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Cost of morphological specialization: feeding performance
of the two morphs in the trophically polymorphic cichlid fish,

Cichlasoma citrinellum

AL Mever®

Museum of Vertebrate Zoology, und Depuriment of ZLoology, University of ¢ ulifornia, Berkeley, CA 94720, USA

Summary. The feeding performance on soft and hard prey
of two morphs of the trophically polymorphic Meotropical
cichlid fish, Cicliasoma ciringlipm, was investigated in the
laboratery, The molarilform morphs, specialized o feed on
hard prey, are able 1o crock snail shells that are twice as
hard a3 those cracked by the papilliform morphs, During
ecological bottlenecks in food resources this ability should
allow molanform morphs to exploit alternute, less preferred
prey sources that are not available o papilliform morphs,
Analysis of stomach contents revesled that molarifom
marphs feed sigmificantly more oflen on hard snails than
do papilliform morphs | Meyer 1989a) Tae performance
advantage of the trophicaily specialized morphs when feed-
ing on hard prey is countered by their less efficient perfor-
mance on soft diets. The morphologically generalized papil-
liform morph feeds more efficiently on soft prev. The abun-
dance of preferred soft prey, seasonal fluciugtions in prey
availabulity and the lrequency of ecological bottienecks may
determine the relative abundance of these 1wo morphs in
natural populations in Nicaraguan lukes

Key words: Trophic polymorphism - Morphological adap-
tation — Ceost of speaizlization — Molluscivorous cichlids
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Ecomorphologists believe that the trophic morphology af
fishes mirrors the feeding mode and possibly the type of
prey that is preferred by a particular species (e.g. Ken-
and Webb 1966, Garz 1979; van Oijen 1982; Hooyerk,

et al. 1983, Barel 1983; Wainwright 1957, 1984). Resoure:
partiioning in fshes 15 believed to be dus tu functional
morphological constrainits on prey chowe (Woerner 1977;
Liem 1983; Wainwright 1988). However, data on morpho-
logical constraints on the explonation ol tropkic resources
iy fishes are rarely gathered (Wainwright 1987, 1985). Yer
it has long been thought that moerphological differences
belween species may be instrumental to our understanding
of resource utilization, ecological community structure and
ultimately the process of speciation (e.g Vun Valen 1965
CGrant 1986)

Cichlid fishes belong to the perciform suborder Labroi-
dei {Kaufman and Liem 1982), Thesc fishes huve radiated
greatly and comprise some of the most specics rich familics
* Present address and address for offpeént roquecrs. Depariment
of Biochermistey, University of California, Berkelev, CA 94720,
LSa

of vertebrates. All fishes of this suborder possess 4 modified
pharvngeal jaw apparatus. Liem (1973) proposed that this
maorphological novelty, coupled with the functional versatil-
ity of cichlids. 15 responsible for their high waxonomic diver-
sity und their occupation of very narrow ecological niches.
The pharyngeal jaws bear a highly specialized dentition
which, in conjunction with modified branchial musculature.
Facilitztes the mamspulation of prey. Pharyngeal jaws allow
the processing of types of prey that cannat be handled 214
suveesifully by oral jaws (Slootweg 19871 The evoluticon
of this morphological novelty may have faailitated indepen-
dent morphological specializations of these two sets of jaws
and led to the ecological and taxonomic diversification of
this group of fishes. Yet, the family Embiotocidae is com-
prised of only few species, although they also possess phar-
yogeuf jaws (Liem 1984).

“lorphological differences between species of cichlids
are sralls they are morphologically highly specialized, par-
ticwlarly with respect to trophic structure (e.g. Hoogerhoud
1984, reviewed in Meyer 1987), The finding that some cich-
lid species are phenotypically plastic in their head morphol-
ogy (Mever 1987) and others are polymorphic in the struc-
ture of their pharyngeal jaws, has received wide attention
becuuse these phenomena have bearing on our understand-
ing +f sympatric speciation and adaptive radiations.

fonl conary sighificance of trophic polviarphisms
it

roslsally polymorphic cichlids have been fownd in Afrcs
vAsairoreochromns affuandi, Greenwood [1965) and in the
Bvediropics {Criollusona mincklevi, Sage and Selunder 1974
Kormield et al. 1982, Kornfield and Taylor 19383 for re-
view sce Meyer 1989 by,

Specimens of trophically polymorphic cichlids exhibu
ung of wo Iyvpes of pharyngeal jaws, possessing either
strony molanform dentition and hyperceophied branchial
musciiature or weak papilliform dentition with less well-
developed muscles { Meyer 1988). Morphs with intermediate
morphology are seldom found (Kernfield and Taylor 1983
Liem und Kaufman 1984, Meyer 1988). These Jistinct in-
traspecific morphological differences between morphs can
exceed those found between closely related taxa le.g. the
African genera Gawrochromds and Ladidechromiy . see Hoo-
gerhoud 1984).

The molariform morphology adapes these fish for crush-
ing lacd prey (Liem 1973: Liem and Osse 1975 Hooger-



foud and Barel 19758 Liem and Koauiman {1984) beligve
thatb: e ':,'.I{CE-A:LJ:C\J- inedaciloran ;':h:l:p[. ol e A fpvanisied
aunckivyd has the advantige of Deng able (0 resort o
sepondary food source, such as snails, during ecolencal
Boltlenscks. e, when primary preferred [ood source. are
scarce. Indead. the moelanform morph of . minekless in
the field feeds more often on snails when food is limited
ismith 1982, ¢.f.. Liem and Kaufman 1984). In the labora-
tory, Liem and Kaufman { 1984) offered a number of differ-
ent prey items to melariform and papitliform © peinckdeys.
A in the field, molariform fish fed significantdy more often
on snadls than did papilliform morphs, when food was lim-
ied. When food was abundant, however, buth morphs pre-
ferred softer prey over snails. This is also true for luboratory
lezding of the two trophic morphs in the trophically poly-
morphic Neotropical cichlid, Clolifazoms corinellume [pers.
ohs.)

The pharyngeal jaw structure in € citrenellum is corre-
Hled with differences in external morpaslogy (Fig. I,
Meyer 1988), Molariform merphs have [iunter, shorier
snouls, larger eyes, wider heads, and decper shorter bodies
than papilliform morphs. The *benthie” body form of mo-
lariform morphs may be adapuve Jor the more complex
ittoral habitat while the “limnetic® clongate body Torm of
papilliform morphs may be advantageous in open water
isee alse Ehlinger and Wilson 1933),

The two morphs of C. cirrinedfon scem to be ecologically
separated through dietary differcnces (Meyer 1988, 1989a).
significantly more molanform Nsh from Lakz Jiloa, Micara-
gud, fed on snails (Meyer 1959a).

The nypothesized advantages of & molariform pharvn-
geal jaw apparatus (e.g. Liem and Kaulnan 19%4) beg the
Juestion . why do not all cichlids possess mulanform phar-
vngeal jaws? To test whether there might be costs to this
morphelogical specialization, [ tested the feeding perfor-
mance of molariform and papilliform srophic morphs in
the polymerphic Neotropical cichlid fish o Musoma crorm-
el on hard- and soft-shelled snails

Mlaterials and methods

Ciehlayoma citrmelfum of both morphs and hvdrobid snails
tidentification, D, Lindberg), on which this species feeds,
were caught in Lake DNioa, Mwcaragua in Julv 1987 and
brought to the Department of Zoology ol the University
of California at Berkeley, The feeding experiments were
conducted in the Fall of 1987, The jawtype of each fish
wis delermined by inspecting the pharyngeal jows with an
athoscope. This procedure does not hurm he lish, Three
molariform and mine papilliform fish were vsed in the labo-
ratory expenments. The means of the sizes {sandard length,
SL) of the morcphs did-not differ significanils (Mo 75 mm;
PFap: 62 mm, F-value= 3.5 £>0.03).

Fesring the hardness of the seail shells

The hardness of the snails ind the fength-hardnes relation

sbip was assessed by crushing individual <nmls Detween the
compression grnips of an Insiron tensomoter [Moadel 1122)

The maximum crushing force borne by cuch sl was then
determuned. Before crushing, each snail wies measured along
it Jongest longitudinal dimension, Measurements were
done to the nearest 001 mm with digite! calipers. Because
snails are crushed by molluscivorous Osh agooss their shor-

test dimension {Wainwright 1987, [982) 1he snails were
places sideways betwesn the compression prips and rushey
soroms theor minmdl dimension. Wainwrieln 11947 Townd
the <ime snail lengih-hardpess rela:mnshrp whether snails
wers crushed between hard Hat surfaces or bBetwesn the
pharyngeal jaws of the molanform labnd fsh Locanedatmme
marius which were attached to the compression grips of
a Lensomerer.

I tested three species of snails. The first species of snail.
an unidentified hydrobitd snail, is the natural preyv | Mever
198241 und was collected in Luke Jiloa. Nicaragua, whers
the fish originated. These snals are thick-walled, heavy-
shelled. and conispirally shaped, This species would not
breed in the lzboratory and therefore could not be used
in the feeding trials.

M second soft-shelled snail tested s an undetermined
species of Physa that is loeally abundarnt in Californa. This
spevics 15 thin-walled, conispirally shaped and has o large
witlied body whorl (see also Stein et al. 1984)

Tl third species was the prosebranch Melanoides fber-
cofare. This Malaysian snail is heavy-walled with a conical
shell. This species 1s comparable in its lengih-hardness rels-
uonsiup 1o the natural prey snail of €. coeinedfium Trom
Mivikrngrea, Mefanoides 15 easily maintained and reared
capitvity and was used in the feeding experiments on hard
diets.

Laboratory conditions

For all experiments fish were kept singly under standurd
laboratory conditions in 80 liter aguana without gravel
Fish were kept in the laboratory for three monihs before
the cxperiments commenced and were well acclimuted 1o
their aguaria. Dunng the acclimation period the fish were
fed 2 diverse diet alternating ameng brineshrimp, Nakelood,
and pelleted Nsh food.

Feeiline oxperiments

In tne leeding expenimemts fish were not given a choice
ol prey, but only offersd one 1ype of prey in each of the
feeding experiments,

£ 5 prey. | olested the feeding etficiency of both (ish
maiphs on saft diets by feeding sofl-shelled Phosa snals
te the fish. Each snuil was measured before and singly intro-
duced e 4 tank. During the experiment, only one snail
wis present in the tunk at any time. [ chose snails hapha-
zardly from a holding tank 10 randomize the size and order
of presenting snails to the test fish

Hemifleng e wis the time 18) betwesn engulfing o
each snail and spitting out shell fregments, When fish fed
on Mhesa they spit out shell fragments, allowing o precise
messurement of handling ume. [ chose Physa as sofl prey,
because the fish swallowed other soft diets, such as brine-
shrimp, whole without spitting out hard fragments, which
did not allow the unambiguows measurement of the hun-
diinge tme, [ lollowed this procedure for, a8 most, ten snuals
per iy per Tishi

sitianon uswally occurred belore ten snads were Jde-
vourcd. When the fish refused to feed on a particutar Phuag
within three minutes it was Judged to be satiated. Then
a snuller snail was offered: if this snail was aiso wnored
the testing was stopped. This procedure was followed fo
L3 consecuuve duys 1o test for the effect of learming lespen-




“ncet on feeding performance. The time spont nandling food
shondd relecr b wterpetic oot ol ) uwiling {Stein g gl
F983): therefore, & shorler Fandling tinwe i 4 nore etficient
feeding mode, &nd larger snails have thy, h:zhest cnergy
retuen lar handling time

i Hard prey, Feeding performance on hard prey was tested
by feeding the snail Mefonoiges INBErCNiTiG 10 Lhe figh, The
srperimental procedure of the feeding EAPEIimMents on hard
diets differed from thag of the sofi-prey eRpeniment, 1t was
nal possible to measwre handfing time d; reclly because snagls
Were spit our repeatedly, repositioned between the pharyn-
geal faws, and spit out again. Thig hiodling of vne ‘Hard
=alis often ook a long time fmpre than an min). I, there-
fore, did not measure feeding elficiency in the same Wiy
251 1he experiments wigh 5ol prey (3) but Fither measyred
feeding periomznce (sizes of snails criacked),

[ introduced 1 Mefanandes of known length to each
tank daily. The figh preyed successfully on u subsel of these
10 snails, They cracked snails between their Pitarngeal jaws
ind shell fragmens WETE Spit Gul into Lhe tank, On the
following day, and for 14 days, [ collecied (he remaining
Mact seads from each tank and measured tlem AR,
Snails that were net recovered from ranky WETE Assurmed
10 have been cracked by the fish. This experiment allowed
e 1o assess the sizes of hard snads that the lish were ahle
to crack.

Sreistical mehoy

The same fish were sampled repeatedly, Therefore, | ang.
lvzed the handling time for the soft prey experiment and
ihe snail length for the hitrd prey EADETIMEnT with univariate
and mubtivanate repedted measures analysis, Phis analysis
dccounts Jor the repeated meusitres design, [t provides three
€585, A between-subjects oy, testing for overal| differences
between the two jaw t¥pes. Within-subject effecrs {the infly-
ence of experience) are rested with & univarige repeated

medsures Fetests. The interaction effects of jaw morph and
CAPCTIENCE gre fested within-subjects with uitiviriate re-
Peated measures Fopgsys,

Because this anzlysis will exclude whols cases (hish) |
data are missing fram the mlrix, the original dila were
reduced from 9 1o 7 papilliform fish for the sufl-prev experi-
mentand 5 papilliform fizh far the hard-prey Ciperiment,
Furthermore, anly davs at which al| of the fish uie 4 least
one sni could he considered, reducing the 1:umber of days
te 7 for the hard-prey experiment. 17 more than one snail
i ealen per fish and day the mean length un hindling
lme were caleulated fop the hard-prey and (ke solt-prey
eXperiment respectively.

Results =

Length-hardnery PESITORTIS o smufy

For all snails (he crushing force (in Newrtons) regurred to
track the shell rose wigh increasing size of the snyil {Fig. 2,
Table 1), The hard snaill wsed jn the feeding expeniment,
Melanoides. is not statistically distinguishabie 1 5 length-
hurdness relationship from the natural { Nicoagiin, prey
spectes (Table 1) The sof sl Phyrg is significan:ly Jufer.
=Nt {softer) in s length-hardness relationship fon e hard
snail Melanoides iTable 1), These results validie 1 choice
of the two species 43 hard and saft diets (Fig. 1),
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Fig. ra, B, Semi-schemanie driwing of the dilferences in feg,
S|'I-3I',IU ol ".l-h-'ﬂ'-m"-' v R ﬂfﬂTF‘ﬂﬁJﬂg} IN O ctrame i R TUNTE
form morphs (A) have 2 shorter, blunger snoul, wider hewd, Lir g
ey, deeper body than papillifprm morphs (BL The pharine.
Jaws are swedier, larger, ang have lurger molariform igeth )
maolariloem morphs (A} than in papilliform marphs (B)

Table 1. Lengih-hardness relationship of smals, [ Matura) PrEs - it
Curagud. Ve 73, the hard snail [Medanoides, N e dd), 4y LL T
snail | Phvsa, N=350) The length of the sny) Was measured |
mm aid the crushing foree Measured in Newtons, bath Measire:
ments were log-iransformed [or this analysis, Comparisons .
lengti-hardness relationships were done wigh AMCOV AL (with 11,
leagih of 1he snail as covanale). The homogeneity of stopes w .
bested prine 1o the com PAFLSONS . none of the ilapes differeed sign
eanily. The adjusted means did B0t dilTer between the ju. Prard
Sl species tested, the natural hvdrobig Prey and the Medimo
The wiusted means belween the safy prey Phvw snd the hyrg
Prey  Afelumoides differed significanily. Both reswlts juslify che
choice of prey

e e R S

Constant Slope Fovalee  Pogylue Ady Roagu
Lengeh: iurdness regressions:
Micaragu 0012 1754 1828 LD [ERE
Melanwidvs — 00150 1770 9483 ] 0,686
Phyvig =0B1® 1271 1S 0.0m ®I77
Comparisong of length-hardness relationships.
Micurapig v, Meluncides
Test for fumageneily of slopes F= 000 pa ko
Tt for differences inadj. mesn F= 217 p=gus
Physy vg, Melanoides
Test for hom ogeneity of shopes F= 100 p= 0.5
Test for dilferences in adi. meun E=719 78

P 00

—_— ——

Feoding o o Prey
Phvia vwere earen readily by the fish and rarely rejecrd

Molariform morphs had 2 significantly longer hundling
lime than jid papiliform morphs, indicating that papills
form morphs feed more efficeently on soly prey than molar-
form  murping Imolarilorm morphs: mean: 358 s S0

1221, papilliform morphs: 21.6 s, 5D: 295 Table 2)
Within subjeers expenence had a weak but significant effog;
for both morphs (je. handling time decreased: F=0047;
Table 2). Huwever, within subjects (e combined effecs f
experience and juw maorphalogy are not significaniby Jitti

ent (Table T,

Fevdding on bed prey

Malanlarm morphs of C, citrinelium were able 1o crack
significantly  harder snails than could |he papilliform




OF C virrmottnm Jrom Lile Hilou Nicarazia wag 502 mm
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should e abie e crack anly softer, siialler sowls in ther
sattural ervireninenty ok I1:|r'qﬂ>- anv snls were foynd
i stomachs of papiflifiorm marphs in Micaraguan Jakes
{Meyer 1989a). That they feed on snails ag a]) g probahly
because the length-hurdness relationship iy Nl very strong
for the mergrs| prey (Fig. 21 Therelore i right be profi-
+ble for pupilliform morphs to sampic dinang the large
nails for particulurly soft-shellod individug |5,

ot of sricrpholoeioal sfecializanon

The performance sdvamiage of the morphologicully specigl.
ized molariform morphs allows them s ke fesd prefereeg
thard} prey in maigre when ather Prey ore nol avalable,
Liem and Kaufiman (1984) demanstrueg ip ‘he laboratary
that marphologically specialized molerife morphs of ¢
mirckleri feed on hard prey sinificantly more ofyen than
papillsform morphs only when prey density is low, This
obvious advaniage of the spectalized malariarm marphs
Poses the question why are not all vichlig triph-cally spe-
vialized ?

This study demonst rutes the potentis] Misedvintages of
Murphological specializaton in tenms of functional mor.
phologieal constraines, Morphelogically generidized papilli.
form morphs are more ethicient predators on suft prey {e.g.
Fhsa). Papilliform marphs could potentizlly ouicompele
malanform  marphs for preferred soft arer gog lorce
molanform morphs inte u ditferen habrtar, whure sof prey
wre less abundan

Apparently marphologm| speclalization is st 4 hynd;.
SR IN Some (rare?) ecologica) instances, Field vbservations
nave confirmed thay merphofogically specialized cichiids
eaploit alher Prey ilems for which they da nat <cem to
be morphologically adapted i those illerialive prey be.
Same superabundang (Kamumz 1981, MeKove g Marsh
93],

Smuth (1987) found in 4 polymorphic species of African
finch a similar trade-aff of morphoiogical speeialization he.
bween lirge-bifled amd small-billed forms wiien FReding on
hard and soft secds 1Smuth 1987) He find, a warrelanon
hetween the oecdrrence OF particulyr morphs and the harg-
ness of seeds on whch ey feed, und belioves that the
Faphic polvmorpiusm s Iriiitlained by strosng :sasonality
ul toud Pesources ismuth, unpublished work)

The sbundance of soft and hard prey may determine
the abundance of [he moarphs. This hypothesis s Supporied
by my data: the Froporion of malariform arpas Gmong
ropulations aof Clichlisomg Cthemellum correlans o il the
Anundance of snawls jn rhe kes ol Micuriasun, ¢ no
stils ar molardform merphs are found in [ ke Muasuva,
NICHELE Y iMleyer 1988} The frequency wigh w huch snails
ATE 2xien varies berween Yeurs and seasons, suriesting high
seasanality of prey abundunee and environments! Mperug.
trans funpublished work ) The seasonul Ductuision. of cpyi.
ronmental conditiens coy|g PRTPCILALS Ehe vooxdqere of
Poth morphs wnd might prevens e COMPEtii e cxelusion
~id everual exninenion af eicher morph,

fomnon fecde emppnes ML Conhay Irom Haurvaed L'|1:..:rx||;r
SURINg e 1957 field colleption i MNicaragua, M. K et
slliwed Lhe uge of her Instron dpparaius and 0 Fer che
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o Cenitral America and muscum collecipns wis Tured i g
& P grant from the Ofgunzatian for Tropueal Studies, & 1rg,
akdrd srom the Center for Lyiin American Studivs at the Uy -,
1y of Californiy sy Berkelsy, 5 Rimey Award from the inerig,
Society of lehihyologisis ang Herpetalogists, and an Ernst My,
Award from the Museym of Comparative Zoulagy at Flae,
University. Other SUPPOTt came from Sigma Xi, the Amen
Cichitd Association, and the Chancellor's Paten) Fund fron:
Universiy of Culiforng Herkeley. Fellowships were gran
from ch: German and (he Amenean Fulbright Cammmisain.

the Linisersity of Califormig a Berkelev. G. Bariow Pravided s
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