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Abstract—Researchers investigating historical biogeography rely on taxon cladograms to infer
the relationships of different areas of endemism. Unfortunately, systematists are often faced with
many equally parsimonious taxon cladograms from a single data set or conflicting phylogenetic
hypotheses from independent data sets. We present an analysis of congruence between two con-
flicting phylogenetic hypotheses of the poeciliid fish genus Gambusia, one based on mitochondrial
DNA sequences and the other based on morphological characters. We explore how different phy-
logenetic hypotheses alter interpretations of area relationships and propose a set of area relation-
ships for the genus. Furthermore, we compared the area relationships depicted for Gambusia with
that of two Middle American fish genera (Xiphophorus and Heterandria) with similar distributional
limits. Our analysis revealed areas of congruence among taxa from nuclear Central America but
areas of incongruence among taxa from the Panuco basin and North American components. We
discuss the implications of our findings in light of conventional hypotheses regarding Caribbean
biogeography. This study illustrates the importance of considering alternative phylogenetic hy-
potheses fully before attempting to interpret the biogeographic history of a taxon or region. [His-
torical biogeography; Caribbean biogeography; phylogeny; Gambusia; Poeciliidae; congruence;

area cladograms.]

Researchers investigating historical bio-
geography attempt to discover the spatial
distributional patterns exhibited by life
and explore possible mechanisms that
could have produced such patterns. Pat-
terns of spatial distribution or area rela-
tionships are constructed by replacing ter-
minal taxon names on a cladogram with
the distributional limits of the respective
taxon (see Platnick and Nelson, 1978; Nel-
son and Platnick, 1981; Humphries and
Parenti, 1986). Of course, before an area
cladogram can be constructed, a taxon
cladogram is needed. Ideally, there would
be a single most-parsimonious taxon
cladogram, with each taxon restricted to
one particular area of endemism. Unfor-
tunately, as Platnick (1981:223) observed,
“nature is not usually so cooperative!’
Typically, problems arise, such as more
than one equally parsimonious taxon

4 E-mail: clydeard@biology.as.ua.edu.

cladogram, widespread or missing taxa,
and redundant distributions.

Although there is considerable interest
in examining the level of congruence ex-
hibited among phylogenetic hypotheses
derived from two or more independent
data sets for the same group of organisms
(e.g., Mickevich and Johnson, 1976; Mick-
evich, 1978; Miyamoto, 1983; Bledsoe and
Raikow, 1990; Shaffer et al, 1991), few at-
tempts have been made to examine con-
gruence among area cladograms comput-
ed from independently derived taxon
cladograms. One fish taxon, the genus
Gambusia (Cyprinodontiformes: Poecili-

‘idae), offers an excellent opportunity to

evaluate not only the level of congruence
exhibited by phylogenetic hypotheses de-
rived from independent data sets but also
the level of congruence exhibited by area
cladograms derived from the different tax-
on cladograms.

The genus Gambusia comprises approx-
imately 45 nominal species and is found
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throughout the southeastern United States,
Mexico, Central America, the Greater An-
tillean Islands, and northern South Amer-
ica (one disjunct species) (Rosen and Bai-
ley, 1963; Rauchenberger, 1989). Rosen and
Bailey (1963) and Rivas (1963) indepen-
dently proposed a classification of Gam-
busia. Their classifications differ consider-
ably in the delineation of groups and in the
assignment of species to groups (see
Rauchenberger [1989] for a detailed histor-
ical review). Rauchenberger (1989) at-
tempted to alleviate some of the taxonomic
confusion and proposed a classification of
the genus based on a cladistic analysis of
morphological characters (Appendix 1).

Nearly all systematic studies of Gambu-
sia and other poeciliids in general have re-
lied on morphological characters that are
almost exclusively from a single morpho-
logical character complex, the gonopo-
dium (a secondary sexual modification of
the anal fin of males used to transfer
sperm) and its associated support struc-
tures (more than 60% of the characters
Rauchenberger [1989] surveyed were from
this source). These characters, however,
may lack developmental independence
and may be functionally linked, making it
difficult to determine whether shared
traits are due to a shared common ances-
try or convergence and parallelism (e.g.,
Constantz, 1989).

Given the potential lack of indepen-
dence of the morphological characters and
the lack of concordance among the three
most recent systematic studies of the entire
genus (Rivas, 1963; Rosen and Bailey, 1963;
Rauchenberger, 1989), we sequenced and
analyzed mitochondrial DNA (mtDNA)
sequence variation from 24 species of Gam-
busia and used the data to infer phyloge-
netic relationships among these taxa (Ly-
deard et al. 1995). The purpose of the pres-
ent study was to measure qualitatively and
quantitatively the congruence between a
phylogenetic hypothesis based on the
mtDNA sequences and a phylogenetic hy-
pothesis based on our reanalysis of Rauch-
enberger’s (1989) morphological data set.
In addition, we present one way to obtain
area cladograms from the morphological

and molecular data sets when faced with
the problem of numerous equally parsi-
monious taxon cladograms and compare
the area cladograms from the two inde-
pendent data sets to area cladograms gen-
erated from the two data sets combined.
We also discuss the biogeography of Gam-
busia and compare the area relationships
found for Gambusia with those for two
Middle American fish genera, Xiphophorus
and Heterandria, which were previously
shown to exhibit congruent area relation-
ships (Rosen, 1978, 1979; Platnick, 1981;
Page, 1989, 1994).

THE DATA

Phylogenetic analysis of the Gambusia
mtDNA and morphological data was done
using the PAUP 3.1 software package
(Swofford, 1993). A heuristic algorithm
was employed to search for the most-par-
simonious tree(s) using the following op-
tions: keep minimum trees only, collapse
zero length branches, random addition of
taxa with 10 replications, and swapping al-
gorithm with tree bisection and reconnec-
tion. Belonesox belizanus, a monotypic ge-
nus, was used as the outgroup taxon (Ro-
sen and Bailey, 1963; Rauchenberger, 1989;
Meyer, unpubl. data). Bootstrap measures
of stability (Felsenstein, 1985) for branches
of the most-parsimonious trees were esti-
mated with 200 iterations using PAUP. All
consensus trees, agreement subtrees, area
cladograms, and quartet statistics were
generated using the software package
COMPONENT 2.0 (Page, 1993).

Phylogeny of Gambusia Based on mtDNA

The mtDNA data are from 33 specimens
representing 24 species of the three sub-
genera and eight species groups diagnosed

" for Gambusia (sensu Rauchenberger, 1989;

see Appendix 1). Specific locality infor-
mation and sources are provided else-
where (Lydeard et al,, 1995).

Lydeard et al. (1995) examined nucleo-
tide variation for a 392-402-base-pair seg-
ment of the 5 end of the cytochrome b
gene. Maximum parsimony analysis of the
cytochrome b sequences (137 variable sites,
105 of which were phylogenetically infor-
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FIGURE 1. A cladogram of the single most-parsi-
monious tree for Gambusia derived from up to 407
base pairs of a segment of the mitochondrial cyto-
chrome b gene when weighting transversions four
times over transitions (Lydeard et al, 1995). The per-
centage of 200 bootstrap replications is given for each
node. Branches with bootstrap values of >50 are
shown as dashed lines.

mative) resulted in a single most-parsi-
monious tree of 695 steps when transver-
sions were weighted four times over tran-
sitions. This weighting strategy was em-
ployed to reduce the potential effects of
saturation in the third codon position and
represents the average transition/transver-
sion ratio among Gambusia species. An
identical tree was obtained for separate
analyses when transversions were weight-
ed five through eight times over transitions
(Fig. 1). Details regarding transition/trans-
version ratios, intra- and interspecific per-
cent sequence difference, and additional
analyses are reported elsewhere (Lydeard
et al., 1995).

Phylogeny of Gambusia Based on
Morphological Characters

Rauchenberger (1989) presented an anal-
ysis of 62 morphological: characters, the

first six of which were used to assess the
interrelationships of the tribe Gambusi-
inae. Because of the “lack of resolution in
several areas of the cladogram’ (1989:70)
when all taxa and all characters were in-
cluded, Rauchenberger chose to subdivide
the data set into smaller matrices using
only the characters she deemed relevant
for a particular taxonomic level. Because
this apparent lack of resolution warranted
further scrutiny, we reanalyzed her data
set with the following modifications: (1)
the four data matrices (1989: tables 2-4)
were combined into one matrix; (2) char-
acter 16 was not used because of inconsis-
tencies in scoring among Rauchenberger’s
(1989) text, figures, and tables and because
the character state even varied between the
left side and right side of the same speci-
men; (3) we combined her characters 54
and 59 into our character 59 because they
both represent the presence or absence of
metacentric or submetacentric chromo-
somes; (4) character 58 was used (labeled
59 in her table 5); and (5) all multistate
characters were treated as unordered be-
cause there are no data regarding the
transformation series. Our data matrix of
the 55 characters is shown in Appendix 2.
Analysis of the 55 morphological char-
acters for the 24 species of Gambusia re-
sulted in 18 equally parsimonious trees of
115 steps with a consistency index (CI) of
0.53 (excluding uninformative characters).
A strict consensus tree of the 18 equally
parsimonious trees is shown in Figure 2.
The phylogenetic hypothesis revealed by
our reanalysis of Rauchenberger’s (1989)
morphological data differs from the clas-
sification she proposed (see Figure 2; Ap-
pendix 1). For instance, there is uncertainty
in the monophyly of the subgenera Arthro-
phallus and Gambusia. Gambusia sexradiata
and G. eurystoma are more closely related
to the puncticulata + punctata species
groups than to G. heterochir of the nobilis
species group as Rauchenberger hypothe-
sized. In addition, the nicaraguensis species
group is either the sister group to the clade
containing G. hurtadoi, G. geiseri, G. hetero-
chir, G. holbrooki, and G. affinis or the sister
group to the members of the subgenus
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FIGURE 2. A strict consensus tree for 18 equally
parsimonious cladograms for Gambusia based on 55
morphological characters of Rauchenberger (1989)
modified and reanalyzed (Appendix 2). The percent-
age of 200 bootstrap replications is given for each
node. Branches with bootstrap values of >50 are
shown as dashed lines.

Gambusia. To be certain that this finding
was not an artifact of our smaller sample
size (24 species vs. 45 species), we repeated
our analysis using all 45 species. This anal-
ysis resulted in >6,800 equally parsimo-
nious trees (not shown), which reflected
many inconsistencies similar to those
found in our analysis of the 24 species.

TaxoNoMIC CONGRUENCE

Taxonomic congruence is the degree to
which two or more phylogenetic hypothe-
ses based on independent data sets agree
(Mickevich, 1978; Kluge, 1989). Typically,
this measure involves a consensus clado-
gram generated from a comparison of the
independently derived phylogenetic hy-
potheses.

A single most-parsimonious tree was
obtained from the molecular data, and 18
equally parsimonious trees were obtained
from the morphological data. Combining

all 19 trees together to generate a consen-
sus tree would confound between and
within data set differences (Page, 1993).
Mickevich and Farris (1981) suggested
measuring the degree of disparity between
the two most similar trees that can be
found among two or more'data sets. To de-
termine which were the most similar mor-
phological and molecular trees, we com-
pared all possible pairs of trees from the
two data sets and computed the number of
taxa (leaves) that needed to be removed
from each pair of trees to obtain identical
subtrees (Finden and Gordon, 1985).

The molecular tree was most similar to
morphological trees 1-6, 9-13, 15, and 16
with 14 leaves pruned versus 15 leaves
pruned for the remaining trees. Given that
the molecular tree was deemed equally
similar to 13 of the 18 morphological trees
based on the number of leaves pruned, we
used quartet statistics (Estabrook et al,
1985) to attempt to further differentiate the
pairs of trees. Quartet statistics compares
all possible unrooted branching networks
of four taxa derived from each of the to-
pologies being compared and measures
how often they are the same. We deter-
mined one measure of similarity: the DC
(Do not Conflict) value. This statistic is
identical to EA (Explicitly Agree) when the
trees do not contain polytomies, as in the
present study. DC is the proportion of pos-
sible quartets that did not conflict, and is
expressed as

s+rl+r2+u
Q 4
where s = number of quartets resolved
and identical in both trees, ¥1 = number
resolved in tree 1 but not in tree 2, 12 =
number resolved in tree 2 but not in tree
1, u = number unresolved in both tree 1
and tree 2, and Q = all possible quartets.
The DC value for comparison of the mo-
lecular tree and morphological trees
ranged from 0.57 to 0.63; the highest val-
ues were obtained in the comparison of the
molecular tree with morphological trees 2,
9,10, 11, 12, and 13 (DC = 0.63, s = 8034,
rl =0,72 =0, Q = 12,650).
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FIGURE 3. Strict (a) and Adams (b) consensus trees
of the two most similar morphological and molecular
trees for Gambusia.

A comparison of triplets (quartets with
one member as the root of the tree), which
is a more appropriate comparison for root-
ed trees (Page, 1993), yielded a DC of 0.67.
These DC and EA values are lower than
the average values (DC = 0.85, EA = 0.71)
reported by Bledsoe and Raikow (1990) in
their study of congruence between molec-
ular and nonmolecular data sets; however,
they did find that as the number of taxa
increased, congruence decreased. The only
difference within each set of three mor-
phological trees (2, 10, 11; 9, 12, 13) was
the alternative placement of G. caymanen-
sis, G. oligosticta, and G. puncticulata in re-
spect to one another (these three taxa have
branches of length zero separating them).
The two sets of three trees differed from
each other in the placement of G. hubbsi.
Strict and Adams consensus trees of the
molecular tree and each of the six mor-
phological trees (2, 10, 11; 9, 12, 13) yielded
identical trees (Fig. 3). The strict consensus
tree (Fig. 3a) shows only topological pat-
terns depicted in each fundamental clado-
gram (Kluge, 1989; Page, 1993). The follow-
ing monophyletic groups were found in
common: (G. sexradiata, G. eurystoma), (G.

tween the Gambusia molecular tree and morphological
trees 2, 10, and 11 (a) and the molecular tree and mor-
phological trees 9, 12, and 13 (b). Fourteen taxa were
pruned to obtain this identical pattern.

marshi, G. panuco), (G. holbrooki, G. affinis),
(G. punctata, G. rhizophorae), (G. oligosticta,
G. caymanensis, G. puncticulata), and (G.
melapleura, G. wrayi). The Adams consen-
sus tree (Fig. 3b) shows the intersection of
the molecular tree and the morphological
tree and reveals more structure between
the two rival trees than does the strict con-
sensus tree. The Adams consensus tree is
useful for finding patterns in common
when some taxa have very different posi-
tions in the two rival trees (Page, 1993).
These patterns may not be evident in a
strict consensus tree, which may depict re-
lationships as a completely unresolved
bush even though the only difference is the
placement of one taxon (Swofford, 1991).
The Adams consensus tree depicts more of
the structure found in each of the clado-
grams based on morphological and molec-
ular data.

The greatest agreement subtree (GAS) is
the largest subset of leaves for which trees
from each data set depict the same rela-
tionships (Finden and Gordon, 1985; Ku-
bicka et al, 1995). Figure 4 depicts the
GASs obtained when comparing the mo-
lecular tree with morphological trees 2, 10,
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and 11 (Fig. 4a) and 9, 12, and 13 (Fig. 4b).
Each GAS required the pruning of 14 taxa.
These GASs depict the same subgeneric re-
lationships that Rauchenberger (1989) hy-
pothesized: (Heterophallina(Arthrophallus,
Gambusia) (see Appendix 1). However, this
congruence is only realized after pruning
14 of the taxa from the data set.

CHARACTER CONGRUENCE

Miyamoto (1983, 1985) and Kluge (1989)
have argued that the best estimates of phy-
logeny may be obtained by an integrative
approach examining overall character con-
gruence of a combined data set versus tax-
onomic congruence between analyses of
independent data sets (e.g., Kluge, 1989).
Although arguments against the combined
approach have been made (e.g., Shaffer et
al, 1991; Swofford, 1991), this approach
may offer additional insights about the rel-
ative strengths and weaknesses of each in-
dependent data set (Hillis, 1987). A maxi-
mum parsimony analysis of the molecular
and morphological data sets combined
with transversions weighted four times
over transitions and other characters
equally weighted resulted in six equally
parsimonious trees of 843 steps with a CI
of 0.35 (excluding uninformative charac-
ters). A strict consensus of these six trees
is shown in Figure 5. The strict consensus
tree is less resolved than are the trees from
either of the two data sets analyzed inde-
pendently, reflecting the lack of congru-
ence between the two data sets. Combin-
ing the two data sets resolves the tree in
favor of the “‘strongest” information (Hil-
lis, 1987). The molecular data support the
placement of G. Iuma, G. rachowi, G. his-
paniolae, G. yucatana, G. manni, G. hurtadoi,
G. vittata,-and G. sexradiata + G. eurystoma.

BIOGEOGRAPHY OF GAMBUSIA

Rosen’s (1975, 1978, 1979) landmark bio-
geographic studies of the Middle Ameri-
can and Caribbean taxa were based pri-
marily on the freshwater fish fauna of the
region. Unfortunately, despite numerous
studies describing the distributions and
derivations of the ichthyofauna of the Ca-
ribbean basin (e.g, Miller, 1966, Myers,

99 I: affinis
46 holbrooki
| geiseri
heterochir
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.............. Q9 hubbsi
I: manni
-

nicaraguensis
100 — eurystoma
L— sexradiata
35 — hispaniolae
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52 rhizophorae
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23 l vittata
Iil: marshi
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rachowi
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Belonesox

FIGURE 5. A strict consenus tree of the six equally
parsimonious trees derived from the combined mor-
phological and molecular Gambusia data. The percent-
age of 200 bootstrap replications is given for each
node. Branches with bootstrap values of >50 are
shown as dashed lines.

1966; Bussing, 1976, 1985; Lee et al., 1980;
Briggs, 1984; Miller and Smith, 1986; Ri-
vas, 1986; Smith and Miller, 1986; Rauch-
enberger, 1988; Burgess and Franz, 1989),
there are few testable biogeographic state-
ments derived from sound phylogenetic
hypotheses of other monophyletic groups
of fish.

We defined 16 areas of endemism based
on the distributions of the taxa examined
in this study (Fig. 6; Appendix 1) and pre-

.vious zoogeographic studies of the ich-

thyofauna of the region (e.g., Rosen, 1979;
Miller and Smith, 1986; Smith and Miller,
1986). Detailed distributional information
for each Gambusia species was presented
by Rauchenberger (1989). We performed a
heuristic search to find the optimal area
cladogram from the taxon cladograms us-
ing the optimality method provided in
COMPONENT 2.0 (Page, 1993) with the
following options: nearest-neighbor inter-
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FIGURE 6. Areas of endemism based largely on the distributions of 24 Gambusia species included in the
present study. 1 = southeastern (SE) USA; 2 = south-central (SC) USA; 3 = San Saba; 4 = San Marcos; 5 =
Lower Rio Grande; 6 = Conchos; 7 = Panuco; 8 = Coatzacoalcos; 9 = Sulphur Springs; 10 = Maya Block; 11
= Chortis Block; 12 = Cuba; 13 = Bahamas; 14 = Hispaniola; 15 = Jamaica; 16 = Grand Cayman.

changes and minimizing the number of
leaves added (see Page, 1990a, 1990b,
1993). The optimality method does not suf-
fer from the restrictions of conforming to
the restraints of the algorithms for as-
sumptions 0, 1, and 2 (Page, 1994). As-
sumptions 0, 1, and 2 represent three
methods for constructing and comparing
area cladograms; these methods differ in
how they interpret widespread taxa and
redundant distributions (Page, 1988). Be-
cause each equally parsimonious tree may
infer different area relationships and be-
cause of the difficulties in inferring area
relationships based on a consensus tree
with polytomies, the area cladograms
were based on each of the equally parsi-
monious dichotomous trees summarized
in Figures 1, 2, and 5.

Analysis of all of the equally parsimo-
nious trees derived from the molecular,
morphological, and combined data sets

may provide many possible sets of area re-
lationships for each tree. We believe the
best area cladogram for each set of area
cladograms is the most resolved and hence
informative one because it is the most fal-
sifiable hypothesis. Some trees will no
doubt produce more informative area
cladograms than will others. Therefore, we
will present the most informative area
cladograms from each analysis. These area
cladograms allow for many more rigorous
tests of the generality of the pattern found
for Gambusia than do less informative, un-
resolved hypotheses.

Analysis of the single tree based on mo-
lecular Gambusia data resulted in three
equally parsimonious area cladograms. A
strict consensus tree of these three area
cladograms is shown in Figure 7 (the Ad-
ams consensus tree was identical to the
strict consensus tree).

Analysis of the 18 trees based on mor-
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FIGURE 7. A strict consensus tree of the three most
optimal area cladograms. computed from a heuristic
search of the phylogeny of Gambusia based on molec-
ular data.

phological Gambusia data resulted in 1-77
equally parsimonious area cladograms for
each taxon cladogram: tree 1 = 11 clado-
grams; tree 2 = 1; tree 3 = 1; tree 4 = 77;
tree 5 = 11; tree 6 = 11; tree 7 = 77; tree
8 =77; tree 9 = 7; tree 10 = 1; tree 11 =
1; tree 12 = 7; tree 13 = 7; tree 14 = 7; tree
15 =1; tree 16 = 1; tree 17 = 7, tree 18 =
7. The most informative area cladograms
are from trees 2, 3, 10, 11, 15, and 16,
which were identical (Fig. 8). All other
trees were consistent with this pattern but
were less resolved.

The primary difference between the area
cladograms derived from the molecular
data (Fig. 7) and those derived from the

morphological data (Fig. 8) is the place- -

ment of Conchos, Hispaniola, and Baha-
mas. Using the two GASs (Fig. 4) for the
morphological and molecular data sets to
compute an area cladogram results in the
patterns depicted in Figure 9. A single area
cladogram was obtained from the GAS
shown in Figure 4a, and 15 equally parsi-
monious’ trees were obtained from the

FIGURE 8. The single most optimal area cladogram
computed from a heuristic search of Gambusia mor-
phological trees 2, 3, 10, 11, 15, and 16. This clado-
gram represents the most informative set of area re-
lationships found from the analysis of the 18 equally
parsimonious morphological trees.

GAS shown in Figure 4b. The differences
between the area cladograms (Fig. 9) are
largely due to inclusion of different taxa
from different areas.

Several area cladograms were computed
from the analysis of the six equally parsi-
monious trees based on the combined
morphological and molecular data sets
(tree 1 = 15 cladograms; tree 2 = 15; tree °
3 = 3; tree 4 = 33; tree 5 = 3; tree 6 = 39).
The most informative area cladograms
based on the combined data sets are from
trees 3 and 5. A strict consensus tree of the
three area cladograms obtained from tree
3 is shown in Figure 10. The area clado-
gram derived from the analysis of tree 5
differs from the cladogram derived from
tree 3 in depicting Hispaniola as the sister
to Cuba. Area cladograms from trees 1, 2,
4, and 6 are similar to those from tree 3
but are less resolved. The most informative
area cladogram based on the two data sets
combined (Fig. 10) is thought (like the tax-
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(a) Chortis Block () — Chortis Block ortis Block
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Maya Block L Jamaica Cuba
Jamaica
San Saba — Hispaniola Grand Cayman
Bahamas
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Hispaniola
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[ | l-—— Conchos
Bahamas SE USA | Panuco
’_' Lower Rio Grande
L Jamaica SC USA San Saba
r—[ San Marcos
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Coatzacoalcos Coatzacoalcos SC USA

FIGURE 9. The single most optimal area cladogram
(a) and an Adams consensus tree of the 15 most op-
timal area cladograms (b) computed from a heuristic
search of the greatest agreement subtrees shown in
Figures 4a and 4b, respectively. A strict consensus tree
of the 15 most optimal area cladograms is completely
unresolved (not shown).

on cladogram) to reflect patterns depicted
by the stronger of the two data sets (see
Hillis, 1987). The area cladogram based on
the combined data tree (Fig. 10) reflects the
pattern shown by the area cladogram
based on the molecular tree (Fig. 7) with
the exception of the placement of Sulphur
Springs and of Bahamas + Chortis Block,
which are not sister areas.

Comparison with Xiphophorus and
Heterandria

Rosen (1978, 1979) documented congru-
ence of area relationships between two
poeciliid fish genera of Middle America
(Xiphophorus and Heterandria) after dele-
tion of unique area components and com-
ponents that were incongruent because
only one group possesses endemic taxa in
certain areas. Later investigations of Ro-
sen’s data have shown that Rosen’s incon-
gruent components were largely due to the
presence of a few widespread taxa (e.g,
Platnick, 1981; Page, 1989). In addition, it

Coatzacoalcos

FIGURE 10. A strict consensus tree of the three
most optimal area cladograms computed from a heu-
ristic search of the Gambusia combined tree 3. This tree
represents the most informative set of area relation-
ships found from the analysis of the six equally par-
simonious trees based on the combined morphological
and molecular data.

has been shown that the relationships of
areas containing widespread taxa reflect
the patterns indicated by the taxa endemic
to those areas (Page, 1989, 1994). An Ad-
ams consensus tree of the three area clado-
grams supported by both Xiphophorus and
Heterandria is shown in Figure 11. This tree
is the same tree presented by Platnick
(1981) and Page (1989) based on assump-
tion 2 and by Page (1994) using his opti-
mality method.

How do the area cladograms computed
from the Gambusia data compare with the
area relationships exhibited by the congru-
ent area cladograms of Xiphophorus and
Heterandria? The three genera only share
the North America, Chortis Block, Maya
Block, and Panuco components. For Gam-
busia, North America can be broken down
into several components: SE USA, SC
USA, Lower Rio Grande, San Marcos, San
Saba, and Conchos. The North American
Heterandria representative (H. formosa) is
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NA

Maya Block
A8

A7

Chortis Block
A4,5

A3

A9

Panuco

A6

FIGURE 11. A strict consenus tree of the three most
optimal trees found from the analysis of two Middle
American fish genera, Xiphophorus and Heterandria.
This general area cladogram reflects the congruent
pattern exhibited by the two taxa. NA = North Amer-
ica. Areas A3, A4,5, A6, A7, A8, and A9 refer to nar-
row areas of endemism in southern Mexico and Cen-
tral America based on the distribution of Xiphophorus
and Heterandria species (see Rosen, 1979, for details).

found in SE USA, and the North American
Xiphophorus representatives (X. gordani
and X. couchianus) are found in the Lower
Rio Grande. The area cladogram of Heter-
andria + Xiphophorus (Fig. 11) depicts the
pattern (North America(Panuco(Maya,
Chortis))). However, the two area clado-
grams based on the molecular and mor-
phological Gambusia data render Rosen’s
(1978, 1979) North American component
paraphyletic, with the Lower Rio Grande
more closely related to Panuco than to oth-
er North American areas of endemism.
The area cladograms of Heterandria, Xipho-
phorus, and Gambusia agree on the Maya
Block and Chortis Block being sister areas.

DISCUSSION
Gambusia Phylogeny

Congruence between phylogenetic hy-
potheses generated from independent data
sets is evidence for considering those hy-
potheses as representative of the “‘true”
phylogeny for that taxon (e.g., Hillis, 1987).
The phylogenetic hypotheses based on the
morphological and molecular Gambusia
data sets agree in their support for the
monophyly of (G. sexradiata, G. eurystoma),
(G. marshi, G. panuco), (G. holbrooki, G. af-

finis), (G. punctata, G. rhizophorae), (G. oli-
gosticta, G. caymanensis, G. puncticulata),
and (G. melapleura, G. wrayi) and share
weaker support for the monophyly of the
subgenus Arthrophallus (exclusive of G.
sexradiata, G. eurystoma, and G. hurtadoi)
and of the puncticulata species group.

The phylogeny based on the molecular
data is different from that based on the
morphological data in several ways. The
senilis species group is paraphyletic, with
G. geiseri as the sister species of G. hetero-
chir of the nobilis species group rather than
the sister of G. hurtadoi. Gambusia luma is
the sister species of all other Gambusia
rather than the sister of the Antillean spe-
cies of the punctata species group. This par-
ticular finding is surprising because it re-
quires the independent evolution of eight
morphological characters; however, only
two of the eight are unique, unreversed
synapomorphies (cf. Rauchenberger, 1989).
Gambusia rachowi is not the sister species
of the panuco species group of the subge-
nus Heterophallina, but it is the sister of all
other Gambusia except G. luma. Gambusia
rachowi has been considered by some in-
vestigators to be in a separate but closely
related genus Heterophallus (Hubbs, 1926;
Rivas, 1963; Miller, 1966). Our results pro-
visionally support this taxonomic assign-
ment. Gambusia manni and G. hubbsi, rather
than G. hispaniolae and G. hubbsi, appear to
be sister taxa. Gambusia yucatana is the sis-
ter species to G. oligosticta, G. puncticulata,
and G. caymanensis but not to any other
island forms of the puncticulata species
group. Gambusia hispaniolae is the sister
species of G. punctata + G. rhizophorae, and
G. nicaraguensis is the sister species of G.
manni + G. hubbsi.

Incongruent phylogenetic hypotheses

'may be due to higher levels of homoplasy

in one of the two data sets. The Gambusia
morphological and molecular data sets ex-
hibit comparable amounts of homoplasy,
with CI = 0.45 (based on all characters be-
ing assigned equal weight [Lydeard et al,
1995]) and 0.53, respectively, suggesting
neither data set is much more homoplastic
than the other. Although these are rather
low CI values, randomization tests of the
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molecular sequence data (Lydeard et al,
1995) and comparison of these CIs with
those generated from random data sets of
a comparable number of taxa (Klassen et
al, 1991) indicated the presence of signifi-
cant nonrandom phylogenetic information.
Furthermore, low CI values are to be ex-
pected given the high number of taxa (San-
derson and Donoghue, 1989).
Incongruence may also be due to the
presence of nonindependent characters in
the data set (Shaffer et al.,, 1991). Several of
Rauchenberger’s (1989) morphological
characters are suspect because they are
nonindependent and have identical state
distributions. For instance, character 26
(high number of segments distal to the el-
bow on ray 4a of the gonopodium) and
character 27 (high number of segments
distal to the serrae on ray 4p of the gono-
podium) indicate an increase in segmen-
tation number of the gonopodium and
may reflect nonindependent ontogenetic
development. Characters 26 and 27 are two
of three unique, unreversed synapomor-
phies uniting G. marshi, G, panuco, and G.
rachowi. The phylogeny based on the mo-
lecular data, however, depicts G. rachowi as
more basal and not a member of the sub-
genus Heterophallina (sensu Rauchenberger,
1989). Similarly, character 51 (ray 5a hook
large, schythelike) and character 52 (ray 4p
large, scythelike) may be developmentally
linked. Characters 51 and 52 are two of the
three unique, unreversed synapomorphies
that define the G. punctata + G. rhizophorae
+ G. luma clade. No support for this clade
is found however from phylogenetic hy-
pothesis based on the molecular data.
Incongruence may also be due to the use
of characters subject to phenotypic plastic-
ity. For instance, Rosen (1960) found that
swordtails living in rivers with steep gra-
dients showed reduction in body depth,
reduction in number and size of the distal
serrae of the gonopodium, and an en-
larged “claw” of the gonopodium. At least
eight of Rauchenberger’s morphological
characters (numbers 26, 27, 28, 31, 46, 50,
51, 52) are related to size and number of
spines or segments and may reflect similar
trends. In addition, many characters such

as the presence or absence of a suborbital
bar (number 22) and pigmentation (num-
bers 21, 24, 49) are considered inconsistent
and unreliable (Rivas, 1963, 1969; Fink,
1971a, 1971b). Although these data suggest
possible problems with some of the mor-
phological characters, empirical work is
needed to determine whether these traits
are phenotypically plastic.

Alternatively, problems such as lineage
sorting, differential introgression, and site
saturation (Avise, 1994) may result in a
gene tree for mtDNA that differs from the
species tree. Clearly, additional morpho-
logical and molecular data are needed to
resolve these issues.

Gambusia Area Relationships

The area cladograms based on both the
morphological and molecular data sets
each depict similar patterns of area rela-
tionships. The drainages of eastern Texas
(San Saba and San Marcos) are closely re-
lated to the drainages of SE USA + SC
USA. The Lower Rio Grande, however, is
more closely related to the Panuco basin
than to other North American drainages.
The remaining North American area of en-
demism (Conchos) of the Rio Grande basin
is closely related to drainages of eastern
Texas in the morphological analysis; how-
ever, in the molecular analysis, it is closely
related to the Panuco and Lower Rio Gran-
de. Rauchenberger’s (1989) analysis of oth-
er Gambusia species from Conchos (G. sen-
ilis, G. alvarezi) supports the findings from
the molecular data. However, sequence
data are needed to independently corrob-
orate this hypothesis. Faunal similarity
data suggest the Conchos is most similar
to the other Rio Grande drainages (Smith
and Miller, 1986).

" Rosen (1978, 1979), based on his study
of Xiphophorus and Heterandria, hypothe-
sized that the Panuco basin is more closely
related to nuclear Central America than to
North America. Our Gambusia data do not
support this hypothesis. This incongru-
ence does not necessarily falsify Rosen’s
vicariance explanation. The incongruent
cladograms may be due to dispersal of the
incongruent taxa or may be a response to
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a different older or younger vicariant pat-
tern. The Panuco basin harbors a fish fauna
long recognized as transitional between
tropical and temperate types (Darnell,
1962), and it is quite possible that different
taxa reflect different patterns of area rela-
tionships. Alternatively, other possible tax-
on cladograms have been described for
Xiphophorus (Meyer et al, 1994) and are
now being examined in greater detail (Ly-
deard and Meyer, unpubl. data). Many oth-
er fishes are found in this coastal lowland
track (Miller and Smith, 1986). We are
presently collecting data from these other
fishes. :
Rosen (1975) and Savage (1982) pro-
" posed a vicariance model for the Caribbe-
an based on a synthesis of geologic and
ichthyofaunal and herpetofaunal distribu-
tional patterns, respectively. They believed
their model could serve as the phylogenet-
ic pattern most elements of the biota might
exhibit once cladistic analyses were per-
formed. Their model is (West Indies(North
America(Panuco, nuclear Central Ameri-
ca))). Although more complex vicariance
models have been subsequently proposed
(Rosen, 1985; Guyer and Savage, 1986),
these later models still reflect the antiquity
of the West Indies component and the ear-
ly time of separation from the mainland
(late Cretaceous—early Eocene). None of
the area cladograms of Gambusia depict the
Greater Antillean taxa as the most basal
group. Instead, the Greater Antillean taxa
appear to be more closely related to taxa
from the Maya-mainland source or the
Maya + Chortis—-mainland source of nucle-
ar Central America (sensu Rosen, 1978).
The pattern exhibited by Gambusia sug-
gests a later arrival on the Antilles, which

supports a dispersal rather than a vicari-.

ance hypothesis. Additional support for a
dispersal hypothesis comes from the punc-
ticulata species group. Unlike the majority
of Gambusia species, none of the Antillean
members of this species group possess a
morphologically unique gonopodium. This
and additional morphological evidence led
Fink (1971a) to suggest that the members
of this particular species group are prob-
ably only subspecies. The percent se-

quence difference among members of the
closely related clade of G. yucatana (Maya
Block), G. oligosticta (Jamaica), G. caymanen-
sis (Grand Cayman), and G. puncticulata
(Cuba) ranges from 1.0% to 2.8%, which
are the lowest interspecific levels reported
for the genus (the average among species
of Gambusia is 9.1%; Lydeard et al, 1995).

Vicariance may be a possible mechanism
to explain the distributional pattern of the
Antillean members of the punctata species
group and nicaraguensis species group. Un-
like the puncticulata species group, the is-
land taxa exhibit percent sequence differ-
ences from the mainland taxa of 8.4% or
more. Unfortunately, we do not have se-
quence data from all the members of this
group, which would allow for a more elab-
orate comparison between a mobilist’s geo-
logic hypothesis and a stabilist’s geologic/
taxon dispersal hypothesis (sensu Liebherr,
1988).

CONCLUSIONS

The phylogenetic hypotheses based on
the morphological and molecular data sets
exhibit points of congruence and incon-
gruence. Areas of congruence suggest that
the underlying historical pattern has been
found; areas of incongruence may be due
to phenotypic plasticity or the lack of func-
tional or developmental independence in
some of the morphological characters. Al-
ternatively, the somewhat limited molecu-
lar data may not adequately represent the
true phylogeny. We are presently obtaining
additional sequence data from other genes.

The Caribbean basin is considered one
of the most geologically complex regions
in the world. An understanding of the his-
tory of the Caribbean requires rigorous
analysis of carefully selected data for dif-
ferent taxa (Page and Lydeard, 1994) and
construction of area cladograms.
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APPENDIX 1. The proposed classification of Gambusia based on the work of Rauchenberger (1989) and the
distribution of the taxa (see Fig. 6) used in the present study (see Rauchenberger [1989] for more detailed
distributional data of each species). An asterisk denotes species examined in the present study.

Subgenus Heterophallina senilis species group (continued)
*vittata (Panuco) amistadensis®
*geiseri (San Marcos)

panuco species group

*marshi (Lower Rio Grande) longispinis
*panuco (Panuco)? atrora
regani Subgenus Gambusia
rachowi species group nicaraguensis species group
*rachowi (Coatzacoalcos) *nicaraguensis (Chortis)
echeagayari *wrayi (Jamaica)

. .
Subgenus Arthrophallus melapleura (Jamaica)

affinis species group
*affinis (SC USA)
*holbrooki (SE USA)

puncticulata species group
*yucatana (Maya Block)
*hispaniolae (Hispaniola)
*manni (Bahamas)

speciosa® .
lomaitrei *hubis (Bahamas)
aurata baracoana
nobilis species group monticola
nobilis *puncticulata (Cuba)
*heterochir (San Saba) *oligosticta (Jamaica)
krumholzi *;uym;zlr.zensis (Grand Cayman)
georgei owelli
veurystoma (Sulphur Springs) punctata species group
sexradiata (Maya Block) *luma (Maya Block)
senilis species group beebei
senilis pseudopunctata
gaigei *punctata (Cuba)
alvarezi *rhizophorae (Cuba, Florida)

*hurtadoi (Conchos) xanthosoma

21t has been suggested that panuco be synonymized with regani (Miller, pers. comm.).

b Gambusia speciosa is considered by many as a subspecies of affinis.

<Now considered extinct.

4 The nominal species listed in the puncticulata species group, except yucatana, are considered by many systematists to be
subspecies of puncticulata based on the work of Fink (1971a).
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APPENDIX 2. Morphological data matrix for Gambusia and the outgroup modified from that of Rauchenberger
(1989).

Characters

1111111112222222222333333333344444444445555555556666

Taxon 7890123457890123456789012345678901234567890123567890123
Belonesox belizanus 0000000000000000000000000000000000000000000000000000000
G. vittata 1111111000000001000000000000000000010009009000900000900
G. marshi 1111111000000001011111100000000000010009099000900000900
G. panuco 1111110000000101011111111000000000010009099000900090900
G. rachowi 1111111000001001011100001111110000020009099000900090900
G. affinis 1111100100001112200000000000000022200000009000910012010
G. holbrooki 1111100100001112200000000000000011100000099000910001010
G. heterochir 1111100100109011200000121000001100020001099000900099900
G. eurystoma 1111100000000111900000002000001100010001099000900090000
G. sexradiata 1111100000000110900000002000001100010001099000900092000
G. geiseri 1111100100002001200000110000001100000112099000900093100
G. hurtadoi 1111100100001010100000000000001100100112199000900010100
G. nicaraguensis 1111100010120112100000100000000000000000000000000090000
G. wrayi 1111100011120111100000100000000000000000000000000093001
G. melapleura 1111100011129111100000100000000000000000000000000099001
G. yucatana 1111100011100111000000101000000100100001100000000193000
G. hispaniolae 1111100011111101000000001000000000100001110000000191000
G. manni 1111100011111101000000001000000000100001110000000199000
G. hubbsi 1111100011111111000000001000000100100001110000000191100
G. puncticulata 1111100011110112100000001000000100100001110000000192100
G. oligosticta 1111100011110112100000001000000100100001110000000199100
G. caymanensis 1111100011110112100000001000000100100001110000000199100
G. luma 1111100021000110000000002000000100000002000110000001000
G. punctata 1111100021110100000000001000000100000002200111001092000
G. rhizophorae 1111100021010100000000002000000100000002200111101022000




