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Abstract

The unexpected Ebola virus outbreak in West Africa in 2014 involving the Zaire ebolavirus
made clear that other regions outside Central Africa, its previously documented niche, were
at risk of future epidemics. The complex transmission cycle and a lack of epidemiological
data make mapping areas at risk of the disease challenging. We used a Geographic Infor-
mation System-based multicriteria evaluation (GIS-MCE), a knowledge-based approach, to
identify areas suitable for Ebola virus spillover to humans in regions of Guinea, Congo and
Gabon where Ebola viruses already emerged. We identified environmental, climatic and
anthropogenic risk factors and potential hosts from a literature review. Geographical data
layers, representing risk factors, were combined to produce suitability maps of Ebola virus
spillover at the landscape scale. Our maps show high spatial and temporal variability in the
suitability for Ebola virus spillover at a fine regional scale. Reported spillover events fell in
areas of intermediate to high suitability in our maps, and a sensitivity analysis showed that
the maps produced were robust. There are still important gaps in our knowledge about what
factors are associated with the risk of Ebola virus spillover. As more information becomes
available, maps produced using the GIS-MCE approach can be easily updated to improve
surveillance and the prevention of future outbreaks.

Author summary

Ebola virus disease is a highly pathogenic disease transmitted from wildlife to humans. It
was first described in 1976 and its distribution remained restricted to Central Africa until
2014, when an outbreak in West Africa, causing more than 28,000 cases and more than
11,000 deaths, took place. Anthropogenic factors, such as bushmeat hunting, trade and
consumption, and environmental and climatic factors, may promote the contact between
humans and infected animals, such as bats, primates and duikers, increasing the risk of
virus transmission to the human population. In this study, we used the spatial
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multicriteria evaluation framework to gather all available information on risk factors and
animal species susceptible to infection, and produce maps of areas suitable for Ebola virus
spillover in regions in Guinea, Congo and Gabon. The resulting maps highlighted high
spatial and temporal variability in the suitability for Ebola virus spillover. Data from
reported cases of Ebola virus transmission from wild animals to humans were used to vali-
date the maps. The approach developed is capable of integrating a wide diversity of risk
factors, and provides a flexible and simple tool for surveillance, which can be updated as
more data and knowledge on risk factors become available.

Introduction

Ebola virus disease is an emerging zoonotic disease caused by a filovirus with a mortality rate
in humans that can reach 90% [1]. There are six species of Ebolavirus: Zaire ebolavirus, Sudan
ebolavirus, Bundibugyo ebolavirus, Tai ebolavirus, Reston ebolavirus and Bombali ebolavirus.
Of these, the first four can infect humans, although only one case of infection by Tai ebolavirus
has been reported [2]. Zaire ebolavirus (EBOV) is apparently the most pathogenic for humans
and has been responsible for the majority of outbreaks [1]. The first outbreak of Ebola virus
disease took place in 1976 in what is now the Democratic Republic of Congo (then Zaire).
There have been 29 outbreaks since, most located in Central Africa, mainly in the Congo basin
[3] where the second largest Ebola outbreak, with over 3,000 infections, was declared over in
June 2020. A new outbreak was reported in Guinea in January 2021 [4].

The first EBOV outbreak in West Africa took place from 2014-2016. During this outbreak,
over 28,000 persons became infected and more than 11,000 died [3]. Recent studies have
shown that antibodies against EBOV were present in one person out of 1,483 sampled in 2012
in Guinea [5]. However, genetic studies suggest that the outbreak resulted from a single trans-
mission from the natural reservoir and that the new strain of EBOV was probably introduced
from Central Africa during the decade prior to the outbreak [6]. The unexpected onset of the
outbreak, thousands of kilometers from previous outbreak locations in Central Africa, and its
gravity have made evident the need to better understand which factors might be associated
with the spillover of the virus from wildlife to human populations and to identify areas at risk
of future outbreaks.

Emerging infectious diseases are diseases caused by the spillover of a pathogen to a new
host species population. The pathogen must be able to enter the cells of the new host, replicate
and infect more cells within this host [7]. For an epidemic to occur, the onward transmission
of the virus between individuals of the new host population must take place (i.e., the virus
must be shed and be able to infect more individuals within the novel host population) [8]. Zoo-
noses are diseases in which the pathogen is transmitted from a vertebrate animal to a human.
In several zoonotic infectious diseases including Ebola, the virus can jump’ from the mainte-
nance (or reservoir) population to multiple host populations including a human population,
defined here as the target population (i.e., the population of interest, as defined by Haydon
and collaborators [9]). The spillover of a multi-host virus is complex and involves multiple fac-
tors and mechanisms. First, the maintenance and target individuals must come into contact,
directly (e.g., physical) or indirectly (e.g., through the environment or another intermediate/
bridge host). The level of virus circulating and shedding in the maintenance population then
must be sufficient at the time of contact to infect the target host. Finally, the target host must
be susceptible to infection at the time of contact [10]. In the case of the spillover of Ebolavirus,
the maintenance species is not known with certainty. However, bats are strongly suspected
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[11-15], and other wild animals such as duikers and primates have been implicated as inter-
mediate (or bridge) hosts in spillover events to humans [16,17]. Climatic, environmental and
anthropic factors might promote contacts between wildlife and humans at different moments
in time and space, increasing the probability of a spillover to occur.

Several studies have tried to identify which factors are associated with the transmission of
the virus from the maintenance to the intermediate or target hosts, and have mapped areas at
risk for Ebolavirus spillover. For example Pigott et al. [18,19] mapped the environmental suit-
ability for Ebolavirus transmission in Africa based on fruit bats predicted distribution and
environmental variables, of which vegetation, temperature and elevation were the most signifi-
cant. Schmidt et al. [20] included human population density, vegetation and rainfall as factors,
and their model showed certain seasonality in the risk of Ebolavirus spillover across regions of
sub-Saharan Africa. Other studies have pointed to forest loss and fragmentation, which might
increase contact between wildlife and humans, and thus favor spillover events [21,22], or to cli-
matic variables that might affect species distribution or the reservoir-virus dynamics [16,23].
All of these studies modelled favorable areas of Ebolavirus spillover and/or occurrence at the
continental or national scale. However, such large geographic scales might mask heterogeneity
in the risk factors and their interactions [24]. For example, factors that may promote contact
between the maintenance host and the human population, such as animal and human move-
ments, may appear uniform at large spatial scales, whereas in reality they can be variable at
finer scales. Moreover, the relationship between the risk of disease transmission and risk fac-
tors may be scale-dependent, as has been suggested for Lyme disease and biodiversity [25].
Therefore, methods applied at a finer spatial scale might provide insight into which local fac-
tors are more relevant for the emergence of a virus.

Here we use a Geographic Information System-based multicriteria evaluation (GIS-MCE)
to create maps of suitability for EBOV spillover to the human population at a landscape scale.
This method has proved useful in epidemiological risk mapping when a lack of epidemiologi-
cal data exists for a particular disease (e.g., [26,27]). It is based on assumed or existing knowl-
edge of the association between risk factors and the outcome, extracted from expert
consultation (e.g., [28,29]) or from a literature review (e.g., [26,30]). First, risk factors are iden-
tified and geographical data representing each of the factors are collected. Next, factors are
standardized on a continuous scale by transformations or by functions that describe the
known or hypothesized relationship between the risk factor and the outcome (i.e., suitable
areas for spillover of EBOV in our study). Then, a weight is attributed to each factor before
combining them to create a final suitability map.

In this study, we focused on the region of Guinée forestiére, in Guinea, where the spillover
that caused the 2014-2016 outbreak in West Africa is assumed to have taken place, and two
other regions, one in Gabon and one in the Republic of Congo, where previous spillover events
have been reported. For our study site in Guinea, we created suitability maps for EBOV at dif-
ferent times to assess the temporal variability in suitable areas. Datasets on the location of
reported EBOV spillover events in the three sites were used to validate the suitability maps of
EBOV spillover. We also created suitability maps of Ebolavirus maintenance in bats as an addi-
tional way to assess the performance of the method.

Methods
Study area

Our main study area was the forested region in Guinea (i.e., Guinée forestiére) for mapping
suitable areas for EBOV spillover (Fig 1). This is one of the four natural regions of Guinea,
located in the southeast (bordering Sierra Leone and Liberia). We also chose an area in Congo
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Fig 1. Study areas in Guinea, Congo and Gabon. Background: Natural Earth / with Shaded Relief and Water (https://www.naturalearthdata.com).

https://doi.org/10.1371/journal.pntd.0009683.g001

covering part of the Ouest-Cuvette and Cuvette provinces, and an area in Gabon encompass-
ing part of the Woleu-Ntem and Ogooué-Ividno provinces, for validation of our map of suit-
ability for EBOV spillover (see Map Validation section). Indeed, only one EBOV spillover case
has been documented in Guinée forestiére, in December 2013, while at least 32 cases of spill-
over to animals and humans have been reported in the combined study areas of Congo and
Gabon [16,20,31,32]. The source of the 2021 outbreak in Guinée forestiére has not been identi-
fied yet [4], although it is more likely a resurgence from a persistently infected survivor than a
new spillover event [33]. The three areas are similar in size (Guinée forestiére: 42,736 km?;
area in Congo: 42,510 km?; area in Gabon: 46,815 km?; Fig 1).

Guinée forestiére has an equatorial humid climate, with strong seasonal precipitation
(annual rainfall of over 1,700 mm [34]). Temperatures vary between 30°C and 33°C during
the rainy season and between 21°C and 24°C in the dry season [35]. The rainy season is
longer than in the rest of the country and can start as early as February and end as late as
November. Forests in the region are mainly tropical evergreen forests, but dense forests have
been largely substituted by forest-agricultural mosaics [36]. The areas in Gabon and Congo are
part of the Congo basin; they are mostly covered by tropical primary and secondary rainforest
and semi-evergreen forests. The climate is equatorial with two rainy seasons, March to June
and September to December. Temperature ranges from 22°C to 30°C, with an average annual
rainfall of 1,500 mm [37,38]. Population density in the chosen areas is low, just over 40 inhabi-
tants/km” in Guinée forestiére, and less than five inhabitants/km” in the areas in Congo and
Gabon.
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Selection of risk factors

We selected risk factors for EBOV spillover based on a literature review. We mainly focused
on EBOV as it is the most pathogenic for humans with 70% to 90% mortality rates [1]; how-
ever, some of the studies reviewed did not distinguish virus species among infectious Ebola-
virus. We used the Web of Science to search for studies published between 1990 and 2019,
using “ebola”, “ecology*” AND “spillover” as keywords. This returned 22 research papers. To
increase the number of studies, we conducted a supplementary search in Google Scholar with
the same keywords plus “risk” and “zaire” for the same period. This returned 640 results of
which we looked into the first 150, as later studies were less relevant for our research question.
The selection of Google Scholar was based on a comparative search in different databases in
which it performed better, despite bias such as the influence of user’s location and previous
searches (S1 Table). From these studies, we identified four categories of factors important for
the risk of EBOV spillover: 1) the presence of potential animal reservoirs or intermediate hosts
implicated in previous spillover events, 2) environmental factors, 3) climatic factors, and 4)
factors associated with the trade or consumption of bushmeat. Factors identified in each cate-
gory are shown in Table 1.

Formatting and standardization of spatial data

For each risk factor, we identified an associated variable for which a geographical data layer
could be collected (S1 Text). Only open access geographical data were used for ease of repro-
ducibility. The sources of data used are shown in Table A in S1 Text. The identified risk fac-
tors, their associated variable and the resolution of the data collected are shown in Table B in
S1 Text. Some of the risk factors were considered invariable in the period that we studied,
namely the distribution of species, land cover factors (i.e., forest cover, croplands, rivers,
roads) and those associated with bushmeat consumption (i.e., hunting areas and villages). For-
est cover loss was an estimate of loss between 2001 and 2012 (see Table C in S1 Text). Annual
estimates of human population, mean temperature and temperature range, and monthly esti-
mates of Normalized Difference Vegetation Index (NDVTI) and rainfall were used.

To be combined in the GIS-MCE, the collected geographical data were transformed to pro-
duce standardized spatial risk factors in the same format (raster) and with the same spatial res-
olution. Spatial data manipulations are detailed in S1 Text and Table C in S1 Text. In the end,
each risk factor was represented by a raster image of 1 km x 1 km spatial resolution scaled
from 0 (completely unsuitable) to 1 (completely suitable). Maps for each risk factor for the
study areas in Guinea, Congo and Gabon are shown in Figs B-D in S1 Text.

Generation of weights for risk factors

We estimated the weight of each risk factor separately for each category: environmental fac-
tors, climatic factors, factors related to the bushmeat trade and consumption, and potential
reservoir and intermediate host species. We favored this approach because knowledge of how
different risk factors from different categories interact with each other, and of the role of these
interactions in the spillover of EBOV, is limited. Within each category, except for the potential
reservoir and intermediate host species category (see below), pairwise comparisons between
factors were done in a five-point scale (i.e., from strongly less important to strongly more
important) [47,48]. For the comparisons, we selected studies that aimed to investigate the asso-
ciation of ecological and climatic variables to spillover or outbreaks of Ebola virus. Following
the procedure used by Stevens and collaborators [30], we took into account the number of
times each factor was tested and its significance (p-value or % of the model explained) in each
study, which indicates how strongly a factor is associated to Ebolavirus spillover (Table 1).
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Table 1. Factors associated to the risk of Ebolavirus spillover used in the GIS-MCE. Similar factors (in parenthesis) were considered as one factor for the classification.
Some studies did not provide a significance value for the factors (NA). Significance of the risk factor is shown as NS: non-significant /*: p < 0.05 or < 33% of variation
explained /**: p < 0.01 or 33% to 66% of variation / ***: 0.001 or > 66% of variation explained.

Risk factor No. Times Significance 9 References
associated

Presence of potential reservoir or | Species distribution NA NA See Potential reservoir and intermediate
intermediate host species host species section in Methods
Environmental factors Forest cover (tropical forest, evergreen 4 R INS [16,21,32,39]

forest, MGVF ™)

Cropland* 0 NA [40]

Cropland to forest ratio’ 1 * [39]

Loss of forest cover (forest fragmentation, 3 FEPEPEINS | [21-22,39]

changes in forest fragmentation)

Landscape productivity (i.e. NDVI anomaly, 5 *I**/NA/NA/NS/ | [18,20,41-43]

EVI) NS/NS

Distance to rivers® 0 NA [44]

Distance to roads 2 * [20,39]

Human population density® 4 A [20-21, 32,39]
Climatic factors Annual temperature range 2 “*INA [16,39]

Annual mean temperature 3 NS [16,23,32]

Mean monthly rainfall (rainfall seasonality, 6 R INAINS | [16,18,20,23,32,43]

evapotranspiration)
Bushmeat trade and consumption | Bushmeat hunting areas 1 0.012 [16]

Bushmeat trade

Presence of domestic animals ¥ 0 NA [45]

Human population density

(see Environmental factors above)

" MGVF: Maximum green vegetation fraction

* We included crops as several species of bats are known to feed and roost in crop fields.

1 [39]. considered the forest cover to cropland ratio. Here we calculated it inversely to reduce the number of No Data cells in the resulting raster, as in our study areas
the percentage of cropland is less than 50% of the total area.

NDVI: Normalized Difference Vegetation Index; EVI: Enhanced Vegetation Index.

8 We included distance to rivers as they are an important factor for the presence of bats [46].

$ We included human population density in the environmental factors as it is a prerequisite for spillover from wildlife to humans, even in the absence of activities
related to bushmeat consumption.

7 Although domestic animals were not considered as a risk factor in any of the studies of the literature review, it is not clear if some could be implicated in the spillover
of EBOV [45].

9 In some cases the P-value of a risk factor was not reported, or the risk factor was tested but not significant; thus the number of times a risk factor was associated with

Ebolavirus spillover does not necessarily correspond to the number of values showing significance for that risk factor.

https://doi.org/10.1371/journal.pntd.0009683.t001

Factors that appeared more frequently and/or with a higher level of significance were consid-
ered more important than factors that appeared less frequently or with lower significance [30].
As studies have assessed similar, but not necessarily the same risk factors we considered factors
that represent a similar ecological variable (e.g., tropical forest vs evergreen forest) as one. Pair-
wise matrices comparing each factor with each other were built for each category, and factor
weights were calculated through an analytical hierarchy process (AHP). This consists in rank-
ing and comparing the importance of each factor regarding all other factors in relation to the
outcome [47,48]. We compared pairs of factors within each category (e.g., environmental fac-
tors were only compared to the other environmental factors) using a five point-scale to specify
the degree of importance of factors. Then a vector of weights is generated that corresponds to
the principal eigenvector of the matrix [47].
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Potential reservoir and intermediate host species

We focused on four groups of species: fruit bats, insectivorous bats, primates and duikers.
These were chosen because RNA of Ebolavirus or antibodies against Ebolavirus have been
found in fruit bats and insectivorous bats [49], and bats, primates, and duikers have been
implicated in previous Ebolavirus spillover events to humans [16]. High mortality rates of pri-
mates, especially apes, have also been associated with Ebolavirus infection [17,50]. For bats, we
took into account all species in which EBOV RNA or antibodies against the virus have been
found. For primates, we took into account known species that have been associated with previ-
ous spillover events. For duikers, we took into account all species whose distribution maps
(www.iucnredlist.org) overlapped with our study areas. In total, we considered the distribution
of ten species of fruit bats, four species of insectivorous bats, three species of primates and 12
species of duikers. To assess the relative importance of each species, we assigned a value from 1
to 5 according to the likelihood that the species was a potential reservoir or intermediate host
for the virus. We considered that the four groups of species differ in their relevance for spill-
over, thus we carried out pairwise comparisons between them using a pairwise matrix. Details
of species assessments and the species considered in this study are given in S2 Text.

Creation of suitability maps for spillover

Four different suitability maps for EBOV spillover were produced, one for each category of risk
factors (i.e., environmental, climatic, factors associated with bushmeat trade and hunting, and
the potential reservoir or intermediate host species). Each map was produced by combining the
different factors within each category. First, each raster layer representing one risk factor was
multiplied by its corresponding weight; then the multiplied raster layers within the same category
of risk were added to produce a suitability map of their category (Fig 2). On these maps, each
pixel represents the suitability of an area of 1 km? for the occurrence of EBOV spillover accord-
ing to the category of factors. These four maps were standardized to a continuous scale between
0 and 1. To create the final map of suitability for EBOV spillover, the four previously created suit-
ability maps were combined into one by calculating the mean of the four raster layers (Fig 2),
considering the four types of factors equally important for the occurrence of spillover.

Following the procedure described above, we created a suitability map for EBOV spillover
in Guinée forestiére for every month in 2013 to assess seasonal variability in the suitability for
EBOV spillover to humans. For these maps, the risk factors that varied on a monthly basis
were the NDVI and the mean rainfall; all other factors were considered fixed in time (Table B
in S1 Text).

We used the softwares ESRI ArcMap 10.4.1 [51], QGIS 3.10.2 [52] and R 3.5.3 [53] for all
data treatment and the creation of maps.

Map validation

To validate the suitability maps for EBOV spillover, we used eight previously reported spillover
events that occurred since 2000 and for which geographic localization was known, and infor-
mation on the month it took place was available [16,20]. One spillover event was reported in
Guinée forestiére (December 2013), five in Congo (two in December 2001, one in January
2003 and two in June 2003), and two in Gabon (August 2001). For each of the maps corre-
sponding to the dates of these spillover events, we extracted the pixel value of sites where spill-
over events were reported. We compared these values with the mean of pixel values of the
corresponding full mapped areas. We also calculated the mean pixel value of a buffer area of 5
km and 10 km around spillover sites to account for movements of potential reservoir or inter-
mediate host species and humans.
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Fig 2. Schematic diagram of the GIS-MCE procedure followed to create the suitability maps for EBOV spillover.
https://doi.org/10.1371/journal.pntd.0009683.g002

Furthermore, as another way to assess the performance of the method, we created suitability
maps of Ebolavirus maintenance in fruit bats and insectivorous bats in Guinée forestiére.
Details on the creation of these maps are provided in S3 Text. It remains unclear which factors
are relevant for the maintenance of the virus in bat populations [11,49], thus we considered
the same risk factors as for the spillover maps, but left out of the model the factors related to
the transmission to humans (i.e., factors associated with the trade and consumption of bush-
meat, and the human population density). Weights for each risk factor were estimated within
their corresponding category (i.e., environmental, climatic and bat species), and pairwise com-
parison matrices were built for each category of risk factors. The suitability maps for Ebola-
virus maintenance corresponding to the three categories of risk factors then were produced.
Finally, these three maps were combined, by calculating the mean, to create maps of Ebolavirus
maintenance for December 2016 and for March 2017. These maps were compared to data of
seroprevalence for Ebolavirus in bats that were sampled in the area in December 2016 and
March 2017 [12]. We examined if the average suitability index of sites where at least one bat
was positive to Ebolavirus antibodies was higher than that of sites where all bats were negative
using a one-sided two-sample test [54].

Uncertainty and sensitivity analysis

To assess the sensitivity of the method to the weights assigned to each risk factor, we carried
out a sensitivity analysis separately for each category of risk factors. For this, we increased or
decreased the original weight of each factor by 25% while proportionally adjusting the weights
of the other factors (w; in Eq 1) within its category so that the final sum of weights equaled 1.

w.
—0 _1<i<ni#m (1)

w; = ( Wm)*l_wmo

where w,, is the changing factor, and w,,,o and w;, are the weights of the changing factor and
the i-th factor in the base model, respectively.

Each of the newly calculated weights combination was incorporated into the GIS-MCE to
produce a suitability map for spillover in our three study areas according to the four categories
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of risk factors. This resulted in 16 environmental, six climatic, eight bushmeat-related and
eight species-related suitability maps for each study area.

To assess the contribution of the variation weights of each factor on the variation of the
suitability map of their corresponding category, we calculated delta for each +/- 25% variation
introduced to the weight of each risk factor using the following equation:

delta = 7abs(xf %)

. @)
where x;is the pixel value in the suitability map of category f of risk factors and x; is the pixel
value in the output map when a variation in weight is introduced to risk factor i. Then we cal-
culated the mean pixel value and the standard deviation of the output maps for each 25% varia-
tion of weight.

Additionally, we produced an uncertainty surface for our three study areas. An uncertainty
surface shows the variability in the outcome maps when changes are introduced in the risk fac-
tors. It evaluates how uncertainties in the input translate to uncertainty in the outcome. To cre-
ate the uncertainty surface, we followed the same procedure as above, but introduced a + 25%
weight variation at the category level instead of at the individual risk factor level. This resulted
in eight (two per category) new maps of suitability for EBOV spillover for each area. We esti-
mated delta using Eq 2; where x;represents the pixel value in the EBOV spillover suitability
map, and x; the pixel value in the output map of category i of risk factors. A map of the mean,
which represents the average relative change per pixel, and a map of the standard deviation,
were produced.

Results
Weights of risk factors

Table 2 shows the weights estimated from the review of the literature for the risk factors of
each category (environmental, climatic, factors associated with bushmeat trade and the four
groups of host species). The pairwise comparison matrices for the AHP are shown in the S4
Text (Tables A-D in $4 Text). Human population density may be a risk factor even in the
absence of activities associated with bushmeat trade and consumption, and therefore was con-
sidered as a risk factor in the environmental category. Forest cover and forest cover loss had
the highest weights among the environmental risk factors. Of the climatic risk factors, monthly
rainfall contributed over 68% of the total weight in the category. Bushmeat hunting areas and
areas of trade were considered equally important for EBOV virus transmission and more
important than the human population density and the presence of domestic animals. The
weights of fruit bats and insectivorous bats were equal to and higher than those of duikers and
primates.

Suitability maps for ebolavirus spillover

Maps for each category of risk factor in the three study areas are shown in Fig 3. Suitability for
EBOV spillover due to environmental risk factors was more variable in space in Guinée forest-
iere than in the study areas in Congo and Gabon. In Guinée forestiére, most of the area shows
intermediate to high suitability for EBOV spillover for this category, whereas in Congo and
Gabon only some small patches show high suitability for EBOV spillover. The maps of climatic
risk factors show that in the three study areas, there is a spatial gradient of suitability with
clearly localized areas of high suitability. The maps of suitability for EBOV spillover associated
with bushmeat risk factors are quite different among the three study areas. In Guinea, most of
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Table 2. Weights for risk factors resulting from the AHP.

Risk Factor Weight
Environment
Forest cover 0.255
Cropland 0.048
Cropland: forest ratio 0.096
Loss of forest cover 0.255
Landscape productivity 0.096
Proximity to rivers 0.032
Proximity to roads 0.05
Human population density 0.167
Climate
Annual temperature range 0.211
Mean annual temperature 0.102
Mean monthly rainfall 0.686
Bushmeat
Hunting areas 0.380
Bushmeat trade 0.380
Human population density 0.179
Presence of domestic animals 0.062
Species
Fruit bats 0.375
Insectivorous bats 0.375
Duikers 0.125
Primates 0.125

https://doi.org/10.1371/journal.pntd.0009683.t002

the study area has intermediate values with patches of higher suitability. The study area in
Congo also shows patchiness, but the northern part is in general more suitable for spillover
compared to the rest of the mapped area. In Gabon, three areas of higher suitability can be dis-
tinguished in the northeast, southeast and western regions. Maps of suitability given by the
potential reservoir and intermediate host species show that areas with higher suitability for
EBOV spillover are found in the central region in Guinea, towards the northwest in Congo
and in a small area in the southwest in Gabon.

Environmental, climatic, bushmeat and species maps were combined to create the final
suitability maps for EBOV spillover in our three study areas (Fig 4). These maps show that
there is high spatial variability in the three study areas. In Guinée forestiére, areas that are
more suitable are located in the southern half, with small patches scattered within this area
showing the highest suitability for spillover. In the area in Congo, suitable areas differ in rela-
tion to date, but in general, the western part is more suitable for spillover than the eastern part,
especially during the short dry season (December-January). Nevertheless, in December 2001
the southeast comes out as a suitable area for spillover as well. Finally, in Gabon there are less
areas of very high suitability for spillover, with suitability being in general higher towards the
east and south of the mapped area.

The resulting maps highlight a strong temporal variation in suitability for EBOV spillover.
For instance, the maps in Congo at three different dates (Fig 4) show that although the western
area has consistently higher suitability, other areas such as the southeast were more suitable for
spillover in December 2001 and unsuitable in June 2003. In contrast, the northern part was
unsuitable for spillover in December 2001, and transitioned to higher suitability in June 2003.
Temporal variation is also observed within a year in Guinée forestiére (Fig 5). Our maps show
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Fig 3. Maps for the four categories of risk factors in study areas in A) Guinea (December 2013), B) Congo (December 2001) and C) Gabon (August2001) (dataset available
at https://doi:10.18167/DVN1/FZANMS).

https://doi.org/10.1371/journal.pntd.0009683.9003

that although the central region remained an area suitable for EBOV spillover throughout the
year, the suitable area decreased as the rainy season progressed, and then started to increase
again from August on. Other areas also show a marked variability. For instance, the northwest
region was unsuitable for spillover for most of the year, but became suitable in May, June and
October; and areas in the northeast, unsuitable for most of the year, showed a high suitability
in June. The pixel value where the village of Meliandou, site of the index case of the Ebola out-
break in West Africa, is located ranged from 0.412 to 0.689, with an average annual suitability
0f 0.522 + 0.083 (SD). In a random sample of 500 points, average annual suitability ranged
from 0.079 to 0.874, with standard deviations ranging from 0.038 to 0.135.

Map validation

Epidemiological data to validate our spillover maps are scarce; we therefore used the localiza-
tion of spillover events previously reported in the mapped areas. Pixel values of the location of
each spillover event (Table 3 and Fig 6) show that in Congo, all but one of the spillover events
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Fig 4. Suitability maps for EBOV spillover in areas in Guinea (A), Congo (B-D) and Gabon (E) (dataset available at
https://doi:10.18167/DVN1/FZANMS).

https://doi.org/10.1371/journal.pntd.0009683.g004

fell in areas on the upper half of the distribution, with three of the five spillover events being
located on the upper quartile. The spillover events reported in Guinea fell just over the second
quartile, whereas those in Gabon took place in areas on the lower half of the distribution. The
average pixel value of sites where a spillover event was located was 0.502 + 0.135 (SD). The
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Fig 5. Suitability maps for EBOV spillover in forested Guinea in 2013 (dataset available at https://d0i:10.18167/DVN1/FZANMS).
https://doi.org/10.1371/journal.pntd.0009683.g005

mean pixel value of a 5 km or 10 km buffer around spillover sites tended to be higher than the
raster mean pixel value for Gabon and for three spillover events in Congo (December 2001,
January 2003 and June 2003), whereas it was similar for Guinea and for two spillover events in
Congo (December 2001 and June 2003) (Table 3).

Ebolavirus maintenance in bats

The northwestern and central regions of Guinée forestiere showed intermediate to high suit-
ability for Ebolavirus maintenance in fruit bats in December 2016 and in insectivorous bats in
March 2017 (Fig 7). This result is consistent in suitability maps that considered fruit bats and
insectivorous bats together (Fig A in S5 Text). Pixel values of sites where at least one bat tested
positive for Ebolavirus antibodies are higher than pixel values of sites where all sampled bats
came out negative, particularly for insectivorous bats (Table 4 and Fig 8). This difference
tended to be significant when comparing the means of all sampled sites irrespective of the type
of bat (p = 0.09).
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Table 3. Ebolavirus spillover suitability index of sites where spillover events have been previously reported compared to the values (mean and standard deviation)
of the whole study area. The percentile of suitability index for the spillover site is shown.

Country Date Spillover site Buffered area around spillover site Study area
Spillover Percentile 5km 10 km Mean + SD
Guinea December 2013 0.451 0.52 0.438 0.438 0.459 + 0.192
Congo December 2001 0.668 0.64 0.531 0.537 0.485 + 0.165
December 2001 0.566 0.87 0.486 0.474
January 2003 0.675 0.77 0.690 0.690 0.492 + 0.189
June 2003 0.415 0.48 0.421 0.429 0.415 +0.148
June 2003 0.553 0.83 0.481 0.470
Gabon August 2001 0.338 0.39 0.405 0.459 0.387 £ 0.152
August 2001 0.338 0.39 0.405 0.459

https://doi.org/10.1371/journal.pntd.0009683.t003

Uncertainty and sensitivity analysis

The uncertainty surface shows that the introduced variation of 25% to the weight of the four
categories of risk factors has a small effect on the pixel value of the EBOV suitability maps,
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Fig 6. Pixel values distribution in suitability maps for EBOV spillover in Guinea, Congo and Gabon. Red lines
show pixel values of sites where EBOV spillover were located.

https://doi.org/10.1371/journal.pntd.0009683.g006
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Fig 7. Suitability maps of Ebolavirus maintenance in fruit bats (A) and insectivorous bats (B) in Guinée forestiére. The size of the pie charts is scaled to sampling effort
in each site (i.e. n = 1 for the smallest pie chart; n = 21 for the largest pie chart) (dataset available at https://doi:10.18167/DVN1/FZANMS).

https://doi.org/10.1371/journal.pntd.0009683.9007

with a maximum standard deviation of the mean relative change of less than 0.07 (Fig 9). This
indicates that the suitable areas for EBOV spillover are robust and remain stable when the
weights of the four types of risk factors are varied + 25% of their original weight.

Fig 10 shows the results of the sensitivity analysis within each category of risk factors for the
three study areas for a weight variation of + 25%. In the environmental category, forest and
forest loss were the risk factors that contributed the most to the variation in our three study
areas, followed by landscape productivity (i.e., NDVI) and human population density. However,
there is variation on the amount each of these factors contributed to the variation in suitability
among countries. Loss of forest cover was the most sensitive parameter in the environmental cate-
gory in Congo, whereas in Guinea and Gabon, it showed similar sensitivity to forest cover.
Changes to the weight assigned to human population density contributed more to the variation in
pixel value in Guinea than in Congo and Gabon, whereas landscape productivity was the third
most sensitive risk factor in Congo and Gabon, and the fourth in Guinea. Variation introduced to

Table 4. Mean * standard deviation of suitability index in sampling sites where at least one bat tested positive for
Ebolavirus antibodies and where all bats tested negative. * Significance at p < 0.1 for t-test.

Bats tested for EBOV antibodies
At least one positive All negative
All bats* 0.670 £ 0.123 0.613 £ 0.057
Fruit bats 0.625 + 0.044 0.612 £ 0.060
Insectivorous bats 0.620 = 0.189 0.570 £+ 0.008

https://doi.org/10.1371/journal.pntd.0009683.t004
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Fig 8. Pixel values distribution in suitability maps for Ebolavirus circulation in fruit bats (A) and insectivorous bats
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Gabon (dataset available at https://doi:10.18167/DVN1/FZANMS).
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the weight of crops, crops to forest ratio, proximity to roads and proximity to rivers contributed
little to the variation of the environmental map of suitability in the three areas studied.

Among the climatic risk factors, monthly rainfall was the most sensitive parameter in the
study areas of the three countries, and was twice as sensitive in Guinea and Gabon compared
to Congo. Variation on the weight of annual temperature range and of annual mean tempera-
ture had a smaller impact on the climatic variability in the three areas, with the latter being the
least sensitive of the climatic risk factors.

Bushmeat hunting areas and bushmeat trade contributed the most to the variation in the
bushmeat suitability map in the three study areas, followed by human population density. The
average relative change in pixel value due to the variation in weight of hunting areas and hunt-
ing trade was more than twice that of domestic animals and human population density in
Guinea, but this difference was less marked in Congo and Gabon.

Finally, fruit bats and insectivorous bats were clearly more sensitive than primates and dui-
kers in Congo. This difference was less obvious in Gabon, whereas in Guinea the four groups
of species had a similar contribution to the overall variation in the suitability map of species.

Discussion

In this study, we used the GIS-MCE approach to produce maps at the landscape scale in
Guinea, Congo and Gabon. Our maps show that suitability for EBOV spillover to humans was
variable in space in the three mapped regions, with previous spillover events being located in
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areas of intermediate suitability, with higher suitability values for our study area in Congo.
Our results also show strong variation in the suitability for EBOV at different times of the year.
The sensitivity analysis shows that the maps produced are robust, supporting our choice of
risk factors for EBOV transmission from animals to humans.

The 2014 Ebola outbreak in West Africa made clear that areas previously considered free
from the risk of an epidemic might be exposed to future outbreaks. Numerous studies have
tried to understand what led to this outbreak. Genetic studies suggest that the virus was intro-
duced from Central Africa within the previous decade [6]. Antibodies against EBOV found in
one person in Guinea in 2012 [5] suggest that the virus might have already been circulating in
the human population two years before the outbreak. Given that antibodies against the virus
can last at least 40 years in one person [55], it is also possible that the positive individual
acquired the infection elsewhere several years ago. Similarly, the virus could have come from
Central to West Africa in a reservoir host. Gire et al. [6] point to a single spillover event from a
reservoir host, plausibly insectivorous bats [56], to the human population.

Previous studies have used ecological niche modeling to map the risk of Ebola virus spill-
over at a national or a continental scale [16,18,19,23]. The GIS-MCE approach used here
allows integrating a large amount of different types of information in a simple procedure. It
may overcome some of the limitations of niche ecological models such as not accounting for
or misrepresenting the interaction between multiple hosts, and not accounting for other ele-
ments of the system such as behavior of hosts or demography [57]. Also, risk factors, their rela-
tive importance and their association to spillover may differ at different spatial scales [58].
Here we produced maps at a finer scale, which may help to identify which local factors are
more important for the spillover of the virus at distinct ecological regions. These regional land-
scape models allow to better account for local differences in risk factors and may be more ade-
quate for surveillance in specific regions.

The GIS-MCE approach has proven useful in risk mapping diseases when not enough out-
break data exists. This method has been applied to map the risk of transmission of several vec-
tor-borne diseases such as malaria [29,59], Rift Valley fever [26], and visceral leishmaniasis
[60]. However, to our knowledge, this is the first time that it has been applied to Ebola virus
disease, a disease with a relatively unknown transmission cycle.

Classification of risk factors

The main factors for the occurrence of EBOV spillover to humans are still unknown, and
some factors may be more important than others. For example, some models consider the dis-
tribution of reservoir or host species as more important than environmental factors for deter-
mining favorable areas for Ebola virus occurrence [39], whereas others have considered
environmental, climatic and anthropogenic factors as more relevant for spillover [18,20,32]. In
addition, the relative importance of the different types of factors may vary according to a given
context or species. For example, bushmeat hunting of primates and duikers could be a more
important risk factor in areas with a dense forest cover, such as Congo and Gabon, compared
to more fragmented natural areas, such as Guinée forestiére, where these animal populations
could have been already depleted or extinguished. In contrast, in landscapes with a mixture of
crops and forest, some bat species, more adapted to fragmented landscapes, could pose a risk
of spillover when hunted as bushmeat [15], and through indirect contact with their feces or
saliva present in the environment [40]. Indeed, numerous EBOV spillover events in the Congo
basin have been associated with carcasses of primates, duikers and bats [16], whereas in Gui-
née forestiére, the patient zero of the 2014 outbreak was identified as a two-year old boy who
plausibly came into contact with live insectivorous bats [56]. There are clear differences in
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terms of landscape between our study areas, mainly between Guinée forestiére compared to
the study areas in Congo and Gabon. In the former, pixels where forest represented 50% or
more of the pixel area covered only 44%, and 14% of the study area was covered by crops,
whereas in Congo and Gabon forest represented over 60% of the total area, and crops repre-
sented only 2.1 and 0.02% of the area, respectively. Thus, it is possible that the risk factors and/
or their relative importance for a spillover differ between regions. In this study, we decided to
give the same weight to the four types of risk factors (environmental, climatic, factors associ-
ated with bushmeat consumption, and the potential reservoir and host species) in our three
study areas because the relatively scarcity of known EBOV spillover events and the gaps in our
understanding concerning spillover factors prevented a more in-depth study of potential dif-
ferences in risk factors between Central and West Africa. Nevertheless, as more data and
knowledge becomes available, models can be refined and used for specific regions.

Suitability for EBOV spillover

Suitable areas for EBOV in Guinée forestiére were located in the central-western area. The
presence of the hammer-headed bat (Hypsignathus monstrosus), the Angolan fruit bat (Lisso-
nycteris angolensis), and the greater long-fingered bat (Miniopterus inflatus) in this area, but
not in the most northern regions, partly explains this result. Other factors that could have
influenced a higher suitability in the southern half of Guinée forestiére are the cropland to for-
est ratio, which is higher in the southern half, and bushmeat hunting areas, which are larger
and preferentially located in the central-southern region (Fig B in S1 Text).

In Congo, the western part of the study area showed high suitability for EBOV spillover at
the three dates mapped. This results in part from the presence of the Egyptian fruit bat (Rouset-
tus aegyptiacus) which, according to the IUCN distribution maps used, is not present in the
eastern part. Experimental inoculation studies involving this bat species have not found clear
evidence of EBOV viral replication and shedding, and only low levels of viral RNA in tissues,
suggesting it is an unlikely reservoir for EBOV [61,62]. We included this species in our study
because antibodies against the virus have been found in individual bats [12,49]. Its presence
also is favored by human activities linked to deforestation within favorable areas for EBOV
[63]. Land cover type and climatic factors such as temperature seasonality appear to be impor-
tant in determining habitat suitability for potential reservoir bat species in Africa [64]. More
studies are needed to disentangle what factors are important in the distribution of bats and
their role, if any, in EBOV maintenance and spillover. Forest cover and climatic factors also
contributed to higher suitability in certain areas on the eastern part of the study area in Congo
(Fig Cin S1 Text). In Gabon, suitable areas were located on the southeastern part of the study
area, which also is the region bordering the study area in Congo. This area showed higher suit-
ability in risk factors associated with climate and bushmeat (Fig 3C). Our study areas in Congo
and Gabon border each other and they are similar in terms of landscape, population density
and climate. The differences observed on the maps between these two regions are likely due to
temporal variability; the maps for Congo do not correspond to the same date as the map for
Gabon.

Temporal variability in suitability for EBOV spillover

Temporal variation in suitability for EBOV spillover was present in the maps of Guinea for
2013 (Fig 5) and in the maps of Congo for 2001 and 2003 (Fig 4). This variation is due to the
only two factors included in our model that varied on a monthly basis: landscape productivity
(i.e. NDVI) and precipitation. In fact, rainfall maps closely reflect climate maps (see rainfall
maps in Figs B-D in S1 Text, and climate maps in Fig 3 and Fig B in S5 Text). The increase in
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suitability in Guinea, in the northwest in May and October, and in the northeast in June, was
greatly due to an increase in precipitation in these areas during those months (Fig C in S5
Text), illustrating the relevance of rainfall in our models.

The transition from the dry to the rainy season has been identified as favorable for Ebola-
virus spillover [20,41,42]. Seasonal climatic variability can be related to the risk of spillover to
humans through factors that increase the likelihood of contact between maintenance, interme-
diate and target hosts on the one hand, and through factors that affect virus circulation and
shedding in the maintenance host on the other. During the rainy season, environmental condi-
tions might become more favorable for encounters between a reservoir and a host. For exam-
ple, fruit trees, such as mangoes and figs, on which bats, other mammals and humans feed,
produce fruit during this season. An increase in competition for such resources may conse-
quently lead to more contacts (direct or indirect) between host species and humans at this
time of the year. In fact, Ebolavirus spillover has been associated with plant phenology [43],
indicating that the timing of flowering and fruiting of certain plant species is a factor that can
tavor Ebolavirus spillover events. However, the diversity of fruit-producing plants in these for-
est habitats and their asynchrony in terms of their fruiting period make it difficult to provide
clear spatial and seasonal patterns of Ebolavirus risk.

Human behaviors, notably those related to bushmeat consumption, also change according
to seasons. In sub-Saharan Africa, bushmeat consumption can increase when access to other
food resources diminishes, such as during the dry season, when fish are unavailable, or during
the lean season (i.e., the period between planting and harvesting) when rural families’ incomes
drop [65]. In Guinée forestiere, although hunting is only allowed from December to April,
bushmeat is hunted and consumed all year round [66]. In this region, the greater cane rat
seems to be the most consumed wild mammal, but it is hunted mainly during the rainy season,
whereas bats, although apparently less preferred, are hunted throughout the year [67].

Other factors that can play a role in the temporal variability of the risk of spillover are those
associated with differences in immunity in the maintenance host at different times of the year.
Seasonal climatic variation can affect virus circulation and shedding in maintenance host spe-
cies, and thus spillover probability [68,69]. For example, the viral load in bats can increase
when the immune system is compromised, such as during reproduction or during periods of
food shortage [68,70]), and an association between seasonal spillover events and seasonal
reproduction in bats has been found for another filovirus, the Marburg virus [71]. Moreover,
seasonality in virus circulation and shedding in the maintenance host might differ among spe-
cies and between different regions. For example, the straw-colored fruit bat breeds once a year,
and its gestation period seems to last longer in Guinea than in Central Africa [72]. In contrast,
the hammer-headed bat breeds twice a year, with the males grouping into ‘leks’ to attract
females [72,73]. All this adds to the complexity of modelling the risk of Ebola virus transmis-
sion from wildlife to humans.

Validation

Data that could potentially validate our maps are limited due to the small number of EBOV
spillover events that have occurred, particularly in Guinée forestiére, where only one case of
spillover has been recorded. The need of spillover events localised in space and time (i.e.,
month when the spillover took place) further reduced the data available for validation. More-
over, the lack of data for some of the risk factors before the year 2000 prevented us from using
spillover events reported before that date.

In Guinea and Gabon, the pixel value of EBOV spillover sites was close to the mean pixel
value of the whole study area, whereas in Congo, it was higher for four of the five spillover
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events (Table 3). When taking the mean pixel value of a buffer area around the spillover sites,
three out of five of the spillover events in Congo and the two spillover events in Gabon were
found in areas of higher suitability compared to the mean pixel value of their corresponding
study area. One pixel in our maps represented an area of approximately 1 km?, but suitable
areas for virus transmission are probably larger, since the animal species carrying the virus
may travel several kilometers. For example, African straw-colored fruit bats (Eidolon helvum)
can travel over 35 km from their roosting site during the rainy season, when food availability is
high, and over 90 km during the dry season [74]. In West Africa, tagged bats of this species
have been shown to travel distances of over 500 km (J. Cappelle pers. comm.). Primates as well
as humans can travel several kilometers when foraging [75]. Thus, a buffer area around the
spillover site may be more accurate in representing suitable areas for spillover while at the
same time accounting for the spatial variability at a resolution of 1 km®.

In general, spillover events in Guinea and Gabon were located in areas of intermediate suit-
ability, whereas in Congo, three of the five spillover events were located in areas of higher suit-
ability. Different mechanisms of virus transmission may operate in areas of high vs areas of
intermediate suitability. For instance, a previous study found that the geographical location of
Ebola virus in mammals, including humans, was positively correlated with human population
density and distance to roads in areas of intermediate favorability, whereas forest cover and
mosaics of forest and crops were more important in areas of higher suitability [39]. Other stud-
ies also found that Ebolavirus spillover was positively associated with forest cover loss and for-
est fragmentation [21,22]. A recently fragmented landscape may affect wildlife behavior and
favor more anthropophilic species. This can result in different community composition and
species abundances (e.g. [76]), and consequently in a different risk of disease spillover. Differ-
ences in landscape, climate and mammal assemblages between Guinée forestiére, Congo and
Gabon may influence the mechanisms or factors involved in an EBOV spillover event (see dis-
cussion on Sensitivity Analysis below).

Data derived from a survey of Ebola viruses in bats in Africa [12] allowed us to assess the
pertinence of our maps of Ebolavirus maintenance in bats. Areas where bats tested positive for
Ebolavirus antibodies had higher pixel values than those where all of the bats tested negative. This
difference was significant at p < 0.1, suggesting that the method correctly identifies suitable areas
for virus maintenance. Nevertheless, this result must be interpreted cautiously as the presence of
antibodies can reflect a past infection that could have been acquired elsewhere. Moreover, fewer
bats were caught in areas where all bats came out negative, and there were differences in the num-
ber of insectivorous and fruit bats sampled at the two different dates. Insectivorous bats were
underrepresented in sampling sites in December 2016 (2 out of 58), and fruit bats were underrep-
resented in March 2017 (2 out of 71), confounding the effects of time and space of Ebolavirus
maintenance in both groups. It is possible, at least for fruit bats, that the difference in the number
of bats sampled between December and March was related to seasonal migration [77,78]. A longi-
tudinal study on bats currently carried out by members of our group in Guinée forestiére will
inform us about changes in the bat community throughout the year. Such studies add to the effort
of trying to unravel the role bat species play in the maintenance of Ebola virus.

Uncertainty surface and sensitivity analysis

The uncertainty surface maps showed that the suitability maps produced were robust. A varia-
tion of + 25% introduced to the four categories of risk factors produced only a slight variation
in the suitability for EBOV spillover, with a maximum average relative change in pixel value of
less than 0.08. This and the small standard deviation observed indicate that the four categories
of factors were a good choice for modeling EBOV spillover at the chosen local scale.
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The sensitivity analysis performed to assess the effect of each risk factor on the suitability
map of its corresponding category showed which factors had a more important effect in each
category. In general, the most sensitive factors were those assigned higher weights, and were
consistent among the three studied areas. However, there were differences on their contribu-
tion to the variation in the output map. In general, the results of the sensitivity analysis were
more similar between the areas in Congo and Gabon compared to Guinée forestiére, suggest-
ing that risk factors and their interactions to promote the spillover of EBOV are not necessarily
the same between these areas. For example, forest loss had a greater impact on the variation in
the suitability for EBOV in Congo and Gabon than in Guinée forestiére. The landscape of Gui-
née forestiére has changed from a natural forest to a mosaic of crops and forests over the last
40 years [36,79], while Congo and Gabon still conserve large areas of less disturbed forests
[37]. It is possible that the loss of forest cover is less important for EBOV spillover in already
fragmented areas if for instance, bat communities have already adapted to anthropogenic land-
scapes through the selection of anthropophilic species and counter-selection of species more
negatively impacted by human activities. Human population density also contributed more to
the variation in Guinée forestiére than in Congo and Gabon. Guinée forestiére was more
densely populated (0.36 inhabitants/km?, with a maximum density of 48 inhabitants/km? in
2013), compared to Congo (0.02 inhabitants/km?, max density of 0.21 in 2001) and Gabon
(0.01 inhabitants/km? max density of 0.15 in 2001). A higher population density may lead to a
higher probability of human-wildlife encounters in fragmented areas [80,81].

Bushmeat hunting areas and bushmeat trade contributed more to the output variation in
Guinée forestiére than in the Congo and Gabon study areas. On the one hand, this may result
from the observation that far more villages were mapped in Guinea across the entire study
area, compared to fewer villages in Congo and Gabon (see S1 Text). On the other hand, due to
alack of accurate data on bushmeat hunting areas in Guinée forestiére, we assumed that forest
reserves were the areas used for hunting, and reclassified them as 0 or 1. Areas around classi-
fied forests, national parks and other wildlife reserves are among those used for hunting in
Guinea [67]. In contrast, although still imprecise, hunting areas in Congo and Gabon were
based on estimated hunting pressure [82] reclassified from 0 to 4. Consequently, an introduced
variation in weight had a more substantial effect on hunting areas in Guinée forestiére than in
the other study areas.

Finally, bats, particularly fruit bats, were a more sensitive parameter than primates and dui-
kers, particularly in Congo. This is explained by the presence of five species of fruit bats in all
of the mapped area in Congo, including the three species with the highest weights (Table A in
S2 Text), compared to only four and two species distributed in the mapped areas in Gabon
and Guinea, respectively. In contrast, the difference in the number of species in the other
groups and their relative weights were less marked among the three study areas.

Limitations of the study

The risk maps of EBOV spillover and Ebolavirus maintenance in bats produced in this study,
as well as their validation and the sensitivity analysis, support the use of GIS-MCE for mapping
the risk of spillover of a complex zoonosis such as Ebola virus disease. Nevertheless, some limi-
tations to our study need to be mentioned.

First, it is possible that factors that may be important for EBOV spillover were not taken
into account. For example, elevation has been associated with the risk of Ebolavirus spillover
[16,18,32], although it is not clear what role it would play in virus transmission. In addition,
we grouped and assessed similar factors, such as loss of forest cover and forest fragmentation,
into one. However, their association with EBOV spillover might differ. For instance, patches of
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forest remaining in a fragmented forest are potentially more important for contact between
maintenance hosts, intermediate hosts and humans than deforested areas. Similarly, mean
temperature or temperature range might not be associated with the spillover of EBOV in the
same way if they are estimated on an annual or a daily basis [16,18,23,32,39]. Annual estimates
are probably related to the phenology of processes such as fruiting of plants or reproductive
cycles of mammals, while daily estimates are more likely representative of daily activity pat-
terns of reservoir, intermediate and target hosts. Our choice of risk factors and the assigned
weights were based on information extracted from a literature review; consultations with locals
and experts on the different study areas would probably result in a more accurate classification
of the risk factors.

Second, the results of GIS-MCE are to a certain extent subjective due to the amount and
quality of information available [30]. The available data layers used in our model differed in
their spatial resolution, from 30 m to 5 km (Table B in S1 Text), which can affect the precision
of the resulting maps [83], and some of the data that we used were coarse representations of
their corresponding variables. For example, the data for species distributions assumed an
equal presence throughout the distribution area, but in fact, the probability of a species being
present in a certain area varies and depends on several factors [84]. Thus, species distributions
based on occurrence data would be more appropriate. Similarly, we did not have access to pre-
cise data on bushmeat hunting areas and bushmeat trade. Activities related to bushmeat con-
sumption represent an important risk factor for Ebolavirus spillover [16], and different sectors
of the population, notably hunters and women, may be more at risk [65].

Finally, our maps represent suitable areas for EBOV spillover to humans, but most of the
studies reviewed identified risk factors for all Ebola viruses pathogenic to humans, without dis-
tinguishing among the species. Ebola viruses might differ in their ecological niche [16]; gener-
alizing that the conditions leading to a spillover are the same for all Ebola viruses thus may be
wrong. The relatively small number of Ebolavirus spillover events reported to date makes it dif-
ficult to study the contexts in which a spillover of different Ebola viruses may occur. Neverthe-
less, it is important to bear in mind that the risk factors and the interactions that favor a
spillover of an Ebola virus might differ among the different Ebola virus species.

Conclusion

Ebola virus disease is a current health threat that is no longer restricted to Central Africa, as
the outbreak in Western Africa of 2014 and the most recent one in January 2021 made clear.
Changes in climate, land use, human population density and socio-economic factors may lead
to more frequent, and in some areas, more intense, EBOV outbreaks [85]. Useful tools for dis-
ease monitoring are needed to prevent and aid preparedness for future outbreaks. Here we
used a GIS-MCE approach to produce risk maps of suitable areas for EBOV spillover to
human populations. Our results show that spillover events were not always located in areas of
high suitability. Nevertheless, given the limited data to validate our maps and the caveats men-
tioned above, we believe that the spillover events in Congo, located in high suitable areas, and
the results of virus circulation in bats provide some support to our model. The sensitivity anal-
ysis showed that the maps produced were robust, and that there were differences in terms of
the most sensitive risk factors, particularly between the study area in Guinea and those in
Congo and Gabon, indicating that eco-regional rather than continental or national approaches
would inform better on the relative contribution of different factors in the ecology of EBOV.
GIS-MCE is a simple approach that allows the integration of multiple criteria to solve a spa-
tial problem. The resulting maps depend on the quality of the data and information used. Here
we used only open access data to produce our geographical risk factor layers. The suitability
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maps produced can be easily improved and updated as more spatial data becomes accessible
and more accurate, and as our knowledge of the factors involved in the spillover of the virus to
the human population advances (R code provided in S6 Text). Although significant advances
have been made in trying to understand the transmission cycle of the Ebola virus, we believe
there are still important gaps in our knowledge of what factors lead to a spillover to humans.
Notably our search for published studies using ‘ebola’,ecology’ and ‘spillover’ as keywords
found only 22 records from the Web of Science for a period spanning 30 years. Our model
could be used for research and surveillance. For instance, it could inform on where research
efforts should be directed for sampling campaigns of wildlife and human population to look
for evidence of previous undetected outbreaks [86]. Similarly, it could be a useful tool for risk-
based surveillance, highlighting areas considered at higher risk, and thus directing human and
financial resources to priority areas [87].

Supporting information

S1 Table. Literature review results.
(XLSX)

S1 Text. Sources of data, spatial data manipulation and estimation of variables associated
with risk factors of EBOV spillover.
(DOCX)

S2 Text. Assessment of potential reservoir and intermediate host species.
(DOCX)

$3 Text. GIS-MCE applied to produce suitability maps for Ebolavirus maintenance in fruit
bats and insectivorous bats.
(DOCX)

$4 Text. Pairwise comparison matrices of the analytical hierarchy process (AHP) for risk
factors associated with EBOV spillover.
(DOCX)

S5 Text. Supplementary Results.
(DOCX)

S6 Text. R code.
(DOCX)

Author Contributions

Conceptualization: Francois Roger, Annelise Tran.

Data curation: Larisa Lee-Cruz.

Formal analysis: Larisa Lee-Cruz, Maxime Lenormand.

Funding acquisition: Frangois Roger, Annelise Tran.

Methodology: Larisa Lee-Cruz, Maxime Lenormand, Annelise Tran.
Project administration: Frangois Roger, Annelise Tran.

Resources: Julien Cappelle, Alexandre Caron, Héléne De Nys, Martine Peeters, Mathieu
Bourgarel.

Software: Larisa Lee-Cruz.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009683  August 23, 2021 24/29


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009683.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009683.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009683.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009683.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009683.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009683.s006
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0009683.s007
https://doi.org/10.1371/journal.pntd.0009683

PLOS NEGLECTED TROPICAL DISEASES Risk mapping of Ebola virus spillover

Supervision: Annelise Tran.

Validation: Larisa Lee-Cruz, Maxime Lenormand.

Visualization: Larisa Lee-Cruz.

Writing - original draft: Larisa Lee-Cruz, Annelise Tran.

Writing - review & editing: Maxime Lenormand, Julien Cappelle, Alexandre Caron, Hélene

De Nys, Martine Peeters, Mathieu Bourgarel, Frangois Roger.

References

1.

10.

11.

12.

13.

14.

15.

16.

Martines RB, Ng DL, Greer PW, Rollin PE, Zaki SR. Tissue and Cellular Tropism, Pathology and Patho-
genesis of Ebola and Marburg Viruses. J Pathol. 2015; 235: 153—74. https://doi.org/10.1002/path.4456
PMID: 25297522

Formenty P, Hatz C, Le Guenno B, Stoll A, Rogenmoser P, Widmer A. Human Infection Due to Ebola
Virus, Subtype Cote d’lvoire: Clinical and Biologic Presentation. J Infect Dis. 1999; 179, no. Supple-
ment_1: S48-53. https://doi.org/10.1086/514285 PMID: 9988164

CDC. Ebola Virus Disease Distribution Map: Cases of Ebola Virus Disease in Africa Since 1976. 19 Jun
2019 [cited 24 Aug 2020]. Available from: https://www.cdc.gov/vhf/ebola/history/distribution-map.html

WHO. « WHO | Ebola virus disease—Guinea ». WHO. World Health Organization. Consulted 1 March
2021. http://www.who.int/csr/don/17-february-2021-ebola-gin/en/.

Keita AK, Butel C, Thaurignac G, Diallo A, Nioke T, Traoré F, et al. Serological Evidence of Ebola Virus
Infection in Rural Guinea before the 2014 West African Epidemic Outbreak. Am J Trop Med Hyg. 2018;
99: 425-427. https://doi.org/10.4269/ajtmh.18-0105 PMID: 29869602

Gire SK, Goba A, Andersen KG, Sealfon RSG, Park DJ, Kanneh L, et al. Genomic surveillance eluci-
dates Ebola virus origin and transmission during the 2014 outbreak. Science. 2014; 345: 1369—1372.
https://doi.org/10.1126/science.1259657 PMID: 25214632

Kuiken T, Holmes EC, McCauley J, Rimmelzwaan GF, Williams CS, Grenfell BT. Host Species Barriers
to Influenza Virus Infections. Science. 2006; 312: 394—97. https://doi.org/10.1126/science.1122818
PMID: 16627737

Woolhouse MEJ, Haydon DT, Antia R. Emerging Pathogens: The Epidemiology and Evolution of Spe-
cies Jumps. Trends Ecol Evol. 2005; 20: 238—44. https://doi.org/10.1016/j.tree.2005.02.009 PMID:
16701375

Haydon DT, Cleaveland S, Taylor LH, Laurenson MK. Identifying reservoirs of infection: A conceptual
and practical challenge. Emerg Infect Dis. 2002; 8: 1468—1473. https://doi.org/10.3201/eid0812.
010317 PMID: 12498665

Plowright RK, Parrish CR, McCallum H, Hudson PJ, Ko Al, Graham AL, et al. Pathways to zoonotic spill-
over. Nat Rev Microbiol. 2017; 15: 502-510. https://doi.org/10.1038/nrmicro.2017.45 PMID: 28555073

Caron A, Bourgarel M, Cappelle J, Liégeois F, De Nys HM, Roger F. Ebola Virus Maintenance: If Not
(Only) Bats, What Else? Viruses. 2018; 10: 549. https://doi.org/10.3390/v10100549 PMID: 30304789

De Nys HM, Kingebeni PM, Keita AK, Butel C, Thaurignac G, Villabona-Arenas C-J, et al. Survey of
Ebola Viruses in Frugivorous and Insectivorous Bats in Guinea, Cameroon, and the Democratic Repub-
lic of the Congo, 2015-2017. Emerg Infect Dis. 2018; 24: 2228-2240. https://doi.org/10.3201/eid2412.
180740 PMID: 30307845

Goldstein T, Anthony SJ, Gbakima A, Bird BH, Bangura J, Tremeau-Bravard A, et al. The discovery of
Bombali virus adds further support for bats as hosts of ebolaviruses. Nat Microbiol. 2018; 3: 1084—
1089. https://doi.org/10.1038/s41564-018-0227-2 PMID: 30150734

Leroy EM, Kumulungui B, Pourrut X, Rouquet P, Hassanin A, Yaba P, et al. Fruit bats as reservoirs of
Ebola virus. Nature. 2005; 438: 575. https://doi.org/10.1038/438575a PMID: 16319873

Leroy EM, Epelboin A, Mondonge V, Pourrut X, Gonzalez JP, Muyembe-Tamfum JJ, et al. Human
Ebola Outbreak Resulting from Direct Exposure to Fruit Bats in Luebo, Democratic Republic of Congo,
2007. Vector-Borne Zoonot. 2009; 9: 723-728. hitps://doi.org/10.1089/vbz.2008.0167 PMID:
19323614

Judson SD, Fischer R, Judson A, Munster VJ. Ecological Contexts of Index Cases and Spillover Events
of Different Ebolaviruses. PLOS Pathog. 2016; 12: e1005780. https://doi.org/10.1371/journal.ppat.
1005780 PMID: 27494600

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009683  August 23, 2021 25/29


https://doi.org/10.1002/path.4456
http://www.ncbi.nlm.nih.gov/pubmed/25297522
https://doi.org/10.1086/514285
http://www.ncbi.nlm.nih.gov/pubmed/9988164
https://www.cdc.gov/vhf/ebola/history/distribution-map.html
http://www.who.int/csr/don/17-february-2021-ebola-gin/en/
https://doi.org/10.4269/ajtmh.18-0105
http://www.ncbi.nlm.nih.gov/pubmed/29869602
https://doi.org/10.1126/science.1259657
http://www.ncbi.nlm.nih.gov/pubmed/25214632
https://doi.org/10.1126/science.1122818
http://www.ncbi.nlm.nih.gov/pubmed/16627737
https://doi.org/10.1016/j.tree.2005.02.009
http://www.ncbi.nlm.nih.gov/pubmed/16701375
https://doi.org/10.3201/eid0812.010317
https://doi.org/10.3201/eid0812.010317
http://www.ncbi.nlm.nih.gov/pubmed/12498665
https://doi.org/10.1038/nrmicro.2017.45
http://www.ncbi.nlm.nih.gov/pubmed/28555073
https://doi.org/10.3390/v10100549
http://www.ncbi.nlm.nih.gov/pubmed/30304789
https://doi.org/10.3201/eid2412.180740
https://doi.org/10.3201/eid2412.180740
http://www.ncbi.nlm.nih.gov/pubmed/30307845
https://doi.org/10.1038/s41564-018-0227-2
http://www.ncbi.nlm.nih.gov/pubmed/30150734
https://doi.org/10.1038/438575a
http://www.ncbi.nlm.nih.gov/pubmed/16319873
https://doi.org/10.1089/vbz.2008.0167
http://www.ncbi.nlm.nih.gov/pubmed/19323614
https://doi.org/10.1371/journal.ppat.1005780
https://doi.org/10.1371/journal.ppat.1005780
http://www.ncbi.nlm.nih.gov/pubmed/27494600
https://doi.org/10.1371/journal.pntd.0009683

PLOS NEGLECTED TROPICAL DISEASES Risk mapping of Ebola virus spillover

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Leroy EM, Rouquet P, Formenty P, Souquiére S, Kilbourne A, Froment J-M, et al. Multiple Ebola Virus
Transmission Events and Rapid Decline of Central African Wildlife. Science. 2004; 303: 387-390.
https://doi.org/10.1126/science.1092528 PMID: 14726594

Pigott DM, Golding N, Mylne A, Huang Z, Henry AJ, Weiss DJ, et al. Mapping the zoonotic niche of
Ebola virus disease in Africa. eLife. 2014; 3. https://doi.org/10.7554/eLife.04395 PMID: 25201877

Pigott DM, Millear Al, Earl L, Morozoff C, Han BA, Shearer FM, et al. Updates to the zoonotic niche map
of Ebola virus disease in Africa. eLife. 2016; 5: e16412. https://doi.org/10.7554/eLife.16412 PMID:
27414263

Schmidt JP, Park AW, Kramer AM, Han BA, Alexander LW, Drake JM. Spatiotemporal Fluctuations and
Triggers of Ebola Virus Spillover. Emerg Infect Dis. 2017; 23: 415-422. https://doi.org/10.3201/
€id2303.160101 PMID: 28221131

Rulli MC, Santini M, Hayman DTS, D’Odorico P. The nexus between forest fragmentation in Africa and
Ebola virus disease outbreaks | Sci Rep. 2017; 7: 41613. https://doi.org/10.1038/srep41613 PMID:
28195145

Olivero J, Fa JE, Real R, Marquez AL, Farfan MA, Vargas JM, et al. Recent loss of closed forests is
associated with Ebola virus disease outbreaks. Sci Rep.2017; 7: 14291. https://doi.org/10.1038/
s$41598-017-14727-9 PMID: 29085050

Nyakarahuka L, Ayebare S, Mosomtai G, Kankya C, Lutwama J, Mwiine FN, et al. Ecological Niche
Modeling for Filoviruses: A Risk Map for Ebola and Marburg Virus Disease Outbreaks in Uganda. PLoS
Curr. 2017; 9. https://doi.org/10.1371/currents.outbreaks.07992a87522e1f229c7cb023270a2af1
PMID: 29034123

Moore SM, ten Bosch QA, Siraj AS, Soda KJ, Espafia G, Campo A, et al. Local and regional dynamics
of chikungunya virus transmission in Colombia: the role of mismatched spatial heterogeneity. BMC
Medicine 2018; 16: 152. https://doi.org/10.1186/s12916-018-1127-2 PMID: 30157921

Wood CL, Lafferty KD. Biodiversity and Disease: A Synthesis of Ecological Perspectives on Lyme Dis-
ease Transmission. Trends Ecol Evol. 2013; 28: 239—-47. https://doi.org/10.1016/j.tree.2012.10.011
PMID: 23182683

Tran A, Trevennec C, Lutwama J, Sserugga J, Gély M, Pittiglio C, et al. Development and Assessment
of a Geographic Knowledge-Based Model for Mapping Suitable Areas for Rift Valley Fever Transmis-
sion in Eastern Africa. PLoS Neglect Trop D. 2016; 10: e0004999. https://doi.org/10.1371/journal.pntd.
0004999 PMID: 27631374

Clements ACA, Pfeiffer DU.Emerging viral zoonoses: Frameworks for spatial and spatiotemporal risk
assessment and resource planning. Vet J. 2009; 182: 21-30. https://doi.org/10.1016/j.tv|l.2008.05.010
PMID: 18718800

Paul MC, Goutard FL, Roulleau F, Holl D, Thanapongtharm W, Roger FL, et al. Quantitative assess-
ment of a spatial multicriteria model for highly pathogenic avian influenza H5N1 in Thailand, and appli-
cation in Cambodia. Sci Rep. 2016; 6: 31096. https://doi.org/10.1038/srep31096 PMID: 27489997

Alimi TO, Fuller DO, Herrera SV, Arevalo-Herrera M, Quinones ML, Stoler JB, et al. A multi-criteria deci-
sion analysis approach to assessing malaria risk in northern South America. BMC Public Health. 2016;
16: 221. https://doi.org/10.1186/s12889-016-2902-7 PMID: 26940004

Stevens KB, Gilbert M, Pfeiffer DU. Modeling habitat suitability for occurrence of highly pathogenic
avian influenza virus H5N1 in domestic poultry in Asia: A spatial multicriteria decision analysis
approach. Spat Spatio-temporal Epidemiol. 2013; 4: 1—14. https://doi.org/10.1016/j.sste.2012.11.002
PMID: 23481249

Mylne A, Brady OJ, Huang Z, Pigott DM, Golding N, Kraemer MUG, et al. A comprehensive database of
the geographic spread of past human Ebola outbreaks. Scientific Data. 2014; 1: 140042. https://doi.
org/10.1038/sdata.2014.42 PMID: 25984346

Walsh MG, Haseeb MA. The landscape configuration of zoonotic transmission of Ebola virus disease in
West and Central Africa: interaction between population density and vegetation cover. Peerd. 2015; 3:
e735. https://doi.org/10.7717/peerj.735 PMID: 25648654

Keita AK, Diix A, Diallo H, Calvignac-Spencer S, Sow MS, Keita MB, et al. Resurgence of Ebola virus in
Guinea after 5 years calls for careful attention to survivors without creating further stigmatization. Viro-
logical 2021. 12 Mar 2021 [cited 22 Jun 2021]. Available: https://virological.org/t/guinea-2021-ebov-
genomes/651

CE-FAO. Les données statistiques sur les produits forestiers non-ligneux en République de Guinée.
Projet GCP/INT/679/EC, 2000 [cited 28 Sep 2020]. Available from: http://www.fao.org/3/X6737F/
X6737F02.htm.

Wilson R. Guinea. In: Sayer JA, Harcourt CS, Collins NM, editors. The Conservation Atlas of Tropical
Forests Africa. 1992. London: Palgrave Macmillan UK pp. 193—-199. https://doi.org/10.1007/978-1-
349-12961-4_22

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009683  August 23, 2021 26/29


https://doi.org/10.1126/science.1092528
http://www.ncbi.nlm.nih.gov/pubmed/14726594
https://doi.org/10.7554/eLife.04395
http://www.ncbi.nlm.nih.gov/pubmed/25201877
https://doi.org/10.7554/eLife.16412
http://www.ncbi.nlm.nih.gov/pubmed/27414263
https://doi.org/10.3201/eid2303.160101
https://doi.org/10.3201/eid2303.160101
http://www.ncbi.nlm.nih.gov/pubmed/28221131
https://doi.org/10.1038/srep41613
http://www.ncbi.nlm.nih.gov/pubmed/28195145
https://doi.org/10.1038/s41598-017-14727-9
https://doi.org/10.1038/s41598-017-14727-9
http://www.ncbi.nlm.nih.gov/pubmed/29085050
https://doi.org/10.1371/currents.outbreaks.07992a87522e1f229c7cb023270a2af1
http://www.ncbi.nlm.nih.gov/pubmed/29034123
https://doi.org/10.1186/s12916-018-1127-2
http://www.ncbi.nlm.nih.gov/pubmed/30157921
https://doi.org/10.1016/j.tree.2012.10.011
http://www.ncbi.nlm.nih.gov/pubmed/23182683
https://doi.org/10.1371/journal.pntd.0004999
https://doi.org/10.1371/journal.pntd.0004999
http://www.ncbi.nlm.nih.gov/pubmed/27631374
https://doi.org/10.1016/j.tvjl.2008.05.010
http://www.ncbi.nlm.nih.gov/pubmed/18718800
https://doi.org/10.1038/srep31096
http://www.ncbi.nlm.nih.gov/pubmed/27489997
https://doi.org/10.1186/s12889-016-2902-7
http://www.ncbi.nlm.nih.gov/pubmed/26940004
https://doi.org/10.1016/j.sste.2012.11.002
http://www.ncbi.nlm.nih.gov/pubmed/23481249
https://doi.org/10.1038/sdata.2014.42
https://doi.org/10.1038/sdata.2014.42
http://www.ncbi.nlm.nih.gov/pubmed/25984346
https://doi.org/10.7717/peerj.735
http://www.ncbi.nlm.nih.gov/pubmed/25648654
https://virological.org/t/guinea-2021-ebov-genomes/651
https://virological.org/t/guinea-2021-ebov-genomes/651
http://www.fao.org/3/X6737F/X6737F02.htm
http://www.fao.org/3/X6737F/X6737F02.htm
https://doi.org/10.1007/978-1-349-12961-4%5F22
https://doi.org/10.1007/978-1-349-12961-4%5F22
https://doi.org/10.1371/journal.pntd.0009683

PLOS NEGLECTED TROPICAL DISEASES Risk mapping of Ebola virus spillover

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.
55.

56.

57.

58.

59.

Camara AA, Dugué P, Cheylan J-P, Kalms J-M. De la forét naturelle aux agroforéts en Guinée forest-
iere. Cah Agric. 2009; 18: 425-431. https://doi.org//10.1684/agr.2009.0325

De Wasseige C, Tadoum M, Eba’a Atyi R, Doumenge C. Les foréts du Bassin du Congo—Foréts et
changements climatiques. Neufchateau, Weyrich. 2015. pp. 127.

Mavoungou J, Makanga B, Acapovi-Yao G, Desquesnes M, M’batchi B. Chorologie des Tabanidae
(Diptera) dans la réserve de biosphére Ipassa-Makokou (Gabon) en saison des pluies. Parasite. 2012;
19: 165—171. https://doi.org/10.1051/parasite/2012192165 PMID: 22550628

Olivero J, Fa JE, Real R, Farfan MA, Marquez AL, Vargas JM, et al. Mammalian biogeography and the
Ebola virus in Africa. Mammal Rev. 2017; 47: 24-37. https://doi.org/10.1111/mam.12074

Alexander KA, Sanderson CE, Marathe M, Lewis BL, Rivers CM, Shaman J, et al. What Factors Might
Have Led to the Emergence of Ebola in West Africa? PLoS Neglect Trop D. 2015; 9: e0003652. https://
doi.org/10.1371/journal.pntd.0003652 PMID: 26042592

Pinzon JE, Wilson JM, Tucker CJ, Arthur R, Jahrling PB, Formenty P. Trigger events: enviroclimatic
coupling of Ebola hemorrhagic fever outbreaks. Am J Trop Med Hyg. 2004; 71: 664—674. hitps://doi.
org/10.4269/ajtmh.2004.71.664 PMID: 15569802

Tucker CJ, Wilson JM, Mahoney R, Anyamba A, Linthicum K, Myers MF. Climatic and ecological con-
text of the 1994—-1996 Ebola outbreaks. Photogramm Eng Remote Sensing. 2002; 68: 147—152.

Wollenberg Valero KC, Isokpehi RD, Douglas NE, Sivasundaram S, Johnson B, Wootson K, et al. Plant
Phenology Supports the Multi-emergence Hypothesis for Ebola Spillover Events. EcoHealth. 2018; 15:
497-508. https://doi.org/10.1007/s10393-017-1288-z PMID: 29134435

Walsh PD, Biek R, Real LA. Wave-Like Spread of Ebola Zaire. PLOS Biol. 2005; 3: €371. https://doi.
org/10.1371/journal.pbio.0030371 PMID: 16231972

Weingartl HM, Nfon C, Kobinger G. Review of Ebola virus infections in domestic animals. In: Roth JA,
Richt JA, Morozov IA, editors. Vaccines And Diagnostics for Transboundary Animal Diseases. Dev Biol.
2013. Dev Biol. Basel. pp. 135: 211-218. https://doi.org/10.1159/000178495 PMID: 23689899

Herkt KMB, Barnikel G, Skidmore AK, Fahr J. A high-resolution model of bat diversity and endemism for
continental Africa. Ecol Model. 2016; 320: 9-28. https://doi.org/10.1016/j.ecolmodel.2015.09.009

Saaty TL. Analytic Hierarchy Process. Encyclopedia of Biostatistics. American Cancer Society. 2005.
https://doi.org/10.1002/0470011815.b2a4a002

Castellanos Abella EA, Van Westen CJ. Generation of a landslide risk index map for Cuba using spatial
multi-criteria evaluation. Landslides. 2007; 4: 311-325. https://doi.org/10.1007/s10346-007-0087-y

Olival KJ, Hayman DTS. Filoviruses in Bats: Current Knowledge and Future Directions. Viruses. 2014;
6, 1759-1788. https://doi.org/10.3390/v6041759 PMID: 24747773

Bermejo M, Rodriguez-Teijeiro JD, lllera G, Barroso A, Vila C, Walsh PD. Ebola Outbreak Killed 5000
Gorillas. Science. 2006; 314: 1564. https://doi.org/10.1126/science.1133105 PMID: 17158318

ESRI ArcGIS Desktop. Redlands, CA. USA

QGIS Development Team. QGIS Geographic Information System. Open Source Geospatial Founda-
tion Project. 2019; http://qgis.osgeo.org.

R: A language and environment for statistical computing. (R Foundation for Statistical Computing,
2019).

Crawley M.J., 2007. The R book. John Wiley & Sons.

Rimoin AW, Lu K, Bramble MS, Steffen |, Doshi RH, Hoff NA et al. Ebola Virus Neutralizing Antibodies
Detectable in Survivors of The Yambuku, Zaire Outbreak 40 Years after Infection. The J Infect Dis.
2018; 217:223-231. https://doi.org/10.1093/infdis/jix584 PMID: 29253164

Saéz AM, Weiss S, Nowak K,Lapeyre V, Zimmermann F, et al. Investigating the zoonotic origin of the
West African Ebola epidemic. EMBO Mol Med. 2016; 7: 17-23. https://doi.org/10.15252/emmm.
201404792 PMID: 25550396

Johnson EE, Escobar LE, Zambrana-Torrelio C. An Ecological Framework for Modeling the Geography
of Disease Transmission. Trends Ecol Evol. 2019; 34: 655-668. https://doi.org/10.1016/j.tree.2019.03.
004 PMID: 31078330

Gilbert M, Pfeiffer DU. Risk factor modelling of the spatio-temporal patterns of highly pathogenic avian
influenza (HPAIV) H5N1: a review. Spat Spatio-temporal Epidemiol. 2012; 3: 173—183. https://doi.org/
10.1016/j.sste.2012.01.002 PMID: 22749203

Rakotoarison HA, Rasamimalala M, Rakotondramanga JM, Ramiranirina B, Franchard T, Kapesa L,
et al. Remote Sensing and Multi-Criteria Evaluation for Malaria Risk Mapping to Support Indoor Resid-
ual Spraying Prioritization in the Central Highlands of Madagascar. Remote Sensing 2020; 12: 1585.
https://doi.org/10.3390/rs12101585

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009683  August 23, 2021 27/29


https://doi.org//10.1684/agr.2009.0325
https://doi.org/10.1051/parasite/2012192165
http://www.ncbi.nlm.nih.gov/pubmed/22550628
https://doi.org/10.1111/mam.12074
https://doi.org/10.1371/journal.pntd.0003652
https://doi.org/10.1371/journal.pntd.0003652
http://www.ncbi.nlm.nih.gov/pubmed/26042592
https://doi.org/10.4269/ajtmh.2004.71.664
https://doi.org/10.4269/ajtmh.2004.71.664
http://www.ncbi.nlm.nih.gov/pubmed/15569802
https://doi.org/10.1007/s10393-017-1288-z
http://www.ncbi.nlm.nih.gov/pubmed/29134435
https://doi.org/10.1371/journal.pbio.0030371
https://doi.org/10.1371/journal.pbio.0030371
http://www.ncbi.nlm.nih.gov/pubmed/16231972
https://doi.org/10.1159/000178495
http://www.ncbi.nlm.nih.gov/pubmed/23689899
https://doi.org/10.1016/j.ecolmodel.2015.09.009
https://doi.org/10.1002/0470011815.b2a4a002
https://doi.org/10.1007/s10346-007-0087-y
https://doi.org/10.3390/v6041759
http://www.ncbi.nlm.nih.gov/pubmed/24747773
https://doi.org/10.1126/science.1133105
http://www.ncbi.nlm.nih.gov/pubmed/17158318
http://qgis.osgeo.org
https://doi.org/10.1093/infdis/jix584
http://www.ncbi.nlm.nih.gov/pubmed/29253164
https://doi.org/10.15252/emmm.201404792
https://doi.org/10.15252/emmm.201404792
http://www.ncbi.nlm.nih.gov/pubmed/25550396
https://doi.org/10.1016/j.tree.2019.03.004
https://doi.org/10.1016/j.tree.2019.03.004
http://www.ncbi.nlm.nih.gov/pubmed/31078330
https://doi.org/10.1016/j.sste.2012.01.002
https://doi.org/10.1016/j.sste.2012.01.002
http://www.ncbi.nlm.nih.gov/pubmed/22749203
https://doi.org/10.3390/rs12101585
https://doi.org/10.1371/journal.pntd.0009683

PLOS NEGLECTED TROPICAL DISEASES Risk mapping of Ebola virus spillover

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Rajabi M, Mansourian A, Bazmani A. Susceptibility mapping of visceral leishmaniasis based on fuzzy
modelling and group decision-making methods. Geospatial Health. 2012; 7: 37-50. https://doi.org/10.
4081/gh.2012.103 PMID: 23242679

Jones MEB, Schuh AJ, Amman BR, Sealy TK, Zaki SR, Nichol ST et al. Experimental Inoculation of
Egyptian Rousette Bats (Rousettus Aegyptiacus) with Viruses of the Ebolavirus and Marburgvirus Gen-
era. Viruses 2015; 7: 3420-3442. https://doi.org/10.3390/v7072779 PMID: 26120867

Paweska JT, Storm N, Grobbelaar AA, Markotter W, Kemp A, Jansen van Vuren P. Experimental Inocu-
lation of Egyptian Fruit Bats (Rousettus Aegyptiacus) with Ebola Virus. Viruses. 2016; 8: 29. https://doi.
org/10.3390/v8020029 PMID: 26805873

Olivero J, Fa JE, Farfan MA, Marquez AL, Real R, Juste FJ et al. Human Activities Link Fruit Bat Pres-
ence to Ebola Virus Disease Outbreaks. Mammal Rev. 2020; 50: 1-10. https://doi.org/10.1111/mam.
12173

Koch LK, Cunze S, Kochmann J, Klimpel S. Bats as putative Zaire ebolavirus reservoir hosts and their
habitat suitability in Africa. Sci Rep. 2020; 10: 14268. https://doi.org/10.1038/s41598-020-71226-0
PMID: 32868789

Kurpiers LA, Schulte-Herbriiggen B, Ejotre |, Reeder DM. Bushmeat and Emerging Infectious Dis-
eases: Lessons from Africa. In: Angelici FM, editor. Problematic Wildlife: A Cross-Disciplinary
Approach. 2016. pp. 507-51. Cham: Springer International Publishing. https://doi.org/10.1038/
srep26832 PMID: 27225584

Dia M. Evaluation de la problématique de la viande de brousse en Guinée. Document de Travail sur la
Gestion de la Faune Sauvage. FAO, 2005.

Drame M. Etude des pratiques socio-économiques et culturelles des communautés vivant a linterface
avec la faune sauvage favorisant les risques d’émergence du virus Ebola de la faune sauvage a
’'hnomme, et perception des pratiques de surveillance. Mémoire Master 2 Gestion Intégrée des Maladies
Animales Tropicales. Ecole Nationale Vétérinaire de Toulouse. 2018.

Plowrigth RK, Eby P, Hudson PJ, Smith IL, Westcott D, Bryden WL, et al. Ecological dynamics of
emerging bat virus spillover. P Roy Soc B-Biol Sci. 2015; 282: 20142124. https://doi.org/10.1098/rspb.
2014.2124 PMID: 25392474

Groseth A, Feldmann H, Strong JE. The ecology of Ebola virus. Trends Microbiol. 2007; 15: 408—416.
https://doi.org/10.1016/}.tim.2007.08.001 PMID: 17698361

Drexler JF, Corman VM, Wegner T, Tateno AF, Zerbinati RM, Gloza-Rausch F. Amplification of emerg-
ing viruses in a bat colony. Emerg Infect Dis. 2011; 17: 449-456. https://doi.org/10.3201/eid17083.
100526 PMID: 21392436

Amman BR, Carroll SA, Reed ZD, Sealy TK, Balinandi S, Swanepoel R. et al. Seasonal pulses of Mar-
burg virus circulation in juvenile Rousettus aegyptiacus bats coincide with periods of increased risk of
human infection. PLoS Pathog. 2012; 10: €1002877. https://doi.org/10.1371/journal.ppat.1002877
PMID: 23055920

Gazso, F. Ecologie des chauves-souris et périodes a risque accru de portage viral en Guinée. Vetagro
Sup / Université de Lyon, 2019. Available from: http://www2.vetagro-sup.fr/bib/fondoc/th_sout/dl.php?
file=2019lyon073.pdf.

Olson SH, Bounga G, Ondzie A, Bushmaker T, Seifert SN, Kuisma E et al. Lek-Associated Movement
of a Putative Ebolavirus Reservoir, the Hammer-Headed Fruit Bat (Hypsignathus Monstrosus), in
Northern Republic of Congo. PLoS ONE 2019; 14: e0223139. https://doi.org/10.1371/journal.pone.
0223139 PMID: 31574111

Fahr J, Abedi-Lartey M, Esch T, Machwitz M, Suu-Ire R, Wikelski M, et al. Pronounced Seasonal
Changes in the Movement Ecology of a Highly Gregarious Central-Place Forager, the African Straw-
Coloured Fruit Bat (Eidolon helvum). PLoS ONE. 2015; 10: e0138985. https://doi.org/10.1371/journal.
pone.0138985 PMID: 26465139

Jang H, Boesch C, Mundry R, Ban SD, Janmaat KRL. Travel linearity and speed of human foragers and
chimpanzees during their daily search for food in tropical rainforests. Sci Rep. 2019; 9: 11066. https://
doi.org/10.1038/s41598-019-47247-9 PMID: 31363113

Chapman CA, Balcomb SA, Gillespie TR, Skorupa JP, Struhsaker TT. Long-Term Effects of Logging
on African Primate Communities: A 28-Year Comparison from Kibale National Park, Uganda. Conserv
Biol. 2000; 14:207-217. https://doi.org/10.1046/j.1523-1739.2000.98592.x

Henry M, Barriere P, Gautier-Hion A, Colyn M. Species Composition, Abundance and Vertical Stratifica-
tion of a Bat Community (Megachiroptera: Pteropodidae) in a West African Rain Forest. J Trop Ecol
2004; 20: 21-29.

Richter HV & Cumming GS. First Application of Satellite Telemetry to Track African Straw-Coloured
Fruit Bat Migration. J Zool. 2008; 275: 172—76. https://doi.org/10.1111/j.1469-7998.2008.00425.x

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009683  August 23, 2021 28/29


https://doi.org/10.4081/gh.2012.103
https://doi.org/10.4081/gh.2012.103
http://www.ncbi.nlm.nih.gov/pubmed/23242679
https://doi.org/10.3390/v7072779
http://www.ncbi.nlm.nih.gov/pubmed/26120867
https://doi.org/10.3390/v8020029
https://doi.org/10.3390/v8020029
http://www.ncbi.nlm.nih.gov/pubmed/26805873
https://doi.org/10.1111/mam.12173
https://doi.org/10.1111/mam.12173
https://doi.org/10.1038/s41598-020-71226-0
http://www.ncbi.nlm.nih.gov/pubmed/32868789
https://doi.org/10.1038/srep26832
https://doi.org/10.1038/srep26832
http://www.ncbi.nlm.nih.gov/pubmed/27225584
https://doi.org/10.1098/rspb.2014.2124
https://doi.org/10.1098/rspb.2014.2124
http://www.ncbi.nlm.nih.gov/pubmed/25392474
https://doi.org/10.1016/j.tim.2007.08.001
http://www.ncbi.nlm.nih.gov/pubmed/17698361
https://doi.org/10.3201/eid1703.100526
https://doi.org/10.3201/eid1703.100526
http://www.ncbi.nlm.nih.gov/pubmed/21392436
https://doi.org/10.1371/journal.ppat.1002877
http://www.ncbi.nlm.nih.gov/pubmed/23055920
http://www2.vetagro-sup.fr/bib/fondoc/th_sout/dl.php?file=2019lyon073.pdf
http://www2.vetagro-sup.fr/bib/fondoc/th_sout/dl.php?file=2019lyon073.pdf
https://doi.org/10.1371/journal.pone.0223139
https://doi.org/10.1371/journal.pone.0223139
http://www.ncbi.nlm.nih.gov/pubmed/31574111
https://doi.org/10.1371/journal.pone.0138985
https://doi.org/10.1371/journal.pone.0138985
http://www.ncbi.nlm.nih.gov/pubmed/26465139
https://doi.org/10.1038/s41598-019-47247-9
https://doi.org/10.1038/s41598-019-47247-9
http://www.ncbi.nlm.nih.gov/pubmed/31363113
https://doi.org/10.1046/j.1523-1739.2000.98592.x
https://doi.org/10.1111/j.1469-7998.2008.00425.x
https://doi.org/10.1371/journal.pntd.0009683

PLOS NEGLECTED TROPICAL DISEASES Risk mapping of Ebola virus spillover

79.

80.

81.

82.
83.

84.

85.

86.

87.

Norris K, Asase A, Collen B, Gockowksi J, Mason J, Phalan B, et al. Biodiversity in a forest-agriculture
mosaic—The changing face of West African rainforests. Biol Conserv. 2010; 143: 2341-2350. https://
doi.org/10.1016/j.biocon.2009.12.032

Bloomfield LSP, MclIntosh TL, Lambin EF. Habitat fragmentation, livelihood behaviours, and contact
between people and nonhuman primates in Africa. Landscape Ecol. 2020; 35: 985-1000. https://doi.
org/10.1007/s10980-020-00995-w

Paige SB, Frost SDW, Gibson MA, Holland J, Shankar A, Switzer WM, et al. Beyond bushmeat: Animal
contact, injury, and zoonotic disease risk in western Uganda. EcoHealth. 2014; 11: 534-543. https://
doi.org/10.1007/s10393-014-0942-y PMID: 24845574

Ziegler S. et al. 2016. Mapping Bushmeat Hunting Pressure in Central Africa. Biotropica 48, 405—412.

Tammi |. Kalliola R. Spatial MCDA in marine planning: Experiences from the Mediterranean and Baltic
Seas. Mar Policy. 2014; 48: 73-83.

Brown JH, Mehlman DW, Stevens GC. Spatial Variation in Abundance. Ecology. 1995; 76: 2028—-2043.
https://doi.org/10.2307/1941678

Redding DW, Atkinson PM, Cunningham AA, Lo lacono G, Moses LM, Wood JLN, et al. Impacts of
environmental and socio-economic factors on emergence and epidemic potential of Ebola in Africa. Nat
Comm. 2019; 10: 4531. https://doi.org/10.1038/s41467-019-12499-6 PMID: 31615986

Glennon EE, Jephcott FL, Restif O, Wood JLN. Estimating undetected Ebola spillovers. PLOS
Neglected Tropical Diseases. 2019; 13: e0007428. https://doi.org/10.1371/journal.pntd.0007428 PMID:
31194734

Stark KD, Regula G, Hernandez J, Knopf L, Fuchs K, Morris RS, et al. Concepts for risk-based surveil-
lance in the field of veterinary medicine and veterinary public health: Review of current approaches.
BMC Health Serv Res. 2006; 6: 20. https://doi.org/10.1186/1472-6963-6-20 PMID: 16507106

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0009683  August 23, 2021 29/29


https://doi.org/10.1016/j.biocon.2009.12.032
https://doi.org/10.1016/j.biocon.2009.12.032
https://doi.org/10.1007/s10980-020-00995-w
https://doi.org/10.1007/s10980-020-00995-w
https://doi.org/10.1007/s10393-014-0942-y
https://doi.org/10.1007/s10393-014-0942-y
http://www.ncbi.nlm.nih.gov/pubmed/24845574
https://doi.org/10.2307/1941678
https://doi.org/10.1038/s41467-019-12499-6
http://www.ncbi.nlm.nih.gov/pubmed/31615986
https://doi.org/10.1371/journal.pntd.0007428
http://www.ncbi.nlm.nih.gov/pubmed/31194734
https://doi.org/10.1186/1472-6963-6-20
http://www.ncbi.nlm.nih.gov/pubmed/16507106
https://doi.org/10.1371/journal.pntd.0009683

