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Abstract

Background: Reunion Island regularly faces outbreaks of bluetongue and epizootic hemorrhagic diseases, two
insect-borne orbiviral diseases of ruminants. Hematophagous midges of the genus Culicoides (Diptera: Ceratopogo-
nidae) are the vectors of bluetongue (BTV) and epizootic hemorrhagic disease (EHDV) viruses. In a previous study,
statistical models based on environmental and meteorological data were developed for the five Culicoides species
present in the island to provide a better understanding of their ecology and predict their presence and abundance.
The purpose of this study was to couple these statistical models with a Geographic Information System (GIS) to pro-
duce dynamic maps of the distribution of Culicoides throughout the island.

Methods: Based on meteorological data from ground weather stations and satellite-derived environmental data, the
abundance of each of the five Culicoides species was estimated for the 2214 husbandry locations on the island for the
period ranging from February 2016 to June 2018. A large-scale Culicoides sampling campaign including 100 farms was
carried out in March 2018 to validate the model.

Results: According to the model predictions, no husbandry location was free of Culicoides throughout the study
period. The five Culicoides species were present on average in 57.0% of the husbandry locations for C. bolitinos
Meiswinkel, 40.7% for C. enderleini Cornet & Brunhes, 26.5% for C. grahamii Austen, 87.1% for C. imicola Kieffer and
91.8% for C. kibatiensis Goetghebuer. The models also showed high seasonal variations in their distribution. During
the validation process, predictions were acceptable for C. bolitinos, C. enderleini and C. kibatiensis, with normalized
root mean square errors (NRMSE) of 15.4%, 13.6% and 16.5%, respectively. The NRMSE was 27.4% for C. grahamii. For
C. imicola, the NRMSE was acceptable (11.9%) considering all husbandry locations except in two specific areas, the
Cirque de Salazie—an inner mountainous part of the island—and the sea edge, where the model overestimated its
abundance.

Conclusions: Our model provides, for the first time to our knowledge, an operational tool to better understand
and predict the distribution of Culicoides in Reunion Island. As it predicts a wide spatial distribution of the five Culi-
coides species throughout the year and taking into consideration their vector competence, our results suggest that
BTV and EHDV can circulate continuously on the island. As further actions, our model could be coupled with an
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epidemiological model of BTV and EHDV transmission to improve risk assessment of Culicoides-borne diseases on the

island.

Keywords: Culicoides, Spatio-temporal distribution, Ocelet Modeling Platform, Reunion Island, Indian Ocean,

Bluetongue, Epizootic hemorrhagic disease

Background

Temporal and spatial variations of the climate and envi-
ronment have an impact on vector populations and on
the transmission of vector-borne diseases (VBDs) [1-3].
For vector-borne transmission of an infectious agent to
occur, host(s), vector(s) and the infectious agent must
interact in an enabling environment [1]. Sufficient inter-
action is based on quantitative characteristics related
to the populations of the three actors (host densities,
abundance, aggressivity, longevity and infectivity of the
vectors, number of infectious agents in the host) and
the behaviors that favor frequent contact between these
populations [1, 4, 5]. The environment and meteorologi-
cal parameters play a decisive role in the vector system.
For transmission to occur they need to (i) allow replica-
tion of the infectious agent within the vector, (ii) pro-
vide an adequate biotope for hosts and vectors and (iii)
provide conditions that allow contact between hosts and
vectors [6]. They can act on different spatial and tempo-
ral scales [2] and with different levels of impact [7]. Also,
because the environment and climate are heterogeneous
in time and space, the joint presence of the three actors
of the vector triad, and ultimately the transmission of
the infectious agent, is only possible over specific spaces
and periods. Quantifying vector populations and their
variations is therefore a fundamental approach to under-
standing VBDs. Statistical models help understand the
interactions between climate-environment and vectors-
VBDs [8]. When these models are incorporated into
Geographic Information Systems (GIS), spatially explicit
outputs such as distribution maps can be produced, mak-
ing it possible to establish and rank the risk of exposure
to vector bites and associated pathogens in a given geo-
graphical area [9, 10]. This approach is particularly rele-
vant for areas where surveillance data are lacking and the
level of risk is unknown, as it provides a useful tool for
health policy makers and vector-control agencies and the
public [9].

Some biting midge species of the genus Culicoides are
vector species of economically important viruses affect-
ing livestock [11]. Because these viruses are mainly
transmitted to hosts by bites of Culicoides [12], their dis-
tribution and the intensity of infection are dependent on
the distribution and abundance of their vectors [13, 14].
Epizootic events of bluetongue (BT), epizootic hemor-
rhagic disease (EHD) and African horse sickness (AHS),

three Culicoides-borne viral diseases, respectively, in
Europe [15-17], the Mediterranean basin [18, 19] and
Africa [20, 21] have highlighted the need to map vector
distribution and produce detailed predictive risk maps of
Culicoides-borne diseases. Consequently, during the last
decades, various studies conducted in Europe and Africa
have mapped occurrence or abundance of Culicoides at
a continental or country-wide scale [22-37] and less
commonly at a local scale [8, 38, 39]. Variations in the
demographics and blood-feeding behavior of arthropod
vectors, resulting from the temporal distribution of spe-
cies-specific environmental thresholds, can impact path-
ogen transmission and ultimately disease emergence [40].
Hence, a spatio-temporal approach is particularly useful
when the risk of exposure to vectors or VBDs is clustered
in time and space [9]. This approach was favored by dif-
ferent authors [41-44].

Five Culicoides species have been recorded in Reunion
Island [45, 46]: C. bolitinos, C. enderleini, C. grahamii,
C. imicola and C. kibatiensis. Studies on trophic pref-
erences or on the origin of blood meals showed that all
these species are associated with cattle, small ruminants
and/or horses [47-50]. In addition, C. bolitinos, C. imi-
cola and C. enderleini have been found naturally infected
by BTV in Africa [51-53], and the vector competence
of the first two towards BTV and EHDV has been dem-
onstrated [54, 55]. These elements show that each of the
five species fulfills at least one of the three criteria (host
contact, natural infection and vector competence) char-
acterizing a vector according to the WHO [56] and that
all of them may therefore play a role in the circulation of
Culicoides-borne virus in Reunion’s livestock. Since the
first detection of bluetongue virus (BTV) in 1979 [57]
and epizootic hemorrhagic disease virus (EHDV) in 2003
[58] in Reunion Island, enzootic circulation of the former
and epizootic circulation of the latter have been recorded
[59]. In parallel, a serological survey conducted in 2011
[59] showed that: (1) two thirds of the cattle tested were
EHDV positive and distributed throughout the island;
(2) nearly 80% of cattle, 50% of goats and 21.5% of sheep
were seropositive, suggesting a high level of BTV circu-
lation among these animals. Furthermore, clinical cases
were almost exclusively reported during or after the
rainy season (November—April), and in the most recent
cases (years 2016, 2018 and 2019) they were reported
mainly on farms at high altitudes (GDS Réunion personal
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communication). The seasonality of these clinical cases
coincided with the high abundance periods of C. imicola,
C. bolitinos and C. enderleini observed in [46]. However,
the location of these clinical cases was more consistent
with the distribution of mid- and high-altitude species
such as C. kibatiensis, C. grahamii and C. bolitinos [45].
In any case, the distribution throughout the island of
EHDV or BTV positive animals suggests the involvement
of low- and high-altitude species but the level of involve-
ment of each of the five species in the circulation of the
two orbiviruses remains unknown. The potential vector
role of each species and their spatial and/or temporal
congruence with the two viruses highlight the necessity
to develop dynamic distribution maps of Culicoides in
Reunion Island.

Statistical models were recently developed for each
Culicoides species on Reunion Island [46] to provide a
better understanding of their ecology and determine their
periods of high abundance based on meteorological and
environmental data. This first study focused on the tem-
poral dimension of the Culicoides dynamics, but the spa-
tial dimension was not addressed. The aim of this study is
to couple previously developed statistical temporal mod-
els of Culicoides dynamics [46] with GIS techniques to
provide spatio-temporal vector abundance maps for each
Culicoides species in Reunion Island. It aims at address-
ing the needs expressed by different stakeholders, includ-
ing breeders and veterinary services, to identify periods
and areas when and where prevention and vector control
strategies could be targeted.

Methods

Study sites

The study area is Reunion Island, a French department
located in the southwestern Indian Ocean. This moun-
tainous island rises to 3069 m and has a tropical climate
with high annual rainfall (2000-8000 mm) on the wind-
ward (east) coast and drier weather (600—2000 mm)
on the leeward (west) coast [60]. The temperature is
linked to altitude and ranges from an average of 26 °C
on the coasts to less than 12 °C at over 2000 m [60].
A warm rainy season (austral summer) from December
to mid-April and a cooler dry season (austral winter)
between mid-April and November are observed. The
highest concentrations of dairy cattle and suckler farms
are found in the western and southwestern highlands,
where temperatures are more temperate. The study
sites include all the livestock (cattle, small ruminants,
deer and horse) farms of the island. Livestock units are
defined by the association of one breeder, one type of
animal and one type of production (dairy farms, fatten-
ers or pasture farms). In accordance to the 2016-2017
national census database and Groupement de Défense
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Sanitaire de La Réunion (GDS Réunion survey, the
main association of breeders of the island) survey, the
island comprises 2560 livestock units (Fig. 1) of cattle
(1337), goats (980), sheep (174), deer (12) and horses
(57) distributed among 2070 breeders. For the model,
livestock units occupying the same production space,
whatever the type of animal, were considered as a single
geographic unit. Conversely, geographically separated
livestock units of the same breeder were considered
as separate units. Therefore, 2214 husbandry locations
with distinct geographical coordinates, composed of
single or multiple livestock units, were defined and
used as elementary geographic units in the Culicoides
abundance model.

Meteorological and environmental data
The temporal dynamics models developed for each
Culicoides species [46] include 11 categories of meteor-
ological and environmental variables to estimate abun-
dance (Table 1).

Missing data for wind (24.1%) and humidity (29.2%)
were estimated by time linear interpolation using “na.
approx” function in zoo package [64].

Models of Culicoides presence and abundance

For each husbandry location, the abundance of each
Culicoides species from February 2016 to June 2018
was estimated using the temporal dynamics models
developed in [46]. This estimated abundance reflects
the number of Culicoides that could have been captured
near the animals by an OVI (Onderstepoort Veterinary
Institute) light trap overnight. The temporal mod-
els are hurdle models, i.e. a presence/absence model
(logit-link logistic regression model) combined with an
abundance model (log-link mixed-effect zero-truncated
negative binomial model), built from a 2-year dataset of
biweekly catches in 11 farms.

All variables and coefficients used to estimate Culi-
coides abundances are presented in Additional file 1:
Tables S1 to S5.

To apply the models to the scale of Reunion Island,
the random effect of farms in the count part of the hur-
dle model was neglected.

The environmental characteristics of the 11 farms
used to build the temporal model define their validity
domain: no predictions can be made on the husbandry
locations with values of environmental characteristics
outside the range of values of the predictive variables.
The limiting variables are presented in Additional file 1:
Tables S1 to S5.
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Fig. 1 Spatial distribution of cattle, goats, sheep, deer and horses on Reunion Island
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Preprocessing

The eco-climate area corresponding to each husbandry
location, the husbandry location density, animal den-
sity and the percentage of land use coverage in different
buffer sizes (0.5 km, 1 km or 2 km) around each hus-
bandry location were all extracted using QGIS [65]. The
altitude was extracted for each husbandry location and
each weather station using QGIS. Building opening size
was interpreted according to the general configuration of
the type of farming observed in Reunion Island: from 0
to 25% for dairy farms, from 25 to 100% for fatteners and
enclosure for pasture farms.

Spatio-temporal dynamics

The representation of the spatio-temporal dynamics of
Culicoides was built with Ocelet language and open mod-
eling platform (www.ocelet.org; Ocelet codes are freely
available on the CIRAD Dataverse). Ocelet is an open-
access domain-specific language and simulation tool
for modeling changes in geographical landscapes and

facilitating the processing of geographical information
[66].

Our model comprises four main elements called “enti-
ties”: (i) the 2214 husbandry locations (point geometry),
characterized by their respective values of eco-climatic
area, land use, husbandry location density, animal density
and building opening size, (ii) the weather stations (point
geometry) whose daily minimum and maximum temper-
atures, rainfall, wind speed, global radiation and humidity
are imported as text files (csv format), (iii) the satellite-
derived vegetation indices, imported as raster data, and
(iv) a 1-km-wide hexagonal grid to map model output
(Fig. 2). The entities interact through spatial relations: for
each husbandry location, the values of the meteorologi-
cal variables were defined as those of the closest weather
station, and the NDVI value was defined as the NDVI of
the pixel in which the husbandry location was contained.

The scenario, which defines the sequence of operations
and interactions between entities was defined as follows
(Fig. 2). Step 1: daily meteorological variables were read
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Table 1 Data sources for the 11 categories of variables. Time-dependent variables (i.e. temperature, humidity, rainfall, wind speed,
global radiation and vegetation index) were obtained for the January 2016 to June 2018 period

Variable categories Measurement location Data information Sources

Time-dependant variables

Temperature (31)* From the nearest mete-  Correction of the temperature at the hus- Location of meteorological station: https://publi
orological station bandry location to take into account the theque.meteo fr
difference in altitude with the meteorologi-  Daily data: www.smatis.re
cal station Altitude: BD ALTI®: http:/professionnels.ign.fr/
i * 0 e bdalti
Hu.m|d|ty (8) 29.2% of missing data Roughness categories of the land around the
Rainfall (31)* station: https://sites.google.com/site/ventu
Wind speed at 2 m 24.1% of missing data; correction of the wind riec1/calendar
above the ground (30)* data provided at 10 m above the ground

according to the roughness of the landscape
according to [46]

Global radiation (28)*

Vegetation index (NDVI) At site location MODIS Terra 16-day composite images; 250 m  Product MOD13Q1 [61]; https:/Ipdaac.usgs.
spatial resolution gov/

Non-dynamic variables

Eco-climate area At site location Map of “Urban Planning and Native Plants
Approach” (DAUPI): http://daupi.conm.org/
palette/#/taxons)

Land use Buffer area 2016-2017 land-use map [62, 63]: http://aware.
cirad.fr
Husbandry location 2016-2017 national and GDS Réunion census
density databases

Animal density
Building opening size At site location

“ Number of meteorological stations recording the data

|Eco-c|imatic area map Il 1
Land-use map 05 1and 2k - Husbandry locations
; b;Jflferazr;ne M Pre-processing | |and weather stations
Livestock census database charsetaristice
Reunion Island Digital Field
Model
Step 1
Weather stations data |—> Minimum tempe.arature, maximum —»IDain weather data I—
temperature, rain, average
humidity, wind, global radiation
MODIS NDVI ., Step 2 —{Daily NDVI data |
NDVI
Step 3 ¢
Culicoides population models Presence and
abundance of each
species
1 km wide hexagonal grid of __, Step4 B
Reunion Island Upscaling el Mean abundance of
each species per grid
Scenario
I:llnput Data Outputs: I:lhusbandry location level I:lgrid level
Fig. 2 Workflow diagram for the application at Reunion Island scale of the Culicoides spatio-temporal models
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and attributed to each corresponding husbandry loca-
tion. A correction of — 0.0075 °C m™! [67] was applied
to the temperature based on the altitude difference in
meters between the station and the husbandry location.
A correction of the 10 m above the ground wind speed
measures was applied to convert them into 2 m above
the ground wind speed estimates [46]. Step 2: daily NDVI
values for each husbandry location were either read from
a raster file if the date corresponded to the date of acqui-
sition of MODIS NDVI or estimated using a temporal
linear interpolation [68]. When the pixel corresponding
to a husbandry location had a NDVI value lower than
zero (suggesting that the pixel was masked by a cloud),
the positive value of the nearest pixel was selected. Step
3: for each husbandry location, the probability of pres-
ence and the predicted abundance of each species were
computed provided they were within the validity limits
of the model variables. Step 4: for each hexagonal grid,
the abundance of Culicoides species was computed as the
average values of Culicoides abundance of the husbandry
locations it contained.

Validation

To validate the simulation of the spatial dynamics of each
species, an entomological survey was carried out at the
scale of the whole island. A total of 100 farms distributed
throughout the island were sampled representing 101
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catches (one farm was sampled at two husbandry loca-
tions). The 11 farms used to build the temporal model in
[46] were included in the survey. Single night catch col-
lection was conducted from 7 to 22 March 2018 using
OVI traps. The trapping and identification of Culicoides
species were the same as described in [46].

Observed and predicted values at the date of capture
were compared using the area under the curve (AUC) of
the ROC (receiver-operating characteristic) curve [69] for
presence/absence and the normalized root mean square
error (NRMSE) standardized to the range of observa-
tions for abundance. These calculations were performed
using R version 3.4.1 [70] with pROC [71] and hydroGOF
[72] packages. Standardized residuals, i.e. the difference
between a prediction and an observation divided by the
range of observed values, were also mapped to iden-
tify clusters of correct predictions, overestimations or
underestimations.

Results

The survey conducted in March 2018 (Fig. 3) confirmed
the presence of the five species identified by [45]. A total
of 50,526 Culicoides were caught during the 101 nights
of the trapping campaign with a maximum of 8091 indi-
viduals in single night of trapping. No Culicoides were
caught in six farms. For each species, the total number
of individuals, mean and number of positive catches

used to build the temporal model in [46]

Fig. 3 Spatial distribution of Culicoides species observed during the March 2018 sampling campaign. The bold circles correspond to the 11 farms
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in brackets was: 4087 (40.5; 41) for C. bolitinos, 5314
(52.6; 29) for C. enderleini, 154 (1.5; 20) for C. grahamii,
26,908 (266.4; 69) for C. imicola and 14,063 (139.2; 61)
for C. kibatiensis (Additional file 2: Table S6). Spatial
heterogeneity was observed in the abundance of species.
Culicoides imicola and C. enderleini were found mainly
at low altitudes. However, C. imicola was clearly more
abundant than any other species on the north, west and
southwest coasts and was also widely distributed as it
was also found in the higher parts of the island. On the
east coast, C. enderleini appeared as the dominant spe-
cies at six of the seven lowest sites in altitude despite low
abundance. Culicoides bolitinos was abundant on a strip
from the south coast to the southwestern heights of the
island. Finally, C. grahamii, and C. kibatiensis were found
mainly at high altitudes where the latter was dominant
and widespread.

The total number of husbandry locations on which it
was possible to estimate abundances (i.e. their environ-
mental characteristics were within the validity domain
of the model) was 1807 (81.6%) for C. bolitinos, 1534
(69.3%) for C. enderleini, 2178 (98.4%) for C. grahamii,
1866 (84.3%) for C. imicola and 1922 (86.8%) for C. kiba-
tiensis, out of the 2214 husbandry locations in the sample
size.

During the 28 months of spatio-temporal dynamics
simulation, C. kibatiensis and C. imicola were the most
widespread species, present on average (minimum-max-
imum) in 91.8% (82.0-99.8%) and 87.1% (63.7-99.1%)
of the husbandry locations, respectively. In contrast,
C. grahamii and C. enderleini were the least widespread
species, present on average in 26.5% (6.8—-74.0%) and
40.7%of (17.3-64.3%) husbandry locations, respectively.
C. bolitinos was present on average in 57.0% (14.0—-87.4%)
of the husbandry locations.

Estimated abundances remained generally low. Con-
sidering times points when the species were present, the
medians of estimated abundances (Culicoides per trap
per night), first and third quartiles in brackets, were 12.1
(5.7-23.7) for C. bolitinos, 0.2 (0.03—-1.1) for C. enderleini,
1.7 (0.5-3.7) for C. grahamii, 23 (1.2—148) for C. imicola
and 3.7 (1.2-12.1) for C. kibatiensis. However, C. imicola
was estimated to have a high abundance in an important
number of husbandry locations compared to other spe-
cies. On average for C. imicola, more than 1000 individu-
als were estimated on 13.7% of the husbandry locations.
This rate dropped below 0.1% for the other species. Con-
sidering a lower expectation of 100 individuals, the rate
was 28.3% for C. imicola and less than 2.4% for the other
species.

A clear seasonal pattern was observed for all species
(Fig. 4). Culicoides bolitinos, C. enderleini and C. imi-
cola were present in fewer husbandry locations during
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the cold and dry season than during the hot and rainy
season. These seasonal patterns could also be observed
when considering husbandry locations with > 10 Culi-
coides. The opposite situation with an increased pres-
ence in study sites in the cold dry season was observed
for C. kibatiensis and, to a lesser extent because sea-
sonal patterns were harder to identify, for C. grahamii.

Interestingly, C. bolitinos was globally present in more
sites during the period from early 2016 to the end of the
2016-2017 hot and rainy season than during the period
from the end of the 2016—2017 hot and rainy season to
mid-2018. In the former period, the average percentage
(range in brackets) of positive husbandry locations was
69.5% (37.2—-87.4%), and during the latter, it decreased
to 45.8% (14.0-66.7%). A difference was also noticeable
between the two cold seasons of 2016 and 2017 for C.
imicola when considering sites with more than ten indi-
viduals and for C. grahamii. On average, more than ten
individuals of C. imicola were predicted on 35.8% (20.4—
58.9%) of husbandry locations during the cold season of
2016 compared to 50.4% (33.4—60.1%) during the cold
season of 2017. For C. grahamii, the average percentages
of positive husbandry locations were 38.0% (24.9-86.3%)
and 28.9% (16.0-41.1%) for the same two seasons.

The abundance maps produced with a 7-day time step
showed the spatial and temporal variation for each spe-
cies (see examples of abundance maps in Fig. 5; Addi-
tional files 3, 4, 5, 6 and 7 for movies). According to the
model, C. imicola occupied the island’s coastal areas con-
tinuously and with high abundance. During the hot and
rainy season, its distribution expanded and reached sites
located further from the coast toward the interior of the
island.

Climatic and environmental conditions were favora-
ble for the distribution of C. kibatiensis throughout the
island, except on a thin southern and northeastern coast-
line during the hot and rainy season. However, areas of
high abundance were only found in the highlands.

Culicoides bolitinos occupied a wide area from the
coastal area to the interior of the island although the
southern and western coastal areas become less favora-
ble to its presence during the cold and dry season. The
highest abundances were estimated for the mid- and
high-altitude husbandry locations. The results also high-
lighted a high inter-annual variability, with a distribution
of C. bolitinos much more restricted and less abundant in
the western area in 2017 than in 2016.

Culicoides enderleini occupied the coastal areas of
the island, and during the cold and dry season, it per-
sisted only in the southwest and in a small area to the
northwest. Conversely, C. grahamii very clearly occu-
pied the western and southwestern highlands, and its
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distribution could extend to the northeast during the
cold and dry season.

Predictive accuracy of presence and absence was
acceptable for C. imicola and C. kibatiensis with ROC
AUC:s of 0.755 and 0.730, respectively. For C. bolitinos,
C. enderleini and C. grahamii, predictions of pres-
ence were not as good with AUCs of 0.557, 0.649 and
0.588, respectively. Regarding abundance estimates, the
NRMSEs were 15.4% for C. bolitinos, 13.6% for C. ender-
leini, 27.4% for C. grahamii and 16.5% for C. kibatien-
sis. Considering all husbandry locations, the abundance
predictions for C. imicola showed a high NRMSE of
252.5%. This high NRMSE value can be explained by
a very large difference in values, exacerbated by an
exponential function in the models, between observa-
tions and predictions at a few sites. Indeed, the maps of
standardized residuals (Fig. 6) showed a high variability
between predictions and observations for C. imicola at
the Salazie (inner mountainous area) husbandry loca-
tions and at four other husbandry locations located
in the south, southwest and northeast seacoasts, with
a tendency to overestimate. Without considering the
Salazie husbandry locations and the four other ones for
which the model predicted > 7877 individuals per trap
per night (maximum observation for C. imicola), the
NRMSE was 11.9%.

The highest variabilities between observations and
predictions were observed in the south and west for
C. bolitinos and on the south coast for C. enderleini. For
C. grahamii, a strong variability seemed to exist between
the observations and the predictions. Finally, predictions
for C. kibatiensis lead to underestimation of abundance,
mainly in the western highlands.

Discussion

BTV and EHDV epidemics can cause severe economic
losses to farmers [12, 18]. In Reunion Island, both a large-
scale inventory and longitudinal monitoring allowed the
identification of local Culicoides species, improving the
understanding of their ecology and modeling high abun-
dance periods [45, 46]. The present study provides, for
the first time to our knowledge, a spatial model of the
abundance of Culicoides in Reunion Island, designed to
implement an operational tool to help stakeholders and
farmers to identify and communicate on disease risk
periods and areas.

Overall, the predicted spatio-temporal distribu-
tions of each Culicoides species coincide with the main
observations made by [45] and [46]: (i) low overall
abundance, except for C. imicola in coastal areas; (ii)
higher abundances of C. imicola and C. enderleini at
low altitude and during the hot and rainy season; (iii)
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Fig. 5 Example of modeled density maps of each Culicoides species, Reunion Island, 2016-2018. The examples chosen are those closest to the third
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higher abundance of C. bolitinos at mid-altitude and
during the hot and rainy season; (iv) higher abundances
of C. kibatiensis and C. grahamii at high altitude and
during the cold and dry season. Our modeling results
showed that C. imicola and C. kibatiensis have a wide
spatial distribution and that there is virtually not a sin-
gle husbandry location that would not be affected by
Culicoides. This prediction was verified by data from
the March 2018 campaign where Culicoides were found
in 95 out of the 101 catches. This confirms that Culi-
coides species can occupy a wide variety of climates
encountered on Reunion Island as already mentioned
for the Palearctic region [11].

The spatial distribution of species observed during
the March 2018 survey also confirmed the global distri-
bution in the island described by Desvars et al. [45] and
Grimaud et al. [46]. However, the greater sampling effort
made and the use of the reference trap (OVI) enabled
detecting a larger distribution of C. bolitinos in the south
of the island and of C. enderleini on the northeast coast
and on the highlands. A more extensive spatial distribu-
tion was also observed for C. imicola and C. kibatiensis,
which is consistent with the predicted spatio-temporal
distribution (Fig. 5).

Together the wide permanent distribution of Culicoides
and their known vector competence [52, 55] suggest that
BTV and EHDV can circulate throughout the year and
throughout the island in vector populations. However,
each species showed spatial and temporal variations
in abundance suggesting different implications in the
transmission of the two viruses. As Donnelly et al. [73]
pointed out, locally high abundance, although seasonal,
and wide distribution are conditions characterizing the
primary role of a vector. Therefore, knowing these varia-
tions in abundance and distribution makes it possible to
develop scenarios on how Culicoides species take turns
to ensure a continuum of BTV and EHDV transmission
across the island, but also to identify which species might
be the most involved during an epizootic.

Given the close link between transmission and biting
rates, it would be tempting to position C. imicola as the
main vector of BTV and EHDV. Indeed, the four other
species reach abundances of > 100 individuals in an
average of 2.4% of husbandry locations and > 1000 indi-
viduals in only 0.1% of husbandry locations on aver-
age, suggesting that their participation in transmission
may remain low compared to that of C. imicola. How-
ever, other parameters such as virus replication, host
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preference, biting rate and longevity should be more
carefully assessed to determine the precise roles in
virus transmission of the different species [54]. A con-
crete example is C. bolitinos, whose biology was closely
associated with cattle and more adapted to cold envi-
ronments than C. imicola, is a vector of prime impor-
tance during winter and in the coldest parts of South
Africa [54, 74]. If, due to their abundance, C. imicola
and C. kibatiensis are the ideal candidates in coastal
areas and highlands, respectively, it is not unreasonable
to think that C. bolitinos could be the first-rate vector
at higher altitudes in Reunion Island. The importance
of the two other species (C. enderleini and C. grahamii)
cannot be ruled out on the sole assessment of their
abundance without assessing their vector competence.
Interannual variations in the distribution and/or
abundance of C. bolitinos, C. imicola and C. grahamii
have also been highlighted thanks to 2 years of spatio-
temporal dynamics simulation. Fluctuations in seasonal
patterns of demographic parameters and phenology
(duration of presence on husbandry location) of Culi-
coides can modify the risk of orbivirus transmission
[40, 75], and coincidences can be noted in Reunion
Island. Indeed, C. bolitinos showed strong interannual
variability resulting in a higher abundance and distri-
bution in the western highlands during the 2016 warm
season than in 2017 and 2018. This period and area
coincided with the clinical cases of EHDV in 2016 sug-
gesting that the increase in C. bolitinos abundance in
some years could amplify the transmission of EHDV.
Interannual changes in the occurrence of clinical cases
have also been pointed out by other authors [76-79]. In
addition, annual and interannual variations in climatic
conditions can also impact the specific composition,
leading to a change in the circulation of pathogens. The
co-occurrence of competent vectors could increase the
circulation potential of a pathogen by deploying a range
of different responses to environmental climatic factors
and to the hosts present. Quaglia et al. [40] showed that
Culicoides communities can vary beyond simple sea-
sonal variations and that the dynamics of these changes
play an important role in the epidemiology of EHD in
Florida. Hence, the presence of several vector or poten-
tial vector species, their wide distributions, annual and
interannual change in demographic parameters, and
different trophic preferences and behaviors reinforce
the need to better understand the BTV and EHDV risk
on Reunion Island. The calculation of the basic repro-
duction rate R, would be a very interesting approach to
assess this risk [42, 80]. A community-based approach
could also be a way to improve the understanding of
EHDV and BTV transmission risk in Reunion Island.
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The abundance of each Culicoides species was esti-
mated from mixed-effect zero-truncated negative bino-
mial models developed in a previous study [46]. To apply
these models to the entire island, the random effect of
farms was neglected, as mixed models do not allow pre-
dictions on subjects that were not part of the original
training data. However, the standard deviation of the
random effects for farms provided in Grimaud et al. [46]
was negligible for all species except C. kibatiensis. Con-
sequently, we can consider that the abundance estimates
of C. bolitinos, C. enderleini, C. grahamii and C. imicola
were not biased by the intrinsic effects of farms and were
under the almost exclusive governance of climate and
environment. However, for C. kibatiensis, the random
effect of farms could not be considered as negligible. The
modeled dynamics of C. kibatiensis allowed identifying
the favourable areas according to climatic and environ-
mental data only, but intrinsic characteristics of the farm
could greatly impact these abundances.

When comparing modeled abundance predictions with
field observations from the March 2018 survey, predic-
tions in species presence were acceptable for the two
most common species, C. imicola and C. kibatiensis. For
the three other species (C. bolitinos, C. enderleini and
C. grahamii), presence predictions were less fit. Regard-
ing abundance estimates, predictions were acceptable for
C. bolitinos, C. enderleini and C. kibatiensis, but less good
for C. grahamii and C. imicola.

It should be noted that the high variability of catches
is a general problem in vector modeling [41]. As Baylis
et al. pointed out [26], the number of Culicoides that can
be caught per night using a light trap depends on the
size of the local Culicoides population, the activity rate
and the efficiency of the trap; the latter two are them-
selves affected by the local weather conditions. Accord-
ing to the same study, the absence of repeated captures
over a short period of time reduces the accuracy of pres-
ence estimation, especially when Culicoides abundance is
low. Also, the catches were made after a mild hurricane
event that occurred on 5 March 2018, which still resulted
in heavy rainfall (http://www.meteofrance.fr/actualites/
59989790-un-point-sur-le-cyclone-dumazile). Thus, the
model predictions were compared to 1-night catch data
of March 2018, potentially impacted by the previous hur-
ricane event, which could explain the lack of accuracy
in the prediction of presence for the three species with
the lowest observed abundances (C. bolitinos, C. ender-
leini and C. grahamii). It should be noted that two mild
hurricane events affected Reunion Island with heavy
rains and moderate winds in February 2017 and January
2018 (https://reunion-extreme.re/cyclones-a-la-reunion.
html), i.e. during the compilation of observational data
in [46]. However, no impacts on Culicoides populations
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or significant discrepancies with predictions were noted.
Moreover, it should be stressed that NRMSE tends to be
higher for low abundances even if the order of magnitude
of observations and predictions is comparable, as it is the
case for C. grahamii (maximum catch: 28 individuals per
trap; maximum predicted abundance: 52 individuals per
trap).

A spatial autocorrelation analysis to identify the lack
of independence between farms was not provided in the
modeling process. The median distance (range in brack-
ets) between farms is 1.775 (0.22-7.52) km. Considering
the low dispersal capacities of the Culicoides [38, 47, 81],
most farms sampled in March 2018 can be considered
sufficiently isolated so that the Culicoides population on
one farm did not significantly affect those in the neigh-
borhood. However, it is normal that farms close to each
other, and therefore subject to similar climatic and envi-
ronmental conditions, have similar Culicoides composi-
tions. The spatial inspection of the residuals (Fig. 6) did
not show obvious signs of autocorrelation except for an
overestimation cluster of C. imicola in the northeastern
highland and an underestimation cluster of C. kibatien-
sis abundances in the western highland. Apart from these
two clusters, residuals were not spatially autocorrelated,
indicating that the inclusion of numerous climatic and
environmental explanatory variables in the models could
have been sufficient to take into account any spatial auto-
correlation of Culicoides abundance.

For C. imicola, model estimates of abundance were sat-
isfactory only if outliers were not considered. Culicoides
imicola abundance was overestimated in the municipal-
ity of Salazie and in some sites on coastal areas (Fig. 6).
These sites are associated with a high percentage of bare
rock, a variable originally associated with high C. imi-
cola abundance. Because of the exponential function,
the C. imicola abundance model is very sensitive to this
variable, which can lead to high volatility in the predic-
tions. This tends to have a strong impact on the NRMSE.
In addition, the municipality of Salazie also has specific
features. As a geological cirque, this municipality is a
very isolated region of the island, surrounded by cliffs of
several hundred meters, with very rugged relief and with
stony and very gullied soils [82]. In this area, the climatic
and environmental conditions considered in our models
were very favorable for high Culicoides abundances, but
its particular landscape and soil characteristics, which
were not exploited in the models, may explain the lower
abundances observed in March 2018. Indeed, if land-
scape can play a role in local Culicoides abundance [39,
83, 84], the type of soil may limit Culicoides develop-
ment, as in a C. imicola-free zone in South Africa, where
the soil is sandy, poor in nutrients and too well drained to
sustain Culicoides larvae [85].
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Another source of differences between predictions and
the observations of March 2018 could come from the
variable estimates. For example, the building opening size
was estimated according to the general configuration of
the type of production and not from field observations as
in [46]. Greater distances to weather stations could lead
to approximates of climate data given the diversity of the
island’s microclimates.

Finally, the type of animal hosts in the vicinity of the
traps could also be a source of variation. By construc-
tion, the predictions from the temporal dynamics model
built in Grimaud et al. [46] reflect the expected catches
in the vicinity of cattle. The farms selected for the March
2018 campaign were mainly cattle farms (82 out of 100,
Additional file 2) and therefore correspond to the condi-
tions under which the temporal models were constructed
in Grimaud et al. [46]. However, considering the predic-
tions to all husbandry locations in this study, other ani-
mal types, such as sheep, goats, deer and horses, were
included, assuming an equivalent importance of the host
type on the composition of Culicoides species. However,
some Culicoides species may be associated with one host
type more than another by their host preference or the
behavior [47, 48, 86, 87]. Unfortunately, no comparative
study was carried out in Reunion Island to consider the
differences induced by the type of host in the vicinity of
the traps and therefore requires careful consideration of
predictions.

Usually, for Culicoides, the spatial and temporal com-
ponents of their abundance distribution are modeled
separately. Only Brugger and Ruble [41] and Rigot et al.
[43] built spatio-temporal models on C. obsoletus spp.
and C. imicola, respectively. However, these models did
not incorporate environmental variables such as land
use, eco-climate, host type and density although Conte
et al. [88] and Purse et al. [83] suggested the increased
model accuracy when estimating Culicoides abundance.
In this study, environmental and host variables as well
as the entrance size of buildings, which may influence
Culicoides abundance depending on their exophilic or
endophilic behaviors, were included for the first time to
model the spatio-temporal distribution of Culicoides. It
should be noted that the use of the Ocelet modeling plat-
form, a free software dedicated to the modeling of spatial
dynamics, greatly facilitated the integration and process-
ing of the geographic information corresponding to the
climate, environment and host variables [66]. In particu-
lar, its capacity to facilitate the formalization of the link
between these data and entities, the interactions between
entities and the definition of a scenario were proved to be
extremely useful.

Recently, spatio-temporal models of arthropod vec-
tors have sparked the interest of public health authorities
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in Reunion Island and its close sister island, Mauritius.
Indeed, a similar model was developed for Aedes albop-
ictus, a vector of dengue and chikungunya viruses in the
Indian Ocean, and transferred to local authorities [89] to
help prioritize action areas where public awareness and
vector control measures should be implemented. For
Culicoides, control methods are not as developed as for
mosquitoes [90], limiting, for the moment, the develop-
ment of an applied tool used by pest management units.
The development of control actions is further challenged
by the fact that our results suggest that vectors are pre-
sent in nearly every farm in Reunion Island and during
sufficiently long periods of time to support BTV and
EHDYV transmission. Yet, a tool equivalent to that devel-
oped for mosquitoes in Reunion Island would help raise
awareness, train and support decision-making relative to
prevention strategies and enable testing control methods.
In addition, for horses that may develop summer derma-
titis because of Culicoides bites, such a tool could be use-
ful to anticipate when and where protective measures for
these animals should be implemented.

Conclusions

The modeling approach enabled developing dynamic
maps of abundance for the five Culicoides species pre-
sent in Reunion Island for the first time to our knowl-
edge. Indeed, the use of the GIS and Ocelet spatial
modeling platform enabled easy integration of differ-
ent climatic and environmental variables and facili-
tated the development of dynamic risk maps. As the
approach relied on the extrapolation to the entire
island of dynamic models initially developed in 11 sites,
an extensive trapping campaign was set up to validate
models on a new dataset. Models suggest that the five
species have a wide distribution and long period of
activity, which could support continuous circulation of
BTV and EHDV. Fit of abundance models were accept-
able for C. bolitinos, C. enderleini and C. kibatiensis but
were not as good for C. imicola and C. grahamii. Inclu-
sion of other parameters such as soil type or host fac-
tors may contribute to improving model fit. To better
assess BTV and EDHYV transmission risk, it now seems
crucial to evaluate the vector competence of each spe-
cies. Then, abundance and competence estimates
should be integrated to build more complete disease
transmission models. There are currently no effec-
tive methods to control BT or EHD in Reunion Island,
either against the virus (vaccination—as there are too
many serotypes circulating on the island) or against
Culicoides (vector control). More effort is thus needed
to develop innovative prevention and/or control meth-
ods applicable to the Reunionese context. In any case,
given the wide distribution and overlapping periods of
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activity of the five species of Culicoides, disease con-
trol strategies will probably need to be integrated at
both the level of the breeder (for example, to determine
the period of control on the farm) and the level of the
health authorities (to determine priority interventions
and target areas). Awaiting effective control measures,
these first results should be used to communicate and
raise awareness among animal health actors and breed-
ers in Reunion Island on BTV and EHDYV vector spatial
dynamics.
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