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Cichlid biogeography: comment and review

Prosanta Chakrabarty
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Abstract

Phylogenetic analyses dealing with disjunct distributions (distributions that require

marine dispersal or vicariant events) are reviewed for the Cichlidae. The most
corroborated relationship between clades across a Gondwanan disjunction is the
sister relationship between Indian and Malagasy cichlids. The minimum age of the
Cichlidae as implied by the fossil record is at odds with the timing of the Cretaceous

break of the Indian—-Madagascar landmass. All well sampled phylogenies for this

group fit a pattern reflecting Gondwanan break-up. Grounds for strictly dispersalist
hypotheses are not well founded for any cichlid disjunct distribution, leaving

vicariance alternatives as the only explanation.
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‘Biogeography, if it is a science, must be able to
predict pattern from pattern, and estimate
process from pattern.” Savage (1982).

Introduction

The Cichlidae is a species-rich monophyletic group
of brackish and freshwater perciform fishes. More
than 1300 valid species are currently recognized,
although estimates above 2000 total species are not
uncommon (Kullander 1998). The distribution of
this family has led to numerous hypotheses about
the age and historical biogeography of this group.
Improved techniques in molecular systematics and
the discovery of the oldest known fossil cichlids
during the past few years have led to a resurgence of
debate about the historical biogeography of the
group (Kumazawa et al. 2000; Murray 2001b;
Vences et al. 2001; Sparks 2003). This study will
review the evidence supporting scenarios explaining
cichlid distributions to determine if hypotheses of
vicariance can be eliminated in favour of a marine
dispersal hypothesis.

Cichlid biogeography: overview of the debate

Cichlids are widely distributed in southern contin-
ental regions including South and Middle America
(400 species), Cuba and Hispaniola (four species),
Africa (>1000 species), Madagascar (>18 species),
Arabia and adjacent areas (Israel, Syria, Iran) (five
species) and India (three species) (Fig. 1). This
distribution pattern has led researchers to propose
an Early Cretaceous origin for the assemblage
(Rosen 1975; Stiassny 1991). This period (120-
130 Ma) constitutes the period of fragmentation of
the southern super-continent, Gondwana. Cichlids
are also found on non-Gondwanan fragments,
including Europe (as fossils) and the Greater Antilles.

The oldest fossil cichlids date back only to the
Eocene (54-38 Ma; Murray 2000a, 2000Db,
2001a). Some researchers have argued that disper-
sal across marine environments, rather than drift
vicariance (vicariance because of continental drift),
is more likely given evidence from the fossil record,
molecular clock estimates of divergence, and the salt
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tolerance of some extant cichlids (Briggs 1984;
Murray 2001b; Vences et al. 2001). Vicariance
biogeographers emphasize the derived nature of the
earliest fossil cichlids, and the lack of evidence for
intercontinental marine dispersal (Stiassny 1991;
Sparks 2003). Both sides have used phylogenetic
analyses to support their claims.

The monophyly of the Cichlidae is supported by
morphological (Zihler 1982; Gaemers 1984;
Stiassny 1991) and molecular evidence (Streelman
and Karl 1997; Farias et al. 1999, 2000). Despite
recent phylogenetic work, the sister group of cich-
lids remains unknown (Stiassny & Jensen 1987;
Zardoya et al. 1996; Streelman and Karl 1997).
Researchers currently agree that one of the groups
traditionally placed within Labroidei (possibly an
unnatural group; Streelman and Karl 1997) is the
sister group to cichlids. Besides cichlids, Labroidei
includes three other families: surfperches (Embiot-
ocidae), damselfishes (Pomacentridae), and wrasses
and parrotfishes (Labridae).

As all Labroidei except cichlids and a single
embiotocid (Nelson 1984) are strictly marine, the
sister group of cichlids is probably marine, and a
marine ancestor for the family is plausible. Most
cichlids are restricted to freshwater habitats, but
there are cases of cichlids living in brackish habitats
or being found swimming in marine waters (see
examples in Murray 2001b). Certainly, to some
cichlid species a marine habitat is hospitable. How-
ever, as there are no known instances of cichlids
crossing a marine environment by dispersing from
one landmass to another, the marine environment
may still be considered a barrier to dispersal.

Selecting among biogeographical hypotheses

There are many methods that have been proposed for
selecting between biogeographical hypotheses (see
Crisci 2001). T adopt a cladistic biogeographical
approach sensu Rosen (1985) and Nelson and Plat-
nick (1981). This method was selected over others
because it uses area cladograms that can be created
from the published phylogenies reviewed here. This
method was also selected over others because it is the
only one that utilizes the principle of parsimony,
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Figure 1 Cichlid worldwide distribution from Sparks (2001).

which by minimizing assumptions finds the most
efficient explanation of the evidence (Sober 1988).

The cladistic biogeographical approach assumes
a shared correspondence between phylogenetic
history and geological history. The relationship
between these histories can be seen in congruent
patterns of different taxonomic and area clado-
grams (cladograms with taxon names replaced by
distributions) fitting a given pattern of geological
history. In this method, dispersal is assumed not to
explain a disjunct distribution until vicariance can
be falsified (Croizat et al. 1974; Kluge 1989).
Vicariance is a simpler interpretation than dispersal
for congruent area cladograms of different taxa,
because the congruence can be explained by a
single event (i.e. the rifting of a continent or
orogeny). The same interpretation of distributions
by dispersal would require concordant dispersal in
the same sequence for many diverse taxa (Figs 2
and 3).

The essence of vicariance biogeography is that
barriers arise secondarily to divide up species.
Vicariance events, because they are tied to earth
history, can only be supported by a very limited
range of phylogenetic patterns. Dispersal scenarios,
because they can occur without any underlying

© 2004 Blackwell Publishing Ltd, FISH and FISHERIES, 5, 97-119

congruent process, can be claimed to support an
unlimited range of phylogenetic patterns.

Area cladograms that fit a hypothesized geo-
graphical fragmentation sequence may support
vicariance, or at least do not falsify it. All distri-
bution patterns can be explained by dispersal.
Dispersal scenarios therefore should not be em-
ployed unless vicariance scenarios have been
falsified.

Vicariance scenarios for freshwater fishes have
the following potential falsifiers: (i) the phylogenetic
pattern (sequence of lineage divergence) does not
follow the timing of known geological processes
(i.e. the sequence of fragmentation) (Fig. 3), (ii)
members of particular lineages are younger than
hypothesized related vicariance events, (iii) a species
of the group under study is found on either side of a
supposed barrier to dispersal, (iv) molecular clocks
or sequence divergence times reliably show that
lineages have diverged after the particular vicariant
events under study.

Dispersal will be the favoured mechanism to
explain a disjunct distribution when falsifiers of
vicariance — by adding assumptions to a vicariance
hypothesis — make dispersal a simpler alternative.
The possibility also exists that the current evidence
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Figure 2 Congruent cladograms for three hypothetical taxa. The most parsimonious explanation would be a single
vicariance event rather than multiple independent and sequentially concordant dispersal events.

is insufficient to select between alternative explana-
tions of disjunct distributions.

Cichlids on Gondwana

If cichlids were present on Gondwana before its
breakup, the minimum age of the family would be
at the end of the Early Cretaceous (120 Myr). There
is general agreement that the timing of the breakup
of Gondwana occurred around this time (Hay et al.
1999; see below). What is not clear is the sequence
of fragmentation. Reconstructions of this sequence
are essential to forming congruent patterns of area
cladograms following a specific scenario of Gon-
dwanan breakup.

Alternative Plate Tectonic reconstructions for
Gondwanaland breakup

There are two major plate tectonic reconstructions
for the Cretaceous. Until recently there was a
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consensus that by 120 Myr, South America, Africa,
India, Australia and Antarctica had separated from
one another and deep ocean passages lay between
them (Dietz and Holden 1970; Smith et al. 1973;
Briden et al. 1974; Zonenshain et al. 1984; Barron
1987; Scotese 1991). In this scenario, the sequence
of separation relevant to this discussion begins with
the India/Madagascar block separating from Africa/
South America, followed by the subsequent separ-
ation of India from Madagascar and then Africa
from South America. Biologists questioned this
‘classical reconstruction’ because of a number of
sister group relations for taxa that likely could not
cross some of the implied barriers. A recent
re-examination of continental margins using seis-
mic profiling and sea floor magnetic lineations has
revealed an alternative tectonic reconstruction (Hay
et al. 1999). In the Hay et al. scenario, Africa
separates from a single continental block consisting
of South America—Antarctica—Madagascar—India—
Australia in the Early Cretaceous (120-130 Ma).

© 2004 Blackwell Publishing Ltd, FISH and FISHERIES, 5, 97-119
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Figure 3 A demonstration showing how lineage divergence sequences can be incongruent with timing of known

geological processes. Numbers indicate areas, not species.

This large continental block remained intact until
the Late Cretaceous (80-90 Ma). The consequence
of this scenario is that members of this continental
block had a closer connection with each other for
30-60 Myr longer than they did with Africa
(Fig. 4). These alternative scenarios will have
important consequences on how different phylo-
genetic relations of cichlids fit with a vicariance or
marine dispersal scenario.

Proposed relationships

In order to use a cladistic biogeographical approach,
a cichlid phylogeny must be recovered before
congruent cladograms from other taxa can be used
to corroborate a hypothesis. However, there have
been many proposed phylogenetic reconstructions
for the family Cichlidae. This review will include all
those recovered by cladistic analyses and that
include multiple disjunct areas. Figure 5 includes
all those that found monophyletic groups on Gon-
dwanan fragments or those with monophyletic
fragments except Madagascar. Madagascar appears

© 2004 Blackwell Publishing Ltd, FISH and FISHERIES, 5, 97-119

paraphyletic in all analyses that include the genus
Paretroplus from Madagascar and Etroplus from
India with other Malagasy taxa. These two genera
have been found as sister lineages in every analysis
that has included them.

Figure 6 includes all analyses that have one or
more paraphyletic Gondwanan fragments (besides
Madagascar). Figure 7 shows the two most extreme
hypothetical area cladograms from those in Figs 5
and 6, illustrating what these clear alternatives
would be able to suggest.

Monophyletic groups on Gondwanan fragments

It could be argued that monophyletic groups on all
former Gondwanan landmasses would make a
strong case for vicariance (Fig. 7a). This situation
appears in Schliewen and Stiassny (2003) (Fig. 5b);
Farias et al. (2000) (Fig. 5c and d), and Streelman
et al. (1998) (Fig. 5c¢). However, each of these
phylogenies lacks a paraphyletic Malagasy lineage
presumably because the authors did not sample
Paretroplus and Etroplus. Paraphyly of the Madaga-
scan cichlids does not rule out a vicariance scenario,
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(a) 100 Ma

in fact it may be the strongest case for vicariance
(see ‘India—Madagascar sister relationship’).

The analyses that recover monophyletic African
and South American lineages as sister groups are

significant because of congruence with other taxa
(Zardoya et al. 1996; Streelman et al. 1998; Farias
et al. 1999, 2000; Schliewen and Stiassny 2003;
Sparks 2003; in Fig. 5b—g). Freshwater fishes with
area cladograms congruent with cichlids (in showing
sister relationships between South America and
Africa rather than with a lineage on another contin-
ent) include: lungfishes (Lepidosiren and Protopterus),
osteoglossids (Arapaima and Heterotis), nandids,
aplocheiloid cyprinodontiforms, galaxiids and syn-
branchids (Rosen 1975; Lundberg 1993; Lundberg
et al. 2000). These freshwater species would hypo-
thetically have the same requirements as cichlids for
dispersal. This scenario also fits the ‘classical’ recon-
struction of Gondwanan fragmentation, as this
scenario favours an Africa—South America sister
group relationship over a South America—Antarc-
tica-Madagascar-India—Australia connection.

Paraphyletic groups on Gondwanan fragments
Figures 6a—g (see also Fig. 7b) shows paraphyletic
groups on one or more Gondwanan fragments other
than Madagascar. All these are caused by one of
three taxa, Heterochromis multidens, Oxylapia polleni
or Chaetobranchopsis australis.

Heterochromis multidens, a monotypic African

taxon, appears to be a difficult species to code in
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Figure 4 Early Cretaceous tectonic
reconstructions of (a) Hay et al. 1999
and (b) 'classical’ reconstruction.

morphological analyses. Stiassny (1991) (Fig. 6e)
found that this species might be sister to the
etroplines (Etroplus of India and Paretroplus of
Madagascar). Kullander (1998) (Fig. 6g) recovered
this species as nested within his otherwise mono-
phyletic Neotropical assemblage. Oliver (1984)

Figure 5 Diversity of phylogenetic trees with monophy-
letic groups on Gondwanan fragments or with a para-
phyletic Madagascar. All trees that include species from the
genus Paretroplus (Madagascar) and Etroplus (India) find a
sister relationship between them that makes Madagascar
paraphyletic when other Malagasy taxa are included. (a)
Sparks (2001), parsimony using morphology, CO1, and
16S; *The positions of Africa and the Neotropics are
switched and morphology when morphological characters
are excluded from this data set Sparks 2003 (b) Schliewen
and Stiassny (2003) Parsimony using Tmo27, Tmo4C4,
DXTU, (c) Farias et al. (2000), minimum evolution tree
16S & TmoM27, Tmo4C4 and Farias et al. (2000),
parsimony, TmoM27 & Tmo4C4 Streelman et al. (1998),
‘neighbor joining bootstrap consensus’, Tmo4C4 &
TmoM27 (d) Farias et al. (2000), total evidence tree 16S &
TmoM27, Tmo4C4 & morphology from Kullander (1998)
(e) Zardoya et al. (1996) ““50% majority rule bootstrap
neighbor joining consensus tree’” using TmoM27 Farias et
al. (2000) Minimum evolution, using 16S rRNA (f)
Zardoya et al. (1996) parsimony Tmo-M27 Streelman et al.
(1998) parsimony, TmoM27, Tmo4C4 (g) Farias et al.
(1999); Sparks (2003) Parsimony, 16S rRNA (h) Cichocki
(1976), clique analysis, morphological characters Mada-
gascar assumed ‘basal’.

© 2004 Blackwell Publishing Ltd, FISH and FISHERIES, 5, 97-119
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(Fig. 6f) also recovered this species as closely related Neotropical and African assemblages. These three
to the South American genus Cichla, which together analyses borrowed many components from

with Heterochromis was excluded from both the Cichocki’s (1976) (Fig. 5h) non-cladistic character
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Figure 6 Diversity of phylogenetic trees with paraphyletic groups on Gondwanan fragments. (a) Streelman and Karl
(1997); Streelman et al. (1998), Neighbour joining from maximum likelihood distances, Tmo4C4 (b) Streelman and Karl
(1997) Parsimony, Tmo-4C4 (c) Murray (2001b) a composite tree (from Stiassny 1991; Meyer et al. 1994; Lippitsch 1995,
Nishida 1991;Lippitsch (1995) parsimony, scale and squamtion characters (d) Sparks (2001) parsimony using morphology
(e) Stiassny (1991) parsimony using morphology based on Cichocki 1976 characters (f) Oliver (1984), parsimony tree
based on Cichocki 1976, morphological characters (g) Kullander 1998, parsimony using morphology.
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analysis, which did not include Heterochromis.
Lippitsch (1995) (Fig. 6¢) also found a paraphyletic
African lineage because of the exclusion of Heter-
ochromis, which was placed as the sister taxon to the
Neotropical and African assemblages. This phylo-
geny was based entirely on scale and squamation
characters, characters that are often not useful in
higher-level phylogenetic analyses because of their
potentially homoplasious behaviour and non-inde-
pendence. These scenarios suggest dispersal from
Madagascar to Africa or from South America to
Africa for Heterochromis. A pre-rifting divergence of
this species and its ancestor would also leave this
phylogenetic pattern (see Discussion).

Murray's (2001b) (Fig. 6¢) composite tree is from
Nishida’s (1991) and Meyer et al.’s (1994) phylo-
genies of African cichlids, Lippitsch’s (1995) scale
and squamation phylogeny and Stiassny’s (1991)
morphological analysis of Cichlidae. From Murray’s
sample, only Lippitsch (1995) and Stiassny (1991)
had cladograms that included the worldwide distri-
bution of cichlids. The phylogenies of Nishida
(1991) and Meyer et al. (1994) focused only on
African cichlids. As the purpose of Murray’s analy-
sis was to show that marine dispersal is the most
parsimonious conclusion for the historical distribu-
tion of cichlids, it would have been more appropri-
ate to include all other analyses dealing with cichlid
disjunct distributions.

Molecular analyses that included H. multidens
find either that this species is nested within the
African assemblage or sister to the rest of the
African assemblage, recovering a monophyletic
African assemblage in either case (Stiltmann et al.
1995; Farias et al. 1999, 2000; Schliewen and
Stiassny 2003; Sparks 2003). Morphological ana-
lyses may recover this species in non-African
lineages because of its lack of obvious synapomor-
phic features.

Oxylapia, a monotypic Malagasy genus, was
recovered as sister to the Neotropical assemblage
in a neighbour-joining tree using a nuclear frag-
ment (Tmo4C4) (Streelman and Karl 1997; Streel-
man et al. 1998) (Fig. 6a). In a parsimony analysis
using the same fragment, it was found sister to the
Neotropical and African assemblages (Streelman
and Karl 1997) (Fig. 6b). This species is found
nested within the Malagasy/Indian clade, when
Malagasy genera other than Paretroplus are inclu-
ded (Stiassny 1991; Farias et al. 1999, 2000;
Sparks and Reinthal 2001; Sparks 2003). There-
fore, the position of Oxylapia in Streelman et al.
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Figure 7 Examples of (a) Monophyletic continental
groups, (b) Paraphyletic continental groups. (a) The
consequence of monophyletic lineages on continental
fragments (fragments assumed once to be part of a larger
whole) are that the following possibilities exist to explain a
given disjunct distribution: (i) vicariance by continental
drift (as long as the sequence of divergence follows the
proposed timing of fragmentation (ii) single dispersal events
from one continent to another, without any subsequent
successful dispersals (iii) multiple successful dispersals,
followed by a extinction events that left the following
pattern (reciprocal monophyly); and (iv) widespread
ancestor (in the case of cichlids a marine ancestor) post
fragmentation, gave rise to lineages on separate regions,
that subsequently speciated forming clades; (b) The
consequence of paraphyletic lineages for cichlids on former
Gondwanan fragments, are that the following possibilities
exist to explain a given disjunct distribution: (i) multiple
successful dispersal events; and (ii) wide spread dispersal on
the Gondwanan continent that led to a paraphyletic
pattern, followed by fragmentation without subsequent
extinctions (that led to a pattern of monophyly).

(1998) and Streelman and Karl (1997) can be
explained by the exclusion of all Malagasy taxa save
Paretroplus.

Streelman et al. (1998), present a consensus tree
from their nuclear DNA analysis, which does not
include Oxylapia. This is notable because its exclu-
sion from the consensus is because of it not having
been sampled using nuclear fragment TmoM27
although this taxon was used in the same paper
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with Tmo4C4 (another nuclear fragment). This
consensus tree (shown in Fig. 5¢) misleadingly
implies that they recover a Malagasy/Indian clade
in each of the separate analyses. Farias et al. (2000)
also does not include Oxylapia despite using this
genus in other molecular analyses in the same
paper. Streelman et al. (1998) and Streelman and
Karl (1997) also use a very misleading approach in
labelling their area cladogram. In both the trees
listed in Fig. 6a, the authors have Oxylapia sister to
the Neotropical clades, making a paraphyletic India/
Madagascar lineage, but the authors show an area
cladogram that depicts a monophyletic India/Mada-
gascar lineage.

Sparks (2001) found a paraphyletic Neotropical
assemblage in his morphological analysis because
Chaetobranchopsis australis, a species from Paraguay,
was found to be the sister group to a monophyletic
African assemblage (nesting Africa within the
Neotropical assemblage; Fig. 6d). Unfortunately his
molecular trees and combined molecular and mor-
phological data tree did not include this species.

The paraphyly of different groups in these analy-
ses (Fig. ba—g) can be attributed mainly to geo-
graphically biased sampling. Incomplete sampling
has led to hypotheses of relationships that do not
appear in better sampled analyses. Therefore their
results of the biogeographical conclusions based on
these analyses must be called into question.

Molecular clock evidence
Molecular data have a potential advantage over
morphological data in that some molecules or
molecular fragments may change at a near constant
rate for a given period of time. The ‘phylometric
approach’ or ‘phylogeography’ (Avise et al. 1987)
recognizes that sequence differences (sometimes
called ‘genetic distances’) among taxa contain
information about both phylogenetic relationships
and the timing of separation between lineages
(Grant and Leslie 2001). To work, the rate at which
the molecule or fragment is said to change must be
correct, and the timing of the geological event that
this clock is calibrated upon must also be correct.
Two molecular clock analyses using cichlids have
been published. The first (Kumazawa et al. 2000)
supports vicariance, but because of its small sample
size, ambiguous results and circular reasoning, its
conclusions may be questionable. The second ana-
lysis, Vences et al. (2001) fails in several ways.
Applying a molecular clock hypothesis, Vences
et al. (2001) argued that dispersal was more likely

106

than vicariance to account for the distribution of
cichlids. The authors tested their hypothesis using a
molecular clock based on 16s rRNA gene and a
Tmo-4C4 nuclear fragment.

The authors use East African Rift Lake cichlids to
calibrate a molecular clock. The ages of these lakes
are imprecisely known; estimates range from 1 to
0.012 Myr, for Lake Victoria and for Lake Tangan-
yika from 4 to 12 Myr (Barlow 2000; Vences et al.
2001). Several authors have noted the paradox that
the cichlid lineage of Lake Victoria is supposedly
250 000-750 000 years old, whereas geological
evidence suggests that the basin of the lake dried
out completely only 12 000-15 000 years ago
(Johnson et al. 1996; Nagl et al. 2000; Fryer
2001). These wide estimates of ages for the lakes,
and the fact that the lineages within the lakes may
not be the same age as the lakes themselves (Meyer
et al. 1991; Nishida 1991), make this molecular
clock calibration suspect. A more conservative
calibration based on lake level fluctuations and in
discussions of the rift lake cichlids alone (as carried
out in other studies) is more reasonable (see
Sturmbauer et al. 2001).

Vences et al. (2001) also found both molecular
fragments failed to show clock-like evolution, as they
were significantly rejected by the likelihood ratio test.
Nevertheless, in order to use these data, the authors
only used lineages that fit the particular clock for a
given molecule (when rate constancy is not rejected);
this is common practice to deal with molecules that
do not fit the clock model across a cladogram
(following Takezaki et al. 1995). The linear accumu-
lation of transversions was assumed, and transitions
were removed in all analyses because they never met
rate constancy. The resulting cladograms from like-
lihood, parsimony and neighbour-joining analyses
are not provided. The authors instead used a previous
tree (Farias et al. 1999, 2000) on which to map
divergence dates. Curiously, the divergence dates
mapped onto this phylogeny do not correspond with
the sequence of those divergences (i.e. older diver-
gences are sometimes given more recent divergence
dates than recent divergences).

An earlier molecular clock-based analysis
(Kumazawa et al. 2000) using mitochondrial genes
NADH dehydrogenase subunit 2 and cytochrome b
supported a vicariance scenario for cichlid distribu-
tions. Only six cichlid species were used in the study
(three each from Africa and South America) and
15 species total. The authors concluded that Neo-
tropical and African cichlids had separated from
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each other between 80 and 120 Ma, fitting the
vicariance model. Their clock was calibrated upon
palaeontological and molecular data, based on the
assumption that cichlids could not disperse across a
marine barrier, and that they are Gondwanan in
origin. Unfortunately 95% confidence intervals were
not given, therefore it is unclear how strongly their
evidence supports vicariance. For a discussion on
the imprecise nature of some molecular clocks and
their confidence limits, see Hillis et al. (1996) and
Lundberg (1998).

India—Madagascar sister relationship

With the exception of a few problematic studies
discussed above, all analyses recover all Gondwa-
nan groups as monophyletic except Madagascar.
Madagascar contains the cichlid taxa that are sister
to the remaining cichlids. The three Indian cichlids
appear nested within the Malagasy clade whenever
Madagascar is adequately sampled (Stiassny et al.
2001; Sparks 2003), making for a monophyletic
India—Madagascar group.

Geological history

A landmass composed of Madagascar and India was
isolated following the breakup of Gondwana in the
Mesozoic, with a later separation of Madagascar
from India approximately 88 Ma (Segoufin and
Patriat 1981; Storey et al. 1995; Hay et al. 1999
referred in McCall 1997). Cretaceous deposits on
Madagascar lack any cichlid fossils (Gottfried and
Krause 1994, 1998). A number of currently well-
represented endemic vertebrate taxa are also absent
from the fossil record of Madagascar, leading some
to argue that a recent (Cenozoic) colonization via
dispersal took place (Gottfried and Krause 1994,
1998; Krause et al. 1997).

In this study ‘India’ refers to the entire Indian
subcontinent that includes Sri Lanka and adjacent
areas. Two cichlid species are native to Sri Lanka,
Etroplus maculatus and E. suratenis (Lundberg
1993). Sri Lanka is separated from India by the
Palk Strait, which at its narrowest is a mere 19 km
(Pethiyagoda 1991). It is a continental island part
of the Indian plate, and may have separated from
India during the Early Cretaceous. It is hypothesized
that the island was submerged during the Paleocene
and Miocene, meaning that the fauna on the island
is composed of recent (post-Miocene) invaders. Some
of these invasions may have occurred overland via
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freshwater channels. A landbridge 170 km wide
has been proposed during a period of low sea level
during the last glacial period, 15 000-20,000 years
ago (Cooray 1984 referred in Pethiyagoda 1991).

Vicariance

Sparks (2001) states that ‘Certainly the most
compelling evidence in favor of vicariance and a
more ancient age of origin for cichlids than fossils
currently establish, is the...monophyletic Malagasy-
South Asian assemblage’. This assemblage carries
the strongest corroborated relationship between
cichlids (Cichocki 1976; Oliver 1984; Stiassny
1991; Farias et al. 1999; Stiassny et al. 2001;
Sparks 2003). This relationship appears in every
well-sampled analysis (those that include Etroplus
and Paretroplus).

The timing of the breakup of India and
Madagascar is reported to be 88 Ma (Rabinowitz
et al. 1983; Storey et al. 1995) implying that the
ancestor of the Indo-Malagasy clade was present
before this time. This scenario (if correct) dates the
cichlid origin before the end of the Cretaceous. This
relationship is also congruent with both prevailing
hypotheses of Gondwanan fragmentation. The Hay
et al. reconstruction predicts an African sister
relationship to the rest of the continental fragments,
because it occurred first, with a break between India
and Madagascar occurring later (Fig. 5a is the only
cladogram of cichlid relationships congruent with
the Hay et al. scenario). The classical reconstruction
requires a rift between India—Madagascar and
Africa—South America, followed by a rifting between
Africa and South America and finally between
Madagascar and India (Fig. 5c best exemplifies this
scheme, 5b, d, f and g are congruent).

The Greater Antilles

The relationships of the Greater Antillean cichlid
fauna are important because the Antilles are not
geologically Gondawanan in origin, although they
may have in various times of their history been
connected to Gondwanan fragments (Rosen 1975,
1985). Croizat’s (1962) metaphor of vicariance
biogeography being like reconstructing a pane of
glass that has been repeatedly shattered seems
particularly relevant to the Greater Antilles.
Geologically speaking, the Greater Antilles rest
upon a small plate located between the much larger
North America, South American and Cocos and
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Nazca plates. The Caribbean plate itself can be
divided into a series of minor plates that have
separated and merged at various times in their
history (Perfit and Williams 1989). Despite their
history and position on a tectonic plate, these
islands are commonly referred to as ‘oceanic.” This
nomenclature, like ‘secondary freshwater’, assumes
a priori that overwater dispersal is the only mech-
anism for organisms to populate these islands.
Paulay (1994) defined oceanic islands as islands
that have never been connected to a mainland
continent and therefore are populated solely by
dispersal. Given recent tectonic reconstructions of
this area, this definition does not fit the Greater
Antilles.

Antillean cichlids

There are five known cichlids from the Antilles,
Cichlasoma tetracanthus, C. ramsdeni, C. haitiensis,
C. vombergi and C. woodringi (see Myers 1928 and
Darlington 1957 for discussion on other possible
species, and distributions). The first two are restric-
ted to Cuba, and the others to Hispaniola. The fossil
C. woodringi is either Upper or Middle Miocene
(23 to 5 Ma) in age (Myers 1928; Rivas 1986). Van
Couvering (1982) called the fossil ‘?Pliocene’ with-
out explanation in her text while it remained
Miocene in her figures. This younger age has been
cited by later authors without additional explan-
ation (Casciotta and Arratia 1993; Murray 2001b).
This fossil has the notoriety of being the only known
freshwater fossil from the Antilles (Burgess and
Franz 1989). Bussing (1985) and Rivas (personal
communication in Burgess and Franz 1989) com-
ment that this fossil is indistinguishable from
C. haitiensis, an extant Hispaniolan species. The
Antillean cichlids are often referred to as being in
the genus Nandopsis because some authors choose
to raise members of the Cichlasoma sections as
modified by Miller (1966, 1976) to the rank of
genus.

A number of authors have stated that Cuba,
particularly its eastern half, was once united with
Hispaniola in the early history of the Caribbean
(Perfit and Williams 1989; Williams 1989). Accord-
ing to Pitman et al. (1993), Cuba and Hispaniola did
not separate until a shearing in the late Middle
Eocene. Nearly 90% of the 71 species of Antillean
freshwater fishes occur on Cuba and Hispaniola
(Burgess and Franz 1989). Sixty-five of these are
endemic to an island or island group (Burgess and
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Franz 1989). Surprisingly, Puerto Rico, the fourth
largest Antillean island, separated from Hispaniola
by only the narrow Mona Passage (130 km), is
completely lacking in native freshwater fishes.
Puerto Rico does have available habitats, as an
introduced African cichlid and many other intro-
duced species maintain populations there (Burgess
and Franz 1989). Fishes dispersing from Central or
South America would also probably reach Jamaica
or the lower Antilles first because of their location
(Fig. 8). There are no cichlids on Jamaica (it does
have six other native freshwater species), and there
are only two native freshwater fishes on the entire
Lesser Antilles.

The genus Cichlasoma (sensu lato), to which all the
Antillean cichlids belong, dominates the Central
American cichlid fauna (75 of about 100 or more
species) (Miller 1966, 1976; Kullander 1983, 1998;
Roe et al. 1997; Martin and Bermingham 1998).
This genus is also found in South America and
north to Texas, but its diversity in Central America
is unmatched (Bussing 1985).

Phylogenetic relationships

To date no formal phylogenetic analysis has
included the Cuban and Hispaniolan species with
Central American and South American species
(P. Chakrabarty, in preparation). Rosen (1975)
presented a cladogram that had a sister relation-
ship between Central America and the Antillean
cichlid fauna, however it included only the Central
American and Antillean fauna. This four-taxon
cladogram was cited using a ‘personal communi-
cation’ from Cichocki who did not include this
analysis in any published material or in his
dissertation. Without a phylogenetic diagnosis, we
lack a measure for selecting between alternative
mechanisms for explaining this disjunct distribu-
tion.

Myers (1938, 1966; see also Darlington 1957)
hypothesized that the freshwater fishes of the West
Indies dispersed from Central America, mainly
because of the salt tolerance of these ‘secondary
freshwater fishes’. Myers incorrectly believed the
islands formed in situ without connection to other
landmasses. Cichlids were lumped into this cate-
gory of being ‘secondarily freshwater’ based solely
on their occurrence on islands. Rivas (1986) noted
that the native cichlids on Cuba and Hispaniola are
known only from landlocked freshwater habitats,
never brackish or marine habitats. Bussing (1985)
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Figure 8 Map of Caribbean region and adjacent areas.

and Martin and Bermingham (1998) hypothesize
that South American and Central American cichlids
may have dispersed around the continental land-
masses by migrating along coastlines, pointing
again to salt tolerance in these cichlids. Kullander
(1983) gives the only mention of Neotropical cich-
lids being caught in brackish water. Endemism of
cichlid species on Cuba and Hispaniola implies that
either (i) they speciated there, presumably long ago,
(ii) there have been no successful dispersal events
from mainland to island or from island to island, or
(iii) extinctions have left this pattern of endemism (so
called ‘reciprocal monophyly’).

Based on his vicariance model, Rosen (1975)
gave a Mesozoic minimum age to the freshwater
fish fauna of the Antilles including cichlids, ather-
inids (silversides), poeciliids and other Cyprinodonti-
formes, synbranchid eels and gars. Rauchenberger
(1988) attempted to create a composite area
cladogram from 12 other cladograms using these
taxa to support Rosen’s vicariance model. Most of
the trees she used in her analysis are poorly
resolved (the cichlid area cladogram she used is
an uninformative polytomy), as she notes herself.
Only the Gambusia tree (a poeciliid) provided much
resolution to her composite. Unfortunately the
Gambusia tree she cites (but does not show) from
Fink (1971a,b ignores some key elements of the
original cladogram (W. L. Fink, personal commu-
nication). Her analysis also included only one South
American species, which, because of its placement
at the base of the cladogram, did not affect the
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composite tree. It is not surprising then that she
found a close relationship between the Antillean
and Central American taxa (the only possibility,
given her sampling).

The Middle East, Europe and adjacent areas

There has been little work on the cichlids of this
area. The only phylogenetic hypotheses that include
species that belong to northern Africa, and the areas
adjacent (including the Middle East) are by Klett and
Meyer (2002) and Trewavas (1983) (Fig. 9).

Current distribution and sister relations

Iranocichla hormuzensis Coad 1982 is the only
cichlid endemic to Iran and is disjunct from other
cichlid populations. Coad (1982) described this
species as a relict of a larger cichlid distribution
that crossed the Arabian Peninsula. He notes
several periods where dispersal across the Arabian
Peninsula could be possible over freshwater corri-
dors during dry periods in the Pliocene or Pleisto-
cene (see Kosswig 1965, 1973; Banister and Clarke
1977). Trewavas (1983) believed this species to be
the sister to the Ethiopian Danakilia franchettii and
noted that perhaps the genera should be synonom-
ized. Trewavas (1983) mentions a cyprinodont in
the Red Sea that may also be a relict of a once more
widely distributed freshwater group.

Klett and Myer (2002) found that Iranocichla may
be the sister taxon to Sarotherodon or Stomatepia,
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both tilapiines in the Sarotherodon group. The
Sarotherodon group includes a number of middle
eastern and northern African species and may be
monophyletic, although the entire tilapiine tribe
that they belong to may not (Klett and Myer 2002).

Tristramella magdalenae is a tilapiine found in
Syria (Coad 1982; Trewavas 1983) that may also
be closely related to Danakilia franchettii (Trewavas
1983). Tristramella simonis is known from Israel and
is sister to the African Sarotherodon occidentalis (Klett
and Myer 2002).

Loiselle (1985) notes how a number of species
from the Nile basin have ranges that extend to
the areas around the Persian Gulf including the
tilapiines Tilapia zillii, Sorotherodon galilaeus and
S. He suggested that this might be
evidence for a recent dispersal from Africa to the
Middle East during a period of warmer, wetter
climates.

aureus.

Fossils from the area

Cichlids are absent from the Arabian Peninsula,
despite being found in the surrounding areas. This
absence may be more the result of a current desert
barrier than to a marine barrier. Fossil cichlids in the
Middle East listed by Murray (2001b) include two
Pliocene cichlids in Israel and at least three lineages
of Oligocene Saudi Arabian cichlids. There is some
speculation that one of the two Israeli cichlid fossils
resembles T. zillii (Murray 2001b). Van Couvering
(1982) had earlier speculated on the relationships of
one of these fossils and placed it in the genus Tilapia
and aligned it with an African Tilapia fossil.

Brown (1970 in Trewavas 1983) describes what
he thinks to be a tilapiine cichlid from the Miocene
or Oligocene of Saudi Arabia. Perhaps this species
was a holdout from before the formation of the
Arabian Desert in the Pliocene or Pleistocene.
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Figure 9 Map of relevant European,
Middle Eastern and African areas.
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An Italian fossil from the Eocene has been
reported but is highly suspect (Murray 2001).
Miocene fossils from Italy, Germany, Moravia and
Switzerland are known and may be tilapiines
(Gaemers 1989; Murray 2001b). As there is a land
connection from northern Africa to Arabia and
Europe, dispersal by freshwater routes overland is
quite plausible for this area.

The global cichlid fossil record

The absence of fossils from the Mesozoic is a point
that is often raised against a vicariance hypothesis
of cichlid biogeography (Lundberg 1993; Murray
2001b). However, ‘absence of evidence is not
evidence for absence’ (Maisey 1993), particularly
given the rarity of Cretaceous freshwater deposits
(Patterson 1993). The cichlid fossil record does not
falsify hypotheses of vicariance. There are no fossils
from extant geological lineages (e.g. African) found
on continents other than the ones they are found
today. No fossil cichlid from any geographical
lineage predates proposed vicariance events. Pres-
ence of such fossils would favour pre-drift intercon-
tinental speciation over vicariance (Lundberg 1993)
(see Fig. 7b-2).

Minimum ages

Murray (2000a, 2001a) has described the oldest
known fossil cichlids, which are from the Eocene of
Tanzania. These fossils establish the minimum age
of cichlids to be 45 million years old. Before
Murray’s (2000a) descriptions, the oldest fossil
cichlids were from the Oligocene (23—-34 Ma) (Van
Couvering 1982; see also Greenwood 1989). Mur-
ray has placed these cichlids in a derived position
among African cichlids, sister to Hemichromines,
based on predorsal spine count and squamation
(Murray 2001, 2001b). Sparks (2003) also noted
that these fossils appear to be more derived than
either Heterochromis or Tylochromis (the least
derived African cichlids) and thought they were
closely related to modern haplochromines or hem-
ichromines. He comments that if cichlids from the
seem morphologically indistinguishable
from extant forms, then cichlids are likely a much

Eocene

older group than the fossils imply.

Fossil cichlids are also known from the Miocene of
South America (Casciotta and Arratia 1993).
Stewart (2001) lists all African cichlid fossils of
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Neogene Africa; these fossils are also reported to
have modern morphologies (Stiassny 1991).

The acanthomorph record

Some authors challenge a mid-Cretaceous (approxi-
mately 120 Ma) origin for Cichlidae (Lundberg
1993), because of their derived position on the tree
of acanthomorphs and the minimum age suggested
by the fossil record (Fig. 10). The absence of cichlids
of a Cretaceous age becomes pivotal when their
phylogenetic position is taken into account. The
derived position of cichlids within acantho-
morphs means that for cichlids to be Cretaceous
all other less derived acanthomorphs must also be
Cretaceous.

There are many actinopterygians (ray finned
fishes) in the global Mesozoic fossil record, but no
acanthomorphs (spiny-rayed teleosts) until the Late
Cretaceous (approximately 75-65 Ma). Lundberg
(1993) considered this evidence that acantho-
morphs did not yet exist. If fossils provide the
minimum age of taxa, cichlids are at least Eocene
(Murray 2001); the Labroidei, early Cenozoic
(younger than 65 Ma) (Carroll 1988); Percomor-
pha, possibly Late Cretaceous but the earliest
ungquestionable perciformes are early Cenozoic (after
65 Ma; Patterson 1993); and acanthomorphs are
early Late Cretaceous (Patterson 1990, Patterson
1994). Percomorpha appear 20-25 Myr after the
first acanthomorphs in the fossil record (Murray
2001).

Higher acanthomorph diversity is not recorded in
fossils until the Late Paleocene/Early Eocene, at
which time there appears to be a major radiation
(Fig. 10) (Patterson 1993, 1994). Acanthomorphs
include 15 000 species in 280-300 families (Pat-
terson 1993, 1994). There are 9000 Perciformes
species within 150-230 families (Nelson 1984;
Patterson 1994). The fossil record suggests that the
majority of Perciform diversity, including cichlids,
radiated in the Eocene. The possibility of a gap in the
fossil record for acanthomorphs between the Late
Cretaceous and Paleocene has been proposed (Pat-
terson 1993; Sparks 2001). However, there is little
evidence for the gap being due to anything besides
their actual absence, particularly in the face of the
abundance of Actinopterygian fossils from freshwa-
ter deposits of this time. Only the discovery of new
fossils and deposits from this period will resolve this
question.
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Figure 11 (a) Map of worldwide distribution.of the Aplocheiloidei and (b) Phylogenetic hypothesis from Murphy & Collier

using three mitochondrial genes and parsimony.

Discussion

This paper has reviewed all prior phylogenetic
hypotheses that have implications about cichlid
biogeographical hypotheses. Cladograms by a num-
ber of authors (Cichocki 1976; Zardoya et al. 1996;
Streelman et al. 1998; Farias et al. 1999, 2000;
Schliewen and Stiassny 2003; Sparks 2003) recover
monophyletic Gondwanan lineages (Africa, South
America, India—Madagascar) and do not refute a
vicariance scenario for explaining cichlid distribu-
tions. The well-supported relationships within cich-
lids show a convincing vicariance pattern reflecting
Gondwanan fragmentation. Sparks’ (2001) com-
bined mitochondrial gene and morphological evi-
dence tree is the only analysis to date that recovers
a topology that follows the proposed sequence of
fragmentation by Hay et al. (1999). Notably at deep
nodes this tree is weakly supported (presumably
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because of the use of quickly evolving mitochondrial
genes), both by Bremer support (<2) and Jackknife
resampling (<50) values in clades showing
sister lineages between the Neotropics and India—
Madagascar.

The use of slower evolving nuclear fragments
TmoM27 and Tmo4C4 in phylogenies analysing
worldwide cichlid distributions provides congruent
results (Fig. 5b—f) that support the classical recon-
struction of Gondwanan fragmentation. The evi-
dence provided by these cladograms is important,
but their faults (including excluding some phyloge-
netically important taxa) must be noted and avoided
in future studies.

The introductory section of this paper identified
four potential falsifiers of vicariance. The first (when
phylogenetic patterns do not follow the sequence of
divergence of known geological processes) is found
in the paraphyletic groups shown in Fig. 6. In all

113



Cichlid biogeography P Chakrabarty

these trees, one of the three noted ‘problematic taxa’
breaks up what are otherwise monophyletic groups.
This can be interpreted as either evidence for
dispersal for these species, or that the nature of
the characters in these species is difficult to code in
phylogenetic analyses. An alternative to either strict
dispersal or miscoding is that these species are part
of a pre-rifting divergence of lineages. The paraphy-
letic groups in the cladograms in Fig. 6 may be
evidence for the pre-drift expansion of the distribu-
tions for the ancestors of H. multidens, O. polleni and
Chaetobranchopsis australis into other Gondwanan
fragments followed by isolation of these three
particular species by fragmentation. None of the
cladograms with paraphyletic groups are found in
more than one analysis. Independent evidence
never supported any of these trees. As given in
Figure 6a, Streelman and Karl (1997) and Streel-
man et al. (1998) both found Oxylapia sister to the
Neotropics. However, this appears to be the same
analysis with only a few differences in ingroup and
outgroup sampling.

The other falsifiers listed earlier are not found in
any tree previously published. No cichlid lineage is
shown to be younger than vicariant events from
phylogenetic analyses. No cichlid species has a
distribution on either side of a supposed barrier to
dispersal, outside of introduced species. The two
molecular clock analyses (Kumazawa et al. 2000;
Vences et al. 2001) have many problems (see
‘Molecular clock evidence’) and therefore should
not be considered falsifiers of vicariance or dispersal.

Some readers may disagree with using parsimony
as grounds to favour a particular hypothesis of
biogeography. There are several possible explana-
tions for the presented evidence of monophyly on
Gondwanan fragments regardless of ones philo-
sophical standpoint. Lundberg (1993) discusses four
possible interpretations for disjunct monophyletic
distributions that are modified here for the Gon-
dwanan cichlid case: (1) simple drift vicariance:
ancestral distribution was Gondwanan, and the
origins of separate clades were facilitated by the
separation of the Gondwanan fragments. (2) Pre-
drift intercontinental speciation: separate lineages
originated on Gondwana, or extinction on separated
fragments post-drift led to the same pattern (recip-
rocal monophyly). (3) Post-drift dispersal: unique
overwater dispersal from one fragment to the other
of a single species following the break-up of
Gondwana, and lineages arising from it. (4) Indirect
dispersal pathways: a now extinct marine cichlid
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species (or several species from one clade), gave rise
to independent freshwater lineages in different
Gondwanan fragments via dispersal.

This review finds that drift vicariance (conclusion
1) is the most favoured conclusion because of a lack
of support for the alternatives. Cladograms that
would have supported conclusion 2 would be
similar to hypothetical cladogram 7b, because free
dispersal across Gondwana would have left multiple
paraphyletic groups. This scenario then would
require extinctions of all lineages save for one on
each Gondwanan fragment. There is no evidence for
this pattern of extinctions. All cichlid fossils thus far
collected belong to extant lineages on their respect-
ive fragments.

Post-drift dispersal (conclusion 3) would require
one species to give rise to the entire continental
fauna on each Gondwanan fragment (and not on
any Laurasian fragments). Although there is always
a possibility of dispersal occurring in this way, there
is no evidence for only one successful dispersal event
having occurred between continents followed by
extinction of the founder species.

Conclusion 4 considers that a widely spread, now
extinct marine ancestor might have given rise to all
the extant freshwater lineages. This possibility as
pointed out by Lundberg (1993) is intriguing
because it would explain the absence of Mesozoic
cichlid fossils. It would also allow for the minimum
age of cichlids to be corroborated by both their fossil
record and their distribution. If there were a marine
ancestor that gave rise to monophyletic cichlid
groups on separate Gondwanan fragments the phy-
logenetic pattern that would be predicted would be a
polytomy. This pattern is not found in any phylo-
genetic analysis and should therefore be ruled out.

For vicariance to be the simplest conclusion of the
evidence, other non-cichlid taxa must also show
the repeated phylogenetic pattern. Figure 11 shows
the worldwide distribution of aplocheiloid killifish.
These fishes have a very similar worldwide distri-
bution, and a congruent phylogeny with Cichlidae
(Murphy and Collier 1997). The aplocheiloid phy-
logeny shows a sequence of divergence fitting the
classic reconstruction of fragmentation (cladograms
5b—e). Sparks (2001) has noted a number of groups
that have sister relationships between Madagascar
and South America and/or India rather than with
Africa, supporting the Hay et al. reconstruction;
these are also congruent with his most parsimoni-
ous tree (Fig. 5a). These include boid snakes (Kluge

1991), notosuchid and peirosaurid crocodiles
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(Buckley and Brochu 1999), pelobatid frogs (Titus
and Frost 1996) and pelomedusid turtles (Noonan
2000). Groups that share the South American—
African connection (that are also on other southern
landmasses) supporting the classic view of vicari-
ance include lungfish, osteoglossiforms, nandids,
galaxiids, synbranchids and some cyprinodonti-
forms (Rosen 1975; Lundberg 1993; Lundberg
et al. 2000). As of now there is no reasonable way
to distinguish between the alternative geological
views of Gondwana fragmentation using cichlids,
because a robust phylogeny containing all frag-
ments is still lacking.

The Greater Antillean cichlid fauna is clearly an
area of future study that requires a well-supported
phylogeny to distinguish between alternative bioge-
ographical hypotheses. Studies that recover para-
phyletic connections between the islands and
neighbouring continents, or with species that are
commonly found in marine waters, may favour
dispersal. Cladograms for non-cichlid taxa already
exist supporting several vicariance alternatives as
well as dispersal (Fink 1971a,b; Murphy and Collier
1996; Iturralde-Vinent and MacPhee 1999; Lydeard
et al. 2002; references in Burgess and Franz 1989).

The relationships of European fossil cichlids and
extant and extinct Middle Eastern cichlids seem to
point to North African lineages (Trewavas 1983;
Klett and Myer 2002). The presence of cichlids in
these areas can be explained by freshwater connec-
tions overland.

The relationship between India (Etroplus) and
Madagascar (Paretroplus) is the most highly corro-
borated sister relationship between two now separ-
ated Gondwanan fragments. If a dispersalist
explanation is used to explain this relationship then
cichlids were able to successfully disperse between
Madagascar and India across the Indian Ocean but
not from Madagascar to Africa across the narrow
(430 km) Mozambique Channel. The unlikeness of
this scenario makes a strong case against a dispers-
alist hypothesis that explains the distribution of the
Cichlidae. This pattern of relationships (Madagascar
to/from India rather than to Africa) is congruent
with the area cladograms of other Malagasy fresh-
water fishes including several atherinoid families,
aplocheilelid genera, pellonuline clupeid genera and
perhaps some members of the Gobiidae (Sparks
2001).

Future fossil discoveries will have important
consequences for cichlid biogeography. Cichlid fos-
sils from the Cretaceous, that are congruent with a

© 2004 Blackwell Publishing Ltd, FISH and FISHERIES, 5, 97-119

particular reconstruction of Gondwanan break up,
would be the final piece of the puzzle supporting a
drift vicariance scenario for cichlid distributions. An
Antarctic cichlid fossil would mean that cichlids
were on this landmass before it became inhospitable
to freshwater fishes in the Tertiary (Nelson 1984).
Such a discovery would support a Hay et al. (1999)
reconstruction because it would provide a relatively
recent connection between South America and
Madagascar.

Given what is currently known about cichlid
relationships, vicariance cannot be ruled out in
favour of dispersal. Alternative global reconstruc-
tions will require more robust phylogenies with
greater taxonomic sampling (including the Antilles
and the Middle East) that can identify higher-level
relationships and shed light on alternative biogeo-
graphical hypotheses.
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