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The traditional explanation ofthe distribution ofthe Mormoopidae is that this family originated in southern Central 
America or northern 8outh America, later expanding its range north to Mexico and the West ludies, and differen
tiating into eight species. An alternative fossil-based hypothesis argues that the family originated in the northern 
Neotropics, reached the Caribbean early in its history, and dispersed to 8outh America after the completion of the 
lsthmus ofPanama. The present study analyses new and previously published sequence data from the mitochondrial 
128, tRNAval, 168, and cytochrome b, and the nuclear Rag2, to evaluate species boundaries and infer relationships 
among extant taxa. Fixed differences in cytochrome b often coincide with published morphological characters and 
show that the family contains at least 13 species. Two additional, morphologically indistinct, lineages are restricted 
to 8uriname and French Guiana. Phylogeny-based inferences of ancestral area are equivocal on the geographical ori
gin of mormoopids, in part because several internal nodes are not resolved with the available data. Divergences 
between Middle American and Antillean populations are greater than those between Mexico/Central America and 
8outh America. This suggests that mormoopids diversified in northern Neotropics before entering 8outh America. A 
northern neotropical origin for mormoopids is congruent with both the Tertiary fossil record and recent phylogenetic 
hypotheses for the sister family to the Mormoopidae, the Phyllostomidae. © 2006 The Linnean 8ociety of London, 
Biological Journal ofthe Linnean Society, 2006, 88, 101-118. 

ADDITIONAL KEYWORDS: dispersal-vicariance analysis - Mormoops - Phyllostomidae - Pteronotus -
Pteronotus fulvus - Pteronotus psilotis - Pteronotus pusillus - Pteronotus portoricensis - Pteronotus rubiginosus. 

INTRODUCTION 

The Mormoopidae is a neotropical family of bats char
acterized by fiap-like outgrowths of skin below the 
lower lip and funnel-shaped ears (Simmons & Conway, 
2001). The two extant genera, Mormoops and Pterono
tus, range from Texas south through Mexico, Central 
America, the West ludies, and through northern South 
America to the Mato Grosso of Brazil, and west of the 
Andes to Peru (Koopman, 1994). Geographic variation 
within all but two ofthe extant species , Mormoops bla
invillei and Pteronotus gymnonotus, is recognized by 
partition into more than 20 subspecies (Table 1). 

*Current address: Department of Biochemistry and Molecular 
Biophysics, 208 Life Sciences South, University of Arizona, 
Tucson, AZ 85721, USA. E-mail: davalos@amnh.org 

lnterest in the phylogeny of the Mormoopidae has 
fiourished recently, with morphological (Simmons & 
Conway, 2001), molecular (Lewis Oritt, Porter & 
Baker, 2001; Van Den Bussche & Weyandt, 2003), and 
combined analyses (Van Den Bussche, Hoofer & Sim
mons, 2002b) published in rapid succession. These dif
ferent sources of data have independently supported 
the monophyly of mormoopids, and of both Mormoops 
and Pteronotus (Lewis Oritt et al., 2001; 8immons & 
Conway, 2001; Van Den Bussche et al., 2002b). At the 
same time, the phylogenetic relationships of mor
moopids to other chiropteran families is now better 
understood than ever before. Mormoopidae is sister to 
Phyllostomidae (Van Den Bussche & Hoofer, 2000; 
Simmons & Conway, 2001; Teeling, Madsen, Murphy, 
Springer & O'Brien, 2003), and closely allied with the 
New World family Noctilionidae and the New Zealand 
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Table l. Currently recognized ta:xa, geographícal distribution, and molecular sequences includeclill Oil: 1i111111i.J 

8pecies 8ubspecies Distribution DNA 91!1111111 IMall'aila.ble 

Mormoops magnat Cuba (Quaternary) 
Mormoops blainvillei Greater Antilles tBahamas Gonave Jtag2 U::S tOA• 168 cyt b = 3 

Antigua Barbuda 
Mormoops megalophylla megalophylla Texas to Nicaragua tGreater Antilles Rag2 12S QI:NA"""' 168 cyt b = 4 

Bahamas 
Mormoops megalophylla tumidiceps Colombia Venezuela Trinidad Margarita cyt b 12S tiiMA-.il 16S 
Mormoops megalophylla intermedia Aruba Bonaire Curacao 
Mormoops megalophylla carteri Ecuador NW Peru 
Pteronotus sp. t cf. rubiginosus Hispaniola (Quaternary) 
Pteronotus parnellii parnellii Cuba Jamaica Rag2 eytb=3 
Pteronotus pristinust Cuba Florida (Quaternary) 
Pteronotus parnellii pusillus Hispaniola tGonave cyt b =2 
Pteronotus parnellii portoricensis Puerto Rico cyt b = 2 
Pteronotus parnellii mexicanus Mexico excluding Veracruz and Yucatán cytb=2 
Pteronotus parnellii mesoamencanus SE Veracruz to SW Panama cyt b =2 
Pteronotus parnellii rubiginosus Honduras to no. South America Trinidad 128 tRNA'.: 168 cyt b = 4 

Tobago 
Pteronotus parnellii fuscus NE Colombia NW Venezuela 
Pteronotus parnellii paraguanensis Paraguaná 
Pteronotus personatus personatus Nicaragua to South America Rag2 cyt b = 3 
Pteronotus personatus psilotis Mexico to Honduras 128 tRNNal 168 cyt b = 2 
Pteronotus macleayii macleayii Cuba tBahamas Rag2 128 tRNA.a1 168 cyt b 
Pteronotus macleayii griseus Jamaica cyt b = 2 
Pteronotus quadridens quadridens Cuba t Bahamas Rag2 128 tRNNaJ 168 cyt b 
Pteronotus quadridens fuliginosus Greater Antilles excluding Cuba cytb=4 
Pteronotus davyi davyi Nicaragua to Venezuela Trinidad Rag2 = 3 128 tRNN•1 168 cyt 

Dominica Martinique b=4 
Pteronotus davyi fulvus Mexico to Honduras cyt b = 3 
Pteronotus davyi incae Peru 
Pteronotus gymnonotus Veracruz to French Guiana and Brazil Rag2 128 tRNA•al 168 cyt b = 3 

Most molecular data were obtained from previous studies: 128 rRNA, tRNAval, 168 rRNA from Van Den Bussche & Hoofer 
(2000) and Van Den Bussche et al. (2002b), cytochrome b and Rag2 from Lewis Oritt et al. (2001). See 'Ta:xon sampling' 
for cytochrome b (cyt b) sequences generated in this study, and the Appendix for GenBank accession numbers. t Extinct 
ta:xon (i.e. population, unavailable for molecular analyses). When several sequences were used, = n indicates the number 
of sequences available. 

Short-tailed bat Mystacina tuberculata (Mystacinidae) 
in the noctilionoid clade (Kennedy et al. , 1999; Pierson 
et al., 1986; Kirsch et al., 1998; Van Den Bussche & 
Hoofer, 2000). 

Two hypotheses explain the diversification of this 
family in relation to its geographical distribution. 
Smith (1972) proposed that the mormoopids origi
nated in southern Central America or north-western 
South America, reaching the Caribbean through 
repeated dispersa! from Mexico and/or Central Amer
ica (Fig. 1). Three predictions stem from his biogeo
graphical hypothesis: (1) southern Central America 
and/or north-western South America will be part of 
the ancestral area of the family; (2) the closest rela
tive of each of the Caribbean mormoopid lineages 

will range into Mexico and/or Central America; and 
(3) the ages of divergence between Antillean mor
moopids and their continental relatives will be Pter
onotus quadridens and Pteronotus macleayii >M. 
blainvillei > Pteronotus parnellii (Fig. 1). By contrast, 
and based mostly on the fossil record, Czaplewski & 
Margan (2003) hypothesized that mormoopids 
expanded their range to the Greater Antilles early 
in their history, reaching South America only after 
the completion of the Panama land bridge in the 
Pliocene. Therefore, the ancestral area of mormoop
ids will not include north-western South America 
and might include the Greater Antilles, and the 
divergences between Antillean and continental lin
eages will be older than those between Central 
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Figure l. Map of the Caribbean and biogeographical 
hypotheses about the origin of mormoopids. According to 
Smith (1972), ancestral mormoopids dispersed from north
em South America or southem Central America to Mexico/ 
Central America. From there, the ancestors of Greater 
Antillean mormoopids reached the West Indies through 
Cuba via Yucatán, or Jamaica via Honduras. Dispersa! 
through these ro u tes would explain the distribution of the 
single lineage comprising Pteronotus quadridens and 
macleayii (ancient), the species Mormoops blainvillei (less 
ancient), and the Caribbean populations of Pteronotus par
nellii (most recent). Czaplewski & Margan (2003) concur 
on the dispersa! routes to the Caribbean, but propase that 
mormoopids colonized the islands early in their evolution
ary history. From Mexico/Central America, mormoopids 
would have reached South America recently, after the clos
ing of the Isthmus of Panama. 

American and northern 8outh American mormoopid 
populations. 

The present study aimed to evaluate the two com
peting biogeographical hypotheses in light of the 
recent progress toward resolving phylogenetic rela
_tionships among extant mormoopids. An assessment 

· of evolutionary independence among mormoopid pop
ulations currently considered conspecific was crucial. 
N ew and published mitochondrial cytochrome b 
(1.14 kb) sequences were used to clarify this question. 
These sequences and published morphological and 
nuclear Recombination activating gene 2 (Rag2) data 
were analysed to estímate phylogenies for the family. 
The resulting phylogenies were used to evaluate the 
predictions of the hypotheses of 8mith (1972) and 
Czaplewski & Morgan (2003). 

MATERIAL AND METHODS 

TAXON SAMPLING 

To examine relationships among the mormoopids, 
both genera and 18 of the 22 currently recognized sub-
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species were included in the study (8immons, 2005). A 
list of taxa with sequences analysed is shown in 
Table 1, and the complete GenBank numbers and 
vouchers are listed in the App&ndix. Most cytochrome 
b sequences (1.14 kb), and all mitochondrial 128, 
tRNAvat, 168 genes (the last three hereafter referred to 
as mitochondrial ribosomal DNA or mtrDNA, -2.6 kb) 
and nuclear Rag2 sequences (-1.4 kb) were obtained 
from previously published studies (Lewis Oritt et al., 
2001; Van Den Bussche & Hoofer, 2001; Van Den 
Bussche et al., 2002b). Cytochrome b sequences gen
erated for the present study are given below. The first 
number in parentheses corresponds to the tissue 
sample at the Ambrose Monell Cryogenic Collection 
(AMCC) and the second number identifies the cadaver 
voucher specimen at the Mammalogy Department
Division of Vertebrate Zoology, both at the American 
Museum of Natural History (AMNH). The collecting 
locality follows the specimen numbers for each indi
vidual. Mormoops blainvillei (102762, 274611): 
Jamaica, Westmoreland, Revival, Monarva Cave; P. 
parnellii (110395, 269115): French Guiana, Cayenne, 
Paracou, near 8innamary; (103048, 269115): Domini
can Republic, María Trinidad 8ánchez, La Entrada (de 
Cabrera); (103050, 275497): Dominican Republic, 
María Trinidad 8ánchez, La Entrada (de Cabrera); 
(102714, 274627): Jamaica, 8t Catherine, Polly 
Ground, 8t Clair Cave; P. quadridens (103036, 
275500): Dominican Republic, María Trinidad 
8ánchez, La Entrada (de Cabrera); (102720, 274633): 
Jamaica, 8t Catherine, Polly Ground, 8t Clair Cave; 
(102335, wing puncture): Puerto Rico, Arecibo, Mata 
de Plátano; P. macleayii (102719, 274632): Jamaica, 8t 
Catherine, Polly Ground, 8t Clair Cave. 

For outgroup comparison, sequences from M. tuber
culata (GenBank accession nos. AF263222, AY141021, 
AF144068), Noctilio leporinus (AF263224, AF316477, 
AF330796), Noctilio albiventris (AF263223, 
AF330810, AF330803), and Artibeus jamaicensis 
(NC002009, AY011963) were used. Sequences from 
Saccopteryx bilineata (AF263213, AY141015, 
AF044664) were included in phylogenetic analyses to 
root the tree. 

MOLECULAR DATA 

For all specimEms, DNA was isolated from wing clip or 
liver tissue that had been frozen or preserved in eth
anol or lysis buffer in the field. DNA was extracted 
using a Qiagen DNeasy Tissue Extraction Kit (Qiagen, 
Inc.) following the manufacturer's protocol. Extracted 
DNA was used as a template in polymerase chain 
reaction (PCR) reactions with protocols and primers 
for the complete cytochrome b as described previously 
(Dávalos & Jansa, 2004). Amplification products were 
sequenced with the same primers used for PCR ampli-
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fication. Sequencing reactions were purified through a 
MgC12-ethanol precipitation protocol and run on an 
ABI 3100 automated sequencer. Sequences were 
edited and compiled using Sequencher 4.1 software 
(GeneCodes, Corp.). Base-calling ambiguities between 
strands were resolved either by choosing the call on 
the cleanest strand or using the appropriate IUB 
ambiguity code ifboth strands showed the same ambi
guity. Molecular sequences generated as part of this 
study have been deposited in GenBank under acces
sion numbers AY604454-AY604462 (Appendix). 

MORPHOLOGICAL DATA 

The morphological character matrix of Simmons & 
Conway (2001) was appended to the molecular data to 
generate combined analyses of all characters available 
for the group, and investigate character conflict 
among different sources of data. The concatenation of 
molecular and morphological data was justified 
because Simmons & Conway (2001) examined speci
mens of all recognized subspecies (Table 1). 

DATA ANALYSIS 

Protein-coding cytochrome b and Rag2 sequences 
were aligned by eye using Sequencher 4.1 (GeneCodes, 
Corp.). Unlike those two genes, mtrDNA does not code 
for protein products and sequence length varíes 
among taxa, and even individuals. Positional 
homology of the sequence alignment is an assump
tion of phylogenetic analysis (Swofford et al., 1996). 
CLUSTAL W (Thompson, Higgins & Gibson, 1994) 
was used to infer sequence homology in these 
sequences, with a gap/substitution penalty of 10 : l. 
The resulting alignment was adjusted manually based 
on secondary structure models that take into account 
the functional role of these mitochondrial regions in 
protein synthesis (Springer & Douzery, 1996; Burk, 
Douzery & Springer, 2002). Where sequence homology 
.could not be unambiguously established by this 
method, the characters were excluded from subse
quent phylogenetic analyses. The resulting alignment 
is available from the author upon request. 

To describe the variation in cytochrome b among 
taxa uncorrected pair-wise distances were calculated 
using PAUP* 4.0b10 (Swofford, 2002). Cytochrome b 
sequences were also examined for fixed character dif
ferences among putative taxonomic units, subspecies 
sensu Smith (1972). Sequences of each subspecies 
were compared against sequences of other subspecies 
in the same species, and the number of fixed character 
differences that distinguished them was scored. 

Parsimony analyses of the morphological, cyto
chrome b, mtrDNA, and Rag2 datasets were per
formed separately and on combined matrices using 

branch and bound searches as iw~ in 
PAUP*. For each search, phyloge:netiicallly Dldianoative 
characters were treated as unordered amd equally 
weighted, and gaps were treated as missing data. 
Clade stability was assessed using the naoparametric 
jackknife and the Bremet support ·mdex (Bremer, 
1994). All parsimony jackknife analyses induded 1000 
replicates; searches were heuristic with ten replicates 
of random taxon addition followed by tree bisection 
reconnection branch swapping. Bremer values were 
calculated with the aid of AutoDecay v. 4.0.2 •Eriks
son, 1999). The Templeton (1983 ; test implemented in 
PAUP* was used to assess whether topologies differ 
significantly on how well they fit each data partition. 

Best-fit maximum likelihood models for molecular 
data were selected using nested likelihood ratio tests 
as implemented in MODELTEST v. 3.06 (Posada & 
Crandall, 1998). Maximum likelihood analyses of the 
different molecular data sets were performed using 
PAUP*. Finally, the constancy in rates of molecular 
evolution throughout the tree was evaluated. To pro
vide the most conservative test for a clock-like model 
of evolution, a UPGMA tree based on Jukes-Cantor 
distances was calculated, and the likelihood scores of 
the best-fit model without enforcing the clock (logL1), 

and the same model forcing a clock (logL2) were com
pared. The significance of the difference in likelihood 
scores was tested by comparing -2logA against a X2 

distribution (d.f. = N taxa- 2). If the value for -2logA 
was significant, then the molecular clock could be 
rejected. Subsequent to model selection, the maximum 
likelihood tree was determined using a heuristic 
search in which the parameter values under the best
fit model were fixed anda Neighbour-joining tree was 
used as a starting point for TBR branch swapping. 
Likelihood nonparametricjackknife analyses included 
300 nonrate-constant replicates, with a neighbour
joining starting tree followed by subtree pruning re
grafting branch swapping in heuristic searches. 

Bayesian methods were used to estima te a phylogeny 
applying different models of molecular evolution for 
each partition ofthe molecular data. This analysis fea
tured three partitions, noncoding mitochondrial DNA, 
protein-coding mtDNA, and nuclear DNA. The model of 
sequence evolution was determined using MODELT
EST (see above). The values for model parameters were 
treated as unknown variables to be estimated in each "' 
analysis and allowed to vary between partitions. Baye
sian analysis was conducted using MRBAYES v. 3.0b4 
(Huelsenbeck & Ronquist, 2001), with random starting 
trees without constraints, four simultaneous Markov 
chains run for 2 000 000 generations, trees sampled 
every 100 generations, and temperature set to 0.20. 
Resulting burn-in values were determined empirically 
by evaluating tree likelihood scores and estimated 
parameters. Analyses were repeated in four separate 
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runs to ensure that trees converged on the same topol
ogy and similar parameters. 

BIOGEOGRAPHICAL A.. "iAL YSES 

The biogeographical hypotheses of 8mith (1972) and 
Czaplewski & Margan (2003) were compared with the 
results of phylogenetic analyses from different data 
sources using several methods. The significance in 
length differences between obtained phylogenies and 
biogeographical predictions in parsimony was mea
sured using the Templeton (1983) test. Two likelihood
based topology tests were applied: the nonparametric 
Shimodaira & Hasegawa (1999) test, anda parametric 
bootstrap (Goldman, Anderson & Rodrigo, 2000). The 
8himodaira & Hasegawa (1999) one-tailed test resa
mples the data by bootstrapping to construct a distri
bution of log likelihoods and then compares the 
specified trees with this distribution. The question is 
whether the differences between obtained trees and 
trees derived from biogeographical hypotheses fall 
beyond the distribution from resampled trees. 

For the parametric bootstrap, the model parameters 
obtained using MODELTE8T for each molecular par
tition and for the concatenated molecular data and 
their corresponding optimal topology were employed 
to simulate 100 data sets using SEQ-GEN v. 1.2.7 
(Rambaut & Grassly, 1997). PAUP* was then used to 
optimize trees for each ofthe simulated data sets with 
and without topological constraints corresponding to 
biogeographical models. The difference between max
imum likelihood scores for constrained and uncon
strained trees using the actual data was then 
compared with the distribution of differences based on 
simulations. 

The predictions regarding the relative ages of diver
gence between clades were tested by generating con
fidence intervals around branch lengths using the 
results of the parametric bootstrap. The branch 
lengths for each of the simulated datasets under opti
mal rate-constant maximum likelihood parameters 
within each data partition were tabulated, and used to 
calcula te the 95% confidence limit around the nodes of 
interest. 

Dispersal-vicariance analysis, DIVA (Ronquist, 
1997), was used to estímate ancestral areas. DIVA 
reconstructs the ancestral distribution at each of the 
interna! nodes of a given phylogeny. This is accom
plished by means of optimization rules and set costs 
for extinction (cost of 1 per area lost) and dispersa! 
(cost of 1 per area added). Vicariant and sympatric 
speciation carry no cost. The ancestral area estimate 
can be constrained to contain any mínimum number of 
areas. 8pecies distributions are therefore explained by 
assigning costs for each event in a way that biogeo
graphical explanations imply the least possible cost. 
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RESULTS 

SEQUENCE VARIATION AND SATURATION ANALYSIS 

MtrDNA , 
Alignment of 128 rRNA, tRNN•l, and 168 rRNA genes 
resulted in 2677 aligned positions of which 30 were 
excluded from phylogenetic analyses because they 
potentially violated hypotheses ofpositional homology. 
Within the remaining 2647 sites, 971 (37%) of sites 
were variable and 677 (26%) were parsimony informa
tive. The average base composition of sequences was 
skewed, with a deficiency of guanine (17.8%) andan 
overabundance of adenine (36.0%). This bias in base 
composition did not differ significantly across taxa (X2 

test implemented in PAUP*, P = 0.666). 

Cytochrome b 
Complete cytochrome b sequences were obtained for 
all taxa, with the exceptions of Mystacina (AF144068) 
and Saccopteryx (AF044664), for which only 402 base 
pairs were available from GenBank. Because one of 
the objectives of this study was to assess the intraspe
cific variation of Caribbean species, several individu
als per mormoopid species were included in the 
cytochrome b analysis (Table 1). Of these, two P. par
nellii individuals from different localities in Jamaica 
(AMCC102714 = AY604456, TK27704 = AF338661), 
and two P. quadridens from the same Jamaican cave 
(AMCC102720 = AY604458, TK9487 = AF338682) had 
identical sequences (Appendix). A summary of the 
uncorrected pair-wise divergences among individuals 
in different taxonomic ranks is shown in Figure 2. 
Table 2 summarizes the results of sequence examina
tion for fixed character differences among currently 
recognized subspecies within species sensu Smith 
(1972). 

Within cytochrome b of the ingroup, 460 (40%) of 
sites were variable and 421 (37%) were parsimony 
informative. The distribution of the parsimony-infor
mative sites was highly dependent on codon position: 
19.2% in first, 4.8% in second, and 76.0% in third 
codon position. Most substitutions were synonymous, 
and translation of sequences to amino acids led to a 
matrix with only 68 informative sites (21.0% variable 
sites, among which 85.0% were parsimony informa
tive). The average base composition of sequences was 
skewed. Theré was little bias at first codon position, 
and a deficiency of adenine (20.3%) and guanine 
(13.7%) andan overabundance ofthymine (40.6%) for 
second position. The third position showed a strong 
bias: a deficiency of guanine (4.0%) and thymine 
(14.0%), and an abundance of adenine (42.1%) and 
cytosine (39.8%). The bias in base composition did not 
differ significantly across taxa when the whole cyto
chrome b gene was considered Cx2 test implemented in 
PAUP*, P = 0.996). Similar results were obtained for 
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versus Mystacina, 
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Figure 2. Scatter plot of uncorrected sequence divergence 
in cytochrome b against taxonomic rank. Taxonomy follows 
Smith (1972). Numerals indicate cytochrome b distance 
outliers: 1: with respect to Saccopteryx; 2: between Myst
acina and Noctilio; 3: between Mormoops and Artibeus; 4: 
between Noctilio albiventris and Noctilio leporinus; 5: 
between Pteronotus davyi and Pteronotus gymnonotus; 6: 
between currently recognized subspecies of Pteronotus 
quadridens, Pteronotus macleayii, and Mormoops megalo
phylla; and also between Pteronotus parnellii from Mexico, 
Guatemala and Honduras classi:fied in the subspecies 
mesoamericanus and mexicanus; 7: between P. parnellii 
from Puerto Rico and Hispaniola, and among samples from 
Guyana, Mexico and Honduras; 8: between Pteronotus per
sonatus from Suriname, and individuals from Venezuela 
and Guyana; 9: between P. parnellii individuals from 
French Guiana and Suriname; and 10: between P. parnellii 
individuals from Guyana, and Suriname and French 
Guiana. 

first and second positions separately, but not for third 
codon position, where the test was significant at the 
0.1% level (P = 0.000) among all taxa, and at the 5% 
level (P = 0.048) within the ingroup. 

Heterogeneity in base composition across taxa is 
known to affect phylogenetic reconstruction (Lockhart 
et al., 1994): bias in third codon position, which con
tains most of the sequence variation, may confound 
the results of sequence analyses. To examine this 
hypothesis, the most divergent taxon in GC content of 
third codon positions of cytochrome b was identified 
(GC content average for all taxa = 43.8%, SD = 4.8): 
Artibeus jamaicensis (31.6%). It can be assumed that 
the heterogeneity in base composition of this outgroup 
taxon is not affecting the analysis because no other 
taxon exhlbits similar variation. For the ingroup, no 
difference in base composition was found within Mor
moops (X2 test implemented in PAUP*, P = 1.00), or 
Pteronotus (X2 test implemented in PAUP*, P = 1.00). 
Heterogeneity in third codon base composition was 
confined to comparisons between the two genera. Data 
sources other than third codon positions in cytochrome 
b (e.g. morphology, mtrDNA, Rag2) all support the 

reciproca! monophyly of each moT1D0111pid genus. Base 
composition heterogeneity in third mciGm po5i.rions 
was not presumed to distort phy~ analyses 
toward recovering monophyletic genera. 

Graphs of transitions and tran~D:.S for each 
codon position vs. uncorrected totaJ1 sequence diver
gence were plotted to assess ;;at:ura.tial:l in .;;equences. 
Those curves (not shown) indicated that fi rst and 
second codon position did not experience multiple 
transition or transversion substitutioru;. Third codon 
positions showed saturation in t:nms:ition and trans
version substitutions for Sa.ccopteryr:r and _\fystacina, 
in part because their sequences were inromplete. 

Rag2 
Of the sequences available, two Jformoop s megalo
phylla individuals (CN98443 =AF338702, TK27640 
= AF330818), two Pteronotus dm·yi individuals 
(CN101305 = AF338691, TK25127 = AF338692), and 
two P. quadridens individuals ITK32171 = AF338695, 
TK9487 = AF338696) had identical sequences (see 
Appendix for localities). Of the 1398 Rag2 sites, 252 
(18%) were variable and 157 (11 %) were parsimony 
informative. The distribution of the parsimony
informative sites was highly dependent on codon 
position: 16.6% in first, 8.9% in second, and 73.9% in 
third codon position. Most substitutions were synony
mous, and translation of sequences to amino acids led 
toa matrix with only 41 informative sites (15.2% vari
able sites, among which 57.7% are parsimony infor
mative). The average base composition of sequences 
was skewed, with a deficiency of cytosine (18.1 %) and 
thymine (20.4%) and an overabundance of adenine 
(30.6%) in first codon position. Second positions 
showed a deficiency of guanine (17.9%) andan over
abundance of adenine (35.0%), while third positions 
showed a deficiency of guanine (16.8%) andan over
abundance of thymine (31.0%). The biases in base 
composition did not differ significantly across taxa 
for the whole gene, or for different codon positions 
(P = 1.000). 

PHYLOGENETIC ANALYSES 

Four data sets were included in phylogenetic analyses: 
(1) the mitochondrial cytochrome b; (2) mtrDNA (128, 
tRNNa1, and 168); (3) a fragment ofthe nuclear Rag2; 
and ( 4) the morphological character matrix for mor
moopids published by Simmons & Conway (2001); see 
also Table 1 and the Appendix. Sequences from differ
ent genes were concatenated for combined analyses 
from the same individuals when possible (Appendix). 
Maximum parsimony analyses of individual data sets 
(Figs 3, 4) and the combined 'total evidence' data 
matrix (Fig. 4) were conducted with all unordered and 
unweighted characters. 
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Table 2. Fixed character differences (FCD) in cytochrome b base pairs among subspecies and selected populations within 
each currently recognized species 

Taxon 1 NI Taxon 2 ' 
N2 FCD 

Mormoops megalophylla megalophylla 4 Mormoops megalophylla tumidiceps 1 11 

Mormoops blainvillei Cuba 1 Mormoops blainvillei Jamaica 2 4 

Pteronotus parnellii parnellii Jamaica 2 P. parnellii other localities 23 19 
Pteronotus parnellii pusillus 2 Pteronotus parnellii other localities 23 8 
Pteronotus parnellii portoricensis 2 Pteronotus parnellii other localities 23 6 
Pteronotus parnellii parnellii, P.p. portoricensis 4 Pteronotus parnellii other localities 21 4 
Pteronotus parnellii mexicanus 2 Pteronotus parnellii other localities 23 3 
Pteronotus parnellii mesoamericanus 2 Pteronotus parnellii other localities 23 1 
P. parnellii rubiginosus Guyana 1 Pteronotus parnellii other localities 24 4 
Pteronotus parnellii mexicanus, P.p. 6 Pteronotus parnellii other localities 19 8 

mesoamericanus, P.p. rubiginosus Guyana 
Pteronotus parnellii rubiginosus Suriname 1 Pteronotus parnellii other localities 22 15 
Pteronotus parnellii rubiginosus French Guiana 1 Pteronotus parnellii other localities 22 21 
Pteronotus parnellii rubiginosus Suriname & 2 Pteronotus parnellii other localities 21 7 

French Guiana 

Pteronotus macleayii macleayii 1 Pteronotus macleayii griseus 2 11 

Pteronotus quadridens quadridens 1 Pteronotus quadridens fuliginosus 4 1 
Pteronotus quadridens Cuba and Jamaica 3 Pteronotus quadridens Puerto Rico and Hispaniola 2 8 

Pteronotus personatus personatus 3 Pteronotus personatus psilotis 2 9 
Pteronotus personatus Guyana & Venezuela 2 Pteronotus personatus other localities 3 13 
Pteronotus personatus Guatemala 1 Pteronotus personatus other localities 4 15 
Pteronotus personatus Mexico 1 Pteronotus personatus other localities 4 41 

Pteronotus dauyi davyi 4 Pteronotus davyi fulvus 3 55 
Pteronotus davyi 7 Pteronotus gymnonotus 3 20 

N , Sample size. Taxonomy follows Smith (1972). For complete geographical distribution of subspecies, see Table l. 

The Templeton (1983) tests indicated there were 
significant differences in the fits of cytochrome b to the 
Rag2 (P = 0.047) and morphology trees (P = 0.020); the 
fits of the mtrDNA to the cytochrome b (P = 0.019) and 
Rag2 (P = 0.036) trees; the fits of Rag2 to the cyto
chrome b (P = 0.076) and morphology trees (P = 0.014); 
and the fits of the morphology to the cytochrome b 
(P = 0.009) and Rag2 (P = 0.023) trees. This test is not 
being used as a criterion for combining or excluding 
data, but to investiga te conflict between data sets. The 
altemative topologies of Figures 3, 4, and the support 
for competing hypotheses (Table 3) further confirm 
these statistical results. Conflict among data sets does 
not appear to undermine phylogenetic resolution 
when combining data (Fig. 4). 

accounted for three models of sequence evolution 
(Table 4) while using all available molecular data. 
Exemplars having the broadest character sampling 
from each named population in Figure 3 were used 
as terminals in this analysis. Individual partitions 
coded as 'all missing' if no sequences were available 
for a given exemplar. Stationarity in parameter esti
mation was reached after 100 000 generations (burn 
in= 1000 trees). The resulting trees are summarized 
in Figure 5. 

The models of molecular evolution and parame
ters selected for each data set using MODELTEST 
are shown in Table 4. The estimates of phylogeny 
given the parameters of Table 4 for each molecular 
data partition, the concatenated molecular data set, 
and the combined molecular and morphological data 
are shown in Figures 3, 4. Bayesian methods were 
used to obtain an estímate of phylogeny that 

Comparison with previous studies 
Recent studies of mormoopid phylogeny provided most 
ofthe data analysed here (Lewis Oritt et al., 2001; Sim
mons & Conway, 2001; Van Den Bussche et al., 2002b). 
The monophyly of the family and its genera could be 
questioned based on sorne of the data partitions anal
ysed separately (Kennedy et al., 1999) (Table 3, Fig. 3). 
This result can be explained by homoplasy ofthose data 
for deep divergences, rather than as a phylogenetic sig
na! about mormoopid relationships. For the purpose of 
the present study, the monophyly of mormoopids, and 
of Mormoops and Pteronotus , will be assumed because 
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A 

P. parnellii Suriname French Guiana 

P. parnellii Jamaica 

P. parnellii Puerto Rico 

P. parnellii Hispaniola 

P. parnellii Mexico Honduras Guyana 

P. personatus Mexico 
P. personatus Guatemala 
P. personatus Suriname 

P. personatus Venezuela Guyana 1 
P. davyi Mexico El Salvador 1 7 

P. davyi Dominica Trinidad 1 
P. gymnonotus 

1 Panama Venezuela Peru 

P. macleayii Cuba Jamaica 

P. quadridens Cuba Jamaica 

P. quadridens 
Hispaniola Puerto Rico 

Noctlllo 

M. mega/ophylla 
Texas Mexico Guatemala Venezuela 

B 

-oos•••· u 

Figure 3. A, strict consensus of eight most parsimonious cladograms resulting from analysis of cytochrome b (L = 1792 
steps, consistency index = 0.439, retention index = 0.775). Numbers below branches are Bremer support values, above 
branches are percent of 1000 jackknife replicates. N ames of outgroups are in bold; for sequence data, see Appendix. B, 
phylogram resulting from maximum likelihood analysis using a rate-constant GTR+I+r model of DNA evolution 
(-lnL = 9181.23). Numbers above or below branches are percent of 300 50% jackknife replicates, thicker lines indicate 
100% jackknife support. 

Table 3. Support for relationships among mormoopids 

Node/dataset cyt b mtrDNAA Rag2 Morphology Total Supported by: 

(Mormoops, Pteronotus) 5 5/83 59/1 9/98 19/98 All but cyt b 
Mormoops 0/51 46/100 98/8 20/100 102/100 All 
Pteronotus 12/96 20/100 97/6 10/99 67/100 All 
(davyi , gymnonotus) 18/100 43/100 99/8 4190 73/100 All 
(quadridens, macleayii) 46 11/92 96/6 1148 26/100 All but cyt b 
parnellii sister to all other Pteronotus 29 4155 9115 33 10/82 Rag2 mtrDNA 
(parnellii, personatus) 23 29 2 19 17 None 
(parnellii (davyi, gymnonotus )) 4 1 o 19 o Nene 
(parnellii (quadridens, macleayii)) 7 3 1 1 5 None 
((davyi, gymnonotus) (quadridens, macleayii)) o 23 65/2 20 19 Rag2 
(personatus (davyi, gymnonotus)) 2/36 18 24 o 20 Nene 
(personatus (quadridens, macleayii)) 1 36 3 1153 3/44 Morphology 

Relationships are represented using the Newick format. Values are Bremer support/jackknife; when only one number is 
shown, it corresponds to jackknife. 

this is the best-supported conclusion given all the evi
dence at hand (Table 3, Figs 4, 5). For two nuclear exons 
that do not support mormoopid monophyly, see Van 
Den Bussche, Hoofer & Hanson (2002a) and Van Den 
Bussche et al. (2003). 

Within Pteronotus, there is strong support for sister 
taxa relationships between P. quadridens and P. 
macleayii, and between P. davyi and P. gymnonotus 
(Figs 3-5); see also Lewis Oritt et al. (2001), Van Den 
Bussche et al. (2002b), and Van Den Bussche & 
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Figure 4. Cladogram resulting from maximum likelihood analysis of concatenated mitochondrial ribosomal DNA, cyto
chrome b, and Rag2 sequences (-lnL = 24736.88). Sequences for at least two of the molecular partitions were available 
for each terminals. Support values are shown for mtrDNA in the first column, Rag2 in the second column, concatenated 
molecular sequences in the third column, and total evidence in the fourth column. The top row shows Bremer support 
índices; second row is the percent of 1000 50% jackknife pseudoreplicates using parsimony; and the third row is the percent 
of 300 50% jackknife pseudoreplicates using maximum likelihood. Asterisks indicate jackknife support values of 100%. 
Dashes indicate that the data set does not resolve the branch, or does not support the resolution shown (Table 3). NA, not 
applicable; indicating the partition contains data for only one terminal and the branch could not be scored, or no maximum 
likelihood analysis including morphological data was performed. Numbers in grey indicate that the data partition does 
not include all terminals in the branch. Models of sequence evolution used to analyse each partition and resulting log
likelihood values are shown in Table 4. N ames of outgroups are in bold; for sequence data, see Appendix. 

Weyandt (2003). The position of P. parnellii as sister 
to all other Pteronotus , although notas well supported 
as previously discussed nodes (Table 3, Fig. 4), is 
better supported than any alternative placement of 
parnellii (Table 3). Finally, relationships among 
Pteronotus personatus and the clades formed by davyi 
and gymnonotus, and quadridens and macleayii are 
barely resolved (Fig. 4, but see Fig. 5). 

There are three alternative hypotheses of relation
ships for the lineages of personatus, davyi, and 
quadridens. First, the sister relationship between per
sonatus, and davyi and gymnonotus, is not strongly 
supported by any individual data set (Table 3, Figs 3, 
4), and can be dismissed. Of the remaining two alter
natives, a sister relationship between personatus, and 
quadridens and macleayii is supported by morphology 
(Simmons & Conway, 2001), and this is the resolution 
of the total evidence tree (not shown). A sister rela
tionship between davyi and gymnonotus, and 
quadridens and macleayii is supported by Rag2, max
imum likelihood analysis of mtrDNA, and Bayesian 
phylogeny estimation (Table 3, Fig. 3B-5); see also 

Van Den Bussche & Weyandt (2003). Both topologies 
were considered in inferring ancestral areas. 

BIOGEOGRAPHICAL ANALYSES 

Table 5 summarizes the differences between obtained 
topologies and a tree constrained to make the Carib
bean P. parnellii be sister to the Central American P. 
parnellii (only applicable to the cytochrome b data), 
quadridens and macleayii be sister taxa, and this lat
ter clade be sister to P. personatus (Smith, 1976). The 
confidence intervals around relevant divergences, 
estimated usmg the molecular evolution models of 
Table 4, are presented in Figure 6 . Ancestral area esti
mates are shown in Figure 5. 

DISCUSSION 

BASAL UNITS IN THE MORMOOPIDAE 

The species diversity of the mormoopids has been 
underestimated. Two hypotheses underlie competing 
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Table 4. Models of molecular evolution and parameters selected for each molecular data set (see Table 2 for sequences) 
' 

Data Model R-matrix a I -2JogA d. f. p 

MLmtrDNA GTR+l+r LO, 3.3, LO, 1.0, 10.7 0.4090 0.3347 24.2 16 >0.05 
Bayes mtrDNA GTR+I+r 7.9 (3.6-13.8), 12.2 0.421 (0.260-0.599) 0.296 (0.156-0.426 i 

(5.6-20.9), 5.5 
(2.5-9.6), 0.3 
(0.0-1.0), 48.3 
(23.1-83.0) 

ML cyt b GTR+I+r 0.5, 9.7, 0.5, 0.3, 10.4 0.9773 0.5040 52.4 43 >0.05 
Bayes cyt b GTR+I+r 0.7 (0.1-1.7), 13.8 0.851 (0.647-1.068) 0.507 (0.470-0.544) 

(3.9-32.4), 0.9 
(0.0-2.4), 0.7 
(0.0-2.0), 21.1 
(5.3-51.7) 

MLRag2 GTR+r 1.0, 5.1, 1.0, 1.0, 7.8 0.2433 26.2 18 > 0.05 
Bayes Rag2 GTR+r 3.1 (1.1-5.7), 8.8 0.265 (0.146-0.393) 

(3.7-15.5), 1.0 
(0.2-1.9), 2.1 
(0.6-4.2), 13.3 
(5.5-26.6) 

ML molecular GTR+I+r 6.5, 11.7, 4.1, 1.0, 0.4505 0.3820 43.1 16 < 0.001 
37.0 

Bayes, parameters used in Bayesian analysis of concatenated data; GTR, general time reversible model; ML, parameters 
used in maximum likelihood analyses; R-matrix, rate matrix parameter (with respect to G-T transversion); a, shape 
parameter, I, proportion of invariant si tes; -2logA, 2[logL 1 - logL2], where L 1 = likelihood without clock and L2 = likelihood 
with clock. Parameters obtained from Bayesian analyses are followed by the 95% confidence interval (in parentheses). 

assessments of species diversity. The first hypothesis 
as sumes populations of widespread species as part of a 
continuum of differentiation that appears great at the 
extremes, but is only slight between adjacent groups 
(Koopman, 1955). Although sorne populations are allo
patric, it is assumed that gene flow among them exists 
or occurred until recently. Because morphological 
intergradation (used to infer gene flow) among insular 
and continental populations is not observed, the range 
of (non)resemblance permitted in a given species has 
been widened (Smith, 1972). 

The assessment of sequence variation among 
putative units (subspecies) within the mormoopids 
(Table 2) revealed multiple instances of characters 
that appear to be fixed in cytochrome b. These molec
ular data support a second hypothesis: gene flow 
between insular and continental populations appears 
to have ceased even before fully recognized biological 
species (e.g. P.gymnonotus and davyi; Fig. 3B) evolved 
into separate lineages. The subtle morphological dif
ferences dismissed under a presumption of gene flow 
provide evidence for the isolation and independent 
evolution of separate lineages in widespread species 
such as parnellii, davyi, and personatus. Be cause sam
pling sizes for molecular markers were small, these 
differences alone cannot provide species limits. In 

sorne instances, molecular character differences, high 
sequence divergence among presumed conspecifics 
(bottom two tiers of Fig. 2), distributional ranges that 
encompass broad areas separated by water and land 
barriers (Table 1, Fig. 1), and taxonomic limits based 
on morphological variation (Smith, 1972) coincide and 
strengthen the hypothesis of evolutionary indepen
dence. These criteria (Tables 1 and 2) apply to named 
island populations of P. parnellii: parnellii (Gray, 
1843),pusillus CAllen, 1917), andportoricensis (Miller, 
1902); the continental P. parnellii ranging from Mex
ico to Guyana currently classified in the subspecies 
mexicanus (Miller, 1902), mesoamericanus (Smith, 
1972), and rubiginosus (Wagner, 1843); the currently 
recognized subspecies of P. davyi: davyi (Gray, 1838) 
and fulvus (Thomas, 1892); and subspecies of P. per
sonatus: personatus (Wagner, 1843) and psilotis 
(Dobson, 1878). Each of these populations should be 
considered as a species, named using the subspecies 
taxonomy. The name Pteronotus rubiginosus (Wagner, 
1843) precedes mexicanus and mesoamericanus, and 
applies to the continental bats in the P. parnellii lin
eage as described above (note that the status of fuscus 
and paraguanensis was not evaluated; Table 1). Both 
cytochrome b (Table 2) and Rag2 (Lewis Oritt et al., 
2001) showed differentiation in Mexican and Central 
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Table 5. Significance of topological clifferences and num-
ber of extra steps necessary to fit the biogeographical 
hypothesis of Smith (1972) 

Data Test Length clifference Significance 

cyt b MP* 18 P= 0.01 
SH p = 0.55 
PB P = 0.80 

mtrDNA2 MP o 
SH P= 0.13 
PB P=0.53 

Rag2t MP 5 P=0.06 
SH P= 0.13 
PB P= 0.40 

~Ioleculart MP o 
SH P=0.78 
PB P= 0.99 

Total+ MP o 

*Length di:fference arises from constraining (parnellii Car
ibbean, parnellii Mexico, and Central America), and not 
from relationships between quadridens and macleayii, and 
their sister taxon. t Di:fferences pertain the constraint 
[(quadridens, macleayii), personatus] only. MP, maximum 
parsimony (number of extra steps and significance in Tem
pleton (1983) test; PB, parametric bootstrap (maximum 
likelihood); SH, Shimodaira & Hasegawa (1999) test (max
imum likelihood). 

American populations of P. psilotis. Further sampling 
is necessary to deternúne if characters are fixed 
because taxonomic conclusions derived from single 
molecular exemplars would be suspect. 

Mitochondrial cytochrome b from samples of Pter
onotus rubiginosus and P. personatus from northern 
South America west of Guyana is distinct from that 
sampled east of Guyana (Suriname and/or French 
Guiana; Table 2, Fig. 1). These character differences 
and attendant levels of sequence divergence had not 
been anticipated in the morphological study of Smith 
(1972). French Guianan specimens of P. parnellii can 
also be distinguished from those from the remainder 
of the range by their larger size (Simmons & Voss, 
1998). In Venezuela, P .paraguanensis appears to have 
become isolated as a result ofbreaks in the humid for
est (Gutiérrez, 2004). This mechanism might explain 
the differentiation observed, but greater geographical 
and character sampling is needed to investigate these 
(possibly) cryptic species, and test the possibility that 
accelerated rates of sequence evolution have led to 
this pattern (although this is unlikely, see Table 4). 

In P. quadridens discontinuous variation in cyto
chrome b occurs between Cuba and Jamaica, and His
paniola and Puerto Rico, rather than coinciding with 
the subspecies taxonomy that separates Cuban from 
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other Greater Antillean bats (Tables 1, 2). These taxa 
are not elevated to species here, despite the possible 
geographical isolation by ocean barriers, because sam
pling was sparse, the molecular differentiation does 
not match subspecies boundaries based on morphol
ogy, and no differences were detected in Rag2. For the 
purpose of estimating ancestral areas, each terminal 
that appears with a name in Figure 3 was treated as a 
separate taxon. 

BIOGEOGRAPHY OF THE MORMOOPIDAE 

The P. parnellii lineage (subgenus Phyllodia) 
The molecular phylogeny challenges the biogeograph
ical hypothesis of Smith (1972) on the single, Middle 
American origin of Antillean populations. Lewis Oritt 
et al. (2001) first proposed northern South America as 
the ancestral area of Antillean Phyllodia, but this 
result is not significan ti y different from the traditional 
biogeographical explanation [except when using the 
Templeton (1983) test; Table 5]. The phylogeny of Fig
ure 5 is the first to suggest that P. parnellii is not sis
ter to a clade containing P. pusillus. Because both 
trees (Figs 3B, 5) are equally good at explaining the 
data (P = 0.352, Shimodaira-Hasegawa test), Phyllo
dia might have reached the Caribbean or the conti
nent more than once. Two Phyllodia species have been 
recorded as Quaternary fossils on Hispaniola (Mor
gan, 2001; Table 1); the extant pusillus and sp. cf. 
rubiginosus; perhaps corresponding to separate waves 
of colonization from the continent and/or adjacent 
islands. 

Whether bats in this lineage first arose on the 
islands or the continent cannot be established beca use 
both regions are optimized in the ancestral area (not 
shown). Furthermore, the low support values (Figs 3B, 
5) mean that parnellii, pusillus and portoricensis , 
rubiginosus, or 'rubiginosus' from Suriname and 
French Guiana could each be the oldest branch within 
the lineage, adding uncertainty to the geographical 
origin of the subgenus. The Caribbean-continent 
divergence within this lineage is as great as that 
between Surinamese and Guianan 'rubiginosus' and 
sister clade (Fig. 6A). By contrast, sequence diver
gence within the widespread rubiginosus clade is sig
nificantly lower (Fig. 6A), as expected ifthe expansion 
to Middle America or north-western South America 
had happened recently. 

Taken together, the results imply that the geograph
ical history of these bats is more complex than pro
posed hitherto (Smith, 1972), and suggest avenues for 
future research. First, more rapidly evolving charac
ters are needed to resolve relationships among the 
species in this subgenus (Figs 3, 5). Second, geograph
ical sampling must include the entire range of Phyllo
dia because apparently continuous populations show 
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Figure 5. Majority rule (50%) consensus of 19 000 cladograms resulting from Bayesian analysis of concatenated molecular 
data for all diagnosable mormoopid taxa (- lnL = 24 910; 95% confidence interval = 24,890-24 920) . Dashed branches had 
posterior probabilities between 0.50 and 0.95. All other branches had posterior probabilities between 0.95 and l. Names 
of outgroups are in bold; for sequence data, see Appendix. The top panel shows the ancestral area inferred for branch 1, 
the bottom panel shows the ancestral area ofbranches 2 and 3. DIVA Optimizations were constrained toa maximum of 
two areas, and all solutions are shown. Three altematives to the polytomy of Pteronotus davyi and Pteronotus gymnonotus, 
two alternatives to the sister of Pteronotus quadridens and macleayii (davyi and gymnonotus, or personatus), and two 
taxonomies (the traditional species taxonomy of Smith (1972), or that shown in Figure 3 were analysed, and all result in 
the same composite estimates. Geographic distributions are as shown in Table l. Pteronotus pristinus and Mormoops 
magna were not analysed. FG, French Guiana; Ron., Honduras; Mex., Mexico; PR, Puerto Rico; Ven., Venezuela. 

deep divergences that might represent additional 
independently evolving lineages (e.g. in northern 
South America). Third, such studies should include 
morphological characters because the Caribbean Pter
onotus pristinus (Silva-Taboada, 1974; Simmons & 
Conway, 2001) and Pteronotus sp. cf. rubiginosus 
(Morgan, 2001) are only known as fossils and might 
provide fresh insights into the history of exchange 
between the continental and insular Neotropics. 

Other Antillean Pteronotus 
Phylogenetic analyses including morphological data 
support the hypothesis of Smith (1972), whereby the P. 
macleayii and quadridens clade is sister to P. per
sonatus s.l. (Table 3), while analyses of Rag2 result in 
the resolution of Figure 4. The difference between 
alternatives is not significant (Table 5), despite the 
posterior probability of l. O obtained for the latter res
olution (Fig. 5). Regardless, the phylogenies optimize 
the distribution of the ancestrallineage to include the 
western Greater Antilles (Fig. 5). If distance between 

areas were an indication, Mexico and/or Central 
America would be the likely continental source 
(Fig. 1). Near-interconnections between the Antilles 
and Middle America during periods of low sea level 
might have facilitated dispersa! (Smith, 1972; Grif
fiths & Klingener, 1988). 

The biogeographical analysis, however, inferred 
northern South America as part of the ancestral area 
(Fig. 5). Each ofthe plausible sisters to P. macleayii and 
quadridens contains both Middle American ffulvus and 
perhaps davyi and gymnonotus (Table 1), or the two 
paraphyletic lineages in psilotis (Fig. 3)], and South 
American lineages (davyi and gymnonotus, or per
sonatus). Divergences between these continental pop
ulations are often significan ti y smaller than between P. 
macleayii and quadridens and its continental sister 
(Fig. 6), suggesting dispersa! to the Caribbean pre
ceded range expansion within the continent by far 
(Czaplewski & Morgan, 2003). The direction of this 
expansion from north to south is in agreement with a 
Mexican andlor Central American origin for personatus 
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Figure 6. Confidence intervals around observed sequence 
divergence resulting from parametric bootstrapping of 
rate-constant mormoopid phylogenies. A, estimates of 
divergence for mitochondrial ribosomal DNA (black dia
monds) and the cytochrome b gene (white diamonds). B, 
estimates of divergence for nuclear Rag2. CA, Central 
America; FG, French Guiana; Mex., Mexico. 

s.l., and for the macleayii and quadridens clade if the 
two lineages were sister. The lack of resolution among 
fulvus, davyi, and gymnonotus precludes a firm con
clusion but, ifthese three species all range into Middle 
America, then north-to-south range expansion would 
become parsimonious for this clade and its sister, 
despite the polytomy. This last question remains to be 
resolved because neither the northemmost range of 
davyi andgymnonotus, nor P. davyi incae, was sampled 
in molecular analyses (cf. Table 1, Appendix). 
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Mormoops and the Mormoopidae 
The estimated ancestral area of Mormoops and the 
mormoopids (Fig. 5) encompasses both northem South 
America (Smith, 1972) and the Greater Antilles (Cza
plewski & Morgan, 2003). The two biogeographical 
hypotheses are not mutually exclusive, and it is 
plausible that the most recent common ancestor of 
mormoopids was widespread from Mexico south to 
northem South America, and east to the Greater Anti
lles. Another interpretation of this result is that dis
persal-vicariance analysis is inconclusive, and other 
sources of evidence are needed to clarifY the geograph
ical history of mormoopids. 

There are several reasons to doubt that the ancestor 
of Mormoops was as widespread as estimated in Fig
ure 5. First, extant Mormoops species do not overlap 
on the continent, but both are known from the Greater 
Antilles (albeit, one only as fossil). Second, one addi
tional species, Mormoops magna, is known from late 
Pleistocene remains on Cuba (Silva-Taboada, 1974), 
adding a third Mormoops lineage to the Greater Anti
lles. Third, it is parsimonious to postulate that the 
ancestor of Mormoops reached the Greater Antilles 
before splitting into the extant species but, even if it 
did not, the divergence between the Antillean blain
uillei and its sister taxon is significantly greater than 
that between megalophylla populations (Fig. 6A). The 
combination of species diversity and depth of diver
gence suggests Mormoops expanded its range from 
north to south. 

If Mormoops ranged into the Greater Antilles even 
before blainuillei and megalophylla differentiated, 
Caribbean colonization in this family can be traced 
back to the divergence between the mormoopid gen
era, and might be as ancient as the Oligocene or 
Miocene (Czaplewski & Morgan, 2003). A northem 
neotropical (and perhaps insular) origin for the genus 
can be overturned by the discovery of a basal Mor
moops species in South America. An extensive fossil 
record shows that M. megalophylla ranged from Flor
ida through the Greater Antilles to Bahía in Brazil 
during the Late Pleistocene (Ray, Olsen & Gut, 1963; 
Silva-Taboada, 1974; Czaplewski & Cartelle, 1998). 
Studies of morphological variation are necessary to 
determine the relationships among extant and fossil 
megalophylla populations and test the hypothesis pre
sented here because more than one species might be 
involved (Morgan, 2001). 

One prediction following Czaplewski & Morgan's 
(2003) biogeographical model is bome by the molecu
lar data: divergences between Antillean and continen
tal mormoopids are greater than those between 
Central American and northem South American pop
ulations (Fig. 6). There is only one exception in the P. 
parnellii lineage (subgenus Phyllodia), where two 
northem South American populations might not share 
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a most recent common ancestor (Figs 3, 5). For every 
other mormoopid lineage, and even in one instance 
within Phyllodia, the divergence between Mexico/Cen
tral America and South America appears to be recent 
(Fig. 6), and might correspond to the completion ofthe 
Isthmus of Panama in the late Pliocene. Either Mex
ico/Central America or north-western South America 
was recently colonized by all mormoopid lineages. As 
discussed above, the direction of this expansion 
appears to be from north to south in Mormoops and P 
personatus s.l. , but the evidence is ambiguous for 
Phyllodia, as well as for P davyi and gymnonotus. 

Beca use Mormoops is at the base of the mormoopid 
radiation, restricting its ancestral distribution to the 
northern N eotropics constrains the geographical origin 
of the family to that region. Other than differences in 
branch length (longer for northern neotropical splits, 
shorter for divergences between Mexico/Central Amer
ica and South America), the fossil record al so supports 
a north-to-south expansion. The oldest mormoopid 
diverged before the two extant genera (G. Morgan, 
pers. comm.), and ranged into Florida in the Oligocene 
(Czaplewsk.i, Morgan & N aeher, 2003). In general, mor
moopids appear to ha ve reached South America late in 
their history, after diversifying in Mexico, Central 
America, andlor the Greater Antilles (Fig. 6). 

This finding is critica} to the biogeographical history 
of noctilionoids. Both morphology (Simmons & Con
way, 2001) and large concatenated molecular datasets 
(Teeling et al., 2005) indicate that mormoopids and 
phyllostomids are each other's closest relative (this 
topology was not always recovered in this study, prob
ably because taxon sampling among bat families was 
poor relative to the higher-level analyses cited above). 
Two phylogenetic hypotheses have been proposed to 
explain relationships among phyllostomids. One, 
based on analyses of mostly morphological data 
(Wetterer, Rockman & Simmons, 2000) identified the 
vampires (Desmodus, Diaemus, and Diphylla) as the 
oldest phyllostomid lineage. A second hypothesis 
based on mtrDNA and Rag2 (Baker, Porter, Hoofer & 
Van Den Bussche, 2003) suggests that Macrotus 
diverged before any other phyllostomid. 

The geographical distribution ofthe basallineage of 
the phyllostomids would have a disproportionate 
effect on ancestral area reconstructions for that fam
ily. Vampires range from Mexico to Chile and Uruguay, 
and fossils have been found on Cuba (Koopman, 1994). 
This lineage would not constrain the ancestral area of 
the phyllostomids beca use of its widespread distribu
tion. Since the greatest diversity of phyllostomids is 
concentrated in northern South America and the varo
pires include it in their range, this would likely be the 
most parsimonious ancestral area for the family. By 
contrast, Macrotus is only known from the south
western United States south to Guatemala, through 

the Greater Antilles and Bahamas (Koopman, 1994). 
If Macrotus is at the base of the phyllostomid radia
tion, then the ancestral distributions of mormoopids 
and phyllostomids were adjacent in the northernmost 
Neotropics. Phyllostomid fossils are known from the 
middle Miocene of La Venta (Czaplewski, 1997), indi
cating phyllostomids reached South America early in 
their history. The geographical distribution of these 
closely related families during their early history 
might help explain the remarkable differences in tax
onomic and adaptive diversity between the two 
groups. 
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Pteronotus personatus 
Pteronotus 'personatus' 
Pteronotus davyi 
Pteronotus davyi 
Pteronotus davyi 

Pteronotus fulvus 
Pteronotus fulvus 
Pteronotus gymnonotus 
Pteronotus gymnonotus 
Pteronotus gymnonotus 
Pteronotus macleayii 

Pteronotus macleayii 
Pteronotus macleayii 
Pteronotus quadridens 

Pteronotus quadridens 
Pteronotus quadridens 
Pteronotus quadridens 
Pteronotus quadridens 
Mormoops blainvillei 

Mormoops blainvillei 
Mormoops blainvillei 
Mormoops megalophylla 
Mormoops megalophylla 

Mormoops megalophylla 

Mormoops megalophylla 
Mormoops megalophylla 
Mormoops megalophylla 

APPENDIX Continued 

Locality Country Tissue voucher Sequences 

Karanambo, Upper Takutu Guyana CN97943 AF338676, AF338698 Rag2 
Grassalco, Nickerie Suriname TK10336 AF338679 
1 mile above mouth of Layou River, St Joseph Parish Dominica TK15571 AF338669 

TK155751 [sic] AF407175 mtrDNA 
3 mile S 3.0 mile W Cumuto, Arena Reserve, Nariva Trinidad TK25127 AF338671,AF407176 

mtrDNA, AF338692 Rag2 
Charnela, Jalisco Mexico TK27642 AF338672, AF338693 Rag2 
El Refugio, El Imposible, Ahuachapan El Salvador CN101305 AF338670, AF338691 Rag2 
Parque Nacional Altos de Campana, Panama Panama CN104265 AF338673, AF:l3R694 Rag2 
35 km ESE of Caicara, Hato La Florida, Bolívar Venezuela CN107925 AF338675 
1 km S Tingo Maria, Leoncia Prado, Huanuco Department Peru TK22845 AF338674, AF4071.77 mt.rDNA 
Guantanamo Bay Naval Station, Guantanamo Province Cuba TK32162 AF338700, AF407178 

mtrDNA, AF:I8H700 RaM2 
St Clair Cave, St Catherine Parish Jamaica TK11008 AF338684 
St Clair Cave, Polly Ground, St Catherine Jamaica AMCC102719 AY604461 
Guantanamo Bay N aval Station, Guantanamo Province Cuba TK32171 AF338683, AF407179 

mtrDNA, AF338695 Rag2 
St Clair Cave, St Catherine Parish Jamaica TK9487 AF338682, AF338696 Rag2 
St Clair Cave, St Catherine Parish Jamaica AMCC102720 AY604458 
La Entrada (de Cabrera), María Trinidad Sánchez Dominican Republic AMCC103036 AY604459 
Mata de Plátano, Arecibo Puerto Rico AMCC102335 AY604460 
Guantanamo Bay N aval Station, Guantanamo Province Cuba TK32166 AF338685,AF407172 

mtrDNA, AY028169 Rag2 
Monarva Cave, Revival, Westmoreland Jamaica AMCC102762 AY604462 
St Clair Cave, St Catherine Parish, Jamaica TK9469 AF338686, AF338701 Rag2 
Presidio Co., Texas United States TK48165 AF338687 , AY141020 Rag2 
Black Gap Wildlife Management Area, Brewster Co, Texas United States TK78661 AF263220 mtrDNA, AY141020 

Rag2 
Charnela, Jalisco Mexico TK27640 AF330808, AF407174 

mtrDNA, AF330818 Rag2 
8.2 miles S Pina [sic] Blanca, Queretaro Mexico TK4833 AF338689 
Grutas de Lanquin, Alta Verapaz Guatemala CN98443 AF338690, AF338702 Rag2 
7 km NW Barinitas, Barinas Venezuela TK19311 AF338688, AF407173 mtrDNA 

-~ For subspecies classification, see Table l. AMCC, Ambrose Monell Cryogenic Collection of the American Museum of Natural History; AMNH, cadaver voucher at 
::5 the Mammalogy Department of the American Museum of Natural History; CN, Royal Ontario Museum; TK, tissue eolledion of the Museum of Texas Tech 
'1 University; UWZM, University ofWisconsin Zoological Museum. Sequences are cytochrome b unless otherwise noted . 
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