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Contemporary range expansion of the Virginia opossum (Didelphis virginiana) impacted by 

humans and snow cover  

Lisa L. Walsh and Priscilla K. Tucker  

 

Abstract: Range expansions are key demographic events driven by factors such as climate 

change and human intervention that ultimately influence the genetic composition of peripheral 

populations. The expansion of the Virginia opossum (Didelphis virginiana Kerr, 1792) into 

Michigan has been documented over the past 200 years, indicating relatively new colonizations 

in northern Michigan. While most contemporary expansions are a result of shifts in climate 

regimes, the opossum has spread beyond its hypothesized climate niche, offering an opportunity 

to examine the compounding influence that climate change and humans have on a species’ 

distribution. The genetic consequences of two range expansions were investigated using 

genotypic data for nine microsatellite markers from opossums collected in Michigan, Ohio, and 

Wisconsin. Two genetic clusters were identified: one on either side of Lake Michigan. Using 

general linear models, we found that measurements of genetic diversity across fifteen counties 

are best explained by days of snow on the ground. Next best models incorporate anthropogenic 

covariates including farm density. These models suggest opossum expansion may be facilitated 

by agricultural land development and at the same time be limited by their inability to forage in 

snow.  

 

Key words: agriculture, climate change, Didelphis virginiana, land use change, Virginia 

opossum, population genetics, range expansion  
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Introduction 

Dynamic range margins can strongly impact the natural history and genetics of a species, 

making range expansions important systems in both ecology and evolution (Excoffier et al. 

2009). At the fronts of range expansions, scientists have discovered evidence of selection for 

traits that are adaptive to expansion. These traits include dispersal capacity, ability to colonize, 

and traits directly related to coping with the novel environment (Buckley et al. 2012; Bridle et al. 

2014). The genetic diversity of a species at the edge of its range can allow for estimates of how 

well organisms might adapt to novel environments (Dawson et al. 2010; Buckley et al. 2012). 

The ability of an expanding species to adapt will determine the magnitude of its effect on a new 

community and its capability of displacing similar organisms (reviewed by Eckert et al. 2008).  

As species expand into novel habitats, they have the potential to significantly alter community 

composition through competition, predation, and introduction of new parasites. Understanding 

the population genetic patterns of a range expansion, therefore, is especially important for 

organisms that are pollinators, pathogens, vectors for disease, scavengers, or generalists that may 

out-compete specialists and affect the new habitats they encounter (Olson et al. 2012).  

The most common cause cited for recent range expansions is climate change, an ever-

growing issue that has altered species’ ranges throughout the world (Parmesan et al. 2005). 

General patterns in the Northern Hemisphere indicate northern and high-altitude organisms are 

losing habitat while southern and low-altitude organisms are experiencing range expansions 

(Moritz et al. 2008; Myers et al. 2009). To better understand the influence of climate change on 

populations, researchers have begun to examine genetic outcomes of range expansions in the 

context of large-scale geographic variation in climate (e.g. Wellenreuther et al. 2011).  
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In addition to the effects of climate change, contemporary range expansions may also be 

facilitated by human manipulation of the landscape and of populations. By clearing dense forests 

for timber and replacing the area with farmland, humans have increased available habitat and 

facilitated the expansion of generalists such as the coyote (Canis latrans Say, 1823; Parker 

1995). Where some species have capitalized on human land use change, others have been 

obstructed. Some expansions have been impeded by urban sprawl, with these species relying on 

patches of forested areas and derelict land to expand through urban areas (Gilchrist et al. 2015). 

Further, humans unknowingly transport organisms, both native and exotic species, to new 

environments. Genetic analyses have indicated that some range expansions are a combination of 

natural dispersal events and human-mediated introductions (Bronnenhuber et al. 2011; 

Moscarella 2011).  

The Virginia opossum (Didelphis virginiana Kerr, 1792), a generalist mesopredator 

found from Central America to the Midwestern United States and southeastern Ontario, Canada, 

offers a unique opportunity to study a documented, on-going mammalian range expansion (Fig. 

1; Gardner and Sunquist 2003; Kanda 2005; Myers et al. 2009). The genus, Didelphis, was part 

of the Great American Interchange, spreading into North America from South America 

approximately 800 000 years ago (Graham and Lundelius 2010). Historical documentation from 

fur trappers and naturalists have allowed for a rough estimate of the timing of the opossum’s 

continued expansion into the Midwestern United States. As recently as 1600, the opossum's 

northern range was limited to northern Ohio (reviewed by McManus 1974). Opossums were first 

observed in southern Wisconsin in the 1850s and, as their population grew in the 1920s, they 

began to spread further north (Jackson 1961). In the adjacent Upper Peninsula of Michigan (UP; 

Fig. 2), sightings of D. virginiana in the southwestern corner became more common in the 

Page 4 of 37
C

an
. J

. Z
oo

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

E
X

A
S 

ST
A

T
E

 U
N

IV
 o

n 
09

/1
0/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 5

1980s, but opossums have yet to reach the eastern half of the UP (Myers et al. 2009). It is 

speculated that land clearing in the 1820s and 1830s facilitated expansion of D. virginiana into 

the Lower Peninsula of Michigan (Fig. 2), but the species did not become common in southern 

Michigan until the 1920s (Dice 1927; Baker 1983). Opossums were first observed in the northern 

half of the lower peninsula in the 1940s, but were not considered well established until 1990 

(Burt 1948; Myers et al. 2009).   

A lack of substantial landscape barriers for opossums (Beatty et al. 2012), coupled with 

their nomadic behavior, illustrated by fathers and offspring discovered up to 33 km apart 

(Gardner and Sunquist 2003; Beasley et al. 2010), suggest that very little is preventing their 

continued dispersal northward, provided they can survive winters. Opossums collared with GPS 

units in Michigan had home ranges calculated between 10.9 and 200 hectares, depending on the 

equation used, with no difference between sexes (Walter et al. 2013). Opossums must be able to 

forage at least 35 days in the winter to avoid starvation, and they do not forage when 

temperatures are below –2°C or in deep snow, which hinders locomotion (Brocke 1970). Based 

on these observations, it has long been hypothesized that the opossum’s continued expansion in 

Michigan was due to warming temperatures associated with climate change (Brocke 1970; 

Myers et al. 2009). However, a study that modeled opossum demographic data demonstrates that 

a winter survival rate of ≥ 0.67 is required to sustain opossum populations at northern latitudes 

(Kanda and Fuller 2004). This survival rate is higher than would be predicted based on their 

physiology even with winter temperatures ameliorated by climate change. Because climate 

change alone cannot explain why opossums have expanded so far north, Kanda proposed that 

urbanization has facilitated opossum survival in northern parts of their range (2005).  
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The expansion of D. virginiana provides an opportunity to investigate the long-term 

movement of opossums and compare two edge populations to putative source populations that 

have been established for over 100 years. Peripheral populations are shaped by the length of time 

since initial establishment and subsequent gene flow, and are typically expected to have reduced 

genetic diversity compared to neighboring and central populations (Excoffier et al. 2009). 

Microsatellite data were used to evaluate this population genetics prediction by comparing the 

recently established edge populations of D. virginiana in the northern Lower Peninsula (NLP) 

and Upper Peninsula of Michigan (UP) to more central populations in southern Michigan, Ohio 

and Wisconsin, respectively (Fig. 2). The parallel expansions into UP and NLP provide an 

opportunity to identify correlations between genetic diversity and human and climate variables in 

each region to test Kanda’s (2005) hypothesis that opossum winter survival is due to 

urbanization.    

Materials and methods 

Tissue Acquisition 

Tissue samples were collected from east of Lake Michigan in Ohio and the Lower 

Peninsula of Michigan and west of Lake Michigan in Wisconsin and the Upper Peninsula of 

Michigan (Fig. 2). Opossum tissue samples of ear, tail, lip, or hair follicles were collected from 

roadkill, carcasses at a wildlife rehabilitation center, and trapped specimens between May 1 and 

November 20, 2013 and accessioned into the University of Michigan Museum of Zoology tissue 

collection (MZ 11501-11611). Except for hair, the tissue to be sampled was cleaned with an 

alcohol swab and collected using a sterile razor. Tissue samples were placed in DMSO tissue 

buffer (20% dimethyl sulfoxide saturated with NaCl) and stored at room temperature. Any hair 

collected was placed in a coin envelope and sealed in a plastic bag. All sampling was conducted 
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under the direction of the University of Michigan’s Committee on the Use and Care of Animals 

(Protocol PRO4800).     

To determine the exact location of roadkill, coordinates were taken using the Android app 

GPS Coordinates (Woozilli, Inc., Sunnyvale, USA). Ear samples were collected from opossums 

that had died in the wildlife rehabilitation hospital at the Ohio Wildlife center in Columbus, 

Ohio, with the exact location of each opossum provided as the roadway intersection where it had 

been found injured. Licensed fur trappers and nuisance control operators in both Wisconsin and 

the Upper Peninsula of Michigan submitted tissue samples from opossums trapped during each 

state’s recognized trapping season, and they provided the name of either the town or county 

where they trapped opossums.  

DNA Extraction and PCR 

Tissue samples were processed to isolate DNA using the QIAGEN DNeasy blood and 

tissue kit (Hilden, Germany). Concentrations of DNA ranged from 2.73 to 1115.2 ng/ul. 

Polymerase chain reaction (PCR) was conducted for 11 polymorphic microsatellite markers, 

optimizing the PCR protocol for each fluorescently labelled primer (Fike et al. 2009). The 

number of PCR cycles was increased from 30 to 40 cycles, and a gradient was run for each 

primer pair to determine the optimal annealing temperature (Supplementary Table S1).
1
 PCR 

products were submitted to the University of Michigan DNA Sequencing Core with HiDi 

formamide and LIZ500 ladder to be run on Applied Biosystems DNA sequencer (Foster City, 

USA) for fragment analysis. Fragment analysis results were analyzed with GeneMarker V 1.5 

(Softgenetics, State College, USA) using a bin-width of 0.5 to determine the length of 

microsatellites and establish the genotype of each opossum.  

                                                 
1
 Supplementary Table S1 is available with the article through the website at [cjz-2017-0071-suppl link]  
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Population Genetic Analyses 

The number of alleles at each locus were found using FSTAT 2.9.3.2 (Goudet 2002). The 

dataset was tested for null alleles using Micro-Checker 2.2.3 (Van Oosterhout et al. 2004). Null 

alleles can result in an overestimation of genetic distance (Chapuis and Estoup 2007). Individual 

loci were tested for Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium using 

Arlequin 3.5 (Excoffier and Lischer 2010). The HWE test was run with 1 000 000 Markov chain 

steps and 100 000 dememorization steps. The pairwise linkage disequilibrium test was run for 10 

000 permutations with 100 000 dememorization steps. After Bonferroni correction (Rice 1989), 

two loci, OP16 and OP30, were found to violate the assumptions of HWE and linkage 

equilibrium. Because this can confound genetic analyses, the data from OP16 and OP30 were 

removed from the dataset, and further analyses included the remaining nine microsatellite 

markers.  

Estimation of genetic structure 

To determine the number of genetic clusters of D. virginiana in Ohio, Wisconsin and 

Michigan, a Bayesian clustering method was implemented using STRUCTURE 2.3.4 (Pritchard 

et al. 2000). An admixture model with correlated allele frequencies and without location site 

priors was used to estimate the number of clusters (K). Including sample location in the model 

could conflate the structure of opossums collected close to one another. Previous genetic 

structure work on D. virginiana indicated K = 1 in an area approximately 1165 km
2 

in size 

(Beatty et al. 2012), so an upper limit for the broader geographic data was set at K = 21, 

representing approximate sample sites based on trapping and road kill procurement. Trials were 

run for K = 1–21 for 20 iterations with a burn-in of 10 000 and 200 000 runs in each trial. The 

parameter ∆K was used to identify the number of clusters (Evanno et al. 2005). The replicate 
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with the highest likelihood was used to evaluate the membership coefficient (Q) for each 

individual to assign samples to the clusters identified (Jakobsson and Rosenberg 2007). Genetic 

cluster results were assessed for substructure by analyzing individual clusters in STRUCTURE. 

Trials were run for 10 iterations, using the same parameter values as the previous analysis. No 

substructure was found.    

A paired mantel test to evaluate the relationship between geographic and genetic distance 

was implemented in GenAlEx 6.5 (Peakall and Smouse 2012) to test for isolation-by-distance 

using all 85 samples. In addition, each genetic cluster identified in STRUCTURE (Pritchard et 

al. 2000) was individually tested for isolation-by-distance. Geographic distance and genetic 

distance were both calculated in a tri-distance matrix using GenAlEx (Peakall and Smouse 

2012).   

Diversity in the expanding populations 

To compare opossums at the edge of their range to their source populations, several 

diversity indices were calculated for each edge population and their respective putative source 

populations per results from STRUCTURE analysis. The edge population, UP, was compared to 

Wisconsin. To compare the northern edge population in the Lower Peninsula of Michigan, this 

land mass was broken into two areas using county lines to differentiate the edge population 

found in counties north of Gratiot County (NLP) and the southern half of Michigan’s Lower 

Peninsula (SLP), which has been occupied by opossums since the 1800s. County borders were 

used because they were associated with documented historical sightings of opossums and are 

used by government agencies when recording census and climate data. Opossums collected in 

the NLP were also compared to those collected in Ohio  
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 Expected heterozygosity (HE), and observed heterozygosity (HO) were measured in 

Excel using the add-in program GenAlEx 6.5 (Peakall and Smouse 2012) while rarified allelic 

richness (AR), the average number of alleles per locus, was calculated to a standardized 

population (g) of 8 using ADZE 1.0 for each genetic cluster identified in STRUCTURE (Szpiech 

et al. 2008). Rarefaction accounts for the difference in sampling efforts between the different 

populations, which varied from 9 to 20 individuals (Kalinowski 2004). Rarefied private allele 

richness (PR), the number of unique alleles found in a population, was also computed using 

ADZE 1.0 (Szpiech et al. 2008) for g = 8.  

Factors affecting range expansions 

Two researchers proposed that the recent range expansion of the opossum has been 

facilitated by either human-provided resources (Kanda 2005) or diminished winters due to 

climate change (Myers 2009). Habitat variables at the state level were determined to be too 

coarse-grained, and we therefore tested the influence of human development and climate on 

opossum genetic diversity at the county level. Counties with n > 3 or multiple adjacent counties 

with combined n > 3 were identified as regions to conduct a preliminary evaluation of putative 

influences on opossum genetic diversity. By sampling regions with 3–20 individuals, a sufficient 

number of regions were made available to conduct a general linear model and at least six alleles 

could be used in standardizing allelic richness across regions (Szpiech et al. 2008). While small 

samples sizes may not reveal the true allelic diversity, rarefaction can allow for accurate 

comparisons between populations. In a study comparing a diverse population to a known low-

diversity population, a random sample of five individuals was sufficient to correctly reveal the 

low-diversity population using measures of rarified allelic richness (Pruett and Winker 2008). 
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Data from each region (n = 11 regions) were collected for the following anthropogenic 

variables: human population density, housing density (US Census Bureau 2010) and density of 

farms (USDA NASS 2014). To calculate density measurements for regions containing multiple 

counties, raw census data were summed and density was calculated using the total land surface 

area of relevant counties (Supplementary Table S2).
2
  

Climate data for the 11 regions were collected from 1992 to 2013, as each region has 

been occupied by opossums for at least twenty years (Myers et al. 2009). County data for each 

region were downloaded from the National Climate Data center, http://www.ncdc.noaa.gov/cdo-

web/search (accessed July, 2015), averaged, and analyzed in R (R Development Core Team 

2014) to find the annual average maximum snow depth, 20-year extreme maximum snow depth, 

and annual average number of days with at least one inch (2.54 cm) of snow on the ground per 

region.  Annual average daily minimum winter temperature (December–February) for each 

region was also calculated. The number of days in which the minimum or maximum temperature 

fell below freezing was collected as annual sums and averaged. When years had data from 

multiple weather stations, the values were averaged (Supplementary Table S2).
2
  

Allelic richness and private allele richness were rarefied to a g of 3 for each region using 

ADZE 1.0 (Szpiech et al. 2008). There was no correlation between sample size and either 

rarefied allelic richness or private allele richness (Pearson coefficients = -0.294 and 0.04, 

respectively). General linear models were designed using the generalized linear model option in 

SPSS 22 (IBM 2013) with a linear response and factorial model to examine anthropogenic 

variables, climate variables, and a combination. The full factorial model creates all possible 

interactions and main effects for variables considered within a model. Covariates were 

                                                 
2
 Supplementary Table S2 is available with the article through the website at [cjz-2017-0071-suppl link] 
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standardized using the R package “arm” which allows for the input variables to be centered 

along the mean and divided by two standard deviations (Gelman 2008). An intercept-only model 

was created to serve as the null model. Model performances were measured using AICc, 

Akaike’s information criterion adjusted for number of covariates in a model, and compared using 

∆AICc (AICci - AICcMIN). Models with a ∆AICc value less than two are considered to have 

substantial support (Burnham and Anderson 2002).  

One to three anthropogenic variables were used to create anthropogenic models, and all 

combinations of anthropogenic variables were evaluated for model performance (Supplementary 

Table S3).
3
 Each climate model contained up to two covariates, but did not contain more than 

one variable related to temperature and snow. Models with 3-covariates were built using the 

highest performing 2-covariate climate models by adding each anthropogenic variable 

individually. Similarly, models were built using the highest 2 – covariate anthropogenic models 

by adding each climate variable individually. Each anthropogenic variable and climate variable 

were paired to build combination 2-covariate models.    

Results 

A total of 85 opossum samples were successfully amplified for microsatellite signals. All 

nine loci in Hardy-Weinberg equilibrium were polymorphic, yielding between 6 and 12 alleles. 

The Bayesian clustering program STRUCTURE yielded the highest ∆K when K = 2, indicating 

there are two genetic clusters represented in opossums collected from Ohio, Michigan, and 

Wisconsin (Fig. 3a). One cluster contained 44 individuals composed mostly of samples collected 

from eastern Great Lakes locations (i.e. Michigan and Ohio) with an average membership 

                                                 
3
 Supplementary Table S3 is available with the article through the website at [cjz-2017-0071-suppl link] 
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coefficient (Q) of 0.877, while the second cluster contained 41 individuals, most collected from 

western Great Lakes locations with an average Q of 0.862 (Fig. 3b).  

Across the entire sampling regime, isolation-by-distance was not found to be significant 

(r = 0.007; P = 0.39), and this pattern was repeated in the genetic cluster east of Lake Michigan 

(r = -0.072; P = 0.32). However, there was a faint but significant signal of isolation-by-distance 

on the western side of Lake Michigan (r = 0.175; P = 0.01).  

Diversity in the expanding populations 

When diversity measurements in the western genetic cluster were compared between the 

edge, UP, and its source population, Wisconsin, UP had significantly lower PR (Table 1). When 

diversity measurements in the eastern genetic cluster were compared between the edge, NLP, 

and its two putative source populations (SLP and Ohio), there were no significant differences 

observed in either allelic richness or private alleles (Table 1).  

Factors affecting range expansions 

A general linear model with rarefied allelic richness as the dependent variable had the 

highest support with human density and days of snow on the ground as covariates (Table 2; AICc 

= -21.938; parameter estimates = -0.152, -0.234 respectively; SE = 0.036). The next most 

strongly supported model included housing density and days of snow on the ground (∆AICc = 

0.206; parameter estimates = -0.148, -0.228 respectively; SE = 0.036), followed by a model with 

farm density as the only covariate (∆AICc = 3.070, parameter estimate = 0.158, SE = 0.042). The 

highest performing model with a temperature variable included average number of freezing days 

and farm density (∆AICc = 6.726). 

 A general linear model with rarefied private allelic richness as the dependent variable 

had the highest support with days of snow on the ground as its only covariate (Table 3, AICc = -
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25.673, parameter estimate = -0.093, SE = 0.032). The next most strongly supported model 

included average number of freezing days as its only covariate (∆AICc = 0.474, parameter 

estimate = -0.09, SE = 0.032), followed by a model with housing density and human density as 

the two covariates (∆AICc = 1.708; parameter estimates = -2.436, 2.487 respectively; SE = 

0.689).  

Discussion 

Scientists have long sought to understand how species are distributed and the underlying 

forces controlling species ranges. Since the first citation of climate change as the driving force 

behind a contemporary range expansion (Payette 1987), it has rapidly become the most common 

mechanism cited for recent range expansions throughout the world (Parmesan et al. 2005; Rius et 

al. 2014). The Virginia opossum’s range expansion was originally credited to climate change 

(Brocke 1970; Myers et al. 2009), but its expansion beyond its proposed climate niche in 

Michigan based on thermoregulation and winter foraging activity makes the Midwest 

populations of the opossum an optimal study system for directly evaluating other forces 

influencing the expansion of a mesopredator.  

Bayesian clustering indicates two genetic clusters with strong geographical partitioning 

around Lake Michigan were represented among the opossums sampled (Fig. 3a). The large 

geographic range of each cluster (both greater than 100,000 km
2
) indicates substantial gene flow 

in Midwestern opossums (Fig. 3b), and coincides with previous findings that opossums across 

Indiana belonged to a single genetic cluster (Hennessy et al. 2014). Numerous geographic 

outliers suggest long distance dispersal facilitated by humans. While isolation-by-distance was 

tested for all samples and within each geographic cluster, only the samples west of Lake 

Michigan showed significant, slight isolation-by-distance. This suggests that distance alone 
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cannot explain the two clusters identified on either side of Lake Michigan. The presence of two 

clusters of D. virginiana, a nomadic species with negligible philopatry (reviewed by Gardner and 

Sunquist 2003), suggests independent colonization of the two regions on either side of Lake 

Michigan.  A more comprehensive evaluation of the opossum’s entire range using more 

conservative markers than microsatellites could reveal deeper historical patterns of the 

opossum’s expansion northward since the Pleistocene (Graham and Lundelius 2010).  

The diversity measurements of allelic richness and private alleles are influenced by gene 

flow, genetic drift, and population turnover. Larger, more stable populations are expected to have 

higher allelic richness and more private alleles. Newly founded populations, and regions with 

higher turnover rates, are expected to have lower allelic richness and fewer private alleles, 

although isolated, older populations are known to harbor unique alleles (Slatkin 1985).   

When diversity measurements were compared between the edge populations and their 

source populations, there was a stark difference between the two edges. The UP had reduced PR 

compared to Wisconsin, which is typically expected when comparing a younger, edge population 

to an older population. There was no significant difference in PR when the other edge, NLP, was 

compared to its source populations (Table 1). In fact, this edge population had a higher number 

of private alleles, the opposite of what would be predicted using population genetics theory. The 

reduction in PR relative to source populations in the UP but not NLP might be explained by the 

PR  general linear models. The strongest model included days with snow on the ground as a 

negative influence. When the NLP county, Bay, is compared to the UP county, Delta, there is a 

70% increase in this variable in the UP (Supplementary Table S2).
2
 Fewer days of snow on the 

ground in NLP may have allowed for a larger, older population to be sustained.   
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Based on the lack of reduction in AR, both expansion edges are likely to have been 

colonized numerous times, and do not appear to be suffering from substantial bottleneck events. 

Alternatively, each genetic cluster as a whole may serve as edge populations when compared to 

more southern areas of the opossum range (e.g. Texas, Florida). A population genetics analysis 

across the opossum’s range could reveal this information.  

The general linear models evaluated in this study suggest a combination of snow 

variables and anthropogenic factors are shaping diversity measurements at the northwestern edge 

of the opossum’s range. The best general linear models constructed to explain patterns of 

diversity (measured as rarefied allelic richness and private alleles) both included days of snow on 

the ground as a negative variable. Snow reduces an opossum’s ability to forage, requiring them 

to use more fat storage and potentially leading to higher rates of starvation (Brocke 1970). In 

addition to preventing foraging, by reducing traffic and the speed of vehicles, excess snow may 

reduce the likelihood of road kill, a food source used by opossums (Hobday 2010; Beatty et al. 

2016).  

Strongly supported models also included anthropogenic variables such as farm density, 

human density, and housing density (Tables 2 - 3). The models indicate a positive impact on 

allelic richness by density of farms, suggesting agricultural areas may support more opossums, a 

pattern previously observed in a mark-recapture study conducted in the Midwest (Beatty et al. 

2016). This is further supported by Schoolcraft County, located immediately adjacent to Delta 

County sampled in the Upper Peninsula. As of 2013, it had not been colonized by opossums, and 

had approximately four times less farm density compared to any region evaluated (Table S2). 

Crops and livestock feed may be exploited in the fall by juvenile opossums, allowing them to 

rapidly gain weight and increase fat storage to survive winter. Beatty et al. (2014, 2016) 
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suggested that traffic patterns on farm roads result in carrion upon which opossums would 

opportunistically scavenge. Research conducted in Indiana found that opossums avoided 

farmland in the winter (Beatty et al. 2014), surviving winters by foraging in wooded areas and 

along roads instead (Beatty et al. 2014; Beatty et al. 2016). However, opossums at the northern 

edges of their range may be altering their foraging behavior because of increased snow levels. 

For example, in Massachusetts, opossums wintering in forested areas rather than suburban areas 

did not survive into spring (Kanda et al. 2009). 

Some of the highest performing models included housing density as a negative variable. 

This suggests reduced gene flow and potentially higher mortality rates in urban regions. 

Interestingly, human density had a negative influence on allelic richness models but a positive 

influence on private allele models. Regions with dense human occupation may serve as islands in 

a metapopulation, with reduced allelic richness and increased private alleles because of limited 

gene flow. Based on research conducted in New England, humans in suburban areas may be 

ameliorating the effects of winter by providing resources in the form of shelter, snow removal, 

and readily available food including trash, birdseed, and domestic pet feces (Kanda 2005). This 

hypothesis is consistent with the observation that opossums are absent from Schoolcraft County, 

which had approximately four times less human density than any Midwest region evaluated 

(Table S2). However, there may be a saturation point at which the density of urban land is too 

high to support large opossum populations.  

The climate and anthropogenic data used to evaluate opossums collected in 2013 

represent the variety of conditions in which these opossums were living, but are relatively static 

compared to the on-going range expansion of the opossum. However, in addition to the GLM 

results, there are historical anecdotal data to support the conclusion that land use change has 
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partially facilitated the opossum’s expansion. For example, the opossum’s initial colonization of 

Michigan and Wisconsin in the 1800s came prior to climate amelioration, and were anecdotally 

credited to forest clearing (Dice 1927; Jackson 1961).  

It is important to note there may be additional important factors that have been 

overlooked in the models presented, especially because the null model was a competing model 

for private allelic richness (Table 3). Opossums use the dens of other animals and may heavily 

rely on the presence of other medium-sized mammals in forested areas when seeking refuge from 

winter temperatures (Brocke 1970). However, models that account for the ecology of a species 

and their non-linear response to climate change have been found to more accurately predict field 

observations, and are likely to help scientists make more realistic predictions in the face of 

climate change (Mordecai et al. 2013).  

Based on the lack of strong support for rarefied allelic richness models incorporating 

winter temperatures, it cannot be currently concluded that temperature is a strong factor in 

influencing the survival of opossums at the edge of their distribution. Temperature could have 

once been the limiting factor (Brocke 1970), but it may now be overcome by the increased 

presence of agriculture in areas with dangerously low winter temperatures. Based on 

thermoregulation studies conducted in the 1960s, it was assumed that the opossum’s northern 

range in Michigan was closely linked to winter temperatures (Brocke 1970; Myers et al. 2009). 

However, opossums have been observed beyond the temperature niche Brocke prescribed 

(Kanda and Fuller 2004), and the top models in our study suggest that opossum populations are 

more impacted by the presence and longevity of snow than by harsh winter temperatures. The 

analysis of human variables and how they are related to diversity measurements suggest that 

agricultural lands are providing significant resources for Midwestern opossums and with 
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substantial gene flow across the study area, it appears that little is limiting the dispersal of 

opossums in this region apart from time.  

Conclusions based on this study are potentially limited by sample size, i.e. 85 individuals 

across a large geographic area. However, based on previous population studies conducted in 

Indiana, in which opossums throughout the state clustered as one genetic unit, it is unlikely that 

substantial structure was missed with 85 opossums (Hennessy et al. 2014). Although the question 

of biasing samples by collecting roadkill might be raised, opossum populations have not been 

found to be structured by roads (Beatty et al. 2012; Hennessy et al. 2014), and roadkill opossums 

were found in urban, suburban, and rural areas. The analysis of putative factors influencing 

opossum colonization and survival is limited by using regions with low sample sizes. While 

rarefaction helps mitigate discrepancies between sample sizes, the calculations of diversity are 

not as accurate because of the limited input of data. This limitation is especially noticeable in our 

PR models, in which the intercept-only was a competitive model. These GLMs were designed as 

a preliminary analysis, and they suggest that both climate and human land use influence opossum 

survival. Mark-recapture and isotope studies, as well as more widespread genetic analyses, can 

help further elucidate the factors ultimately driving the opossum’s expansion.  

In this geographic analysis of environmental factors, results suggest the Virginia 

opossum’s range expansion has been facilitated by both climate amelioration and land clearing 

for agriculture. The opossum appears to have capitalized on land use change over the past 200 

years, and it is likely to continue its expansion into the northern Midwest, as evidenced by its 

recent appearance in North Dakota (Walsh, L.L., Seabloom, R., and C.W. Thompson, submitted, 

The Prairie Naturalist). Allelic richness is used as a predictor for evolutionary potential 

(Kalinowski 2004), and the relatively high measurements in both edge regions suggest opossums 
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in the Midwest have a relatively high potential for adapting to novel communities. As a 

scavenger, they have positive effects on ecosystem services (Olson et al. 2012). However, they 

also carry parasites that have detrimental health effects on domestic animals including horses 

(Fenger et al. 1995). Because of the multiple factors influencing the opossum’s successful 

colonization, and the multiple effects they will have in new areas, the Virginia opossum 

continues to serve as a promising system to study range expansions.   

Acknowledgements 

We wish to thank the late Dr. D. Burton, DVM and his staff at the Ohio Wildlife Center 

for providing access to carcasses from central Ohio, as well as trappers from Wisconsin and 

Michigan including R. Dahlgren, D. Hasting, D. Hoskins, D. Knuth, and J. Volkert for going out 

of their way to contribute tissue samples for the project. The analysis of microsatellites was made 

easier thanks to guidance from B. Otero, L. Cortes-Ortiz, and M. Raquel Marchan Rivadeneira. 

Thank you to C.W. Thompson, B. Otero, M. Baiz, W.S. Beatty, and an anonymous reviewer for 

providing comments to improve the manuscript. This research was supported by funds from the 

University of Michigan’s Rackham Graduate School and Ecology and Evolutionary Biology 

Department.  

 

 

 

 

 

 

 

Page 20 of 37
C

an
. J

. Z
oo

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

E
X

A
S 

ST
A

T
E

 U
N

IV
 o

n 
09

/1
0/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 21

 

 

References 

Baker, R. H. 1983. Michigan Mammals. Michigan State University Press, Detroit, Michigan.  

 

Beasley, J.C., Beatty, W.S., Olson, Z.H., and Rhodes Jr, O.E. 2010. A Genetic Analysis of the 

Virginia Opossum Mating System: Evidence of Multiple Paternity in a Highly Fragmented 

Landscape. J. Hered. 101(3): 368-373. doi:10.1093/jhered/esp114.  

 

Beatty, W.S., Beasley, J.C., Dharmarajan, G., and Rhodes Jr., O.E. 2012. Genetic structure of a 

Virginia opossum (Didelphis virginiana) population inhabiting a fragmented agricultural 

ecosystem. Can. J. Zool. 90(1): 101–109. doi:10.1139/z11-119. 

 

Beatty, W.S., Beasley, J.C., and Rhodes Jr., O.E. 2014. Habitat selection by a generalist 

mesopredator near its historical range boundary. Can. J. Zool. 92(1): 41–48. doi:10.1139/cjz-

2013-0225.  

 

Beatty, W.S., Beasley, J.C., Olson, Z.H., and Rhodes Jr., O.E. 2016. Influence of habitat 

attributes on density of Virginia opossums (Didelphis virginiana) in agricultural ecosystems. 

Can. J. Zool. 94(6): 411–419. doi:1 0.1139/cjz-2016-0012.  

 

Page 21 of 37
C

an
. J

. Z
oo

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

E
X

A
S 

ST
A

T
E

 U
N

IV
 o

n 
09

/1
0/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 22

Bridle, J.R., Buckley, J., Bodsworth, E.J., and Thomas, C.D. 2014. Evolution on the move: 

specialization on widespread resources associated with rapid rang expansion in response to 

climate change. Proc. Biol. Sci. 281(1776): 20131800. doi:10.1098/rspb.2013.1800. 

 

Brocke, R.H. 1970. The winter ecology and bioenergetics of the opossum, Didelphis 

marsupialis, as distributional factors in Michigan. Ph.D. dissertation, Department of Ecology, 

Michigan State University, Lansing, Michigan, USA. 

 

Bronnenhuber, J.E., Dufour, B.A., Higgs, D.M., and Heath, D.D. 2011. Dispersal strategies, 

secondary range expansion and invasion genetics of the nonindigenous round goby, Neogobius 

melanostomus, in Great Lakes tributaries. Mol. Ecol. 20(9): 1845–1859. doi: 10.1111/j.1365-

294X.2011.05030.x.  

 

Buckley, J., Butlin, R.K., and Bridle, J.R. 2012. Evidence for evolutionary change associated 

with the recent range expansion of the British butterfly, Aricia agestis, in response to climate 

change. Mol. Ecol. 21(2):267–280. doi: 10.1111/j.1365-294X.2011.05388.x.  

 

Burnham, K.P., and Anderson, D.R. 2002. Model Selection and Multimodel Inference: a 

practical information-theoretic approach, 2nd edition. Springer-Verlag, New York. 

 

Burt, W.H. 1948. The Mammals of Michigan. University of Michigan Press, Ann Arbor, 

Michigan.  

 

Page 22 of 37
C

an
. J

. Z
oo

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

E
X

A
S 

ST
A

T
E

 U
N

IV
 o

n 
09

/1
0/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 23

Chapuis, M.P., and Estoup, A. 2007. Microsatellite null alleles and estimation of population 

differentiation. Mol. Biol. Evol. 24(3): 621–631. doi:10.1093/molbev/msl191.  

 

Dawson, M.N., Grosberg, R.K., Stuart, Y.E., and Stuart, E. 2010. Population genetic analysis of 

a recent range expansion: mechanisms regulating the poleward range limit in the volcano 

barnacle Tetraclita rubescens. Mol. Ecol. 19(8): 1585–1605. doi:1 0.1111/j.1365-

294X.2010.04588.x.  

 

Dice, L.R. 1927. A manual of the Recent Wild Mammals of Michigan (Series No. 2). University 

of Michigan Press, Ann Arbor, Michigan.  

 

Eckert, C.G., Samis, E., and Lougheed, S.C. 2008. Genetic variation across species’ 

geographical ranges: the central-marginal hypothesis and beyond. Mol. Ecol. 17(5): 1170–1188. 

doi: 10.1111/j.1365-294X.2007.03659.x.  

 

Evanno, G., Regnaut, S., and Goudet, J. 2005. Detecting the number of clusters of individuals 

using the software STRUCTURE: a simulation study. Mol. Ecol. 14(8): 2611–2620. doi: 

10.1111/j.1365-294X.2005.02553.x.  

 

Excoffier, L., and Lischer, H.E L. 2010. Arlequin suite ver 3.5: a new series of programs to 

perform population genetics analyses under Linux and Windows. Mol. Ecol. Resour. 10(3): 564–

567. doi: 10.1111/j.1755-0998.2010.02847.x.  

 

Page 23 of 37
C

an
. J

. Z
oo

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

E
X

A
S 

ST
A

T
E

 U
N

IV
 o

n 
09

/1
0/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 24

Excoffier, L., Foll, M., and Petit, R.J. 2009. Genetic consequences of range expansions. Annu. 

Rev. Ecol. Evol. Syst. 40(1): 481–501.   

 

Fenger, C.K., Granstrom, D.E., Langemeier, J.L., Stamper, S., Donahue, J.M., Patterson, J.S., 

Gajadhar, A.A., Marteniuk, J.V., Xiaomin, Z., and Dubey, J.P. 1995. Identification of opossums 

(Didelphis virginiana) as the putative definitive host of Sarcocystis neurona. J. Parasitol. 81(6): 

916–919.  

 

Fike, J.A., Beasley, J.C., and Rhodes Jr, O.E. 2009. Isolation of 21 polymorphic microsatellite 

markers for the Virginia opossum (Didelphis virginiana). Mol. Ecol. 9(4): 1200–1202. doi: 

10.1111/j.1755-0998.2009.02606.x.  

 

Gardner, A.L., and Sunquist, M.E. 2003. Opossum. In Wild mammals of North America: 

biology, management, and conservation. Edited by G.A. Feldhamer, B.C. Thompson, and J.A. 

Chapman. Johns Hopkins University Press, Baltimore, Maryland. pp. 3–29.  

 

Gelman, A. 2008. Scaling regression inputs by dividing by two standard deviations. Stat. Med. 

27: 2865–2873. doi: 10.1002/sim.3107. 

 

Gilchrist, A., Barker, A., and Handley, J.F. 2015. Pathways through the landscape in a changing 

climate: the role of landscape structure in facilitating species range expansion through an 

urbanised region. Landsc. Res. 41(1): 26-44. doi:10.1080/01426397.2015.1045466.  

 

Page 24 of 37
C

an
. J

. Z
oo

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

E
X

A
S 

ST
A

T
E

 U
N

IV
 o

n 
09

/1
0/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 25

Goudet, J. 2002. FSTAT, a program to estimate and test gene diversities and fixation indices 

(version 2.9.3). Lausanne University, Lausanne, Switzerland. 

http://www.unil.ch/izea/softwares/fstat.html.  

 

Graham, R.W., and Lundelius Jr, E.L. 2010. FAUNMAP II: New data for North America with a 

temporal extension for the Blancan, Irvingtonian and early Rancholabrean. FAUNMAP II 

Database, version 1.0 http://www.ucmp.berkeley.edu/faunmap.  

 

Hennessy, C., Tsai, C., Beasley, J.C., Beatty, W.S., Zollner, P.A., and Rhodes Jr, O.E. 2014. 

Elucidation of population connectivity in synanthropic mesopredators: Using genes to define 

relevant spatial scales for management of raccoons and Virginia opossums. J. Wildl. Manage. 

79(1): 112-121. doi: 10.1002/jwmg.812.  

 

Hobday, A.J. 2010. Nighttime driver detection distances for Tasmanian fauna: informing speed 

limits to reduce roadkill. Wildl. Res. 37(4): 265-272. 

 

Jackson, H.H.T. 1961. Mammals of Wisconsin. University of Wisconsin Press, Madison, 

Wisconsin.  

 

Jakobsson, M., and Rosenberg, N.A. 2007. CLUMPP: a cluster matching and permutation 

program for dealing with label switching and multimodality in analysis of population structure. 

Bioinformatics, 23(14): 1801-1806. doi: 10.1093/bioinformatics/btm233.  

Page 25 of 37
C

an
. J

. Z
oo

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

E
X

A
S 

ST
A

T
E

 U
N

IV
 o

n 
09

/1
0/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 26

 

Kalinowski, S.T. 2004. Counting alleles with rarefaction: Private alleles and hierarchical 

sampling designs. Conserv. Genet. 5(4): 539–543. 

doi:10.1023/B:COGE.0000041021.91777.1a.  

 

Kanda, L. 2005. Winter energetics of Virginia opossums Didelphis virginiana and implications 

for the species' northern distributional limit. Ecography, 28(6): 731–744. Available from 

http://onlinelibrary.wiley.com/doi/10.1111/j.2005.0906-7590.04173.x/abstract [accessed 7 

March 2017].  

 

Kanda, L.L., and Fuller, T.K. 2004. Demographic responses of virginia opossums to limitation at 

their northern boundary. Can. J. Zool. 82(7): 1126–1134. doi:10.1139/Z04-089. 

 

Kanda, L.L., Fuller, T.K., Sievert, P.R., and Kellogg, R.L. 2009. Seasonal source–sink dynamics 

at the edge of a species' range. Ecology, 90(6): 1574–1585. Available from 

http://onlinelibrary.wiley.com/doi/10.1890/08-1263.1/abstract [accessed 16 October 2016].  

 

McManus, J. J. 1974. Didelphis virginiana. Mammalian Species, 40: 1–6. Available from 

www.jstor.org/stable/3503783 [accessed 14 October 2016].  

 

Mordecai, E.A., Paaijmans, K.P., Johnson, L.R., Balzer, C., Ben-Horin, T., de Moor, E., 

McNally, A., Pawar, S., Ryan, S.J., Smith, T.C., and Lafferty, K.D. 2013. Optimal temperature 

Page 26 of 37
C

an
. J

. Z
oo

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

E
X

A
S 

ST
A

T
E

 U
N

IV
 o

n 
09

/1
0/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 27

for malaria transmission is dramatically lower than previously predicted. Ecol. Lett. 16(1): 22-

30. doi:10.1111/ele.12015.  

•  

Moritz, C., Patton, J.L., Conroy, C.J., Parra, J.L., White, G.C., Gary, C., and Beissinger, S.R. 

2008. Impact of a century of climate change on small-mammal communities in Yosemite 

National Park, USA. Science, 322(5899): 261–264. Available from 

http://science.sciencemag.org/content/322/5899/261 [accessed 6 October 2015].  

 

Moscarella, R.A. 2011. Dissecting the geographical expansion of Peromyscus leucopus in the 

Northern Great Lakes: Insights from genetics, morphometrics and ecology. Ph.D. dissertation, 

Department of Zoology and Ecology, Michigan State University, Lansing, Michigan, USA. 

 

Myers, P., Lundrigan, B.L., Hoffman, S.M.G., Haraminac, A.P., and Seto, S.H. 2009. Climate-

induced changes in the small mammal communities of the Northern Great Lakes Region. Glob. 

Chang. Biol. 15(6): 1434–1454. doi:10.1111/j.1365-2486.2009.01846.x.  

 

Olson, Z. H., Beasley, J.C., DeVault, T.L., and Rhodes, O.E. 2012. Scavenger community 

response to the removal of a dominant scavenger. Oikos, 121: 77–84. doi: 10.1111/j.1600-

0706.2011.19771.x.  

 

Parker, G. 1995. Eastern coyote: the story of its success. Nimbus Publishing, Halifax, Nova 

Scotia, Canada. 

 

Page 27 of 37
C

an
. J

. Z
oo

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

E
X

A
S 

ST
A

T
E

 U
N

IV
 o

n 
09

/1
0/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 28

Parmesan, C., Gaines, S., Gonzalez, L., Kaufman, D.M., Kingsolver, J., Peterson, A.T., and 

Sagarin, R. 2005. Empirical perspectives on species borders: from traditional biogeography to 

global change. Oikos, 108(1): 58–75. Available from 

http://onlinelibrary.wiley.com/doi/10.1111/j.0030-1299.2005.13150.x/abstract [accessed 13 

April 2016].  

 

Payette, S. 1987. Recent porcupine expansion at the tree line: a dendrochronological analysis.  

Can. J. Zool. 65(3): 551–557. doi:10.1139/z87-085. 

 

Peakall, R., and Smouse, P.E. 2012. GenAlEx 6.5: genetic analysis in Excel. Population genetic 

software for teaching and research-an update. Bioinformatics, 28(19): 2537–2539. 

doi:10.1093/bioinformatics/bts460. 

 

Pritchard, J. K., Stephens, M., and Donnelly, P. 2000. Inference of population structure using 

multilocus genotype data. Genetics, 155(2): 945–959. 

 

Pruett, C.L., and Winker, K. 2008.  The effects of sample size on population genetic diversity 

estimates in song sparrows Melospiza melodia. J. Avian Biol. 39: 252-256. doi: 

10.1111/j.2008.0908-8857.04094.x.  

 

R Development Core Team. 2014. R: a language and environment for statistical computing, 

3.1.2. R Foundation for Statistical Computing, Vienna, Austria.  

 

Page 28 of 37
C

an
. J

. Z
oo

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

E
X

A
S 

ST
A

T
E

 U
N

IV
 o

n 
09

/1
0/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 29

Rice, W.R. 1989. Analyzing tables of statistical tests. Evolution, 43(1): 223–225. Available from 

http://www.jstor.org/stable/2409177 [accessed 13 April 2016].  

 

Rius, M., Clusella-Trullas, S., McQuaid, C.D., Navarro, R.A., Griffiths, C.L., Matthee, C.A.,   

von der Heyden, S., and Turon, X. 2014.  Range expansions across ecoregions: interactions of 

climate change, physiology and genetic diversity. Glob. Ecol. Biogeogr. 23(1): 76–88. doi: 

10.1111/geb.12105.  

 

Slatkin, M. 1985. Rare alleles as indicators of gene flow. Evolution, 39(1): 53-65.  

 

Szpiech, Z.A., Jakobsson, M., and Rosenberg, N.A. 2008. ADZE: a rarefaction approach for 

counting alleles private to combinations of populations. Bioinformatics, 24(21): 2498–2504. 

doi:10.1093/bioinformatics/btn478. 

  

U.S. Census Bureau. 2010. Census of Population and Housing, Population and  

Housing Unit Counts. U.S. Government Printing Office, Washington, DC, 2012.  

 

USDA NASS. 2014. Census of Agriculture: Michigan state and county data. United States 

Department of Agriculture/ National Agricultural Statistics Service, Washington, DC. Available 

from 

https://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1,_Chapter_2_County_

Level/Michigan/miv1.pdf [accessed October 18 2016].   

 

Page 29 of 37
C

an
. J

. Z
oo

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

E
X

A
S 

ST
A

T
E

 U
N

IV
 o

n 
09

/1
0/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 30

Van Oosterhout, C., Hutchinson, W.F., Wills, D.P.M., and Shipley, P. 2004. MICRO-

CHECKER: software for identifying and correcting genotyping errors in microsatellite data. 

Mol. Ecol. Notes, 4(3): 535–538. doi:10.1111/j.1471-8286.2004.00684.x.  

 

Walter, W.D., Fischer, J.W., Anderson, C.W., Marks, D.R., Deliberto, T., Robbe-Austerman, S., 

and Vercauteren, K.C. 2013. Surveillance and movements of Virginia opossum (Didelphis 

virginiana) in the bovine tuberculosis region of Michigan. Epidemiology and Infection, 141(7): 

1498–1508. doi: 10.1017/S0950268813000629.  

 

Wellenreuther, M., Sánchez-Guille, R.A., Cordero-Rivera, A., Svensson, E.I., and Hansson, B. 

2011. Environmental and climatic determinants of molecular diversity and genetic population 

structure in a Coenagrionid damselfly. PLoS One, 6(6): e20440. 

doi:10.1371/journal.pone.0020440.  

 

 

 

 

 

 

 

 

 

 

Page 30 of 37
C

an
. J

. Z
oo

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
T

E
X

A
S 

ST
A

T
E

 U
N

IV
 o

n 
09

/1
0/

17
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 T
hi

s 
Ju

st
-I

N
 m

an
us

cr
ip

t i
s 

th
e 

ac
ce

pt
ed

 m
an

us
cr

ip
t p

ri
or

 to
 c

op
y 

ed
iti

ng
 a

nd
 p

ag
e 

co
m

po
si

tio
n.

 I
t m

ay
 d

if
fe

r 
fr

om
 th

e 
fi

na
l o

ff
ic

ia
l v

er
si

on
 o

f 
re

co
rd

. 



 

 31

Figure captions 

Fig. 1. Map of all available VertNet records of the Virginia opossum (Didelphis virginiana) with 

location data collected in Canada and the United States per county, spanning from 1872-2014. A 

total of 2,896 specimens were included in the dataset. Opossum expansion on the Pacific coast 

was due to multiple introductions by humans (reviewed by Gardner and Sunquist 2003).  

 

Fig. 2. Virginia opossums (Didelphis virginiana) were collected from three U.S. states: Ohio 

(OH), Wisconsin (WI), and Michigan to evaluate two expansion fronts. Three geographic areas 

were established for Didelphis virginiana in Michigan: the southern Lower Peninsula of 

Michigan (SLP), northern Lower Peninsula of Michigan (NLP), and the Upper Peninsula of 

Michigan (UP).  

 

Fig. 3. Virginia opossums (Didelphis virginiana) clustered according to STRUCTURE (K = 2) 

based on nine microsatellite markers. a) Bayesian clustering likelihoods for individuals. Black 

vertical lines indicate the geographic location of individuals (OH = Ohio; SLP = Southern Lower 

Peninsula of Michigan; NLP = Northern Lower Peninsula of Michigan; WI = Wisconsin; UP = 

Upper Peninsula of Michigan). b) Geographic locations for individuals from both clusters. 

Cluster 1 (circles, n = 44) mostly comprises opossums from Ohio and Lower Michigan, but also 

includes outliers from Wisconsin (black circles). Cluster 2 (diamonds, n = 41 comprises mostly 

opossums from Wisconsin and Michigan’s Upper Peninsula, but also includes three outliers from 

Lower Michigan (black diamonds).   
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 1

Table 1. Diversity measurements of the Virginia opossum (Didelphis virginiana) including 

observed heterozygosity (HO), expected heterozygosity (HE), rarefied allelic richness (AR), and 

rarefied private allelic richness (PR) + Standard Error (SE) for the five geographic areas sampled.  

Geographic Area n  HO + SE      HE + SE       AR + SE        PR + SE 

Edge Upper Peninsula (UP) 20 0.826 + 0.190 0.715 + 0.026 4.624 + 0.330 0.783 + 0.186 

Source Wisconsin 20 0.736 + 0.056 0.762 + 0.026 5.215 + 0.360 1.374 + 0.238 

       

Edge Northern Michigan (NLP) 9 0.870 + 0.048 0.774 + 0.018 4.719 + 0.189 0.816 + 0.138 

Sources Southern Michigan (SLP) 20 0.825 + 0.03 0.774 + 0.02 4.395 + 0.240 0.595 + 0.102 

Ohio 16 0.755 + 0.05 0.752 + 0.28 4.30 + 0.243 0.655 + 0.122 
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 2

Table 2. Highest performing general linear models used to examine region-wide rarefied allelic 

richness (AR) in Virginia opossums (Didelphis virginiana), ranked by ∆AICc.  

Model ∆AICc wi 

Human density + Days w/ground snow   0.00 0.367 

Housing density + Days w/ground snow 0.206 0.331 

Farm density  3.07 0.079 

Farm density + Days w/ground snow 4.409 0.040 

Intercept only 8.189 0.006 

 

Note: Models in bold are considered to have substantial support (Burnham and Anderson 2002). 

∆AICc, difference in a model’s Akaike’s information criterion adjusted for covariate size; wi, 

Akaike weight.  Models with ∆AICc less than 5 were selected as the highest performing models.  
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 3

Table 3. Highest performing general linear models used to examine region-wide rarefied private 

allelic richness richness (PR) in Virginia opossums (Didelphis virginiana), ranked by ∆AICc.  

Model ∆AICc wi 

Days w/ground snow 0.000 0.214 

Freezing days 0.474 0.169 

Housing density + Human density  1.708 0.091 

Intercept only 2.630 0.057 

 

Note: Models in bold are considered to have substantial support (Burnham and Anderson 2002). 

∆AICc, difference in a model’s Akaike’s information criterion adjusted for covariate size; wi, 

Akaike weight. Models with ∆AICc less than the null model (intercept only) were selected as the 

highest performing models. 
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