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Abstract

To investigate forces inXuencing diversiWcation in Neotropical Wshes, the phylogenetic relationships among species and populations of
the cichlid genus Cichla were examined. Mitochondrial DNA was sequenced for 454 individuals of the 5 nominal Cichla species and sev-
eral putative undescribed species. Phylogenetic analyses support the distinction of two major clades of Cichla. Clade A includes C. temen-
sis and two undescribed species from the lower Amazonas and Xingu Rivers. Clade B includes C. orinocensis, C. monoculus, C. ocellaris.
C, intermedia, and an undescribed species from the upper Madeira River. Species boundaries were relatively well-circumscribed for clade
B, while incomplete lineage sorting was inferred for clade A. Three probable instances of introgression were observed, including a regional
population of C. orinocensis from the Negro River that shows a history of introgression. Biogeographic patterns from Cichla are partially
congruent with those seen in several other Neotropical Wsh clades, and the diversiWcation of Cichla species is inferred to result from both
vicariance and sympatric divergence.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Molecular investigations of the higher-level systematics
of tropical South American freshwater Wshes are becoming
more common (e.g., Orti and Meyer, 1997; Farias et al.,
1999; Hrbek and Larson, 1999; López-Fernández et al.,
2005), but relatively few molecular studies of species-level
or intraspeciWc phylogeny have been published (Dergam
et al., 1998; Hrbek and Larson, 1999; Lovejoy and de Ara-
újo, 2000; Andrade et al., 2001; Sivasundar et al., 2001; Der-
gam et al., 2002; Montoya-Burgos, 2003; Moyer et al., 2004;
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Turner et al., 2004; Hrbek et al., 2005a,b; Iíban and Kul-
lander, 2006; Renno et al., 2006). Species-level phylogenies
are essential for reconstructing biogeographic events, and
for understanding the geographic context of speciation
(Harrison, 1998; Barraclough and Vogler, 2000). Studies of
intraspeciWc genetic diversity, particularly with reference to
geography (intraspeciWc phylogeography) can provide fur-
ther insight into the role of geography in population struc-
ture, gene Xow, and incipient speciation (Bermingham and
Moritz, 1998). When combined, intraspeciWc and interspe-
ciWc phylogenetic approaches can also identify instances of
hybridization and introgression, clarify species boundaries,
and uncover cryptic and polymorphic species (Doyle, 1992;
Maddison, 1997; Baric and Sturmbauer, 1999; Mendlelson
and Shaw, 2002; Weins and Penkrot, 2002). Furthermore,
in light of the possibility of incomplete lineage sorting,
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correct inference of species phylogeny is more likely when
many individuals from each putative species are included in
the analysis (Maddison and Knowles, 2006). Thus, molecu-
lar phylogenetic investigations based on extensive species
and population sampling could provide an exceptional win-
dow on the diversiWcation of Neotropical Wshes (Berming-
ham and Martin, 1998; Smith and Bermingham, 2005).

Although the tropics of South America exhibit the great-
est diversity of freshwater Wshes in the world (Reis et al.,
2003), the major causes of this diversiWcation have yet to be
determined. A continuing debate exists over the relative
importance of diVerent modes of speciation (e.g., vicariance
vs. adaptive or ecological speciation) in generating diversity
in the tropics (Moritz et al., 2000). These alternatives can be
investigated and tested using knowledge of ecology, phy-
logeny, and biogeography. For example, it is possible to
distinguish between the vicariant eVects of river drainage
changes versus ecological shifts in promoting speciation.
The hypothesis of vicariant speciation predicts that sister
species will be distributed allopatrically, while the hypothe-
sis of ecological speciation predicts that sister species will
exhibit divergent ecologies (Lynch, 1989; Berlocher, 1998;
Barraclough and Vogler, 2000). While there remains uncer-
tainty about the reliability of estimating historical parame-
ters, such as the geographical ranges of taxa at the time of
speciation, or whether divergent ecologies between sister
species are a cause or result of speciation, combining infor-
mation from various sources may provide us with a robust
estimate of patterns of speciation (Losos and Glor, 2003).

Biogeographic studies of freshwater Wshes can also be
used to understand historical changes in river drainage pat-
terns. Freshwater Wshes are physiologically restricted to
aquatic habitats, and can be isolated by even minor terres-
trial barriers (Vari, 1988). Thus, species and population
phylogenies of freshwater Wshes may closely record histori-
cal connections and isolation of river systems at a variety of
geographic scales (Bermingham and Martin, 1998). A very
simple expectation for river biogeography might be that
closely related species and populations would be found in
the same river system. In South American Wshes, morpho-
logical and molecular phylogenies have revealed several
violations of this simplistic idea, indicating instead that
populations may often show close relationships between
rather than within drainages (Weitzman and Weitzman,
1982; Vari, 1984, 1989a,b, 1991, 1992, 1995; Schaefer, 1997;
Hrbek and Larson, 1999; Lovejoy and de Araújo, 2000;
Sivasundar et al., 2001; Montoya-Burgos, 2003; Turner
et al., 2004; Castro and Vari, 2004). For example, despite a
direct connection between the Amazonas and Orinoco river
drainages via the Casiquiare corridor (Fig. 1), molecular
phylogenetic investigations of widespread lowland Neo-
tropical Wshes have emphasized closer relationships among
taxa in the Amazonas, lower Orinoco, and coastal drainges
of the Guyanas, to the exclusion of lineages in the upper
Orinoco (Lovejoy and de Araújo, 2000; Sivasundar et al.,
2001). This incongruence between biological pattern and
contemporary hydrography highlights the complex nature
of river drainage history in the Neotropics (Hoorn et al.,
1995; Lundberg et al., 1998), and suggests that species phy-
logenies may play a useful role in untangling past paleogeo-
graphic events (Smith and Bermingham, 2005).

To explore patterns of speciation in Neotropical Wshes
and historical river geography of South America, we inves-
tigated the phylogeny, biogeography, and population struc-
ture of the endemic South American cichlid genus Cichla.
Among tropical Wshes, cichlids (Perciformes: Cichlidae)
have been recognized as an excellent group for evolution-
ary study because of the diversity of ecological niches, life
history strategies, and morphological and behavioral adap-
tation this group exhibits (Lowe-McConnell, 1969, 1991;
Barlow, 2000). The best known examples of cichlid diver-
sity are the species Xocks of the great lakes of Africa, which
are hypothesized by many to represent sympatric radia-
tions based on sexual selection and adaptive divergence
(Seehausen et al., 1997; Verheyen et al., 2003). However,
systematists of Neotropical cichlids have hypothesized both
adaptive radiation in ecomorphological form (López-Fern-
ández et al., 2005) and vicariance resulting from large scale
geologic forces such as drainage capture and division (Kul-
lander, 1983) as driving forces generating Neotropical
diversity. The genus Cichla, also known as peacock bass or
peacock cichlid, is a particularly interesting and important
group of cichlids. Cichla are large-bodied, diurnal pisci-
vores and major determinants of community structure and
ecosystem dynamics in many Xuvial habitats of South
America (Jepsen et al., 1997; Winemiller et al., 1997). Stud-
ies in their native range suggest that Cichla have a signiW-
cant eVect on species diversity. These Wshes provide an
intense size-selective predation pressure on a variety of prey
Wshes (Layman and Winemiller, 2004), potentially reducing
competitive exclusion by dominant species and facilitating
higher species density (Layman and Winemiller, 2004; sensu
Paine, 1966). They have also been implicated in an allochth-
onous nutrient subsidy which may increase the productivity
of nutrient poor blackwater systems by trapping energy
from prey Wshes migrating from the productive whitewater
Xoodplains (Winemiller and Jepsen, 1998). SigniWcant
resource partitioning has been observed among sympatric
species of Cichla (Jepsen et al., 1997; Winemiller et al.,
1997), and in general Cichla species diVer signiWcantly in
their color pattern and habitat preferences (Winemiller,
2001). Cichla are also important as subsistence and com-
mercial food resources and recreational resources through
sport Wshing.

Phylogenetic analyses have shown Cichla to be among
the earliest extant genera to diverge in the monophyletic
Neotropical cichlid clade (Stiassny, 1987; Farias et al., 1999,
2000, 2001). Cichla species have natural distributions in riv-
ers throughout most of northern South America, but have
also been introduced to the Pananá-Paraguay drainage (the
major drainage for southern South America), as well as
Lake Gatun in the Canal Zone of Panama (Zaret and
Paine, 1973), Florida, Texas, and Hawaii in the United
States (ShaXand, 1993), Puerto Rico, and Singapore. Cichla
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are absent from the trans-Andean (western versant) drain-
ages of South America, coastal drainages of southern Bra-
zil, and the northern coastal drainages of Venezuela. Five
species are currently considered valid. Cichla ocellaris
Schneider, 1801 was described from Surinam and is
reported from several coastal drainages of the Guyanas
(Guyana, Surinam, French Guiana); Cichla temensis Hum-
bolt and Valenciennes, 1821 was described from the upper
Orinoco, and is widely distributed in the Orinoco (Colom-
bia, Venezuela) and Negro (Brazil) basins; Cichla orinocen-
sis Humbolt and Valenciennes, 1821 was originally
reported from the Orinoco basin (Colombia, Venezuela)
where it appears to be common, and is also found in the
Negro basin (Brazil); Cichla monoculus Agassiz, 1831 (in
Spix and Agassiz, 1831) was described from the Brazilian
Amazonas and is also common in the Amazonas basin in
Fig. 1. (a) Major drainages and tributaries of northern South America. Dashed lines indicate the Guayana (north) and Brazilian (south) shield formations.
(b) Distribution of sample localities. Locality abbreviations follow Table 1. Base map by Marilyn J. Weitzman and available from the Neotropical Ichthy-
ological Association.
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Peru, Colombia, and Ecuador, and allegedly occurs in the
coastal drainages north of the Amazon including the
Araguari in Brazil and Oyapock on the border of Brazil
and French Guiana; Cichla intermedia Machado-Allison,
1971 is patchily distributed in tributaries of the Orinoco
and Casiquiare rivers (Colombia and Venezuela) (Kul-
lander, 1986, 2003; Kullander and Nijssen, 1989; Jégu and
Keith, 1999; Winemiller, 2001). However, despite the com-
mercial and ecological importance of Cichla the distribu-
tions of even the valid species remain uncertain, and
putative undescribed species of Cichla have been reported
from regions not densely sampled ichthyologically, such as
the lower Amazonas river and several Amazonas tributar-
ies such as Xingu, Tapajós, Madeira, and Tocantins
(Fig. 1a).

To investigate forces inXuencing diversiWcation in Cic-
hla, we examined the phylogenetic relationships among spe-
cies using DNA sequence data from the mitochondrial
genome (mtDNA). We identiWed nominal and putative spe-
cies of Cichla based on morphology from many localities in
northern South America, and evaluated the congruence
between morphogically deWned species and molecular phy-
logeny to reWne our inference of the morphological, genetic,
and geographical boundaries of species. We tested the
hypothesis that morphologically deWned species would
show monophyletic clades of mitochondrial haplotypes,
and attempted to distinguish incidences of mismatch
between haplotype lineage and morphotypes as morpho-
logical convergence, incomplete lineage sorting, or hybrid-
ization/introgression. We also assessed the biogeography of
Cichla, in order to understand the relationship between
geography and species diversiWcation. We hypothesized
that sister lineages would most frequently show allopatric
distributions, implicating a null hypothesis of vicariance as
the predominant cause of divergence. Upon Wnding vicari-
ant patterns we considered the contemporary and paleo-
geographic barriers which might have resulted in lineage
isolation. When sister clades were found to be partially or
wholly overlapping, we were unlikely to reject the vicariant
null hypothesis unless there was also corroborating evi-
dence for ecological partitioning (see Coyne and Orr, 2004
for a review of criteria distinguishing alternative geo-
graphic scenarios). Finally, we brieXy investigated the
extent to which Cichla biogeographic patterns parallel
those seen in other Neotropical aquatic taxa.

2. Methods

Tissue samples were collected from localities in Brazil,
French Guiana, Guyana, Peru, and Venezuela, including
the Amazonas, Essequibo, Maroni, and Orinoco river
drainages and tributaries thereof (Fig. 1b, Table 1). An
eVort was made to obtain samples of every morphologically
deWned species present at a locality. For the purposes of
investigating introgression and incomplete lineage sorting,
morphologically deWned species were identiWed based on
characters, generally color characters and meristics, which
have been used to distinguish the species of Cichla currently
considered valid. To identify unrecognized but separate
species, we used similar characters that consistently distin-
guished groups of individuals not strictly referable to the
valid species (information available upon request from cor-
responding author). Samples collected by the authors were
taken from Wsh caught with hook and line, Wsh spears, cast
nets, gill nets, or purchased from local markets. Fin or mus-
cle tissue was collected from each Wsh and preserved in
DMSO–EDTA buVer (20% dimethylsulphoxide, 0.25 M
EDTA, pH »8.0, saturated with NaCl; Seutin et al., 1991)
or 95% ethanol. Voucher specimens of geographical repre-
sentatives were regularly taken (information available upon
request from corresponding author). However, when possi-
ble the majority of Wsh were released alive and only a por-
tion of the regenerable soft dorsal or anal Wn and a
photograph were taken. Distribution data for Cichla were
collected by the authors in the Weld and supplemented by
published reports (e.g., Kullander, 1986; Kullander and
Nijssen, 1989) and specimens from known localities in nat-
ural history collections.

Total genomic DNA was extracted from tissues using
proteinase K and Qiagen spin columns following the
Qiagen DNeasy kit protocol. Portions of the mitochondrial
control region (CR) and the cytochrome b gene (cyt b) were
ampliWed via polymerase chain reaction (PCR). The cyt b
region codes for a protein product that is involved in mito-
chondrial respiration and is constrained in its mutation
pattern, while the CR provides the origin of replication of
the mitochondrial heavy strand and is thought to be more
free to vary than the cyt b region (Meyer, 1993; Lee et al.,
1995). PCR primers were GLUDG-5� (CGAAGCTTGAC
TTGAARAACCAYCGTTG) and Cytb3-3� (GCCAAAT
AGGAARTATCATTC) for cyt b and tPro2-5� (ACCCT
AACTCCCAAAGC) and HN-20-3� (GTGTTATGCTTT
AGTTAAGC) for CR (Lee et al., 1995; Palumbi, 1996).
Primers for CR were designed to amplify the entire control
region (»900 bp), but accurate sequencing of the 3� portion
downstream of a poly-T region was problematic. Therefore
the 5� »550 bp were used in the analyses here, a fragment
that included both the most variable (5�) and conserved
(central) portions of the control region. For cyt b, 25�L
reaction volumes contained 20 mM Tris–HCl (pH 8.4),
50 mM KCl, 1.5 mM MgCl2, 200 �M each dNTP, 0.08 �M
each primer, 1 U Taq polymerase, and 1 �L DNA extract
(»50 �g). For CR, 25 �L reaction volumes contained
20 mM Tris–HCl (pH 8.4), 50 mM KCl, 3 mM MgCl2,
200 �M each dNTP, 0.16 �M each primer, 1 U Taq poly-
merase, and 1 �L DNA extract. Both ampliWcations were
successful with the following thermocycling conditions:
initial denaturation at 94 °C for 30 s, followed by 30 cycles
of 30 s at 94 °C, 45 s at 52 °C, and 90 s at 72 °C, a Wnal
extension of 5 min at 72 °C, and held at 4 °C. PCR prod-
ucts were puriWed using Qiaquick spin columns (Qiagen)
and sequenced using the BigDye Terminator cycle sequenc-
ing kit (Applied Biosystems, Inc.) and an ABI 377 auto-
mated sequencer. External primers were used to sequence
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cyt b, while CR was sequenced using internal primers
CR(L) (AGTAAGAGCCCACCATCA) and CR(E) (CCT
GAAGTAGGAACCAGATG), from Lee et al. (1995).

Sequences were imported into Sequencher (Gene
Codes Corp.) and checked by eye against their chromato-
grams. Individuals showing identical sequences were
recorded and eliminated from the alignment, leaving hap-
lotypes that were at least one base-pair transformation
event diVerent from any other haplotype (transition,
transversion, insertion/deletion). Additional alignment of
cyt b haplotypes was not necessary, as is typically the case
for protein-coding regions. The CR haplotypes were fur-
ther aligned using ClustalX (Thompson et al., 1997).
Because the choice of parameter values for alignment can
aVect recovered phylogenetic topology (Ogden and
Rosenberg, 2006), we performed alignments using several
diVerent gap opening parameters (5, 15, and 50) and
deleted positions that varied across these alignments fol-
lowing Gatesy et al. (1993) (gap extension cost held at
6.66; all other parameters default). All alignments are
available from the Wrst author.

Two datasets were arranged using MacClade 4.08
(Maddison and Maddison, 2000). The Wrst dataset (hereaf-
ter referred to as the combined dataset) was used to infer
the mtDNA phylogeny of Cichla species. It contained all
cyt b haplotypes observed in representatives of the morpho-
logically deWned species collected from several localities
throughout their respective ranges (Table 1), and was con-
catenated with corresponding CR haplotypes from each
individual. The concatenation of cyt b and CR data is sup-
ported on theoretical grounds because the mitochondrial
genome is a non-recombining unit with a single evolution-
ary history (Meyer, 1993; Avise, 1995). A total of 27
ingroup OTUs (haplotypes) were included. The cichlid gen-
era Retroculus and Astronotus, which also consistently are
recovered at deeper nodes in phylogeny of the Neotropical
cichlid clade (Farias et al., 1999), were included in the
matrix as outgroups. As previous studies were inconsistent
Table 1
Localities and samples analyzed for each species

For each locality, bold numbers preceding the slash indicate samples sequenced for cytochrome b, and numbers following the slash indicate samples
sequenced for the control region.

Locality Drainage temensis sp. “Amazonas” sp. “Xingu” ocellaris monoculus sp. “Madeira” orinocensis intermedia

DL Orinoco delta Orinoco 1/10
CR Caroní Orinoco 2/11
CL Caura (lower) Orinoco 10 1/10
CM Caura (middle) Orinoco 2/12
MN Manipicito Orinoco 4
AR Arichuna Orinoco 4
CN Cunavichito Orinoco 1 3
CP Capanaparo Orinoco 10 10
CI Cinaruco Orinoco 1/12 1/9 1/10
PR Parguaza Orinoco 2 11 2
AY Ayacucho Orinoco 2/7
AT Atabapo Orinoco 1/10 1/10 2
VE Ventuari Orinoco 1/9 2/11 1/12
IG Iguapo Orinoco 1/1 9
OC Ocamo Orinoco 1/9
MV Mavaca Orinoco 10
CS Casiquiare Amazonas 3/10 1/10
PS Pasiba Amazonas 1/10 1/10
TP Tapera Amazonas 2/11 2/3
BR Negro (Barcelos) Amazonas 5 9
XE Xeruini Amazonas 3/7 3/5
UN Unini Amazonas 5/15 3/3 3/10
PI Pirara Amazonas 1 2/2
CY Cuyuni Essequibo 1/1
RU Rupununi Essequibo 2/2
MA Maroni Maroni 2/2
NA Nanay Amazonas 2/2
JU Juruá Amazonas 8
IA Igapo-Açu Amazonas 10 10
TS Terra Santa Amazonas 10
LG Lago Grande Amazonas 3
TM Tapajós (mouth) Amazonas 2/4
TL Tapajós (lower) Amazonas 10 10
CU Curuá-Una Amazonas 1/5
XL Xingu (lower) Amazonas 1/4 10
XM Xingu (middle) Amazonas 2/11
MM Mamoré Amazonas 5/10
Totals 17/125 4/26 2/11 7/7 10/89 5/10 15/110 6/66
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as to which outgroup genus shares a more recent common
ancestor with Cichla, we performed each of the parsimony
searches (below), with one, the other, or both outgroup
sequences included in the matrix. This allowed us to exam-
ine the inXuence of including each outgroup on the topol-
ogy of the Cichla tree. CR data for Retroculus and
Astronotus were coded as “missing” in the combined data
matrix because alignment of the CR regions between Cichla
and the outgroups could not be made unambiguously (see
below).

The second dataset contained all of the CR haplotypes
observed in individuals collected throughout the range of
each morphologically deWned species, and was used to
investigate population structure and haplotype lineage/
morphotype mismatch in Cichla species. The matrix
included 128 ingroup OTUs (haplotypes). High levels of
divergence and correspondingly high numbers of insertion/
deletion events characterized sequence comparisons
between Cichla and the outgroups Retroculus and Astrono-
tus. Alignments of CR that included the outgroups exhib-
ited few clearly homologous positions and large numbers of
indels. Those regions that were unambiguously alignable
showed no nucleotide polymorphism or contained muta-
tions unique to single ingroup haplotypes (autapomorphy).
As these alignments were thus unusable for phylogenetic
analyses, the CR dataset was aligned and analyzed using
Cichla sequences only.

For the combined dataset, a heuristic search was made
with 1000 random addition sequences (hereafter RAS)
using the maximum likelihood (ML) criterion in PAUP¤
ver. 4.0b10 (SwoVord, 2000). The appropriate model of evo-
lution was chosen under the Akaike Information Criterion
(AIC) (Akaike, 1974) using the program Modeltest 3.6
(Posada and Crandall, 1998). Additionally, a heuristic
search with 10 000 RAS was performed in PAUP¤ using the
parsimony criterion. In these analyses, gap positions were
treated as missing data. All phylogenetic searches used tree
bisection and reconnection (TBR) branch swapping. The
ML tree was evaluated with 100 ML bootstrap pseudore-
plicates, each with 100 RAS. Node support in the parsi-
mony trees was evaluated using bootstrap analyses
(Felsenstein, 1985) with 1000 pseudoreplicates with 100
RAS in PAUP¤, as well as Bremer decay indices (Bremer,
1988, 1994) using TreeRot (Sorenson, 1996) and PAUP¤.

For the CR dataset, the large number of haplotypes
observed (128) combined with the minimal divergence
among many of them made routine rigorous phylogenetic
analyses computationally prohibitive. Therefore, we con-
ducted tree searches for this dataset using the parsimony
ratchet (Nixon, 1999). The ratchet weights a portion of ran-
domly selected characters in sequential tree searches, mak-
ing it easier to jump between tree islands, and increasing the
possibility of Wnding the globally optimal tree island.
Twenty runs of 200 iterations each, in which 15% of ran-
domly chosen characters were doubled in weight (original
weightD1, alternative weightD2) were performed using
data Wles constructed using PAUPMacRat (Sikes and
Lewis, 2001) and executed in PAUP¤. Gaps were treated as
missing data. Bootstrap analysis of node support consisted
of 1000 parsimony pseudo-replicates each with 100 RAS in
which the MULTREES option in PAUP was oV (so that
only one tree per RAS was saved). Bremer decay indices
were calculated using the parsimony ratchet using batch
Wles created using PRAP (Müller, 2004) and executed in
PAUP¤. As described above, CR data for Astronotus or
Retroculus were not useful for rooting CR trees, due to
alignment diYculties. Thus, the CR trees were rooted in the
position indicated by the combined analysis tree. This is the
same rooting indicated by midpoint-rooting using mini-
mum f-value optimization (Farris, 1972) for each of the
observed equally parsimonious trees.

3. Results

For cyt b, 664 bases were sequenced for 66 Cichla speci-
mens representing eight morphologically deWned species.
Twenty-seven ingroup haplotypes were determined (plus
one from each outgroup). In general these haplotypes were
unique to particular drainages or broad geographic areas
(e.g., upper Orinoco, lower Amazonas). Uncorrected
sequence divergence between Cichla cyt b haplotypes
ranged from a single base diVerence to over 7%, while
sequence divergence between ingroup and outgroups for
cyt b was between 11% and 18%. These sequences are avail-
able from Genbank (Accession Nos. DQ841790–
DQ841818) (Table 2).

Modeltest suggested the “transversion” model of evolu-
tion for the combined data (aligned 1115 bp, 664 bp of cytb
and 451 bp of CR, 301 variable sites), a model that includes
(2) equal transition rates but (4) unequal transversion rates,
with a proportion of nucleotide sites invariant and inclu-
sion of the gamma shape parameter (TVM + I +  �; Posada
and Crandall, 1998). Parameter values were: ID0.4630,
�D0.4927, fAD 0.2926, fCD0.2910, fGD 0.1319, fTD
0.2846; the rate matrix is available upon request. The ML
heuristic search in PAUP¤ with 29 taxa resulted in a single
most-likely tree (¡ln likelihoodD 4377.1148). The topology
was not aVected by the inclusion of either or both outgroup
sequences. This ML tree (Fig. 2) supports the monophyly of
the morphologically deWned species, with the exception of
polyphyly for C. orinocensis and the paraphyly of Cichla sp.
“Amazonas” and Cichla sp. “Xingu”. The tree also shows
two main clades of Cichla. The Wrst clade contains C. tem-
ensis and the two putative undescribed species from the
lower Amazonas and Xingu rivers, and is hereafter referred
to as “clade A.” The second clade contains the remaining
described species, C. orinocensis, C. intermedia, C. monocu-
lus, and C. ocellaris, and the putative undescribed species
from the upper Madeira (Guajará-Mirim), and is hereafter
referred to as “clade B.”

In clade A, the haplotypes from C. temensis form a
monophyletic group of haplotypes nested within the lin-
eages of Cichla sp. “Amazonas.” Cichla sp. “Xingu” is simi-
larly nested among lineages of Cichla sp. “Amazonas,” but
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its two haplotypes do not form a monophyletic group with-
out the inclusion of a Cichla sp. “Amazonas” haplotype
from the lower Xingu river. Clade A shows a primarily
Amazonian distribution, with the exception of C. temensis’
presence in the Orinoco drainage.

Clade B is composed of two sub-clades, one containing
C. monoculus, C. ocellaris, Cichla sp. “Madeira,” and a por-
tion of C. orinocensis haplotypes (clade B1 in Fig. 2), and
the other containing C. intermedia and another portion of
C. orinocensis haplotypes (clade B2 in Fig. 2). The non-
monophyly of C. orinocensis is associated with geography:
all C. orinocensis in clade B1 are Wshes from the lower and
middle Negro river (Amazonas drainage), while all the C.
orinocensis in clade B2 are from various localities in the
Orinoco and Casiquiare drainages where C. intermedia also
occurs. The latter C. orinocensis haplotypes (from B2) will
hereafter be referred to C. orinocensis sensu stricto, because
the type locality of C. orinocensis is the Orinoco basin
(Humboldt, 1821), and the representatives in the Negro
basin will hereafter be referred to as C. orinocensis Negro.
In clade B1, C. monoculus is sister to the two C. ocellaris lin-
eages. Cichla sp. “Madeira” is sister to the remaining lin-
eages of clade B1. Lineages in clade B1 are distributed
primarily in the Amazonas drainage and coastal drainages
of the Guyanas, while lineages in clade B2 are distributed in
the Orinoco and Casiquiare. Thus, the species of clade B
roughly encircle the Guyana Shield region.

The parsimony heuristic search of the combined matrix
(197 parsimony-informative sites) recovered diVerent num-
bers of most-parsimonious trees depending on the out-
group(s) used. With either Astronotus or Retroculus
included in the search, PAUP found 12 trees (with the same
topologies found in both searches) of length 506 steps and
C.I. 0.615 or length 528 and C.I. 0.636 for Astronotus or
Retroculus respectively. The topology of these trees (not
shown) agreed with the ML tree except for disagreement in
the internal topology within the species C. temensis, C. sp.
“Madeira,” and C. monoculus. When both outgroup
sequences were included in parsimony searches, 24 trees
were recovered, each of length 582 and C.I. 0.625 (not
shown). A strict consensus of these trees revealed ambiguity
in the deeper nodes of the tree, with the 2 major clades pre-
viously recovered (clades A and B) collapsing to 3 clades
(A, B1, and B2).

Sequencing the 5� portion of the CR from 454 individu-
als of Cichla from 37 diVerent localities provided 128 diVer-
ent CR haplotypes. These sequences had lengths ranging
from 501 to 505 nucleotides from near the Proline-tRNA
(5�) to shortly following the central conserved displacement
loop region (3�). In almost all cases, haplotypes were not
shared across species (see below). Also, haplotypes were
almost always exclusive to a geographic region, if not a sin-
gle locality. These haplotypes (Cichla only) diVered by a
single transition to over 14% uncorrected sequence diver-
gence (after alignment variable positions were deleted). The
original haplotype sequences are available from Genbank
(accession nos. DQ841819-DQ841946).

For the complete set of Cichla CR haplotypes, 476 base
positions remained after alignment-variable positions were
deleted. Of these, 144 positions were variable and 133 were
parsimony informative. Twenty tree search replicates using
the parsimony ratchet each with 200 iterations resulted in
3304 trees of length 422 and CI of 0.455, the strict consen-
sus of which is shown in Fig. 3. This tree was rooted in the
position indicated by the combined analysis (Fig. 2), which
is the same root indicated by mid-point rooting (Farris,
1972). The many equally parsimonious trees mainly diVered
in topological arrangements of haplotypes within species.
The trees showed that most morphologically deWned spe-
cies were characterized by well-diVerentiated haplotype
clades. However, some species exhibited non-monophyletic
haplotype clades (e.g., C. sp. “Amazonas”). The topology of
the CR strict consensus tree agreed with the combined data
trees from ML and MP analyses with a few notable excep-
tions. In the CR consenus, C. orinocensis Negro was sister
to C. monoculus, rather than C. monoculus + C. ocellaris.
Also, a clade including haplotypes of Cichla sp. “Xingu”
and Cichla sp. “Amazonas” from the lower Xingu was
Table 2
Average uncorrected sequence divergence among haplotypes in species and clades of Cichla

No correction has been made for variation within species/clades. Above diagonal are divergences in cytochrome b, and below diagonal are divergences in
the control region. Bold values are those calculated by averaging across species.

Clade A temensis sp.
  X ingu

 sp. 
 Amazonas 

Clade 
B

Clade 
B1

monoculus ocellaris orinocensis
 N.

sp. 
 Madeira 

Clade 
B2

orinocensis 
s.s.

intermedia

Clade A 5.96 5.70 6.69
temensis 2.56 2.46 5.60 5.75 5.20 6.05 6.75 6.55
sp.  Xingu 8.48 2.73 5.45 5.95 5.40 6.25 6.68 6.55
sp.  Amazonas 8.20 7.21 5.62 5.84 5.45 6.15 6.75 6.55
Clade B 11.28
Clade B1 11.56 5.30
monoculus 11.45 11.89 11.30 1.86 1.41 2.51 5.52 5.47
ocellaris 11.13 11.62 11.32 5.87 1.56 2.56 5.35 5.05
orinocensis N . 11.68 11.33 10.74 5.74 5.04 2.21 4.92 4.77
sp.  Madeira  11.83 11.69 11.56 4.99 5.05 4.60 5.54 5.42
Clade B2 10.90 9.35
orinocensis s.s. 11.47 8.82 10.17 8.84 8.65 9.14 9.66 4.07
intermedia 12.19 9.75 10.93 9.98 9.77 9.29 10.50 5.35
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sister to the remaining clade A haplotypes (C. temensis and
Cichla sp. “Amazonas” from other localities).

The CR analysis revealed four cases that we consider to
represent mismatches between morphotype and haplotype
lineages (Fig. 3): (1) the single haplotype from C. intermedia
in the Parguaza river clustered with C. orinocensis sensu
stricto; (2) the two haplotypes from C. monoculus in the
Mavaca river clustered with C. temensis; (3) all four haplo-
types from Cichla sp. “Amazonas” from the lower Xingu
nested within Cichla sp. “Xingu” from the middle Xingu;
and (4) C. orinocensis showed a bi-phyletic division of hap-
lotypes corresponding to geography, with one group sister
to C. intermedia and another sister to C. monoculus. This
mismatch was conWrmed by cyt b data as well for all cases
(see Fig. 2; not shown for cases 1 and 2).
4. Discussion

4.1. Phylogeny of Cichla

Few studies have reconstructed the phylogeny of
Cichla, and none has incorporated molecular data from
all valid species and multiple undescribed species. Farias
et al. (1999, 2000, 2001) included three species of Cichla
(C. temensis, C. orinocensis, and C. monoculus) in their
phylogeny of Neotropical cichlids. They found, in
agreement with our phylogeny, that C. orinocensis
and C. monoculus grouped together to the exclusion of
C. temensis. Similarly, López-Fernández et al. (2005)
included C. temensis, C. orinocensis, and C. intermedia in
their Neoptropical cichlid phylogeny, and found that C.
Fig. 2. Maximum likelihood phylogeny for Cichla, based on combined cytochrome b and control region data. Values above branches are bootstrap pro-
portions for likelihood/parsimony, and values below branches are decay indices (parsimony and decay values are derived from the analysis including only
Astronotus). Color blocks show species identity determined by morphology. A, B, B1, and B2 identify clades discussed in the text. Fish proWled at the bot-
tom show morphologies typical for the morphologically deWned species. (For interpretation of the references to color in this Wgure legend, the reader is
referred to the web version of this paper.)
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intermedia and C. orinocensis grouped to the exclusion of
C. temensis. More recently, Renno et al. (2006) investi-
gated the nature of Cichla from the upper Madeira in
Bolivia using a phylogeny including C. monoculus, C. ocel-
laris, Cichla sp. “Madeira,” and C. temensis. They found,
as in our phylogeny, that C. monoculus and C. ocellaris
were sister species, to the exclusion of Cichla sp.
“Madeira,” while C. temensis diverged at the base of the
tree. Thus, our phylogenetic results conWrm previous lim-
ited investigations of Cichla relationships, but add new
species and resolve a number of novel species-groups.
The phylogeny provides some insight into morphologi-
cal evolution in Cichla. All the species of Cichla show a
mouth and head morphology appropriate for piscivory
(Stiassny, 1987), traits that match the observed ecology of
all species as pursuit predators of Wshes (Winemiller, 2001).
Within this constraint, however, the two clades of Cichla
seem to have diverged. Species in clade A are generally
more elongate and achieve larger average body sizes than
species in clade B, which are more deep-bodied and
smaller (K. Winemiller, pers. comm.; C. Montaña, unpub-
lished data). This may be associated with ecology:
Fig. 3. Strict consensus phylogram of 3304 equally parsimonious trees for Cichla, based on the mitochondrial control region data. Tree is rooted at the
position indicated by combined data analysis (Fig. 2). Values above branches are bootstrap proportions, and values below branches are decay indices.
Branch color corresponds to species identity determined by morphology, as in Fig. 2. A, B, B1, and B2 identify clades discussed in the text. Values next to
species name indicate the number of haplotypes observed. Arrows identify four morphotype-lineage mismatches (see text). (For interpretation of the refer-
ences to color in this Wgure legend, the reader is referred to the web version of this paper.)
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Jepsen et al. (1997) reported that C. orinocensis (clade B)
prefer lagoon and backwater types of habitats with shallow
water and slow current velocity, while C. temensis (clade A)
prefer deeper water habitats in both lagoons and the main
channel. In addition, Cichla color patterns show phyloge-
netic conservatism (not withstanding intraspeciWc variation
and polymorphism). Most Cichla exhibit variation on a
central theme: three dark patches along the Xank. In some
species these spots are more vertically elongate (C. temen-
sis) or reduced (C. ocellaris), and they may be ocellated
(bordered by scales of a lighter color, as in C. orinocensis)
or borderless (C. temensis). However, an exception to this
color theme is seen once in both clade A and clade B. Cichla
intermedia and C. sp. “Xingu” both exhibit six or more ver-
tical stripes along the Xank, double the number of dark
patches in other Cichla. The phylogenetic independence of
this pattern indicates either convergence or parallelism.
Interestingly, this pattern may also correlate with ecology.
Jepsen et al. (1997) reported that Cichla intermedia prefers
habitats with available structural cover (rocks or logs) in
areas of high current velocity, usually in the main river
channel. Cichla sp. “Xingu” also seems to predominantly
inhabit these types of areas in the Xingu. An intriguing line
of inquiry would be to investigate the underlying genetic
and developmental basis of these novelties to determine
whether replicated patterns in independent branches result
from the same (parallelism) or diVerent phenomena (con-
vergence).

4.2. Genetic diversity and species status

For this study, we diagnosed species as geographically
circumscribed and morphologically diVerentiated groups
of individuals with distinct haplotypes or haplotype
clades, indicating cohesive species lineages which are
united by the processes of gene Xow and recombination
with minimal or no gene Xow among cohesive groups
(Templeton, 1989; de Queiroz, 1998). The monophyly of
haplotypes within species was not required, in accord with
the possibility of incomplete lineage sorting or minor but
ongoing gene Xow between otherwise cohesive species
(Harrison, 1998; de Queiroz, 1998; Weins and Penkrot,
2002; Sites and Marshall, 2003, 2004). According to these
criteria, we conWrm the distinctiveness of the Wve cur-
rently recognized Cichla species. These include: C. inter-
media, restricted to the upper Orinoco, tributaries of the
middle Orinoco, and the Caura river; C. orinocensis sensu
stricto, distributed throughout the Orinoco and upper
Negro (Casiquiare) rivers; C. monoculus, widely distrib-
uted in the Amazonas drainage and patchily distributed
in the upper Orinoco; C. ocellaris, from the coastal tribu-
taries of the Guyanas (Essequibo, Maroni, and others)
and upper Branco in the Negro/Amazonas drainage; and
C. temensis, from the Orinoco river, Negro river, and
Igapo-Açu region of the lower Madeira (Fig. 4).

Our criteria also suggest the existence of at least three
more species in need of description. These include, from
clade B, Cichla sp. “Madeira,” restricted to the upper
Madeira drainages of Mamoré, Guaporé, and Madre de
Dios, above the rapids at Porto Velho (Brazil) (Fig. 4).
Although commonly referred to C. monoculus due to only
relatively minor morphological diVerences, these Wsh
clearly form a distinct genetic group separate from either of
the two described species of subclade B1. Recent additional
sampling in the upper Madeira discussed by Renno et al.
(2006) have conWrmed this is the only Cichla known from
this region. From clade A, putative species are Cichla sp.
“Xingu”, found only above the rapids near Belo Monte
(Brazil) in the middle and upper Xingu river; and Cichla sp.
“Amazonas,” seemingly widely distributed in the main-
stream Amazon downstream of the Negro river, and in the
lower courses of Amazonas tributaries (i.e., Tapajós, Xingu,
Tocantins). Although these two species did not each form
reciprocally monophyletic haplotype lineages, they both
exhibited well-diVerentiated groups of haplotypes that were
private to those morphologically distinct species. Addi-
tional putative undescribed species of Cichla have been
reported from the upper courses of other lower Amazonas
tributaries such as the Tapajós, Tocantins-Araguaia,
Trombetas, and Brazilian shield tributaries of the lower
Madeira (see Fig. 1a), but we were unable to obtain tissue
samples from these regions. Finally, as discussed below, the
C. orinocensis population in the middle/lower Negro river
may also warrant species status, but current data are
insuYcient to conWrm this. We have not provided descrip-
tions or diagnoses of these species here, as these have been
provided elsewhere (Kullander and Ferreira, 2006).

4.3. Morphotype/mitochondrial lineage mismatch

In this study we initially assigned individual Wshes to spe-
cies using morphology, particularly diagnostic color patterns.
We surveyed numerous individuals from multiple popula-
tions throughout the range of the most widespread species,
with the vast majority of individuals being collected person-
ally by the authors or supplied to us with individual color
photographs. This allowed us to assign individuals to mor-
phologically deWned species with a high degree of accuracy,
while taking intraspeciWc variation into account. Several spe-
cies of Cichla are quite variable in color, exhibiting intraspe-
ciWc morphological variation possibly related to local
environmental inXuences, population genetic structure, age
and reproductive status (Winemiller, 2001; P. Reiss, unpub-
lished data). This has caused species identiWcation in smaller
scale studies to be diYcult, complicating previous investiga-
tions of molecular patterns in Cichla and inferences of
hybridization from morphological and molecular data (e.g.,
Andrade et al., 2001; Teixeira and de Oliveira, 2005). Isolated
examples of hybridization, while intriguing, do not permit
robust conclusions about the long-term eYcacy of reproduc-
tive barriers between species or the importance of introgres-
sion in the evolution of the species involved. Our study
provides the most comprehensive investigation of natural
patterns of introgressive hybridization in Cichla to date.
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legend, the reader is referred to the web version of this paper.)
Fig. 4. Estimated distributions of the morphologically deWned Cichla species, by clade. (a) Clade A: C. temensis (yellow), C. sp. “Amazonas” (orange),
C. sp. “Xingu” (red); (b) Clade B1: C. ocellaris (darkest blue), C. monoculus (middle blue), C. sp. “Madeira” (lightest blue), C. orinocensis Negro (light
green); (c) Clade B2: C. orinocensis sensu stricto (lighter green), C. intermedia (darker green). Distribution data were collected by the Wrst author, extracted
from the literature, and compiled from museum specimens. Base map by Marilyn J. Weitzman. (For interpretation of the references to color in this Wgure
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We found that most Cichla species are represented by
monophyletic haplotype clades. However, in a few cases we
observed that CR haplotypes were not restricted to a single
morphologically deWned species, or did not conform to the
morphology-based predictions of placement in the phyloge-
netic tree (Fig. 3). SpeciWcally, this was the case for: (1) the
haplotype from the two C. intermedia from the Parguaza
river that grouped among C. orinocensis sensu stricto; (2)
both haplotypes from the 13 C. monoculus from the
Mavaca river that grouped most closely with C. temensis;
(3) all three haplotypes from four C. sp. “Amazonas” from
the lower Xingu that grouped with C. sp. “Xingu”; and (4)
all 10 haplotypes from 18 C. orinocensis from the middle
and lower Negro river which grouped most closely with
C. monoculus and C. ocellaris rather than with C. orinocen-
sis sensu stricto. These mismatches were conWrmed with cyt
b sequences as well, and thus most likely constitute the
mitochondrial haplotype rather than a nuclear paralog (see
Fig. 2a; not shown for case 1 or 2 above). As all tissue sam-
ples were collected personally by the authors and carefully
rechecked for sequence identity, we do not believe these
instances result from sample misidentiWcation, but rather
from actual morphotype/lineage mismatch.

Assuming that morphological convergence is an
unlikely explanation, these patterns may be the result of
two separate phenomena: incomplete sorting of ancestral
polymorphism, or introgression via hybridization (Doyle,
1992; Smith, 1992). Incomplete lineage sorting may occur
when speciation is recent and ancestral allelic polymor-
phism has not yet evolved into species-speciWc monophy-
letic lineages (Nei, 1986; Neigel and Avise, 1986; Avise,
2000). Thus, closely related species might be composed of
paraphyletic or polyphyletic groups of haplotypes. Intro-
gressive hybridization, on the other hand, occurs when
alleles from one species are transferred to another due to
breakdown of reproductive isolating barriers (Arnold,
1997; Dowling and Secor, 1997; Avise, 2000). While both
incomplete lineage sorting and introgression can cause
morphotype/haplotype mismatches, distinguishing
between the two may be diYcult. Introgression may be
implicated when an individual’s haplotype is identical or
very closely related to haplotypes from a sympatric, but
not necessarily closely related, species from the same
locality (Sullivan, 2002). Patterns of haplotype paraphyly
or polyphyly between recently diverged and not necessar-
ily sympatric species may signal incomplete lineage sort-
ing (Moran and KornWeld, 1993). However, intermediate
or more complex situations may be common in nature,
such as ancient introgression followed by subsequent evo-
lution of the introgressed alleles.

In the case of (1) C. intermedia from the Parguaza River
and (2) C. monoculus from the Mavaca River, mismatches
are most likely the result of relatively recent hybridization
resulting in the introgression of mitochondria from one
Cichla species to another. Two lines of evidence support
this idea. First, the sampled individuals of the putative
“recipient” species all possessed mitochondrial haplotypes
that were identical to or very closely related to haplotypes
found in individuals of the “donor” species from the same
geographic areas. Second, individuals of the recipient spe-
cies were uncommon in each of the locations where puta-
tive-introgression was observed (in comparison to the
donor species) suggesting the populations were relatively
small and potentially isolated from the main populations of
the recipient species. These have been suggested to be prime
conditions for genetic introgression from a more common
species (Hubbs, 1955; Arnold, 1997; Dowling and Secor,
1997). This hypothesis probably requires actual pairing
between individuals of diVerent species. Although Cichla
exhibit external fertilization and sperm could hypotheti-
cally drift to fertilize the eggs of another species, nest prox-
imity would have to be above average and spawning almost
completely synchronous (K. Winemiller, pers. comm.). Per-
haps more likely, heterospeciWcs form pairs and spawn in
rare instances. All Cichla species for which cytogenetic
studies have been conducted have equal chromosome num-
bers (48 non-degenerate chromosomes; Thompson, 1979;
Brinn et al., 2004), reducing the likelihood of reproductive
isolation due to aneuploidy (Coyne and Orr, 2004). Addi-
tionally, it should be noted that all sampled individuals in
the putatively introgressed populations possessed the mis-
matched haplotypes, suggesting that hybridization may
have been followed by a founder eVect or Wxation of these
foreign mitochondria either by genetic drift or selective
sweep.

The case of (3) Cichla sp. “Amazonas” in the Xingu is
more suggestive of incomplete sorting of ancestral poly-
morphism. Indeed, the CR topology suggests that incom-
plete lineage sorting may be common in clade A. Fishes
from the Xingu above the rapids near Belo Monte, Brazil,
were unequivocally assigned using morphology to Cichla
sp. “Xingu”, while all those from below the falls were
unequivocally assigned to Cichla sp. “Amazonas”. Thus
these two morphologically deWned species are allopatrically
distributed, and these two regions of the Xingu are sepa-
rated by a geographic barrier (waterfalls and rapids) that
has likely precluded at least recent opportunities for inter-
breeding. Additionally, two other deeply divergent lineages
of C. sp. “Amazonas” were found sympatrically in the
lower Tapajós, lower Amazonas, and Curuá-Una rivers
(the two lineages which group with of C. temensis in Fig. 3).
This evidence may suggest that Cichla sp. “Amazonas”
exhibits polymorphism ancestral to the divergences of the
more spatially bounded Cichla sp. “Xingu” and C. temensis
(making it a persistent ancestor; see Graybeal, 1995; Olm-
stead, 1995; Weins and Penkrot, 2002). Additional sam-
pling of both Cichla sp. “Amazonas” and Cichla sp.
“Xingu” is necessary to establish the frequency of non-
monophyletic lineages and their geographic distribution in
the Xingu, lower Amazonas, and lower courses of other
lower Amazonas tributaries.

The case of (4) C. orinocensis is quite complex. All 10
haplotypes of the C. orinocensis morphotype from the mid-
dle and lower Negro river were closely related to C. mono-
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culus and C. ocellaris (Fig. 3). Cichla orinocensis sensu
stricto, is the sister species C. intermedia. This makes the
two haplotype clades of C. orinocensis deeply divergent and
separated considerably on the phylogenetic tree. Neverthe-
less, C. orinocensis sensu stricto and C. orinocensis Negro
morphotypes are essentially indistinguishable: both share
three distinct ocellated round spots along the Xank with no
other spots or marks apparent on the body against a light
or dark green background (see Fig. 2). Indeed, more mor-
phological variation was observed within either population
than was consistently apparent between the two.

One explanation for this pattern is a history of incom-
plete lineage sorting. Under this scenario, ancestral poly-
morphism from the clade B ancestor is sorted among
descendants in such a way that (1) C. orinocensis Negro and
C. monoculus haplotypes are most closely related and (2) C.
orinocensis sensu stricto and C. intermedia haplotypes are
most closely related. However, we Wnd this scenario
unlikely. First, the observation that haplotype clades are
otherwise tightly matched to speciWc morphologically
deWned species suggests that the CR is evolving quickly
enough in clade B (via mutation and genetic drift) to accu-
rately record cladogenetic events. If incomplete lineage
sorting was a problem we might expect many more mis-
matches between morphologically deWned species and hap-
lotype lineages. Second, the placement of C. orinocensis
Negro among the crown species of clade B1 makes incom-
plete or diVerential lineage sorting unlikely. If C. orinocen-
sis suVers problems of incomplete lineage sorting, why do
other species such as Cichla sp. “Madeira” not exhibit simi-
lar phenomena? Together, C. monoculus, C. ocellaris, and
Cichla sp. “Madeira” cover a much larger geographic range
than C. orinocensis; thus if geographic range translates into
larger eVective population size, it is surprising that ancestral
polymorphism would have been completely sorted in these
species but not in C. orinocensis.

Instead, we hypothesize an ancient introgression event
between C. orinocensis and an early C. monoculus/C. ocel-
laris lineage, possibly as one or the other species colonized
the lower/middle Negro River. In this scenario, the hybrid
Wshes received the characteristic morphology of C. orinoc-
ensis, but acquired mtDNA from the C. monoculus/C. ocel-
laris lineage. Subsequently, the hybrid population evolved
as a distinct lineage, explaining the sequence divergence
between its mtDNA and that of C. monoculus/C. ocellaris.
Also, the genetic diversity and haplotype monophyly of C.
orinocensis Negro suggests that the hybrid lineage has
remained relatively stable since its origination. An intrigu-
ing possibility is that the initial hybridization event may
have resulted in a novel lineage that was reproductively iso-
lated and has evolved independently from both parental
species (hybrid speciation) (Dowling and Secor, 1997).
Hybrid speciation has been reported in Wshes, speciWcally in
cichlids, and indeed was hypothesized to be the basis for an
entire radiation of cichlids in Lake Victoria in Africa (See-
hausen, 2004). Clearly, conWrmation of the hybridization
hypothesis will require evaluation of nuclear DNA and
additional sampling of C. orinocensis populations from
across the species range.

It appears that hybridization is not uncommon in Cic-
hla, and may provide a signiWcant path to genetic diversiW-
cation. Studies have shown that introgression has the
potential to transfer adaptive alleles from one species to
another, potentially opening habitats previously unsuitable
for colonization (e.g., Lewontin and Birch, 1966). It is inter-
esting that where introgression was inferred to occur, all the
individuals in the sampled localities exhibited the foreign
haplotypes. The sedentary nature of some Wsh species, such
as Cichla (Hoeinghaus et al., 2003), may reduce the eVective
population size of the species by limiting gene Xow (Wright,
1931). The result may be that stochastic events such as
introgression have a greater impact than might otherwise
be expected.

4.4. DiversiWcation and biogeography of Cichla

Species-level phylogenies allow the identiWcation of bio-
geographic events that have aVected the distributions and
origins of extant species. Accurate phylogenies can also be
used to infer geographic mode of speciation (Lynch, 1989;
Barraclough and Vogler, 2000). Moreover, comparisons of
biogeographic patterns from multiple taxa can potentially
shed light on the paleogeographic history of a region (Ber-
mingham and Moritz, 1998; see also Hunn and Upchurch,
2001). Such investigations may be particularly valuable in
South America, where tropical rivers contain the world’s
most speciose assemblage of vertebrates (Vari, 1988; Ber-
mingham and Martin, 1998; Bermingham and Moritz,
1998; Moritz et al., 2000; Reis et al., 2003). Here, we synthe-
size phylogenetic and distributional data for Cichla, and
attempt to infer geographical mode of speciation for line-
age divergences. We also brieXy compare Cichla biogeo-
graphic patterns to those of other Neotropical aquatic taxa.

The earliest divergence within Cichla was between clade
A, and clade B (Fig. 2). The distribution of these two clades
overlaps signiWcantly (Fig. 4), and a geographic explana-
tion for their divergence is not readily obvious. One possi-
ble scenario is that an initial allopatric separation occurred
between clade A (once distributed exclusively in the Ama-
zonas basin) and clade B (once distributed exclusively in
rivers draining the northern and eastern Guyana shield),
followed by considerable dispersal and range expansion by
both clades. However, there are complications with this the-
ory. For example, if clade A originated in the Amazonas,
and clade B1 colonized the Amazonas from previous allop-
atry in the Guyanas, why is only the latter clade present in
the upper Maderia? Alternatively, the initial divergence
between the two Cichla clades may have been adaptive.
Fishes in clade A tend to be larger and more elongate, while
species in clade B tend to be smaller and deeper bodied.
Additionally, species in clade B (with the possible exception
of C. intermedia) are more tolerant of the higher conductiv-
ities and higher sediment content (lower visibility) of white-
water conditions than species of clade A (Winemiller, 2001;
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see also ShaXand, 1993). Thus, ecologically driven diver-
gence in sympatry or parapatry is another possibility. How-
ever, it may be impossible to determine whether these
morphological and ecological diVerences were the primary
cause, or a secondary result of the divergence (Coyne and
Orr, 2004).

We hypothesize that the divergence between clades B1
and B2 was vicariant, as these clades are largely allopatric
(Fig. 4). Areas of overlap between the two clades in the
upper Orinoco and Negro rivers may be due to recent
range expansions. Sequences from Cichla monoculus in the
upper Orinoco and Casiquiare are relatively derived
within C. monoculus and show no nucleotide diversity (the
same haplotype was found in all individuals from both
locations; Willis et al., in preparation), suggesting recent
range expansion (Templeton, 2001). Similarly, the puta-
tive hybridization event for C. orinocensis in the Negro
River may suggest that the species colonized the area
recently in comparison to its divergence from C. interme-
dia. The limited hybridization of closely related lineages
that diverged in allopatry where there was no selection for
reproductive isolation per se is not uncommon (Endler,
1982; Hewitt, 2001; Templeton, 2001). The biogeography
of Cichla clades B1 and B2 is repeated in several other
Neotropical Wsh taxa. For example, the genera Prochilo-
dus and Semaprochilodus also have sister clades distrib-
uted in the Orinoco versus the Amazonas or
Amazonas + Guyanas drainages (Sivasundar et al., 2001;
Castro and Vari, 2004).

At least two cladogenetic events must have occurred
during the diversiWcation of clade A C. temensis, Cichla sp.
“Amazonas,” Cichla. sp. “Xingu,” and C. temensis. Both
Cichla sp. “Xingu” and C. temensis appear to be allopatric
but contiguous with C. sp. “Amazonas” (Fig. 4a). Cichla sp.
“Xingu” is isolated by a series of rapids and water falls
between the lower and middle Xingu rivers near Belo
Monte, Brazil, corresponding to the northern edge of the
Brazilian shield (see also Fig. 1a). These rapids may have
isolated an ancestral clade A population which eventually
became the new species Cichla sp. “Xingu”. The evolution
of endemic taxa in the Brazilian shield tributaries of the
Amazonas is a particularly common pattern in Neotropical
Wshes. For instance, Prochilodus (P. britskii; Castro and
Vari, 2004), Semaprochilodus (S. brama; Castro and Vari,
2004), Potamotrygon (P. henlei, P. leopoldi; Carvalho et al.,
2003), and Retroculus (R. lapidifer, R. xinguensis; Kul-
lander, 2003) all exhibit species restricted to these southern
tributaries. In the lower Negro and lower Madeira rivers
where the distribution of C. temensis is contiguous but non-
overlapping with that of Cichla sp. “Amazonas” there are
no obvious geological barriers to separate these two species.
However, the rivers inhabited by C. temensis have diVerent
water chemistries (acidic blackwater; Sioli, 1984) compared
to the habitats of Cichla sp. “Amazonas” in the lower por-
tions of the lower Amazonas tributaries (clearwater, with
neutral pH and high transparency; Sioli, 1984). Thus, adap-
tation to diVerent water chemistries may have contributed
to reduced gene Xow and eventual speciation between C.
temensis and Cichla sp. “Amazonas.”

Within clade B1, Cichla sp. “Madeira” diverged from the
lineage that gave rise to C. monoculus and C. ocellaris. A
series of rapids separates the Mamoré and Madre de Dios
rivers from the middle Madeira and remainder of the Ama-
zonas, and may deWne a barrier to gene Xow that caused the
divergence of Cichla sp. “Madeira” (Fig. 4b). Other Neotrop-
ical taxa, including freshwater needleWshes (Potamorrhaphis
eigenmanni; Collette, 1982; Lovejoy and de Araújo, 2000),
and river dolphins + (Inia boliviensis; Banguera-Hinestroza
et al., 2002) exhibit similar endemicity in the Mamoré and
Madre de Dios rivers. A second divergence in clade B1
resulted in the separation of C. monoculus and C. ocellaris.
The cause of divergence was probably vicariant, since these
species are allopatric. The two coastal Guyanan drainages
from which C. ocellaris was collected, the Essequibo (Cuyuni
and Rupununi) and Maroni rivers, each showed a relatively
well-diVerentiated monophyletic clade of haplotypes (Figs. 2
and 3). As these coastal drainages are separated by a terres-
trial barrier, this divergence may suggest the initial evolution
of distinct species. Interestingly, haplotypes of C. ocellaris in
the Essequibo (Rupununi) were shared by C. ocellaris in the
upper Branco (Pirara), a tributary of the Negro river in the
Amazonas drainage. Seasonal inundation of the low-lying
Rupununi savannah which separates these two drainages has
been hypothesized to provide an ephemeral aquatic connec-
tion between two rivers (e.g., Lowe-McConnell, 1964; Love-
joy and de Araújo, 2000), and the distribution of genetic
diversity in Cichla supports this hypothesis. A close connec-
tion between the coastal Guyanan drainages and the Amazo-
nas has also been observed in other Neotropical Wshes, such
as Potamorrhaphis (P. guianensis; Lovejoy and de Araújo,
2000) and Prochilodus (P. nigricans and P. rubrotaeniatus;
Castro and Vari, 2004; Turner et al., 2004).

Within clade B2, C. orinocensis sensu stricto diverged
from C. intermedia in the Orinoco basin (Fig. 4c). These
species are sympatric throughout the entire range of C.
intermedia. However, they do not occur symtopically (in the
same habitat). C. orinocensis prefers slow-moving, backwa-
ter habitats and is rather tolerant of low visibility, while C.
intermedia is most common in rocky habitats with high cur-
rent velocity and relatively high visibility. Thus, we consider
an ecologically based divergence between these two species
to be a possibility.

In most cases, sister lineages in Cichla are allopatrically
distributed, and in a number of instances speciWc geo-
graphic isolating barriers can be identiWed. Thus, vicariance
seems to have played a predominant role in the evolution of
species diversity in this genus. However, we documented at
least one sympatric, ecologically divergent sister species
pair (C. orinocensis and C. intermedia), suggesting that eco-
logical speciation cannot be discounted. Recent work has
suggested that other Neotropical cichlids (geophagines)
have radiated based on ecology (López-Fernández et al.,
2005). It is likely that adaptive phenomena are not isolated
to cichlid Wshes, but represent a widespread contributing
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factor in the accumulation of biological diversity in the
Neotropics (Moritz et al., 2000).

5. Conclusion

We have presented the Wrst detailed and relatively com-
plete molecular phylogenetic analysis of the genus Cichla.
Our broad intraspeciWc sampling made possible the identiW-
cation of several putative cases of mitochondrial introgres-
sion. Based on this Wnding, we suspect that introgression is
a signiWcant source of genetic mixing in Cichla, and may
play an important role in the molecular evolution of this
genus. By extension, hybridization may play an unrecog-
nized role in the origin of biological diversity of Wshes in the
Neotropics, as has been emphasized recently in more well
known regional faunas (Dowling and Secor, 1997; Hewitt,
2001). Biogeographic analysis of Cichla indicates that most
sister lineages have allopatric distributions, suggesting the
predominance of vicariance. However, at least one Cichla
divergence may be more parsimoniously explained by eco-
logical speciation. Peacock bass (Cichla spp.) are a conspic-
uous and important part of the Neotropical aquatic fauna.
Their ease of collection, widespread distribution, and man-
ageable diversity make them an excellent group for further
investigation. The completion of a robust phylogenetic
hypothesis further enhances the value of Cichla as model
system for understanding Neotropical biodiversity.
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