1. Zool., Lond. (1990) 222, 59-74

Metamorphosis of the feeding mechanism in tiger salamanders
(Ambystoma tigrinum): the ontogeny of cranial muscle mass
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Most previows ressarch on metamorphouts of the musculotkeletal system in veriebrates has
focused on the transformation of the skeleion In this paper we focus on the Iransformation ol the
musches of the head dunng metamorphosn in tiger walamanders [ Ambysfoma figrissm) in onder
(1} to provde new data on changes in myology denag oatogeny, and (2] to aid in interpreting
previous data on the metamorphosis of function in the head of salamanders.

The phyuological croas-sectional arca of nine head muschkes was cakulaied by measuring fibre
angles, fibre lengths, and muscle mass in twd wmples of Lger salamanders obtained just before
and just afler metamorphotis. The major mouth-opening muscles (rectus corvan and depressar
mandibulse] extubit m wpnificant decrease in estimated manimum tetanic tension (M TT) scross
metamorphosis of about 36%, The jaw-closing muscles (adductor mandibulac imternin and
enlernus) and the head-lifling muscles (epanials) also deorease in MTT but not significanily. The
ke pmsociated with longue projection duning feeding on land (the subarcealis rectun 1,
proiohycedens, interhyosdeus and intermandibulan) all show s wlight increase in MTT at
mctamorphotn

Metamorphic lramfonmation of feeding behaviour in Ambyrioma Hpriswm involves changes in
performance, the design of sheletal elements, changes in munscle force-generating capability, and
changes in hydrodynamic deign from enadirectional flow in larvac to bidirectional flow dering
aquatic feeding afller metamorphonis. Although muscle activity patierns during aguatic feeding
do pol change acron metamorphotis, longue-hased terrestrial feoding involves a suite of povel
muscle activily patterns, morphologcal charsciers scquired at metamorphosis, and a metamor-
phac increase in the masses of muscles important in (oagoe projcton.
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Introduction

The process of metamorphesis is of special interest to biologisis because ol the dramatic nature
of changes in organssmal form and lunction thal may take place over a relatively shord time (c.p.
Etkin & Gilbert, 1968, Dodd & Dodd, 1976; Gilbert & Frieden, 1951; Fox, 1984; Duellman &
Trueb, 1986). In contrast 1o comparative analyses across taza in which patterns of tranilormation
in structure and lunction must be inferred (Lawder, 1981). major changes in morphology and
physiclogy may be observed directly in metamorphosing individuals. Inaddition, the speed with
which many metamaorphic changes take place (in contrast 1o a more normal relatively continueous
process of ontogenctic change) greatly facilitates cxperimental manipulation of development
dunng this peried 1o gain intight into causal relationships during onlogeny. A combination of
expenimental (manipulative) techriques and descriptive approaches facilitates understanding of
ruped and submtantial morphological changes.

Within vertchrates, one of the hest known examples of metamorphosis accurs in amphibiuns
(Noble, 1931; Duellman & Trueh, 1986) in which an aquatic larval stage may transform into a
terrestrial adult form. This environmental transition necessitales many alierations in morphology
and physiology as changss aceur lo permil funclion in & terrestrial eavironment. Omne of the
systems thal undergoes a particularly dramatic change is the skull and lecding mechanism.,
Previoas studics have documeniod the transformation in tiger salamanders {Ambysroma rigrinum)
from alarval suction feeding mechanism of prey cupturs (in which rapid buccal expansion is used
to draw walcr and prey inle the mouth; Lavder & Shaffer, 1985) 1o the post-metamorphic
tervcstrial feoding system in which prey capture involves tongue projection from the mouth
(Brambie & Wake, 1985; Lauder, 1985; Lauder & Shaffer, (986; Shaller & Lauder, 1988; Reilly &
Lawder, 198%). Many morphological changes in the head take place at metamorphosis bo permit
Lhis change in feeding funciion. These include the appearance of the longue, changes in the
hyobranchial apparatus, changes in skull shape, and closing of the gill slitsand loss of external gills
(Bonebrake & Brandon, 1971 Reilly, 1986, 1987; Reilly & Lauder, 1988). These previous stadies
of metamorphosis in salamanders have focused on either changesin feeding function or changesin
skull bone shape and petibon, Une major unknown area of cranial metamorphosis insalamanders
1 muscle struciure. Nostudy has yet addressed possible changes that may occur in cranial muscle
morphology during metamorphos despite the factthat such changes might have 2 major effect on
feeding function and the ability of salamanders to feed on land.

The goals of this paper are two-fold. First, we present an analysis of cranial muscle
metamorphosis in the tiper salamander (Ambystoma tigrinum) to document changess in whole
muscle siructure and estimated lorce-generating capabilities. Secondly, we eview previous
analyses of cranial metamorphosis in salamanders and aticmpt to inlegrate these now data on
musles wilh previous data on the melamorphosis of cranial form, feeding performance and
fezding function.

Materizh and methods

Specimens
To inwvestigate changes in cranisl muscle archilecture, man and estimated force-generating capability
acrons metamor photin, samples of Ambyitoma figrisum were chosen from collections made just before aed
just after metamaorphosis 1 i important to emphaties that the o prised dhjective was (o study the effests of
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metamorphoss per s on cramal musches, and not larval or sdult growih trapeciones. Tho, samples of
similarly-sired Giger salamanders were chowen on citber side of metamomhoti. Speaimens collected in
Celorado Springs, Colorado, were obained from the Mussum of Matural History, University of Kansas,
Lawrenoe KS (LSA | Twelve larvae were wied (specimen aumberi: KUSF1I9-E91 22, K914, K9)28, K9] 33,
BPI40-H91 4], B9144- B9 45, ¥V 149) as were & ondividualy that bad jintl metamorphosed | K USSR, 8909,
ER107, B07-59 11 1) Al specimens were colkected (rom the same localivy and weoreof smilar sise {the issee of
sipe i dincusscd in dewail below).

Meamremenis

Morphological changes st metamorphots were characierized by messuring muscle fbee angle, fibre leagth
und whole miuscle mass for 9 cranial miscies. From these vaniables the peak tetume tencion that each mescle
could generate was cstimated from the physiological orow-wcional area (we below) Detsilv of the
maorphology of these muscles in Larval and transformed Ambysioma fiprimem have heen described hy Lasder
& Shafler (1985, 1981); bere we describe only how these muscles were removed lor measurement. Inorder 1o
reduce varislion in the data. one investigator (SMR) performed all the disseetions; the other (GVL) weighed
and measured the masscle fibres.

The specimens on which the muscle menurements were made were fized with the jaw in a closed positon;
fibre lenpths thus reflect the adducted position of the mandible, The eparial muscla contnbute to mouth
opening duning feeding by clevating the newrocraniam and upper jaw (Lawder & Shaffer, 1585). The cpaxiai
muscies were dissected out of lirvae and translomed individuals by firet removing the thoulder gurdle and gl
Ievators (in larvach and then making & cut along the fourth myomere postenor 1o the skull. The musche was
then removed by peching fibees from the underlying vertcbrac and from Lhe otic and panetal regions of Lhe
skull

The adductor mandibulae miernus and ealemus musckes are the major sdducion of the Jower jw and
anction o clow the mouth durieg proy capiere (Lawder & ShafSicr, 19831 The origins of these muscles were
firvt cust from . the skull, squamosal and quadiate aed thea the inscrien was renovesd frem s dontany and
pre-artwular.

The rectus corvicis muscle in larvee isthe key muscle |hal generates negalive buceal presure by moving the
hyobranchial spparaten posteroventrally during moulh opening. In lerrestrial fescing, thes muscle acts to
retract the longue and hyobranchial spparsius mio the mocth [Really & Esoder, 1999). The rectus cervacn
was cul along ihe firit myomere postenor (o the orohyal and wai then pulled antenorly and removed st iis
insertion on the hyobranchial spparstos. Cure wan taken 16 remove any sdbering blond wessels or heart
L

The subarcuaht rectos | mincke of larvae fusctiors i pll srch abduction. In tramfomeed biper
mlamanders, this muscle lunctions, along with others, 1o project the tongue Trom the moulh by pulling
ceratobranchial | anierodorsally (Reilly & Laoder, 1919). The mubarcuahs rectus | was cut anierioely whese
the misscke fibres mezt the tendon 1o the byosd arch, end was peeled porienody from the coratobranchial

The intethyosdeus and intermandibularis muscles form the muscslature of 1he buceal floor and Ba 1o
ehevale the hyobeanchial apparates {(Lavder & Shaffee, 1995, 1988, Reilly & Lauder, 1989 Both muscies were
removed topether because of their small size asd intimaie fibee arsoaation and were trealod 23 one (e Uional
compler, Removal of these muscies was accomplished by first making an incision along the veniralmadhine of
the baccal Noor, Then acul was made slong the mandible 1o remave lateral and anterior attachments of these
st

The gemohyosdeus s a longiudinal musche that actsto protract the hyobranchial apparatus and tockovaic

the Baceal Moof | Lauder & Shaffer, 1983, 1988), The geniotyoidous was first removed from the urchyal, then
detached Trom the basibranchial fascia, asd finally severed at its atachment to the mandibular symphysis

The depressor mundibulae mindde contributes 1o mouth opering by moving the tip of the mandible

ventrably around its articulstion with the quadrate. This muscle was first removed from ity altachmernt Lo the
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quadrate, then its insertion on the jaw was cut, and Bnally depressor mandibulae fibres were pecled from their
attachments 10 1he squamotal bone and cpavial muscles

The branchaohyomdeus muncle i3 typscally bowl al metamorphoss (Smith, 1920, Lavder & Shaffer, 1985:
Relly & Laoder, 1989) and & remnant muscle was present in 3 of the transformed individuals (which
presumably had not quite completed ull metamorphosis of the hyobranchial region), Statistical analyzes (sce
below) were thus restncted 1o the 8 muschs common to both larval and translormed amimals. The
branchiohyoideus was teased from its ofigin on the surface of ceratobranchial 1 and then cul from its imertion
on the hyosd arch,

Aller musches from both sides of each preserved specimen were disected oul they were placed in a covered
petri dith contaiming 70% EOH, The total bilateral wet man (g) for each muscle was measured on an
analytical balance. Because the muscles were small, masses for cach of the muscle pairs from each individual
were measured once afler gentle blotting and 1he muscle was then returned 1o the dih: 1his procedure was
then repeated 3 imes. Each muscle mass thus represents the mean value for both sades of Lhe head weighed 3
Limes.

Muscle architecture was studicd by digesting away intramuscular connective tissue with 25% nitric acid
following the technique of Williams & Goldspink (1971; alio see Gorniak, Rosenhberg & Gans, 1982; Lauder,
1983, Powell of af,, 1984). Aler aboul a week of digestion (ibe exact length varied with musche mass) the
muscles were wathed in distilled water and siored in a mixtore of 0% glyoerol and 50% distilled water.
Drshes containing the muncle fibres were placed under a dissecting microscope (Zem [VB) and individual
fibres genily separated with forceps. The angle of muscle fibres within the muscle (o the centre line of he
whole muscle (drawn from the midpoint of the muscle ongin to the midpoint of the inseriron) was measured
with a camera lucida and digitizing tablet. Then, the muscle fibres were completely teased apart, laid out on
the bottom of the dish, and the lengthaof 25 representative fbres were measured, For both the angle and fibre
kngth measurements, musche fibres from all regions of the muscle were sampled.

Thephrﬁnluﬁnlmiouotlmudrprnvidnlmurrmmlin;ﬂp-mﬂru“h
muscle, laking into sccount muscle architeciure and fbre kength (Gans & Bock, 1965; Alcxander, 1968,
Powell et af., 1984). Maximum mnﬁclnﬁun{h{ﬁ.bﬂrmmmjlhumMnlohrnu-mulrhilhlr
correlated with physiological crou-sectional arca by Powell er al. (1984). These suthors compared MTT
vahues estimated from muscle architecture Lo physiologically measured MTT values in 26 different guines pig
muscles in the hind limb. They found a highly significant correlation of 099 between the estimaied and
measured MTT values, indicating that MTT can be sccuratcly predicted from morphological measurements
alone. Mazimom iclanic tension may be estimated by multiplying the physiological crom-sectional area
(PCSA, in cm’) by the specific tention (ST, in Nem-7): MTT = PCSA x 5T, Specific lensions reported for
veriebrale muscle have varied widely, but & value of 20 Nem-? represents a reasonable sverape value
(Adexander, 1968; Altringham & Johnston, 1982; Powell et of,, 1984; Wainwright, 1987).

The PCSA was cakculated by the lollowing equation (Powell of of., [984): PCSA = ({muscle mass, in 1]
(o &, in degrees))((fibre dength, in cm) x (muscle denity, in glem®)). A muscle density of 105 glem’
was used a3 in previous research (Lowndes, 1955; Alexander, 1968; Lander, 1983). The average angle of
individual muscle fibres to the line of whole muscle action is given by a. Our analysis assumes that the specific
tension of Lhe alamander jaw muscles does nol change scross metamorphosis.

Statistical approaches and analyses

Because the analysis of muscle archilecture and mams involves dissecting oul the musches and is a
destructive procedure, 4 loagitudinal study ‘of single individuals was impousible and we adopted & crom-
sextional sampling approsch. A useful way of visualizing the nature of metamorphic change in a cross-
sectional sampling program is shown in Fig. | which depicta a hypothetical plot of the maw of one cranial
muscle agzinst time, Three individuah (A, B, and C) grow larger with Lime and muscke mass increases from
time M Lo lime 11. Metamorphosis occurs at time 11 (slightly different for each of the 3 individuali) and in this

METAMORPHOSIS OF CRANIAL MUSCLES IN SALAMANDERS &3

Muscla mass —s

Size —»

Frz. |. Schemalc diagram to ilutrate one poasble ontogenetic Injectory of masche mam in an asimal that
metamorphoacs. Thiee individuals, A, B and C, are shown and their positions along all i trapciones sre mdicaied by
Black dots. The time scale on the x-atm i arksirary, As larvae grow (e.g. from teme /0 1o lime 1) theer mascies enlarge alosg
a trajeciony o Al metamorphoms, of musch: man n lost &3 0 thes example, 8 regreadon kne through mad -metamorploc
individaals would reveal s change i mterorpt end (posnbly) o change in sope (2u) Aler metamorphoss (a1 1), sdwht
prowth ooours with 8 shope ap. Note that in a crows-sectional stedy, the mtercepds of (he regression Eanea [or (e theoe group
woukd decrease m ihe example shown. 7 wmples were chosen jutt on oither isde of metamorpboti, and 1he size range of
amsmnaly were wmall, then one would osly observe 8 decrease in mesn mascke mass betworn larval and post -atamorplec
indimduals.

hypothetical example the mas of the muscle decreases &3 metamorphosis oocurs, Aller metamorphoss, al
time 1), growth resumes and the man of the cranial muscle increases again with time, 1T many individuals at
each stage (larval, mid-metamorphic and post-metamorphic) were available for analyws, it would be
obwerved that 3 regression lines with uimilar aliometnc cocffioents (Fig. 11 =y, 2. 2y) could be drawn through
the 3 ontogenetic stages. However, samples taken just before and just aller metamorphoss would show little
dilference insize (Fig. 1, 11 1o r3) although the mean values for muscle mass would diflfer { progections on 1o Lhe
y-anis)_ It is important (o note that it is common in morphometnic sudies to plot variables againi ure (aither
of one vanable, such as head or body size, or & general ure vector: Humphnes ef af, 1981 Bookiein er af,
19E5; Strauss, 1985) and in thas case the mdependent varnable (s122) is being used 23 a surrogate for ime. Here,
the I samples differ tn time (Lhe transformed sample occurmed about 2 month later in time than the laral
tample) but do not differ in external head width or head length,

In this stedy our preliminary measurements showed that the 2 samples of Liger rlamanders showed little
varation in overall head size. However, we were concerned that even though the sire range of the talamanders
was small, sgnificant relationships still could eant betwreen muscle mass and head sire. Because the
transformed individuals were shightly older than the larval animals, they could show a change in muscle mass
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duc only 0 prowth (or shrinkape) during and immediately afler metamorphosis. Thus, 3 types of analyes
were undertaken. Multivanate analyss was resineted (o Lhe estimated muscle tenuons, a telal of B varables,
in ovder that (e aumber of variable should pot cxoeed 1he number of spocimens (0 cach group

Firsl, descriptive statinics were caloulaind for cach vanabie and the mean icnsion comparncd lor cach
muncle useng a 2sample 1o The mean oaicrnal bead widih for rval indivsfuals was 202 mm [+ 1015 E)
while the mean lof traniforoeed anumab was 2004 {2 16 SE), The -tou analyss assames thal (here is oo
ugnificant relatiombip between the estimalod muscle tensions and head sre.

Kerondly, unalyses of covanance (AN COVA) were conducted 10 compae interoepty.of pamibd regression
bnes fer larval and trenaformed individuah. The estimaied maximem tetanic tensson for cach muscle was
regrevied apuinu & mescure of head vise (width of the bead meatured a1 the posterior margin of the mandible).
Even thoughthe overall mesn were wmilar betwson fhe 2 samphes, it s sl posa ble thal saie could confound
the resulia of rtest comparrom (Paclard & Bozrdman, 19870 We Moflowed Crey & Book sienn {1 08%) and
wsed the ANCOVA resulis a1 a peneral gusde tounvarizse rels ioehipn hetween the msck tenvion vanables
and head width (1he independent varuble and univanate messore of uze ). The ANCOVA resulis thould he
interpoeted with caution, howeser, becauwie 1) many of the within-group repremsons are nol significant owing
to the wmall uze range of ihe specimens, and (2] Lhe intercepts produced by the ANCOVA analyss (Table 1)
are well outsade the natuml sire range. 1t may be misieading to compare intercepls al wn amimal size of zero
cenlimetnes.

For toth the 1-tes1 and the ANCOYA analyses, becavse multiple companisons wire being cosducted, we
adopted a conservative 001 kevel of sigmificance.

Thirdly, becawse sire per o is & multivarate alinbule of orgasiams (and mubiple univaniate regresions.
againil oot wre vanable do pel ke inlo sccount comelaiions among varables), approachey have bern
developed by Humphries ef ol (1981), Booksiein ¢f of. (1985 and Straus (g 1985) 1o remove sz rom
AmeRE-Eroup compansons via modified principal componont analyus. We therdore conducied a princrpal
componci analysd on B musclk lersions (2l bul Lbe branchiohyoidowns which is lost al metamerpiosis) using
log [10) ~tramformed data and the covariance matrin. To cuamine the effects of sire 0 muscle masses,
cotrelations of prncipal componcnts 1 and Jwilh wee were romoved by the ‘shear” lechnigue of Mamphincaes
ol (1981; abe see Stravss, 1984, 1995 Straws & Fuiman, 1985) which removes wilhis- group promsapal
companent | effects by regressi

Resulis

Summary statistica for larval and transformed individual muscle masses, fibre angics and
estimated masimum tetanic tensions (MTT) are presentad in Table I A sample plot of the
variables measured on the rectus corvicis muscle is presenied in Fig. 2. Both Larval and transfommed
individuals spanncd a range of head widths from |7 mm to 12 mm.

Only the deprossor mandibulac muscle shownd any change in mean fbre angle during
metamorphosis (an increase from4:27 (o 1417, F<0-005 Tabie 1), and within-muscle vanation in
fibre angle i high for all muscles (alihough the mean fibre angles were generally low, indicating
that the muscles were emsentizlly parallel-fibred). Three muscles exhibited a change in muscle fbre
length. The depressor mandibulae and interhyaideus/intermandibularis both had shorter fibres
alter metamorphosis, showing adecrease of 20% (69 mmto5-S mm;, P < 0001) and 26% {10-0mm
to 74 mm; P<0001), respectively, The subarcualis rectus | muscls increased in fibre length by
B2% (39 mm to 71 mm; P<001) but showed no change in fibre angle,

Both univanate analysey indicate that only the rectus cericas and depressor mandibulae MTTs
change significantly a1 metamorphons (Tables | and 11). The r-tests and the ANCOVAs (when
intercepts are compared within the range of actual animal size) indicate that the estimaied MTTs
in (hese muscles decrease sl melamomphosi. The MTTsin the epazial musdes and 1he adductor
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mandibulse internus and externus decrease after metamorphosis but the difference 15 not
significant {Table 1). Mean values for the subarcualis rectus L interhyoideus/intermardibularis
and geniohyondeus all increased during metamamhosis but not sgnificantly (Table ).

A principal component analysis of MTTs from all cight muscles that are retained acrosy
mctamorphosis (Figs 3, 4, ) shows that there sppears 1o be a multivariate vize effect: all lf.lll.ll"lk\
are highly and positively correlated with PCH (Fig. 8} and larger individuals tend to have higher
MTTs. Howover, there was no inter-group size dffect (i.e. larval and transformed individuals do
not scparate along PC1). Shearcd PC analysis {Booksten ¢1 al., 1985} which removed possible
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cffects of size from PCs 2 and 3 altered the position of the larval and transformed individuals very
litthe: thus, Figs 3, 4, and 5 show the resulls of the unsheared data. The presence of high and
positive corrclations of all variables with PCI is due to similar within-group size correlations of
muscle tensions with bead width in both larvae and transformed individuals. The distribution of
muscles in Fig. 5 thus reflects changes in muscle lension at metamorphosis and not differences in
size of larvae and transformed specimens in our sample,

The subarcualis rectus | and interhyoideusfintermandibulans muscle tensions arc negatively
correlated with PC2 (Fig. 4) and both these muscles show slight increases in estimated tension at
metamorphosis. The two muscles with significant decreases in tension at metamorphosis (the
rectus cervicis and depressor mandibulac) are positively correlated with PC2 and negatively
correlated with PC3 (Fig. 5).

DHpcumion

Previous rescarch on the functional design of the musculoskeletal system in metamorphosing
amphibians has focused on analyses of the skeleton and has only qualitatively considersd changes
in myology (¢.g. De Jongh, 1968; Wassersug & HofT, 1979; Truch, 1985; Reilly, 1986, 1987; Lavder
& Shafler, 1988). Yet changes in muscle morphology and function are critical to a complete
understanding of changes in function during development.

Here, we first consider the specifics of muscle metamorphosis in Ambysfoma tigrinum, and then
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provide an overview of the Tunctional devugn of the head of the uger salamander during
development Lo place previous research and the present resulis into a ungle framework,

Muscle meramorphosis

Dunng metamorphosis in lger salamanders, two of the head musches undergo a substantial
decrease in estimated force-gencrating capabihly: the depressor mandibulae and the rectus cervicis
muscles estimated peak letanic lensions decrease by about 36% over a lime period of several
weeks. Because of our choice of pre- and post-metamorphic samples of individuals that just span
metamorphosis, this decrease in estimated MTT is not conlounded by larval or post-metamorphic
growth. Rather, this decrease reflects a substantial change in bead muscle design that takes place
dunng mctamorphous itsellf. In addition, one muscle, the branchiohyoideus, s absent in
transformed individuals as it is completely resorbed during metamorphosis.

While no muscles other than the recius cervicis and depressor mandibulae exhibit a significant
change in MTT when conudered imdividually, several multivanate patterns of transformation at
metamorphonis emerge when palterns of covanation among muscles are accounted for, Larval
individuals tend 1o have higher scores on PC2 due (o higher estimated MTTs in the depressor
mandibulae and sdductor mandibulae muscles, and lower MTTs in the interhyoideus/intermandi-
bulans and subarcuahs rectus 1 muscies (Figs 3, 4). Larval individuals alse tend 10 have more
positive scores on both PCI and PC2 while transformed individuals have negative scores lor the
most part on PC2. There 15 a zone of overlap which is nol surprising given the close temporal
proximily of the two samples 1o cach other and the relatively small sizes of our samples (Fig. 3). In
general, PC2 scores reflect the direction of change in muschke tension at metamorphosis (Figs 4, 5
muscles that exhibil a reduction in MTT at metamorphosis are correlated positively with PC2,
those that change liltle sl metamorphosis have correlations that are near zero (Fig. 4
geniohyoideus and epaxial muscles), while those that increase at metamorphosts are negatively
correlaled with PC2 (subarcualis rectus [ and interhyoideus/intermandibularis).

The process of metamorphosis thus appears to involve an increase in lorce-gencrating capability
in the buccal Noor muscles, a decrease in mouth-closing muscles and a decrease in the muscles
involved in opening the mouth (depressor mandibulae and rectus cervics). In addion, the
subarcualis rectus | muscle (involved in movemenis of the hyobranchial apparatus) increases
slightly in mass and MTT al metamorphosis and contnbutes o the negative wores of Lhe
transformed individuals on PC2 (Fig. 3).

Orverall, the change in mass accounted for most of the change in estimated MTT of each cranial
muscle at metamorphosis. Within-muscle variation in fibre angle and length tended to be high and
muscle mass contributed the most to changes in MTT. For example, the rectus corvicis muscle
{plotted in Fig. 2 to show the scatier of points for each vanable measured from this muscle) did not
change mean fibre angle (19°) or length (larval mean =91 mm, transformed mean =96 mm; not
significant at P=0-41) whilc mass and MTT decreased significantly (Table ).

The subarcualis rectus | exhibited a large increase in fibre length of 82% while alwo increasing in
mass from 0-012 g to 0-03 g. This muscle is the major muscle involved in projecting the longue out
of the mouth during terrestrial feeding (Retlly & Lauder, 1989), and it is thus not surprising that
such dramatic changes should occur over the time course of metamorphosis. In larvae, the
subarcualis rectus | originates on the hyoid arch and inserts proximally on ceratobranchial [ near
its articulation with the hypobranchial (Lauder & Shaffer, 198%). The branchiohyosdeus muscle
also ornginates from the hyoid but inserts on the distal end of coratobranchial 1. At
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mectlamorphosis, the larval branchiohyoideus disintegrates and the distal attachment of the
subarcualis recius | migrates along ceratobranchial | toward the distal tip(Smith, 1920; Lavder &
ShaiTer, 1985; Reilly & Lawder, 1989).

Metamorphatis of the feeding mechanivm

A critical problem in any analysis of the transformation of behaviour is the correlated cha nge i
many aspects of animal design. This problem is cspecially evident in animals that metamorphose as
many changes in form and function take place over a short time span. In an effort 1o understand
the modifications in feeding behaviour that occur during salamander metamorphosis, previous
rescarch has focused on one or more aspects of the ontogenetic change from a larval aguatic 2. Hyobranchial apparatus
feeding system to a post-metamorphic terrestrial feeding system.

A key goal of these studies has been to document and analyse the ontogeny of functional design
in the feeding mechanism of wlamanders at several levels of orgamization. Thus, investigations ol
the feeding system of tiger salamanders during ontogeny have involved analysing scveral
components of the head, including (but not limited 10) muscle activity patterns, morphology, and 3. Fooding periormants
kinematics of feeding behaviour,

The resulis of these studics are summarized in Fig. 6 and are reviewed here to provide an
overview of recent results on the ontogeny of functional design in liper salamanders. Al
metamorphosis there isa transformation in the hydrodynamic design of the fecding systemn in tiger 4, Kinematics
salamanders from a unidirectional flow system in larvac to a bidirectional pattern (Fig. 6: pancl I
Lauder & Shaffer, 1986). In larvac, waters enters the mouth anteriorly (with the prey) and exits
posteriorly from the gill slits. After metamorphosis the gill openings have closed and water
brought into the mouth during suction feeding must abo cxit via the mouth. Terrestrial feeding is
accomplished by projecting Lhe tongue toward the prey and does not involve suction (Reilly &

Lauder, 1989). 5. Buccal pressize

Many changes also occur in the osteology of the skull and hyobranchial apparatus at

Gape (mmj)

mm Hy
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metamorphosis (Fig. 6: panel 2; Lauder & Shaller, 1988). For example, ceratobranchials 11, T11,
and IV are lost at metamorphosis and extensive remodelling takes place in coralobranchial 1 and
the hyoud arch,

Analyses of the aquatic feeding ability of salamanders (Fig. 6: pancl 3; Lavder & Shaffer, 1986;
Reilly & Lauder, 1988) have shown that feeding performance decreases drastically aflter
metamorphosis. Larval tiger salamanders capture small fish in a third to a half of all feeding
atiempls, while post-metamorphic tiger salamanders are able to capture only relatively slow.
moving prey. Why does this drop in feeding performance occur?

One possible explanation could be that the pattern of jaw movement changes at metamorphosis
so that in post-metamorphic individuals feeding kinematics are less effective in capturing prey.
However, analysis of the pattern of jaw movements across metamorphosis has shown that this is
not the casc (Fig. 6: pancl 4; Shaffer & Lauder, 1988): the kincmatic pattern of feeding is extremely
similar during aquatic feeding in both larval and post-metamorphic individuals, However,
terrestrial feeding kinematics were found to differ significantly from aquatic feeding movements,

Accompanying the changes in osteology and hydrodynamic design al metamorphosis are
changes in the pattern of buccal pressure used 1o capture prey (Fig. 6: panel §; Lauder & Shaffer,
1986): the negative buccal pressare changes that drive the suction feeding mechanism are much
greaterin larvae than in metamorphosed individuals. In addition, the area under both the negative
and positive portions of the pressure trace decreases at metamorphosis (Fig. 6: panel 5).

In order to understand just how much of the change in pressure profiles at metamorphosis was
due to alterations in hydrodynamic design alone, Lauder & Reilly (1988) experimentally modificd
the feeding system in axolotls. These authors showed that converting the feeding system from
unidirectional (o bidirectional (by suturing closed the gill shits in axolotls and companng the
pressure profiles in sutured and unsutured individuals) feeding performance could be drastically
reduced and the pressure patterns in the mouth altered significantly ( Fig. 6: panel 6). Several of the
changes that actually occur at metamorphosis were reproduced well by the experimental
manipulation, but many (such as the decrease in maximum negative pressure and the decrease in
the positive portions of the pressure trace) were not well imitated.

The changes in aquatic feeding performance at metamorphosis could also be duc to alterations
in the activity pattern in the jaw muscles. If post-metamorphic individuals use a different timing
and sequence of jaw muscle activity than larvae, then this could explain differcnces in feeding
performance. However, the pattern of muscle activity used during aquatic feeding has been shown
not to change with metamorphosis (Fig. & panel 7; Lauder & Shaffer, 1988): only individual
feeding on land use a novel pattern of activity.

The results obtained in this paper on changes in muscle mass and estimated force-generating
capability add a final picee of information to the study of ontogenetic changes in function (Fig. 6:
panel 8). Changes in aquatic feeding performance obscrved by Lauder & Shaffer (1986) are due to
botk changes in hydrodynamic design and decreased force-generating capabilities of the cranial
muscles. Changes in buccal pressure profiles across metamorphosis that occurred in the study of
Lauder & Shaffer (1986) but not in the study of Lauder & Reilly (1988) should reflect changes in
morphology of the feeding mechanism at metamorphosis that are not accounted for by alterations
in hydrodynamic design alone. Thus, both the maximum negative pressure generaled in the mouth
cavity and the duration and amplitude of the positive after-pressure decreased across natural
metamorphosis (Fig. 6) but not when the larval feeding system was experimentally converted 1o a
bidirectional mechanism. These changes arc best inlerpreted now as being due 1o reductions in
mass of the major muscles generating negative buccal pressures, the rectus cervicis and depressor
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mandibulac, and 1o reductions in force-generating capability of the depressor mandibulse and
maouth-closing muscles. The decrease in positive aflerpressure al metamorphoss (Fig. 6: pancl 5)
may also reflect a greatly reduced volume of water drawn into the mouth during prey capture,

These results do nol rule out the possibility that changes in hyobranchial osteology and
alterations in buccal volume at metamorphosis might also influence the pattcrn of pressure change
and feeding performance across metamorphosis. However, the major changes in leeding
behaviour appear to be the result of the metamorphosis of muscle mass and hydrodynamic design,
In addition, Reilly & Lauder (1988) found that the number of cerntobranchials retained a
metamorphosis had no effect on feeding performance.

The changes in estimated muscle force production correlate well with previously demonstrated
changes in fceding behaviour across metamorphosis (Fig. 6: panels 1 and 3; Lauder & ShafTer,
1988, Reilly & Lauder, 1989). Specifically, after metamorphosis, the feeding mechanism on land
involves projection of the tongue toward the prey, while in the water the tongue and hyobranchial
apparatus do nol project al the prey during the strike. Correlated with the acquisition of tongue-
based feeding on land is the increase in mass of the geniohyoideus, subarcualis rectus 1, and buccal
floor muscles {interhyoideus and intermandibularis posterior). These muscles are all intimately
involved in tongue projection during terrestrial feeding (Reilly & Lavder, 1989). During terrestrial
fecding the tongue is projected oot of 1he mouth by the combined actions of the subarcualis rectus
I peniohyoideus, interhyoideus and intermandibularis posterior: the vectorial summation of the
lines of action of these muscles directs the tongue toward the prey. It is significant that these four
muscles are the only oncs in the head to exhibit an increase in estimated force-generating capability
at metamorphous.
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