CHAPTER 9

The different manners of cagduring prey
wowld acommi for such differences as st
benaeen the dier of adult frogs and
wrodeles.

(s, K. Moble (1a31by

Thc feeding strategies of amphiblans include their
chokce of prey and the ways in which they locate, cap-
ture, and ingest prey. Amphiblans generally are consid-
ered 1o be feeding opportunists with their dists reflecting
the availability of food of appropriate size. This may be
true for some, but resulis of field and laboratory shedies
show that some specles are selective In thelr feeding.
Mamy constraints influence the diets and feeding habits
of amphibians, including extrinsic factors such as sea-
sonal abundance of food and presence or sbsence af
competitors, and intrinsic factors such as ecological tol-
erances and morphalogical constraints that relate o on-
togenetic stage, size, and spedializations. Ultimately, feed-
ing mast be efficient—ie, mone energy must be gaimed
from the food then 8 expended in obtaining it, thereby
maximizng energy gain. These factors, as they pertain to
adult amphibdans, are discussed In this chapter. The food
and feeding of larval amphibians, especially tadpoles, are
treated in Chapter 6, and the intracviducal feeding by
viviparous species ks discussed in Chapter 5.

PREY SELECTION

Muost secounts of amphibian feeding are anecdatal snd
involve only a few taxa Consequently, litle is known
sbout prey selection and foraging strategies; the latter are
discussed in the last section of this chapéer: Evolufion of

Prey-Capturing Mechanisms and Strategies. The limited
infarmation on amphibian diets indicabes that all adult
amphibians are carnivores; most feed prndgpally on in-
sects, although many species eat a wide varietly of inver-
hebrates.

Hertvivary 18 charsctedstc of anuran lapvse, but [ may
ocour in other amphibians, for example, the aquatic sal-
amanders of the genus Siren have been reperted fo have
large quanties of vegetable matter in their digestive tracts
and to eat Elodes, as well as aquatic imserebrates [Litsch,
1973}, Bufo marinus may st vegetsble scraps and canned
dog food (Alexander, 1964; Tyler, 1976).

Some anurans ane especially voracious eaters, Lange
anurans, such as Cenntophngs omate, Discodeles guppid,
Pysicephalus odspersus, and Rana cotesbeiana, com-
monky feed on large prey items, such as small mammals,
birds, turtles, snakes, and cther anurans (Fig. 9-1). Dis-
codeles, found in the Soloman slands, eats land crabs
{Boulenger, 15541, W. Branch {1976 reported a Pysd-
cephalus edspersues that had eaten 17 newly bom cobras
{Hemachatus hoemachatus) and another that had at-
tached a young chicken. Some large salarnanders also
capture relatively large verebrates; Dicomptodon ensalus
eat plethodontid salamanders, frogs, snekes, mice, and
shrews (Bury, 1972} These prodigious gastronomic feats
are ewceplions, as are the feeding on manne crabs by
Rona concrivor (Ellott and Karunakaran, 1974), on ma-
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ring invertebrates by the leptodactdid Thoropa mifliaria
(Sazirma, 1972), and on termestrial gastropods by hiyper.
aliid frogs of the genus Tomierefla (Drewes, 1981).

Prey Availability

General avallablity of prey of the appropriate size and
type seemns o be a basic consiraint on th diets of am-
phibians. For example, analses of stomach contents of
five species of salamanders in MNew England [T. M. Bur-
tom, 1976), Acris crepltans in Indiana (Labanick, 1974},
and terrestrial eft stages of Notophhalmus viridescens in
Mew York (MacMamara, 1977) revealed that the abun-
damnce of food [lems in the stomachs was comrelated with
the relative prey abundance in the habitat.

Ontogenetic Changes

Az individuals become larger, the kinds of prey that they
select may change. Ontogenetic changes in diets of lanval
salamanders were reported by Brophy (1980); as they
grew, lanvae of Ambystoms grieum and Nolophthalmus
viridescens increased their predation on snails and de-
creased their predation on smaller ems (ostracods and
cychopoid copepods). [n additson, there was a significant
imcrease in the variety of prey faxa in larger Ambystoma
larvae. Larval Tritunes vulgars feed primarily on small
zooplankion (chiydords, daphniids, and cyclopold co-
pepods); as they grow and develop more teeth, the lar-
wee pursue and capture larger prey (principally chiron-
omid larvael, although larger larvae do not select larger
individuals of a given prey species (G. Bell, 1975), During
postmetamonphic growth, hylid frogs (Acrs crepitans, La-
banick, 1976, Pseudacris triseriata, Christian, 1982} in-

gest imcreasingly larger prey flems as well a5 a broader
spectrum of prey sizes. Likewise, at least some terrestrial

plethodotid salamanders show the same ends in in-
creasing the size. in addition to the diversity, of thels prey
among larger individuals—e.g , Plethodon wehriei (Hall,
1976) and Batrachoseps aftenwatus (Maiorana, 19780
An ontogenetic shift in the see of prey selected by
lanval salamanders may be a function of developmental
changes [e.g., increased number of teeth or Increased
mobiling) &% well as increased gape (e.q.. in postmeta-
marphic anurans). Gape is known o be a facior in the
slze of prey eaten by varous speckes of anurans {Toft,
1980a) and at least one salamander (R. L. White, 1977).

Habitat
Indidduals of a particular species may exhibil sigrificant
differences in the kinds and amounts of prey eaten In
diifferent habitats; this mainly reflects differences in prey
availability among habitats. Thus, [nger and Marx {1961)
found noticeable differences in stomach contents of sew-
eral specles of anurans at different elevations in the
Upemba MNational Park in Zaire, and Barbault (1974) nosed
differences in diets of anurans in savanna and forest hab-
ltats In the lwory Coast

Differences on a more local scale also are evident. For
example, In freshwater habitats, the diet of Rena cancri-
vora consists mainly of insects, but in nearby brackish
water the frogs eal mostly crustaceans (Elliott and Ha-
runakaran, 1974), Mewts [Taricha granulosa) in a per-
manent pond eat & greater diversity of prey than do in-
dividuals in a temporary pond (R L White, 1977].
Diifferent diets of individuals of the Argentine leptodac-



twlid Pleurodema cinerea are comelated with terrestrial
and aquatic feeding (Hulse, 1979),

Seasonality

Seasonal differences in diets have been reported for var-
ous species of amphibians {e.g., Rana pretiosa, F, Tumer,
1959; Motophthalmus viridescens, T, M. Burton, 1977,
and Plathodon glutinosis and P. jordanl, Powers and
Tietien, 1974). Surveys of diets of many anurans in &
seasonal tropical environment in West Africa revealed
noficeable differences throughout the year (Inger and Mar,
1961). Among 13 species of anurans dwelling on the
forest floor in Armasonian Peru, the diversity of food eat-
en by some speckes was greatest in the dry season (Toft,
1980a). Moreover, a comparisan of diets amang forest-
flocr anurans at a drier site and a wetter slte in Panama
reveabed greater differences between sites than between
seasons at any one site (Toft, 1980b),

Seasonal differences in diets reflect avallability of prey
and, in some cases, seasonal differences in selectivity by
amphiblans (g, certain forest-loor anurans; Tod, 1980a).
This selectivity may be “forced” on the amphiblans by
factors other than food, especially by the necessity of
foraging under phhsiclogically tolerable moisture condi-
tions, For example, the plethodontid salamander Dies-
mognathus fuscs demonstrates a selection for larger prey
with increased precipitation (Sites, 1978). Plethodon -
nereus forages in molst beaf litter; when the leaf litter i
dry, the salamanders are confined to feeding on limited
amounts and kinds of prey cccurring under rocks or logs
(R Jaeger, 1980). On foggy or mainy nights, F. cinereus
climbs on vegetation and feeds on kinds of insects not
present on the ground, actually ingesting more food than
conspecifics on the forest floor (R Jaeger, 1978)

The sessonal activity of cerigin species s determined,
in part, by the sctivity of their prey. This i especially
evident among prey speclalists. The actiny of the ter-
mite-ating anuran Breviceps verrucosus in South Afrca
Is drmed to the swarming of termites (Poynton and Priich-
ard, 1976). The perod of feeding activity by the spade-
food, Scaphiopus couchil, in southwestern North America
also is cormelated with the swarming of termites [Dimmin
and Ruibal, 1980].

Dhel acthvity of prey may account for the predator’s
feeding actvity and, therefore, kinds of prey taken, Fos
example, peak surface activity of three specles of stream-
side plethodonid salamanders is highly correlated with
the activity of potential prey at dusk or shorty after dark
{Holomuzki, 19801 Freed's (1980} anahsis of prey be-
hawior and feeding selectivity by the mee frog Hla o
neren swiagested that the frogs selected prey in relation
io the proporthon of Gme that the prey species was active
and the kind of activity displayed by the prey. Thus,
increased frequency of prey activity resulied in a per-
ceived increase in the density of that prey species for the
predator, thereby resulfing in greater predation. When
prey selecton was limited to prey hopes having similas
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activity pattems, si of the prey species becams an im-
portant factor in prey selection, with the larger prey being
selected. Analysis of stomach contents of the Malaysian
ranid Amolops landensis, and activity pattemns and abun-
dance of prey species throughout the year led Bemry (1966)
ta conclude that diet selecton by this frog B associated
miost closely with activity of the prey.

LOCATION OF PREY

Basically o kinds of loraging strategies are ulilized by
amphibians, Most anurans have adopted a sit-and-wait
strateqy, whereas active foraging seems to be more com-
mon amaong some salamanders and apparently is char-
acteristic of caecibans. However, the sirateqy used by an
individual may vary with the abundance of prey. The
method of monitoring prey abundance may depend on
the sensory mechanism employed by the predator.
Predatoss using alfactony or tactlle stmudi to detect pray
may not be able o perceive either relative or absolute
ebundances af different kinds of prey without actually
capturing them. Conversely, encounter rates may be used
miore commenly by species that search for prey visusally,

Visual Detection

The vast majority of anurans and salamanders use vision
irt the finel encounter with & prey Bem, although prelirm-
inary location of prey ako may involve other cues. Sev-
eral studies embracing field observations and laboratony
experiments indicate that vision is of primary importance
i locatimg peey. This has been dermonstrated for swch
diverse salamanders as Solomandro (Luthardt and G. Roth,
1979, Trinenes (Margolis, 1976), Notophihalmus (], Martin
et al, 1974}, Ambystoma |Lindquist and M. Bachmann,
1962}, Hydromantes (G. Roth, 1976), and Plethodon (R
Jaeger et al, 1982}, as well as various anuran species of
the genera Bufo (Brower et al, 1960; Heatwole and
Heatwale, 1968; Ewert, 1976, Borchers et al, 1978} and
Rang (Maturana et al, 1960; Kramek, 1976]

Visual detection i most common in those species that
have adopted a sit-and-wait strategy. Once a prey ltem
i sighted, it may be pursued for a short distance before
capture. For example, the tree frog Hpla cinerea obtalns
only 12% of s prey without pursuit, 88% of the prey
Herns are caphured afler visual detection and & shod pur-
sult (Fread, 1980).

Recent experiments on the elicitation of feeding re-
sponses In amphiblans that use visual cues (Borchers et
al., 1978; . HRoth, 1978 indicate a complex inter-
relationship among simulus parameters of velocity, size,
and oentation with respect to the disection of movernent
of that pray. For example, in order to elicit maximal prey-
catching behavior by Salarmandra salamandng, it sems
that stimuli of & certain orentation must move at a certaln
velocity and in & certain manner {Luthardt and G. Roth,
1979). Elongation of the prey image along the axis of
movement facilifates prey capture by Bufo marinus; the
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toad strikes mainly at the leading object when stimuli
travel orthogonally to the toad's optic ads (Ingle and
McKinley, 1978).

Visual cues alio can be imporiant in identifying kinds
of prey, such as those that may be optimal in energy
content or that may be distasteful. Experiments with Bufo
terrestris (Brower et al, 1960) revealed that the toads
leamed fo reject bumblebees (Bombus americanomim)
and their robberfly mimics (Mallophore bomboides) by
sight alonie.

Dlfactory Detection
Chemosensony cues for the location of prey have been
imfermed in various aquatic salamanders— Nodophthal-
miE vindescens (). Wood and Goodwin, 1954), Gyri-
nophilus porphyriticus (Culver, 1973), and Haoldeotriton
wallace] (Peck, 1973). Hewsser (1958 showed that Bufo
calamita could find prey solely on the basis of cliactory
cues. Experiments with Bufo boreas (Dole et al, 1981},
B. marinus (J. Rossi, 1983), Rano piplens (Shinn and
Dole, 1978), Ambystoma tigrinum (Lindquist and M.
Bachmann, 1982), Plethodon cinerews (Devid and R
Jaeger, 1981}, and two species of Triturus (Margolis, 1976)
have demonstrated that these specles are capable of lo-
cating prey by oliactory cues alone.

The roke of olfaction in prey detection probably is much
miofe common among amphibians than indsested by
available observations and experiments. The role of ol-
faction In prey location, particularly in trailing prey, i
stronghy inferred by specialized chemoreceptons in some
amphibians—protrusible tentacles, in which the lumen
opens to Jacobson's organ, In caeclllans (Badenhorst,
1978, and references cited themein) and nasolabial grooves
in plethodontid salamanders (C. Brown, 1968). The lo-
cation of termitaria by fossoral anurans such as Rhino-
phrynus dorsalis (Trueb and Gans, 1983) and Myoba-
trachus gouidd (Calaby, 1956) may inmsolve olfactony
detection.

Experiments on Ambysioma Bgrinurm [Lindquist and
M.. Bachmann, 1982) and on Trrus [Margolis, 1976)
show that the efficiency of detecting, locating, and cap-
turing prey b= greatest when both visual and olfactory
cues are used. However, the type of prey may dictate
which cues are more effective. The location of pill clams
(Musculiim rosaceum) by the newt Nofophthalras wie-
idescens apparently is accomplished by oliacton alone
(. Wood and Goodwin, 1954). Although visual cues
predorminate in the detection of mowving insects by many
ferresirial salamanders, immobile prey such as insect pu-
pae are located by olfaction in Plethodon cinengwus (Devid
and R. Jaeger, 1981). OMfaction is strongly implicated in
the ability of Hydromantes to project is longue at prey
in total darkness (G. Roth, 1983).

Auditory Detection
Few observations are avallable on auditory stimali in lo-

cation of prey by amphiblans. Martof [1962) found that

Bufo woodhousil were alerted 1o the presence: of insects
by the sounds they produced. K. Jaeger (1976) observed
that B. marinus were attracted to calling frogs, Physalge-
mus pusilosus, which they consumed, Large camivo-
rous anurans that prey on smaller anurans also may uli-
lize auditory cues to locate prey.

CAPFTURE OF PREY

I addiion to differences in kinds of prey and foraging
strategies, amphibians exhibit striking differences in feed-
ing mechanisms. All terrestrial armphibians except casci-
liens use the fongue in capturing prey; the tongueless
pipid frogs and aquatic salamanders have enfirely differ-
ent mechanisms. Even among terrestrial anurans and sal-
amanders there are notably different methods of prey
capture. These differences are reflected in the diversity
of the the structure of the tongue and its supportive hyo-
branchial apparatus and assodated musculature.

Many caecilians and some large, camivorous anurans
heve long, fanglike teeth that may be curved posteriory;
these teeth serve 1o hold struggling prey. In larval and
most nectenic salamanders, the teeth are unicuspld and
lack the weak planes of the typically bicuspid pedicellate
teeth of adult salamanders and anurans. Teath are absant
from the lower jaws of most anurans, and some anurans
{e.g., all bufonids) also lack teeth on the upper jaw. Many
frogs have a few vomering teeth in the palate, whereas
salamanders characteristically have patches of vomerine
fesath that may extend posteriordy as a parasphenold seres.

The tongues of amphibians possess glands that pro-
duce a sficky secretion that serves to adhere the prey to
the surface of the fongue. Presumably in all amphibians
except caecillans the torgue is wied in prey caphure. [n
all groups it is used to hold the prey against the roof of
the mouth and to manipulate food in the buccal cavity,
this Is facilitated by secretions of the intermaxdllary glands.

In anurans and salamanders, food is pushed postedory
by the contraction of the mo retractor bulbae, which de-

presses the eye into the buccal cavity. Once food passes
the ciliated phanm, ingestion i completed by peristaltic
action of the esophageal walls. Secretions of mucous glands
in the buccal cavity facilitate food transport by lubricating
the mouth and phanymx

Caecilians

Terestrial caecilians feed primarnily on elongate prey, such
a5 earthworms, located on the surface of the ground ar,
probably more commonly, in burows. Prey caplure in-
volves a slow approach to the prey untld contact ks almost
effected. at which time the prey i seized by a powerful
bite. Caecilians tend to bite the prey broadside; they mowve
the head past the prey and bite laterally. if & caeciian
has not completely emerged from its bumow when the
prey s seized, it refreats into the burrow, spinning in a
corkscrew fashlon arcund its body axis. This acion cre-
ales fricton between the prey and the sdes of the bur.
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the width of the gape of the cascilian,

The tongue Is not profrusible, but interspecific varaton
exists in the amount of free margin of the tongue and
the extent of the glandular field omn s doesal surdsce. The
m. genloglossus forms the body of the tongue; it orgi-
nates at the mandibular symphysis and from the con-
nective tissue overlying the m. genichyoideus, and inserts
on the surface epithelium of the tongue. The muscle fi-
bers in the body of the tongue are dispersed vertically
among extensive blood sinuses and the bases of Engual
glands. Contraction of these Bbers (1) depresses the fongue
pad. thereby increasing pressure in the blood sinuses, (2]
facilitates extrusion of lingual gland secretions by com-
pressing the bases of these glands, and (3] aids in food
transport (Bemis et al, 1983).

Adult ceecilians are uniqus among amphibians in lack-
ing & m. hyoglosus and in having a completely rooled
skull, a fived quadrate, and a lower jaw with a long ret-
roarticular process (Fig. 9-2). Associated with this bony
structure are muscles that provide a unique jaw-closing
mechanism (Bemis et al, 1983; Nussbaum, 1983). This

is a double-lever systern with the quadrate functioning as
the fulcrum. As in other gnathostomes, contraction of the
m. levator mandibulae (m. adductor mandibulae) results
in the lower jaw being pulled upward. The novel com-
ponent in caecilians is that contraction of the m. inter-
Ipoideus posterior, which originates on the fascia of the
veniral and lateral body wall and inseris on the ventral
surface of the refroarticular process, pulls the retroartic-
ular process hack and down, theneby causing the anterior
jank ramius bo pivol upward around the quadrate. A third
miuscle that acts synergisfically to produce a strong bite
is the m. longis capitis, a large ventral runk muscle that
originates on the basapophyses of the anterior vertebrae
and inserts on the cranium ventral to the craniovertebral
articulafion: this muscle is & powerful flexor of the neck
and cramium (Fig 9-3).

Maotion analyses and electromyography of feeding by
the caecilid Dermophis misdcanus (Bemis et al., 1983
revealed that during prey capture the lower jaw is pressed
against the substrate and ihe mouth is opened as the
cranium is raised a5 & result of activity of the m. depressor
mandibulag and the dorsal trunk musculature. Jaw clos-
ing is rapid and involves smultanecus confractions of the
m. levator mandibulae and m, interhypoideus posterior
and presurmably the m. longis capitis. A single bite re-
quires about 0.5 second. Holding onto struggling slippeny
prey B faclitated by the presence of two rows of long,
recurved teeth in the upper jaw,

Salamanders

Although the basic structures are the same in the feeding
mechanica of all salamanders, functonal and develop-
mental constraints have played an important role in the
modification of the hyobranchial apparatus for different
kinds of fecding mechanisms. These were summarized
by D Wake (1982} and are grouped into three cate-
gogbes,
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Aquatic Salamanders. |n larval salamanders, neo-
temic adults such as protefids, and terrestrial salamanders
fwhen in water during breeding), the hyobranchial ap-
paratus functions to (1) support and move the gill fila-
ments for respiration (ot 8o in temestral adubts in the
water ternporarily], and (2} expand and contract the buc-
cal cavity during feeding These movements are accom-
plished by the hyoid musculature in association with the
depressor mandibulae. During feeding, most salaman-
ders lunge toward the prey; the buccal cavity is expanded
and, almost simultanecushy, the rather weak jaus ane
openwd, However, in Amphiuma iridactilum, there are
o different fypes of suction feeding (Erdman and Cun-
dall, 1984} depending on the size and activity of the prey.
If the prey is small or relatively immobile, the salamander
dowes not thrust iss head forwand: once the mouth is opened,
buccal expansion induces an vward fow of water which
sucks the prey into the mouth. The lunge or rapld strike

mechanism is wsed to caplure actively moving prey. In
this strategy, mouth-opening and buccal expansion are
symchromous, and buccal expansion is greater than in
stationary feeding Water and prey are sucked into the
mouth by the action of the buccal pump. The rudimen-
tary tongue manipulates the prey against the teeth on the
maf of the mouth. The jaws have limited use; their smaill
teeth are used io secure large prey during manipulation
(Matthes, 1934}

Generalized Terresirial Salamanders. In meta-
morphosed, terrestrial salamanders having lungs (Hy-
eralized salamandrids) the tongue is attached anteriorhy,
is profrusible, and plays an impartant role in prey cap-
ture. The hyobranchial apparatus has a dual role as a

Terrestrial prey capiure by the salamander

Figure 9.4,

Amdspatcuno peimwem, Note ihe sliqghd progrusion of the tomgue with
& noticeakde trough and the adpression of the mandibular
synplasis 1ot substraie. Draun bem a phatograph in Lansen
wred Guthrie (1975

buccal pump mechanism in respiration and as the main
maechanism of tongue profrusion. Cinematographic in-
vestigatkons coupled with morphological stedies (Severt-
zov, 1971, 1972; Larsen and Guthrie, 1975} provided
an interpretation of the feeding mechanisms of these sal-
amanders, but electromyographic evidence is absent.

In thelr analysls of the feeding mechanisms of adult
Ambystoma tigrinum in the laboratony, Larsen and Guth-
nie (1975) noted that affer an initial lunge the lower jaw
is immobilized as it is pressed against the substrate by the
contracton of te m. geniohyoideus and m rechus cer-
wvicks superficialis. The cranium s ebevated by the con-
traction of the m. cucullans major and the m. depressar
mandibulae. The gape B increased further as the sala-
mander rocks forward, keeping is lower jaw stathonany,
The tongue is ebevated and protruded up to 8% of the
body length beyond the margin of the lower jaw. These
complementary actions seem to be accomplished by (1)
initial propulsion of the tongue by the medial divisions of
the m. genicglessus pulling the copula of the hycid an-
terlotly, (2] forward projection of the hyobranchial ap-
paratus by the contraction of the m. subarcualis rectus |
acting on the tps of the ceratobranchials (epibranchials
of Larsen and Guthre, 1975], (3} concomitant contrac-
tion of the m. geniohyoideus drawing the m. rectus cer-
vicis superficialis and second besibranchial (Copula 1I)
anteriorly, (4} buckling of the anteror radial carilsges
providing the form of the outgeing tongue, (5] subse-
quent shaping of the front and lateral rims of the tongue
by the ctoglossal cartilage and second radial carfilages,
respectively, and (6] turgidity of marging of the ionguea
increased by fluids forced from the sublingual sinuses
posterclaterally inbo sinus pochets.

When the prey is struck by the posterior half of the
tongus, the Engual divisions of the m. genloglossus con-
tract, resulting In the expulsion of a sticky secretion that
adhares the prey to the fongue; the m. rectus cervicis
prafundus then contracts causing the partial collapse of
the anterior fim of the tongue, entrapping the prey in a
sticky trough (Fig. 9-4). Tongue retraction is sccom-

plishved primarily by the mo rectus cervicis profundus and
lateral divisions of the m. rectus cervics superficialis. Srmall

priey i3 beought within the range of the vomernne teath,
but larger prey commonly escape from the sticky frough
during retraction and are held only by the manginal teeth,
Omce the tongue has refracted completely, the mowth s
chesed by depressing the cranium sharply through the
contraction of the m. kvator mandibulae. Immobilization
of the lower jaw and opening of the mouth requires
0.06-0.09 second, during which time the tongue pro-
trudes; retraction of the tongue and prey requires (.03
second and chosure requires 0.02-0.03 second. Thus, the
entire sequence of prey capture lasts 0.10-0.15 second,
subsequent swallowing requires about 0L07 second.

Lungless Salamanders. Lungs are absent in sala-
mandess of the family Plethodontkdae and two gemera of



salamandrids, Chioglossa and Salamandring, In these
salamanders, the hyobranchial apparatus no longer func-
tions as a buccal pump to force alr into the lungs, and
the hyobranchium s modified to peoject the: tonguwe from
the rrouth. Mot onby is the cranium elevated during feed-
ing. but the lower jaw is dropped and s not adpressed
against the substrate. Morphological evidence indicates
that tongue projection evolved independently in sala-
miandeids and plethodontds. and within the Latter group,
highly projectile tongues evolved independently in the
hemidactylines and the bolitoglossines (D, Wake, 1982].
The morphology of the feeding mechanisms and their
functions have been described for salamandrids by Ozeti
and [ Wake (1969) and for plethodontids by Lombard
and D. Wake (1976, 1977). Electramyography of the
tomgue protrusion in one plethodonttd, Bodtogiossa oc-
cidentalis, was accomplished by Thexton et al. (1977).

In those plethodontids with highly projectile tongues,
the “projectibe”’ conslsts of the tongue pad fralled by an
elongate bundle of folded cartilages, retractor muscles,
nerves, and vessels enclosed in a mucosal sheath (Fig,
9.5). In many plethodontids, the tongue pad efther has
lost the anterior attachment or has & rather elastic con-
nechon b the lower jaw. The hyobranchial apparatus &
composed of elongated mobile subunits. A pair of cera-
tahyals that are attached posteriody by hyoquadrate liga-
ments to the suspensoda lie on the floor of the mouth,
they are not in contact with ane another, nor do they
articulate with any other, elements of the hyobranchiurm.
The posterior part of each ceratohyal is cylindrical and
hooked, and the antesior part is flattened and expanded.
The cartilages that mowve out of the mouth with the tongue
are articulated to form a single complex unit. The prin-
cipal elernent of this unit i the unpaired, median basi-
branchial or copula. The anterior end of the basibranchial
has a projection that @ either continuous with the basi-
branchial proper or united with it by connective tssue, If
detached, the element is called the lingual cartilage. A
pair of radial cartilages also s attached anteriorly to the
basibranchial, and two palrs of hypobranchials articulate
with the posterior part of the baslbranchial. The fisst pals
of hypobranchials are the longest elements; they articu-
late with the basibranchial just posterior to is midpaind,
The second pair of hypobranchials articulate with the
basibranchial at #s posterior end. The first and second
hypobranchials on each side approximate each other
posteriorly, and both arficulate with the caratobranchial,
& tapered element of vanying length. The median second
basibranchial (Copula [} Les at the juncture of the m.
rectis cervicis superficialis and m. geniohyoldeus; it has
no connections with other elerents and is lost in boli-
toglossine plethodantids.

The tongue pad is large, and its base is supported by
the anterior end of the basibranchial. The radial and lin-
gual cartilages extend into the pad. The prancipal muscles
associated with the hyobranchium are the m. rectus cer-
wvichs profundus and the m. subarcualis rectus 1 The for-

Flgure B-5. Highly projectile fongus of the plethodonid
salamander Hyolromanies (faliows in e capture of am inseci.
Divawm from o photograph in Losmbard asd D, Wake (19760

supgrcuahs recius |

Figurs 3-8, Disganmumastic représnialios in ventrolateral view of
the temgue projection mechanism in tbe plethosdontid salamassder
Bodlinglossa occidesinlia. &, Tongue reiracied. B. Tongue
projected. Maodified o Thesion et al (19771

mer is an anferior continuation of a muscle that arises on
the ischivum and ireerts principally inde the muscular body
af the tomgue The me subarcualls rectus [ odginates om
the veniral surface of the ceratohyal and wraps around
the eplbranchial (sensu [ Wake] in a complex splral,
foming a muscular bull,

Anahysts of muscle actlon in Boltegiossa accidenialls
(Thexton et al,, 1977 showed that the tongue and hyoid
apparatus are prosected by contraction of the m subar-
cualis rectus I Upon confraction of these protractors, the
epibranchials are forced out of the cavity within the sub-
arcualis muscles (Fig 9-6). Simultanecusly the entire
muscle shorens, and the posterdor end moves toward
the gular regicn. The forward-moving cerstobranchials
conduct force wvia the first and second ceratobranchials
to the median basibranchizl and thence to the tongue



pad. The retractors {m. rectus cervices profumdus and m
rectus abdormins profundus) are lax and e n loops when
the tongue is in the mouth. When the tongue is projected,
the retractor muscles become taut; as their tension be-
comees greater than that of the protractors, the tongue is
retracted into the mouth.

When the sticky tongue pad i projected and contacts
a prey lem, adhesion permits retraction of the prey into
the mouth. As the mouth closes, the tongue presses the
prey agednst the teeth in the roof of the mowth and per-
mits it to be manipulated and swallowed This feeding
mechanksm s most effecthve for the capture of relathvely

small prey and i accomplished rapidly (<50 millisec-
onds). Salamanders with highly projectile tongues can
capture prey at distances equal to 44-80% of their body
lemgih

Anurans

The feeding mechanism of most advanced anurans in-
volves a lingual fip during which the postesodorsal sur-
face of the refracted tongue becomes the anteroventral
surface of the fully extended tongue (Hegal and Gans,
1976} In such anurans the hyobranchium provides the
mechanical base for the forcehd flipping of the tongue;
as such, it has a limited amount of anteroposterior move-
ment and s not projected as in salamanders. The hyo-
branchium also functions as part of the buccal purnp
miechanism, a3 it does in generalized ferresirial salaman-
ders.

The adductor musculature is similar fo that of sala-
mianders, except that the m, adductor mandibulee pos-
terior is a single dip in anurans instead of two as in sal-
amanders (Salomatina, 1982]. A unique feature among
most anurans is the ability to depress the mandibular
symnphisis during the lingual flip. This is possible because
of the Bexibidity afforded 1o the jaw by the presence of
mentomeckelian cartilages and bones at the mandibular
symphysis (Fig. 9-7). Contraction of the m. submentalis,
a median muscle extending transversely just posterior to
the symphysis, rotates the anterior parts of the dentaries
downward and brings them closer fogether, thereby de-
pressing the anterior margin of the lower jaw (Gans and
Gomiak, 1982a),

Cinematographic and electrormpographes studies on the
toad Bufo marinus (Gans and Gomiak, 1982b) show the
sequental sleps in what is assumed o be the generalized
feeding mechanism of most anurans. During the tongue-
flipping movement, the tongue is supported by the m.
gentoglossus medialis, which stffens the tongue when
contracted. Simultaneous contraction of the m. genlo-
glossus basalis provides & wedge under the antedor tip
af the rodiike m genboglossus medialis. In addifion to
depressing the mandibular symphysis, the m. submen-
talls acts an the wedge of the m. gendoglossus basals to
raise and rotate the rod of the m. genioglossus medialis
over the symphysis. The tip of this lingual rod cames
along the pad and soft tissues of the tongue. Contraction
af the long, parallel fbers of the m. hyoglossus retracts
the medial sulcus of the tongue pad and holds the prey
by a cuplike effect, which is enhanced by the sticky se-
cretion of the glands in the lingual pad. The extensibility
of the buwccal membranes allows the pad fo be retracted
flest; the pad reaches the posterior part of the buccal
cavity before the sfll-rigid, backward-rotating m. geniog-
bassus medialis reaches the level of the symphysis. Dusing
this process, protraction of the hyoid facilitates the ex-
tension of the m. hyoglossus; the m. stermohyoideus re-
tracts and stabilizes the hyoid when the tongue starts 1o
retract; it does not functian in tongue profrusion,



There is considerable diversity in tongue structure among
anurans |{Magimel-Pelonnler, 1924: Horton, 1982bj,
principally involving modifications of the m. genioglossus
[n the archaic families, Leiopeimatidae and Discoglossi-
dae, there (s litthe free margin to the tongue. In Bombina
the tongue can be profruded dightly, as in Ambustoma,
but presumably if cannot be fipped &8 in mes! other
anurans (Regal and Gans, 1976). The m. genioglossus
is rather poorly developed in some myobatrachids, and
in the aquatic Rheobatrechus the tongue s Bemiby at-
tached to the floor of the mouth (Horton, 19826). Some
of the camivarous frogs (e.g, Cerofophns and Hemi-
phractus] that feed on large prey have exceedinghy strong
mandibular symphyses with dorsally directed odontoids
thiat hold prey. Maost likely, these anurans do not depress
their mandibular :.ymphymdmﬁ'rgiaﬂhg.ﬁnnu -

studied in tmgwmufmmmﬂﬂﬁﬂnmﬁﬂnﬂy
fram the tongue-flipping mechanism.

Pipids. The completely aquatic plplds ane unlque amaong
anurans in lacking tongues. The hyobranchial apparatus
and associated musculature are quite different from that
in anusans which have fongues (Chaine, 1901; Trewa-
vas, 1933). The aquatic feeding mode of pipids (Hy-
menochirug, Pipa, and Nenopus) 8 accomplished by
transporiathon of the food Into the mouth with water our-
rents produced by hyobranchial pumping mowvements
1Sokod, 1969} essentally these are the same movements
characteristic of anuran larvae. Compression of the buc-
copharyngeal cavity results from the protraction of the
hyobranchial apparatus by the m. gendohyoideus and by
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the Nattening of the buccal Boor by e m. interhyoldeus
and m intermandibulags pasterion

Essentially, these aquatic frogs suck in food and waler,
the water |5 expelled before the mouth Is closed com-
pletely. This Is an effective mechanism for feeding on
wooplankion. Pipa and Xenopus sormetimes take larger
prey, using thelr long fingers to push the food Into the
moath

Fossorial Anurans. Many linds of fossorial anurans
are knowmn, of presurmed, to feed undenground: most of
these frogs feed on ants, termites. and worms, Obwiously,
tongue-llipping = not & weful mechanism underground
unless the frog is in an open burrow. Rhinophrynus dor-
safis, & fossodal anuran that feeds on ants and termites,
not ondy differs structurally from other frogs but has a
unique method of tongue protrusion (Trueb and Gans,
1983). The contraction of one inrinse tongue muscle,
m. hywoglossus, results in reshaping the tongue from a
flat, triargular structure to a rodlike tube by stiffening the
tongue and exerting hnydrostabic pressure on the fluids in
the lingual sinus. Actual protrusion of the tongue s ac-
complished by a forward shift of the hyoid plate and
cormua, from which the m. hyoglossus onginates. This
forward movernent is acoomplshed by contraction of the
m. genkohyaldeus and apparenthy = facilitated by con-
traction of the m. mandibulomentalis. which elevates the
basccal locs. Relracton of the tongue is aceomplished by
contracton of the m. stermobyoldeus, which refracts the
hyoid, and the subsequent relaxation of the m. hyoglos-
5L,

Presumably Shinophrmes positions itself with its highly
glandular, elongate smoul just penetrating the wall of a
termitarium or fermite tunnel (Fig. 9-8). As fermites are
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detected, the tongue is profruded through a groovelike
valt in the buccal ceiling, Prey are enfolded by the cup-
shaped, villous lingual tip and withdrawn nte the mouth.

EVOLUTION OF PREY-CAPTURING
MECHANISMS AND STRATEGIES

The feeding mechanisms of Bving amphiblans have evolved
in response to natural selection and con-
straints, and are Imited someuwhat by the noherment of
the hyobranchial apparatus in both feeding and ventils-
gon. Moreover, siriking differences exist in the metabo-
lisrm and energy budgets among amphibians The dual
function of the hyobranchial apparatus lesds to inber-
relationships that affect the foraging strategles of am-
phiblans, but these aspects of amphibian bickegqy are poorhy
undersiocd.

M Constraints

on Foraging Tactics

Varouws evolutionary inesges of amphibians have evolued
specialized feeding mechanisms that are effective in ob-
taining prey of cerain sizes and/or shapes under given
environmental conditions. How do these funetional spe-
cializations comrespond with (1) the kind of prey that are
eaten and (2) the tactics used to obiain the prey?

The size of the gape Is an important factor; abuiously,
smaller amphibians are limited to smaller pray than spe-
cies that are much larger, bul within size clagses, some
species have much smaller gapes than others. This &
especially evident in comparing ant-eating specialists, such
as many micrahylid and dendrobatid fogs, with terres-
trial leptodactylids and ranids that feed on other kinds of
prey. The former have relatively small gapes and are
lmited to small prey, of which ants are the most abun-
dant. The larger gapes of other anurans allow ingestion
of larger prey; these frogs have & more diversified diet
includimg large as well as smell prey.

The generalized feeding mechanisms of some ter-

plethodontids) and archaic frogs (keiopelmatids and dis-
coghossids) involve only slight profrusion of the fongue,
subsaquent manipudation of the prey by the tongue sgainst
the womerine teeth, and use of the jaws. The size of the
prey seems to be Bmited solely by the gape. In caecilians,
gape & & mejor factor when feeding on the surface, but
positicning and shearing the prey also are Important when
feeding underground. Most anurans that capture prey by
& lingual fp and salamanders that have a projectle iongue
have a further constraint—the load-bearing capacing of
the extended tongue. Thus, amphibians that extend the
tongue may be Imited in the sire of the prey that they
can hold and retract, Camivorous frogs that ingest large
prey lunge at thely prey while extending the tongue and
use their jaws to secure the prey; thus, they do not rely
sodely on the tongue as the prey-capluring mechanism,

The opposite is true in Rhinophrunus dorsals, in which
the tongue and its protrusion mechanism are highly spe-
cialized for the ingestion of small prey.

With some notable exceptions, amphiblans that have
generalized feeding mechanisms are active foragers with
highly diverse diets, whereas those that have specialized
feeding mechanisms fend to use a sif-and-wait strategy.
The latter include many kinds of semiaguatic, termestrial,
and arboreal anurans and hemidachdine and bolitoglos-
sine salamanders. Most of these amphibians are cryptic
and noctumal. Because of their ability 1o extend the tongue
for moderate to great distances, these armphiblans can
afford to it and wait until suitable prey come within strile-
ing distance of the tongue, or sufficiently close that the
amphibian needs to move onby a short distance befare
capturing s prey and retumdng fo its feeding site. Selec-
tion of a suitable feeding site is a critical aspect of sucoess
&5 & sit-and-wait predator. Observations on Rana pipiens
by Dole (1965) and on R. septentrionalis by Hramek
(1976) showed that these frogs would move farther from
the feeding site for a large prey itemn than they would for
a small one. Moreover, If feeding success was low, the
frogs moved to a different site. Capture success in B
septentrionalis was higher [847%) for show-maning aphids
and chrysomellds than for seral insects (16% lor dra-
gonflies and damselflies).

Among the notable exceplions are various groups of
anurans that are ant specialists {Toft, 1980a). These in-
clude many dendrobatids and bufonids, all of which have
noedous or toxic skin secretions (see Chapter 10]. Thesse
active foragers with their effective antipredator mecha-
nism are “released” from the constraings of the cyptic,
innoxious anurans that use the sit-and-wait strategy to
obtain food. Howewver, other ant specialists, notably some
microhylids, are ceyplic and seem to search for ant tradls;
presumably these trails are located by olfaction. Once an
ani trail is found, these anurans tend o sit and wait and
plck up anis as they pass by, A sirnilar srateqy presum-
ably is used by fossorial ant and termite specialists such
a3 Rhinophrymus and Hemisus, Most large predatory frogs
also have adopted a sit-and-wait strateqy. Af least in Cer-
atophrys this behavior may be enhanced by pedal luring,
the habit of vibrating and undulating the fourth and fifth
toes of the elevated hindboot, thus attrecting smaller am-

phibians toward the Ceratophrys (Murphy, 1976).

Physiological Constraints
on Foraging Tactics

T'l.m aspects of physiology are important in feeding—
energy metabolism and energy budgets. In some am-
phibdans, such as Bufo, lactabe production is low [see
Chapter B), so these animals are capable of long periods
of sustained activity. Other amphibians, such as Hipls and
Rana, produce large amounts of lactic acid and are ca-
pable of bursts of activity ower shord periods of me. As
first pointed out by Toft (1980a), these metabolic att-
butes may be comelated with foraging strategies. Thus,



active foragers are species that are capable of sustained,
lows levels of activity, whereas sit-and-wait strategists are
capable of bursts of activity. The few spacies that have
been studied metabolically conform to this dichotomy,
but & wide range of taxa need fo be examined before
any generallzathons can e made.

Lirthe Is known about energy budgets of amphibians.
G. Smith {1976} assumed an assimilation efficiency of
T4% for Bufo terrestris with approcdmately half of the
energy going into metabolic costs In the salamender
Plethodon cinereus, digestive efficlency does not change
with size or sex, but calorc intake Increases with size
(Crump, 1979), Also, digestive assimilation is negatively
correlated with temperature in this species and in P,
shenandoch [Bobka et al., 1981), Howsever, assimilaticn
effickency also vares with the kind of food. Assimilation
effickency by Scaphiopus couchil 5 90% when led on
Tenebric larvse but only 69% when fed on Temebrio
beethes, which contain proportionately mone indigestible
chitin (Dirmrnitt and Ruibal, 1980).

Rates of feod consumption are highly varkable. The
semiaquatic hylid frog Acris crepitons is active for about
7 months and feeds by night and day (B. Johnson and
Christlansen, 1976). These frogs contain an average of
B.74 prey items in the stomach, and the rate of food
passage through the digestive systerm is about 8 hours.
Thus, it was calculated that each frog consumes about
20 prey items per day. Food consumplion was greater in
larger Individuals, fermales. breeding Individuals, and frogs
with small fat bodies. It seems that this small frog must
feed nearly continuously throughout iits activity season in
order o malntain a posttive energy budget. This i in
striking confrast to some desert anurans that are active
for onhy short periods of fime during the year, On the
basis of diet, stomach capacity, and energy budgets,
Cimmitt and Ruibal (1980) concluded that Scaphiopus
couchii (which may consume termites equal to 55% of
itz body weight at one feeding) is capable of consurming
encugh food at & single feeding to provide it with enengy
reserves for 1 year. Other desert-dwelling anurans are
not so efficent; 5. multiplicstus requires 7 feedings, and
various species of Bufo require 11-22 feedings in order
to accumulate sufficient fat reserves and other necessities
ie.q., trace elements and electrohytes) for 1 year. Because
of fuctuating availability of prey or environmental Emi-
tatloms (e.g., dny weather), amphibians meay not be able
ke feed effectively throughout their season of actvity, Thus,
R Jaeger (1980 found that some individuals of Pleth-

oclon cinereus were existing on negative energy budgets
during hot, dey westher.

Interrelationships of Foraging
Strategies and Constraints

An animal must maintain a positive energy budget in
order to grow, reproduce, and survive periods of inactiv-

ity. Optimal foraging behavior of predators varies when
they heve a choice of prey differing in quality and'or
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varving in abundance, gither ternporally or spatially (Pyle
etal, 1977, Krebs, 1978). Optimal diet includes the kinds
of prey which, if saten whenever encounterad, will rmax-
imize the intake of caloric value per unit ime, Optimal
prey choice depends on the predaios’s ability 1o distin-
guish among prey of vanding profitabdity and to choose
the more profitable kinds. ldeally, the predator needs
information about six more or less constant values in
cocer to evaluate the caloric profitability of & kind of prey
(R Jeseger and Bamard, 19810 (1) gross calores per
prey; (2) predator's assimilation efficiency; (3} rate of
digestion of prey; (4} calories expended in pursuit of the
prey once encountered; (5} probabiliny of capturing the
prey once pursued; and (6] calodes expended in han-
dling the prey once captured, The most profitable kind
of prey gives maxirmurm values for 1, 2, 3, and 5, and
minimum valwes for 4 and &. When the most profitable
kind of prey is abundant and easy to capture, the enengy
expended per sarch tme B low, so thearetically the
predator can maximize net enengy gabn by specialioing
on that kind of prey. As the abundance of that prey
decreases and energy per search fime increases, the
predator can maximise nel enengy gain by expanding its
diet to include the next most profitable kind of prey.
Whan all kinds of prey are scarce, the predator must be
indiscrirninate in its cholee of diet in order b mgintain a
positive energy budget.

The only empirical tests of these ideas using an am-
phiblan are included in K. Jaeger and Barnard's {1981)
study on Plethodon cinereus. They found that the sala-
mandaers had an indicriminate diet at low prey densities
and speclalized on larger prey at high densifies, but al
such Bmes the salamanders did not exclude small prey.
Also, salamanders switched from pursuit bo sit-and-wait
tactcs with increasing prey density, R Jeeger and Bar-
nard (1931) concluded that the salamanders compromise
betwesn maximizing net energy while foraging and mini-
milzing the fme for passage of prey through the digedive
tract; small prey (in this case, flies) take lomger to digest
than larger flies because of their proporfionately larger
exosheletons, Experments on feeding of Bufo marmus
by Heatwole and Heatwole (1968) revealed that hungry
toads seleched larger prey, but as the toads became sa-
tiated they selected smaller prey.

Therefore, digestive time, as well as assimilagon effi-
chency, is impaortant in regulating the net energy gain from
a given amount of food in a given amount of tme. The
enengy gained from any feeding sequence determines the
amount of energy avallable for a subsequent (although
not necessarily sequential] feeding without drawing on
fat reserves [n this combext, & sit-and-wail sirategist ca-
pable of ingesfing large prey uses very little energy In
chiaining food and cbisins large quantities of energy from
a given prey. Therefore, amphiblans such as Cerdophrs
and Pyxicephalus need to eat infroquently. Feder (1983)
suggested that low metabaolic rates, relatively large energy
reseryes, and thus profound resistance to starvation en-
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able plethodontid salamanders fo survive Indefinite pe-
sctively search for prey and consume small prey items
{e.g, Dendrobates] must maintain 8 contnuous leeding
schedule in order to maximize fitness. Those amphiblans
that have evoleed highly specialized feeding mechanisms
specialize on small prey, of which ants are the mest sbun-
dant; many feeding specialists have diets composed en-
tdrely of ants. In at least three speches of dendrobatids,
predation on ants is comelated with high aerobic activiny,
low mneerobic capeacity, and high resting metabokism, as
contrasted with the sit-and-walt strategist, Eleutherodac-
twius cogqui (Taigen and Pouwgh, 1983).

The different feeding mechanisms that evolved in di-
verse lineages of amphiblans, whether these be the highly
projectle tongues of bolitoglosing plethodontid sala-
manders of the paedomonphic conditions of pipid frogs,
simultaneously increase the effectiveness of capluring
particular prey and npose morphological constraints. The
more complex a morphological mechanismi, the more
rigid its associated physiological attributes and behavioral
traits. The foraging strategies of species may be affected
by prosimal temporal vardaton in both prey abundance
and the physical emvironment. Ulimately, the feeding
tactics emplosred by any organtsm ane constrained by the
morphological mechanisms available to the species.



