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The endemic cichlids of the Cuatro Cienegas Basin, Coahuila, Mexico are currently grouped in
a single polymorphic species,Cichlasoma minckleyi.Twomorphs ofC.minckleyiwere distinguished
largely by features of the trophic apparatus, especially the pharyngeal dentition. Variation in body
shape, based upon analysis of a set of linear measures, was continuous and did not allow recogni-
tion of discrete morphs. Individuals raised in the laboratory on several different diets indicated
that trophic morphology had an important genetic component. Individuals raised in the labora-
tory, however, did not differentiate to the degree seen in comparably sized individuals collected at
Cuatro Cienegas. This may be because snails used as food in the experiments were not as hard as
endemic snails and indicated that some aspects of trophic morphology were also dependent upon
environmental cues. # 2003 The Fisheries Society of the British Isles
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INTRODUCTION

The Cuatro Cienegas Basin (26�590N; 102�050W), Coahuila, Mexico has a long
historyof isolation and environmental stability (Meyer,1973), and contains a highly
endemic fauna (Taylor & Minckley, 1966; Minckley, 1969). The one recognized
cichlid species endemic to the basin, Cichlasoma minckleyi Kornfield & Taylor,
exhibits a wide range of trophic and body form morphologies. Debate continues
over whether C. minckleyi constitutes a single polymorphic species (Sage &
Selander, 1975; Kornfield & Taylor, 1983) or comprises a small species flock
(R.R. Miller, pers. comm.;W.L. Minckley, pers. comm.).
The first studies to document the diversity of cichlids living in sympatry within

the Cuatro Cienegas Basin equated each morphwith a biological species (Taylor &
Minckley, 1966; LaBounty, 1974; R.R. Miller, pers. comm.). Subsequent electro-
phoretic work illustrated that genetic differences between morphs were small
(Kornfield & Koehn, 1975), and more importantly, that different morphs at the
same localities showed greater similarity than the same morph at different local-
ities (Sage & Selander, 1975).This provided strong evidence that the morphs might
constitute a single biological species. Sage & Selander (1975) concluded that, in
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contrast to African cichlids, the trophic radiation of Cuatro Cienegas cichlids had
occurred without development of reproductive isolation. Field observations of the
trophic apparatus of mating individuals by Kornfield et al. (1982) supported this
assertion; they found that 57% of males and females from collected mating pairs
(19 of 33) had different trophic morphologies.Therefore, Kornfield & Taylor (1983)
grouped all endemic Cuatro Cienegas cichlids into the single species,C.minckleyi.
Yet, consolidation of Cuatro Cienegas cichlids into a single species on these

grounds did not satisfy some (Minckley, 1984; R.R. Miller, pers. comm.). Part of
the reason for this continuing disagreement is that morphological variability has
not been quantitatively documented for large samples, nor has there been any
investigation of the genetic and environmental basis of the variation. This study
attempts to address these shortcomings.
Most workers have placed C. minckleyi into several discrete morphs. Two

morphs were documented by Kornfield & Koehn (1975), Kornfield et al. (1982),
and Liem & Kaufman (1984); they were termed ‘molariform’ or ‘papilliform’ in
reference to pharyngeal tooth shape. Molariform teeth are broad and flat, and are
often accompanied by robust pharyngeal bones and muscles (Fig.1). Cichlids with
molariform pharyngeals are often thought to be specialists in crushing hard shells.
In contrast, papilliform teeth are fine and conical, and are usually associated with
smaller, more gracile pharyngeals. Papilliform cichlids are often thought to be detri-
tivores and feed on softer food diets. Taylor & Minckley (1966), Minckley (1969),
Sage & Selander (1975) and Stephens (1997) recognized three morphs: molariform
and papilliform morphs, as well as a ‘piscivorous’ (fish-eating) morph character-
ized by a fusiform shape and slender body. Four morphs were distinguished by
LaBounty (1974) and Kornfield & Taylor (1983). These morphs possess all four

1 cm

(a) (b)

FIG.1. Lower pharyngeals (fused fifth ceratobranchials) of (a) papilliform (UMMZ198937-1; LS¼112�5mm)
and (b) molariform (UMMZ198947-1; LS¼121�6mm) Cichlasoma minckleyi.
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combinations of papilliform or molariform pharyngeal dentitions and deep or
slender bodies.
Documenting characters contributing to variation has generally been less con-

tentious than determining number of morphs. As in African cichlids, differences
generally involve traits related to the trophic apparatus (Greenwood, 1981). In
C. minckleyi, meristic characters (e.g. numbers of fin rays, scales and vertebrae)
and oral dentition do not varybetween morphs (LaBounty,1974; Kornfield & Taylor,
1983). Pharyngeal bones and dentition, however, do contribute to differences
between morphs. Neurocranial measures related to the pharyngeals (e.g. skull
width and size of pharyngobranchial apophysis; Kornfield & Taylor, 1983) are also
thought to reflect differences. In addition, certain aspects of body shape (e.g. head
length and width and body depth) are accepted by some workers as differentiating
morphs. Gut lengths also vary between morphs (LaBounty, 1974; Sage & Selander,
1975; Kornfield & Taylor, 1983). Very few quantitative studies documenting morpho-
logical differences, however, have been published.
Many cichlids exhibit a high degree ofmorphological plasticity [e.g. premaxillae

of the African Haplochromis squamipinnis Regan, Witte, 1984; skull and body
form of Neotropical Geophagus brasiliensis (Quoy & Gaimard) and Geophagus
steindachneri Eigenmann &Hildebrand,Wimberger, 1991, 1992].When plasticity is
expressed as discontinuous variation, polymorphism results (Clark, 1976).Trophic
polymorphism often reflects ecological (usually dietary) differentiation. Labora-
tory studies have documented this phenomenon both in African (e.g. Astatoreo-
chromis alluaudi Pellegrin, Greenwood, 1965; Huysseune et al., 1994; Huysseune,
1995) and Neotropical [Cichlasoma managuense (Gu« nther), Meyer, 1987] cichlids.
Development of different phenotypes may be induced by feeding individuals foods
of differing hardnesses (Meyer, 1990a; Huysseune, 1995). Individuals of these taxa
fed hard foods (e.g. snails) often develop robust pharyngeals, hypertrophied
musculature and molariform teeth. Neurocranial anatomy integrated with the
pharyngeals is often altered in these forms as well (Smits et al., 1996).
Both LaBounty (1974) and Sage & Selander (1975) mentioned that C. minckleyi

individuals raised in the laboratory under different dietary regimes exhibit plasti-
city. Stephens & Hendrickson (2001) noted that a molariform by molariform cross
produced individuals with molariform, papilliform and intermediate morpho-
logies. These results indicate that trophic morphology is not entirely controlled by
diet, and must have some genetic component. Both Sage & Selander (1975) and
Kornfield & Taylor (1983) hypothesized that the polymorphism was under single-
locus genetic control, with the papilliform allele dominant. Studies of stomach
contents and habitat segregation in the field indicate some trophic differences
between individuals with dissimilar morphologies, but these differences are not
clear-cut or consistent (Sage & Selander, 1975; Earthwatch Project, 1999) and there
is considerable dietary overlap (Kornfield & Taylor, 1983). Laboratory experiments
also indicate that the degree of dietary differentiation between morphs may be
dependent upon availability of various food resources (Liem &Kaufman,1984).

MATERIALS AND METHODS

Fish in this study came from collections at the University of Michigan Museum of
Zoology (UMMZ) andArizona StateUniversity (ASU).Materialwas collected from localities
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within the Cuatro Cienegas Basin between 1939 and 1975. Individuals used in the feeding
experiments were collected in1975 and raised at the UniversityofMichigan.
To assess body form, 12 measurements were made (to the nearest 0�1mm, using dial cali-

pers) on a sample of 193 preserved individuals ranging from 50 to 169mm standard length,
LS (Fig. 2). Eight neurocranial measurements weremade on a sample of 35 completelydisar-
ticulated skeletons and three measurements were made on the oral jaws (Fig.3) of these
35 skeletons and an additional 33 partially disarticulated skeletons. Eight measurements on
the fused fifth ceratobranchials (i.e. lower pharyngeals), including six linear measurements
(made to the nearest 0�01mmwith an ocular micrometer) and two tooth counts (Fig.4) were
made on all individuals.
Principal component analyses (PCA)were used to investigate the data. PCA is superior to

other methods (such as canonical variates analysis) for answering the questions raised in
this study because PCA does not require a priori assumptions about number of phenotypic
or taxonomic groups, group membership of individuals, or any prior knowledge of the dis-
tribution of C. minckleyi individuals in multivariate morpho-space (Neff & Smith, 1978).
PCA character loadings accurately reflect relative within- and between-groups variation
(Bookstein et al.,1985).
PCAwas performed on the correlation matrix of log-transformed data (tooth counts were

not logged) using SPSS 8�0 Statistical Software. Four separate analyses were done to investi-
gate number of morphs present and the variables distinguishing them: (1) body form plus
pharyngeal measurements (20 variables, n¼180: P3, maximum length of ceratobranchials
at their symphysis, was excluded from this analysis because it was broken off on many individ-
uals); (2) body form measurements only (13 variables, n¼193); (3) neurocranium, jaw and
pharyngeal measurements (21 variables, n¼ 30); (4) neurocranium and jaw measurements
only (13 variables, n¼ 33). Each analysis contains individuals from several localities; how-
ever, both morphs are represented at most of the localities.
To assess the relative contributions of genetics and phenotypic plasticity to trophic

morphology, sixbroodswere collected fromLos Corrales, Cuatro Cienegas in1975 and raised
at the University of Michigan. Los Corrales is a stream site on the Rio Mesquites, where
cichlids occur at moderate density. Cichlasoma minckleyi is highly territorial; at this locality
males guard territories containing several female nests, and each female guards her own nest
(J.N.Taylor, pers. comm.).These factors make it extremely unlikely that anybrood represented
the offspring of more than a single male^female pair. In some cases, it was possible to
capture the parents briefly and roughly assess their trophic morphology with an otoscope.
Parentswere not preserved because they were part of an ongoingbehavioural study.
Broods were brought to the University of Michigan and raised in partitioned tanks. Four

of the six broods (broods 3, 4, 5 and 6) were split into three sub-groups each and fed diets
of different hardnesses: shrimp (soft food), ‘stock’ (commercial pellets of intermediate
hardness) and snails (hard food). Snail food consisted ofHeliosoma sp. Attempts were made

B1
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B3
B4

B5B6

B7

B8

B9

B10

Ls

FIG. 2. Body formmeasurements: standard length (LS); B1, bodydepth (pectoral to pelvic fin); B2, eye width;
B3, upper jaw length; B4, snout length; B5, head length; B6, cheek depth; B7, postorbital length;
B8, lower jaw length; B9, predorsal length; B10, prepelvic length. Postorbital headwidth (B11) and max-
imum headwidth (at opercules, B12) were also measured but are not shown.
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FIG. 4. Fifth ceratobranchial measurements: P1, maximum width at rami; P2, maximum width of dental area;
P3, maximum length at symphysis; P4, maximum length of dental area at symphysis; number of teeth
mediolaterally along back row; number of teeth anterioposteriorly along fusion; mediolateral diameter
of largest tooth; anteroposterior distance frombackof tooth row to front of fourth tooth fromback.
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FIG.3. Skull and jaw measurements: (a) neurocranium: S1, anterior tip of snout to maxillary suture;
S2, maxillary suture to ventral crest of parasphenoid; S3, ventral crest of parasphenoid to pharyngobran-
chial apophysis; S4, length of pharyngobranchial apophysis; S5, anterior tip of snout to ventral margin
of orbit; S6, anterior tip of snout to tip of neurocranial crest; S7, tip of neurocranial crest to pharyngo-
branchial apophysis; S8, ventral margin of orbit to first vertebral articulation; postorbital head width
(not shown), (b) premaxilla and (c) lower jaw.
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to standardize snails fed to brood sub-groups, but there was some variation in size and hard-
ness. Heliosoma sp. possesses thinner shells than Cuatro Cienegas snails; this difference in
hardness may have affected the trophic morphologies produced by the experiments. The
remaining twobroods (brood1and anM�Mbrood) were fed stock food. Fishwere removed
at intervals and preserved. Individuals ranged in size from 25 to 68mm LS. Pharyngeal
dimensions and tooth diameters were measured and tooth numbers counted (Fig. 4) on
283 individuals from the sixbroods.
PCAwas performed on these data (eight variables, n¼ 262) to investigate whether cluster-

ing occurred with respect to diet and brood.The General Linear Model option on SPSS 8�0
Statistical Software was used to analyse the four broods raised on different diet treatments.
MANCOVA and univariate ANCOVAs were performed separately for each brood on log-
transformedmeasurements (tooth countswere not transformed) with logLS as the covariate
and diet as a fixed factor to look for diet effects and diet-by-size interactions. Standard length
was used as the covariate to serve as a univariate indicator of relative size. Diet effects indi-
cate that intercepts ofgrowth trajectories are significantlydifferent. Diet-by-size interactions
indicate that slopes ofgrowth trajectories are significantly different (Wimberger,1991,1992).
A similar analysis was performed on a pooled data set consisting of all four broods raised

on different diets. In this analysis, both diet and brood were treated as factors.This analysis
allowed investigation of diet and brood effects as well as diet�brood interactions. Signifi-
cant brood effects indicate genetic influences (heritability). Diet-by-brood interactions
mean that broods are responding differently (either in direction or magnitude) to the
same diet (Wimberger, 1991, 1992; Robinson & Wilson, 1996). Because the eight meas-
ures on each fish were not independent of one another, a corrected critical value of
P< 0�05/8¼ 0�00625 was used to interpret the significance of the results.

RESULTS

Principal component analyses indicates that there were two morphs in this
sample (Fig. 5). To remove size from the components and illustrate bimodality, the
sample was divided into two groups based upon PC II scores and this component
was sheared (using the covariance matrix, with tooth counts excluded; Humphries
et al., 1981; Bookstein et al., 1985; Rohlf & Bookstein, 1987) with the SHEAR
programme (N. MacLeod, http://life.bio.sunysb.edu/morph/). Distributions of
sheared PC II scores are shown as histograms in Fig. 5, and differ significantly
from normality [Kolmogorov^Smirnov one sample test against normal distribu-
tion; Fig. 5(b): P¼1�19�10�7; Lilliefors P< 0�00001; Fig. 5(d): P¼1�19�10�7;
Lilliefors P¼ 0�0036].
Morphs were differentiated by numbers of teeth (fewer teeth in the molariform

morph), maximum tooth diameter (larger in the molariform morph), distance
from the back of the tooth row to the front of the fourth tooth (larger in the molari-
form morph) and relative dimensions of S3 (ventral crest of parasphenoid to
pharyngobranchial apophysis) and S4 (length of pharyngobranchial apophysis).
The former is larger in the papilliform morph; the latter is larger in the molariform
morph.
Analysis 1 (body form plus pharyngeals) showed two clusters of individuals in

principal component (PC) space, with several specimens exhibiting intermediate
phenotypes. Clusters were distinguished largely by aspects of the pharyngeal denti-
tion [Fig. 5(a) and Table I]. Maximum length of the fifth ceratobranchials along
their symphysis (variable P3) was excluded from this analysis. An additional analy-
sis including this variable showed the same two clusters with intermediates as
analysis 1, but the sample size was reduced to 119 individuals.Variable P3 also had
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a very low factor loading on PC II in this analysis; therefore, excluding P3 from
analysis 1 did not alter its outcome. Analysis 2 (body form only) indicated that
linear measures of body form alone were not sufficient to distinguish morphs. In this
analysis, PC I was highly correlated with size (all loadings positive and >0�9) and
accounted for nearly 98% of the variance. PC II accounted for<1%of the variance
(Table I). Analysis 3 (neurocranium, jaws and pharyngeals) distinguished two
morphs on the basis of pharyngeal dentition and several neurocranial measures
[Fig. 5(c) and Table I]. Analysis 4 showed that neurocranial measures alone will
distinguish two morphs, with skull measures related to pharyngeal support (S3
and S4) contributing most of the discriminatory variability (Table I).
Individuals from the feeding experiments formed one large cluster in PC space

(Fig.6). The variables contributing most significantly to differentiation along
PC II were, as in previous analyses, aspects of the pharyngeal dentition (tooth sizes
and numbers; Table I). Distribution of individuals within the cluster depended
upon the primary determinant of trophic morphology. If morphology is largely
the result of diet-induced phenotypic plasticity, individuals should group by diet.
In contrast, if morphology is largely determined by genetics, individuals should
group by brood. No grouping by diet was shown [Fig.6(a)], but individuals grouped
by brood [Fig.6(b)].
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FIG. 5. Principal component analyses of Cichlasoma minckleyi morphology. (a) Analysis 1: body form plus
pharyngeal measures (20 variables, n¼180), (b) frequency distribution of sheared PC II scores from
analysis1, (c) analysis 3: neurocranium, jaw and pharyngeal measures (21 variables, n¼ 30) and
(d) frequency distribution of sheared PC II scores from analysis 3.

282 J. TRAPANI

# 2003 The Fisheries Society of the British Isles, Journal of Fish Biology 2003, 62, 276^298



TA
B
L
E

I.
P

ri
n

ci
p

a
l

co
m

p
o

n
en

t
II

fa
ct

o
r

lo
a
d

in
g
s

fo
r

a
ll

m
o

rp
h

o
m

et
ri

c
a
n

a
ly

se
s

o
f
C
ic
hl
as
om

a
m
in
ck
le
yi

.
V

a
ri

a
b

le
s

in
b

o
ld

a
re

th
o

se
m

o
st

im
p

o
rt

a
n

t
to

th
e

d
if

fe
re

n
ti

a
ti

o
n

o
f

m
o

rp
h

s
(s

ee
F

ig
s

2
,

3
a
n

d
4

fo
r

v
a
ri

a
b

le
d

es
cr

ip
ti

o
n

s)
.

M
L

,
m

ed
io

la
te

ra
l;

A
P

,
a
n

te
ri

o
p

o
st

er
io

r

A
na
ly
si
s
1:
bo
dy

fo
rm

pl
us

ph
ar
yn
ge
al
s

A
na
ly
si
s
2:

bo
dy
fo
rm

on
ly

A
na
ly
si
s
3:

ne
ur
oc
ra
ni
um
,j
aw
s

an
d
ph
ar
yn
ge
al
s

A
na
ly
si
s
4:

ne
ur
oc
ra
ni
um

an
d
ja
w
s
on
ly

A
ll
in
di
vi
du
al
s

fr
om

al
l

br
oo
ds

A
ll
br
oo
ds
in
di
vi
du
al
s

pl
us
‘w
ild
’i
nd
iv
id
ua
ls

<
66
m
m

L
S

V
ar
ia
bl
e

L
oa
di
ng

V
ar
ia
bl
e
L
oa
di
ng

V
ar
ia
bl
e

L
oa
di
ng

V
ar
ia
bl
e

L
oa
di
ng

V
ar
ia
bl
e

L
oa
di
ng

V
ar
ia
bl
e

L
oa
di
ng

L
S

0�
11
4

L
S

�
0�
02
4

L
S

0�
20
6

L
S

�
0�
01
4

L
S

0�
24
9

L
S

0�
10
0

P1
�
0�
10
8

B
1

�
0�
13
9

P1
�
0�
19
1

D
en
ta
ry

le
ng
th

0�
13
2

P1
0�
14
4

P1
�
0�
00
4

P2
�
0�
07
4

B
2

0�
01
3

P2
�
0�
06
4
Pr
em
ax
ill
a

he
ig
ht

�
0�
01
7

P2
0�
04
0

P2
0�
01
6

P4
�
0�
03
9

B
3

0�
15
0

P3
�
0�
17
3
Pr
em
ax
ill
a

le
ng
th

�
0�
02
2

P3
0�
18
4

P3

N
um

be
r

of
M
L
te
et
h

0˝
87
4

B
4

0�
06
4

P4
�
0�
13
7

S1
�
0�
13
9

P4
�
0�
00
9

P4
0�
01
5

N
um

be
r

of
A
P
te
et
h

0˝
91
1

B
5

0�
04
7

N
um

be
ro
f

M
L
te
et
h

0˝
86
9

S2
0�
25
5

N
um

be
ro
f

M
L
te
et
h

0˝
72
9

N
um

be
ro
f

M
L
te
et
h

0˝
65
1

M
ax
.t
oo
th

w
id
th

�
0˝
72
4

B
6

�
0�
01
6

N
um

be
r

of
A
P
te
et
h

0˝
90
3

S
3

�
0˝
61
5

N
um

be
r

of
A
P
te
et
h

0˝
83
5
N
um

be
ro
f

A
P
te
et
h

0˝
86
5

D
is
t.
^b
ac
k

fo
ur
te
et
h

�
0˝
51
4

B
7

�
0�
01
4

M
ax
.t
oo
th

di
am

et
er

�
0˝
76
7

S
4

0˝
55
0
M
ax
.t
oo
th

di
am

et
er

�
0˝
51
8
M
ax
.t
oo
th

di
am

et
er

�
0˝
50
0

CUATRO CIENEGAS CICHLID MORPHOLOGY 283

# 2003 The Fisheries Society of the British Isles, Journal of Fish Biology 2003, 62, 276^298



B
1

0�
07
9

B
8

0�
15
6

D
is
t.
^
ba
ck

fo
ur
te
et
h

�
0˝
68
2

S5
�
0�
02
1

D
is
t.
^
ba
ck

fo
ur
te
et
h

�
0˝
49
4
D
is
t.
^
ba
ck

fo
ur
te
et
h

�
0˝
39
1

B
2

0�
12
4

B
9

�
0�
02
6
D
en
ta
ry

le
ng
th

0�
14
9

S6
0�
12
0

B
3

0�
11
6

B
10

�
0�
01
7
Pr
em
ax
ill
a

he
ig
ht

0�
19
3

S7
�
0�
03
1

B
4

0�
13
6

B
11

�
0�
09
5
Pr
em
ax
ill
a

le
ng
th

0�
22
4

S8
�
0�
06
8

B
5

0�
11
9

B
12

�
0�
09
6

S1
0�
19
0

H
ea
d
w
id
th

�
0�
04
7

B
6

0�
08
1

S2
0�
23
2

B
7

0�
08
0

S
3

0˝
62
0

B
8

0�
13
2

S
4

�
0˝
55
5

B
9

0�
09
6

S5
0�
20
9

B
10

0�
08
2

S6
0�
12
7

B
11

0�
06
1

S7
0�
18
0

B
12

0�
01
3

S8
H
ea
d
w
id
th

0�
17
7

0�
22
7

284 J. TRAPANI

# 2003 The Fisheries Society of the British Isles, Journal of Fish Biology 2003, 62, 276^298



MANCOVA results indicated significant diet� size interaction, but no signifi-
cant diet effects, within each brood (Table II). Univariate ANCOVAs show that
only brood 4 had variables exhibiting a significant diet effect (Table III). In all
broods, pharyngeal dimensions, maximum tooth diameter (except brood 6)
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FIG.6. Principal component analysis of trophic morphologies of individuals raised in the feeding experi-
ment: (a) diet ( , shrimp;�, snails; &, stock) and (b) brood (�, B3; , B4;&, B5; ,̂ B6).

TABLE II. MANCOVA results for experimental Cichlasoma minckleyi broods. Values in
bold indicate that P is significant (<0�00625)

Diet effects Diet-by-size interaction

Wilks’ l F P Wilks’ l F P

Brood 3 0�449 1�417 0�176 0�010 11�053 0˝000
Brood 4 0�353 2�222 0�016 0�018 9�396 0˝000
Brood 5 0�760 2�166 0�007 0�031 33�278 0˝000
Brood 6 0�519 1�066 0�413 0�055 4�600 0˝000
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and distance from back of the tooth row to the front of the fourth tooth exhibited
significant diet� size interactions. This means that individuals within a brood fed
different diets differ significantly in rates of growth of pharyngeal bones and teeth,
but (with a few exceptions in brood 4) not in intercepts of their ontogenetic trajec-
tories. Individuals fed snails were the largest within each brood for all linear meas-
ures of bones and teeth, with one exception.
Diet also produced interesting, though statistically non-significant, variation in

maximum tooth diameter for individuals within a brood (Fig.7).Within broods,
fish fed shrimp generally had the narrowest teeth, fish fed stock food had teeth of
intermediate sizes, and fish fed snails had the broadest teeth.When all broods were
considered together, there were two trajectories for each diet type. Individuals fed
snails from broods 3 to 6, as well as individuals from brood 1 and the M�M
brood are shown in Fig.8. All individuals from broods 1, 4 and 5 fell along one tra-
jectory, and individuals from the M�M brood (with one exception) fell along the
other. Individuals from broods 6 and 3 fell along both trajectories. These patterns
were repeated in the responses of broods 3^6 to each of the three diets. Comparison
of regressions (95% CI) for individuals in each brood plotted in Fig.8 (Table IV)
indicated a more complex pattern: broods 6, 3 and M did not differ from one
another, whereas the other broods (broods 5, 4 and 1) each differ from all other
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FIG.7. Maximum tooth diameter plotted against PC I for individuals raised in the feeding experiments:
(a) brood 6 (b) brood 5 (c) brood 4 (d) brood 3. , shrimp-fed; &, stock-fed; �, snail-fed individuals. For
all broods, individuals fed harder food tended to have larger teeth. In brood 3, each dietary group
formed two distinct clusters. (This is also true, to some extent, in the individuals fed snails in brood 6.)
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broods in either slope or intercept. It is not clear how informative comparison of
regression lines is when points within a brood appear to fall along two distinct trends.
MANCOVA results for the pooled data set (four broods fed on different diets)

indicated that diet effects were non-significant (P¼ 0�226) whereas both brood
effects and diet-by-brood interactions were highly significant (brood: Wilks’
l¼ 0�254, F24,636¼16�022,P¼ 0�000; diet�brood:Wilks’ l¼ 0�541, F48,1082¼ 2�992,
P¼ 0�000). Univariate ANCOVAs (TableV) also indicated no significant diet
effects. TableV also shows that all variables had a significant brood effect.

TABLE IV. Comparison of regression slope and intercept coefficients for Cichlasoma
minckleyi maximum tooth diameter and PC I calculated for different broods (see Fig. 8).
Y, significant differences at P¼ 0�05; N, regression coefficients are not significantly

different

Brood 6 Brood 5 Brood 4 Brood 3 BroodM

Slopes
Brood 5 Y
Brood 4 N N
Brood 3 N Y N
BroodM N Y Y N
Brood 1 N Y N N N
Intercepts
Brood 5
Brood 4 Y Y
Brood 3 N Y
BroodM N N
Brood 1 Y Y Y Y
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FIG.8. Maximum tooth diameter plotted against PC I for individuals frombroods 3 ( ), 4 (&), 5 (�) and 6 ( )
fed snails, as well as individuals from brood1 (�j ) and the M�Mbrood (�). SeeTable IV.
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Fourof the eight variables showed significant diet�brood interactions.These results
corroborate the PCAand indicate thatgenetic (brood) effectswere largely responsible
forgenerating trophicmorphologiesobserved in the experimental individuals.
To investigate the relationship of individuals raised in the feeding experiment to

those in Cuatro Cienegas, an additional PCAwas performed (Fig. 9) with all indi-
viduals from the six experimental broods (n¼ 262) as well as all individuals col-
lected at Cuatro Cienegas of comparable size (22^65mm LS; n¼144, this analysis
excluded measure P3). Variables of the pharyngeal dentition again had the highest
factor loadings (Table I). ‘Wild’ individuals diverged in trophic morphology by
c. 40mm LS [Fig. 9(b)]. A blind re-examination of 74 of the 80 of these 144
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FIG. 9. (a) PC scores, and (b) standard length v. PC II scores for individuals from broods raised in the labora-
tory (̂ ) compared with comparably sized individuals collected at Cuatro Cienegas (&).

TABLEV. ANCOVA results for the pooled data set of Cichlasoma minckleyi individuals
from broods raised on different diets (broods 3, 4, 5 and 6)

Diet Brood Diet�Brood

Variable r2 F P F P F P

Pharyngeal width 0�919 0�242 0�785 8�985 0˝000 3�949 0˝001
Dentigerous area
width 0�874 0�389 0�678 23�722 0˝000 4�647 0˝000

Pharyngeal length 0�895 0�957 0�386 8�483 0˝000 6�743 0˝000
Dentigerous area
length 0�901 0�525 0�592 4�8126 0˝000 1�346 0�238

Number of teeth
along back tooth row 0�288 2�260 0�107 17�251 0˝000 2�087 0�056

Number of teeth
along suture 0�364 3�176 0�044 28�074 0˝000 4�778 0˝000

Maximum tooth
diameter 0�696 0�552 0�576 63�301 0˝000 1�366 0�229

Distance from back of
tooth row to front
of fourth tooth 0�730 0�480 0�620 85�493 0˝000 2�826 0�011
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individuals >50mm LS (the other six were not associated with individualized tags
so could not be matched with previously collected data) correctly classified 71 of
them (96%) as either papilliform or molariform.Visual classification was based
on tooth size and shape as well as overall bone robusticity; tooth counts also
provided nearly complete discrimination.
Broods fell both within and between the ranges of ‘wild’ morphs (Fig. 9). PC I

scores, however, were systematically offset between ‘wild’ and brood individuals
[Fig. 9(a)], and a plot of LS against maximum tooth diameter [Fig. 9(b)] showed
that the experiments, despite producing two types of fish, failed to produce fish
‘molarized’ to the same extent as fish in the wild (Fig.10). This failure was attrib-
uted to the thin, easily crushed shell ofHeliosoma relative to Cuatro Cienegas snails.

DISCUSSION

NUMBER OF MORPHS OF C. MINCKLEYI

PCAdiscriminated between twowild morphs, distinguished by characters of the
pharyngeal dentition, as well as by two neurocranial measurements related to
hypertrophication of the pharyngeals in molariform individuals. Several lines of
evidence contributed to the conclusion that body form characters did not distin-
guish these morphs. First was the failure of PC analysis 2 to distinguish clusters on
the basis of body form. Factor loadings for PC II in analysis 2 indicated that all
variables contributed only weakly to that axis (<0�160;Table I).The three variables
with the strongest contribution to the variance were body depth, snout length and
lower jaw length. Body depth, the character most likely to distinguish between
deep- and narrow-bodied forms, showed a weak negative correlation with PC II.
It is therefore expected that individuals with the highest PC II scores are most likely
to be narrow-bodied. Individuals with the highest PC II scores (using several
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FIG.10. Maximum tooth diameter and standard length plotted for individuals from broods raised in the
laboratory (̂ ) compared with comparably sized individuals collected at Cuatro Cienegas (&).
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different arbitrary cutoffs) in analysis 2, however, did not cluster together in PC
space when characters of the pharyngeal dentition were included (i.e. in analysis 1).
The PC II scores (analysis 1) for these individuals fell within the range of both
morphs, as well as in the intermediate range. Finally, there appeared to be little or
no bimodality either in body depth (n¼193, r2¼ 0�9638) or head width (n¼193
preserved, r2¼ 0�9686; n¼ 35 skeletons; r2¼ 0�9311) as a function of LS. More
sensitive techniques (e.g. geometric morphometrics) might pick out a discontinuity
if one exists, but traditional distance-based morphometrics fails to do so.

ROLE OF GENETICS AND PLASTICITY IN GENERATING
MORPHOLOGY

Differences in tooth numbers, sizes and bone hypertrophication between
C. minckleyi morphs generally correspond to differences documented between
morphs of other Cichlasoma species (Meyer, 1990a, b) as well as between morphs
of A. alluaudi (Huysseune et al., 1994; Huysseune, 1995). Laboratory experiments
indicate that genetics play a role in generating trophic morphology. Individuals
cluster in multivariate space by brood, not by diet. Further, MANCOVA results
indicated significant brood effects and non-significant diet effects. In addition,
some characters showed significant diet�brood interactions, which means that
different broods respond to the same diet in different ways. Genetics constrain
variability such that, for example, certain individuals in some broods fed hard food
will still develop smaller teeth than certain individuals in other broods fed soft
food (Fig.7). The puzzling results of prior experiments on C. minckleyi (e.g. devel-
opment of ‘molars’ in fish not fed snails, Kornfield & Koehn, 1975, molariform
parents producing papilliform offspring, Stephens & Hendrickson, 2001) make
sense in this context.
There is also evidence to suggest an important role for phenotypic plasticity in

determining trophic morphology, especially with respect to maximum tooth
diameter. Diet has an effect within broods such that maximum tooth diameter is
generally larger in individuals fed harder food (Fig.7). In addition, despite the
development of two types of fish in the laboratory, the magnitude of differences
between these types was small relative to differences seen between morphs at
Cuatro Cienegas (Figs 9 and 10). A likely explanation for the failure of laboratory
individuals to molarize to the degree seen at Cuatro Cienegas is that snail-fed
individuals in the laboratory ate Heliosoma sp., which is thin-shelled and easy to
crush relative to many Cuatro Cienegas snails, thus producing less mechanical
stress on the pharyngeal apparatus during food processing (Vandewalle et al., 1994).
Trophic morphology thus results from interaction of direct genetic effects and

environmentally induced plasticity. In the laboratory, some broods are capable of
expressing the entire range of observed phenotypic variation in maximum tooth
diameter, whereas others are only capable of expressing a limited sub-set. But indi-
viduals are capable of expressing only a sub-set of possible phenotypic variation
present, regardless of their genetic background. An unanswered question remains:
which individuals are capable of being molarized, given the proper environmental
cue, to the extent seen at Cuatro Cienegas? If individuals along only one of the
trajectories shown in Fig.8 are capable of molarization to the degree seen at Cuatro
Cienegas, this raises the possibility of a gene or genes that control not only the
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magnitude of a trait, but also the degree of variability in the trait in response to an
environmental cue (Scheiner, 1993; Schlichting & Pigliucci, 1993; Via et al., 1995).
Genetics initially determine which trajectory an individual follows, and the degree
of phenotypic plasticity that might be expressed. Following this reasoning, along
one trajectory (the ‘papilliform’ trajectory) diet may perturb morphology slightly,
but along the other (the ‘molariform’ trajectory) diet may severely affect morphology.
The magnitude of phenotypic response to a particular environmental cue is thus
also genetically determined.
Within broods, despite there being few significant diet effects, ANCOVA indi-

cated many instances of significant diet� size interaction. Diet� size interaction
means that slopes of growth trajectories of individuals within a brood fed different
diets are not the same.Thus, diet may affect growth.
It is worth considering what the differences between rates of increase of bone

and tooth size mean. Bone may grow in a variety of ways (Sissons, 1971). Bone
growth and remodelling are due to the co-ordinated efforts of osteoblasts and
osteoclasts. Bone may also continuously respond to external factors and may
change size and material properties (Lanyon & Rubin, 1985). Under certain cir-
cumstances, mechanical influences have been shown to regulate gene expression
within bone (Raab-Cullen et al., 1994).
In contrast, teeth cannot grow or alter their morphology or material properties

once they have mineralized. Changes may only be achieved via a series of discrete
units produced during successive tooth generations.The mechanismby which con-
sumption of hard food leads to molarization in fishes is still unknown. A role for
mechanical influences on tooth and bone shape and robusticity has been suggested
(Vandewalle et al., 1994), but the mechanism must be complex, because developing
teeth in cichlids are in crypts within the bone, out of reach of direct mechanical
stress (Trapani, 2001). It appears that both genetic control and ‘epigenetic’ factors
such as mechanical stress owing to hard food consumption may play roles in deter-
mining tooth morphology.

TROPHIC POLYMORPHISM OR HYBRIDIZATION: HOW MANY
SPECIES OF C. MINCKLEYI ?

Smith et al. (1995) discussed the relation of various species concepts to fishes
in the face of the complex and sometimes conflicting evidence available (e.g.
morphology, allozymes, DNA and reproduction), and the different context-
dependence of each of these parameters. They claim, following Van Valen (1976),
that fish species should be recognized on the basis of lineage individuality. Lineage
individuality is demonstrated by assessing morphological, genetic and reproductive
independence.
Context-dependencyof assortative mating (Smith et al., 1995) makes the popula-

tion and genetic history of C. minckleyi very complex, given the large number of
pools and streams these fish inhabit, their variable interconnectedness, the variety
of habitats present within each, and the environmental changes in the basin over
the past 50 years. Only a polythetic, ‘fuzzy’ species concept allows adequate hand-
ling of this kind of complexity (VanValen, 1988).
The results of this study do not allow the question of how many species of

endemic cichlids live in the Cuatro Cienegas Basin to be definitively answered;

CUATRO CIENEGAS CICHLID MORPHOLOGY 293

# 2003 The Fisheries Society of the British Isles, Journal of Fish Biology 2003, 62, 276^298



nonetheless, these results help clarify the predictions of the alternative hypotheses.
Polymorphisms may have a basis anywhere along a continuum between entirely
environmentally induced and wholly genetic (Clark, 1976); if the basis is primarily
genetic, they may be under single-locus or polygenic control (Roff, 1996). Poly-
morphism features prominently in many ideas about speciation and adaptive
radiation, often as an intermediate step during lineage divergence (Rosenzweig,
1978;West-Eberhard, 1986; Meyer, 1993;Wimberger, 1994; Schluter, 1996; Smith &
Skulason, 1996). In cichlids, assortative mating based upon colour polymorphism
may occur in species also exhibiting trophic polymorphism (Wilson et al., 2000).
Dental morphs of C. minckleyi display a variety of colours, but individuals can
also change colour (G.R. Smith, pers. comm.; pers. obs.). In addition, polymorphism
may be difficult to distinguish from interspecific differences, especially when popu-
lations are hybridizing (Robinson & Schluter, 2000); C. minckleyi either constitutes
one polymorphic lineage or a‘species flock’of multiple hybridizing lineages.
The problem of distinguishing polymorphism from interspecific differences has

often been considered as a question of whether morphs deserve specific status.
Criteria used to answer this question have included relative amounts of genetic
divergence and patterns of correlated characters between morphs at different local-
ities.The presence of a single polymorphic species is indicated by greater similarity
between different morphs at the same locality than between the same morph at
different localities. The alternative, greater similarity across the same morph
at different localities than between different morphs at the same locality, is taken
as evidence of the presence of more than one lineage (Sage & Selander, 1975;
Grudzien & Turner, 1984).
These criteria, in addition to the minimal biochemical differences between

morphs (Kornfield & Koehn, 1975) are evidence that C. minckleyi comprises a
single, polymorphic species. Clearly distinct species, however, may show genetic
variability indicative of polymorphism within restricted hybrid zones, owing to
differences in interlocality selection pressures (Borowsky, 1977; Grudzien & Turner,
1984; Dowling et al., 1989). Furthermore, the biochemical evidence provided by
Sage & Selander (1975) includes data for seven proteins, two ofwhich show fixation
in at least one morph and polymorphism in others. It is unlikely that a locus could
be fixed in some morphs and polymorphic in others if gene flow between morphs
is substantial (McPhail, 1984). Non-assortative mating between different morphs
(Kornfield et al., 1982) is evidence against separate, independent lineages.
This study indicates that trophic morphology in C. minckleyi has both genetic

and environmental components, but prior studies have considered the polymorph-
ism to be wholly genetic and under single-locus control (Sage & Selander, 1975;
Kornfield & Taylor, 1983). Under the latter hypothesis, the presence of intermedi-
ates becomes problematic.
Most prior work on C. minckleyi identified few or no individuals with intermedi-

ate morphology in the field. Kornfield & Taylor (1983) noted a low percentage of
fish with intermediate morphologies, and remarked that ‘the genetic basis for inter-
mediacy is unknown, but cannot be owing to hybridization in the conventional
sense’. Avery low occurrence of intermediates and very little frequency fluctuation
has been noted in this species (W.L. Minckley, pers. comm.). Lack of recognition of
intermediates in some other studies may be owing to a variety of factors: relatively
small samplesizes, lackofappropriatelycomplexmultivariate statisticalmethodology
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to assess variation and confusion regarding number of morphs. This study revealed
several individuals (c. 15 out of 180 individuals >50mm LS) with phenotypes inter-
mediate between the twomorphs [Fig.5(a)]. Mating between morphs has been docu-
mented in the field (Kornfield et al., 1982), but morphological intermediates as the
result of those matings are not expected under a hypothesis of a polymorphism
controlled by a single locus and two alleles.
Trophic morphologies of many individuals raised in the laboratory plotted

between spaces occupied by individuals of comparable size collected from Cuatro
Cienegas (Fig. 9). This might be interpreted to be evidence of hybridization, and
possibly introgression (Anderson, 1949). The observation that laboratory individ-
uals are not molarized to the extent seen at Cuatro Cienegas indicates that the
intermediate morphology of many laboratory individuals reflects their possession
of a ‘molariform’ genetic background in the absence of the proper environmental
cue (i.e. hard snails). The same explanation may account for the presence of a low
frequency of intermediates in wild populations.
If crosses uniformly produced the full range of morphologies, polymorphism

under polygenic, non-threshold control and maintained by disruptive selection
(Mather, 1955) might be indicated. ‘Polymorphisms’ under polygenic, non-
threshold control that are not maintained when ‘morphs’ are crossed, however,
would constitute interspecific differences.
Further experiments in which parental and offspring morphologies can be

directly compared, and in which a range of food hardnesses comparable to that at
Cuatro Cienegas are used, will provide a more thorough understanding of pat-
terns of inheritance, number of genes contributing to trophic morphology and
genotype� environment interactions. Ifoffspring raised on diets similar to parental
diets show intermediate morphologies, or if observed phenotypic frequencies
deviate significantly from those predicted by the genetic model, the hypothesis of
interspecific hybridization would be supported. The absence of such evidence
would indicate that C. minckleyi is a single species exhibiting trophic polymorphism
with both genetic and environmental components.
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