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Synopsis

In this study, I investigate body-form variability in the trophically polymorphic Cuatro Cienegas cichlid, Cichlasoma
minckleyi. I use geometric morphometrics to assess and compare size, shape, and allometric patterns within and
between dental morphs (distinguished by differences in pharyngeal bones and papilliform or molariform dentitions).
I find that dental morphs do not differ significantly in size, shape, or allometric slopes, but do differ in allometric
intercepts; thus, dental morphs exhibit different patterns of body-form variability. Within each morph, body-form
varies between more fusiform ‘piscivores’ and deeper-bodied dietary generalists. However, papilliform individuals
show a continuous distribution of body-forms, whereas molariform individuals exhibit a discontinuity. I compare
results from geometric analyses with those from a traditional (distance-based) morphometric analysis, finding that
geometric techniques more clearly recognize discontinuities in shape. Finally, I suggest explanations for observed
differences in body-form variability between dental morphs, concluding that the best explanation hinges on the
relative importance of genetic and environmental factors in influencing body-form.

Introduction

Intraspecific morphological polymorphisms have
been the subject of widespread study. Polymor-
phism may depend upon environmental input, may
be entirely under genetic control, or may result from
gene–environment interaction (Clark 1976); thus, poly-
morphisms may provide systems for studying the way
genotype and environment interact to produce the phe-
notype. Genetic control of polymorphism may itself
evolve, due to the modular nature of many gene net-
works (Weiss & Fullerton 2000, Abouheif & Wray
2002). Polymorphism also features prominently in
discussions about speciation and adaptive radiation,
often as an intermediate step during sympatric lin-
eage divergence (Rosenzweig 1978, West-Eberhard
1986, Meyer 1993, Wimberger 1994, Schluter 1996,
Smith & Skulason 1996). This latter point raises the

interesting but often neglected question of how sep-
arate species may be distinguished from a single
polymorphic species, a distinction that becomes even
more difficult when populations hybridize (Robinson
& Schluter 2000).

In the case of the endemic cichlids of the Cuatro
Cienegas Basin (Coahuila, Mexico), interest in the
number of species present (i.e. whether the cichlids
constitute a single polymorphic species or a small
‘species flock’) and variability within them has con-
tinued for more than 30 years. Early workers in the
Cuatro Cienegas Basin recognized four cichlid morphs,
which they equated with species (Taylor & Minckley
1966, Minckley 1969, LaBounty 1974). Two morphs
were distinguished by characters of the pharyngeal
bones and possession of molariform or papilliform
dentition (Figure 1(a)); two others by body-form. In
particular, some fish of each dental morph were thought
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Figure 1. (a) Lower pharyngeals (fused fifth ceratobranchials) of
papilliform (A: UMMZ 198937-1: S.L. = 112.5 mm) and molar-
iform (B: UMMZ 198947-1: S.L. = 121.6 mm) Cuatro Cienegas
cichlids. Differences between morphs involve bone size, robust-
ness, and tooth size, shape, and numbers, as well as pharyngeal
musculature (not shown). (b) PCA of pharyngeal measures in
180 Cuatro Cienegas cichlids. Measurements are: 1, width at
rami; 2, width of dental area; 3, length at symphysis; 4, length
of dental area at symphysis; 5, number of teeth mediolaterally
along back row; 6, number of teeth anterioposteriorly along sym-
physis; 7, maximum tooth width; 8, distance taken up by four back
teeth along symphysis. Analysis was performed on the correlation
matrix of logged variables (tooth counts were not logged).

to be characterized by a relatively narrow body and
long head. Examination of stomach contents associated
these narrow-bodied fish with piscivory (LaBounty
1974, Sage & Selander 1975).

Investigation of biochemical differences between
dental morphs showed these to be minimal, and led
to reconsideration of the idea that morphs constituted
separate species (Kornfield & Koehn 1975, Sage &
Selander 1975). Kornfield et al. (1982) documented
nonassortative mating between dental morphs, and
Kornfield & Taylor (1983) subsequently grouped all
endemic Cuatro Cienegas cichlids into a single species,
Cichlasoma minckleyi, considered polymorphic both
for pharyngeal apparatus and for body-form. However,
consolidation into a single species on these grounds

-5

-4

-3

-2

-1

0

1

2

3

4

-2 -1 0 1 2 3

PC I (97.7% of variance)

P
C

 I
I 

(0
.7

%
 o

f 
v
a

ri
a

n
c
e

)

(b)

(a)

Figure 2. (a) Body-form measures for the traditional morphome-
tric analysis. Sample was 193 Cuatro Cienegas cichlids ranging
from 50 to 169 mm S.L. Measures are as follows: 1, body depth –
pectoral to pelvic fin; 2, eye width; 3, upper jaw length; 4, snout
length; 5, head length; 6, cheek depth; 7, postorbital length;
8, lower jaw length; 9, predorsal length; 10, prepelvic length;
11, postorbital head width (not shown); 12, maximum head width
(at opercules, not shown). (b) Results of PCA of these measures;
scores on the first two components.

did not satisfy some workers (e.g., Minckley 1984,
R.R. Miller, personal communication). Regardless of
the number of species, disagreement also exists as to
whether piscivores constitute a discrete morphotype
or simply reflect an extreme in a continuous range of
variation (e.g., Sage & Selander 1975 vs. Kornfield &
Taylor 1983).

Part of the reason for this continuing disagreement is
that morphological variability in pharyngeal dentition
and body-form has not been quantitatively documented
for large samples, nor has there been any investiga-
tion of possible covariation between the two sets of
characters. Early work in the basin consisted mainly
of qualitative assessment of variability, and most later
genetic and behavioral studies either relied on this
assessment or altogether ignored variability in body-
form – concentrating only on comparing molariform
and papilliform individuals.

A principal component analysis (PCA) of measures
related to the pharyngeal apparatus measured on a large
sample (180 individuals) showed that there are two
dental morphs with few intermediates (Figure 1(b);
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Trapani 2003). An analysis of variability in body-
form (Figure 2) led me to conclude that body-form
varied continuously and there was no distinct narrow-
bodied morph (Trapani 2003). However, this analysis
had several shortcomings. First, the measures chosen
were primarily from the head region, and might not
have detected important variability in other regions
of the body. Second, the first PC accounted for so
much of the variance in the data that other, more sub-
tle features might have remained undetected. Finally,
the analysis was performed on the same individuals for
which pharyngeals were measured to assess variability
in its characters, and thus the sample was not divided
a priori based on dental morph.

The goal of this paper is to present the results of a
reanalysis of body-form in C. minckleyi using the tech-
niques of geometric morphometrics (e.g., Bookstein
1991, Rohlf & Marcus 1993). Geometric morphome-
tric techniques have been used in previous studies of
fishes to investigate topics related to those addressed
in this study, including issues of allometry (Zelditch
& Fink 1995) and comparative analysis of ontogeny
(Zelditch et al. 2000), dimorphism (Hood & Heins
2000), and variability in body-form (Walker 1996;
Guill et al. 2003) and trophic morphology (Caldecutt
& Adams 1998, Albertson & Kocher 2001, Ruber &
Adams 2001).

I use geometric morphometrics to ask whether
molariform and papilliform morphs of C. minckleyi
differ in size, shape, and allometric patterns. Eco-
morphological theory and empirical observations on
cichlids and other fishes would predict that mollusc-
crushing molariform fish should have deeper bodies
and blunter snouts (Meyer 1987, 1990, Robinson et al.
1993, Hegrenes 2001); because all fish appear papilli-
form at small size, a further prediction would be that
molariform fish experience a greater rate of allometric
change in body-form (Meyer 1990).

I also investigate and compare patterns of body-
form variability within morphs. Piscivores should
be characterized by a suite of features, including a
lengthening of the preotic skull region, a decrease in
the angle at which the preorbital face of the skull
slopes downward, presence of elongate dentigerous
and ascending processes of premaxilla, and an elongate
mandible (Liem 1978), as well as more fusiform body
to enhance locomotion during pursuit of evasive prey
items (Webb 1984). There is no particular reason to
predict either continuous or discontinuous body-form
variability within dental morphs, but as this is a point of
contention for C. minckleyi (e.g., Sage & Selander 1975

vs. Kornfield & Taylor 1983), I attempt to resolve the
issue. Finally, I compare these results with those from
a traditional morphometric analysis of interlandmark
distances generated from the same individuals.

Materials and methods

Material used in this study comes from the collections
of the University of Michigan Museum of Zoology
Fish Division (UMMZ) and the Department of Biol-
ogy at Arizona State University (ASU). The sample
consists of 256 wild-caught and preserved individu-
als from localities within the Cuatro Cienegas Basin,
a small (∼30 km × 40 km) limestone basin. Localities
include pozas (pools), lagunas (small lakes) and fluvial
environments within this heavily karstified and hydro-
logically complex basin (see Minckley 1969). Potential
exists for geographic variation in cichlid morphology,
but uneven and temporally divergent sampling of local-
ities makes assessment of such variation difficult, as
do size differences between sampled individuals at dif-
ferent localities. Furthermore, it is likely that many
localities are at least intermittently interconnected via
underground karst connections that allow organisms to
move throughout the basin. For these reasons, this study
treats Cuatro Cienegas cichlids as a single genetic pop-
ulation and does not explicitly account for geographic
variation.

Individuals were assigned to dental morph (papilli-
form, molariform, or unassignable) after examination
of their pharyngeal apparatus (Trapani 2003). The final
sample consisted of 124 papilliform, 104 molariform,
and 28 unassignable individuals. The ‘unassignable’
sample mainly included individuals of small size (less
than ∼30 mm S.L.) as well as a few larger indi-
viduals from the ASU collection from which lower
pharyngeals had not been exposed or dissected. At stan-
dard lengths less than ∼30 mm, all individuals appear
papilliform and assignment to dental morph is prob-
lematic (Stephens & Hendrickson 2001, Trapani 2003).
Smaller individuals were included primarily to increase
the size range of the sample.

Each specimen was photographed with a video cam-
era and image collection software, and 23 landmarks
were digitized (using tpsDig by F.J. Rohlf, available
at http://life.bio.sunysb.edu/morph/). Landmarks are
illustrated and described in Figure 3. In order to min-
imize size-related digitizing error, the camera was adj-
usted so that each fish took up about the same amount of
the frame, regardless of its size. Repeated digitization
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Figure 3. Landmarks used in this study. Landmarks are: 1, tip of upper jaw; 2, center of eye; 3, posterior end of upper lip; 4, posterior
end of ascending process of premaxilla; 5, posterior end of lower jaw; 6, origin of pectoral fin; 7, origin of pelvic fin; 8, origin of anal fin;
9, first hard fin ray, anal fin; 10, insertion of anal fin; 11, base of caudal fin; 12, center of caudal fin; 13, top of caudal fin; 14, insertion
of dorsal fin; 15, first hard fin ray, dorsal fin; 16, origin of dorsal fin; 17, top of supraoccipital; 18, lacrimal–prefrontal contact at orbit;
19, base of sphenotic at orbit; 20, top of sphenotic at orbit; 21, dorsal extent of gill cover; 22, most posterior point on gill cover; 23, point
of maximum curvature on preopercle. Many osteological landmarks could be seen on preserved specimens; others (e.g., 4, 5) were located
and marked with pins.

of the same individual resulted only in small, spherical
error around each landmark.

After digitization, landmark coordinates were trans-
lated to align the centroids of each individual, rotated
and rescaled to produce Procrustes shape coordi-
nates (using CoordGen6 by H.D. Sheets, available as
part of the Integrated Morphometrics Package (IMP)
at: http://www2.canisius.edu/∼sheets/morphsoft.html)
which minimize least-squares differences between
landmark alignments scaled to unit centroid size, the
square root of the summed square distances from each
landmark to the center of the form (Bookstein 1991).

Size and shape differences between morphs

Geometric morphometrics removes geometric scale
but not shape differences associated with changes in
size (i.e., allometry). Thus, I assessed significance of
both size and shape differences between morphs. Sig-
nificance of size (log centroid size (LCS)) differences
between morphs was assessed with analysis of vari-
ance (SYSTAT 10.0). Significance of shape differences
between morphs was assessed using a resampling-
based Goodall’s F-test (TwoGroup6A, IMP).

Allometric patterns within and between morphs

Multivariate regression of shape (in the form of a
weight matrix of partial warp scores) on size (LCS)
was performed separately for each morph (tpsRegr).

Multivariate analysis of variance (MANOVA) and mul-
tivariate analysis of covariance (MANCOVA, with LCS
as the covariate) were used to compare allometric
slopes and intercepts of morphs, respectively (tpsRegr;
see Adams & Funk 1997 and Monteiro 1999 for more
information on these and related procedures). In addi-
tion, I compared directions of allometric shape change
between morphs by estimating the angle between them;
these angles are compared to the range of angles that
can be obtained within a morph by bootstrapping
(VecCompare, IMP). Greater variability within than
between morphs means that vectors of individuals in
both morphs overlap to some degree, and thus indicates
nonsignificant differences in direction of shape change
with size in two groups.

Investigation of intra-morph body-form
variability

To investigate body-form variability within and
between dental morphs, I performed principal com-
ponent analyses on Procrustes shape coordinates for
the entire sample, and for individual dental morphs
(PCAGen6b, IMP). For reasons discussed in more
detail in ‘Results’, it was also desirable to investi-
gate variability in morphs with the allometric (size-
correlated) component of shape removed. There has
been a great deal of discussion about how to sepa-
rate size from shape in morphometric studies (e.g.,
Humphries et al. 1981, Bookstein et al. 1985, Bookstein
1989). Because geometric morphometrics provides a
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size variable (centroid size) uncorrelated with shape
variables in the absence of allometry (Bookstein
1996b), it is possible to remove variance in shape asso-
ciated with differences in size prior to ordination. For
each morph, shape variables were regressed on LCS.
Residuals for each individual from the regression were
added to the value predicted by the regression model at
a specified value of LCS (Standard6, IMP; see Zelditch
et al. 2003 and also Thorpe 1975 and Lleonart et al.
2000). I chose the mean value of LCS for each morph
as this value, although (as will be shown in ‘Results’)
I could have used the pooled mean for the entire sam-
ple. I also tested to ensure that standardizing shape to
different values of LCS would not alter the resulting
pattern. PCA was then performed on Procrustes shape
coordinates of standardized data.

Comparison with traditional morphometrics

To compare the ability of geometric and traditional
distance-based morphometrics to recognize shape
differences, I generated a traditional data set from
the same individuals used in the geometric analyses
(TmorphGen, IMP). For k > 3 landmarks, there are
k(k − 1)/2 interlandmark distances (n = 253 for
23 landmarks), but there are only 2k − 4 degrees of
freedom (42 in this case). For this reason, including
all possible interlandmark distances does not pro-
vide any obvious advantage in terms of informational
content over a data set of much lower dimensionality
(Bookstein 1991, personal communication). Nonethe-
less, to illustrate the point and to avoid any arbitrary
choices, I used all 253 distances. I performed principal
component analyses on the covariance matrix of the
logged data (SYSTAT 10.0).

Results

Size and shape differences between morphs

Neither size (ANOVA: F = 0.0259; p = 0.8723) nor
body shape (Goodall’s F-test: F = 1.39; p = 0.1656;
900 bootstraps) differences between dental morphs
were significant.

Allometric patterns within and between morphs

Multivariate regression of shape on size demon-
strated that both morphs exhibit significant allo-
metric variation (molariform: Wilks’ � = 0.0161,

p = 8.660 × 10−42; papilliform: Wilks’ � = 0.0455,
p = 9.462 × 10−40). Patterns of allometric shape vari-
ation are shown in Figure 4. As individuals of both
morphs grow larger, the most prominent changes are a
shortening of the mid-body region and a lengthening
of the snout region relative to the rest of the head.

Despite significant allometric variation in each
morph, MANOVA results indicate that morphs do
not differ in allometric slopes (Wilks’ � = 0.7563,
p = 0.9911). This result matches with Figure 4, which
shows very similar patterns of allometric variation in
both morphs. Results from the comparison of direc-
tion of shape change with size are also nonsignificant
(between-morph angle = 15.2◦; within-morph angles:
papilliform = 22.6◦, molariform = 25.8◦).

However, when size is held constant (MANCOVA),
morphs differ significantly (Wilks’ � = 0.6799,
p = 5.666 × 10−4) and thus exhibit different allometric
intercepts. Permutation tests (1000 replicates) sup-
port the significance of the results (p � 0.001). This
means that shape differences between morphs reflect
more than just allometric projections of size differences
(Adams & Funk 1997).

Investigation of intra-morph body-form
variability

I assessed body-form variation within and between
morphs using PCA of Procrustes shape coordinates
(Figure 5). Because of rescaling (i.e. removal of
many size effects), the first two components account
for only 24.3% and 10.7% of the variance, respec-
tively. There appears to be no discontinuity, nor any
clustering by dental morph. The papilliform morph
shows no group structure on this plot, whereas in
the molariform morph, a group of eight individuals
appear to be separated from the others (higher PC
II scores). PC I is significantly correlated with LCS
(R2 = 0.7169, p = 1.4606 × 10−71) and many of the
small ‘unassignable’ specimens are grouped on the
left in the plot. This is likely due to shape variability
associated with size differences.

PCA of size-standardized data (unassignable speci-
mens excluded) is shown in Figure 6. The MANCOVA
results, presented above, provide a justification for
removing the allometric component of shape for this
part of the analysis. When size is held constant (treated
as a covariate), the two morphs exhibit significant dif-
ferences. Ordination of individuals standardized to a
given size allows us to visualize and try to interpret
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Figure 4. LCS plotted against PC I score for individuals of both dental morphs. Molariform R2 = 0.5319, p = 1.6514×10−18 (dotted line);
papilliform R2 = 0.6205, p = 1.9638×10−27 (solid line). Thin-plate spline deformation grids (relative to an undeformed grid representing
the consensus form of the entire sample) are shown representing small (left) and large (right) individuals of both dental morphs.

these differences. As mentioned above, I standardized
individuals in each morph to have the shape they would
have at that morph’s mean LCS, although the fact that
the morphs do not differ in slope (as shown above)
means that I could have used the pooled mean of both
morphs as the chosen value. In addition, I tested to
ensure that standardizing at different values of LCS
did not affect the results by performing PCA of indi-
viduals standardized to the minimum and maximum
values for each morph. The more different the allomet-
ric trajectories of the two groups are, the more likely
it is that standardization to different sizes will affect
patterns observed on PCA. In this case, the pattern in
Figure 6 was present regardless of the value of LCS
chosen for standardization.

In Figure 6, PCs I and II account for 17.6%
and 10.8% of the variance, respectively. Not surpris-
ingly, PC I score and LCS are nearly uncorrelated
(R2 = 3.807 × 10−10, p = 0.9997). The two dental
morphs have a similar range of scores on PC I; however,
the papilliform morph shows continuous variation,
whereas the molariform morph shows a noticeable if
not dramatic discontinuity between eight individuals
with lower PC I scores and the rest of the sample.
The small, separate clusters of molariform individu-
als in Figures 5 and 6 comprised the same individuals.
To investigate the possibility that these separate clus-
ters represent a narrow-bodied morph, I went back to
the photographs of the fish and qualitatively classified
each individual as either ‘normal’ or ‘narrow-bodied’,
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Figure 5. Scores on the first two principal components of Procrustes shape coordinates for the entire data set. Thin-plate spline deformation
grids are shown for small (left) and large (right) individuals.

without knowledge of which cluster each individual
fell in. The ones classified as ‘narrow-bodied’ corre-
sponded to individuals in the small, distinct clusters.
These individuals, it should be noted, come from multi-
ple localities (and localities from which many ‘normal’
fish were collected) and cannot comprise a geographic
variant. Two representative fish are shown in Figure 6;
one with low PC I score and the other with high PC I
score. These individuals illustrate the range of shape
variability along the PC I axis, which is also illustrated
with deformation grids (Figure 6). While both morphs
encompass about the same range of shape variability,
they exhibit different patterns within that range.

Comparison with traditional morphometrics

The measurement protocol used in the traditional mor-
phometric analysis is shown in Figure 7(a). Analysis
was performed on the entire data set to maintain the
requirement for PCA that the number of individuals
be greater than the number of variables. Similar to the
results of my earlier traditional analysis (Trapani 2003;
see also Figure 2(b)), the first component in these anal-
yses accounted for >97% of the variance, and is very
highly correlated with size (R2 = 0.9993 against LCS;
compare with R2 = 0.7169 in the geometric analysis
and R2 = 3.807 × 10−10 in the geometric analysis

of size-standardized data). PC II accounted for <1%
of variance in the traditional analyses, in contrast to
around 10% in geometric analyses. Interestingly, PC II
from the geometric (unstandardized) and traditional
analyses were relatively highly correlated with one
another (R2 = 0.7490 for the whole data set), indicat-
ing that analyses were picking up similar information
along this component.

Of the linear measures that contribute most to PC II
in the traditional analysis, many involve landmark 19
(see Figure 3). Interlandmark distances with the high-
est loadings are: 18–19 (0.236), 3–19 (0.216), 1–19
(0.204), and 17–19 (0.198). Most of these involve the
length of the snout. Other distances with relatively high
loadings are also in the head region, illustrating that
the traditional analysis mainly picked up variation in
this region. Interlandmark distances that might intu-
itively be expected to contribute highly to differences
in body-form (i.e. 7–16, 10–14) did not load highly on
this component in the traditional analysis (−0.068 and
−0.033, respectively).

Figure 7(b)–(d) shows plots of the first two prin-
cipal components for the traditional, geometric, and
size-standardized geometric analyses, respectively. In
the traditional plot (Figure 7(b)), I have coded the
eight individuals corresponding to the separate cluster
of ‘narrow-bodied’ individuals in Figures 7(c) and (d)
with a different symbol for ease of comparison.



364

Figure 6. Principal component I and II scores for molariform and papilliform individuals standardized to mean size. Note the difference
in the distribution along PC I, with continuous variation in papilliform individuals and a marked discontinuity in molariform individuals.
Representative individuals with low and high PC I scores (bottom) as well as deformation grids (top) are shown on the plot to represent
shape variation along that dimension.

Discussion

Many African cichlids thought to be separate biolog-
ical species are difficult to distinguish using tradi-
tional molecular methods such as mtDNA (Kornfield

& Smith 2000), though analyses using microsatellites
have shown more promise at documenting differ-
ences at this level (Wilson et al. 2000, Markert et al.
2001). Cichlasoma minckleyi has yet to be incorpo-
rated into molecular systematic studies of Neotropical
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Figure 7. (a) Measurement protocol for traditional analysis performed using interlandmark distances including scatters of data around
each landmark (Procrustes shape coordinates). Scores for molariform individuals on the first two principal components are shown for (b)
the traditional data set, (c) the geometric analysis, and (d) the geometric analysis of size-standardized data.

cichlids (e.g., Roe et al. 1997), and lack of signif-
icant genetic differences (Kornfield & Koehn 1975,
Sage & Selander 1975) between C. minckleyi den-
tal morphs must therefore be interpreted cautiously.
Additional caution is warranted because studies of
biochemical differences between dental morphs did
not take body-form variation into account. Likewise,
studies showing nonassortative mating between dental
morphs (Kornfield et al. 1982) also failed to explicitly
account for body-form variation or to investigate viabil-
ity of offspring of such matings. Hybridization between
lineages can make distinguishing separate species from
polymorphism difficult (Robinson & Schluter 2000).

In this context, the lack of significant differences
in body-form between papilliform and molariform
individuals documented in this study corroborates the
existence of a single species, especially given the high
statistical power of geometric morphometric tech-
niques. The results here largely agree with Kornfield
& Taylor’s (1983) description of C. minckleyi, with the

exception of their claim for a discrete polymorphism
in body-form within the papilliform morph. However,
while body morphology adds a compelling piece of
evidence to the case for a single species, the only way
to fully investigate the question of whether separate
‘morphs’ constitute biological species or not is with
sets of controlled crosses.

Observed patterns of variability meet some but
not all of the predictions laid out in the introduction.
Previous studies have shown that body-form is often
correlated with diet/foraging behavior (Toline & Baker
1993, Winemiller et al. 1995) and trophic morphology
(Ruber & Adams 2001). However, despite pronounced
differences in trophic morphology, molariform and
papilliform C. minckleyi were not found to differ sig-
nificantly in size, body shape, or allometric patterns.
This may be explained by lack of habitat segregation.
Both papilliform and molariform C. minckleyi have
rather generalized diets and overlap considerably under
normal conditions (Liem & Kaufman 1984, personal
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observation; see also Robinson & Wilson 1998). This
overlap true of both diets and habitats, since snails and
detritus are often co-localized in the Cuatro Cienegas
basin (but see Swanson et al. 2003). Changes in pha-
ryngeal trophic structures no doubt cause changes in
adjacent anatomical structures (e.g., Smits et al. 1996,
Schaack & Chapman 2003), but in this case, perhaps
because both morphs are foraging in the same environ-
ments, these effects are not apparent in external form.

Within each morph, variability in body-form cor-
responds to that predicted between piscivores and
more generalized ‘normal’ fish. Although some of the
landmarks in this study do not correspond exactly
to the osteological features Liem (1978) described,
the narrow-bodied molariform morph seems to pos-
sess many of these characteristic piscivorous features
(Figure 6). However, it may also be worth noting that
molariform pharyngeal teeth are not found in a ‘typical’
cichlid piscivore.

Perhaps the most interesting result of this study is
the different pattern of body-form variability exhibited
by each morph; specifically, papilliform individu-
als show a continuous distribution, whereas molari-
form individuals exhibit a discontinuity (Figure 6).
Body-form in fishes may result from environmental
(Meyer 1987, Bronmark & Miner 1992, Robinson
& Parsons 2002), genetic (Toline & Baker 1997),
or a combination of inputs (Wimberger 1991, 1992,
Robinson & Wilson 1996). There are several possi-
ble explanations for differences in body-form vari-
ability between dental morphs; choosing between
them hinges mainly on the issue of how genotype
and environment combine to result in the body-form
phenotype.

If body-form in C. minckleyi is primarily under
genetic control (i.e. different genotypes produce dif-
ferent phenotypes), it may be that the specific genes
involved differ between dental morphs. However, this
seems unlikely given the observed nonassortative mat-
ing between dental morphs (Kornfield et al. 1982).
Alternatively, the piscivorous molariform morph may
constitute a separate biological species. Successful
matings between narrow and deep-bodied individuals
suggest this is not the case. (UMMZ collections con-
tain preserved offspring from such a mating. However,
it is not known whether either of the parents was molar-
iform, and individuals are too small to assess whether
they would be reproductively viable.) Postulating a sep-
arate species would also raise new questions about
differences between dental morphs, as molariform
individuals (excluding piscivores) would then seem

more restricted morphologically than their papilliform
conspecifics.

If body-form is primarily under environmental con-
trol (i.e. the same genotype can produce different phe-
notypes under different environmental or behavioral
conditions), there are several more-likely hypotheses
for why patterns of variation differ between dental
morphs. If piscivorous feeding habits lead to devel-
opment of a narrower-bodied phenotype, it may be that
dental morphs utilize different behaviors and/or con-
sume different prey fishes and thus exhibit different
responses.

A second possibility involves the degree of special-
ization exhibited by individuals dental morphs who
consume fish. While molariform cichlids can obtain
two of their main food resources (detritus and snails) in
the same habitat, papilliform cichlids cannot crush hard
snail shells and must obtain alternative food sources
elsewhere. This is reflected in the relative amounts of
time the two morphs spend in various habitats (Cuatro
Cienegas Earthwatch Group 1999). Since these data
indicate that papilliform fish divide their time up more
equally among more habitats, they may be able to con-
sume fish opportunistically as they encounter them and
remain relatively generalized in their diet. Molariform
fish, in contrast, would need to disrupt their activity
patterns to pursue a substantial number of fish, and
would be more likely to become specialized piscivores
if they add this component to their diet at all. Anecdo-
tal evidence suggests that piscivorous cichlids engage
in distinct prey-capture behaviors; specifically, hiding
on the bottom and ‘stalking’ groups of prey fishes (fre-
quently pupfishes). But no studies have been done to
investigate differences between morphs in aspects of
or time spent performing this behavior. Analysis of
gut contents and laboratory experiments are additional
ways of testing the hypotheses advanced here.

In addition, it is possible that polymorphism in
the pharyngeal apparatus and variability in body-
form interact to constrain molariform individuals from
developing morphologies intermediate between the
narrow-bodied and normal ranges, or that natural selec-
tion acts against any individuals in this range. Finally,
differences between dental morphs could be an artifact
of sampling or small sample size. But this is unlikely
because sample size is rather substantial (nearly 240
individuals assignable to body morph) and samples
contain individuals collected at a number of differ-
ent times from various localities within the Cuatro
Cienegas Basin and from two different institutional
collections.
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I suggest that there is an important environmental
component to body-form in Cuatro Cienegas cichlids.
Further elucidation of the specific environmental influ-
ences and identification of mechanisms generating the
observed patterns of variability requires further study.

While traditional morphometrics does, to some
degree, separate the two body-form morphs, it does not
indicate discontinuity in variation. Geometric morpho-
metrics makes the distinction clearer, and geometric
analysis of size-standardized data does an even bet-
ter job (Figure 7). This result is similar to results
from other studies comparing geometric and tradi-
tional morphometric analyses of similar data (e.g.,
Birch 1997). Two reasons account for this difference.
First, geometric morphometrics allow consideration of
shape independent of scale (Bookstein 1991), and size-
standardization allows consideration of shape indepen-
dent both of scale and allometry. Neither size nor shape
are ‘thrown out’ in such analyses; they are simply
parceled into components that can be considered inde-
pendently of one another. Second, instead of analyzing
restricted and often somewhat arbitrary sets of distance
measures, geometric morphometrics analyzes covari-
ances in landmark configurations (Bookstein 1991,
1996a). This adds shape information, and thus power, to
the statistical analysis (Rohlf 1999).
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