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The neotropical cichlid fsh Cichlasoma citrineltun is polymorphic in the strueture of (g pharyngeal
Jaw apparatus and external morphology, The phiryngeal jaws are either gracile and bear siender,
pointed tecth (papilliform} or robus with strong, rounded leeth {mulm‘ilbrm). Molariform marpls
have henthic’, and papilliform morphs & ‘limnetic’ body forn, Furthermore, (his species is alse
polychromatic, widh vellow and bluek morphs. The molariform morplodogy of e pharyageal jaw
apparatus adapty the fish for eracking and feeding on soails, Gased on analysis of stomach contents,
94 of the malariform morph ate snails wherens ondy 190 of (he papilliform morph did so, This
result suggests thay the murphs oecupy difteren ceological niches. The sorphology of the
pharyngeal juw apparaius does ot correlaie significantly with sex, but it does wish budy colouration
{P<0.005). Cichlasoma cilrnellum mge asseriatvely with their pwy colour; therefore a mitting
preference for colour may lead 1 genetic isolation of wuphic marphs, :

The frequency of the matariform morph differs strikingly among populations of five N; raguan |3
fakes and jis abundance is correlated with the abundance of snails, the fishes’ principal prey item.
Among populations (he lrequency of molariform murphs decreases in the dry season. Morphology
possibly changes reversihly within parvcular individuals between seasons. These resule suggest that f
phenotypic plasticity and pelymorphisms may be an adapiive characteristic of cichlid fishes, 1
Paverns of intraspecific murphological variuion maich paverns of interspeeific morphological
diversification which Suggests that universad developmental mechanisms canablize the possible
expressions of morphology. The ability 1o respond morphologicaily g cnvirenmental shifts, in :
conjunclion with geneically determineg trophic polymorphisms and sexual selection via mace :
choice, could be the basis for speciation through intermedipge stages of polymerphism of the
impressive adaptive radiation of cichlid fishes. :

KEY WORDS: Trophic polymorphism - seasona changes in morphology - pharyngeal Jaws —
intraspecific macroevoelution — phenotypic plasticity — speciation througls polymaorphising — cichiid
fishes — Cichlasoma — Herog - Nicaragus.
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INTRODUCTION

[n each of the three largest East African lakes cichlid fishes form spcuu (locks
with more than 500 endemic species (Lewis, Reinthal & Trendall, 1986). These
species assemblages represent unvivalled examples of adaptive radiations in
vertebrates. Ecologists have viewed these assemblages as paradoxical because
they scem to cldy accepted ceological plmupiw (e.g. I'zycx & Tles, 1972).
Evolutionary questions centre around the origin of the species flocks mel their
mode of speciaton {e.g. Trewavas, 1947; Kosswig, 1947, 1960, 1963; Fryer,
1965; Liem, 1984; Lowe-McConnel, 1969; GlLU]WOOd 1974, 1979, 1984, '\’tbd,
1980, MCK..Ly(, el al., 1982, 1984; Dommey, 1984; Meyer, 1987, 1988, 1990b).

Despite much theoretical debate, many aspects of the cichlid problem are still
anresolved and a consensus has not been reached as to how these fish
assemblages evolved or what maintains their biotic diversity (see references in
Echelle & Kornfeld, 1984).

Evolutionary success through key novelties: the pharyngeal jaw apparalus of labrowd fishes

Numerous meChanisms tl at could explain the evolutionary success of cichlid
fishes have been offered, e.g. pmenn care (Dobzhansky, 1951), sexual selection
by mating colouration (Ixoasw&g, 947; Dominey, 1984, Mayr, 1982}, versatile
functional design  {Liem, 1973, 1978) aund phenotypic plasticity  and
polymorphisms (Meyer, 1987, 1990b). Liem (1973) advanced the idea that the
possession of a well-developed pharyngeal jaw apparatus (PIA} in cichlid fishes
xtpxeicnts a key innovation (Simpson, 1933) that has increased thelr
‘evolutionary potential’ and is responsible for their evolutionary success. Except
for the marine family Embiotocidae, which is composed of only about 24 species,
other families of the suborder Labroidei which also have P}As (Kaufman &
Liem, 1982} have been very successful evolutionarily (Liem, 1986; Liem &
Sandersen, 1986; Stiassny & Jensen, 1987).

All labroids possess highly developed PJAs which act as a second set of jaws
located immediately anterior to the oesoph gus. The pharyngeal jaws bear
highly specialized dentition for the processing oI prey. Hy }(’I(iD])hlE‘cE muscles
(,nabic iabloxd fishes to masticate their diet and to transport it into the
oesophagus. The manipulation of prey is accomplished between the pharyngeal
jaws by complex movements initiated through contraction of the branchial
musculature (e.g. Liem & Kaufman, 1984). The upper pharyngeal jaws contact
the skull ventrally via a neurocranial apophysis (Liem & Greenwood, 1931,
Stiassny, 1981; Lauder & Liem, 1983}

The PJA frees the oral jaws to become specmh/cd for particular feeding tasks
allowing for increased independent, morphological specialization and both
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clements (Lauder of al., 1989). The PIA s therelore of ttmost impaortance (or
ccological specialization and niche diversification (Liem, 1973 Stiassny &
Jensen, 1987); this may possibly result in habirat segregation and evengually
spectation {see below). The PJA and (he lunctional _\"créatiiily ol cichlids are
believed o be responsible for successful and rapid adaptation o shifis ips trophic
ecology (Liem & Osse, 1975; Liem, 1978; see also Stiassny & Jensen, 1987), The
neurocranial structures associated witl) the PJA are also mportant taxenomic
characters Ulrewavas, 1985; bu( see Greenwood, 1978, 1986).

[ (Meyer, 1988, 1990a) described trophic: polymorphism in (he pharyngeat
Jaw structure of g neotropical ciehlid species, Cichlasoma citrinellum (Giinther,
1864). This species is variable in colouration and exhibits polychromatism
(Barlow, 1976; Barlow & Munsey, 1576; Villa, 1976); the trophic morphs differ
i their external morphology as well {Meyer, 1988, 1990a), the fish with
molariform PJAg having a blunter head and legs clongated body than those with
papilliform PJA. Tndividuals change their external form during ontogeny
(Gottlried, 1086 Meyer, 1988}, The behavioural biology of this species has been
investigated {e.g. Barlow, 1976, 1983; Barlow & Munsey, 1976; McKaye, 1977,
1980, 1986).

Moarphological adapltation and Jeeding ecology

Cichlid fishes are hefieved 1o be specialized for parucular feeding niches (c.g.
Fryer & Iles, 19725 van Oijen, 1982; van Qijen, Wite & Witte-Maas, 1981;
Hoogerhoud, Witte & Barel, 1983; Barel, 1983; but see Liem, 1984, However,
non-piscivorous cichlid fishes are also known for (heir functional versatility
(Liem, 1978, 1980}, which allows even morphologicaily specialized species Lo
exploit a variety of prey types. Recent field observations support this laboratory
finding (Eccles & Lewis, 1977, 1978, 197¢: Katunzi, 1983; McKaye & Marsh,
1983). During ccological bottlenecks, specialists may be more efficien| predators
than generalists and therefore have a selective advantage (Schoener, 1671;
Wiens, 1977; Lauder, 1983; Mevyer, 1989). Natural selection might act with
mereased strength during bottlenecks 10 enhance the tightness of the correlation
between morphology and ecology (Grant, 1986; Meyer, 1989: hut see Wiens,
1977; Wiens & Rotenberry, 1980).

Intraspecific variaiion and Dolymarphisms in cichlids

Traditionally, axonomic studies of cichlids have assumed that interspecific
morphological variation is accompanied by litde intraspecific discontinuous
(po!ymorphisms) and continuous variation te.g. Greenwood, 1967; Barel et af,
1977; van Oijen et al., 1981; van Otjen, 1982: but sce Hoogerhoud, 1986a, b;
Meyer, 1987, 1990b; Witte & Witte-Maas, in press). This assumption is implied
by the use of such characters as differences i hody propertions and dentition as
well as differences in coloy ration as taxonomic characters to describe new species
(van Oijen ef al., 1981; Hoogerhoud e al., 1983).

An example of a waditional adherence o a strictly morphological species
concept is seen in the n cotropical species Cichlasoma minckleyi. This species exhibits
a pronounced, genctically determined polymorphism in the structure of its PJA
(Kornfield & Taylor, 1983). Researchers initially helieved that they were
dealing with two distinet species (Minckley, 1969; La Bounty, 1974; Kornfield &
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Koehn, 1975). Later, Sage and Selander (1975) and Kornfield e al., (1982)
showed convincingly that Cichlasoma minckleyi is indeed a single trophically
polymoerphic species.

Trophic polymorphisms are known from a few other cichlids {reviewed in
Meyer, 1990b). The Alvican cichlids Labidochromis caeralens {Lewis, 1982a),
Lethrinops mylodon {Eccles & Lewis, 1979; Lewis, 19820}, Hemichromis lelourneauxi
(Loiselle, 1979) and Asiatotiapia flavisjosephi (Spataru & Gophen, 1985) are
polymorphic in the structure of thewr PJA.

In polygynous cichlicds colouration is often sexually dimorphic (e.g. Fryer &
Iles, 1972). Also, cichlids typically change their colouration between
veproductive and nou-reproductive scasons. Cichlasoma citrinellum  exhibits a
colour polymorphism that is not linked to sex; it can be a ‘gold’ (yellow) or a
‘normal’ (black) colour (e.g. Barlow, 1976). Colour polymorphisms may not be
as uncommen as previously believed (but sce Barlow, 1976, 1983} and may play
a role in speciation (McKaye, 1980; McKaye of al., 1982, 1984). In spite of this
variation, male breeding colouration is sometimes the only reliable taxonomc
character distinguishing closely related African haplochromine cichlids (e.g.
Witte & Witte-Maas, in press).

Phenotypic plasticily in cichlid fishes

Evidence is accumulating that many cichlid species are morphologically
variable and that much of this variation is ecophenotypic, i.e. environmentally
induced {Greenwood, 1965; Witte, 1984; Hoogerhoud, 1986a, b; Meyer, 1987,
1988, 1990b). Laboratory-reared specimens of the African cichlid Haplochromis
squamipinnis {Witte, 1984) and those of the neotropical cichhds Cichlasoma
citrinellum and C. labiatum (Barlow & Munsey, 1976; Meyer, unpublished) differ
from wild-caught specimens in osteological features and body proportions. |
reported on the experimental induction of extensive phenotypic plasticity of the
entire cranium in the neotropical species Cichlasoma managuense (Meyer, 1987).
This variation could be induced and reversed by dietary influences {Meyer,
1987). Hoogerhoud (1986a, b) showed unequivocally that the pharyngeal Jaws
in the Alrican species Astaforeschromis alluaudi ave phenotypically plastic and
hypertrophy of pharyngeal jaws was correlated with snail diet {sec also
Greenwood, 1963).

This paper addresses the question of the ecological consequences of a trophic
polymaorphismy in Cichlasoma  citrinellum. Tt also  asks what evolutionary
consequences might stem [rom the ccological separation of the two trophic
morphs, and whether this species might be a model explaining the origin of the
cichlid radiations in the neotropics and the Old World.

METHODS

I examined the external morphology and the pharyngeal jaws ol more than
600 wild-caught specimens of Cichlasoma citrinellum. The fish were caught in the
centre of their distribution from five Nicaraguan lakes {Fig. 1). Lakes Jiloz,
Apoyo and Masaya are isolated small crater lakes whereas Lake Managua and
Lake Nicaragua are large lakes connected to the Atlantic ocean. Because Lake
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Figure 1. Map of Nicaragua showing the location of the lakes sampled {rom Barlow, 1976; fig. [,
repreduced with permission).

Jiloa 15 the best studied ecologically T have focused the investigation on
C. catrinellum [rom this Jake when possible (see Results for details).

Fish were collected by seining, except for some from Lake Nicaragua islands
which were bought from fishermen. In a subsample of fish from Lake Jiloa the
diameter of the largest tooth on the lower pharyngeal jaw, and the width of the
tooth-bearing area of the lower pharyngeal jaw were measured (Figs 3, 4). These
specimens were inspected by eye and classified into papilliform, intermediate or
molariform categories. {One small specimen, 44 mm in standard length, was
intermediate in the morphology of its PJA.} The lower pharyngeal jaws of the

specimens were removed and measured (see above).
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In the wet season 1987 (July) bottom samples were collected [rom Lakes Jiloa,
Apoyo, Masaya and Nicaragua. Fen samples were collected in Tmintervals
[rom the shore along (ransects at right angles 1o the shorg; the sample area was
13 % 6.5 am lor cach sample.

RESULTS
[. Morphological descripiion of the polymorphusm

Cichlasoma citrinellum exhibits a polymerphism in its PJA which resembles that
in its congener Cominckleyt (Sage & Selander, 1975; Kornfield & Taylor, 1983;
fiem & Kaufman, 1984). The molariform morph possesses heavier lower and
upper pharyngeal jaws with a molariform dentition than the papilliferm morph
(Fig. 2). The teeth in the papilliform morph are more slender and pointed than
in the molariform morph, in which the angle of the lower pharyngeal jaw is more
acute and the whole PJA is sturdier (Meyer, 1988). In the molarilorm morph the
horns at the caudal end of the lower pharyngeal jaw are shorter and stouter,
providing larger attachment areas [or the branchial musculature. Correlated
with the heavier pharyngeal jaws arc differences in some of the branchial
musculature. Particularly muscles that are active during the crushing phase
(Liem, 1986} are hypertrophied in the molariform marph (Meyer, 1988). In

Figure 2. Semischematic drawing of the differences in body shape and pharyngeal jaw
morphology in C. citrinelium. Abover morphs with & molariform type of PJA. Below: morph
with a papilliform PJA type. Molariform PJA morphs have @ shorter, blunter snout, wider
head, farger cye, deeper and shorter body (Meyer, 1990a). The molariform pharyngeal jows
are sturdier, targer, and have larger molariform weth. Pharyngeal jaws are seen from above.
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Cichlasoma citrinellum the wolariform morph bas a more massive neurocranial
apophysis for the upper pharyngeal boue; it provides a larger articulation surface
for their stronger upper pharyngeal elements (Meyer, 1988, 1990a).

Differences in external morphology arve correlated with differences in the PJA
morph (IMig. 2, Meyer, 1988, 1990a). Molariform worphs have shorter, blunter
snouts, larger eyes, wider heads, and deeper, shorter bodies than papilliform
morphs (Fig. 2). Molariformy morphs have a ‘benthic’, papilliform morphs a
limnetic’ body {form (sensu Ehlinger & Wilson, 1988, Fig. 2). These differences in
external morphology might make the molariform PJA morphs more adapted to
feeding and manoeuvring in shallow benthic areas of takes, whereas the external
morphology ol the papilliform morph seems conducive to sustained swimming in
the more open limnetic envirenment.

Onlogenctic trends

In Cocitrinellum, as well as in Astaloreochromis alluaundi (Hoogerhoud, 1986a), all
hish initially exhibit a papilliform pharyngeal dentition during ontogeny (Fig. 3).
The smailest specimens that unambiguously had a molariform dentidon and
molariform “Gestalt” of the PJA were of approximately 40 to 50 mm in standard
length. As fish in this species grow, their PJAs will either remain papilliform or
become molarilorm; farge fish with an intermediate condition of PJAs are rare.
As a result of these distinct ontogenetic trajectories, himodality is recognizable in
the trophic morphs among macure fish (Fig. 4) and differences become more
prorounced during ontogeny (Iig. 5).

2.5

20k ! ‘ Molariform

Largest tooth diarmeter {mm)

05+

i3 11 i

0 5 0 15 20
Dental area width {mm)

Figure 3. Ontogenctic trends of the developing PIA Gom molariformy and papilliform PJA
morphs of O cifrinellum from Lake Jiloa, The width of the dental area on the lower pharyngeal
Jaw was measured as defined by Barel of of, (1977: fg. 59). The dental arca width docs not
dilfer between fish of the samie size and is therefore used as a measure of size. The diameter of
the Targest woth on the Jower pharyngeal jaw differs significantly between the PJA morphs.
The only fshes of intermediate morphology are small individuals. During ontogeny the
distinctions between the two PJA morphs become more pronounced.
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Figure 4. Frequency distribution of . citrimetlam from Lake Jiloa (measurement: diameter of the
largest woth on the lower pharyageal jaw, as an indicator of molarity). Notice the extreme
bimodality of the distribution of the morphology in the trophic morphs.

Correlation between sex, colour and EFA polymorphism
Both sexes of C.eutrinellum from Lake Jiloa have equal proportions of
molariform PJA individuals (Table 1) and I conclude that sex and PJA morph
are not associated. Sex linkage, in the strict genctic sense, however, cannot be
ruled out; breeding experiments must be conducted to investigate this possibility.
The only population for which a sufficient number of ‘gold’ C. citrinellum was
available in my collections is from Lake Nicaragua. There is a significant

Tarre 1. Correlation of sex and pharyngeal Jaw
morphs in Lake filoa. The €. citrinellum (N = 38)
were  collected  In the rtainy  scasons 1969
(UCB# 908, 910 fcollection numbers reler to
collections depuosited at the Department of Zaology
al the University of California at Berkeley]) and
1971 {collection Yale University), All fish were of
‘normal’ (black) colour. Tmmature fish were
excluded from the analysis because sex could not
be determined with cortainty. The pharyngeal jaw
morph 15 not correlated with sex (y¥ = 0.125,

df =1, P> 0.05)

Number of individuals

Sex Molariform Papilliform Total
Female 37 {7993 2100y 47
Male 24 {73%) 9 (279 33

Total 61 (7694 19 {2493 80

association betwee:
this lake {Table?l
molariform PJAs n

II

Dietary differences be

The morphology
(Hoogerhoud & T
Mevyer, 1988). Mo
and harder snai
papilliform morph
They have a short

i examined the

Jiloa. The perfor

ecological differen
¢ citrinelium had fe

T TR B B Y

b

- | ey



19 21

diameter of the
lce the extreme

proportions of
and PJA morph
fever, cannot be
e this possibility.
(. cilrinellum was
is a significant

TROPHIC POLYMORPHISM AND SPECIATION 287

Tanie 20 Association between jaw morph and

colowr iy O ctrinellion from Lake Nicaragua. Figh

are from colicctions made in 1987, and were

bouftht from fishermen and caught off the islands

i Lake Nicaragua  (see  text).  Colowr s

sigmilicanty associated with the PJA marph (3* =
8804, df. = 1, P < 0.009)

MNumber of individuals

Colaur Molariform Papifiiform Total
‘Gold’ 15 (439 F7{57%) 30
‘Normal’ 52 {764 16 (249 G8
Total 65 (669) 43 (34%) 98

association between the colour of the fish and their pharyngeal jaw morph for
this lake (Table 2, y*=8.804, d.L=1, P<0.005); ‘normal’ C.citrinellum have
molariform PJAs more {requently,

1L, Ecological differences between ihe irophic morphs

Dhetary differences between the P7A morphs

The morphology of the molariform PJA adapts the cichlid for crushing snails
(Hoogerhoud & Barel, 1978; Liem & Kaufman, 1982; Hoogerhoud, 1986a;
Meyer, 1988). Molariform morphs of C. ciivinellum can crack significanily larger
and harder snails than papilliform morphs (Meyer, 1989). However,
papiliiform morphs are more efficient at feeding on soft prey (Meyer, 1989).
They have a shorter handling time for soft prey than molariform morphs.

I examined the stomach contents of C. citringllum of both morphs from Lake
Jiloa. The performance differences of both morphs seem to translate into
ecological differences: in the wet season 949, of molariform morphs of
C. citrinellum had fed on hard hydrobiid snails but only 199%, of the papilliform

TasLe 3. Presence of snails in the stomach contents.
Cichlasoma citringllum were collected at the end of the
rainy season 1969 in Lake Jioa (UCB# 909, 410},
Thirty-eight stomachs were examined, four were
empty (all rom fAsh of the molariform morph). The
fish ranged in size from 50.4 mm SL to 116.5 mm SL.
The mean 5L did not differ between the groups. The
diffcrences between the molariform PJA and the
pagilliform PJA were highly significant {3° = 20.037,
d.lL =1, P < 0.000)

Number of individuals

Jaw morph No snails Snails Total
Molavilform BJA b{6%) 17 (949 18
Papilliform 13 (B194) 3 (19%,) 16

Total P4 (409, 20 {59%,) 34

[



288 AL MEYER

Tasrr ¢ Overall frequency of the pharyngeal jaw worphs of Cichlasoma
citrinelbum und the abundances of snails in Bve Nicaraguan lakes. Fish
were collected i the wet seasons of 1969, 1971 and 1987 and the dry
season of 1970, Snails were collected in July 1987 (see text). The mean
number of snails collected per sampled arca is given, 127 jaws were
dissccied and measured. 498 jaws were inspected optically only (with an
othoscope): N=625.  (Me=Molariform;  Pa= Papilliform; Paf
Mo =intermediate form; N =sample size of fish collected). Abundance of
snails was determined through samples along a transeet Hne; mcans of ten
samples are given (— indicates that that habitat was nor sampled)

Percent of individuals

e Abundance
Lake Mo Pa  PajMo N of snails
Nicaragua {islands) 674%, 296 497 155 -
Nicaragua (shore) U, 93 09 40 0
Musuya 0%, 100% 0%, 58 0
Jilon 30%,  49%, 19l 136 {115
Apoyo Fieg, 0% 139, 33 792.5
Managua 20 718, 89 79 —

morphs did so (Table 3). The amounts of soft prey present in stomachs were not
quantified.

Dustribution of the morphs in Nicaraguan lakes

The relative frequencies ol the morphs differ among the lakes in a striking
manner. In Lake Mayasa all specimens of C. clirinellum are of the papilliform
pharyngeal morph while in all other lakes, fish of both morphs exist in differing
frequencies (Table 4). I also examined specimens of the closely related sister taxa
(. labiatum (Barlow & Munsey, 1976; Villa, 1976) {endemic to Lakes Nicaragua
and Managua; N=29), C zaliosum (endemic to Lake Apoyo; N=14) and
laboratory-reared specimens of C. cirmellum from Lake Masaya (N=51). All
inspected specimens of these three groups were found to be papilliform.

The abundance of snails

The abundance of the main lood item, snails, is correlated with the abundance
of molariform morphs (Table 4). In 1987, the snails were most abundant in Lake
Jiloa, less [requent in Lake Apoyo, and totally absent from Lake Masaya and the
sampled area of Lake Nicaragua (the shore at the city of Granada). The
proportion of fish with molariform PJA caught in the same season in each of
these populations, accorded with the abundance of snaiis.

Seasonal fluctuation in the frequencies of PJA morphs

In the dry season sample the proportion of fish with molariform PJA collected
was low compared with the wet season sample. For Lake Jiloa this difference was
G7% in the wet season compared with 5%, in the dry season; for Lake Apoyo the
frequency of the molarilorm morphs dropped [rom 40%, to 212, during the dry
season (able5). These differences in the frequency of morphs are statistically
significant (Table 5).

Tawvce 5.
during the
1970 for [
during the
contents a
significant]

Collection
Lake Jiloa

Wet season
309

aQl0

Yale Unive

averall:

Dry scason
1060

1081
overall:
Lake Apoye
Woet season
1053

961

1070

overali:

Dry season

963
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The potential role o
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