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Abstract: The landscape of the Great Lakes region has been fragmented since the lakes formed starting about 20 000 years
ago. Small mammals, such as deer mice (Peromyscus maniculatus (Wagner, 1845)), inhabiting the region therefore face
barriers to migration and gene flow, which could complicate ongoing range shifts related to climate change. We analyzed
DNA sequences for 481 base pairs of the mitochondrial D-loop to compare mouse genetic structure with the fragmented
landscape and geological history of the region. Phylogenetic analyses reveal two distinct lineages of mice in the Great
Lakes region. The spatial distribution of these two groups is not congruent with the fragmentation of the landscape; rather,
a western group is found from Minnesota through the western Upper Peninsula of Michigan, whereas an eastern group
spans southern Ontario and the rest of northern Michigan. The genetic data suggest that the eastern clade colonized Michi-
gan through Ontario from a source shared with southern Appalachian mice, but are less informative for the western clade.
Together, these findings suggest that the Great Lakes are relatively porous barriers in the long term but may still have im-
plications for the response of small-mammal communities to climate change.

Résumé : Le paysage de la région des Grands Lacs s’est fragmenté depuis le début de la formation des lacs il y a
20 000 ans. Les petits mammifères, comme les souris du crépuscule (Peromyscus maniculatus (Wagner, 1845)) qui habitent
la région font face à des barrières qui entravent leur migration et leur flux génique, ce qui pourrait gêner les modifications
d’aires de répartition qui se produisent actuellement à cause du changement climatique. Nous avons analysé les séquences
d’ADN de 481 paires de bases de la boucle mitochondriale D afin de relier la structure génétique des souris au paysage
fragmenté et à l’histoire géologique de la région. Les analyses phylogénétiques révèlent l’existence de deux lignées distinc-
tes de souris dans la région des Grands Lacs. La répartition spatiale de ces deux groupes ne correspond pas à la fragmenta-
tion du paysage; au contraire, un groupe occidental se retrouve à partir du Minnesota et couvre la partie ouest de la
Péninsule supérieure du Michigan, alors qu’un groupe oriental s’étend sur le sud de l’Ontario et le reste du nord du Michi-
gan. Les données génétiques laissent croire que le clade oriental a colonisé le Michigan en passant par l’Ontario à partir
d’une source qui est partagée avec les souris du sud des Appalaches; les données génétiques fournissent moins de rensei-
gnements sur le clade occidental. Dans leur ensemble, ces résultats indiquent que les Grands Lacs forment à long terme
des barrières relativement poreuses, mais qu’ils risquent d’affecter la réaction des communautés de petits mammifères au
changement climatique.

[Traduit par la Rédaction]

Introduction
Anthropogenic climate change is affecting biological

communities across many latitudes and ecosystems (IPCC
2001; Parmesan and Yohe 2003; Thomas et al. 2004). Be-
cause the ranges of many animals are constrained at higher
latitudes by climatic tolerances (Parmesan et al. 2000;
Walther et al. 2002), this rapid warming is likely to have
broad-reaching effects on wildlife communities in temperate
regions. In the vicinity of the Great Lakes, small-mammal
communities have changed markedly over the last hundred

years as species such as the northern flying squirrel (Glauc-
omys sabrinus (Shaw, 1801)) and the least chipmunk
(Tamias minimus Bachman, 1839) have experienced range
contractions, while congeneric species have expanded into
the region from the south (Myers et al. 2009). The presence
of the lakes themselves presumably complicates these com-
munity rearrangements by limiting migration routes for both
invaders and resident species.

The potential for the Great Lakes to disrupt animal move-
ments is greatest in Michigan, which is fragmented into a
northern Upper Peninsula (UP), a southern Lower Peninsula
(LP), and numerous islands (Fig. 1). This landscape emerged
fully from the ice cover of the Laurentide ice sheet about
11 000 years before present (see Dyke et al. 2002). Since
then, fluctuating water levels in lakes Michigan and Huron
have periodically altered the connectivity of the islands and
peninsulas, most notably during low-water stages known as
Chippewa (Lake Michigan) and Stanley (Lake Huron), about
8000–7500 years before present (Hough 1966; Lewis et al.
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2007). Until about 6000 years before present (Larsen 1985),
when water approached its current level, a number of islands
that are now far within Lake Michigan were likely part of
the mainland LP, and the two peninsulas were themselves
separated only by a narrow channel (Dietrich 1988).

The woodland deer mouse, Peromyscus maniculatus gracilis
(Le Conte, 1855), is among those species whose range shifts in
Michigan are complicated by the presence of the lakes. It is
one member of a closely related group of long-tailed, gracile
P. maniculatus subspecies that inhabit similar niches through-
out the forests of northern North America (Hall 1981). Except
for a limited area in the southern and central Appalachian
Mountains, the present-day ranges of these forest-dwelling
deer mice were completely covered by the glaciers of the
Wisconsin period; thus, the mice must have colonized the re-
gion from the south after the Great Lakes formed. Peromyscus
maniculatus gracilis now occupies transitional forests along
the eastern U.S. – Canada border, including the northern half
of Michigan (Fig. 1).

Because the historical southern limit of the range of
P. m. gracilis passes through the middle of the LP of Michigan

(Fig. 1), at approximately 448N latitude (Myers et al. 2005,
2009), and the lakes surround the peninsula in all other direc-
tions, LP populations of this subspecies are effectively
isolated. Gene flow between LP and surrounding populations
today would require that individuals traverse hundreds of
kilometres of unsuitable habitat or more than 6 km over water.
Therefore, if populations of P. m. gracilis in the UP and LP
have been separated to the degree suggested by geography,
they should have diverged genetically since resettlement of
the region after deglaciation, or at least since the end of the
low-water stages that minimized over-water distances be-
tween the two peninsulas. Very recently, P. m. gracilis has
been largely replaced on the LP of Michigan by the white-
footed mouse (Peromyscus leucopus (Rafinesque, 1818))
(Myers et al. 2005, 2009), resulting in the former now being
rare outside a small region near 458N latitude, on the border
of Otsego and Cheboygan counties.

Lake Michigan islands in the Beaver Island group were also
likely accessible from both peninsulas during the Chippewa
stage of about 8000 years before present (Dietrich 1988),
when they were colonized by trees (Kapp et al. 1969) and
may have been colonized by animals including Peromyscus
maniculatus (Hatt et al. 1948). As the islands have presumably
been isolated since the end of the Chippewa stage, subsequent
mouse colonization would require rafting on ice or debris, or
anthropogenic transplantation.

Two prior studies have used mitochondrial DNA to address
the genetic structure of P. maniculatus across North America
(Lansman et al. 1983; Dragoo et al. 2006), although the large
scale of these studies precluded analysis of fine detail at the
local scale. While these studies used different markers and
are not in complete agreement, they provide a general picture
of woodland P. maniculatus in eastern North America. First,
one clade is found along the Appalachian Mountain chain,
from North Carolina–Tennessee northeast to New Brunswick.
A second clade overlaps the range of the first clade in the
southern Appalachian Mountains and extends northwest to
Ontario (Lansman et al. 1983) and Michigan (Dragoo et al.
2006) in the eastern Great Lakes region. Finally, a third clade
is found in the western UP (Lansman et al. 1983) and in
Manitoba and far western Ontario (Dragoo et al. 2006). We
are interested in the contact zone between the second and the
third of these groups in the Great Lakes region.

We analyzed the D-loop of the mitochondrial control region
of P. m. gracilis from populations in Ontario, the LP, the UP,
and several islands in Lake Michigan to address the questions
of separate refugial origins and of subsequent gene flow
between mice around the Great Lakes. We also included sam-
ples from an area of western North Carolina that represents a
potential refugial source for Great Lakes populations of
P. m. gracilis, as inferred from the study by Lansman et al.
(1983); these samples were members of the closely related
subspecies Peromyscus maniculatus nubiterrae Rhoads, 1896,
which has been shown to be genetically indistinguishable
from P. m. gracilis (Lansman et al. 1983; Dragoo et al. 2006).

We tested four hypotheses that we developed based on
prior studies and known geological history. First, mouse
lineages from separate refugia occupied the UP and LP of
Michigan, with the potential for some overlap between the
two at the eastern end of the UP. Second, P. m. gracilis in
the northern LP is descended from mice in the southern

Fig. 1. Distribution of Peromyscus maniculatus gracilis haplo-
groups in the central Great Lakes region. (A) Northeastern United
States and southeastern Canada. Broken line represents the southern
extent of the Laurentide ice sheet (after Dyke et al. 2002). Black
diamonds indicate additional samples included for context: Yancey
County (YA), North Carolina, and Clearwater County (CL), Min-
nesota. Recent ranges of woodland subspecies Peromyscus manicu-
latus gracilis (light gray) and Peromyscus maniculatus nubiterrae
(dark gray) are drawn after Hall (1981). (B) Study area with sam-
pling locations and spatial haplotype structure. Circles represent
populations as defined in the text, with haplotype composition indi-
cated within. White circles represent eastern haplotypes, while
black circles represent western haplotypes. Populations containing
ancestral haplotypes DA04 (a) and SC105 (b) are indicated. Sam-
ples depicted in Lake Michigan are in the Beaver Island group,
Charlevoix County, above, and on North Fox Island, Leelanau
County. Population abbreviations are given in Table 1.
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Appalachian Mountains. Third, mice followed a direct mi-
gration path from a southern Appalachian refugium so that
LP populations were ancestral to related populations in the
Great Lakes region. Finally, we hypothesized that mice on
Lake Michigan islands are descended from LP populations,
owing to high accessibility during the Chippewa low-water
stand. We expect that the genetic structure of P. m. gracilis
in the Great Lakes region and inferences about the perme-
ability of these major landscape barriers to migration by
small terrestrial animals will inform predictions about the
impacts of barriers on populations faced with rapidly
changing habitats.

Materials and methods

Sampling
Animals were trapped from eight Michigan counties every

year from 2002 to 2007 by our research group or by
colleagues using the same techniques. Animals were cap-
tured alive in standard Sherman traps. Traps were baited
with whole oats, placed at 10 m intervals in late afternoon,
and checked at dawn. Ear tissue for genetic analysis was re-
moved with sterile dissecting scissors and stored in SET
buffer (1% SDS, 10 mmol/L Tris–HCl at pH 7.5, 5 mmol/L
EDTA; Brinster et al. 1985) on ice until it could be frozen.
Animal handling methods were developed in accordance
with guidelines established by the American Society of
Mammalogists (Gannon et al. 2007) and approved by the
Institutional Animal Care and Use Committee of Miami
University. We define a population as a single trapping site,
or a small group of trapping sites within a 25 km diameter,
that are on the same landmass and within the same county.
Where a population included several trapping sites, the geo-
graphical center of these locations (obtained from the calcu-
lator at http://www.geomidpoint.com; accessed 3 February
2009) was used for distance calculations.

Tissue samples from islands in the Beaver Island group were
obtained from the collections of the University of Michigan
Museum of Zoology, as were some samples from Alger County.
These islands were treated as one location owing to limitations
in sample size. Samples from North Fox Island were obtained
from the collection of the Michigan State University Museum.
Samples from two populations in Ontario were provided by
Lawrence Pinto of Northwestern University. Populations
studied are shown in Fig. 1 and exact trapping sites are given
in Table S12.

To place our populations within the genetic context estab-
lished by prior studies, we obtained skulls of P. m. gracilis
from Clearwater County, Minnesota (from the Bell Museum
of Natural History of the University of Minnesota), and skulls
of P. m. nubiterrae from Yancey County, North Carolina
(from the University of Michigan Museum of Zoology; Table
S23). Peromyscus maniculatus nubiterrae and P. m. gracilis

are ecologically similar subspecies that have been shown to
be genetically indistinguishable in mitochondrial DNA stud-
ies (Lansman et al. 1983; Dragoo et al. 2006). DNA from mu-
seum skulls was isolated from maxilloturbinal bones using
previously described techniques (Wisely et al. 2004), except
that the smaller size of skulls of Peromyscus species com-
pared with the skulls of black-footed ferrets (Mustela nigripes
(Audubon and Bachman, 1851)) used in that study often
made it necessary to use bones from both nostrils.

Sample preparation and sequencing
DNA was isolated from tissue using the e.Z.N.A. Tissue

DNA Kit (Omega Bio-Tek, Norcross, Georgia, USA). A
570 base-pair fragment of the mitochondrial D-loop,
including part of the central conserved domain and most
of the 3’ variable region, was amplified and sequenced using
PeromtD-F4 (5’-TCTGGTTCTTACTTCAGGGCC-3’) and
PeromtD-R (5’-GCATTTTCAGTGCTTTGCTTTATTG-3’).
The polymerase chain reaction (PCR) cycle used consisted
of 94 8C for 2 min; 40 cycles of 30 s at 94 8C, 30 s at
50 8C, and 1 min at 72 8C; and 5 min at 72 8C. Products
were purified by agarose gel electrophoresis and extracted
with the QiaQuick Gel Extraction Kit (Qiagen, Valencia,
California, USA). Cycle sequencing was performed with
the BigDye Terminator version 3.1 kit and run on a
3130xl Genetic Analyzer (Applied Biosystems Inc., Foster
City, California, USA). Forward and reverse sequences for
each fragment were assembled and trimmed with Se-
quencher version 4.8 (Gene Codes, Ann Arbor, Michigan,
USA) to remove ambiguous sequences from the ends.
DNA from museum specimens was extracted and handled
in a separate portion of the laboratory using designated re-
agents and equipment for all processes through PCR ampli-
fication.

Phylogenetic analyses
Sequences were aligned with ClustalW (Larkin et al. 2007)

as implemented in MEGA version 4.0 (Tamura et al. 2007)
and reduced to haplotypes with Collapse version 1.2. To avoid
method-specific tree artifacts, we constructed phylogenetic
trees with neighbor-joining (NJ), maximum parsimony (MP),
and Bayesian methods. Trees included all available Great
Lakes sequences plus sequences from museum specimens rep-
resenting North Carolina and Minnesota. For additional
genetic context, we rooted our trees with a P. leucopus
sequence generated during this study and included published
sequences from congeners Keen’s mice (Peromyscus keeni
Merriam, 1897) (GenBank EU140797) and oldfield mice
(Peromyscus polionotus (Wagner, 1843)) (EU140791), as
well as additional subspecies Peromyscus maniculatus bairdii
(Hoy and Kennicott, 1857) (EU140795), Peromyscus mani-
culatus pallescens (J.A. Allen, 1896) (EU140794), and
Peromyscus maniculatus sonoriensis (Le Conte, 1853)

2 Supplementary Table S1 for this article are available on the journal Web site (http://cjz.nrc.ca) or may be purchased from the Depository
of Unpublished Data, Document Delivery, CISTI, National Research Council Canada, Building M-55, 1200 Montreal Road, Ottawa,
ON K1A 0R6, Canada. DUD 5369. For more information on obtaining material refer to http://cisti-icist.nrc-cnrc.gc.ca/eng/ibp/cisti/
collection/unpublished-data.html.

3 Supplementary Table S2 for this article are available on the journal Web site (http://cjz.nrc.ca) or may be purchased from the Depository
of Unpublished Data, Document Delivery, CISTI, National Research Council Canada, Building M-55, 1200 Montreal Road, Ottawa,
ON K1A 0R6, Canada. DUD 5369. For more information on obtaining material refer to http://cisti-icist.nrc-cnrc.gc.ca/eng/ibp/cisti/
collection/unpublished-data.html.
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(EU140796). Modeltest version 3.7 (Posada and Crandall
1998) was used to select a TrN + I + G maximum likeli-
hood model of molecular evolution. The model selected
according to Akaike’s information criterion (AIC) includes
a matrix of substitution rates (six substitution types), vary-
ing base frequencies (A = 0.3149, C = 0.2366, G = 0.1216,
T = 0.3269), a proportion of invariable sites (I = 0.6964),
and a gamma-shaped site rate distribution (G-shape param-
eter = 2.3181). NJ trees were constructed in PAUP* ver-
sion 4.0b10 (Swofford 2002) using Tamura–Nei distance
and the gamma-shape parameter from Modeltest, with
1000 bootstrap replicates. Bayesian trees were constructed
over 2.5 � 106 generations with MrBayes version 3.1.2
(Ronquist and Huelsenbeck 2003), with model settings of
six substitution types, a proportion of invariable sites and
a gamma-shaped rate distribution. MP trees were con-
structed in PAUP* using heuristic searches starting with
stepwise addition trees, with 10 random sequence-addition
replicates, and tree–bisection–reconnection (TBR) branch
swapping. The maximum number of trees saved at each
step was set to 100, because of computational limitations.
The reliability of internal nodes was tested with 500 boot-
strap replicates and a maximum trees setting of 500.

Population structure and genetic diversity
Because most of our populations were in the geographi-

cally homogeneous UP, we used the simulated annealing
approach implemented in SAMOVA version 1.0 to identify
functionally relevant population groups. This program is
similar to the analysis of molecular variance (AMOVA) per-
formed by Arlequin, but it first separates populations into a
user-designated number of groups for which fCT (where CT
indicates the component of total variance that is due to
differences among groups) of all variance owing to inter-
group differences is maximized (Dupanloup et al. 2002).
We performed the analysis for two, three, and four groups,
with 100 starting conditions each, to explore the possibilities
of differing types of genetic barriers. We also performed the
analysis for two groups with western populations excluded,
to test for structure within the eastern population group. Sig-
nificance of f statistics was tested with 1000 permutations
of individuals within each level. We calculated pairwise fST
with Arlequin version 3.11 (Excoffier et al. 2005).

For measures of genetic diversity, we estimated haplotype
richness R, the number of haplotypes per population, with
the program HP-RARE, which uses rarefaction to correct
for sample-size bias (Kalinowski 2005). Chippewa County
was excluded from estimation of R because of its limiting
population size of 5. For combined analyses and for western
haplotypes only, N = 9 was used for rarefaction, whereas for
the eastern haplotypes only, the sample size for rarefaction
was 11. Data for the smaller populations are presented as
the total numbers of haplotypes present. The standard
molecular diversity measures were calculated in Arlequin
version 3.1. Nucleotide diversity (p) is the probability that
two randomly chosen nucleotides are different, and k is the
mean number of pairwise differences between all haplotypes
in the sample. Because expected colonization pathways
coincided with north–south transects between the two peninsulas,
or east–west transects across the UP, we performed linear
regression and correlation analyses of genetic diversity

with latitude and longitude using the Analysis ToolPak for
Excel (Microsoft, Redmond, Washington, USA) to test our
predictions of colonization routes.

Ancestral and derived haplotypes
Minimum spanning haplotype networks were constructed

using the statistical parsimony approach of TCS version
1.21 (Clement et al. 2000). Ancestral and derived haplotypes
were determined according to the outgroup weight assigned
by TCS based primarily on level of connectivity within the
network, where haplotypes with high outgroup weights are
much more likely to be ancestral. In all cases, haplotypes
with high outgroup weights occupied central positions
within a radiation, while the effect of loops was minimal.

Population expansions
Fu’s neutrality test (Fu 1997) and mismatch analyses were

performed in Arlequin version 3.11. The neutrality test was
performed for the eastern and western clades separately, for
evidence of recent expansions. The test for significance of
FS values (where S refers to Strobeck’s (1987) S test for
population subdivision) is based on comparison to random
samples generated assuming neutrality and a population at
equilibrium; FS is significant at the 5% level for P values
below 0.02, a unique property of this test identified by Fu
(1997). Significantly negative values of Fu’s FS indicate a
recent spatial or demographic expansion. Mismatch analysis
and comparison with a model of spatial expansion were
performed in Arlequin for the eastern and western clades
separately, for the entire data set, and for the eastern clade
and North Carolina group together. In the analysis of the
distribution of pairwise sequence mismatches, expansion is
expected to increase the preservation of ancestral diversity,
resulting in a single mode reflecting the time since the
expansion (Rogers and Harpending 1992). We used a molec-
ular clock approach based on mismatch distributions to
generate rough estimates of the relative time since expansion
or divergence. For the eastern-clade populations, with and
without the eastern-clade haplotypes from North Carolina,
we used the value of t estimated by Arlequin for the mode
of the distribution and the 95% confidence limit of t for a
time range for the expansion. For the weakly bimodal distri-
bution seen in the mismatch comparison of the entire eastern
clade and North Carolina clade, the mean pairwise differ-
ence between North Carolina and other populations was
used as an approximation of the value of the second mode,
to date the divergence of these groups. We used Nei’s
corrected mean pairwise difference to reduce the distorting
effects of ancestral polymorphisms. The same approach was
used for the P. maniculatus data set as a whole, to date the
original split between lineages. For the molecular clock
calibration, we used an estimate of 500 000 years for the
divergence of P. maniculatus and P. leucopus (Rowe et al.
2006), based on the appearance in the fossil record of mor-
phological intermediates (Hibbard 1968). Although both the
use of the fossil record for calibration and the assumption of
constant mutation rates can introduce considerable error into
these estimates, they are still useful as relative measures and
for comparison with similar studies. Using eight P. leucopus
sequences obtained in this study, we found a corrected aver-
age of 70 pairwise differences between the two species
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(14.5% difference), yielding an annual mutation rate per
lineage of 1.53 � 10–7 mutations/base pair. This value is
comparable with values used for the control region of P.
leucopus (Rowe et al. 2006). We used the simplifying as-
sumption of two generations per year for P. maniculatus in
this region, although real populations can have from one to
three (Layne 1968). We estimated expansion or divergence
time from the equation t = 2ut, where t is the expansion
time in generations and u is the mutation rate per sequence
(sequence length � mutation rate per site) per generation
(Rogers 1995).

Results

Sequencing and phylogenetic analyses
We obtained 481 base pairs of unambiguous sequence for

198 individuals from the Great Lakes region, which resolved
into 45 distinct haplotypes. Sequences of museum specimens
from North Carolina and Minnesota added another 23 samples
and 9 haplotypes. A representative of each haplotype was de-
posited in GenBank (accession nos. GQ249411–GQ249465).
The maximum sequence divergence was 3.5% between pairs
of Great Lakes samples and 4.2% in all pairwise comparisons.
All tested methods of phylogenetic analysis supported a struc-
ture consisting of two distinct clades in the Great Lakes re-
gion: a western clade consisting of 20 haplotypes from
Minnesota and from throughout the UP, and an eastern clade
of 27 haplotypes found in the central and eastern UP, Ontario,
the LP, and the Lake Michigan islands (Fig. 2). The eastern
clade included two additional haplotypes from North
Carolina; the remaining North Carolina haplotypes formed a
separate sister clade to the eastern group. Because of their
geographical distance, Minnesota and North Carolina samples
were excluded from subsequent analyses unless otherwise
indicated.

Distribution of haplotypes
The haplotype network defined three distinct groups of

haplotypes. The two haplogroups found in the Great Lakes
region were separated by a minimum of six mutational steps,
corresponding geographically to an east–west split (Fig. 3).
Western haplotypes were the only ones observed west of
868W longitude, in the Gogebic and Menominee populations
of the western UP. They also accounted for most of the
samples in Delta County (central UP), and were found in
smaller numbers throughout the eastern UP, in the Alger,
Schoolcraft, and Mackinac populations, but were absent
from Ontario, the LP, and the islands (Fig. 1). All western
haplotypes had low outgroup weights, obscuring ancestral
haplotypes, and most had very limited distributions.

In contrast, two ancestral eastern haplotypes were abun-
dant and widely distributed: SC105 ranged from Ontario to
Schoolcraft County in the central UP, while DA04 was
found in the central and eastern UP, as well as in the Beaver
Island and Fox Island groups. The LP populations contained
only three private (those not found elsewhere) haplotypes;
all of these were immediate derivatives of SC105. Island
populations shared no haplotypes with the LP; instead, they
contained both private haplotypes and a haplotype shared
with the UP (DA04). The North Carolina haplogroup was
separated by a minimum of four mutational steps from the

eastern clade and by at least six mutational steps from the
western haplogroup.

Population structure
The SAMOVA determined the following groups of popula-

tions (Table 2): for two groups, the division corresponded to
the split in dominance between western and eastern haplotypes.
Populations in the western UP counties of Gogebic, Me-
nominee, and Delta were separated into one group, and those
of all other UP counties, Ontario, the LP, and the Beaver Is-
lands into the other, (fCT = 0.57). Increasing values of k re-
sulted in the subdivision of the western population group: for
three groups, Menominee County at the southwestern edge of
the UP was identified as one group, with the other groups as
described above for two groups (fCT = 0.58), while for four
groups, the LP samples were further separated from the east-
ern populations (fCT = 0.55). When we removed the western
populations from the analysis to test for division within the
eastern population group, the LP population was separated
from the other eastern populations, but the resulting fCT of
0.18 was not statistically significant.

For all populations and clades in the Great Lakes region,
diversity was high throughout the UP (mean of
4.96 haplotypes/population) and lowest in the LP (R = 1.96),
and on North Fox Island (R = 2.00; Table 1). Within the
eastern clade, there was no relationship between diversity
and longitude, which might be produced by movement
across the UP, or between diversity and latitude. Haplotype
richness tended to increase to the north, but the regression
was not significant (R2 = 0.46, P = 0.064, slope = 1.76).
Within the western clade, both p and k were lower to the
north (for k: R2 = 0.99, P = 0.0003, slope = –1.50). Within
the three large populations of the western clade, haplotype
richness increased to the east (R2 = 0.99, P = 0.045, slope =
0.86), but small sample sizes precluded this analysis for all
western populations.

Population expansion and divergence
Fu’s neutrality test for the Great Lakes populations indi-

cated a recent expansion of the eastern clade (FS = –11.55,
P = 0.0040) and produced a nearly significant result for
expansion of the western clade (FS = –5.76, P = 0.028).
Minnesota samples were included with the western clade in
this analysis for completeness, though the results were simi-
lar without them (FS = –5.20, P = 0.026). Mismatch analysis
of the eastern clade revealed a unimodal distribution similar
to that predicted by the spatial expansion model (1.19 < t <
4.41; P = 0.32), consistent with an expansion 8 500 –
31 600 years before present (Fig. 4A). Including the two
eastern-clade haplotypes from North Carolina in the
eastern-clade data set produced a nearly identical distribu-
tion and expansion estimate of 8 600 – 32 200 years before
present (1.20 < t < 4.50) for divergence of Great Lakes and
North Carolina haplotypes of the eastern clade. Mismatch
analysis of the eastern clade and the separate North Carolina
clade produced a weakly bimodal distribution, with the first
peak resulting from differences within the eastern clade and
the second from differences between the two groups
(Fig. 4C). The corrected number of pairwise differences
between the eastern clade and the North Carolina clade was
4.12, corresponding to a split roughly 29 500 years before
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present. The North Carolina population was itself extremely
diverse, in part reflecting the presence of two distinct
lineages (the eastern Great Lakes clade and the North
Carolina clade) in this population. Seven haplotypes were
observed in the nine North Carolina samples, with a mean

of 7.56 pairwise differences, or over twice the value
observed in the eastern Great Lakes populations. Finally,
analysis of the entire P. maniculatus data set resulted in a bi-
modal distribution, with the second mode resulting from the
differences between the eastern – North Carolina superclade

Fig. 2. Bayesian haplotype tree for Great Lakes woodland deer mice (Peromyscus maniculatus gracilis) and related groups. Numbers above
branches are partition probabilities from Bayesian analyses. Numbers below branches are bootstrap values from maximum parsimony (MP),
with neighbor-joining (NJ) bootstrap values in parentheses. Haplotypes are named after representative samples and indicate the origin po-
pulation of that sample with the population abbreviations used in Fig. 1. Although the tree was rooted with white-footed mouse (Peromyscus
leucopus) for display purposes, a node between P. leucopus and all other sequences was not supported by any method.
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Fig. 3. Parsimony network for Great Lakes and North Carolina deer mice (Peromyscus maniculatus), constructed using the program TCS.
Each line represents one informative mutational step, with open circles indicating presumed nodes not found in our samples. The size of
each oval corresponds to the abundance of that haplotype, from N = 1 (e.g., CX706) to N = 27 (DA04). Spatial distribution of haplotypes
DA04 (a) and SC105 (b) are shown in Fig. 1. Asterisks indicate eastern-clade haplotypes found in the North Carolina population.
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Table 1. Standard molecular diversity indexes for populations of eastern and
western haplotypes of deer mice (Peromyscus maniculatus).

Population N R k p

Eastern haplotypes 153 27.* 2.93±1.54 0.0061±0.0036
Delta (DA) 4 2.* 0.50±0.52 0.0010±0.0013
Alger (AL) 13 7.22 3.21±1.77 0.0067±0.0041
Schoolcraft (SC) 17 3.64 1.24±0.82 0.0026±0.0019
Mackinac (MA) 20 5.02 2.79±1.54 0.0058±0.0036
Chippewa (CP) 5 3.* 3.00±1.87 0.0063±0.0046
Cheboygan (CH) 25 2.14 0.45±0.41 0.0009±0.0010
Charlevoix (CX) 27 3.88 2.03±1.18 0.0042±0.0027
Leelanau (LE) 15 2.00 2.38±1.37 0.0050±0.0032
Ontario 1 (ON1) 16 3.37 1.15±0.78 0.0024±0.0018
Ontario 2 (ON2) 11 5.00 1.56±1.01 0.0033±0.0024
Western haplotypes 59 20.* 4.07±2.06 0.0085±0.0048
Clearwater, MN (CL) 14 2.00 1.48±0.95 0.0031±0.0022
Gogebic (GO) 9 2.18 2.28±1.38 0.0047±0.0032
Menominee (ME) 11 4.64 3.42±1.89 0.0071±0.0044
Delta (DA) 17 5.09 2.81±1.56 0.0059±0.0036
Alger (AL) 4 3.* 1.67±1.22 0.0035±0.0030
Mackinac (MA) 3 2.* 2.67±1.92 0.0056±0.0050
Schoolcraft 1 1.* na na

Note: N is sample size; R is haplotypic richness corrected by rarefaction, except where
noted; p is nucleotide diversity; and k is mean number of pairwise differences between in-
dividuals in a population. Not included in the table is one western haplotype individual from
the Schoolcraft population. Abbreviations used in Fig. 1B are given in parentheses. Leelanau
County is North Fox Island; Charlevoix includes the Beaver Islands; Cheboygan is in the
LP; Ontario populations are in the general vicinity of Sault Ste. Marie; Clearwater County,
shown in Fig. 1A, is in Minnesota. All other populations are in the UP.

*Rarefaction was not performed on haplotypic richness for small populations or for
haplogroup summaries.

Table 2. Differentiation of populations and population divisions in Great Lakes deer mice (Peromyscus
maniculatus).

Fixation index

Source of variation fST fCT fSC P Percentage of variation

Two groups
Among all populations 0.70 <0.0001 70.23
Among groups 0.57 0.0068 56.64
Among populations within groups 0.31 <0.0001 13.59
Within populations 29.77

Three groups
Among all populations 0.70 <0.0001 70.04
Among groups 0.58 0.0020 57.71
Among populations within groups 0.28 <0.0001 12.34
Within populations 29.96

Four groups
Among all populations 0.68 <0.0001 68.22
Among groups 0.55 <0.0001 55.20
Among populations within groups 0.29 <0.0001 13.02
Within populations 31.78

For 2 groups, with eastern populations only
Among all populations 0.41 <0.0001 40.96
Among groups 0.18 0.1085 17.80
Among populations within groups 0.28 <0.0001 23.17
Within populations 59.04

Note: Divisions were determined by spatial analysis of molecular variance (SAMOVA) for two, three, or four
groups. Using five groups led to further reduction of fCT. The subscripts S, C, and T indicate subpopulation, group,
and total components of variation, respectively.
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and the western clade, and a mean of 8.25 pairwise differ-
ences. This produces an estimate of 59 100 years before pre-
sent for the split between these groups.

Discussion
Our analyses of mitochondrial D-loop sequences show

two distinct lineages in Great Lakes populations of
P. m. gracilis. Consistent with our first hypothesis, the two
observed lineages do not sort strictly to the two peninsulas
of Michigan; rather, the two groups meet sharply in the
central UP. The eastern haplogroup dominates the eastern
UP, the LP, the Lake Michigan islands, and Ontario, while
the western group extends westward from the central UP
(Fig. 1). The close relationship between LP and eastern UP
populations is consistent with the results of Dragoo et al.
(2006), who also found closely related samples in both the
LP and the eastern UP. Our finding of a distinct clade to
the west of the LP is also consistent with that study,
although the latter did not include samples from the western
UP and therefore did not detect the genetic structure on the
Upper Peninsula. Our results are also consistent with those
of another phylogenetic study of Peromyscus species
(Lansman et al. 1983), in that we too found animals on the
UP that are distinct from those on the LP. Together, these
results suggest that the lakes have been sufficiently perme-
able to allow colonization of the LP and Lake Michigan
islands from Ontario and the UP, while preventing panmixia
of mitochondrial haplotypes across the lakes.

Refugial origins
Our finding of eastern-clade haplotypes in both North

Carolina and most Great Lakes populations indicates a
shared origin of these populations approximately 8 600 –

32 200 years before present. Because our study area in the
Great Lakes region was freed from the glaciers only about
11 000 years before present, the most obvious explanation
for this relationship is that mice with refugial ancestors in
the vicinity of the southern Appalachian Mountains colon-
ized the Great Lakes region roughly 8 600 – 11 000 years
before present. This result is consistent with prior studies
indicating that southern Appalachian Mountain haplotypes
of P. maniculatus are in the same clade as eastern Great
Lakes populations (Lansman et al. 1983; Dragoo et al.
2006) and are genetically intermediate between Ontario and
northeastern Appalachian haplotypes (Lansman et al. 1983).
However, we should note that identifying a specific refu-
gium would require extensive sampling in the unglaciated
United States, which is not possible given that little of the
present distribution of woodland P. maniculatus is in ungla-
ciated areas that might have served as refugia (see Fig. 1).
Our inclusion of these North Carolina samples was intended
to provide a relative genetic distance between southeastern
deer mice, which are the best available representative of
southern populations, and our eastern Great Lakes mice.

Contrary to our expectations, the splits between the
eastern clade and the other two clades appear to be not
much older than the expansion of the eastern clade: on the
order of 30 000 years for the split between the eastern and
North Carolina clades, and 59 000 years for the split
between the eastern – North Carolina group and the western
clade. Even given the many sources of uncertainty in these
calculations, these dates are an order of magnitude more
recent than would be expected of populations originating in
separate refugia: two clades of eastern chipmunk (Tamias
striatus (L., 1758)) that colonized the western Great Lakes
from separate refugia have an estimated divergence date of
200 000 years before present (Rowe et al. 2004). Therefore,

Fig. 4. Mismatch analysis of samples of deer mice (Peromyscus maniculatus). Solid bars are observed pairwise mismatches, whereas open
bars are mismatches predicted by the spatial expansion model. (A) Eastern-clade samples (n = 153, P = 0.326); (B) western-clade samples
(n = 59, P = 0.2470); (C) eastern-clade and North Carolina samples (n = 160, P = 0.4280); and (D) all samples (n = 219, P = 0.3210).
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our eastern and western clades of P. maniculatus may have
diverged within the Wisconsin glacial period, before
ultimately colonizing the Great Lakes region from different
directions. However, because woodland deer mice are not
found in the Midwest to the south of the western Great
Lakes region (Hall 1981), identifying other possible refugial
origins for any of these haplotypes would require DNA from
fossilized remains.

Colonization of the Great Lakes region
Based on current geography and on geological history, the

Great Lakes themselves would be expected to restrict post-
glacial migration paths for small, terrestrial animals, with
the peninsulas of Michigan each being colonized separately
by animals moving outward from the nearest mainland. If
this were the case, the two peninsulas would be inhabited
entirely by animals from different haplogroups. Instead, the
overall pattern of haplotype distribution suggests that the UP
was settled from both the west (via Wisconsin) and east
(through Canada), while the LP was settled from the north
or northeast.

Because we expected a direct migration path from south-
ern Appalacian refugia into Michigan, we hypothesized that
the Lower Peninsula was an ancestral source of eastern
haplotype populations in the area. However, three lines of
evidence indicate that the LP populations are instead
descended from UP ancestors. First, the haplotypic richness
of the LP is much lower than it is to the north, as would be
expected in the case of dispersal from the UP. Second, all of
the haplotypes found on the LP are closely related to each
other, implying recent descent from a common ancestor
rather than the collapse of more diverse populations. Finally,
the ancestral haplotype for all LP haplotypes is the most
common haplotype on the UP. While a loss of diversity on
the LP owing to genetic drift could have caused the first of
these observed patterns, it is less likely to have caused the
other two. Therefore, the eastern haplotype lineages prob-
ably arrived in the Lower Peninsula by way of the Upper
Peninsula and Canada. Because the western clade is found
only on the UP, we expect that it colonized the region from
the mainland on its western end.

Hypotheses for the postglacial colonization of the Lake
Michigan islands have focused on the Chippewa low-water
stand of around 7500 years before present, when the very
shallow northern end of the Lake Michigan basin was
largely empty. The Beaver Island group was presumably
attached to the mainland LP and only weakly separated
from the UP (Hatt et al. 1948; Kapp et al. 1969; Bowen
and Gillingham 2004). Although the origin of Beaver Island
animals has received little study, colonization of the island
has been studied for some tree species, which first arrived
during the Chippewa period (Kapp et al. 1969), suggesting
that small mammals could have also migrated to the island
at that time. However, our genetic evidence is not consistent
with a LP origin for island populations; populations from
both the Beaver Island group and North Fox Island contain
only haplotypes that either are unique or are shared with the
UP. Thus, contrary to our fourth hypothesis, our genetic
results suggest that the Beaver Island group was colonized
by dispersers from UP rather than from LP, either during
the Chippewa period or subsequently. North Fox Island,

which is 10 km south of Beaver Island and was probably
linked to it during the Chippewa low stand, may have been
colonized from Beaver Island, or directly from the UP by
means of rafting or a similar mechanism (Hatt et al. 1948).

Physical barriers and population structure
As species invade new regions to occupy habitat made fa-

vorable by recently warming temperatures, the composition
of invaded communities is changing. For instance, ecologi-
cal replacement appears to be a factor in declines of popula-
tions of woodland deer mouse, northern flying squirrel, and
least chipmunk in the Great Lakes region (Long 1996;
Myers et al. 2009). Similarly, the invasion of Scandinavian
tundra by the red fox (Vulpes vulpes (L., 1758)) appears to
be a component in the decline of arctic fox (Vulpes lagopus
(L., 1758)) (Hersteinsson and Macdonald 1992), although
this decline may also be related to changing population
dynamics of Greenland collared lemming (Dicrostonyx
groenlandicus (Traill, 1823)) prey (Gilg et al. 2009). Both
invading and displaced species are likely to be affected by
barriers to dispersal, which inhibit expansion of the former
and reduce habitat availability for the latter. Our study
provides an example of a taxon whose past movements
were relatively unconstrained by geography; on the relevant
evolutionary time scale for Great Lakes populations of
P. m. gracilis (approximately 9 000 – 30 000 years before
present), the lakes have apparently been a fairly porous
barrier to their migration. However, dramatic changes in the
local environment have occurred very rapidly over the last
approximately 100 years. If the frequency of mouse travel
over the lakes is low enough to be negligible over the short
term, as seems likely given the observed genetic differences
between peninsular and island mice, the lakes should affect
populations of P. m. gracilis in two important ways in the
future. First, though warming temperatures are apparently
allowing populations of P. leucopus to ecologically replace
populations of P. m. gracilis on the peninsulas, limited ac-
cess should protect island populations of P. m. gracilis from
invasion. Second, the Great Lakes may effectively prevent
demographic and genetic exchange between diminishing LP
populations of P. m. gracilis and more robust populations on
the UP. Therefore, even though these large lakes do not ap-
pear to have been severe barriers to the original colonization
of the region by mice, they can be expected to interfere with
rapid range shifts related to present-day climate change.
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