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Abstract

Identifying natural barriers to movements of hosts associated with infectious
diseases is essential for developing effective control strategies. Raccoon rabies

Correspondence variant (RRV) is a zoonosis of concern for humans because its main vector,
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the raccoon (Procyon lotor), is found near residential areas. In Québec, Canada,
all cases of RRV found in raccoons since 2006 were detected on the eastern
side of the Richelieu River, suggesting that this river acts as a barrier to gene

2R1. flow and thus the potential for RRV to spread. The objectives of this study
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were to characterize the genetic structure of raccoon populations and assess the
effect of the Richelieu River on the population structure in southern Québec,
Canada. We also evaluated whether RRV spread potential differed between sex
and at a larger spatial scale. Our analyses revealed a weak signal of genetic dif-
ferentiation among individuals located on each side of the Richelieu River. At
a larger spatial scale, genetic structuring was weak. Our results suggest that riv-
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. . ers might not always efficiently restrain raccoon movements and spread of
doi:10.1111/.1752-4571.2012.00238 x RRV. We suggest that the difference in genetic structure found between sexes
can be partly explained by male movements during the breeding season in win-

ter, when ice bridges allow passage over most rivers in Québec.

authors suggested that approaches from landscape genet-

Introduction . . .
ics could be used to understand the potential for disease

Understanding how environmental variables contribute to
the emergence, distribution and persistence of infectious
diseases is crucial to effectively predict and control their
spread (Ostfeld et al. 2005). As several infectious diseases
affecting wild animals are transmittable to humans (e.g.
H5NI1, rabies), predicting ‘why’, ‘where’ and ‘how far’
hosts disperse are key questions for wildlife managers and
health agencies (Anderson and May 1991; Cullingham
et al. 2009). Typically, the effect of environmental vari-
ables on animal population structure is assessed using
landscape genetics methods, which provide information
on the relationships between landscape features and
potential for gene flow (Manel et al. 2003; Holderegger
and Wagner 2006). As infectious diseases depend on their
hosts for dispersal (Grenfell and Dobson 1995), several
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spread (Biek et al. 2007; Blanchong et al. 2008; Archie
et al. 2009; Biek and Real 2010). This approach also pre-
sumes that diseased and healthy animals have similar
probabilities of dispersal and average distance moved.
Recent studies that applied landscape genetic methods
suggest that the variability in the disease progression can
often be explained by the presence of rivers, mountains
and roads (Childs et al. 2000; Russel et al. 2006; Blan-
chong et al. 2008; Neaves et al. 2009). For example,
research on the prevalence of chronic wasting disease
(CWD) in white-tailed deer (Odocoileus virginianus)
found that the presence of rivers and highways signifi-
cantly reduced the extent of gene flow and limited the
spread of CWD (Blanchong et al. 2008). Patterns of sex-
specific dispersal can also influence the spatial genetic
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structure of a host population (Lawson Handley and Per-
rin 2007). In mammals, for example, most species have
polygamous or promiscuous mating systems, where juve-
nile and adult males have a higher probability of dispersal
compared to adult females (Greenwood 1980). Yet, few
studies of landscape genetic have incorporated landscape
variables and sex-specific patterns of dispersal to predict
host population structure and risks of disease spread.

In this article, we applied a landscape genetic approach
to evaluate the effects of landscape barriers and sex-biased
dispersal on the potential for raccoon rabies variant
(RRV) spread in southern Québec. In the case of RRV,
the assumption that healthy animals provide a representa-
tive picture of dispersal patterns of infected specimens is
realistic because behaviour of rabid animals is different
from healthy ones only during the period of morbidity
(between 3 and 8 days in raccoon, see McLean 1975).
The RRV has a long incubation period [an average of 39—
79 days for animals with natural exposure (McLean
1975)], and therefore, for most of the period during
which raccoon are carrying rabies, the behaviour of
infected animals is similar to healthy individuals (Rosatte
et al. 2006). Similarity in behaviour between healthy and
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rabid animals was also found in striped skunks (Mephitis
mephitis) by Greenwood et al. (1997). Thus, describing
the way healthy hosts are organized in space can help
providing insights on the potential for RRV spread.
Rabies is a zoonotic disease with a significant impact,
as more than 55 000 human deaths occur every year as a
result of it (World Health Organization 2012). While
most of these cases are found in developing countries,
rabies is a great concern for public health agencies world-
wide. For example, in the USA, the costs for the control
of rabies and postexposition treatment are estimated
between 230 million and 1 billion US dollars annually
(Rupprecht et al. 1995). In particular, the RRV has been
in constant northward progression in North America over
the last four decades (Curtis 1999). RRV is problematic
because the distribution range of its main host, the rac-
coon (Procyon lotor), is linked to human presence, which
increases the risk of spread to domestic animals and
humans (Cullingham et al. 2009). In Canada, the first
cases of the RRV were found in 1999 in Ontario (Rosatte
et al. 2001), in 2000 in New Brunswick and in 2006 in
Québec (Fig. 1). Government agencies in North America
are thus aiming to develop cost-efficient methods to
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Figure 1 Map of the study area in southern Québec (indicated by a black rectangle on the map in the top left corner), Canada, showing the
locations of the raccoon rabies variant (RRV) cases documented in raccoons by the enhanced provincial surveillance programme and the Canadian
Food Inspection Agency’s passive surveillance programme (i.e. following human and pet postexposure investigations) in 2006 (filled squares,
n = 4), 2007 (filled triangles, n = 59) and 2008 (filled circles, n = 26). The ‘stars’ indicate the centre of sampling sites.
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control the spread of this disease in wild populations and
limit its negative impact on public health and finances.
One of the avenues to explore is whether landscape ele-
ments (rivers, mountain ranges, etc.) have the potential
to be used in concert with other control methods by
restraining animal movement.

Recent molecular evidence suggests that rivers are natu-
ral barriers to effective dispersal of terrestrial hosts poten-
tially carrying rabies. Indeed, Cullingham et al. (2009)
reported reduced gene flow across the Niagara River
between Ontario (Canada) and New York (USA), imply-
ing that raccoons’ ability to disperse could be associated
with the permeability of the river to animal movement.
The degree to which a river is permeable to animal move-
ment may vary with many factors, such as the width of
the river, the rate of flow or human activities related to
the river. For example, in Ontario, authorities mechani-
cally prevent ice formation on the Niagara River during
the winter, keeping water flowing heavily throughout the
year (Cullingham et al. 2009). Thus, the extent to which
rivers can limit raccoon movements and be effectively
reinforced with oral vaccination to be used as immuno-
logical barriers to control rabies remains unclear. This is
especially true in temperate regions where ice formation
occurs in winter and facilitates animal movement. In
southern Québec, where rabies surveillance has been con-
ducted since 2007 (Rees et al. 2011; hereafter referred to
as the RRV monitoring area), all cases of RRV found in
raccoons since 2006 were detected on the eastern side of
the Richelieu River (see Fig. 1). Here, we applied land-
scape genetic methods to investigate the potential of RRV
spread in raccoons in this area. Specifically, we wanted to
test whether the distribution of RRV cases on the east
side of the Richelieu River was most likely explain by a
barrier effect of this river or instead because of other fac-
tors, including the control activities that were deployed
following the detection of the first cases in 2006. While
these activities have clearly interfered with RRV spread in
this area, cases were still detected until 2008 despite a
large control effort. Yet, the absence of the disease from
the west side of the Richelieu River during this period
thus suggests that this river acts as a potential barrier to
movement for this species (Fig. 1). To examine this possi-
bility, we first used microsatellite markers to assess the
population genetic structure of raccoons in the RRV
monitoring area. We then evaluated whether disease
spread potential was different depending on sex (because
of differences in movements between genders) by assess-
ing patterns of isolation by distance and the effect of the
Richelieu River on the structure of relatedness detected
for males and females. Then, we explored the genetic
structure of raccoons at a larger spatial scale to get a bet-
ter understanding of animal dispersal around the RRV
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monitoring area and to evaluate the potential for rabies
spread in the province of Québec. To do so, we quanti-
fied the extent of genetic diversity and population struc-
turing found in sites located in peripheral areas compared
to that of the RRV monitoring area.

Materials and methods

Study area and raccoon DNA sampling

Our main study area is located in southern Québec, Can-
ada, and covers approximately 21 300 km’ It spans
North up to Lanaudiere and is bordered West by the
St. Lawrence River and to the South and East by the USA
border (states of New York, Vermont, New Hampshire
and Maine) (Fig 2). We randomly selected a subsample
of raccoons for genetic analysis from all samples collected
by the Ministere des Ressources naturelles et de la Faune
of Québec (MRNFQ) and its partners during monitoring
and control activities against RRV in raccoons, such as
the recovery of road-killed animals (Rees et al. 2011) and
field tests of oral vaccination efficiency in 2008 and 2009.
Location of each animal collected was obtained using
hand-held global positioning system (GPS), and a skin
biopsy was collected from the ear with a 2-mm punch for
subsequent genetic analyses. Samples were stored in 95%
ethanol until DNA extraction. The sex of each animal col-
lected was assessed both during field manipulations and
using molecular techniques as described in Shaw et al.
(2003) (Table 1). We used 273 animals genotyped from
the RRV monitoring zone (Fig. 2) to conduct our so-
called RRV monitoring area analyses. We also genotyped
an additional 149 samples that were collected from areas
peripheral to the zone were RRV cases were found to
explore the genetic structure at a larger spatial scale. Sam-
ples collected in the peripheral areas yield from three sites
on islands in the St. Lawrence River [Montréal (n = 20),
Charron (n = 29) and Orléans (n = 52)] and one site on
the North shore of the St. Lawrence River (Lanaudiere,
n = 48).

DNA extraction and microsatellite analyses

DNA was extracted using a salting out protocol as
described in Chambers and Garant (2010). The following
ten microsatellite loci, developed specifically for raccoons,
were selected based on their size and polymorphism (see
Table S1 for details about loci): PLO-M2, PLO-M3, PLO-
M15, PLO-M17, PLO-M20, PLO2-14, PLO2-117, PLMO6,
PLM10 and PLM20 (Cullingham et al. 2006; Siripunkaw
et al. 2008).

Microsatellite loci amplification was performed using
GeneAmp 9700 thermocyclers (Applied Biosystems, Foster
City, CA, USA). The amplification conditions are
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Figure 2 Location of the samples (grey circles) obtained from the raccoon rabies variant (RRV) monitoring area in southern Québec, Canada. Sites
for the comparison between RRV monitoring and peripheral areas are also represented by stars, which are located in the centre of sampling loca-
tions (from West to East): Montréal (45.54°, —73.63°), Charron Island (45.58°, —73.48°), Lanaudiére (45.80°, —73.47°), Orléans lIsland (46.90°,
—71.01°). The ‘cross’ indicates major cities. Sample sizes for these sites are reported in the Materials and methods section.

described in Tables S2 and S3. PCR products were visual-
ized using an AB 3130 capillary DNA sequencer (Applied
Biosystems). A volume of 1 uL of PCR product was
added to 8.9 uL. of Hi-Di Formamide and 0.1 uL of
GeneScan Liz 600 (Applied Biosystems). Allele size was
scored using the software GENEMAPPER version 4.0
(Applied Biosystems).

Data analysis

We tested all loci for departure from Hardy—Weinberg
equilibrium and linkage disequilibrium and obtained
observed and expected heterozygosity for each locus and
site using the software GENEPoP version 4.0 (Raymond and
Rousset 1995). We used the software FSTAT version 2.9.3.2
(Goudet 1995) to calculate allelic richness (Ag). Finally, we
used cervus version 3.0.3 (Marshall et al. 1998; Kalinowski
et al. 2007) to assess the presence of null alleles.

RRV monitoring area population genetic structure
We first quantified the extent of genetic differentiation

among groups located on each side of the Richelieu River
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by calculating Fst among them using rsTaT (Goudet
1995). We also assessed the maximum level of genetic dif-
ferentiation among these two groups using G’st (as in
Hedrick 2005) as well as Jost’s D (Jost 2008). We then
used the bayesian clustering software STRUCTURE version
2.3.3 to estimate the most likely number of genetic clus-
ters in the RRV monitoring area (Pritchard et al. 2000).
We performed the analyses using a model with admix-
ture, separate o for each population, allele frequencies
correlated (using A = 1.0) among genetic clusters and
without using prior information on sampling location.
For each value of K (number of clusters: from one to
four), we ran five independent models with 250 000 itera-
tions, plus a burn in period of 100 000 iterations. Means
of the In-probabilities of all independent runs for a given
K were then calculated. We also used the software GENE-
LAND version 3.3 (Guillot et al. 2005) and BAPS version
5.2 (Corander et al. 2004) to assess the number of genetic
clusters within the RRV monitoring area, but because
results were similar to those obtained with STRUCTURE
(results not shown), we only reported the latter. We also
specifically ran sTRUCTURE with K = 2 and then assessed
the proportion of individuals from each side of the

© 2012 Blackwell Publishing Ltd 5 (2012) 393-404



Coté et al.

Genetic structure and raccoon rabies

Table 1. Sample sizes of genotyped individuals with observed (Ho) and expected (Hg) heterozygosity, allelic richness (Ag — using Montréal as the

common sample size) and inbreeding coefficient (Fis) for sites sampled in southern Québec, Canada.

Lanaudiere Orléans Island Montréal Charron Island RRV monitoring area
Locus Sample size 48 (27, 21) 52 (25, 27) 20 (11, 9) 29 (13, 16) 273 (121, 152)
PLOM15 Ho 0.88 0.73 0.90 0.71 0.87
He 0.88 0.73 0.79 0.71 0.86
AR 10.62 5.94 9.00 8.56 11.32
Fis 0.001 0.009 -0.101 0.011 -0.012
PLO2-117 Ho 0.94 0.90 1.00 0.90 0.86
He 0.91 0.83 0.90 0.88 0.92
AR 14.48 10.04 13.00 12.23 15.79
Fis -0.025 -0.074 -0.092 —-0.007 0.059
PLOM3 Ho 0.71 0.67 0.65 0.65 0.78
He 0.78 0.75 0.75 0.64 0.80
AR 5.60 4.77 6.00 4.90 5.65
Fis 0.087 0.118 0.158 —0.002 0.010
PLOM 20 Ho 0.88 0.71 0.90 0.90 0.83
He 0.88 0.72 0.83 0.86 0.89
AR 11.98 7.70 11.00 12.01 12.29
Fis 0.01 0.024 -0.054 -0.022 0.054
PLO2-14 Ho 0.83 0.75 0.90 0.72 0.88
He 0.84 0.75 0.88 0.83 0.89
AR 11.09 9.73 13.00 11.54 13.64
Fis 0.017 0.013 -0.003 0.161 0.002
PLOM2 Ho 0.81 0.90 0.80 0.82 0.89
He 0.81 0.78 0.75 0.83 0.88
AR 9.74 6.36 9.00 7.91 10.40
Fis —0.006 -0.143 -0.036 0.035 0.002
PLOM17 Ho 0.73 0.58 0.75 0.79 0.77
He 0.74 0.69 0.67 0.78 0.81
AR 5.32 5.71 5.00 5.99 6.28
Fis 0.013 0.177 -0.100 0.003 0.052
PLMO6 Ho 0.55 0.91 0.80 0.59 0.68
He 0.69 0.73 0.68 0.67 0.74
AR 3.85 4.62 4.00 3.69 5.08
Fis 0.195 -0.225 -0.156 0.142 0.096
PLM10 Ho 0.88 0.81 0.85 0.75 0.83
He 0.85 0.78 0.82 0.71 0.86
Ar 7.88 5.76 8.00 7.32 9.02
Fis -0.025 -0.027 -0.013 -0.034 0.029
PLM20 Ho 0.69 0.73 0.70 0.48 0.73
He 0.74 0.72 0.74 0.65 0.76
AR 7.70 5.79 9.00 7.27 7.81
Fis 0.066 —-0.011 0.081 0.279 0.065
Overall mean Ho 0.79 0.77 0.83 0.73 0.81
He 0.81 0.75 0.78 0.76 0.84
AR 8.83 6.64 8.70 8.14 9.73
Fis 0.033 -0.014 -0.032 0.057 0.036

RRV, raccoon rabies variant.
The numbers of females and males genotyped for each site are presented in parentheses (F, M). Lanaudiere is located on the North shore of the
St. Lawrence River (see Fig. 2).

Richelieu that were assigned to each cluster (i.e. the
number of individuals genetically assigned to the western
side of the river among those that were actually sampled
on that side, and the same proportion was calculated for
the eastern side). We then compared these proportions to

© 2012 Blackwell Publishing Ltd 5 (2012) 393-404

the overall proportion of individuals assigned to each
given cluster using binomial proportion tests.

To further explore the relative importance of the land-
scape in shaping the spatial distribution of genetic struc-
ture, we assessed the effect of linear geographic distance
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and that of the Richelieu River. We calculated the geo-
graphic distance (km) between pairs of individuals using
the extension Hawth’s tool in ArRcGIS version 3.2.2. We
used Genepop to provide a first assessment of the isola-
tion by distance (IBD) between pairs of individuals using
the method described in Rousset (2000). We then used
SPAGEDI version 1.3 (Hardy and Vekemans 2002) to
estimate pairwise genetic relatedness (Rxy) between all
sampled individuals with Wang’s estimator (Wang 2002)
and used 1-Rxy as a measure of genetic distance between
individuals. The presence of IBD among individuals was
then further assessed using Mantel tests (Mantel 1967)
implemented in FsTAT. We conducted analyses over all
individuals and then separately for each sex to assess
whether potential for RRV spread differs according to
gender. Finally, we used Partial Mantel tests implemented
in ESTAT to establish the strength and significance of the
partial correlations between the presence of the Richelieu
River, the geographic distance and the genetic distance
among individuals. Again, these tests were performed
over all individuals and separately for each sex to assess
whether spread potential and effect of barriers were dif-
ferent depending on gender.

Comparisons between RRV monitoring areas and
peripheral areas

We compared allelic richness (Ag), observed heterozygos-
ity and the inbreeding coefficient (Fjs) among sites using
analyses of variance (aNovas) because none of the
parameters significantly deviated from normality assump-
tions (Shapiro Wilk tests all P > 0.05. We performed
these analyses using the software r version 2.0 (R Core
Development Team, 2008). We also calculated pairwise
genetic differentiation among sites using Fsp. Again, we
tested for IBD, but this time assessing the relationships
between the genetic differentiation (Fgr) and geographic
distance (km) among sites. As individuals from each
group were distributed over a large territory, we used the
central sampling point of each group to calculate the geo-
graphic distances between them.

Results

Microsatellite polymorphism

A total of 422 raccoons were genotyped at ten microsatel-
lites (Table 1). All loci were highly polymorphic, exhibit-
ing from 7 to 37 alleles per locus with an average of 17.1
(£10.3 SD). Observed heterozygosity per locus ranged
from 0.66 to 0.92 (Table 1). Expected heterozygosity ran-
ged from 0.72 for PLM-06 to 0.93 for PLO2-117. Overall
Fis within each sampling site ranged from —0.032
(Montréal) to 0.057 (Charron Island) (Table 1). Fig were
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significantly higher than expected in both Charron Island
(Fis = 0.057, P =0.035) and in the RRV area samples
(Fis = 0.036, P =0.001). No significant deviation from
Hardy—Weinberg equilibrium or linkage disequilibrium
was detected after Bonferroni correction. Null alleles were
found at low frequencies within our data (<5%).

Genetic differentiation analyses

RRYV monitoring area

The level of genetic differentiation estimated between the
individuals sampled on the East and West sides of the
Richelieu River was low but highly significant
(Fst = 0.009, P < 0.001). The maximum level of differen-
tiation expected (G’sy) among these two groups was
0.053 and Jost’s D was 0.049. sTRUCTURE analyses, how-
ever, indicated the presence of a single genetic cluster
within the RRV monitoring area (K = 1, estimated likeli-
hood = —11413.2; Fig. 3). We found similar results when
the analyses were conducted independently for each sex,
with K = 1 for either males or females. Yet, when running
STRUCTURE with K = 2, we found that individuals from
each side of the Richelieu River were grouped in separate
clusters in proportions always higher than expected given
the overall proportions of individuals assigned to each of
the clusters (all P < 0.02, results not shown).

Analyses of IBD using Rousset’s (2000) genetic distance
among individuals showed that within the RRV monitor-
ing area, raccoon pairs that were more genetically related
were, on average, also geographically closer to each other
(slope, f =0.0020, P < 0.017). This relationship was,
however, only significant in females (males: f = 0.0015,
P =0.13; females: f = 0.0029, P = 0.009). Mantel tests
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Figure 3 Mean estimated likelihood (In-probability) of genetic
clusters (K = 1-4) obtained from sTRUCTURE analyses within the raccoon
rabies variant (RRV) monitoring area in southern Québec, Canada.
Mean of five replicated analyses per cluster are presented with their
standard deviations.
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conducted in FSTAT using pairwise genetic relatedness
among individuals also showed a positive pattern of IBD
over all individuals, although this relationship disap-
peared when the analyses were conducted on both sexes
separately (Table 2). The results of the Partial Mantel
tests suggested that animals located on the same side of
the Richelieu River were more genetically related than
individuals found on opposite sides. IBD disappeared
after accounting for the presence of the river (Table 2).
Analyses conducted in each sex separately suggested that
the presence of the Richelieu River affects males and
females differently. Females located on the same side of
the river were significantly more related than females
located on opposite sides, whereas no such differences
were found in males (Table 2).

Comparison between RRV monitoring areas and
peripheral areas

The mean distance between sites was 125.5 km (range
between 16 and 254 km), and the average Fsr value
between them was 0.044 + 0.006 (Table 3). The highest
level of genetic differentiation was detected between Orlé-
ans and Charron Islands (Fst = 0.099), and the lowest
value was found between the Lanaudieére region (North

Genetic structure and raccoon rabies

shore of the St. Lawrence River) and the Island of Mont-
réal (Fst = 0.021, Table 3). We found a signal of IBD
among all our sites, as revealed by a significant positive
correlation between the level of genetic differentiation
and the geographic distance (r = 0.64, slope = 0.00021,
P = 0.037).

Analyses comparing genetic diversity revealed that alle-
lic richness (Ar) was significantly different among sites
(F =13.8, df = 4, P < 0.001). This difference was because
of a lower allelic richness on Orléans Island (mean
AR = 6.64 alleles) than in other sites (all P < 0.01). On
the other hand, the RRV monitoring area harboured a
higher Ar compared to every other site (mean A = 9.73
alleles, all P < 0.05). We found no difference in Fig
(F=1.88, df =4, P=0.14) or observed heterozygosity
values (F = 2.15, df = 4, P = 0.09) among sites.

Discussion

The objectives of this study were to use landscape genetic
approaches to investigate the potential of the Richelieu
River to act as a natural barrier to RRV host movements
that may be used to increase the efficiency of RRV con-
trol methods in the future and to evaluate the potential
for RRV spread outside the current infected area. All

Table 2. Mantel and Partial Mantel test results for the correlations between the geographic distance (km) and the presence of the Richelieu River
with the pairwise estimated genetic distance among individual raccoons sampled in the raccoon rabies variant (RRV) monitoring zone in southern

Québec, Canada.

Test r Explanatory variable B r P-value
Mantel tests Overall (% = 0.0001) Geographic distance 0.00003 0.0119 0.02
Females (~* = 0.0003) Geographic distance 0.00005 0.0170 0.14
Males (> = 0.0001) Geographic distance 0.00002 0.0066 0.44
Partial Mantel tests Overall (F* = 0.0005) Geographic distance 0.000001 0.0119 0.94
Presence of Richelieu River 0.00611 0.0189 0.001
Females (~* = 0.0015) Geographic distance —0.00002 -0.0170 0.72
Presence of Richelieu River 0.01143 0.0343 0.007
Males (> = 0.0003) Geographic distance —0.000004 —0.0066 0.90
Presence of Richelieu River 0.00479 0.0151 0.10

Pairwise genetic distances were defined as 1 — Rxy and using the Rxy estimator of Wang (2002). The percentage of variation explained by the
models (), the slopes (f), the partial correlation coefficients (r) and their associated P-values are reported.

Table 3. Genetic differentiation (pairwise Fst values) estimated with FSTAT between all sampled sites in southern Québec, Canada (above the
diagonal) and geographic distance (in km) among sites (below the diagonal).

Lanaudiére Orléans Island Montréal Charron Island RRV monitoring area
Lanaudiere - 0.084 0.021 0.079 0.027
Orléans Island 226 - 0.094 0.099 0.054
Montréal 33 254 - 0.061 0.022
Charron Island 33 243 16 - 0.034
RRV monitoring area 86 200 90 74 -

RRV, raccoon rabies variant.
All pairwise Fsy values are significant (P < 0.05).

© 2012 Blackwell Publishing Ltd 5 (2012) 393-404
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RRV cases documented in raccoons in Québec from 2006
to 2008 were found on the East side of the Richelieu
River suggesting that this river might restrict raccoon
movements (see Rees et al. 2011). Accordingly, we found
that there was low but significant genetic differentiation
among groups located on either side of this river. How-
ever, the river appears to be a relatively weak barrier to
gene flow, as we identified a single genetic cluster within
the RRV monitoring area and found a signal of IBD
among individuals over this area. Also, our larger scale
investigation suggests that the genetic differentiation
observed in the RRV monitoring area is relatively small.
Similarly, the genetic differentiation of raccoons among
islands and on the North shore of the St. Lawrence River
was significant but relatively small, suggesting that in the
absence of control operations, RRV could potentially
spread into northern areas by crossing the St. Lawrence
River, which is larger than the Richelieu River (Fig. 1).

RRV monitoring area population genetic structure

Previous studies based on spatial dynamics of terrestrial
rabies hosts suggested that rivers could act as natural bar-
riers slowing the spread of this disease (Smith et al. 2002;
Russel et al. 2006; Arjo et al. 2008) and recent molecular
evidence partly supported this contention (Cullingham
et al. 2009). Our results indicate that rivers may not
always act as impermeable barriers to gene flow, as we
detected only a weak genetic substructuring in relation to
the Richelieu River. However, the presence of some sub-
structuring does suggest that the Richelieu River contrib-
uted to restricting RRV spread in that area, as all RRV
cases in southern Québec were found on the East side of
the Richelieu River (Fig. 1). Although comparisons
between Fgr values stemming from different studies must
be made cautiously (Meirmans and Hedrick 2011), it is
interesting to note that the low level of genetic differenti-
ation found in this study area is even weaker than the
one reported in a study in the Niagara region conducted
by Cullingham et al. (2009). A potential explanation for
these low levels of genetic differentiation is that the pres-
ence of human infrastructure (such as bridges) could
allow animals to cross-natural barriers. Cullingham et al.
(2009), however, argued that walking or ‘hitch-hiking’
across bridges was unlikely to explain this low differentia-
tion because the Fgr values were not correlated with the
number of bridges present. In our study area, there are
five bridges and two railways that could allow raccoons to
cross the Richelieu River. Moreover, raccoons are known
as pest animals, often relying on domestic garbage as food
sources and habitations as shelters (Rosatte et al. 2010).
Thus, humans can also promote raccoon movements via
translocation of undesirable animals, a practice that
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should not be encouraged in the context of disease
spread.

The weak level of genetic structure observed in our
study suggests that over a longer time period, RRV would
have been likely to spread west of the Richelieu River.
There are a few hypotheses that can explain why over
3 years, the RRV in raccoons was not found on the west
side of the Richelieu River, despite genetic evidences of
apparent movements between these sites. First, rabies
might induce costs (physiological, immunological, etc.)
that could influence the capacity of dispersal and ulti-
mately prevent the spread of infected raccoons across the
Richelieu River. Obviously, rabid animals do exhibit dras-
tic changes in their behaviour once they develop the dis-
ease symptoms (Rosatte et al. 2006). Anecdotal data on
movements of five rabid raccoons, however, suggest that
the distances moved by rabid raccoon are not different
from those of nonrabid (see Rosatte et al. 2006). As the
costs of the disease on animal movement would need to
be extremely high to explain the observed RRV pattern in
our study area, this hypothesis seems unlikely to explain
our results. More studies focusing specifically on the
behaviour of infected animals are needed to draw more
general conclusions about their capacity for dispersal and
the resulting impact on population structure. However, as
rabid individuals are typically eliminated as quickly as
possible because of obvious risks of disease spread, such
studies might be difficult to conduct in the wild. A sec-
ond hypothesis to explain the lack of RRV cases in rac-
coons on the west side of the Richelieu River is that the
environmental conditions in this area may be unfavour-
able or suboptimal for the disease to spread (e.g. Arjo
et al. 2008). Although possible, this also seems unlikely as
landscape characteristics and host population densities
appear fairly uniform across the region (J. Mainguy,
unpublished data). A more likely explanation is that the
observed spatial distribution of infected animals might
only be transient and that without any control operations,
the disease front would have eventually progressed at the
same rate that it did historically across eastern North
America (30-50 km per year, Childs et al. 2000), where it
crossed several rivers of different widths. Indeed, as the
Québec government was very active in preventing the dis-
ease from spreading in that region from 2006 and onward
through population reduction, trap—vaccinate—release
and oral rabies vaccination (Canac-Marquis et al. 2007;
Guérin et al. 2008), it seems likely that both these control
interventions and the presence of the river explained the
observed distribution of RRV cases in raccoons between
2006 and 2008 in that region.

We also detected the presence of IBD among individu-
als within our study area. Indeed, we found that, on aver-
age, animals that were spatially close were also genetically
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more related to each other. Such a pattern has been
reported for other carnivorous species. For example,
Frantz et al. (2010) detected a strong pattern of IBD
among European badgers (Meles meles) in western Eng-
land. In our study area, however, further analyses revealed
that the global pattern was weak, as IBD was only
detected in females when analyses were conducted on
each sex separately. Female genetic structure also seemed
to be shaped by the presence of the Richelieu River.
Indeed, a Partial Mantel test indicated that, when
accounting for the presence of the Richelieu River,
females located on the same side of the river were more
related to each other than females located on different
sides. While the use of Partial Mantel tests in such con-
texts has been questioned (see Raufaste and Rousset 2001;
but see also Castellano and Balletto 2002; Legendre and
Fortin 2010), our results are still concordant with previ-
ous empirical studies suggesting that female raccoons are
often philopatric, while males are more likely to disperse
(Gehrt and Fritzell 1998; Cullingham et al. 2009; Rosatte
et al. 2010). The absence of a barrier effect of the Riche-
lieu River for males could also be explained by the differ-
ence in mating strategies between the sexes. Indeed, as
our study area is located at the northern edge of the dis-
tribution of this species (Gehrt 2003), the mating season
occurs in winter (February—March) when most major riv-
ers are covered with ice and snow. Although raccoons are
mostly inactive during winter (Pitt et al. 2008), male rac-
coons are more likely to move during that period when
searching for mating partners (F. Pelletier, unpublished
results). Breeding dispersal (and therefore gene flow) of
male raccoons is, therefore, less likely to be limited by
rivers at this time of the year (Cullingham et al. 2009).
Other studies on raccoons over a heterogeneous landscape
in north-central Indiana, USA, found evidence of genetic
structure over a relatively small scale and of male-biased
dispersal (Dharmarajan et al. 2009). Altogether, these
results emphasize the importance of considering land-
scape heterogeneity and behavioural differences in dis-
persal patterns between males and females when trying to
understand patterns of genetic differentiation in mam-
mals, as well as their respective potential impact on dis-
ease spread.

Comparison between the RRV monitoring area and
peripheral areas

While our analyses conducted within the RRV monitoring
area provided detailed information on gene flow within
the region where RRV cases have been detected in Qué-
bec, our characterization of population genetic differenti-
ation in relation to the peripheral area provides insights
on the main potential paths for rabies propagation in

© 2012 Blackwell Publishing Ltd 5 (2012) 393-404

Genetic structure and raccoon rabies

Québec. At this larger scale, we found evidence of IBD
thus suggesting that long distance migrants are not com-
mon enough to prevent genetic structuring within our
system. Raccoons are medium-sized omnivorous mam-
mals, and although some specimens have already been
observed more than 200 km from their point of origin
(Rosatte et al. 2007), it appears that the majority of rac-
coons from both sexes move on considerably shorter dis-
tances (<5 km, Rosatte et al. 2010), possibly explaining
the rather homogeneous genetic structure observed within
the bounds of the Québec RRV monitoring area. Dhar-
marajan et al. (2009) reported that typically, without the
presence of major barriers to dispersal, approximately
10% of raccoons dispersed more than 20 km. A previous
study, conducted in Pennsylvania, also found a strong sig-
nature of IBD among groups of raccoons using a land-
scape genetics approach (Root et al. 2009).

The greatest average level of genetic differentiation was
found between Orléans Island and the other sites (mean
Fgr = 0.083). Part of this differentiation is because of the
distance separating Orléans Island from those other sites
(mean = 231 km) and more importantly, to the fact that
it is an island, which further isolates the raccoons inhabit-
ing it from those living on the mainland. Orléans Island
also harboured a low allelic richness, potentially suggest-
ing a founder effect on this island, which might have fur-
ther increased the genetic differentiation with the other
sites examined in this study. Further detailed investigation
with additional sampling sites located on each side of the
St. Lawrence River is warranted before reaching a general
conclusion on the strength of the isolation among popu-
lations and on the potential for RRV spread. Yet, our
findings of significant levels of genetic differentiation
among populations from each side of the St. Lawrence
River contrast with the previous study conducted in
Ontario by Cullingham et al. (2009), in which there was
no such effect for this particular river. Such potentially
conflicting results could likely be explained by the varia-
tion in the extent of river flow between the two study
sites. In Québec, for example, the flow of the St. Law-
rence River is stronger than the stretch of the river where
the study was conducted in Ontario (see Cullingham
et al. 2009). In winter, the flow of the St. Lawrence River
in Québec remains important, and ice is generally carried
away by the current, preventing both shores from being
joined by an ice bridge. Additionally, the Canadian Coast
Guard maintains maritime traffic in the waters of the St.
Lawrence River through the winter. Such measures may
have an important impact on the movements of raccoons
in winter and spring. However, other parameters, such as
differences in raccoon density, sex-specific dispersal pat-
terns of animals within the available habitats of a given
landscape, as well as shape differences in the landscapes
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among study sites, are important to consider in order to
better assess the risks of disease spread (Cullingham et al.
2009; Rees et al. 2009).

Potential applications to the control of rabies spread in
Québec

Identification of barriers to rabies host movements is
important as this information can be used to improve
disease containment strategies. Planning interventions,
such as rabies vaccination (through capture or distribu-
tion of oral baits) in conjunction with natural barriers,
would create a better buffer zone for limiting subsequent
rabies epidemics (Rosatte et al. 2001). Our research only
partially supports the suggestion that large rivers can be
used for this purpose, at least in northern locations.
Indeed, even a large river like the Richelieu River had a
relatively weak effect on the patterns of relatedness and
genetic substructuring within the RRV monitoring area,
suggesting little impact on raccoon movement. Our
results and those of Cullingham et al. (2009) also suggest
that the degree of permeability of a river is likely to be
affected by the presence of ice in winter. This result has
two main consequences for modelling and controlling the
propagation of infectious diseases such as RRV. First, the
presence of rivers needs to be included in the investiga-
tion of potential barriers against disease spread, but espe-
cially in combination with information on the likelihood
of ice-bridge formation during winter. The presence of
ice bridges is likely to affect gene flow between popula-
tions and rivers with long periods of ice presence should
consequently have a high permeability to raccoon move-
ments. Second, if ice bridges affect river permeability,
then one should expect that the use of rivers to target
control efforts should be more efficient in regions where
ice is unlikely to form during winter. In the Québec RRV
monitoring area, the long winter period likely allows male
raccoons to move from one shore to the other during the
mating season, therefore, increasing the risk of RRV
spread, although it has not occurred so far with the help
of large-scale control programmes. Finally, as the RRV is
also transmitted to striped skunks (Mephitis mephitis) in
our study area and elsewhere (Guerra et al. 2003), future
comparative studies should aim at quantifying the popu-
lation structure of this species in the same region to bet-
ter assess the potential spread of this multi-host disease
and improve control activities against this zoonotic dis-
ease.
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