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Effects of weather and landscape on the equine West Nile virus infection

risk in Mississippi, USA
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Abstract Introduction

The West Nile virus (WNv) continues to be a public health concern
in North America. Dry weather appears to increase human WNv infec-
tion risks, but it is uncertain whether dry weather conditions exert
similar effects on the corresponding equine WNv infection. This study
assessed the effects of precipitation of the previous year and land
cover diversity on the equine WNv risk of Mississippi, USA, at the
county level in the year 2002 using Bayesian hierarchical models. The
risk estimated for 2002 was found to be inversely related to annual pre-
cipitation of the preceding year. Equine WNv risks were lower with
greater land cover diversity probably due to the diluting effects of bio-
diversity. Correlation between the equine and human WNv risks was
positive but relatively low. Dry weather conditions of the previous year
might reduce mosquito competitors and predators and subsequently
increase mosquito abundances and equine WNv risks in agricultural
areas with low biodiversity.
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The invasion of West Nile virus (WNv) in the USA has exemplified
the rapid spread of invasive, infectious diseases in non-native ranges.
The first human WNv infection in the USA was reported in New York
City in 1999 (Nash et al., 2001). Rapidly, 14,539 equine cases of WNv
infections were reported in 40 states including the District of
Columbia during 2002 (O’Leary et al., 2004). Human WNv outbreaks
occurred in USA again in 2012 (DeGroote ef al., 2014) and the disease
remains as a public health concern (Harrigan et al., 2014).

West Nile virus infection threatens health and survival of humans
and domesticated mammals, causing neuroinvasive diseases in mam-
malian hosts (O’Leary et al., 2004; Ward and Scheurmann, 2008). The
fatality rate of equine WNv infection can be as high as 30% (Schuler et
al., 2004). The virus is mainly transmitted in a bird-mosquito enzootic
cycle with birds as amplifying hosts and horses and other mammals as
dead-end hosts. Mammals are infected when bitten by WNv-infected
mosquitoes (Hayes et al., 2005; LaDeau et al., 2008; Ward and
Scheurmann, 2008). Aedes aegypti, A. albopictus, Culex pipiens, C.
quinquefasciatus, Ochlerotatus socllicitans, O. triseriatus, and
Psorophora columbiae are the main insect vectors responsible for the
transmission of WNv from birds to mammals in Mississippi, particular-
ly C. pipiens and C. quinquefasciatus (Cooke et al., 2006; Andreadis,
2012). The abundance of birds and mosquitoes may affect the trans-
mission rate of WNv from infected birds to mammalian hosts assum-
ing more interaction between infected and susceptible individuals at
greater densities. Therefore, environmental factors influencing the
abundance of WNv hosts and vectors may affect WNv transmission
rates in birds and mammals (Epstein and Defilippo, 2001; Mongoh et
al., 2007). Chase and Knight (2003) have hypothesized that droughts
of the previous year would increase the abundance of mosquitoes by
reducing the predators and (or) competitors of the mosquitoes. Low
spring precipitation is associated with high WNv seroprevalence in
horses in Israel (Aharonson-Raz et al., 2014). Wang et al. (2010) found
that dry weather conditions of the previous year seem to increase
human WNv infection risks in Mississippi in 2002, while Walsh (2012)
found a negative impact of precipitation on the rate of human WNv dis-
eases in New York State, USA. However, it is unknown whether prior
year’s precipitation is indeed a predictor of equine WNv infections.

Habitat conditions may also affect the abundance and species com-
position of WNv’s avian hosts. For example, high plant diversity or
patch heterogeneity may increase avian species richness (MacArthur,
1964). The dilution effect hypothesis posits that increases in species
diversity of disease hosts would dilute the host effect of pathogens and
reduce the infection prevalence of disease in vector and host popula-
tions (Ostfeld and Keesing, 2000). LoGiudice et al. (2003) found that
more diverse tick (Ixodes scapularis) host communities had more host
species that were less competent reservoirs of Lyme disease. Those
less competent reservoirs dilute the effects of the rodent Peromyscus
leucopus, the most competent reservoir, and thus reduce the vector
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infection prevalence of Lyme disease. Furthermore, Ezenwa ef al.
(2007) found that greater shrub land areas and less wetland areas
enhance avian diversity and the number of nonpasserine birds (ie.,
non-competent hosts) and thus reduce WNv infection prevalence rates
of Culex mosquitos in Louisiana, USA. Therefore, it is plausible to pre-
dict that land cover diversity would increase the species diversity of
avian communities and thus reduce equine WNv infection risks (Roche
et al., 2012). Equine WNv infections varied spatially at the county level
in the American states of North Dakota, Texas and Florida (Mongoh et
al., 2007; Ward and Scheurmann, 2008; Rios et al., 2009). Equine and
human WNv vectors may differ in abundance and may be differently
influenced by weather conditions. However, little is known about the
spatial correlation between the WNv infection risks of humans and
horses with the respective spatial auto-correlation of human and
equine WNv infections being accounted for. The objectives of this study
were to: i) estimate the relative risk of equine WNv in Mississippi at
the county level using Bayesian hierarchical spatial models with condi-
tional auto-correlative (CAR) distributions to account for spatial auto-
correlation; ii) evaluate the effects of prior year’s precipitation and
land cover diversity on the relative risk of equine WNv infection; and
iii) test for spatial correlation of WNv infection between humans and
equines using multivariate CAR distributions. Although data were col-
lected 10 years ago, the findings of this study on the initial outbreaks
of equine WNv infections in USA may provide insight into the effects of
environmental conditions on the initial outbreaks of invasive zoonotic
diseases in the future.

Materials and Methods

With the aim to understand the effects of weather and landscape
diversity on the initial outbreaks of invasive zoonotic diseases, we
chose the 2002 data on human and equine WNv infections, because the
2002 census of horses provided the exact numbers of horses in each
county facilitating the estimation of the number of WNv-infected hors-
es using Poisson distribution. The equine census is conducted only
every five years. Additionally, the national land cover classification in
USA is updated about every 10 years. The 2001 National Land Cover
Database (NLCD) was based on the 2000 Landsat imagery
(http//www.mrlc.gov/nlcdrlc.php). The lack of frequent equine census
data and frequent land cover data limited the use of equine WNv infec-
tion data for other years.

The number of horses for 80 of the 82 counties in Mississippi for
2002 were downloaded from the 2002 Census of Agriculture of the
United State Department of Agriculture National Agricultural Statistic
Services website (http/www.agcensus.usda.gov) together with the
numbers of equine WNv cases of all 82 counties, downloaded from the
Mississippi State Department of Health data archive website
(http://www.msdh.state.ms.us/msdhsite/_static/resources/480.pdf).
Total annual precipitation for each county in 2001 was used to assess
delayed effects of precipitation on the equine WNv infection risk.
Annual precipitation data were provided by state climatologists for 73
Mississippi counties (Wang et al., 2010). Annual precipitation of nine
counties with missing precipitation records during 2001 was interpo-
lated with an ordinary Kriging method (Ribeiro and Diggle, 2001; Wang
et al., 2010).

The 2001 NLCD was used to compute the Shannon-Weiner diversity
index for each of the 82 counties in Mississippi
(www.mrlc.gov/nlcd2001.php). Mississippi has 15 land cover types
according to the 2001 NLCD: water; developed area I-1V; deciduous for-
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est; evergreen (or pine) forest; mixed forest; shrub, grassland; pasture;
crop; woody wetland; and emergent herbaceous wetland (Homer et al.,
2007). Proportions of land cover types were first computed using the
geographic information system IDRISI Taiga, version 15.0 (Clark Labs,
Clark University, Worcester, MA, USA). Then Shannon-Weiner diversity
index was calculated with the formula:

15

div=- 2 p;Inp, eq.1

for each county, where p; is the proportion of land cover type i in a coun-
ty; and Inp, the natural logarithm of p;.

With the assumption that the observed number of equine WNv cases
follows a Poisson distribution, the mean number of equine WNv cases
reported during 2002 can be modelled as a product of the expected rate
and relative risk in a county as follows:

0; ~ pois () and Ai=e;6; eq.2

where 2, is the Poisson parameter of the /th county; e; the expected rate
of the ith county and 6; the relative risk. The expected rate e; was cal-
culated as a product of the total number of horses of a county and state-
wide rate of equine WNv diseases in 2002. The relative risk, 6,, was
modelled as a function of environmental variables, e.g., annual precip-
itation of the previous year and Shannon-Weiner diversity index of land
cover.

The expected numbers of equine WNv cases served as reference risk
levels, based on the state-level average, for estimating the local or
county-specific relative risks. A county was considered to have equine
WNv risk greater than expected if the estimate of O was greater than 1.
Excess zeros of WNv infection cases result in extra variability in obser-
vations, violating the assumption of Poisson distributions that mean is
equal to variance. Therefore, the zero-inflated Possion (ZIP) models
with log link function were used to account for excess zero cases and
unreported cases.

The null (eq. 3) and full (eq. 4) models of equine WNv risk were of
the form:

log. A; = log.e+a+v;.u; eq. 3
log. A; = log. e+ o+ preci+Bodivi+ Vi . u; eq. 4

where o is an intercept; 3; the regression coefficient of annual precip-
itation of previous year (prec;); p: coefficient for land cover diversity
index (div)); v; a normally distributed, spatially independent random
variable, v; ~ N (0,0%,), representing spatially uncorrelated hetero-
geneity (UH); and u; a spatially structured random variable represent-
ing the effects of the first-order neighboring counties [i.e., the spatially
correlated heterogeneity (CH)] on the relative risk (6).

Extra variability, which often is observed in the number of infection
cases of an infectious disease, was accounted for by the unstructured
and structured heterogeneity v; and u; in equations 3 and 4.
Conditionally auto-correlative distributions were used to model the CH
effect in the relative risk (Lawson et al., 2003). In the CAR model, esti-
mates of relative risk are not necessarily positively related to numbers
of cases because predicted numbers of cases are the smoothing esti-
mates over those of the first order neighboring counties (Lawson et al.,
2003).

The unknown parameters and the UH and CH effects of the candi-
date models were estimated using a combination of the Besag spatial
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effect model (CH) and independent random variable model (UH) with-
in the R package INLA (Rue et a/., 2009). The priors of variances for the
CH and UH components were log gamma distributions (Blangiardo et
al., 2013), such as:

log(1/0%,) ~ log gamma (1, 0.0001),
log(1/c2,) ~ log gamma (1, 0.0001).

Four candidate models were built by adding variables to the ZIP null
model (eq. 3) in a forward stepwise manner to assess the effects of pre-
cipitation and land cover diversity on equine WNv risk. The deviance
information criterion (DIC) was used to select the best approximate
models among the four candidate models (Spiegelhalter et al., 2002a).
The DIC weight, an equivalent to Akaike weight, and ADIC were also
calculated for each model (Burnham and Andreson, 2002). The ADIC of
a model is the difference between the DIC value of the model and the
lowest DIC value among all candidate models. The best approximate
model has the lowest DIC value or highest DIC weight, and the ADIC of
a competing model is at <2.

Multivariate conditional auto-correlative (MCAR) models (eq. 5)
were applied to estimate the spatial correlation between equine and
human WNv infection risks (Lawson, 2009):

log (A; [&,11)=log(e:[&,1])+c; [£,1]+W; [£,1]+U; [&,1] eq.5

where subscript / and index % are for the /th county and the kth disease,
respectively. The letters A, o, and e denote the Poisson mean, intercept,
and expected counts of a disease, respectively, as in the univariate
model (eq. 3); U is a vertical vector of random variables of multivariate
normal distributions for the ith county, with a mean vector of zeros and
covariance matrix 2o, U; ~ MNV (0241, Z2x2); and W; is a vertical vector
of random variables of multivariate CAR distributions for the ith coun-
ty, Le., Wi~ MCAR (121, ©22x;). Bivariate random variables U and W rep-
resent the spatially unstructured and structured heterogeneity of rela-
tive risks, respectively, like their univariate counterparts u and v in
eq.3. Correlation between relative equine and human WNv risks (CR)
was estimated as:

cr < RIOR[/N-RR,

eq. 6

Sg Sk,

where the symbol R;[] is a vector of relative risks of equine WNv for 80
counties; R:[ ]a vector of relative risks of human WNv; EI and ﬁz the
means of the relative risks of equine and human WNv over 80 counties;
Sk and Se, the standard deviations of relative risks of equine and
human WNv; while dot denotes the inner product of the two vectors
R[] and R;[] (Lawson, 2009). Humphreys County and Tunica County
were excluded from all analyses owing to missing data in the 2002
Mississippi equine census; thus NV = 80. The expected counts of human
WNv cases from Wang et al. (2010) were used in this study. The MCAR
models were implemented with the WinBUGS 1.4.3 software
(Spiegelhalter et al., 2002b). Two MCMC chains for spatial correlation
CR were initialized with different starting values, and run for 30,000
iterations with the first 20,000 iterations as the burn-in period. The
Books-Gelman-Rubin method was used to assess the convergence of
the two chains (Spiegelhalter et al., 2002b).
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Results

A total of 256 cases of equine WNv infections were reported in
Mississippi in 2002. Thirty-two counties had zero cases, and 40 coun-
ties had <10 cases in 2002 (Figure 1). The model without the CH spa-

Frequency
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| T | | 1
0 5 10 15 20

Number of cases

Figure 1. Histogram of the number of the cases of equine West
Nile virus infections of Mississippi at the county level in 2002.

7-14

Figure 2. Relative risk of equine West Nile virus (WNv) of 2002
in Mississippi, USA, estimated by Bayesian hierarchical models.
Counties with values of relative risk exceeding 1 had WNv risk
greater than expected. The breaks (0-1, 1-7, and 7-14) of the leg-
end are the ranges of the relative risk. Humphreys County and
Tunica County (marked with white colour) were excluded from
the analysis owing to missing data in the 2002 horse census.
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tial effect (i.e., CAR distribution) had the largest DIC value and lowest
DIC weight, indicating that the model without the spatial component
received the least support from data among the candidate models
(Table 1). The DIC values of models with CH and UH indicated the
necessity of CAR models for the relative risk of equine WNv infection
(Table 1). In a preliminary analysis, a model including annual precipi-
tation of both the previous and current year did not explain more vari-
ability than did a model that only included precipitation of the previous
year. Thus, precipitation of the current year was not included in the
subsequent analysis. Two competing model had ADIC <2.0 and the
DIC weight of 0.41; one included annual precipitation of the previous
year and the other annual precipitation of the previous year plus land
cover diversity index as covariates (Table 1). Identical DIC weight sug-
gested that the two models received equal support from data. The 95%
credible interval (CI) of the coefficient of annual precipitation and land
cover diversity index were below zero in the two-covariate competing
model (Table 1). Exclusion of zero from the 95% Cls indicated signifi-
cant, negative effects of increased precipitation and land cover diversi-
ty with regard to equine WNv infection risks. Estimated relative risks
of equine WNv varied over Mississippi in 2002 with the Mississippi
Alluvial Valley north and central-west of Mississippi having greater risk
than that of the other regions (Figure 2). Twenty-one counties had the
relative risk of greater than 1.0 (Figure 2). Additionally, the relative
risks of equine and human WNv were positively correlated, with the
mean correlation (CR) of 0.22 (95% CI: 0.13-0.46).

Additionally, this study demonstrated that the application of
Bayesian hierarchical models implemented with recently developed
integrated nested Laplace approximation (INLA) methods at county-
level mapping of equine WNv infection risks (Rue et al., 2009) is use-
ful. The INLA methods avoid the convergence problem of popular
Markov chain Monte Carlo (MCMC) approaches to Bayesian inferences
(Rue et al., 2009).

Discussion

Weather and landscape structure affected equine WNv infections in
Mississippi in 2002. Precipitation exhibited the delayed negative
effects on equine WNv infection rates. Increased landscape diversity
reduced equine WNv infections (Table 1). However, DeGroote et al.
(2014) found that high winter and spring precipitation followed by dry
summer enhanced human WNv infection risks in the south-eastern
USA in 2012. Dry weather conditions probably reduced mosquito pred-
ators (e.g., fish and amphibians) and competitors (Chase and Knight,
2003). Consequently, mosquitoes may thrive due to reduced predation
and competition during the period between local extinction and
recolonisation of predators and competitors in temporary standing-

water habitats (Chase and Knight, 2003). Alternatively, C. pipiens and
C. quinquefasciatus are common mosquitos in Mississippi and are also
important WNv vectors (Kothera et al., 2009; Farajollahi et al., 2011;
Andreadis, 2012). C. pipiens breeds better in drier weather than under
wetter conditions because rain flushes C. pipiens larvae out of man-
made containers, tires or tire ruts, thus reducing C. pipiens abundance
(Koenraadt and Harrington, 2008). Dry weather of the previous year
may increase C. pipiens and C. quinquefasciatus abundance the follow-
ing year (Landesman et al., 2007; Van Dam and Walton, 2008). Studies
found that equine WNv infections in C. pipiens were inversely related
to the precipitation of the previous year (Landesman et a/., 2007; Ruiz
et al., 2010). Weather-induced increases in mosquito abundance and
WNv infections in turn increased the transmission of WNv to horses.

Land use and land cover are important factors influencing the spatial
heterogeneity of WNv infection risk (Brown et al., 2008a, 2008b;
Pradier et al., 2008). Increases in land cover diversity enhance the
species diversity of birds in the State of Louisiana (Ezenwa et al.,
2007). Equine WNv infection risk decreased with increased land cover
diversity index, probably because of the diluting effects of high avian
species diversity in areas with diverse land covers. Therefore, it is pos-
sible to use habitat management practices aimed to increase land cover
diversity or biodiversity of ecosystems to reduce the infection risks of
WNv or other vector-borne diseases in the long run (LoGiudice et al.,
2003; Keesing et al., 2010; Roche et al., 2012).

Although the relative risks of human and equine WNv infections
were both related to annual precipitation of the previous year (this
study; Wang et al., 2010), the correlation of relative WNv risks between
humans and horses was low (=0.22) in Mississippi in 2002. The value
of the precipitation coefficient was -0.005 in the human WNv model
(Wang et al., 2010), but it was -0.012 in the equine WNv model (Table
1). Dry weather conditions may exert stronger effects with regard to
equine WNv risk than to human WNv risk in agricultural areas. The rel-
ative risk of human WNv infection in central Mississippi was highest
within Mississippi in 2002 (Wang et al., 2010), whereas the relative
risk of equine WNv infection in the Mississippi Alluvial Valley was
highest in the same year (Figure 2; Wang et al. 2010). The difference
of WNv infection between humans and horses in the hotspots was prob-
ably because the central part of Mississippi includes the Jackson and
Meridian areas with the greatest human population density of the
state, whereas the Mississippi Alluvial Valley is a rural area dominated
by row crop fields. Increased percentage of urban land increases
human WNV risk in the north-eastern US (Brown et al., 2008b).
Although human cases are concentrated in cities and surrounding
areas, people may be infected in places other than the place of resi-
dence. Additionally, humans in urban areas and horses in rural areas
may have different mosquito species as the main bridge vectors of WNv
transmission from infected birds (Ward and Scheurmann, 2008).
Under dry weather conditions, temporal standing water in tire tracks

Table 1. Bayesian hierarchical models for the effects of annual precipitation of the previous year and land cover diversity on the relative

risk of equine West Nile virus in Mississippi, USA, in 2002.

c+UH 333.83 712 0.01 NA

¢+UH+CH 32847 1.76 0.17 NA

c+prec+UH+CH 326.71 0 0.41 -0.012 (-0.025, 0.001)
c+prec+div+UH+CH 326.72 0.01 041 prec:-0.012 (-0.024,-0.001); div: -1.81 (-2.323, -1.284)

DIC, deviance information criterion; ADIC, difference between the DIC of a candidate model and the lowest DIC; weight, equivalent to Akaike information criterion; Cl, confidence interval; ¢, constant; UH, uncorre-
lated heterogeneity; NA, not available; CH, correlated heterogeneity modelled by conditional autocorrelative distribution; prec, annual precipitation of 2001; div, diversity index of land cover types.
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and irrigation water in the crop fields of the Mississippi Alluvial Valley
probably provide suitable breeding habitat for the mosquitoes respon-
sible for WNv transmission to horses (Mongoh et al., 2007). Therefore,
horses in the Mississippi Alluvial Valley are more vulnerable to WNv
than those in other areas of Mississippi.

Conclusions

There is growing evidence that climate and dry weather may modu-
late the risk of human and horse WNv outbreaks spatially and tempo-
rally (This study; Landesman et al., 2007; Wang et al., 2010; Aharonson-
Raz et al., 2014). Wimberly et al. (2008) found a quadratic relationship
between the rate of human WNv diseases in 2003 and May-July precip-
itation of 2002 in the Great Plains in USA, with the 2003 rate of human
WNv diseases decreasing when total May-July precipitation reached
beyond 200 mm. In addition, the land use and land cover of a region are
unlikely to change at a large spatial scale in the short term (e.g., 1-2
years) unless catastrophic disasters occur. Therefore, annual precipita-
tion of the previous year (with either positive or negative effects) may
be used as a predictor for the early warning of human and equine WNv
at the regional level. This study used the 2002 data on equine WNv out-
breaks when the virus initially invaded and swept through Mississippi
to reveal ecological effects of dry weather conditions on the WNv out-
breaks. Thus, the results of this study may have implications limited
only to equine WNv outbreaks. Other environmental factors (e.g., tem-
perature, the composition of WNv vector communities, topography and
farming practices), which were not included in this study, may also
influence equine WNv risks in Mississippi. In addition, the vaccination
status of horses may affect the WNv infection risk of equids. Future
studies should address the region-specific effects of dry weather condi-
tions on the WNv prevalence of mosquitoes and interactions of precip-
itation and land cover on the WNv infection risks to better understand
mechanisms underlying climate effects on the transmission of WNv to
mammals.
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