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Figure 5. Predicted geographical distribution of the zoonotic niche for Ebola virus. (A) Shows the total populations
living in areas of risk of zoonotic transmission for each at-risk country. The grey rectangle highlights countries in
which index cases of Ebola virus disease have been reported (Set 1); the remainder are countries in which risk of
zoonotic transmission is predicted, but in which index cases of Ebola have not been reported (Set 2). These
countries are ranked by population at risk within each set. The population at risk Figure in 100,000 s is given above
each bar. (B) Shows the predicted distribution of zoonotic Ebola virus. The scale reflects the relative probability that
zoonotic transmission of Ebola virus could occur at these locations; areas closer to 1 (red) are more likely to harbour
zoonotic transmission than those closer to 0 (blue). Countries with borders outlined are those which are predicted
to contain at-risk areas for zoonotic transmission based on a thresholding approach (see ‘Materials and methods’).
Figure 5. Continued on next page
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Figure 5. Continued

The area under the curve statistic, calculated under a stringent 10-fold cross-validation procedure is 0.85 + 0.04.
Solid lines represent Set 1 whilst dashed lines delimit Set 2. Areas covered by major lakes have been masked white.
DOI: 10.7554/eLife.04395.009

The following figure supplements are available for figure 5:

Figure supplement 1. Covariates used in predicting zoonotic transmission niche of Ebola.

DOI: 10.7554/eLife.04395.010

Figure supplement 2. Marginal effect plots for each covariate used in the Ebola virus distribution model.

DOI: 10.7554/eLife.04395.011

Figure supplement 3. Comparison of predictions for zoonotic niche of Ebola virus excluding the Guinea outbreak.
DOI: 10.7554/eLife.04395.012

in Set 1 and Nigeria, Cameroon and CAR are top in Set 2. For a full listing of these populations living
in areas of risk, see the stacked bar plot in Figure 5A.

National level demographic and mobility changes
Over the 40 year period since discovery of EVD, the total population living in those countries pre-
dicted to be within the zoonotic niche has nearly tripled (from 230 million to 639 million) and the
proportion of the population in these countries living in an urban (rather than rural) setting has changed
from 25.5% to 59.2% (Figure 6).

Data on the connectivity of human populations over this period were not available. We can infer
however, intuitively, empirically and theoretically (Zipf, 1946; Simini et al., 2012) that rates of popu-
lation movement within a country will scale directly in proportion to population growth.

International connectivity by airline traffic
Records of passenger seat capacity are available since 2000 and show substantive increases over the
period in Set 1 (from 2.96 to 4.77 million, a fractional change of 1.61) and Set 2 (from 5.6 to 15.6 mil-
lion, a change of 2.8) (Figure 7A). More specific data on passenger volumes show almost universally
similar increases since 2005 with Set 1 nations changing from 2 million to 2.5 million, a fractional
change of 1.22 and Set 2 changing from 5 million to 7.9 million, a change of 1.57 (Figure 7B).

Global analysis of airline passenger volumes demonstrates that international connectivity has
increased amongst all global regions and national income strata (Figure 8). Total passenger volumes
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Figure 6. Changes in national population for countries predicted to contain areas at-risk of zoonotic Ebola virus transmission. For each country the
population (in millions) is presented for three time periods (1976, 2000 and 2014) as three bars. Each stacked bar gives the rural (green) and urban (blue)
populations of the country. The grey rectangle highlights countries in which index cases of Ebola virus diseases have been reported (Set 1); the remain-
der are countries in which risk of zoonotic transmission is predicted, but where index cases have not been reported (Set 2). The fractional change in
population between 1976 and 2014 is given above each set of bars.

DOI: 10.7554/eLife.04395.013
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Figure 7. Changes in international flight capacity and traveller volumes for countries predicted to contain areas at-risk of zoonotic Ebola virus transmis-
sion. The grey rectangle highlights countries in which index cases of EVD have been reported (Set 1). The remainder are countries in which risk of
zoonotic transmission is predicted, but where index cases have not been reported (Set 2). (A) Shows changes in annual outbound international seat
capacity (between 2000 in red and 2013 in blue). (B) Depicts changes in annual outbound international passenger volume by country (between 2005 in
red and 2012 in blue). For each country, the fractional change in volume is given above each set of bars. Note that only one bar is presented for South
Sudan as data for this region prior to formation of the country in 2011 were unavailable.

DOI: 10.7554/elife.04395.014

have increased by a third from 9.5 to over 14 million during the eight year window (2005-2012) where
records are available. The largest increases have occurred in WHO regions (WHO, 2014b) outside of the
sub-Saharan African region (AFRO) (Figure 8A,B). In 2012, almost half of the final destinations of those
travelling from these at-risk countries were to other AFRO nations (47%). Other frequent destinations
were in Europe (EURO; 27%) and the Eastern Mediterranean (EMRO; 13%). Similarly, analysis of pas-
senger volumes by World Bank national income groupings (WHO, 2014b) (Figure 8C,D) show that in
2012 40% of all passenger final destinations were to low or low-middle income countries.

Discussion

Summary of the main findings

We have re-evaluated the zoonotic niche for EVD in Africa. In doing so we have (i) used all existing
outbreaks to assemble an inventory of index cases (n = 30); (ii) added to this all confirmed records of
Ebola virus in animals (n = 51); (iii) assembled more accurate and contemporary environmental covari-
ates including new maps of the distribution of confirmed OWFB reservoirs of the disease; and (iv) used
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Figure 8. Numbers of airline passengers arriving from at-risk countries to other countries stratified by major geographic regions and national income
groups. (A) Shows the locations of WHO regions (AFRO-African Region; AMRO-Region of the Americas; EMRO-Eastern Mediterranean Region;
EURO-European Region; SEARO-South-East Asian Region; WPRO-Western Pacific Region). (B) Displays the numbers of passengers arriving in each of
these regions from countries predicted to contain areas at risk of zoonotic Ebola virus transmission (Sets 1 and 2) in 2005 and 2012. (C) Shows the income
tiers of all countries as defined by the World Bank. (D) Displays the total numbers of passengers arriving in countries in each of these income strata from
at-risk countries in 2005 and 2012. The number above each pair of bars indicates the fractional change in these numbers of incoming passengers

between 2005 and 2012.
DOI: 10.7554/elife.04395.015

the latest niche modelling techniques to predict the geographic distribution of potential zoonotic
transmission of the disease. Using these predictions we have estimated the populations at risk
of EVD both in countries which have confirmed index cases (Set 1, n = 7) and those for which we
predict strong environmental suitability for outbreaks (Set 2, n = 15). In all countries at risk we
show that since the discovery of EVD in 1976, urban and rural populations have increased and
have become more interconnected both within and across national borders. During the last 40 years
the increasing size and connectivity of these populations may have facilitated the subsequent spread
of EVD outbreaks. These factors underline a change in the way in which EVD interacts with human
populations.

Interpreting the zoonotic niche

The remote and isolated nature of Ebola zoonotic transmission events, paired with the relatively poor
diagnostics and understanding of the disease transmission routes in early outbreaks, mean that under-
reporting of previous outbreaks is probable. An increasing understanding and description of a broader
range of symptoms used in case definitions of EVD (Leroy et al., 2000; Feldmann and Geisbert,
2011) also increase the possibility that past outbreaks may have been misattributed to different dis-
eases (Tignor et al., 1993). This poor detectability of EVD also clearly limits capacity to accurately
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identify the locations and transmission routes of index cases (Heymann et al., 1980; Baize et al.,
2014). We must assume, as has been done previously (Peterson et al., 2004a; Jones et al., 2008),
that the first reported cases are representative of the true location of the index cases. Where possible
we have represented this geographic uncertainty by attributing the index case to a wide-area polygon
which then incorporated this uncertainty into the mapping process (see ‘Materials and methods’).

The relationship between the EVD niche and the environmental covariates (Figure 5—figure
supplement 2), particularly the high relative contribution of the vegetation index, underscore that
there are clear environmental limits to transmission of the virus from animals to humans, and that
ecoregions dominated by rainforest are the primary home of such zoonotic cycles. Our analysis has
shown that the zoonotic niche of the pathogen is more widespread than previously predicted or
appreciated (Peterson et al., 2004a), most notably in West Africa.

This analysis used information from all human outbreaks and animal infections to delineate the
likely zoonotic niche of the disease. Further analysis, excluding the existing outbreak focussed in
Guinea from the dataset used to train the model (Figure 5—figure supplement 3), still resulted in
prediction of high suitability in this region, with the presumed index village located within 5 km of an
at-risk pixel. This implies that the eco-epidemiological situation in Guinea is very similar to that in past
outbreaks, mirroring phylogenetic similarity in the causative viruses (Dudas and Rambaut, 2014; Gire
et al., 2014). The ecological similarity between the past and current outbreaks also lends support to
the notion that the scale of this outbreak is more heavily influenced by patterns of human-to-human
transmission than any expansion of the zoonotic niche.

Interpreting population at risk

It is important to appreciate that this zoonotic niche map delineates areas in which populations are
at-risk of zoonotic transmission of EVD (Figure 5B). It does not predict the likelihood of EVD spill-
over, the likelihood of an outbreak establishing, or its subsequent rate of spread within a population.
Increasing human encroachment and certain cultural practices sometimes linked with poverty, such as
bushmeat hunting, result in increasing exposure of humans to animals which may harbour diseases
including Ebola (Daszak, 2000; Wolfe et al., 2005, 2007). Increasing human population may accel-
erate the degree of risk through these processes but spatially refined information on these factors is
not available comprehensively. It is hoped that as the understanding of the risk factors for zoonotic
transmission of Ebolavirus to humans increases, it will be possible to incorporate this information into
future risk mapping assessments.

Previous considerations of the geographic distribution of EVD have used human outbreaks alone.
We have updated this work to include the last decade of outbreaks, as well as disaggregated out-
breaks where evidence suggests multiple independent zoonotic transmission events overlap in space
and time. Furthermore, our modelling process accommodates uncertainty in geopositioning of these
index cases by utilising both point and polygon data. In addition, we include occurrence of infection
in wildlife, important to the wider scale of zoonotic transmission (Figure 1), which in total has increased
the dataset used in the model to 81 occurrences. The rareness of EVD outbreaks and the prevalence
of detectable Ebola virus in reservoir species suggests that there will always be a limited set of obser-
vation data when compared to mapping of more prevalent zoonoses (Pigott et al., 2014). The results
demonstrate predictive skill using a stringent validation procedure, however, indicating strong model
performance even with this relatively limited observation dataset.

A broad zoonotic niche is predicted across 22 countries in Central and West Africa. Whilst sev-
eral of these countries have reported index cases of EVD, others have not, although serological evi-
dence in some regions points to possible underreporting of small-scale outbreaks (Kuhn, 2008).
With improved ecological understanding, particularly with improvements to our knowledge of specific
reservoir species and their distributions, it may be possible to delineate areas not at risk due to the
absence of these species.

Despite relatively a large population living in areas of risk and the widespread practice of bush-
meat hunting in these predicted areas (Wolfe et al., 2005; Mfunda and Reskaft, 2010; Brashares
et al., 2011; Kamins et al., 2011), Ebolavirus is rare both in suspected animal reservoirs (Leroy et al.,
2005; Olival and Hayman, 2014) and in terms of human outbreaks (Table 1). There is some indication
however, that the frequency of Ebola outbreaks has increased since 2000, as shown in Figure 2A. We
have shown that the human population living within this niche is larger, more mobile and better inter-
nationally connected than when the pathogen was first observed. As a result, when spillover events do
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