,’76). Murray 
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(’61) recorded discharges from cutaneous sen-
sory endings to displacement stimuli of the 
skin surface as low as 20 µm. A 20-µm dis-
placement of the skin surface over a ventral 
nonpored canal would also cause strong 
movement of canal fuid at a velocity ampli-
tude proportional to displacement and cupu-
lar displacement proportional to canal fuid 
movement (van Netten and Kroese, ’89b; 
Kroese and van Netten, ’89). The most sensi-
tive canal lateral line afferents in teleosts 
generally respond to water motion in the 
nanometer range, which is often also the 
threshold for a behavioral response (Munz, 
’85; Coombs and Janssen, ’89). Therefore, a 
skin displacement far less than 20 µm should 
stimulate the lateral line system, but not the 
tactile receptors. In addition, the distribu-
tion of cutaneous nerve endings in Dasyatis 
sabina does not differ between different loca-
tions on the ventral surface, which indicates 
these putative tactile receptors have neither 
the specialized distribution nor the increased 
sensitivity needed for the specifc function of 
prey localization. This anatomical evidence 
supports the hypothesis that ventral non-
pored canals and vesicles of Savi function as 
relatively hypersensitive, localized touch re-
ceptors. Further physiological studies on the 
frequency tuning, sensitivity, and projec-
tions of these nonpored canal neuromasts 
and the vesicles of Savi are needed to model 
their response properties and central pro-
cessing. In addition, more studies of feeding 
behaviors on natural prey are required to 
determine the biological relevance of the 
lateral line system in other elasmobranch 
fshes. 
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