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Ebolavirus disease (EVD) outbreaks have been occur-
ring sporadically in Central Africa since 1976. In
2014, the first outbreak in West Africa was reported
in Guinea. Subsequent outbreaks then appeared in
Liberia, Sierra Leone and Nigeria. The study of envi-
ronmental factors underlying EVD epidemiology may
provide useful insights into when and where EVD
outbreaks are more likely to occur. In this paper, we
aimed to investigate the association between climatic
factors and onset of EVD outbreaks in humans. Our
results suggest lower temperature and higher abso-
lute humidity are associated with EVD outbreak onset
in the previous EVD outbreaks in Africa during 1976
to 2014. Potential mechanisms through which climate
may have an influence on ebolavirus infection in the
natural host, intermediate hosts and humans are dis-
cussed. Current and future surveillance efforts should
be supported to further understand ebolavirus trans-
mission events between and within species.

Introduction

Ebolaviruses were first recognised as causing ebola-
virus disease (EVD) in humans in outbreaks in South
Sudan and the Democratic Republic of the Congo in
Central Africa in 1976 [1,2]. The recent EVD outbreak
in Guinea in 2014 is the first reported in West Africa
[3]. Initial confirmed and probable cases in Liberia and
Sierra Leone are reported to have travelled to Guinea
[4]. These cases were followed by more extensive out-
breaks in the two countries and later on a small num-
ber of ebolavirus disease cases were also detected in
Nigeria. Genome sequencing analyses revealed that
the Zaire ebolavirus causing the outbreak in Guinea
was 97% identical to the Zaire ebolaviruses that had
previously caused an outbreak in the Democratic
Republic of the Congo and Gabon [5]. Phylogenetic
analyses showed the virus isolated in Guinea belongs
to a separate clade from previous Zaire ebolaviruses
identified in the Democratic Republic of the Congo and
Gabon [5]. Other ebolaviruses identified in previous
EVD outbreaks in humans in Africa included the Sudan,
Cote d’lvoire and Bundibugyo species [1,6]. Despite the
capacity of ebolaviruses to be transmitted between
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species, including humans, only sporadic outbreaks
have been reported and most of them were limited to
Central Africa. The spread of the current EVD outbreak
outside central African countries to those in western
Africa with a high volume of cross-border and inter-
national travel have raised concern regarding further
spread to other countries within and outside Africa.
Despite recent progress in human trials of treatment
and vaccines, ebolavirus infections continue to pose a
serious public health threat due to the high case fatal-
ity risk.

In some previous outbreaks, investigations revealed
a clear connection between EVD and contact with the
natural reservoir or infected intermediate hosts includ-
ing bats, chimpanzees and other primates [1,7]. The
European Centre for Disease Prevention and Control
rapid risk assessment concluded direct contact with
contaminated secretions, blood, organs and other bod-
ily fluids of living or dead infected persons or animals
or with objects heavily contaminated with such fluids
have a high potential to lead to transmission [8]. EVD
has also arisen as a result of importation of infected
animals and laboratory contamination [1] but was not
followed by sustained human-to-human transmission.

Seasonal and cyclical patterns of ebolavirus infections
have been observed, suggesting seasonal changes
in factors such as climate maybe useful predictors of
EVD outbreaks [9,10]. Examination of these factors
may also provide some insight into why EVD had been
limited to central parts of Africa in the past and why it
has started to appear in West Africa. The objective of
this study was to investigate the association between
climatic conditions and EVD outbreaks in Africa that
occurred between 1976 and 2014, and to discuss
potential mechanisms to which climate may have an
influence on ebolavirus infection in the natural host,
intermediate hosts and humans.



TABLE 1

Characteristics of human ebolavirus disease outbreaks in five African countries included in analyses of the effect of climatic
conditions, 1976-2014

Onelolfist  Endoflest Yewsofdinsie | Ebolavius mpetare | humidiy.
yse species in °C (SD) in kg/m3 (SD)
Guékédou Jan 2014 Ongoing 2013-2014° Zaire 25.53 (0.96) 16.50 (1.55)
Guinea Macenta Jan 2014 Ongoing 2013-2014° Zaire 24.79 (0.94) 15.22 (1.50)
Kissidougou Jan 2014 Ongoing 2013-2014° Zaire 25.31 (1.08) 15.70 (2.04)
Andock Dec 1994 Feb 1995 1993-1995 Zaire 26.50 (1.08) 20.10 (1.27)
Gabon Mayibout Il Jan 1996 Apr1996 1995-1996 Zaire 24.80 (0.94) 18.38 (0.62)
Booué Jul 1996 Jan 1997 1995-1997 Zaire 26.37 (0.93) 19.76 (0.88)
Ogooué-lvindo Oct 2001 Mar 2002 2000-2002 Zaire 25.38 (1.06) 18.86 (0.74)
Bumba Sep 1976 Oct 1976 1975-1976 Zaire 24.94 (0.63) 18.17 (0.35)
Tandala Jun 1977 Jun 1977 1976-1977 Zaire 25.50 (0.70) 18.67 (0.57)
Kikwit Jan 1995 Jul 1995 1994—1995 Zaire 25.18 (0.57) 17.55 (1.54)
E::uobﬁ;st;‘;the Cuvette-Ouest Dec 2002 Dec 2003 2001-2003 Zaire 24.93 (0.89) 18.49 (0.74)
Congo Kasai Occidental May 2007 Oct 2007 2006-2007 Zaire 24.84 (0.53) 18.21 (0.80)
Mweka Nov 2008 Jan 2009 2007-2009 Zaire 24.81 (0.55) 18.21 (0.80)
Luebo Nov 2008 Jan 2009 2007-2009 Zaire 24.44 (0.61) 17.75 (0.96)
Isiro Aug 2012 Oct 2012 2011-2012 Zaire 24.32 (1.36) 18.45 (0.97)
Nzara Jun 1976 Oct 1979 1975-1979 Sudan 24.27 (0.98) 15.95 (1.57)
South Sudan
Yambio Apr 2004 Jun 2004 2003-2004 Sudan 26.05 (1.18) 17.51 (1.73)
Gulu Aug 2000 Jan 2001 1999-2001 Sudan 24.69 (1.26) 15.27 (1.59)
Masindi Aug 2000 Dec 2000 1999—2000 Sudan 23.17 (0.87) 15.15 (0.87)
Uganda Mbarara Aug 2000 Jan 2001 1999-2001 Sudan 19.79 (0.66) 13.00 (0.75)
Bundibugyo Aug 2007 Dec 2007 2006-2007 Bundibugyo 18.76 (1.16) 13.02 (0.81)
Luwero May 2011 Nov 2012 2010-2012 Sudan 23.27 (1.26) 15.54 (0.95)
Kibaale Jul 2012 Aug 2012 2011-2012 Sudan 25.19 (0.99) 16.20 (1.82)

SD: standard deviation.

2 Climate data were available until 2012; climatic conditions in 2013 and 2014 were imputed from climate data during the previous three years.

Methods

Sources of data

A total of 28 reported EVD outbreaks in Africa were
identified from records and references listed on
the United States Centers for Disease Control and
Prevention website [1]. These outbreaks have occurred
in the Democratic Republic of the Congo, Congo, South
Sudan, Gabon and Uganda since 1976, and recently in
Guinea. Because this study is focused on emergence
and local transmission of the viruses, two reports
involving a medical professional who treated a case
from an outbreak in Gabon and later travelled imme-
diately to South Africa in 1996, and a scientist who
performed an autopsy of a wild chimpanzee in Cote
d’lvoire in 1994 were excluded.

The onset of an outbreak is defined by the date of the
first reported probable or laboratory-confirmed case.
Climate data, including ambient temperature, vapour
pressure and dew point, at the outbreak locations were
obtained from the Climate Research Unit, University of

East Anglia, United Kingdom [11]. Absolute humidity
was calculated using the conversion formula published
by the National Aeronautics and Space Administration
[12].

Statistical methods

A distributed lag non-linear model (DLNM) developed
by Gasparrini et al. [13] was used in our analyses to
examine the association between climatic factors and
EVD outbreaks [7]. DLNM was used since it allows for
a non-linear exposure—response relationship and pro-
vides flexibility in modelling the time structure of the
relationship. The time structure is specified so that the
log odds of an EVD outbreak can vary between each lag
period following exposure of humans and intermediate
host and natural host populations to certain climatic
conditions at each outbreak area.

An earlier report of a detailed EVD outbreak investiga-
tion suggested exposure of the first cases to infected
bats might precede detected outbreaks in humans by
three months [7]. Lagged effects of one month, two
months and three months were considered when our
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FIGURE 1

Geographical distribution of human ebolavirus disease outbreaks included in analyses of monthly temperature and absolute

humidity, 1976-2014
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The red circles represent the outbreak areas.

models were fitted. The relationship between exposure
variables (monthly temperature and absolute humidity)
and the log odds of response (onset of an EVD outbreak
in humans) were specified using first (linear) and sec-
ond (quadratic) degree orthogonal polynomials in bino-
mial regression models. Likewise, zeroth (uniform),
first (linear) and second (quadratic) degree orthogonal
polynomials were used to specify the time structure of
the exposure-response relationship.

Climate data were available until 2012 and the monthly
temperature and absolute humidity in 2013 and 2014
were imputed using the mean same month observa-
tions during the previous three years. Climate data for
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South Sudan
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Gabon was used for one outbreak that occurred at the
border between Congo and Gabon.

Annual climate data from the year before the first out-
break to the year of the last outbreak at each outbreak
area were analysed. Odds ratios of EVD outbreaks asso-
ciated with deviation from mean climatic conditions
over these years were calculated. The standardised
monthly temperature and absolute humidity were visu-
alised and variance inflation factors were calculated to
inspect for multicollinearity between the two explana-
tory variables. The standardisation was carried out
within each of the smallest geographical jurisdictions
described in the outbreak reports. Separate models



FIGURE 2

Standardised monthly temperature and absolute humidity in five African countries with human ebolavirus disease

outbreaks?, 1976-2014
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The observations during onset months of ebolavirus disease outbreaks are highlighted as black circles. The mean and standard deviation of
temperature and absolute humidity and the years of climate data included in the analyses for each outbreak area can be found in Table 1.

2 Democratic Republic of the Congo, Gabon, Guinea, South Sudan and Uganda. An outbreak occurring at the border of the Republic of Congo

and Gabon was included here as an outbreak in Gabon.

were used for temperature and absolute humidity when
evidence of multicollinearity was observed.

General estimating equations (GEE) [14] were used to
adjust for correlations between multiple observations
within the smallest geographical jurisdiction described
in the outbreak reports. Both pooled and stratified
analyses were performed for the five outbreak coun-
tries: the Democratic Republic of the Congo, Gabon,
Guinea, South Sudan and Uganda. Quasilikelihood
under the independence model criterion (QIC) is a
modification of Akaike’s information criterion (AIC) for
models using GEE [15]. All model specifications were

evaluated using QIC and the final models with the low-
est QIC were selected.

Results

The geographical distribution of EVD outbreaks in the
Democratic Republic of the Congo, Gabon, Guinea,
South Sudan and Uganda is shown in Figure 1. The
mean and standard deviation of monthly temperature
and absolute humidity, causative ebolavirus species
and outbreak period in each outbreak area are listed in
Table 1 [1,6,16]. In Guinea, the mean temperature was
rather similar to that of other areas with outbreaks of
Zaire ebolavirus disease (in the Democratic Republic
of the Congo and Gabon), while the mean absolute
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FIGURE 3

Correlation between standardised mean monthly temperature and absolute humidity in five African countries with human

ebolavirus disease outbreaks?, 1976-2014
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The correlation between standardised mean monthly temperature and absolute humidity is shown as grey circles. The observations during
onset months of ebolavirus disease outbreaks are highlighted as black circles. The years of climate data included in the analyses for each

outbreak area can be found in Table 1.

2 Democratic Republic of the Congo, Gabon, Guinea, South Sudan and Uganda. An outbreak occurring at the border of the Republic of Congo

and Gabon was included here as an outbreak in Gabon.

humidity was lower, as in areas where previous out-
breaks of Sudan ebolavirus disease occurred (Sudan
and Uganda) [1]. Standardised monthly temperature
and absolute humidity in the five countries analysed
are shown in Figure 2. Consistent patterns in annual
variation of temperature were observed across the five
countries: June to August was generally cooler than the
mean with February to April being the warmer months.
The annual pattern of absolute humidity was, however,
less consistent between countries. While the abso-
lute humidity remained above the mean from April to
November in Guinea and South Sudan, only March and
April were more humid in the other three countries. In
Gabon, July and August were noticeably drier, but this
was not seen elsewhere. Since temperature and abso-
lute humidity in the Democratic Republic of the Congo
and Gabon were highly positively correlated (Figure
3), separate models were used in analysing their cor-
relation with EVD outbreak onset. The variance infla-
tion factors were low in Guinea, South Sudan, Uganda
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and in the pooled analyses, therefore temperature and
absolute humidity were included as covariates in the
same models.

In the pooled analysis, the best-fitting model speci-
fied a uniform exposure-response relationship across
the two months’ lag period for temperature and the
three months’ lag period for absolute humidity (Table
2). Lower temperature and higher humidity (standard
deviation) were found to log-linearly associate with
increased risk of human EVD outbreak onset during
each month in the lag periods. The estimated cumu-
lative log odds ratio of human EVD outbreak onset at
each month following exposure of humans and inter-
mediate host and natural host populations to cer-
tain climatic conditions are shown in Figure 4. These
associations were shown to be statistically significant
across the entire lag period (Tables 3 and 4). Analyses
stratified by country were underpowered and analyses
only including areas with Zaire ebolavirus outbreaks



TABLE 2

Model specifications of the best-fitting models selected based on quasilikelihood under the independence model criterion,
in five African countries with human ebolavirus outbreaks, 1976-2014

How odds ratio

vz e Lag period Degree of orthogonal Degree of orthogonal How odds ratio PrERTG
fogllgwin following polynomial used to polynomial used to vary across la y eriod
Country and outbreaks -~ osureagto exposure? specify the relationship specify the relationship lag period fogllein
by ebolavirus species P to absolute between temperature between absolute following s
temperature S Ly exposurea
(in months) humidity (in and the log odds of EVD humidity and the log exposurea to o BbeEliE
months) outbreak odds of EVD outbreak temperature humidi
umidity
Country
Pooled 2 3 1st 1st Uniform Uniform
Guinea® - - - - - -
Gabon¢ 2 NA 1st NA Uniform NA
Gabon? NA 2 NA 1st NA Uniform
It:)heemcoocr:;gcc Republic of 2 NA 1st NA Uniform NA
Pheemcoocrzggf Republic of NA 1 NA 2nd NA Uniform
South Sudan 1 1 1st 1st Uniform Uniform
Uganda 2 3 1st 2nd Uniform Uniform
Ebolavirus species
Zaire species outbreaks 2 1st 1st Uniform Uniform
Sudan species outbreaks 2 3 1st 1st Uniform Uniform
Bundibugyo species _ _ B B B _
outbreaks®

EVD: ebolavirus disease; NA: not applicable.

2 Exposure of humans and intermediate host and natural host populations.
® The analysis was not performed due to insufficient number of outbreaks.

¢Model including temperature as explanatory variable.
4 Model including absolute humidity as explanatory variable.

produced consistent conclusions (Figure 5). Stratified
analyses for Sudan and Bundibugyo species were
underpowered. The specifications of the best-fitting
stratified models can be found in Table 2.

Discussion

Our analyses of human EVD outbreaks in Africa sug-
gest that the onset of these outbreaks was associated
with conditions with higher absolute humidity and
lower temperature when their time-lagged effects are
taken into account. This is one of the first studies to
examine the association between climatic factors and
EVD outbreaks in humans. Our findings are consistent
with the prediction of previous ecological niche models
that ebolaviruses are more likely to be distributed in
areas of humid Afrotropic rainforests where the tem-
perature is moderate [17]. Previous EVD outbreaks in
humans have been observed in both dry and wet sea-
sons [9,10,18-20]. This is consistent with our analysis
(Figure 2), which shows that when the time-lagged
effect of environmental exposure is not considered,
EVD outbreaks do not have a clear association with
temperature and humidity.

On the basis of knowledge of ebola-related viruses,
there has been speculation that plants, arthopods,

bats and many other animals could be the natural host
for ebolaviruses [21]. However, to date, evidence of
potential ebolavirus persistence has only been found
in bats [22]. Further animal virological studies are
required to identify and verify all natural host species
for ebolaviruses. Although seasonal patterns of ebola-
virus infections among bats and other potential natural
hosts have not been fully characterised, seropreva-
lence studies in bats have found the highest rates of
seropositivity among adults and pregnant females [23].
This finding leads to the postulation that fighting and
mating among bats may be associated with ebolavirus
transmission [23]. These behaviours have been docu-
mented to be most frequent during rainy or wet sea-
sons [24]: this may partly explain how climatic factors
are associated with ebolavirus infection risk among
bats, one of the potential natural hosts.

Viral persistence studies in EVD patients have found
the virus to be more persistent in semen than in other
bodily fluids and fomites [25]. Ebolavirus was found to
remain detectable in semen for up to 91 days [26]. This
finding highlights the relative importance of sexual
transmission, if virus shedding in bats follows a simi-
lar pattern.

www.eurosurveillance.org



FIGURE 4

Estimated cumulative odds ratios of onset of human ebolavirus disease outbreaks at each month following exposure of
humans and intermediate host and natural host populations to certain climatic conditions in five African countries with

human ebolavirus disease outbreaks?, 1976-2014
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Cl: confidence interval; OR: cumulative odds ratio; SD: standard deviation.

The lag period was two months for the effect of temperature and three months for absolute humidity. The OR was calculated with reference to
ebolavirus disease outbreak onset risk at mean temperature/absolute humidity conditions. The 95% Cls for the estimated cumulative log
OR at the end of the lag period are shown as the two lines enclosing the surface that shows the cumulative log OR. The mean and standard
deviation of temperature and absolute humidity, and the years of climate data included in the analyses for each outbreak area can be found

and Gabon was included here as an outbreak in Gabon.

TABLE 3

in Table 1. Numerical values for all ORs and 95% Cls can be found in Tables 3 and 4.
Democratic Republic of the Congo, Gabon, Guinea, South Sudan and Uganda. An outbreak occurring at the border of the Republic of Congo

Estimated cumulative odds ratio of onset of human ebolavirus disease outbreaks at each month following exposure to

temperature conditions?, 1976-2014

Same month
Temperature (SD)

First month Second month

OR (95% Cl)

OR (95% CI) OR (95% CI)
-3 1.71 (1.08-2.70) 2.93 (1.17-7.29) 5.00 (1.27-19.68)
-2 1.43 (1.06-1.94) 2.05 (1.11-3.76) 2.93 (1.17-7.29)
-1 1.20 (1.03-1.39) 1.43 (1.06-1.94) 1.71 (1.08-2.70)
o 1.00 (1.00-1.00) 1.00 (1.00-1.00) 1.00 (1.00-1.00)
1 0.84 (0.72-0.97) 0.70 (0.52-0.95) 0.58 (0.37-0.92)
2 0.70 (0.52-0.95) 0.49 (0.27-0.90) 0.34 (0.14-0.85)
3 0.58 (0.37-0.92) 0.34 (0.14-0.85) 0.20 (0.05-0.79)

Cl: confidence interval; OR: cumulative odds ratio; SD: standard deviation.

2 Estimated from the best-fitting model for the pooled analyses of outbreaks caused by Zaire, Sudan and Bundibugyo ebolaviruses in Guinea,
Gabon, Democratic Republic of the Congo, South Sudan and Uganda. The outbreak areas and time period included in the analyses are
described in Table 1. The best-fitting model included two months as the duration of the lag effect.

Seasonal migration of fruit bats may result in increased
contact with humans and other animals [10]. An out-
break investigation in the Democratic Republic of the
Congo in 2007 linked the first human case to migratory
bats that stayed in the area during the migratory sea-
son [7]. Further investigation should be carried out to
study whether disruption/change in migratory route or
virus acquisition in other bat species with a different
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geographical range would explain the first outbreak
in West Africa. Bats host many viruses that are highly
pathogenic in other mammals [27]. It has been hypoth-
esised that flight activities maintain a high body tem-
perature and metabolic rate, which may mimic the
effect of a febrile immune response in limiting viru-
lence of a virus that may otherwise be highly patho-
genic [27,28]. Seasonal environmental and behavioural



TABLE 4

Estimated cumulative odds ratios of onset of human ebolavirus disease outbreaks at each month following exposure to
absolute humidity conditions®, 1976-2014

Absolute humidity (SD)

Same month
OR (95% Cl)

First month
OR (95% Cl)
0.40 (0.16-1.00)

Second month
OR (95% Cl)
0.26 (0.07-1.00)

Third month
OR (95% Cl)
0.16 (0.03-1.00)

0.55 (0.30—-1.00)

0.40 (0.16-1.00)

0.30 (0.09-1.00)

-3 0.64 (0.40-1.00)
-2 0.74 (0.55-1.00)
-1 0.86 (0.74—1.00)
o

0.74 (0.55-1.00)

0.64 (0.40-1.00)

0.55 (0.30-1.00)

1.00 (1.00-1.00)

1.00 (1.00-1.00)

1.00 (1.00-1.00)

1.00 (1.00-1.00)

1.16 (1.00-1.35)

1.35 (1.00-1.83)

1.57 (1.00-2.47)

1.83 (1.00-3.34)

1.35 (1.00-1.83)

1.83 (1.00-3.34)

2.47 (1.00-6.11)

3.34 (1.00-11.18)

3

1.57 (1.00-2.47)

2.47 (1.00-6.11)

3.88 (1.00-15.11)

6.10 (1.00-37.37)

Cl: confidence interval; OR: cumulative odds ratio; SD: standard deviation.

2 Estimated from the best-fitting model for the pooled analyses of outbreaks caused by Zaire, Sudan and Bundibugyo ebolaviruses in Guinea,
Gabon, Democratic Republic of the Congo, South Sudan and Uganda. The outbreak areas and time period included in the analyses are
described in Table 1. The best-fitting model included three months as the duration of the lag effect.

FIGURE 5

Estimated cumulative odds ratios of onset of human Zaire ebolavirus disease outbreaks at each month following exposure

of humans and intermediate host and natural host populations to certain climatic conditions in three African countries
with human Zaire ebolavirus disease outbreaks?, 1976-2014
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Cl: confidence interval; OR: cumulative odds ratio; SD: standard deviation.

The lag period was two months for the effect of temperature and three months for absolute humidity. The OR was calculated with reference to
Zaire ebolavirus disease outbreak onset risk at mean temperature/absolute humidity conditions. The 95% Cls for the estimated cumulative
log OR at the end of the lag period are shown as the two lines enclosing the surface that shows the cumulative log OR. The mean and
standard deviation of temperature and absolute humidity, and the years of climate data included in the analyses for each outbreak area can

and Gabon was included here as an outbreak in Gabon.

factors such as long migratory flight may influence
body temperature and metabolic rate in bats. This may
result in altered susceptibility to and severity of ebola-
virus infection. Reduction in susceptibility and severity
may have bidirectional effects on ebolavirus transmis-
sion dynamics. While less severe infections may allow
infected bats to remain active in transmitting the virus,
reduction in susceptibility may reduce the overall infec-
tion rate among the bat population.

be found in Table 1. Numerical values for all ORs and 95% Cls can be found in Tables 3 and 4.
Democratic Republic of the Congo, Gabon, Guinea, South Sudan and Uganda. An outbreak occurring at the border of the Republic of Congo

Peaks in mortality due to EVD in chimpanzees, gorillas
and duikers (a type of antelope) were observed to coin-
cide with some of the previous human EVD outbreaks
[29]. EVD outbreaks in non-human primates have
mostly been reported to occur at the end of rainy sea-
sons [10,30,31]: however, it has been unclear whether
this was due to earlier humid conditions or current dry
conditions. As in bats, the behaviour of non-human
primates and their exposure to bats may vary with the

www.eurosurveillance.org



season. A study of chimpanzees in Céte d’lvoire found
that they made a higher number of kills per day when
hunting in the wet seasons [32]. This may lead to a sud-
den increase in consumption or contact with prey that
is a natural reservoir of ebolaviruses. Furthermore,
increased social mixing during wet seasons may also
facilitate transmission of ebolaviruses among chim-
panzees [24]. Similarly, human-to-human and human-
to-animal contact patterns may have a seasonal effect
on the risk of an EVD outbreak in humans.

While natural hosts such as bats can serve as a common
source of cross-species transmission for humans and
other primates, non-human primates can act as inter-
mediate hosts in zoonotic events that result in human
infections. Therefore, the time frame of the spillover
effect of environmental exposure in the natural hosts
may depend on the transmission chain of the zoonotic
events and how these events are associated with cli-
mate. Environmental exposure may also have tran-
sient, immediate effects on the susceptibility to and
severity of ebolavirus infection among natural hosts,
intermediate hosts and humans. Previous experimen-
tal studies have found human exposure to low tem-
perature may trigger changes in the immune response
[33-36]. If these effects are conserved between these
hosts, periods of suitable climatic conditions may pro-
vide windows of opportunity for cross-species trans-
mission to occur. Serosurveillance studies in human
populations in Africa have revealed a much higher
prevalence of ebolavirus antibodies than the attack
rate reported in previous EVD outbreaks [37,38]. This
may suggest that exposure of humans to ebolaviruses
or other cross-reactive pathogens was more prevalent
than previously thought. In fact, a study of contacts
of EVD patients has revealed that some ebolavirus
infections can be mild or asymptomatic [39]. Tissue
tropism of ebolaviruses has been studied: the viruses
were found to target and infect immune cells including
monocytes, macrophages and immature dendritic cells
and to cause highly pathological immune responses
[40,41]. Further studies should characterise how previ-
ously identified environmental effects on the immune
response [33-36] may translate to ebolavirus infection
outcomes. Since EVD cases with milder symptoms are
more likely to be under-reported, the observed EVD
outbreak pattern may in part be attributable to sea-
sonal differences in EVD severity.

In the past, EVD outbreaks were confined to the cen-
tral African countries and it is essential to understand
why EVD has appeared in West Africa. This will have
implications on how likely it is that EVD outbreaks will
occur in the rest of the world. Climate has been found
in our study to be associated with EVD outbreaks and,
as discussed in this paper, there are a number of ways
in which climate could be associated with the seasonal
risk factors of EVD outbreaks. Further studies should
investigate the potential impact of climate change on
the geographical boundary of the virus and the time
period in which EVD is likely to occur.
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There are a number of limitations in this study. The ini-
tial identification of EVD outbreaks in Africa has mostly
been reliant on the clinical manifestation of cases;
however, some EVD cases presented with non-specific
symptoms that can be easily confused with other dis-
eases that are endemic in Africa [42]. Due to the limited
resources and remoteness of some of the rural areas
where human-animal contacts are most frequent,
some EVD outbreaks might be under-detected. Delayed
detection of EVD outbreaks should be expected and we
addressed this by using distributed time-lag models.
However, it is still difficult to interpret or construct the
time structure of the exposure-response relationship
since little information on reporting delays is available.
The incubation period of EVD may be up to 21 days or
more [43], and this has to be taken into account when
interpreting time-lagged effects of environmental
exposures. The choice of time structure of the expo-
sure—response relationship is based on the model best
fitting our data. Given that EVD outbreaks in humans
are rather rare, our study may be underpowered to
investigate a more sophisticated time structure of the
exposure—-response relationship and to detect a non-
linear exposure-response relationship. The earliest
few human cases are likely to be under-detected and
our study may have excluded smaller EVD outbreaks
that were unreported. While climatic variation can be
a useful predictor, its association with EVD outbreaks
may depend on other ecological and environmental
factors, as well as on natural host species that vary
between geographical areas. Our findings may there-
fore only apply to areas that share similar characteris-
tics with the outbreak areas included in the analyses. It
is most likely that ecological and environmental differ-
ences also exist between outbreak areas included the
analyses. Our country-specific analyses were unfortu-
nately underpowered, as EVD outbreaks are rare. It is
also possible that the association between climate and
EVD is specific to ebolavirus species. Our study was
only able to provide estimates for Zaire ebolavirus out-
breaks since there were fewer outbreaks due to other
ebolavirus species.

In order to understand the transmission dynamics
of ebolavirus, current efforts in identifying the natu-
ral and intermediate hosts of ebolaviruses should be
continued and supported. A better understanding of
the chain of transmission from the natural reservoir to
humans is essential for characterising the epidemiol-
ogy of ebolavirus infections and directing public health
preventive policies. Longitudinal serological and viro-
logical surveillance studies will help in identifying the
event sequence and interfaces that are important for
outbreaks in humans. Our study focused on the onset
of EVD outbreaks, as we aimed to investigate envi-
ronmental factors that are associated with cross-spe-
cies transmission. To enable factors associated with
human-to-human transmission to be investigated, cur-
rent support to the outbreak countries in case detec-
tion and reporting should be continued.
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