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MORPHOLOGICAL DIFFERENTIATION AND IDENTIFICATION OF 
PEROMYSCUS LEUCOPUS AND P. MANICULATUS IN 

NORTHEASTERN NORTH AMERICA 

STEPHEN M. RICH, C. WILLIAM KILPATRICK, JODI L. SHIPPEE, AND KENNETH L. CROWELL 

Department of Biology, University of Vermont, 
Burlington, VT 05405-0086 (SMR, CWK, JLS) 

Department of Biology, St. Lawrence University, 
Canton, NY 13617 (KLC) 

Present address of SMR: Department of Ecology and Evolutionary Biology, 
University of California Irvine, Irvine, CA 92717 

External features of the tail and pelage, and quantitative cranial characteristics were used 
to discriminate Peromyscus leucopus from P. maniculatus (n = 204) from northeastern 
North America. Species assignments were based on the phenotype of salivary amylase. 
Characteristics of the pelage and tail yielded correct identification of 55% of adult speci- 
mens. A previously published discriminant-function equation based on 11 cranial measure- 
ments correctly classified 66% of adults and 56% of specimens of all age classes. Two new 
discriminant equations were generated based on 12 and 11 skull measurements, respec- 
tively. The first equation correctly classified 100% of skulls in two separate datasets (n = 
164; n = 50), and the second correctly classified 94% in a single dataset (n = 195). 

Key words: Peromyscus maniculatus, Peromyscus leucopus, identification, cranial mor- 
phology, discriminant function 

Characteristics of the pelage and tail of- 
ten are cited (Choate, 1973; Osgood, 1909) 
as useful for differentiating Peromyscus 
leucopus from Peromyscus maniculatus. 
However, the reliability of these character- 
istics remains unclear and several workers 
have experienced problems (Choate, 1973; 
Waters, 1962). Blair (1950) indicated that 
populations of Peromyscus separated by 
only a few kilometers may exhibit signifi- 
cant differences in pelage and body dimen- 
sions. 

According to Choate (1973) P. manicu- 
latus usually has a tail that is as long or 
longer than the head or body, is distinctly 
white on the ventral surface, and frequently 
has a well-defined pencil. In contrast, P. 
leucopus rarely has a tail that is as long as 
the head and body, is usually darker than 
white on the ventral surface, and rarely has 
a well-developed pencil. Using these char- 
acteristics of the tail and pelage, Choate 
(1973) sorted 54 adult individuals from a 

single locality into two groups (P. leucopus 
and P. maniculatus). He then used 11 cra- 
nial measurements to develop a discrimi- 
nant-function equation to distinguish the 
two. 

Chromosomal (Bowers et al., 1973; 
Bradshaw and Hsu, 1972; George and 
Bradshaw, 1968; Singh and McMillan, 
1966; Sparkes and Arakaki, 1966) and bio- 
chemical markers (Aquadro and Patton, 
1980) have been described that unambigu- 
ously differentiate P. leucopus from P. 
maniculatus in northeastern North America 
(Aquadro et al., 1980; Kilpatrick et al., 
1994). This study uses specimens assigned 
to species based on biochemical markers to 
evaluate the utility of external features and 
the discriminant-function equation devel- 
oped by Choate (1973) to correctly identify 
adult P. leucopus and P. maniculatus in 
New England and Maritime Canada. New 
discriminant equations are developed and 
tested and are used to differentiate P. leu- 
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copus from P. maniculatus without restrict- 

ing application to a specific age class. 

METHODS AND MATERIALS 

Specimens of P. leucopus (n = 111) and P. 
maniculatus (n = 93) used in this study were 
collected from 31 locations in Maine, Massa- 
chusetts, New Brunswick, and Nova Scotia (Ap- 
pendix I). The utility of the discriminant-func- 
tion equations developed in this study was ex- 
amined with 50 additional specimens collected 
from nine localities in Vermont (Appendix I). 
Museum skins and skulls were prepared and 
placed in the Zadock Thompson Natural History 
Collections at the University of Vermont. 

Samples of saliva were collected by rinsing 
the mouth of a live or dead animal with 1-2 ml 
of distilled water, and then storing this wash in 
liquid nitrogen. The amylase-protein molecule is 
extremely stable and no reduced resolution of 
electromorphs between samples collected from 
live animals and those from dead specimens was 
observed. Four drops of 30% glycerol-0.01% 
bromophenol blue was added to each sample of 
saliva. Polyacrylamide-gel electrophoresis was 
employed to examine salivary amylase 
(AMY-1) following Aquadro and Patton's 
(1980) modification of Sick and Nielson's 
(1964) technique. A 12-pl aliquot of the saliva 
mixture was added to each well. Gels with sal- 
ivary amylase were stained by the method de- 
scribed by Aquadro and Patton (1980). 

Twelve variables were measured on 254 
skulls. Eleven cranial measurements, as used by 
Choate (1973), were taken to the nearest 0.1 mm 
with a dial caliper; 1) greatest length of skull, 
2) zygomatic breadth, 3) interorbital width, 4) 
greatest breadth of rostrum, 5) basonasal length, 
6) length of bony palate, 7) total length of tooth- 
row, 8) length of maxillary toothrow, 9) breadth 
across molars, 10) breadth of pterygoid, 11) cra- 
nial depth. The 12th measure was mandibular 

length, shortest distance between anterior mar- 
gin of first cheek tooth and the notch between 
the mandibular condyle and the angular process. 

Because variation in cranial morphology by 
age class of Peromyscus has been reported 
(Dice, 1936), skulls were aged using a modified 
version of the method described by Koh and Pe- 
terson (1983). Specimens for which study skins 
had been prepared were grouped into two age 
categories, adult and subadult, based on pelage. 
Degree of dental attrition was compared be- 

tween these age categories (Hinesley, 1979). 
Adult specimens showed heavy wear on cusps 
of molar teeth. Subadults showed more qualita- 
tive variation in degree of wear of molar tooth- 
row. Therefore, this group was subdivided into 
two groups; subadults, for which wear of molar 
toothrow was moderate, and juveniles, which 
showed little detectable wear on molar teeth. 

Analysis-of-variance tests were applied to de- 
termine significant differences (P < 0.05) 
among populations. Standard analysis-of-vari- 
ance tests were used when no significant hetero- 
geneity of variances (P < 0.05) was determined 
by Levene's test. Where variances were not ho- 
mogeneous, a nonparametric method (Welch's 
analysis-of-variance test) was used to test sig- 
nificance. All statistical procedures were per- 
formed using the statistical software package 
JMP (SAS Institute, Inc., 1994). Comparisons 
were made to determine significant differences 
between species and among age classes within 
species. We conducted two analyses to calculate 
classification rules to group specimens by spe- 
cies based on cranial measurements. The first 
function was derived from all 12 variables. The 
second classification rule was calculated from all 
measurements except zygomatic breadth. Elim- 
ination of zygomatic breadth from the model al- 
lowed inclusion of several skulls for which zy- 
gomatic arches were broken. Both discriminant 
equations were compared with Choate's (1973) 
to assess their usefulness in discriminating be- 
tween P. leucopus and P. maniculatus. 

RESULTS 

Two alleles (AMY-178 and AMY-1100) 
were predominant among the two species. 
All P. maniculatus examined had the AMY- 
178 allele. Most populations of P. leucopus 
were fixed for the faster AMY-1i00 allele. 
The single exception, the population of P. 

leucopus from Readfield, Maine (n = 7), 
had a third allele, AMY-1109, occurring at a 

frequency of 0.36. These results assured us 
that our designations of species were cor- 
rect. 

Significant differences (P < 0.05) were 
observed in several measurements between 

age classes within species. The objective of 
this analysis, however, was to construct a 
discriminant-function equation that classi- 
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TABLE 1.-Discriminant multipliers from Choate (1973) and those computed for sets of 12 and 11 
skull measurements of reference samples of Peromyscus leucopus and P. maniculatus. 

Variable Choate 12-variable 11-variable 

Length of cranium -0.841 5.19 -5.02 
Zygomatic breadth -0.831 -3.34 
Interorbital width 3.354 -35.25 -25.43 
Rostral breadth 5.220 -10.89 -7.88 
Basonasal length 0.643 -12.14 0.06 
Length of bony palate -0.760 -2.85 -3.35 
Total length of toothrow -2.196 27.70 20.77 
Length of maxillary toothrow 9.443 -23.11 - 15.09 
Breadth across molars -0.631 25.18 15.16 
Breadth of pterygoid -2.344 -5.20 -2.35 
Cranial depth 2.385 3.49 -0.24 
Mandibular length -16.54 -13.85 
Constant (bo) 127.75 117.56 

fies all specimens by species, therefore all 
age classes were grouped. 

Eight of the 12 cranial measurements 
were significantly different (P < 0.05) be- 
tween P. leucopus and P. maniculatus. 
Length of bony palate, total length of tooth- 
row, breadth across molars, and breadth of 
pterygoid were not significantly different. 
P. leucopus was larger for the eight mea- 
surements that were different. 

For both of our discriminant equations 
(Table 1), determination of species was 
based on the sign of the resulting discrim- 
inant score. If the value was positive (I > 
0), then the specimen was P. maniculatus, 
and if the value was negative (I < 0), the 
specimen was P. leucopus. 

We evaluated each discriminant equation 
for its effectiveness in classifying skulls by 
species. Choate (1973) indicated a distinct 
gap in the bimodal distribution of discrim- 
inant scores. He found that P. maniculatus 
had discriminant scores <32.5, whereas P. 
leucopus had scores above this value. The 
distribution of discriminant scores derived 
from Choate's (1973) equation applied to 
the 92 adult specimens of both species ex- 
amined in this study was not significantly 
different (P < 0.05) from normal as dem- 
onstrated by the Shapiro-Wilk test (Fig. 
lA). This would suggest that no natural cut- 
off value exists to distinguish these species. 

However, the distribution of our 12-variable 
scores was significantly different from a 
normal distribution (Fig. IB). A scatter plot 
of the first and second canonical scores 
showed the clear discrimination of the two 
species (Fig. 2). 

Choate's (1973) equation successfully 
classified only 56% of the skulls correctly. 
Incorrect classifications were distributed 
equally among the age classes. Of the 92 
skulls of adults included in this sample, 
34% were classified incorrectly. Interesting- 
ly, all misclassifications were P. leucopus 
misidentified as P. maniculatus. Our 12- 
and 11-variable discriminant equations cor- 
rectly classified 100 and 94% of all speci- 
mens, respectively. Total congruence also 
was observed between the designation of 
species by the discriminant equation (12- 
variable) and salivary amylase phenotypes 
among 50 Peromyscus from nine localities 
in Vermont. Although the 11-variable equa- 
tion demonstrated <100% accuracy, it was 
still useful for classifying animals lacking 
zygomatic arches with >90% confidence. 

Of the 204 specimens initially examined, 
40 skins of adults could be assigned to spe- 
cies based on characteristics of the pelage 
and tail outlined by Choate (1973). Only 22 
(55%) of these specimens of adults were 
classified correctly. 
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FIG. 1.-Distribution histograms of discriminant scores of Peromyscus leucopus (shaded) and P. 
maniculatus (unshaded). a, Equation of Choate (1973) appplied to a reference sample of 92 adult P. 
leucopus and P. maniculatus. The distribution of discriminant scores is not significantly different 
from normal as demonstrated by the Shapiro-Wilk W test, W = 0.987 (P < 0.05). b, The 12-variable 
equation applied to a reference sample of 164 P. leucopus and P. maniculatus. The distribution of 
discriminant scores is significantly different from normal with a Shapiro-Wilk W = 0.949 (P > 0.01). 
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FIG. 2.-Scatter plot of first and second canonical variates from 12-variable discriminant analysis 

of Peromyscus leucopus and P. maniculatus. 

DIscusSION 

Osgood (1909) divided populations of 
Peromyscus from northeastern North Amer- 
ican into two "superficially similar" spe- 
cies, P. leucopus and P. maniculatus. Anal- 
ysis of phenotypic characters, including 
such traits as cranial and dental morpholo- 
gy, length of tail and body, bicoloring of 
tail, and differences in pelage, has been re- 
ported as potentially useful for distinguish- 
ing P. leucopus from P. maniculatus 
(Choate, 1973; Osgood, 1909; Waters, 
1963). However, as Osgood (1909) noted, 
such characters may lead to ambiguous 
identifications, particularly where these two 
species occur sympatrically. 

Identification of P. leucopus and P. man- 
iculatus in northeastern North America by 
biochemical indicators is arguably the only 
reliable method. Following Aquadro and 
Patton (1980), fixed allelic differences were 
detected for the two species in amylase 
electromorphs isolated from samples of sa- 
liva. This method is not subject to the pit- 
falls of identification techniques that rely on 
environmentally variable phenotypic traits. 

The utility of salivary amylase phenotype 
for differentiating P. leucopus from P. man- 
iculatus in northeastern North America has 
been documented by Aquadro and Patton 
(1980), Palas et al. (1992), Rand et al. 
(1993), and Kilpatrick et al. (1994). 

The discriminant-multiplier equation of 
Choate (1973) was applied to the 164 skulls 
with unbroken zygomatic arches examined 
in this study and correctly classified only 
66% of the specimens of adults and 56% of 
all skulls measured. Because all misclassi- 
fications were P. leucopus identified as P. 
maniculatus, this would suggest that the 
cutoff point for discriminant scores was in- 
correct. However, analysis of the distribu- 
tion of discriminant scores (Fig. 1) indicates 
that no contiguous set of values could be 
attributed to P. maniculatus alone. This is 
not surprising because the discriminant 
analysis of Choate (1973) is based on small 
samples (n = 27) from a single location in 
central Vermont. 

Qualitative external features, such as the 
ratio of length of tail to length of body or 
pelage differences, were not consistently 
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useful in identification of species. Most 
adult P. leucopus have a distinctive dark 
stripe on the back and the side is covered 
with reddish-brown pelage. Adult P. man- 
iculatus typically are gray throughout and 
usually lack the dorsal stripe (a notable ex- 
ception is P. maniculatus from Grand Ma- 
nan, New Brunswick). The utility of such a 
distinction for identification of species is 
limited because subadults and juveniles of 
P. leucopus resemble P. maniculatus. Fur- 
thermore, a few specimens of P. leucopus 
determined to be adults based on degree of 
attrition of the third molar had the gray pel- 
age type more typical of P. maniculatus. 

Our 12-variable discriminant equation 
was 100% successful in correctly classify- 
ing all specimens (adult, subadult, and ju- 
veniles) and was derived from specimens 
collected from a number of sites throughout 
the northeastern range of these species and 
includes more than three times (n = 164) 
as many specimens as in the analysis of 
Choate (1973). Many of these sites are in- 
habited by populations that may have been 
isolated from one another for thousands of 
years. The diversity of populations sampled 
increases our confidence in this model to 
discriminate interspecific differences allow- 
ing for a great deal of intraspecific varia- 
tion. 

Both our 12-variable and the discrimi- 
nant equation of Choate (1973) could only 
be applied to 164 of the total 204 skulls due 
to broken zygomatic arches. Therefore, it 
was desirable to develop a discriminant 

equation that did not include zygomatic 
breadth. The 11-variable equation success- 

fully classified 94% of the 195 skulls ex- 
amined (nine skulls lacked measurable 
characters other than zygomatic breadth). 
This percentage is substantially greater than 
the 56% overall rate of the Choate (1973) 
equation. 

Because salivary amylase phenotyping 
and discriminant-function analysis work so 
well to discern differences between P. leu- 
copus and P. maniculatus, these techniques 
might prove useful for other members of 

the genus. P. gossypinus and P. leucopus 
interbreed freely in the lab (Dice, 1968) and 
hybrids have been reported in wild popu- 
lations (McCarley, 1954). Because these 
two species differ only in size, they can be 
difficult to distinguish in areas where they 
occur sympatrically and may interbreed 
(Wolff and Linzey, 1977). Use of the sali- 
vary amylase technique and discriminant 
analysis may help to make definitive iden- 
tifications of these taxa. 
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APPENDIX I 

Specimens examined, initial sample. Peromys- 
cus leucopus (n = 111)--CANADA: Nova Sco- 
tia: Annapolis Co., 1.6 miles E Maitland Bridge 
(2); 3.0 miles N Maitland Bridge (7); 5 miles N 
Bridgetown (1); Lunenberg Co., 5 miles E 

Bridgewater (8). USA: Maine: Oxford Co., 
Brownfield (1); Cumberland Co., Cape Elizabeth 
(2); Chebeaque Island (4); Falmouth (1); Wash- 
ington Co., Great Wass Island (8); Hancock Co., 
Deer Isle (4); Little Deer Isle (10); Lamoine 
Beach (5); Mount Desert Island, Southwest Har- 
bor (4); Mount Desert Island, Beech Mountain 
(4); Sargentville (10); Androscoggin Co., Lisbon 
Falls (2); Knox Co., Matinicus Island (4); Cum- 
berland Co., Raymond (3); Kennebec Co., Read- 
field (7); Sagadahoc Co., Richmond Island (8); 
York Co., Wells (12); York (2). Massachusetts: 
Essex Co., Ipswich, Cranes Beach (2). 

Peromyscus maniculatus (93)-CANADA: 
New Brunswick: King Co., 5 miles S Mechanic 
Settlement (1); Charlotte Co., Grand Manan Is- 
land, Long Pond (5). USA: Maine: Oxford Co., 
Brownfield (2); Hancock Co., Deer Island (14); 
Farrel Island (2); Isle au Haut (22); Mount Des- 
ert Island, Southwest Harbor (6); Mount Desert 
Island, Beech Mountain (9); Sargentville (6); Sc- 
hoodic Penninsula (3); Swan's Island (11); Knox 
Co., Vinal Haven (9); Matinicus Island (3). 

Specimens examined, subsequent sample.- 
Peromyscus leucopus (25)-USA: Vermont: 
Grand Isle Co., 3 miles S South Hero (10); Es- 
sex Co., 2 miles W Island Pond (2); Chittenden 
Co., South Burlington (3); Camel's Hump (2); 
Addison Co., 4 miles S Ripton (2); Rutland Co., 
Bald Mountain (6). 

Peromyscus maniculatus (25)-USA: Ver- 
mont: Essex Co., 5 miles SW Norton (8); Chit- 
tenden Co., Camel's Hump (2); Addison Co., 4 
miles S Ripton (6); Rutland Co., Little Killing- 
ton Peak (2); Bennington Co., 2 miles W East 
Dorset (7). 
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