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ABSTRACT

Results of three measures of morphological distance (M-statistic, Mahalanobis® D?,
and Euclidean distance) are calibrated on the basis of three simple test criteria against
nine taxa of phyllostomid bats whose morphological (phenetic) relationships are un-
equivocal. Eighteen different permutations of distance algorithm, data transformation,
morphological measurement, and clustering algorithm were used to evaluate major crit-
icisms that have been directed against morphological distance measures. The M-statistic
is shown to be no less successful at meeting the test criteria than are the other two
measures. However, the type of clustering algorithm used has a very definite effect on
the representation of the measure of morphological distance on a one dimensional scale.

INTRODUCTION

Man’s attempts to quantify his level of morphological distinctness
from his nearest living relatives have been controversial. This contro-
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versy stems, in part, from disagreement about which morphological
characteristics should be used, how they should be transformed, and
what distance metrics should be calculated from them. Cherry et al.
(1978) described a measure of morphological difference, the distance
statistic M, to compare the morphological relationships of frogs, chim-
panzees, and humans. The M-statistic has been cited as more valuable
than other similar statistics for “broad comparative studies of evolution
at the organismal level’” (Kunkel et al., 1980:1061), but has also re-
ceived criticism on several points (Findley, 1979; Atchley, 1980; Cherry
et al., 1982). More recently, Cherry et al. (1982) compared the facility
of the M-statistic with three other distance metrics in accurately por-
traying morphological relationships of a broad selection of tetrapod
vertebrates. They found all four distance metrics to be highly correlated
with distance in a taxonomic hierarchy based primarily on a phenetic
classification. They used such a wide variety of taxa, including many
groups for which relationships are poorly understood, that the accuracy
of the distance metrics may not be well represented in their tests. This
study describes tests to evaluate the M-statistic and two more conven-
tional methods (Mahalanobis’ D?, Mahalanobis, 1936; and Euclidean
Distance, Sneath and Sokal, 1973) by examining nine species of bats
whose morphological features are so obvious that certain phenetic re-
lationships should result from any valid measure of morphological
distinctness. Additionally, we investigated the efficacy of type of mea-
surement, transformation, and clustering algorithm in achieving a sat-
isfactory classification. Two different sets of measurements were used.
The first, labelled ‘“bats’’ are those frequently used by bat taxonomists;
the second, labelled “frogs™ are ones considered applicable to all ver-
tebrates, including those as specialized as frogs or apes (Cherry et al.,
1978). A comparison of results from the two sets of measurements
allows estimation of the extent to which choice of measurements affects
results (Findley, 1979). Cherry et al. (1978) used a ratio transformation
of their data to eliminate size as a factor per se. Our measurements
were ratio and log transformed as well as untransformed in order to
evaluate Atchley’s (1980) criticism of the instability of ratio transfor-
mations. Combinations of measurements and transformations were
then used in each of the distance statistics. Finally, taxonomists con-
veniently use cluster analysis as a primary technique for portraying
morphological relatedness in one dimension, so we applied three clus-
tering algorithms to each combination of measurements, transforma-
tions, and distance algorithms — Unweighted Pair Group Method using
Arithmetic Averages (UPGMA, Sneath and Sokal, 1973); minimum
distance (single linkage, Sokal and Sneath, 1963), and maximum dis-
tance (complete linkage, Johnson, 1967).

The basis for the calibration was to choose species whose morpho-
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logical relationships were sufficiently obvious that the relative nature
of the distance values and expected patterns of phenetic clustering
would be predictable. Inaccuracies could be identified when calcula-
tions misrepresented the morphological relationships of these species.

In order to test the power of morphological distance metrics in ac-
curately portraying the phenetic relationships of a group of organisms,
those relationships must already be well understood. Furthermore, the
probability of choosing a group of organisms that would provide a
rigorous test would be increased if other aspects of their relatedness
were also well known. Therefore, we chose nine species of New World
leaf nosed bats of the family Phyllostomidae for which extensive kary-
ological (Baker and Bass, 1979; Baker, 1979; Haiduk and Baker, 1982)
molecular (Honeycutt et al., 1981; Baker et al., 1981), and morpho-
logical (Griffiths, 1982; Hood and Smith, 1982, 1983; Smith and Star-
rett, 1979) data are available.

The morphological relationships of the bat species chosen for this
study can be grouped into two major categories reflective of their feed-
ing habits. One group is the three species of vampire bats (recognized
as three monotypic genera, Desmodus, Diphylla, and Diaemus). The
other group is composed of five species of nectar and fruit eaters, which
have elongated rostra (taxa examined were Phyllonycteris aphylla, Er-
ophylla sezekorni, Glossophaga soricina, Monophyllus redmani, and
M. plethodon). 1t is a critical assumption of this study that the three
species of vampires more closely resemble each other than any nectar-
feeding species and that the five nectar-feeders more closely resemble
each other than any vampire. The first test is that any combination of
measurements, transformations, distance computations, and clustering
algorithms which does not distinguish the two major groupings will be
judged an invalid measure of morphological distinctiveness.

The second test involves the ninth taxon examined in the study
(Brachyphylia cavernarum). Brachyphylla is also a nectar and fruit eater
but is so morphologically distinct that bat systematists have encoun-
tered considerable problems in determining its evolutionary origin
(Baker and Bass, 1979; Griffiths, 1982, 1985). Only one point con-
cerning Brachyphylla is critical, however. Because of its robust size,
stocky build, and shortened snout, Brachyphylla is sufficiently mor-
phologically distinct, from both the long-rostra nectar feeders and vam-
pires, that it should not be classified within either group. Relative to
the two groups, its position should be that of an outlier. Failure to
place Brachyphylla as an outlier to the vampires and long-rostra nectar
feeders would result in rejection of that method as a valid one.

The third test is within the long-rostra group. We chose two sibling
species (Monophyllus redmani and M. plethodon) which are morpho-
logically so similar that it is necessary to have detailed cranial mea-
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surements for species identification (Schwartz and Jones, 1967). The
final criterion for a valid measure of morphological distinctiveness is
that the method places each of the two species of Monophyllus closer
to each other than to any of the other taxa examined.

METHODS AND MATERIALS

In all but one case (Diaemus youngi, n = 9) 10 adult individuals of each species were
measured from the collections of The Museum of Texas Tech University and The Texas
Cooperative Wildlife Collection at Texas A&M University. Specimens examined are
listed in Appendix 1.

Two sets of measurements were chosen. For their study, Cherry et al. (1978) chose a
set of nine morphological measurements previously used to assess shape changes in frogs
(Jameson et al., 1966; Jameson and Richmond, 1971) to avoid bias toward humans and
against frogs. We used these nine measurements, taken from all major parts of the body,
in the attempt to evaluate Cherry et al.’s statement that “almost any evolutionary change
in body shape would be reflected in at least one of these measurements” (Cherry et al.,
1978:210). Whereas, the morphological uniqueness of bats in comparison with either
higher primates or frogs made it somewhat difficult to modify these measurements they
are: 1) tibia length; 2) forearm length; 3) hindfoot length; 4) greatest length of skull; 5)
width of maxilla at first incisors; 6) vertebral length; 7) distance from anterior margin
of auditory meatus to lacrimal canal; 8) distance from lacrimal canal to anterior margin
of nasals; and 9) mastoidal breadth.

We also chose nine highly repeatable measurements from bats, some of which ob-
viously reflect much of the evolutionary change within the order and others which are
general mammalian measurements. These are: 1) total length; 2) tail length; 3) hindfoot
length; 4) ear length; 5) forearm length; 6) length of metacarpal of digit five; 7) length of
extended calcar and leg; 8) greatest length of skull; and 9) mastoidal breadth. All mea-
surements except total, tail, hind foot, and ear lengths were measured on museum study
skins and skulls to the nearest 0.1 millimeter with dial calipers. The four remaining
measurements were taken directly from museum specimen labels. All measurements are
given in Appendix I1. A comparison of the results from the nine measurements of Cherry
et al. (1978) with the results from the nine measurements selected especially for bats
allows the opportunity to estimate the extent to which choice of measurements affects
results (Findley’s, 1979, criticism).

Both sets of measurements were ratio and log transformed and utilized in each of the
three distance statistics. Comparison of the three types of distance matrices (Appendix
II) allows the opportunity to evaluate the role correlation of characters plays in distance
measures (Atchley’s, 1980, criticism).

In this study, M-statistics were calculated using a FORTRAN program and Mahal-
anobis’ D* and Euclidean distances were generated from SAS programs (Barr et al.,
1979). Clustering analyses were performed on each of the distancé matrices using the
Unweighted Pair Group Method using Arithmetic Averages (UPGMA) with TAXON
from the Numerical Taxonomy System (NT-SYS) package (Rohlf et al., 1974; Sneath
and Sokal, 1973), and minimum distance (Johnson, 1967) and maximum distance meth-
od (Johnson, 1967) using the FACTOR, SCORE, and CLUSTER procedures of SAS
(Sneath and Sokal, 1973; Barr et al., 1979). Fig. 1 demonstrates how candidates are
merged with existing clusters in each of the three clustering methods.

The average distance method is the most widely used on taxonomic data. It selects
clusters so that the average distance between members in the same cluster is less than
the average distance between members of different clusters. A candidate will join a cluster
if the average distance between it and the center of the cluster is less than the average
distance to the center of any other cluster. The corresponding criterion for the maximum
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TAXA |1 &2 WILL BE PLACED IN A SEPARATE CLUSTER FROM
TAXA 3,4&5 IF:

A+B+C*D PtQ+RtSt T U
<
4 6

AVERAGE DISTANCE

MAXIMUM DISTANCE MAX (B,C,D) < MIN(P Q,R S T,U)
A < MIN(P,Q,R,S T, U)

MINIMUM DISTANCE A < MIN(P,Q,R S TU)
MIN (B.D) < MIN (Q,T)
MIN (B,C) < MIN (P S)
MIN (c,D) < MIN (R,U)
Fig. 1.—Criteria by which Average Distance, Minimum Distance, and Maximum Dis-
tance clustering algorithms form clusters; further details in text.

Distance value

Taxa between taxa
1,2 A
34 B
3,5 C
4,5 D
1,3 P
1,4 Q
1,5 R
2,3 S
2,4 T
2,5 U

distance method is that no species within a cluster can be further away from any species
in the cluster than from a species outside its cluster. In the minimum distance method
a species will be placed according to the cluster membership of the species closest to it.
Essentially, maximum and minimum clustering methods merge two clusters on the basis
of a single value; the greatest distance or least distance value, respectively, between
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Table 1. — Results of test of resolution of different combinations of measurements, distance
statistics and transformation of data from nine taxa of bats. OK = taxa correctly clas-
sified; F = taxa incorrectly classified. Test 1 was correct separation of vampires and long-
rostra nectar feeders into distinct groups. Test 2 was distinguishing Brachyphylla as an
outlier from both vampires and long-rostra bats and Test 3 was the association of two
sibling species nearer to each other than to any other taxon. M = M-statistic: D* =
Mabhalanobis distance; Eu = Euclidean distance; U = untransformed data; Ratio = ratio
transformed data; Log = log transformed data; Bat = measurements selected to encom-
pass bat variation; Frog = measurements selected by Cherry et al. (1978) for general
changes in body shape.

Clustering method

Distance, trans- Maximum test Average test Minimum test
formation, kind

of measurement 1 2 3 1 2 3 1 2 3
M—~U—Bat F OK F F OK F OK OK F
M—U-—Frog F F F F OK F OK OK F
M—Ratio—Bat OK F OK F F F OK F OK
M —Ratio—Frog F F F F F F OK OK F
M—Log—Bat F F OK F F F OK OK OK
M—Log—Frog F F F F F F OK OK F
D?>—U—Bat F F F F F F OK OK F
D?—U—Frog F OK F OK OK F OK OK F
D?—Ratio—Bat F F OK OK OK OK OK OK OK
D?—Ratio—Frog F F F OK OK F OK OK F
D?—Log—Bat F F F OK OK F OK OK F
D?>—Log—Frog F F F OK OK F OK OK F
Eu—U—Bat OK OK F OK OK F OK OK F
Eu—U—Frog F OK F OK OK F F OK F
Eu—Ratio—Bat OK OK F OK OK F OK OK F
Eu—Ratio—Frog F F F F F F OK OK F
Eu—Log—Bat OK OK F OK OK F OK OK F
Eu—Log—Frog F OK F F F F OK OK F

points, whereas UPGMA forms clusters on the basis of an average value. In data such
as those displayed in Fig. 1, the different methods would return the same result. However,
in some circumstances the results can be very different. If the five species were arranged
in a line, it is possible that species 3 might be nearest to species 4, and species 4 be
nearest species 5. Yet the distance between species 2 and 3 might be smaller than that
between species 3 and 5. Here minimum and maximum distance methods would give
different results.

RESULTS

Results of the different combinations of methods are shown in Table
1. Only thrice were all three test criteria met (Mahalanobis’ D? ratio
transformed bat measurements with average distance clustering and
minimum distance clustering, and M-statistic log transformed bat mea-
surements). Maximum distance clustering showed a low level of success
in meeting the three test criteria with minimum distance clustering (14
successes out of 54 tries); average distance clustering was somewhat
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more successful, especially with Mahalanobis’ D? distances (21 out of
54), and minimum distance clustering consistently succeeded in meet-
ing the first two test criteria for all combinations of measurements,
data transformations, and distance statistics (failing only twice), but
was ineffective (three successes out of 18 tries) on the third criterion.

Chi-square tests of the data show minimum distance clustering (17
successes) to be significantly more successful in meeting the first test
criterion than the maximum distance (4 successes) or UPGMA clus-
tering (nine successes)(x?; = 9.45, P < 0.01). The minimum distance
clustering was also marginally better than the other clustering methods
on the second test criterion (x2, = 3.66, P < 0.06) with 17 successes
versus seven successes for maximum and 11 successes for UPGMA
clustering. However, none of the three clustering algorithms was con-
sistently more successful in properly grouping the two Monophyllus
species, three versus one versus three successes for maximum, average
and minimum clustering, respectively.

Findley’s (1979) point regarding choice of characters to be measured
is well taken. But for these data at least, the measurements chosen
specifically to emphasize variation within bats were not significantly
more effective in differentiating between the nine species than were the
measurements used originally for frogs! (43 successes for “bats” versus
29 for “frogs” (x?, = 1.66, P > 0.05). Atchley’s (1980) criticism of the
use of a ratio transformation by Cherry et al. (1978) is not applicable
to our data because ratio transformed, log transformed, and untrans-
formed data were almost equally successful in meeting the three test
criteria (25, 23, and 24 successes, respectively). The three distance
statistics also showed no consistent differences in meeting the three test
criteria (x?, = 2.1,"P > 0.05). This suggests that Atchley’s (1980) crit-
icism of the M-statistic for its disregard of correlation between char-
acters is, similarly, not applicable to these data. Kunkel et al. (1980)
defended the use of the M-statistic stating that its weakness concerning
correlation between characters is compensated for by its superiority
with small sample sizes, although Cherry et al. (1982) found small
sample sizes used with both the M-statistic and Mahalanobis’ D? led
to overestimates of D values. We used a small sample size (n = 10)
yet the M-statistic was no more successful at meeting the three criteria
than were Mahalanobis® D? and Euclidean distances.

Distance values, the input for the clustering algorithms, between each
possible pair of the nine species were arranged so that the nearest
distance (smallest value) and farthest distance (largest value) from any
one species to the other eight could be examined for each of the com-
binations of methods. All the permutations consistently placed the
same groups of species in nearest or farthest proximity to one another.
Examination of these actual distances between taxa pairs demonstrates
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their relative insensitivity to the kinds of measurements, transforma-
tions, or distance algorithms used. This suggests that the most critical
step, by far, in producing a successful clustering involves the final step—
the choice of the clustering algorithms itself.

DiscussioN
Distance Statistics

Following Findley’s (1979) observation that by the particular selec-
tion of appropriate anatomical features one could show great similarity
or dissimilarity on the basis of distance values, the nine bat measure-
ments in this study included morphological traits that emphasized
variation in the bat taxa examined. The nine measurements of Cherry
et al. (1978) were said to be chosen objectively to show evolutionary
change in all major parts of the body of vertebrate animals. Comparison
of results based on the two sets of measurements showed neither set
to be superior in successfully meeting our three criteria for differen-
tiating between the nine taxa.

The merits of ratio transformation of data have been hotly debated
(Atchley et al., 1976; Atchley, 1978; Hill, 1978). Whereas ratio trans-
formed data resulted in some of the more aberrant placements of taxa,
only two of the three sets of measurements, transformations, distance
statistics, and clustering algorithms that met all three test criteria in-
volved ratio transformations. Atchley’s (1980) criticism of the use of
a ratio transformation by Cherry et al. (1978) is not supported by this
study because neither ratio transformed, log transformed nor untrans-
formed data were consistently successful in meeting the three test cri-
teria. The three distance statistics showed no consistent differences in
meeting the three test criteria suggesting that both Atchley’s (1980)
criticism of the M-statistic for disregard of correlation between char-
acters and that of Kunkel et al. (1980) concerning Mahalanobis’ D?
over-compensation for correlation between characters are not totally
warranted.

Clustering Algorithms

Rohlf (1962) and Sokal and Rohlf (1962) found average distance
clustering with UPGMA to be superior to other clustering algorithms
and Sneath and Sokal (1973) cite UPGMA as the most frequently used
algorithm. Minimum distance clustering, however, has been viewed as
defective because of a tendency to cluster together taxa linked by chains
of intermediates (Everitt, 1974), and maximum distance clustering has
been accused of “space dialating’ extremes (Sneath and Sokal, 1973).
Yet, none of the three clustering algorithms was consistently able to
meet all three test criteria. Whereas the distance statistics yielded the
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same results, the clustering algorithms showed different levels of success
in accurately portraying these matrices.

Minimum distance clustering, even with its alleged defect of “‘chain-
ing,” was the only clustering algorithm consistently successful in meet-
ing the test criteria. One difficulty encountered in cluster analysis is
that each algorithm carries with it assumptions about the type of struc-
tures present in the data; for example, the average distance method
assumes that taxa will be arrayed spherically in hyperspace (Sokal and
Michener, 1967, Everitt, 1974). This study suggests that such spherical
clusters may not be the case with these animals and that by allowing
for chains of taxa rather than discrete spheres of taxa, minimum dis-
tance clustering gives a more accurate representation of phenetic re-
lationships within this group than does average distance or maximum
distance clustering,.

CONCLUSIONS

Results of this study suggest that the three principal criticisms di-
rected against the M-statistic are only of minor importance. Regardless
of choice of measurements and allowance for correlation between char-
acters or type of data transformation, the M-statistic, Mahalanobis’
D?, and Euclidean distance statistics yield the same results. The M-sta-
tistic is shown to be no worse, but certainly no better at accurately
measuring morphological distance than either of the other two distance
algorithms.

It is of major importance, however, that none of the clustering al-
gorithms could accurately portray the phenetic relationships of the nine
taxa on the basis of all three test criteria. This study describes incon-
sistencies in how the three clustering algorithms interpret the distance
matrices. Choice of the best clustering algorithm for a group of taxa
hinges on preconception of how those taxa are arrayed in hyperspace.
Perhaps, as taxa follow different evolutionary tracks resulting in dif-
ferent patterns in hyperspace, one type of clustering algorithm will most
accurately mirror phenetic relationships of one group, whereas a dif-
ferent clustering algorithm will be required to accurately portray phe-
netic relationships of another group.

Reasons underlying different results from the three clustering algo-
rithms are not evident here. The basis for discordant results may be
some facet of the clustering algorithms or it may be traced to some
earlier step in the process of measurement, transformation, and dis-
tance metric calculation. For example, in our data set, the absence of
a tail measurement in desmodontines may confound clustering of the
other six taxa which have short and relatively longer tails. Taxa with
short tails may actually cluster closer to taxa with no tails than with
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those having long tails. Additionally, the consistent failure of test 3,
grouping the sibling species of Monophyllus is striking. Perhaps the
distance statistics used do not accurately portray the extreme morpho-
logical similarity of these bats. In such a case, no combination of
transformation and clustering could be expected to give predictable
results. Alternatively, both the “frog” and ‘‘bat”” measurements may
have been too generalized to be sensitive to variation at this level, or
none of the techniques adequately dealt with size bjas. Inherent weak-
nesses of the often indiscriminantly used tool of cluster analysis are
made apparent, however. There is now a call for more rigorous tests
using other well-characterized taxa to enhance understanding of the
circumstances of applicability of distance metrics and clustering al-
gorithms to evolutionary studies.
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APPENDIX 1

Specimens Examined

Brachyphylla cavernarum. — GUADELOUPE; Basse-Terre, 1 km S, 4 km W Vernou, TTU
20968, 1 km W Vernou, TTU 20967, 2 km N Baillif, TTU 20965, Grand-Terre, 1 km
N, 1 km W St. Francois, TTU 20974.

Diphylla ecaudata. —HONDURAS; Morazan, 0.3 mi SE Sabana Grande, TTU 30669,
Olancho, 40 km NE Catacamas, TCWC 19685, TCWC 19686. MEexico; Tamaulipas,
67 km S Cd. Victoria on Mex. 85, TTU 10171, Vera Cruz, Ojo de Agua del Rio Atoyac,
TTU 10000-10001, 10157, Yucatan, Cueva de Spuril, 3 km NW Komchen, TTU 25899,
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3km S, | km W Calcehtoc, TTU 25900. UniTeD STATES; Texas, Val Verde Co., Comstock
R. R. Tunnel, TTU 5658.

Desmodus rotundus—MEexico;, Tamaulipas, 68 km S Cd. Victoria, Mex. 85, TTU
8228, Rio Corona, Mex. 101, N Cd. Victoria, TTU 8578, Rancho del Cielo, TTU 7356—
7357, TTU 7359-7360, Veracruz, 76 km NW Taxpan, TTU 8193-8195, TTU 8190.

Diaemus youngi.— CosTa Rica; Guanacaste, Finca la Pacifica, 4 km NW Canas, TCWC
22533. EL SALVADOR; La Paz, 3 mi NW La Herradura, TTU 27591. NICARAGUA; Mana-
gua, 3 km N Masachapa, TTU 30667, Zelaya, 3 km NW Rama, TTU 30668. TRINIDAD;
Maracas Valley, TTU 5428, TTU 5232-5233, Los Cueveus, TTU 5411, St. Patrick, La
Brea, TTU 26888.

Erophylla sezekorni.—PUERTO Rico; El Verde Research Station, El Yunque Natl.
Forest, TTU 8922, TTU 8923, TTU 8919, El Toro, El Yunque Natl. Forest, TTU 8906
8907, 1 mi W Corozal, TTU 8937-8941.

Glossophaga soricina. —MEexico; Hidalgo, El Suspiro, 1 km N, 4 km W Tahuetlan,
TTU 24192, 4 mi S San Felipe Orizatlan, TTU 15458, TTU 15464, 8 mi S Tlanchinol,
TTU 24194, San Luis Potosi, Cueva de Los Savinos, 8 mi NE Cd. Valles, TTU 8341-
8342, Yucatan, Colegio Peninsular Colonia Bueno Vista, Merida, TTU 25892-25893,
Cueva de Spuril, 3 km S, 1 km W Calchetoc, TTU 25890-25891.

Monophyllus plethodon. —DOMINICA; St. Joseph Parish, Clark Hall, TTU 9337, TTU
31330-31331, St. Paul Parish, Springfield, TTU 31329, 1 mi from mouth of Layou
River, TTU 31332. GUADELOUPE; Basse-Terre, Bains Jaunes, 2.5 km E Saint Claude,
TTU 20795-20796, | km W Vernou, TTU 20798-20800.

Monophyllus redmani. —PUerTO Rico; El Toro, El Yunque Natl. Forest, TTU 9791,
El Verde Research Station, El Yunque Natl. Forest, TTU 8927-8928, 1 mi W Corozal,
TTU 8934-8936, TTU 9815-9817.

Phyllonycteris aphylla. —JAMAICA; St. Ann Parish, Orange Valley, TTU 21901-21908,
TTU 21923-21925.



1985 MCcCBEE ET AL.—DISTANCE MEASURES 405
APPENDIX II
Measurements (mmy) from Specimens Examined
TTL TL EL HF FA GLS CL MDS5 MB
Number B GLS NL FA VL MB ET HF EN
Brachyphylla cavernarum
TTU 8896 86.0 0.0 200 19.0 66.5 31.6 6.3 58.0 148
266 31.6 09 665 544 148 126 19.0 7.5
TTU 9819 99.0 6.0 220 17.0 656 31.5 4.7 576 14.8
26.1 31.5 0.8 653 67.5 148 11.8 17.0 8.1
TTU 9820 98.0 7.0 21.0 150 66.6 31.5 45 573 149
256 31.5 1.0 66.6 665 149 125 150 8.1
TTU 8892 83.0 6.0 220 200 625 323 48 519 15.2
21.2 323 0.8 625 50.7 152 12,6 20.0 8.0
TTU 20968 97.0 50 220 21.0 656 318 6.8 559 150
256 31.8 0.7 656 652 150 123 21.0 8.2
TTU 20967 102.0 9.0 23.0 200 623 30.7 5.8 563 149
250 30.7 0.7 623 71.3 149 125 200 7.8
TTU 20965 101.0 6.0 220 20.0 64.7 31.5 7.8 552 146
245 31.5 0.7 647 69.5 146 130 20.0 8.0
TTU 20974 98.0 8.0 240 220 64.0 303 41 549 143
24.5 303 0.6 64.0 67.7 143 123 220 7.6
TTU 8893 86.0 00 18.0 160 64.5 30.1 4.1 545 145
23.3  30.1 0.7 64.5 559 145 119 160 7.9
TTU 8894 91.0 0.0 180 17.0 61.3 30.7 5.9 548 14.7
22.5 30.7 0.7 613 603 147 120 170 7.4
Diphylla ecaudata
TTU 10171 75.0 0.0 7.0 18.0 542 229 5.0 522 115
223 229 1.2 542 521 115 6.7 18.0 6.5
TTU 10000 88.0 00 130 140 536 225 8.0 508 118
21.2 225 1.2 536 655 11.8 7.0 140 6.1
TTU 10001 70.0 0.0 13.0 150 545 226 77 506 118
21.0 226 1.0 545 474 118 6.8 15.0 5.6
TTU 10157 76.0 00 120 18.0 551 232 7.5 537 119
22.1 232 1.2 551 528 119 7.0 18.0 5.9
TTU 25899 78.0 00 140 18.0 489 218 6.5 492 11.2
199 218 1.0 489 562 11.2 6.5 18.0 5.8
TTU 25900 80.0 0.0 150 17.0 506 220 6.0 508 114
20.5 220 1.1 506 580 11.4 7.1 17.0 5.8
TTU 5658 83.0 0.0 160 18.0 51.8 23.0 6.2 518 122
19.6 23.0 1.2 51.8 60.0 12.2 7.1 18.0 5.6
TTU 30669 84.0 0.0 9.0 17.0 53.8 23.0 7.6 528 126
20.6 23.0 1.2 538 610 126 9.5 170 5.7
TCWC 19685 83.0 0.0 160 14.0 51.5 227 6.3 505 11.8
18.7 22.7 1.3 51.5 603 11.8 9.2 140 5.2
TCWC 19686 87.0 00 160 16.0 553 235 5.5 550 122
19.5 23.5 1.4 553 635 122 9.0 16.0 6.0
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APPENDIX Il — Continued.

TTL TL EL HF FA GLS CL MD5 MB
Number TB GLS NL FA VL MB ET HF EN

Desmodus rotundus
TTU 8228 84.0 0.0 17.0 19.0 60.3 24.1 39 503 123
240 24.1 0.6 603 599 123 8.1 19.0 5.8
TTU 8578 84.0 0.0 185 17.0 629 244 3.0 558 126
259 244 1.1 629 59.6 126 7.8 17.0 6.0
TTU 7356 78.0 0.0 160 19.0 569 235 3.2 489 120
238 235 0.8 569 545 120 7.0 19.0 5.9
TTU 7357 73.0 0.0 150 19.0 550 236 3.0 48.7 120
22.7 23.6 0.7 550 494 120 7.2 19.0 5.9
TTU 7359 70.0 0.0 160 190 558 225 2.7 48.6 12.1
224 225 0.4 558 475 121 7.0 19.0 5.9
TTU 7360 83.0 00 17.0 21.0 623 245 3.1 523 13.0
25.2 245 0.7 623 585 13.0 79 21.0 5.8
TTU 8193 91.0 0.0 18.0 19.0 61.1 244 29 536 12.7
246 244 0.8 61.1 66.6 127 7.8 19.0 6.0
TTU 8194 84.0 0.0 180 160 538 23.5 2.8 475 126
22.8 235 1.0 53.8 60.5 126 7.7 16.0 5.9
TTU 8195 84.0 00 150 19.0 545 23.0 2.8 40.0 122
242 230 1.0 545 61.0 122 7.3 190 5.9
TTU 8190 79.0 0.0 150 19.0 57.5 238 3.5 49.0 124
242 238 0.7 575 552 124 7.3 19.0 6.2

Diaemus youngi

TTU 27591 95.0 0.0 140 21.0 537 250 5.8 49.0 134
10.5 25.0 09 53.7 70.0 134 8.1 21.0 6.1
TTU 5411 79.0 0.0 160 140 473 236 32 436 122
-21.4 236 0.7 473 554 122 7.3 14.0 5.3
TTU 5428 77.0 00 170 17.0 48.6 23.7 40 458 124
219 237 09 486 533 124 7.3 17.0 5.9
TTU 5233 54.0 00 140 17.0 48.1 239 38 438 11.6
204 239 1.0 48.1 30.1 116 76 17.0 5.9
TTU 5232 53.0 0.0 150 17.0 484 23.1 3.7 46.0 124
20.7 23.1 1.0 484 299 124 7.0 17.0 5.5
TTU 26888 87.0 0.0 11.0 18.0 50.3 23.7 5.2 469 124
19.7  23.7 1.2 503 633 124 9.6 18.0 5.5
TTU 30667 87.0 0.0 150 200 553 254 6.1 496 13.6
222 254 1.2 553 61.6 136 10. 20.0 6.1
TTU 30668 90.0 0.0 120 19.0 569 26.0 5.3 53.0 133
23.8 26.0 1.3 569 640 133 11.0 19.0 6.3
TCWC 22533 92.0 0.0 190 20.0 552 256 4.7 498 13.0

23.6 25.6 1.2 552 664 130 10.2 200 6.4

Erophylla sezekorni

TTU 8922 80.0 14.0 18.0 140 47.1 240
19.5 240 0.4 471 56.0 10.5

0 L
-3 )

38.4 10.
14.0 6
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APPENDIX II— Continued.
TTL TL EL HF FA  GLS CL MD5 MB
Number B GLS NL FA VL MB ET HF EN
TTU 8923 740 150 17.0 14.0 440 236 3.1 393 105
20.7 23.6 0.4 440 504 105 8.5 14.0 6.6
TTU 8919 79.0 13.0 19.0 13.0 459 242 2.8 37.1 107
19.2 242 0.4 459 548 10.7 8.7 13.0 6.3
TTU 8937 79.0 11.0 150 14.0 479 242 2.8 388 110
19.5 242 0.5 479 548 110 8.9 14.0 6.3
TTU 8906 82.0 13.0 150 14.0 47.1 2438 32 394 106
19.8 248 0.5 47.1 57.2 10.6 9.0 140 6.9
TTU 8941 740 120 17.0 14.0 46.6 24.3 29 383 106
19.5 243 0.4 46.6 49.7 10.6 8.7 14.0 6.6
TTU 8940 73.0 120 19.0 14.0 470 238 33 386 106
20.2 238 0.4 47.0 492 10.6 8.5 14.0 6.7
TTU 8939 79.0 140 19.0 14.0 49.1 239 3.0 40.0 108
20.6 239 0.5 49.1 551 108 8.8 14.0 6.5
TTU 8938 75.0 13.0 150 140 472 248 29 384 110
19.9 248 0.5 47.2 50.2 11.0 89 140 6.4
TTU 8907 75,0 150 150 150 472 244 34 390 107
194 244 0.5 47.2 50.6 10.7 89 15.0 6.8
Glossophaga soricina
TTU 25893 63.0 8.0 140 11.0 342 208 5.8 29.1 9.0
12.8 20.8 0.3 342 422 9.0 7.2 11.0 5.4
TTU 25892 63.0 6.0 150 10.0 34.0 209 5.5 313 8.9
- 20.9 0.4 340 42.1 8.9 7.5 10.0 5.5
TTU 25891 69.0 9.0 150 11.0 36.1 21.4 5.1 31.7 8.9
142 214 0.4 361 476 89 75 11.0 5.7
TTU 25890 59.0 70 15.0 100 329 20.7 6.2 28.7 8.7
12.5 20.7 0.4 329 383 8.7 7.0 10.0 5.4
TTU 8342 68.0 6.0 14.0 10.0 350 21.6 6.8 30.6 8.9
13.8 216 0.4 350 464 89 7.7 10.0 5.5
TTU 8341 65.0 7.0 13.0 100 358 21.7 6.5 320 9.2
13.0 21.7 04 358 433 9.2 7.5 10.0 5.9
TTU 24194 58.5 9.0 145 11.0 348 20.8 5.1 30.8 8.8
125 20.8 0.2 348 377 8.8 76 11.0 5.2
TTU 15458 55.0 - 130 11.0 354 2038 6.9 316 8.9
12.8 20.8 03 354 342 89 7.0 11.0 5.3
TTU 15464 61.0 40 15.0 9.0 36.5 20.9 6.8 314 8.6
127 209 0.3 36.5 40.1 8.6 7.3 9.0 5.6
TTU 24192 56.0 6.0 140 120 339 205 6.5 303 8.8
120 20.5 0.2 339 355 8.8 7.1 12.0 5.4
Monophyllus plethodon
TTU 9337 78.0 13.0 155 15.0 403 229 4.6 327 100
170 229 0.5 403 55.1 10.0 8.2 15.0 6.1
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TTL TL EL HF FA  GLS CL MDS  MB
Number TB GLS NL FA VL MB ET HF EN
TTU 20795 79.0 130 150 17.0 39.1 233 4.1 29.6 10.0
16.1 233 0.5 39.1 557 10.0 9.0 17.0 5.5
TTU 20796 81.0 13.0 16.0 13.0 420 236 3.6 328 10.1
16.4 236 05 420 574 10.1 85 130 6.1
TTU 20798 790 120 150 9.0 408 233 37 323 9.5
16.8 23.3 0.3 40.8 55.7 9.5 8.5 9.0 6.2
TTU 20799 80.0 13.0 13.0 13.0 41.0 234 40 319 9.6
16.5 234 0.4 41.0 56.6 9.6 8.2 13.0 6.5
TTU 20800 740 11.0 16.0 13.0 409 232 37 31.3 10.1
16.8 23.2 0.3 409 50.8 10.1 8.3 13.0 6.1
TTU 31329 78.0 140 16.0 12.0 41.1 23.0 3.1 33.1 9.6
177 230 03 41.1 550 96 81 120 6.2
TTU 31330 780 12.0 150 140 409 236 3.5 304 95
17.3  23.6 0.5 409 544 9.5 8.5 14.0 6.4
TTU 31331 78.0 12.0 14.0 140 400 236 2.8 305 9.6
162 236 03 400 544 96 83 140 6.4
TTU 31332 720 120 150 130 40.1 229 35 316 96
16.1 229 0.4 40.1 49.1 9.6 8.6 13.0 5.7
Monophyllus redmani
TTU 8933 610 70 9.0 140 368 200 42 285 85
15.1 20.0 0.3 368 41.0 8.5 6.7 14.0 5.3
TTU 8927 48.0 6.0 10.0 11.0 357 19.8 40 285 8.2
14.7 19.8 0.2 357 28.2 8.2 68 11.0 5.0
TTU 8928 520 60 80 11.0 356 199 34 281 8.1
15.1 199 0.3 356 32.1 8.1 6.6 11.0 5.2
TTU 8935 610 100 11.0 120 360 198 3.6 285 82
14.3 19.8 04 360 41.2 8.2 6.5 120 5.7
TTU 8936 51.0 —_ 10.0 10.0 353 193 4.1 26.6 8.1
13.1 193 0.2 353 31.7 8.1 6.3 10.0 5.1
TTU 9791 650 100 95 11.0 361 197 43 285 8.2
145 19.7 0.2 36.1 453 8.2 6.6 11.0 4.8
TTU 8934 53.0 6.0 130 11.0 364 19.8 3.8 278 8.2
150 198 0.3 364 332 82 64 11.0 5.1
TTU 9816 620 85 9.5 125 363 201 40 286 8.5
14.8 20.1 0.2 363 419 8.5 6.6 125 5.1
TTU 9815 60.0 10.0 10.0 120 357 19.5 4,7 28.6 8.2
150 195 0.2 357 405 82 61 120 5.1
TTU 9817 63.0 100 9.0 120 363 193 4.0 286 8.3
154 193 0.2 363 43.7 8.3 6.6 120 5.0
Phyllonycteris aphylia

TTU 21923 75.0 70 17.0 150 455 252 22 382 111
229 25.2 0.9 455 498 11.1 8.6 150 7.9
TTU 21908 85.0 80 18.0 160 448 249 1.5 38.0 11.1
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APPENDIX II— Continued.

TTL TL EL HF FA GLS CL MDS$5 MB

Number B GLS NL FA VL MB ET HF EN
22.2 249 08 448 60.1 11.1 9.3 16.0 7.0
TTU 21907 85.0 80 190 150 46.1 246 20 389 112
229 246 1.2 46.1 604 11.2 9.4 150 6.8
TTU 21906 85.0 10.0 17.0 150 43.7 25.2 1.9 373 113
222 252 1.1 437 598 113 94 150 7.3
TTU 21905 82.0 100 19.0 160 472 259 22 405 11.2
23.6 259 1.1 47.2 56.1 11.2 9.9 16.0 7.3
TTU 21904 83.0 9.0 18.0 15.0 46.0 26.2 22 38.1 116
223 26.2 1.1 460 568 116 10.1 150 7.5
TTU 21903 84.0 11.0 19.0 150 46.6 25.6 1.6 399 11.7
23.5 256 1.1 46.6 584 11.7 9.8 150 7.3
TTU 21902 82.0 100 19.0 140 459 255 1.4 377 114
21.5 255 09 459 565 114 9.8 14.0 7.3
TTU 21901 82.0 100 19.0 150 46.7 258 1.8 399 114
23.6 258 0.8 46.7 56.2 114 9.5 15.0 7.7

TTU 21925 72.0 9.0 170 140 456 250 22 390 111

21.8 250 1.2 456 47.0 11.1 9.8 140 7.4

TTU —The Museum, Texas Tech University; TCWC— Texas Cooperative Wildlife Col-
lection, Texas A&M University; TTL—total length; TL—tail length; EL—ear length;
HF —hind foot length; FA —forearm length; GLS —greatest length of skull; CL —calcar-
leg width; EN —distance from lacrimal canal to anterior margin of nasals; ND5—length
of metacarpal of digit five; MB—mastoidal breadth; TB—tibia length; ML—width of
maxilla at first incisors; VL—vertebral length; ET—distance from anterior margin of
auditory meatus to lacrimal canal.
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APPENDIX III
Matrices of Distance Values
Brachyphylla—1 Glossophaga—6
Diphylla—2 Monophyllus plethodon—1
Desmodus—3 Monophyllus redmani—8
Diagemus—4 Phyllonycteris—9
Erophylla—5
M-statistic untransformed frog measurements
1 2 3 4 5 6 7 8 9
1 - 4.066 2.844 3332 4707 7.509 5.757 7.905 3.895
2 4.795 - 1.262 0989 2.052 4,153 2777 4.548 1.566
3 4028 1.686 - 1.245 2437 4.699 3.244 5.095 2057
4 4250 1.514 1.190 - 1.930 4.657 2913 5.053 1.435
5 6.187 3.382 2971 2.789 - 2.966 1.251 3.362 1.410
6 8418 4509 5710 S5.010 3.760 — 1.752 0935 4.053
7 7.343 3948 4.075 3.712 1450 2333 - 2.148  2.301
8 9332 5475 6.172 5.667 4.165 1405 2.738 - 4.448
9 5512 3367 2937 2713 1.158 4299 2377 4.704 —
M-statistic untransformed bat measurements
M-statistic ratio transformed frog measurements
1 2 3 4 5 6 7 8 9
1 - 1.476 1.351 1.147 1.099 0926 1.199 0.805 1.273
2 1.674 - 0.867 0.847 1.691 2152 1997 1.501 1.352
3 1.405 1.394 - 1.248 1.602 2.149 2020 1.343 1.622
4 1.017 1384 1.126 - 1.450 1.776 1.856 1.193 1.173
5 1.717 2939 2461 2.438 - 0.987 0.701 0.679 1.152
6 2206 2.847 3.487 2972 1.802 - 0.822 1.004 1.435
7 2188 3456 3.278 2955 0.953 1.768 - 0.867 1.049
8 1.689 2.088 2.671 2050 1466 1.302 1.705 - 1.273
9 1.761 3.079 2542 2577 1.042 1.486 1.340 1.482 -
M-statistic ratio transformed bat measurements
M-statistic log transformed frog measurements
0 2 3 4 5 6 7 8 9
1 - 3460 2368 2867 4.053 7.373 5335 7.817 3.356
2 4.399 - 1.113 0950 2.065 4.553 2.928 4.998 1.526
3 3715 1671 — 1.180 2.406 5.025 3.323 5470 2013
4 3878 1489 1.214 - 1.924 4947 2991 5392 1.486
5 5,535 3.272 2797 2.644 - 3.380 1.376 3.825 1.322
6 8435 5088 6.291 5.551 4.042 - 2.038 1.158 4.426
7 6864 4037 4.138 3779 1.619 2444 - 2.482  2.388
8 9459 6.119 6.871 6.327 4.659 1.665 3.061 - 4.871
9 5170 3.533 3,042 2.887 1.134 4865 2.571 5.482 -

M-statistic log transformed bat measurements
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D? untransformed frog measurements

1 2 3 4 s 6 7 8 9
1 - 2.293  1.286 1.288 2.298 5.000 3.604 5678 2095
2 3.251 - 0.369 0.271 1.279 2314 1.684 2.611 6.994
3 2859 0572 - 0.379 1.242 3088 2.118 3.266 1.064
4 1.865 0.466 0.507 - 1.179 2,516 1.740 3.062 0.510
5 2.709 1.644 1.995 1.398 - 0.737 0273 0.856 0.513
6 5433 2288 3941 2,660 1.127 - 0.186 0.185 1.223
7 3976 2334 3.225 2160 0.326 0.463 - 0.399 0.649
8 6,532 2191 3364 2788 1.139 0.460 0.675 - 1.696
9 1.857 1986 2.100 1.125 0.393 1.629 0.632 2041 -

D? untransformed bat measurements
D? ratio transformed frog measurements

1 2 3 4 s 6 7 8 9
1 - 1.840 0951 0989 2.106 4.823 3.516 5467 1.862
2 2710 - 0.349 0.263 1.293 2,645 1819 2934 0.687
3 2284 0.565 - 0.357 1.198 3.285 2.170 3.399 1.000
4 1.490 0.455 0.492 - 1.246 2,774 1.909 3.370 0.534
S 2360 1.762 2.073 1.481 - 0.786 0.289 0.841 0.512
6 5628 3,246 5.144 3564 1.490 - 0.201 0.266 1.340
7 3.849 2736 3.639 2514 0392 0.601 - 0.372 0.707
8 6.005 2874 4.149 3316 1.128 0.559 0.530 - 1.901
9 1.716  1.961 2.053 1.146 0.341 1964 0.678 1.910 -

D? ratio transformed bat measurements
D? log transformed frog measurements

1 2 3 4 s 6 7 8 9
1 - 1.693 = 0949 0910 2.083 5553 3.632 6429 1.819
2 2.888 - 0.315 0.239 1.367 3.132 1977 3.639 1.673
3 2482 0.583 — 0.365 1.353 4002 2444 4360 1.077
4 1.505 0.473 0.556 - 1.299 3.274 2034 4.091 0.527
S 2223 1496 1.765 1.168 - 1.083 0.333 1.265 0.527
6 5790 3.171 5068 3.399 1.527 - 2.941 0.282 1.590
7 3.696 2489 3406 2.184 0.437 0.537 - 0.562 0.739
8 7.091 2986 4452 3.669 1.620 0.615 0.898 - 2.246
9 1.694 2273 2,123 1.220 0.412 2415 0.836 2940 -

D? log transformed bat measurements
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APPENDIX III.—Continued.

Euclidean untransformed frog measurements
1 2 3 4 s 6 7 8 9

1 - 8.021 6.696 6.825 10.567 17.861 13.057 18.669 7.639
2 8.654 - 1.325 1.200 3.518 10.137 5.398 10.883 1.057
3 6.230 2.867 - 0.163 4.469 11.387 6.592 12.155 1.087
4 7.545 1.566 1.382 — 4307 11.234 6.435 11.999 1.152
S 11.608 5980 6.045 5.433 - 7.342 2865 8.181 3.182
6 17.022 9.233 10.867 9.707 6.110 - 4.845 0.883 10.262
7 13971 7.390 8.144 7.283 2459 3.811 - 5.659  5.426
8 18.892 11.064 12.741 11.577 7.836 1.874 5.433 - 11.052
9 10.073 2.078 4.844 4.542 2634 7.680 4.082 9.437 -
Euclidean untransformed bat measurements
Euclidean ratio transformed frog measurements
1 2 3 4 B 6 7 8 9

1 - 3.368 3.710 2.043 3440 4.763 4.729 3.298 2.174
2 2014 - 1.038 2.324 4.791 7.840 6.586 5.314 3.390
3 269 1.121 - 2.097 5.689 8.398 7453 5794 4.224
4 2,180 0909 1.989 - 5.044 6.777 6.582 4.146  3.547
5 5800 7.183 8406 7.782 - 4.220 1.815 3.017 1.520
6 7.895 9.696 10.568 9.337 3.621 - 3.332 2,637 4.770
7 8.645 10.649 11.258 10.574 2.852 3.416 - 3457  3.229
8 2927 7.403 8314 6.993 3270 2375 4.774 - 2.705
9 5628 7.640 8.210 7.635 0.271 3.877 3.056 3.415 -

Euclidean ratio transformed bat measurements

Euclidean log transformed frog measurements

1 2 3 4 B 6 7 8 9

1 - 7.262 6.172 6.285 9.096 17.601 12.008 18.678 6.371
2 7.519 - 1.097 0989 3.357 10.889 5.505 11.820 1.745
3 4962 2812 - 0.290 4.005 7.026 6.225 12.869 1.539
4 6.352 1458 1.438 - 3.725 11.691 6.202 12.663 1.254
5 9.882 5426 5.596 4.985 - 8.523 2956 9.643 2.890
6 16.482 10.028 11.683 10.526 6.775 - 5.593  1.293 11.263
7 12,547 7.109 8.020 7.125 2.724 4.278 - 6.690 5.678
8 18.510 11.886 13.675 12477 8996 2.061 6.321 - 12.315
9 8.684 5630 4957 4778 1.641 8.525 4.259 10.576 -

Euclidean log transformed bat measurements




