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Abstract

Vaccination is one of the most efficient ways to control the spread of infectious diseases. Simulations are now widely used
to assess how vaccination can limit disease spread as well as mitigate morbidity or mortality in susceptible populations.
However, field studies investigating how much vaccines decrease the velocity of epizootic wave-fronts during outbreaks are
rare. This study aimed at investigating the effect of vaccination on the propagation of bluetongue, a vector-borne disease of
ruminants. We used data from the 2008 bluetongue virus serotype 1 (BTV-1) epizootic of southwest France. As the virus was
newly introduced in this area, natural immunity of livestock was absent. This allowed determination of the role of
vaccination in changing the velocity of bluetongue spread while accounting for environmental factors that possibly
influenced it. The average estimated velocity across the country despite restriction on animal movements was 5.4 km/day,
which is very similar to the velocity of spread of the bluetongue virus serotype 8 epizootic in France also estimated in a
context of restrictions on animal movements. Vaccination significantly reduced the propagation velocity of BTV-1. In
comparison to municipalities with no vaccine coverage, the velocity of BTV-1 spread decreased by 1.7 km/day in
municipalities with immunized animals. For the first time, the effect of vaccination has been quantified using data from a
real epizootic whilst accounting for environmental factors known to modify the velocity of bluetongue spread. Our findings
emphasize the importance of vaccination in limiting disease spread across natural landscape. Finally, environmental factors,
specifically those related to vector abundance and activity, were found to be good predictors of the velocity of BTV-1
spread, indicating that these variables need to be adequately accounted for when evaluating the role of vaccination on
bluetongue spread.
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Introduction animal movements were implemented in 2007. However, because
of limited availability of vaccine doses, vaccination was prioritized
in the four departments neighboring the 2007 cases (Pyrénées-
Atlantiques, Hautes-Pyrénées, Gers and Landes) and was imple-
mented later in other areas (Fig. S1). Consequently, the level of
vaccination coverage during the 2008 vector activity period varied
greatly among the different regions and finally more than 4,200
clinical cases were reported. Vaccination ultimately contributed to
stop further disease propagation: 83 BTV-1 outbreaks were
reported in continental France in 2009, one in June 2010, and
none since. However, disease re-emergence can occur, as shown

very recently in Corsica where several BT'V-1 clinical cases have

spread of the disease in France a massive vaccination campaign been reported in September 2013 [6], probably linked with the
was initiated in March 2008. Moreover, restrictions on farm 2012 BTV-1 epizootic in Sardinia [7].

Bluetongue (BT) is a vector-borne disease of ruminants caused
by the bluetongue virus (BTV) and transmitted by Culicoides biting
midges [1]. BT has emerged in Europe since 1998 [2,3]. Recently,
northwest Europe suffered major economic losses during two BT
epizootics: the large-scale BTV serotype 8 (BTV-8) epizootic in
2006-2008 [4,5] and the more restricted BTV-1 epizootic in
2007-2008 [2]. BT'V-1 was first detected in southern Spain in the
summer 2007. It subsequently spread northward and the two first
French clinical cases were reported in November 2007 in
southwest France close to the Spanish border. To stop the further
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Numerous studies have been conducted on BT vaccination,
essentially experimental, simulation, and observational studies.
Experimental studies, for example vaccine challenge studies, in
which animals are vaccinated and subsequently challenged with
the corresponding pathogenic virus, are of particular interest to
assess vaccine efficacy [8-12]. Simulation studies have used
vaccine efficacy data to estimate disease spread and economic
impact under competing vaccination scenarios [13-18]. Finally,
observational studies have reported metrics such as the number of
cases in relation to vaccination coverage [19-22]. These studies
have shown that vaccination can play an important role in
controlling BT spread, reducing both the number of outbreaks and
the morbidity and mortality rates in livestock. However, to date no
study has investigated the effect of vaccination on the velocity of
spread of real BTV epizootics. Two mechanisms are known to
influence BT spread: local propagation and long range (>100 km)
dissemination. While active flights of infected Culicoides and short-
range movements of infected farm animals are responsible for local
propagation of the infection, BT long range dissemination can
occur through the passive flight of infected Culicoides carried by
winds as well as long distance movements of infected farm animals.
Furthermore, mechanisms of BT diffusion in wildlife pass
unnoticed. In this study we are interested in the influence of
vaccination on local BT propagation: how much could vaccination
slow down the progression of BT epizootics in a real agricultural
landscape in the presence of restrictions placed on animal
movements? Quantitative answers to this question are currently
unavailable despite their great potential importance concerning
vaccination campaign optimization in the event of another BT
epizootic. Since livestock in southwest France had never been in
contact with BTV prior to 2007, natural immunity was absent.
This allowed us to quantify the importance of vaccination in
changing the velocity of spread of the BTV-1 epizootic while
accounting for other factors known to influence velocity [23]. We
used a similar approach to a previous study of the French BTV-8
epizootic to estimate the velocity of BTV-1 spread [24] and
determine which environmental factors influenced velocities [23].
The aim of this study was to quantify the effect of vaccination on
the velocity of BTV-1 spread, while accounting for environmental
factors known to influence it.

Materials and Methods

We used 2008 BTV-1 clinical case records from the French
Official Veterinary Services to assess the velocity of BTV-1 spread
during the 2008 BTV-1 epizootic in France. A case was defined as
a bovine herd or an ovine or goat flock in which BT was clinically
suspected and BTV-1 infection later confirmed by serological or
virological analyses. Our analysis was performed on a municipality
basis (the smallest administrative unit in France). Overall 4,195
BTV-1 clinical cases were reported in 1,649 municipalities. Due to
clinical cases with missing date of report we discarded 54
municipalities leaving 1,595 municipalities belonging to 16
departments. Data on French BT cases are available on request
to the French Official Veterinary Services (Direction générale de
Palimentation, bureau de la santé animale, email: bsa.sdspa.dgal@
agriculture.gouv.fr).

1 Velocity of BTV-1 spread estimation

To estimate the velocity of BT'V-1 spread we used the method
described in details in Pioz et al. 2011 [24]: a Trend Surface
Analysis (TSA) model combined with a spatial error form of
Simultaneous Autoregressive model (SAR.,,). Briefly, TSA uses
least squares regression to fit polynomial surfaces to geo-referenced

PLOS ONE | www.plosone.org

Did Vaccination Slow the Spread of Bluetongue?

event-time data and is used to study diffusion processes in space
and time [25]. It has previously been used to identify the pattern of
disease diffusion and assess the velocity of spread of rabies [26-28],
plague [29] and BTV-8 [24]. This method aims to capture the
general direction(s) and speed(s) of disease progression. Here, a
polynomial surface was fitted to the set of spatially distributed
times of first BTV-1 clinical case detection across the 1,595
municipalities. The geographical coordinates (X, Y) of municipal-
ity centroids were translated into (X, Y) coordinates with the origin
adjusted to the French area of BTV-1 introduction, ue., the first
municipality which reported a BTV-1 case on November 10"
2007. We combined the TSA model with a spatial error form of a
Simultaneous Autoregressive (SAR.,,) model to account for the
residual spatial autocorrelation. Velocity was estimated by fitting
this model to the dates of the first reported clinical case in each
municipality. Centroid coordinates for each municipality were
used as covariates for the TSA and for generating neighbourhood
lists for the SAR,,, model. We used a model averaging procedure
based on AICc to account for model selection uncertainty and
obtain robust estimates of model parameters [30] (see details in
Material S1).

2 Effect of vaccination on velocity of BTV-1 spread

Quantifying the effects of vaccination on the velocity of BTV-1
spread required the most accurate estimates of velocity. We
assumed that the estimated velocity was close to the true velocity if
the date of the first case predicted by the TSA-SAR.,, model was
close to the observed one. Consequently, following what had been
done in the BTV-8 study [23], we restricted the dataset to the
municipalities for which the absolute difference between the
observed and TSA-SAR,,, predicted date of the first clinical case
was less than 16 days. We used this threshold as a trade-off
between discarding strong outliers whilst keeping most of the
variability present in the dataset. We checked that the range and
characteristics of the environmental factors (minimum, maximum,
1** and 3™ quartiles, median and mean) in the restricted dataset
remained close to those of the full dataset (Material S2).

2.1 Ecological variables. Our previous study of BTV-8
spread in France indicated that the velocity of BT spread could
be influenced by environmental factors [23]. Thus, to measure
the effect of vaccination on the velocity of BTV-1 spread, we
needed to consider the variables that may influence the velocity
of BT spread and consequently, tested the same covariates as in
the BTV-8 study [23]. These covariates are related to host
availability and immunity, vector abundance and activity, and
vector-host contact. Hence, sixteen covariates defining five
thematic groups of related variables were tested (Table 1). Host
availability, vaccination, elevation and landscape-related variables
were obtained at the municipality level. Meteorological-related
variables were obtained on an 8x8 km square grid through the
SAFRAN database supplied by Météo-France [31]. Detailed
information on the covariates is provided in Material S3, and we
detail here only the vaccination covariate. In order to quantify
velocity of spread, we focused on the spread of BTV-1 over
newly-contaminated areas and assumed that the movements of
infected farm animals had only negligible effects on the velocity
of BTV-1 spread due to imposed restrictions on animal
movements (see [24] for a discussion). Restrictions on farm
animal movements were implemented through the European
Commission Regulation No 1266/2007, which defined a
restricted zone for BT as a 70-km radius around contaminated
farms. Regulations on animal transport prevented any move-
ments from restricted zones to non-restricted zones.
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Figure 1. Dates of first BTV-1 clinical cases in 1,595 French municipalities, 2008. The colour corresponds to the month in which the first
clinical case was reported in each municipality. One municipality had its first clinical case on 5™ January 2009 and is included in the December 2008

class.
doi:10.1371/journal.pone.0085444.g001
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Figure 2. Velocity vectors for the 1,314 municipalities used to construct the RAC model. The length and direction of each arrow indicate
the speed and direction of BTV-1 spread from each municipality centroid. The middle of the arrow is anchored at the municipality centroid.
Administrative areas are mapped at the level of French departments. The initial area of BTV-1 introduction in France is indicated by a red arrow. The

departments with an early vaccination scheme are displayed in red.
doi:10.1371/journal.pone.0085444.9002

2.2 Vaccination. A compulsory BTV-1 vaccination scheme
was implemented in France from late March to December 2008.
Early vaccination, iz.e., before the springtime onset of vector
activity, was prioritized in areas surrounding the 2007 cases
(Fig. S1). Vaccination began later in other areas. The inactivated
vaccines ZULVAC®1 Bovis and ZULVAC®1 Ovis were used for
cattle and small ruminants, respectively. After the second vaccine
dose, time to full protection is 15 days in cattle and 24 days in
small ruminants. Vaccine efficacy was assumed to be 100%.
Expenses for livestock vaccination were covered by the French
Ministry of Agriculture and data on BTV-1 vaccination were
provided by FranceAgriMer, which is the organisation that paid
the veterinarians who performed vaccination. Vaccine coverage in
a municipality was calculated as the proportion of small ruminants
and cattle immunized at the date of the first BT'V-1 clinical case in
the municipality, i.e., the ratio of the number of small ruminants
and cattle that reached full protection at the date of the first BTV-
1 clinical case, to the sum of the number of small ruminants
reported on January 2008 and the number of cattle over 2 months
old reported on September 2008. We expected lower velocities in
areas with high vaccine coverage. Indeed, the higher the vaccine
coverage, the lower the proportion of susceptible hosts, and the

lower the proportion of infectious hosts. Thus, vaccination
decreased the proportion of infectious vectors and the probability
of an infectious midge bite.

2.3 Statistical analysis. To prevent statistical issues associ-
ated with multi-collinearity we verified that covariates were not
highly correlated. For this purpose, we computed correlations
among all the covariates (Table S1). Since covariates were not
normally distributed, nor necessarily correlated in a linear fashion,
we used the Spearman’s rank correlation p. This statistic is the
most commonly used non-parametric test for correlation [32]. All
of the |p| were lower than 0.80: the covariates were not highly
correlated and could be included simultaneously in a model [33].
Moreover, to determine whether the covariates should be
considered as continuous or categorical, we examined the linearity
of the association between each continuous covariate and the
response variable (see Material S3). We finally obtained 4
continuous and 12 categorical candidate variables (Table 1). Only
plausible two-way interactions were considered, t.e., the interaction
between temperature and rainfall at equivalent temporal lags, and
the interaction between small ruminant density and dairy or beef
cattle densities. Overall, 16 candidate covariates along with 4
plausible biological interactions between candidate variables were

percentage of immunized animals
i o
I o1-100%

Figure 3. Vaccine coverage of the 1,314 municipalities used to study the velocity of BTV-1 spread. The percentage of immunized
animals (cattle, sheep and goat), at the date of the first clinical case, is presented through colours.

doi:10.1371/journal.pone.0085444.9003
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tested. The dataset was split randomly into ‘“training” and
“testing” subsets (75% and 25% of the data, respectively). We
mitially fitted a linear regression model to the training dataset
using ordinary least squares (OLS). However, spatial autocorre-
lation in the residuals indicated that the assumption of indepen-
dent errors was violated. We consequently extended the model to
account for residual spatial structure by using a residuals
autocovariate model (RAC) [34], which included, in addition to
the environmental covariates, an autocovariate calculated from
the residuals of the OLS fitted model (see Material S4). Statistical
analyses were performed using the R v2.13.1 software [35]. Linear
models were compared using the package MuMIn [36] and RAC
models were fitted using the packages raster [37] and geoR [38].

We selected the best model by using backward model selection
based on AICc [23]. As recommended by Burnham and Anderson
[39], we considered that two nested models differing by less than 2
AICc points received identical support from the data. In such a
situation, the model with fewer parameters was preferred. Once
the best model was identified, we characterized its performance by
using two statistics: the coeflicient of determination and the Root
Mean Squared Error (RMSE). The coefficient of determination,
te., the squared Pearson correlation r between predicted and
observed values [40,41] is a measure of the overall goodness of fit.
We also calculated the Root Mean Squared Error (RMSE) [42] of
values fitted to the training dataset since it is a good measure of
prediction accuracy, lower values of RMSE indicating a better fit.

PLOS ONE | www.plosone.org

Table 2. Estimated coefficients, 95% confidence interval (Cl) and p-values of the RAC model for the subset of 986 French
municipalities.
covariates class coefficient 95%Cl p-value
intercept 3.45 1.990; 4.915 <0.001
elevation b 1.10 0.396; 1.800 <0.01
C 2.62 1.721; 3.513 <0.001
d 1.87 0.820; 2.923 <0.001
DensBeef_Cattle b 0.74 0.066; 1.406 <0.05
C 133 0.647; 2.019 <0.001
d 2.50 1.778; 3.223 <0.001
DensSmall_Ruminants b 0.54 —0.139; 1.226 0.12
C —0.37 —1.075; 0.335 0.30
d —1.56 —2.296; —0.833 <0.001
VaccinCoverage b —1.66 —2.346; —0.975 <0.001
Tmax_lag1 b 1.99 1.263; 2.712 <0.001
C 0.05 —0.742; 0.847 0.90
d —0.03 —0.852; 0.787 0.94
Rain_lag2 b 0.12 —0.561; 0.806 0.72
C 1.69 0.972; 2.406 <0.001
d 4.08 3.209; 4.951 <0.001
Tmax_lag2 b —223 —2.993; —1.461 <0.001
C —4.40 —5.382; —3.421 <0.001
d —4.72 —5.829; —3.614 <0.001
arable-forest b 2.70 2.013; 3.377 <0.001
2.54 1.808; 3.268 <0.001
d 1.61 0.856; 2.357 <0.001
autocovariate 1.09 1.049; 1.129 <0.001
See Table 1 for description of covariates. RAC model: Residuals Autocovariate model.
doi:10.1371/journal.pone.0085444.t002

Moreover, to evaluate the predictive power of the model we used
the municipalities of the testing dataset. As for the training dataset,
we calculated the squared Pearson correlation and the RMSE.
Finally, we used likelihood ratio tests for nested models [43,44] to
assess the relative importance of environmental variables in the
RAC model:

D= —2(1teq —ltun)

where D is the log-likelihood ratio test statistic, and l,.q and lg,; are
the log-likelihoods of the reduced and full models, respectively.
The full model is the RAC model and the reduced model
contained all but one of the variables of the full model. The
contribution of the omitted variable is thus evaluated, larger D
values indicating a greater contribution to model fit.

Results

Two BTV-1 clinical cases occurred in November 2007 in
France. As in the BTV-8 study, we did not include these two
first cases because they could induce bias in the estimation of
the velocity of BTV-1 spread. These two cases occurred at the
end of the vector activity period and were followed by the
vector-free period during which BTV transmission was effec-
tively inactive. In 2008, 4,195 BTV-1 clinical cases were
reported. From this, we identified the date of the first clinical

January 2014 | Volume 9 | Issue 1 | e85444
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Figure 4. Estimated range of velocity variation as a function of
covariates. Horizontal bars represent the range of velocities obtained
when a single covariate is varied between its maximal and minimal
observed value whilst all other covariates are held constant (see
Table 2). The average velocity of 3.4 km/day is represented by the small
vertical stroke crossing the horizontal bar. The velocities are estimated
through the selected RAC model (n =986 municipalities).
doi:10.1371/journal.pone.0085444.g004

case in 1,595 municipalities (Fig. 1). These dates ranged from
July 11" 2008 to January 5" 2009.

1 Velocity of BTV-1 spread estimation

We selected the smallest subset of fourth-order TSA-SAR,,
models for which the sum of the AICc weights was =0.9. The
resulting subset contained 66 models (Table S2). Model-averaged
parameters obtained from these 66 models were used to estimate a
velocity for each of the 1,595 municipalities. These velocity
estimates ranged from 0.98 to 126.34 km/day with a mean value
of 5.35 km/day (median value =2.64 km/day). However, 90%
(1,439) of the municipalities had velocity =10 km/day, indicating
that BT'V-1 spread was mostly local. High values for the velocity of
BTV-1 spread were marginal, potentially linked with farm animal
movements. Model residuals, z.e., the difference between the fitted
and observed date of first clinical case, had a mean non-
significantly different from zero (0.2, 95% Confidence Interval
(CI): —0.43—0.93) and a bell-shaped distribution. No spatial
structure was detected in these residuals. The difference between
the fitted and observed date of first clinical case was less than
16 days for 1,337 municipalities (84%) and environmental
covariates were available for 1,314 of these municipalities (82%).
For this sub-dataset of 1,314 municipalities the minimum and
maximum velocities were identical to those of the full dataset, and
the mean and median values of the velocity of BTV-1 spread were
5.72 and 2.74 km/day, respectively. The estimated velocities at
these 1,314 municipalities were subsequently included in the
analysis of the effect of vaccination (see section 3.2). Velocity
vectors of the 1,314 municipalities are presented in Figure 2: from
the initial introduction zone (indicated by a red arrow on the map),
the virus spread rapidly from west to east along the Pyrenees
Mountains, then, from this initial incursion, the virus spread
sideways to the south and north. The departments with few
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infected municipalities, in red on the map, were departments with
an early vaccination scheme.

2 Effect of vaccination on velocity of BTV-1 spread

Figure 3 displays vaccine coverage for the 1,314 municipalities
used to analyse the effect of vaccination. Of these municipalities,
78% (1,028) had no vaccine coverage at the date of first clinical
case. For the 286 municipalities with vaccine coverage, the
percentage of immunized animals ranged from 0.4% to 100%
(n =15 municipalities) with a median value of 55%. The 1,314
municipality data subset was split randomly into “training” (986
municipalities) and “testing” subsets (328 municipalities). The first
was used to fit linear regression models via OLS (Table S3). The
best OLS model included elevation, edge density between arable
land and forest, temperature at one and two month lags, rainfall at
a two month lag, small ruminant and beef cattle densities, and
vaccination coverage. This OLS model performed poorly in
predicting the velocity of BTV-1 spread from environmental
covariates (squared Pearson’s r=0.27, RMSE =7.33 km/day) in
the training dataset and spatial autocorrelation at short distance
was detected in the residuals (Fig. S2A). We thus fitted a RAC
model to account for spatial autocorrelation. The RAC model
contained the environmental covariates from the above OLS
model plus an autocovariate that represented spatial autocorrela-
tion in the residuals of the OLS model at a neighborhood size of
3.6 km. The fit of the RAC model was satisfactory (squared
Pearson’s r=0.81, RMSE =3.69 km/day). In contrast to the
OLS model, analysis of the residuals showed no spatial autocor-
relation (Fig. S2). Parameter estimates of the RAC model are
presented in Table 2. The RAC model was tested on the 328
municipality testing dataset and predictive performance was good
(squared Pearson’s r=0.86, RMSE = 3.14 km/day).

Estimated coefficients and p-values of environmental covariates
are reported in Table 2. The intercept indicates an average
velocity of BTV-1 spread of approximately 3.5 km/day (Table 2).
As expected, vaccination was negatively associated with velocity of
BTV-1 spread, which was, on average, 1.7 km/day lower in
municipalities with immunized animals at the date of first clinical
case, than in municipalities with no immunized animals.

Meteorological variables, landscape factors and host availabil-
ity were also correlated to velocity of BTV-1 spread. The
contribution of covariates to model fit was assessed via D-values
of each covariate (Fig. S3). Weather at a two-month lag had the
greatest effect on the velocity of BT'V-1 spread, followed by edge
density between arable land and forest, temperature at one-
month lag and density of beef cattle. Weather at a two-month lag
greatly influenced velocity, the latter being negatively correlated
to the monthly average of maximum daily temperature such that
a 4 km/day decrease in velocity was observed when monthly
average of maximum daily temperature was higher than 25°C.
Velocity was also positively associated with rainfall: heavy rainfall
(>70 mm per month) increased the velocity by 4 km/day.
Considering the effect of weather at a one-month lag, a monthly
average of maximum daily temperature around 24°C  was
associated with a velocity increase of 1.9 km/day. Overall, the
effect of weather on the velocity of BTV-1 spread was greater at
a two-month lag than at a one-month lag. Regarding landscape-
related variables, elevation and edge density between arable land
and forest were positively correlated with velocity. Finally,
velocity of BTV-1 spread was associated with beef cattle and
small ruminant densities in different ways, while the density of
dairy cattle had negligible effect. Velocity was positively
associated with beef cattle density. On the other hand, the
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highest small ruminant densities (>20 small ruminants/km?)
were negatively correlated with velocity.

Finally, the range of velocities obtained by varying a single
covariate across its observed range whilst holding all other
covariates constant at their observed mean is presented in
Figure 4. The graph provides a visual indication of the independent
effect-size of each covariate on the average value of 3.5 km/day.

Discussion

Several studies have modeled the effect of vaccination on BT
spread and simulations have demonstrated that vaccination can be
a highly effective means to control BT epizootics when a high level
(>80%) of vaccine coverage is achieved [14,15,17,18]. However,
field studies investigating the effect of vaccination against BTV are
rare. To our knowledge, our study is the first to have quantified
vaccine induced reductions in the velocity of BTV spread using
data from a real epidemic. After accounting for environmental
factors known to influence the velocity of BT spread, vaccination
divided by a factor 2 the mean velocity at which BTV-1 spread
across the study area. Vaccination thus helped to slow down
disease progression by decreasing the number of infectious hosts
and vectors, and consequently the probability that infected vectors
bite susceptible hosts in a non-contaminated area. Despite
regulations on farm animal movements, BT has rapidly spread
in Europe during the 2006-2008 BTV-1 and BTV-8 epizootics.
Vaccination was the only efficient method that could stop BTV-8
and BTV-1 spread, and decrease the number of BT foci until
apparent full eradication of BT among European livestock.

Since previous studies have estimated the velocity of BTV-8
spread in France and the effects of environmental covariates
[23,24], a comparison of BTV-1 and BTV-8 epizootics is
possible. In both cases, restrictions were imposed on animal
movements. Regarding the velocity of BT spread, the mean
value of velocity of spread was similar for both serotypes (5.4
and 5.6 km/day for BTV-1 and BTV-8, respectively). The first
and ninth deciles of the estimated velocities were 1.9 and
10.4 km/day for BTV-1 and 3.7 and 7.8 km/day for BTV-8,
thus the distribution of estimated velocities appeared narrower
for BTV-8 than for BTV-1. Moreover, the lower values of
velocities that were observed for BTV-1 than for BTV-8 may
be related to the effect of vaccination. Indeed, contrary to what
was observed for BTV-1, there was no large area with high
vaccine coverage for BTV-8. Regarding the influence of
environmental factors, variables related to the ecology of
Culicoides vectors (weather and elevation) were the main factors
influencing the velocity of BT spread for both serotypes.
Weather at a two month-lag plausibly could affect Culicoides
abundance through direct effects on demographic life cycle
parameters e.g. larvae and pupae require moist habitats, adults
are prone to desiccation [3], and temperature is known to
influence survival and duration of all stages of life cycle [45].
Weather at a one-month lag is most likely to influence Culicoides
activity [46,47]. The strong negative effect of temperature and
the positive effect of rainfall, both at a two-month lag, suggest
that in late summer (most clinical cases occurred in August and
September) Culicoides dynamics in south-western France become
damped when high temperatures exacerbate low level of
moisture availability, a combination of factor which is known
to induce low survival rates [48,49]. However, at a one-month
lag, monthly averages of maximum daily temperature around
24°C were associated with slightly increased velocities. These
apparently contrasting results could reflect that incidence rates
were greatest following several months of more or less
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exponential growth in both vector and virus populations and
immediately prior to a desiccation induced crash in vector
abundance effectively damping the velocity of further spread.
Velocity of BTV-1 spread was also influenced by elevation, the
highest velocity being observed for an elevation range between
280 and 454 m. The influence of elevation on velocity of BT
spread, which was also observed for BTV-8 [23], was probably
related to abundance, species composition and vector compe-
tence of the Culicoides vector populations. Indeed, Culicoides
populations from the Obsoletus Complex have been found in
Europe along a broad altitudinal cline [50], but their
abundance changed with elevation. Moreover, Carpenter et al.
[51] observed in the United Kingdom a variation of Culicoides
susceptibility to BTV infection according to geographic areas
within and between species and populations. Similar variation of
Culicoides susceptibility and competence may partly explain the
effect of elevation on velocity of BT spread. The positive effect
of beef cattle density on BTV-1 spread contrasted with the
negative effect of dairy cattle density on the BTV-8 spread. This
might be related with differences in cattle management
practices. Indeed, dairy cattle are kept close to farms, thus
creating localized clusters of hosts and a relatively discontinuous
pattern of host availability, which might be less favorable to BT
spread. By contrast, beef cattle herds tend to be scattered
throughout the landscape, a spatial arrangement that facilitates
BTV progression [23]. High densities of small ruminants were
negatively associated with the velocity of BTV-1 spread, a result
that was also observed for BTV-8. With 1.3 million reproduc-
tive animals in 2008, dairy sheep farming was more important
than meat sheep farming (926,000 reproductive animals) or goat
farming (145,000 reproductive animals) in south-western France.
Furthermore, according to our 2008 small ruminant count data,
dairy sheep flocks are larger than meat sheep flocks, with a
mean value of 153 versus 49 animals. Consequently, the negative
association between high small ruminant densities and velocity
may be due to dairy sheep management practices, which are
similar to the dairy cattle management practices mentioned
above. Another hypothesis would be that small ruminants were
less competent hosts for BI'V-1 than cattle, which may cause a
dilution effect, and ultimately a negative association between
high density of small ruminants and velocity of BTV-1 spread.
One landscape-related covariate was significantly linked with
velocity: the edge density between arable land and forests. This
finding is consistent with previous results as edge density
between arable land and forests was identified as a BTV-8
seropositivity risk factor for cattle in France [4]. It was also
related to velocity of BTV-8 spread [23]. Arable land may serve
as feeding areas for wildlife and forests provide breeding [52]
and resting sites [50] for Obsoletus Complex midges. Edges
between these habitats may facilitate contacts between BT
vectors and wild hosts, then influencing BT dynamics.

Finally, two potential weaknesses of our study need to be
considered. First, we used clinical cases to describe BT spread,
and they may suffer from biases because of asymptomatic
animals and, to a lesser degree, under-reporting of diseased
animals. Consequently, the 1,595 municipalities included in the
study might not represent an exhaustive sample of contaminated
municipalities. Regarding asymptomatic animals, the severity of
BT infection is influenced by various factors including host
species, breed, age, individual susceptibility, environmental
factors and BTV serotype [53]. Little information is available
on BTV-1 clinical signs: the most common clinical signs
observed in small ruminants are fever, depression, lethargy,
facial edema and salivation [54]. However, a recent exper-
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imental study showed that BTV-1 infection induced more
marked clinical signs in sheep than BTV-8 infection [53].
Moreover, as farmers received monetary compensation for BT
diseased animals, under-reporting was probably rare. We could
thus expect limited biases of BTV-1 clinical cases. Furthermore,
even if the real BT clinical incidence was underestimated, it did
not preclude an unbiased estimate of the spatial trend [56]. A
second weakness of our study is that we did not account for
wind-mediated vector movements on BT spread [57,58]. However,
our main purposes were to assess the effect of vaccination on BTV-
1 spread velocity, and to compare the effect of environmental
features on this velocity with previous results obtained for BTV-8.
The effect of wind was beyond our scope.

Conclusion

In this study we examined the effect of vaccination on the
propagation velocity of BTV-1. For the first time, the effect of
vaccination has been quantified using data obtained from a real
BTV epizootic and after accounting for environmental factors
known to modify the velocity of BT spread. Our findings
emphasized the importance of vaccination in limiting disease
spread across real agricultural landscapes. Finally, environmental
factors should be accounted for when evaluating the role of
vaccination on BT spread as they had a major influence.

Supporting Information

Figure S1 Timing of the vaccination campaign. The
period at which the first cattle (A) and small ruminants (B) were
immunized is presented per department. The period is designed
through the month of the year and a number that referred to the
first half of the month (1) from the 1*' to the 15™, or the second half
of the month (2) from the 16" to the 31%, e.g. may_1 designed the
period between the 1% and the 15™ of May.

(DOC)

Figure S2 A. Semi-variogram of the best OLS model
(dashed line) and the RAC model (solid line). B. Semi-
variogram of the RAC model. The dashed lines represent the
envelopes obtained from 999 permutations.

(PDF)

Figure S3 Log-Likelihood ratio (D) statistics for envi-
ronmental variables in the RAC model. Larger D values
indicate a greater contribution to model fit. P-values and
parameter estimates of the RAC model are given in Table 2.
See Table 1 for descriptions of environmental variables.

(PDF)

Table S1 Spearman’s rank correlations p among all the
environmental covariates for the dataset with 1,314
municipalities.

(PDF)

References

1. Carpenter S, Wilson A, Mellor PS (2009) Culicoides and the emergence of
bluetongue virus in northern Europe. Trends in Microbiology 17: 172-178.

2. Wilson AJ, Mellor PS (2009) Bluetongue in Europe: past, present and future.
Philosophical Transactions of the Royal Society B 364: 2669-2681.

3. Purse BV, Mellor PS, Rogers DJ, Samuel AR, Mertens PPC, et al. (2005)
Climate change and the recent emergence of bluetongue in Europe. Nature
Reviews Microbiology 3: 171-181.

4. Durand B, Zanella G, Biteau-Coroller I, Locatelli C, Baurier F, et al. (2010)
Anatomy of bluetongue virus serotype 8 epizootic wave, France, 2007-2008.
Emerging Infectious Diseases 16: 1861-1868.

5. Saegerman C, Berkvens D, Mellor PS (2008) Bluctongue epidemiology in the
European Union. Emerging Infectious Diseases 14: 539-544.

PLOS ONE | www.plosone.org

1

Did Vaccination Slow the Spread of Bluetongue?

Table S2 Degree of freedom (df), AICc, difference
between AICc of each model and the minimum AICc
score (AAICc) and Akaike weight (®) of the 66 TSA-SAR,,,.
models used to obtain the model-averaged parameters
for the 1,595 French municipalities.

(PDF)

Table S3 Degree of freedom (df), AICc, difference
between AICc of each model and the minimum AICc
score of the OLS models (AAICc) and Akaike weight (®)
of the 10 first OLS models and df and AICc of the RAC
model fitted to explain the velocity of BTV-1 spread
(n =986 municipalities).

(PDF)

Material S1 Description of the method used to estimate
the velocity of BT spread with a trend surface analysis
model combined with a spatial error form of a
simultaneous autoregressive model.

(PDF)

Material 82 Characteristics of the environmental co-
variates from the complete (1,595 municipalities) and
restricted (1,314 municipalities) datasets.

(PDF)

Material S3 Description of the environmental covari-

ates and their discretization.

(PDF)

Material S4 Description of the residuals autocovariate
(RAC) model used to study the effect of environmental
factors on the velocity of BT spread.

(PDF)

Acknowledgments

We are grateful to P. Hertsens from FranceAgriMer (vaccination data),
C. Lacz from the FRGDS Midi-Pyrénées, T. Rouanet from ARSOE
de Soual and S. Bacchin-Vinet from the Chambre d’agriculture de Midi-
Pyrénées (small ruminant’s count), J.B. Perrin from the French Ministry of
Agriculture (cattle count), D. Chavernac from Cirad (BT cases database),
P. Bontour from the Direction Départementale de la Cohésion Sociale et de
la Protection des Populations (DDCSPP) 09, A. Montagne from DDCSPP
31, N. Fradin from DDCSPP 64, C. Pau and P. Saura from DDCSPP 65,
A.M. Micheletto from DDCSPP 66, and C. Carrerra from DDCSPP 81,
as well as Meteolrance (climatic data). We also thank two anonymous
referees for their valuable comments.

Author Contributions

Conceived and designed the experiments: RL. HG MP. Performed the
experiments: MP DP. Analyzed the data: MP HG DP RL. Contributed
reagents/materials/analysis tools: DP. Wrote the paper: MP. Interpreted
the results: MP HG DP BD EG DC CD RL.

6. ProMED-mail (2013) Bluetongue - Europe (05): France (CS) ovine, serotype 1.
ProMED-mail 2013; 10 Sept: 20130910.1935660. Accessed 15 September 2013.

7. Lorusso A, Sghaier S, Carvelli A, Di Gennaro A, Leone A, et al. (2013)
Bluetongue virus serotypes 1 and 4 in Sardinia during autumn 2012: New
incursions or re-infection with old strains? Infection, Genetics and Evolution 19:
81-87.

8. Wickerlin R, Eschbaumer M, Koénig P, Hoffmann B, Beer M (2010) Evaluation
of humoral response and protective efficacy of three inactivated vaccines against
bluetongue virus serotype 8 one year after vaccination of sheep and cattle.
Vaccine 28: 4348-4355.

9. Pérez de Diego AC, Sanchez-Cordén PJ, de las Heras Al, Sanchez-Vizcaino JM
(2012) Characterization of the immune response induced by a commercially

January 2014 | Volume 9 | Issue 1 | e85444



22.

23.

24.

27.

28.

29.

30.

31.

32.

33.

available inactivated bluetongue virus serotype 1 vaccine in sheep. The Scientific

World Journal 2012: 147158.

. Bréard E, Belbis G, Hamers C, Moulin V, Lilin T, et al. (2011) Evaluation of

humoral response and protective efficacy of two inactivated vaccines against
bluetongue virus after vaccination of goats. Vaccine 29: 2495-2502.

. Eschbaumer M, Hoffmann B, Kénig P, Teifke JP, Gethmann JM, et al. (2009)

Efficacy of three inactivated vaccines against bluetongue virus serotype 8 in
sheep. Vaccine 27: 4169-4175.

. Gethmann J, Hiitther K, Heyne H, Probst C, Ziller M, et al. (2009)

Comparative safety study of three inactivated BTV-8 vaccines in sheep and
cattle under field conditions. Vaccine 27: 4118-4126.

. Giovannini A, MacDiarmid S, Calistri P, Conte A, Savini L, et al. (2004) The

use of risk assesment to decide the control strategy for bluetongue in italian
ruminant populations. Risk Analysis 24: 1737-1753.

. Velthuis AGJ, Mourits MCM, Saatkamp HW, de Koeijer AA, Elbers ARW

(2011) Financial evaluation of different vaccination strategies for controlling the
Bluetongue Virus serotype 8 epidemic in the Netherlands in 2008. PLoS ONE 6:
¢19612.

. Gubbins S, Hartemink NA, Wilson AJ, Moulin V, Vonk Noordegraff CA, et al.

(2012) Scaling from challenge experiments to the field: Quantifying the impact of
vaccination on the transmission of bluetongue virus serotype 8. Preventive
Veterinary Medicine 105: 297-308.

Szmaragd C, Wilson AJ, Carpenter S, Wood JLN, Mellor PS, et al. (2010) The
Spread of Bluetongue Virus Serotype 8 in Great Britain and Its Control by
Vaccination. PLoS ONE 5: €9353.

Szmaragd C, Gunn GJ, Gubbins S (2010) Assessing the consequences of an
incursion of a vector-borne disease. II. Spread of bluetongue in Scotland and
impact of vaccination. Epidemics 2: 139-147.

Sumner T, Burgin L, Gloster J, Gubbins S (2013) Comparison of pre-emptive
and reactive strategies to control an incursion of bluetongue virus serotype 1 to
Great Britain by vaccination. Epidemiology and Infection 141: 102-114.

. Willgert KJ, Schroedle B, Schwermer H (2011) Spatial analysis of bluetongue

cases and vaccination of Swiss cattle in 2008 and 2009. Geospatial Health 5:
227-237.

. Gerbier G, Hendrikx P, Roger F, Zientara S, Biteau-Coroller F, et al. (2004)

Bluetongue control using vaccines: experience of the Mediterranean islands.
Veterinaria Italiana 40: 611-615.

. Patta C, Giovannini A, Rolesu S, Nannini D, Savini G, et al. (2004) Bluetongue

vaccination in Europe: the Italian experience. Veterinaria Italiana 40: 601-610.
Caporale V, Giovannini A (2010) Bluetongue control strategy, including
recourse to vaccine: a critical review. Revue scientifique et technique — Office
international des épizooties 29: 573-591.

Pioz M, Guis H, Crespin L, Gay E, Calavas D, et al. (2012) Why did bluetongue
spread the way it did? Environmental factors influencing the velocity of
bluetongue virus serotype 8 epizootic wave in France. PLoS One 7: ¢43360.
Pioz M, Guis H, Calavas D, Durand B, Abrial D, et al. (2011) Estimating front-
wave velocity of infectious diseases: a simple, efficient method applied to
bluetongue. Veterinary Research 42: 60.

. Moore DA, Carpenter TE (1999) Spatial analytical methods and geographic

information systems: use in health research and epidemiology. Epidemiologic
Reviews 21: 143-161.

. Ball FG (1985) Front-wave velocity and fox habitat heterogeneity. In: Bacon PJ,

editor. Population dynamics of rabies in wildlife. New-York: Academic Press. pp.
255-289.

Moore DA (1999) Spatial diffusion of raccoon rabies in Pennsylvania, USA.
Preventive Veterinary Medicine 40: 19-32.

Lucey BT, Russell CA, Smith D, Wilson ML, Long A, et al. (2002)
Spatiotemporal analysis of epizootic raccoon rabies propagation in Connecticut,
1991-1995. Vector borne and zoonotic diseases 2: 77-86.

Adjemian JZ, Foley P, Gage KL, Foley JE (2007) Initiation and spread of
traveling waves of plague, Yersinia pestis, in the western United States The
American Journal of Tropical Medecine and Hygiene 76: 365-375.

Burnham KP, Anderson DR (2004) Multimodel inference: understanding AIC
and BIC in model selection. Sociological Methods and Research 33: 261-304.
Vidal J-P, Martin E, Franchistéguy L, Baillon M, Soubeyroux J-M (2010) A 50-
year high-resolution atmospheric reanalysis over France with the Safran system.
International Journal of Climatology 30: 1627-1644.

McKillup S (2006) Statistics Explained: An introductory guide for life scientists.
CambridgeUK: Cambridge University Press. 280 p.

Dohoo I, Martin W, Stryhn H (2009) Model-Building Strategies. Veterinary
Epidemiologic Research, Second Edition. Charlottetown, Canada: VER Inc. pp.
365-393.

PLOS ONE | www.plosone.org

12

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

53.

54.

56.

57.

58.

Did Vaccination Slow the Spread of Bluetongue?

. Crase B, Liedloft AC, Wintle BA (2012) A new method for dealing with residual

spatial autocorrelation in species distribution models. Ecography 35: 879-888.
R Development Core Team (2010) The R Foundation for Statistical
Computing: R statistical software. Vienna, Austria.

. R package version 1.7.7 (2012) MuMIn: Multi-model inference.

. R package version 2.0-41 (2012) raster: Geographic data analysis and modelling.
. R package version 1.6-35 (2001) geoR: a package for geostatistical analysis.

. Burnham KP, Anderson DR (2002) Model selection and Multi-Model

Inference, a practical information-theoretic approach. New-York: Springer-
Verlag. 488 p.

Kissling WD, Carl G (2008) Spatial autocorrelation and the selection of
simultaneous autoregressive models. Global Ecology and Biogeography 17: 59—
71.

Hanspach J, Kiihn I, Schweiger O, Pompe S, Klotz S (2011) Geographical
patterns in prediction errors of species distribution models. Global Ecology and
Biogeography 20: 779-788.

Olden JD, Jackson DA (2000) Torturing data for the sake of generality: how
valid are our regression models? Ecoscience 7: 501-510.

Haining R (1990) Spatial data analysis in the social and environmental sciences.
CambridgeUK: Cambridge University Press. 409 p.

Lichstein JW, Simons TR, Shriner SA, Franzreb KE (2002) Spatial
autocorrelation and autoregressive models in ecology. Ecological Monographs

72: 445-463.

. Mellor PS, Boorman J, Baylis M (2000) Culicoides biting midges: their role as

arbovirus vector. Annual Review of Entomology 45: 307-340.

Fassotte C, Delécolle JC, Cors R, Defrance T, De Deken R, et al. (2008)
Culicoides trapping with Rothamsted suction traps before and during the
bluetongue epidemic of 2006 in Belgium. Preventive Veterinary Medicine 87:
74-83.

Sanders CJ, Shortall CR, Gubbins S, Burgin L, Gloster J, et al. (2011) Influence
of season and meteorological parameters on flight activity of Culicoides biting
midges. Journal of Applied Ecology 48: 1355-1364.

Purse BV, Tatem AJ, Caracappa S, Rogers DJ, Mellor PS, et al. (2004)
Modelling the distributions of Culicoides bluetongue virus vectors in Sicily in
relation to satellite-derived climate variables. Medical and Veterinary Entomol-
ogy 18: 90-101.

Calvete C, Estrada R, Miranda MA, Borras D, Calvo JH, et al. (2008) Modelling
the distributions and spatial coincidence of bluetongue vectors Culicoides
imicola and the Culicoides obsoletus group throughout the Iberian peninsula.
Medical and Veterinary Entomology 22: 124-134.

De Liberato C, Farina F, Magliano A, Rombola P, Scholl F, et al. (2010) Biotic
and abiotic factors influencing distribution and abundance of Culicoides obsoletus
group (Diptera: Ceratopogonidae) in central Italy. Journal of Medical
Entomology 47: 313-318.

Carpenter S, Lunt HL, Arav D, Venter GJ, Mellor PS (2006) Oral susceptibility
to bluetongue virus of Culicoides (Diptera: Ceratopogonidae) from the United
Kingdom. Journal of Medical Entomology 43: 73-78.

. Conte A, Goffredo M, Ippoliti C, Meiswinkel R (2007) Influence of biotic and

abiotic factors on the distribution and abundance of Culicoides imicola and the
Obsoletus Complex in Italy. Veterinary Parasitology 150: 333-344.
MacLachlan NJ, Drew CP, Darpel KE, Worwa G (2009) The Pathology and
Pathogenesis of Bluetongue. Journal of Comparative Pathology 141: 1-16.
Allepuz A, Garcia-Bocanegra I, Napp S, Casal J, Arenas A, et al. (2010)
Monitoring bluetongue disease (BTV-1) epidemic in southern Spain during
2007. Preventive Veterinary Medicine 96: 263-271.

Sanchez-Cordén PJ, Pleguezuelos IJ, Pérez de Diego AC, Gomez-Villamandos
JC, Sanchez-Vizcaino JM, et al. (2013) Comparative study of clinical courses,
gross lesions, acute phase response and coagulation disorders in sheep inoculated
with bluetongue virus serotype 1 and 8. Veterinary Microbiology 166: 184—194.
Méroc E, Faes C, Herr C, Staubach C, Verheyden B, et al. (2008) Establishing
the spread of bluetongue virus at the end of the 2006 epidemic in Belgium.
Veterinary Microbiology 131: 133-144.

Ducheyne E, Lange M, Van der Stede Y, Meroc E, Durand B, et al. (2011) A
stochastic predictive model for the natural spread of bluetongue. Preventive
Veterinary Medicine 99: 48-59.

Sedda L, Brown HE, Purse BV, Burgin L, Gloster J, et al. (2012) A new
algorithm quantifies the roles of wind and midge flight activity in the bluetongue
epizootic in northwest Europe. Proceedings of the Royal Society B: Biological
Sciences 279: 2354-2362.

January 2014 | Volume 9 | Issue 1 | e85444



