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Among piscivoroug cichlids consistent differences have heen
recorded between ambush and bursuit hunterg with res
graphic: kinematije, pres
high speed inertial

pect ip electromyo-

Sure and behavigra] profiles during prey capture by
suctlon. Piscivoroys cichlids possess & reperioire of at laagt
two patterng of Prey capture, each of which is charact
ularity of the kinematie, pressure, e!ectrom_vographic and behavigra] profil
The nature and locumotory behavior o the prey, visy
ator during the prestrike sta

erized by ap extreme reg.
es.
ally analyzed by the pred-

Ik, determine which of the two Prepregrammed
patterns is recruited. Agile apd elusive Brey invariably wil el
Erammed motor ocutput lstereotyped motor pattern} that produces the Ereatest
in both ambush and pursuit
kinematie and sucijon velocities, the greater the gver]
of antagonistic muscle complexes. The opercular and branchioste
function ag an e'.‘-(ceedingly effective anti-backwash deyv
fluid osciilations within the oropharsynx.
Mments and actions of muscies of the upper and |}
ambush and bursuit hunters, The lower pharynge
couple of which the fourth levatar SXlernus on one hand and the phary

icit a prepro-
hunters. The greater the
ap of the firing seguences
gal apparati
ice, damping potential
Mastication occurs by triphasic mova-

thralis externys and pharyngohyoideus on the other hand are the antagonistic

lar sling, the tension of which can be modified continuousiy. It ig postulated
that the switeh from Insectivoroys to

vice versa) is accomplished by very MInor structuraj and functiongl madifica-

tions, because the modulaiory multipi{
&Toups overlap signiﬁcantly. Piscivorous
€ arisen by orthose]
ferentiaj success of
e features identifie
iple and Independen

cichlids may not hav
but represent the dif
tien eventg. Adaptiv
have evolved in mult

tempae,

Re nt eXperimental investigations on the

sedj £

mechanisms of selected species of

Heosts have vielded a wealth of specifics on
¢ bone-muscle Systems of the teleostean
eding machinery. Although » coherent fah-

i Sutlining the causal factors that govern

" functiona] Organization of teleostean feed.

del ig

-

| systemsg has not been advanced, a general

emerging from the existing body of

t1978) 158. 323-360.

ection in gTaduaHy-changing lineages,
subsets from g random pool of specia-

d ag charaeteristic for piscivery could
t lineages at a Punctuational mode apnd

data. On the basis of the present available evi-
dence, the model may be formulated as fol.
lows: The teleostean feeding apparatig is a
nonrigid, fiuid filled two-chambered System
with an inherent oscillatory capacity. Muscles
acting on the mobile walls of the two cham-

rior direction (Elshoud-Oidenhéve and QOsge
78, Initially, the modus operand;

of this
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model is thought to be
grammed oscillator. Such preprogrammed
{stereotyped) motor activity may not respond
to peripheral sensory feedback mechanisms.
Evidence for this hypothesis is derived from
fishes employing the [nertial-Suction or Gape-
and-Suck (Saugschnappen) feeding strategy
le.g., Osse, '69; Liem. "70; Nyberg, *71; Lauder
et al,, "791. The alleged adaptive significance
of the non-modulating preprogrammed os-
citlator is to eliminate the delay that might
otherwise occur if a peripheral sensory feed-
back mechanism were interposed. Thus, the
model has put an existing body of data inte a
coherent entity for fishes utilizing high-speed
inertial suction prey-capture tactics.

However, in subsequent studies on fishes
with different feeding strategies {Ballintijn
et al, '72; Liem and Osse, '75; Elshoud-
Oldenhave and Qsse. "58) convincing experi-
mental evidence has been presented indi-
cating that the sequence of neurcmuscular
evenis may be subject to modulation by pe-
ripheral sensory feedback responding to a
given feeding situation.

This is the first of a series of papers, in
which [ will attempt to analyze experimental-
ly the presence or absence of modulatory
mechanisms in the feeding machinery of se-
lected cichiids with varying trophic speciali-
zations. Unfortunately, the considerable com-
plexity of modern experimental techniques
{high speed cine and cineradiography syn-
chronized with electromyography, pressure
transducers, analysis of electromyograms,
etc.) imposes constraints on the number of
species and individuals that any one inves-
tigator can study. Therefore, it is not sur-
prising that functional morphologists tend to
formulate & pervasive functional design or
body plan characterizing the entire higher
taxon to which a studied species belengs. How-
ever, the search for characteristic functional
designs is accompanied by a potential pitfall:
Because the primary focus is on basic func-
tional themes, modulateory expressions and
variations are regarded as fleeting phenome-
na. The potential problem is analogous to that
of the former typologists who regard varia-
tions as illusions because they represent only
shadows of the type or “eidos.” Therefore, it
seems necessary and valid to explore the
nature and biological meaning of modulatory
mechanisms in the feeding machinery of the
most diverse teleost family known, the Cich-
lidae (Poll, ’56; Greenwoad, ‘64, '74; Fryer and
Iles, ’72).

guided by a prepro-
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Adaptationists have regarded the num

specializations in the trophic structyy
cichlids not only as relatively narrow, opi
adaptations, but also ag evidence of evol:
by natural selection {e.g., Fryer and Iles
Greenwood, '74; Liem and Osse, '75). v
most cases the analysis of trophic adapt;
in cichlids has not gone beyond the descriy
of a particular trait, which is assumed to
solution to a postulated problem. Howevey
problem often is reconstructed from the
tien! For example, in Genyoehromis menic
outer margin of the lower jaw is lined
“row of teeth which, while actually biews
are functionally unicuspid” {Fryer and
72, p. 87). According to the adaptatio
methodological pregram such a specializa
demands an adaptive explanation. Althq
“the act of taking a scale has never heen
served,” Fryer and Iles (79} proposed that
functionally unicuspid, sharp tooth ig
optimal solution to the problem of scale ser
ing and fin clipping. Furthermore, Fryer :
lles postulate that the smaller cusp of
tooth “serves to strengthen the larger.” T
explanation implies that fin clipping and sc
scraping are probiems that can be solved
sharp and reenforced teeth, Thus, the spec
ized dental trait is provided with an adapt
explanation by finding the problem to whict
is & solution.

In this series of papers, I will use experime
tal methods and principles of functional
sign to predict how the anatomical, physiolc
ical and behavioral versatility {plasticit
may play a major role in determining the 1
sponse of a species to environmental alter
tion. This phenotypic versatility and gener
plasticity in cichlids is limited in rate as
kind of response, so that the environment tm:
change in a way and at a rate that could ou
distance the species’ adaptive response. By tl
application of experimental technigues ar
simple mechanical principles to differenti
fitness, it should be possible to remove the a
parent tautology in the theory of natt}ral §
lection, because a priori fitness determinatic
is made possible, and therefore the judgmer
of relative adaptation of two or more fqm
can be made without prior knowledge of the:
reproductive performances. In this sertes <
papers I will focus on the degree that th'hh
species can track the trophic resources in
seasonally changing environment. Once LI}
relative versatility of the feeding apparatus '
known, I hope to be able to predict whic
cichlids could exploit a greater share of the vt
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w8 in short supply or who could survive
i eproduce on a lower resource level, or
Jsulit&ppropriate a resourece that is inaccessi-
e to thelr competitors,

MATERIALS AND TECHN} QUES

Fishes representing several piscivorous Spe-
aes were anesthetised in Tricainemethanc.
alfonate {Crescent Research Chemicals,
“oitsdale, Arizona 85251) 200.300 mg/liter
a1 30 to 45 minutes, water temperature
2L C. Bipolar wire electrodes {(Evenohm S)
ere impianted through the skin into the
arious muscles using the method of Bas-
wjian and Stecks 1'62). Five pairs of elec-
rodes per fish were implanted simultaneous-
v Electrode placement routinely was verified
v X-ray photographs or occasionally by au-
wpsy immediately after recording was com-
weted. The electrodes were color coded and
duer together (Testor's Plastic Cement) into
ital - that was fastened by meansof a plastic
lip  either the second or third spine of the
sl fin. The ends of the electrode wires were
mnected to & freely rotating slip-ring con-
ector [Airflvte Electronics) that was con-
weted to Gould-Brush differential preampli-
irs and amplifiers. The electromyographic
ignals. together with a time base, and the sig-
als of a pulse generator synchronizing the
tectric events with cine films taken with
ithew a Photosonics 1P or Eclair high speed
Wt picture camera, were stored on mag-
@i ape by means of a Honeywell 53600 tape
oraer. Signals from the tape then were
layed back at reduced speeds (reduction by a
tor up to 15) on a Gould Brush 260 Os-
Ulograph for visual display,

Prey capture sequences were recorded by
igh spead cinematography at 200 frames
=7 An Eelair GV-16 mm camera was used
ltonjunction with three 600 W Smith-Victor
Imi-2 lights and Kodak 4 x reversal film.
‘e -hspeciesa total of 33 opening and clos-
¢+ juences were analyzed frame-by-frame
Mz anguard Motion An alyzer. Films of free-
fswimming fish compared with those of the
me individuals wearing a clamp, electrodes
d plastic tubes for pressure recordings. No
*mificant differences in the kinematic pro-
"% of the controls and the experimental fish
e been found.

Lray cinematography allowed direct obser-
#ors of bone movements. Siemens radio-
"ap! . equipment with a Sirecon image in-

 and an Eclair GV-16 camera yielded
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cineradiographic film at 200 frames sec™!.
Kodak Plus-X reversal film was exposed at
120 mA and 40 kv. Short pieces of surgical
stainless steel wire (0.4 mm in diameter) were
placed against the lower and upper pharyn-
geal jaws to facilitate the recording of bone
displacement. Qver 40 swallowing sequences
have been analyzed for Serrancchromis
robustus, Haplochromis livingstoni and
Bathybates fasciatus, Only five swallowing se-
quences have been recorded for Cichla ocel-
taris, Rhamphochromis longiceps, Hemibates
stenosoma and Haplochromis compressiceps.

Intraoral pressure profiles of Serraneo-
chromis rebustus and Haplochromis com-
pressiceps were ohtained by means of chronic-
ally implanted plastic tubes. The plastic tube
(2.0-mm diameter) was implanted by forcing a
hypodermic needfe {17-gauge! through the
ethmoid bone, The plastic tube was passed
through the bore of the needle. which sub-
sequently was withdrawn leaving the plastic
tube in place. The plastic tube was secured to
the roof of the buecal cavity by flaring the
end, and to 2 clamp fixed 1o the dorsal spine.
The plastic tube can be connected te a
Statham P 23 Pressure Transducer, Pressure
changes are monitored by a Gould Brush
Transducer preamplifier. Signals from the
transducer were stored on magnetic tape by
means of a Honeywell 5600 tape recorder for
further analysis. A total of 31 prey capture
Sequences were recorded for each of the two
species. Pressure profiles were analyzed and
interpreted in conjunction with the sepa-
rately obtained electromyographic and kine-
matic profiles.

All piscivorous cichlid species studied here
are wild caught. Multiple experiments were
performed on healthy specimens kept under
laboratory conditions over a period of 3 to 26
months. All specimens are depesited in the
Fish Department of the Museum of Compara-
tive Zoology (MCZ).

The following species have been studied
experimentally:

Cichla ocellaris, total length 21 em, Brazil,
MCZ 52659.

Haplochromis compressiceps, total length
175, 15.0 and 14.5 ¢m, Lake Malawi, MCZ
52660.

Serranochromis robustus, total length 18.0
cm, Zambia, Africa, MCZ 52661.

Haplockromis livingstoni, total length 15.5
cm, Lake Malawi, MCZ 52662,

Haplochromis polystigma, total length 15.5,
16.0 cm, Lake Malawi, MCZ 52663.
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Rhamphochromis longiceps, total
22.0 em, Lake Malawi, Field Museum TEO63.
Boulengerochromis
16.0 ¢m, Lake Tanganyika, MCZ 49303,

Hemibates stenosoma, total length 17.0 cm,

Tanganyika, MCZ 50829

In addition, anatemical obzervations were

made on Lamprologus compressiceps (Lake
Tanganyika, MCZ 48014), Bathybates mi-
nor {Lake Tanganyika, British Museum
1980.9.30-6146-6155), Bathybates ferox (Lake
Tanganyika British Museum 1950.4,1 5456-
3479, Hemibartes stenosoma {Lake Tangan-
vika. British Museum 1861.11.22.976-989):
Rhamphochromis woodi, Lake Malawi, Field
Museum, 78073, Rhamphochromis macroph-
thalmus, Lake Malawi, Field Museum, 76084,
Crenicichla saxatilis, Brazil, MCZ 46086

RESULTS
Anammy of prey capiure apparatus

The general morphology of the head of some
representative cichlids has been described
thoroughly bv Goedel {("74a,b), Vandewalle
("72) and Barel et a1, {'76), Recently, the mor-
phelogical adaptations of various aspects of
the feeding apparatus of cichlids representing
a wide range of trophic specializations have
been anaiyzed (Greenwood, 14; Liem, '74;
Liem and Osse. "75; Chardon and Vandewalle,
"T1). Here I will summarize such anatomical
aspects as will make the motion and elec-
tromyographical analysis more easily under-
stood, emphasizing features that are of criti-
cal importance in prey capture. [ will focus on
those structural characteristics common to al]
Cichlidae that use the advanced high-speed
inertial suction (HSIS) feeding mechanism.

1. Neurocranium

Basically, the neurocranium forms the dor-
sal mechanical unit that moves dorsoventral-
ly and laterally by bending motions of the an-
terior vertebral column involving the first
four or five vertebrae. Anteriorly the ethmo-
vomerine region underlies part of the upper
Jaw, and articulations anterior and posterior
to the orbit connect the Suspensory apparatus
to the neurscranium {fig. 3). Posteriorly, the
pectoral girdle is attached by means of the
forked posttemporal to the epiotic and inter-
calary {fig. 1: eo, ic).

The morphology of the neurscranium in
piscivorous cichlids employing high speed
inertial suction feeding can be characterized

KAREL .
length

microlepis, total length
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by a specific set of specializations. As noted i
Greenwood ('74) in piscivoroug cichlidg {
Lake Victoria, there i5 a reiatively lengthei
ing of the entire preotic skyl] Yegion (from qx.
anterior tip of the vomer to the &nter%;f
margin of the prootic, fig. 1), Furtherma',;
there is a marked decrease in the angle *
which the preorbital face of the skyj| siu;u-v:
downwards fig. 1). The relatively genpf;
ethmo-vomerine slope over which the asee:-g‘;e"
ing precesses of the Premaxiliae slide {hg. ,:
appmi will result in both a larger ang '
hovizontally forward directed gape (fig. 1
During high-speed inertia] suction (HSs
feeding. a horizontally directed gape will be
advantageous, because the fish can rely sols!s
on a non-modulated ozeillator, It is obwvion,
that when the brey can be captured by the
predator at the same level of itg forward‘pmg
ress, time delays caused by modulatory ans
alignment mechanisms can be abolished ai.
together. All piscivorous cichlids that eapt
prey by a HSIS mechsnism share the elss.
gated preotic skull region with the gentia
ethmo-vomerine siope (fig. 1). The specialiged
features are found in unrelated piscivors
cichiids from such diverse geographical r+
gions as South America (Cichla ocellars
Crenicichla saxatilis), Lake Tanganyita
{Hemibates stenosoma, Boulengerochrom:s
microlepis, Bathybates minor, Lamprolugs:
compressiceps, Haplochromis pfefferi), Lake
Malawi (Rhamphochromis longiceps, Haz
lochromis compressiceps, H. polvstigma, #
livingstoni/, the African rivers {Serrans
chromis robustus), and Lake Victoria f¥itts
ally all piscivorous species discussed by Grms
wood, ‘74).

2. The suspensory apparatus

The suspensory apparatus is a mngf}f &
shaped complex (fig. 3) of which the tip &
anterior leg {represented by the palatine: k
ticulates with the lateral ethmoid of tha b
rocranium. This articulation allows mt‘_ﬂ e
eral movements of the SUSPEnSOry ap@}?ﬁ L
in relation to the neurocranium. mﬁ;
movements occur at the joint between tﬁl; "
terior leg of the V-shaped c?mplex -
neurocranium. Here the principal compon
of the joint are the hycmandlb:rdf ’
hm}, the sphenctic (fig. 1: sphl and }
(fig. 1: st). )

iil piscivores empioying 1_:he Hsii
feeding share a characteristic comp:
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Abbreviations

a, articular
apa, ascending process of articular
apd. ascending process of dentary

appm. ascending process of premaxills

con, cranial condyle
d, dentary

ect, ectopterygoid

ent, entopterygoid

him, hyvomandibula

'\“oppm
A on

. ) . L
Fig. 2 Lateral aspect of suspensory apparatus and jaws., A, Boulengerochrgmxs microfepss,
Lamprologus compressiceps; C. Hemibates stenosoma; D. Bathybates ferox. Upper jaw in L. compressic

omitted.

phological specializations, although no single
unique feature in the suspensory appara-
tus distinguishes this trophic group from
others. Specializations mainly have affected
the palatine and hyomandibular. Invariably,
the hyomandibular possesses an elongate sym-
plectic process, which is at least 2.5 times
longer than its body (fig. 2. hm). In lateral
view, the hyomandibular is slender, the depth
being at least twice the width, restricting the
area for muscle attachments, but increasing

raakgh
T Al it
L

mpl, metapterygoid

mx, maxilla

p palatine

pm, premaxilla

pop. preopercular

ppm, premaxillary condyie of maxilla
q, quadrate

ra, retroarticular

sy, symplectic

the moment arm of the levator 8“@
tini muscle around the craniohygmﬂ_ -
joint. Furthermore, the connectit:
the symplectic process of the hyom#: ;
and the posterior margin of the metd
is loose, allowing considerable mo¥
tween the two. )
The palatine (fig. 2: p) is not 5¢
entopterygoid. Its length, meast ;
the maxillary process gnd prefg‘m;_.
is quite long in proportion to the of
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aap, adductor areuy palating
am. adductor mandibulae
bpe, bnccophm-yngeal
do, dilator operculi
&P, epaxial muscley
g gilly

gh. geniohyoideys

cavity

“*le. the greatest distance between the
IOt brocess and the palatal flange. The
“uher Ly length and depth of the palatine
es

veen 2.3 and 4.5 in this trophic

I.
AW apparatug

-
5 mangip)
Jitulates by
" Orominent
¥ move

€, invariably elongate (fig. 2),
means of a synovial Jjoint with
condyle of the quadrate allow-
Ments around g transverse axis, Al]
a HSIS feeding mechanism
“dracteristic mandible. The ascend.

of both the dentary and articular

apal are attenuated and widely

Abbreviations

by, hypaxial musecles

thl, interoperculohyoid ligament

lap, levator arcus palatin

limm, interopercuiumandibufar ligament
o, levator opercyli

o¢, opercular cavity

ah, sternohyoideus

3 neurocranium

(- SUspensary apparatys
£ZT opercular
jaw
hyoid
pectoral

t o

the insertion site of the inter-
operculomandibuiar ligament is shortened

tion site of the interoperculomandibuiar liga-
ment. In aj] piscivorous cichlids, the distance
between the quadratomandibular joint and
the ventral margin of the mandible immed;j-
ately below it ig minimized {fig. 2). An excep-
tionally elongated postarticular process im-

w’
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mediately behind the quadratomandibular
joint characterizes the mandible of all piscivo-
rous cichlids (fig. 2).

Similarly, the upper jaw of all cichiids with
HSIS feeding tactics is specialized. The den-
tigerous ramus of the premaxitla is elongate,
te match the elongate mandible. In general,
the ascending processes of the premaxillae
exhibit a correlative elongation {fig. 2: appm).
A spine-shaped articular process usually is
present near the distal end of the ascending
process of the premaxilla. The maxiila (fig. 2
my! has undergone a correlative elongation in
all piscivorous cichlids. As a result the maxilia
iz slender with a very constricted neckiike re-
gion just below the well developed premaxil-
lary and cranial condyles. Ctherwise the max-
illa rezembles that of the generalized insec-
tiverous Haplochromis burtoni (Liem and
Qsse, "7T51

4. The opercular apparatus

No distinct specializations are found in the
opercular apparatus of cichlids employing
HSIS feeding strategies (fig. 41, A ball-and-
socket joint connects the opercular apparatus
to the posterodorsal knoblike corner of the
suspensory apparatus. At this joint, the oper-
cular can rotate in the parasagittal plane
allowing the opercular apparatus to exert a
pull on the posteroventral corner of the man-
dible tfig. 3) and can make abducting and
adducting motions to create respectively low
and high pressures in the gill cavity. Antero-
dorsallv. the opercular exhibits a distinct
dilatator process, serving as an insertion site
of the dilatator-operculi muscle. As in all
cichlids. the interopercular (fig. 4) is elongate
with the anterior edge deeply notched to ac-
commodate the interoperculomandibular lig-
ament {fig. 3: lim; fig. 5: LIM). Dorsally, a dis-
tinctly reenforced flange is sometimes present
toserve as the site of attachment for the inter-
operculohyoid ligament (fig. 3: thD.

5. The hyoid and pectoral girdie apparatus

These two units are mentioned here only
brieflv because they conform in general con-
figuration with those of ether cichlids already
described {Goedel, '74a). Neither of the two
units exhibit any salient specialization that
can be correlated with the high speed inertial
suction feeding mechanism. Yet, both units
play most important roles in jaw opening and
the generation of suction {e.g., Liem, '70). The
two hyoid rami are suspended from the pos-

[
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teromediai side of the suspensory apparaty,
by means of the interhyal that articulage.
with the posterodorsal edge of the epihyal s
well differentiated interoperculohyoid Jig,.
ment links the epihyal with the interopercy.
lar {fig. 3: ikD. In this way movements of the
hyoid are translated to the interopercular an.c?
the mandible (fig. 3, Osse, '69; Liem, 70}, The
pectoral givdle. of which the cleithrum repry.
sents the largest single bony element 1“
teleosts, serves as the site of extensive attach.
ments for such massive muscle masses as th,
sternchyoideus. hypaxial (fig. 3: sh, hy) ang
protractor pectoralis. Therefore, it is rather
surprising that no unique feature has beer
found in this mechanical unit separating this
trophic group from others.

6. Myology

a. Jaw muscles. The adductor mandibulas
complex is subdivided into four parts: A, A..
A, and A, {intramandibular head). The mos:
dorsal and superficial part is the parallel.
fibered A, the fibers of which originate {rom
the precpercular. In large-eyed forms leg.
Hemibates, fig. 5; AM,} the origin is confine:
to the lower half of the preopercular, whereas
in smali-eved forms (e.g., Serrancochromis, iz
7. AM,) the origin extends over almost the
entire length of the vertical limb of the pre
opercular, Posteriorly the muscle covers the
distal portion of the levator arcus palatin:
While anteriorly it inserts by means of =
elongate tendon on the medial aspect of H
maxilla (figs. 5-7: AM, tam,) just helow tiw

Abbreviations

n, nasal
op, opercular
pa, parietal
pf, lateral
ethmoid
pls, pterospbt%éﬁ
pm, premﬂxii .
pop, preopercEil
P8, paraﬁpbm’m’
g, quadrate ,
r, retroarticws’
sb, sesamoidw
S0, lreum w
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a, articular
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d, dentary

e, ethmoid

ect, ectopterygoid

ent, entoptervgeid

e, epiotic

f, frontal

hm, hyomandibular

ic, intercalary

iop, interopercular

ia, lacrimal

mpt, metaptervgoid

mx, maxilla

el

Fig. 4 Lateral aspect of the skull, after thL’“Mh?ﬁf:‘
the pectoral girdle and hyoid app&mmﬂ_reui“ﬂ"“

chromis microlepis. B. Lamprolegus comp e
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Abbreviations

AAP, adductor areus paletini
AN,

CAR, rostral cartilage

DO, dilator operculi

E, ethmoid

EM. epaxial muscies

IOP, interopercuinr

LAP, levator arcus pulatini
Li, palatopalntine ligament

AM2

. . . . e
Fig. 5 Lateral aspect of cephalic muscles after removal of lacrimal, circumorbital bones and eyeball of Hem

stenosome.

premaxiliary condyle. The tendon itself is part
of an aponeurosis that is ventrally attached to
the medial aspect of the articular just above
the jaw joint. A, originates from the suspenso-
Iy apparatus and inserts by means of one head
on the mandible. The insertion is on the
ascending process (fig. 5: AM,) of the articu-
lar. A, represents the deepest head of the com-
plex. It originates from the metapterygoid,
symplectic and symplectic process of the hyo-

AL portion of adductor mandibulae
AM. AL portion of adductor mandibulae
APPM, ascending process of premaxilla

LM, interoperculomandibular

aap,

ligament am,,

LO, levator operculi Ay, G
M. mandible

ad
MX, maxilla

apa, a
OP. opercular apd, a
P, palatine €, cra;
PM, premaxilla im, in
POP, preopercular iop, in
&, quadrats L, pal:
S0P, subcpercular e, pal;

o POP
AM1 1OP
s AIaSedLr;Ilzdsicz

g

mandibuiar; anteriorly A; becomes te ;
to insert on a sesamoid bone in Meckgig
tilage on the medial aspect of _the m
(fig. 6: tam,), the coronomeckelian.

The intermandibularis (fig. 6: im
unpaired, parallel-fibered muscle conr#®
the two halves of the lower jaw. It lies @

‘or arcus pale
“ely narrow

Hpensory appar:
ar. 1y originate
"of the sphenot

“et of the dor
fb of

: @ preope

. H "
to both the intramandibularis (A..?: _E r{f;; : hyoma
geniohyoideus muscles. : * I'the met

b. Muscles of the suspensory appars & udductor .
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P

and eyeball of Hemidaic:
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sne in Meqkel 5 Faff
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(fig. 6: im) 18 'ﬁa:
_ muscle connectmﬁ
s jaw. It lies dorSBLH-
Yar A,) and the

sory dpparatus. The
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Abbreviations

aup, wdductor arcus palating

amy, A, portion of adductor mandibulae

Ay, Untramandibularist portion of
adductor mandibulae

apu, ascending process of articular

apd, ascending provess of dentary

¢, craniat condyle of maxilla

im, intermandibularis

lop, interopercular

L, palatoethmoid ligament

L palatovemerine ligament

lim | q
4

i ligament associated with premaxiliary
condyle of maxilla

L., medial collateral ligament of
quadratemandibular joint

lim, interoperculomandibular ligament

md, mandible

mx, maxilla

P paiatine

q. quadrate

tarm, tendon of A, portion of adductor mandibulae

tam;, tendon of A; portion of adductor mandibulae

md

£ 6§ Medizal aspect of the left mandible, maxilla and interior porticn of the suspensory apparatus with
¢ .ciated muscles and ligaments of Hemibates stenosoma.

“ator arcus palatini muscle occupies the rel-
"ely narrow postorbital portion of the
';JSDensory apparatus anterior to the preoper-
Alar, It originates from the postorbital proc-
*of the sphenotic and inserts on the anterior
“Pect of the dorsal portion of the vertical
Who he preopercular, the symplectic proc-
20l e hyomandibular and the muscular
Toees  4f the metapterygoid (figs. 5, 7: LAP).

U€ adductor arcus palatini is parallel-

fibered and forms the roof of the buceal cavity,
connecting the dorsal rim of the SUSDEnsory
apparatus to the basis of the neurccranium
(figs. 5, 7: AAP). Its origin includes the ven.
trolateral edge of the parasphenoid, and part
of the prootic: the insertion involves the dor-
somedial edge of the palatine, entopterygoid
and metapterygeid.

Further posteriorly, a short half-cylindrical
muscle, the adductor hyomandibulae, bridges

A
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the gap between the medi

al aspect of the hyo- The hvohvoideus Supe
mandibular and prootic,

ror muscle is

a

thin, short-fibered muscle, that rupg bet\::;

o Muscles of the opercular, Immediately adjacent branchiostegal rays and betweey the

bosterior to the adductor hyomandibulae ig dorsomedial edge of the last bl‘anchiostega‘

another half cylindrical musele, the adduesor ray and the media] '
opercudi, originaling

from the exoccipital and
inserting on the medial side of the opercular
adjacent te the operculohyomandibular Juint,

More laterally, the triangular dilatator
operculi muscle originates from the pterotic
and inserts on the lateral aspect of the antero-
dorsal corner of the opercular {figs. 5, 7. DOY.

Just medial and posterior to the origin of
the dilatator operculi, is the origin of the feyq.-
tor operculi muscle that runs to the medial
aspect of the opercular tfigs. 5, 7: LO). The in-
sertion siteisona nearly horizontal ledge and
the fTat inner surface above this ledge.

d. Ventral muscles of the head.

suboperculay.

The Ayohyvoidewus transvers
terconnecting the most a
stegals of opposite sides, g
ferentiated in other trophie formg {eg
Tropheus, Liem and Osse, '75- fig. 1
tually absent in the piscivoroug cichlidg stud-
ted. In its place one finds a fibrous transverg,
aponeurcsis,

e. Epaxial muscles, As in al] cichlids, the
dorsal body musculature extends forward 1
insert on the dorsal and posterior aspects of
the neurocranium (figs. 3, 5, 7 ep, EM).

18 subdivisjgp, in
nierior braHChio

The cone- . .
shapedsternohyoideus connects the urohyal of Behawora!_sa‘)jaz.‘egzes ofpré:'y capture by
the hvoid arch with the cleithrum of the pec- prscruorous cichlids
toral girdle and is a rather prominent muscle Observations in the laboratory over ex-
(figs. 3. 7.: SH. sh). In piscivorous cichlids, this

muscle tends to b
two myosepts,
Posteriorly, the hypaxial musculature at-
taches to aimost the entire posterior surface of
the cleithrum (figs. 3, 7: hy, HY). Its con- it. Among the ambush hunters are Hapio-
figuration is rather uniform in all cichlids  chromis livingstoni, H. compressiceps, H. polv.
studied. stigma and Lamprologus compressiceps. {3
The geniohvoideys muscle {also known as Pursuit hunters are strong, rapidly swimming
the protractor hyoideus} connects the hyoid  fishes that swim towards their prey, pursuing

rami with the mandible Essentially, it is a it until it is lost or captured. Among pursuix
parallel-fibered muscle forming part of the hunters are the adults of Bathybates {"erax,
buccal floor. In all piscivorous cichlids stud-  Hemibates stenosoma, Boulengerochromis mi-

led, the geniohyoideus ig extremely elongate crolepis, Serrancchromis robustus, R{wﬂj!
and slender (figs. 3. 7. gh, GHA, GHP). The phochromis macrophthalmus and Cichis
posterior attachment is confined to the Jateral

ocellaris, :
aspect of the ceratohyal, none of the fibers is Published accounts (e.g., Fryer, '59; Green-
associated with any branchiostegal ray. In  wood, '62; Matthes, '62; Buruga, '5?; Ffl“"’f
cichlids belonging to most other trophic ang lles, ’72) and my laboratory studies sevi
8Toups, associations between the geniohy- to indicate that piscivorous cichlids are not{i
oideus and one or nmore branchiostegal rays  multaneously effective as pursuit and ambl}fm‘“
are common. hunters. It is axiomatic that natlural selec!g:ﬁ‘f
In general, this trophic group of cichlids favors those anatomical, functional ﬂﬂi}k::
bossesses a weakly developed hyohyoideus  haviora] features that increase the P’_ (e
inferior muscle. As in most teleosts, the medj- bility of capture of prey. If ci'etecfll_ﬂn. o ;‘L
al parts of the left and right sides of the hyo-  predator by the prey and pursuit ability 3”’ﬁé
hyoideus inferior Cross each other in the rectly correlated, it follows th.at 01_11_{ spt"f‘kﬂ
median, the left bundle traversing dorsally to  that possess either good pursuit aI')ih.:.} or "
the right one. The thin aponeurosis covering  appropriate cryptic apparatus, which ;5 if;;
the ventral aspects of the hypohyal and cer- requisite for a successful ambush § r:ﬂ
atohyal serves as an origin. The hyohyoideus have a high expectation of capturing I;_,wi@ _
inferior inserts on the anterodorsal edges of Because the velocity of a swarz,lmmg£ o ot
the first, and occasionally, the second bran- treases with size (Bainbridge, '63), it ¥

-, ing cichlids fe.&+
chiostegal ray. surprising that most hunting C‘Ch!’_‘

tended periods indicate that piscivorous cich-
lids can be classified into two categories
(Schn, personal communication), (1) Ambuysk
hunters wait stealthily for the prey; once the
Prey is in range, the predator lunges towards

& more elongate, exhibiting

aspect of opereylay an¢

© Prominently gis

BC), is vir.
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Buitlengerochromis microlepis, the world's
argest cichlid: Rhamphochromis, Diploteax-
wdon, Bathyhates, Hemibates and Cichla) are
the larger members of the family. Pursuit
hunlers maximize velocity, but as a trade-off,
detectability by the prey is also augmented.

[n contrast, ambush hunters often are well
amouflaged (e.g.. Haplochromis Lvingstoni)
an: depend upon an unseen approach max-
im ing the elements of surprise at close
1l e, Stiliness is also extraordinarily im-
sriant to an ambush hunter le.g., Lamproto-
s compressiceps and Haplochromis com-
ressiceps) to avoid evoking the escape re-
ponse of a prey. Among cichlids, ambush
aunters do not reach the extraordinarily large
dzes encountered among pursuit hunters.
Becuuse any increase in the pursuit shility
f the predator increases the probability that
the sredator will be detected, the highest ex-
®c tion of & successful prey capture should
' tn a predator that is either a pure pur-
ail hunter or g er¥ptic ambush hunter, but
wtone of intermediate abilities. Therefore, it
snot surprising that strictlv piscivorous cich-
s have certain narrow limits of morphology
eg.. Greenwood, '74). behavior, and as we wil]
g, function.

It is important to note that in piscivorous
ichlids the young of ambush hunters are
fte” piscivores themselves as small size does
W hange their camouflage ahilities le.g.,
Top chromis compressiceps, H. livingstoni
ind Lamprologus compressiceps). In sharp
“ntrast, the juveniles of pursuit hunters are
ither invertebrate eaters le.g., Serrano-
hromis robustus, Toots and Bowmaker, '76;
ulengerachromis microlepis) or cryptic am-
Ush hunters (e.g., Hemibazes stenosomal.
Cinematographic records show clearly that
mbush hunters employ varying approach
o ties, especially when capturing an agile
“usive prey, which bases its escape re-
- on an initial predator approach wve-
®it. that is lower than the final veloeity.
Ursuit hunters, an the other hand, do not
2y their approach velocities. instead, pur-
i hunters rely solely on an accentuated
“eleration, and maximize the kinetic energy
ned in the form of momentum prior to the
‘dden opening of the mouth,

Functional analysis of prey capture

Re esentatives of both ambush and pur-
1t} mters have been analyzed under three
diiions: capturing sluggish prey (goldfish,

Carassius auratus) of varving sizes in mid-
water; capturing agile and elusive prev (Fun-
dulus heteroclitus, chubs) of varving sizes
from midwater: and feeding on brine shrimp
(Gammarus sp.) by some of the predaceous
species. Because the nature of the escape re-
sponse of the prev and the behavioral strategy
of the cichlid predator exert a pronounced in-
fhiuence on the total functicnal profiles, the
data are presented under five categories.

Capture of sluggish prey by pursuit hunters

Pursuit hunters ranging in total length
from 16-22 c¢m. were presented with live
goldfish ranging in total length from 4-9 em.
Within this size range, prey size does not in-
fluence appreciably the electromyographic
and motion patterns.

All pursuit hunters show consistently three
distinct phases:

Preparatory phase. During this phase the
initial volumes of both the orobranchial and
opercular cavities are decreased. Volume re-
duction is accomplished by actions of the
adductor mandibulae parts A, Ay and A the
adductor arcus palatini and geniohyoideus an-
terior and posterior muscles figs. 5-7: AM,,
AM;, AAP, GHA), which, respectively. close
the jaws tightly (fig. 7 stage 1}, adduct the
Suspensory apparatus, and raise the buceal
floor. Asa result, the pressure in the oral cavi-
ty increases (fig. 9). The preparatory phase
during the capture of sluggish prey, lasts con-
sistently around 50 msec, with fluctuations of
not more than 5 msec. Slight overlap between
the activities of the adductor and levator ar-
cus palatini does occur oceasionally {fig. 7:
AAP, LAP),

Expansive phase. This phase starts the
moment the suspensory apparatus is abducted
(fig. 8 and ends when jaw adduction com-
mences. During this phase, there is an ex-
plosive unfolding of the orchranchial and
opercular cavities, and the branchiostegal ap-
paratus, effected by strong activity of the
epaxial (figs. 3, 5, 7: EM), levator arcus
paiatini {LAP), dilatator operculi (I30), hyo-
hyoideus inferior, and sternohyoideus {(SH)
muscles, which, respectively, lift the neuro-
cranium (fig. 7: stage 3), move the sidewalls of
the orobranchial chamber sideways, enlarge
the opercular cavity, fan out the branchio-
stegal membrane, and depress the floor of the
mouth (fig. 7: stage 4). At the same times, the
mouth is opened and protruded rapidly by the
action of the levator operculi (figs. 3, 7: LO

*
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and stages 2-4), sternohvoideus and epaxial
muscles fsee Liem. 70, for details of the cou-
plings tnvolved!. The rapid increase in volume
and the sudden opening and protrusion of the
Jaws are clearly reflected in the pressure
curve g, 99 as an instant decrease in pres-
sure, [n all pursuit hunters capturing sluggish
prey. the expansive phase lasts from 100-125
msec Hig. 7). Overlap of firings of antagonistic
muscles is quite limited. For example, the
levator arcus palatini and adductor arcus
palatini muscle firings overlap for about 65
msec during a burst of 175 msec of the latter
muscle (fig. 70 AAP. LAP). Otherwise, firings
of antagonistic muacle pairs are well segre-
gated. The electromyoegraphic, kinematic and
pressure profiles ifigs. 7. 9% integrated with
the anatomical features fig. 3) support the
nvpotheses on the couplings of the head of
perchlike fishes as proposed by Liem ('70) on
the basis of surgical manipulations and Osse
V691 on the basis of electromyography of the
perch.

Compressive phase. This phase is deter.
mined on the basis of the start of jaw adduc-
tion ffig. 81, During this phase, the pressure
curve reverses abruptly (fig. 97, the jaws are
adducted rapidly. but retraction of the jaws
lags slightlv behind mouth closure ifig. 7:
stage 3), supporting Alexander's ohservations
P67, As in nardids (Liem, '70), adduction of
the suspensory apparatus lags behind that of
the jaws (fig. 81. Only after full closure of the
mouth can we observe a rapid decrease in the
voiume of the orobranchial cavity (fig. 8,
adduction of both the suspensory and opercu-
lar apparatus, folding of the branchiostegal
membrane, and raising of the buccal floor,
Closure of the mouth correlates with distinct
bursts of all components of the adductor man-
dibufae muscle complex, whereas SUSpENnsory
adduction correlates with activity in both the
adductor arcus palatini (fig. 8: AAP) and
adductor hyomandibulae muscles. Ralsing of
the buccal floor oceurs when activity of the
geniochvoideus muscle is unopposed by the
sternohyoideus (fig. 7: GHA, SH), and folding
of the branchiostegal membrane coincides
with the firing of the hyohvyoideus superior.
The duration of the Compressive Phase during
the capture of sluggish prey by pursuit hunt-
ers is consistently shorter (100 msec in
Serranochromis) than the Expansive Phase
{(fig. 7).

Capture of elusive prey by pursuit hunters

Both kinematic and electromyographic pro-

F.
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files differ in several salient cha:‘acteristi 5
from those recorded during the captura g‘
sluggish prey. Differences involve the duraf
tion of the three phases, abbreviation of tb
capturing act. and considerable synchrgny -
the activity of all cephalic muscles.

Perhaps the most far-reaching change ;.
the sharp reduction in duration of all three
phases. Both the preparateory and CGmpTESsiy;
phases are reduced by half; the Expansiv;
Phase is reduced by at least 26% {figs. 8, 9} in
the last half of the Expansive Phase a}l mus.
cles show simultaneous activity, resulting ip, ,
marked decrease in velocity and eventys!
levelling off of suspenscrial abduction Thus,
co-contraction of counteracting musc)es
seems to decelerate the expanding movermer:;
during the last half of the expansive phase {i.»
a duration of 40 msec.

In the first half of the abbreviated Compres.
¢ive Phase co-contraction of the adductar
arcus palatini and iis principal antagonist.
the levator arcus palatini continues. Once ac
tivity of the latter ceases in the second haif o
the Expansive Phase, unopposed action of the
adductor arcus patatini and adductor hyoman
dibulae adducts the suspensory apparatis
within 28 msec. Of course, the onset of the
Compressive Phase coincides with the ras:s
adduction of the jaws within a timespan of 47
msec (fig. 8). The pressure curve {fig. 9 r=
flects faithfully suspensorial adduction. Dur
ing the first half. the pressure within the ora:
cavity rises slowly and slightly, but in the las
half of the Compressive Phase the pressusr
curve rises steeply, reflecting the effectsof 2=
accelerated suspensorial adduction {fig. 8%

0Dy ir

Fig. 7 On left, lateral and ventral aspects of to oo
phalic musculature of Serranochromis robustus ﬁ:t
picted. In the center. representative myograms taken e
ing the capture of a slow moving goldfish. Sum@:":
the myograms are tracings of frames of a hiE_h speed e
tion picture. Frame numbers (1-6) accompanylng ‘b‘.“i
ings correspond with the numbers indicated at the -¢
the mvograms. The three phases are the pfepara‘“{! i
expansive fel and compressive (¢}, Major moveme ,w‘
the cephalic components between successive fmmﬂ;-;«e:
indicated by arrows, During the preparatory ]Jhs-g; "
are tightly closed, and the cropharynx compres. P
the expansive phase is characterized by &n EIP:W:-‘
unfolding and jaw opening, initiated by the levate
cufi {LOY muscle and immediately followed by th;;fj i
IE M. sternohyoideus 'SH), hypaxial (HT{) an} wwm
arcus palatini {LAP) and dilatator operculi (Doed'i't-"é i
During the compressive phase, the jaws are cIOS”__ i
velocity by the adductor mandibulae complex (t{;‘
the orepharynx compressed by the adductor arc F"’f’
tAAP) und geniohyoideus anterior {(GHA) 88
(GHP! muscles. At frame 6, the elements have T€
their resting condition.
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Adbbreviations

lating GHA, geniohyoideus

anterior
ctor mandibulge GHP, geniohyoideus posterior
AN Ay portion af adductor mandibulae HY, bhypexial muscles
¢ compressive phage

DO, dilatater operculi
¢ expangive phage
EM, epaxial musclog

LAP, levator arcus palating
LO, levator operculi

B, preparatory phage

SH, sternochyoidang

Figure 7
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Numerous bilateral recordings (fig. 8) re-
veal that the electromyographic and kinemat.-
ic profiles of prey capture by pursuit hunters
are symmetrical in regard to pattern as well
as time.

Capture of siuggish prev by ambush hunters

Both kinematic and electromyographic pro-
files closely resemble those of pursuit hunters
diring capture of siuggish prey {figs. 7, 100,
except for the time bases. In general, ambush
hunters abbreviate the total duration of the
enguifing act, which lasts 140-160 msecs ver-
sus 200-250 msecs in pursuit hunters.

The Preparatory Phase lasts half as long as
that of pursuit hunters. In marked contrast to
pursuit hunters. ambush hunters show early
activity of the levator arcus palatini. sterno-
hyoideus and hypaxial muscles (fig. 10: LAP.
SH, HY) It is difficult to decipher the mean-
ing ofactivity of such abductors, during an es-
sentially adductive preparatory phase. The
pressure curve (fig. 9 clearly shows that a
positive pressure of comparable magnitude to
that of pursuit hunters is created during this
phase.

The Expansive Phase iasts about 75 msec
and 1s characterized by a very steep ascent of
the suspensorial abduction curve (fig. 100,
However. midway during this phase, there is a

Abbreviations

AAP. adductor arcus palatini
AM,. A, portion of adducter mandibulae
¢. compressive phase

DO, dilatator operculi

e. expansive phase

EM. epaxial muscles

GHA, geniohyoideus anterior
HY. hypaxial muscies

LAP, levator arcus palatini
LO, levator operculi

p. preparatory phase

SH, sternchyoideus

Fig. 8 Diagram summarizing activities of cephalic
muscles during the capture of elusive and agile prey (Fun-
dulus heteroclitust by the pursuit hunter Serranschromis
rebustus. Recordings are made from left and right sides.
In each couplet, the top represents left side and bottom.
the right side. Activity pattern is bilaterally symmetrical.
The three phases, preparatory (p), expansive {e), and com-
pressive (), are indicated at the top and vertical lines.
Bottom graphs indicate jaw movement (heavy, solid line)
and suspensory movement {broken line). Any deviation
from the closed or adducted position, is recorded as a poai-
tive figure. Thus the zero line represents closed and
adducted positions, while the peaks depiet maximal abduc-
tion or jaw opening. The last half of the expansive phase
is characterized by synchronous firings of all recorded
rauscles.
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Abbreviation

Coeompregsive plase
€. expansive phage
B, Breparatory phage

Fig. g Intraora} Pressure profijes of 4 bursuit hunter,
gish 1) angd elusive (B} prey. intraora} pressure profiies g
during the capture of sluggish () and elusive () prev. Recordj
plastic tubing passed through an opening drilled
the buecal cavity by flaring the e
tive pressure varies only slightly, while veloc
fompressive (¢ | i

“the prey.

udden plateay in the curve, correlated with muscles (fig, 10- AAP, AMi; GHA). Tt takes
Qe onset of activity in the adductor areyg 50 msec for the Jaws to move from the widest
Alatini, In spite of thig sudden change in the gape to complete closure, Suspensory adduc-

2gree and velocity of suspensorial abduction tion lags behind jaw closure by time factor of
e, 10}, the Pressure curve continues itg steep  about 13 msec,
scent (fig. g). 14 is possible that negative Thus, synchr
TBSstre within the orobranchiaj cavity con- g limited. The
Nues o buiild up, because of the Iowering of markahly ciose resemblance tg that recorded
S or as g result of actiong of the ster. for the bursuit hunter Capturing elusive prey
ohy { les and an ip. (figs. 98,0,

ony of abductorg and adductors
Dbressure curve exhibits a re-

). The limited Capture of elusive prey by ambush hunters
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Abbreviations

AAP. adductor arcus pajating

AM,, A, portion of adductor mandibulne
AM., A, portion of adductor mandibulae
AMLL Ay portion of adduetor mandibulae
¢, compressive phage

DO, dilatater operculi

¢, expansive phase

EM, epoxial muscles

GHA, geniohyvoideus

HY, hypaxial muscles
LAP, levator arcus palatini
LO, levater operculi

P, preparatory phase

SH, sternohyoideus

P e c phasel e
EM
LO

DO
B - LAP
AAP
AM3
AM?2
AM]
- | SH

B , | GHA

— HY

50 msec

Fig. 10 Diagram summarizing activities of cephalic muscles of the ambush huanter Haplochromudzo‘;;
pressiceps, during the capture of sluggish {on the left) and elusive prey {on the right). Bottom graphs ceptc
jaw (heavy solid line} and suspensory {(br exhibitd
opening or suspensory abduction. When capturing elusive prey, the preprogrammed motor cutput atory
complete overlap of firings of all recorded muscles during the expansive phase {e). Note that the prepar
phase during capture of elusive prey is of much longer duration.
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I sharp contrast to ali other feeding pat.
er s of piscivorous cichlids, the Preparatory
Yo 15 extended, Toward the end of the prep-
aatory phuase, 10 of 11 recorded muscleg (fig.
0 showsy simultanegus activity, Further-
sore, the adductor mandibulae A, and A and
he geniohycideus muscles show continued
ind extended bursts fig. 10: AM,, AM,,
A resulting in a distinct rise in intra.
robranchial pressure,

T Expansive Phase is greatly abbreviated,
#togless than 50 msec, All I1 recorded mus.
“es {ig. 10) fire synchronously at relatively
dgh amplitudes. Both suspensorial abduction
nd mouth opening proceed at the highest
dlocity recorded for any cichlid. Tt i totally
aexpected that jaw OPeNMIng can proceed af
as velocity when the jaw adductors {(fig. 10;
My fire at relatively high amplitudes syn-
wonously with the jaw openers {fig. 10: 1.0,
. Maximal suspensorial abduction is ac-
m  izhed within 50 msec oy relatively high
20 voof a pair of clearly antagonistic mus.
es. ne adducter and levator arcus palatini
2. 00 AAP, LAP). The net effect of syn-
ronous activity of all recorded muscles dur-
‘g the expansive phaseis an abrupt decline of
Jleast 800 em H.Oin intraorobranchial pres-
ire ifig. 9. Thus, the explosive unfolding
:kes place at a much higher velocity than
ten the ambush hunter is capturing slug-
shoorey.

Th “ompressive Phase distinguishes itself
“a xceptional velocity (fig. 10), often less
2n .5 msec in total duration. When an
abush hunter captures sluggish prey, the
mpressive phase often lasts more than twice
€time. e, over 50 msec {fig. 10). Although
Act quantification of electromyograms can-
1 be accomplished by the applied tech-
fues, one of the most cutstanding features is
*exceeding high amplitudes of activity of
#adductor areus palatini, adductor mandib-
¢ nuplex, and geniochycideus muscles (fig.
AU AM, ., GHAJ, all of which are unoep-
d  thelast half of the compressive phase,
Sure of the mouth Proceeds at a uniform
“8 whereas suspensorial abduction reaches
‘Peak velocity only in the second half of the
-ase, Accordingly, the pressure curve makes
‘fapid ascent only in the last half of the
38,

Slatera) recordings indicate that muscle

Wity g always symmetrical in ambush
fite

Feeding on dead brine shrimp

Under taboratory conditions, some pisciv-
0rous species can be forced to feed occasionalty
on frozen hbrine shrimp. Among pursuit
funters studied. only the smail Boulengero-
chromis microlepis switches from fish to brine
shrimp as prey. Other pursuit hunters (Cichlg
ocellaris, Serran ochromis robusius, Rham-
phochromis longiceps, Hemibates Stenosomal
refuse to feed on anything bhut live fish, in
spite of being subjected to long periods of star-
vation. Most ambush hunters. on the other
hand, readily switch from fish to brine shrimp
In the absence of the former.

Electromyographic and kinematic profiles
differ significantly from those during the cap-
ture of fish and are more reminiscent of the
patterns in Tilapia (Liem and Osse, '75). Yet,
one still can distinguish the three phases in
most cases (fig. 11) However. the time base,
eIectromyographiC and kinematic profiles
vary a great deal from cne feeding act to
another, even within one experimental run. A
representative profile, obtained from an ex-
periment with Haplochromis compressiceps,
is presented here as being characteristic for
predaceous cichlids vapable of prey switching;
in this instance from fish to brine shrimp.

A Preparatory Phase of widely varying
lengths often, but not always, precedes the
main feeding cycle. [t can be recognized by
distinct bursts of the adductor arcus palatini,
adductor hyomandibulae, adductor mandibu-
lae parts A,, A, and Aw, geniohvoideus anteri-
or and posterior, and, surprisingly, the ster.
nohyoideus (fig. 11- AAP, AM,, GHA, SH). No
movements of the jaws and suspensory ap-
baratus are discernable, in spite of the distinct
bursts of virtually all adductors and ster-
nohyecideus muscles,

The Expansive Phase during the capture of
brine shrimp is not only exceptionally attenu.
ated, but alse drastically different from the
pattern during the capture of fish. In the
kinematic profile, mouth Opening occurs in
two peaks, and four peaks can be distin-
guished for suspensoria] abduction (fig. 11). It
1s paradoxical that maximal jaw opening coin-
cides with minimal suspensorial abduction,
whereas decreased Jaw opening occurs when
suspensorial abduction reaches one of its four
peaks. No clear correlation exists between thig
peculiar kinematic pattern and the elec-
tromyographic profile. The dilemina is com-
pounded by the fact that peaks and valleys in
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Abbrecviations

AAT adductor arcus palatim ¢, compressive phase

AM,, A portion of adductor DO, dilatator opereuli
mandibulae £, expansive phase

AM,, A portion of adductor M, epaxial muscles
mandibulue GHA, genichyoideus anterior

Y, hypaxial muscles
LAP, levator areus palatini
LO, levator eperculi

P, preparatory phase

SH, sternchveideus

P e | C

EM

LO

Lo

LAP

AAP
AM,

AM

SH

GHA

HY

Fig. 11 Representative diagram summarizing activities of cephalic muscles of the ambush hunter Hﬂ;
lochromis compressiceps while feeding by inertial suction on brine shrimp (Gemmarus _sp.). iBottom g‘i‘ﬂmd
depicts jaw {heavy, sclid line) and suspensory {broken line) movements, peaks representzn_g either H;u‘m
jaw opening or maximal suspensory abduction. The time base during the expansive phase is ex1|:remedi-fmcwf
able, reflecting the modulated muscle actions. Muscles exhibiting the most variable burs_ts are thego) The
mandibulae part A, muscle (AM,), adductor arcus palatini {AAP) and dilatator operculi muscle ( X al‘ﬂ’a}"’
hypaxial musculature (HY) remains silent throughout the cvcle. The preparatory phase (p) does no
occur, while the compressive phase {c) is the least variable.
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nouth opening and suspensorial abduction
e accompanted by synchronous activity of
W recorded muscles, especially during the
as half of the expansive phase (g, 111 In
he beginning of the feeding cycle, there
peins to be legy synchrony of muscle activity,
rexample, suspensorial abduction clearly is
arrelated with unopposed action of the leyy.
or arcas palating, The first two firings of the
dductor arcug palating clearly cause hesitg-
0N N suspensorial abduction. As the expan-
ive phase proceeds, suspensoriai abduction is
egulated by uninterrupted and extended fir-
ag of the adductor arcus palatini (fig. 11:
14 Assimilar pattern can be seen in mouth
D6 Ing:activity of the levator operculi is cor-
elated with the onset of mouth opening,
thich becomes more pronounced when the
paxial muscles begin to fire, However, in the
2cond half of the expansive phase, activity in
he levator opercul; sternohyoideus, and
paxial muscles are Joined by strong bursts of
heir antagonists (the entire adductor man-
ibuiae complex and the genichyvoideus mus-
de. g, 11 AMiy, GHAJ, Thus. the move-
101 s of te jaws are regulated by a complex
ali .cing pattern of synchronous contrac.
ion in antagonistic sets of muscles. From the
wcompanying cinematographic recordings,

N2 can extrapolate that the flow, direction
nd veloeity of the water current containing
fe food particles are being modulated by
1eans of synchronous action of multiple muys-
les. The precise control of fluid movement oc.-
Ars mainly in the later stages of the expan-
ive vhase, and regulatory adiustments are as-
el ed with decreased feeding speed.

T Compressive Phase is perhaps the least
wdified. Adduction of the jaws precedes
spensorial adduction, and can be correlated
fith unopposed action of the adductor man-
ibulae complex and genichyoideus muscles
g 110 AM ., GHA). Suspensorial adduction
itorrelated with the termination of firing of
2e levator arcus palatini and continued ac-
Yity in the adductor arcus palatini. Thus, the
dect ‘omyographic and kinematic profiles and
% me base resemble those of the com-
18 ve phase during the capture of sluggish
ey ifigs. 8, 10,

It is interesting that the hypaxial muscles
ot show any activity during the suction of
Nall suspended food particles. Bilateral re-
Idings reveal a consistent symmetry in mus-
®activity during the entire feeding cycle.

Comparisons and generalizations

The key functiona] similarity of the feeding
mechanism of piscivorous cichlids is the ca-
Pacity to generate large and rapid suctions.
Explosive expansion of the orobranchial cavi-
ty produces the suction 50 essential to the high
speed inertial mode of feeding. In all feeding
situations, suction is developed during the ex-
pansive phase, Invariahly, prey enters the
mouth during the last half of the expansive
phase and prior to the onset of the corpressive
phase. Once prey has been sucked into the
orobranchial chamber, there is » rapid return
of the ambient pressure lollowing even the
most forcefy] compression of the orobranchial
cavity ifig. 9Dy, Positive back pressure caus-
Ing fluid osciilation within the orobranchial
cavity during the compressive phase ig pre-
vented by the damping effects of the negative
bressure prevailing in the expanding opercu-
lar cavities, the volumes of which are regu-
lated by the actions of the dilator operculi
ifigs. 10, 11- DO), adductor operculi, hya-
hyoideus inferior and superior muscles. Thus,
the opercular and branchiostegal apparatuses
function as anp exceedingly effective anti-
backwash device capable of damping the ef-
fects of a wide range of fluctuations in pres-
sure gradients.

The experiments have established a causal
relationship between the behavior of the prey
and the bone-muscle activity of the predator.
Within a given feeding situation, an extreme
regularity of the kinematic, pressure and elec-
tromyographic profiles has been recorded both
inter- and intraspecifically, although ambush
and pursuit hunters exhibit characteristic
group differences,

During high speed prey-capture, the kine-
matic, electromyographic and pressure pro-
files proceed in three distinct phases with a
fixed time base. Such a time constancy (figs. 7,
8, 10, 11) within a given feeding situation
Seems to support the notion that high-speed
inertial suction is a stereotyped motor activ-
ity. However, the behavioral responses of the
PTeY can trigger major changes in the time
base, and the kinematic, pressure and electro-
myographic profiles (figs. 8-10). The present
experiments demonstrate that the nature and
movements of the prey play a paramount role
in determining the pattern of prey capture by
the piscivorous cichlids. Visual input during
the prestrike stalk prior to the preparatory
phase concerning the movements and nature
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of the prey probably is sent to an integration
center in the brain. Depending on the visual
information, the integrator determines which
of the two sterectyped motor activities is re-
cruited (fig. 100, Of course, the resuiting pres-
sure profiles of the two patterns do differ sig-
nificantly (Mgs, 9C. 10, However, it has not
been possible to measure the adaptive signifi-
cance of the different pressure profiles of pur-
suit and ambush hunters during the capture
of sluggish and elusive preyv. The consistently
gteeper slopes of the descents of the pressure
curves m the expansive phase during the cap-
ture of elusive prey (figs. 9B.D} as contrasted
to those during the capture of sluggish prey
Higs. 9A.C), seem to indicate that suction at
higher speeds enhances agile prey capture. Be-
cause the differences in the magnitude of the
negative pressure generated during the ex-
pansive phase are neither consistent nor sig-
nificant fig. 97, 1 postulate that suction
velocity, rather than magnitude of negative
pressure. is the key adaptive factor during
capture of elusive and agile prey. However,
the adaptive meaning of the slower patterns
recorded for both ambush and pursuit hunters
during the capture of sluggish prey is not
clear. In pursuit hunters, the longer duration
of the feeding act may be correlated with the
use of the kinetic energy gained in the forward
swimming motion. On the other hand, in am-
bush hunters, one may predict that the pat-
tern characteristic for agile prey (fig. 9D) is
equally efficient for the capture of sluggish
prey. Yet. a slower pattern (figs. 9C, 10} of
metor output is recruited. It is postulated that
the slower pattern with the least synchronvin
muscle activity (figs. 7, 10) may require less
energetic cost,

Most ambush hunters, and among pursuit
hunters the juveniles of Boulengerochromis
microlepis, can switch to a low-speed mode of
inertial suction feeding, when sucking in
small food items from either midwater or the
bottom. The low-speed sirategy deviates dra-
matically from the two preprogrammed pat-
terns so characteristic of high-speed inertial
feeding. During the low-speed inertial suction
feeding, the timebase varies greatly from one
feeding act to another within one experimen-
tal run and there is a pronounced irregularity
of movement patterns (fig. 11). At times, the
preparatery phase is eliminated. The striking-
ly variable timebase and high irregularity of
both the electromyographic and kinematic
patterns (fig. 11) imply that continuous ad-
justments of the pressure profile are accom-

E.

LIEM

plished by a peripheral sensory feedbacy
mechanism modulating the motor outpyt.
Sight does not seem to trigger maedulatigy,
Presumably sensory feedback originates from
mechancreceptors within the joints and liga.
ments, and chemoreceptors of the orobray.
chial apparatus and is triggered by the nature,
density, and location of the small food items,
The precise control of water movement is g
key factor in effective aguatic feeding oy
small food particles by fishes. Experimenta)
data presented here (fig. 11) suggest that Dre-
cise regulation of the water current is brough{
about by synchronous activity of virtually ai}
recorded muscles {fig. 11). Although reliabie
techniques for quantifying electromyograms
are still unavailable, we may hypothesize
from the data gathered on fluctuations in
amplitudes that within the generally syn-
chronous pattern the degree of muscle con-
tractions are regulated continuously to
achieve the precise control of water flow.

Anatomy of the macerating and
swallowing apparatus

All cichlid piscivores masticate, macerate.
lacerate and triturate their prey extensively
by moving the strong, but often fine teeth of
the upper and lower pharyngeal jaws against
the prey. Convergence in pharyngeal tooth
shape of piscivorous cichlids is truly remarka-
ble. For example, Lamprologis compressiceps
and Haplochromis compressiceps, which be
long to two distinct phyletic lineages endemic
in Lake Tanganyika and Lake Malawi, respec
tively, possess an amazingly similar pharyn-
geal dentition (fig. 18). Many of the peinted
teeth have sharply-edged anterior (in the
lower pharyngeal jaw) or posterior edgE_S {in
the upper pharvngeal jaws), that are ex‘thef
serrated or possess a second specialized
pointed cusp (figs. 12, 18). The functional efT
ciency of the pointed cusps and serra_!i‘fj
sharply-edged margins of the teeth in rasPl-':
the flesh from the prey can be demonstrates
by the much more extensive state of jacer®
tion of freshly ingested fishes recovered {ro=
the stomachs of piscivorous cichlids Cﬂmw
with those swallowed by cichlids possessi®é
flattened (Pseudotropheus elongatus), blm:_
cusped (e.g., Corematodus taeniatus: LiT=
"4} or molariform (Haplochromis plac
Liem, 74} pharyngeal teeth.

'

1. Osteology

The anatomy of the unigue pharyn
apparatus of cichlids has been descT!
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Abbreviations

ap, apophvsis for basipharyngeul juint
bb, basibranchial
bipj, basipharyngen joint
ch, ceratobranchial
cha, fifth ceratobranchia}
Hower pharyngeal jaw}
eh, epibranchial
h. hyoid
hb, hypobranchial

I, ligament connecting lower pharyngeal
Jaw to basibranchial

Ip, lower pharyngeal jaw

mp, muscular process

RE, neurocranium

pb2-4, second-fourth pharyngobranchials
{upper pharyngeal jaw)

PE, pectoral girdle

up, upper pharyngeal jaw

Fig. 12A Diagrammatic representation of the neurocranium {nc), pectoral girdle (pg), hyoid (h}, branchial
arches and upper and lower pharyngeal jaws of Bathybates fasciatus. The latter emphasized by heavy lines
and shading. Upper pharyngeal jaw (up) articulated to the neurocranial base at the basipharyngeal joint
thpjt. Lower pharyngeal jaw Up! connected to third basibranchial by a ligament (). Four epibranchials (eb)
articulate with the lower pharyngeal jaw. Four ceratobranchials (ch), three hypobranchials (hbi, and three
basibranchials thb) form the four complete gill arches. The first pharyngobranchial has been removed. B, Lat-
eral view of the upper and lower pharyngeal jaws of Bathybates fasciatus, Each upper pharyngeal jaw is com-
fosed of the second, third and Fourth pharyngobranchials {pb 2-4). Dorsally, the third pharyngebranchial

“ars & prominent articular facet {ap) for articulation with the pharyngeal process of the neurocranium. As
¢ all cichlids, the two halves of the lower pharyngeal jaw (chy) are fused and bear a proeminent muscular
“ucess (mph for attachments of the fifth adductor, the obliquus posterior and fourth levator externus mus-
‘es. Nate the opposite directions in which the teeth of upper and lower pharyngeal jaws are curved, Cur-
“eture of the upper pharyngeal Jaw dentition is conducive for the transport of the prey into the esophagus,
while that of the lowar pharyngeal jaw is not. The upper pharyngeal jaw plays a dominant roie during

swallowing {fig. 18). *
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lier (Liem, "74; Goedel, "74b; Barel ot al. 76y,
Thus, the in formation given here is restricted
to selected, salient features that are either
characteristic for piscivorous cichlids or im-
portant in understanding function,

The principal bonyv elements that constitute
the upper pharyngeai jaws are the second,
third and fourth pharyngobranchialy (Fig. 12).
Dorsally, the third pharyngobranchial bears a
Prominent articular facet tfig. 12: ap) to form
the basipharyngeal Joint with the pharyngeal
brocess of the neurocranial base (figs. 1, 12).
Because of the streng interconnections be-
tween the third and fourth pharyngobran-
chials of both sides. the entire complex fune-
tions as one mechanical unit.

The lower pharyngeal jaw is composed of
fused fifth ceratohranchials (fig. 12: ch.). Al
though the pharyngeal jaws are associated
with the branchial basket. their mobility is
relatively independent. An important liga-
MENTOUs connection Hig. 12) exists between
the lower pharyngeal jaw and the third basi-
branchial, whereqs the branchial basket 18
anchored to the hyoid apparatus. Movements
of the urchval and hyoid rami will be trans-
ferred to the branchial basket, which in turn
will elicit movements of the lower pharyngeal
Jaw. Thus, mechanically. we are dealing with
a "hyoidlbasibranchiaHower pharyngeal jaw
coupling.” In sharp contrast. the upper pha-
rvngeal jaws are much more independent, a]-
though movements of epibranchials 1-3 can
cause the upper pharyngeal jaws to move be-
cause of the mechanicaily intimate nature of
the epibranchiai-phar}'ngobranchial joints.
Motions of the upper pharyngeal jaws there-
fore are correlated closely with actions of
muscles that are attached directly to the
pharyngobranchials and epibranchials; how-
ever, movements of the lower pharyngeal jaw
can be elicited not only by muascieg directly at-
tached to the lower pharyvngeal jaw but also by
muscles associated with the hyoid apparatus
because of the "hyoid-basibranchial-lower
pharyngeal jaw coupling.”

2. Myology

The branchial musculature of piscivorous
cichlids is surprisingly uniform and unspe-
cialized. Throughout the adaptive radiation of
piscivorous cichlids the full complement of
branchial muscles is retained in a config-
uration resembling that of more generalized
cichlids as Tilapiq (Goedel, *74b) and Haplo-
chromis burtoni (Liem, *74),
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The tripartite fransversus dorsalis anterjy,
and a single, well-developed transversyg dor.
salis posterior {(fig, 13- tda, tdp) represent the
transversus dorsalis com plex. The transvergy,
dorsalis posterior (tdp) inserts tendinous}y 01;
the dorsal tubercles of the fourth epibray.
chialg overlying the junction of the thirg ang
fourth pharyngobranchials, The transverg,,
dorsalis anterior musele is complex (fig. 13.
tdal: (1) the first and most anterior heaq rung
transversely between the anterior Surfaceg of

the second pharyngobranchials: (9) the secqng

head forms the bulk of the muscle magg of
which the more ventral fibers run Uninter.
ruptedly between the anterior surfaces of the
second phat'yngobranchials, while the dorsa)
fibers originate from the parasphenoid iy
front of the pharyngeal process; and (3) fipg).
ly, the third head is tendincus in the center.
while its attachments are confined tg the
anterodorsal surfaces of the second epi-
branchials.

Two dorsal oblique muscles generally are
present; the obliguus dorsalis is best develop.
ed and constant, being a prominent muscls
located in the fossa of the thi
branchial latera] to the pharyngea] apophysis,
Its paralle! fibers insert laterally on the joint
of the third and fourth epibranchials (fig. 13-
od}. In sharp contrast, the obliguus posterior
(fig. 13: op) is either weakly developed or ab-
sent in piscivorous cichlids, When present, it
runs between the tubercle representing the
junction between the third and fourth epi-
branchials and the muscular process of the
fifth ceratobranchials just anterior to the at-
tachment of the fifth adductor and caudal to

Abbreviations

ad, adductor
&P, articular process of upper pharyngeal jaw
chs, lower rharyngeal jaw

eb,.,, first-fourth epibranchial]

es, esophagus

le, levator externus

le,, fourth levator externus

lem,, fourth levator externus

. levator internus

Ip, levator posterior

od, obliquus dorsalis

op. obliquus posterior

rd, retractor dorsalis

tda, transversus dorsalis anterior
tdp, transversus dorsalis posterior

Fig. 13 Dorsal view of dissected and isolated b‘;::fm
apparatus and muscles. A. Bathybates minor. B.

gerochromis microlepis.
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the insertion site of the fourth levalor ex.
Lernus,

As in most cichlids, the retractor dorsalis
tligs. 13, 14: vd, RP) i3 well developed and orig-
inates from the ventral processes of either the
third or fourth vertebra and inserts on the
posterodorsal aspect of the fourth pharyngo-
branchials. Additional fibers originating from
the second and first vertebra enlarges the
muscle mass significantly. Occasional sub-
divisions in the retractor dorsalis are differen-
tiated le.g.. in Boulengerochromis, fig. 13: rd).

The remaining dorsal branchial muscles are
the seven pairs of levatores: 4 externi: 2 inter-
ni and 1 posterior tfigs. 13, 14: le, li, Iph All
four levatores externi originate from a promi-
nent concave, shell-shaped prootic process
thyomandibulad process of Barel et al., 76
situated on the prootic posterodorsal to the
trigeminofacial chamber and ventral to the
anterior socket for the head of the hyoman-
dibular ifigs. 1, 13: pp. ley. le, lem,y, H, 13,0
Originating from the lateral rim of this proc-
ess are the first. second, third and fourth
levatores externi in succession from anterior
to posterior. Both the first and second le-
vatores externi possess evlindrical tendinous
insertions, whereas the origins of the third
and fourth levatores externi are more exten-
sive; the latter occupies most of the postero-
medial surface of the prootic process. All
levatores externi are parallel-fibered and in-
crease progressively in length from anterior to
posterior. In all piscivores, the fourth levator
externus is the longest and bulkiest of the
series. The first three of the series insert
tendinously on the dorsal aspect of the epi-
branchials. As in all cichlids, the fourth le-
vator externus is composed of a small lateral
straplike head inserting on the dorsolateral
process of the fourth epibranchial fig. 14:
le); the large medial head passes ventrally to
insert tendinously on the muscular process of
the fifth ceratobranchial, Just anterior to the
attachment of the fifth adductor muscle (fig.
14: ad),

Originating from the anteromedial aspect
of the prootic process are the equally de-
veloped cylindrical levatores interni I and 2
(figs. 13, 14: 1i,,) that insert on the dorsal
aspect of the second pharyngobranchial and
on the junction of the third epibranchial and
third pharyngobranchial respectively.

Posterior to the adductor operculi {fig. 14:
aol is a long, vertical, parzallel-fibered, strap-
like musecle, the levator posterior (fig. 14: 1p,
that originates from the pterotic and inserts
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on the fourth epibranchial just Posterior ¢4
the insertion of the lateral head of the foupey,
levator externus.

Ventrally, three pairs of muscles

‘ . are asse.
clated with the lower pharyngeal jaw. the
pharyvngocleithralis externus and Internye

and the pharyngohyoideus (fig. 14: PCE, pc]
PH)Y. The pharyngocleithralis externuys (ﬁE-
14: PCE), is an almaost vertical, parallef.r;.
hered and straplike muscle originating from
the anteroventral aspect of the cleithrum
Laterally it is partially covered by the ster.
nohyoideus (fig. 14: SH). [ts tendinous inger.
tion is on the ventral crista of the lower
pharyngeal jaw and restricted to part of the
anterior half of the bone, Immediately medial
to this site, is the tendinous insertion of the
spindle-shaped pharvngocleithralis internys
tfig. 14; PCD that runs horizontally and posta.
riorly to a fleshy attachment on the mediai
surface of the cleithrum, dorsal to the origin of
the pharyngocieithralis externus. Anterior 1o
the insertion site of the pharyngocleithralis is
the tendinous attachment of the elongate
pharyngohyoideus muscle, of which the fibers
run obliquely to attach to the dorsal process of
the urohyal. Often, the fibers are interruptesd
by one or two tendinous inscriptions; the con-
dition varies interspecifically. Goedel ('74b:
p. 348) misinterpreted my discussion on the
pharyngohyoideus in nandids (Liem, '70: T
59). Nowhere have | ever implied a homology
between the teleostean pharyngohyoideus and
the mammalian digastricus muscle!

Functional analysis of the macerating and
swallowing apparatus

Cineradiographic and electromyographic
analyses of the macerating and swallowing
mechanism of Cichla oceliaris, Serranochro-
mis robustus, Rhamphochromis longiceps.
Hemibates stenosoma, Haplochromis-caw
pressiceps and Haplochromis livingstoni have
revealed characteristic biomechanical ard
electromyographic profiles.

1. Kinematic profile

In the species studied, the macerating cye.s
is composed of two power strokes separated &
a transitional stroke {figs. 14-16). Thus, 15
cycle commences with the first power Stm‘f
followed by a transitional stroke and ending i
a second power stroke. .

Power stroke I This stroke is cham;
terized by protraction of the upper Pharyng?‘;
jaw (fig. 15}, which pivots around the bg‘;‘
pharyngeal joint in such a way that it8 &
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AO, adduct,
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An Nth adduetor LE;, Tourth tevator externus PS5 I Power Stroke I]
AL adductor opercul LL levator internus RP, retractor dovsalis
CB. ceratobranchial LP, tevator posterior 5H, sternohyoideus
CBe, fower pharyngeat jaw PCE, pharyvogocleithralis externus SPH, sphenotic
CL, clesthrum PCL pharyngeeleithralis internus ST. pterotic
EB, epibranchial P, pharyngohyeideus TS, transitional stroke
ES. esophagus P51, Power Stroke | UH, urchyal

! | ' . '

PSI; TS PSI! ' SWALLOWING

! 1
i ' - i
I

—T

)
|
:

[

#1; Ij,,ﬁ i S Y —

Fig. 14 On left is the lateral view of the branchial apparatus and muscles after removal of operculum, suspensory
Pparatus, gills, gill rakers and mucous membrane of Hemibates stenosoma. On right are bilateraily recorded myograms
“ring a maceration eycle and swallowing. Vertical interrupted lines delineate the boundaries of the three strokes dur-
¢ each masticatory eyele: PS [ (Power Stroke ), TS (Transitional stroke) and P8 1I (Power Stro?ce II): Myog’rams are
Tesented in couplets, with the {Op Myogram representing the left side and the bottom the right side, Firing sequences
8 hii:xtera}ly symimetrical. During swallowing the patterns of firings become quite variable.
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Abbreviations
li. lower pharyngeal jaw

ne, neurceranium
PE. pecteral girdle

uh, urohyal
uj. upper
phavyngeal jaw

PS |
TS

v\

nc

Fig. 15 Diagrammatic representation of kinematics of the pharyngeal jaws of Bazhybates_fasciatus, Mig
n tracings of a cineradiographic film obtain

49288 during maceration of a gold fish. Dingrams are based 0 il t
with an Eclair GV.16 camera attached to a Sirecan image intensifier on a Siemens radiographic mst.rur:qel;
at 200 frames per second. Kodak Plus.X Reversal film was exposed at 120 mA and 40 kv. Heavy solid lé?ng
depict positions of the jaws {uj, upper pharyngeal jaw; 1j, lower pharyngeal jaw) of the frazpe Z‘eprese“.am
the most extreme position of the particular stroke, while the dotted lines indicate the positions of the’f‘l;am
ten {rames preceding the most extreme pesition of the corresponding stroke. PS 1, Power Stroke I, TS, and
sitional Stroke; PS II. Power Stroke II. The positions of the neurocranium (nc), pectoral g'ird_le_ (Pg)',n .
urohyal {uhj represent those of the most extreme position of the correspending stroke only. Dentition is i
cated by only a very few representative teeth on each jaw.
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ror end moves anterodorsally, In 5 syn-
el “onous motion the lower pharyngeal Jaw is
stomgly protracted while rotating clockwise
wund its transverse axis to approximate the
upper pharyngeal jaw {fig. 15).

The transitional stroke is weakly retrusive,
During this stroke, the upper pharyngeal jaw
is retracted slightly while it ig rotating anti-
clockwise around its transverse axis tg resume
amare or less horizontal position (fig. 15). The
jower pharyngeal jaw moves posteriorly and
also rotates anticlockwise around its trans-
ve se axis (fig. 15). In thig way, the upper and
lo er pharyngeal jaws move apart.

nwerstroke [l The upper pharyngeal jaw
15 strongly retracted while its anterior end
moves to the most extreme posteroventry) po-
sttion (fig. 15, Syuchronous with this motion
1 the strong anticlockwise rotation of the
lower pharyngeal Jaw around its transverse
axis. As a result, the posterior half of the lower
pharvngeal jaw approximates the upper pha-
ryngeal jaw (fig, 15),

" Rearing and massive maceration occurs
dv ng Power Strokes I and II. Both actions
T concentrated toward the posterior halves
of the upper and lower pharyngeal jaws,
Accordingly, the posterior pharyngea] teeth
are stouter than the anterior ones. During
Power Stroke I, the major macerating action
s the result of the clockwise rotation around
the transverse axis of the lower pharyngeal
law, of which the posterior teeth are curved
interiorly and possess sharply-edged serrated
in rior margins {figs. 12, 18). This rasping
' onof the lower pharyngeal jaw against the
re is strongly enhanced, because the prey is
stabilized by the posteriorly curved teeth of
the protracted upper pharyngeal Jaws, Mas-
iive macerating action also occurs during
Power Stroke I, by the cooperative effort of
Oth the upper and lower pharyngea} Jjaws,
The prey is cut by the sharp-edged and ser.
‘ated posterior marging of the teeth of the
it clockwise Pivoting upper pharyngeal
4% . and the lower pharyngeal Jaw rotates
1 lockwise around its transverse axis to op-
Imize the Inacerating effects of the sharp-
“dged and serrated anterior margins of the
teth (fig. 15) located on the posterior half of
e jaw.

During the transitiona]l stroke, the prey is
“ther shifted posteriorly toward the gullet or
‘epositioned. This is accomplished by variable
‘etrusjve movements of both the upper and
0wy pharyngeal jaws.

2. EIectromyographic profiie

Maceration ig caused by eyclical action of
muscles the patterp of which ig correlated
faithfully with the kinematic profile.

Power stroke T The brincipal muscle re-
sponsible for brotraction and clockwise rota-
tion of the upper pharyngeal jaw around its
transverse axis is the levator internus 1 {ante-
rior) muscie, which shows high amplitude ac-
tivity consistently {fig. 16: Li,). In concert,
the geniohvoideus anterior and posterior, and
the fourth levator externus fire strongly and
synchronousiy (figs, 14, 16: GH, LE,). Activity
of the geniohyoideus ang fourth levator exter.
nus muscles pull the lower pharyngeal jaw an-
teriorly and dorsally to exert an anteriorly di-
rected force that is applied to the prey via the
sharp-edged cranial margins of the anterior
curved teeth.

Transitional stroke.  Power Strake I is fol-
fowed immediately by a transitiona] stroke
during which both the levator internus and
geniohyoideus muscles cease to fire, although
the fourth levator externus continues itg ac-
tivity although at a much lower leve], During
this transitional phase the levator posterior
and retractor dorsalis (figs. 14, 16: LP, R}
become increasingly more active, retracting

horizontal position. Ventrally, actions of the
Pharyngocleithralis internus and fourth leva-
tor externus muscles make the lower pharyn-
geal jaw move back and tilt in such a way that
its anterior tip moves posteroventrally.
Power stroke I More muscles are active
during this Phase than in the previous strokes.
High amplitude, synchronous bursts have
been recorded from the fourth levator ex-

levator externus (LE,}, pharyngohyoideus
(PH), sternohyoideus (SH) and pharyngo.
cleithralis externus (PCE) fire in concert,
presumably generating large forces against
the posterior half of the lower pharyngeal
Jjaw {fig. 15).
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Abbreviations

GH. geniohveideus

LE,. ftourth levator CXternus

LI fevutor internus

LR fevator posterior

PCE. pharyngocleithralis externus

PCL pharyngoecloithralis
internus

PH, pharyngohyoideus

RD. retractor dorsalis

SH. sternohvoideus
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maceration cycle and swallowing. Vertical lines delineate thre
Strokes I and II, and TS Transitional Stroke). Note that du
active; the combined actions of the fourth ie
cleithralis externus produce a powerful force co
quite variable, although the upper pharyngeal ja
salis {RD) become the dominant components, Note that the cu
pharyngeal jaw is conducive for the swallowing act {fig. 12B).

Maceration is typically cyclical at 2.3 cy-
cles/sec in Cichla ocellaris, Serranochromis

ring Power Stroke I, numercus muscles are
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uple. During swallowing the firings of the muscles become
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md in Rhamphochromis longiceps (a pursuit
wnter), both the lower and upper pharyngeal
wws are capable of “opening,” “closing,”
etraction, protraction and lateral transla-
don. In addition, the lower pharyngeal jaw
an rotate in three axes, providing supplemen-
ary shredding of the prey, which is impaled
n the sharp cusps of the upper pharyngeal
s
wvimmetrical electromyographic profiles
e “elatively common in the ambush hunters,
spuclally when macerating larger prey. Fol-
owing Kallen and Gans (72}, muscular activ-
ties are referred to as ipsilateral if they
nvolve muscles of the active side and contra-
ateral when they Involve the opposite one.
¥hen macerating large prey. Haplochromis
wnpressiceps may switch from the symmetri-
al pattern described above to the following
iy ametrical profile. During the asymmetri-
il clectromyographic profile there are no
ile © periods {fig. 17}. As a logical, yet arbi-
tary, starting point I consider the onset of fir-
ng of the left fourth levator externus. In con-
ert with this event, there is ipsilateral activ-
iy in the geniohyoideus and levator internus
ascles (figs. 17: GH, LI). During the transi-
ional stroke, when the ipsilateral levator ex-
ernus shows a reduced amplitude and the
ssilateral geniohyoideus and levator internus
- to fire, the following contralateral
- les start to fire: Levator externus,
#n hyoideus and levator internus (fig. 17:
B, GH, LD, while the ipsilateral levator pos-
erior and retractor dorsalis (LP, RD) begin
heir activity. When the ipsilateral levator ex-
“rnus undergoes a sharp increase in the ac-
ivity level during Power Stroke II, it is ac-
impanied by ipsilateral peak activity of the
ator posterior and retractor dorsalis, and
istinct bursts of the contralateral genio-
¥oi eus and levator internus muscles. Cessa-
on f the activity in the ipsilateral fourth
a .r externus coincides with a sharp in-
eate in relative amplitude of its contralat-
7l counterpart. Simultaneously the contra-
lieral levator posterior and retractor dorsalis
e while all muscles of the originally ipsilat-
Tl side become silent. Thus, during the
Symmetrical pattern silent periods are elimi-
Ated by the wide overlap of the firing se-
lences of the ipsilateral and contralateral
Wec'es (fig. 17).
i e our records of the movements accom-
Ay ng asymmetrical muscle activity are too
telchy, it is impossible to offer a precise de-
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scription. However, a few hypotheses can be
formed on the basis of the new data presented
here. Asymmetrical maceration proceeds at 2-
3 cycles/sec. Thus there is 1o difference in
speed between bilaterally symmetrical and
asymmetrical maceration. Furthermore, sym-
metrical and asymmetrical patterns often al-
ternate, although the formeris, in general, the

Abbreviations

GH, geniohyvoideus

LE,, fourth levater externus
LI, levator internus

PH. pharynpgohvoideus

RD, retractor dorsalis

o

RD <

N

.95 S€C ;

Fig. 17 Diagram summarizing activities of the pha-
ryngeal muscles of Haplochromis compressiceps during a
maceration cycie. Muscles are presented in couplets, with
the top representing the left side and the bottom the right
side. Corresponding muscles from left and right sides show
different firing sequences. Periods of activity overlap
forming a continually-modified muscular sling. The pat-
tern does return to a symmetrical one after a variable
number of cycles.
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more common. Translational movements of
the upper and espectally the lower pharyngeal
jaws do occur as a resuit of bilaterally asym-
metrical muscle activity. Both upper and
lower pharyngeal jaws rotate around three
axes, undergo protrusion, retrusion and trans-
lational movements. More importantly all of
these processes occur simultaneously.

Swallowing is accompanied by variable fir.
ings of muscles associated with the upper
pharyngeal jaw. In general, muscles attached
to the lower pharyngeal jaw are relatively
silent during the swallowing act. In most in.
stances the swallowing act is preceded by an
interruption in the cyclical pattern so charac.
teristic for maceration (figs. 14, 16). Strong
bursts of the retractor dorsalis and levator
posterior muscles represent the dominant fea-
tures of the electromyographic pattern during
the swallowing act. During the swallowing of
larger prev. the electromyographic pattern is
repeated. with the activity of the first levator
internus alternating with that of the retrac-
tor dorsalis and levator posterior. Variations
in the electromyographic profiie of the fourth
fevator externus, genichyoideus, sternohyoi-
deus, and pharyngocleithralis externus mus-
cles {figs. 14, 16: LE,. GH, SH, PCE) in the
stage prior to the swallowing act may be corre-
lated with pesition and size of the prey.

3. Generalizations on the macerating and
swallowing mechanisms

Anatomically the pharyngeal jaw appa-
ratus of piscivorous cichlids deviates slightly
from that of generalized nsectivorous cich-
lids. Both the upper and lower pharyngesl
jaws are more elongate and less robust, but
muscular specializations can be considered
minimal. The effectiveness of the macerating
apparatus is enhanced by modifications in the
dentition. Thus the posterior marging of the
teeth of the upper pharyngeal jaws become
sharp-edged and serrated, often by the de-
velopment of a specialized accessory cusp in
addition to the main cusp (fig. 12), whereas in
the teeth of the lower pharyngeal jaw the
sharp-edged serrated margin is the anterior
one {figs. 12, 18). Thus among teeth, bones and
muscles, dentitional characteristics have the
most predictive value for piscivory. However,
the experimental results, presented here,
clearly indicate that the best descriptive com-
parative anatomy can offer is a statement of
functional possibilities. Funectional analysis

permits decision of which among the broad
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spectrum of possible actions do actually exist
Pharyngeal movements of Piscivoroyg CiCh:
lids are triphasic, with two power Strokes that
are separated by a transitional stroke, Durig
Power Stroke 11, the lower pharyngea] jaw ig
acted upon simultanecusly by the fourth levy.
tor externus and the combination of Ster.
nohyoideus and pharyngohyoidens. Bilatera]
and synchronous contractions of thege three
muscles are summated setting up a powerfy]
force couple against the prey. At the same
time the prey is acted upon by the upper
pharvngeal jaw that is retracted and Totated
by the retractor dorsalis. Power Stroke 1 ig a
protrusive one, during which the teeth of the
upper and lower pharyngeal jaws approximate
each other resulting in trituration. Thus the
prey, wedged between the upper and lower
pharyngeal jaws is being acted upon through.
out the cycle because of the wide overlap of
the firing sequences of its component muscles.
The efficiency of this process is attested by the
fact that fish remains that are recovered from
a cichlid piscivore’s gut are so lacerated that it
1s generally impossible to identify the species
{e.g.. Greenwood, '74: p. 31). The basic tri.
phasic pattern is apparent in all the pisciv.
orous cichlid species studied, although a
rather broad spectrum of interspecific varia-
tions on the triphasic theme has been found.
In some piscivorous cichlids, the anatomi-
cally symmetrical muscular system of the
pharyngeal apparatus can act asymmetrical-
ly. Because the articular surfaces of the basi- _
pharyngeal joint are relatively flat, they af-
ford freedom for lateral and antercposterior
gliding movements of the upper pharyngeal
jaw. The lower pharyngeal jaw can rotate
around three axes and undergo protraction
and retraction. Asymmetrical muscle action
causes simultaneous protrusion, retrusiom
opening, closing and transverse movemergts_ﬂf
both the upper and lower pharyngeal jaws.
These complex movements clearly represen
an adaptive feature and cannot be regarded a#
fabricational noise (sensu Seilacher, '74} of 8
design of a system for a major movement. An¥
translational motion while the teeth are
close approximation provides supplementary
shredding of the prey.

e

Fig. 18 Scanning electron micrographs of the of
tien of the mandible of Haplochromis CO{HP"”‘“?%;.
and Lamprologus compressiceps (By; SEM's of denti vauds
the lower pharyngeal jaw of Heplochromis comP"::;;kw
{©) and Lamprologus compressiceps (I, Note thtewo o
convergence in shape of the dentition of these
lated lineages,
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Perhaps the most important concept emerg-
ing from this experimental study is that the
fower pharyngeal jaw ig suspended in a mus-
cular sling. part of which is always in tension
because of the extensive overiap of the ac-
Lvity sequences of its component muscles.
Functionally, this design is comparable to the
Jaw apparatus of bats and goats as elucidated
by Kallen and Gans (72} and DeVryee and
Gans ('78i. The muscular components of the
fower pharyngeal jaws of piscivorous cichlids
may be considered parts of g muscular sling
that suspends the moving hony element. The
principal components making up the mus.
cular sling of the lower pharyngeal jaw of
cichlids are the following pairs of muscles:
Medial heads of the fourth levator externus;
pharyngohvoideus: pharyngocleithralis inter.
nus and externus. As proposed by Kallen and
Gans '72) and DeVree and Gans ('76) a con.
tinuously variable muscular sling provides
considerable advantages to mastication. Rap-
id adjustments can be made in response to
struggling prey of various sizes, and unilater.
al force couples can be alternated with bilater-
al force couples to maximize shearing and
shredding of the prey.

According to the cineradiographic data, the
main masticatory actions are confined toward
the posterior halves of the upper and jower
pharyngeal jaws, During both power strokes,
the teeth of the posterior halves of the upper
and lower pharyngeal jaws approximate each
other and protrusive, retrusive and transia.
tional motions will cause extensive laceration
to the prey. Teeth of the anterior halves of the
jaws mainly are engaged in the transport and
positioning of the prey. A faithful morphologi-
cal reflection of this biomechanical profile is
the fact that teeth located in the posterior
halves of the pharyngeal jaws of cichlids are
generally the more specialized ones,

DISCUSSION

Behavioral influences of the prey on the
internal oscillator of the predator

Experimental evidence presented here has
established consistent differences between
ambush and pursuit huntersin respect to elec-
tromyographic, biomechanical, pressure and
behavioral profiles during prey capture. Ny-
berg (71) is the first worker to record two
types of feeding in the predaceous largemouth
bass (Micropterus salmoides, Centrarchidae),
In the first mode of feeding, the bass swims
over the prey at high speed with fully opened
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mouth, whereas in the second mode the bas;,
fmoves more slowly and uses suction devely
during opening of its mouth to suck ip the
prey. Nyberg further hypothesizeqd hat
smalier bass approach their prey at lower
speed, using greater suction velocity thay
larger bass. It is possible that the smaller hag,
studied by Nyberg are actually subaduy]ts
Juveniles of pursuit hunters are eithey inver.
tebrate. eaters or cryptic ambush hunters
(Sohn, personal communication), Thus Ny.
berg’s two feeding types, which ATe Correlateq
with size. actually may reflect the differences
between pursuit and ambush hunterg Preyy.
ous studies (e.g., Osse, '69; Liem, T0; Nybérg_.
"71) dealing with high speed inertiaj suction
feeding in teleosts have not considered the
possible influence of the behavior of the prey
on the mode and strategy of feeding by the
predator. .
In this stiudy I have shown that each pis-
civorous cichlid studied, regardless whether
ambush or pursuit hunter, possesses a rep-
ertoire of two patterns of HSIS during prey
capture fig, 10). The patterns are charac.
teristic for the particular behavieral group
and independent of phylogenetic status of the
taxon. For example, Cichlg ocellaris of South
America, Hemibates stenosoma of Lake Tan.
ganyika and Serranochromis robustus of s
Zambian river a]] exhibit identical patterns
characteristic for pursuit hunters, whereas
juaveniles of Boulengerochromis microlepit
frem Lake Tanganyika and Haplochromis
compressiceps from Lake Malawi share
strikingly similar patterns, that set ambush
hunters apart from pursuit hunters. II.I.}_‘!EE
cases, the nature and locomotory behavior of
the prey determines which of the two patternd
is recruited. Each pattern is characteri_z?ﬁ_i"’?
an extreme regularity of the kinematic, pres
sure, electromyographic and behavioral pre
files. Thus we may conclude that HSIS feedxrg
is basically & preprogrammed motor HCt__lT"_“‘J;
controlled by an internal oscillator, Visua!
input during the prestrike stalk is ‘I‘EIBY'?& A
the integrator that determines which Oﬂf
the two preprogrammed motor outputs 18 b
cruited. Size, swimming velocity and .
nature of movement patterns of the prey pi#!

of prey capture. Once a particuar Pm,l
grammed motor output has been deploye ke
not or cannot be modified during the § it
The two stereotyped motor activities do. ¢ it
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lerences exigr between the
artivities of ambush and Pursuit hunters. Ag s
rolesin pursuit huntery prey capture is accom.

P oshed by jaw movements at lower speeds if

compared with thoge of
comparable feeding

ambush hunters in
situationg igs. 7. 8,10,

High suction velocity and overlap
of muscle activity

Agile and elusive prey will elicit stereq.
tvped motor activities producing the greatest
suction velogities by ambush ag well as pur-
suit hunters ffigs. 8-10). It ig paradoxical that
o greater the overlap of firing Sequences of
Jt < opening and closing muscles, the greater
th o veloeity of JAW movements (fig. 10}, For
example, the levatop opercuij muscle, a jaw
opener, fires synchronously with the adducter
mandibulge Ay and 4, both jaw closers ifig,
L0V Yet the mandible ig depressed at an ex-
rraordinary velocity: maximal depression of
the mandible OCCUrring within 25 millisec-
onds. Anker (74) has constructed an elegant
Lhgr linkage modej of the levator opercu-
I percular apparatus-mandible coupling
I m, 700 ]
oL put-rotation (of the mandible) and input-
'otation (of the gill cover) and predicts the
optimal vajue gt which the torque transmig.
son 1s maximal, Although Bare] et al. '77)
¢laim that the model has heep Proven mathe.
matically and the physiclogica] range of rp-
tation of the mandible has beep Proven de-
ductively, empirical tests of the model’s
rredictive vajye MUst still be execyted. The
I “hematiea] derivation of the kinematic
tr Lsmission-coefﬁcient Presupposes that the
oD .'cuiomandibular, operculo-intempercular,
and quadratomandibularjoints, and the inger.
tion sites of the interoperculomandibular liga-
Ments are in one plane. In biscivoroug cichlids
this ig certainly not the case. Furthermore,
e model assumes that the action of the leva.
0r opercyl; muscle ig unopposed by the addye.

' rly shows Synchronous activity of the twao
gonistic muscle complexes. The mode]

3 msec versus
agile and elusive
Mode] and empirica]
Peed cinematography may reflect the ip.

stereotyped motor
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herent problems of the application of opti-
mality argumenty ("minimum principle™) ip
biologica] Systems, or the disregard of syn-
chronousg firing sequences of antagonistic
muscle BrOups and elastip broperties of liga.
ments and tendong associated with the levator
operculi-opercular apparatus-mandibie cou-
pling. Presently. the significance of the exten-
sive overlap of the firings of antagonistic mus-
cles during high speed inertial-suction feeding
remains unknowy

Opercular any brarchziosfegal mechanisms
asanti-backwash devices

Intraorobranchial Pressure profileg (fig. @)
during high speed inertial suction feeding
reveal the key functional role of the opercular
and branchiostegal dpparatuses in
fluid oscillation within the oropharynx. Thus
the emergence of the opercular and branchio.
stegal apparatuses in the palaeoniscoids dur-
ing the Permian may be regarded ag an impor-
tant adaptation for the predator feeding
regime since it functions as an exceedingly of-
fective angd versatile anti-backwash device.

74} is that the latter hag become suspended in
a muscular sling (Kallen and (Gang, 72;
“Muskelschlinge” of Titte], "63), part of which
can be kept in continuous tension because of
the extensive overlap in the firing sequences
of its component muscleg during the mastica-
tory cycie (figs. 14, 16, 17). Such an organiza-
tion facilitates the contro) of protrusion,
retrusion, laters] translations as well as rotg.
tion about three axes of the lower pharyngeal

pPowerful force ¢ouple during the Power Stroke
maximizing the

I (figs. 14-16: LE,, PCE, prp
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lacerating effects on the prev. Any transla-
tional motion while the posterior teeth are
near occlusion during Power Stroke I results
in additional shredding of the prey. Higher
nervous control beyond simple reflexes seems
necessary Lo explain the varyving firing inten-
sities and patterns of the component muscles
of the muscular sling during different mast;-
catory actions influenced by the nature, size.
and position of the prev. Because the tension
of the muscular sling can be continuously
modified. the lower pharyngeal jaw of cichlids
can be considered a key evolutionary innova-
tion of maximum verzatility or plasticity
(Liem.'74), Only slight reconstructions of the
structures making up the lower pharyngeal
Jaw and its muscular sling are necessary for
successful and rapid adaptation to drastic
shifts of trophic niches. The inherent func-
tional versatility (flexibility or plasticity) of
the muscular sling can be demonstrated even
more convincingly in experiments dealing
with nonpiscivorous cichlids tLiem, in prepa-
ration}.

Origin and evolution of
piscivorous cichlids

Greenwood '74) has estimated that 30% of
all Haplochromis species in Lake Victoria are
piscivorous predators. Next to insects, fishes
are perhaps the trophic resource most exten-
sively exploited by cichlids. This phenomenon
probably is correlated with the great abun-
dance of fishes as prey items and the fact that
only slight deviations in physiology and anat-
omy are required to shift from the generalized
insectivorous to the piscivorous feeding re-
gime. The available empirical data do not
support the traditional thought that would at.
tribute the abundance, taxonomic diversity
and persistence of good functional and ana-
tomical design of piscivorous cichlids to highly
developed parental care, Of course, there is
empirical evidence that parental care, ter-
ritoriality, arena behavior, the establishment
of perscnal bonds, and other sociohiclogical
aspects of cichlids can greatly accelerate
speciation events (Wilson, 15, Fryer, "T7).
Actually it was more than two decades ago
since Dobzhansky ('51) suggested that evolu-
tion proceeds most rapidly in those groups
that practice parental care. Cichlids possess a
phenomenal ability to speciate (Fryer and
Iles, '72; Greenwood, '74) producing the
stochastic variability from which the punctu-
ational pattern (sensu Gould and Eldredge,
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77} of cichlid evolution can he derived. In t|
perspective, speciation, brought about
stochastic genetic events, provides the p
and random material for macroevoluti
{(Mayr, '63: p. 621} of cichlids. In my via
cichlids owe their evolutionary Success
terms of trophic exploitation not only to the
phenomenal ability to speciate stochastica]]
but also to their inherently versatile fun
tional design (Liem, "74), in which optim
solutions in the Newtonian mechanical gep,
can be evolved rapidly. Thus adaptive chang
can evolve by saltation with a minimum nyy
ber of compromises after the stochastic even
leading to speciation have been complete
Piscivorous cichlids illustrate thig principi
well, Electromyographically, inertial suctig
by piscivores (figs. 7, 10, 11} and such ger
eralized cichlids as Haplochromis burton; an
Tilapia melanopleura (Liem and Osse, 75) 4
not differ much. The salient specialization i
piscivores is their ability to reduce the feedin,
cycle temporally. Many insectivorous cichlid
and ambush hunters are facultative an
opportunistic feeders possessing versatil
behavioral repertoires. Even the lacerating
actions of the pharyngeal jaw apparatus o
piscivores can be derived easily from that of
insectivores. Thus the essential difference be-
tween the electromyographic profile of insec-
tivores (Liem, '74: p. 430: fig. 8) and that of
piscivores (figs. 7, 10. 11) is the shift of the
firing of the retractor dorsalis from Power
Stroke I and Transitional Stroke to Transi-
tional Stroke and Power Stroke I Of course,
during swallowing, the retractor dorsalis fir-
ing patterns exhibit an amazing array, dem-
onstrating built-in ability to modify its firing
sequences.

The switch of the teeth of the outer row of
the jaws from being bicuspid (character?StIC
for insectivores) to unicuspid (almost unique
for piscivores) occurs quite iate during post-
maturation growth of the individual (Green-
wood, '74). Furthermore, the principal ph_al‘)'“‘
geal dental specialization in piscivores is ba-
sically the progressive lateral compression 0!
most teeth (fig. 18). Therefore the entire func-
tional and anatomical switch from insectivory
to piscivory and vice versa can be accom
plished by surprisingly simple and Sam’"
tionary mechanisms. Actually, if we aba“dor:
our propensity to formulate models on the
basis of optimal design and, instead, Compa‘ri_‘
the full ranges of the total functional r}f?
ertoires, we can observe a considerable overiap
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of the feeding mechanisms of insectivorous
and piscivorous cichlids.

it is not surprising that great diffliculties
a cencountered in the attempts to determine
woaether intralineage groups of piscivorous
cichlids of Lake Victoria are true, hierar-
chically evolved. sister groups. or whether
they represent gradal assemblages of potyphy-
letic ancestry (Greenwood, "74). A priori bias
toward phyletic gradualism, which is basic-
ally an outgrowth of Linnaeus’ notion “natura
pert factd saltum” {nature does not make
lenps) has led to intensive searches for perfect
ir ermediates or links between insectivorous
a1 piscivorous cichlids. From a punctua
ti aal view, it 1s predictable that such search
es weneraily have failed.

Piscivorous cichlids may not have arisen
by orthoselection in gradually-changing
iineages, but represeni the differential suc-
cess of subsets from a potentially random pool
of speciation events. Adaptive features iden-
iified¢ in this paper as characteristic for
si=civory could have evolved in multiple and
ir ependent lineages at a punctuational tem-
o isensu Gould and Eldredge. '77), which
s¢ ms to be the dominant mode of cichlid
evi:lution. As a result, the homogeneity of spe-
cialized morphological features in piscivorous
cichlids. which exhibit a confusing web of par-
allelism. is making the problem of determin-
ing moncphyvletic lineages on the basis of
shared combinations of specialized morpho-
logical characters extremely difficult.
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