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Synopsis

We compared ecological and morphological patterns among cichlid faunas from three different biotic regions:
the Rio Tortuguero/Rio Sarapiqui in Costa Rica, the Rio Apure drainage in Venezuela, and the Upper Zam-
bezi drainage in Zambia. Cichlids comprise 19 percent of the fish fauna in the Tortuguero and Upper Zambezi
drainages and 6.5 percent in the Apure drainage. Cichlid faunas exhibited similar patterns of habitat and food
resource utilization, although vegetation-dwelling is more common and detritivory and herbivory are rarer in
the Apure fauna. We hypothesize that South American ostariophysan fishes were more pre adapted than
cichlids to exploit detritivore and herbivore niches. The Zambezi cichlid fauna shows less ecomorphological
diversification than the other two faunas, even though the degree of dietary diversification is similar among
faunas. Chaetobranchus flavescens from the Venezuelan fauna is the only species that specializes on zooplank-
ton as an adult, and algae grazing (Neetroplus nematopus) and specialized fruit feeding ('Cichlasoma' tuba)
were represented only in the Costa Rican fauna. Based on the most recent hypothesized phylogeny for the
family Cichlidae, we identified numerous interfaunal ecomorphological and feeding niche convergences. Pat-
terns of ecomorphological divergence in relation to cladogenesis indicate a faster rate of evolutionary niche
diversification in Central American cichlids compared with the two other faunas.

Introduction functional versatility in the feeding apparatus
among species of haplochromine cichlids of the
African rift lake species flocks. In nearly all cases
examined, versatility in motor patterns permitted
both specialized feeding modes as well as general-
ized feeding on a fairly wide variety of prey in the
laboratory. Liem (1991) questioned whether or not
morphological specializations in these diverse fish-
es necessarily translated into ecological segregation
in the field setting. Several studies have shown vari-
able diets within populations of African lake-dwell-
ing cichlids (McKaye & Marsh 1983, Ribbink et al.
1983, Witte 1984). Other studies have documented
specializations in the foraging behaviors and diets
of individual fishes within populations of Lake Tan-

Ecomorphology is the field of study that examines
relationships between functional morphology and
ecological performance. Functional morphology is
usually studied under controlled conditions in the
laboratory (Alexander 1970, Liem 1980, Lauder
1983), however it can be pursued in the field setting
(Yamaoka ~982). In contrast and by definition, ec-
ological studies require the investigation of orga-
nisms in a field setting. Developments at the theo-
retical interface between functional morphology
and ecology have been, to some extent, hindered by
weak linkages between laboratory and field data.
For example, Liem & Osse (1975) demonstrated
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ganyika haplochromines (Yamaoka 1982, 1983,
1991, Hori 1983). To date, few field studies have
achieved sufficient detail to demonstrate the associ-
ation between the frequency of utilization of alter-
native feeding modes, resource utilization, and in-
terspecific niche segregation within fish assemblag-
es.

Imperfect knowledge of phylogenetic relation-
ships poses an additional problem for advances in
ecomorphology. Even if ecological specializations
can be demonstrated in the field, closely related
species might be expected to exhibit similar feeding
behaviors and diets due to inherited phenotypic
similarities. Adaptive radiations in form, function,
and ecology provide evidence of ecomorphological
relationships, however interpretations even of the
same data can sometimes vary. For example, Liem
(1991) and Yamaoka (1991) differed in their inter-
pretations of morphological and ecological diversi-
fication in African rift lake cichlids as evidence for
adaptive radiation. The demonstration of conver-
gent morphological traits and associated ecological
performance is perhaps our most powerful means
of documenting ecomorphological relationships
(Orians & Paine 1983, Motta & Kotrschal 1992).
Studies of convergent evolution require robust hy-
potheses of phylogenetic relationship, and the lack
of a high degree of phylogenetic resolution in large
clades has retarded this area of inq uiry (Winemiller
1991a, 1992). Meyer et al.'s (1990) molecular study
of phylogenetic relationships and parallelism
among African rift lake cichlids illustrates how
well-resolved phylogenetic data facilitate robust in-
terpretations of morphological diversification.

Motta & Kotrschal (1992) recently outlined the
steps for a research program in ecomorphology.
They proposed that initial steps should involve: (1)
the study of the relationships (covariance) between
environmental factors and form, (2) performance
testing, (3) examination of optimization and con-
straints on form-function relationships, (4) investi-
gation of the ontogeny of form-function relation-
ships, and (5) examination of the direction of evolu-
tion in form-function relationships. Rarely are all
five elements incorporated into ecomorphological
research, although Ryan and Rand's studies of pre-
dation, sexual selection, and evolution of vocaliza-

tion in the tungara frog (Physalaemus) provides an
illuminating example (Ryan 1985, Rand et al.1992).
Motta & Kotrschal (1992) also listed several pitfalls
in ecomorphology, including: (1) selection of inap-
propriate characters for the question, (2) selection
of an inappropriate analysis, (3) lack of a null hy-
pothesis, (4) lack of knowledge of life history, and
(5) lack of knowledge of constraints, both genetic
and morphological.

Sparked by Hutchinson's (1959) seminal paper,
ecologists haye invoked the theory of ecomorphol-
ogy in studies of community organization (MacAr-
thur & Levins 1967, Fenton 1972, Hespenheide
1973, Karr & James 1975). Gatz (1979a, 1979b, 1981)
was among the first to examine the covariance
among morphological traits of known function in
fish assemblages, and the covariance of morpholog-
ical traits with ecological traits. Several studies have
followed Gatz's paradigm to explore additional as-
pects of fish community organization (Felley 1984,
Moyle & Senanayake 1984, Page & Swofford 1984,
Watson & Balon 1984, Grossman 1986, Douglas
1987, Strauss 1987, Wikramanayake 1990, Winemill-
er 1991a). The success of this community paradigm
has resulted in frequent interpretations of patterns
of covariation among morphological traits with
known functions in the context of ecological inter-
actions. Following this approach, ecomorphological
theory is effectively substituted for the absence of
mechanistic evidence from field studies (e.g., Wer-
ner 1977).

The present study integrates elements 1 and 5 of
Motta & Kotrschal's (1992) research paradigm to
reveal patterns of ecomorphological divergence
and convergence among species assemblages. We
examine patterns of morphological and ecological
diversification and convergence in river-dwelling
cichlids from three biotic regions: south-central
Africa, northern South America, and Central
America. Morphological traits were selected based
on assumptions of optimal performance and func-
tional constraints (Motta & Kotrschal's elements
2-3) from earlier functional morphology (e.g.,
Alexander 1970, Lauder 1983) and ecomorpholog-
ical studies of fishes (e.g., Gatz 1979a, Webb 1984).
We adopt Winemiller's (1991a) approach for com-
paring faunas and examining hypotheses of eco-
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morphological convergence and divergence. The Regional cichlid faunas
advantages of using fluvial cichlid fishes for eco-
morphological comparisons include: (1) a reasona- We relied on the collection records of Winemiller
ble preliminary hypothesis of phylogenetic rela- (1990, 1991b, and unpublished data filed at the Texas
tionship between and within cichlid faunas has been Natural History Collection, Austin) from numerous
proposed recently (Stiassny 1991), (2) for com para- locations within each of three river basins located in
tive purposes, many functional morphological stud- separate biotic regions: South America, Central
ies have been conducted on the feeding of cichlid America, and Central Africa (Fig. 1). To verify that
fishes and similar percomorphs, (3) relevant all known cichlid species had been captured in each
morphological characters and analytical methods drainage, we referred to Bussing (1987) for Costa
for faunal comparisons have been established, and Rica, Bell-Cross & Minshull (1988) for Zambia, and
(4) we have an extensive and reasonably detailed records in the Museo de Zoologia in Guanare, Por-
ecological dataset for these ecologically diverse tuguesa for Venezuela. Our collections uncovered
fishes. In addition to revealing a number of regular one previously undescribed cichlid species, Serra-
features in patterns of faunal niche diversification, nochromis altus, in the Upper Zambezi drainage
we demonstrate numerous ecomorphological con- (Winemiller & Kelso-Winemiller 1991).
vergences among all of the basic trophic niches. We referenced Taphorn (1990) for the total fish

species composition and delineation of the Rio
Apure Basin, except that we omitted cichlid species
that occurred only in the acidic clearwater and

~
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Fig. I. Map showing locations of Rio Tortuguero-Rio Sarapiqui (Costa Rica), Rio Apure (Venezuela), and Upper Zambezi River (Zam-

bia) drainages.
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Table 1. Fish faunas in three river drainages: Rio Apure (Vene-
zuela), Rio Tortuguero/R. Sarapiqui (Costa Rica), and Upper
Zambezi River (Zambia).

Rio Apure

Order No. species Percent fauna

Rajiformes
Clupeiformes
Characiformes
Siluriformes

Gymnotiformes
Atheriniformes

Synbranchiformes
Pleuronectiformes
Perciformes

(Cichlidae)

4

138
1~7

10

1

2

25

(23)

3
< 1
<1

(6.5)

Total 353 spp. 100%

Rio Tortuguero/Rio Sarapiqui

Order No. species Percent fauna

Lepisosteiformes
Clupeiformes
Characiformes
Siluriformes

Gymnotiformes
Atheriniformes

Synbranchiformes
Pleuronectiformes
Other marine orders
Perciformes

(Cichlidae)

1
32

8

11 15

4

6

37

(14)

6

8

51

(19)

blackwater Rio Aguaro-Guaricito drainages on the
eastern fringe of the Apure basin; in acidic streams
in Barinas state on the western edge of the Apure
basin; or in Las Majaguas, an impoundment in Co-
jedes state (Taphorn 1990). These areas have dis-
tinctive fish faunas that are more characteristic of
nutrient-poor acidic ecosystems more commonly
encountered in other regions of Venezuela (e.g., the
Rio Morichal Largo in the eastern llanos of Mona-
gas state, Rio Capanaparo-R. Cinaruco in southern
Apure state, and drainages of the Guyana highlands
in Bolivar state and Amazonas territory in the east
and south of Venezuela). Although there some-
times is a small amount of overlap in taxonomic
composition, the cichlid faunas of these nutrient-
poor blackwater streams are quite different from
those observed in the more nutrient rich Rio Apure
fauna (Taphorn 1990). For example Cichla orino-
censis, Geophagus cf. surinamensis, and Mesonauta
festivum occur in either nutrient-poor, highly-acidic
waters (pH 4.0-5.9) in southern and eastern Vene-
zuela, or nutrient-rich moderately-acidic waters
(pH 6.0-6.9) of the Rio Apure drainage in northern
Apure state. However, most Venezuelan cichlids
typically occur in only one of these aquatic ecosys-
tem categories. For example, ~equidens' cf. pulch-
e1; Apistgramma hoignei, and Crenicichla geayi are
widespread in the Rio Apure basin, but are re-
placed by congeneric species in acidic waters in
other regions of Venezuela.

We treated the fishes of the northern Caribbean
drainages of Costa Rica as one fluvial fish fauna
(designated Rio Tortuguero/R. Sarapiqui fauna)
within Bussing's (1976) Rio San Juan ichthyological
province. In this comparative study, we elected not
to deal with lacustrine fish faunas within the Rio
San Juan basin. The Rio Sarapiqui is actually a
north-flowing tributary of the lower Rio San Juan
with the headwater tributaries located in close
proximity to headwaters of northeast-flowing
coastal drainages (i.e., Rio Chririp6, Rio Tortugue-
ro, Rio Parismina). Within this region, geographical
variation in assemblages is associated primarily
with habitat conditions determined largely by flu-
vial distance from the sea coast and not by individu-
al coastal drainages (Winemiller & Leslie 1992).

The relative composition of each fish fauna is list-

Total 72 spp. 100%

Upper Zambezi

Order No. species Percent Fauna

Mormyriformes
Gonorynchiformes
Characiformes

Cypriniformes
Siluriformes
Atheriniformes
Perciformes

(Cichlidae)

7

2

7

25

20

6

21

(17)

8

2

8

28

23

7

24

(19)

Total 88 spp. 100%
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the family Cichlidae (Fig. 2). Taxonomy for the

Central American species of Cichlasoma is in need

of modification as a result from Kullander's (1983)

revision of the South American Cichlasoma. Fol-

lowing Kullander's revision, Cichlasoma orino-

cense is the only valid representative of Cichlasoma

within our neotropical dataset. Therefore, we desig-

nate Central American species formerly placed

within Cichlasoma as 'Cichlasoma' species. The

true phylogenetic relationships of the Middle

~ ~ ~ ~ ~ ~ ~ ~ ~"~ ~ ~ ~ ~ ~ "~ "2 ~"~ ~ ~ ~ ~ 2 ~ American and Caribbean cichlids have not yet been
!!EE"a.a,,~~a."a.,,~-., a"aa"

0 ~ ~ 1 ~ ~ g ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ! ~ i i= i i ~ ~ investigated by modern methods of phylogenetic

'_",-'S.a",,-o~Z.a."i(3) .13)cO'E
(~) ~ ~.", ~ "0 J: ~ ~ ~ c5 ~ ~ ~ ~ analysis. Therefore, Miller's (1976) sectional assign-

a. 0 (3) (3) (3) (2) .",;
(9) a. ~ ments within the Central American 'Cichlasoma'

are treated as genera in our phylogeny in accord-

~ig, :' A phylogeny showing, evolutionary rela~ionships among ance with the guidelines pro osed b Kullander

clchlldsofthethreestudyreglons, The hypothesIs ofphylogenet- . p y
ic relationship is based on composite phylogenies and informa- (1983) and Stlassny (1991).
tion summarized in Stiassny (1991), Numbers of species in those We also follow Kullander's (1983, 1986) interpre-

genera containing more than one species appear in parentheses, tation of the genus Aequidens, which yields Aequi-

dens tetramerus as the only true representative of

ed by family in Table 1. The Apure basin, as defined this genus within our cichlid faunas. The species for-

by Taphorn (1990), has approximately four times merly recognized as Aequidens cf. pulcher is desig-

more fish species than either the Tortuguero/Sara- nated as ~equidens' cf. pulcher. We follow Stiassny

piqui or Upper Zambezi basins. As in most large (1991) in assuming that Central American 'Cichla-

river basins of South America, the Apure ichthyo- soma' species are members of a clade derived from

fauna is heavily dominated by ostariophysan fishes an ancestoral lineage that gave rise to Caquetaia,

of the orders Characiformes and Siluriformes, and Mesonauta, Neetroplus, Herotilapia, and a clade

cichlids comprise only 6.5% of the Apure ichthyo- comprised of Aequidens, Aequidens, and Cichlaso-

fauna. Following our modification of Taphorn's def- ma. We follow Greenwood's (1979) designation of

inition of the Apure ichthyofauna, we excluded the African genus Serranochromis, and did not deal

eight cichlids with blackwater affinities (Guianac- with any phylogenetic distinctions at the subgeneric

ara sp., Aequidens diadema, Biotodoma wavrini, level (e.g., subgenus Serranochromis vs. Sargochro-

Hypselecara coryphaenoides, Cichla temensis, He- mis).

ros severus, Hoplarchus psittacus, Satanoperca dae-

mon) from our intercontinental faunal compari-

sons. Cichlids comprised 19% of both the Tortugue- Morphological data

ro/Sarapiqui and Upper Zambezi ichthyofaunas,

and were one of the dominant families in each ba- Morphological measurements were made on fish

sin, the Tortuguero basin in particular (Table 1). specimens catalogued in the Texas Natural History

Collection of the Texas Memorial Museum, Austin.

For Aequidens tetramerus, we used a collection

Methods from Cojedes state that belongs to the Museo de

Zoologia, UNELLEZ, Guanare, Portuguesa, Ve-

Phylogenetic relationships nezuela. Basic habitat data (stream width, depth,

pH, temperature, etc.) were recorded at each col-

We used Stiassny's (1991) composite phylogeny as lection site, and most sites were sampled multiple

our hypothesis of evolutionary divergence within times during long-term field studies (Winemiller
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Table 2. Mean values and coefficients of variation (CV) of 29 morphological traits for three cichlid faunas. Except for pigmentation, gill

rakers and maximum SL, all measures are ratios (denominators given in Methods).

Character Tortuguero
Central America

Zambezi
Africa

Apure
South America

Mean cv Mean cv Mean cv

0.42
0.20
0.11
0.40
0.29
0.53
0.35
0.65
0.63
0.27
1.69
0.63
0.33
0.42
1.22
0.20
0.58
0.30
0.15
0.27
0.31
0.24
0.20
0.22
4.07
1.33
1.05
0.38

151.5

0.28
0.20
0.36
0.20
0.32
0.10
0.09
0.12
0.08
0.25
0.35
0.30
0.41
0.14
0.06
0.23
0.07
0.24
0.17
0.22
0.21
0.30
0.28
0.31
0.14
0.46
0.22
0.12
0.62

0.47
0.20
0.10
0.32
0.32
0.49
0.35
0.60
0.63
0.27
1.96
0.54
0.25
0.46
1.22
0.24
0.59
0.28
0.16
0.30
0.30
0.27
0.24
0.31
3.79
1.36
1.49
0.36

169.6

0.13
0.13
0.25
0.11
0.30
0.18
0.08
0.13
0.11
0.19
0.32
0.21
0.30
0.14
0.07
0.19
0.06
0.15
0.14
0.10
0.14
0.19
0.17
0.22
0.15
0.37
0.56
0.12
0.55

0.41
0.18
0.14
0.37
0.40
0.54
0.34
0.64
0.64
0.22
1.53
0.64
0.28
0.41
1.19
0.22
0.56
0.27
0.12
0.25
0.24
0.26
0.22
0.20
3.97
1.53
2.36
0.33

240.1

0.13
0.10
0.13
0.08
0.21
0.04
0.05
0.07
0.10
0.20
0.34
0.18
0.24
0.28
0.08
0.12
0.05
0.28
0.14
0.10
0.14
0.16
0.16
0.10
0.21
0.51
0.97
0.10
0.47

Body depth
Body width
Peduncle length
Peduncle d.
Peduncle w.
Body d. b. midline
Head I.
Head d.

Eye position
Eye diameter

Mouth position

Mouth w.

Mouth height

Snout I.
Mouth protrusion
Dorsal fin h.
Dorsal fin w.
Pectoral fin I.
Pectoral fin h.
Caudal fin I.
Caudal fin h.
Pelvin fin I.
Anal fin I.
Anal fin w.

Pigmentation
Gill rakers
Gut I.
Swim bladder I.
Maximum SL

variate morphological analysis as the maximum SL
(MSL) recorded for each species at each site. All
other linear distance measures were standardized
for size. We explored two methods to standardize
data for body size differences. First, measurements
were converted into various kinds of ratios to serve
as components of body, head, and fin shape. The ra-
tios employed in the analysis were chosen based on
earlier functional interpretations (Gatz 1979a,
Webb 1984, Winemiller 1991a). For example, deep-
er-bodied and more laterally compressed fishes are
more stable in the water column and can turn with
greater precision, but have less ability to exhibit
rapid burst swimming (Webb 1984). The following

1989a, 1990, 1991b). Fishes were collected by a varie-
ty of methods, including seines, castnets, dipnets,
gillnets, angling, and on occasion rotenone.

Twenty-nine morphological features related to
feeding, swimming behavior, or habitat affiliations
(Table 2) were chosen based on information pre-
sented and findings in Gatz (1979a). Readers should
refer to Winemiller (1991a) to obtain a complete de-
scription of each morphological attribute. All dis-
tance measurements were taken as the straight line
distance between points using vernier calipers for
measures < 130.0 mm (to nearest 0.1 mm) and a
clear plastic ruler for measures> 130.0 mm (to near-
est 1 mm). Body length was entered into the multi-
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ecomorphological ordination and the calculation of
distance measures, the use of either ratios or SL
standardized measurements reduces the likelihood
that the analysis is dominated by a single variable,
body size (MSL is employed here as just one of 29
morphological attributes). Allometric bias in the
use of ratios as scaling factors in statistics has been
debated extensively, especially with regard to be-
tween-group comparisons in species with indeter-
minate growth (e.g., Atchley & Anderson 1978 and
references cited therein, Reist 1985, Prairie & Bird
1989, Jackson & Somer 1991). Techniques such as
use of regression residuals, log-transformed mea-
sures, and log-transformed ratios (Reist 1985) or
shearing the first principal components axis derived
from untransformed measures (Bookstein et al.
1985) have been used to remove effects of body size
on morphological data. Yet, body size is an impor-
tant factor influencing ecological relationships. We
used standardized values for selected ratios as rela-
tively size-independent descriptors of shape that
have straightforward functional interpretations
(e.g., maneuverability versus burst swimming).
Since species scores on the principal components
axes are to be used as a basis for ecomorphological
ordination and calculation of distance measures,
the use of ratios reduces the chance that the analysis
is dominated by a single variable, body size. Our
analysis seeks to examine variation in the traits of
species within and between faunas, as opposed to
variation in traits of individuals within and between
species and populations, the latter being a common
application of multivariate statistics in systematics
and ecology. Consequently, we believe that poten-
tial allometric effects on the multivariate analysis of
ratios are of little consequence to our principal re-
search question. Here we characterize e~ch species
as the 'average' adult (in effect treating species as
having indeterminate growth), thus the role of al-
lometry and ontogeny on ecological performance is
not a focus of the study.

Comparison of morphometrlcs
(Apure fishes, 29 variables)

1.0"1

I~
E 0.4"
~
0

1--- Ratios I
1-0- Standardized I

0.2 I . . . . . . . . , . . . .
0 1 2 3 4 5 6 7 8 9 10 11 12 13

PC axis

Fig. 3. Comparison of cumulative variation explained by the first
13 axes from PCA performed on cichlid morphological data us-
ing two different methods of standardization for linear mea-
sures: (1) ratios describing ecomorphological attributes, versus
(2) adjustment of linear measures to conform to the grand mean
SL.

distances were converted to components of shape
using body depth as the denominator: peduncle
depth, depth of body below midline, head depth,
and mouth height. Body width was the denomina-
tor for ratios involving peduncle width and mouth
width. Head length was the denominator for the ra-
tio of eye diameter and snout length (mouth
closed). Head depth was the denominator for eye
position. Snout length with mouth open was divided
by snout length mouth closed to provide a measure
of relative mouth protrusibility. All other distance
measures were divided by SL to yield linear compo-
nents of morphology.

In the second method, we standardized linear
measurements to conform to the interfaunal grand
mean SL (XSL = 150.0 mm) using x' = c . x, where c =

150.0/SL. The use of ratios or SL standardized line-
ar measurements allows the first orthogonal axis
from principal components analysis (PCA) to be in-
terpreted as primarily a shape determinant rather
than soley as a body size axis (Mosimann & James
1979, Bookstein et al. 1985). When raw linear
morphological dimensions are entered into PCA,
all variable loadings on the first PC axis are of a sim-
ilar magnitude and positive, indicating the influen-
ce of body size on variation in the dataset (Ricklefs
et al. 1981, Douglas 1987). Since species scores on
principal components axes provide the basis for

Analysis of morphological data

Principal components analysis (PCA) was used as a
basis for inter-assemblage comparisons of species
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(1991) composite phylogeny for the family Cichli-
dae. We coded the relative phylogenetic distances
between each species pairing in the manner indicat-
ed by the nodes of the phylogeny in Figure 2. For
example, species in the same genus were assigned a
phylogenetic distance of 1, and species united by a
node at the next level were assigned a distance of 2,
and so on. Among these assemblages, the most dis-
tantly related species were any African cichlid ver-
sus any cichlid belonging to the neotropical clade,
and these pairings were assigned a phylogenetic dis-
tance of5.

Ecomorphological convergence

We used the following modified version of Wine.
miller's (1991a) index of ecomorphological conver-

gence:

c.. = R../M..
II I) II'

where Cjj is the convergence index for species i and
nearest neighbor j, ~j is the number of more closely
related species that are more dissimilar to species i
than ecomorphological nearest neighbor j, Mjj is the
maximum possible number of species that could be
more closely related to species i relative to the jth
nearest neighbor pairing. The index was calculated
from the combined 46 species dataset using NND as
the measure of ecomorphological similarity and us-
ing Figure 2 as the hypothesis of phylogenetic rela-
tionships. The convergence index is equal to 1.0
whenever a phylogenetically distant species is eco-
morphologically more similar to the target species
than each of the species that are determined to be
more closely related. The convergence index equals
0 whenever a species' closest ecomorphological
neighbor is actually the most closely related species
in the dataset.

distributions in morphological space, as well as for
identification of patterns of covariation among
morphological characters relating to ecology. PCA
produces independent orthogonal axes (uncorre-
lated axes) from the original matrix of data points,
such that the first several components model a ma-
jor portion of the variation among the original vari-
ables. PCA was performed on the combined 46 spe-
cies data set based on the correlation matrix of
morphological attributes. Figure 3 compares the cu-
mulative variation modeled by PCAs based on ra-
tios versus SL standardized data. The two methods
produced very similar results and completely con-
verged at PC axis 12. We therefore chose to present
results involving the ratio data, because these rela-
tive measures have more direct functional interpre-
tations (e.g., lateral maneuverability versus burst-
swimminig body forms). Species scores on the first
eight orthogonal axes were used to calculate pair-
wise Euclidean distances for comparison with pat-
terns generated by the standardized morphological
variables.

For each cichlid assemblage, a matrix of Eucli-
dean distances between species pairs was calculated
according to the formula:

n
}:, (Xii - Xik)2]112

Djk=

Ecological data

where n is the number of PC axes with eigenvalues
greater than 1.0, and xii and Xjk are the character
loadings on the same PC axis for the species pair j
and k. From each matrix of Euclidean distances, we
identified nearest neighbor (NND) and the dis-
tance to the assemblage centroid (CD) for each spe-
cies. Average NND is an index of species dispersion
in morphological space, the standard deviation of
NND serves as an index of the evenness of species
packing in morphological space (Findley 1973,
Ricklefs et al. 1981), and average CD provides an
index of niche diversification, or the relative size of
the morphological hypervolume defined by an as-

semblage.
Morphological distances were plotted against an

index of phylogenetic distance for the 50 smallest
and 50 largest pairwise morphological distances.
We based phylogenetic distances on Stiassny's

Each cichlid species was assigned a basic habitat
category based on adult captures and the detailed
field data gathered during the long term studies in
each river drainage. Because conspecifics are often
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found in more than one habitat, species were as- ical attributes into two datasets for CCA: one with
signed to habitat where the majority of adults were attributes associated with the head plus overall
collected. The habitat categories were (1) river or body size (i.e., SL), and one with attributes associ-
stream channel, (2) backwater or channel edge, and ated with body shape, We assume that head features
(3) dense aquatic vegetation or woody debris, and size should stress how an organism may capture

Volumetric proportions of stomachs contents prey over the habitat where it may forage, whereas
were estimated following the methods in Winemill- body shape should be associated with both how and
er (1989b, 1990, 1991b). For interfaunal compari- where a fish forages. In addition, we performed lin-
sons, diet items were reduced from approximately ear regressions on all combinations of morpholog-
80-160 functional categories (Winemiller 1990) to ical traits with diet items, as well as diet Euclidean
19 general categories: substrate, detritus, algae, aq-
uatic macrophytes, terrestrial vegetation, microfau- 6 Morphological Data

na, molluscs, microcrustacea, crustacea, miscella-
neous aquatic insects, Odonata, Hemiptera, Tri- 4 ,iA ,..
choptera, Coleoptera, Diptera, terrestrial insects, 'Q;o', ""

tetrapod vertebrates, fish scales, and fishes, This
was done in order to reduce bias from having differ- N 2 """

ent resources in different local and regional envi- ~ .." ~.:~.,
ronments. Stomach contents data were summed 0 g'" ~: across all available size classes within a S

pecies, and I \\ "'"I 0 \ .
in most cases, across different seasons as defined by \ 6 ~ \\.~
precipitation. Because larger individuals have -2 !~ ~ ~

much larger stomach volumes, the aggregate diet "',.Q '~:.::-..:::: 'p'-~::.;:,., data are very heavily influenced by adult diets. Spe- -4 """...6,..,

., . -6 -4 -2 0 2 4 6
cles' sample sIzes for stomach contents appear In
the Appendix (range 2-677). Species' pairwise Eu- 6 DI
I 'd d ' d b d d' etary Data

clean Istances were compute ase on letary
proportional volumes of 19 diet items using the 4 0.\\,

combined species dataset. 2 " ",
, ~ ' 0 d

'a 0 ,
..' ~o- 6"" 0'0 , ~ " 0" . ,

Analysis of ecological and morphological data ~ 4::::::~:'.' ~ ", "~.~ ,"
a. -2 6 ,,:.~,q'

". ..

Canonical correspondence analysis (CCA) was ""'" ""..
used to examine the multivariate relationship be- -4 """", \\

'. .
tween the dietary and morphological datasets. -6 ""'::\
CCA produces linear combinations (canonical vari- "~

abIes) for each of two data sets (diet and morphol- .8
ogy), with the stipulation that the two canonical - 4 - 2 0 2 4 6

variables are maximally correlated. As in PCA, re- PC 1 0 Apure
lationships of the original variables to the overall . T rtu 0 uguero
model of variance can be determined by examining
the coefficients of the canonical variables (canoni- . Zambezl

cal weights) or their correlations with the canonical
.. Fig, 4, Plots of species scores on the first two morphology gra-

axes. To test the hypothesIs that eIther head charac- d. t (t ) d th f ' t t d ' t d ' t (b tt ) d '
d, , , , , len s op an e Irs wo Ie ary gra len s 0 om enve

tenstIcs or body characterIstIcs may be assocIated from separate PCAs, Polygons bound each of the cichlid faunas,
with feeding performance, we divided morpholog- Statistics associated with PCA appear in the Results,
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distances with morphological Euclidean distances, 0.6 ~TUI u onuguero both of these based on the combined species data-.~ 0 Apure

set. ~ . Zambezi
UI 0.4-
0

c
Results .2

't: 0.2
0
Co

Patterns of morphological diversification ~
Q.

0.0
Univariate comparisons of the 29 morphological at- Detrit./Veg. Microinvert. Macroinvert. Fishes

tributes between cichlid faunas revealed only a few Diet category

large differences. Table 2 presents mean values and
coefficients of variation for each attribute by fauna. 0.8
Statistically significant mean faunal differences .~
were obtained for mouth position (Zambezi > ~ 0.6
Apure, Tortuguero; tZ.A = 3.05, OF = 14, P < 0.01; UI

tZ.T = 4.67, OF = 13, P < 0.0001), caudal fin height '0 0.4
(Zambezi < Apure, Tortuguero; tz A = 4.16, P 5
< 0.001; tz T = 5.37, P < 0.0001), anal fin ~dth (Tortu- ~. Co 0.2
guero > Apure, Zambezi; tT.A = 3.73, OF = 13, P ~
< 0.005; tTz = 6.75, OF = 13, P < 0.0001), log-relative Q.

gut length and maximum body length (Zambezi > 0.0 Channel Backwater/edge Vegetation/debris

Apure; tZ.A = 2.55, P < 0.025). The univariate faunal Habitat category
differences can be summarized by the observation
that the Apure fauna generally lacks herbivorous Fig. 5. Histograms showing the proportion of cichlid species in
and detritivorous cichlids with long coiled alimen- each fauna that were associated with four general diet categoriesI d h Z b . f 'h I t. I (based on volumetric proportions) and three general habitatca t-
tar y cana S' an team eZI auna as a re a lve Y . . . . ., . .. egones (based on field collection data). ChI-square contmgency
greater number of large predatory clchhds wIth su- test of faunas with habitats was X2 = 0.147, DF = 4, P = 0.997; and
praterminal mouths and relatively narrow caudal for faunas with diet categories X2 = 0.525, DF = 6, p = 0.998.
fins compared with the other cichlid faunas (ecolog-
ical data are presented in following sections). trusibility (- 0.31), snout length (0.29), pigmenta-

When species scores on the first two axes from tion (- 0.28), depth of the body below the midline
PCA are plotted for the morphological analysis, all (0.26), eye position (- 0.25), head depth (0.23), cau-
three cichlid faunas overlapped in the vicinity of the dal peduncle length (0.23), caudal peduncle width
centroid (Fig. 4). The first PC axis modeled 36% of (0.22), and body width (- 0.21). The third axis (ei-
the total morphological variation (eigenvalue = genvalue = 2.62) modeled 9% of morphological

10.33) and was most influenced by relative body variation and had the following dominant variable
depth (eigenvector = 0.28), anal fin length (0.25), loadings: maximum standard length (- 0.37), rela-
caudal fin length (0.24), anal fin width (0.24), pelvic tive gut length (- 0.35), pelvic fin length (- 0.31),
fin length (0.24), dorsal fin height (0.23), dorsal fin pectoral fin height (0.29), eye diameter (0.28), head
length (0.23), caudal peduncle length (- 0.22), depth (0.26), dorsal fin height (- 0.25), and anal fin
mouth width (- 0.22), body width (0.22), caudal pe- length (- 0.22). Compared with the Zambezi cichlid
duncle width (- 0.21), pectoral fin height (0.21), and fauna, the Apure and Tortuguero faunas tended to
eye diameter (0.20). The second PC axis modeled have more species with deeper bodies, longer dor-
14 % of the total morphological variation (eigenva- sal, caudal, anal, and pelvic fins, wider anal fins,
lue = 3.90) and was most influenced by relative more downturned mouths, shorter jaw protrusion,
mouth position (eigenvector = 0.34), mouth pro- shorter snouts, and darker pigmentation. Again,
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some of these findings seem to be consistent with a Q) 5.0 morpho d = 0.76 (diet d) + 1.46

larger relative proportion of fusiform piscivores in g r2 = 0.18

the Zambezi cichlid fauna. ~ 4.0 0

Based on results from the multivariate methods,:5 00
0

the Zambezi cichlid fauna appears to be less diversi- - 3.0

fied morphologically than either of the two neo- .~

tropical cichlid faunas. As defined by species scores g' 2.0

on the- first eight PC axes (Fig. 3), the size of the "0

.cfaunal morphological space as defined by species' e- 1.0 00

Euclidean distances to the faunal centroid was ~ 0 0

smaller for the Zambezi fauna than the other two 0.0

faunas, and the Apure space was largest (mean CD 0.0 0.5 1.0 1.5

for Apure = 1.83, Tortuguero = 1.42, Zambezi = Dietary distance
1.26; F for faunal CDs = 8.66, DF = 2.43; P < 0.0001;

Fig. 7. Plot of morphological Euclidean distance (based on spe-
cies loadings on first 8 PC axes) by dietary distance (based on

1.0 00 0 ~ volumetric proportions for 19 diet items) for dietary distances
0 < 1.55 among all possible species pairings in the combined fauna

~ 0.8 dataset (regression F = 95.52; DF = 1,482; P < 0.0001).
> 0
u
.~ 0.6 Tukey HSD test of mean differences Apure > Zam-
Co bezi, Tortuguero at p < 0.025). Based on mean near-

.~ 0.4 est neighbor distances using species' scores on the

~ first eight PC axes, Apure and Tortuguero cichlids

~ 0.2 tended to be more dispersed in morphological

space than Zambezi cichlids (mean NND for
0.00.1 0.2 0.3 0.4 Apure = 2.63, Tortuguero = 2.09, Zambezi = 1.79).

R I t . d . t The three faunas were more or less equivalent in

e a Ive eye lame er . . .

the evenness of dispersion In morphological space

(standard deviation of NND for Apure = 0.76, Tor-

~ 1.0 0 e tuguero = 0.66, Zambezi = 0.65).
0 0
> 0
~ 08 co 0
.. .

~ 0 0 Patterns of ecological diversification

">. 0.6 0
..
g 0 Frequency distributions of species in four general
:e 0.4 0 diet categories were not significantly different be-

~ tween cichlid faunas (Fig. 5), however Apure ci-
. 0.2 chlids tended to consume less detritus and vegeta-

"'Qj tion and more macroinvertebrates, and Zambezi ci-
a: 0.0

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 chlidstended to consume more fishes than the other

Log (relative gut length) faunas. When species scores on the first two PC axes

are plotted for the diet analysis, the three cichlid

Fig. 6. 'TWo examples of simple bivariate relationships between faunas again overlapped in the vicinity of the cen-

~orphological at~ributes a~d diet (relative ~ract~o~ of aggregate troid (Fig. 4). The first PC axis modeled 16% of the

Item by volumetnc proportion): (top) relative Plsclvory =-4.7 3 t t I d . t . t . ( .
I 305) and was. . . 0 a ie vana ion eigenva ue = .[log relative eye diameter] + 1.45, r2 = 0.49; (bottom) relative. .

herbivory and detritivory = 1.06 [log relative gut length] + 0.19, most Influenced by algae (eigenvector = - 0.34), de-
r2 = 0.53. tritus (- 0.34), terrestrial insects (0.32), substrate
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40 rn~;~~J guero, 'Cichlasoma' loisellei, was unique in its con-
Mor holo Within .. .U) p gy ~ Between sumptIon of lIZards (volumetnc percentage = 2.7)

.s 30 and was an outlier on the second PC axis (Fig. 4).

.~ In contrast to results from the multivariate analy-
c-

oo- 20 sis of morphology, cichlid faunas exhibited similar
~ diet diversities and species dispersions in diet space.
.8 10 As defined by species scores on the first eight PC
5 axes (eigenvalues> 1.0, modeling 74% of the total

z

variation), mean CDs for diets were 1.25 (Apure),
0 NN-1 NN-2 NN-3 NN-4 NN-5 1.36 (Tortuguero), and 0.97 (Zambezi). Zambezi ci-

chlid diet diversity was not statistically significantly
lower than diet diversities of the two neotropical ci-

40 Diet chlid faunas (F for faunal CDs = 2.34, DF = 2.43; P

U) > 0.05). Mean nearest neighbor distances based on
.W 30 the first eight PC axes were 1.78 (Apure), 1.81 (Tor-
.~ tuguero), and 1.37 (Zambezi), and standard devia-
'0 20 tions ofNND were 0.63 (Apure) , 0.91 (Tortuguero),
.. and 0.67 (Zambezi). Frequency distributions of spe-
~ 10 cies in four general habitat categories were not sig-
~ nificantly different between cichlid faunas (Fig. 5).

0
NN-1 NN-2 NN-3 NN-4 NN-5

Faunal ecomorphological relationships
Fig. 8. Frequency histograms of the number of species pairings
within-fauna versus between fauna for the first five ecomorph- B.. t I t. h.

b t h I .

I. . " Ivana e re a Ions I ps e ween morp 0 Og lca
ologlcal nearest neighbors and the first five dietary nearest. ..

neighbors. Plot is based on Euclidean distances among all pos- traits (log-transformed) and dIet proportions (cate-
sible species pairings in the combined fauna dataset. gories aggregated into three broad categories: fish,

invertebrates, and plants/detritus) were relatively
(- 0.32), Crustacea (0.32), Odonata (0.30), Coleop- weak with r values ranging between 0 and 0.55 (Fig.
tera (0.27), Ephemeroptera (0.27), Hemiptera 6). In some instances, much of the variation observ-
(0.23), and tetrapod vertebrates (0.22). The second ed around the least squares regression models
PC axis modeled 12 % of the total diet variation (ei- could be explained by the simultaneous influence of
genvalue = 2.23) and was most influenced by tetra- other morphological and ecological variables, and
pod vertebrates (eigenvector = - 0.44), Trichoptera this was examined by PCA and CCA.
(0.41), terrestrial insects (- 0.39), Crustacea We used the species scores on the first eight PCA
(- 0.36), Hemiptera (0.29), fish scales (0.27), Dipte- axes from the morphological dataset to calculate
ra (0.23), and fishes (- 0.21). The third axis (eigen- Euclidean distances among all possible pairwise
value = 1.92) modeled 10% of diet variation and had species combinations, both within and between fau-
the following dominant variable loadings: fishes nas. We used the dietary proportions for 19 prey cat-
(- 0.61), substrate (0.37), algae (0.34), detritus egories to calculate pairwise Euclidean distances,
(0.29), terrestrial insects (0.26), tetrapods (0.23), and plotted the bivariate relationship of morpho-
and Coleoptera (0.21). The Apure cichlid fauna logical distance and dietary distance for each spe-
tended to have more species that consumed large cies pair having a dietary distance < 1.5 (Fig. 7). The
amounts of terrestrial insects, crustacea and odona- relationship between morphological similarity and
ta nymphs, and more species that ate less detritus, diet similarity had a positive slope, but the correla-
algae and substrate, compared with the Tortuguero tion was weak (r = 0.18). Two factors should oper-
and Zambezi faunas. A single species from Tortu- ate here to reduce the correlation between morph-
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Table 3. Statistics associated with the first three canonical axes of Canonical Correlation Analysis performed on 9 head morphology
features and body size with 19 diet features and 6 body morphology features with 19 diet features. Features with eigenvectors between
- 0.40 and 0.40 are not shown.

Diet Diet 2 Diet 3 Diet 1 Diet 2

Canonical correlation
Proportion of variance

0.98**
0.55

0.94**
0.16

0.89*
0.08

0.96**
0.31

0.95*
0.24

Body features:
Peduncle height
Dorsal height
Dorsal length
Pectoral length
Anal length

Pigmentation

0.41

""'"'-

- 0.65

- 0.55-
0.62

-,

-
- 0.68

0.67
0.88

- 0.46
- 0.49

- 0.63

- 0.46

Head, size features:
Head length
Head depth

Eye position
Eye diameter
Mouth position
Mouth height
Mouth protrusibility
Gut length
Maximum length

Diet composition:
Detritus

Ephem., Plecopt.
Odonata

Coleoptera
Fishes

0.51
0.52

- 0.90

0.49~

0.60

-
-0.44
- 0.42
- 0.45

Diet composition:
Detritus

Algae
Aquatic vegetation
Ephemeroptera, Plecoptera
Trichoptera
Fishes

-
- 0.69

* p < 0.0001; ** P < 0.005; probabilities based on Wilks' lambda for the null hypothesis that the current and all subsequent canonical

correlations are zero.

8). Between-fauna matches actually exceeded the
number of within-fauna matches for nearest-neigh-
bor ranks 4 and 5 based on the morphological data
(Fig. 8). The evidence for interfaunal ecological
convergences was even more pronounced in the
dietary data. The numbers of between-fauna
matches actually exceeded those for within-fauna
matches for all nearest neighbor ranks except the
first one (Fig. 3). Among first dietary nearest neigh-
bors, the numbers of within- and between-fauna
matches were very similar (21 between, 25 within).

To serve as a morphological dataset associated
with feeding behavior and diet selection, we en-
tered 9 head features and body size (SL) into CCA
with an ecological data set consisting of the volu-
metric proportional utilizations of 19 diet catego-
ries. All 46 species were included in CCA. Canoni-
cal correlations and proportions of variance model-
ed by the CCA axes are given in Table 3. The first
morphological axis was associated with large eyes

ological similarity and dietary similarity: phyloge-
netic constraints on gross morphological changes,
and regional differences in the distribution of re-
source availabilities. Adaptive divergences and
evolutionary convergences in response to eco-
morphological constraints should operate to in-
crease the positive slope and the correlation be-
tween morphological distances and dietary distanc-
es.

The distributions of nearest neighbor pairings
were examined in relation to within-fauna matches
versus between-fauna matches for the first five
nearest neighbors of each species. This analysis was
first performed on the morphological Euclidean
distance matrix, then on the dietary matrix. For the
morphological data, most of the pairings were with-
in fauna for the first three nearest neighbors, how-
ever many between-fauna pairings were encoun-
tered (14, 15, and 22 between-fauna matches respec-
tively among the first 3 nearest-neighbor ranks; Fig.

-
0.48
0.50
0.58
0.55

-0.43

- 0.54

-0.48
0.46
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0,8 5
1/1 lEI Tortuguero
OJ 0

.s 0 Apure 8

.~ 0 6 . G 4 6CU ' Zambezi"
IQ. ;

0;
'0 :c 3

0.4 -
c ~
0 ,-.- aI- 0 2.. - .
0 0
Q. 0.2 -a.

I0 0
D: ~ 1 ..

0.0 stasis, parallelism
0,0-.25 .25-,50 ,50-,75 .75-1.0 0

. 0123456
Convergence Interval , ,

Phylogenetic dIstance

Fig. 9, Proportions of species in each cichlid fauna associated
' th f h I . I ' t I I I t d ' Fig.lO, Plot of ecomorphological Euclidean distance by phyloge-

WI our ecomorp 0 oglca convergence m erva s ca cu a e m

I t ' t h " f ' t t . hb Th netic distance for the 50 smallest and 50 largest nearest neighbor

re a Ion 0 eac species Irs neares nelg or, e convergence

' d ' d f ' d . th M th d distances (based on ecomorphological species pairings the com-

m ex IS e me m e e 0 s,

bined fauna dataset) and showing evolutionary divergence, sta-
sis and convergence. The phylogenetic distance between two

positioned relatively low on the side of the head, a species is equal to the highest nodes separating the species in

small compact mouth located terminally or subter- Figure 2.
minally, and a short body. This first morphological
axis was paired with a first dietary axis that was Community and species-level convergences
most influenced by algae and detritus feeding and
avoidance of fish prey. The second morphological Distributions of the convergence index, calculated
axis was associated with a long head and a short gut, for each species' nearest ecomorphological neigh-
and was paired with a dietary axis largely influenced bor, are plotted as intervals for each fauna in Figure
by avoidance of detritus and vegetation and feeding 9. For simplicity, we plotted the index as intervals,
on mayfly and stone fly nymphs. The third pair of however it is important to note that the index repre-
CCA axes were largely influenced by greater head sents a continuum representing varying degrees of
depth in association with feeding on caddisfly lar- evolutionary convergence. Cases of remarkable
vae. ecomorphological convergence are indicated by the

We entered 6 morphological features associated high index values (0.75-1.0). Each fauna contained
with body dimensions into a separate CCA as com- species showing a high degree of convergence. Even
ponents of shape associated with swimming per- relatively low values on the convergence scale rep-
formance and habitat selection. All 46 species were resent ecomorphological convergences, because
included, and the same dietary data were entered the null hypotheses (closest relatives are morpho-
into this CCA as the ecological dataset. The first logically most similar) predicts that Cij = O. Conver-
pair of body dimension and dietary axes were influ- gence was also widespread and distributions of the
enced by narrow caudal peduncle and light pigmen- convergence index were qualitatively similar in dis-
tation in association with avoidance of several ma- tance matrices involving lower ranking nearest
jor groups of aquatic insects (Table 3). The second neighbors.
body dimension axis was most influenced by large We plotted morphological Euclidean distance
dorsal fin, long anal and pectoral fins, and light pig- against phylogenetic distance for the 50 largest and
mentation. The second dietary axis was most influ- 50 smallest morphological distance scores from the
enced by detritus feeding and avoidance of fish matrix containing 1035 unique species pairings (Fig.
prey. The canonical correlation for the third pair of 10). If we assume that large morphological distance
axes was not statistically significant (p > 0.05). values represent ecological divergences, then large

morphological distance scores in association with
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Piscivore:
Picker: 'C'. dovii

'C'. centrarchus 'C', loisellei
'C'. managuense

. Generalized:
'C'. nigrofasciatum
'C'. septemfasciatum
'C'. citrinellum

0
. Scraper: Digger/Sifter:

nlcaraguense 'C'. rostratum
macullcauda 'C'. alfari
uba

"l:~:=~::~:~~~/~7"

Fig. 11. Examples of rapid evolutionary divergence in head morphology and feeding ecology within the clade of Central American
'Cichlasoma' species.

small values for phylogenetic distance indicate rela- ecomorphological features. Examples would in-
tively fast ecomorphological divergence. Most of clude the herbivorous and detritivorous Tialpia
the species pairings in this upper left-hand regions sparrmani and 1: rendalli from the Zambezi, al-
of Figure 10 involved the Tortuguero 'Cichlasoma' though the latter attains a greater maximum size
clade, and several points were derived from ecolog- than the former. Additionally, small detritivorous
icallydivergent Serranochromis from the Zambezi. and omnivorous 'Cichlasoma' nigrofasciatum and
The degree of morphological and ecological diver- 'C.' septemfasciatum are each placed in Miller's Ar-
sification observed among the sympatric species chocentrus section and have similar appearances,
within the Central American 'Cichlasoma' clade sizes, and ecologies. Even so, the species in each
approaches that observed among more phylogenet- these congeneric pairs have different habitat pref-
ically divergent cichlids viewed both within and be- erences.
tween other regions. Examples of basic ecological Species pairs that exhibit small morphological
niches are listed and their associated external head distances but large phylogenetic distances indicate
morphologies are illustrated for Central American ecological stasis, parallelism, or convergences (Fig.
'Cichlasoma' in Figure 11. 10). The evidence for ecological diversification

Species pairings associated with small values on among recently divergent taxa renders the hypoth-
both axes of Figure 10 indicate closely related spe- esis for stasis in the evolution of ecomorphological
cies (congeners) that have diverged little in their phenotypes an unlikely option. Neither this analy-
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Cichla orinocensis, "=11

. Detritus, Veget.
m Algae
D Seeds. Fruit
~ Crustacea
~ Molluscs
~ Insects
0 Fish
0 Other

'Cichlasoma' dovii, "=156

. Detritus, Veget.
a Algae
ID Seeds, Fruit
~ Crustacea
~ Molluscs
0 Insects
0 Fish
0 Other

"=189

. Detritus, Veget.. Algae
ID Seeds, Fruit
~ Crustacea
~ Molluscs
~ Insects
EJ Fish
0 Other

Fig. 12. Piscivorous cichlids (left column) and vegetation-dwelling insectivorous (right column) cichlids and their diets (illustrated by
fractional volumes among general diet categories). Cichlids in the top row are from the Rio Apure drainage (Venezuela), those in the
middle row are from the Rio Tortuguero drainage (Costa Rica), and those in the bottom row are from the Zambezi River drainage

(Zambia).
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Mesonauta festivum, n=25

. Detr~us, Veget.

. Algae
OJ Seeds, Fru~
~ Crustacea
~ Molluscs
~ Insects
~ Fish
0 Other

'Cichlasoma' centrarchus, n=182

. Detritus, Veget.
m Algae
D Seeds, Fruit
~ Crustacea
~ Molluscs
12] Insects
~ Fish
0 Other

Serranochromis carlottae, n=54

. Detritus, Veget.
a Algae
D Seeds, Fruit
~ Crustacea
~ Molluscs
E:J Insects
D Fish
0 Other

"r.."~ "t,;"oJ""., "-"'"

Fig. 12.- right column.
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'Aequidens' pulcher, n=677

Detritus, Veget.
Algae

- Seeds, Fruit
~ Crustacea
~ Molluscs
~ Insects
0 Fish
0 Other

Pharyngochromis darlingi, n=35

. Detritus, Veget.
m Algae
[;1] Seeds, Fruit
fij Crustacea
~ Molluscs
IZJ Insects
~ Fish
D Other

~

Fig. 13. Epibenthic generalists (left column) and omnivorous digger/sifter (right column) cichlids and their diets. Cichlids in the top row
are from the Apure drainage, those from the middle row are from the Tortuguero drainage, and those in the bottom row are from the
Zambezi drainage.
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Geophagus surinamensis, n=5

. Detritus. Veget.

. Algae
D Seeds. Fruit
~ Crustacea
~ Molluscs
(?:J Insects
D Fish
0 Other

'Cichlasoma' rostratum, n=13

. Detritus, Veget.

Algae
Seeds, Fruit
Crustacea
Molluscs
Insects
Fish

D Other

Serranochromis codringtoni, n=163

. Detritus, Veget.
II Algae
[!J Seeds, Fruit
~ Crustacea
m Molluscs
eJ Insects
EJ Fish
0 Other

Fig. 13.- right column.
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'Cichlasoma' nigrofasciatum, n=51

. Detritus, Veget.

. Algae
0 Seeds, Fruit
~ Crustacea
~ Molluscs
0 Insects
0 Fish
0 Other

'Cichlasoma' maculicauda, n=160

. Detritus. Veget.
m Algae
0 Seeds. Fruit
~ Crustacea
~ Molluscs
[;1 Insects
0 Fish
0 Other

Tilapla ruweti, "=11

. Detritus, Veget.
m Algae
!!ill Seeds, Fruit
~ Crustacea
~ Molluscs
~ Insects
t:!J Fish

0 Other

Detritus, Veget.
Algae
Seeds, Fruit
Crustacea
Molluscs
Insects
Fish
Other

Fig. 14.
two bottom-left cichlids are from the Zambezi drainage. Two specialized ecological niches from the Central American cichlid fauna:
(top-right) 'Cichlasoma' tuba, a rheophilic, epibenthic frugivore from the Tortuguero/Sarapiqui drainages, and (bottom-right) Neetro-
plus nematopus, a small epibenthic algae-scraper from the Sarapiqui drainage in Costa Rica.
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'Cichlasoma' tuba, n=2

. Detritus, Veget.
Algae
Seeds. Fruit

~ Crustaceam Molluscs
~ Insects
~ Fish
0 Other

Neetroplus nematopus, n=2

I Detrijus, Veget.. Algae
D Seeds, Fruij
~ Crustacea
~ Molluscs
r.a Insects
Q Fish
0 Other

Fig. 14.- right column.

sis, not the convergence index has the power to dis-
tinguish between evolutionary parallelism and con-
vergence. (This would require examining ecological
traits as characters states in relation to a fully re-
solved phylogeny.) However given that we are deal-
ing with several related clades, each of which exhib-
its significant divergence, it seems unlikely that
more than a few, if any, of the points in the lower
right-hand comer of the plot in Figure 11 could rep-
resent parallel evolution. Several examples of
morphologically and ecologically convergent ci-
chlids from separate biotic regions are illustrated in
Figures 12, 13, and 14.

Discussion

The comparative approach in ecomorphology has
been quite successful in establishing patterns of co-
variance between morphology and ecology. Ecolo-
gists have exploited these patterns and have formed
a rather vague theory of ecomorphology to serve as
a functional link, or intermediary, for causal mecha-
nisms that are difficult to observe and document in
the field. Motta & Kotrschal (1992) have outlined a
research program designed to test and perhaps
strengthen this functional link. Whereas others
have focused on the more reductionistic elements
of their program (i.e., the study of covariance in
morphology and environmental factors, functional
morphology, ontogeny), we have presented results
of research aimed at the higher-level components of
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community structure and the directions of evolu-
tionary change. Research at this level is dependent
on information and advances at lower strata in the
biological hierarchy and, in addition, requires relia-
ble phylogenetic information. Because our hypoth-
esis of phylogeny for the family Cichlidae lacks a
high degree of resolution and rigorous empirical
support, we present our results more as a demon-
stration case for Motta & Kotrschal's paradigm
rather than a documentation of presumed facts.

The question of faunal and community diversifi-
cation and interfaunal convergent evolution are
central to the basic hypothesis of ecomorphology. If
a given morphological configuration has a multi-
plicity of functions, and none of these functions play
a primary ecological role in ecological segregation,
then ecologists cannot invoke the theory of eco-
morphology for community studies. What kinds of
evidence are required to determine whether or not
independent faunas have evolved similar patterns
of niche diversification in response to similar envi-
ronmental factors? First of all, a phylogeny is re-
quired to distinguish between convergence and par-
allelism and to identify historical design constraints
among contemporary taxa. In addition, one must
have reasonably comparable units and scales
among: (1) heritable morphological traits that re-
flect ecologically relevant functions, (2) faunas and
taxa, and (3) regions and physical and biotic envi-
ronments. Because half of the equation involves ec-
ological performance (as distinguished from func-
tional morphology), ecological data must be appro-
priately detailed and sufficiently replicated within
and between different time intervals.

Using fluvial cichlids from three biotic regions,
we have attempted to test the nested hypotheses of
convergent patterns of community-level diversifi-
cation involving convergent evolution at the species
level. Although the true phylogenetic relationships
of all species in the three assemblages are not
known, we have a reasonable hypothetical phyloge-
ny based on the work synthesized by Stiassny
(1991). The three regions have been well document-
ed, and their historical faunal relationships to ad-
jacent basins have been investigated (Myers 1966,
Jubb 1967, Balon 1974, Lowe-McConnell 1975, 1991,
Bussing 1976, Taphorn 1990). The functional rela-~

tionships between several morphological features
with feeding or locomotion have been investigated
for cichlids and other fishes, allowing us to use cor-
relative methods with a reasonable degree of confi-
dence. Finally, we have extensive and detailed ec-
ological data for most of the cichlid species plus
many of the noncichlid ichthyofaunal components
of these three regions.

We found that on a broad scale of resolution,
community structure is convergent in that several
distinctive niches are represented in the same mac-
rohabitats. For both morphological and dietary da-
ta, all three faunas overlapped at the centroid of the
total PCA space (Fig. 4). The Zambezi cichlid fauna
exhibited significantly less morphological diversifi-
cation than the neotropical cichlid faunas and
showed a trend (but without statistically significant
differences in dispersion) toward less dietary diver-
sification. All three regional cichlid faunas con-
tained a variety of specialized piscivores, inverte-
brate diggers/sifters, mollusc crushers, vegetation-
dwelling invertebrate pickers, generalized inverte-
brate-feeders (examples illustrated in Fig. 12, 13,
and see Appendix). Evidence of detritivory was ve-
ry rare in the Rio Apure cichlid fauna, but detritivo-
rous and herbivorous specialists were well repre-
sented in cichlid assemblages of the other two re-
gions (Fig. 14). Although our sample size was small
(n = 25), Mesonauta festivum was the only Apure
cichlid that exhibited significant fractions of detri-
tus in the diet (volumetric percentage = 29.4), and
this is probably taken in association with caddisfly
larvae most of the time (Trichoptera percentage =
18.3). The correlation between relative length of
the alimentary canal and detritivory and herbivory
was the strongest bivariate ecomorphological rela-
tionship (Fig. 6), and Apure cichlids exhibited a
much lower mean relative gut length than cichlids
of the other regions (Table 2). We hypothesize that,
both on ecological and evolutionary time scales, the
abundant and diverse algivorous and detritivorous
fishes of the orders Characiformes and Siluriformes
have occupied the algae-browsing, algae-scraping,
and detritivorous feeding niches to the exclusion of
cichlids. In particular, the diverse loricariid catfish-
es are locally abundant in nearly all Apure basin
habitats. and nearlv all of the loricariids examined~
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by Winemiller (1990a, and unpublished data) are
specialized for algae-scraping or detritus-feeding
(see also Power 1984). We presume that ostariophy-
san fishes in early South America were more pread-
apted than cichlids to exploit algae and detritus.
Present day characiforms in South America exhibit
a vast diversity of ecological niches including nu-
merous detritivores and periphyton browsers, and
the latter are especially predominant within the
families Curimatidae, Chilodontidae, Prochilodon-
tidae, Anostomidae, and Hemiodontidae (Gery
1977, Bowen 1983).

From the perspective of our fluvial cichlid faunas,
three species appear to have evolved unique eco-
logical niches. Chaetobranchus flavescens from the
Apure drainage is a deep-bodied vegetation-dwell-
ing cichlid with long comb-like gill rakers and was
the only zooplankton specialist encountered in our
study. 'Cichlasoma' tuba from the Tortuguero fauna
is a large epibenthic fruit and periphyton-browser
with compact jaws armed with incisor-like anterior
teeth (our small sample documented only fruit and
associated nematodes, but see also Bussing 1987).
Compact jaws and a steeply sloping, convex head
profile in 'C.' tuba indicate good capability for bit-
ing and tearing (Barel 1983). This unusual cichlid
(Fig. 14) appears to favor moderate to swift water
currents in rainforest streams where it finds sunken
fruits and periphyton that may be less available to
smaller omnivorous and herbivorous fishes like As-
tyanax fasciatus (Characidae) or Poecilia gilli (Poe-
ciliidae), the two being very abundant in slower
marginal areas of the same streams. The large frugi-
vorous characid, Brycon guatemalensis, swims high-
er in the water column than 'C'. tuba and probably
takes fruit and seeds most frequently from the sur-
face or water column in deep pools, backeddies
along river margins, and backwaters (Winemiller
1990 and personal observations). With its small sub-
terminal mouth, flat incisor-like teeth and convex
dorsal head profile, Neetroplus nematopus from
Tortuguero/Sarapiqui was the only other truly spe-
cialized periphyton-browser (Fig. 14) among our 46
fluvial cichlids. Periphyton-browsing has been doc-
umented many times among African cichlids of the
central ZaIre drainage (Roberts 1972, Lowe-

McConnell 1991) and rift lakes (Fryer 1959,
McKaye & Marsh 1983, Yamaoka 1991).

Few cichlids exhibited highly canalized foraging
specializations, rather most species possess some
capability to forage on a wide variety of inverte-
brate prey when they are available. Functional
trade-offs involved in specialized foraging versus
generalized invertebrate-feeding were not investi-
gated here, but are hypothesized to exist to some
degree in all cases. Meyer (1989, 1990a, 1990b) dem-
onstrated the functional trade-off associated with
molluscivory in two feeding morphs of the midas ci-
chlid, 'Cichlasoma' citrinellum, inhabiting lakes in
Nicaragua. We did not analyze intraspecific varia-
tion in 'C.' citrinellum from the Tortuguero drain-
age, but small bivalve molluscs comprised a major
fraction of its diet (volumetric percentage = 52.3),
and it was morphologically convergent (Cjj = 0.71)

with Serranochromis giardi, the most molluscivo-
rous cichlid (mollusc volumetric percentage = 50.3)
from the Zambezi drainage, and ~equidens' cf.
pulcher (Cjj = 0.87), an epibenthic generalist. The
most molluscivorous cichlids in the Apure drainage
were ~.' cf. pulcher (mollusc volumetric percent-
age = 12.7) and Cichlasoma orinocense (molluscs =
18.1 %), with the former taking mostly small bi-
valves (bivalves = 7.3 %) and the latter consuming
mostly snails (snails = 17.0%).

Patterns of habitat affiliation among three basic
habitat categories showed interfaunal similarities
as well. Within each river basin, cichlid alpha diver-
sity is greatest within low gradient streams of inter-
mediate size, lagoons, and backwaters of larger riv-
ers. Cichlids are not abundant in the channel re-
gions of large rivers (Fig. 5). Jackson (1961) hypoth-
esized that the threat of predation by tigerfish
(Hydrocynus spp.: Characidae) may restrict the use
of river channels by African cichlids. Winemiller
(1991b) collected only one of the nine species of Ser-
ranochromis from the main channel region of the
Upper Zambezi with any regularity. Indeed, S. ro-
bustus was the only cichlid species commonly en-
countered in the main channel of the Zambezi. The
local distribution of Serranochromis thumbergi, the
other channel-dwelling Zambezi cichlid, appears to
correlate with the absence of tigerfish (Bell-Cross
& Minshull 19RR- Winemiller nersonHI ohseTVH-
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tion). For example, tigerfish are absent from the Ka-
fue River, and S. thumbergi is much more abundant
there compared with the upper Zambezi (Lagler et
al. 1971). In a manner similar to tigerfish, piranhas
(Pygocentrus, Serrasalmus spp.: Characidae) may
also restrict the occupation of South American
stream channels by other diurnal fishes, including
cichlids (Winemiller 1989b). Habitat selection by ci-
chlids inhabiting larger rivers and lagoons at Tortu-
guero is probably influenced by large diurnal pisci-
vores as well [i.e., Megalops atlanticus (Elopidae),
Centropomus undecimalis (Centropomidae), and
Atractosteus tropicus (Lepisosteidae), documented
in Winemiller & Leslie 1992].

The percomorph body plan appears to suit ci-
chlids particulary well for life in slack water and
vegetated habitats. Except perhaps for Serrano-
chromis thumbergi, none of the fluvial cichlids ex-
amined here could be considered midwater active
fishes (Appendix 1). Most of the species were asso-
ciated with highly structured edge or vegetation
habitats, and others hovered close to the substrate
in the more open habitats in lagoons and smaller
streams. Serranochromis thumbergi is reported to
be active at midwater depths in rivers lacking tiger-
fish and lurks near rocky structure in fast water or
inhabits marshy areas in regions where tigerfish are
present (Bell-Cross & MinshuIl1988). Interestingly,
the species that occupied the smallest streams and
occupied the greatest range of habitats in each re-
gion were all generalized feeders with proclivities
for digging and sifting food from the substrate (~e-
quidens' cf. pulcher - Apure, 'Cichlasoma' alfari -
Tortuguero, Pharyngochromis darlingi and Pseu-
docrenilabrus philander-Zambezi). Males of these
species are also among the most stikingly colored of
the cichlid species represented in each fauna (Fig.
12). Possibly, the paucity of large piscivores in small
streams reduces predation and has permitted inter-
sexual selection to drive the evolution of height-
ened coloration in males of these generalist species.

ological and ecological divergences and conver-
gences in fluvial cichlid fishes from three biotic re-
gions. Based on the best available hypothesis of
phylogeny, the rate of ecomorphological diver-
gence appears to have been fast in Central Amer-
ican cichlids relative to South American and Afri-
can fluvial assemblages. Cichlid fishes of the Afri-
can rift lakes have provided evolutionary biology
with some of the most remarkable examples of rap-
id phyletic, morphological, and ecological diver-
gence (Witte 1984, Meyer et al. 1990, Meyer 1993).
The degree of morphological divergence and eco-
logical specialization among fluvial cichlids is no
less remarkable, yet river-dwelling species have not
received the intense scrutiny of their lacustrine
counterparts for several probable reasons. Cichlids
are not the dominant faunal components of rivers
where ostariophysan fishes (characiforms, siluri-
forms, cyprinforms) often outnumber cichlids in
terms of species richness and biomass. In contrast to
the rift lake fishes, cichlid diversity in rivers is con-
tained within numerous drainage basins covering a
very large area of the global landmass. In addition,
ecological specializations tend to be more difficult
to identify in river fishes, because flooding cycles
shift spectra of resource availability and ratios of
consumer demand and supply (Winemiller 1989b,
1990). Oftentimes, resource segregation and niche
shifts among river fishes can be perceived only in
relation to multiple seasonal cycles, which necessi-
tates large field samples and examination of many
individuals. Whereas rift lake cichlids appear to be
derived from fairly recent common ancestors
(Meyer et al. 1990), to deal with the phylogenetic
relationships of river cichlids on a global basis es-
sentially requires dealing with the phylogeny of the
entrie family (sensu Stiassny 1992).

Community ecology and basic evolutionary
questions of adaptive divergence and convergent
evolution are central issues in ecomorphological
theory. In terms of existing systematic and ecolog-
ical theory and methodology, the study of ecological
diversification and convergence is a viable enter-
prise. Yet to succeed, these studies require much de-
tailed data at several levels of the biological hierar-
chy, in addition to reliable phylogenetic informa-
tion. We have explored community organization,~

Conclusions

Based on fairly broad phylogenetic, ecological, and
geographical scales, we have documented morph-
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ecological diversification, and convergent evolu-
tion using ecological and morphological datasets
for fluvial cichlid fishes from three biotic regions
and a recent hypotheses of phylogenetic relation-
ships for the family. We expect that the production
of a more resolved phylogeny could alter some of
our specific findings, especially at the species level.
An improved phylogeny with greater resolution
would also facilitate tests of parallel versus conver-
gent evolution and aid our understanding of histor-
ical and morphological design constraints. In this
regard, we consider the present study an initial step
in the exploration of adaptive divergence and ec-
ological convergence in fluvial cichlids.

References cited

Acknowledgements

Numerous individuals assisted in the field collec-
tions, and special thanks go to D.C. Taphorn, L.G.
Nico, A. Barbarino, E. Urbina, J. Masinja, G. Mili-
ni, Mr. Sinda, and W. Ritter. Institutional support
abroad was provided by D.C. Taphorn of the Uni-
versidad Experimental de los Llanos Occidentales
in Venezuela, H. Haug and E. Chamorro of the Ser-
vicio de Parques Nacionales de Costa Rica, and E.
Muyanga and G. Milindiofthe Department of Fish-
eries of Zambia. Collecting and fishing permits
were obtained from the Direccion Administacion y
Desarollo Pesquero de la Republica de Venezuela,
Servicio de Parques Nacionales de Costa Rica, and
the Department of Fisheries and National Commis-
sion of Development Planning of the Republic of
Zambia. Field work was funded by the National
Geographic Society, the Tinker Foundation, the
National Science Foundation, and the Fulbright
Program for International Exchange of Scholars.
Latter stages of the study were performed under the
sponsorship of the Electric Power Institute under
contract no. RP2932-2 (DOE No. ERD-87-672)
with the Oak Ridge National Lab. ORNL is oper-
ated by Martin Marietta Energy Systems, Inc. un-
der contract DE-ACO5-840R21400 with the U.S.
Department of Energy. This is publication no. 4242
of the Environmental Sciences Division, ORNL.
We thank A. Meyer, S.O. Kullander, and G.R.
Smith for critical reviews of earlier drafts.

Atchley, W.R. & D.E. Anderson. 1978. Ratios and the statistical
analysis of biological data. Syst. Zool. 27: 71-78.

Alexander, R.M. 1970. Mechanics of the feeding action of vari-
ous teleost fishes. J. Zool., Lond.162: 145-156.

Balon, E.K. 1974. Fishes from the edge of Victoria Falls: demise
of a physical barrier for downstream migration. Copeia 1974:
643-660.

Barel, C.D. 1983. Towards a constructional morphology of ci-
chlid fishes (Teleostei, Perciformes). Neth. J. Zool. 33: 357-
424.

Bell-Cross, G. & J.L. Minshull. 1988. The fishes of Zimbabwe.
National Museums and Monuments of Zimbabwe, Harare.
294 pp.

Bookstein, F.L., B. Chernoff, R.L. Elders, J.M. Humphries, Jr.,
G .R. Smith & R.E. Strauss. 1985. Morphometrics in evolution-
ary biology. Special Public. 15, Acad. Nat. Sci. Philadelphia,
Philadelphia. pp. 277.

Bowen, S.H. 1983. Detritivory in neotropical fish communities.
Env. BioI. Fish. 9: 137-144.

Bussing, W.A.1976. Geographic distribution of the San Juan ich-
thyofauna of Central America with remarks on its origin and
ecology. pp.157-175. In: T.B. Thorson (ed.) Investigations of
the Ichthyofauna of Nicaraguan Lakes, Plenum Publishers,
New York.

Bussing, W.A.1987. feces de aguas continentales de Costa Rica.
Editorial de la Universidad de Costa Rica, San Jose. 271 pp. (in

Spanish).
Douglas, M.E. 1987. An ecomorphological analysis of niche

packing and niche dispersion in stream fish clades. pp. 144-
149. In: W.J. Matthews & D.C. Heins (ed.) Community and
Evolutionary Ecology of North American Stream Fishes, Uni-
versity of Oklahoma Press, Norman.

Felley, J.D. 1984. Multivariate identification of morphological-
environmental relationships within the Cyprinidae (Pisces).
Copeia 1984: 442-455.

Fenton, M.B. 1972. The structure of aerial feeding bat faunas as
indicated by ears and wing elements. Can. J. Zool. 50: 287-296.

Findley, J.S.1976. The structure of bat communities. Amer. Nat.
110: 129-139.

Fryer, G. 1959. The trophic interrelationships and ecology of

some littoral communities of Lake Nyasa with special refer-

ence to the fishes, and a discussion of the evolution of a group

of rock-frequenting Cichlidae. Proc. Zool. Soc. Lond. 132:

153-281.

Gatz, A.J., Jr. 1979a. Ecological morphology of freshwater

stream fishes. Thlane Studies in Zool. Bot. 21: 91-124.

Gatz, A.J., Jr. 1979b. Community organization in fishes as indi-

cated by morphological features. Ecology 60: 711-718.

Gatz, A.J., Jr. 1981. Morphologically inferred niche differentia-

tion in stream fishes. Amer. MidI. Nat. 106: 10-21.

Gery, J.1977. Characoids of the world. TFH Publications, Nep-

tune. 672 pp.

Greenwood, P.H. 1979. Towards a phyletic classification of the



260

ized algae-scraping cichlid fishes in Lake Malawi, Africa. Oe-

cologia 56: 245-248.

Meyer, A. 1989. Cost of morphological specialization: feeding

performance of the two morphs in the trophically polymor-

phic cichlid fish, Cichlasoma citrinellum. Oecologia 80: 431-

436.

Meyer, A.1990a. Morphometrics and allometry in the trophical-

Iy polymorphic cichlid fish, Cichlasoma citrinellum: alterna-

tive adaptations and ontogenetic changes in shape. J. Zool.

Lond. 221: 237-260.

Meyer, A. 1990b. Ecological and evolutionary consequences of

the trophic polymorphism in Cichlasoma citrinellum (Pisces:

Cichlidae). BioI. J. Linn. Soc. 39: 279-299.

Meyer, A. 1993. Phylogenetic relationships and evolutionary

processes in the east African species flock of cichlid fishes.

Tends Ecol. Evol. 8: 279-284.

Meyer, A., T.D. Kocher, P. Basasibwaki & A.C. Wilson. 1990.

Monophyletic origin of Lake Victoria cichlid fishes suggested

by mitochondrial DNA sequences. Nature 347: 550-553.

Miller, R.R. 1976. Geographical distribution of Central Amer-

ican freshwater fishes, with Addendum. pp. 125-156. In: T.B.

Thorson (ed.) Investigations of the Ichthyofauna of Nicara-

guan Lakes, University of Nebraska Press, Lincoln.

Motta, P.J. & K.M. Kotrschal. 1992. Correlative, experimental,

and comparative evolutionary approaches in ecomorphology.

Neth. J. Zool. 42: 400-415.

Moyle, P.B. & F.R. Senanayake. 1984. Resource partitioning

among the fishes of rainforest streams in Sri Lanka. J. Zool.,

Lond. 202: 195-223.

Myers, G.S.1966. Derivation of the freshwater fish fauna ofCen-

tral America. Copeia 1966: 766-773.

Orians, G.H. & R.T. Paine. 1983. Convergent evolution at the

community level. pp. 431-458. In: D.J. Futuyma & M. Slatkin

(eds) Coevolution, Sinauer, Sunderland.
Page, L.M. & D.L. Swofford. 1984. Morphological correlates of

ecological specialization in darters. Env. BioI. Fish. 11: 139-159.

Power, M.E.1984. Habitat quality and the distribution of algae-

grazing catfish in a Panamanian stream. J. Anim. Ecol. 53:
357-374.

Prairie, Y.T. & D.F. Bird. 1989. Some misconceptions about the
spurious correlation problem in the ecological literature. Oe-
cologia 81: 285-289.

Rand, A.S., M.J. Ryan & W. Wilczynski. 1992. Signal redundancy
and receiver permissiveness in acoustic mate recognition by
the tlingara frog, Physalaemus pustulosus. Amer. Zool. 32: 81-
90.

Reist, J.D. 1985. An empirical evaluation of several univariate
methods that adjust for size variation in morphometric data.
Can. J. Zool. 63: 1429-1439.

Ricklefs, R.E., D. Cochran & E.R. Pianka. 1981. A morpholog-
ical analysis of the structure of communities of lizards in desert
habitats. Ecology 62: 1474-1483.

Ribbink, A.J., B.A. Marsh, A.C. Ribbink & B.J. Sharp. 1983. A
preliminary survey of the cichlid fishes of rocky habitats in
Lake Malawi. S. Afr. J. Zool.18: 149-310.

'genus' Haplochromis (Pisces: Cichlidae) and related taxa.
Part I. Bull. British Mus. Nat. Hist. (Zool.) 35: 265-322.

Grossman, G.D. 1986. Food resource partitioning in a rocky in-
tertidal fish assemblage. J. Zool., Lond. 1: 317-355.

Hespenheide, H.A. 1973. Ecological inferences from morpho-
logical data. Ann. Rev. Ecol. Syst. 4: 213-229.

Hori, M.1983. Feeding ecology of thirteen species of Lamprolo-
gus (Teleostei: Cichlidae) coexisting at a rocky shore of Lake
Tanganyika. Physiol. Ecol. Japan 20: 129-149.

Hutchinson, G.E. 1959. Homage to Santa Rosalia, or why are
there so many kinds of animals? Amer. Nat. 93: 145-159.

Jackson, D.A. & K.M. Somers. 1991. The spectre of 'spurious'
correlations. Oecologia 86: 147-151.

Jackson, P.B.N. 1961. The impact of predation, especially by the
tiger-fish (Hydrocynus vittatus Cast.) on African freshwater
fishes. Proc. Zool. Soc. Lond. 136: 603-622.

Jubb, R.A. 1967. Freshwater fish of Southern Africa. Balkema
Press, Capetown. 248 pp.

Karr, J .R. & F.C. James. 1975. Eco-morphological configurations
and convergent evolution in species and communities.
pp. 258-291. In: M.L. Cody & J.M. Diamond (eds) Ecology
and Evolution of Communities. The Belknap Press of Har-
vard University Press, Cambridge.

Kullander, S.O. 1983. A revision of the South American cichlid
genus Cichlasoma. Swedish Museum of Natural History,
Stockholm. 296 pp.

Kullander, S.O. 1986. Cichlid fishes of the Amazon River drain-
age of Peru. Swedish Museum of Natural History, Stockholm.
431 pp.

Lagler, K.F., J.M. Kapetsky & D.J. Stewart. 1971. The fisheries of
the Kafue flats, Zambia, in relation to the Kafue Gorge dam.
FAO Technical Report F1: SF/ZAM 11.161 pp.

Lauder, G. V. 1983. Functional and morphological bases of troph-
ic specialization in sunfishes (Teleostei; Centrarchidae). J.
Morphol. 178: 1-21.

Liem, K.F.1980. Adaptive significance of intra- and interspecific
differences in the feeding repertoires of cichlid fishes. Amer.
Zool. 20: 295-314.

Liem, K.F. 1991. Chapter six: Functional morphology. pp. 129-
150. In: M.H.A. Keenleyside (ed.) Cichlid Fishes: Behavior,
Ecology and Evolution, Chapman and Hall, New York.

Liem, K.F. & J. W. Osse. 1975, Biological versatility, evolution,
and food resourse exploitation in African cichlids. Amer.
Zool. 15: 427-454.

Lowe-McConnell, R.H.1975. Fish communities in tropical fresh-
waters: their distribution, ecology, and evolution, Longman
Press, London. 337 pp.

Lowe-McConnell, R.H.1991. Chapter three: Ecology of cichlids
in South American and African waters, excluding the African
great lakes.pp.129-150.In: M.H.A. Keenleyside (ed.) Cichlid
Fishes: Behavior, Ecology and Evolution, Chapman and Hall,
New York.

MacArthur, R.H. & R. Levins. 1967. The limiting similarity, con-
vergence, and divergence of coexisting species. Amer. Nat.
101: 377-385.

McKaye, K.R. & A. Marsh. 1983. Food switching by two special-



261

Yamaoka, K. 1983. Feeding behavior and dental morphology of

algae scraping cichlids (Pisces: Teleostei) in Lake Tanganyika.
Afr. Stud. Monogr., Kyoto Univ. 4: 77-89.

Yamaoka, K.1991. Chapter 7: Feeding relationships. pp. 151-172.

In: M.H.A. Keenleyside (ed.) Cichlid Fishes: Behavior, Ecol-

ogy and Evolution, Chapman and Hall, New York.

Appendix L List of species from each river drainage basin (C =
common, R = rare). Basic ecological niches are coded as follows:
EBI = epibenthic invertebrate feeder, DBI = diurnal benthic in-
vertebrate feeder, GVI = generalized vegetation-dwelling inver-
tebrate feeder, DVI = deep-bodied vegetation-dwelling inverte-
brate feeder, VIP = vegetation-dwelling invertebrate feeder/pis-
civore, VDA = vegetation-dwelling detritivore/algivore, EMP =
epibenthic and midwater pursuit piscivore, SMP = edge-stalking
midwater piscivore, SEP = edge-stalking epibenthic piscivore,
EDA = epibenthic detritivore/algivore, EDI = epibenthic dig-
ging invertebrate feeder, EAS = epibenthic algae scraper,
FRU = frugivore. Numbers inside parentheses are sample sizes

for stomach contents analyses.

Venezuela, RIo Apure drainage: ~equidens' cfpulcher (C, EBI,

677), Aequidens tetramerus (R, EBI/EDA, 7), Apistogramma

hoignei (C, G VIIDVI, 181), Asronotus ocellatus (C, VIP, 99), Ca-

quetaia kraussii (C, VIP/SMP, 370), Chaetobranchus flavescens

(R, DVI, 3), Cichla orinocensis (C, EMP, 11), Cichlasoma orino-

cense (C, EBIIDVI, 271), Crenicichla geayi (C, G VI, 112), Crenic-

ichla lugubris (C, SEP, 5), Crenicichla saxatilis (C, VIP, 52), Ge-
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