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Abstract: Genetic variation was examined for moose (Alces alces) from Riding Mountain, Isle Royale, and Pukaskwa
national parks; northwestern, Nipigon, northeastern, and central Ontario; New Brunswick; and Newfoundland. The na-
tional parks were identified as maintaining potentially different local selection pressures due to the absence of hunting
and the presence or absence of the parasite Parelaphostrongylus tenuis. Genetic variation was estimated using neutral
DNA markers, assessed by multilocus DNA fingerprinting and five microsatellite loci, and the functional antigen bind-
ing region (ARS) (exon 2) of the major histocompatibility complex (MHC) gene DRB. There was discordance in the
allelic diversity observed at the neutral loci compared with the MHC DRB locus in a number of populations. Ontario
populations demonstrated higher levels of variability at the neutral loci and relatively low levels at the DRB locus.
Conversely, the Isle Royale population has the lowest genetic variability, consistent with a historic small founding
event, at the neutral DNA markers and relatively high variability at the MHC gene. Relatively high levels of genetic
variation at the DRB locus were observed in protected park populations concomitant with the absence of white-tailed
deer (Odocoileus virginianus) or the parasite P. tenuis and an absence of hunting. Gene flow was observed among the
neighboring geographic regions within Ontario, including Pukaskwa National Park, with evidence of isolation-by-
distance among more distant regions within Ontario. The discordant patterns between DNA markers suggest that neu-
tral DNA markers may not accurately reflect adaptive variation present at functional loci.

Résumé : Nous avons étudié la variation génétique chez les orignaux (Alces alces) des parcs nationaux de Riding
Mountain, d’Isle Royale et de Pukaskwa, des régions nord-ouest, nord-est et centrale et de la région de Nipigon en
Ontario, ainsi que du Nouveau-Brunswick et de Terre-Neuve. Les parcs nationaux présentent des conditions locales de
pression sélective potentiellement différentes, car il n’y a pas de chasse et le parasite Parelaphostrongylus tenuis peut
être présent ou absent. La variation génétique a pu être mesurée par génotypage de l’ADN et déterminée à des mar-
queurs neutres de l’ADN, ainsi qu’à cinq locus microsatellites et dans la région fonctionnelle de liaison des antigènes
(ARS) (exon 2) du gène DRB du complexe majeur d’histocompatibilté (MHC). Il y a une divergence entre la diversité
allélique observée aux locus neutres et celle du locus MHC DRB chez plusieurs populations. Les populations ontarien-
nes présentent des niveaux élevés de variabilité au locus neutres et une variabilié relativement faible au locus DRB. En
revanche, la population de l’Isle Royale possède la variabilité génétique la plus faible dans les marqueurs neutres de
l’ADN, ce qui est en accord avec son épisode de fondation restreint et la variabilité relativement élevée du gène MHC.
Des niveaux relativement élevés de variation génétique au locus DRB existent chez les populations protégées de parcs
où il n’y a pas de chasse et d’où le cerf de Virginie (Odocoileus virginianus) ou le parasite P. tenuis sont absents. Le
flux génétique s’observe entre les régions géographiques adjacentes de l’Ontario y compris le parc national de Pu-
kaskwa; il y a cependant des indices d’un isolement par la distance dans les régions plus éloignées de l’Ontario. Les
patterns divergents entre les marqueurs de l’ADN indiquent que les marqueurs neutres peuvent ne pas refléter de façon
précise la variation adaptative présente aux locus fonctionnels.
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Introduction

Maintaining genetic variation is an important factor in pro-
tecting the evolutionary potential and promoting the long-term
persistence of populations (Leberg 1992; Frankham 1995; Lacy
1997). The movement of animals and subsequent gene flow
within a metapopulation structure can maintain genetic varia-
tion among local subpopulations (Harrison and Hastings 1996).
Low levels of genetic variation within subpopulations of a
larger metapopulation were identified as a causal factor in in-
creasing the probability of extinction within local populations
in greater prairie chickens (Westemeier et al. 1998) and the
Glanville frittiliary butterfly (Melitaea cinixia) (Saccheri et al.
1998). Neutral DNA markers have been used extensively in
studying genetic variation and population structure in natural
populations (Avise 1994; Ferris and Palumbi 1996; Carvalho
1998; Estoup and Angers 1998).

The application of neutral DNA markers in assessing pop-
ulation structure and levels of genetic variation assumes that
these loci reflect adaptive variation within populations (King
and Burke 1999). However, local selection pressures within
a metapopulation framework affecting the levels of genetic
variation in subpopulations at adaptively important loci may
not be readily detected using neutral DNA marker systems
(Hedrick 1994) and, conversely, functional loci may not ac-
curately reflect gene flow among different geographic re-
gions with different selection pressures. Despite this concern,
few studies have directly compared neutral genetic variation
with adaptive variation at the intraspecific level (Carvalho
1998; Crandall et al. 2000). In this study, we present results
on genetic variation and population structure in moose (Alces
alces) populations using neutral mini- and micro-satellite loci
and a major histocompatibility complex (MHC) gene.

Neutral DNA markers such as minisatellite loci and micro-
satellites have identified levels of genetic variation as repre-
sentative of overall levels of genome variation (Lacy 1997).
Minisatellite loci, as detected with multilocus DNA finger-
printing, have had limited application in assessing popula-
tion differentiation (Schenk et al. 1998; Wilson et al. 2000),
owing to technical limitations (Estoup and Angers 1998),
while microsatellites have proven more effective at assessing
the population structure in natural wildlife populations, such
as black bears (Ursus americanus) (Paetkau and Strobeck
1994), wolves (Canis lupus) (Roy et al. 1994), African water
buffalo (Syncerus caffer) (Simonsen et al. 1998), and moose
(Broders et al. 1999).

The MHC is the most commonly used DNA marker sys-
tem for assessing genetic variation at a functional gene locus
(Hedrick 1994; Murray et al. 1995; Murray and White 1998;
Wenink et al. 1998; Murray et al. 1999). MHC proteins bind
pathogen-derived foreign peptides to T-cells to initiate an
immune response. As a result of its role in disease resis-
tance, MHC genes can be highly polymorphic, and genetic
variation is proposed to be adaptive to the large numbers of
pathogens for which natural populations are exposed (O’Brien
and Evermann 1988). One mechanism proposed for main-
taining high levels of variation at MHC genes is balancing
selection (Hedrick and Thomson 1983; Hughes and Nei 1988;
Yuhki and O’Brien 1990; Hughes 1991; Hedrick 1994;
Hughes and Yeager 1998) through overdominance or nega-
tive frequency dependence. Overdominance, or heterozygote
advantage, increases the range of pathogens recognized by

the MHC proteins, while negative frequency dependent
selection is based on host–parasite interactions, causing an
increase of low-frequency alleles followed by a shift in the
composition of the parasite population (reviewed in Potts
and Wakeland 1993; Hedrick 1994; Hughes and Yeager
1998). The importance of MHC genes in a conservation con-
text has been identified for captive-breeding (Hughes 1991)
and isolated (Yuhki and O’Brien 1990) populations, indicat-
ing that low variation at these loci may result in increased
disease susceptibility and potential local extinction.

Moose are the largest land mammals in the circumpolar
boreal forests of Canada and Eurasia (Telfer 1984). Despite
the importance of moose as a game species within most
provinces in Canada and a number of states in the U.S.A.
(Cumming 1974; Ritchey 1974; Timmerman and Buss 1998),
there is uncertainty about the movement patterns among
moose populations. Moose movements have been classified
as either dispersal or migration; dispersal is defined as the
movement of a moose from a natal range to an area where it
will potentially breed and migration is defined as the sea-
sonal movement of moose between mating and nonmating
ranges (Hundertmark 1998). Previous studies of moose pop-
ulations have indicated differential amounts of moose migra-
tion (LeResche 1974; Telfer 1994). Limited dispersal has
been described for moose (Hundertmark 1998), suggesting
that the amount of dispersal may be inadequate to effectively
influence neighboring populations, and the recovery of
moose populations in heavily hunted regions in Ontario was
attributed to reproduction and not to the immigration of
moose from adjacent areas (Goddard 1970). Moose popula-
tions have also been proposed to be composed of both mi-
gratory and nonmigratory animals (LeResche 1974),
although exclusively “island” populations of nonmigratory
moose have been described in the prairie provinces of Can-
ada (Karns 1998).

Previous genetic studies of moose have left the question
of local movement patterns and gene flow unresolved. A ge-
netic survey of North American moose (Cronin 1992) could
not distinguish among proposed A. alces subspecies with re-
striction fragment length polymorphisms (RFLP) of the mito-
chondrial DNA (mtDNA), suggesting that the high potential
for dispersal in moose has caused a genetic homogenization
among moose populations. However, only one mtDNA ha-
plotype was detected in this survey, likely owing to the reso-
lution of RFLP analysis in detecting variation. Population
structure was identified among Canadian moose representing
populations from different provinces (Broders et al. 1999)
using microsatellite loci, although this geographic scale could
not address levels of migration and dispersal in a range con-
sistent with moose biology (LeResche 1974; Hundertmark
1998). Other evidence in European moose populations sug-
gests limited home ranges and site fidelity to the natal home
range (Cederlund et al. 1987), and population structuring
in Scandinavian moose was detected using protein poly-
morphisms over geographic distances of approximately 50 km
(Ryman et al. 1980; Chesser et al. 1982).

In addition to the amount of gene flow through dispersal
and migration, local selection pressures such as disease and
hunting further impact levels of genetic variation within
wildlife populations. The impact of disease on MHC varia-
tion in moose populations may be of particular importance
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in Ontario, given the distribution of white-tailed deer (Odo-
coileus virginianus) and the incidence of Parelaphostron-
gylus tenuis throughout the province (Whitlaw and Lankester
1994). Furthermore, computer simulations of different hunt-
ing regimes of moose and white-tailed deer populations
modeled a loss of genetic variability and a decrease in the
ratio of effective population size to census population size
over time (Ryman et al. 1981). The amount of inbreeding
under the most severe hunting regime, that is, random hunt-
ing of any age and sex, was modeled to be the equivalent of
full-sibling matings after 50 years.

The potential impact of disease and hunting on the genetic
variation of game species makes protected areas such as
parks potentially important reservoirs for maintaining ge-
netic diversity within a metapopulation structure. However,
the role of parks as a source of genetic variation will be ef-
fective in a larger metapopulation only if the genes associ-
ated within these protected areas can be exchanged among
adjacent populations through animal movements and gene
flow. An assessment of Canadian national and provincial
parks showed that parks surrounded by human-altered land-
scapes reduced the immigration of mammals into park sys-
tems (Gurd and Nudds 1999), demonstrating the potential
for isolation. As a result, it is important to determine the
level of “genetic connectivity” between protected and non-
protected areas and the amount of genetic variation within
park populations in comparison with neighboring geographic
regions.

We have performed genetic analyses using minisatellite
loci (detected using multilocus DNA fingerprinting), micro-
satellite loci, and the functional antigen-recognition binding
region (ARS), exon 2, of the MHC gene DRB on moose
populations from islands, continuous geographic areas, and
three national parks. The moose populations in this study
have different histories, ranging from continuous geographic
ranges to island and isolated populations originating from
small founder events. Furthermore, these regions have poten-
tially different local selection pressures, based on the presence
or absence of hunting and the parasite P. tenuis, correspond-
ing to park and nonpark environments. The objective of this
study was to assess the genetic variation and population
structure at neutral and functional genetic loci in moose
within the context of different historic factors, ecological
factors, and human impacts, specifically the degree of isola-
tion, the presence or absence of P. tenuis, and the presence
or absence of hunting, respectively.

Materials and methods

Sample collection
Tissue samples were collected from moose representing

nine geographic regions (Table 1, Fig. 1). Riding Mountain
National Park, Manitoba, represents a potentially isolated
population, based on the difference in habitat within and
outside (highly developed agricultural areas) the park bound-
aries (Karns 1998). Various regions within Ontario were
sampled and categorized on a provincial scale. Moose were
analysed from northwestern Ontario, representing Red Lake
and Sioux Lookout; the Nipigon region, which included
Thunder Bay; northeastern Ontario, which included Kirkland
Lake north to Moosonee; central Ontario, representing areas

surrounding North Bay, Sault Ste. Marie, and Sudbury; and
Pukaskwa National Park. Isle Royale, Michigan, was the
only U.S. population included in the study representing a
U.S. national park. The Isle Royale population was proposed
to have been founded in the early 1900s by several moose.
The population increased in size to about 200 in 1915 and
expanded rapidly in the late 1920s to 5000 animals, fol-
lowed by a population crash in the early 1940s. Levels re-
mained at approximately 1000 moose upon introduction of
wolves to the island in the late 1940s (Mech 1966). New-
foundland moose were included, as they represent a popula-
tion established by a small founding event (Broders et al.
1999). Two moose were introduced to Newfoundland in the
1870s from Nova Scotia and four in the early 1900s from
New Brunswick (Pimlott 1953; Broders et al. 1999). New
Brunswick moose from the north shore of the province were
also included in this study, as one of the sources of the New-
foundland population.

DNA profiling
DNA from the moose samples in this study was extracted

according to Guglich et al. (1993). Multilocus DNA finger-
prints were generated for samples within several of the pop-
ulations we examined also according to Guglich et al. (1993).
Polymorphic microsatellite loci were identified in moose from
bovine (BM4513, BM1225, IGF-1; Bovine Genome, Re-
search Genetics Inc.) or white-tailed deer (Cervid 2, Cervid
14; DeWoody et al. 1995) primer sets.

Microsatellite loci were analysed from nuclear DNA using
a primer end labeled with [λ -33P]ATP and a T4 polynucleo-
tide kinase reaction (Boehringer-Mannheim). A total reac-
tion volume of 10 µL per tube was used, containing 25–
50 ng of genomic DNA, 200 µM dNTPs, 10× buffer, 2 mM
MgCl2, unlabelled primer (0.2 mM), labeled primer (4.6 pmol),
1.0 µg of bovine serum albumin (BSA) (BRL), and 0.5 U of
Taq polymerase (BRL). The reaction conditions were 95°C
for 15 s, annealing at 55–60°C for 15 s, and extension at
72°C for 30 s (Perkin Elmer). Products were mixed with a
0.4 volume of formamide loading buffer and were heated at
95°C for 5 min before loading onto a 6% sequencing gel
containing 50% (w/v) urea. A control sequencing reaction of
phage M13 DNA was run adjacent to the samples, to pro-
duce size markers for the microsatellite alleles.

The MHC DRB gene was amplified, cloned, and sequenced
and the alleles observed, using single-stranded conformational
polymorphism (SSCP) according to Murray and White (1998).

Genetic analyses
Genetic variation was estimated at minisatellite loci using

DNA fingerprints using the average percent difference (APD),
which is one minus the mean band-sharing coefficient (BSC)
(Guglich et al. 1993). Genetic variation at microsatellite loci
and the DRB locus was assessed using allelic diversity
(number of alleles) and expected heterozygosity (HE). HE is
a less-biased measure of heterozygosity, because it is less in-
fluenced by sample size (Nei 1978).

Allele frequency distributions, exact tests of Hardy–Wein-
berg expectations (HWE), and estimates of the F statistics
(FIS and FST) and RST were assessed with GENEPOP ver-
sion 3.1b (Raymond and Rousset 1995), using the method
described by Weir and Cockerham (1984). Isolation-by-
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distance among moose populations was also analysed in
GENEPOP version 3.1b (Raymond and Rousset 1995). Nei’s
unbiased genetic distance (Nei 1978; Takezaki and Nei
1996) was calculated using the program GENETIX 3.3
(Belkhir et al. 1999), and a neighbor-joining tree was con-
structed in the computer program PHYLIP, using the pro-
gram NEIGHBOR (Felsenstein 1993).

Results

Genetic variation and comparison of neutral DNA
markers

Multilocus DNA fingerprints were generated and average
percent differences (APDs) were calculated for the pairwise

comparisons between individual moose of a particular geo-
graphic region (Table 1). Isle Royale and Newfoundland
populations showed the lowest genetic variation, consistent
with the proposed small founding events for each island.
Moose from the Nipigon region, specifically Thunder Bay,
showed variation comparable with those from Newfound-
land. Riding Mountain and other regions in Ontario showed
comparably higher levels of variation based on APD values.
Unfortunately, multilocus DNA fingerprints were not gener-
ated for Pukaskwa National Park moose, because of the low
quality of the DNA sample.

The microsatellite loci had 2–5 alleles per locus; the total
number of alleles over the five loci ranged from 11 to 22
within the nine regions, with a mean observed number of al-
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Geographical
region Sites N Proposed history Source(s)

Manitoba Riding Mountain National Park 23 Island prairie population Karns 1998
Northwestern

Ontario
Red Lake, Sioux Lookout 27 Continuous Ontario population Banfield 1974

Nipigon,
Ontario

Lake Nipigon, Geraldton,
Thunder Bay

39 Continuous Ontario population Banfield 1974

Isle Royale,
Michigan

Isle Royale National Park 17 Founded in the early 1900s, increasing in size to about
200 moose in 1915, population expansion in the late
1920s to 5000 animals, followed by a population crash
in early 1940s. Levels remained at approximately 1000
moose upon introduction of wolves to the island in the
late 1940s

Mech 1966

Pukaskwa,
Ontario

Pukaskwa National Park 37 Continuous Ontario population Banfield 1974

Central Ontario North Bay, Sault Ste. Marie,
Sudbury

32 Continuous Ontario population Banfield 1974

Northeastern
Ontario

Kirkland Lake, Cochrane,
Moosonee

36 Continuous Ontario population Banfield 1974

New Brunswick North shore 19 Unknown
Newfoundland Province-wide 29 Moose introduced from Nova Scotia in 1870 and four

moose introduced from New Brunswick in the early
1900s

Pimlott 1953;
Broders et al.
1999

Note: N is the total sample size used in profiling multilocus DNA fingerprinting, microsatellite loci, and (or) the DRB locus.

Table 1. Sampling sites of moose (Alces alces).

Fig. 1. Map indicating the geographic regions in which moose (Alces alces) were sampled for this study.
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leles per locus of between 2.3 and 4.4 (Table 2). Moose in
Manitoba and Ontario had a total of 20–22 alleles, while 14
were observed in the New Brunswick moose population.
The island populations of Isle Royale and Newfoundland
had 14 and 11 alleles, respectively. Expected heterozygosity
(HE) (Table 2) at the microsatellite loci was calculated for
each region. Again, the populations of Isle Royale and New-
foundland showed the lowest variation (HE), while the re-
maining regions showed relatively similar levels of
heterozygosity (Table 2). Tests of heterozygosity at the
microsatellite loci were consistent with HWE forn the ma-
jority of population–locus combinations. Three comparisons
deviated significantly from HWE: Nipigon–BM4513 (p <
0.050), northeastern Ontario – BM4513 (p < 0.001), and
Riding Mountain – IGF-1 (p < 0.050). FIS values (Table 4)
indicated a deficiency in the number of heterozygotes at the
microsatellite loci for moose in both Riding Mountain and
Isle Royale.

A comparison of genetic variation (APDs from multilocus
DNA fingerprinting and HE from microsatellite loci) showed
that the two DNA markers demonstrated relative consistency
among the majority of the regions. Discrepancies were found
in two regions: Nipigon moose showed relatively low APD
values compared with the highest observed HE, and Isle
Royale moose, while showing relatively low values for both
APD values and HE compared with the other populations,
showed considerably lower APD values than HE (Fig. 2).

A comparison of island populations with proposed small
founding events (Isle Royale and Newfoundland) with their
potential source populations (Nipigon and New Brunswick,
respectively) using APD and microsatellite data (HE and allelic
diversity) identified a loss of genetic variation consistent
with the proposed history of these two populations (Table 3).
These reductions in genetic variation are consistent with pre-
vious genetic surveys of moose from source and founded is-
land populations, including Newfoundland (Broders et al.
1999).

The loss of genetic variation detected using APD and
microsatellite allelic diversity was almost identical for the
Isle Royale comparison and the Newfoundland comparison.
The loss of genetic variation observed with microsatellite
locus HE was smaller than that observed with APDs and
microsatellite allelic diversity for the Isle Royale comparison
and greater for the Newfoundland comparison (Table 3).

Genetic variation of the functional DRB locus
The DRB alleles found were identical to the alleles previ-

ously characterized by Mikko and Andersson (1995). The al-
lele designations in our study and the corresponding alleles
in the previously published study are, respectively, as fol-
lows: DRB-a is allele ala1-5; DRB-b is allele ala1-7; DRB-c
is allele ala1-3; and DRB-d is allele ala1-10. The number of
alleles within each population at the DRB locus varied from
1 to 4 (Table 2). The population of Riding Mountain Na-
tional Park had all four of the alleles observed within North
American moose (Mikko and Andersson 1995). Isle Royale,
northwestern Ontario, Pukaskwa National Park, and New
Brunswick moose had three of the four alleles. Nipigon, cen-
tral Ontario, and northeastern Ontario moose had two alleles
and the Newfoundland population was fixed for the DRB-a
allele. Newfoundland moose were all homozygous for DRB-

a, probably as a result of the founding event in the transfer
of animals to the island. In contrast, little or no allelic diver-
sity was lost by the founding event on Isle Royale, if main-
land Ontario represents the founding population for the island,
implying that allelic diversity may have been lost from On-
tario mainland moose subsequent to the founding event. Three
populations deviated from HWE at the DRB locus: Riding
Mountain moose (p < 0.050), Isle Royale moose (p < 0.050),
and New Brunswick moose (p < 0.050). A deficiency of het-
erozygotes at the DRB locus was further supported by FIS
values and was consistent with the microsatellite data from
Riding Mountain and Isle Royale.

Comparison of the functional DRB locus with neutral
DNA markers

Genetic variability of the neutral markers was inconsistent
with variation at the functional DRB locus when comparing
HE and APDs versus HE (DRB) (Fig. 2). Several inconsisten-
cies in the levels of genetic variation were observed among
the populations at the two types of loci (Table 2, Fig. 2). Isle
Royale moose demonstrated low levels of genetic variation
at the neutral microsatellite and minisatellite loci but demon-
strated relatively high levels of variation at the DRB locus.
Moose from regions within Ontario demonstrated relatively
high genetic variation at both neutral markers but relatively
low variation at the MHC locus by comparison. Moose from
Riding Mountain and Pukaskwa national parks had relatively
high levels of variation consistent among loci, while those
from Newfoundland were consistently low at both the neu-
tral and functional loci.

The allele frequency distributions compared among differ-
ent regions at the neutral microsatellite loci and functional
DRB locus indicated that the two types of loci were not in
close agreement (Table A1). The populations with historic
small founding events, that is, those of Isle Royale and New-
foundland, demonstrated close to bimodal distributions at
three of the five microsatellite loci, with a fixed allele being
found at one microsatellite locus in Newfoundland moose.
The IGF-1 microsatellite locus was bimodal in all the popu-
lations examined. The criteria for a bimodal-like distribution
of allele frequencies were the presence of 1–3 alleles, with
at least one high frequency allele (>0.600). Similar criteria
were used by Houlden et al. (1996). Bimodal distributions
were identified in populations that had undergone severe
population bottlenecks due to the rapid loss of rarer alleles
(Houlden et al. 1996). The remaining populations had a wider
range of allele frequency distributions, with the presence of
rarer alleles. The DRB allele frequency distributions differed
from the microsatellite loci in the majority of populations.
The Ontario and Isle Royale populations demonstrated oppo-
site patterns between the neutral and functional loci. Main-
land Ontario populations (excluding Pukaskwa National Park)
demonstrated bimodal allele frequencies at the DRB locus.
In Isle Royale moose, while DRB-a was common, there was
a more even distribution of two other alleles, contrary to the
microsatellite data. In the two Canadian national park (Riding
Mountain and Pukaskwa) populations allele frequency distri-
butions between the neutral and functional loci were similar.

Population structure
The population structure of the moose representing the
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nine geographic regions was assessed on the basis of micro-
satellite allele frequencies using FST and RST statistics (Ta-
ble 4) (Table 1A). FST typically had higher values than RST.
A comparison of these two estimates of population structur-
ing for domestic and bighorn sheep indicated that FST is
more sensitive to allopatry and semi-isolation and RST is
more sensitive to longer historical separations (Forbes et al.
1995). In general, pairwise RST and FST estimates of less
than 5% were interpreted to mean that some level of gene
flow has been maintained, estimates of 5–10% to mean that
populations are semi-isolated, and estimates of greater than

10% to mean that populations are isolated. Pairwise RST and
FST comparisons were considered in the context of geogra-
phy or history, that is, neighboring regions or the founding
population, for direct comparisons.

Both measures differentiated Riding Mountain moose from
moose in the nearest neighboring region, northwestern On-
tario. FST and RST differentiated Isle Royale moose from
those in the closest mainland regions of northwestern On-
tario and Nipigon. Also, Newfoundland moose were differ-
entiated from the mainland New Brunswick population, from
which the island moose had originated approximately 100
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Multilocus DNA
fingerprints Microsatellite loci DRB locus

Population Na APD Na Allelesb HE FIS Nc Alleled HE FIS

Riding Mountain 10 0.593 23 4.4 0.534 0.120 23 4.0 0.529 0.171
Northwestern Ontario 18 0.573 24 4.4 0.595 0.039 27 3.0 0.419 0.047
Nipigon, Ontario 9 0.375 38 4.2 0.610 0.098 25 2.0 0.365 0.143
Isle Royale, Michigan 9 0.238 15 2.8 0.482 0.176 17 3.0 0.607 0.329
Pukaskwa — — 33 4.2 0.532 –0.037 37 3.0 0.551 0.082
Central Ontario 10 0.561 31 4.2 0.520 0.057 15 2.0 0.358 –0.273
Northeastern Ontario 19 0.487 36 4.0 0.534 0.075 30 2.0 0.433 0.016
New Brunswick 18 0.429 18 2.8 0.537 –0.132 19 3.0 0.381 0.060
Newfoundland 17 0.337 19 2.2 0.378 0.017 29 1.0 0.000 —

aMean sample size.
bMean number of alleles.
cActual sample size.
dTotal number of alleles.

Table 2. Average percent difference (APD) from multilocus DNA fingerprints and number of alleles, expected heterozygosity (HE), and
inbreeding coefficient (FIS) for five microsatellite loci and the DRB locus for nine moose populations; N is sample size (actual or
mean) analysed per type of locus.

Fig. 2. Graph showing average percent difference (APD) for multilocus DNA fingerprint (DNAfp) profiles and expected heterozygosity
(HE) for five microsatellite loci and the MHC DRB locus for moose from nine regions. RMNP, Riding Mountain National Park;
NWON, northwestern Ontario; NIP, Nipigon; IROY, Isle Royale; PNP, Pukaskwa National Park; CEON, Central Ontario; NEON, north-
eastern Ontario; NB, New Brunswick; NFLD, Newfoundland.
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years ago. The majority of neighboring populations in On-
tario demonstrated high levels of gene flow, with the excep-
tion of moose from Nipigon and from the northeastern part
of the province — these showed low levels of differentiation
(Table 4). Animals appeared to be exchanged readily among
the populations of Pukaskwa National Park and those of the
northwest, northeast, and central regions of Ontario.

Genetic distances
Pairwise genetic distance measures, based on allele fre-

quencies, were calculated for the microsatellite loci and the
DRB locus, to determine the relationship among populations.
Using Nei’s unbiased genetic distance (Nei 1978), neighbor-
joining trees (Table 3) were generated for the microsatellite
loci (Fig. 3a) and for the DRB locus (Fig. 3b). Nei’s unbi-
ased genetic distance (Nei 1978) values were tenfold higher
for the microsatellite loci than for the DRB locus, likely as a
result of prominent alleles at the DRB locus within the ma-
jority of moose populations, that is, the DRB-a allele (Ta-
ble 5). The topology of the microsatellite genetic distance
tree (Fig. 3a) was consistent with the population structure
estimated using FST and RST values, with neighboring re-

gions clustering together and with the isolated and island
populations more distant from the larger continuous popula-
tion in Ontario and the population in New Brunswick.

FST values for DRB showed no differentiation among pop-
ulations (data not shown); this likely reflects the low allelic
diversity and the use of a single locus. However, Nei’s genetic
distance provided some insight into the relationships among
the different regions. The island populations and Pukaskwa
National Park moose showed increased distance from the
other regions (Fig. 3b). The distance of the Pukaskwa Na-
tional Park population from other populations estimated us-
ing the functional locus compared with the distance estimated
using the microsatellite loci reflects the differences in the
higher genetic variability at DRB within the moose in the
park compared with other Ontario moose populations, de-
spite the gene flow detected by microsatellite analysis.

Discussion

Comparison of DNA marker systems
An assessment of the genetic variation of both neutral and

functional genetic markers indicated overall low levels com-

Microsatellite

Founding event
DNA fingerprinting:
average percent difference

Expected
heterozygosity (HE)

Allelic
diversity

Nipigon to Isle Royale 36.0% decrease 21.0% decrease 36.4% decrease
New Brunswick to Newfoundland 21.4% decrease 30.0% decrease 21.4% decrease

Table 3. Loss of genetic variation between proposed source populations and the island populations of
Isle Royale and Newfoundland.

Population RMNP NWON NIP IROY PNP CEON NEON NB NFLD

RMNP — 0.1042 0.0579 0.0424 0.0601 0.0944 0.1072 0.1138 0.2011
NWON 0.1033 — 0.0011 0.0389 0.0343 0.0648 0.0579 0.0792 0.1300
NIP 0.0918 0.0239 — 0.0439 0.0045 0.0350 0.0294 0.0664 0.1652
IROY 0.1366 0.1036 0.1154 — 0.0673 0.1416 0.1150 0.0913 0.1095
PNP 0.0602 0.0237 0.0430 0.0927 — 0.0282 0.0124 0.1041 0.1553
CEON 0.0872 0.0688 0.0871 0.1674 0.0255 — 0.0266 0.1898 0.2523
NEON 0.0829 0.0645 0.0790 0.1647 0.0265 0.0343 — 0.1386 0.2110
NB 0.1228 0.1252 0.1132 0.1869 0.1083 0.1465 0.0737 — 0.1727
NFLD 0.3013 0.1614 0.1897 0.2371 0.1758 0.2028 0.1321 0.1370 —

Note: RMNP, Riding Mountain National Park; NWON, northwestern Ontario; NIP, Nipigon; IROY, Isle Royale; PNP, Pukaskwa National Park; CEON,
Central Ontario; NEON, northeastern Ontario; NB, New Brunswick; NFLD, Newfoundland.

Table 4. RST (top diagonal) and FST (bottom diagonal) for each pairwise comparison of nine moose populations.

Population RMNP NWON NIP IROY PNP CEON NEON NB NFLD

RMNP — 0.0212 0.0257 0.0458 0.0248 0.0370 0.0455 0.0142 0.0454
NWON 0.2085 — 0.0013 0.0552 0.0015 0.0256 0.0075 0.0070 0.0538
NIP 0.1980 0.0680 — 0.0736 0.0001 0.0265 0.0082 0.0046 0.0475
IROY 0.2043 0.1740 0.1947 — 0.0742 0.0935 0.0758 0.0815 0.1362
PNP 0.1068 0.0520 0.0764 0.1380 — 0.0280 0.0096 0.0040 0.0443
CEON 0.1528 0.1258 0.1560 0.2638 0.0491 — 0.0168 0.0283 0.1194
NEON 0.1401 0.1263 0.1586 0.2497 0.0534 0.0068 — 0.0218 0.0973
NB 0.2404 0.2610 0.2495 0.3291 0.1925 0.2661 0.1435 — 0.0305
NFLD 0.5449 0.4201 0.5574 0.4715 0.3998 0.4540 0.2620 0.2142 —

Note: RMNP, Riding Mountain National Park; NWON, northwestern Ontario; NIP, Nipigon; IROY, Isle Royale; PNP, Pukaskwa National Park; CEON,
Central Ontario; NEON, northeastern Ontario; NB, New Brunswick; NFLD, Newfoundland.

Table 5. Nei’s unbiased genetic distance for the DRB locus (top diagonal) and five microsatellite loci (bottom diagonal).
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pared with other wildlife species, specifically allelic diver-
sity at the microsatellite loci (Paetkau and Strobeck 1994;
Roy et al. 1994), the DRB locus (Mikko et al. 1999), and
multilocus DNA fingerprinting (Guglich et al. 1993). This
finding is consistent with other studies examining genetic
variation in moose (Guglich et al. 1993; Mikko and
Andersson 1995; Ellegren et al. 1996; Broders et al. 1999).
The low genetic variability within moose has been attributed
to population-size bottlenecks during the Pleistocene (Mikko
and Andersson 1995; Ellegren et al. 1996).

The deficiency of heterozygotes based on deviations from
HWE or FIS values in the Riding Mountain and Isle Royale
national park populations (Table 2) can result from three fac-
tors: nonassortative mating; selection; and pooling samples
from local structured populations within the island popula-

tions, that is, a Wahlund effect. No evidence for nonassortative
mating was observed when examining other ungulates using
MHC loci (Paterson and Pemberton 1997), and selection at
MHC loci is predicted to result in an excess of heterozy-
gotes through balancing selection (Hedrick and Thomson
1983) (see below). The heterozygote deficiency in both the
neutral microsatellite loci and the functional MHC gene sup-
ports a Wahlund effect. Riding Mountain and Isle Royale
populations may maintain local subpopulations within these
“island” populations. The higher densities in these popula-
tions, estimated at between 1.0 and 4.0 individuals/km2

(Telfer 1984), may have resulted in the formation of local
congregates of moose within the boundaries of the isolated
populations; this is consistent with the apparent Wahlund ef-
fect. As a result, the presence of local structured populations
may have actually caused expected heterozygosity to be un-
derestimated at both the microsatellite and DRB loci. In Af-
rican buffalo (Synercus caffer) from national parks, a
consistent deficiency in heterozygotes was observed at the
DRB locus (Wenink et al. 1998) and at microsatellite loci
(Simonsen et al. 1999).

The Isle Royale and Newfoundland populations demon-
strated the lowest genetic variability at the neutral DNA
markers, consistent with the small founding events of approx-
imately 100 years ago. Two discrepancies were observed when
comparing the two neutral markers. Firstly, Nipigon moose
demonstrated a relatively low APD value compared with
microsatellite HE; this is likely the result of using moose
from a localized region around Thunder Bay, Ontario. DNA
fingerprint profiles may detect higher genetic relatedness on
smaller geographical scales than microsatellites, owing to
the resolution of the two markers with higher mutation rates
at minisatellite loci (Estoup and Angers 1998; Hansson et al.
2000). Unfortunately, technical limitations associated with
DNA fingerprinting make large numbers of samples difficult
to compare (intra-gel comparisons; Guglich et al. 1993),
thereby limiting the scale at which this technique can effec-
tively be used for monitoring. These limitations have re-
sulted in a decline in the use of DNA fingerprinting in such
studies in favor of using microsatellite loci (Estoup and An-
gers 1998).

Secondly, although consistently lower than for moose in
other regions, the HE of microsatellite loci for moose from
Isle Royale was considerably higher than its comparable
APD value. This discrepancy is likely the result of HE being
less sensitive to population bottlenecks – small founding
events and of APD reflecting allelic loss and not heterozy-
gosity. Levels of heterozygosity can be maintained following
a population bottleneck, despite the loss of alleles (Spencer
et al. 2000), or increase immediately following a bottleneck
event (Cornuet and Luikart 1996). Bottlenecks can equalize
allele frequencies as rare alleles are lost through population
reduction causing an increase in heterozygosity (Leberg 1992;
Spencer et al. 2000). Natural and experimental studies have
shown that allelic diversity is significantly affected by popu-
lation bottlenecks and more accurately reflects the loss of
genetic variation (Leberg 1992; Luikart and Cornuet 1998;
Spencer et al. 2000).

This relationship between allele loss and bottlenecks was
supported by the observed loss of genetic variation at APD
for minisatellite loci and HE and allelic diversity for micro-
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Fig. 3. Neighbour-joining trees using Nei’s unbiased genetic dis-
tance on allele frequencies from five microsatellite loci (a) and
the exon-2 region of the MHC DRB gene (b).

J:\cjz\cjz8104\Z03-030.vp
Wednesday, April 30, 2003 9:16:49 AM

Color profile: Disabled
Composite  Default screen



satellite loci between source and founded island populations
(Table 3). The DNA fingerprint data (APD) showed a loss
identical to microsatellite allelic diversity in both compari-
sons of source population to island founding events. Again,
DNA fingerprinting analyses examine allele sharing (Guglich
et al. 1993) and therefore reflect the loss of rarer alleles
through a bottleneck.

At present, heterozygosity is one of the most common
measures of assessing genetic variation. The recent study ex-
amining experimentally bottlenecked populations by Spencer
et al. (2000) and other studies (Leberg 1992; Cornuet and
Luikart 1996; Luikart and Cornuet 1998; Luikart et. al. 1999)
have demonstrated the importance of allelic diversity in con-
sidering genetic diversity for conservation biology. Allelic
diversity of MHC loci in particular has been recommended
for consideration in captive-breeding programs (Hughes
1991) and natural populations (Yuhki and O’Brien 1990).
Our data suggest that the assessment of neutral genetic vari-
ation may not accurately reflect adpative loci such as those
of the MHC.

We observed several discordant results in this study when
comparing neutral and functional loci. Moose in Isle Royale,
Riding Mountain, and Pukaskwa national parks show rela-
tively high levels of genetic variation at the DRB locus com-
pared with MHC diversity in the other populations of Ontario
that maintain gene flow and relatively high levels of genetic
variation at the neutral DNA loci. The DRB variation ob-
served in Isle Royale moose is contrary to the variation ob-
served at the mini- and micro-satellite loci that is more
consistent with the history of the island population, specifi-
cally a small founding event. The Newfoundland population
has a history similar to that of Isle Royale with its small
founding population and shows consistently low levels of
genetic variation at the micro- and mini-satellite loci and
monomorphism at the DRB locus.

Concordance between MHC and micro- or mini-satellite
variation is seen in a number of studies: bighorn sheep (Ovis
canadensis) (Boyce et al. 1997), pocket gophers (Thomomys
spp.) (Sanjayan et al. 1996), and European beavers (Caster
fiber) (Ellegren et al. 1993). However, a survey of three ma-
rine mammal species (Slade 1992) indicated lower MHC
diversity compared with terrestrial mammals with no equiva-
lent reduction at allozyme loci in the one seal and two whale
species examined. This finding was attributed to reduced
pathogen exposure in a marine environment. A similar ex-
planation was proposed for the overall low MHC variation
observed in Swedish moose (Ellegren et al. 1996), suggest-
ing that the solitary lifestyle of moose may reduce the lateral
transmission of pathogens. The marine-mammal and moose
studies concluded that the reduced genetic variation at the
MHC was not indicative of low genome-wide variation and
supported reduced balancing selection pressures.

Balancing selection is predicted to result in high allelic di-
versity and an even distribution of allele frequencies at MHC
loci that are maintained through heterozygote advantage
(Hedrick and Thomson 1983). However, empirical evidence
in nonhumans of balancing selection in natural populations
is sparse. A study of island populations of the bush rat
(Rattus fuscipes greyii) reported a loss of allelic diversity at
neutral and MHC loci but an excess of heterozygosity at the

MHC gene RT1.Ba in 3 of 14 island populations, suggestive
of balancing selection through overdominance (Seddon and
Baverstock 1999). Paterson and Pemberton (1997) showed
direct evidence of selection acting on specific alleles rather
than heterozygosity (predicted under balancing selection) in
a natural ungulate population, as alleles at the DRB locus in
Soay sheep (Ovis aries) were significantly associated with
juvenile survival and resistance to intestinal nematodes.
However, the heterozygosity at the DRB locus in Soay sheep
of all age classes in the population revealed an even allele
frequency distribution, supporting balancing selection (Pat-
erson 1998). Both the bush rat and Soay sheep studies (Sed-
don and Baverstock 1999; Paterson and Pemberton 1997;
Paterson 1998) observed greater nonsynonymous to synony-
mous substitutions at DRB, further supporting balancing se-
lection through the favoring of novel MHC alleles.

Although the DRB-a allele was prevalent (Table A1), we
observed higher DRB allelic diversity and more even allele
frequency distributions within national parks. Although a de-
ficiency in HE was detected, discordant levels of genetic
variation at the DRB locus compared with the neutral micro-
and mini-satellite DNA markers within Isle Royale (high
and low, respectively) and mainland Ontario (low and high,
respectively) populations support differential selection pres-
sures acting on the MHC locus. High allelic diversity and
even distributions of allele frequencies at DRB were also ob-
served in African buffalo national park populations, despite
historic population bottlenecks caused by disease (Wenink et
al. 1998). The analyses of genetic distances and tree topolo-
gies revealed different spatial patterns of variation between
the microsatellite and DRB loci with respect to the Pukaskwa
populations (Fig. 3). Similar results were interpreted as lim-
ited evidence for selection on the MHC locus (Boyce et al.
1997). Furthermore, the DRB sequences of this study and of
Mikko and Andersson (1995) have greater nonsynonymous
to synonymous substitutions in the ARS region, supporting
long-term balancing selection. The differential patterns are
suggestive of balancing selection within the park systems
and pathogen-driven selection, that is, selection acting on
specific alleles in nonpark regions. The levels of gene flow
we observed do not support genetic drift as a factor resulting
in a loss of alleles in the continuous Ontario region. We con-
sidered two potential factors that differ between the parks
and neighboring regions we examined: the absence of white-
tailed deer infected with the parasite P. tenuis within na-
tional parks and the absence of hunting within the park sys-
tems.

Firstly, the impact of white-tailed deer infected with the
menengial worm P. tenuis may be influencing the MHC lo-
cus independently of the neutral loci, resulting in a shift to
predominant-allele frequency within nonpark regions inhab-
ited by deer. The populaton in Pukaskwa National Park has
contact with moose from the northern and central regions of
Ontario, yet moose in the other regions within the province
show a more pronounced trend towards the DRB-a allele.
White-tailed deer and P. tenuis are absent within Pukaskwa
National Park (Whitlaw and Lankester 1994), the moose
population of which maintains an additional allele not ob-
served in moose exterior to the park. The dominant DRB-a
distribution in moose in other regions of Ontario, despite the
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gene flow detected with the microsatellite loci, is consistent
with the presence of P. tenuis. Also supporting the potential
impact of P. tenuis on DRB allele distributions are the alleles
observed in British Columbian moose (Mikko and Andersson
1995). These moose have maintained the four North Ameri-
can DRB alleles and do not demonstrate the predominant
DRB-a allele frequency observed in the more eastern range
of moose we examined in this study, consistent with the ab-
sence of P. tenuis in western Canada.

In the absence of P. tenuis, balancing selection may be the
primary factor influencing MHC variation and this may be
further enhanced by high moose densities in two of the park
systems: Isle Royale and Riding Mountain. The higher den-
sities of moose in these populations may be atypical of the
solitary life history of moose in other regions (Ellegren et al.
1996), resulting in increased balancing selection due to in-
creased contact and pathogen exchange. High population densi-
ties in Isle Royale National Park and Algonquin Provincial
Park, with the highest number of moose per square kilometre
in Ontario (Whitlaw and Lankester 1994), have suffered high
incidences of mortality from the winter tick (D. Strickland, per-
sonal communication). Pukaskwa National Park maintains a
stable population of approximately 0.200 moose/km2 (Whitlaw
and Lankester 1994) compared with 1.0–4.0 moose/km2 in Isle
Royale and Riding Mountain national parks.

Secondly, although hunting has not been directly associated
with a loss of diversity at MHC loci, there is the potential for
such an association similar to pathogen-driven selection. An
examination of the impacts of selective hunting, that is, a
preference for large body size and high-quality antler racks,
on red deer indicated a loss in the frequency of alleles asso-
ciated with such traits (Hartl et al. 1991). MHC alleles have
been shown to have an association with growth in cattle
(Grignola et al. 1995), and this gene complex is linked to a
large number of growth-related genes (Lewin et al. 1992).
Hunting pressure on “larger” moose outside of protected ar-
eas may influence a loss of allelic diversity observed for the
MHC genes that would not be readily detected at micro- or
mini-satellite loci.

Our data is consistent with the suggestion that the presence
or absence of white-tailed deer with P. tenuis and differential
hunting pressure, singly or in combination, are potential fac-
tors influencing MHC allelic diversity in moose populations.
At present, it would be premature to connect specific DRB
alleles to any disease resistance against P. tenuis or fitness
characteristics; however, MHC alleles are inherited in haplo-
typic combinations (Murray et al. 1999) and alleles at other
genes in linkage may be influencing the observed shift in the
DRB alleles. Furthermore, a complete assessment of the
population structure in isolated parks would be required to
fully assess heterozygote excess due to balancing selection
versus a deficiency based on a Wahlund effect. More direct
comparisons would be required to examine the role, if any,
of hunting pressure on moose populations and its impact on
levels of genetic variation at MHC or other functional loci.

Population structure and metapopulations
An assessment of connectivity and gene flow among dif-

ferent geographic areas identified both nonmigratory and mi-
gratory moose populations. Riding Mountain National Park

was shown to be isolated from its nearest geographic
neighbor, northwestern Ontario, a result consistent with a
nonmigratory prairie “island” population (Karns 1998). Isle
Royale was confirmed as being isolated from its correspond-
ing mainland populations, that is, northwestern Ontario –
Nipigon. Moose movement and gene flow were prevalent
throughout Ontario, extending along the periphery of Lake
Superior. Differentiation between northwestern and north-
eastern Ontario likely reflects isolation by distance (Ta-
ble 4). Genetic distances between populations can reflect the
effects of geographical separation (Simonsen et al. 1998), and
the neighbor-joining tree of Nei’s unbiased genetic distance
(Nei 1978) supports isolation by distance within the continu-
ous Ontario range (Table 4, Fig. 3a).

The monomorphic DRB locus in Newfoundland moose, in
the absence of deer and P. tenuis on the island, indicates that
historic population events such as founder events can signifi-
cantly influence levels of genetic variation at functional DNA
markers. Similar monomorphism at the DRB locus was ob-
served in a number of the island populations of bush rat
(Seddon and Baverstock 1999). The population turnover that
may result from overhunting (Goddard 1970) may accelerate
genetic drift in isolation, owing to decreased effective popu-
lation size, thereby reducing genetic variation (Harrison and
Hastings 1996). However, our findings suggest that the re-
covery of moose numbers in continuous geographic ranges
such as Ontario is supplemented by immigration, contrary to
the proposed limited impact of neighboring populations
(Goddard 1970; Hundertmark 1998). The recovery of moose
populations through local movements, immigration, or re-
colonization is consistent with a metapopulation of potential
“source” and “sink” subpopulations (Harrison and Hastings
1996).

National and provincial parks represent important areas for
maintaining genetic variability and, further, represent poten-
tial “source” populations within a connected metapopulation
structure. The one notable example from this study is
Pukaskwa National Park, which appears to represent an
important reservoir of genetic material within the northern
Ontario moose metapopulation. Different levels of genetic
variability at the DRB locus in moose within the park
(Fig. 3b) were observed despite connectivity to other regions
in Ontario (Table 3, Fig. 3a). The maintenance of an addi-
tional allele at this one MHC locus within this region pro-
vides the potential transfer of allelic diversity to other regions
of Ontario through the existing levels of gene flow, if local
selection pressures are altered. Contrary to the situation in
Pukaskwa National Park, Riding Mountain and Isle Royale
national parks, while maintaining potentially important allelic
diversity, are in apparent isolation from neighboring regions,
limiting their contribution as natural “source” populations.

Recent studies have examined the genetic structure of
populations within a metapopulation context by examining
genetic variation combined with local extinction and re-
colonization (Saccheri et al. 1998; Westemeier et al. 1998).
Also, local selection pressures affecting morphological traits
despite gene flow have been observed in conifers (Karhu et
al. 1996), and positive selection has been identified to be
acting on the transferrin gene in salmon populations (Ford et
al. 2000). Our data demonstrate the potential of combining
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DNA profiles from neutral loci, such as microsatellites, to
functional loci, such as moose MHC loci, to completely elu-
cidate metapopulation structure. Although variable neutral
loci such as microsatellites can be useful in assessing popu-
lation structure, they may have limited use as a proxy for
genome-wide variation, particularly in detecting local selec-
tion pressures influencing genetic variation within local
“source” and “sink” populations.

Conclusions
There are obvious limits to the range of genetic variability

that can exist in moose populations based on the number of
alleles present in North American animals. As a result, large
differences in allelic diversity and heterozygosity are con-
strained and any interpretation regarding the role of specific
selection pressures, such as disease and hunting, influencing
MHC allele frequencies in moose populations requires large
sample sizes from a number of sites with different selection
pressures. Certainly stochastic events such as bottlenecks
could generate similar levels of allelic diversity. However,
the low overall levels of genetic variation in moose in other-
wise viable populations can provide a useful model for un-
derstanding genetic variation for comparison with threatened
and endangered populations.

This study has identified differences between neutral ge-
netic variation and variation at an adaptively significant lo-
cus. Used in combination, neutral and functional loci may
provide a very different interpretation of genetic variation
and population structure than either would provide used alone.
A comprehensive comparison of neutral and functional ge-
netic loci would provide a more accurate composite of popu-
lation structure and genetic variation within a metapopulation
framework. The management strategies for wildlife species
should examine larger metapopulations as the primary con-
servation unit. Many studies have focused on isolated popu-
lations, considering isolation to be the primary criterion for
identifying conservation or management units (Moritz 1994).
Isolation may be a reasonable criterion for recommending
protection, but identifying adaptive variation provides a sound
basis for effective management and is a pro-active approach
to preventing isolation among the differential selection pres-
sures within a larger metapopulation. Priority should be placed
on identifying locally adaptive genomes, using morphologi-
cal, physiological, or genetic characters; high allelic diver-
sity; and population structure, migration, and gene flow.

For moose specifically, increasing the number of park sys-
tems and surrounding areas, as well as increasing the num-
ber of microsatellite and MHC loci would allow a more
accurate reconstruction of the metapopulation structure and
the potential local selection pressures acting on moose from
different regions. Based on our present findings, we recom-
mend managing moose as a metapopulation, contained within
protected park systems with no hunting and no white-tailed
deer (or more importantly, no P. tenuis) that maintain con-
nectivity to neighboring regions through corridors to support
migration and gene flow.
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Locus Allele RMNP NWON NIP IROY PNP CEON NEON NB NFLD

MAP2C 113 0.000 0.042 0.083 0.000 0.015 0.000 0.015 0.000 0.000
111 0.115 0.063 0.000 0.000 0.000 0.000 0.000 0.531 0.625
109 0.577 0.604 0.514 0.867 0.676 0.545 0.424 0.250 0.000
107 0.192 0.167 0.306 0.067 0.191 0.121 0.348 0.219 0.375
105 0.115 0.125 0.097 0.067 0.118 0.333 0.212 0.000 0.000

Cervid 14 221 0.000 0.000 0.038 0.000 0.000 0.016 0.013 0.000 0.000
219 0.694 0.660 0.700 0.367 0.809 0.891 0.795 0.650 0.694
217 0.167 0.080 0.000 0.000 0.015 0.031 0.064 0.000 0.167
215 0.028 0.120 0.200 0.633 0.147 0.047 0.115 0.350 0.028
213 0.000 0.140 0.063 0.000 0.029 0.016 0.013 0.000 0.000
207 0.111 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.111

IGF-1 109 0.786 0.333 0.500 0.500 0.485 0.438 0.500 0.700 0.159
107 0.214 0.667 0.500 0.500 0.515 0.563 0.500 0.300 0.841

BM1225 250 0.053 0.022 0.100 0.000 0.045 0.172 0.132 0.184 0.000
248 0.132 0.174 0.000 0.000 0.015 0.063 0.000 0.000 0.000
246 0.000 0.022 0.050 0.167 0.015 0.016 0.000 0.000 0.000
238 0.026 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
236 0.105 0.413 0.412 0.233 0.348 0.172 0.118 0.237 0.000
232 0.026 0.022 0.262 0.000 0.000 0.000 0.000 0.000 0.000
230 0.658 0.348 0.175 0.600 0.576 0.578 0.750 0.579 1.000

Appendix A

Table A1. Allele frequencies for five microsatellite loci (Map2C, Cervid14, IGF-1, BM1225, and BM4513) and the DRB locus in nine
moose populations; for the microsatellite loci, sizes are in base pairs.
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Locus Allele RMNP NWON NIP IROY PNP CEON NEON NB NFLD

BM4513 142 0.079 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
140 0.079 0.000 0.053 0.000 0.145 0.400 0.092 0.000 0.000
138 0.079 0.083 0.053 0.000 0.129 0.033 0.197 0.263 0.452
136 0.421 0.167 0.276 0.433 0.226 0.200 0.066 0.053 0.024
134 0.289 0.354 0.329 0.367 0.210 0.100 0.197 0.158 0.214
132 0.053 0.104 0.013 0.033 0.032 0.017 0.066 0.000 0.000
130 0.000 0.000 0.013 0.000 0.000 0.000 0.000 0.000 0.000
122 0.000 0.292 0.263 0.167 0.258 0.250 0.382 0.526 0.310

DRB DRB-a 0.656 0.722 0.760 0.529 0.595 0.767 0.683 0.763 1.000
DRB-b 0.100 0.037 0.000 0.206 0.000 0.000 0.000 0.000 0.000
DRB-c 0.144 0.241 0.240 0.265 0.283 0.233 0.317 0.184 0.000
DRB-d 0.100 0.000 0.000 0.000 0.122 0.000 0.000 0.053 0.000

Note: RMNP, Riding Mountain National Park; NWON, northwestern Ontario; NIP, Nipigon; IROY, Isle Royale; PNP, Pukaskwa National Park; CEON,
Central Ontario; NEON, northeastern Ontario; NB, New Brunswick; NFLD, Newfoundland.

Table A1 (concluded).
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