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Abstract

Davis, Brent L., and Robert J. Baker (Dept. Biology, and The Museum, Texas Tech Uni-
versity, Lubbock, Texas) 1974. Morphometrics, Evolution, and Cytotaxonomy of Mainland
Bats of the Genus Macrotus (Chiroptera: Phyllostomatidae). Syst. Zool. 23:26-39.—Chromo-
somal data reveal the existence of two mainland species of Macrotus that are parapatric in
distribution: -Individuals can be identified to species by both chromosomal features and
cranial morphology. A stepwise multiple discriminant analysis and canonical variate analysis
show that the two species are morphometrically divergent. The distribution of these two
taxa is proof that parapatry occurs in species with high vagility. If chromosomal data had
not been available or if chromosomal divergence had not accompanied speciation in Macrotus,
this unique pattern of distribution probably would not have been detected. Allopatric,
stasipatric, and centrifugal speciation are considered in light of the presently available data
for Macrotus. [Macrotus; morphometrics; cytotaxonomy.]

Geographic variation in chromosome
number is rather uncommon among bats
of the family Phyllostomatidae. Of the 77
species of phyllostomatids thus far karyo-
typed (Baker, 1973), four species show
geographic variation—Uroderma bilobatum
(Baker et al., 1972), Macrotus waterhousii
(Nelson-Rees, et al., 1968), and Micronyc-
teris hirsuta and Vampyressa pusilla (Baker
et al., 1973).

Chromosomal variation in Macrotus,
which previously was thought to have two
chromosomal races, is of the Robertsonian
type (the fundamental number remains
constant but the diploid number varies).
The cytotype with a diploid number (2N)
of 46 and a fundamental number (FN) of
60 has been reported as having a geographic
range from Alamos, Sonora, south through
Morelos, and Guerrero (Nelson-Rees et
al.,, 1968). The 2N = 40, FN = 60 cytotype
had a known distribution from Carbo,
Sonora, north to Arizona and California.
Alamos (the most northern published record
for the 2N = 46 cytotype) is 335 kilometers
south of Carbo (the most southern reported
locality of the 2N =40 cytotype). Vari-
ation in diploid number, as understood at
the outset of this study, was confined to the
subspecies M. w. californicus (Anderson,
1968, 1969; Nelson-Rees, et al., 1968).
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The primary reason for studying the cy-
togenetics and morphometrics of Macrotus
was to determine the mechanism of evo-
lution and the degree of hybridization be-
tween the two cytotypes. Robertsonian
variation is the most likely mechanism by
which a chromosomal change of this nature
could oceur (Nelson-Rees et al., 1972). If
centric fusions or fissions are the mechanism
by which the cytotypes evolved, loss or
gain of genetic material probably would
have occurred in the heterochromatic re-
gion (Jackson, 1971) and a cross between
the two cytotypes should be successful, at
least on a chromosomal basis of homology.
Because of the relative ease with which
specimens of Macrotus can be obtained and
because the species is chromosomally vari-
able, detailed studies were initiated.

Several possibilities are obvious from the
outset. First, the two cytotypes could be
freely interbreeding. If this were the case,
the genetics of the system could be exam-
ined by using chromosome number, mor-
phology, and meiotic studies. Second, the
two could be sympatric and produce no
hybrids. Third, the two could have allo-
patric distributions.

Our studies have revealed a parapatric
distribution (as discussed for mammals by
Vaughan, 1967) with no phenetic inter-
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Fic. 1—Skull of Macrotus showing cranial mea-
surements used in statistical studies. Names of
measurements are given in the text.

mediates. Baker (1970a) pointed out that
“ . . studies of zones where two chromo-
somal races are contiguous could give con-
siderable information on gene flow, dis-
persal potential, and isolating mechanisms
in these populations.” We have collected
specimens for karyotypic analysis and,
based on these and on specimens from mu-
seums, have evaluated the karyotypic and
morphometric characters as potential popu-
lation markers. In addition, this report
evaluates the systematic status of mainland
Macrotus.

MATERIALS AND METHODS

Bats were trapped in mistnets set over
water or taken from caves or abandoned

mines. Karotypes were prepared using a
modification of the in vivo bone marrow
techniques described by Patton (1967) and
Baker (1970b). The modifications were:
a 5-hour in vivo culture after injection of
from .20 to .25 milliliters of 0.04% vinblas-
tine sulfate (Velban of Eli Lilly); a 25-
minute incubation of the bone marrow in
0.9% sodium citrate solution; and a total
time in the first fixative of 25 minutes (a
10-minute fixation before disruption of the
cell button, followed by 15 minutes of ad-
ditional fixation). The remainder of the
procedure was as described by Baker
(1970b). At least five somatic spreads
were examined for each specimen. Meta-
centric, submetacentric, subtelocentric, ac-
rocentric, and fundamental number (FN)
were used as defined by Patton (1967).

Cranial measurements were taken with
dial calipers, calibrated in twentieths of mil-
limeters, and rounded to the nearest tenth
of a millimeter. The number before each
measurement identifies that character at
various places in the text and tables. Cra-
nial measurements (Figure 1) were: (1)
greatest length of skull, AB; (2) condylo-
basal length, CB; (3) occipitonasal length,
AD; (4) mastoid breadth, EF; (5) brain-
case breadth, GH; (6) braincase depth, IJ;
(7) interorbital breadth, KL; (8) posterior
zygomatic breadth, MN; (9) postpalatal
length, OP; (10) maxillary toothrow, QR;
(11) width at M2, ST; and (12) canine
breadth, UV. External measurements used
were (13) length of forearm and (14)
length of the third metacarpal.

Data were arranged into five procedures,
labeled A thru E in text and tables. Pro-
cedure A (sexes pooled) consisted of all
specimens and examined for intergroup di-
vergence without regard for secondary

sexual dimorphism. Procedures B (males

only) and C (females only) examined for
intergroup divergence and eliminated the
effects of secondary sexual dimorphism.
Specimens in each of procedures A (sexes
pooled), B (males), and C (females) were
grouped for statistical analyses. Group 1
was all specimens with a karyotype of 2N =
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40 and all specimens north of Quiriego,
Sonora, which were not karyotyped (lo-
calities 1-16 and the 2N = 40 component of
locality 17). See specimens examined and
Figure 2 for population identification. Not
all of the Quiriego specimens were karyo-
typed. Certain of these specimens were
grouped with the 2N =40 cytotype based
on morphometric analyses carried out prior
to those reported here. These specimens
were consistently classified with the 2N =
40 cytotype and were treated as such. Group
2 consisted of the northern Sinaloan locality
18. Group 3 included all 2N = 46 specimens
and those from Quiriego that were (as in
group 1) morphometrically similar to the
2N =46 cytotype (localities 19-21 and the
2N =46 portion of 17). Group 4 included
the southern Sinaloan localities (22-24).
Group 5 was the Jaliscan samples (localities
25-30). Group 6 included specimens from
the Mexican states of Morelos, Puebla,
Guerrero, and Oaxaca (localities 31-38).
The last two procedures, D and E, were
designed to examine geographic variation
within each cytotype. Procedure D ana-
lyzed the 2N =40 cytotype, sexes pooled.
Specimens for Procedure D were grouped
as follows (letters identify that group in the
figures and text): (a) localities 1 and 2;
(b) localities 3-5; (c) localities 6-8; (d)
localities 9-14; (e) locality 15; (f) locality
16; (g) locality 17 (2N =40 race); and (h)
locality 18. Specimens of Procedure E, ana-
lyzing the 2N =46 cytotype, were divided
into 7 groups as follows: (i) locality 17
(2N =46); (j) localities 19-21; (k) lo-
calities 22-24; (1) localities 25-30; (m)
localities 33-35; (n) localities 31-32; and
(0) localities 36-38. See specimens exam-
ined and Figure 2 for population localities.
Statistical methodology has been de-

scribed in detail by Baker et al. (1972).

Univariate analysis of variance (ANOVA)
was used to assess intergroup morphometric
divergence. The effects of secondary sexual
dimorphism was assessed by an ANOVA
for a single population. It has been shown
in mormoopid bats (Smith, 1972), in
Desmodus personal communication Alberto

Fic. 2.—Localities from which specimens of
Macrotus were studied. Numbers identify that lo-
cality in the list of specimens examined.

Cadena, and eluded to by Atchley (1971)
for Chironomus Diptera: Chironomidae,
that the amount of secondary sexual di-
morphism may vary from population to
population. Sample size prohibited multi-
variate analysis of sexual variation. For
these reasons results of the ANOVA for
secondary sexual dimorphism is not pre-
sented.

Canonical variate analysis aided in as-
sessing the degree of multivariate diver-
gence. A standardized canonical variate
coefficient was computed by multiplying
the canonical variate coefficients for a par-
ticular character by the pooled standard
deviation. The standardized coefficient
aids in indicating which characters account
for the variation found within each canon-
ical variate. The variables with a high coef-
ficient are those that make the greatest
contribution to the discrimination of the
groups along that axis. The Mahalanobis
generalized distance statistic (1/D?) was
calculated for each pair of groups in each
analysis and was also used to generate a
probabilistic classification matrix to indicate
the amount of phenetic overlap among
groups. A stepwise discriminant analysis
was performed, resulting in a listing of char-
acters according to their discriminatory
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Fic. 3.——Karyotypés4 characteristic of Macrotus.
A is the 2N =46 cytotype and B, the 2N = 40
cytotype.

power (Baker et al., 1972). The Wilks
Lambda Statistic was employed for the
overall test of equality of group means and
a pair wise F test was performed to test
the equality of mean vectors between each
pair of groups. The BMDO7M program
(Dixon, 1971) was used for these analyses.

In order to substantiate the results of the
stepwise discriminant analysis a two-group
discriminant analysis (BMDO4M program)
was performed using the 14 variable data
set, the optimal subset of variables (2, 4,
7, 12, and 13), and interorbital constriction
(7). The two groups represented the two
cytotypes.

RESULTS

The karyotypic analysis revealed that the
2N =40 form ranged from Quiriego, So-
nora, north to Arizona. The 2N =46 form
was found to be distributed from Quiriego,
Sonora, southward. This study did not
reveal the presence of hybrid cytotypes.
The two races were sympatric in an aban-
doned mine located 11.9 mi. N Quiriego,
Sonora (see specimens examined and Fig.
2). All 17 males of the 2N =46 race col-
lected on 7 and 9 June 1972 had scrotal
testes; however, none of the 17 males of the
2N =40 cytotype had scrotal testes. All
female bats were in terminal stages of
pregnancy.

Both cytotypes are as described by
Nelson-Rees et al. (1968) and as shown in
Figure 3. No chromosomal variation was

Fic. 4.—Projections of the canonical variables
evaluated at group means onto the first three ca-
nonical variates for Procedure A (sexes pooled), Pro-
- cedure B (males), and Procedure C (females).
Lines connecting the groups represent the smallest
paired D values.

observed within cytotypes. Figure 3B is
the karyotype of the 2N =40 cytotype,
which consists of ten pairs of size graded
metacentric chromosomes, one pair of large
submetacentric chromosomes, and eight
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pairs of acrocentric chromosomes. The X is
a medium sized metacentric and the Y is a
small acrocentric chromosome. The 2N =
46 karyotype is shown in Figure 3A and is
composed of eight pairs of biarmed chro-
mosomes, and 28 medium to small acro-
centric chromosomes. The X is a medium
sized metacentric chromosome, and the Y
is a small acrocentric chromosome.
Results of the univariate analysis of vari-
ance for intergroup divergence in Pro-
cedures A (sexes pooled), B (males), and
C (females) revealed all characters to be
significant at the P <.001 level. For Pro-
cedure A (sexes pooled) canonical variate
analysis indicated that the first canonical
variate separated the 2N =40 cytotype
(groups 1 and 2) from the 2N = 46 cytotype
(groups 3, 4, 5, and 6). The standardized
canonical coefficients indicated that greatest
length of skull, condylobasal length, and
interorbital breadth contributed most to the
separation. The second canonical variate
separated group 6 (M. waterhousii mexi-
canus) from groups 3, 4, and 5 (M. w. bul-
leri); the farthest separation was between
groups 3 and 6 (Table 1 and Figure 4A).
The coefficients were more or less equal on
the second canonical variate except for
length of forearm. The third canonical vari-
ate was primarily a function of variation in
greatest length of skull, condylobasal length,
mastoid breadth, and posterior zygomatic
breadth which separated out Group 4.
Group 2 is separated from the other groups
by the fourth canonical variate which re-
flected among-group variance in condylo-
basal length, posterior zygomatic breadth,
maxillary tooth row, and length of the fore-
arm. Canonical variate coefficients and
canonical variables evaluated at group

means are shown in Table 1 for Procedures.

A (sexes pooled), B (males), and C (fe-
males). Standardized canonical variables
are presented in Table 2.

The classification matrix showed that no
misclassification occurred between the 2N =
40 cytotype and the 2N = 46 cytotype. Mis-
classifications occurred, however, between
the groups composing each cytotype. In

Fic. 5.—Three dimensional projections of the
canonical variables evaluated at group means for
Procedure D (geographic variation, 2N = 40 cy-
totype) and Procedure E (geographic variation,
2N = 46 cytotype). Lines between groups repre-
sent their smallest paired D value. Note in Pro-
cedure D that the groups diverge from the sym-
patric population g. See text and list of specimens
examined for group identification.

the 2N = 46 cytotype, misclassifications oc-
curred among groups 3, 4, and 5 (M. w.
bullert).

The three canonical variables were pro-
jected into a three-dimensional plot and the
samples joined by the smallest paired dis-
tance values (1/D?) shown in Table 3.
These data in conjunction with the classi-
fication matrices indicated that the 2N =40
cytotype (groups 1 and 2) was phenetically
distinct from the 2N = 46 cytotype (groups
3,4, 5, and 6). These distance values fur-
ther indicated that females were slightly
more divergent than males. In Procedures
A (sexes pooled) and B (males) phenetic
distance connections for the two cytotypes
was lowest between groups 2 and 6, whereas
in Procedure C (females) this distance value
occurred between groups 1 and 5.

For each procedure the null hypothesis
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TasLE 1.

CANONICAL VARIATE ANALYSES FOR 14 TasLE 1. (Continued.)
VARIABLES, VARIANCE EXPLAINED, AND THE CA-
NONICAL VARIATE COEFFICIENT EVALUATED AT

Procedure C (Females)

GROUP MEANS. Optimal
subset of
Procedure A (Sexes Pooled) variables 1 a mx
O[{)tint)alf 7 1 -2.47 -0.47 -2.95
variables I I 111 v 1 2 2.18 -0.34 2.93
14 3 1.16 -0.81 0.58

7 1 -1.88 -0.30 2.28 0.52 2 4 -1.46 -0.42 -5.10
2 2 2.21 -0.42 -3.33 -1.89 12 5 -0.21 -1.19 0.25
4 3 0.86 -0.88 0.79 -0.93 13 6 -0.06 0.34 2.89
13 4 -1.63 -0.06 4.86 -1.26 10 7 -7.76 0.63 2.36
12 5 023 - -0.94 -0.55 -0.25 4 8 1.34 1.29 3.06
10 6 -0.33 -0.35 -1.03 -0.10 8 9 -0.57 0.21 0.22

1 7 -6.84 -0.87 —4.44 1.85 6 10 0.93 -2.07 -0.48

8 8 1.55 098 -2.89 236 3 11 -0.53 -0.49 0.36
6 9 -0.37 -0.00 0.38 0.68 5 12 -2.55 -2.25 -0.04
11 10 1.35 -1.18 -0.37 2.86 11 13 0.14 -0.24 -0.10

3 11 -0.66 -0.46 2.80 2.50 9 14 -0.06 -0.31 0.43
14 12 -2.06 -2.34 -2.18 0.42 . .

5 13 005 -036 002 050 Variance Explained
9 14 004 -002 -016 021 79.02%  18.55% 1.70%

Variance Explained Group Means
78.73% 17.39% 2.02% 1.16% 1 2.68 0.07 -0.01
Group Means 9
1 231 017 004 010 3 _4.96 2.00 050
2 1.29 -0.46 -0.14 -1.48 4 —-4.49 -1.17 -1.24
3 4.26 1.94 -0.41 0.12 5 —4.04 0.11 ~1.10
4 433 -149 1.79 0.22 6 —_3.48 453 058
5 —4.00 0.32 0.38 -0.37
6 -2.64 -3.64 -0.67 0.16
Procedure B (Males) of no morphometric divergence between
Optimal groups was rejected at the P <.001 level
variables I It 111 v using the Wilks Lambda Statistic. In the

- 1 173 008 -084 -058 pair-wise F test, all pairs were significant

2 2 292 053 296 171  atthe P <.001 level.

4 3 0.34 -1.38 -1.48 0.70 A list of characters in order of their dis-
3 4 -299 023 —4-5(5) éég criminatory ability is given in Table 1. For
i(z) g _g'gg :g'gg 8'(3)8 0.40 Procedures A (sexes pooled) and B (males)

1 7 532 295 472 -9.00  the order for the first three characters, in-

8 8 2.55 0.49 1.89 2.36 terorbital breadth, condylobasal length, and

6 9 -056 -016 051 -027 mastoid breadth was the same. Procedure
1110 égﬁi —(1)32 gég —gé‘é C (females) had the first character, inter-
12 i; 903 954 294 086 orbital breadth, common with Procedures

5 13 01l -032 014 -040 A (sexes pooled) and B (males) but the

9 14 —0.02 0.50 0.09 0.27 next two characters were greatest length of

Variance Explained skull and length of the third metacarpal.
79.99% 14.88% 2.73% 1.60% An optimal subset of characters was de-
Group Means termined according to their discriminating
é ?-ig _8'(2)2; ‘8"1)? ‘?‘ég ability (Table 4), to facilitate the classifi-
3 _499 955 050 -026 cation of unknown material. Table 4 gives
4 565 -1.46 -192 -0.16 the canonical.coefficients, percent variation
5 470 095 013 056 explained associated with each canonical
6 -3.41. -3.06 098 -0.20

variate, canonical variables evaluated at
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TABLE 2. CANONICAL VARIATES, STANDARDIZED BY THE POOLED STANDARD DEVIATION. This coefficient
shows which characters contribute to the variation found within each canonical variate. Absolute values
are presented as the direction of the coefficient does not alter the contribution to variation on a par-

ticular axes.

Procedure A (Sexes Pooled)

Procedure B (Males) Procedure C (Females)

I II 111 v I 11 11 v T 1I 111
1 0.65 0.10 0.79 0.18 0.60 0.03 0.29 0.20 0.73 0.14 0.88
2 0.70 0.14 1.06 0.60 0.70 0.17 0.93 0.54 0.65 0.11 0.87
3 0.28 0.29 0.26 0.31 0.11 0.45 0.49 0.23 0.27 0.19 0.14
4 0.33 0.01 0.98 0.25 0.51 0.04 0.77 0.20 0.28 0.08 0.99
5 0.05 0.20 0.12 0.05 0.07 0.18 0.07 0.13 0.04 0.24 0.05
6 0.08 0.08- - 0.24 0.02 0.16 0.19 0.02 0.09 0.01 0.08 0.67
7 0.76 0.10 0.46 0.20 0.61 0.25 0.54 0.23 0.78 0.06 0.24
8 0.37 0.24 0.70 0.57 0.49 0.09 0.36 0.45 0.35 0.34 0.80
9 0.08 0.00 0.09 0.16 0.13 0.04 0.12 0.06 0.12 0.04 0.05
10 0.25 0.22 0.07 0.53 0.26 0.16 0.04 0.60 0.16 0.36 0.08
11 0.11 0.08 0.48 0.43 0.31 0.16 0.55 0.39 0.09 0.08 0.06
12 0.27 0.31 0.29 0.06 0.37 0.30 0.37 0.11 0.31 0.27 0.00
13 0.07 0.45 0.03 0.64 0.14 0.40 0.17 0.49 0.18 0.30 0.12
14 0.06 0.04 0.26 0.34 0.04 0.11 0.20 0.48 0.06 0.29 0.41

group means, and standardized canonical
coefficients. For Procedure A (sexes pooled)
the first canonical variate separated the
2N =40 cytotype from the 2N =46 cyto-
type with the highest canonical coefficient
for interorbital breadth. Condylobasal
length had the highest coefficient of vari-
ation along the second canonical variate
which separated out Group 6 (M. w. mexi-
canus) and Group 3 (M. w. bulleri). Mas-
toid breadth had the highest coefficient on
the third canonical variate which separated
out Group 4 (bulleri). Similar results were
obtained for Procedures B (males) and C
(females).

The classification matrices based on the
optimal subset of four variables was some-
what different from the matrices from the
14 variables. No misclassifications occurred
between the two cytotypes. The difference

between the optimal subset of variables and
the 14 variable set was between the sub-
species of the 2N =46 cytotype. In Pro-
cedure A (sexes pooled) three specimens
(9.1%) of mexicanus were classified as
group 4 (bulleri). In Procedure B (males)
two specimeéns (1.2%) of mexicanus were
classified as group 5 (bulleri). Procedure
C (females) showed no misclassifications
of mexicanus.

The null hypothesis of no morphometric
divergence between groups can be rejected
at the P <.001 level for both 2N =40 and
2N =46 cytotypes. A univariate analysis
of variance within the 2N =40 cytotype
showed most characters significant at P <
.001, interorbital breadth was significant at
P < .01, and the external measurements (13
and 14) were not significant. An ANOVA
of the 2N = 46 cytotype samples showed all

TABLE 3. MAHALANOBIS DISTANCE MATRIX. In each group the first value is for procedure A (sexes
pooled), the second, in parentheses for procedure B (males), and the third for procedure C (females).

1 2 3 4 5
2 481 (4.42)
3 746 (7.63) 793  6.96 (7.12)
4 772 (890) 7.99 698 (823) 5.1 (5.75) 473 ~
5 727 (799) 7.65  6.62 (7.33)  4.10 (4.46) 430 443 (4.89) 4.22
6 7.1 (7.72)°854 653 (6.98) 691 (691) 753 527 (559) 561 578 (597) 6.19
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TaBLE 4. CANONICAL VARIATE ANALYSES FOR AN OPTIMAL SUBSET OF VARIABLES FOR PROCEDURE A
(SEXES POOLED), B (MALEs), AND ¢ (FEMALEs). Asterisks (*) indicate characters best explaining
the variation seen along a particular canonical variable.

Procedure A (Sexes Pooled)

Procedure B (Males)

Procedure C (Females)

I II 111 II 111 I I

2 1.54 -1.90 0.74 2 -1.53 -2.72 -1.42 1 -1.10 -1.59

4 -1.17 -0.48 -5.66 4 2.57 -0.78 6.58 2 1.67 1.15

7 —7.34 0.70 4.67 7 5.91 220 -5.18 7 -9.60 0.21
12 -2.16 -2.73 1.50 12 2.94 -3.02 -2.53 14 0.05 0.51
13 0.05 -0.39 0.22

Variance Explginefi Variance Explained Variance Explained
80.23% 17.90% 1.49% 82.68% 14.92% 2.37% 80.61% 18.59%
Group Means Group Means Group Means

1 2.12 0.16 0.03 -2.04 0.13 -0.01 2.32 -0.07

2 1.18 -0.55 -0.62 -1.28 -0.52 0.26

3 -3.92 -1.76 0.35 3.81 2.12 -0.52 -3.77 -1.61

4 -3.71 -1.11 -1.14 438 -0.85 1.40 -3.75 -0.87

5 -3.63 0.29 -0.47 4.05 -0.64 0.39 -3.35 -0.28

6 -2.54  -3.40 051 3.89 -2.68 -0.72 -2.99 3.98

Standardized Canonical Coefficient

2 0.49 0.60* 0.24 2 0.48 0.86* 0.00 1 0.33 0.47*

4 0.24 0.10 1.14* 4 0.44 0.13 1.13* 2 0.48 0.34

7 0.82* 0.08 0.52 7 0.67* 0.25 0.59 7 0.96* 0.02
12 0.29 0.36 0.20 12 0.37 0.38 0.32 14 0.05 0.48*
13 0.06 0.49 0.28

characters to be significant at the P < .001
level, except interorbital breadth which was
not significantly different.

In the 2N =40 cytotype, 53 percent of
all specimens were misclassified but no
pattern of misclassification was apparent.
Within the 2N =46 cytotype, misclassifi-
cations were less frequent and samples
formed a definite pattern. Specimens of
M. w. bulleri (groups i, j, k, and 1) showed
22.8 percent misclassification with M. w.
mexicanus (groups m, n, and o). Speci-
mens of mexicanus had a 15.2 percent inter-
group misclassification frequency with no
specimens of mexicanus classified as bulleri.

Phenetic information for Procedure D
(geographic variation; 2N =40 cytotype)
and E (geographic variation; 2N = 46 cyto-
type) is summarized in Figures 5D and 5E
respectively. In the 2N = 40 cytotype most
groups varied from the phenetically central
group g (the Quiriego 2N = 40 population).
In the 2N =46 cytotype the groups were
connected by their smallest paired D value

in the order7J; i, 1, k, m, o, n. A north to
south order would be alphabetical i, j, k, 1,
m, n, o.

The results of the two group discriminant
analysis for the 14 variable data set, the
optimal subset of variables, and inter-
orbital constriction showed the groups to be
significant at the P < .001 level (F 197.55
with 13, 345 DF: F 508.75 with 4, 345 DF:
and F 1904.47 with 1, 358 DF respectively).
The Mahalanobis D? values are 34.72, 30.58,
and 22.64 for the three data sets. When
interorbital constriction was used as the
discriminating variable the nine individuals
with a 3.8 mm interorbital constriction
width (3 from the 2N =40 cytotype and 6
from the 2N =46 cytotype) had discrim-
inant function scores of —0.44981.

DISCUSSION
Chromosomal Data

The chromosomal data leads one to ques-
tion the validity of the present systematics
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of Macrotus. Of the 38 specimens karyo-
typed from Quiriego, 13 are 2N = 40 and 25
are 2N = 46. One would expect to find at
least a narrow “hybrid” zone if the two
cytotypes were freely interbreeding. The
chromosomal and morphometric data sug-
gest that specific status should be given the
two cytotypes. In the following discussion,
two species are recognized, Macrotus cali-
fornicus Baird, and M. waterhousii Gray,
the 2N = 40 and 2N = 46 cytotypes, respec-
tively.

As shown by the chromosomal data the
zone of sympatry between M. waterhousii
and M. californicus is at most a narrow zone
not exceeding 50 kilometers. In light of
the mobility attributed to bats (as com-
pared, for example, to rodents), this zone
of contact is regarded as parapatric, a most
important point. Perusal of the distribution
maps in Hall and Kelson (1959) revealed
that no more than two other genera of bats,
Pipistrellus (P. hesperus and P. subflavus)
and Rhogeéssa, are recognized as possibly
having parapatric distribution. Unlike Mac-
rotus, the species of Pipistrellus are easily
recognized using external characters. With
regard to Rhogeéssa, the systematic status
of various taxa currently are under investi-
gation (R. K. LaVal, personal communi-
cation). Several chromosomal races are in-
volved in Rhogeéssa (Baker, unpublished
data) and bats of that genus may prove
most interesting in light of their distribu-
tional patterns.

Bats are generally considered by verte-
brate biologists to be rather mobile crea-
tures occupying fairly broad ranges. In the
past, when the systematic status of a taxon
was examined, grouping of specimens used
for statistical analysis often covered fairly
broad geographic areas. If the distribution
of two similar species was parapatric, such
lumping could have resulted in a “blending
effect,” therefore obscuring the recognition
of distinct populational entities. The dem-
onstration of a parapatric distribution in
Macrotus poses a new dimension to the
biology of this taxon and may have impli-
cations to the biology of bats in general.

The karyotype has played a noteworthy role
in the recognition of this phase of the bi-
ology of Macrotus because it has provided
a means for recognition of individuals for
grouping and proof that no hybrids were in
the samples. The lack of such an index in
other bat species may be one reason why
this aspect of the biology of bats has not
been recognized. It is hoped that future
systematists will explore the possibility of
parapatry in greater detail.

Morphometric Analysis of Intergroup
Divergence

The degree of morphological divergence
demonstrated by multivariate analysis re-
vealed M. californicus (groups 1 and 2) to
be phenetically separate from M. water-
housii (groups 3, 4, 5, and 6). Group 2
tended to separate as a distinct entity in
most analyses. This group is composed en-
tirely of male specimens.

The classification matrices for the 14
variable data set (Table 3) show distinct
patterns of misclassifications. No speci-
mens of M. californicus were classified as
M. waterhousii, and conversely no water-
housii were classified as californicus. The
groups of the subspecies M. w. bulleri
(groups 3, 4, and 5) were misclassified with
each other but remained distinct from other
groups. In addition, no specimens from the
other taxa were classified as bulleri. The
same applies to group 6, M. w. mexicanus.
When all of the phenetic data were sum-
marized into a three dimensional projection
a closer affinity between the two subspecies
was realized. These taxa are therefore con-
sidered to be subspecies as defined by
Lidicker (1962).

Specimens of the two species were easily
separated by both the two group discrim-
inant analysis using characters 2, 4, 7, 12,
and 13. Separation along the first canonical
variate, when figured on an optimal subset
of variables, was primarily a result of inter-
orbital breadth. An interorbital breadth of
3.8 mm or less is indicative of M. cali-
fornicus, 3.8 mm or more being M. water-
housii. When a specimen from the zone of
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contact has a 3.8 mm interorbital breadth
and if it is a male, it should be a specimen
of M. californicus; and if it is a female,
it should be a specimen of M. waterhousii.
Three males and no females of the 226
specimens of M. californicus had an inter-
orbital breadth of 3.8 mm. Four females
and two males of the 134 specimens of M.
waterhousii had an interorbital breadth
of 3.8 mm. The four females would be
correctly classified by the above criteria.
None of the males“fiom the northern part
of the range had a 3.8 mm interorbital
constriction. The two males mentioned
above came from the southern portion of
the range (Guerrero and Oaxaca). If one
exercises caution when assigning specimens
with a 3.8 mm interorbital breadth and con-
siders the locality and sex of the specimen
in question, the two species are readily
identifiable by interorbital breadth. If
taxonomic placement of a specimen is
doubtful, the optimal subset of variables
would be sufficient in discriminating be-
tween the species.

The separation of M. w. bulleri from M.
w. mexicanus is along the second canonical
variate and is primarily a result of condylo-
basal length. This character is, on the aver-
age, larger in mexicanus but the difference
between these two populations is more over-
lapping than the differences between the
species.

Geographic Variation

Geographic variation does exist within
each species as is evidenced by the amount
of morphometric divergence among various
populations for each species. This variation,
however, is quite different for the two spe-
cies. In M. californicus the mean canonical
variable score and the Mahalanobis distance
relationship show all populations, except b,
to diverge from a phenetically central popu-
lation, g. This population is the 2N =40
cytotype portion of the Quiriego sample.
M. californicus, then, diverges phenetically
from the known sympatric population (Fig.
5D).

Macrotus waterhousii shows a different

pattern of geographic variation (Fig. 5E).
The data show a general trend pointed out
by Anderson (1965), of increase in size
from north to south in all measurements
as is evidenced by the means of the various
groups. The data, however, do not indicate
a perfect north to south relationship as
Anderson (1965) implied. The multivariate
analyses show that the groups are allied one
to another nonclinally with respect to geog-
raphy. Two distinct groups, however, are
seen in the classification matrices and the
three dimensional projections (Fig. 5E).
These groups conform to the subspecies M.
w. bulleri and M. w. mexicanus.

Role of Multivariate Statistics as a
Population Indexer

The karyotype was defined earlier as a
population marker or indicator as it relates
to the biology of Macrotus. This index or
other indices such as electrophoretic bands,
though beneficial, are not prerequisites or
necessities in recognizing the existence of
a system such as described for Macrotus.
Multivariate statistics provides a means by
which the same ends are realized.

When specimens of Macrotus were
grouped according to subspecies boundaries
as defined by Anderson (1965), with mis-
classified animals regrouped along the
columns of the classification matrix, six
computations resulted in all but two animals
being placed into the systematic relation-
ship defined in this paper. The two mis-
classified animals were specimens of M.
californicus with one classified as M. w.
bulleri, the other as M. w. mexicanus. These
classifications occurred early in the six com-
putation series and were not reclassified to
their respective groups. The localities of
these two animals would lead one to ques-
tion their classification. One is from locality
11, the other, 15, both considerably north of
the zone of parapatry. When the first two
canonical variables are plotted these ani-
mals appear as intermediates between the
two groups. Nevertheless, the Quiriego
sample was shown by this analysis to be
sympatric (divided correctly according to
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the karyotypes of the specimens). The
northern Sinaloan locality 25 (Group 2)
from Los Mochis was always classified in
the matrix as californicus. This locality was
attributed to californicus by its morpho-
metric characters from the outset. No chro-
mosomal data are available for this popu-
lation. The Alamos 2N = 46 specimens and
the Quiriego 2N = 46 specimens were clas-
sified as bulleri. The same distributional
pattern is realized as was concluded from a
chromosomal basis.

Evolutionary and Systematic Implications

If other closely related bat species have
parapatric distributions, their current sys-
tematic status would be subspecific recog-
nition. Methods are now available for test-
ing to see if other species show such a
distributional ~pattern. Genoways and
Choate (1972) used cluster analysis of a dis-
tance matrix, principal components analysis,
and discriminant function analyses in a study
of the short-tailed shrew, Blarina brevi-
cauda. Their results show that two sub-
species of this shrew were found to occupy
a parapatric distribution in Nebraska. Para-
patric distributions in mammals are usually
associated with species that have a low
vagility especially as compared to bats.
(For example: pocket gophers, Kennerly,
1959; Vaughn, 1967; Patton and Dingman,
1968; Reichman and Baker, 1972; Blarina,
Genoways and Choate, 1972; Neotoma, Bir-
ney, 1970; Perognathus, Patton and Soule,
1967). Because a parapatric distribution
seems improbable for a highly mobile spe-
cies such as bats, several questions arise:
(1) what is the biological significance of
such a distribution, (2) what are the factors
involved in maintaining this distribution,

(3) how does such a distribution arise?.

Even if Macrotus is much less mobile in
practice than one might conclude to be
characteristic of a volant species, its vagility
is certainly higher than that of the mam-
malian species mentioned above that show
a parapatric distribution. Vagility is a most
important factor in the discovery of para-
patry in Macrotus. That is, parapatry is not

a result of low vagility as implied by White
(1969:89) but, as shown in Macrotus, is
selected for and maintained in a mobile
mammalian species.

The mechanisms involved in the main-
tenance of parapatry in Macrotus are un-
clear. Intrinsic factors such as philopatry
or habitat selection could conceivably enter
into the maintenance of parapatry in Mac-
rotus. Three mechanisms seem probable in
explaining the origin of this distributional
pattern and speciation in Macrotus. First,
the two cytotypes arose by classical allo-
patric speciation. A chromosomal change
occurred and became established in a
geographically isolated population. Baker
(1973) hypothesized that chromosomal evo-
lution in the phyllostomatid bats with a
2N greater than 32 occurred via fissions.
If this is true one would expect that the
2N =46 cytotype to be the most derived
species. Thus, the isolation and chromo-
somal changes would have most logically
occurred in Baja, south central Mexico, or
the Yucatan Peninsula.

The present distribution of Macrotus may
be a recent development due to the activ-
ities of man. Mining has allowed the ef-
fective range of Macrotus to extend from
the Sierra Madre Occidental toward the
west coast. Mining activity being rather
extensive in this region has expanded the
available roosting sites and perhaps more
important, maternity sites, thus playing a
significant role in the present distribution
of Macrotus.

A second interpretation is that Macrotus
is a stasipatric species (White et al., 1967,
White, 1968, 1969; Key, 1968). This inter-
pretation is best explained by assuming the
2N = 40 cytotype to be derived. When one
considers the climatic history of the Sonoran
region and the habitat preferences of Mac-
rotus this seems a tenable hypotheses. Con-
ditions during late Pleistocene in northern
Sonora and southern Arizona (Mehringer,
1967) would have been favorable to the
2N = 46 cytotype, it having the more mesic
to tropic habitat preference. Xeric con-
ditions began to occur toward the end
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of the Pleistocene so that by 7,500 to
7,000 B.P. modern conditions existed, as
evidenced in southern Arizona (Mehringer,
1967; Martin, 1961). With these changing
climatic conditions an alteration in diploid
number could have occurred via centric
fusions eventually resulting in a 2N =40
cytotype with a selective advantage over
the 2N = 46 cytotype. The changing popu-
lations could have come in contact with the
2N =46 cytotype with the eventual for-
mation of a tension zone that could have
shifted geographically with the changing
climatic conditions (Key, 1968; White,
1969). At first, hybridization could have
occurred across this tension zone. However,
sufficient divergence evolved in the two
types resulting in termination of hybridi-
zation with the tension zone now becoming
the zone of parapatry, probably along the
western side of the Sierra Madre Occi-
dental. Assuming the 2N =40 cytotype to
have evolved via a series of centric fusions
from 46 to 44 to 42 then 40, waves of tension
zones can be visualized, conceivably re-
ducing the genetic input into the center of
differentiation of the population. If the di-
vergence of the two forms occurred in post-
Pleistocene time, stasipatric speciation as
described by White et al. (1967) is a plau-
sible interpretation because there is no
reason to assume isolation. This interpre-
tation implies selection for a mesic versus
a xeric habitat preference occurred between
the two races.

Third, centrifugal speciation (Brown,
1957) may be operating in Macrotus. If
so, southern Mexico could well be the evo-
lutionary center of the range with the 2N =
46 cytotype being the most derived. Gen-
etic divergence occurs in the center of the
range with concomitant dispersal resulting
in the 2N =40 peripheral species. Fossil
evidence from Antillean caves of late Pleis-
tocene or sub-recent deposits indicate that
forms of Macrotus “were not substantially
different from those now in the same or
nearby areas” (Anderson, 1969). There-
fore Macrotus was well established on the
islands by late Pleistocene. Assuming the

insular forms are immigrants from the main-
land the karyotypic information of these
insular forms will be valuable in under-
standing the evolution of the karyotype in
Macrotus. It is therefore, necessary to ob-
tain information on the biology of Macrotus
from the Antillean portion of its distribution
before a final interpretation can be made
concerning the evolution of Macrotus.

SPECIMENS EXAMINED

Specimens from The Museum of Natural
History, The University of Kansas are iden-
tified by the letters KU and those of The
Museum Texas Tech University are identi-
fied by the letters TT.

Macrotus  californicus—CALIFORNIA:
Riverside Co., (1) 35 mi. N Blythe, River-
side mtns., 7 females, 9 males, KU 45153-57,
45159-60, 49661-69; (2) Cave near Torres,
2 females, KU 9775-76. Imperial Co., (3)
3 mi. N Potholes, 2 females, 2 males, KU
22204-07; (4) Ft. Yuma, 8 females, 8 males,
KU 14623, 14625, 45494-95, 45498-508; (5)
6 mi. SW mt. Yuma, 4 females, 2 males, KU
45410, 45412-16; ARIZONA: Pima Co., (6)
Colossal Cavd; 1 male, KU 34857; (7) 25
mi. S Case Grande, Old Mammon mine, 1
female, 2 males, TT 11825-27; (8) 22 mi.
S, 7 mi. W Tucson, 2 males, KU 58944-45;
SONORA: (9) 15 mi. E Carbo, Cueva de la
Durado, 1 female, 2 males, TT 10598-600;
(10) 2 km N Kino Nuevo, 2 males, KU
95150-51; (11) 3 mi. E Willard Railroad
Station, 7 females, 12 males, TT 10533-52;
(12) 0.7 mi. SE La Colorada, 2 females, 10
males, TT 10576-81, 10584-88; (13) 12.7
mi. W Novilla, 5 females, 2 males, TT
10525-27, 10529-32; (14) 2.6 mi. E, 0.4 mi.
S Tecoripa, 2 females, 1 male, TT 10557-
59; (15) 7 km. W Tonichi, 61 females, 20
males, TT 10607-15, 14100-11, 14113-28,
14130-33, 14135-38, 14140-55, 14158-65,
14167-77; (16) 26 mi. S Tonichi, ca. 1 mi.
N La Dura, 8 females, 7 males, TT 14178,
14181-82, 14184-89, 14192, 14194, 14197-
200; (17) 11.9 mi. N Quiriego, Mina Es-
condida, 4 females, 17 males, TT 14201,
14205-07, 14210, 14218-19, 14221, 14230,
14233, 14235-36, 14238-40, 14249-50, 14252
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53; SINALOA: (18) 12 mi. N, 3 mi. W Los
Mochis, 16 males, KU 60782-83, 60786,
60792-97, 60799-803, 60805-06.

Macrotus waterhousii bulleri—SONORA:
(17) 11.9 mi. N Quiriego, Mina Escondida,
18 females, 17 males, TT 14202-04, 14208-
09, 14211-14, 14216-17, 14220, 14222-26,
14228-29, 14231-32, 14234, 14237, 14241-
48, 14251, 14254-56; (19) 4.5 mi. N Alamos,
1 female, 1 male, TT 10565-66; (20) La
Aduana water mine, 1 male, TT 6267; (21)
0.25 mi. W Aduana, 14 females, 1 male, TT
14257-63, 14265-72; DURANGO: (22)
Santa Ana, 12 mi. E Casala Sinaloa, 2 fe-
males, 1 male, KU 90600, 90602—03; SINA-
LOA: (23) 1 km. NE Panuco, 2 females, 3
males, KU 94075-76, 94083-85; (24) Pa-
nuco, 2 females, 6 males, KU 95745-47,
85611-15; JALISCO: (25) 10 mi. W, 9 mi.
N Magdalena, 4 females, 3 males, KU
33330-31, 33334, 33337-39, 33341; (27) 4 mi.
NNE Teuchitlan, 6 females, 6 males, KU
30879-86, 31847, 31849-51; (28) 22 mi. W,
8 mi. S Guadalajara, 3 females, 1 male, KU
36536-39; (29) 12 mi. S, 4 mi. E Yahualica,
NW side Rio Verde, 1 male, KU 38248; (30)
11.5 mi. S, 10.5 mi. E Guadalajara, El Salto,
1 male, KU 31852.

M. w. mexicanus—GUERRERO: (31) 8
km. SE Teloloapan, 3 females, 5 males, KU
28384-89, 28391, 28393; (32) 1 mi. SE Apet-
lanca, 2 females, 2 males, KU 66331-33,
66335; MORELOS: (33) San Gabriel, 1
male KU 28297; PUEBLA: (34) 2 mi. SE
Izucar de Metamores, 2 females, KU 60812,
60815; (35) 1 mi. E Raboso, 1 female, 1
male, KU 60816, 62345; OAXACA: (36)
4.5 km. N Cuicatlan, 3 females, 3 males,
KU 20412, 29414-17, 29419; (37) 3 km.
WNW Dominguillo, 2 females, KU 29421-
22; (38) 3 mi. NW Tehuantepec, 5 females,
3 males, KU 60818-25.
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