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BIOCHEMICAL POLYMORPHISM AND SYSTEMATICS 
IN THE GENUS PEROMYSCUS VII. GEOGRAPHIC 

DIFFERENTIATION IN MEMBERS OF THE 
TRUEI AND MANICULATUS SPECIES GROUPS 

JOHN C. AVISE, MICHAEL H. SMITH, AND ROBERT K. SELANDER 

ABSTRACT.-Allozymic variation at 22 gene loci in populations of Peromyscus truei, 
P. difficilis, P. melanotis, and P. maniculatus is used to examine patterns of geographic 
differentiation. Samples of P. maniculatus collected throughout most of its immense 
range, from southern Mexico to northern Canada and from the Pacific to Atlantic coasts, 
are very similar in genic composition. Evidence from morphology, chromosomal con- 
figurations, ecology, and patterns of reproductive isolation argue that contemporary 
gene flow among P. maniculatus populations is not sufficient to account for the simi- 
larity in their allelic configurations. The macrogeographic conservatism in level of 
genic divergence conceivably results from relatively recent separation of populations, 
coupled with a genetic inertia resulting from a selected cohesion of the genome. None- 
theless, significant intersample heterogeneity of allele frequencies at polymorphic loci 
may certainly result from stochastic effects. The relative geographic uniformity in P. 
maniculatus contrasts somewhat with the geographic differences observed in P. truei 
and in P. difficilis. Members of the truei and maniculatus species groups are added to 
a biochemical dendrogram, which now includes 20 named species of Peromyscus. 

The large and successful rodent genus Peromyscus includes about 60 named 
species, variously assigned to five to seven subgenera (Osgood, 1909; Hall and Kelson, 
1959; Hooper and Musser, 1964; Hooper, 1968). The diversity in size of geographic 
range and in pattern of recognized geographic variation in morphology among nominal 
Peromyscus species is striking. Roughly one-half of the species are monotypic, exhib- 
iting no definable geographic variation in morphology (Baker, 1968). Most monotypic 
species, such as P. stephani and P. dickeyi, are insular endemics, but a few others 
such as P. melanotis are continental and occupy larger ranges. Similarly, polytypic 
species consisting of more than one named subspecies may have narrow (P. sitkensis) 
or wide (P. maniculatus) geographic ranges. In this study, we continue our biochem- 
ical survey of the genus Peromyscus by examining geographic variation in electro- 
morphic content of species belonging to the truei and maniculatus species groups of 
the subgenus Peromyscus. We are particularly interested in the systematic and evo- 
lutionary ramifications of contrasting patterns of geographic genetic differentiation. 

Peromyscus maniculatus is probably the most widespread and abundant small mam- 
mal on the North American continent. Populations referable to some 65 named sub- 
species are distributed from southern Mexico to the Northwest Territories of Canada, 
and from the Pacific to North Atlantic seaboards. The diversity of occupied habitats 
ranges from arid grasslands and brushy slopes to humid coniferous and deciduous 
forests. We have examined allozymic variation in proteins encoded by 21 genetic loci 
in a total of 716 P. maniculatus collected throughout most of its range. We have also 
examined several populations of a more narrowly distributed sibling species, P. mel- 
anotis, which is found predominantly in central Mexico. 

Members of the truei species group, including P. truei and P. difficilis, are much 
more restricted in geographic range and ecological requirements than is P. manicu- 
latus. Throughout their respective ranges in the southwestern United States and Mex- 
ico, P. truei and P. difficilis remain closely associated with pinon-juniper and pine- 
oak forested hillsides. We have assayed an additional 88 specimens of these two 
nominal species, and have found the genetic differences between geographic popu- 
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lations of each to be greater than differences between any populations within species 
of the maniculatus group. 

Results for the truei and maniculatus species groups are reported together here 
because the patterns of geographic differentiation per se are of interest, and because 
these patterns typify those previously observed in other species of Peromyscus. Ad- 
ditionally, because allelic mobilities were directly compared to those of other Pero- 
myscus species, we can add members of the truei and maniculatus groups to a growing 
biochemical dendrogram, which now includes 20 named species (Avise et al., 1974a, 
1974b; Selander et al., 1971; Smith et al., 1973). 

MATERIALS AND METHODS 

Mice of the genus Peromyscus (N = 821) were sampled from populations as below. Numbers 
in parentheses refer to sample designations used in tables and figures. 

Peromyscus difficilis.-TExAs. (1) El Paso Co., 2. DURANGO. (2) Yerbaniz, 18. 
Peromyscus truei.-DURANGO. (4) Yerbaniz and Durango, 25. NEVADA. (5) Clark Co., 35. CAL- 

IFORNIA. (7a) San Bonito Co., 2; (7b) Kern Co., 2. 
Peromyscus melanotis.-ARIZONA. (8a) Cochise Co., 9; (8b) Graham Co., 2. DURANGO. (9) El 

Salto, 3. DISTRICT FEDERAL. (10) Ametamaca, 3. VERACRUZ. (11) Perote, 3. 
Peromyscus maniculatus.-NoRTHWEST TERRITORIES. (12) Fort Providence, 53. ALBERTA. 

(13) Watino, 16; (14) Edmonton, 179; (15) Vegreville and Wainwright, 18; (16a) Gorge Creek, 2; 
(17) Cypress Hills, 11. BRITISH COLUMBIA. (16b) Moose Lake, 13. MONTANA. (18) Cascade Co., 
12. WASHINGTON. (19a) Pierce Co., 6; (19b) Cowlitz Co., 7; (19c,d) San Juan Co., 12; (19f) Grant 
Co., 4. OREGON. (19e) Tillamook Co., 6. CALIFORNIA. (20a) San Bonito Co., 7; (20b) Kern Co., 
10; (21a,b,d,e) San Diego Co., 46; (21c) Imperial Co., 2. NEVADA. (22) Clark Co., 56. UTAH. (23a) 
Tooele Co., 4; Washington Co., 5. COLORADO. (24a) Weld Co., 6; (24b-h) Larimer Co., 79; (24i) 
Gunnison Co., 14. KANSAS. (25) Russell Co., 13. ARIZONA. (26a) Coconino Co., 4. NEW MEXICO. 

(26b) Valencia Co., 1; (26f) Otero Co., 2. DURANGO. (26c) Yerbaniz, 6. TEXAS. (26d) Winkler Co., 
6; (26g) Hale Co., 2. ARKANSAS. (26e) Washington Co., 2. MICHIGAN. (27a) Beaver Island, 4; 
(27b) Alger Co., 5; (27c) Tuscola Co., 13; Washtenaw Co., 15. PENNSYLVANIA. (28) Franklin Co., 
40. VIRGINIA. (29) Rockingham, Page, and Rappahannock cos., 35. 

Mice were live-trapped and shipped to the laboratory for processing. Standard electrophoretic 
and protein staining techniques were used to assay proteins in plasma and hemolysate fractions 
of the blood, and in kidney and liver tissue, according to procedures described by Selander et 
al. (1971). The mobilities of each enzyme or other protein in species of the maniculatus and 
truei groups were compared to allozymes of known relative mobility in 16 previously studied 
species of Peromyscus. With the exception of hemoglobins, each allelic product was assigned a 
value corresponding to its mobility relative to the common allele at each locus in P. polionotus, 
which was arbitrarily named 100 (anodal migration) or -100 (cathodal migration). 

In the above list of localities and in Table 1, a numbered sample represents either a collection 
from a single site, or a group of small collections from geographically related sites. Pooling was 
necessitated because of the small number of specimens collected at some sites and for practical 
reasons in handling the data. Sites were pooled only when it appeared that common alleles were 
shared at most or all assayed loci. The geographic location of the sampling sites is given in Fig. 
1. 

Heterozygosities were determined by direct counts of numbers of individuals heterozygous 
per locus. In order to permit direct comparisons with results of earlier papers in this series, 
genetic similarities between samples were calculated according to Rogers' (1972) procedure. 
From matrices of similarity coefficients, cluster analyses were performed using the unweighted 
pair-group method with arithmetic means (UPGMA). In comparison with other related methods 
of clustering (weighted pair-group, complete linkage, single linkage--Sneath and Sokal, 1973), 
we have invariably found UPGMA to yield the highest cophenetic correlations, indicating the 
least distortion of the data matrix, in various species assemblages including Peromyscus. 

RESULTS 

Common alleles at the 23 loci examined in this study are listed in Tables 2 and 3. 
The banding patterns and tissue specificities of proteins in the truei and maniculatus 



TABLE 1.--Samples of the truei and maniculatus species groups, and estimates of genic variability based on 20-21 gene loci. Most subspecies 
names are those given by Hall and Kelson (1959). 

Mean percent loci 

Number Heterozygous Polymorphic 
Sample of per per 
number specimens Species Subspecies Collection area individual population* 

1 2 difficilis nasutus El Paso, Texas 0.0 0.0 
2 18 difficilis difficilis Durango, Mexico 0.8 4.8 
4 25 truei gentilis Durango, Mexico 3.0 9.5 
5 36 truei truei Clark Co., Nevada 4.2 4.8 
7 4 truei montipinoris and gilberti San Bonito and Kern cos., California 4.8 9.5 
8 11 melanotis Cochise and Graham cos., Arizona 3.5 9.5 
9 3 melanotis Durango, Mexico 0.0 0.0 

10 3 melanotis District Federal, Mexico 3.2 9.5 
11 3 melanotis Vera Cruz, Mexico 1.6 4.8 
12 53 maniculatus borealis** Northwest Territories, Canada 8.1 23.8 
13 16 maniculatus borealis** Watino, Alberta, Canada 10.4 23.8 
14 179 maniculatus borealis** Edmonton, Alberta, Canada 9.8 23.8 
15 18 maniculatus borealis** Vegreville and Wainwright, Alta., Canada 7.9 23.8 
16 15 maniculatus borealis**, osgoodi, Alberta and British Columbia, Canada 8.9 19.0 

artemisiae** 
17 11 maniculatus borealis** Cypress Hills, Alberta, Canada 7.3 23.8 
18 12 maniculatus osgoodi Cascade Co., Montana 9.1 23.8 
19 35 maniculatus austerus**, rubidus** Washington and Oregon 9.4 23.8 

hollisteri **, oreas * * 

20 17 maniculatus gambeli**, sonoriensis San Bonito & Kern Cos., California 8.4 23.8 
21 48 maniculatus gambeli**, sonoriensis San Diego Co., California 6.7 14.3 
22 56 maniculatus sonoriensis Clark Co., Nevada 12.4 33.3 
23 9 maniculatus sonoriensis Tooele and Washington cos., Utah 7.4 28.6 
24 99 maniculatus rufinis**, osgoodi various sites, Colorado 11.6 23.8 
25 13 maniculatus nebrascensis Russell Co., Kansas 5.9 10.5 
26 23 maniculatus rufinus**, blandus, Southwest states and Mexico 6.4 28.6 

ozarkiarum 
27 37 maniculatus gracilis**, bairdii Various sites, Michigan 5.4 19.0 
28 40 maniculatus bairdii Franklin Co., Pennsylvania 5.8 19.0 
29 35 maniculatus nubiterrae** Shenandoah Valley, Virginia 9.1 28.6 

* Frequency common allele < 0.95. 
** These subspecies represent the long-tailed forest form of P. maniculatus (Blair, 1950). Other subspecies are the short-tailed grassland form. - 
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FIG. 1.-Major areas sampled for Peromyscus difficilis, P. truei, P. melanotis, and P. manicu- 
latus. 

species groups are similar to those previously reported in other Peromyscus (Selander 
et al., 1971; Mascarello and Shaw, 1973), and we need not describe them in detail 
here. Rasmussen et al. (1968) have determined through breeding studies that the 
polymorphic hemoglobin phenotypes observed in P. maniculatus result from two 
alleles segregating at one of the two hemoglobin loci. We have followed this inter- 
pretation in scoring hemoglobin zymograms, and for purposes of calculating hetero- 
zygosities and genetic distances, hemoglobin is conservatively counted as a single 
locus. The genetic basis of transferrin polymorphism has also been formally docu- 
mented in P. maniculatus (Rasmussen and Koehn, 1966). 

Peromyscus truei species group.-The two widespread species of this group, P. 
truei and P. difficilis (including the northern form formerly known as P. nasutus; 
Hoffmeister and de la Torre, 1961), form a well-defined morphological assemblage of 
mice occurring sympatrically and in the same habitats in many parts of the American 
Southwest and Mexico. Nonetheless, we have observed considerable differences in 
allelic composition not only between populations of the two species, but also among 



TABLE 2.---Common alleles (frequency > 0.05) in samples of Peromyscus difficilis, P. truei, and P. melanotis. Frequencies of alleles at poly- 
morphic loci are given in parentheses. Protein abbreviations are those of Selander et al. (1971). Hemoglobins are scored according to phenotype. 
All populations are monomorphic or nearly so for the following: Ldh-210, Mdh-1•", Sdh-11", Ipo-1'", Got-2-10, Ept-A'?, Ept-BF•, Ept-C-. 

Sam- 
pie 

Species no. Es-6 Ldh-1 Mdh-2 Idh-1 G-6-Pd Pgd-1 Gpd-1 Adh-1 Pgm-1 Pgi-1 Got-1 Trf-1 Alb-1 Hb Ppt-B Me-1 

P. difficilis 1 100 100 -100 113 93 a 142 - 100 -113 130 86 100 4 - 100 
2 100 100 -100 113 93 a 142 - 100 -100 100 105 100 4 - 100 

(0.94) 
130 

(0.06) 
P. truei 4 100 100 -100 113 93 117 125 - 100 25 170 105 105 4 - 100 

(0.92) (0.92) 
100 -100 

(0.08) (0.08) 
5 100 100 -100 113 93 126 125 - 100 -100 130 105 105 4 - 100 

(0.71) 
117 

(0.29) 
7 100 100 -100 113 93 126 125 - 100 -100 100 105 105 4 - 100 

(0.74) (0.87) 
128 130 

(0.13) (0.13) 
117 

(0.13) 
P. melanotis 8 - 100 -100 100 99 100 100 100 139 -100 100 100 - 1 90 - 

(0.73) (0.88) 
100 130 

(0.27) (0.12) 
9 - 100 -100 100 99 100 100 100 139 -100 100 100 - 1 90 - 

10 - 100 -100 100 99 100 100 113 139 -100 100 100 - 1 90 - 
(0.67) (0.34) 
103 8 

(0.33) (0.33) 
1/8 

(0.33) 
11 - 103 -100 100 99 100 100 113 139 -100 100 100 - 1 90 - 

(0.83) 
5 

(0.17) 
a No activity. 



TABLE 3.--Common allele frequencies at highly polymorphic loci in samples of Peromyscus maniculatus. Most populations are monomorphic 
or nearly so for the following: Ldh-110, Ldh-210, Mdh-2-0, Idh-110, Gpd-110, Ipo-11", Pgi-1-", Pgm-110, Sdh-11•, Got-2-0, Ppt-BF , Ept-A1, 

Ept-B1", Ept-C1O, Mdh-110. Wright's (1965) standardized variances Fst of gene frequencies are also given. 

a-Glycero- 
phosphate 

6-Phosphogluconate Glutamate oxalate dehydro- Alcohol 
dehydrogenase-1 transaminase-1 genase-1 dehydrogenase-1 Transferrin-1 Hemoglobin 

Sample number 100 126 122 117 130 100 100 137 113 110 100 1 10 

12 0.01 0.70 0.16 0.13 0.08 0.92 0.93 0.74 0.26 0.37 0.63 0.96 0.04 
13 0.06 0.41 0.16 0.31 0.28 0.72 0.88 0.68 0.32 0.75 0.25 1.00 - 
14 0.17 0.34 0.17 0.31 0.29 0.69 0.94 0.79 0.21 0.53 0.45 1.00 - 
15 0.08 0.53 0.08 0.31 0.42 0.58 1.00 0.90 0.10 0.67 0.33 1.00 - 
16 0.13 0.37 0.03 0.47 0.30 0.70 0.97 0.83 0.17 0.77 0.17 1.00 - t 
17 0.45 0.23 0.09 0.23 0.41 0.59 0.91 0.67 0.33 0.91 0.09 1.00 - C 
18 0.29 0.33 0.29 0.09 0.29 0.67 0.96 0.40 0.60 0.91 0.08 0.96 0.04 
19 0.49 0.06 - 0.31 0.54 0.46 0.96 0.77 0.23 0.44 0.56 0.99 0.01 
20 0.44 - - 0.56 0.38 0.62 0.91 1.00 - 0.59 0.41 1.00 - 

21 0.43 0.09 - 0.47 0.32 0.68 1.00 0.99 0.01 0.36 0.64 1.00 - 
22 0.37 0.18 - 0.45 0.30 0.70 0.94 0.94 0.06 0.65 0.31 0.63 0.37 
23 0.62 - - 0.38 0.28 0.72 0.94 1.00 - 0.50 0.50 0.50 0.50 
24 0.37 0.33 - 0.29 0.34 0.65 0.97 0.70 0.30 0.84 0.16 0.47 0.53 0 
25 0.63 0.12 - 0.25 0.58 0.38 1.00 1.00 - 1.00 - 1.00 - 

26 0.52 0.07 - 0.14 0.35 0.65 0.98 0.39 - 0.59 0.41 0.85 0.15 
27 0.70 - - 0.30 0.34 0.66 0.88 0.97 - 0.76 0.23 0.99 0.01 
28 0.19 - - 0.81 0.32 0.68 1.00 1.00 - 0.78 0.22 0.98 0.02 
29 0.82 0.09 - 0.09 0.20 0.80 0.82 0.62 0.38 0.19 0.81 0.56 0.44 

P, 0.33 0.25 0.07 0.33 0.31 0.68 0.95 0.80 0.18 0.60 0.39 0.86 0.14 
FsT 0.214 0.203 0.118 0.122 0.046 0.037 0.139 0.165 0.380 

X217 289.9 274.6 159.5 165.5 62.7 64.1 49.9 199.3 177.3 221.7 226.6 513.0 



February 1979 AVISE ET AL.-GENETICS OF PEROMYSCUS 183 

FIG. 2.-Biochemical dendrogram of samples of the Peromyscus truei group, based on UPGMA 
of similarity coefficients derived from 22 gene loci. 

populations morphologically referable to each species (Table 2). Considerable allelic 
differentiation among certain populations of P. difficilis was also previously reported 
by Johnson and Packard (1974). In some cases, the allelic differences appear fixed, 
although the small sizes of some samples would not permit the detection of uncommon 
shared alleles. 

Mean genetic similarities between samples of P. truei based on all 22 loci range 
from a low of 0.866 to a high of 0.946, and S = 0.895; for P. difficilis, S = 0.865. In 
comparisons between samples ofP. difficilis and P. truei, S = 0.780, with range 0.723- 
0.864 (Table 4). 

Presumed relationships among these five samples are summarized in a biochemical 
dendrogram (Fig. 2). Three samples of P. truei cluster together, quite distinct from 
both of the P. difficilis samples. For relationships among a few other populations of 
P. truei and P. difficilis, see Johnson and Packard (1974). 

Most of the loci examined in P. difficilis appear monomorphic; mean individual 
heterozygosity, weighted by sample size, is H = 0.7% (Table 1). This value is very 
low compared to the mean of about 4% reported in mammals including other Pero- 
myscus species (Powell, 1975). However, the estimate for P. difficilis is perhaps biased 
downward because only a single esterase was assayed, and esterases are known to be 
an unusually variable class of enzymes in Peromyscus (Selander and Johnson, 1973). 

TABLE 4.-Mean genetic similarities (above diagonal) and distances (below diagonal) between 
samples of Peromyscus difficilis and P. truei, based on 22 gene loci. 

Saene 1 2 4 5 6 number 

1 P. difficilis - 0.865 0.723 0.770 0.738 
2 P. difficilis 0.135 - 0.770 0.818 0.864 
4 P. truei 0.277 0.230 - 0.866 0.872 
5 P. truei 0.230 0.182 0.134 - 0.946 
7 P. truei 0.262 0.136 0.128 0.054 
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FIG. 3.-Biochemical dendrogram of samples of Peromyscus maniculatus and P. melanotis, 
based on UPGMA of similarity coefficients derived from 21 gene loci. 

Zimmerman et al. (1975) have previously reported intrapopulation polymorphisms in 
P. difficilis at two additional esterase loci, as well as at Trf-1, and Pgd-1. 

Weighted mean individual heterozygosity in samples of P. truei is H = 3.8%. Most 
of the variability is contributed by four loci, Idh-1, Pgd-1, Pgi-1, and Got-1,. 

Peromyscus maniculatus species group.-This species group consists of five to six 
species, two of which (sejugis and polionotus) we have examined previously, and two 
of which (melanotis and maniculatus) are added in this report. Genetic similarities 
among P. melanotis populations from Arizona and three widely separated sites in 
Mexico range from 0.878-0.981, and S = 0.917 (Table 5). Two loci (Ldh-1 and Adh-1) 
appear monomorphic for different alleles in various populations, but common alleles 
are shared at the remaining 19 loci assayed. The magnitude of genetic differentiation 
among geographic populations of P. melanotis is intermediate between that of P. 
maniculatus and members of the truei species group. Weighted mean heterozygosity 
in samples of P. melanotis is H = 2.6%. 

A very dramatic situation exists for geographic populations of P. maniculatus. We 
have sampled a total of 716 specimens of P. maniculatus from Durango, Mexico, and 
several southern states, to numerous sites in Alberta and Northwest Territories, Can- 
ada, and from California through Colorado and Montana, to Michigan, Pennsylvania, 
and Virginia (Fig. 1, Table 1). Yet throughout this vast range and the tremendous 
variety of habitats in which these rodents were collected, the populations almost 

invariably share alleles at both polymorphic and monomorphic loci (Table 3). The 

relatively slight degree of differentiation is reflected in the high levels of genetic 
similarity among all samples--0.874 < S < 0.974, S = 0.934 (Table 6). 

Six of 21 loci in P. maniculatus are highly polymorphic in most or all of the collec- 
tions throughout the continent (Table 3). A few additional loci exhibit scattered variant 
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TABLE 5.-Mean genetic similarities (above diagonal) and distances (below diagonal) between 
samples of Peromyscus melanotis, based on 21 gene loci. 

Sample 
number 8 9 10 11 

8 - 0.981 0.894 0.878 
9 0.019 - 0.913 0.897 

10 0.106 0.087 - 0.936 
11 0.122 0.103 0.064 

alleles, usually in low frequency, in some populations. Mean heterozygosities per 
population range from 5.4-12.4%, and the overall mean heterozygosity weighted by 
sample size is H = 9.1%. There is no clear geographic trend in heterozygosity. Most 
of the differences in H between samples result from shifts in allelic frequencies at 
one or more of the highly polymorphic loci. The mean H value for P. maniculatus is 
the highest yet reported for any species of Peromyscus. 

P. maniculatus and P. melanotis are very similar morphologically, but distinct ge- 
netically (0.659 < S < 0.784; S = 0.716). Populations of the two taxa readily cluster 
separately from one another (Fig. 3). 

DIscUSSION 
Geographic Differentiation in P. maniculatus 

The 71 total sites from which P. maniculatus were collected encompass an immense 
geographic area of more than 2 million square mi, the largest area yet biochemically 
surveyed for any terrestrial vertebrate. Three generalizations emerge for P. maniculatus: 
(1) of the approximately 75% of loci that are monomorphic or only mildly polymorphic, 
the same electrophoretic allele predominates in all samples; (2) of the six loci that are 
highly polymorphic, often the same alleles recur in high, intermediate, and low fre- 
quencies in most populations; (3) nonetheless, allele frequencies are significantly 
heterogeneous among samples (Table 3). 

An important question in evolutionary genetics is "What processes are responsible 
for the geographic distributions of genetic information within a species?" Our ability 
to answer this question is severely limited by ignorance of the adaptive functions of 
alternative allelic states. In the case of neutral alleles, those not affecting the fitness 
of their bearers, changes in allelic frequencies through the generations by sampling 
errors would lead to the gradual divergence of allelic configurations in separate pop- 
ulations (Kimura and Ohta, 1971; Lewontin, 1974). Time since separation is thus one 

TABLE 6.-Mean genetic similarities (above diagonal) and distances (below diagonal) between 
selected representative samples of Peromyscus maniculatus, based on 21 gene loci. 

Snumer 14 18 19 21 22 24 25 26 27 28 29 

14 - 0.945 0.954 0.960 0.948 0.941 0.928 0.935 0.950 0.948 0.899 
18 0.055 - 0.915 0.916 0.919 0.938 0.925 0.924 0.930 0.923 0.874 
19 0.046 0.085 - 0.956 0.926 0.921 0.938 0.926 0.942 0.927 0.896 
21 0.040 0.084 0.044 - 0.951 0.922 0.941 0.931 0.959 0.958 0.911 
22 0.052 0.081 0.074 0.049 - 0.954 0.926 0.931 0.947 0.947 0.914 
24 0.059 0.062 0.079 0.078 0.046 - 0.925 0.924 0.935 0.930 0.904 
25 0.072 0.075 0.062 0.059 0.074 0.075 - 0.915 0.960 0.943 0.875 
26 0.065 0.076 0.074 0.069 0.069 0.076 0.085 - 0.934 0.917 0.914 
27 0.050 0.070 0.058 0.041 0.053 0.065 0.040 0.066 - 0.962 0.908 
28 0.052 0.077 0.073 0.042 0.053 0.070 0.057 0.083 0.038 - 0.874 
29 0.110 0.126 0.104 0.089 0.086 0.096 0.125 0.086 0.092 0.126 - 
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important variable determining level of divergence, assuming that the number of 
neutral allelic states is large. Populations exhibiting similar allelic configurations must 
either (1) have separated recently or (2) be connected by a certain amount of migration. 
For alleles whose dynamics are largely determined by natural selection, the pattern 
of geographic divergence is dependent upon the geographic pattern of selection. Sim- 
ilarity in allelic configurations would be due to (3) similarity of selective environ- 
ments, external or internal (genetic). Of course, in finite populations subject to uniform 
selection pressures, stochastic effects could still maintain significant heterogeneity in 
allele frequencies, particularly if population sizes are small. 

In the case of P. maniculatus, present-day gene flow between populations cannot 
account for the similarity in their allelic configurations, for several reasons. First, the 
straight-line distance between certain collections of P. maniculatus is more than 2,500 
mi. Yet members of P. maniculatus are known to occupy home ranges of maximum 
size 5 to 6 acres (Blair, 1950). The maximum reported distance of movement for any 
individual is about 2 mi (Murie and Murie, 1931), and typical movements are far less 
than this (Furrer, 1973; Howard, 1949; Stickel, 1968). Under even the most charitable 
conditions, an allele arising in California would require a minimum of 1,200 gener- 
ations, or roughly 200 years to reach the east coast. 

Second, with respect to morphological characteristics, gene flow between popula- 
tions of P. maniculatus is not sufficient to eliminate local differentiation in response 
to natural selection. For example, as is true of many Peromyscus species, genetically 
determined pelage colors often closely match background substrates, which may differ 
even locally (Baker, 1968; Dice, 1931; Dice and Blossom, 1937). Apparently, predators 
differentially harvest conspicuous mice (Kaufman, 1974). 

Third, populations of certain subspecies of P. maniculatus exhibit distinctive karyo- 
types, ranging in number of biarmed autosomes from 16 to 42, but maintaining a 
constant diploid number of 48 (Bowers et al., 1973; Bradshaw and Hsu, 1972; Sparkes 
and Arakaki, 1966; Hsu and Arrighi, 1966). Although most populations are chromo- 
somally polymorphic, for many pairs of populations there is no overlap in distribution 
of numbers of biarmed autosomes, suggesting considerable restriction of genetic ex- 
change. 

Finally, P. maniculatus in fact comprises a dynamic complex of populations and 
subspecies exhibiting a diversity of morphologies and partial reproductive isolation 
as well. Two major morphological types of P. maniculatus each embrace many sub- 

species (Table 1), which are described on morphological details. A long-tailed, large- 
eared, large-footed type occurs in forested regions of the Appalachians, across Canada, 
and into the mountains of the western states. A short-tailed, small-eared, small-footed 
form occupies the interior grasslands of the continent. In the east, the two forms meet 
in northern Michigan, but the ecological separation appears sufficient to isolate the 
forms even where they occur in the same area (Dice, 1931, 1968). The lack of gene 
exchange between these forms in the east may be strengthened by a small degree of 
intersterility reported by Harris (1954). In the west, the situation is more complex due 
to the interdigitation of montane and grassland habitats, and intergradation apparently 
occurs in some areas (Blair, 1950). Despite the apparent ecological isolation, we have 
observed no consistent allelic differences in subspecies referable to the two forms. 

Some particular pairs of subspecies also give evidence of partial reproductive iso- 
lation. For example, P. m. oreas can be differentiated from P. m. austerus collected 
in the same trap lines in certain parts of the Pacific Northwest. Sheppe (1961) elevated 
oreas to species rank, but this may have been premature because in other areas in- 
tergradation may occur (Dice, 1968). Our small sample of P. m. oreas exhibited a 
common allele at the Ppt-B locus that was not observed in our small sample of P. m. 
austerus, but at other loci common alleles were shared. Another pair of subspecies, 
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P. m. ozarkiarum and P. m. pallescens, differ in chromosome morphology and are 
known to produce partially sterile hybrids in laboratory crosses (Caire and Zimmer- 
man, 1975). 

At any rate, it is probable that the present level of gene flow among widely separated 
populations of P. maniculatus cannot account for the similarity of their allelic contents. 
Either the populations of P. maniculatus have not been separated long enough for 
greater differentiation to have occurred by chance, and/or some form of natural selec- 
tion is acting to help maintain similarity in electromorph configuration. 

It is impossible to reconstruct the precise paleogeography of P. maniculatus, or the 
time course by which P. maniculatus came to occupy almost the entire North Amer- 
ican continent. At some time since the last retreat of the glaciers of the Wisconsin age 
about 18,000 to 20,000 years ago, P. maniculatus has clearly extended its range north- 
ward by more than 1,000 mi, to extreme northern Canada. Range extensions may have 
taken much less time than this. Before European man began extensively clearing 
eastern forests in the last 300 years, the range of P. m. bairdii (the eastern grassland 
form) was restricted to the tall-grass prairies (Hooper, 1942). Probably since that time 
P. m. bairdii has moved into Michigan, Pennsylvania, and other eastern states (Baker, 
1968). If the innocula were large and contained a significant portion of the variability 
of the species, it is certainly conceivable that the genetic similarities over some large 
portions of the range of P. maniculatus result from recent range expansions, with little 
time for greater genetic divergence. 

Nonetheless, the population ecology of P. maniculatus, and of small rodents in 
general, is such that stochastic effects on the genome, resulting from small, fluctuating 
population sizes and perhaps the occasional extinction of local demes, should be 
considerable. Microgeographic structuring of P. maniculatus populations seems in- 
evitable, given the patchy distribution of favorable habitats, the sometimes low pop- 
ulation densities, and the general population dynamics of most small mammals (Se- 
lander, 1970; Smith et al., 1975; Terman, 1968). Yet at the Got-1 locus, for example, 
at virtually every site where we have collected P. maniculatus, no matter how small, 
the same two alleles are present. It is difficult to escape the conclusion that some form 
of balancing selection is operating to help maintain these alleles. Furthermore, be- 
cause the external environments ofP. maniculatus across its range differ considerably 
in almost every conceivable parameter, we suggest that the interior or genetic envi- 
ronment plays a major role in maintaining the relative uniformity of allele frequencies. 
This coadaptation hypothesis has long been favored by Mayr (1963), and for allozyme 
polymorphisms has received recent experimental support in various animal taxa (Ayala 
and Anderson, 1973; Ayala and Tracey, 1974; Hunt and Selander, 1973). 

The relative contributions of deterministic and stochastic factors to population ge- 
netic structure are difficult to determine, because they depend not only upon present 
population characteristics, but also upon the historical interdependency of populations 
(Selander, 1975; Lewontin and Krakauer, 1973). In the case of P. maniculatus the 
macrogeographic conservatism in levels of genic divergence is probably the result of 
relatively recent separation of populations, coupled with a genetic inertia resulting 
from a selected cohesion of the genome. Within this framework, the significant inter- 
sample heterogeneity of allele frequencies at polymorphic loci may certainly result 
from stochastic effects. 

The macrogeographic similarity ofP. maniculatus populations typifies previous ob- 
servations on certain other species of Peromyscus-P. polionotus, P. leucopus, P. gos- 
sypinus, P. eremicus, and in part, P. boylii. For polymorphic loci, genetic heteroge- 
neity among populations may be compared in different species by Wright's (1965) 
standardized variance of gene frequency (Fsr = 

rpI2/pq, 
where O2 is the interlocality 

variance in p, weighted by sample size). Weighted mean Fsr across the entire North 
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American continent in P. maniculatus equals 0.158, with range 0.037 < Fsr < 0.380 
for various alleles (Table 3). For alleles at some loci (Got-1, Gpd-1), this Fsr is close 
to that observed between house mice (Mus musculus) populations in barns within 
Texas farms, or to populations of the land snail Helix aspersa within small city blocks 
(Selander and Kaufman, 1975). For alleles at other loci (Pgd-1, Trf-1, Hb, Adh-1), FST 
across North America in P. maniculatus is equal to or greater than that between Mus 
populations on different farms in Texas. (For a review of FsT values in various addi- 
tional species, see Selander and Kaufman, 1975). Interestingly, the mean and range 
of Fsr across loci in North American P. maniculatus are very similar to those values 
for human populations worldwide (Cavalli-Sforza, 1966). 

For nine alleles at six polymorphic loci in P. maniculatus the observed variance of 
FsT is .009437. The theoretical variance assuming neutral alleles is .002937, and ac- 
cording to a test developed by Lewontin and Krakauer (1973), this difference is highly 
significant (P < .001). Despite reservations concerning the validity of the Lewontin- 
Krakauer test (Robertson, 1975; Nei and Maruyama, 1975), geographic heterogeneity 
in allele frequency variances across loci is apparent. The heterogeneity is incompat- 
ible with the adaptive neutrality of all of the enzyme polymorphisms. 

Geographic Differentiation in Peromyscus truei and P. difficilis 

The relative geographic uniformity in P. maniculatus contrasts with the geographic 
differences observed within P. truei and P. difficilis, where alternate alleles predom- 
inate or are fixed in certain populations. As with P. maniculatus, strong reservations 
apply to a posteriori attempts to account for these differences, because a variety of 
evolutionary processes could theoretically produce the same result. Possibilities worth 
considering are: (1) greater differences in habitat or ecologies resulting in more di- 
versified selective pressures; (2) greater restriction of gene flow between contempo- 
rary populations; (3) greater time since separation of populations; (4) confusion of 
sibling species under the names truei and difficilis. 

It is difficult to argue convincingly that the ecologies and habitats of populations of 
truei or difficilis are more different than are those of, say, northern coniferous forest- 

dwelling and southern desert-dwelling population of P. maniculatus. Both P. truei 
and P. difficilis are consistently found only in the "southern montane woodlands" of 

pine-oak and pinon-juniper-oak (Baker, 1968). (P. maniculatus occurs throughout 
these areas as well.) 

These habitats are found only on isolated mountains rising out of the desert terrain 
in southwestern North America. Gene flow between such mountains may be very 
restricted, and might lead to the high level of differentiation observed. At the mac- 

rogeographic level, major portions of the range of P. truei are connected only by 
narrow corridors of suitable habitat, through which gene flow could be relatively low 

(Hall and Kelson, 1959). The present disjunct habitats of populations of P. truei and 
P. difficilis no doubt contribute to their isolation and hence differentiation, but other 
factors may be important as well. 

The magnitude of genic divergence between some populations of P. truei or P. 

difficilis is nonetheless smaller than that previously observed in P. pectoralis (Avise 
et al., 1974b; Kilpatrick and Zimmerman, 1976). P. pectoralis inhabits deserts, brush- 
lands, and grasslands in southwestern North America, and mean similarity between 
three distinctive genic forms is S = 0.79. Kilpatrick and Zimmerman (1976) argue that 
the differences accumulated during the complete isolation of populations in three 
Pleistocene refugia in Texas and Mexico, although there is now indirect evidence for 
some secondary gene exchange following more recent range expansions. The differ- 
ences between some populations ofP. truei and P. difficilis may also be a product of 
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FIG. 4.-Biochemical dendrogram of 20 named species of Peromyscus, based on UPGMA of 
similarity coefficients derived from 19 genetic loci. 

habitat modification and isolation associated with the climatic changes of Pleistocene 
glaciation. Unfortunately, our limited samples do not permit a serious attempt at re- 
constructing possible past centers of differentiation. Whether certain of the P. truei 
and P. difficilis samples now represent distinct biological species is problematical. 
For a thorough review of the taxonomic problem of P. truei on morphological criteria, 
see Hoffmeister (1951). 

Our two samples of P. difficilis, referable to the northern and southern subspecies 
P. d. nasutus and P. d. difficilis, respectively, exhibit a similarity value of S = 0.865, 
slightly lower than that between any two samples of P. maniculatus. Level of bio- 
chemical similarity by itself can not definitively establish species status in the absence 
of evidence of reproductive compatibilities in nature. However, these subspecies 
differ chromosomally in fundamental number (FN = 58, northern; FN = 56, south- 
ern), and Zimmerman et al. (1975) recently concluded from this and other evidence 
that they probably represent sibling species. 



190 JOURNAL OF MAMMALOGY Vol. 60, No. 1 

Phenetic Relationships 
We have now electrophoretically examined populations belonging to a total of 20 

named Peromyscus species at up to 32 genetic loci. Information derived from the 19 
loci which could be consistently scored in all species was used to generate a bio- 
chemical dendrogram summarizing the presumed interspecies relationships (Fig. 4). 
In general, a remarkably close correspondence between the genic evidence and that 
derived from classical systematic criteria, particularly morphology, is apparent. 

The P. maniculatus species group consists of the central species P. maniculatus 
and several closely related species, which probably evolved as "peripheral isolates" 
on the margins of P. maniculatus ancestral stock (Blair, 1950), such as, P. polionotus 
in the southeastern U.S., P. sejugis on islands in the Gulf of California, and P. mela- 
notis in the mountains of southwestern North America. The biochemical evidence is 
clearly in support of close relationships among these species, because they nicely 
cluster together in the biochemical dendrogram. P. polionotus is genically more sim- 
ilar to P. maniculatus than are P. sejugis or P. melanotis, which appear roughly equi- 
distant to P. maniculatus and to each other. Bowen (1968) suggested that a grassland 
form ofP. maniculatus (P. m. bairdii) gave rise to P. polionotus, but this interpretation 
is not strongly supported by the biochemical information, which places P. polionotus 
slightly closer to a forest form, P. m. nubiterrae. 

P. maniculatus and P. melanotis are extremely similar morphologically, a circum- 
stance which has caused considerable taxonomic confusion in the past (see review in 
Bowers et al., 1973). However, because these two species are very distinct from one 
another in allelic composition and karyotype, and show partial to strong hybridization 
barriers in the laboratory (Bowers, 1974; Bowers et al., 1973; Clark, 1966), there is 
little doubt that they represent good biological species. 

The maniculatus species group is one of seven such groups in the subgenus Pero- 
myscus (Hooper, 1968). P. leucopus and P. gossypinus comprise the leucopus species 
group, also thought to belong to the subgenus Peromyscus. This interpretation is 

strongly supported by the biochemical information (Fig. 4). Members of the P. boylii 
group, including P. stephani, P. attwateri, P. pectoralis, and P. boylii, appear genically 
more distinct from members of the maniculatus and leucopus species groups, and in 
fact cluster closer to species presently placed in the subgenus Haplomylomys. The 

systematics of Haplomylomys and of the boylii species group are discussed elsewhere 
(Avise et al., 1974a, 1974b). 

Members of the P. truei group assayed in this study cluster closest to P. stephani, 
P. boylii, and P. attwateri of the boylii species group. The species groups truei and 

boylii are not thought to be particularly closely related by other criteria (Osgood, 
1909; Hooper, 1968), but the problem may deserve further consideration. Zimmerman 
et al. (1975) also found relatively close biochemical relationships among certain mem- 
bers of the truei and boylii species groups. With the addition of genic information 
from other species groups of the subgenus Peromyscus, it should be easier to evaluate 
the significance of these findings. 
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