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GENETIC INTERACTIONS BETWEEN WHITE-TAILED AND 
MULE DEER IN THE SOUTHWESTERN UNITED STATES 
JAMES N. DERR,' Department of Wildlife and Fisheries Sciences, Wildlife Genetics Laboratory, Texas A&M University, College 

Station,TX 77843 

Abstract: I used protein electrophoresis to estimate the degree of genetic exchange between white-tailed 
deer (Odocoileus uirginianus) and mule deer (0.hemionus) from areas of sympatry throughout the south- 
western United States. Allelic variation from 25 presumptive gene loci were assayed from 201 deer from 31 
localities. Although interspecific hybridization has been previously documented with both nuclear and mi- 
tochondrial markers, most areas of sympatry in the Southwest displayed little evidence of nuclear gene 
introgression. Nevertheless, hybridization was evident from some localities with 2.0%of the white-tailed deer 
and 1.7%of the mule deer heterozygous at one of 2 diagnostic nuclear loci. Changing environmental conditions 
that provide a competitive advantage of 1species over the other may result in ephemeral areas of hybridization. 
Studies designed to ascertain the ecological and concomitant behavioral changes in these areas could be used 
to predict and identify potential areas of genetic interaction between these 2 species. 
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White-tailed and mule (or black-tailed) deer 
comprise the genus Odocoileus which is distrib- 
uted throughout much of the New World from 
Alaska to South America. The range of white- 
tailed deer includes the north temperate habi- 
tats of Canada to tropical environments of Cen- 
tral and South America. The distribution of mule 
deer extends throughout the desert and moun- 
tainous regions of the western United States and -
Canada; whereas, black-tailed deer are found 
along the coast of the Pacific Northwest from 
California to Alaska. Ranges of the 2 species 
overlap in the western United States and south- 
western Canada. Where white-tailed and mule 
deer occupy the same general area, they usually 
are ecologically segregated in their choice of 
habitats (Baker 1984). 

Analyses of allele frequencies derived from 
protein electrophoresis indicate Columbian 
white-tailed deer (0.v .  leucurus) and Colum- 
bian black-tailed deer (0,h, columbianus) share 
otherwise diagnostic alleles in low frequency 
(3%) at 3 presumptive gene loci in the Pacific 
Northwest (Gavin and May 1988). Different se- 
rum albumin alleles predominate in each spe- 
cies, and the distribution of these alleles has been 
used to infer interspecific hybridization. Stub- 
blefield et al. (1986) estimated that 5.9% of the 
deer sampled in west Texas had hybrid ancestry. 
At the Longfellow Ranch in Pecos County, Tex- 
as, Ballinger (1987) found evidence of hybrid- 
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ization, based on albumin mobilities, from 24% 
of the deer sampled. In Montana, 2% of the 
individuals examined bv Cronin et al. 11988) 
also shared albumin alleies that were othkrwise 
diagnostic at this locus. These studies document 
the potential for hybridization in areas of sym- 
patry; however, Stubblefield et al. (1986) and 
Cronin et al. (1988) only examined the products 
of 1gene system, and Ballinger (1987) restricted 
his analysis to a single location. 

Restriction endonuclease site mapping of mi- 
tochondrial deoxyribonucleic acid (mtDNA) also 
provides evidence of genetic interactions be- 
tween the 2 species. Because mtDNA is mater- 
nally inherited and lacks recombination, this 
molecule can be considered a single haploid lo- 
cus for population genetic analyses. As com-
pared with allozvme data, white-tailed and mule 
deer in Montana have distinct but similar 
mtDNA haplotypes (Cronin et al. 1988). In con- 
trast, Carr et al. (1986) and Ballinger (1987) 
found that white-tailed and mule deer shared a 
mtDNA haplotype on the Longfellow Ranch in 
west Texas, suggesting cytoplasmic gene flow. 
These studies also reveal that the sequence di- 
vergence of mtDNA haplotypes between white- 
tailed and mule deer is much less than the di- 
vergence between subspecies of 0, hemionus 
(mule deer and black-tailed deer). One inter- 
pretation of this finding is historical introgres- 
sion of mtDNA from white-tailed deer to mule 
deer, independent of black-tailed deer (Carr et 
al. 1986, Cronin et al. 1988, Derr 1990). These 
studies indicate the potential for nuclkar and 
cytoplasmic gene flow between white-tailed and 
mule deer. 



J. Wildl. Manage. 55(2):1991 DEER GENETICS Dew 229 

Fig. 1. Geographic distribution of the localities sampled for white-tailed, mule, and Mack-tailed deer. (See Appendix A for 
description of locations, abbreviations, and samples sizes.) 

The goal of my study was to evaluate the 
extent of genetic interactions between the 2 spe- 
cies in the southwestern United States based on 
nuclear genetic markers and to compare this 
information to the mtDNA results of Carr et al. 
(1986). Subsequently, I estimated the effect of 
introgression, as demonstrated by cytoplasmic 
gene flow (mtDNA), on the integrity of the nu- 
clear gene pools associated with white-tailed and 
mule deer. 

I acknowledge J. W. Bickham, L. H. Blanken- 
ship, I. F. Greenbaum, and D. J. Schmidly for 
encouragement and advice. R. M. Atkins, T. E. 
Lee, and J. C. Morales provided helpful com- 
ments on earlier drafts of this manuscri~t. I am 
also indebted to the many individuals that pro- 
vided tissue samples for analysis. Funding was 
through a Tom Slick Fellowship, Texas Agri- 
culture Experiment Station Expanded ~eseaich 
Area, and Program Development Funds 24464. 

METHODS AND MATERIALS 
Liver samples were obtained from 201 hunt- 

er-killed deer at 31 localities (Fig. 1) from 1984 
to 1988. Species identification was made in the 
field using standard morphological characters 
(Wallmo 1981). Voucher tissues were deposited 
in the frozen tissue collection, Texas Coopera- 
tive Wildlife Collection, Texas A&M University, 
College Station. (See Appendix A for collection 
localities, abbreviations, and sample sizes.) 

Tissue preparation and histochemical staining 
were conducted according to Selander et al. 
(1971) and Harris and Hopkinson (1976). Elec- 
trophoretic procedures were essentially those 
described by Selander et al. (1971). I assigned 
alleles numerical designations based on the mo- - 
bilities of the protein products relative to the 
most common electromorph among samples of 
white-tailed deer (designated 100 if anodal or 
- 100 if cathodal). (See Appendix B for buffer 
systems used, enzyme commission numbers 
[E.C.], and protein abbreviations.) 

I used BIOSYS-1 (Swofford and Selander 1981) 
and BIOSTAT-1 (Pimentel and Smith 1986) to 
analyze allelic variation. Descriptive statistics 
included mean heterozygosity (H), proportion 
of loci polymorphic ( P ) ,  and the mean number 
of alleles per locus (A). Statistical significance 
was addressed with a Mann-Whitney U non- 
parametric test. Deviation from Hardy-Wein- 
berg equilibrium was tested with Fisher's exact 
test. Fixation indices (F..) (Van Den Bussche et . "., . 
al. 1986) were calculated to measure genetic 
differentiation among populations within spe- 
cies. 

Coefficients of genetic distance and identity 
(Nei 1972, Rogers 1972) were calculated for all 
pair-wise population comparisons of the 2 spe- 
cies. Previous genetic studies of white-tailed and 
mule deer have reported distance values cal- 
culated by the methods of both Nei (1972) and 
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Table 1. A M i  Srequency and fixation indices for the polymorphic loci among populations of Odocoileus sampled. Localities 
are as in Figure 1. 

Species ACPH ALB GPDl lDHl MDH2 MP1 
and 

population n 100 -100 100 103 100 145 86 100 94 -100 -140 100 118 82 

White-tailed deer 
AZWT 7 0.00 1.00 
COWT 8 0.00 1.00 
CRWT 1 0.00 1.00 
EPWT 8 0.00 1.00 
FRWT 4 0.00 1.00 
HUWT 5 0.00 1.00 
IMWT 7 0.00 1.00 
JUWT 5 0.00 1.00 
MAWT 5 0.00 1.00 
MIWT 14 0.00 1.00 
PKWT 15 0.07 0.93 
SRWT 5 0.00 1.00 
SAWT 8 0.00 1.00 

WT FST 0.058 

Black-tailed deer 
ALBT 1 1.00 0.00 
HOBT 5 1.00 0.00 

Mule deer 
AZMD 8 1.00 0.00 
BTMD 10 1.00 0.00 
CHMD 3 1.00 0.00 
CMMD 3 1.00 0.00 
DDMD 5 1.00 0.00 
EPMD 9 1.00 0.00 
FRMD 6 1.00 0.00 
IMMD 7 1.00 0.00 
IRMD 10 1.00 0.00 
KMMD 5 1.00 0.00 
MIMD 2 1.00 0.00 
MOMD 10 1.00 0.00 
NMMD 1 1.00 0.00 
PKMD 11 1.00 0.00 
TRMD 6 1.00 0.00 
UTMD 7 1.00 0.00 

MD F w  O.Oo0 

Rogers (1972). For comparison with published 
values, I calculated both estimates of genetic 
distance. I also examined phenetic relationships 
among populations with the unweighted pair 
group matrix analysis (UPGMA) algorithm of 
Sneath and Sokal (1973). 

RESULTS 
Allelic Variation.-The products of 25 pre-

sumptive gene loci were assessed in a prelimi-
nary survey of 15 white-tailed deer, 10 mule 
deer, and 5 black-tailed deer. Ten loci were 
polymorphic, including eight for white-tailed 
deer and eight for mule deer (Table 1).Animals 
from all populations were surveyed for allelic 
variation at each polymorphic locus; however, 
due to variation in tissue quality, only 94.6% of 

this data matrix was complete. Two of the poly-
morphic loci among all populations deviated 
from Hardy-Weinberg equilibrium. White-
tailed deer from the Eppenhauer Ranch (EPWT) 
had a heterozygote deficiency for MPI (P = 

0.03), and mule deer from the Brite Ranch 
(BTMD) had a heterozygote excess at PGD (P 
= 0.045). Observed mean heterozygosity ( A )  
was 0.056 +. 0.026 (SE) for white-tailed deer 
and 0.037 + 0.022 for mule and black-tailed 
deer. A Mann-Whitney U 2-sample test failed 
to reject the null hypothesis of equivalent ob-
served heterozygosity values between the 2 spe-
cies (P < 0.01). The difference in mean number 
of alleles per locus (A)  for white-tailed deer 
(1.52)and mule and black-tailed deer (1.40)was 
not significant (P < 0.01).The proportion of loci 
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Table 1. Extended 

100 

PEPD 

94 88 

PEPE 

100 96 100 

PGD 

118 109 73 -100 -120 

SDH 

-105 -92 -84 

polymorphic (P) was the same for both species 
(32.0%). 

Profound differences in allozymic frequen- 
cies distinguished populations of white-tailed 
deer from those of mule and black-tailed deer. 
The products of 2 presumptive loci, ACPH and 
ALB, displayed nearly fixed allelic differences 
between samples of the 2 species. All white- 
tailed deer at the ACPH locus, except for 1 
individual (PKWT), were homozygous for the 
ACPH -100 allelle, and all mule and black- 
tailed deer were homozygous for the ACPH 100 
allele. For .4LB, 2 of the 92 white-tailed deer 
sampled (from AZWT and IMWT) were het- 
erozygous for the ALB 100/103 alleles All re- 
maining white-tailed deer were homozygous for 
the ALB 100 allele. Two of the 103 mule deer 

sampled (from TRMD and KMMD) were het- 
erozygous (100/103) at the ALB locus; whereas, 
all others were homozygous for the ALB 103 
allele. Each of the 6 black-tailed deer examined 
were homozygous for the ALB 103 allele. 

Not all sympatric localities exhibit evidence 
of genetic interaction. For example, both species 
had fixed ACPH and ALB allelic differences on 
the Friends Ranch (FRWTIFRMD, n = 10) and 
the McIvior Ranch (MITWIMIMD, n = 16). 
From sympatric localities both species displayed 
similar effects of introgression with 3of 64 (2.0%) 
white-tailed deer and 2 of 86 (1.7%) mule deer 
heterozygous at one of the 2 marker nuclear 
loci. 

Allele frequency differences at 4 other pre- 
sumptive loci provided additional evidence of 
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Table 2. Coefficientsof genetic distance and identity among 
and between samples of Odocoileus virginianus (white-tailed 
deer) and 0. hemionus (black-tailed and mule deer). 

Coefficient and comparison Range 

Distance (Rogers 1972) 
Populations 

White-tailed deer 0.011-0.086 
Mule deer 0.000-0.071 
Between species 0.102-0.206 

Taxa 
White-tailed vs 

mule deer 
White-tailed vs. 

black-tailed deer 
Mule vs. 

black-tailed deer 

Distance (Nei 1972) 
Populations 

White-tailed deer 
Mule deer 
Between species 

Taxa 
White-tailed vs. 

mule deer 
White-tailed vs. 

black-tailed deer 
Mule vs. 

black-tailed deer 
Identity (Nei 1972) 

Populations 
White-tailed deer 
Mule deer 
Between species 

genetic divergence. White-tailed deer allele fre-
quencies were almost equally split between the 
GPDl allele 100 (0.465) and GPDl allele 145 
(0.529),whereas all mule deer except one (0.995) 
and all black-tailed deer had the GPDl 145 
allele. Similar allele frequencies occurred at the 
MPI locus where white-tailed deer displayed 
both the MPI 100 allele and the MPI 118 allele 
in roughly equal frequencies (0.596 and 0.404, 
respectively), whereas mule and black-tailed 
deer predominately had the MPI 100 allele 
(0.950).Only two of the 4 alleles resolved from 
the PGD locus were common in either species. 
The PGD 100 allele was the most common allele 
from white-tailed deer (0.886),whereas the PGD 
73 allele was the most frequently encountered 
allele at this locus from mule deer (0.619). All 
black-tailed deer had the PGD 100 allele. Of 
the 5 alleles determined at the SDH locus, SDH 
-100 was the most common allele in white-
tailed deer (0.766), and the SDH -105 was the 
most frequent allele from mule deer (0.815). 

DISTANCE 

WHITE-TAILED DEER 

SRWT \ 

AZWT 

COWT 

CRWT 

B)cc. = 0.969 MIWT 

WH!TE.TAlLED 
DEER 

IMWT 
SAWT 
MAWT 
PKWT 
HUWT 

JUWT / 

4AZMD ) 
/ IMMD I 

UTMD 
MOMD 
DDMD 
PKMD 

FRMD 
IRMD 

TRMD 
NMMD 

MULE AND 
BLACK.TA1LED 
DEER 

Fig. 2. Clustering of distance values among (A) white-tailed, 
mule, and black-taileddeer and (B)for each locality examined. 
(See Appendix A for description of locations, abbreviations, 
and samples sizes.) 

One SDH allele (SDH -92) was unique to Cal-
ifornia black-tailed deer (HOBT). 

Efforts to resolve an additional enzyme, ga-
lactosaminidase (E.C.3.2.1.53),reported as spe-
cies-specific by Gavin and May (1988), proved 
unsuccessful. These authors reported 2 alleles at 
this locus from the Pacific Northwest, one of 
which was unique to white-tailed deer; the other 
was restricted to mule and black-tailed deer. 

Genetic Distance.-Estimates of mean ge-
netic distance between species were 0.135 (Nei 
1972) and 0.160 (Rogers 1972). Mean identity 
values (Nei 1972) among populations were sim-
ilar for both white-tailed and mule deer; I = 

0.982 and I =0.983,respectively (Table2).Clus-
ter analysis constructed from the coefficients of 
genetic distance (Table 2) grouped white-tailed, 
mule, and black-tailed deer, which is consistent 
with their current taxonomic relationship (Fig. 
2A).  In the phenogram clustering individual 
populations of the 2 species (Fig. 2B), samples 
of white-tailed deer clustered at values <0.052, 
and mule and black-tailed deer clustered at val-
ues <0.065. The 2 major subdivisions, repre-
senting both species groups, form the terminal 
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assemblage at the mean interspecific distance of 
0.160. 

Quantitative evidence of divergence between 
species also reveals marked differences. Nei's 
(1972)genetic distance between white-tailed and 
mule deer (D = 0.135, based on 25 loci) was 
identical to the value reported by Gavin and 
May (1988)based on 35 loci and was also similar 
to that reported by Baccus et al. (1983) (Nei's 
D = 0.149; based on 19 loci). Ballinger (1987) 
reported a Nei's D = 0.050 and Rogers' D = 

0.086 from the Longfellow Ranch in west Texas. 
These reduced distance values, compared with 
the above published reports, were interpreted 
as the result of introgressive hybridization at 
that location. Although the relationship between 
genetic distance and taxonomic categories are 
quite variable, the values observed between 
white-tailed and mule deer fall within the range 
of those reported from other intrageneric com-
parisons of mammalian taxa (Avise and Aqua-
dro 1982). The estimates of genetic distance be-
tween mule and black-tailed deer (D = 0.031) 
are higher than those previously reported (Nei's 
D = 0.018) (Gavin and May 1988). 

Phenetic clustering of distance values re-
vealed evidence of biogeographic structuring 
among some white-tailed deer populations (Fig. 
2).For example, the first major white-tailed deer 
assemblage (in Fig. 2B) includes the 2 Arizona 
white-tailed deer localities (AZWT and COWT), 
all west Texas white-tailed deer localities 
(CRWT, MIWT, EPWT, FRWT, and IMWT) 
except PKWT, and the most geographically dis-
tant white-tailed deer population, SRWT, from 
South Carolina. White-tailed deer from the 
PKWT locality clustered with the remaining 
non-west Texas populations forming the second 
major white-tailed deer assemblage. Converse-
ly, little geographic structure is evident across 
mule deer populations. Notable exceptions in-
clude the placement of black-tailed deer from 
California (HOBT), which connects to all other 
mule deer at values <0.048, and mule deer from 
Arizona (AZMD) and 1 Texas locality (IMMD) 
that associate with remaining mule deer pop-
ulations at values <0.042. The 1 black-tailed 
deer sampled from Alaska (ALBT) clustered 
among samples of mule deer and was indistin-
guishable from the west Texas locality MIMD. 
Estimates of differentiation among deer popu-
lations and biogeographic structuring should be 
viewed with caution because population deci-
mation and subsequent efforts of reintroduction 

may strongly influence these values (Kennedy 
et al. 1987). 

DISCUSSION 
Reports detailing various aspects of hybrid-

ization between these 2 deer species are not 
uncommon (Whitehead 1972, Day 1980, Wis-
hart 1980). Three studies from captive popu-
lations indicate at least some degree of hybrid 
fertility (Nichols and Murrey 1973, Wishart et 
a]. 1988, Derr 1990).Although results from con-
trolled experiments may not always reflect phe-
nomena from natural populations, these studies 
substantiate fertility through 2 generations and 
document no structural genetic differences that 
preclude fertility in 0. virginianus-0. hemio-
nus hybrids. 

I detected no F1 hybrids from the 31 popu-
lations sampled. This is based on the assumption 
that parentals would be homozygous for alter-
nate alleles at the ACPH and ALB loci, and the 
resultant F1  hybrids would be heterozygous at 
both of these loci. The observation of individuals 
heterozygous at one of these loci (Table 1) in-
dicates that they may be the products of subse-
quent generations of backcrossing. Gavin and 
May (1988) also report finding only backcross 
hybrids among populations of white-tailed, 
black-tailed, and mule deer in the Pacific North-
west. One interpretation of these results is that 
F1 hybrids in natural populations are rare, 
whereas animals with hybrid ancestry (back-
cross progeny) are more common. However, as 
discussed by Cronin et al. (1988), it is not pos-
sible to determine if rare heterozygotes are the 
result of introgressive hybridization or simply 
the retention of ancestral alleles. Nevertheless. 
the most reasonable explanation is introgression 
in cases where (1) the frequency of heterozy-
gotes is higher among sympatric as compared 
with allopatric populations, and (2) an indepen-
dent data set supplies additional evidence of 
gene exchange among sympatric populations 
(e.g.,mtDNA) (Carr et al. 1986, Ballinger 1987, 
Derr 1990). 

The frequency of animals heterozygous at the 
ALB locus (2-3%) is similar to those reported 
from Montana (2%heterozygotes from both spe-
cies [Cronin et al. 1988]), the Pacific Northwest 
(2% white-tailed deer and 4% mule deer het-
erozygotes [Gavin and May 19881)and west Tex-
as (5.9% heterozygotes, both species [Stubble-
field et al. 19861) but less than those reported 
by Ballinger (1987) (12.5 and 24% ALB hetero-
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zygotes, respectively, for white-tailed and mule 
deer). Moreover, 3 of the 46 mule deer Ballinger 
(1987)sampled from the Longfellow Ranch were 
homozygous for the ALB 100 allele. Large pop-
ulations of both species occur on the Longfellow 
Ranch primarily due to restricted hunting and 
the availability of large tracts of suitable habitat. 
The Longfellow Ranch also includes ecotone 
areas between typical habitat of white-tailed 
and mule deer that are extensively used by both 
species (L. H. Blankenship, Uvalde, Tex., pers. 
commun.). These factors may contribute to the 
high incidence of hybridization Ballinger (1987) 
reported from this ranch. 

Other reports representing >2,000 white-
tailed deer from throughout the eastern and 
central United States (Baccus et al. 1983, Smith 
et al. 1984, Sheffield et al. 1985, Kennedy et al. 
1987, Breshears et al. 1988) found only 2 ALB 
heterozygotes (from Mich.) (Manlove 1979). 
From mule deer populations in Colorado, Scrib-
ner et al. (1990) reported that 2.9% of the ani-
mals they examined were heterozygous for ALB. 
The only comparable information on ACPH al-
lelic variation from sympatric populations is that 
of Gavin and May (1988). These authors re-
ported that 2% of the white-tailed deer and no 
mule deer were heterozygous at this locus. Other 
studies reported 2 ACPH alleles from white-
tailed deer populations (Hillestad 1984, Smith 
et al. 1984, Kennedy et al. 1987), but neither 
appeared to be the same as the common allele 
(ACPH -100)found in mule deer. In my study, 
all allopatric populations of both species had 
fixed allelic differences at the ALB and ACPH 
loci. Except for the Longfellow Ranch (Ballin-
ger 1987)and possibly the Iron Mountain Ranch 
(Stubblefield et al. 1986),white-tailed and mule 
deer from sympatric localities in west Texas, 
Montana, and the Pacific Northwest share rare 
alleles at these 2 loci in roughly equal frequen-
cies. 

Based on the similarity of their mtDNA hap-
lotypes, differential cytoplasmic introgression in 
the past may have established white-tailed deer 
mtDNA among mule deer populations (Carr et 
al. 1986, Ballinger 1987,Cronin et al. 1988, Derr 
1990). This historical aspect of interspecific ge-
netic exchange is not readily apparent from the 
allozymic data. In spite of the mtDNA introgres-
sion, the 2 species have coexisted over extended 
areas with little or, in many areas, no evidence 
of extensive nuclear introgression. Although the 
genetic structure of local populations may be 
altered, overall, hybridization does not seem to 

present a significant threat to the nuclear gene 
pools, hence the genetic integrity of either spe-
cies. 

Natural hybridization between fully differ-
entiated and morphologically distinct species is 
not uncommon. Although local populations may 
be disrupted, the genetic integrity of the pa-
rental species is rarely threatened (Carson et al. 
1989). Observations such as these led Paterson 
(1985),and more recently Templeton (1989),to 
argue that the gene pool of a species is distinct 
from others primarily by the positive forces of 
strong balancing selection that operate within 
each species to maintain its own optimal repro-
ductive mode. The coherence of a gene pool, 
therefore, is a much better basis for the char-
acterization of a species than reproductive iso-
lation. Accordingly, although white-tailed and 
mule deer share identical mtDNA haplotypes 
in some areas, the nuclear genomes of both spe-
cies clearly represent discrete genetic entities 
and are the result of independent evolutionary 
lineages. 

What conditions contribute to the disruption 
of this "coherent gene pool" and allow hybrid-
ization in some geographic areas and not others? 
One possible explanation is that environmental 
factors in many areas of the Southwest have 
played an important role in providing repro-
ductive contact. In west Texas, white-tailed deer 
have expanded their range into typical mule 
deer habitat primarily because of ecological 
changes related to domestic livestock produc-
tion (Baker 1984). In other areas of the West, 
the desert chaparral of Arizona for example, 
environmental factors that favor mule deer have 
allowed that species to inhabit areas that were 
once the sole domain of white-tailed deer (An-
thony and Smith 1977). All individuals I iden-
tified with protein electrophoresis as having hy-
brid ancestry (i.e., heterozygotes at either the 
ACPH or ALB loci) were from localities that 
include ecotonal areas between suitable habitat 
for both species. Studies designed to ascertain 
the ecological and concomitant behavioral 
changes in these areas may allow for the pre-
diction or identification of potential areas of 
genetic interaction. 

These changing environmental conditions that 
allow 1 species to move into the range of the 
other may provide temporary areas of hybrid-
ization. No stable zone of hybridization, in the 
traditional sense, is evident. Hybrid zone models 
proposed by Endler (1977), Moore (1977), and 
Barton and Hewitt (1981, 1985) differ in their 



J. Wildl. Manage. 55(2):1991 DEERGENETICS Derr 235 

interpretation of the role of environmental fac-
tors and the effect of selection on the mainte-
nance of these zones. However, each defines 
hybrid zones as clines that may be characterized 
from samples collected along linear transects 
across the zone (Harrison and Rand 1989). Hy-
bridization between white-tailed and mule deer 
occurs in a mosaic of independent and isolated 
pockets that are strongly associated with eco-
logical parameters. Nontraditional hybrid zones 
of this fashion have been reported for other 
closely related species (Howard 1986, Sperling 
1987, Harrison and Rand 1989). These mosaic 
hybrid zones may have gone unnoticed because 
the patterns of variation are not as striking as 
the steep clines and clear discontinuities that 
characterize the more traditional zones (Har-
rison and Rand 1989). Moreover, nontraditional 
hybrid zones may be ephemeral, existing for 1 
or a few generations, and may be sporadically 
distributed throughout an area of sympatry. 
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APPENDIX A 
Collection Localities, 
Abbreviations, and Sample 
Sizes of Animals Examined 

White-tailed Deer.-Total 92. ARIZONA: 
Cochise Co., Fort Huachuca, [COWT] (8); Ya-
vapai Co., [AZWT] (7). SOUTH CAROLINA: 
Aiken Co., Savannah River Plant, [SRWT] (5). 
TEXAS: Brewster Co., Iron Mountain Ranch, 
[IMWT] (7);Terlingula Ranch [CRWT] (1);Cal-
houn Co., Matagorda Island [MAWT] (5); Jeff 
Davis Co., Eppenhauer Ranch, [EPWT] (8); 
Friends Ranch, [FRWT] (4); McIvior Ranch 
[MIWT] (14);Kerr Co., Hunt [HUWT] (5);Kim-
ble Co., Junction, [JUWT] (5); Pecos Co., Puck-
ett Ranch, [PKWT] (15); Tom Green Co., San 
Angelo, [SAWT] (8). 

Mule Deer.--Total 103. ARIZONA: Coconi-
no Co., [AZMD](8).NEW MEXICO: Otero Co., 
[NMMD] (1). CALIFORNIA: Mono Co., 
[MOMD] (10). TEXAS: Brewster Co., Double 
Diamond Ranch, [DDMD] (5);Kimball Ranch, 
[KMMD] (5); Ike Roberts Ranch, [IRMD] (10); 
Iron Mountain Ranch, [IMMD] (7); Terlingula 
Ranch [TRMD] (6);Jeff Davis Co., Clay Miller 
Ranch, [CMMD] (3); Eppenhauer Ranch 
[EPMD] (9); Friends Ranch, [FRMD] (6);  
McIvior Ranch [MIMD] (2); Hudspeth Co., 
Camilo Chavez Ranch, [CHMD] (3);Pecos Co., 
Puckett Ranch, [PKMD] (11);Presidio Co., Brite 
Ranch, [BTMD] (10).UTAH: Rich Co.,[UTMD] 
(7). 

Black-tailed Deer.-Total 6. ALASKA: Sitka, 
[ALBT] (1). CALIFORNIA: Mendocino Co., 
Hopland Field Station, [HOBT] (5). 

APPENDIX B 
Electrophoretic Buffer Systems, 
Enzyme Commission Numbers 
(E.C.), and Protein Abbreviations Used 

Horizontal Electrophoresis.-(1) Ridgway et 
al. (1970) pH 8.0/8.5, glycerol-3-phosphate de-
hydrogenase (E.C. 1.1.1.8;GPDl), lactate de-
hydrogenase (E.C. 1.1.1.27; LDHl), glucose 
phosphate isomerase (E.C. 5.3.1.9; GPI), pep-
tidase (E.C. 3.4.11 or 3.4.13; (L-leucyl-L-ala-
nine) PEPB, (L-leuclyglycylglycine)PEPD, and 
(L-leucyl-L-proline) PEPE). 

Vertical Electrophoresis.-(2) continuous tris-
citrate I, pH 6.7-6.3, (Selander et al. 1971),ma-
lic enzyme (E.C. 1.1.1.40;ME), aminopeptidase 
(E.C. 3.4.11.1; AP); (3) continuous tris-citrate 
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p H  7.0, (Selander et  al. 1971), isocitrate dehy-
drogenase (E.C. 1.1.1.42; IDH1,  IDH2), phos-
phoglucomutase (E.C. 5.4.2.2; PGM1, PGMB), 
hexokinase (E.C. 2.7.1.1; HK), glucose dehy-
drogenase (E.C. 1.1.1.47;GDH);  (4) continuous 
tris-citrate I1 p H  8.0, (Selander et  al. 1971), as-
partate aminotransferase (E.C. 2.6.1.1; AAT), 
superoxide dismutase (E.C. 1.15.1.1; SOD1, 

SODZ), catalase (E.C. 1.11.1.6;CAT); (5) amino 
propyl morphine, p H  6.1 (Clayton and Tretiak 
1972), acid phosphatase (E.C. 3.1.3.2; ACPH), 
albumin (ALB), phosphogluconate dehydroge-
nase (E.C. 1.1.1.43; PGD), malate dehydroge-
nase (E.C. 1.1.1.37; MDH1, MDHB), sorbitol 
dehydrogenase (E.C. 1.1.1.14; SDH) and man-
nose phosphate isomerase (E.C. 5.3.1.8; MPI). 

ENERGETIC CONSIDERATIONS AND HABITAT QUALITY FOR 
ELK IN ARID GRASSLANDS AND CONIFEROUS FORESTS 

SCOTT M. MCCORQUODALE,' Pacific Northwest Laboratory, P.O. Box 999, Richland,WA 99352 

Abstract: I used static modeling to explore the recent success of elk (Cervus elaphus) colonizing the arid 
shrub-steppe of Washington. Forage-based estimates of metabolizable energy available to elk in the shrub-
steppe were compared to energy available in 2 mesic forest communities that historically have served as 
more typical summer elk habitat. Although precipitation and primary productivity were substantially lower 
in the shrub-steppe, the estimated calories available in shrub-steppe forage over a 300-km2area were 271 
and 86%,respectively, of lodgepole pine (Pinus contorta) and cedar-hemlock (Thuja-Tsuga)forests of similar 
size. Low intercommunity variability in forage production, lack of a significant nonforage overstory, and the 
large size and relative abundance of foraging areas in the shrub-steppe mitigated reduced primary production. 
In the shrub-steppe, 92% of the habitat represented potential foraging habitat as determined by minimum 
forage biomass, whereas only 10 and 40% of the forested habitats, respectively, could be considered prime 
foraging areas. Whereas forage energy was concentrated in openings within conifer forests, it was more 
uniformly dispersed over the habitat mosaic in the shrub-steppe. These results provide a bioenergetic frame-
work for understanding the recent success of elk colonizing the arid shrub-steppe of Washington and are 
consistent with observed patterns of movement and habitat use for elk in shrub-steppe habitat. 

J. WILDL. MANAGE. 55(2):237-242 

Individual growth, reproductive, and survival 
rates of elk colonizing the arid shrub-steppe of 
Washington have exceeded those for many elk 
populations occupying more mesic summer 
habitats (McCorquodale et al. 1988, 1 9 8 9 ~ ) .This 
is surprising because the summer environment 
occupied by steppe elk is arid, treeless, and rel-
atively unproductive compared to more mesic 
elk habitats. Elk use of arid steppe habitats for 
summer range is also historically atypical (Murie 
1951, Mack and Thompson 1982, Skovlin 1982). 

Hypothetically, as community productivity 
decreases with increasing aridity, nutrient and 
energy intake rates by  large herbivores should 
decline and negatively affect growth and re-
production. This contrasts with observations 

' Present address: Wildlife Resource Management, 
Yakima Indian Nation, P.O.Box 151,Toppenish, WA 
98948. 

made  for elk in the shrub-steppe. The  absence 
of significant summer thermal cover and the 
rapid forage desiccation typical of arid envi-
ronments should also reduce the value of these 
areas to summering elk. Clearly, conventional 
views of habitat quality for elk d o  not ade-
quately explain their success in Washington's 
shrub-steppe. Accordingly, McCorquodale et  al. 
(1989b) hypothesized that the effects of low pri-
mary productivity in the shrub-steppe have been 
offset by the relatively high availability of for-
aging areas and low intercommunity variation 
in forage production. 

To  test this hypothesis, I used static modeling 
to compare the metabolizable energy available 
to elk during spring and summer in the shrub-
steppe versus 2 more typical elk habitats. Spring-
summer habitat was compared because (1)  
growth and reproductive costs accrue mainly 
during this time; (2) growth rates and repro-
ductive success are  the best measures of habitat 
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