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Abstract: West Nile virus (WNV; family Flaviviridae) causes a disease in humans that may develop into a

deadly neuroinvasive disease. In North America, several peridomestic bird species can develop sufficient

viremia to infect blood-feeding mosquito vectors without succumbing to the virus. Mosquito species from the

genus Culex, Aedes and Ochlerotatus display variable host preferences, ranging between birds and mammals,

including humans, and may bridge transmission among avian hosts and contribute to spill-over transmission

to humans. In this study, we aimed to test the effect of density of three mosquito species and two avian species

on WNV mosquito infection rates and investigated the link between spatiotemporal clusters of high mosquito

infection rates and clusters of human WNV cases. We based our study around the city of Ottawa, Canada,

between the year 2007 and 2014. We found a large effect size of density of two mosquito species on mosquito

infection rates. We also found spatiotemporal overlap between a cluster of high mosquito infection rates and a

cluster of human WNV cases. Our study is innovative because it suggests a role of avian and mosquito densities

on mosquito infection rates and, in turn, on hotspots of human WNV cases.
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INTRODUCTION AND PURPOSE

West Nile virus (WNV; family Flaviviridae) was first dis-

covered in the West Nile district of Uganda (Hughes et al.

1940; Reisen 2013; Chancey et al. 2015). Infection by this

arbovirus typically reaches high viremia in passerine bird

species, and transmits among avian hosts via mosquito

vectors (Kilpatrick et al. 2006; Marini et al. 2017). A large

number of species, including humans, may be incidental

hosts of the virus, meaning viremia never reaches potential

for transmission (Artsob et al. 2006). In humans, infection

by the virus is usually mild or asymptomatic, but in 20% of

infections may develop into a febrile illness referred to as

‘West Nile fever,’ and in about 1 in 150 infections, may

develop into a deadly neuroinvasive disease (Gubler 2007;

Levi 2013). Since its discovery, WNV has historically been

observed in Africa, Asia, and periodically in southern

Europe (Chancey et al. 2015). Additionally, overwintering

persistence of the virus is suggested to have led to invasion
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and endemism in temperate areas around the world,

including Russia, USA and Canada (TSentr gigieny i _epi-

demiologii v Respublike Tatarstan 2013; Reisen 2013).

Since first detected in New York, USA, in 1999, WNV has

become endemic in North America and has spread across

the continental USA and Canada (Reisen 2013; Chancey

et al. 2015). It has also been observed in tropical and

subtropical areas of the Americas, notably in Guatemala,

Argentina, México and Dominican Republic (Komar et al.

2003; Morales-Betoulle et al. 2013; Chaves et al. 2016; Diaz

et al. 2016).

In North America, several peridomestic bird species

such as American robins, house finches and house sparrows

can develop sufficient viremia to infect blood-feeding

mosquito vectors without succumbing to the virus (van der

Meulen et al. 2005; Kilpatrick et al. 2006; Reisen et al. 2013;

VanDalen et al. 2013), making them potent reservoirs of

the virus. However, other birds such as crows and raptors

tend to rapidly succumb to WNV (Foppa et al. 2011; Reisen

et al. 2013; Smith et al. 2018). Levels of viremia in several

small mammal species, such as cottontail rabbits, eastern

chipmunks and fox squirrels (van der Meulen et al. 2005),

and even ectotherms, such as alligators (Burkett-Cadena

et al. 2008), are also reportedly sufficient to contribute to

enzootic WNV transmission, thereby expanding the pool of

potential reservoirs in some regions. Mosquito species from

the genus Culex are recognized as the most important

vectors maintaining the enzootic cycle of WNV among

avian hosts in North America (Andreadis 2012; Ganser and

Wisely 2013). Members of these species are usually or-

nithophilic in their choice of hosts and often feed on the

main avian reservoirs of WNV (Farajollahi et al. 2011).

However, Culex species also frequently feed on humans,

bridging transmission between avian and human hosts.

Mosquitoes from several other genera, including Aedes,

Ochlerotatus and Anopheles are usually mammalophilic, but

in some cases highly opportunistic in their choice of hosts.

These species potentially bridge transmission from avian

and mammalian WNV reservoirs to human hosts (Burkett-

Cadena et al. 2008; Greenberg et al. 2013; Ganser and

Wisely 2013; Kaufman and Fonseca 2014).

In 2002, the first human case of WNV was observed in

Canada, in the province of Ontario (Drebot et al. 2003).

Epidemics of WNV throughout the province and the

country in 2003 and 2007 have coincided with a longer

than usual transmission season for WNV (Reisen 2013). In

these years, temperatures reached the threshold for repli-

cation of the virus earlier in the spring and later in the fall,

and prolonged the breeding season of its main mosquito

vectors (Reisen et al. 2006; Yoo et al. 2016). Multi-month

droughts with infrequent but abundant rain downpours

possibly contributed to the magnitude of epidemics,

through an increase in mosquito populations and aggre-

gation of bird reservoirs around left-over water sources

(Epstein and Defilippo 2001). In Ontario, analysis of

surveillance data from 2002 to 2013 from 29 public health

units found that higher than usual winter and late summer

minimum temperatures were predictive of higher WNV

incidence rates in a given year, including in the major

epidemic experienced in the province in 2012 (Mallya et al.

2018). Weekly average temperatures and cumulative pre-

cipitation were also found to be moderate to strong pre-

dictors of human WNV cases in seven southern Ontario

public health units during this period (Giordano et al.

2017). Culex pipiens/restuans are recognized as the main

WNV vector species in Ontario, and have been under

surveillance by Public Health Ontario (PHO) since 2002

(Public Health Ontario 2013), for detection of WNV-pos-

itive mosquito pools, which may be used to predict WNV

transmission hotspots. An additional seven mosquito spe-

cies (Aedes vexans, Culex salinarius, Anopheles punctipennis,

Ochlerotatus japonicus, Ochlerotatus trivittatus, Ochlerotatus

triseriatus and Ochlerotatus hendersoni) are considered

competent vectors of WNV in the area and are also targeted

by the PHO (Public Health Ontario 2012).

A number of studies have investigated the role of

reservoir species (Reisen et al. 2013; VanDalen et al. 2013;

Levine et al. 2017) and vector species (Epstein and Defil-

ippo 2001; Reisen et al. 2006; Burkett-Cadena et al. 2008;

Greenberg et al. 2013; Ganser and Wisely 2013; Mallya et al.

2018) on the WNV enzootic cycle. Other studies have

looked at the role of vector species on WNV disease risk in

human populations (Eisen and Eisen 2008; Winters et al.

2008). Given the complexity of WNV ecology, our practical

understanding of enzootic WNV cycles and spill-over

events to humans would benefit from integrated ap-

proaches combining data on reservoir and vector densities

and infection rates, and human cases, across space and

time.

In this study, we aimed to test the effect of density of

the mosquito vector species and the avian reservoir species

on WNV vector infection rates around the city of Ottawa,

Canada, as an indicator of WNV transmission potential.

We hypothesized that higher density of each of the vector

and reservoir species may accentuate the WNV enzootic

transmission cycle, contributing to higher vector infection
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rates. We also investigated the spatiotemporal association

between clusters of WNV-positive mosquito catches and

clusters of human WNV cases. We hypothesized that hot-

spots of WNV incidence in human populations would

spatially overlap but temporally follow high localized WNV

incidence in mosquito vectors.

METHODS

Data Sources

Mosquito Surveillance Data

We used data from mosquito surveillance activities con-

ducted by GDG Environnement (Groupe de Gestion

Environnement) for the City of Ottawa in 2007–2014. The

municipal WNV surveillance program involves weekly

collection of mosquitoes from 60 sites in Ottawa, Ontario,

Canada (Fig. 1), during the WNV transmission season

from June to September each year. Sites were chosen based

on spatial representation of the city of Ottawa, high inci-

dence of WNV-infected dead birds, high mosquito abun-

dance and close proximity to large human populations. For

each site, mosquitoes were collected using a light trap de-

signed by Centers for Disease Control (CDC; Atlanta, GA,

USA) baited with dry ice for CO2 emissions. Mosquitoes

were immediately stored on dry ice and transported to the

laboratory for identification to the species and sex,

according to several identification keys (Wood et al. 1979;

Darsie and Ward 2005; Thielman and Hunter 2007). Fe-

males of seven mosquito species or species group (Table 1)

that are considered competent vectors of WNV in the area

by PHO (Public Health Ontario 2012) were pooled by

species and trap-day (hereafter referred to as ‘catches’),

with up to 50 individuals per catch. RNA from each catch

was first extracted using RNeasy Mini Kit (Qiagen, Hilden,

Germany). All RNA extracts were tested by quantitative

Polymerase Chain Reaction (qPCR) with a TaqMan (Roche

Molecular Diagnostics, Basel, Switzerland) generic probe,

followed by a TaqMan envelope probe for confirmation of
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Legend
Cluster of human cases

Cluster of positive mosquito catches

Neighborhood boundaries

Mosquito trap sites

Quebec

Ontario

Figure 1. Map of mosquito trap sites (black triangles) for West Nile virus surveillance in the city of Ottawa, Canada. Built-up land is shown in

dark gray shading and water bodies in lighter shading. Circles identify locations of space–time clusters of high WNV rates in mosquitoes and

humans (as in Legend), detected using SaTScan 9.4 (Kulldorff 1997). Map was created using ArcGIS 10.5 (ESRI, Redlands, CA, USA).
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positive results, using primers from Lanciotti et al. (2000).

Results with a Cycle Threshold (CT) values lower than 30

are considered positive and higher than 37 are considered

negative. For results with CT values between 30 and 37, a

re-extraction of RNA is performed followed by tests using

both TaqMan generic and envelope probes.

Avian Data

Many bird species are known to develop chronic WNV

infections and may survive high viremia (Kilpatrick et al.

2006; Reisen et al. 2013), allowing transmission by mos-

quito vectors and perpetuation of the enzootic WNV cycle.

We obtained city-wide data on the estimated density of two

bird species that are known as highly competent reservoirs

of WNV: the American robin (Turdus migratorius) and the

house finch (Haemorhous mexicanus) from Ottawa Bird

Count (OBC; Carleton University, Ottawa, ON, Canada).

Unfortunately, data for other competent WNV reservoir

bird species in the same area were not available at the time

of the study. Volunteers of OBC recorded counts of a

number of bird species in locations across the study area,

along with day of observation and observer identity, from

2007 onwards. Bird density is interpolated across the study

area using ordinary kriging and expressed as number of

birds per hectare of land, corrected for observer identity

and day of observation, available at a resolution of 200

meters. We used the last updated file available in April

2016. Using ArcGIS 10.5 (ESRI, Redlands, CA, USA), we

averaged American robin and house finch density at 100-m

radius buffers around our study’s mosquito collection sites.

The choice of 100-m radius, or 200-m diameter, for buffers

reflects the resolution of the data.

Human WNV Surveillance Data

We obtained WNV human case surveillance data from

Ottawa Public Health, the local public health unit, for the

period of 2007–2014 (Fig. 2). Cases of confirmed or

probable human WNV are reported to PHO and recorded

in the integrated public health information system (iPHIS;

Ontario Ministry of Health and Long-Term Care 2017).

We collected data for cases where Ottawa was identified as

primary exposure location. We geocoded the location of

residence of each patient and linked each case to their

neighborhood using a boundary shapefile using ArcGIS.

We also extracted data on the date of onset of the disease.

We calculated WNV incidence rates for each neighborhood

in the study area using population data from the 2011

Census, available from Statistics Canada (Statistics Canada

2016).

Statistical Analysis

Descriptive Analysis

We calculated the Minimum Infection Rate (MIR) for each

trap-day, which is the number of detected positive catches

in a given trap-day, divided by the number of analyzed

mosquitoes in the same trap-day, multiplied by 1000 (20).

We averaged mosquito MIR, and we averaged daily mean

temperature and summed daily total precipitation, ob-

tained from Environment and Natural Resources Canada in

the Ottawa city center (Environment and Natural Re-

sources Canada 2018), for each month from 2007 to 2014.

We set an average mosquito MIR of 0 for October to May

of each year.

Table 1. Average Abundance, and Total Number of WNV-Positive Catches of Each Mosquito Species Identified by the PHO as Main

WNV Vector Species (Public Health Ontario 2012), in the City of Ottawa, Canada, 2007–2014.

Species Average trap abundance (SD) Total number of positive catches Total number of catches tested

Culex pipiens/restuans 8.69 (18.57) 74 2370

Culex salinarius < 0.01 (0.03) 0 1

Aedes vexans 24.78 (40.32) 1 1860

Ochlerotatus japonicus 1.21 (3.50) 0 635

Ochlerotatus triseriatus/hendersoni 0.56 (1.88) 0 109

Ochlerotatus trivittatus 2.58 (8.63) 0 89

Anopheles punctipennis 2.45 (5.73) 0 193

Total 40.28 (48.75) 75 5257

B. Talbot et al.



We first tested the association between monthly mos-

quito MIR and weather data. Since both mean temperature

and total precipitation were found to affect mosquito MIR

in the region (Giordano et al. 2017; Mallya et al. 2018), we

wanted to test the association between monthly mosquito

MIR and both these predictors, in a ‘partial’ cross-corre-

lation. Therefore, we first ran a linear model between

monthly total precipitation and monthly mean tempera-

ture, using the ‘lm’ function in R 3.5.1. We then computed

a time series for both monthly MIR and residuals of the

Figure 2. Mean monthly Culex pipiens/restuans abundance (dotted lines), minimum infection rates (dashed lines), and human WNV cases

(solid lines), for each year of the study in the city of Ottawa, Canada, 2007–2014.
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linear model between monthly total precipitation and

monthly mean temperature, which is analogous to the

interaction term between the two predictors, using the ‘ts’

function in R 3.5.1. Finally, we ran a cross-correlation be-

tween both time series, using the ‘ccf’ function in R 3.5.1.

We also compared averaged monthly Cx. pipiens/

restuans abundance, targeted by PHO as the top vector of

WNV in the area (31), averaged monthly mosquito MIR

and total monthly human WNV cases, for each month

during which mosquitoes were captured (June to Septem-

ber) for 2007–2014.

Mixed-Effects Modeling Analysis

To determine factors affecting MIR of mosquito catches,

we used a mixed-effects modeling approach. To this end,

we used the ‘glmer’ function from the ‘lme4’ package in R

3.5.1. We assessed variable importance using model aver-

aging (Symonds and Moussalli 2011). In all models, we

treated MIR from each trap-day as individual data points.

We rounded the MIR data to remove decimals, to allow

statistical modeling using count data. We used the Poisson

modeling family, due to the zero-inflated positive nature of

the response data. We included site identifier as random

factor to correct for multiple sampling at each site. We also

included the interaction between monthly mean tempera-

ture and monthly total precipitation, from the previous

month, as random-effects variable to correct for temporal

fluctuations in mosquito populations, which are the

strongest drivers of adult mosquito abundance and arbo-

virus risk in the region (Yoo et al. 2016; Giordano et al.

2017). We calculated a marginal and conditional pseudo-R2

for each model, following the method of Johnson (2014),

using the ‘r.squaredGLMM’ function from the ‘MuMIn’

package (Barton 2013) in R 3.5.1, to measure the strength

of the effect of fixed-effects variables excluding versus

including random-effects variables, respectively.

As the initial step in model averaging, we ran uni-

variate models including each of the following fixed-effects

variables: number of sampled mosquito individuals from

three out of seven main WNV vector species (those for

which WNV-positive catches were detected each year from

2007 and 2013 in Ontario: Cx. pipiens/restuans, Oc.

japonicus and Ae. vexans; Giordano et al. 2017) at the site,

and predicted density of American robins and house fin-

ches (two of the main avian reservoirs of WNV in the area;

Reisen et al. 2013) in 100-m radius buffers around the site.

We then ran bivariate and trivariate models of each pos-

sible combination of fixed-effects variables, a full model

including all fixed-effects variables, and a null model

including no fixed-effects variable. We averaged all models

to obtain corrected Akaike Information Criterion values

and importance of each fixed-effects variable, and weights

of the most informative models, using the ‘model.avg’

function from the ‘MuMIn’ package (Barton 2013) in R

3.5.1.

Prior to these analyses, we tested for correlation among

pairs of predictors, to detect potential collinearity effects on

the results. We also tested for spatial autocorrelation of

data points, with the ‘Moran.I’ function in the ‘ape’

package and a matrix of inverse spatial distances as

‘weights,’ in R 3.5.1. Finally, we standardized all numeric

variables for more meaningful comparisons among pre-

dictors and to remove dispersion issues in the models.

Cluster Detection

We identified spatiotemporal clusters with high rates of

WNV-infected mosquito catches and human WNV cases

using Kulldorf’s spatial scan statistic with SaTScan 9.4

software (Kulldorff 1997). We aggregated the data for each

week (7 days) of the study. We performed a Likelihood

ratio test to identify clusters with significantly higher rela-

tive risk than expected, defined as the observed versus ex-

pected number of cases. For the mosquito data, we treated

individual mosquito catches as data points, assigning a

value of 1 for catches testing positive for WNV and 0 for

catches testing negative, and applying geographic coordi-

nates of the trap-site in which each catch was collected. We

used the Bernoulli model, and specified 10% of the pop-

ulation at risk, which is recommended by the author when

only specific sites in the study area were sampled, as op-

posed to the whole area (Kulldorff 1997). We kept other

parameters at default values. For human WNV data, we

used a Poisson model with the neighborhood of residence

and date of each WNV human case, and population esti-

mates of neighborhoods of the city of Ottawa from the

2011 Census, available from Statistics Canada (Statistics

Canada 2016). We kept other parameters at default values.

We imported cluster data from both analyses to ArcGIS

10.5 (ESRI, Redlands, CA, USA) for visualization.

Ethical Approval

We obtained ethical approval for this study from the Ot-

tawa Public Health Research Ethics Board (protocol no.
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226-16) and the University of Ottawa Science & Health

Sciences Research Ethics Board (file no. H06-16-22). Access

to anonymized iPHIS data was granted through a data

sharing agreement with Ottawa Public Health.

RESULTS

Mosquito Surveillance

We obtained data on a total of 178,772 mosquitoes, of

which 115,082 were identified as one of seven vector species

identified by the PHO (See Table 1 for average abundance

among trap-days across the city of Ottawa from 2007 to

2014). A total of 61,581 adult female mosquitoes were

collected comprising 5257 mosquito catches (average of 12

female mosquitoes per catch). Monthly average abundance

of Cx. pipiens/restuans ranged from 1 to 26 (Fig. 2) across

summer months (June to September). Across study sites,

average abundance of Cx. pipiens/restuans, Ochlerotatus

japonicus and Aedes vexans ranged from 0 to 40, 0 to 13 and

0 to 144, respectively (Table S1).

A total of 75 mosquito catches tested WNV-positive;

74 of which were Cx. pipiens/restuans catches, and a single

catch was comprised of Ae. vexans. Minimum infection rate

(MIR) for a given trap-day ranged from 0 to 333, and

monthly average MIR ranged from 0 to 5, except for Au-

gust and September 2012, where it reached 17 and 15,

respectively (Fig. 2).

Avian Data

Predicted density per hectare varied between 2.0 and 3.0 for

American robins (Turdus migratorius), and between 0.3 and

1.1 for house finches (Haemorhous mexicanus), across study

sites (Table S1). Total predicted density ranged from 2 to 4

birds per hectare, when considering the two species to-

gether.

Human WNV Surveillance

A total of twelve WNV cases were recorded in the city of

Ottawa between 2007 and 2016, with half (50%) occurring

in 2012 (Fig. 2), and all identified Ottawa as primary

exposure location. Mean annual WNV incidence in Ottawa

ranged from 0.00 to 0.64 per 100,000 population.

Descriptive Analysis

We found the largest cross-correlation coefficient

(r = 0.36) between residuals of a linear model between

monthly mean temperature and monthly total precipita-

tion, and monthly mosquito MIR, at a lag of 1 month. This

suggests weather conditions 1 month prior are the most

important in predicting mosquito MIR. We also graphically

observed averaged monthly abundance of Cx. pipiens/

restuans to peak around a month before or the same month

as averaged monthly MIR and total monthly WNV human

cases, between 2011 and 2014 (Fig. 2). Averaged monthly

MIR and monthly WNV human cases were almost always

null from 2007 and 2010, with the exception of August

2008 were one human WNV case was recorded.

Mixed-Effects Modeling Analysis

Prior model development, we combined two predictors

that displayed high correlation (r = 0.54), namely pre-

dicted density of the two reservoir bird species, into one

variable to remove significant collinearity effects in the

models. After combining the two variables, r < 0.25 for all

pairs of predictor variables. Residuals of the full model

(incorporating interaction between mean temperature and

total precipitation at a lag of 1 month, and site identifier, as

random-effects variables, and abundance of Cx. pipiens/

restuans, Oc. japonicus and Ae. vexans, and sum of pre-

dicted density of American robins and house finches, as

fixed-effects variables) did not display significant spatial

autocorrelation (Moran’s I P = 0.42.

When examining factors affecting mosquito MIR, four

models had a DAICc < 2 (Table 2): the full model

including all predictors, a model including all predictors

except predicted density of reservoir bird species, a model

including all predictors except abundance of Oc. japonicus,

and a model including only abundance of Cx. pipiens/

restuans and abundance of Ae. vexans. Additionally, vari-

ance explained by the interaction between total precipita-

tion and mean temperature was approximately 14 times

higher than that of site identifier (Table 2). Marginal

pseudo-R2 values were about a fifth of conditional pseudo-

R2 values for the three models with the highest DAICc value

(Table 2), signifying a modest but substantial effect of

mosquito and bird densities compared to weather and

spatial location data. Two fixed-effects variables, abun-

dance of Cx. pipiens/restuans and abundance of Ae. vexans,

had a relative importance of 1.00, across all 16 models
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(Table 3), signifying large effect size of the two variables on

MIR. Abundance of Oc. ochlerotatus and predicted density

of the two reservoir bird species had a relative importance

of 0.55 and 0.51, respectively, across all 16 models (Ta-

ble 3). The lower variable importance of predicted density

of the two reservoir bird species likely stems from the large

standard error of its estimated effect across models, despite

having the largest model-averaged estimated effect on MIR

among predictors (Table 3). These results suggest an effect

of predicted bird density that may be dependent on other

variables included in the model, such as abundance of two

WNV mosquito vectors, namely Cx. pipiens/restuans and

Ae. vexans. These results suggest an interaction between

bird and mosquito densities is likely the best predictor of

mosquito MIR. Unfortunately, we could not test the effects

of interaction terms of predictors together with predictors

in the same models, due to multi-collinearity issues. On the

other hand, lower variable importance of abundance of Oc.

japonicus likely stems from its relatively low estimate,

indicating a weak effect of the variable on MIR (Table 3).

All variables had a positive relationship with MIR, except

abundance of Oc. japonicus which had a negative rela-

tionship.

Spatiotemporal Cluster Detection

We identified a total of seven clusters in the study area

based on WNV-positive and negative mosquito catches; all

had more WNV-positive trap-days than expected (Ta-

ble 4), and two were statistically significant (P < 0.05;

Table 4). We found a total of one cluster in the study area

based on human WNV cases, with significantly more ob-

served than expected number of cases (P < 0.05; Table 4).

It is spatially concentric, but larger, than one of the sta-

tistically significant clusters detected using mosquito catch

data (Fig. 1). The two clusters detected using mosquito

catch data temporally overlap with the epidemiological

cluster detected using human case data, but start fifty-three

Table 2. Model Selection Parameters, Model-Averaged Akaike Weights (Weight), Variance (r2) Explained by Random-Effects

Variables, and Marginal and Conditional Pseudo-R2 (Johnson 2014) of Top Generalized Linear Mixed-Effects Models Explaining

Minimum Infection Rates of Mosquitoes Collected Around the City of Ottawa from 2007 to 2014.

Models 1 + 2 + 3 + 4 1 + 2 + 3 1 + 3 + 4 1 + 3

Degrees of freedom 7 6 6 5

Log-likelihood - 8609.5 - 8610.5 - 8610.7 - 8611.7

AICc 17,233.0 17,233.1 17,233.4 17,233.4

DAICc 0.00 0.07 0.39 0.46

Weight 0.28 0.27 0.23 0.22

r2 for precipitation: temperature 121.9 122.0 121.5 121.6

r2 for site identifier 8.5 9.2 8.4 9.1

Marginal pseudo-R2 0.002 0.002 0.002 0.001

Conditional pseudo-R2 0.011 0.011 0.011 0.010

1 = abundance of Cx. pipiens/restuans, 2 = abundance of Oc. japonicus, 3 = abundance of Ae. vexans, 4 = predicted density of reservoir bird species.

Table 3. Model-Averaged Coefficients of Four Predictor Variables Explaining Minimum Infection Rates of Mosquitoes Collected

Around the City of Ottawa from 2007 to 2014, from a Total of 16 Mixed-Effects Models.

Explanatory variables Estimate SE Relative variable importance P

Abundance of Cx. pipiens/restuans 0.16 0.02 1.00 < 0.001

Abundance of Oc. japonicus - 0.02 0.01 0.55 0.132

Abundance of Ae. vexans 0.19 0.04 1.00 < 0.001

Predicted density of reservoir bird species 0.46 0.32 0.51 0.148

B. Talbot et al.



(little more than a year) and 3 three weeks before its start

date, respectively, and end within 3 weeks around its end

date (Table 4).

DISCUSSION

As predicted, we found a positive effect of abundance of

two of three vector species, namely Cx. pipiens/restuans,

and Ae. vexans, and density of two avian reservoir species,

on minimum infection rates (MIR) of mosquito catches.

Also, as predicted, we observed space and time overlap

between hotspots of WNV-infected mosquito catches and

human WNV cases.

Almost all detected WNV-positive catches were Cx.

pipiens/restuans, with a single one being Ae. vexans. This is

not unexpected, since Cx. pipiens/restuans are targeted for

testing, but it is consistent with data from other regions of

the province. Most WNV-positive mosquito catches were

detected in 2012, which corresponds to the year with half of

all WNV cases across the study period. Being primarily

ornithophilic in its choice of host (Farajollahi et al. 2011),

but also feeding on humans frequently (Hamer et al. 2009),

Cx. pipiens/restuans is typically the vector species most

frequently in contact with the main reservoirs of WNV in

northeastern regions of North America, and one of the

main contributors of spill-over to humans (Hamer et al.

2008, 2009). Results from our modeling analysis suggest

higher abundance of Cx. pipiens/restuans is linked with

higher MIR in mosquito catches. A possible explanation is

that higher vector abundance results in higher rates of

enzootic transmission among avian reservoir species and,

consequently, higher probability for a mosquito to feed

from a viremic reservoir (Artsob et al. 2006; Ganser and

Wisely 2013).

Our results also suggest abundance of Ae. vexans may

potentially play a role in the enzootic cycle of WNV, being

associated with higher MIR in mosquito catches. On the

other hand, the species is linked only to a very small frac-

tion of all positive catches, which suggests a limited role of

Ae. vexans in WNV transmission in the present study.

Being primarily mammalophilic (Apperson et al. 2004;

Molaei and Andreadis 2006; Shepard et al. 2016), this

species may come in contact more frequently than Cx.

pipiens/restuans with secondary WNV reservoirs, such as

small mammals (van der Meulen et al. 2005). Members of

the species also feed sporadically on avian hosts, and may

potentially bridge transmission among different types of

reservoirs, while also contributing to the main enzootic

WNV cycle in avian reservoirs (Apperson et al. 2004;

Molaei and Andreadis 2006; Shepard et al. 2016). Finally,

Ae vexans is thought to contribute to the spill-over of WNV

to livestock and humans, being highly opportunistic in its

choice of hosts (Ganser and Wisely 2013).

We found density of American robins and house fin-

ches to be associated with MIR in mosquito catches.

American robins and house finches are known to develop

chronic WNV infections and may survive high viremia

(Reisen et al. 2013; VanDalen et al. 2013), allowing trans-

mission by mosquito vectors and perpetuation of the en-

zootic WNV cycle. Therefore, higher densities of those two

species will result in higher probability for a mosquito to

feed from a viremic reservoir (Artsob et al. 2006; Ganser

and Wisely 2013). Data from a variety of other potential

WNV reservoir species, such as the common grackle and

the house sparrow (Kilpatrick et al. 2007; Reisen 2013),

Table 4. Characteristics (Start and End Date, Observed and Expected Number of Cases, Relative Risk (RR), Likelihood Ratio (LLR) and

P Value) of Detected Space–Time Clusters of High West Nile Virus (WNV) Rates in the City of Ottawa, Canada, 2007–2014.

Dataset Start End Observed Expected RR LLR P

Mosquito positive WNV catches 17/7/2012 17/9/2012 14 0.3 52 46 < 0.01

02/8/2011 27/8/2012 15 0.9 21 32 < 0.01

31/7/2012 19/8/2013 6 0.7 9 8 0.58

24/7/2012 30/7/2012 2 < 0.1 69 8 0.54

14/8/2012 27/8/2012 3 0.1 21 7 0.80

04/9/2012 10/9/2012 2 0.1 35 6 1.00

24/7/2012 09/9/2013 4 0.4 10 6 0.94

Human WNV cases 07/8/2012 03/9/2012 7 0.6 280 29 < 0.01
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could potentially increase the reliability of our modeling

approach.

We detected hotspots of WNV infection in mosquitoes

and humans that overlapped in a highly urbanized area of

the City of Ottawa. Another hotspot of WNV infection in

mosquitoes was in a less densely populated area, and did

not overlap with a hotspot of WNV in humans. Several

studies found a link between human demographic data

such as population density, housing density, age of housing

and land use on Cx. pipiens populations (Trawinski and

MacKay 2008; Ozdenerol et al. 2013) and on WNV risk in

human populations (Ruiz et al. 2004). Clearly, more studies

looking at associations of human demography and land use

to WNV risk to human populations are needed to under-

stand factors affecting immediate WNV risk in cities across

the world.

Our study suffers from a limited dataset of human

cases. Cases of infection by WNV in humans are usually

unreported due to only a small proportion of cases

involving severe symptoms (Gubler 2007). A larger human

case dataset, possibly combined with a serosurvey of anti-

bodies specific to WNV and a map of common routes

employed by people who have been infected, would provide

higher resolution in detection of epidemiological hotspots

around the city of Ottawa. Although no nuisance control

program was in place in the city of Ottawa at the time of

the study, a larvicide program targeting Cx. pipiens/restuans

at all roadside catch basins and ditches, and storm water

management ponds, was in place during the whole time of

the study. We do not expect heterogeneity in the effects of

this program among study sites on mosquito abundance.

However, studying the effects of these programs in a similar

approach as this current study would be an interesting

future step. Another limitation is the poor resolution of our

bird observation data and the low number of bird species

from which data was available. Incorporating additional

known reservoir species, such as the house sparrow (Kil-

patrick et al. 2006), and higher resolution of observation

data, would lead to higher statistical power in determining

which avian species are most important in the enzootic

cycle of WNV in the city of Ottawa, and potentially in

northeastern North America. Additionally, omission of

demographic, land cover and land use variables, which

potentially have a direct effect on mosquito infection rates,

may limit the meaningfulness of results from our modeling

approach.

CONCLUSION

Our study specifically examined the impact of vector spe-

cies density on mosquito infection rates, providing a more

nuanced understanding of the factors contributing to WNV

transmission among mosquito populations. It is innovative

in that it suggests a role of avian and vector densities on

vector infection rates, and in turn, on hotspots of human

WNV cases. Such integrated approaches are crucial for our

understanding of the epidemiology of WNV in Canada and

worldwide.
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