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ABSTRACT - oo -

Yo

. : & 4
A major problem in b1dTogy is undeﬂstand1ng hew,an1ma1s dnteract wjith
their. environment. A First step towards solv1ng th1s problem is the

]

. e]uc1daﬂ1on°and understand1ng‘of the sensory systems that an1mals emp]oy

to detect important environmental pagameters. Many, if not most, -’
aquat1c saTamanders are nocturnal. Heré I show that nbcturnal ,
. “salamander's need not re]y on vision or°o1fact1on to detect prey, but can *
use the -organs of their jateral line system. My ghes1s is that,
w§r1at1on\1n neuromast nqgan topography reflects both the ecology and
phylogeny of -aquatic salamanders and frogs. - ’

k)

1

Pr1mary neuromast numbers 1n larval amph1b1ans do not vary wwth
growth. Anurans have smng1e rows' of pr1mary nelromasts, urodeles have
multiple rows- of neuromasts on their snouts. In uro&e]es neurpmasts

-

form transverse stitches in the fam111es Ambystomat1dae and ”g, )

Cryptobranch1dae and longitudinal stitchessin the Proteidae and -

. Salamandridae; the remaining salamander families do Aat form stitches. -~
“$iarval pond forms in all anuran families have transverse’ stitches. [n

both urpdeles and anurans, transverse stitches are characier1st1q of
larval pond forms while an absence of stitches in both urddeles and
anurans, and longitudinal stitches in urodeles’ are %haracteristic of
1arvae that 11vé*1n flowing water. Species that live in fTow1ng water
a1so tend to.have neuromasts suriken inte their epﬁderm1s and, in

*q
-%

urode]es, have a larger proportwon of neuromasfs anteriorly. In
urodeles, stitch type.is consistent within a fam11y, species wmtﬁjn
anuran families swa more,variation. Anuran larvae can be divided into
three 'groups -- generalizedy ob]igﬁ%e suspension feedinga and a mixed
group of ‘specialized larvge —-- baséd on neuromast topography.

Based on these and otherimorph61obica1 studies I propose that the
common amphibian ancestor had transverse stitches, single neuromast -

o

€

rows, ‘and electroreceptors. Urode]es developed multiple neuromast rows,
anurans Test elec+rowereptors and caec111ans 1ost the ability to farm
st1tches. The f05511 necoqﬂ indicates that. th1s common_ ancestor
probab1y occurred sometime after. the Stegocepha11d arase and neuroml

* became superficial. Based upon, correlations be$ween morpno]oqy anf

ecoTogy in modern’ forms th1s common ancestor was probab]y a ’

pond-dwelling carnivore. ' .
' ) i e . vi'i

Lary
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‘ GENERAL INTRODUCTION ‘ ) -
N | -
Animals use sensory-systems outside of ‘our own .to

- ]

interact with their environment. The eighth cranial
nerve (CN YIII) systems of echolocation in bats and
electrolocation 1in fisﬁes are among the better known of

these senses. If we are to understand how-these animals,

t L

sense their environment we must understand. the nature’ of

.

.the information obtained througf these senses- and how
animals use this informg%ion. Mechanoreception -- whgch
1s also associated with CN VIIi -- 1s not as well known
as echo- and e1eétro]ocation, bu? can also be used gy

L L4 3 - °
some vertebrates (aquatic anamalotes) to receive , ¢

£y
2

egnvironmental signais. o L -

]

»

Aquatic salamanders f;ed'at night on large numbers
of sm?11 prey, In'Chapter 1 "Size selective ﬁredation is
not~dependent on'v%s1oﬁ in aquatié séTamanders"‘IOShow
that: contrary to‘data‘on many fishes, salamanders do-not
necessarily use visual and olfactory cues to “feed °

"normally®fon~natural prey. This Strongly suggests that

a

either one or both of the lateral ﬁi’e systems of

mechahoreceptio& and electroreception are being used by

M'a1s for this behavior.
. .

. & 1
e Given these resulfs I focus my morphological studies

these
. qn the gco1dgica1 and phylogene%in relationships of

"mechanoreceptive neuromyst organs in apphibians. There

v
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. oot ifé several rqa!pns for th1s, among them betng that this

system is evolUWtionarily, mpre primitive than ' -

’:eTecf%oreception (see beTow).w Mechanorecept1ve“'
° w“” v"a £
neuromastsaare also be11eved to be the morpho]og1ca1 .

N

. . “ precursors of the vertebrate' organs of hearing and motidn

[ M -

. - detec¢tion. Therefore the neuromast system may exhibit_

c—

- " various CN VIfI organizational and functional priﬁc1p]es

» -

‘ in their most primitive states. Additionally, there 1s

vt « Tess known about mechanoreception than elgegtroreception,.

o~

" .suggesting that new data on mebhanpreceptdrs will - o

increase our knowledge.of the diversity.of morpho@ogical,

functional, and evolutionary aspects of CN VIII systems.

: The seconH“Chapter "“Inter- and intraspecific )

rd 2 Al

variation in ﬁeuromast topography in. Ambystoma Tarvaé%u1s

’ a prerequisite to my comparat%ve morpho1ogica1\stud1es:
Basically, it elucidates the neuromgast topograﬁhicé1
features that remain constant through ontogeny and which

i a

, ) therefore, can be compared across thd;I This papeﬁ also ~ -
shows that neqro&ast topog%?phy can dfstinguish speciesQ r
within genera, but ot mprﬁ#ifwithin species. .
n The third cand fourth papers, “"Neuromast topography
in urodele amphibians" and "Neuromast topo;raphy n -
) anuran amphibians" are surveys of neuromast tgpography n
. ; salamanders andﬁfrogs,arespectively.: In total I examine

o

over B0 species from twenty families, primarily using -

I

scanning electron microscopy. In general I detanl -

! -

wty

T
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several phylogenetic and ecological relationships both
within and. petween these two amphibian orders.

In the fifth chapter "The evolution 4f the lateral

.‘ - e
line system 1in amphibians amsd its bearing on amphibian
. phylogeny" I combine my mo}pho1égica1 results on the
lateral 1ipe system of salamanders and frols-with

pub1ished_1nfo}mation on the Tateral line system of

o

* Py Iy n o« 4 ‘.‘ - ‘
caecilians (the remaining extant a%ph1b1an°onder) to

. greﬁine our knowledge of-amphibian evolutidn. In

& o ‘

v particular I suggest genera11zed and derived ] aa

-

characteristics of neuromast topography, and‘propose the
lateral line morphdlogy for a common moderp“ﬁmphibian

- ancestor. Based upon ecological correlations "in modern
Y N Q“ o ?

) .

forms I suggest that this ancestor was a pond dwelling
o/

garnivére.//Based on:fossi1 evidence I propose that this

a

ancestor existed after, buichas probably derived fqomf

the iEhthyostegidcstegote%ga11ah amphibians.
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LITERATURE REVIEW

General reviews on aspects of the Tateral 1line
4

system in amphibians have been written by Wright (1951),
Dijkgraaf (1963), Flock (1971), and Russell (1976). Here

I review briefly some fundamental aspects of this systgm.

s

a

£a1; Céll Structure and Properties
#

*Lateral 1ine hair cells are pear-shaped 1n

N
longitudinal section (Fig.I-1); their basal portion 1s
expanhed and embedded in epidermig/or dermis (Wraght,
1951), their apical portion exte ﬁs out, away from the
animal's body. vIn salamanders hair cells are about 80 um
long and 20 um w1da¢(Cheza;, 1930; Harras et al., 1970;
Russell, 1976). The apic;] ﬂortion of the hair cell has’
numerous sensory hairs, or éilia: extending from 1t1

Each hair cell has one static cilium (the k1nqc111um) and
;umerous m1cr@viH11 (stereocilia) (Kalmijn, 1961
unpublished, in Dijkgraaf, 1963; Trujillo-Cendz, 1961).
The kinocilium is composed of a typical ciliary nine’
dgub1e~barre1 peripheral and two single barrel central
mictotubule arrdngement that is easily discernihle in
cross section (Eig.I-Z): Stereocilia are composed nf
actin microfi?a%ents that are not ordeé1y arranged

(Jande, 1966).

®

Cilia arrangement within a hair cell dis asymmetrical;
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s
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Figure I-1. Schematic diagram of a:vertebraté hair cell in
V -

Tongitudinal section 11lustrating- the kinocilium (k),
stereéqi?ia (s), cell components (not labelled), a%d

afferent (a) and efferent (e) dinnervation.
\
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Figure I-2. Schematic diagram-of a hair cell in cross

v

section taken throug@~tﬁe sersary haifs. The kinocilium
has a typical ciliary 9 peripheral doubleybarre1 and twp -
central barrel midrotubu]e'arrqua@en}.ﬁ Stereocilia are

oriented to one side of the krnocilium and are composed in

l1ife of actin microfilaments. Arrow represents directions
, . '

of maximum sensitivity. Large portion of arrow points in
“

the direction that sensory hair movement results ip hair
cell depolarization, the opposite direction hyperpo]arizesB

=1

the cell. § / ]
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«the kinociligm is Tocated at the periphery of the °

stereécj]ia bundie (F}g.I—Z)i The kKanociliumis wider -
(0.23 um) and taller (>5 um) than stere&cx]%a (0.10 -

0.13 um wide, 5 um tall for the tallest) (Jkrgensen and
Flock, 1973; Flock and Jgrgensen, 1974). These

dimensions yvary by taxon. Stereocilia decrease 1n he1g2t -
with 1hcr§as%ng distance from the kinoci]ium (F?g. 1-1). : A

¥
Other histologieal features include apical aggregations "

‘4

of m;tochondrra, a basa11§31ocated¢muc1eus and, below the
nucléus, numerous presynaptic ves1c1esn0(Fig. I-1).

- Hair cells are innervated by a single nerve fiber

ferom } bipolar afferent neuron that synapses on their

basal portion (Fig.I-1; Harris ei al., 1970). At rest,
afferents fire spontaneously in 'response to random
presynaptic depolarizations (Hoagland, 1932; Harris and °
Milne, 1966). ‘

Hair cells function by being sensitive to shearing
motions in a drrectizn'parai1el to a line drawn through
the kinocilium and the cenJZr ;f the stereocilia bundle
(F19.1-2; e.g., HLdspeth and Corey, 1977; Hudspeth, 1983).
When the kinocilium 1s moved in a Qirection away from the
stereoci1lia bundle a depolarization occurs and the raté
of firing ancreases; a displacement 1n the opposite
diractvon hyperpolarizes the hair cell and afferent .
firing decreases below the sponptaneous f{r1ng rate

¥

(Lowanstein and Wersall, 1959; Flock and Wersall, 1962).
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If the stimulus is sinusoidal and low frequency, afferent
P%iring may -be phase locked to it (Hoagland, 1932; Katsukn
et al., 1951). Hair cell sensitivity diminishes as a .
function of the’ cosine of the angle from the direction of
maximum sensitivity (Flock, 1965; 1967). '

In the salamander Necturus, the receptor potential of’
1ndividua1‘héirmce1ls is aboht 800 uV (Flock, 1971)% an

Y

order of magnitude smaller than those recorded in .the
retina (Rus'sell, £976Q. Hair cell receptor pote;t1a] may
control the ‘rate of afferent transmitter released(Ddyis,
1965; Ishii et al., 1971; Stré]ioff and Honrubia, 197%).
Several potential.afferent transmitters have been q
proposed: GABA (§ ~amino Butyric acid) (Flock and Lam,
1974} Ga1indo,‘1969), mpndamines {(0sborne gnd Thornhi11,
1972), and glutamate (Steinbach and Bennett, 1971).
‘ Hair cells receive an efferent innervation that,‘
when stimulated, inhibits afferentinerve faring (Russell,
1968, 1976). Efferent nerves fire in response to motor

4

nerve firing to \muscles that cauwse animal locomot'ion
(Russell, 1971a b, 1975). Therefore, hair cé?]s are
essentially shut gown during locomotion, presumably to
prevent sensory overload, The efferent transm%tter
appears to be acetyjchoTine (Russell, 1971b).

i
»

Neuromast Structure and Properties

a
Hair cells are grouped to form fxeummlstgm

9
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amphibians, numbers of-hair cells per neuromast vary
w1%bin and between species: 5 - 10 1n Rana (Jande, 1966), -

6 ~\;5 in Mecturus (Flock, 1971),:and iZ - 20 in - R

:Ambzstdha (J¢r§ensen*a5d Flock, 1973). ' Hdir cells may or , w2

i
k}
K

may not be separated by supporiting cells (Chezar, 1930;‘
Wright, 1951; Russell, 1976) and 1t 1is thg hai} cells and

their cupula 51us these’supporting cells that coerise ’

LY 5

P

the entire neuromast organ. e

-

* ‘Within each neuromast the arrangement of hair cells

b} w

is,precise; hair cells are po]ariiﬁd“so that a Tine dra?w
through th% kinociTium and the middle of the stereoci1;é
bundle .is 5;ra11e1 to the neuromast long axis.
Approximately one half of the h§ir cells 1in any neuromast
have their kinocilium at one pole,'im the remaining cells
the kinoc1tium 1s at the ;ppos1;e pole. Adjacent hawﬁ
cells may be oﬁpos1€e1y polarized, as .in Ambystoma °
(Jgrgensen and Flpck, 1973), Xenopus (She1t6n,‘1970,«
1971), and Necturus (Fig.I-3by Flock, 1971) or hair be11s'
may be clumped by polarity as in Rana (Eig.1—3§;dande,o
1966) . ’ :

Each neuromast is innervated by fibers of two
afferent nerves. Within each neur&mast héir cells of the
same polarity are innervated by the same nerve {Sand,
1937; Gdrner, 1963). Therefore, any given‘stimUTus will
depbiarﬁie one half of the hair cells while N
hyperpolarizing the other half. Hyperpolarization 1s

Yl . q
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.- Figure I-3. Two schematics illustratvng differences in -
v i i/l
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hair-cell arrangement within single neuromasts in ;

o i

amphibians. *A) Hair cells tlumped Eyvérientaiion, perhaps

: “typical of Rana, and B) hair cells alternating polarity,
typical of all other amphibians. C o
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less pronounced (about one quarter to one eighth the
response) than depolarization. This morphology explains
hhx extracellular recordings of neuromasts stimulated
;%nusiodaily at low frequencies record a d1min1ihed
receptor potentja1 twice the frequency of ﬁhe stimulus
(Dijkgraaf, 1963; Flock and Wersall, 1962).

The cilia of all hair cells in a neuromast project
into and connect to one ée]atinous‘prote1n cupula. This
cupula 1s-believed to be secreted by the supporting cells
(R;ssell, 1976) but attached only to the hair cells
(Flock, 1967). The cupula shears the sensory epithelium
with 1mpinging water displacements. Because of the
within-neuromast cupular yoking’to hair cells and ‘the
specific hegromast innervation pattern, Dijkgraaf (1963)
defined t;e neuromast as the functional unit of the
mechanoreceptive systém. .

In amphibians, neuromasts are often organized into
parallel groué‘ £a11ed stitches (Fjg.I-4;Harr1s and
M1}ne,°1966; sometimes calléd plaques, Murray, 1955).
Stitches are formed'by neuromast _growth and division in
postpdtching amphibians after the original, 05 primary,
neuromast Has been'iaih down, dmbryonically (Stone, 1933;
WinkTbauer and Hausen, 1983a). ) ~

The stitch Tong axis is typically perpendicuiar to

1ts caomponent neuromasts’ Tong dxes dand to the axis of

maximum hair cell sensitivity (Fig. I-45J¢rqgensen and

°
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Figure I-4. @Schematic digram showing the orientation of
hair cells within neuromasts, and the orientatfon of -

- 7/
neuromasts .within transverse stitches., Note that hair cell

and neuromast sensitivity are perpqnd1c94ar to the 1omg‘

- [
. g &
axis of each stitch. . o
.
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Flack, 1973; Flock and Jgrgensen, 1974). This

-~

. ~ organization-is 1mport%%t to investigators concerned with
e neuromast function. 'The direction of maximum hair cell

. o
sensitivity, which initially could only be determined

under high-po;er'microspbpy, can now be ‘deduced from
- stitch orientation, wh{ch is visible to the unaided eye
E or undeér low power magnification. The one exception to

this rule may be Necturus, which® are reported to have

. qguromasts organized into linear stitches (Harris, et

o

al., 1971).

A1l hair cells of the same polarization within a

“

= ' -
stitch are 1nnervated by fibers from the same neuron
‘ M ‘

) CDijkgraaf, 1963) The receptor poteglials of the neurons

aré therefore summed when a hair cell is excited

»

° (Dijkgraaf, 1&63)‘ Flock (1971 has pointed out that, in

dnima1sé}hat have neuromasts organized into stitches, the
] L .
' stitch, rather than the neuromast, is the functional
P )
¢ « Ufl'lt.
. . "

rNeuromast\Group Strqctuée and Properties
Meuromasts and stitches are organized 1nto lines (or ¢
field§,-heno and Middleton, 1973) that extend along the
: ‘body and head (Fig. I-5). The generalized condition
appears to be ‘three body lines -- doréal, ;iddle, and
'ventr%ﬁ - éndrthree heéd 1ines -- supraorbitad,

- »

“infraorbital, and submandibular. -Along the body adjacent

Y
A * i
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)

#
Figure 1:;, Schematic d1agraﬁ; showing two possible st}tch
formations in urodeles, assvﬁ1ng that nehromasto1ong'axes
are always perpendicular to their stitch long axis. %)
"Known neuromast and stitch tbpqgraphy in Ambystoma, B)
"hypothesized neuromast topggraphy Haged on stitch

~;563.9'
orientation in Necturus. '
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stitches within a Tine may be parallel, and perpendicular

to the long axis of the body:(eg.,middle body line, Fiq,.

I-5a) or serial, in a line parallel to the ggdy axis (eg.

middle body 1line, F1g. I-5b). Stitch orientation on the
head js more comp1ex: Sypra- and 1dfraorbjta1 stitches
near the eye may be oriepted radially (Fig.I-5a) or
tangentially (Fig.fl5b)to the eye.’' Entire 1i£es or parts
of 1jnes may be duplicated; aUX111jary11ne§ occur in some
taxa. Presumably, these variations are carr%1ated w1yh
envdronmental parameters thatlaffect fitness (Dijkgraaf,

1963).° §n1f1shes there appears to be a reduction 1n

Tines, and neufomastJ per line proce?djng from genera]ized'\¢

to derived forms (Brédson and Moore, :1962). &q . .
comparéb1e data h%ve been collected for amphib1ans. L -

Surveys of amphibian neuromast group arrangément, or

topography, have been conducted by Mdlbranc lﬁfr o

%

K\K1ngsbury (1895), Escher (1925), and Hilton (1947) In

general, these surveys 1nvolve few, but taxonomically

L]

diverse, species and emphasize urode1es Ma]b;ang and
Esche; provide the most detailed drdwings and careful
analysis.. Kingsbury js a1§o gareful,‘and*ﬁjﬁhough‘h1sa
drawings are weak, much useful informatTon may be

} r

obtained. Kingsbury is also the best work done in

‘English. Hilton surveQed mgre species than the previgus ”

workers. ’ “

[}
S

o . ' )
These early workers wera at 3 disddvantage; before
& .

-

.
y
s s
¢
° o
.
[l
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Lowenstein and Wersd1l (1959) and Flock and Wersdll

(1962) the morphqlogical polarization and diq?ct1ona1

fod

sensitivity of meuromasts were not realized. This meant

a

that while evolutionary scenarios could be made based on
- -

topographical comparisons (1.e., Escher, 1925), the

functional s1gnjf1cance of” topographical differenceé

@ “\ - - -
could not be deterimined. For example,. 1t'is now known -

AN

that a topography with a predomiﬁance'ofr
orthogbn;1]y-arranged neuromast; 1§'specia1ized for
detect/ng water displacements in-all directions -
tangential to the bqu gurfacg (Dijkgraaf, 1963).:

B
//” Aquatic members of the third amphibian order, _—
" Gymnophiona (Caecilia), ‘also possess lateral line.organs.’

N

Hetherington and Wake (1979) describe the lateral line

!
14

: .
system of Ichthyophis sp. and, as well, give a;pglif

Titerdture review of. this subject for caecilians. 'On the

head, Icﬁthyophis neuromasts are arranged into linés that

appear hoho]ogou§ with those of anurans and urodeles. On

the body, however, Icthyophis has only one paired dorsal

body Tine, as oppdsed to dorsal, middle, and ventra]-?ddy
lines in the other two orders, Like urode;gé, caecilian
Tarvae atso have électrorgceptive ampullary organs

(Hetherington, and Wake, 1979).

-
1 . v

Neuromast Central Nerveous System Connections

’ Lateral line afferent neurons are bipolar cells with,

~

LS
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ﬁhe1r cell bodies located in ganglia in the otic region.

ed into anterior and

Afferent nerve bundles are divi
ﬁ%%terior divisions. The antefior lateral 1line nerve
(NLLA) is divided into supraorbital, infraorbital, and
postorbital branches that innervate supwaorbital, -

L
infraorbital, and mandibular neurogasts, respectively

.(Escher, 1925). The supra- and infraorbital lines may

fuse; their common ganglion is the tr1gémina1 (CN V)
Tateral Tine ganglion; the postorbitaj nerve cell bodies
are 1oca£ed in the facial (CN VII) lateral Tine gang11oﬁ
kFritzsch, lbgla; Fritzsch et al., 1984). The poster1or‘
lateral 1iqg nerve'(NLLP) 1s divided 1i1nto dorsal, middle,
ahd ventral branches; their cell bodies are located in
glossopharyngeal (CN IX) and vagal (CN X) lateral line
ganglia. From these cranial nerve ganglia lateral Tine
afferents travel centrally to the medullary alar plate
and d1;1de into ascendarg andrdescending fascicles
(Frltzschﬂet al., 1984; Boord and McCormick, 1984).

Pramary(hf%erents of the octavolateralis system
travel in d1stinc£ fascicles and termingte on the
dorsolateral wall of the medulla 1n 94g5;f thrge'éup1e1:
electrosensory afferents terminat§/4n the dorsal nucleus,
Qechano§ensory afferents 1n the intermediate nucleus, ahd
octavo afferents in the lateral oucleus (Boord and

McCormick, 1984). In urodeles the NLLA 1s composed of P

two long and one short fascicle, the NLLP of two long

- 13

\

v
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fascicles (Fritzschy 198]3% Long fascicles are composed/

of mechanoreceptive afferents, the short fascicle is
coﬁposed of electroreceptive afferents (Fritzsch, 1981a).
Anurans have one, two, or several long fascicles, theym
have no short fascicles and no dorsal nucleus, and |

therefore are not thought to be eleétrosigs1t1ve

(Fritzsch et al., 1984).

The arrangement of mechanoreceptive afferents into

A S

16ng fascicles in urodeles corre§ponds with the

*

peripheral —sanervation pattern o% neuromasts. As §tated

o

previously, neuromasts are innervated by fibers of two

afferents; each afferent only innervates hair cells of

-

the same polarity. For both the NLLA and NLLP, afferents -

from hair cells of thé same polarity run in - the same

L3

¢
fascicle (Fr}tzsch, 1981af. In anuraqs,@this d1v1sion\}s
not as distinct. Because n;uromasts are structurally,
and presuwmably functioﬁ%ﬁ]y, the same between these two
groups, the urodeie separation of afferents into
fascicles may not be important as initia11y.thought
(Fratzsch, 1581a;]Fritzsch et ;1., 1984).

In Xenopus secondary afferent neurons emerging from

-

the intermediate or lateral Tine nucleus project either

#

to the contralateral intermediate nucleus, the

cerebellum, or tpe contra- or dipsilateral torus
semicircularis (Plassmann, 1980). Secondary, or higher

levél connectigns t0 the telencephalon via thalamic

b

o

q

=~ ° . 7
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e}

connections probdbfy also exist (Boord and McCorwmick,
1984). . ‘ :
The NLLA and NLLP also contain Tlateral Tline efferent
neurons. Efferents originate in the medullary reticular
. Tformation and appear to be nonséec1f1c; one neuron may go
both to the labyrinth and to neuromasts (Fritzsch,

1981b), and, within the neuromast division, probably

supply more than one stitch (W111, 1982).

Neuromast Development and Evolution

» Neuromasts are unique 1n that they develop
embryqnica]]x from several migrating pre- and postqtic
ectodermal, placodes (Harrison, 1903; Stone, 1933; Knouff,
1935:vwink1bauer and Hausen, 1983a,b, 1985a,b}. , These
placodes arise antérior and—~posterior to the otic

o

placode, which give&grise to inner ear structures. As
/, =‘the,5tic p]ac%de invaginates, preotic placodes migrate -
rbstra]ly qufer head neuromasts (and electroreceptors),
postotic p1acoaes migrate caudally to form trunk and tail
neuromasts. .

Each pre- and postotic platode can be divided into a
proximal and distal portion relative to the otic capsule.
The proximal portion eventually develops 1nto the lateral
Tine nerves and ganglia, the disté1 portion, forms the
priﬁary neuromasts,

Lateral Tine placode formation, development, and
N :

2 J
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»

migration appears po be the same in all amphibians and
fish (Stensio, 1947; Holmgren and Pehrson, 1949; Jarvik,
1980). These developmenta1xsimilarit1es compined with
the morphological, physiological, and neuronal
similarities of hair cells, neuromasts, and neuroﬁést a
groupings leave no doubt that éhese structures are :
homologous within amphibians, and between fishes and

amphibians (Stensi10, 1947; Holmgren and Pethon, 1949).

Likewise, their is 1ittle doubt that hair cells

throughout the acousticolateralis system aré€ homologou ot
(Dijkgraaf, 1963; van Bergeijk, 1967; Northcutt and Ga:L:
1983).

The 1nc6mp1ete fossil record and lack of available
embryological cues has limited speculation on how
neuromasts first evolved. Neuromasts appear to be
present 1n the oldest vertebrate fossils (ostracoderms,
Schmalhausen, 1968; Romer, 1971). Because of the
structural similarity of kinoci1l1a to ordinary cilia (a 9
+ 2 mic;otubu1e arrangement) most evolutionary scenarios
favar a ciliary origin*of hair cells and neuroma;ts
(Denison, »1966; Northcutt and Gans, 1983). Northcutt and
Gans (1983) speculate that in prevertebrates epidermaf
c1lia were largely réspons1b1e for locomotion. The
subsequent development of a noiocord Loupled with axial

musculature provided a more efficient method of

lTocomotion, and replaced cilia., With the ciliary system

Al
>
.
B}
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« free to perform other functions, and Qe1ng.genera11y
sensitive, ci1liary patches and their associated sensory
-and motor nerve plexuses specialized to form specific types ”

of sensory receptors, including mechanoreceptors, .

electroreceptors, and taste buds.

Neuromasts and Behavior

Scharrer (1932) made the first observations on the
role neuromasts piay in determining amphibian behav1or.ﬂ
He first enucleated Ambystoma embryos then removed the
preotic lateralis placode unilateraily from either side

of these animals. The placodal surgery removed all of

Y

/
the sypra- and infraorbital neuromasts and'most o
e

s:?ﬁand’ ar ones. Animals then stimulated with a water
t

b from a small pipetté on the ablated side failed to

respond in any way, while contralateral stimulation on

the intact side almost always elicited a snapping

response, as if the water from the pipette was food.
Xenopus adults respond to surface waves by turning °

and sﬁ1mming towards the stimulus (e.g., Gdrner, 1973 )

Elepfandt, 1982; Gorner et al., 1984). This respbnse 18

still present, but less accurate, dfter”neuromast .

ablation with a few bilateral stitches remaining 1ntact,

but is Tost with only ipsilateral stitches remaining

(Gorner et al,, 1984; Elepfandt, 1982). Apparently,

comparative bilateral input is necessary for the
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orientation response, and more neuromasts meaas auhore

accurate response. Xenopus may at;o use ventral
neuromasts to detect surface waves when dorsal neuromasts’
are abaated (Elepfandt, 1984); thi;-contrasts with
suyrface~-feeding fish that depend on'dorSa1 neuromasts
exclusively for this behavior (Schwartz, 1971).

Wassersug et al., (1981) show tﬁatestreptomycin, an
inhibitor of ha1r'ce11 function, aEverse]y affects
schooling ,behavior in Bufo tadpo]gs.' These data agree
well with\xhe findings of Partridge and Pitcher (1980)
who show tth neuromasts’ play a role in the maintenance
of fish schools. Neuromasts are generally implicated as
being important i1n other beha§iors such as avoiding
predators and seeking matgs. This, however, has not been

proven for any amphibians.



Chapter 1: Vision is Not NeceSsary for Size-Selective

Zooplanktivory 1n Aquatic Salamanders
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INTRODUCTION

Aquat'ic vertebrates: feed oh,zoop]ankton by one of

-
-

two methods: they either take zooplankters individually
and are size selective (normally taking the Targest
1nF1V1dua1s available) or -they fil%er feed and take\a
broad range of zooplankton sizes (Zaret, 1§80; Greene;
1985). The former method 1is virtuaf]y“a1ways.associateg
with di1el activity patterns, theb1itter frequently with
nocturnality. v ' ' .-
Salahander larvae pretheavily on zooplankton (e.g.,
Dineen, 1955; Lannoo and Bachmann,'1984a), feeding on .
them 1nd1§1dua11y and taking the 1argest animals - - ‘
available (Dodson and Dodson 1971 Branch and Altig,
1981). It is commonly assumed: that v%snon mediates this
predation pattern (Anderson, 1968; Dodson and Dodson,
1971; Sprules, 1972; Iaret, 1980). However for this to
*be true salamanders should exhibit 3191 feeding patterns.
This, in fact,"is not the case. It is well known thatl
many aquatic salamanders are nocturnal {eg. Noble; 1931;
Ande%sdn and Graham, 1967; Joly and Caillére, 1983). The
exceptions are 1n areas where diel predators are scarce
(Dodson and Dodson, 1971: Sprules, 1972) or where
nocturnal pred?tibn is especially heavy (Holomuzki,

1934). .

-

How, then, ido nocturnal salamanders detect

T
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zoop1§nktoné "Can sal%manders be size selective iF they .
cannot usegvision? Or, conversely, if salamanders are
si1ze se1ec£iwe noéturna1ly, cém the assumpt1on:be . .
justified that size selectiron in d1e1»p9pu1at]ons 1S
visually méd1atedé ) & ‘ ) 9

If visual cués_are essential, or even most important,
to size selective predation three predictions should hold .
Prue fdr sighted salamanders feeding in Tlight conditipns
comﬁared tp enucleated saiamgnders and daFk conditaons:
1) their feeding rates should be hibher (Peckarsky,
1982), 2) they.should select Targer p;ey (Dodson and
Dodson, 1971), and -3) théy}shou]d select the darker, m&re

visible prey’(épruleé, %ﬁéZ). To test these predjgtions

I offer sighted and enucleated larval Ambystoma _macugatum

1n light or dark conditions a choice of ldrge and small

‘or normal and coloured Daphnia (a natural prey), and

record prey type and number taken. -

»

-

METHODS c .

Ambystoma-maculatum eggs and larvae were ‘collected

from Heart-shaped-Pond in Halifax Co., Nova Scotia,
Canada (44° 40°'N, 93° 40'W). Field-collected epggs were -
hatchied in the 1aborat0ry Larvae were raised on a

b
m1xture of . 11v Daphnia magna and-frozen brine shrimp

(Artemia sa11na) and in accordance with gu1d911n9" 5ot by A

the Canadian Coun€11 on Animal Care (1984). Baphnii wors
' &

v
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) . - -
cultured in my laboratory from sFocks maintained at the
Bedford Institute of Oceanography, Dartmouth, Neova
Scotia. :

v A tota1 of 40 Ambystoma maculatum Jlarvae were

tested Laboratory~raised salanmanders wére kept on a
“12:12 k:D cycle centered at 1400 h at 21+1° ¢.
Fie1d-c011ected'1aryée (SVL 21.0 - 25.0 mm) were tested

w1th1n'24 h of cagture and therefore not fed (Test 1,

betlow). Laboratory«ra1sed larvae (SVL 10.5 - 13.0 mm)

"were not-fed a minimum ‘of 16 h before testing (Tests 2,

» ‘and 3, below). In each experiment only one larva per
. N f - - r

conta’iner was used, 1) remove competitive effects.
i

Contawners were rectangular {10 x & x 6 cm), made of

c1earwglass and filled w3th 200 m1 of previously~ aerated,
aged tap water to a depth of approximately 25 mm (Test
1), ar opaque p1ast1c (13.5-x 10 x 7 cm) filled with 250
m1 of water to a depth of approx1mate1y 20. mm (Tests 2,
anﬂa3) A11 salamanders were tested between 1000 .and
1800 h at ,21+1% °C and were large enough to -ingest the
Targest Daphnia of%ered to them. he "Tight" condition
was norm?l iagoratory fluorescen¥{light, thé "dark! :
co;&1tron'was complete darkness in\ a photog;aph1c

§

darkroom. Salamanders were allowed “t0 acclimate: to
. 9, s N

darkness for at Teast 20 min befofe testing began. I
judged this' acclimation time to be suffigient beécause-1n

nature mos't salamdnders in this populafion begin feeding

P
7 .
v 7
* //
»

>

AN



each day at dusk or 1mmediately after darkness sets 1n.

t

Daphnia concentrations offered to salamanders were with1in

the range found 1n nature (Janssen, 1980; Lannoo and

A

f

Bachmann, 1984b). .
Salamanders were enucleated after fWrst being

anesthetTxed 1n 0.03% MS 222 (tricaine meNanesulfonate).

Enucleation was done with forceps and irtded omy
scissors. The wounds were cauterized with a Hywefractor
cauterizing unit set at low voltage. . Enucleated
,Two of the 16 enucleated larvae did not subsequently feed
and Qere excluded from the tests. -During experiments\in
Tight conditions 1 made additional behavioural
observations on both sighted and enucleated sa1qmandér
"These observations caused no visible disturbance to the
animals. Data collected apﬁroximated normal

distributions and parametric statistics were used (pooled

t-test, MINITAB; Ryan et al., 1976). s

"

TEST 1: Sighted A. maculatum feeding on paghqia n a

. range of sizes in light and dark conditions.’

S
The following questions were addressed 1n this test:

1) Are salamanders feeding in l1ght. s1ze selective? 2)
Are salamanders 1in dark size selective? 3) Are therc

selectivity di?ferences between salamanders feeding 1n

light and dark conditions? and 4) Are there feeding-rate

L3
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dﬁ%ferences between salamanders feeding in 1light aqd dark

\

conditions? . S

Twelve f1e1d~co]]ectéd‘5. maculatum were tested, six ¢

each in light and dark conditions. ‘One trial was .
k L

conducted per salamander and all, salamanders were tested -

%

simultaneously. About equal numbers of variﬁus1y—sized

Daphnia (rahge 0.8 - 2.4 mm carapace length) were placed .
in twelve containers. Conta1ners were random]y ass1gned
@ N &

to light “or dark cond1t1ons and sa1amanders were random1y
2N

,ass1gned to containers. Salamanders fed for 30~miu, t

wt

after which they were immediately k11&ed and preserved in
10% formalin (which did not cadse regurgitation of .
stomach contedts). Dag%n1a that had Aot been eaten
remained 1n, each conta1ner and were f11temed from the
water and k111ed and preserved vn 10% formalin. . y S
Salamander stomachs were removed, dpened; and Daphnia ‘
ingeséed counted and Fhe1r sizes measur%d/(carapace .
Tength) w%th a calibrated ocular micrometer. Likéw1se, .
Daphnia not ingested were counted and measured, \

TEST 2: Sighted and enucleated A. maculatum feeding on

large and small Daphnia in 11ght and dark conditions.

The following questlons were addressed in this test:
1) Is thdre a differenée in sizes and total numbers of
Daphnia ingested between the sighted-1ight treatment and’
\the other treatments? "2) Is thgreigbdiﬁference an Fizes

)y € ke
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and total numbers of Daghn1a 1ngeste; between ! .
signhted- dark and enucleated- danfltreatments (surg1ca1 [
contro])?:and 3) Is the;eya difference 1n s1zas‘and .
‘total ?umb;ms of Daphnia 1n€ested between ‘i %
- enucleated-light and enuc]é”ted-garkvtreatmentsskprey
behaviour cgntro1;;ﬁ\\§\\\;j o ’ ] 4 )
The exaerimenth{‘des1gn ; s a 2 x 2 factorial test
-comparing sigﬁ?ed andienuc]ea ed salamanders 1n Tight and’ -

PP,

f

dark condition%lxasigﬁeég'A. maculatum Tarvae, four_per

< ) . . .
treatment,lwene used. Salamanders were each fed 20 large .
(2.0 - 2. 4 mm carapace length) and 20 small (0.8 - 1.5 mm

carapace. 1ength) Daghn] Sa]amanders were tested in two

=
P -

tr1als twenty m1nu¢esAper trial. After each tr1a1 Iarge e
and small Daphnia remaifing were_removed and counted;
qumbers’1ngested for edch prey group were obtained bx"

sabtr;ction from 20 (odiginal'prey number). Totals for

‘the two trials were added and ;hesb single numbers used

1

in the statistical, analyses. To.compare s:ze'sejectiv1tr

2 ®

between ftreatments, for_ each salamander numbers of Targe
Daphnia ingested Qera div1aed by total numbers of Daphnia
1n§ested (large plus small Daphnia) to crelite a size
1ndex. The greater the si1ze ﬂadex value the more Targe
Daphnia were taken. This size’?ndex‘prodUCﬁs values g

betwégn 0, and"1.and was used 1n the between-treatments

statistical analyses. © .. - ) . .

sBecausa sham-operated. enucleation controls are
S R

”
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difficult, if not impossibie to construct, I Aecided .

-a priort to determine the effecdt of epuc]e tion an

%

feeding performance by cohparing data from sﬁghted-dark
*. treatments with enucleated-dark t}eatmengs. To test for
#possible light-dark differences in*Dthniassw1mm1ng or

predator avo1danceﬂbghayiour, ¢ata from énucleated-]ight
treatments were coﬁbaned te enucleated-dark tréatments. ot

¥,

4 (5 »
a
£y

TEST 3: Sighted and enucideated A. maculatum feeding on -
normally-coloured and artificially-darkened Daphnia 1ih

light conditions.

[

In this tést prey-colour preferences and feeding

- )

rates were comparned for sighted and "enucleated

7

% & ?

salamanders. This test then addressed the role of vision

A

in diel feeding in these salamande®s. . o

. S1x sighted and six-enucleated A maculatum. larvae
were aacp allowed.to feed for 20 min on ten large (2.0 -
2.4 mm carépace 1%ngth) norma]]y co1oured Daphnia and ten
'1arge aghn1 kept overn1ght 1n a suspens10nnof India 1nk
particles. 1India 1nki§a§ been frequent]y’used to d;rkenn-
Daphnia in tests 1nvo1 1nq visual predat1on on
zoaoplankton by f1sh (eg, Zaret, 1980). To the~human eye
ink- exppsed Daphnia were cons1der?b1y darker than norma]’
Daphnia and appeared to'behgve notmdlly. Because Tést 2
results showed no deieterious effects of enucleation

surgery on feeding Qérformance {see RESULTS) and

f

o
o
ri L]
B 2 ! B J
\ f
. r
< -
» 1%
.
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. available prey ingested (Table 1-1, e). ~ N

37

enucleation surgical contrals are difficult 1f not

3

impossible to construct, no sham surgical controls were =« °
» i;- 0
¥done. 'A colour iadex was calculated 1n the manner of the

2

o v
si'ze index 1in Test 2 -- by dividing numbers of s s

ink-darkened Daphnia ingested by total Daphnia ingested.

’

Prey-colour preferences and feeding rates were compared

for sighted and enucleated salamanders. » 3
RESULTS ~

Test 1. ’

‘o A, maculatum Tarvae in T1ght conditions.were size

selective (Table 1-1 a). Salamanders 1in dark cond{u1ons

P

“ were also size selective (Table 1-1:, b). Sa]amanﬂer§ mn

dark conditions fook larger pre; than those in light .

&

conditions =-- a surprising result --"but this difference

? A

was not significant when 1ingested prey sizes were

> corrected for‘availab1édprey\sizes (Table 1-1, c).

A

Fee%inb‘rates were‘nearlyw1dEntica1 for salamanders in
1ight and dafk conditions both in terms of absolute

numbers of prey 1n§es%ed (Table 1-1, d) and percént.

o

i I ~

“.&’m

a A

Test 2.

&
13

X S . ! . AN ® . . .
A1l salamanders, sighted and enucleated, in light

and dark conditions,-fed.similarly. Most importantly to _
!
the questions addressed 1n this test, there was no >

a

o
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Tabte 1-1. Feedlng performance of Ambystoma maculatum }

'S

1arvae in Tight and dark conditions fad Daphnia in a range

of sizes. (Test 1). Stat1st1ca1|compar1§ons A and B test.
Daphnia s1zes 1ngested'ag§inst D;thi avaiiﬂb}e 1n 1ig%t
and dark treatments, respectively. JTgst C compares ;]zes
of Daphnria 1ngested in light and dark treatments after
correcting for sizes of Daphnia avaiTab1e (by.subtractfng
sizes of prey available from prey 1ngesled). Tests D and E
eampare feeding rﬁte§ between 1ight and dgrk tre%tments in
terms.of number and percent of ava11ab1e Daphnia 1ngested -
Means and standard errors are g1ven statistical ' {ﬂ
comparisons were done using pooled t-tests (Sﬁgdeiqr ang o

. L . ,
Cochran, 196T)f Asterisks indicate probability values Jess |

than 0.905. ' ‘
5 ‘ N | ‘gra
COMPARISON: ' . - . o
Treatment/Measure 4 X * _SE Probability
A. Light/Size - '

ingested 6 1.45 mm =+ 0.02

available , 6 1.23 mm =+ 0.01 <0.0001*%
3. Dark/Size ’

ingested ; 6 °~1.63 mm ‘1 0.02 o

available 6 1.33 mm + 0.0l 0.003*

9

C. Light vs: Dark/Ihges%ed-Avai1ab1e

Tight 6° 0.20 mm + 0.04
dark 6 0.32 mm * 0.05 3 0.20



Table 1-1 (cont.)
/ " D.

A *

Light vs. Dark/Number Ingesteda

Tight 6 25.3 + 7,19
_" T
.qark 6 25.5 + 5,12 .99
- —e-.,_—.-S:ﬂ'L‘
: E. Light vs. Dark/Percent Ingested® ,
) tight 6 37.2 ¥ 6.99 :
- " L dark. 6 33.9 + 6.35 .75
- ‘ / ‘ b
- ‘ / a -
Feeding rates for a 30 min period.
/ >
7o :
X .
[ X : / ? -
7 o
O’ '
=) " i : Q j
¥ ’ .
. T8 ) ,
N vl 2
. b ) ‘G ' ’
[y . 4 -9
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_for enucleated than sighted salamanders (Table 1-3, b).

significant difference in size 1ndex between the
sighted-1ight treatment and the other treatments (Table
1-2, a). Feeding rates were higher for animals in the

sighted-1ight treatment although these differences were

_not significant (Table 1-2, b).

There was no significant difference in size 1ndex
between sighted-dark and enucleated-dark treatmentsg

(Table 1-3, a). Feeding rates were unexpectedly higher

These results indicate that enucleation surgery had no
de1eteridus‘effects on feeding performance.

The;é was no significant difference between
enucleated-1ight and enucleated-dark treatments 1n size

index (Table 1-4, a) or feeding rate (Table 1-4, b).

These results indicate no light-dark d9fferences in

salamander feedinyg performance due to diurnal d1fferences

1n zooplankton sw1mm1ng or predator aveidance behaV1our.

-

% 4
Test 3.

Sighted and enucleated salamanders fed similarly on_

‘1

normally-coloured and artificially-darkened Daphnia. The

most important result in terms of the questions addressed
J

l{ o
in this test was that there was no s'ignificant difference
y .
in colour preference between sighted andyjy6c1eated
. P

salamanders (Table 1-5, a). Feedingaraté were higher “for

- sighted animal§ but this difference was not significant


http://preferer.ce

Table 1-2. A comparison of the feeding performance of A.
maculatum larvae with visua] cues ava1]ab1e to them (1.e.,
s1ghted animals 1n 11ght cond1t1ons) to 1arvae unable to
use vision (enuc]eated an1ma1s and dark conditions) feeding

on large and small Daphnia (Test 2). Statistical test A .
1 “7
compares size 1nd1ces (formula in texé) between v15ua1 and

’

nonv1sua1 treatments; test B compares total numbers of.

Daphnia ingested. Comparisons were made using (A)
Mann-whitney U-tests and (B) poo]ed t-tests. In A, rahges

are given for the values, which were not normally

e
distributed.
Comparison n X SE “rob.
A. Size index )
sighted Tight 4 0.78 {(0.73 - 0.86)

enucleated or dark 12 0.76 (0.62 - k,ﬂ) >0.05

3

B. Numbers 1ingested?

=

sighced Tight 22.8 5.9

I+

enucleated or’dark 12 14.9 + 2.6 0.18

3Feeding rates adjusted for a 30 min period. -

B3

1
-
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Table 1-3. Results of control testing the effect of
enucleation surgery on feeding performance (Test 2)., 1In
this test sighted versus enucleated A. maculatum larvae fed
in dark conditions on large and small Daphnia. Statistical
test A compares size indices of prey taken'between s1ghted
and enucleated salamanders; test B compares total Qumber%
of Daphnia ingested for both groups. Comparisons were made
using (A) Mann-Whitney U-tests and (B) pooled t-tests. In

A, ranges are given for the values, which were not normally

distributed. P \
r
t s

Comparison: n X SE Probe
A. Size index . ‘ ;0

sighted dark 4 0.82 (0.71 - 1.0) /

‘enucleated dark 4 0.79 (0.67 - 0.92) >0.05
B. Numbers ingesteda )

sighted dark 4 9.0 + 1.2
s

enucleated dark 4 ° 16.8 + 6.6 0.29
a

Feedjngs rates adjusted for,a 30 min period.
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Table 1-4. Results of control tést1ng for possible diurnal
differences 1n Daphnia swimming or predator avoidance
‘behaviour that could affect salamander feeding performance
(Test 2). 1In this test enucleated salamanders fed in Tight

-

and dark conditjons on largé versus small Daphnia. Test A.

compares size indices between salamanders in 11ght and dark
treatments; comparison B tests total numbérsaof Daphnia
ingested for both ggbups. Comparisons were made using (A)
Mann-Whitney U-tests aﬁh (B) pooled t-tests. 1In A, ranges

are given for the values, which were not normally

distributed.

¥ ©

Y

Comparison: n

X SE Prob.
A. Size index -
enucleated ‘Tight » 4 0.70 (7.62g- 0.75)
enucleated dark 4 0.79 (0_.\6/&;3.92) >0.05
e ——
B. Numbers ingesteda
enucleated Tight ~4 19.0 £ 3.3 ’
enucleated dark 4 16.8 + 6.6 0.77

LY o

.

a Feeding rates adjusted for a 30 min period.
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Table 1-5.Results of a test designed to assess the role of
prey visibility in-prey detection and ingestion by A.
maculatum larvae (Test 3). In this iest sighted and
enucleated salamanders in 1light ;oqd1t1bns were given.a
choice between nprma]1y—c§10ured and artificially-darkened
Daphnia. Comparison A Eonsiders/ﬁo]our index (calculated
similar to tKe siie index; see,ﬁéxt) between sighted and
epuc1eated groqp;; test Bﬂcgﬁ%iders numbers of Daphnia
ingested. Coﬁparisoﬁs were made using (A) Mann-Whitney

’U-tests or (B) pooled t-tests.

Measurq/Treatment n X SE Prob.
A. Colour index l - .
sighted 6§ 0.45 (0.25 - 0.58)
enucleated ' 6 0.44 (0.33 - 0.57) , >0.05
B. Numbers ingested?
sighted ‘ 6 9.5 + 2.0
enuclefted 6 6.0 + 2.0 0.25
a Feeding rates adjusted for a 3D min period. '



(Table 1-5, b).

DISCUSSION .
- ' :
. If visu ues are esse%tia], or even mast
important, to size selective predation 1n aquat1c{ .

salamanders three predictions shnuld have held true for

Ry
-

sighted an1ma1s in 11ght compared to other treatments- o
1) their feeding rates should have been h1gher

(Peckarsky, 1982), 2) they should have se]ected larger
prey (Dodson and«Dodson 1971) s and 3) they should havp
selected .the darker, more visible prey (Sprules, 1912).

-

The data here support none of these predictions. ?eed1ng
“ [

¥ _ rates were similar ?hether salamanders ys?d vision or not
(Tables 1-1 - 1-5); salamanders a]waysafed on fhe Targest
bDaphnia available (Tables 1-1 ~ 1-4); and salamanders
' fed on normal and coloured prey in a 50:50 ratio-(Table
1-5). From these PE;UTtS I conclude that not only is .,
vig1on not being used in npﬁturna1 feeding by these
;sa1adanaers, but that vision may pot be as 1important "in
diel feeding as initially syspected (Niqho1&5, 1922
Anderson, 1968; Dodson and 6odson, 1977; Sprules, 1972;
Zareé 1980). Th15 conélusion agrees w1th Amhystoma -
growth data coliected by Detwilér and CapnnhaVﬁr (1949]
who observe; ..Lthe absence of exes or of light hoth
fail to affect...growth, ...larvae feed just as wé1l

without eyes in the dark as they do in the Tight «ith



-

)
[y

. eves" (p. 245).,

~

lDuring the course of my light cohdition expefaments

- Lo

I observed three behavioural tendenciei‘of salamanders
feedingeon Daphni; that provide further'1nsidhts into
'tﬁb;e resu]t;. Firstfy, sighted animale oriented towards
and approached prey up to approximately three to four cm

~ Zi-l.ﬁ - 2.0 body lengths) away (see also Hoff et al.,
a 4 ey

o

b

T

1985) whereas enucleated-salamanders oriented towards and

a%proached prey only with;n approximately two cm.
gecond]y, both sigh@ed and enucleated sa]amander?’?gnéred
sma11 prey and cho;e large over small prey when both were
‘2ear. Thirdly, rectangular Fxperimenta1 enclosures
caused prey to aggregate in corners (see also Bovbjerg,
1975), wheré both sighteq and enucleated salamanders fed
‘most successfully. .. s °
:From the first observation it appéars‘thaf vision
plays a ro{e in far-field prey detection by these
anima1s: buﬁ in my experjmenfh] enc1o§yres‘this did net
translate 1nto more pre;, or more visible prey, being
sefécteﬂ. Pr;y were ;aken in the near f1e1& andeisha1
cues did not great]y-a%fect this behaJ1our. This
observation does 1ndicate visual cues may become morg
‘important dg‘%rey density decreases and prey become less
numerous @nf more difficult to find. The second
observayﬁon, that both sighted and enucleated salamanders

chose Targe over small Daphnia, confirms that in the near

-
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field large prey are selected over small prey. This
observation is, however, equfvocd] regarding which,
sensory”;ystems are employed. The tgird obse;vagion
- suggests that enucleated sa1apanders are as good as
sighted animals in 1ocat{ng prey aggregations. However,

sa1apanqers, Tike Daphnia, may simply be following

//j,/ww/’////zgntainer edges to their corners rather than fo]]owingﬁ

the baphnia per se.‘

The conclusions I draw here about the potential
unimportance&of vision in salamander predation conflict
with’ﬁhose of Nicho]as (1922), who condygted experiments
similar to mine. Nicholas fed sighted, enuc}eatéd,
o}faciory-deprived, and enucleated End olfactory-deprived
A. tigrinhm Tarvae earthworm pieces and concluded that
visual cues are most important in prey detection,
followed b& olfactory cu;s, followed byomechan1éa1 cues,

.(Before Hethgr1ngtop and Wake, 1979, and Fritzsch, 19814

- it was generally not known that amphibians have '
electroreceptors.) However, while laboratory Ambystoma
will readily feed on worm pieces, liver pieces, frozen
grine shrihp, and other dead prey, in the field they.féed
predominantly if not exclusively on Tlive prey, The

differences bhetween Nicholas' results and mine probably

‘raflect the fact that salamanders use diffegent senchs Lo

’

/

The role of o1fac%%on in detecting zooplankton 19

/

feed on intact~-alive vs./wougfed or dead prey,
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also questionable.’ Sa1aménders tend to be sit-and-wait
predators and take zooplankters individually (Anderson

\
\ =
and Graham, 1967; Hassihger et al., 1970; ,Branch and X .

Altig, 1981; Lannoo and Bdchmann, 1984b; Hoff et al., *°

1985). Because mo]ﬁcu1es diffuse thﬁeugh water slower
than zooplankton usually swim, any scent giVbn off by a
zooplankter wi]{ often reach a stationary salamandefo
after the zooplankter is past the salamander and out of
striking distance (Peckarsky, 1982). I ran a preliminary
test examining the role of o]factidﬁlin zooplanktivory. '
I offered three enucleated A. maculatum Tarvae each ten
large and ten small Daphnia that had been heat killed
then coo1e5 to room temperature immediately prior to
testing. This treatment eliminated all prey motion but
retained olfactory cues. Larvae were allowed to feed for
twenty minutes and I recorded prey size and number
ingested, Numbers of Daphnia ingested were greatly
reduced; sa1amander; took a total of only six prey, a
feeding rate 4.2 times lower than the feeding rates of
animals in Test 2, where live Targe and small Daphnia
were préy. Keeping in, mind this §ma11 sample size,
salamanders were also not size selective -- taking three

lTarge and three small prey. These results sqggest that

" olfaction alone is not sufficient for the observed

feeding rates and size selection in salamanders. Indeed,

Detwiler and Copenhaver (1940) foand that Ambystoma

-

]

"
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larvae deprived of both éyes and nasal placodes as
embryos, re3ponQed by snapping at food and inanimate
objects }m motion. Théy staig (p. 2530: :tWe wish to
emphasize the }act that 1in the absenﬁe of both eyes and
itﬂg nasal p]acodeﬁ‘the larvae feed as well as do normal
qn1m§1s." »

Dthg; factors besides vi§ion correlate positively
with prey body size, sqch as mechanical water
qertarbances prey make as they swim, and electrical field

o

changes around prey due to their muscle contractions, and
may be sensed by ;a1amanders. Scharrer (1932), GOorner_ et
al. (1984), and Elepfandt (1982, 1984) have shown that
neurom§§%s; and Himstedt et al. (1982) have shown that
ampullary orbans, areﬂused,by amphibians to detect prey.
Perhaps these 1atera1lline systems, either singly or n
combination, are used by nocturnal salamanders to detect
zooplankton. C

By suggesting that lateral 1ine organs are beinql
used by nocturnal salamanders to detect zooplankton I do
not wish to diminish thedimportance of vision and
olfactiod in.detecting other prey types or for
determining other behaviours. While salamanders fTand
ﬁredom1nant1y éﬁ zooplankton (Dineen, 195%5; Freda, 1937),
and exhibit a specialized floating behavior to do so
(Anaerson and Grahgg, 1967; Branch and Altiqg, 1981; °

Lapnoo and 3achmann, 1984b) they also feed on snails,
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~oligochaetes (Dodson anq Dodson, 1971; Brophy, 1980;
Lannoo and Bachmann, 1984a) and amphibian eggs
(Grusser-Cornehl1s .and Himstedt, 1976) for which olfactory

%

and’ visual cues would Tikely be most important (Joly and
Carllére, 1983). In a;dition aquatic adults exhibit
other behaviours such as courtship and pating that
probably depend on vision and olfaction (eg., %Pllid;y and
Sweatman, 1976). However, toﬁgenera11ze,.given the
ﬁumerica] and volumetric predoﬁinanqe of {60p1ankton and
otﬁer small prey found in the stomachs of salamahder

" larvae and the salamander teﬁdencyftowards nocturﬁa]ity

it may well be thagt visual and o1factony cues are of

. S . ]
secondary importance to prey debtection 1n these animals. -
. 4 v

1 2
a
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S INTRODUGTION .

=4

-« It 1;¥we11 knownnthat lateral ]1né ﬁeuromast

i

ftopographyimay’bé used te distinguish genera and higher

level taxa in fishesﬁ(e.gqggasmobranchs, Chu and Wen,
1979; ho]osteafs, dJarvik, 1980 and references therein;
?e]eosts, Parvin and Astakhov, 1982) and améhibians
(;ingsbd%y, 18953 Escher, 1925: Hilton, 1947). However,

few studies have examined differences between species

within a genus (Joll1e, 1984 considers this for w{/“\
Lepisosteus). Before such intrageneric comparisons—€an ”

a

\ o
be ‘made, it is necessary to determwne the degree of

: : ‘s . [
normal 1ntraspecific variation in neuromast panameters,

’

as well as the nature of ontogenetic differences.

- 4

In amﬁhibians‘neuromasts are grouped to form
stitches; stitches, in turn, are clustered to form

qroups, or lines. I examined cephalic neuromast groups,

stitches per gr6up, neuromasts per stitch, and neuromast
A

d}nsity for complete larval developmental series of

Ambystoma maculatum and Ambystoma tigrinum, including,

typical and cannibal morphs. The specific questions ,

addressed are: 1) thow do these neuromast parameters
change with growth within a species, 2) do species differ
in tWese}patameters, and.3) can they be used to

distinguish trophic morphs within a species?

2
~ w * 0 <]

P
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MATERIALS AND METHODS ) .

Geﬁera] Methods . .

PERER ]

_Ambystema tigrinum and Ambystoma maculatum

wr

developmental serieswwere obtained by field collecting
larvae or'by hatching.field-collected eggs and ra;sing
tarvae in the .Taboratory. Larval A. tigrinum were
collected in northwestep Iowa (Dickinson C;., 43° 23'N,
95° 11'W) and ncluded both typical (N'= 25, 10 - 62 mm
§taﬁdard snoué vent 1engbh)(SVLE§ and cannibal (N = 2,
61, 62 mm SVL) mqr&%s. Animals wérg 1mmediately killed
and preserved 1n 10% formalin (see Lannoo and Bachmann,
1984a for further details of coT]egz?;; methods,
popg1a£jon\parameters; and cannibal morphs). Larval A,
maculatum (N = 17, 8 - 23 mm SVL) were collected and
preserved from Halifax Cog,.Ngva Scotia (440 40'N, 63?
40°W). ' ﬁ "

« To visualize neuromasts, preserved animals were

first placed in 0.5% trypsin for 12 - 24 h., This insured

separation of the epidermis from the underlying dermis

and later allowed neuromasts to bhe bee]ed away from the
N ti‘L * )
animal's body with the epidermis. After trypsin
treatment, anima1s'awere Taced in 30 - 35% hydrogen
Qk\v.\ y ]
peroxide until skin pigments were bleached (;E[— 72 h)
Bleaching insured that no neuromasts were masked by

pigment granules. Bleaching wigh the epidermis st111 oan

v 13
™

P
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*the animal avoided tissue curling and subsequent

’

[

difficulty in tissue mounting. After bleaching, the

2

;epha1ic epidermis (i.e., the tissue immediately anterior
to the ¢gil1l rami dorsally and 'gular fold ventrally) was
“removed. Mid-dorsal and mid-ventral incisions were made
along the entire length of the head, and the epidermis
;emoved in Teft and rigpt sections that i1ncluded both

dorsal and ventral skin ¢(Fi1g. 2-1) These incisions

&£

insured that no neurgmasts or stitches were bisected and
yielded two tissues that could be flattened easily for

microscopic examination. Tissues were placed in water
o , «
between two glass microscope slides and viewed with a -

dissecting mi&roscopehat 10 - 40x under darkfield

i]1umination7// s °

Stitches per group and neuromasts per stitch were

s

counted. Only ;eurcmasts in well-defined stitches, and
stitches 1in we%l-defined groups were considered, thereby
avoiding confusion with ampullary Tateral Tine organs
(Fritzsch anawwahnschaft, 19834 Minz et al., 1982, 1984)
;pd/or ;kin glands (see Hetherington and Wake, 1979).

Stitches were assigned to groups based on criteria

discussed in the following section. . ’

[

Surface area of each tissue was determined using a

-

leiss IBAS Image Analyzer. For J;ch tissue three values
e ‘“’

9

were obtained and averaged. Average values for right and

left tissues of the same animal were then summed.

-l
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Neuromast Group Definitions 2
Ambystoma neuromasts, stitches and stitch groupings
are i11ust;ated in Fig. 2-1. InvF1gL)f-1 (feft);
neuromasts dappear as 1light ovals ggaihst ihe darkfie]@
iTlumination. Neuromasts are grouped into clearly
def1ned‘s£itches, - composed in this specimen of
c predominantly three neuromasts per stitch. Stitch

orientation diffels. These differences are critical to

{

- o the func;ioning of neuromasts as the maxﬁﬁuq;sensitiv1ty
of each neuroma;t is perpendicuiar to the long axis of
its stitch (Flock, 1967). .

Figure 2-1 {right) 11lustrates stitch groupings
which I bise here on stitch orientation. These divistons
¢;4ﬁiffer slightly from those used by previous authors

(Kingsbury, 1895; Escher, 1925; H1lton,u1947), who based
their nomenclature oﬁ“common nerve pathways. In most
cases my groupings simply subdivide traditional groups.

The groups 1dentified here arex

Supraorbital Group -- single row of stitches; long axis

of each stitch oriented approximately transverse to long

axis of body, radial with respect to the eye,

Nasal Group -- anterior extension of supraorbital group;
two stitch rows, one medial and one lateral; medial row

of stitches oriented anterolaterally to posteromedially,

X F
.
-

1
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~

Figure 2-1. A darkfield photograph andotracing'showing
neuromast Tocation and droup organization in an Ambxsfomd

maculatum Tarva (SVL 23 mm). The upper border of the

tissue is the dorsal midline, khe lower Horéér the yentral
midline, the dark oval the eye, and, the anterior notch the
mouth. Postotic neuromasts are difficult to discern in the
bhotograph.. Group abbreviations: ang = angular; iorb =
infraorbitgl; Tmax = lateral maxillary; Inas = lateral
nasal; lpar = lateral parietal; 1sub = lateral
submandibular; mmax = med1§1 maxillary; mnas = medial
nasal; ,par = medial ﬁar1eta1; msub = medial submandipuTa};

oral = oral; porb = postorbital; pot = postotic; sorb =

supraorbital. J .

it
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lateral row of stitches oriented anteromedially to

posterolaterally; adjacent medial and lateral stitches

*

perpendicular, as illustrated in Escher (1925; fig. le).

\
*

<

Postorbital Group -- single row of stitches; long axis of

each stitch approximately parallel to long axis of body

and radial to eye.

. ' ,
Infraorbital Group =-- single stitch row; ea?h stitch with

long axis approximately transverse to long axis of body
and radial to eye; an anterijor extension of postorbit51
stitches. : .

-

Maxillary Group -- anterior extension of infraorbital

group; two stitch rows, one medial, one lateral; medial
row of stitches oriented anterolaterally to
posteromedially, lateral row of §t§tches§anteromedia11y

to posterolaterally; adjacent medi1al and lateral stitches
. - ;
perpendicular, =7

@

v

Parietal Group -- stitches arc back from postorbital

group to submandibular group; two stitch rows, one medial
and one.,lateral; anterior portion of medial row oriented
anter&iateraT]y to posteromedially, posterior portion of
medial row oriented anterior to posterior; anterior
portion of lateral row oriented anteromedially to
posterolaterally, poéterior portion of lateral row

oriented &orsoventra11y; adjacent medral-lateral stitches

s
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perpendicular.
.

0ral Group -- single row of 'stitches; stitchés fo]]oQ rn

of maﬁﬁib}e\fromgmidliqe anterioriy to junction of

~

parietal and submandibular groups éosterior1y; stitches

O -

approximately transverse to body axis.

Submandibular Group ~-- two stitch rows, one lateral and

one medial; anterior extensiongnof lTateral and medial
parietal rows; lateral submandibular stitches parallel to

2 . .
Tong axis of body, medial stitches transverse.

'S
v

Angular Group =~ single diffuse row; located posterior to

»
jaw angTe; stitches oriented parallel to body axis,.

Postotic Group -~ stitches loosely organized; located

rd

caudally and dorsally; perhaps extension of dorsal {or

mediék?) body groupsy; develop from at least one postotic

placode; the bostofic group is innervated by'a'branch of
J

]

posterior lateral line nerve.

3
o

-~ A11 cephalic stitches other than postotic develnp
from preot%c placodes and are innervated by anterior
lateral Tine nerve branches. Supraorbital and n4sal
sti}ches are'1nnervated by the supraorbital nerve;
postarbital, infraorbital, and maxillary groups are
innervated b; the infraorbital nerve; and parietal, aral,
submandibular, and angulay’stitches are innervated Ly Lhe

postorbital merve (Escher, 1925).

o
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SN . RESULTS

a

Stitch number remains constan} with growth for

larval Ambgstoﬁa (p > f =0.25 for A. tigﬁinum; p>f=
0.1¢ for A. maculatum). In A. tigrinum there are
siiﬁ{ficant1y more\tota1‘!!%g:]ic stitches (X = 284.1;
range 221 - 344) than in A, maéu1atum (X =3242.1; range
189 - 288) (p > f < 0.001; Table 2-1), thus{this .
charactef can #e qsed to distiﬁgufsh populations. of these
specijes. However,‘intraspecifjc vartation is too great to
assign unidentified }ndividuaIs to species vbased on this

N L >
character alone. 1In seven of the ten 'neuromast groups:

supraorbital, postorbital, parietal, oral, angular,

k]
P

submandibular, and postotic (Table 2~1), A. tigrinum have

significantly more'stitches than A. maculatum. Within

individuals, Contralateral stitch counts vary. The
¥ ’ :

greatest variation observed in A. maeulatum was 9.2% (1290

vg. 137 stitches) and in A. tigrinum 11.5% (139 vs. 155
stitehes). There were no\differeﬂces in stitch number
between cannibal and t;ﬁ?ca1 morph A%'tigrinum (cannibal
stitch numbers were é]ﬁ and 319). ,

Average humbew of neuromasts er stitch increases

with-growth, from one to three in A. maculatum and one to

seven in A, tigrinum. For A. tigrinum Beuromasts per
’ )

" stitch = 9.4 + 0.1 'SVL (r% = 0.87; p > f < 0.001). For

L]
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Table 2-1. A tcomparison of mean number of cephalic

neuromast stitches by group in 27 Ambystoma tigrinum and 17

Ambystoma maculatum larvae. Asterisks indicate significant

species differences (t-test). See Figure 1 for group .

location and orientation. Contr%1atera1 values were .
k1 V!

summed. Totals do not ‘add precisely due to rounding during

data ompilation. S
A. 41gr1num A.'maculatum

Stitch groups X SE \ "X SE t P
Nasal 35,2 2.0 36.4 1.8 0.41  0.68
Maxillary 23.0 1.0 22.2 0.8 0.57 0.57
Supraorbital  23.4 0.6 19.8 0.8 352 0.0
Postorbital 15.2. 0.4 9.0 0.4 3.91  0.01"
Infraorbital 9.1 D.4 8:4 0.4 0.95 0.35
Angular - 12.4 0.6 ° 10.0° 0.4 3.28  0.901"
Parietal 41.0 1.4 31.4 1.8 4.00 0.01"
Submandibular  56.7 1.3 6.2 1.4 4.89  0.01"
Oral i.4 1.4 35.4 1.6 2.81 0.01"
Postotic 27.8 1.6 20.6 1.8 °  2.90 o0.01"
Total 284.1 " 6.7 242.1 7.0 3.64_ 0.01"

") « -

A N |
p
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A. maculatum neuromasts per stitch = 0.2 + 0.1 SVL (r2 =

]

‘0.82; p>f <0.001). Same-sized larvae of both species

have similar numggi§“9f neuromasts per stitch. Cannibal

morphs averaged about seven neuromasts per stitch. Totgl
numbers of neuromasts }ncreased frofi 258 to 690 in A.

maculatum and from 283 to 2168 in A. tigrinum, <including

. b ., s [RUTRUSL/AY

cannibal: morphs.
Despite 1ncreases 1n neuromast number, neuromast

density decreases with growth ffom 12.1 to 2.4 neuromasts

2

per mm“ in A. tigrinum, and from 13.3 to 4.8 neuromasts

per mm2 1 A. maculatum. The regressions for neuromast

Tt 2 el e e

density vs. SVL are:  neuromast density = 12.1 - 0.2 SVL

for A. tigrinum and neuromast density = 16.7 - 0.6 SVL
‘..{ A. maculatum. ~Same-sized heterospecific' larvae have
similar neuromast densaities., Cannibal morphs had the

- i
lowests neuromast densities (2.4 neuromasts per mmz).

o
R

DISCUSSION ‘

Neuromast stitch number remains constant with growth

and distinguishes Tarval populations of Ambystoma

S v

therefore, that stitch nuﬁ@er may be a useful taxonomic
character for distinguishing other c]ose1y-related~‘

amphibian species. Stitch number is not useful for

distinguishing cannibal morph A. gjggngm from typical
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animals. . -

°
o

Neuromasts per stitch and neuromast density change

with growth and are not.useful taxonomic characters’
Unexpectedly, while neuromasts per {titch increase with
growth, neuromast density decreases. Cannibal morphs,
being the largest members of a population, Ssua11y have
the most neuromasts per‘stitch and the lowest neuromast
densities. UCannibal morphs do not differ from typical
morphs of the same size in the§e neuromast parameters.°
Neuromast number affects the mechanosensory abﬂ1ty1
of the neuromast sttemgas auwho[e; the more neuromasts
an animal ’has, the,greater“wi11 be its ability to
perceive water disp]acement;. However, there’'is no
evidence that A. tigrinum has betker mechanosensory
perception than A. maculatum,. Inde;d, it 1s diffacult to
assess what the interspecific difference in average 20ta1
stitches of 1443% (240 vs. 280 stitches) méans, given
{hat there can be at least an 11.5% difference between
left and,right sides of the same animal, Gorner e%’a].
(1984) have shown that Xenopus adults with all but two
(out of approximately 100) stitches ablated on P1£h9r
side still orient tow;rds a stimulus, although their
precision is greatly reQuced. The large 1@ft-r1ghl

&

within-individual variance in stitch number certainly

argues against finely-tuned functional differences 1n

this neuromast paramefler.

e

ES
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Neuromast orientation affects mechanogensory ability
\4) (Flock, 1967). 1In Ambystoma, some neuromast groups are

composed of parallel stitches, while in other groups,
adjacent stitches are perpendicular. Because nguromasts ‘
are directionalfy sensitive, a perpendicular stitch
arrangement enables those animals with only two stitzhes
to be sensitivé\to stimuly through 360°. A series of
these perpendicular stitch coup]éts implies high
discriminatory ability. Three of the four groups
containing perpendicu1ar1§titches (nas;1, maxi11ary, and -
submandibular) are near the snout aéﬂ are presumably .
involved in prey detection. Both Aﬁ tigrinum and A.

,* maculatum feed on many oféthe same ‘prey species (Brapch
and Altig, 1981). There are no significant interspecific
differencés ib nasal ‘and maxillary st%tch number
L&brsa11y, and ventrally, there are no differences in
pérpendicu]ar stitéh number as measdred bf Tateral

}
submandibular st'itches (Fig. 2-1; X

18.6, s.e. = 0.6,

e LA, tigrinum; X =‘@7.6, s.e. = 0.8, A. maculatum; p > t =
0.30. " ' )
» ’}‘Typﬁca1 A. tigrinum mqrphs‘tend to be microphagic »—

4

feeding predominantly on zooplankton -- while cannibal
morpth;end'tohbe macrophagic (Collins and Holomuzk1,
lﬁbhz Lan?qo End,Bachﬁann, 1984a). I predicted that the

gro§§/€hanges 1n\canﬁiba1 head morphology (d.e.,

brgéaenfng of the head and enhanced vomerine teeth
/ v



\ o " | 85
» development) may correlate with concomitant changes 1n
sensory input mediated by neuromast topography. This
~
. predictien, however, was not supported. Cannibal moarphs
develop from typical-looking larvaey they retainthpica1

4

morph neﬁromast topographies. .
With the exception-of the Ambystoma data presented
here, quantitati&e aspécts of ampﬁib1an neuromast

topography have been considered only for Xenopus laevis

(Shelton, 1970). Neuromast topography hay be of
C . systematic use in‘amphibians, as it has been for fishés.’
Because neuromast§ are poTaQ&séd, some ' functional
information may be also derived from topography:
However, because the precise role of neuromasts: in the
behav1ora1 ecology of an an1ma1 is yet wnkhown, Wt is

. L d1ff1cu1t at th15//1me to assesSthe functional

'ij;
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Chapter 3: Neurdmast.Topography in Urodele Amphibians

~
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1

-to detect environmental water\<;5p1acements in the range

| -

. Page (1977) have shown intrafamilial trends in tife

kT

'system to :reinterpret the'systematizs of Western Pacific,

‘respectively.

‘(Centrarchidae) and darnters (theostomat1n1§, s~y

INTRODUCTIGN

With few ewcebt1onsb fishes and aguatic amphibians

<
L

*

gly or in combination vath electroreceptors comprise

the1r Tateral line “system. The function of neuromasts is

of a few to a few hundred Hertz\ such as those produced by

predators, prey, or conspecifics (ngr1s and van Berg
1962; Russell, 197%).

Neuromasts course across the bogygsurfake and are
d1re§t%onally sensitive (e.g., Flock, 1965), Therefore,
their‘anrangqment, or topography, 1s crucial to the ‘

functioning of the mechanoreceptive system: an animal's’

‘neuﬁomastitopography jn combination with }he number and N

\

sensitivity of 1ts neuromasts determines its abi1l1ty to

£

detect ~and distinguish water d1sp1acwments *

-

“ Neuromast topography may a]so contatn phy]ogemet1r
¢

b
informat1on Chu and Wen‘(1979)»used the lateral line- - ¥

" Oy 8 ? ® > -
e%asmobranchs. .Invteleosts, Branson and Moore (1962) and
’ L Y I3 [S .

. )
arrangement of neuromast bony canals in supfish

o
13

Despite the potential for functional andephylogenétic

~

. . . A o

s 4

Te
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information from neuromast topod?aphy, no studies Have .
examined these structures from this perspective in
amphibians. The overa]l'purpose of the present study is
to elucidate the functional and phylogenetic patterns of
nquro@ast to;ography inﬂaquatic urodeles, Before I list
the more specific goals of this study, va111 briefly

describe how neuromasts are constructed in urodeles, and

review what has been ‘previously discovered about their
* {

topognaphy.‘ . 5 \

Neuromast Organization and Arrangement in Amphibians

The amphibian neuromast system, 1ike that of fishes,
is organized into a hierarchy: hair cells form neuromasts;
neuromasts, in turn, Form lines or groups that course

across the animal's body (e}g., Gorner,’1963; Flock ¥

. b
1971).0_ ° 0 . . .

Hair cells are directionally sensitive and polarized

Q

(oriented a]ternatelyiin opposite directions, i.e., 0°,
180°, 0°, along the same axis). This hair cell

polarization, imparts an axial sensitivity to neuromasts

(e.g., Flock, 1971). The axis of maximum sensitivity of

¥

any partiéu]ar neuromast can be inferred from the gross

A

morphology of its sensory epitheljum.

The sensory epithelium of°a\neuromast is usually

A}

oval; its axis of maximum sensitivity is parallel to the

*long axis of thfs oval {Flock and Wersall, 1962; Flock,

-
e

o

.
¢ )
is

- 3]

o 4

> 2

'
+

.
.
- a
.
‘ 6
.
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" Northcutt and Gans, 1983).

69

’

1971). The neuromast sensory epithelium reflects the
Iy =

shape of the neuromast. cupula, which is also oval. The

cupu]a 1s the structure that receives watgr displacements

and transfers them to the hair cells. Because of their
\
oval shape, cupulae are-most sensitive to viscous drag.

forcées, and therefore to wa%er displacements, along their

Tong axis (e.g., Harris and:Milne, 1966).

A/

Inq1arva1 amphibians, unlike in fishes, neuromasts
4

can foré stitches. Stitdh formation is a function of
|

onkogeny; stitches are not present at ha ching, they
|
|

develop with growth (Lannoo, 1985).° At hatching only one
neuromast, termed the primary néﬁ?omast {Winklbauer and
Hausen, 1?83&), 1s present. Primary neuromasts are laid
down embryonically by migrating, ectodermally derived

placodes (e¢.g., Stone, 19334 Winklbauer and Hausen, 1983a;
L

-3

During 1arva1'growth in some amphibians’these ‘primary
neuromasts divide, usually a]ong’their long axes, to form
secondary neuromasts. Secondary ne;ngmdsts are parallel
to each other and ﬁogether are caTﬁJ& a* stitch (Hﬁ}ris and
Milne, 1966). With larval growth, at least in Xenopus and
Ambxsfoma, more secondary neuromasts‘are added\%o ;he
stitech and thd% stitcp~?§52yes lTonger (wink1ba§@r and
Hausen, 1983a,b; :annoi 1985). Typ1ca11y, the tong ax1s
of each stitch 15 or1ented transvprse tdfthe Tong axes of*"

1ts component neuromasts, andf%nprefore transverse to the

a 3 <

. »
o™
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stitches' axis of maximum sensitivity (J@rgensen and

Flock, 1973; Flock and J@rgensen, 1974; Harris and Flock,

1967). In Necturus, however, Kingsbury (1895), Harris,
et al. (1970), and Flock (1971) have obse}ved that the
stitch long axis may be oriented parallel to its component
neuromasts. This potential difference 1in sfitch formation

has never been assessed either functionally or

phylogenetically.: ‘

Neuromasts and Stitches are arranged into Tines that
course acrass the animal's body. Three lines ;re present
along each side of the trunk of most amphibians (e.g.,
Kingsbury, 1895; Wright, 1951; J@rgdensen and Flock, 1973).
Basically, three lines are also present on each ‘side of
the head: one along the mandible, one along the maxilla,
and oqe dorsaT\;;3§g1 to the eye éng nostril. Al11 three
head Tines meet behind the eye. (See Lannoo, 1985 and
Chapter 2 for a photograph of this paétgrd in Ambystoma.)

The previous studies on urodele neuromast %ppography
include Malbranc (1876), Kingsbury (1895), Escher (1925),
Hilton (1947, 1950), Wickham (1972), Reno and Middleton
(1973), and Lannoo (1985). 1In Table 3-1 I summarize the
contributions of these authors by taxon. The 1i§t serves
to illustrate which taxa were emphas1ied in these previous
studies, and also elucidates familial trends. In

particular, stitch formation 1s restricted to a few

families and can be of two types: transverse and

. A
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Table 3-1. An annotated 1ist of the species of urodeles that have

published information available about their lateral line topography.

Authors are numbered and footnoted. Information iﬁcluded under

~

. '; - -
‘Comments' is based either on text descriptions or illustrations

provided by original authors.

* Species ©

9

Comments

Hynobiidae

Batrachuperus pinchonii

Ranodon sibiricus

Y

Crytobranchidae

[

Neuromasts

Neurgmasts

Na%a] neuromasts form single line

{

Cryptobranchus alleganiensis

Andrias japonicus

Ambystomatidae

Ambystqmé annulatum

/

A. gracile

. A/ jeffersonianum

A. macrodactylum

o

a

Neuromasts

Neuromasts

Neuromasts:

Neuromasts

Neuromasts
Neuromasts
Neuromasts
Neuromasts

Neuromasts

O
1 -~

A3
present

present,
2

!

form transverse stitches3

present4 )

form stitches1

present3

03

form stitchesl r
on head1

not observed1
1

5

form stjtches

form stitches
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Table 3-1 (cont.)
A. maculatum

A. mexicanum

A. opacum )
M. talpoideum

A. texanum

A. tigrinum

7

A. t. californiense

Rhyacosiredon sp.

4

Dicamptodontidae

Rhyacotriton olympicus

o

Dicagptod&n ensatus

Plethodontidae

Desmognhathus fuscus

D. quadramaculatus

" 72

Neuromasts form transverse stitches4

Neuromasts form stitchesk

o

Neuromasts form transverse stitches,

fewer neuromasts present than

in A. tigr‘inum6

3

!

Neuromasts form transverse stitches
Neuromasts not observed1

Neuromasts not observed1
, ) R

f

Neuromasts on head

Neuroﬁa§§§ form stitches

Neuromasts form transverse stitche56

Neuromasts not observed1

Neuromasts present1 —_— f)

Neuromasts present1 yd
Neuromasts present1 ,ﬁ'

s

Neuromasts present, do not form stitches®

¢
Neuromasts pr‘esent1

Neuromasts'bresent1

Eurycea (several species) Neuromasts presentl

Gyr'inophilus porpnhyriticus

3

Leurognathus marmoratus

33

Neuromasts present4
Neuromasts present1

Neuromasts present1

. |

"



"Table 3-1 (cont.)
Stereochilus marginatus

“u
&

iyphlomnge rathbuni

Typhlotriton spelaeus

-

" Salamandridae

Cynops pyrrhogasteg

Euproctus platycephalus

Notopnthalmus viridescens

Pachytriton breviceps

Pleurodeles waltl ’

Salamandra sp.

Salamandra atra

Salamandra salamandra

Triturus sp.

Triturus alpestris -

T. cristatus .
T. gr‘anlﬂ&:s (?)
T. klauberi (7?)

T. marmoratus

T. torosus (?)

T. vulgaris

Neuromasts
Neuromasts
Ncuromasts

Neuromasts

Neuromasts
Neuromasts
Neuromasts
Neuromasts
Neuromasts
Neuromasts
Neuromasts
Neuromasts
Neuromasts
Neurcomasts
Neuromasts
Neuromasts
Neuromasts
Neuromasts
Neuromasts
Neurémasts
Neuromasts

Neuromasts

Neuromasts

present1

present7

presentls - .

present1

present1

not ,observed1

k-

form linear stitche54

pre%éntl

present1

form linear st1tches8
1

3

present
present
not observed1

not observed1

present3

form T1hear stitches®
present ! . i
presentl

pr‘esent1
,not obseryed!

not observed1

present1 .

present1
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, ~Table 3-1 (cont.) '
v . Amphiumidae . > .
]
. Amphiuma means _ Neuromasts pr‘esent4
= kS k ) ° i . ?
§ - \ , - \
o ‘Proteidae
Necturus maculosus ﬂeurghasts form linear stitches?

- . ""‘:‘gﬂguramasts sunken into epidermis®
. ) Neuromasts form 1pear stitcheic.9
LN [y hd - *

: Proteus anguinus - Neuromasts form linear stitches®
R < Neuromasts located in grooves1 )
LI - . : : N \‘ N n! s
-Sirenidae i - ‘
- . Pseudobranchus striatus Neuromists present! ) .
A . . Siren sp.’ Neuromasts 1n epidermal gnﬂnvesl
h ® ! L“A ¢ . o
. - . Neurdmasts form "fields"0 -
-t N . X
\ oo i (o>
Y b N / . ) ’ Y Ty .
Lyi1 Q .25 .3 L4,

) - . ilton"X1947); “Sc ma]hausen (1968); “Malbranc (1876); 'Kingsbury
YIRS *(1895);  SWickham (1972), 6Lannoo (1985)5 Hilton (1950); 8Escher'\
A 9s); Harrds et at. (1970); 10 Reno and Middleton (1970). -

o\&‘i‘ [ -
[3 * 3 -
0 s ' ’ 1]
=, c o X \ . )
B . 1’-““ \ ‘ ) v - <« "4 \
. K 5 oo ~.° - Ve o . . ! £ ..‘ ¢
w £ \( ,\é) g e,
-~ . ! i ) ’ k] * _.'\ ’ ’
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- o " T @ Y ? S e A § o .
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1ong1tud1'na1.° From this review 1t appears that transverse
stitches are restricted to the families Ambystomatidae and
Cryptobranch1dae, and that 1ong1tud1na] stit@he§ are

present in the Proteidae and Salamandridae. These results
should be accébted with cautioo, however, because: 1) all .
but Wickham (1972) ;;d Lannoo (1985) used conventional

Tight microscopy on Intact specimens, making neuromast

» 4 &
visualization difficult; 2) workers_prior to’Flock and -

"Wersdldl (1962) ¢could not know neuromasts were sensitive to

[}

wateﬁ“disp1aéemegts along one axis, and could. therefore
4 « ¢ . ° -

&

not determine the functional importance of d1fferences o

.

° IS
S & o -
NEuromast,o.ﬁéntat]onu d 3) worker's pr1or to Fr1tzsch

’(1981);diﬂ'no%\knoﬁ that urogdeles, have both neuromasts and

i *

ampu?lary»organs - ‘structures wh1ch earl}ier ,workers

canfused (e gm,§$1ngsbhry notedaampuTTary organs and

¥y

called, them deve1oan@ neqromgstsl A g

4

In a prmv1ous s%udy,wI photographed and described the

s

neuromast topography of Ambystoma macu1atum and A.

1gr1nu 1arvae using a tryps1n, hydrogen perdxide,

Al

skinning techn1que and 11ght mE?stcogy (Lannoo, 1985;>;9 o

Chapter 2) I found that the pa?&é}n 6}«haorbmasts on the N
. anterior dorsa] surfoc§ ofhthe head ?; these %nima]s 15 o
achanac£€r1zed by orfhogonoﬂ1y or;ooted neuromasﬂ nr stitch .
coup1ets. From drawwngs in the 11ter@tur9, nspnr1a11y %g,
A

those of ﬁa1bwanc (18?5;, Ktngsbury (1895), And Eebhnr

(1925), there are hiints uhﬂf thxs\poiberng1§ SOMALA AR
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urodeles. In fact, Malbranc (1895) noted the tendency of

neuromasts to oc;ﬁr in orthogonal couplets and speculated

fad

] } that if neurom;éts were directionally mechanoreceptive

this arrangement would be advantagetous. In addition to

having functional importance,.orfhogonal coupliets could
have systematic valuey they are not known to exist in
other amphibians or fishes.
. Speci%ic Goals
The goa]s“offthe present paper are to: 1) describe

the basic neuromast topdgraphical pattern on the dorsal

» 4 . [
/Th\\\h* surface of the head in urodeles; 2) describe variations in

,
o «

this basic pattern among urodele taxa; and 3) correlate

I4

c .these variatiaons with ontogenetic, phylogenetic, and
ecological factors. The topographical parameters that I

examine.are neuromast number and relative orientation,

\
]

neuromast sensory epithelial surface area, hair cell

numbers per neuromast, hair cell sizes, stitch formation,

r

and the position of the neuromast sensory epithelium

relative to the epidermal surface.
. . h \ i
In tefms of .general neuromast and stitch trends, I

¢

’ \% qdpfirm the the'findings of }he previous workers using

* sc'dnning electron miérosccpy {SEM), and extend these
ebservations to new species. Additionally: I quan%ify
neuromast, stitch, "and hair cell par;mgters; something the

“ - early workers did not or, for technical reasons, could not
N /

M
+ /
.

I 3
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do. The ultimate goal of this study is to achieve a deeper
understanding of the functional significance of the
neuromast system, and its avenues of evolutionary

response. .

MATERIALS AND METHODS

I sampled salamander larvae from all nine extant
urodele families and attempted to obtain more tﬁzn one
individual per species -- preferably of a different size
(age) -- and where applicable, more thanuone species per

Qgenus,"and more than'one genus per family. Table 3-2
lists spec¢ies and sizes of specimens that I sampfed. In
some cases I specifically tried to obtain §becies a1read§¢
examined by other workers, to confirm their conclusions.

I obtained specimens either by 'capturing animals
alive and preserving the 10% buffered formalin, or
from private co11ect1q&§’ é ACKNOWLEDGMENTS), musecum
collections, and biological suppay campahies.n Generdilyy
formalin-fixed and.stored an;ma1s were prefer9b1e for the
fo110w1nd preparation; because they did not slough skin to
the same degree that alcoho11é specimens did. . ‘

L Specimens, were viewed with ; Camb?%dge'q 150 scanning’
e1eétfon microscope {SENY. qgmaTin-f:xed specimens were
prepared.fot"SEM vieyiﬁg by dehydrating ‘them in a graded
ethanol series (70%, 9o§f,bszf 100%, 1003 dry) with 20 nih

[ 04 .

-3
'
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Table3-2. A 1isting of. the sgecmens exammed‘m the present study and their
snout vent lengths (SVL, to the neadest 0.5 mn). Also listed are the sizes of

ind1viddal neuromast, sensory epithelia, the numbers of hair cells per neuromast,
» e

3

and the range of diameters of indavidual hi}lr cells in these specimens, Sizes

are inq micrans (pm), areas are in square micrfons (pmz). ) .

v
a0 -

i §

. Neurgmast e Hair Cell ‘
Species SVL Number Size 'Area Number " Size
Hynob1idae « o «
Hynobius nebulosus #1 ,14'5 90 7x17 119 ’ 15.1  2-2.5
T oL 160 100 7420 - 140 151 3.0 )
» N > .. #3 18.0 92°  7xl 126 15.0 2.0
Cryptot‘wgncmdae o t .
Crzgtobr;nchus « - e — .
aﬂegani.ensis 84.0 2 I6x66 2376 - -

Mndrias davidianus  155.0 - 2783 ' 1431 - - .

. < ) L T . )
Ambystomatidae v

o o
13 <

Ambystoma laterale  10.5 « "=  4x19 °7§ : 13.8 2.0

A, maculatum M 80 105 axz 48 1.0 1.5-2,5 .
)2 11,0 119 4x16 64 14.6 *1-2.0 . T
. $
#3240, 87  4x14 56 °
s . o
‘ X
, ¢ ,
@ . (,e"’ ° e . )
Lt o t Ser ° ;° * !
’ o ® “ ‘:}:\ ) ny?‘ o 't: " ". . P
v ° A Lt Al ?
* ) o ? M -
. ) a ) ’
* ¢ . i
: ] ﬁu p : ¥ 4 -

Re



Table 3-2.(cont.)

A. mexicanum n
12
A. %1gr1num #i
° 74
9
o X
Dicamptodontidae

Dhicamptodon ensatus

Rhyacotriton
olympicus

¢ Plethodontidae
Eurycea bislinedta #1
L&L*\\

b
s . K2
+
g

Gyrinophilus »

porphyriticus #1 _

L[4

a

Haideotriton wallacei

Q

" Pseudotriton

« montanus

© ]

- n '2

Typhlotriton ;

a

spelaeus fl
. , #2
2
¢ ¢

P. ruber . "

0.0 112 7x26
?
60.0 106  6x27
14.0 -7 Bx19
28,5 116  6x31
.60.0, 108  5x36
70.0 134, 13x81
29.0 - -
4.0 . - -
/ ! * ) Al [N
28:0° 122, 5x13
3.5 120 9x24

RN

N

©

56.0 124 7x20
22.0 - * -
32.0 - 13x33
26.0 130 9x24
$0.5 - “148 * 8x18
29.5 <154  9x24
30.0°. 116 16x25
? J
t db’ A
. # D
L)

o

182
162

95
186
180

“

‘

.533

65
216

"

-

47.5 117 9x18, 162

140

o
o

o
2

L]

’

20.4 1.5-3%
21.5  1-30
110 2-3.0
15.7  2-3.0

17,0 1.5-2 5

33.0 1.5

11.5 1.5
9.4 1i-1.5
16.0 i-7.0

15.9 1-z.0

- 1-145
22,6 1-2 5

17.0 1-2.5

- 1825
16.2 1-2 0 4
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N o
Table 3-2 (cont.) . "
3V
P ‘ o - N
Salamandridae - 2 . .
Notophthalmus ' '
1 [}
viridescens 1. 6.5 119 3x7 21-° 8.2 1.0
] 22175 126 S5x12 60 11.2 ¥1.5
' 3, 19.00 123 5x15 75 11.5 1-1.5
. & . -
Amph1umidae . ;""
Amphiuma means . 430.0 120 56x91 5096 * - -
Proteidae . i
Necturus maculosus  210.0 150 19x36 . 684 - -
Sirenidae .. - ) - *
v A “Pseudobranchus . » :
. - L . - ¢ R
. striatus lsg.a . ' ’-
‘Siren 3ntermedia  250.0 7 . 11x27 297 - -
° - v“\“ .y .:y: . - . . .
! T v 0‘1 -
L} L3
k1 & . o ‘°
. ¢ Eh‘ﬁ -~
Y. - . - n
- hld ‘ol*‘ ) 5
s O .
Fy :11 ‘ o ] . ’ ° a N R
: e 7
- . . o® { a
& " O L] N ¢ .
e ] ° 5 : ) k 71 R :
f . - , » [ - i
' # . 2 :‘/ 4 2 .' R # .
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aﬁ;each step, dryﬁhg them in a Sorvall critical point

a

¢

drier, and sputter coating -them with gold.- This procedure -

differs from standard1y=eqployed methods for, pneparing
amphibian evﬁthe}ium for SEM viewing (e.g., W1ckham; 1972;
Wassersug and Rosenberg, 1979) by eiimin;t1nq the osmium
fixation step: I f8und that neuromasts of osmihm-fixed

a

specimens retained their cupu]ae,‘and that these cupulae

s

-

M L

cpT]gpsed during specimen dehydration and drying,.covering =~
. 3 L

. the\neuromastg and hair cells, and preventing the e

visualization of these structures (see also Wickham, . ‘

. s g

:1972) By not us1ng osm1um, spec1mens were undoubted]y
more suscept1b1e téd drying art1fact*”“Wh11e this artifact
could  have ‘affected my ‘measurements of neuromast sensory
epithelial area and hair cell.size, neuromast and hair

cell counts were not affectéd. : 1 -
1’ 4
Other spmc1mens were v1ewed usang a)§1ssnrttpg

t

microscope (10-40x) undissected, or dissected using the ,
. trypsifi-hydrogen peroxide, skinhing techniqu® of Lanndo .

(19853 Chapter 23, Light microscapy was most usaful "for ’ .

counting' neuromasts and’, where stitches were present,

1%

éetefm1n1mﬁt1tch or1enbat10n. ' . ° o .
’ I chgse, to focus this study on d;rsa1 r99ha¥1rk 6 "yl .

nauromasts.‘ The prev1ous woraersvahowed tnat the N - ) al\;/;,
. Jamph1bran neuromast system 1s rglat1ve?y s1mp1e and Lo U F

generalized everywhere except on the darsa] cep&a11r : : a

* [ »

&
surfa?e, which contains numerous neuromasts in a complaxe

4
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. %
patterﬁ. Lannoo (1985; Chapter 2) dissected out this

pattern for Ambystoma and found that’ on each side of the °

head the pattern was basica]]yﬂa "U" shape with the F]osed

portion arranged around the eye and the open portion
directed anteriorly along the snout. ]

I quéntifiedgthe number of neuromasts per,group,

numbers of hair, cells per neuromast, the sizes of

neuromasts and hair cel]s, and:1f stitches were present

the number of neuromastsiper stitch. + I al3o noted tﬁec

orie«tat?on of“neuromasts, and any peculjarities such as

[

position of the neuromast spnsory ep1the11um with _ _- . _.

reference to the gp1dermaT surface, and the correspondence

of p?gmenp]ess patches of skin with neuromasts. Every

3

neuromast visible on the SEM preparations was measured and

itsi hair cells counted{ averages given for neuromast

A B -

paFameters are -based ,on counts‘ranging frpm a dozen to

J 'S ‘ 3o

hundreds i neuromasts observed per sp9c1men. . o

*\

Q

-

n

Unﬁprtunate]y, not a¥] 1nf0rmat1on could be gathered

* - h

‘for gvery individual and taxan. *In particular comp1ete

l‘v \

neurbmawt counts weye oﬁten 1mpossibﬁe to obtain’for

certa1n speczmens because of damage dur1ng preservat1on or

"

. "%; - ¢ " L ¢ l?"
dry1ng C . 3 o, ce va )
4 N . . 4o . Ky ;’. RE ]

B v oy ! . o A Hov , ’ ) 8,
o i“¥ 7t ? ,, 4 »‘t‘, ' 2P ] ‘ .
'y o noo< kESUL.TS , ' ‘ i ! *
\ ;’"‘ . " ;: ia , l'o M N = v .
gy o <t A v LA ¢
f ¢ f
2 A1) urode1es that I examwned had neuromasts and
. * -~ ATt :
» “ 5 . . " , - p
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presumptive ampullary organs present. Here I present the

results of my neuromast date. ,

I3

1 -

©

Neuromast parameters

1

A11 aquatic urodeles examined exhibited a pattern of
neuromast organization on the dorsal surface of thear

heads similar to that described 'for Ambystoma (Frgs 3-1,

3-2). Neuromasts on the head were d1qued 1nto

supraorbital, idfraorbital, nasafl, and maxillary gFO&gj on |

"the basis of their position and number of neuromast TowWs.

o i

Supraorbital neuromasts were located dorsal, and medial to

the eyes. Infraorbital neuromasts were located posterior
\and vthra1'to'the eyes. The nasal gfoup was an anterjor
extehsien ot/thé suprao}bitaf group. The maxiﬂ]ﬁry group®
. was an anterior extension of the infraorbital group.
’uAcro§s urodele taxa, neuromasts in the same location

[}

on the head were oriented in the samepdirec§ian (Figé.

3-1, 3-2). Examp1es,oﬁﬁ1nfradrb1ta1"neuramﬁsts of specivs

in four urodele familiesare given in Fig. 3-3; note’ their
I ' 1

val or re&tanguTar shapes: Individual 'supra- and ’
l « ¥ - 4

infraorﬁital neuromasts were oriented with their, 1ong axes

W ¢

tangent1a1 to the eye (F1g.,3 Za), and wereg therefowe
sensitive to water d1sp1acpments along thpsefaxes (Fiq.

3-2b). Pq some specaés an accessory supraorbital group

’

waé%located médial to, and towards the pasterior end of,
v
upraorb1tap group. Neuromasts in ;hﬁs,a ciessory

b

o+
N

*

u
. 14 '

Q\)
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Figure 3-1: SEM micrographs of whole heads of aquatig

b

larvae from four urodele families illustrating neuromasts:’

1 h

¢ , .
A). Hynobius nebulosus (Hynobiidae), B) Ambystoma laterale

" (Ambystomatidae) "C) Eurycea bislineata (Plethodontidae),
,/ ¥ =

D) Notophpha1mus viridescens (Salamandridae). Each

miérographai11ustrates the 1eft side of the head; the

nostril i3 1n.'the Tower left corner, the eye is in the oval

& 4

structure i1n the upper center or righ}. In each micrograph

arrows indicate single neuromasts although other neuromasts

n

are visible., Neuromast group abbreviations: m = maxillary,

1

i = infraorbital, s = SupraorbiiaT,fn = nasal. At this low
magpificat1on quromasts can be difficult to visualize.

Neuromasts are most easily visualized when they are either

/

o rais d'abb}e the epidermal surface (B, D) or sunken below

-~

i

the epidermal surface (C). Scale.lines = 500 um. .

2 4
o o Al

-
o : '
.

~o
‘1
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Figure 3-2. Schematic drawings of the heads of aquatic
urode1e§ 1Tlustrating the three neuromast patterns found
in these animals (A, C, D) and the direction of

. g a u .
neuromast maximum sensitivity (B), which is the same no

4

matter aaich }guromast pattern is present. Neyromasts

‘are illustrated as ovals, with a long and a short axis,

g e

&=

which correspond to their appearance in life. Figure A~
is.drawn to a 30% smaller scale to show the entire read. %

-

AL Primary neuromasts: this condition is present in
posthatching 1;rvae in all fam;Ties, and o1d;r larvae in
the Hynobiidae, Dicamptodontidae; P1ethqhontidae and
Amphiumidae. B) Arrows zpdicate the direction of |

max imum sensitivity of ne;romasts in all urodeles; note
in particular the sensitivity of circumorbipg]
neyromasts and that nasal and-max111afy neuromasts are
sensitive to water displacements from all directions.

€C) Transverse stitches: note tha%“the|10ng axis of the -
stiféh is perpendicular to the long axes of 1ts
component neuromasts. Thjis method of stifch formétion
is characteiristic. of A ystamatﬁdae and perhaps the
Cryptobranchidae. 3 sLongituhina1 stitches: note that
the s%it@h long axfs is parallel to the long axes of its
component neuromasts.: This method of stitch formation o

is charécteﬁistic of the Proteidderand the

Salamandridae,

L
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Eigure 3-3. SEM micrographs §how1ﬁg the sensory epithelium

of infraorbital neuromasts 1n the four specimens-pictured

2

t - A
in—Figure 1. A) Hynobius nebulosys; p) Ambystoma lateraley

C%»Ehrygea bislineata; D) Notabhtﬁa]mus viridescens. Hair
[} 3 1
cells or their aggregate cilia show up as lighter, round

‘“ Yy ¢
structures. Note the }1near nature of the neuromast 1n each

T
-

speci1es, although this 1is -not as apparént 1n Eurycea

bislineata (C). The aXis of maximum neuromast sensitivity

1s parallel to»the neliromast long.axis. Scale T1nes = 10

[

)Jmn d M ’ v ' ’
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L

0

a Yoo o

group ‘Wwere always parallel to the supraor81§a1 neuromdsts.

.Nasa® neuromasts usually occurréd in°two rows (Fig. .

3-1, 3-2). Individual nasal ﬁeuwomh§ts had their long ~

& N [

axes oriented obligue to the body axis of the salamander; :
<

‘ @ "o - . . vt/

neuromasts 1n oOne’ row were orienwted perpendicular to, ' //

o ¢

o4

adjacent neuromasts in the second row (Fig. 3-2a; Figs.
?3-4, 3-5 and 3-5 1n combination show orthogoral neuromasts -
%}n\the nasal groups of species in’all uraqdele fah111es[. ;1_
These orthogonal neuromast couplets are théoretha11y

sensitive to water displacements coming from all
A

: <~
directions 1in a plane across the animal's body slrfac
(Fig. 3-2b). , L )
Max11lary neungpmasts usually occurred in "three rows T

(Fig. 3-1, 3-2). Neuromasts in the middle maxillary row

were oriented as 1T they were an anterior extension of the

infraorbital group'(F1g. 3-2). 'Anteh1or po?tﬁons of ’

neuromasts in the lateral and medial rows of the maxillary

a . q

'8

Y

group were rotated away from the middle row about 45b,

L] . ° - % '
making neuromasts 1n thetlgfera1 and medial max11lary rows
s r

»o S

'peragndicu1ar to each other (Fig. 3-2a). Taken, together,
/ S . . .
maxillary neuromasts, 1ike>ﬁésa1qneuromasts, shou]dvbe

.

sensitive to watenr qisplacements in all d1rettioﬁs~a10ﬁg B .
plane across the body surface (Fig. 3-2b). Variations

in nasal and maxillary grodp row numbers occurred, but -~

13

tendedtto be the reéu]t“of one or a few aberrant

. g y N
neuromasts and did not appear to be consistent within a

o

° [ .

4

s
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':‘Fjgyfq>3-4. SEM micrographs showing orthogonal neuromast *

s v N

couplet; in the 'nasal Tines of aquat%c urodeles. A) |

Hynob1ius nebulosus; B) Cryptobranchus alligheniensis; C)

‘Euryéea bislineata; DY Notophthalmus viri&escens; E) .

» +

. Amphiuma means; F} Siren intermedia.  Light bars indicate

®

the neuromast long axis, and the axis of neuromast

sensitivity. In each micrograph anterior is to the left.

N o — L4 [y
- Scale’'ldne = 100 um.
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Figure 3-5. SEM micrographs of néﬁgomést features in

s . . °
.. Décamgtoﬂun ensatus. A) A view of the left side of the

%

v v

ohegd; the nostril-is lTocated in the lower left corner, the

9

-

eye is the roBﬁEN?fructure in the upper right. Neuromasts

L 3

~ "-are located n epidermal grooves; séveral of which have

- N >

been noted With arrows. Scale ling.= 1 mm. B) Closerup of

b} ¥ X ]

" a single heunomaﬁt lTocated 1n ogpe of the infraorbital

4 - @ . .
>.grooves. Note its 11neé?“6gganization, and that a part of
L % ’ ‘ R .
sthe cupula has remained -attached. Scale line = 100 um. .
. . . ) . . o " I
> Y o
R .
‘ - X ) . . . Al
° -a’ -~ . .
.<‘\ “ &’r .
® ' ’ 3 L
® 4 ‘
o ° L I ) o ’ '
. : R :
% . - e
S N ’
/ \ ¢
[ R . " "
4 ~ , v
[ N ty
@ . . o
- . &
+
1> 4 1 - 4 ®
M "a . o o ..3
. e ‘(o
© - B - o e .



-
Al
.
.
\
.
.
<?
.
&
I3
.
.
.
|
-
v

Q)\..

e

r

ar



a8

e

"

“r

o
r
©

Figure 3- 6. * SEM micrographs illustrating differences 1n ..
stitch or1entat1on in Ambzstom and Necturus., A) and B) >
everal stitches in the nasa1 group of Ambxstoma and

-

.
[

" Necturus, respective]y. In each micrograph anterior is to

<

che 1eftq Note that %h Ambzstona neurdmasts are 1oEated

f]ush w1th or s11ght1y ra1sed above the ep1derm1s while 1n

a
~ ®

Nec turus neuromasts are sunken into ep1derma1 grooves, °, .

°© -

-

Nate in particular that tn'Ambxstoma,,two staitches fonm a -
@ ) 124

_sthat faces énterior]y, while in Necturus stigches form

By
>

a "v" that faces posteriorly. Homologous neuromasts in

L

\ . @ -
both species face approximately the same direction. I¢ may-

%

be useful to compare these micrographs'vb Fig. 3-2c and

. 4
F1g. 3-2d. Scale lines in A, B = 300 wm., C) and D) Close ™

ups df“indiv1dua1 stitches in Ambxétoma and Nbcturus, o -

w u . .

respectively. Nedromasts in Necturus are noted with B IS
“arrows. Scalg lines vn C, D = 100 um. : S
* ' 3 R 0 ' - ’
o . ﬁ } , , . r
r o q 5 - .
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o Numbe ’/, of, neuromastsﬂkcons1dered either by group or
.. - in_total,- varied among taxa w1th1naspec1es,~awﬁ ‘aven ,

3 & - N

@ " beEween sides of the same individua;..faxomgmic variation °

o in neurbmgsf numbers 1s illustrated .in TJb]es 3-2 and 3-3.

-’

.Jotal numbers of dorsal head neuromasts ranged from a mean

of 94.in'Hynobius neb&#osus to 150 in Necturus maculosus. -

[

° \

:P]ethodontid§itended to have more priméry neuromééts than

LS

*° " did the other families (Tables 3-2, 3-3).

- ~

. . Neuromast number did not vary with SVL of tHe animal
: ©  (p > 6.25). ,]n examp1ekbf the intraspecific and

4
intra~-individual variation in neuyomast numbers 1is given

. o
o gy

" in Table 4 for Hyndbius nebulosus. DBespite this '

intraspecific variation, neuromast counts fall within as
narrow enough range for many species to allow unidentified

individuals to be assigned to a specves based on this

= ~

. ” character alone (Table 3-3). . ’
The sens&ry ep1the11um of neuromasts was positioned -

{0 flush with or raised slightly above tﬁe\ggidermai surfacé, -

9 to

.op sunken‘into the epidermis in*pits or grooves in a
* -

spec1es speo1f1c way In _ynob1us, the cryptobranchwds,

the ambystomat1ds, :Eﬁophtha1mus Amphiuma, and the

s1ren1ds the sensory ep1the11um waas flush with, tne

epidermal surface (Figs. 3-1, 3-5, 3-6). In Dicamptodon,

L "

. - p 2
single neuromasts were sunken into grooves (Fig. .3-4)., In

the plethodontids, ﬁe%ﬁgmasts were sunken into pits;

{

e 9

v
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Table 3-3.
the head of urodeles.

infraéfb1ta1;

Neuromasts are divided by group. SO = supraorbital,

MAX = max111ary; NAS = nasal,

o

.

Also given are numbers of 0

>

v

e - - «@ 4
A listing of -the mean numbers of neuromasts on.¥pe dorsal surface of

o

circumorbital (CIRCUHj neuromasts (SO + 10 neuro&asts), numbers of anterior

(ANT) neuromdsts (MAX + NAS neuromasts), total numbérs of neuromasts, and the

ratio of ANT to CIRCUM neuromasts (A/C).

P

o

o

o

e

1]

Species- S0 10 {CIRCUM) " MAX NAS (ANT)' Total . A/C
Hyhobi1daeq . , i
Hyniobius nebolosus 37.0 25.5 (42.6) 22.3  29.3 (51163 94,2 ,1 2
Ambystomat1dae 5 7
Ambystoma Jaterale 18.0 | 30.0 (38.0) —evoz - - -
A. maculatum 19.7  16.3 (36.0) ] 2827 39.0 (67.71 103.7 1.9
A. mexicanum 16.0 19.0 (35.0) 22.0 52.0 (74.0) 1099 29
A. tigrinum 18.0 30.0 (48.0) 24,0 40.0 (6430) 112.0 1 3
T & h ’ < ! *
N . .
Dicamptodontidae
Dicamptodon ensatus 16.0 ., 24.0 (40.0) (36.0 58.0 (94.0) 134.0 2.4
P]gthodont1dae \ , )
Eurycea bislineata 18.5 ~24.0 (42.5)  36.5 42.0 (78 5) 121.0 1.3°
Gyrinophilus . ‘
porphyriticus 13,5 15.0 (28,5) 46.0 460 (92.0) lZOii 3.4
Pseudotriton ruber 17.0 15.0. (32.0) §5.0 52.0 (107.0) 139.9 3.3
- 14 |
' “ &
e \

10 =
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Tabte 3-3 (cont.) ,
Typhlotriton . ’
; spelaeus | 15.5 9.5 (25.0) 55.0 55.0 (110.0) 1350 4.4
saTamandridae . . "
Notophthalmus - . .. g
viridescens ° 18.3 28.0 (46.3) 32,7 43.7 (76.4) 122:7 1.7-
G & . |
Amphiumidae
Amph 1uma means 12.0 14.0 (26.0) 66 0 ~28.0 (94.0) 120.0 3.6
» , /
| . s ° . ~ »
, Proteidae , ' i
. . Necturus maculosus 12.0 26.0 (38.0) 66.0 46.0 (112.0) 1I150.0 2.9
T e,
[ : - : i i - »
& ) o L
. } ‘ . -
£ ¢ « ° o [
o
B3 ’ ! * 3
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Table3-4. A Jist ofnthget&ﬁu'm’bers o’ﬁ neuromast’s pe'r group 6natﬁg heads

Siny © o ‘LA
of three’ Hynobius nebulosus larvae. Ipsilateral values are given® . .

(1e3‘t and right sides). Group abbreviatibas: $0 =, supraorbital; 'IB" =

irffraorbital; MAX = maxillary: NAS = nasdl. Note both intrasg}:éifié )
. N R &
and intraindividual variation. | L °
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Figufe 3-7 illustrates these pits and their variation in
depth between plethodont;dnsﬁecfes.“ Necturus neuromasts

formed stitches that were Tlocated in epidermal grooves

o X -

(Fig. 3-6). . ) -
L S - 7
There were-corrélations between neuromast number,

°

" - 7
neuromast position with reference to the epidermal

~

surface, and the habitat of a species; in general lotnc

1

(flowing water) formkﬂhad more primary neuromasts, a

higher proportion %ﬁ,anteripr neuromasts, and had

neuromasts that were sunken intd thé epidermis (Tables 3-3

[

" and 3-5). , .

In aquatic plethodontids pigmentless patches-of 'skin

corresponded to neuromasts. ° .

Lentic forms, such as AmbxstoTa and Notqphtha]més had
'patchgs of epiderﬁa] cilia located between neuromast Tines
(FvchB-lb, d). These cilia were never present between
"naﬂfomd%ts within a line; cilia were never present on

stream species. ’ ¢

o

t

[l

[}
Hair cell parameturs

In this study the surface area of the sensory .

epithelium &f a single neuromast ranged from 21 umz in

Nofophthalmus to 5096 um?

in Amphiuma (Table 3-2).

Variation in neuromast size was accounted for by changes

in hair cell number [(Neuromast size 1n umz = -110.0 +
' - : §
15.8 Hair Cell #) rz = 59.4; p < 0.001] rather than hair
e
) o ,

hc g
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%igureﬂ3-7. SEM micrographs 311ustrating»vqriation in the

depth of neuromast pits’. A) Hynobius nebulosus, Bf Euryced no

bislineata, C) Gyranophilus porphyriticus, D) Pseudotriton

ruber. Eacﬁ micrograph shows the dbrsa] surface of the

-

head, anterior is down. Scale lines = 1 mm.
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Table 3-5. The correspondence ‘between heuromast features and habitat parameters

%

for the species considered here. In particular, note the close association

s
¥

bé%ween stttch formation and Tent1t (sti11 water) hab1tdts, and tnegas§0c1dtion

v

of ﬁéuromasts,1oca§?d in pits or grooves with lotic (flowing water) hab1tqts.
Animals thatNlive 1in Totic habitats tended to. have more than 120 neuromasts and

’ ! " 4]
antegipr:circumorb1taleneuromast ratios > 2. Habitat information for most
. o &

LY

,species ‘wa's obtained from Stebbins (196§J or Conant (1975). Habitat#nformation

i

far Hynobius nebulosus was obtained from Kusano (1985); for AmBystoma mexicanum

A

. from Shaffer 61984). . Speciescare sorted by habitatand by family within habitat.

° [

SPECIES PN HABITAT : " NEUROMAST FEATURES

' : Lentic Lotic Stitches Pits/Grooves #>120 A/C>2 .
Hynobius nebulosus X )
Ambystoma laterale X X ’
Ambystoma maculatum x 7 X -
Ambysﬁoma mexicaﬁum X‘ X * X
Anbystoma_tigrinum X X /
Notophthalmus viridescens X ,
Necturus maculosus X X X X X X
Cryptobranchus a11egan1ensi§a X . Q\\\\;; i
Dicamptodon ensatus X c X oy X
Eurycea bislineata X X
Gyrinophilus porphyriticus X X X X
Pseudotriton montanus X X ? 4
Pseudotriton ruber X X X{ X
Typhﬂotritonjspe1a?us X X X X
Amphiuma means t X | X i X

n
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cell size (p > 0.25). Neuromast:size increased with SVL

2

across taxa [(Neuromast size in um™ = -34.7 + 8.96 SVL) re

= §5.8; p < 0.001}. Cohsequently, hair cell number also

increased- with SVYL across taxa quZure°3-8). This was true.

even wheﬂ I eliminated thg highest value (for Dicamptodon)

and the lowest value. (for Notophthalmus; Fig. 3-8).

7 . ©

Within a species there appeared to be 00 incre;se n

7

numbers of hair cells with si;é (Table 3-2). There also
appeared to-be no increase in numbers of primary .

I

neuromasts, or hair cell size, with growth (Table 3-2).

p

) 4

¥

Stitch formatfon

Among the specimens that I examined stitch formation

was limited to°Ambystoma and Necturus. In Ambystoma,
numbers q} secondary neuromasts, and thereforé numbers of
neuromasts per sf;ﬁch, Increased with growth (Fig. 3-9).
The rate of secondary neuromast forma%1on varied by
;1ecies, ;1th A. laterale apparently having the highes£
rate, A. tigrinum.and A, maculatum having intermediate
rates, and A. mexicanum having the Towest rate (Fig. 3-9).
I could not determine the rate of neuromast addition 1n
Necturus stitches, although the animal I examined had a
mean of four néuromasts per stitch with a range of three
to five. s

Two types of stitches were present, those with their

long axis oriented transverse to the long axis of thejr
i >

@
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o a

Figure 3-8. A plot showing the 1hcrease in hair cell
numbers per neuromast with snout vent Tength across taxa in
larval urodeleg‘ The line ;s fljeast squares regression :
fit to#the data. The equation of the Tine 1s: Hair cell #

b ] -
2 = 23.7; p < 0.005. ° The regression

= 12.0 + 0.103 SVL; r
réma1ns signif1cantl(p < 0.05) when the two,extreme va]qg§

.- for Dicamptodon ahd Notophthalmus are removed.

Abhreviations: Al = Ambystoma 1atera1é; Ama = Ambystoma
. *

]

. maculatum ; Ame = Ambystoma mexicanum; At = Ambystoma

tigrinum; D = Dicamptodon ensatus; E = Eurycea bis!ineata;

G = Gyrinophilus porphyriticus; H = Hynobius nebulosus; N =

Notophtha]mdz viridescens; P = Pseudotriton ruber; T =

Typhlotriton spelaeus. .
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laterale have more, and A, mexicanum have fewer,

o s

r

F1nge 3-9. A plot ilTustrating interspecific variation

%

. g . . N
in numbers, of nguromasts per stitch with size 1n four -
9

(==

species of Ambzst%m@. Note that for their sizes, A.

»

neuromasts than either A. tigirinum or A. maculatum.

.
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NEUROMASTS / STITCH
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a component neuromasts, and, those with their Tong axis

ok b oriented 1ong1tud1na11y (F1g 3-6).. Transverge stitches
. : were character1stﬁc of a11 mbxsgom Long1tud1na1

> st1tches were character1st1cuof Necturus “Transverse

v a'f c¢

. . st1gégg§ were formed from neuromasts pos1t1onedlf§ush with

- -thedepidermal surface. Longitudinal stiitches were located

s o
4 A=l

in epidermal. grooves (Table 3-5). ’

% @
@

e » -
I3

° DISCUSSION

v

A critique of the Titerature

The results obtained here.support many of -the results
and corﬁ]us\ions obtained by previous workers (which are
summarized 1n Table 3:13; they also question or refute
some of these earlier f1nd1n;s. ‘Ih agreeﬁent with the
earlier studies I’ﬁound transverse s%1tcnes in Ambystoma
apd 1ongitu51na1 stitches in Necturus. iI found n¢ -
stitchés in the hynobiids, dicamptodontids, p]ethodont1ﬂs,
and amphiumids. Transverse stitches may be.present an
pryptobrhnch1ds: the Andrias specimen that I examined may
have had transverse stitches, but if -so, within-stitch »
neuromésts were spread as far apart asoneuromasts betwean
stitches. This condition in Andriasrrespmb1@d the
"neuromast f191d$“*descr1bed for §l£gg by Reno and

Wiy

’ Middleton (1973) rather than Ambystoma stitches. It may
" Pl

sbe that in both cryptobranchids and sirenids neuromasts

\

:

SR PR 110
,

'
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are formed 1into multiple lines, as is the case for some.

fishes (Branson and Noore, 1962; Webb, 1985). It will
S ;
require an analysis of developmental series to resolve
) ~ /\

L.

this quegtion. s

. There is good evidence from the literature that
Proteus has longitudinal stitches: the illustrations of -
Ma]branc4(1876) indicat1;g this condition are detailed and
.supported by Hi1ton's‘(1947) writtenndescription. The
supportlfor longitudinal stitches in salamandrads 'is also
good. It is bésed onfﬁbkg%vptions on three genera b?ﬁtwo
aq}hor§¢(Kingsbury, 1895; Escher, 1925}).

Early workers did not 'obsefve neuromasts in a large
proport1on of aquatic urodeles that they examined (Table
3-1). I feel that neuromasts are present in all these
species, but for various reasons ére difficult to observe
gsigg 1igﬁt mi}roscopy‘on unskinned specimens. Several
plethodontids thit I examinedghad‘neuromasts indicated by
;1gment1ess patches, making thgjm visualization eésy. Int
other spgcieg, howéver; neuromasts were p1gﬁented and
blended intp the background colors of the skin, making
standard 1ight microscopic vfsua]izgtion difficult, if not
1mpossib1e.' Another factor contributing to neuromast '»
visibility is the method of’Preéervat1on and subsequent
amount of specimen distortion and skin slqughing.
Neuromasts may also be more easily viewed depending on’

*where on the body they occur. I think it is unlikely that

%
-
@
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there are any aquatic urodeles without neuromasts and, 1n
contrast to the findings of Hilton (1947; Table 3-1)x thﬁ%
neuromasts may ‘he hbsen%ion one area of the body @i.e.%A

the head) while present on another (i.e., the yfunk)."
¥ J

“Neuromast parameters

/

The predominant, if not unive%sa], patteérn of
neuromas? topograehy on each si1de of the do%sa] cephalic
surface of urode{es takes the form of a """, with the
closed portion located around the éye and the open portion
tracking anteriorly along the snaut iF1g. 3-1; Fig. 3-2;

Lannoo, 198?; Chapter 2). Circumorbital ﬁeuromasts are

7
>

organized 1nto one row; anterior neuromasfs are organized
\ into multiple rows, with neuromasts between these rows 7 o«
oriented orthogonally. Ranodon may be exceptiona® in
haVﬁng only one row of nasal neuromasts, however its
maxﬁ11aryuneeromas;s are in multiple rows (Schmalhausen,
1968). This organization of neuromagt Tines appears -
unique t; urodeles; fishes, anurans, and caecilians do nok
°* show this pattern (Jarvik, 1980; Escher, ,1925;
ﬁHetﬁerington and Wake, 1979). Lannoo (1985; Chépter 2)
erred in descﬁ}b1hg only two neuromast Tines in the
‘maxillary row of Ambystoma, three Tines are usually
\ present.
Because neuromasts are directionally saensitive, the

orthogonal arrangement of anterior neuromasts in urodelas

0
‘g 4 &
»

k3
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(Rig. 3-2b) may be extremely important for locating
sgurces of water displacements’ -While workers as ear y as

Malbranc (184{) realized that mrthogona11y oriented
neuromasts cou]d be 1mportant more recent workers (eig.,
W1ckham, 1972, Reno and Middleton, 1973) have either not ¢
récognized thi's arrangement or not realized its fgncpiona]v
importance. .

H&mo]ogous neuromasts across taxa are oriented in the.
Same direction: This conclusion confirms the Tight ‘
m1croscop1ca1 findings of Malbranc (1%{6) and Kingsbury
(1895), and expands the1r f1nd1ngs to ‘taxa that they d1d
not consider.

There is a considerable amount Bf variation 1n

neuromast numbers (TabTe‘3-2, 3-3). Neuromasts are farmed

from pr}mordia Taid down by mjérgting, ectbderma]iy

“ derived p]azodes((see Winﬁﬁbau}r and Hausen, 1983a,b;

1985a,b for discussions and an elucidation of this

process). The number of neuromast‘primordia Taid down by

these migrating placodes 15 va ble but may be within a

.
narrow enough range to detect dQifereénces between species

(Table 3-2; Lannoo, 19853 Chapter 2). I did not e‘xamine.
anough 1ndividuals within spec{esato determine species or
familial differences %ifh statistjcal confidence. From my
Timited sample, hOWEJﬁP, it appears.that con;istent

o

taxonomic differences exist. ‘ ®
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Hair cell considerations

3

pus

Surfaée area of the neuromast sensory epithelium also
varjes. Differences were’due primarily toovgriat1onsu1n’
= hair cell number, rather than hair cell size. Numbers ‘of ’
hajir cells per neuroTast increased with SVL aqross taxa° ] //
(Table 3<2; Fig. 3-8). Perhaps hair cells per neuromast i// ’
°1‘ncr~eés. to compensate for %&he greater epidermal surface =

area of larger animals.

<

- Hair cell size varied between éne and three

[y

g - L] N »
micrometers. These values agree with values cited for

Ambystoma and Dicamptodon by Wickham (1972) and confirm

that the 1light and more recent electron microscopical

[

techniques are comparable in the type or amount of
distortion that they introduce into the specimens.

1 could detect no 1n3¢ease in hair cell numbers with
individual size (Tablé 3-2; Fig. 3-8)

)

.d Additionally,

neuromast numbers also did not-increase with growth. Th1s

Tatter result agrees with the conclusions of w1n;1pauer

and Hausen (1983a, b, 1985a, b) and Lannoo g198§; Chgbker

2). Apparently the only means by which larval Jrode]ps ' v

gan increase their numbers of hair cells with growth 153
\Jfor pr%marw neuromasts té divide to form stitches. In
Table %-6 I provide estimates of ha1&¢£§11 numbers“on'thn
dorsal surface of_the head in urodeles. In general, four

animals that did not form stitches, hair ceLT numhirs were o

) -

g

approximately 1000 -"1500 (although Qicamptadoﬁ engatug
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and Pseudotriton ruber were outliers with over three

thousand hair célls in their primary neuromasts alone).

_ With stitch fdrmat1on, however, hair cell numbers i1ncrease

in direct proportion to the number of neuromasts per )

“stitch (see data for AmEfstoma maculatum in Table 3-6).

In fact, the largest Ambystoma tigrinum larva I examined

with ten neuromasts per stitch had almbst 20,000 hair

cells on the dorsal surface.of 1ts head alone.

-

Stitch formation

Stitch formation is limited to the Ambystomatidae,
Cryptgﬁranchidae, Proteidae and Salamandridae. Two types
of stitch formation occur that fall out along family
Tines: division along :the long axi1s of neuromasts to form
transverse stitches (chaﬁacter1st1c of Ambystoma and
perhapé Cryptobranchus; Malbrant;, 187%3, and division

along the neuromast short—axis to from longitudinal

stitches (characteristic of Necturus, Proteus, and

Notophthalmus MaTb}anc, 187§?hKingsbyry, 1895).

The value of stitch or?entation in determining
urodele family associations and e;dlutionary histo;y is
contingent upon how easily the plane of division in
Primary neuromasts can be altered. If this prdcess is
simple -~ perhaps éhe‘FESUTt of one or a few gene
mutations affecting development ~- stitch orientation may

rapresent convergence and will have no systematic value.

»
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Table 3-6 Estimates of the number of dorsal cephalic jaw cells of urodelges
q(mght column). Species names are_given in the left column (column 1), The
nurﬁb:zrs adjacent to the sp%cies names (CO]I‘JNH 2) refer to the specimens examined
;and are given in Talﬂg 3-2. Hair cell estimates were obtained by multiplying .

)

~ together the mean number of hair cells per neuromast (column 3), the numbers‘of

s ‘ W
primary neuromasts present (column 4), and the mean numbers of secondary

neuromasts present per stitch {column 5). The number of neuromasts in

aparenthesesifor Ambystoma tigrinum #3 is an estimate from A, tigrinum #2 based

on primary ’rl:_gq;;gmast counts, which do not vary with size . ‘
fHarcells/ Neuromasts/ Estimated #
Species ) neuromast  #Neuromasts stitch ha;r‘ ceﬂrs
Hynobiusbnebuhsus #11 15.1 90 /}1 1,359
’ 12 N16.1 100 1 1,610,
3 }15,0 " 93 1 1,395
+ Ambystoma } '
maculatum " ;) 11.0 105 1 ° 1,155
t YA 14.6 120 2 3,504
B 121 87 3 . 3,158
Ambystoma H
mex 1canum £2 21,5 106 4.5 T1M,25%
Ambystoma tigrinum #2 15.7 116 3 5,404
£3 17.0 (116) 10 13,729
Dicamptodon 7 .
ensatus 33.0 134 1 4,45’ .
Euryceé bislineata ¥l 11.5 122 , 1 i,40%
; ¥2 9.5 135 1 1,782 @
1 N
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Table 3-6 (cont.)

Gyrinophilus

porphyriticus #1
#?

. Pseudotriton ruber #1

° NotophthaImus

viridescens ¥l

2
#3

15.9
16.0
22.6

8.2
11.2
11.3

117
114
144

©°

1,860
1,824
3,254

976
1,411
1,403

h%3

O
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If a shift 1in stitch orientation is an evolutignarily

difficult (and thus conservative) process, however, stitch
” .

formation may be a useful systematic character.

" Stitch orientation 1s correlated dith environmental
pérameters.v Transverse stitches are characteristic of
animals found 1n lfntic habitats, and animals &1th their
neuromast sensory epighe1ia lTocated flush with the
epidermal §urface (Table 3-5). qugitudﬁna] stitches in

Necturus, an animal that occurs in rivers (Conant, 1975),

!

are located in epidermal grooves (Table 3-65. This

correlation between neuroemast position and habitat is not
- g l
absolute, however one imvariant pattern is that transverse .
. , L83 | , -
stitches do not occur 1in epidermal grooves; to accommodate

!

the stitch, a groove would have a bore greater than 1is

Tength, which would expose the sensory epithelia.

*Rate of-stitch fofﬁ:t1on varies with %pecies (Fig.
IS

3-9), indicating a genetic component to this progess:

However, Winklbauer and Hausen (1985a,1b) raporfbd that- -

stitch formation 1s r;tarded in starved "tadpoles (Xenoggg

-

laevis), indicating that environmental-conditions may also

4
* o

affect stitch development. ) .

Stitch formation separatas Ambystoma from'Dicamptodson
I ~ r
and Rhyacotriton (Table 3-1; Wickham, 1972). This

. tharacter provides support for Eﬂwards°(197ﬁf dsvasron of
these .two groups into the families Ambystamutida; and o«

Dicamptodontidae, respecti¥ely. There has 1130 bLeen sumo
. - \ .

o 9

=) a L4
-
.
P 4
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cantroversy about whether Necturus and Protels should .
cdmprise one or two‘fami1ies (e.g., Hecht and Eﬁ&ards;

1977). Both taxa have longitudinal neuromasts. This \

3

feature alone does not shpport the view that they should

y . . Y o,
/ pg grouped into one family, because some species of -

salamandrids alsp have longitudinal stitches. -However, °
‘these two genera cannot be separated based off ‘this ) '

(:henf‘alctoaur'.°

¢

z - o

Additional functional considerations,
Ly S

.
W,

°

In general, lotic forms tend to have more primary o

neuromasts, relatively more anterior neuromasts, dnd have
S - o s

s their neuromasts located in epidermal pits or grooves o

8

+ (Table 3-5). It, is difficult fo envision why lotic forms
sth1d ‘have more primai}gﬁ@uromasts and‘mo}e antarior N
neuromasts. ﬁe(haps the need to have neuromasts in
epidermal pits has eliminated transverse sstitch formation,
and primary neuromast increases are’ in partial
compensation for this loss. The function of epidermal
pits and grooves ma;’be to pﬁbtecf the neuromasts from.
cont}nuous stimu]éﬁ%on, or damage due tq sudden or 1arq€
&1sp1acements caused by water currents. A similar ‘
correlation between 1oti1 habitats and neuromasts located

in bony canals occuis in teleosts (Branson and Moo}e,

1952). - ‘

Cave salamanders do not have more neuromasts or hair J

-
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cells pgr neuromast than larvae‘with more generalized

ecologies. The statement is frequentiy made “that these
anima/ls -- because they 1i;e in the dark or are blind --
must‘be more dgpepdent on other senses, particularly ;

L3

Tateral 1ingworgans, than more generalized forms. This
-
statement 1ignores the, fact that most aquatic urodele

larvae are nocturnally active (see referegces in Chapter

©

L
The combination of large hatir cell numbers and

orthogonal neuromast couplets should provi&e aquafﬁc ‘
Lrode]es with the means to detecg and locate sources Of,
water %%sp]acements. Many aquatic urodeles are o
sit-and-wait predators. This hunting strategy 1s most
effective if extrinsic water di§p1acmentnde€ectors (1.e.,
neuromasts) are sensitive and discriminative over the
wh$1e striking range of the animal.

As an aside, all aquatic urodeles examined herg
appeared to have electroreceptive ampullary organs present
on theirndorsa1 cepha1jc surface. Although I did not
quantify ampullary organs, they appeared to be scattered
among neuromasts and around neuromasts line¥.

E1ect£g£§feptors and mechanoreceptors may cemplement each

‘other as far field -and near field receptors, br work in

L4

concert-in the near field (Fritzsch, ef_al., 1984).

. ) -

19 N \;
e -
e
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Additional systematic considerations

-

The transverse stitch formation.characteristic of

Ambystoma and perhap§ Cryptobrianchus is identical to the

published descriptions of stitch formation 1n anurans:
§pec1fica1]y Rana (Malbranc, 1876; Kingsbury, 189%;
Eschef,,1925) an&(Xenogus (G6rner, 1963; Sheléon, 1970)
Basedubn thefe data the assumption can be‘made‘that
transverse stiéches are the generalized condition for this
character in urodeles and *that this condition was also
characteristic of the anuran-urodele common ancestor.
This interpretation infers that both the absence of
stitches and the Tinear stifch pattern 1n urodeles‘are
derived (Fig. 3-10).. This interpretation is in d1rect
oppo;;tibn to Moodie (1908) ang\ﬂilton (1947), who

12 .
congidered the condition in Necturus to be primitive.

J .
_This interpretation also suggests that pond dwelling

hypobiids, salamandrids, and plethodontids evolved from
stream dwe]}ing ances@&rs. In the plethodontids there is
support for thig from other structures, i.e., the absence
of lungs, Wake (1966): Less supportjis ani]ab]e for this
in hynob}ids and satamandrids, although *Schmalhausen

(1568) argues that urodeles in general gvolved from stream

forms.

A
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Figure 10. An 1i1ustration of the Hdirections and
mechan1s?}ms of phylogenetic changes in stitch patterns 1n
aquatic urodeles, along with the famiiies that exhibit each
pattern. In this ;cenar1o I assume transverse stitches are
the generalized condition based on outgroup combar1son to
anurans. The transverse stitch pattern could have led to
the longitudinal stitch pattern lf the direption of -
secondary neuromast growth was altered 90° (A - B).
Transverse or longitudinal stitches could have formed
single neuromasts if animals exhibiting these patterns
eliminated their secondary neuromast formation (A - C or B
-» C). Conversely, longitudinal stitcnes may have been
formed from animals -with single neuromasts if t%ese animals

re-invented. stvtch formation (C -=> B8).

#

¢
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Introduction

In the present pape’ I describe the ecological »

a

correlations and' taxonomic patterns of neuromast-
topography in anuran larvae. I provide data oh the same
neuromast parameters 1n anurans that were examined:

i

previously For urodeles {Chapter 3). As was the case for )
uroaeles, Fhefe have been few papers published on
neuromast topography and its diversity in anuran larvae.-
In fact, 1n the most recent réviéw of the anuran lateral
Tine system (by Russe11,,1936) the diversity of neu:omast
topogrdphy in anurans is not even considered.

The Tateral line system of anurans is simpler than

-

in urodeles; the anuran system is composed of .

" ]
mechanoreceptive neuromast organs only, while urodeles

have both neuromasts and electroreceptive ampullary organs
(Fritzsch et al., 1984). :
'Among anurans, neuromast_anatomy is best known for
the pipid frog Xenopus (see Winklbauer and Hausen,
1983a,by 1985 a,b forvembryolody, and Sheltaon £970, 1971
for Tarval neuromast togggraphx and metamorphic changes in
neuromast organization). Data are also available for the

ranid, Rana (see Knouff, 1935 and Wright, 1947 for
developmental data; -Malbranc, 1876 and Kingsbury, 1895 for

descriptions of larvae and metamorphic individuals). :
Escher (1925) compared neuromast topography in anuran
P &

S

t
w
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larvae and adults from several families and proposed
evolutionhary scenarios for the derivation of certain~
neuromast fTeatures, such as §h1fts in line positions and
the addition ofﬁ auxillary lines. In Table 4-1 I summarize #
the species that have informafkon pubTished on neuromast

-

topogfaphy.
Methods

I examined 86 anurén specimens from 36 sbec1es mn 19
genera and 11 anuran families (Table 4-2). Where possible
I examined more than one individual per species, more than
one species per genus, and more than one genus per family.
Both 1ight microscopy and scanning electron m1croscopy'
(SEM) werq%@sed. Light microscopy was used to establish
the presen;e of 11nés, to count neuromasts per slitch, and
%o-count neuromasts or stitches per line. SEM was used to
count and measure neuromasts, st{tches, and hair ce1lsn
Stitch formation is dependent upon ontogeny; larger
(older) tadpoles tend to have more neuromasts per stitch

(Stephens, 1981). I therefore examined the 1i£gest

h species /
!

premetamorphic tadpoTes available to me for e

’

to assess stitch formation.
Specimens were prepared for 11ght microscopy by the
skinning, hydrogen perox1de techn1que of Lannoo (1935

Chapter 2). Becduse of the g]obose nature of most
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Table 4-1. A summary of the 1iterature on neuromast topography 1n

-

anuran larvae. I restrict this table to papers specifically designed
w N ‘

to examine neuromast topography; several tadpole descriptions in the

herpetological 11térature show neuromast Tines, but give no specific

-neuromast counts.

b
«
1 4

Spécies - Life History Stage ' Source
PIPIDAE .. - :
Xenopus Taevis Tadpole ‘ §he1ton2 1970
‘Adu1t“; ) .. Escher, 1925
. Gorner, 1963 .
o ‘ Shelton, 1971 -
9 ’ Embryo WinkTbauer and Hausen;
‘ //198§5,b;198§a,bl
. Hymenochirus boettgeri Adult /////Escher,01925 ‘
Pipa sp. _ dJuvenile ///// Escher, 1925 =

S / !
/ s -
*

DISCOGLOSSIDAE /
Alytes obstetricans  Tadpole : Wintrebert, 1904
Bombina orientalis Tadpole, Juvenile Malbranc, 1876
Bombina variegata*' Tédpb]e, Juvenile Eécher, 1925 .

PELOBATIDAE

- Pelobates cultripes Tadpole Escher, 1925

-



Table 4-1 (cont.)

' PELODYTIDAE
) ’ £
Pelodytes punctatus Tadpole Escher, 1925
v * ,Q e
RANIDAE °

. Rana catesbeiana Tadpole, - Kingsbury, 1895

. ' Rana clamitans Tadpole 3 Escper, 1925

Rana .palustris Embryo - . Wright, 1947

< 3

__— Rana pipiens Embryo Wraght, 1947

//////r///// _Rana sylvatica Embryo Wright, 1%7 -
o - -
* .
. See Elepfandt and Simm (1985) for the correction of Escher's
I3 - N—.
(1925) nomenclature.
. ' o
<&
4 - -
®
.
k)
¢ ' .
. A
S
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Table 4-2. A list of the anuran larvae examined here, and the

microscopich"technjques {1ight, SEM} used to examine them. Specimen

¢ 129

~ ' -

@

sizes (SVL) in mm, and developmental stages (Gosner, 1950) are given.

. »ﬁ s
' , LIGHT D SEM i
FAMILY, Species SVL{mm) Gosner ) SVL{mm) Gosner
ASCAPHIDAE . N '
Ascaphus truei 14.5 25 14.0 25
DISCOBLOSSIDAE : ‘ ‘
Discoglossus pictus —7.0 28 8.0 28
w ' ’ " 6.0 28
Alytes obstetricans - - o 11.0 . 28
" 4
PIPIDAE . -
Xenopus laevis, 16.0 33 1.0 29
' 16.0 34 19.0 40
17.5 :35-36
Hymenochirus boettger: 6:0 | 36 3.5 28
5.0 36
RHINOPHRYNIDAE ’
Rhinophrynus dorsala’s 15.0, ' 37 13.0.0 55
. 18.0 35



Table 4-2 (cont.)
PELOBATIDAE

Scaphiopus bombifrons

/ .
_ . Scaphiopus holbrookii

MICROHYLIDAE

Gastrophryne carolinensis

Chiasmocleis ventrimaculata

Phrynomerus annectens

[N

RANIDAE

Amolops sp. .

Rana aurora

Rana boylii

Rana catesbeiana

Rana clamitans

Rana fuscigula

Rana hecksheri
L

*Rana magna

12.0
9.0

8.5
12.0

7.0 .

21.0°

12.5
27.5
25.0
17.0
18.0

3.0
15.0
32.0
17.0
28.5
16.0
60.0
16.5

27
s 27

33

40
39-40

41

.36
31
37
35

38-39
39

9.0
8.0

9.0

8.0

- 2k.0

12.5

25
25

31

© 38

41

35

130 -



Table 4-2 (con}.)
Rana 'microdisca

®
[

Rana palmipes

¢

L4

u IS

Rana palustris

] o

1

Rana pipiens N

Rana septentrionalis

Rana syﬁvat1ca

1

. ' -
. -
9 o
. - \ - 3-5‘

N . /

MYOBATRACHIDAE ~

Limnodynastes tasmaniensis

N
LEPTODACTYLIDAE

Odontophrynus;ﬁgcddentaTis

L3

A
Heleophryne nebulosus

3 €

\ ° 4

i

\

13.0
16.5
17.9
15.5
17.0

8.0

7.2

190

'
20.0

'15.0/

1670
1210
14.5

11.5

19.0°

21.0
22.0
21.0

%

34-35

25-26
25

25

’

. s 25

26-28
26
41
35 -
33

23
25

” o

-5

&

a?
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Table 4-2 (cont.)

132

70

Heledphryne purcelli 15.0 °  25. 16.5 25
v / . * u °
BUFONJDAE ,
Bufo_terrestris 1200 39 ™ 9.5 38
Ly 10.0 36 - -
- Bufo va]ﬂfceps - - 8.0 39
9 W , - - - ‘ 7 0 35
¥ . N
~ S .
-7 HYLIDAE )
, Acris gyrillis ° 12.5 . 32-33 - -
. * ~ Hyla crucifer / 5.5 26-27 5.0 | 256-27
“Hyla regilla’ ® * - 13.0 41 11.5 41
o, L \ . ‘ P )
.@steopilus brunneus 13,0 -7 12.5. 41
) | - . - 8.5 29
Osteopilus septentrionalis 12.5 o33 - -
. u f
) At ~ “ »
) »
P = -
b s :-\,
'Lb ) )
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Pl

tadpoles, their skins had to be cut radia&]y to flatten
them without &rinkling. Specimens were prepared for SEMN
viewing;using the technique of Lpnnoo (Chapf%r~§j. B
Neuromast parameters were counted and measured either
directly under the microscopefor from micrographs of the
prepa;ations. ;
In this sjud} I }ocused on neuromast lines of the
head and trunk region, because it is here that neuromast
- mréanizatnon 1s mg;t coqp]ex and Tikely to reflect
phylogenetic and eco]ogica1vre]ationshibs. Neuromast Tline
nomenclature 1s based on Noble (1931) with a few :
modificatioﬂs. My nomenclature and definitions of
neuromast lines are illustrated 1n Fig. 4-1 and are as
follows: @ L '
i The suprqorbité1 Tine begins posterior and medial to
the eye and courses forward along the dorsolateral aspect
*gf the snout, dorsal or medial to the nares. A posterior
supraorbital 1%ne is present in most-species near. the
_posterior qorgjon of ghe supraorbital 1ind(n The
\\infraorbita1 {ine begins b;hind‘the eye, curvegéaround ‘
be?ow the eye, and coursgs along the lateral aspect of the
bgsnout, ventral or lateral Eo the nares. A posterior -
infraorbital line is present 1n most species. The angu]ah
Tine may be continuous with the posterior infraorbital
Tine in some species and can bqg{n at a point from

anywhere behind the eye to below the eye; it then usually

Al P 3
—
T .
<
»
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Figure 4-1. A schematic drawing illustrating the pattern

4

of neuromasts on the right side of & generalized tadpole.

2 % . 7
Neuromasts_are drawn larger than scale for clarity.

Single .neuromasts are illustrated, rather than stitches.
The long axis- of each neuromast represents the axis of

i} '_/}‘
" maximum sensitivity of that particular neuromast. Notice

the orientation changesﬁin SO and I0 neuromasts as they
course anteriorly onto the snout. Abbreviations: S0 =

“supraorb1ta1, I0 = infraorbital, PSO0 = posterior

o

supraorbital, PI0 = posterior infraorbital, AN = angular,
LOR = Tongitudinal oral, AOR = anterior oral, and D, M,
gnd V = dorsal, middle, and ventral body lines,

respectively. Body 1ines are not considered in detail inm
) £
the pﬁééent paper except to note one peculiarity of the

»
ventral 1ine on tadpoles with sinestral spiracles. 0On the

%

left sidé of these tadpoles*this line forms a samicircle

&

ghaf wraps around the spiracle. On the right side (shown -
here) of t@gge tadpoles this Tine takes the same form,

wdesprte the ab§énce of the spiracle. .

] . )
Sa n -
o P ow

N
Y
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Y

courses ventrally. The oral i1ne is anterior to the
angular line. } dﬁvipe the oral 1ing where possid]e into
two distinct-5omponents, the anteri%r*oré] 1in9 near the
g?al disc and the 1ong1tJdinaT oral 1ine (Escher's 1925,
jugu]ariﬂine) that cgdrses between the vertical oral 1in;
and fheﬂangular 1inei g

This nemenctature 1s simpler than that proposed for
anurén% by Ho]Tgren and be;rson (1949), who :base their
nomenciatyre on embryonic placodal derivations. However,

{

& N
as they pointiout, the embryonic sources of neuroemast

<

lines are not always c¢lear when -examined in Tarval stages.

rs

Because“Holmgreg and Pehrson (1949) did not examine a wide

’range of larvae and because I did not collect embryonic

o -

#nformation, I have attempted~to make my nomenclature here
as clear and unambiguous as possible, bearing in mind that
neuromast Tines assigned the same names might not be

4

Etrict]} homologous. /

A

; Results -
- N v 'ﬂ’l
Neurogmast Lines ‘ ° .
- ‘The four basi1c neuromast Tines -- supraorbital,
infraorbital, angular, and woral -- were present in al‘u.

inuram larvae I examineao(e.g., Figs. 4-2, 4-3), -and did

pons

not vary greatly in their placemant.

0f these four lines, the oral line appéared to be the

o @

=

9 , :

»*4
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Figure 4-2. Light micrographs of the right sides of the

trunk and head of four anuran larvae ‘comparing neuromast
b

topography 1n different families. A) Ascaphus truei

{Ascaphidae), B) Alytes abstetricans (Discoglossidae), C)

Rana pipiens (Ranidae), D) Hyla regilla. (Hylidae).

Neuromasts are visible as small light circles arranged
into 1ines. Neuromast Tine abbreviations: S0 =

supraorbital, I0 = infraorbital, PSO0 = posterior

-

. supraorbital, PI0O = posterior infraoqbita1, ANG = angular,

AOR = anterior oral, LOR = 1ongjtud%3a1 oral. Note 1n
Ascaphus the ob12que1y oriented angular line and the oral
line along the oral margin. In Alytes note the ventrally
located posteri;r ipfraorbital 1iné. "In Hyla note ihe
absence ofli horizontal oral 1ine. “Magnification

approximately 7 - 15 x.
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Figure 4-3. Light micrographs illustrating %nterspecif1c

and interindividual variation in neuromast topography

e

within the Ranidae. A) Rana palustris right side, B) Rana

sylvatica right side, C), D) Rana m1crodiscé”right and: .

Teft sides respectively. Neuromasts age visible as small

T1ght circles arranged into lines. WNote in particular

- [

differences in the otic and oral regions. Neuromast

nomenclature the same as in *Fig. 4-1. Magnification
E’ 1

approximately 7 - 10 x.

o

'
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most variable (Fi1g. 4-4). This-variation included thF
presence of only one_straibht 1{ne, which in‘Ascaghus
Eiggi (?igs. 4-2a, 4-4e) courssd longitudinally along the
margin of 1%5 enlarged oral aiéc, and Yhic? courseJ nearly

vertically in Hyla regilla (Figs. 4-2d, -4-4d). The.

ﬁredom1nant general pattern, however; was for the oral

tTine to be 1in theAform of an inverted "U" or "V". This

_pattern is shown in Rana pipiens (Figs. 4-2c, 4-4b,c).

Several other Ranas extend the anterior leg of their oral
Tine up along the snout to form a "T! patte}n (or 1in

conjunction yith the angular line, an "H" pattern); the:e
varja tions do not appear to fall out a1ong‘species groups.

-

In Alytes obstetricans the longitudinal oral line conngcts

with the dorsal portion of the angular line, while .the
anterior ora1°1iﬁ% by itself forms an inverted "U" (Figs.
4-?b: 4-4a). '

There were gfher minor variations,in the locations of
neuromast lines peculiar to species (Figs. 4-2, 4-4). The
%ngu]ar Tine 1in Ascaphus differed in orientation from all
the othér anurang I examined (Figs. 4-2a, 4-4e). 1In
Ascaphus the angular Tine slanted posteriorly and

ventrally back from the eye, rather than nearly vertically

as in all other tadpoles. In Discoglossus the posterior

1nfr@@rbit§q line 1s'sh§fted verrtrally, in a position

-

zposteriar*and parallel to the angular Tine (Figs. 4-2b,

4-4q).

.
) -
v
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-Figure 4-4, Schematic drawings illustrating variations n
*he positions of neuromast 1ipes in tadpoles. A) Oral
neuromasts in Alytes; B, C) Oral reuromasts 1in Rana; D)

P} 3

The single vertical oral neupomagt Tine in Hyla re511la;

E)® The single oral Tine in Ascaphus; F) 'The typical

position. of the posterior infraorbital Jdine in tadpoles;

\
3

and €&) its more ventral position in Alytes.

-
’
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Unlike neuromast line p]dcemenés, which were
conéervative, there was considerable intrafamilial,
intrageneric, and intra1nd1vidua1nvariation in neuromast
counts (Tab1e’4—3; Fig. 4-3). Fi1g. 4-3 11lustrates some
of this variation within the Ranidae; note 1n particular
the otic and oral areas. In the otic areé 1t was often

difficult to assign neuromasts to lines with complete

confitdence.

Stitch Formation .

In all anuran®*families I examined except Ascaphidae,
primary neu;omasts are divided to form secondary i
neuromasts and stitches. A stitch always has its long ax1s
oriented transvérsely to the 16ng axes of its component
neuromasts (see Fig. 4-5 for examples of anuran neuromast
morphology).

Stitches vary with respect to the number of
neuromasts they contain and the organi;ation of their

neuromasts (Fid. 4-6). Within families, stitches were not

present in stream forms. This was true of Ascaphus fruei,

the ranid Aho1ogs sp., and the leptodactylid Heleophryne

purcelli (systematics according to Frost, 1985). Other
AR

specialized larvae also did not form stitches, 1ncluding

the carnivorous Hymenochirus boettgeri, the desert

pond~dwgﬂling, omnivorous Scaphiopus holbrookii and 5.

bombifrons, and the arboreal, nophaqgous Osteopilus

*
»
* 3 h
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Figure 4-5. Scanning electron micrographs showing single
¢ B

neuromasts 1n anuran larvae. A) Ascaphus truei -

{(Ascaphidae), B) Rhinophrynus dorsalis (Rhinophrynidae),

C) Xenopus laevis (Pipidaé), D) Bufo valliceps

(Bufonidae), E) Heleophryne purcelli (Leptodgcty]idae), F)

Hyla crucifer (Hylidae). Scale lines; A, C, E, F = 5 um;
B = 25 um; D = 2.5 um. S
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Figure 4-6. Scannjing electron micrographs showipg N

neuromasts comprising stitches in anuran larvae. A) .

Xenopus- laevis (P{pidae), B) Rhinophrynus dorsalis

(Rhynophrynidae), C) Chiasmocleis ventrimaculata

(Microhylidae), and D. Bufd valliceps "(Bufonidae). In

particular note.that neuromasts in Xenopus and ' .

v

Rhynophrynus are clumped while Chaismocleis and Bufo are .
e o

- L db ' - 3 '{
JJinear. Also notice the numerous neuromasts per stitch in o
7 . ‘ ’ -
Xenopus, Rhinophrynus, and Chiasmocleis, and’;he few . .
= T :

neuromasts per~stitch 1n Bufo.- Linaer °stitches "in Bufo
containing two neuromasts are representative of stitches °

in typical genera]fzed tadpoles in th%,fami1ies ~\ o T

[N

Discoglossidae, Ranidae, Leptodactylidae, Bufonidae, and ° :

contain two or three neuromasts. \\\

»

 Hylidae, which usually
Scale Tines: A = 25 um; B = 100 um; £ = 50 gm; D =10 um., _-

A +

!
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