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ABSTRACT

The gross structure of the ampullae of Lorenzini and its
distribution on the body of 40 species of skates (Rajoidei) and 5
species of sharks (Galeomorphii) were compared in an attempt to
investigate correlaticns within this system to feeding mechanisms.
Three general 1lines of morphological change are cbserved. A larger
proportion of the ampullary pores are associated with the ventral
surface of the dorsoventrally flattened skates than the more conically
shaped  sharks., The relative proportion of ventral pores is
significantly reduced on those species inhabiting aphotic waters.,
Secondly, the more piscivorous rajoids possess an array of ventral
pores which covers the majority of +the body surface whereas those
species feeding predominantly on infaunal invertebrates exhibit a
comparatively reduced pattern which are primarily concentrated around
the mouth, The density of these pores on the adult is inversely related
to the collective mobility of each species' prey items. Similarly, the
relative density of pores on the sharks is reduced in both those
species idinhabiting pelagic waters and those exhibiting reduced prey
selectivity. ULastly, the overall size of, and the number of alveoli
associated with, each ampulla is directly related to the habitat depth
of each skate species.

The proposed effects of each of these modifications is discussed.
The overall pore distribution appears compensatory for reduced visual
input whereas relative densities (resolution) further reflect major
differences in feeding strategies. Increased ampullary size and
complexity suggest mechanisms for increased sensitivity and signal - to
- noise ratios.

viii



ANATOMICAL OBSERVATIONS ON THE AMFULLAE OF LORENZINI

FROM SELECTED SKATES AND GALEQID SHARKS

OF THE WESTERN NORTH ATLANTIC



INTRODUCTION

The discovery and subsequent description of the ampullae of
Lorenzini can be traced through a series of chronclogically isolated
observations, From a gross anatomical standpoint, Lorenzini (1678)
initially described the whole stfucture, ineluding the somatic pores,
canals and ampullae. However, the isolated pores had been noted 14
years earlier by Stenonis whereas their innervation was not observed
until much later (Monro, 1783). A more complete chronology of these
earliest studies is found in Ewart (1891) and Lamont (1916) but as
might be expected from such an intermittent history, the understanding
of the functional aspects of the ampullae of Lorenzini has been slow to
develop.

The ampullary system of elasmobranchs consists of a series of
canals, each terminating at the skin surface as a pore and proximally,
in the cranial region, as an expanded, alveolate bulb. The canal walls
are composed of several layers of closely joined sguamous epithelium
which yield an extremely high mural resistance. The tubes themselves
are filled with a gelatinous mucopolysaccharide {(Doyle, 1963) with an
ionic composition nearly the same as that of seawater (Murray and
Potts, 1961)., The outpocketings, or alveoli, characteristic of the
ampulla contain both receptor and supporting cells. Receptor cells are
innervated by nerve fibers originating from one of four branches of the
anterior lateral 1line nerve (see McCready and Boord, 1976) including

the superficial ophthalmic, buccal, and the external mandibular. These
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fibers are carried wvia the dorsal root to the anterior lateral line
lobe of the medulla (Boord and Campbell, 1977).

Many purely descriptive anatomical studies of the whole ampullary
system are available. Ewart (1891) was the first to designate the
separate groups of ampullae found in both the shark, Laemargus
(=Somniosus), and the skate, Raja batis (Ewart and Mitchell, 1891). He
named each group after the branch of the facial nerve which innervated
it, establishing the terminology used by the majority of subsequent
authors. Lamont (1916) expanded on Ewart's skate study, describing the
general distribution of the ampullary canals f£rom six additional
species of European Raja. Unfortunately, much of this work is very
generalized and therefore of only limited value. Similar studies
{Metcalf, 1915 and Norris, 1922) include descriptions of the
arrangement and distribution of the ampullary system in Squalus
acanthias. In addition however, Norris also summarized the number of
ampullary clusters, or points of innervation, for a large number of
elasombranch taxa, including the rajoids and carcharhinoids of interest
here, Two  additional, anatomical surveys have recently become
available, Dislers (1977) briefly described the ampullary systems f£rom

a wide variety of elasmobranch genera, including Sgualus, Dalatias,

Squatina, Pristiurus, Orectolobus, Rhinobatus, Raija, Dasyatis, and

Torpedo; while Chu and Meng (1979) surveyed this system in a number of
Chinese elasmobranchs, including 73 species from 46 genera. Lastly, a
limited amount of additional anatomical information is also available
as a byproduct of  primarily physiological studies, including
semidiagrammatic representations of the ampullary systems in Raja

clavata (Murray, 1960) and Scyliorhinus canicula (Dijkgraff and




Kalmijn, 1963).

Information concerning isolated portions of the ampullary system is
also available. The shape and structure of the somatic pores are
described by Metcalf (1915) whereas their overall distribution has been
taxonomically evaluated on both rajids (Aloncle, 19663 Stehmann, 1970)
and sphyrnids (Gilbert, 1967). Both the canal and the ampulla have been
described in terms of their general (Metcalf, 1915) and histological
(Peabody, 1897; Waltman, 1966) structure. Comparative counts and
measurements of selected ampullae from separate clusters, or capsules,
are available for S. acanthias (Metcalf, 1915; Norris, 1929), Mustelus
canis (Peabody, 1897) and two species of Raja (Raschi, 1978).
Histological considerations of ampullae innervation is presented in
Peabody (1897) and Waltman (1966) while cbservations on the gross,
peripheral nerve patterns are described by Ewart (1891), Ewart and
Mitchell (1891) and Lamont (1916). Lastly, the central nervous system
connections have been described in Mustelus (McCready and Boord,1976)
and Raja (Boord and Northcutt, 1982; Koestexr, 1983).

Whereas the ampullary system is now widely accepted as
electroreceptive by the majority of researchers, a variety of functions
were previously ascribed to it. The very earliest investigators
considered the ampullae to be secretory, providing the fish's skin with
its characteristic coating of mucous, Following Monro's (1783)
description of their innervation however, the majority of the work has
focused on sensory functions. Through these efforts, a large number of
sensory stimuli have been considered, including mechanoreception
(Parker, 1909; Metcalf, 1915; Murray, 1957 and 1960; Lowenstein, 1960:

and most recently Szabo, 1972), thermoreception (Sand, 1938; Hensel,
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1955 and Murray, 1959) and chemoreception (Hensel, 1957; Murray, 1962
and Lowenstein and Ishiko, 1962). Most of these responses however, may
be explained as either an artifact of electroreception (Akoev et al.,
1980) or as a response to an inappropriate stimulus (Kalmijn, 1974).
The evidence for the electroreceptive function of the ampullae is very
extensive (see for example Fessard, 1974; Viancour, 1979) and, along
with the more general physiological considerations of this sensory
system, is beyond the scope and aim of this work. However, the absence
of a generally accepted function significantly hampered early attempts
to comparatively describe the gross anatomy of this system,

A number of biologically relevant sources of electrical information
are available in the natural environment (Kalmijn, 1974), Among the
most widely investigated of these .sources are dipole fields which
normally surround most organisms (Kalmijn, 1972) including many prey
species frequently utilized by elasmobranch fish, These fields are
either D,C, or low frequency A.C. and may vary considerably in strength
from 1.0 uvV to 500.0 uV. Of particular interest is the observation that
those fields surrounding wounded crustacea are several orders of
magnitude stronger than normal. Electrophysioclogical studies have
established receptor threshold wvalues of 0,01 uV/cm in several
elasmobranch taxa including Raja (Kalmijn, 1966). Fields of comparable
strengths exist within approximately 25 cm of several prey species
(Kalmijn, 1974}, Lastly, behavioral studies in both the laboratory
(Kalmijn, 1971) and in the field (1978b) demonstrate the integral role
played by bicelectric information in successful prey capture.

The purpose of the present study is to try to extend the anatomical

descriptions of the ampullary system an additional step. In the absence
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of a functiongl focus, many of the intricacies of complex, anatomical
systems, such as the ampullae of Lorenzini, are lost through
generalization, When viewed functionally, many of these intricacies
become significant in relation to specific environmental parameters.
The importance of such an approach to morphological studies is too
often underestimated (Disler, 1971). My aim here, is to examine the
gross anatomy of +the ampullary system with the intent of looking for
modifications which might result from various environmental constraints

on the electroreceptive system as it is utilized in prey capture.



METHODS AND MATERIALS

The primary group focused on in this study is the suborder Rajoidei
and was chosen for a number of reasons. It is very speciose and
therefore provides a wide variety of natural histories for comparison
(for example see McEachran, 1982). Yts dorsoventrally flattened body
helps to isclate the mouth from, and thereby partially eliminate from
consideration, visuval input during the final stages of prey capture. In
addition, rajoids are relatively small in size and hence probably more
available from museum collections. The ampullary system was also
examined in a select group of galeoid sharks, They in turn, offer an
opportunity to compare any functionally related trends observed in the
rajoids with a group of fishes very different in overall body plan.

A total of 87 specimens, from 40 species belonging to five genera
of rajoids were examined. For convenience, these are broken into two

groups. The first (Table 1), including Bathyraja richardsoni,

Malacoraja senta, Raja bigelowi, R. eglanteria, R. garmani, R. laevis
and R. radiata constitutes the principal group while the second {Table
2), includes all additional specimens and constitutes the ancillary
group. Members of both groups were chosen in order to examine a wide
variety of bathymetric and food habit characteristics., Five to 7
specimens from each species of the principal group were included in an
attempt to incorporate both sexual and ontogenetic differences, The
actual size of the specimens covered from 21% (in R. laevis) to 72% (in

R. bigelowi) of each species' recorded total length (Table 3) and, with
7
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the exception of B. richardsoni and R. radiata, accounted for a large
portion of each species' bathymetric and geographic range (compare
Tables 1 and 4). Specimens in the ancillary group were also chosen in
order to include depth and food preferences from a wide variety of
geographical Jlocations. Unfortunately, only a few specimens at most,
could be examined from each species. In addition to the rajeoids, the
ampullary system was also examined in 31 specimens from five species of
galeoid sharks (Table 5)., A similar attempt was made to include
specimens from both sexes and covering as wide a range of total lengths
as possible,

The ampullary system in the rajoids was examined by means of gross
dissection of one specimen from each of the principal species, The
pores were located on a diagram by initially placing the specimen
beneath a monofilament grid, of approximately square centimeter
dimensions, and transferring their location to graph paper. Each canal
was then traced from the pore to the ampulla by hand dissection,
occasionally using methylene blue to enhance the contrast of the canal
from the surrounding tissue. The ampullary system of the sharks was
also examined through gross dissection of one specimen from each
species. Pores 1locations were determined by drawing a grid, of
approximately square centimeter dimensions, on the surface of the
specimen along the frontal plane. Their locations were then transferred
to a proportionally arranged drawing, The positicn of the lateral line
in all dissection specimens was also established through gross
dissection, following its injection with methylene blue. Lastly, the
relative position of the anterior lateral line nerves was traced from

the ampullary capsules or clusters to the cranial wall,



The drawings that resulted from these dissections were placed
within an outline for each species adapted from +the previously
published works listed in Table 3 for the skates or as presented in
Bigelow and Schroeder (1948) for the sharks, and are superimposed on a
generalized skull drawing, adjusted for each species, to provide
appropriate landmarks, These skull drawings, and subsequent
nomenclature are adapted from Hulley (1972) and Parker (1878) for the
rajoids and from Compagno (1979) for the galeoids. Additional
nomenclature used in subsequenc descriptions includes that of Marion
(1905) for the musculature and Garman (1888) for the lateralis system.
My dintent is that these drawings accurately represent the relative
position and abundance of the ampullae of Lorenzini, with respect to
both the lateral line and more generally, to the chondocranium,

The structure of the ampulla itself was examined by removing the
tissue containing each ampullary capsule in the case of the rajoids, or
clusters of ampullae in the case of the galeoid sharks, from either the
left or right side of each specimen. 2ll ampullae were removed from the
rajoid capsules and counted beneath a diséecting scope. Since this was
not possible in the majority of the shark species due to the diffuse
arrangement of the ampullae, their numbers were inferred from the
corresponding number of pores, Five ampullae from each capsule, or
group, were stained with eosin and mounted on a glass slide through
standard histological techniques. Any shrinkage +that might have
occurred was considered to be consistent among all specimens. The
length, from the proximal end of each ampullary canal to the point of
innervation on the ampulla, and the width across the widest portion of

the ampulla, normal to the length, were measured by means of a
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calibrated occular micrometer.

Ventral somatic pore densities were calculated for all rajoid
species from corresponding ventral pore counts. Drawings of each
species were enlarged to the maximum total lengths listed in the
literature (Table 3 and 6). Surface areas were then measured by means
of a digital planimeter {Electronic Graphics Calculator 1224, Numonics
Corp.) or graphics tablet (Apple Ile).

Five ampullae were removed from the left superficial ophthalmic
capsule from an additional 27 specimens (12 female, 15 male) of Raja
eglanteria and were included along with the material from the original
six specimens (Table 1) in oxder to further examine structural
differences through a more complete ontogenetic series. This material
was prepared as above with the number of alveoli, length and width
being measured. All statistical methods follow Snedecor and Cochran

{1967) unless otherwise noted.



RESULTS
The general arrangement and distribution of the ampullae of
Lorenzini in the rajids differs little among the principal species and
is relatively consistent with previous descriptions, A brief

delineation of +this system in +the single species, Raja eglanteria

(figure 1), will suffice to provide a bagis for further comparisons. In
this species, the ampullae of Lorenzini are grouped into four pairs of
bilaterally located, connective tissue capsules (fiqures 2 and 3).
However, as previously noted by Lamont (1916), those ampullae
innervated by the inner buccal as well as by the superficial ophthalmic
branches of the anterior lateral line nerve are often located within
close proximity of each cother, or as in some of the species discussed
here, actually united within a single capsule. In such instances, the
two capsules are considered jointly as the superficial ophthalmic. Each
capsule contains ampullae with canals running beneath the dermis to
pores located over various areas of the skin surface. Appropriate
branches of +the anterior lateral line nerve enter these capsules and
innervate the individual ampullae, with the remaining trunk continuing
to specific sections of the lateral line. A more thorocugh description

follows (figures 2 and 3).

SUPERFICIAL OPHTHALMIC
This capsule pair is located along either side of the rostral

cartilage (figure 4A and B), situated beneath its dorsal shelf and
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Figure 1.

Semidiagrammatic representation of the ampullary system
from a 550 mm TL female specimen of R. eglanteria. The
ampullary system is shown in green, the lateralis system

in blue and the cranial nerves in red.
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Superficial dissection of R. eglanteria (ca. 600 mm TL
female) ; dorsal view on the right side, ventral view on

the left side. Abbreviations as follows: "A", ampullary
canals from pores of subsection "A"; Aml, adductor mandibu-
laris lateralis; Dr, depressor rostri; "E", ampullary
canals from pores of subsection "E"; "F", ampullary canals
from the pores of subsection "F"; Hyo, hyomandibular car-
tilagé; "I", ampullary canals from the pores of subsection
"I"; Lls, levatores labiales superioris; Lr, levator

rostri tendon; Nas, nasal capsule; Pro, propterygium,



Figure 3.

beepexr dissection of R. eglanteria (same specimen as Fig.
2); dorsal view on the right side, ventral view on the
left side. BAbbreviations as follows: H, hyoid branch
of the ALLN; Hec, hyoid capsule; IB, inner buccal branch
of the ALLN; OB, outer buccal branch of the ALLN; OBc,
outer bﬁccal capsule; 850, superficial ophthalmic branch

of the ALLN; 5Cc, superficial ophthalmic capsule.

14






Figure 4.

The ampullary capsules, indicated by arrows, of R.
eglanteria (ca. 600 mm TL female): A. Ventral view,
superficial ophthalmic capsule. B. Dorsal view,
superficial ophthalmic capsule. C. Dorsal view, outer

buccal capsule. D. Dorsal view, hyoid capsule.

15
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slightly anterior to the nasal capsule. On the ventral surface, pores
from the superficial ophthalmic ampullae are generally distributed from
the mouth and the tip of the rostrum, their density increasing somewhat
posteriorly. One or two loosely arranged rows are located along the
length of the rostral cartilage. Pores are evenly distributed in the
space between these rows and the medial loop of the subrostral branch
of the lateral 1line. Numerous pores are alsoc located posteriorly
between the subrostral branch and the nares. Pores from the superficial
ophthalmic ampullae are clustered in two areas on the dorsal surface;
one containing from 3 to 6 pores overlying the rostral appendix
(subarea "K" in Raschi, 1978) and a second consisting of from 7 to 11
pores associated with the cranial branch of the lateral line adjacent
to the anterior fontanelle (subarea "D"). Canals from both of these
dorsal groups run parallel to the rostral cartilage. This capsule,
being the amalgamation of two clusters of ampullae, is innervated by
both the inner buccal and the superficial ophthalmic branches of the
anterior lateral 1line nerve. Both exit the chondocranium jointly
through the pro-otic foramen, The first runs anteroventrally along the
subethmoidal dJdepression and ventral surface of the rostral cartilage;
whereas the second runs beneath the crista supraorbitalis, through the
ophthalmic foramen and along the dorsal border of +the rostral

cartilage.

OUTER BUCCAL
This capsule pair is located along the anterior margin of the
antorbital cartilage between the nasal capsule and the propterygium

(figure 4C). Ventrally, pores from outer buccal ampullae are fairly
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evenly distributed laterally from the medial loop of the subrostral
branch of the 1lateral 1line to the margin of the pectoral fin.
Additional pores are located in two groups. The first is distributed
posteriorly along the medial side of the angular branch of the lateral
line from the position of the antorbital cartilage to a point even with
the corner of the mouth overlying the adductores mandibularis
lateralis; whereas the second is found along the lateral side of the
angular branch of the lateral line from a position along the fin margin
opposite the nasal branch to one approximately even with the location
of the hyeid ampullary capsule. Substantial overlap cccurs between
these canals and those belonging to both the hyoid and superficial
ophthalmic ampullae. Dorsally, 5 to 10 pores from outer buccal ampullae
form a group anterolateral to the eye (subsectiocn "C" in Raschi, 1978)
overlying portions of the levatores labialis superioris (2) and
adductor mandibularis lateralis (2) muscle masses. The outer buccal
branch of the anterior lateral line nerve also exits the chondocranium
via the pro-otic foramen and traverses anteriorly along the orbital
wall, passing beneath +the eyeball and through the center of the

antorbital cartilage teo the capsule.

HYOID

The hyoid capsule is located between the hyomandibular and
propterygial cartilages (fiqure 4D), anterior to the branchial region,
On the ventral surface, gores from these ampullae are distributed in a
line along the fin margin from opposite the origin of the nasal branch
of the lateral line to nearly the posterior angle of the pectoral fin,

at which point they gently curve medially (in part subarea "I"). A few
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randomly distributed pores are found between this line and the angular
and Jugqular branches of the lateral line. Medially, a number of pores
are arranged in an arc from even with the angle of the mouth to near
the midline of the abdomen overlying the coracomandibularis and
depressor rostri, A group of pores are distributed posteriorly along
either side of the jugular branch of the lateral line to its point of
termination. Dorsally, pores from +the hyoid capsule are located in
three general areas, The first, is a cluster of 6 to 11 near the
anterolateral margin of the fin. The pores are located near the levator
rostri tendon, interspersed among the pores of the anterior pleural
branch of the lateral line (subarea "B" in Raschi, 1978)., The second is
a group of 24 to 31 pores running along the pectoral £in margin, often
in association with the pleural branch of the lateral 1ine_(in part
subarea "A"). The third group forms an arc of 6 to 9 pores (subarea
"gE") along the midline of the scapular region. The hyoid branch of the
anterior 1lateral 1line nerve exits the chondocranium through a second
foramen separated from the pro-otic foramen by the prefacial
commissure. It runs posteriolaterally to the capsule, having previously

given off the mandibular branch.

MANDIBULAR

The mandibular capsule pair is situated on the outer concave
surface of the mandible, The canals radiate medially to between 15 and
26 pores arranged in several rows. These pores are located along the
posterior margin of the mouth, anterior to the oral section of the
lateral 1line (subarea "J" in Raschi, 1978). The mandibular branch of

the anterior 1lateral 1line nerve originates from the hyomandibular
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branch and runs ventromedially, passing between the mandible and the

adductores mandibularis lateralis muscle to the capsule.

Oof the remaining principal species, R. laevis (figure 5) shows the
greatest amount of variation from this general pattern, those
differences involving the distribution of somatic pores being
particularly noticeable due to the dark pigmentation of the distal ends
of the ampullary canals. The proportionally longer rostrum is reflected
in a more complete separation of the inner buccal and superficial
ophthalmic capsules, each innervated by a separate branch of the
anterior lateral 1line nerve, as well as in a general increase in the
number of pores on the ventral surface of the snout. The generally
larger body size of this species (Table 3) is accompanied by an
increased number of ampullae (Table 7), ranging from an additional 78%
(in R. radiata) to 304% (in M. senta) as compared with the other
principal species. Whereas the distribution of the pores is nearly the
same as on R. eglanteria, with 89% (as compared with 84%) being
ventrally located (Table B8), significant differences in the general
arrangement of the ventral pores are apparent. These include pores
extending further caudally, covering a significantly greater proportion
of the body surface, as well as the presence of isolated clusters of
pores associated with the wvent, and to a lesser extent, the
mid-abdominal region. Lastly, as described by Garman (1888), the
ventral portion of the lateralis system exhibits a complete pleural
loop in conjunction with the jugular branch, As a result, there is a
slight increase in the number of lateral line tubules on the ventral

surface. All of these differences are characteristic of the majority of



Figure 5.

Semidiagrammatic representation of the ampullary system
from a 700 mm TL female specimen of R. laevis. The
ampullary system is shown in green, the lateralis system

in blue and the cranial nexrves in red.
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other species in the subgenus dipturus examined here,

The general arrangement of the ampullary system in the remaining
principal species differs from R. eglanteria in only a few minor
aspects, the first of which involves the relative amount of overlap of
canals from adjacent ampullary capsules. M. senta, for example,
exhibits a conspicuous near-absence of any overlap, probaﬁly due to a
reduction in the number of hyoid ampullae by almost 50% as compared
with R. eglanteria (Table 7). R. garmani, on the other hand, exhibits a
slight increase in overlap resulting from the more lateral positicn in
many of the ventrally located superficial ophthalmic canals. Both R.
bigelowi (figure 6) and B. richardscni (figure 7) exhibit a similar
increase due to the increased number of ventral hyoid canals extending
rostrally. Secondly, slight differences are also apparent in the
relative abundance and distribution of 1lateral 1line canals, In M,
senta, the anterior portion of the pleural branch appears to have fewer
tubules while the lateral subrostral and nasal branches have more. Both
R. radiata and R. garmani exhibit fewer tubules on the ventral surface.
Similarly, an additional section of the pleural branch is present on
the ventrum of R. bigelowi, The outer buccal branch of the anterior
lateral 1line nerve passes over the antorbital cartilage in both B.
richardsoni 'and R. laevis instead of through it as it does in the
remaining species. All of these observations however, are based on
only a single dissection specimen from each species and therefore
provide no information on intraspecific variation.

The ampullae of galeoid sharks are more widely scattered throughout
the cranial region than they are in the rajoids. Major innervation

points consist of loosely aggregated clusters, often occupying large



Figure 6.

Semidiagrammatic representation of the ampullary system
from a 445 mm TL male specimen of R. bigelowi. The
ampullary system is shown in green, the lateralis system

in blue and the cranial nerves in red.
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Figure 7.

Semidiagrammatic representation of the ampullary system
from a 752 mm TL female specimen of B. richardsoni. The
ampullary system is shown in green, the lateralis system

in blue and the cranial nerves in red.
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areas, within the head region. This occasionally necessitates careful
scrutiny of the individual nerve fibers associated with each ampulla in
order to determine from which branch of the anterior lateral line nerve
they originate. All five shark species exhibit the three major
innervation areas characteristic of the carcharhinoids (Norris, 1929),
While the relative extent of these areas may vary considerably, their
relative location remains constant within the species examined and
thereby allows the following description of the single species,

Carcharhinus plumbeus (figure 8), to serve as a basis for further

comparisons.

SUPERFICIAYL. OPHTHALMIC

This (supra-orbital of Norris, 1929) is the most extensive group,
including all of the ampullae innervated by the superficial ophthalmic
branch of the anterior lateral 1line nerve. In C, plumbeus, these
ampullae are numerous enough to warrant the establishment of the
following smaller subdivisions. SUBDIVISION I consists of ampullae
located along the lateral wall of the énterior fontanelle akove the
base of the lateral rostral cartilage, The corresponding pores are
distributed over a region posterior to the eye on the dorsolateral
surface of +the head (figure 9, subsections I and A, in part) and in a
second region overlying the depression between the posterior wall of
the nasal capsule and the preorbital process extending onto the ventrum
as part of an arc of pores in front of the eye (figure 9, in part
subareas D, € and C'). This group of ampullae is innervated by the
medial-most branch of the superficial ophthalmic., SUBDIVISION IT

includes the ampullae 1lying along the proximal 2/3 to 3/4 of the



Figure 8.

Semidiagrammatic representation of the ampullary system
from a 211 cm TL female specimen of C. plumbeus. The
cranial nerves are shown in red, the lateralis system
in blue and the ampullary system as follows (see text):
superficial ophthalmic - DIVISION I in dark green,
DIVISION II in light green, DIVISION III in brown,

outer buccal in orange and mandibular in black.
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Figure 9.

Location of the subareas (A-I) used in counting the

ampullary pores on the five species of galeoid sharks.
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lateral rostral cartilage, the pores from which are located in a band
along the dorsolateral margin of the rostrum from the posterior margin
of the nasal capsule to a point roughly parallel with the rostral node
{(figure 9, in part subareas C and D). The majority of these pores are
bordered medially by the rostral-cranial branch and caudally by a
postexrior loop of +the subrostral branch of the lateral line and are
interspersed marginally with pores from outer buccal ampullae (see
below). On the ventral surface, pores originating from this subdivision
occupy the space between the lateral margin of the rostral node and the
nasal aperture, these pores extending medially to the prenasal branch
of +the lateral line in the region overlying the cranial hargin of the
inter-nasal cartilage (figure 9, subsection F). A second, smaller group
lies directly behind the nasal aperture and is interspersed among a
series of outer buccal pores (figure 9, in part subarea D'). This
branch of the superficial ophthalmic runs alcong the outer base of the
lateral rostral cartilage before dividing into three sections, one
remaining along the lateral side of the rostral cartilage, the other
two passing beneath it and continuing to medially located groups. The
ampullae of SUBDIVISION III occupy the distal end of the rostrum, their
pores forming the cranial-most groups on both the dorsal and ventral
surfaces (figure 9, subareas E and J). This last section of nerve
separates from the main superficial ophthalmic branch and runs medial

to the lateral rostral cartilage to its point of innervation.

OUTER BUCCAL

This cluster of ampullae 1is situated within the cavity formed
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between the posterior wall of the nasal capsule and the preorbital
process, Four isolated clusters of pores associated with this group are
located on the dorsal surface of the head. Thg first consists of only a
few pores that lare interspersed with those from the superficial
ophthalmic (SUBDIVISION I) and that run along the lateral margin of the
head from near the orbital branch of the lateral line to the distal
corner of the palatoquadrate (figure 9, in ﬁart subarea B}, The second
occupies a large region between the cranial and caudal pdre groups of
SUBDIVISION I (superficial ophthalmic) in association with the cranial
branch of the lateral line {(figure 9, in part subarea A). The third is
located along the caudolateral margin of the SUBDIVISION II
(superficial ophthalmic) pores. The fourth runs along the anteriomedial
margin of +this same group and connects SUBDIVISIONS II and III.
Ventrally, outer buccal pores are also located in four distinct groups,
the largest of which is located between the nasal branch of the lateral
line and the mouth (figure 9, in part subarea G). The second begins in
association with the ventral extension of SUBDIVISION I (superficial
ophthalmic) and continues as a semicircle around the eye (figure 9, in
part subarea C'). The third group‘extends posteriorly from the lateral
margin of the first ventral group as a condensed line bounded on either
side by the orbital and angular branches of the lateral line. The
fourth ventral group consists of a small cluster of pores lying along
the cranial margin of the more posterior SUBDIVISION II (superficial
ophthalmic) group (figure 9, in pa;t subarea D'). Following its exit
from the orbit wall, the outer huccal branch of the anterior lateral

line nerve passes beneath the eyeball and runs anterolateral to the

ampullary cluster,
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MANDIBULAR

This is the smallest group and is located in a small connective
tissue capsule approximately midway along each side of the lower jaw.
From 18 to 24 pores (Table 19) pores are located between the angle of
the mouth and the midline and lie cranial to the oral section of the
lateral line, The mandibular branch of the anterior lateral line nerve
runs posteriolaterally from the orbit, over the dorsolateral edge of

the palatoguadrate, and directly to the capsule,

The ampullary systems in the remaining four species of sharks are
remarkably similar to that just described. With only a few exceptions,
differences that do exist either reflect reductions in the overall
numbers of ampullae or in the relative development of the lateralis
system, For example, a reduction in the number of superficial
ophthalmic, DIVISION I ampullae {Table 9) result in a less distinet and
generaliy abbreviated subarea "I". In addition, G. cuvieri, 0. taurus
and P. glauca exhibit a limited number of pores extending rostrally
from their normal point of innervation. Variations in the general
arrangement of DIVISION II ampullae include a noticeable separation of
the cluster into nearly eqgual cranial and caudal subdivisions in P.
glauca as well as shifts in the arrangement of somatic pores caudally
(on G. cuvieri) and/or laterally {(on Q. taurus). Differences in the
arrangement of outer buccal ampullae include reductions in their
relative contribution to subarea "A" (G. cuvieri and P. glauca), and a
somewhat unusual expansion of numerous pores into the area caudal to

the eye on Q. tavrus, possibly compensating for the reduction in the
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number of pores originating from SUBDIVISION I (superficial ophthalmic)
ampullae, Minor differences are zlso apparent in the distribution of
the ventrally located outer buccal, particularly in the area in front
of the mouth (subarea "G"). Variations in the relative extent of the
lateralis system range £from a slight increase on both the dorsal and
ventral surfaces in C. obscurus (figure 10) to decreases, slight on the
dorsal and ventral surfaces of G. cuvieri to extreme on the ventral
surface of P. glauca.

While the overall arrangement of scmatic pores on the surface of
the rajoids exhibits many interspecific similarities, differences in
actual numbers exist. Pore counts from previously established subareas
(Raschi, 1978) are presented for both the principal (Table 10} and
ancillary (Table 11) species. These artificial subareas are of only
limited |use, particularly in those species with modified pore

distributions such as the subgenus dipturus or A. longirostris, in

which subareas "H" and "I" are not sufficiently distinc? to permit
their separation (see figure 5). Comparisons of these subareas yield no
noticeable trends, but are useful in calculating total counts. Table 8
summarizes the pore distributions on the principal species. Total
numbers of pores generally reflect the overall size of each species
(Table 3), ranging from 380 on R. garmani, to 1691 on R. laevis. The
majority of these pores are on the ventral surface of each species and
range from 64% of the total in B. richardsoni to B9% in R, laevis, Pore
densities are therefore greater on the ventral surface, with values
ranging from 0.05 pores/sq. cm on B. richardsoni to 0.96 pores/sq. cm
on R. bigelowi. Species in the ancillary group exhibit total pore

counts (Table 12) which are comparable to the principal species, with



Figure 10.

Semidiagrammatic representation of the ampullary system
from a 160 cm TL male specimen of C. obscurus. The
cranial nerves are not included. The lateralis system
is shown in blue and the ampullary system as follows

(see text): superficial ophthalmic - DIVISION I in dark
green, DIVISION II in light green, DIVISION III in brown,

outer buccal in orange and mandibular in black.
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the exception of the reduced numbers of pores on the comparatively

smaller sized Gurgesiella ishiyamai and G. plutonia (compare Tables 6

and 3). As seen in the principal species, the majority of these pores
are also associated with the ventrum, with the single exception of R.
clarkii, on which 52% of the pores are located on the dorsum. The
percentage of the total pores located on the ventrum of the ancillary
species are similar to the principal group except for the two
previously mentioned gurgesiellids, which have fewer ventral pores, and

Anacanthobatis longirostris which exhibits a greater value, The ventral

pore densities on the ancillary species range from 0.04 pores/sqg. cm on

R. alba to 2.73 pores/sg. cm on Gurgesiella atripinna.

The total numbers of ampullae contained in each of the connective
tissue capsules from the principal species is presented in Table 7.
These totalled counts compare favorably with those for the pores
(Tables 8 and 12), ranging from an increase of 10.8% (R. bigelowi) to a
decrease by 14.3% (R. laevis). Generally, the the hyoid capsule
contains the greatest numbers of ampullae and range from between 37.5%
of the total in R. eglanteria to 51.2% in B. richardsoni. With the
exception of R. laevis, the second largest capsule is the superficial
ophthalmic accoynting for between 26.3% (in R. bigelowi) and 30.2% (in
B. richardsoni) of the total. In R. laevis however, this capsule is
spatially separated from the inner buccal and therefore contains
relatively fewer ampullae. When combined however, these two capsules
still encompass fewer ampullae than does the outer buccal capsule, a
feature different from the other principal species., The mandibular
capsule contains the fewest ampullae, accounting for between only 4.0%

in B. richardsoni and 9.9% in M. senta. The relative distribution of
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the ampullae in the ancillary species is similar to that of the
principal species (Table 13), Exceptions to this include a significant
reduction in the number of ampullae of the hyoid capsules from A.

longirostris and R. texana; a similar reduction in the number of

ampullae in the superficial ophthalmic capsule of B. spinacauda as well
as‘ in the combined superficial ophthalmic and inner buccal capsules of
R. rhina; and a decrease in outer buccal ampullae in G. ishiyamai.
Interestingly, those remaining species of the subgenus dipturus which
possess a separate inner buccal capsule, contained more ampullae in
this and the superficial ophthalmic then are present in the outer
buccal capsule alone.

By comparison, the general distribution of both the ampullae (Table
9) and the corresponding pores (Table 19) of the galeoid sharks are
significantly different from that of the rajoids. Total numbers of
pores are greater, ranging from 941 on P. glauca to 2382 on C. plumbeus
and appear to bear no relationship to the overall size of the species,
These pores exhibit a much more even distribution over the surface of
the head, with between only 50.3% (C. plumbeus) and 61.8% (P. glauca)
of the total number being associated with the ventral region. The
average, total counts of ampullae are slightly less, with reductions
amounting to from 2.,3% (C. plumbeus) to 25.0% (P. glauca) of the
corresponding pore counts. Such large deviations probably reflect the
difficulty often encountered in differentiating ampullary pores £from
the lateral 1line pores. In the absence of the hyoid capsule found in
the rajoids, the majority of ampullae, from 74.3% (C. plumbeus) to

49.2% (G. cuvieri) of the total, are located in the superficial

ophthalmic region., Similarly, the mandibular capsules contain the
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fewest ampullae, accounting for only between 1.8% (C. plumbeus) and
5.8% (G. cuvieri).

Variation 1is present in the number of alveoli on ampullae from the
principal species of rajoids (Table 14). Counts of alveoli vary
considerably among ampullae within the same capsule and are most
variable in the hyoid and least variable in the mandibular capsule,
Furthermore, average numbers of alveoli differ between capsules within
the same specimen; from a high value of 20.5 (in B. richardsoni) to 8.3
{(in R. laevis) on ampullae from the hyoid capsule, and lows from 9.6
(in B. richardsoni) to 3.8 (in R. leavis) on ampullae from the
mandibular capsule. The average number of alveoli do not appear to
exhibit any ontogenetic variation, as dindicated by the superficial
ophthalmic ampullae from R. eglanteria (figure 11). Finally however,
considerable intraspecific variation Qoes exists in the average number
of alveoli within the same capsule (figure 12 and 13), with B.
richardsoni exhibiting consistently greater wvalues for each capsule and
R. laevis, or in one instance M. senta, exhibiting the lowest.

Both the number and arrangement of alveoli are similar in the
ancillary group (Table 15). Ampullae from the hyoid capsule exhibited
the 1largest variation in the number of alveoli, with the exception of

six species; A, longirostris, G. ishiyamai, R. clarkii, R. doutrei, R.

mirelatus and R. ocellata. An additional five species (G. plutonia, R.

alba, R. erinacea, R. rhina and R, teevani), exhibit ampullae in either

the superficial ophthalmic, inner buccal or outer buccal capsules with
less wvariation in alveoli counts than the mandibular. Total averaged
numbers of alveoli exceed the 20.5 of B. richardsoni in six species (R.

bathyphila, R. binoculata, M. fuliginea, R. fyllae, R. jenseni and M.




Figure 11.

Relationship between the number of alveoli and the total
length of the individual in R. eglanteria. Each data
point represents an averaged count from five ampullae
removed from the superficial ophthalmic qapsule of each
specimen. Statistical analysis was perxrformed on sepa-

rate counts.
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Figure 12,

Isolated ampullae from the superficial ophthalmic
capsule of the following species: A, R. laevis (Disc
490, female). B. R. eglanteria (Disc 395, female).

C. M. senta (Disc 173, female).

356






Figure 13.

Isolated ampullae from the superficial ophthalmic
capsule of the following species: A. R. garmani
(Disc 180, female). B. R. bigelowi (Disc 196, male).
C. R. radiata (bisc 199, male). D. B. richardsoni

(Disc 538, female).
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purpuriventralis) whereas three species (G. plutonia, R. alba and R.

porosa) possess lower average counts than the 3.8 of R. laevis. Over
50% of the ancillary species have ampullae from capsules other than the
hyoid exhibiting the largest average number of -alveoli for that
particular species, but it remains the mandibular which exhibits the
least.

In contrast to the rajoids, the alveocli from the galeoid sharks are
arranged in a single, concentric row encireling the terminal end of the
ampulla (figure 14), By comparison, there are generally fewer alveoli
(Table 16), with combined, averaged values for all of the innervation
areas ranging from 23,6 (C. plumbeus) to 34.2 (0. taurus). Normally,
those ampullae from the superficial ophthalmic (DIVISION I and III) or
the outer buccal (0. taurus) regions exhibit the most numerous alveoli,
ranging from 11.0 (G. cuvieri) to 7.4 (C. plumbeus); whereas those from
the mandibular region exhibit the fewest alveoli of from 2.4 (C.
plumbeus) to 5.2 (G. cuvieri and O. taurus). The variation within a
specific innervation area is comparable to that found in the rajoids.

Considerable variation is also apparent in the length and width of
ampullae within a single capsule as well as between capsules within the
same specimen. Although not immediately apparent from individual
capsules (Table 17), the combined, averaged measurements of ampullae
from each capsule pair tend to exhibit an ontogenetic increase within
each species (figures 15 and 16). While statistically susgpect due to
the low sample size, similar measurements from a more complete
ontogenetic series of the superficial ophthalmic ampullae in R.
eglanteria confirm this trend. Both the lengths and the widths of these

ampullae are found to be proportional to the natural logarithm of the



Figure 14.

Isolated ampullae from C. plumbeus (120 cm TL, female):
A. lLateral view from the outer buccal area. B. Apical

view from the superficial ophthalmic area.
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Figure 15.

Relationship between width of ampullae and disc width for
the seven principal species of skates. Data points rep-
resent the average width of five ampullae totalled for
the four capsules (inner buccal capsule of R. laevis is

omitted),
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Figure 16.

Relationship between length of ampullae and disc width
for the seven principal species of skates. Data points
represent the average length of five ampullae totalled

for the four capsules (inner buccal capsule of R.

laevis is omitted).
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Figure 17.

Relationship between the disc width (1ln) and the overall

dimensions of the superficial ophthalmic ampullae from

R. eglanteria. Each data point represents either the

averaged length or width of five ampullae from each

specimen,
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disc width (figure 17), as indicated by a deviation from regression
analysis (Sokal and Rohlf, 1969), The logarithmic plot of ampullae
length and disc width vyields a nonsignificant deviation from the
regression (F = 1.36y 31,132) but a correspondingly significant
curvilinear regression (F = 208,67**; 1,31), resulting in the following
equation: ¥ = -0,77 + 0.23 1nX, where Y is the ampullae length and X is
the disc width (t. = 16,34**), A similar plot of the width of the
ampullae produces a correspondingly significant curvilinear regression
(F =‘215.25**: 1,31), expressed by ¥ = -1.15 + 0.31 1lnX, where Y is the
ampullae width and X is disc width (t = 23.36%*), Both relationships

allow for a further comparison of principle and ancillary species

(Table 18).



DISCUSSION

The general arrangement of the ampullae of Lorenzini in the rajolids
appears to compensate for reduced sensory stimuli during feeding. The
predominance of ventrally located pores (Tables 8 and 12) on a
dorsoventrally flattened body potentially provides the adegquate cues
necessary for the suction-grasping type of feeding mechanism (Moss,
1977) characteristic of this group. The rapid dissipation of a
stationary dipole field requires the close approach of the skate to a
prey item {Kalmijn, 1971 and 1972) which diminishes the function of the
dorsally located eyes. A reduced importance of mechanoreceptive
information during prey capture may further be inferred from the
generally diminished lateralis system on the ventrum as compared to the
dorsal surface., The increased pore density which is located around the
mouth in all species (figures 1, 5, 6, 7) provides the greater
resolution necessary to direct the feeding strike once the scurce is
located. Furthermore, the relative proportion of the pores which are
ventrally located generally decreases with depth of occurrence,
Compared to the shallower dwelling species (those inhabiting depths
less than 500 m), those skates from depths exceeding 1000 m exhibit a
significant reduction (t = 3.697*%*) by nearly 10% in the number of
ventral pores, from 80.3% to 72.6% (figure 18). This shift of ampullary
pores to the dorsal surface may reflect the lack of adequate visual
stimuli in deeper waters. Moreover, both the largest, 92.3% on A.

longirostris, and the smallest, 48.4% on R. clarkii, proportion of
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Figure 18.

The relationship between the percentage of total ampul-
lary pores associated with the ventral surface and the
mean depth of occurrence for each species of skate. Each
point represents the averaged value for a different

species.
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ventral pores are found on those species inhabiting intermediate depths
(from 500m to 1000m). This region is characterized by near-threshold
light intensities (Marshall, 1971) and variations in the dorsal-ventral
pore distribution may represent experimentation in the electrosensory
system to compensate for the lack of visual input.

The significance in the general arrangement of the ampullary system
in the galeoid sharks is less clear. The lateral, or nearly lateral,
position of the eyes on a more conically-shaped head facilitates
extensive use of vision during the initial stages of prey capture and
appropriately, ¢the number of pores associated with either the dorsal
{(A-E, I) or the ventral surface (F-H, C', D', J) are more nearly equal
(Table 19). The 1lateralis system is also more evenly distributed.
However, the ampullary system of certain elasmobranchs has been shown
both theoretically ({(Kalmijn, 1973) and behaviorally (Kalmijn, 1978a &
b) to play a major role in electrcorientation and navigation of the
more migratory species., As a shark moves through the earth's magnetic
field, dorsally and ventrally located pores evaluate the ohmic voltage
gradient induced by the horizontal component while the more laterally
located pores evaluate +the vertical component (Kalmijn, 1981). This
favors a more even distribution of pores. This functional duality of
the electroreceptive system in the more mobile species of sharks may
mask any clear anatomical relationships to feeding. In further contrast
to the rajoids, a greater proportion of the ampullary pores are
concentrated in the snout region (figure 8 and 10). In all but G.
cuvieri, the majority of the corresponding ampullae are located within
the rostrum (Table 9, superficial ophthalmic I-III). Although Schaeffer

(1967) has suggested that the evolution of the rostrum is associated
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with the elaboration of the ampullary system, with the rostral length
directly reflecting electroreceptive acuity (Compagno, 1979), the total
number of ampullae within this region does not confirm this hypothesis.
While P. glauca exhibits the Ilongest rostrum and G. cuvieri the
shortest (Table 21), measured as either the relative length of the
medial cartilage (Compagno, 1972) or externally between the tip of the
snout and the level of the nares (Bigelow and Schroeder, 1948); it is
G. cuvieri which possess the greater number of ampullae (Table 9).
Similarly, Q. taurus exhibits a significant reduction of from 2/3 to
1/2 of the number of ampullae as compared to C. plumbeus and C.
obscurus and yet possesses a snout of nearly the same length.

In the rajoids, the general arrangement and relative density of
ventral ampullary pores appears accurately to reflect specific food
preferences for each species, Since each ampulla functions
independently (Waltman, 1966) and supplies separate sensory information
to the central nervous system, pore densities represent a measure of
the electroreceptive resolution. Differences in this parameter
determine both the accuracy and capabilities of this system. However,
in order to compare the ampullary system with prey selectivity certain
generalizations must be made. Several species inhabit geographically
wide ranges, throughout which preferred prey items may change
significantly as a result of either changes in the prey species!
distribution or through interspecific competition. Such a situation has
been well documented for R. erinacea in the Delaware Bay (McEachran,
1976). More significant however, is the wide diversity of prey species
included in stomach contents of most rajids.

The majority of skates are extremely catholic in their prey
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selection and this necessitates the categorization of prey items into
more general, often artificial, groups. The relative mobility of each
prey species is of most interest from an electroreceptive standpoint,
In this study, overall diets are classified according to general
locomotory capabilities into one of the following five categories. The
first (Group 1, figure 19) consists of larger, pelagic fish and
cephalopeds while the second (Group 2) includes an additional smaller
fraction of the larger, more mobile crustaceans. The third group
includes nearly equal amounts of both active and sedentary fish and
crustacea, The final two diet classes (Group 4 and 5 in figure 19)
include primarily benthic invertebrates, epifaunal species in the
former and infaunal species in the latter, The six principal species
for. which stomach content information is available {Table 4) fit into

these five groups, The first includes Bathyraja richardsoni which feeds

primarily on larger, more active, teleosts such as macrourids
(Templeman, 1973; Campbell et al., 1980). Both R. laevis and R. radiata
are included in the second group; R. laevis feeding primarily upon
active £ish (including clupeids, stromateids and gadids) and larger

crustacea (Homarus, Cancer, etc.,) (Bigelow and Schroeder, 1953b; Liem

and Scott, 1966) along with smaller quantities of molluses (both
bivalves and gastropods) and polychaetes (Bigelow and Schroeder,
1953a). Similarly, adult R. radiata feed primarily on fish (McEachran
et al,, 1976) as well as smaller guantities of invertebrates, Published
"accounts of the stomach contents from R. eglanteria include large
amounts of both invertebrates and fish and therefore place it within
the third group. For example, although Fritz and Daiber (1963) found

invertebrates comprising 97% of the total number of items found in



Figure 19.

The relationship between food preference and ventral pore
densities among the skates (both principal and ancillary
species). Morphological potential, as defined in the
text, is the product of relative mouth width (% TL) and

total length {(mm).
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stomachs of R. eglanteria, additional studies by both Hildebrand and
Schroeder (1927) and Bigelow and Schroeder (1953a) suggest that fish
species, such as Peprilus and Stenotomus, are occasionally the
principal component. Finally, while both M. senta and R. bigelowi feed
on smaller benthic invertebrates; the first concentrates on epifaunal
groups, such as smaller decapods, euphausids, amphipods and mysids
(McEachran et al., 1976), while the second presumably on infaunal
amphipods (Sedberry, pers. comm.).

Ventral pore densities of +the principal species (Table 8) are
inversely related to general prey mobility. Those rajoids which feed
primarily on the more active prey, such as B. richardsoni (Group 1) and
R. radiata and R. laevis (Group 2), exhibit the lowest pore densities
of 0.05 pores/cn2, 0.26 pores/cm? and 0.34 pores/cm? respectively. On
the other hand, those rajids which feed on more sedentary prey species,
R. eglanteria (Group 3), M. senta (Group 4) and R. bigelowi (Group 5),
exhibit much higher densities of 0.37 pores/cmz, 0.39 pores/cm2 and
0.96 pores/cm? respectively. The ventral pore densities (Table 12) of
the twelve ancillary species for which focd habit information is
available (Table 20) follow a similar trend. B. spinacauda and R. alba
are both primarily piscivorous (Group 1) and possess reduced ventral
pore densities of 0,10 pores/cm? and 0.04 pores/cm? respectively. R.
binoculata, R. hyperborea and R. jenseni belong in Group 2, feeding on
larger teleosts and, to a lesser extent, active crustaceans. Pore
densities for these species range from 0.06 pores/cm2 to 0.26
pores/cm? and 0.27 pores/cm? and compare favorably with those principal
species with similar food habits. BAmple food habit data placeg R.

clavata and R. ocellata into the third group. Ventral pore densities of
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0.24 pores/cm2 and 0.57 pores/cm2 for these two species are

intermediate between Groups 1 and 5. Lastly, R. texana, R. mirelatus,

R. erinacea, M. spinacidermis and R. fyllae possess diets which consist

primarily of smaller invertebrates., The first three feed predominantly
on epifaunal species (Group 4) and possess ventral pore densities of
0.47 pores/cm2, 0,92 pores/cm2 and 1.07 pores/cm? respectively whereas
R. fyllae typically consumes infaunal species (Group 5) and exhibits a
pore density of 0.8l pores/cmz. A ventral pore density of 0,29

pores/cm? on M. spinacidermis appears anomalous probably due to the

very small sizes of the individuals examined by Templeman {(1965). This
relationship between prey selection and the ventral pore density is
presented along the horizontal axis of figure 19.

The reduced pore densities on the more piscivorous rajoids do not
necessarily reflect decreased pore numbers nor dces it indicate merely
increased surface areas. However, those species which do feed on the
larger-sized prey items exhibit certain size-related modifications
including generally larger body sizes as well as proportionally larger
mouths, Increased mouth sizes have previously been used as a
"morphological potential" +to interpret prey selection in a number of
other fish groups including mesopelagic and bathypelagic teleosts
(Ebeling and Cailliet, 1974) and benthic macrourids (McLellan, 1977). A
similar trend is found in these rajoids as shown along the vertical
axis of figure 19, The substitution of this "morphological potential"
for actual prey preferences in those species lacking stomach content
information further demonstrates the relationship between ventral pore
densities and prey selection (figure 20).

The reduced pore densities among those skate species which feed on



Figure 20, The relationship between morpholegical potential (as

defined in Figure 19) and ventral pore densities,
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highly mobile prey may reflect the distance from which the feeding
strike is initiated. Normally, those species which select infaunal, or
more sedentary epifaunal prey, have the opportunity to remain
relatively stationary above the prey location. The individual food item
may be drawn closer to the jaws by creating a negative pressure beneath
the body, as described for Torpedo (Belbenoit and Bauer, 1972), or by
excavating the surrounding sediment (Howard, et al, 1977; Gregory et
al, 1979). Electroreceptive information f£rom the ampullae concentrated
around the mouth may then help to quickly grasp the prey item between
the jaws., However, Kalmijn and Weinger (1981) used computer simulated
bicelectric fields in a recent study to observe the feeding strike of
two elasmobranch species on actively moving prey. In this situation

Raja erinacea initiated the attack at a distance of 15 to 25 cm away

and uses noe further course corrections. An evaluation of the
prey—-generated, bioelectric information from this distance should favor
a different configuration of pores which more evenly cover a larger
portion of the ventral surface. This may be of additional significance
in light of recent evidence which suggests a somatotopic arrangement of
the electroreceptor terminals in the dorsal octavolateral nucleus in R,
erinacea (Bodznick and Schmidt, 1982),

Because of the difficulties involved in measuring the surface area
of the individual galeoid heads, specific pore densities are
unavailable, However, a comparison of the relative numbers of ampullary
pores (Table 9) among the  different shark species suggests
modifications in electroreceptive acuity along similar directions. C.
plumbeus normally inhabits shallower, often murky, coastal waters and

yet selectivity feeds on many smaller, often cryptic prey species
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(Table 22). This strongly indicates the extensive use of the ampullary
system in prey capture as exemplified by its ability to feed
predominantly on Callinectes {Medved and Marshall, 1981}. A
disproportionately large fraction of those crabs taken by young C
plumbeus appear to be freshly molted (VIMS unpublished data), a
condition which is characterized by increased osmotic activity and may
therefore exhibit bioelectric fields of increased magnitude similar to
that observed in other wounded crustaceans (Kalmijn, 1974), By
comparison, C. obscurus is as selective in its food habits which
consists primarily of active fish and cephalopods but is more pelagic
in its distribution despite periodically entering estuarine waters. As
a result of feeding higher in the clearer water column, vision may play
a more significant role. Similarly, P. gluaca is selective in its food
habits and is normally restricted to extremely clear pelagic waters
(Table 22). Both species exhibit reduced pore densities with respect to

C. plumbeus; C. obscurus due to slightly decreased numbers of pores on

a much larger'body (Table 21), P. glauca due only to extremely reduced
pore numbers. G. cuvieri and Q. taurus also exhibit possess similarly
reduced pore numbers (Table 9)}. These two species normally inhabit
shallow coastal waters but feed much less discriminantly and include
not only a wide variety of prey species, but a large fraction of
inanimate cbjects as well (Table 22). In these cases, reduced
electroreceptive acuity is not compensated for by increased visual

input but rather probably through reduced prey selectivity.

Each of the principal species of rajoids exhibits a characteristic

number of alveoli on ampullae from each capsule pair (for example,
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figures 12 and 13). These values are generally greater in the the two
deeper dwelling species, B. richardsoni and R. bigelowi. Since
intraspecific variation within each capsule is relatively small (Table
14) and since there are very few ontogenetic differences (figure 11),
the average number of alveoli  within each capsule may be
interspecifically compared. Figure 21 demonstrates a generally
increased number of alveoli within each capsule of the deeper dwelling
species., Furthermore, a total average number of alveoli for all of the
major capsules (omitting the dinner buccal) exhibits a similar depth
related increase for +the majority of both principal and ancillary
species (figure 22)., The alveoli counts (Tables 14 and 15) for those
species found in waters shallower than 500 m average 38.8/species
(range of 23.0, on R. porosa, to 71.4 on R. binoculata) whereas similar
counts for those species inhabiting waters deeper than 1000 m average
70.0/species, or nearly twice that of the shallow, with a range from
59.4 (R. hyperborea) to 79.6 (M. fuliginea). Again of particular
interest are those ampullae from the species inhabiting intermediate
depths (500-1000 meters). The number of alveoli in this group ranges
between from 17.7 (G. plutonia) and 46.6 (G. atripinna), overlapping
the lower range of the shallow group and exhibit an average of
38,3/species which is slightly below that of the shallow group.

In addition, ampullae from deeper dwelling rajoids are generally
larger in size. Comparisons of ampullary widths (figure 15) and lengths
(figure 16} among the principal species strongly indicates that those
inhabiting shallower waters, such as R. eglanteria and R. laevis,

possess smaller ampullae for any given sized individual when compared

to the deeper species, such as R. bigelowi and B. richardsoni. By



Figure 21.

The averaged number of alveoli on ampullae from indi-
vidual capsules of the seven principal species of skates.
Capsules are abbreviated at the bottom of each histogram
as follows: M, mandibular; O, outer buccal; I, inner
buccal; S, superficial ophthalmic; and H, hyoid.
Species are arranged in order of increasing total num-

bers of alveoli.
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Figure 22,

Relationship between the average number of alveoli on

each ampulla and depth of occurrence. Mean depths for
each species of skate is represented by a single point
within the published depth ranges. Alveoli values con-
sist of total, averaged counts for four of the capsule

pairs (inner buccal values are not included).
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Figure 23.

Comparison of ampullary width and size of specimen for
both shallow and deep species of skate. Individual
points represent all available specimens (both principal
and ancillary species) and are the averaged widths for

five ampullae for each specimen.
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Figure 24.

Compariscn of ampullary lengths and size of specimen for
both shallow and deep species of skate. Individual
points represent all available specimens (both principal
and ancillary species) and are the averaged lengths for

five ampullae for each specimen,
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combining lengths or widths for all of the species in the shallow group
or with those of the deep group ({(figures 23 and 24), it becomes
apparent that the differences in their slopes are insignificant (width
F= 1.91; d.f.= 1,64 and length F= 2,93; d.f.= 1,64) whereas their
elevations are not {(width F= 57.77%%; d.f.1,65 and length F= 95,14%%;
d.f.= 1,65). Therefore, ampullae from deeper dwelling species are
longer and wider than those from the shallower waters.

Since the sensory epithelium is restricted to the alveoli (Murray,
1974, Waltman, 1966), the increased lumenal surface area in deep-sea
rajoids which results from the combined effect of increased overall
size with greater numbers of alveoli indicates an increased population
of receptor cells. This may have several major physiological
implications. An increased number of receptor cells associated with
each neuron is likely to reduce the stimulus threshold level, Since the
release of neurotransmitter appears to based on a guanta-synapse
relationship (Bennett and Clusin, 1978}, with a certain number of
quanta required for spike initiation; a lower stimulus strength should
initiate the same impulse  through the combined release of
neurotransmitter from a larger number of receptor cells. Secondly, an
increased number of neurons from each ampulla, may affect central
nervous system processing through an increased number of fibers
carrying a particular signal, and thereby the signal-to-noise ratio.
Unfortunately, little information is available regarding the
relationship between the number of neurons innervating each ampulla and
the correspending number of alveoli, nor is the material available from
this study of sufficient histological quality to permit such a

determination., Peabody (1897) 1lists an average value of 7-10 nerves
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innervating each ampulla in M. canis. The average number of nerve
fibers (six) associated with each mandibular ampulla recorded for R.
ocellata by Murray (1965) is substantially fewer (2 SD) than the
average number of alveoli observed in this study (Table 15) for that
capsule, Therefore increased receptor cells probably provide a
combination of both effects.

Furthermore, an increased population of receptor cells may enhance
the overall sensitivity of the ampulla. Spontanecus receptor cell
activity increases the negativity of the ampullary lumen (Obara and
Bennett, 1972) and thereby helps to excite surrounding receptor cells,
Increased numbers of receptor cells may generally raise the lumenal
negativity and as such increase the gain of the system in a manner
similar to that proposed by Bennett and Clusin (1978) for more general
tonic activity.

These proposed medifications in the receptor mechanism reflects
differences in prey capture. The density of benthic organisms, as a
potential prey source generally decreases with depth., Studies of the
western North Atlantic infauna show this decrease to be an order of
magnitude from the shallow inshore waters to the bottom of the
continental slope and of a second order of magnitude onto the abyssal
plain (Sanders and Hessler, 197%)}. Similar decreases are observed in
several individual faunal components including the epibenthic
macrofauna, such as fish and arthropods (Haedrich, et al.,, 1975), and
macro-infauna (Carey, 198l). Moreover, general biomass significantly
decreases from the shallow to the deep-sea (Marshall, 1979). The
existence in an energy impoverished environment, such as the deep-sea,

imposes energetic constraints on predators which may necessitate
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changes in feeding strategies, By searching the bottom from a position
higher in the water column, a rajoid is presumably able to search a
larger area of the bottom in the same amount of time when compared with
its shallow water counterpart, but at the expense of weaker fields.
Since impulse frequency is directly related to the relative field
strength (Murray 1965, 1967), the increased sensitivity may help to
compensate for this a sitvation. Similar types of modifications in
other sensory systems from several taxa of deep-sea fish have been
documented and are reviewed by Marshall (1979).

The alveoli structure of the shark ampullae is much simpler than
that of the rajoids. However, differences between these two groups in
the location and arrangement of individual alveoli prevent a comparison
of the relative amount of sensory epithelium at this time. Within the
galeoids, those two species which inhabit the shallow murky waters, G.
cuvieri and O. taurus, appear to possess slightly increased numbers of
alveoli on each ampulla whereas the only strictly pelagic species, P.
glauca, exhibits somewhat fewer. Unfortunately, the range of species is
not diverse enough at present to provide any clear trend. In addition,
the impact of electro-orientation on the overall structure of the
alveoli is uncertain. Clearly, these observations may only provide the

beginnings for similar investigations into this group.



SUMMARY

A comparison of several aspects of the ampullary system in a wide
variety of skates as well as within a subsequent group of galecid
sharks emphasizes the importance of electroreception in prey capture.
The majority of pores (normally between 70% and B0%) are located on the
ventral surface of the dorsoventrally flattened skates whereas they are
more evenly distributed (between 50% and 62% ventral) on the more
conically shaped head of the sharks. This appears to partially
compensate for reduced visual input available from the dosally located
eyes during the prey-oriented strike of the skates in contrast to the
more laterally located eyes of the galeoids. Additional compensation
for the loss of wvisual input is also apparent through the increased
proportion of dorsally located pores (from 80.9% in the shallow to
73.2% in the deep-sea) on those skates which inhabit deeper aphotic
waters,

Prey preferences are further reflected in the general pore
distribution and overall resolution, as indicated by ventral pore
densities, Piscivorous species of skates have previously been observed
to initiate their feeding strike from relatively great distances (ca.
25 ocm). Ventral pores cover the majority of the body surface but at a
significantly reduced density, reflecting the more diffuse fields as
well as possibly increased visual input. On the other hand, those skate
species feeding predominantly on more sedentary prey, such as infaunal

invertebrates, exhibit more reduced ventral pore distributions but
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heavily concentrated around the mouth region. This may in turn reflect
the more stationary feeding strategy employed by this group.
Interspecific comparisons within the skates yield a inverse
relationship between overall prey mobility and ventral pore densities.
A similar trend is observed in the galeoid sharks. Those species which
inhabit environments which potentially yield greater visual input, such
as the clearer pelagic waters, or those species which are much less
selective in their food habits possess greatly reduced ampullary
systems,

Lastly, both the size and structure of the individual ampulla
varies with respect to the bathymetriec range of each skate species.
Whereas the number of alveoli remains ontogenetically constant for each
ampullary capsule, significantly greater numbers are found on ampullae
from deeper dwelling species. Moreover, the overall size of the
ampullae, as indicated by both individual lengths and widths, increase
significantly in those species inhabiting the deep-sea. These
differences yield correspondingly greater amounts of sensory epithelium
and thereby further increase the signal - to - noise ratio, Such an
increase may be one mechanism to allow these skates to search for prey
items from a slightly higher position in the water column in order to

cover larger amounts of the bottom.
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Table 5. Collection data for the five principal species of galeoid sharks examined
during this study.

TL

SL

Species {cm) (cm) Sax Locality
Carcharhinus obscurus 98 7 F 36%56'N; 76%1°'%
98 7% F 36756 76°01'W
105 75 F 36™s55'N; 75%42'w
109 77 M 36955+0; 15%2'w
160 - M 37°%12'n; 76%0'w
170 - F 37°12'n, 76%o0°w
182 - F 37%12'n; 76%0'w
197 - H 37%a3'w; 74%37'w
217 - F 36%s'n; 75%2'%
Carcharhinus plumbeus 117 - F 37012'N; 76000'H
a8 66 H 37°12'n; 76%00'w
120 86 F 36%55'N; 75%42'w
136 - h 37°12%n; 76%0'w
131 - F 37%3'n; 4% W
- 127 F 37°12'n; 76%0'w
- 116 F 37%o0'N; 715%21'w
208 153 ¥ 36%55'n; 75%42°w
211 - F 37°%a3'n; 74%37'0
Galeocerdo cuvieri 173 123 F 37007'N: 75%1'w
204 149 F 37%0'N; 75210
213 152 M 37%0'0; 75%21°w
27 - F 37%o0°'n; 75%21'w
Fork = 198 F 37°17'n; 75%6'w
odentaspis taurus 247 186 H 37%0'n; 75%21'w
248 - u 37%o0°N; 75%21'W
235 - M 37%0'n; 75%1w
ca. 180 - M 37%o0'N; 75%21'w
Prionace glauca 281 - M 37%3'n; 14°37'w
165 - M 37%3'n; 14%37'w
181 - M 37%a'H; 74%37'w
202 - F 37%a'H; 7437w

- Not Available = Off Bermuda
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Table 7. Unilateral counts of ampullae from the seven principal species of skates [Rajidae) examined in this study.

Superficial Cphthalmic Outer Buccal Inner Buccal Hyoid Mandibular Total
Species Hean SsD Maan sD Hean sD Mean sD Hean SD Mean Sp
%ltgf‘—;%:-mi 80.6  12.4 .0 2.6 136.6  17.8 0.8 4.2 267.0  27.2
Raja bigelowi 74.7 4.6 43,7 6.6 144.0 14.0 ‘21.9 7.3 284.3 18.8
Raja eglanteria 116.8 11.2 110.7 18.4 151.7 15.9 24.8 3.7 404.0 4.7
Raja gaxmani 63.0 10.8 42.0 7.3 93.4 13.6 14.3 4.0 212.7 3l.6
Raja laevis 65.6 14.5 ) 179.0 10.7 101.8 11.8 344.2 32.7 49,2 . 4.8 739.8 35.4
Raja radiata 116.8 15.9 T B82.2 12.4 188.5 19.8 28.0 2.4 415.5 32.2

Malacoraja senta 53.0 5.2 32.2 3.4 80.0 8.8 18.2 2.5 183.3 9.3
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Table 11. Unilateral counts of ampullae from the ancillary species of skates (Rajidae) in

this study1

Species 5.0, 0.B. 1,B. H. M. Total
Anacanthobatis longirostris 47 147 290 77 22 el
Bathyvraja kincaidi 9l 84 153 17 345
Bathyraja spinacauda 115 124 197 15 451
Gurgesiella atripinna 57 25 96 17 195
Gurgesiella ishiyamai 32 7 87.5 9 135.5
Gurgesiella plutonia 21 11 63 8.5 103.5
Malacoraja fulginea 91 6l 155 21 3zs
Malacoraja purpuriventralis 144.5 100 196 30 470.5
Malacoraja spinacidermis 48 23 85 17 173
Raja agassizi 65 81 179 21 346
Raja alba 70 49 99 21 239
Raja bathyphila 127 8a 202 24 441
Raja bincculata 57 134 ] ] 231 26 536
;l_g.-ig_ clerkii 55.7 32,3 215 10 313
Raja clavata 116 122 172 a1 as1
Raja doutrei 62 105 52 189 492 457
Raja erinacea® 109.2 91.2 139.4 21.3 362.1
Raja flavirostris 53 129 ;13 261 44 572
Raja floridana 46 86 46 205 28 411
Raja fyllae 72 46.5 135 21 274.5
Raja hyperborea 87 43 133 16 279
Raja jenseni 86 44 139 20 289
g_ﬂj__a” mirelatus 103.5 -2} 154 23.5 79
Raja ocelatta 153 136.5 210.5 3l1.5 531.5
Raja olseni 66 118.5 81.5 218 27.5 511.5
Raja porcsa 34 83 53 125 19 314
Raja rhina 92 185 292 37 683
Raja sadowski at 59 7 133 19 282
Raja teevani? 78 68 88 14 248
Raja texana® 74.5 56 71.5 20 222
(42) {40)

lwhere more than one specimen of a species was examined, counts given are averages.

zThe mandibular capsule was laost from this specimen and therefore the number of somatic pores
from 1/2 of subarea "J" is substituted.

3

Counts are averaged values from both right and left sides in Raschi (1978)

4Morphometric differences, along with variations in the general anatomy of the ampullary sys-

tem, suggest these two specimens to be different species.
presented only for the one specimen identified by the authors of the original species

description.

Ampullae counts are therefore

51n only one of the specimens from this speciles were the superficial cphthalmic and inner

buccal capsules sufficiently distinct to allow for separate counts (in parentheses).



Table 14. Counts of alvecli from the ampullae of the seven
principal species of skates.
Species Capsule Range Mean 5.D.
B. richardsoni Hyoid 12-28 20.5 4.5
5.0. 13-27 18.6 3.7
Mand. 5-13 9.6 2.5
0.B. 12-24 17.86 3.3
R. bigelowi Hyoid 11-31 1.8 4.8
5.0. 10-19 14.8 2.1
Mand. 6-12 8.1 1.4
0.B. 10-25 16.1 3.6
R. eglanteria Hyoid 7-25 10.2 4.1
s.0. 7-21 11.4 3.2
Mand., 4-11 7.3 2.0
0.B. 7-18 10.5 2.8
R. garmani Hyoid 6-26 13.5 4.8
5.0. 6-16 11.0 2.5
Mand. 3-8 5.5 1.2
0.B. 6-16 11.2 2.7
R. laevis Hyoid 3-20 8.3 5.3
5.0. 5-21 10.6 4.6
© Mand. 2- 7 3.8 1.5
0.B. 4-11 6.5 1.8
I.B. 5-10 7.1 1.6
R. radiata Hyoid 7-25 14.5 4.3
S.0. 8-18 14.4 2.3
Mand. 4-12 7.0 2.0
O.B. 11-18 14.1 2.0
M. senta Hyoid 9-28 14.8 4.4
5.0. 5-18 9.9 2.9
Mand. 4- 8 5.8 1.1
O.B. 5"19 10.0 3.0
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