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Abstract

Arctic rabies virus variant (ARVV) is enzootic in Quebec (Canada) north of the 55th parallel.
With climate change, increased risk of re-incursion of ARVV in more densely populated
southern regions raises public and animal health concerns. The objective of this study was
to prioritise geographical areas to target for an early detection of ARVV incursion south of
the 55th parallel based on the historical spatio-temporal trends of reported rabies in foxes
in Quebec. Descriptive analyses of fox rabies cases from 1953 to 2017 were conducted.
Three periods show increases in the number of fox rabies cases in southern regions and indi-
cate incursion from northern areas or neighbouring provinces. The available data, particularly
in central and northern regions of the province, were scarce and of low spatial resolution,
making it impossible to identify the path of spread with precision. Hence, we investigated
the use of multiple criteria, such as historical rabies cases, human population density and
red fox (Vulpes vulpes) relative abundance, to prioritise areas for enhanced surveillance.
This study underscores the need to define and maintain new criteria for selecting samples
to be analysed in order to detect rapidly ARVV cases outside the current enzootic area and
any potential re-incursion of the virus into central and southern regions of the province.

Introduction

Rabies is a fatal illness for mammals, including humans, caused by Lyssavirus, which is usually
transmitted by the saliva of an infected animal. In Quebec (Canada), the main rabies virus
variants that have circulated in wildlife are the raccoon rabies virus variant, several
bat-associated variants and the arctic rabies virus variant (ARVV) [1]. ARVV is enzootic in
arctic fox (Vulpes lagopus) populations established north of the 55th parallel (corresponding
to the northern portion of the administrative region Nord-du-Québec, also known as
Nunavik) [2]. Although arctic foxes are known as the main reservoir of the virus, both the
red fox (Vulpes vulpes) and the arctic fox contribute to its circulation in wildlife [3]. Arctic
fox populations are rarely found south of Nunavik, whereas red fox populations are widely dis-
tributed in all regions of the province [4, 5]. Historically, rabies epizootics in southern Quebec
were attributed to movements of rabid foxes from the north, but ARVV has been mostly
absent in this region since the end of the 1990s [6, 7]. Recently, researchers and professionals
have raised concerns with regards to a possible re-incursion of ARVV in central and southern
regions of Quebec. Indeed, climate change could impact ARVV epidemiology by altering the
range of arctic foxes or by increasing the density of red foxes and the frequency of their inter-
actions with arctic foxes in northern geographic locations [8, 9]. More frequent interactions
between these two species could facilitate disease transmission and increase rabies risk both
in animals and humans across the province [10].

Currently, in Quebec, surveillance of ARVV is mainly based on the analysis of domestic
and wild animal specimens that are submitted to the Canadian Food Inspection Agency
(CFIA) laboratory. Specimens are most often submitted following a potential exposure to
rabies of a human being, in order to inform public health practices and the administration
of post-exposure prophylaxis [11]. Given that this surveillance system was not designed for
an early detection of ARVV cases, the overall objective of this study was to prioritise geograph-
ical areas to target for the early detection of ARVV incursion south of the 55th parallel based
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on the spatio-temporal trends of reported rabies in foxes in
Quebec from 1953 to 2017 and additional criteria such as
human and fox population indicators.

Materials and methods

Retrospective descriptive temporal and spatial analyses of rabies
cases in arctic and red foxes in Quebec were conducted based
on laboratory-confirmed animal cases identified by the
Canadian Food Inspection Agency (CFIA). The CFIA database
includes data on confirmed domestic and wildlife rabies cases
analysed between 1926 (first case registered in the database)
and 2017 (end of the study period). Rabies cases in red and arctic
foxes were included in the analysis when infections with ARVV
was confirmed in the database or when no variant was specified
(rabies infections in foxes were then assumed to be infection
with ARVV). Confirmed cases from Ontario for 1950–1963 and
1980–1988 were also provided by CFIA.

The spatial distribution of fox rabies cases during three infec-
tion waves was examined. For the purposes of this project, a wave
was defined as a period of significant increase in the number of
cases and affecting more than two administrative regions. To
define the beginning of a wave, we used the following approach.
The average annual number of cases outside an infection wave
was calculated (mean = 5.4 cases per year, standard deviation =
5.2). The increase in the number of cases was calculated for
each year as the difference between the number of cases in this
year with the number of cases in the preceding year. When the
increase in the number of cases exceeded 2 standard deviations
calculated outside a wave, the year was considered as the first
year of an infection wave. When the number of cases decreased
to a maximum of two times the average annual number of
cases outside a wave, it was considered as the end of an infection
wave.

Index cases were defined as the first reported rabies cases of
each wave, including cases reported the year before the start of
the infection wave (year − 1), the first year of the wave (year 0)
and the second year of the wave (year + 1). Index cases were
examined as an indicator of the possible geographical origin of
the wave. The location of the index cases of each wave was esti-
mated based on the municipality (when available) or regional
county municipalities centroid GPS coordinates.

Following the analysis of the historic data, we used the follow-
ing approach to identify the geographic areas to target for an early
detection of ARVV movements. The approach consisted of five
steps: (1) determination of the municipalities included for the
evaluation; (2) determination of the prioritisation criteria; (3)
evaluation of criteria for each municipality; (4) integration of
data to delineate the priority zones and (5) sensitivity analysis.

A total of 259 municipalities were considered in the following
regions for the prioritisation: Abitibi-Témiscamingue, Côte-Nord,
Mauricie, Saguenay–Lac-Saint-Jean and the Eeyou Istchee
Baie-James and Jamésie portions of the Nord-du-Québec (total
study area = 1 495 246 km2; mean municipality area = 2576 km2;
standard deviation = 14 959 km2; Fig. 1). These regions were con-
sidered given their location at the border of the 55th parallel that
delimit the geographic area considered enzootic to ARVV in
Quebec. Municipality was chosen as the spatial unit of analysis
given that is was the only consistent geographical unit reported
in the CFIA database over time [12].

Criteria for the prioritisation of municipalities were deter-
mined in collaboration with wildlife health and public health

experts from Quebec provincial authorities (Ministère des
Forêts, de la Faune et des Parcs du Québec (MFFP) and Institut
national de santé publique du Québec (INSPQ)). Three criteria
were used for identifying municipalities to target for an early
detection of ARVV which were the following: (1) ARVV risk,
based on either historic fox rabies cases (index cases of each infec-
tion wave), recent ARVV cases or the proximity to Ontario or
Labrador where ARVV is endemic; (2) availability of potential
observers and (3) presence of animal populations that can act
as the disease reservoirs (criteria description presented in
Table 1).

The rationale behind the selection of these criteria and indica-
tors was the following. For ARVV risk, index cases of each infec-
tion wave were considered given that their location may be an
indicator of important corridors used by fox populations and
channelling the spread of the virus. Recent cases were considered
because they were located in regions where recent ARVV infec-
tions were detected. Proximity to Ontario or Labrador was also
considered given that these locations may represent areas at
higher risk of new incursion of ARVV in Quebec. For availability
of potential observers, which were defined as local inhabitants
susceptible to detect dead or strange-acting animals, the human
population density was used as an indicator given that an
increased probability of detection in areas of higher human dens-
ity was documented in the context of raccoon rabies surveillance
[13]. Finally, red fox relative abundance was considered, given
that the probability of virus dissemination increases when host
population density increases.

Human population density was estimated for the selected
municipalities by dividing the municipal population in 2018 by
the total land area of the municipality provided by the Institut
de la statistique du Québec [13]. The resulting population density
distribution was examined using ArcGIS and four categories were
established based on the natural breaks: (1) high (204–4083 peo-
ple/km2); (2) moderate (10–204 people/km2); (3) low (1–10 peo-
ple/km2) and (4) very low (0–1 person/km2).

Red fox relative abundance was estimated using the registered
traded furs (number of traded furs/100 km2) provided by the
MFFP. Traded furs are calculated by furbearer animal manage-
ment units, the size of which range from 168 to 481 842 km2.
The resulting estimate distribution was examined using ArcGIS
and four categories were established, based on MFFP categorisa-
tion [14]: (1) high (>10 trapped foxes/100 km2); (2) moderate
(3–10 trapped foxes/100 km2); (3) low (0.5–3 trapped foxes/100
km2) and (4) very low (0–0.5 trapped foxes/100 km2).

Indicators for each criterion were evaluated for each munici-
pality (Table 1). To combine criteria and delineate priority
areas for an early detection of ARVV movements, each munici-
pality was classified in one of the three priority level (priority 1,
priority 2 or not prioritised). All municipalities that were consid-
ered at risk for ARVV incursions (satisfying criterion 1) were
included in the priority 1 area. Municipalities with high human
population density and high estimated red fox relative abundance
were also included in the priority 1 area. Because of the uncer-
tainty of the localisation of ARVV cases recorded in the CFIA
database before 1985 (year of the beginning of the electronic
reporting system), municipalities that were neighbouring with
or enclaved by municipalities satisfying criteria 1 (ARVV risk)
were also included in the priority 1 area. Municipalities that
were neighbouring with or surrounded by priority 1 municipal-
ities were defined as priority 2. Mapping was performed in
ArcGIS (version 10.2; ESRI).

2 C. Aenishaenslin et al.



Fig. 1. Administrative regions in Quebec, Canada.
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Table 1. Number of municipalities satisfying each prioritisation criterion by administrative region (% for the region for each criterion)

All
regions Abitibi-Témiscamingue Côte-Nord Nord-du-Québec Saguenay-Lac-Saint-Jean Mauricie

Criteria Indicators 259 82 (32%) 54 (21%) 14 (5%) 60 (23%) 49
(19%)

(1) ARVV risk (A) Presence of at least one fox rabies
case (ARVV) since 2000 reported in the
municipality

12 6 (50%) 5 (42%) 1 (8%) 0 0

(B) Presence of at least one index case
reported during an infection wave

3 2 (67%) 1 (33%) 0 0 0

(C) Municipality neighbouring A or B or
Ontario or Labrador where ARVV is
endemic

43 31 (72%) 11 (26%) 1 (2%) 0 0

(2) Availability of potential
observers of new rabies cases in
wildlife

High human population density
(between 204 and 4083 people/km2)

22 7 (32%) 8 (36%) 0 4 (18%) 3 (14%)

Moderate human population density
(between 10 and 204 people/km2)

73 12 (16%) 10 (14%) 4 (5%) 18 (25%) 29
(40%)

(3) Presence of animal
populations that can act as the
disease reservoirs

High estimated red fox relative
abundance (>10 foxes/100 km2)

6 0 0 0 6 (100%) 0

Moderate estimated red fox relative
abundance (between 3 and 10 trapped
foxes/100 km2)

61 10 (17%) 4 (7%) 5 (9%) 2 (3%) 37
(64%)

Satisfy criterion (2, high) and (3,
high))

1 0 0 0 1 (100%) 0

Priority 1 area Municipalities satisfying criteria: (1A) or
(1B), (1C), or (2 and 3)

58 38 (66%) 17 (29%) 2 (3%) 1 (2%) 0

Priority 2 area Municipalities bordering or enclaved by
priority 1 municipalities

92 40 (43%) 13 (14%) 0 34 (37%) 5 (5%)
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Finally, sensitivity analysis was conducted in order to examine
the impact of the human population density and estimated red fox
relative abundance criteria on the classification of municipalities.

Results

Between 1926 and 2017, 6814 rabies cases were recorded in
Quebec, Canada. Of these cases, 11.8% occurred in dogs (n =
802), whereas wild canids (arctic foxes, red foxes, wolves (Canis
lupus) and coyotes (Canis latrans)) represented about half (n =
3368, 49.4%) of all reported cases. The remaining rabies cases
were reported in other species, such as bats, raccoons and live-
stock and are not presented in this study. Of the cases reported
in wild canids, 97.4% involved foxes (n = 3282, including 39
cases in arctic foxes and 3243 cases in red foxes). The remaining
86 cases involved wolves and coyotes. The first-recorded rabies
case in a wild canid in the province occurred in 1953. Rabies
cases were recorded in Nunavik (corresponding to the enzootic
region north of the 55th parallel) during the entire period
(1953–2017), for a total of 101 rabid foxes reported in this region,
representing an annual mean of 1.6 cases/year.

Three periods show increases in the number of fox rabies cases
in the province between 1953 and 2017, which also affected regions
located south of the 55th parallel, suggesting epizootics in fox
populations in these regions (Fig. 2).

The first infection wave occurred between 1956 and 1958. Index
cases were recorded in central (Abitibi-Témiscamingue in 1955 and
1956) and southern regions (Outaouais and Montérégie in 1957)
(Fig. 3A). This wave was of short duration, but rapidly reached a
high number of cases in 1957 (n = 160, mean annual number of
cases = 64, standard deviation = 68; Fig. 2).

The second infection wave occurred from 1960 to 1979 (1230
cases, mean annual number of cases = 62, standard deviation =
39). Index cases were recorded in several regions located in central
and southern Quebec (Fig. 3B). A high number of cases in foxes
was observed during this period, but the increase was more grad-
ual and remained between 11 and 145 cases annually for almost
20 years (Fig. 2).

The third wave (1986–1997, total of 1702 recorded cases; mean
annual number of cases = 142, standard deviation = 141) primar-
ily affected two southern regions of the province in 1985
(Outaouais and Montérégie) but cases were reported in central
and northern regions of the province as early as 1986 (Fig. 3C).
This wave included higher annual peaks of cases compared to pre-
vious infection waves, reaching 427 cases total in 1992 and more
than 220 cases in certain regions (Fig. 2).

In addition to these three historical waves, 93 rabies cases were
reported between 2000 and 2017 in the province in foxes (62/93 =
66.7%), dogs (25/93 = 26.9%) and wolves (6/93 = 0.06%). Among
the 62 fox cases, 40 (66.7%) were located north of the 55th parallel
in the enzootic region, and 20 from central regions located south
of the enzootic region (14 in Abitibi-Témiscamingue and 6 in
Côte-Nord). The last two cases were red foxes located in southern
regions infected with a variant associated with Myotis bat species
and the raccoon variant of the virus (CFIA, unpublished data).
The retrospective analysis also allowed the observation of a per-
sistence of cases detected in the Nord-du-Québec region during
the study period.

Among the 259 municipalities included in the analysis, 12
(4.6%) had one reported ARVV case in fox since 2000 (criterion
1A), three (0.1%) had at least one index case in one of the three
infection waves (criterion 1B), 43 (16.6%) were neighbouring

municipalities listed in criterion 1A or 1B, or Ontario or
Labrador where ARVV is endemic, 22 (8.5%) had a high human
population density and six (2.3%) had a high estimated red fox
relative abundance (Table 1). Only one municipality satisfied
both criteria 1A and 1B and was located in the Abitibi-
Témiscamingue region. Only one municipality had both a high
human density and high estimated red fox relative abundance.

In total, 58 municipalities (22.3% of included municipalities)
satisfied the priority 1 criteria for inclusion in a potential surveil-
lance area for the early detection of ARVV south of the 55th par-
allel. Priority 1 municipalities cover 853 417 km2, corresponding
to 57.0% of the study area (Fig. 4). Ninety-two other municipal-
ities were defined as priority 2 because they were neighbouring
the priority 1 municipalities, or were completely surrounded by
prioritised municipalities, corresponding to 35.5% of included
municipalities. Priority 2 municipalities cover 215 859 km2, corre-
sponding to 14.4% of included area (Fig. 4).

Sensitivity analysis showed that using an alternative threshold
for one criterion at the time (human population density or fox
relative abundance) did not change significantly the number
and location of prioritised municipalities. Using high and moder-
ate human population density (vs. high only) with high red fox
relative abundance would have led to the inclusion of five other
municipalities in priority 1, of which three are already included
in priority 2 (Table 1). Using high and moderate (vs. high only)
red fox relative abundance with high human density would
have led to the inclusion of seven additional municipalities, of
which three are already prioritised (one in priority 1 and two in
priority 2). Finally, using a combination of high and moderate
human population density with high and moderate red fox rela-
tive abundance would have led to the inclusion of 47 municipal-
ities, mostly located in Mauricie region, and was considered as not
sufficiently discriminant for the purpose of this study (i.e. most of
the municipalities considered for the study would be included in
the priority zone).

Discussion

Delimiting specific areas for the early detection of rabies cases
outside an enzootic zone or at the epidemic front is a key compo-
nent of many enhanced rabies surveillance programmes in North
America. The designation of areas for enhanced raccoon rabies
surveillance have been based on various criteria such as the loca-
tion of recent rabies cases, proximity to the Canada–US border,
natural boundaries (e.g. Appalachian Ridge mountains and
Great Lakes) and the existing oral rabies vaccination zones [15,
16]. Here, the prioritisation of areas for an early detection of
ARVV outside the enzootic region was also based on multiple cri-
teria, which included historical fox rabies cases, human popula-
tion density and estimated red fox relative abundance.

The use of additional criteria was motivated by the lack of
information provided by historical surveillance data. Indeed, the
scarcity and inconsistency of available data in some years did
not allow us to confirm the geographic origin of the second
and third infection waves, nor to quantify changes in the inci-
dence of rabies in foxes in areas located south to the 55th parallel
enzootic zone. Consequently, this affected our capacity to identify
with reasonable precision the most probable paths for new incur-
sions of ARVV in central and southern Quebec. In addition, the
limited availability of representative longitudinal data is a major
limitation for estimating the current risk of rabies transmission
to humans in different areas along the north–south axis, as it is
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for predicting the evolution of this risk in a context of climate
change [17].

Two main reasons explain the scarcity of passive surveillance
data for arctic fox rabies in Quebec, and these are applicable as
well at the Canadian level. First, the objective of the current rabies
surveillance system is to guide the administration of post-
exposure prophylaxis of individuals who have been potentially
exposed to the rabies virus. Suspect animals (dead or live animals
with abnormal behaviour or neurological signs) that are reported
by observers but that did not have any significant contact with
humans are not usually submitted for rabies testing. Second, nor-
thern and central regions of the province represent a large

territory where human populations are low and sparsely distribu-
ted [13], and consequently the lack of potential observers reduces
chances of detection and reporting of fox rabies cases over wide
areas. Moreover, as there is no current useful measure of fox
abundance (as discussed further), which varies in time and
space [18], the number of ARVV cases reported by the current
system may not be a good indicator of the incidence of rabies
in fox populations in the area.

Studies in southern Quebec and the USA have demonstrated
that samples collected through enhanced surveillance programmes
have proven useful in monitoring raccoon rabies [15, 16, 19, 20]. In
addition, the nature of the sample has been found to be an

Fig. 2. Number of rabies cases in red and arctic foxes in Quebec, Canada (1953–2017). The three infection waves are illustrated with dotted lines.

Fig. 3. Geographic locations of rabies cases in red and arctic foxes during three rabies infection waves: (A) first infection wave from 1956 to 1958; (B) second infec-
tion wave from 1960 to 1979 and (C) third infection wave from 1986 to 1997 in red and arctic foxes.
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important factor that affects its usefulness for rabies detection [15].
For example, strange acting and animals found dead, along with
public health samples, have proven to be a good source of informa-
tion to monitor raccoon rabies when present [15, 20, 21, 22]. The
development of a system aiming for an early detection of a poten-
tial incursion of ARVV in central and southern regions of Quebec
would involve testing a larger number of animals in regions priori-
tised through this study. Such a programme would not replace the
current rabies surveillance for medical care, but would give comple-
mentary information that could serve to advise future rabies man-
agement decisions.

Given the large area to cover and the rarity of observers, the
development of a new programme should first include studying
the best approaches required to maximise the surveillance sys-
tem’s sensitivity (i.e. the probability of detecting a rabies case
when present), as well as their associated costs. A first step
could include collecting and testing strange acting and dead
canids reported by local residents of priority 1 area. Then, data
could be examined in order to identify which types of specimens
would provide the best information for an early detection of
ARVV incursions [23]. In addition, more research is needed to
better understand characteristics of and barriers to fox

Fig. 4. Prioritised areas for early detection of southward movement of arctic fox rabies.
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movements in the north–south axis in order to identify the most
probable corridors that would be used for these southward move-
ments [23]. This would allow us to reduce the prioritised area for
surveillance and to optimise the cost-benefits of the programme.

Our findings also corroborate observations from previous
studies regarding a probable first incursion of fox rabies from nor-
thern Quebec in the 1950s [6, 7, 11, 24]. First-recorded cases
detected in 1953 and 1954 support the hypothesis of a movement
from the north of the province, following the Hudson Bay and
James Bay shores. Tabel et al. have reported fox rabies cases in vil-
lages located in northern Quebec in 1951 and suggested earlier
movement from Baffin Island, although these cases are not
recorded in the CFIA database [7]. The second and third waves
seem less likely to have been caused by arctic fox rabies spreading
directly from north of the 55th parallel, but rather by the expan-
sion of rabies cases already present in central and southern
regions during the first wave, and by an overflow of fox rabies
from the neighbouring province of Ontario [6, 11]. In the years
preceding the third wave, Ontario reported a record number of
fox rabies cases (>3000 cases) and previous studies also suggested
that this epizootic in Ontario crossed the Ottawa River Valley
towards the province of Quebec during the same period [11].
Control operations, including oral vaccination, targeting fox
rabies conducted in Ontario and Quebec in the 1990s contributed
to the end of this infection wave and the elimination of fox rabies
in southern Quebec [6, 11].

The 20 most recent ARVV cases in foxes detected south of the
enzootic region are of interest since they probably indicate spread
from the enzootic zone. Although rabies subsequently did not
persist in the affected areas, these cases suggest that such incur-
sion from the north remains a threat. In a context where climate
change could increase movements of foxes along a north–south
axis, these cases highlight the need for an early detection of
ARVV south of the 55th parallel before a new epizootic reaches
more densely populated regions in southern Quebec.

Our findings reiterate that the enzootic Nord-du-Québec
region, with the majority of recent canid rabies cases, is the region
where current public health concerns are the highest [2].
However, implementing preventive and control interventions for
ARVV in the North is challenging. The oral vaccination of
foxes against rabies, a proven control method in southern
Quebec [11], would be difficult, costly and possibly ineffective
due to the sparse fox populations, the large area requiring treat-
ment and uncertainty concerning vaccine-bait performance in
arctic conditions [3].

This study has limitations. The criteria used to delineate the pri-
ority zone were considered with the same importance in the priori-
tisation process, given the lack of evidence on the most important
factors to consider for early detection of ARVV in wildlife.
However, the importance of these criteria may differ in reality. In
this study, we used three criteria but had no way of weighting
these criteria according their relative importance for the prioritisa-
tion. Multi-criteria decision analysis methods have been used to
select geographical areas to target for surveillance, prevention and
control of other zoonotic or vector-borne diseases and could consti-
tute an interesting approach once new information is available [25].

In addition, historical surveillance data on ARVV cases in
neighbouring provinces were not examined for this study and
represents one of its limitations. Although the presence or absence
of rabies cases in Ontario was included to better interpret the
three infection waves highlighted by this study, a deeper analysis
of historical rabies cases in neighbouring Ontario, Nunavut and

Labrador would be useful. For example, ARVV was found in
dogs and red foxes in 2000–2001 northwest of North Bay,
Ontario, and in 2013 in Kashechewan, Ontario on the James
Bay coast [27]. These observations underscore the importance
of transboundary collaboration for the surveillance, prevention
and control of rabies, as animal movements (natural or anthropo-
genic such as translocation) across provinces and/or countries can
constitute an important risk of introduction or reintroduction of
the disease [28].

Furthermore, using the registered traded furs to categorise red
fox relative abundance is not perfect, but these data were the only
available for this study. Unfortunately, the validity of this database
as an indicator of red fox abundance in Quebec is unknown.
Traded furs are recorded for management units which vary in
size, and trapping efforts may vary with changes in fur value
over time, with changes in access to territories, and with changes
in cultural attitudes to trapping. Moreover, tanners may not
declare all furs that are collected. In this study, the high estimated
red fox relative abundance was not found to be an important dis-
criminant criterion in the prioritisation analysis, with only six
municipalities (out of 259) satisfying this criterion, and of
these, only one had a high human density, which led to its inclu-
sion to the priority 1 area. Moreover, the sensitivity analysis sup-
ports the low contribution of this criterion in determining areas
for the early detection of ARVV. The validation of this index or
the inclusion of more accurate estimates of red fox relative abun-
dance obtained with other methods may provide more informa-
tion to include if data were available [26].

More research is needed to better evaluate the current risk of
re-incursion of ARVV in central and southern regions of the
province. As a first step, this study has prioritised geographic
areas for enhanced surveillance of ARVV in Quebec, by combin-
ing historical surveillance data with human population densities
and examining the use of fur-trapping records as a measure of
relative abundance of fox populations. This study also highlights
the concerns about working with inconsistent data throughout
space and time, and underlines the need to develop and maintain
criteria and procedures for sample collection and analyses for an
early detection of a potential spread of ARVV from the north into
central and southern regions of the province.
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