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a b s t r a c t
The planet’s mean air and ocean temperatures have been rising over the last century because of increasing
greenhouse gas (GHG) emissions. These changes have substantial effects on the epidemiology of infectious
diseases. We describe direct and indirect processes linking climate change and infectious diseases in
livestock with reference to speciﬁc case studies. Some of the studies are used to show a positive association
between temperature and expansion of the geographical ranges of arthropod vectors (e.g. Culicoides
imicola, which transmits bluetongue virus) while others are used to illustrate an opposite trend (e.g.
tsetse ﬂies that transmit a range of trypanosome parasites in sub-Saharan Africa). We further describe a
positive association between extreme events: droughts and El Niño/southern oscillation (ENSO) weather
patterns and Rift Valley fever outbreaks in East Africa and some adaptation practices used to mitigate
the impacts of climate change that may increase risk of exposure to infectious pathogens. We conclude
by outlining mitigation and adaptation measures that can be used speciﬁcally in the livestock sector to
minimize the impacts of climate change-associated livestock diseases.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
The ﬁfth assessment report of the Intergovernmental Panel on
Climate Change (IPCC) observes that the global temperatures have
risen due to increasing concentrations of heat-trapping GHG in the
artmosphere, resulting in the reduction in the ammount of snow
and ice and a rise in sea level (IPCC, 2013). It also predicts that the
global mean surface temperature is likely to increase by 0.3–0.7 ◦ C
in 2016–2035 relative to 1986–2005. The earlier (fourth assessment) report indicated that the planet’s average air and ocean
temperatures rose by 0.76 ◦ C (0.57–0.96 ◦ C) from 1850–1899 to
2001–2005 (IPCC, 2007). The levels of GHGs gases, especially carbondioxide (COgases2) , methane (CH4 ), and nitrous oxide (N2 O)
have nearly doubled since the pre-industrial period due to anthropogenic activities such as burning of fossil fuels, deforestation,
industrialization and agricultural intensiﬁcation (Thornton et al.,
2008). These anthropogenic activities cause an imbalance in the
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circulation of GHG as the rate of production is much higher compared to that of uptake. The livestock sector is thought to play an
important role in GHG emissions as it accounts for about 7–18% of
the emissions globally (Gerber et al., 2013; Steinfeld et al., 2006).
Increase in mean global temperature can lead to tremendous
changes in hydrological cycles and the overall global climate manifested by an increase in the frequency and intensity of extreme
events such as heavy precipitation, ﬂoods, heat waves, droughts
and extreme tidal events. These changes have direct and indirect
effects on infectious diseases in animals and people. There is limited knowledge on the key processes involved in disease causation
due to lack of reliable long-term climate and disease data, substantial inﬂuence from socio-economic drivers, and other mechanisms
affecting disease transmission dynamics, such as herd immunity
(Patz et al., 2005).
This paper combines published information on climate change
and disease in livestock populations with new data generated from
studies implemented by the authors in eastern Africa. It was presented as a plenary paper at the 14th International Symposium on
Veterinary Epidemiology and Economics held in Yucatan, Mexico
on 3–7th November 2015. Section 2 outlines the framework used to
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rationalize the presentation. Not all climate-related animal health
problems are discussed – rather a few that provide evidence for key
pathways identiﬁed in the framework are presented as exemplars
to describe impacts of climate change on disease occurrence.
2. Conceptual framework on climate change – infectious
disease relationships
Climate change can have direct or indirect effects on infectious
diseases; the processes involved are illustrated in the framework
in Fig. 1. Direct effects manifest as reduced capacity of the hosts to
mount a response to infection (e.g. due to heat stress) or increased
development rates of pathogens and vectors. Indirect effects,
on the other hand, are associated with climate-driven ecosystem changes or socio-cultural and behavioural adaptations which
could also amplify vector/pathogen development, or increase
vector-pathogen-host contact. The socio-cultural and behavioural
adaptations include livelihood practices such as increased frequency and range of migration often associated with pastoral
communities. Such movements take people further away from key
services including markets and expose them to multiple vectors
and pathogens. The framework also identiﬁes linkages that can be
targeted for mitigation and adaptation interventions.
Studies on climate change and disease, however, face numerous
challenges, and hence the linkages represented in this framework
are not always clear. Some of the challenges include:
• Mismatch in spatio-temporal resolutions of climate change and
disease data
Climate change is usually deﬁned based on variables at broad
spatio-temporal scales. Diseases, however, occur over shorter temporal and geographical ranges and hence analyses linking climate
change and disease occurrence are expected to have a lot of
uncertainties and speciﬁcation biases. Techniques for downscaling climate data and correcting their biases have been developed
but more work is still needed in this area to generate climate and
disease data that have comparable scales.
• Lack of data for analysing shifts in geographical range of vectors
and pathogens
A number of studies demonstrate changes in geographical
ranges of vectors, hosts and pathogens due to climate change.
Notable among these is that on Culicoides imicola which transmits
the bluetongue virus (Wilson and Mellor, 2009). It has been possible to show northward shifts in the range of this vector, and the
pathogens it transmits, partly because of the existence of reliable
surveillance data collected over time in the newly affected areas.
In the tropics, it is likely that local geographical shifts in vectorpathogen-host ranges have occurred as high altitudes have become
more conducive for vectors and hosts while the low lying areas
become hotter and less suitable. However, no systematic surveillance, speciﬁcally for arthropod vectors, has been conducted in
the tropics to demonstrate such changes. Predictions from ecological niche models show that geographical distribution of some
ticks e.g. Rhipicephalus appendiculatus is likely to shift with climate
change in the southern and central Africa (Olwoch et al., 2008).
These observations suggest the need for standardised and systematic monitoring of climate, vectors, pathogens and diseases over
multiple sites and many years to obtain evidence for the effects of
climate change on disease distribution (Saker et al., 2004).
• Attribution challenges – climate change as one of the many
drivers of infectious diseases

The effect of climate change on infectious disease transmission will depend on biological processes and socio-economic
factors which inﬂuence communities’ vulnerability to diseases.
Poor societies have low capacity to invest in reliable adaptation and
mitigation measures, and are also poorly served by extension services because they tend to live in remote locations. In these areas,
multiple factors including inadequate access to extension services,
poor knowledge of diseases, poor living conditions, climate change,
etc. contribute to disease occurrence, persistence and spread. Multivariable models can be used to quantify these effects but there is
often inadequate data for implementing such analyses. It is important to consider all the key factors that inﬂuence disease occurrence
so as to obtain reliable effects of climate change (Saker et al., 2004).
• Lack of capacity to interpret and utilize climate models for disease
prediction
Climatologists have made major advancements in the development of prediction models for simulating future climate scenarios.
Most of these predictions are associated with huge uncertainties
due to poor knowledge on future trends of GHG emissions and
variabilities in the performance of global and regional climate models. These models generate, major variations with regard to the
magnitude and geographical ranges of the changes predicted. Nevertheless, predictions on climate change are increasingly being
incorporated into infectious disease transmission models to determine future burdens of these diseases. These models are not easy
to interpret and decision makers usually focus on the mean effects
with important estimates on uncertainties of the outputs predicted
being ignored. Climate data are also presented in various ﬁle formats and units which can be puzzling for biological scientists who
have not had an exposure to climate data and some of the techniques that are used to summarize them.
3. Effects of climate change on livestock diseases
3.1. Direct effects
3.1.1. Changes in temperature
3.1.1.1. Effects of temperature on host’s physiological processes
and response to infection.
Most domesticated animals perform optimally at temperatures
between 10 and 30 ◦ C and temperatures above the maximum limit
would supress feed intake, milk production, reproductive performance, immunity and endocrine function (Das et al., 2016). At
temperatures above 30 ◦ C, cattle, sheep, goats, pigs and chickens
would reduce their feed intake by 3–5% for each unit increase in
temperature (National Research Council [NRC], 1981). Changes in
temperature also trigger the secretion of stress hormones (including cortisol) which suppress immunological responses including
the functioning of the white blood cells, tipping the host-pathogen
interactions in favour of the pathogen. Experiments on ﬁsh
observed that heat waves associated with global warming may
immunocompromise hosts, potentially aiding the spread of infectious pathogens (Dittmar et al., 2014).
3.1.1.2. Effects of temperature changes on vectors’ and pathogens’
development rates.

i Arthropod vectors
Temperature has a big impact on the development rates of
arthropod vectors and the transmission dynamics of vector-borne
diseases. These effects are thought to be more apparent within the
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Fig. 2. Trajectories of the three different mosquito survival Schemes − Martens I, Martens II and Bayoh − driven by temperature.

Martens II trajectory provides a good foundation for illustrating the effects of temperature on vector survival at successive
temperature ranges. From about 2 to 10 ◦ C, vector survival rates
are increasing rapidly; between 10–35 ◦ C, vector survival rates are
more or less constant, and at about 35–40 ◦ C, vector survival rates
are in precipitous decline. These ranges align well with many observations that have been made in various parts of the world where
global warming and a rise in warm winters allow midges, ticks
and some mosquito species to expand their geographical ranges
northwards, and increased temperatures and high frequencies of
droughts in the tropics are reducing the ranges of some vectors,
like tsetse ﬂies.
The spread of C. imicola northwards from Africa and Cyprus,
and subsequent outbreaks of BTV in the Netherlands, Belgium,
Germany, France and Luxembourg and other countries in the region
from 2007 (Wilson and Mellor, 2009) illustrates how a rise in
mean temperatures in the cold areas allows vectors and pathogens
to expand their geographical range. It is believed that C. imicola
was introduced to Western Europe via the movement of infected
livestock and passive movement of infected Culicoides. It is also
thought that a mechanism that allows overwintering in animal
hosts enables BTV infections to persist through the cold periods.
Other vectors whose geographical ranges have expanded northwards because of global warming include Ixodes ricinus which
transmits tick-borne encephalitis and Lyme disease (borreliosis)
(Gray et al., 2009), and Dermacentor reticulatus which transmits
canine babesiosis, tularaemia and Q fever (Gray et al., 2009). The
northern limit of I. ricinus has shifted northwards from about 61 to
66◦ N since temperature changes were noticed from the 1980s due
to the shortening in the number of days required for the development of the various stages of the vector. The spread of D. reticulatus
has led to an increase in the number of new cases of canine babesiosis in Germany, Hungary, Switzerland and Netherlands.
In the tropics where temperatures have generally stable limits throughout the seasons, local shifts in geographical ranges
colonised by these agents are believed to occur as cold areas get
warmer, therefore becoming more suitable, and warm areas get
hotter. Olwoch et al. (2008) predicted the effects of tempera-

ture changes on the distribution of ticks in eastern and southern
Africa. They demonstrated that habitats for most of the ticks in
eastern and southern Africa are likely to expand while those for
some tick species such as Rhipicephalus humeralis, R. kochi and
R. planus are likely to contract with an increase in temperature.
Cumming and van Vuuren (2006) also showed that globally, 50% of
tick species have the potential to expand in range – 70% of these
involve economically important tick species. This expansion, however, depends of the requirements for the completion of ticks’ life
cycles. The development rates of ticks (through pre-oviposition,
pre-eclosion, larval and nymphal stages) are governed by temperature while the survival of the free living stages as well as hatching
and molting depend on humidity. Ticks generally have a longer
maturation rates in cold environments. East Africa and South Africa
are considered as the most vulnerable regions to climate-induced
changes in tick distribution and incidence of tick-borne diseases
(TBDs) (Olwoch et al., 2008).
A further rise in temperature in areas that already experience
high temperatures increases the likelihood of reduction in the vector geographical ranges due to desiccation. A study conducted by
McDermott et al. (2002) demonstrated that the risk of animal trypanosomosis transmitted by tsetse ﬂies in most, but not all, places
in eastern Africa will generally contract with climate change and
increase in human population. Tsetse oviposit larvae into the soils
but high temperatures increase larvae mortality rates. Signiﬁcant
shift in tsetse distribution is therefore expected across Africa, with
a reduction in the overall tsetse population by about 7% (Moore and
Messina, 2010).
• Changes in the vector activity, development rates and susceptibility to infections
High temperatures generally increase the metabolic rates of
arthropod vectors leading to an increase in: (i) the rate at which
they feed, (ii) the frequency with which they deposit their eggs
or larvae, and (iii) maturation rates of immature stages (Ahumada
et al., 2004). Increased feeding rates enhance chances of pathogen
transmission among vectors and hosts. Temperature also inﬂu-
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Fig. 3. Changes in polymerase activity in Bluetongue Virus 1 (BTV-1) with temperature (Source: Peter Mertens, Pirbright Institute).

ences infection rates and dissemination patterns of pathogens in
the vector. Studies conducted in Florida on West Nile virus showed
that the highest rates of infection in Culex quinquefasciatus were
obtained at high temperatures of 30 ◦ C (Richards et al., 2007). Similar observations have been made with BTV transmission where
the ideal temperature for transmission has been established to be
between 27 and 30 ◦ C (Mellor et al., 2009).
ii Pathogens
Limited work has been done to determine the effects of temperature changes on pathogens. A rise in temperature increases
replication rates of pathogens in the vector, therefore shortening
their extrinsic incubation period. Studies conducted at the Pirbright
Institute show that the BTV1 polymerase activity (indicated by the
rate of incorporation of radio-labelled substrates into RNA) is highest at about 30 ◦ C (Fig. 3). This suggests that within the limits when
the vector survival is ideal, higher temperatures should result in
shorter development interval of the virus in the vector, and hence
greater chances of the vector living longer to transmit the infection (Mellor et al., 2009). Temperature also has substantial effects
on pathogens that spent part of their life cycles outside a mammalian host such as the agents that cause anthrax, black quarter
and dermatophiloses, helminths, etc. The maintenance of Bacillus
anthracis spores in the environment, for instance, depends on temperature and other climate parameters such as water activity, pH,
and availability of nutrients (World Health Organization (WHO),
2008).
Temperature changes are also expected to increase the abundance of helminths especially in the temperate regions where an
increase in nematode species that are better adapted to tropical conditions, such as Haemonchus contortus has been observed
(Fox et al., 2015). An increase in temperature would enhance the
development rate of the free living stages of these parasites. Laboratory experiments show that increasing ambient temperatures
from 25 ◦ C to 35 ◦ C accelerates the development of Ascaris suum
eggs through enhanced embryonation (Kim et al., 2012). However,
the effects of climate change on helminths is less apparent compared to those of arthropod vectors and microparasites in general
because they have longer generation intervals (Mas-Coma et al.,
2008).
3.1.1.3. Extreme events.
Climate change is expected to increase the frequency of extreme
events such as El Nino-,heavy precipitation, ﬂooding, drought,
etc. (Intergovernmental Panel on Climate Change (IPCC, 2007).
Extreme events often have large-scale or cyclic phenomena; El
Niño/southern oscillation (ENSO) weather pattern, for instance,

5

has a great inﬂuence on monthly and seasonal rainfall patterns
(Ogwang et al., 2015). These events can promote or inhibit disease
transmission by inﬂuencing densities and distributions of vectors,
hosts and pathogens. In East Africa, the warm phase of ENSO (El
Niño) is associated with outbreaks of many mosquito-borne diseases including RVF (Anyamba et al., 2009; Martin et al., 2008;
Anyamba et al., 2001; Linthicum et al., 1999). El Niño occurs when
trade winds that usually blow from the east to the west along the
equator weaken, prompting a rise in the sea surface temperatures
in the eastern equatorial Paciﬁc. These changes trigger a chain of
atmospheric changes resulting in heavy downpours in the equatorial Paciﬁc including parts of South America, wet winters in the
northern hemisphere and droughts in Indonesia, Philippines and
Australia (Chretien et al., 2015). Given that the Paciﬁc Ocean covers
a vast area, El Niño often inﬂuences weather patterns worldwide.
Of importance to eastern Africa is the development of the Indian
Ocean Dipole (IOD) which represents changes in temperature gradient across the Indian Ocean (Ogwang et al., 2015). A positive IOD
occurs when the western Indian Ocean experiences warmer sea
surface temperatures relative to the eastern side south of Indonesia.
Co-occurrence of El Niño and IOD induces above normal precipitation in the eastern Africa and hence increased likelihood of RVF
epidemics (Anyamba et al., 2009).
i Rift Valley fever and El Niño
RVF outbreaks often occur following periods of above-normal
precipitation (Nanyingi et al., 2015). In eastern Africa, these outbreaks are often associated with El Nino but in other parts of Africa,
outbreaks follow extreme precipitation events. The disease causes
tremendous socio-economic impacts due to livestock morbidity
and mortality (Rich and Wanyoike, 2010). The disease is caused
by a single-stranded RNA virus in the Bunyaviridae family and the
genus Phlebovirus (Pepin et al., 2010). It is considered as one of the
emerging infectious diseases that are having most severe impacts in
the African continent, and is present in most of sub-Saharan Africa,
with outbreaks as far north as the Arabian peninsula (Labeaud et al.,
2008). It is feared that the virus has the potential to spread further
into Europe and other parts of the world (Chevalier et al., 2010;
Moutailler et al., 2008; Turell et al., 2008, 2002). Within Africa, RVF
strains seems to be circulating over large distances, with samples
in Madagascar shown to be similar to both North and East African
strains and to the strains causing outbreaks in the Arabic peninsula
(Sall et al., 1998; Shoemaker et al., 2002). So far, trade and transport
of infected animals have been suggested as the main mechanisms
responsible for RVF dispersion. Wind-aided movement of infected
mosquito vectors could play a role, but no conﬁrmatory studies
have been done to prove this.
Multiple analyses have been conducted to determine how El
Niño rains interact with geologic and environmental factors resulting to RVF outbreaks. They suggest that prolonged precipitation
and ﬂooding, often in ﬂat terrains (dambos) with clayey and loamy
soils, which do not allow water to ﬁlter through easily, increases
the risk of RVF outbreaks (Munyua et al., 2016; Sindato et al., 2014;
Hightower et al., 2012). Not all El Niño rains though result in RVF
outbreaks but about three quarters of them do, with the rest being
associated with normal heavy rains (Anyamba et al., 2001). For
mapping and prediction purposes, Anyamba et al. (2009) developed a statistical model that used satellite-derived time series data
on normalised difference vegetation index (NDVI), outgoing long
wave radiation, rainfall and sea surface temperatures as predictors;
the model is able to identify areas of increased risk of RVF and predict outbreaks with a lead time of 2–6 weeks. A consistent ﬁnding
across these analyses is that prolonged precipitation lasting for at
least 2 months is required to initiate an outbreak. This corroborates
observations that persistence of ﬂooding for 10–15 days is neces-
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sary to allow emergence of RVF virus-infected ﬂoodwater Aedes
mosquitoes, but the persistence of ﬂoods for a further 4–6 weeks,
and their colonization by secondary vectors (including Culex, Mansonia and Anopheles mosquitoes), can allow the ampliﬁcation of the
transmission patterns to epidemic proportions (Linthicum et al.,
1983).
Our spatial analyses have been implemented using ecological niche models and used more predictors than those used by
Anyamba et al. (2009). Models were implemented using Random
Forest (RF) algorithm in R (version 3.1.1) by combining data on
known occurrence of the disease and environmental (rainfall and
normalized difference vegetation index), geologic (soil types) and
topographic (altitude and land cover) spatial layers. Occurrence
data included centroids of divisions (in Kenya) or districts (in Tanzania) that were affected in the recent 2006/2007 outbreak based
on the data published by Munyua et al. (2010) and Sindato et al.
(2014). Monthly values of rainfall and NDVI were extracted from
online databases for the period: October 2006 to March 2007 when
the RVF outbreaks occurred. This period was chosen in line with
surveys conducted just after the outbreak which showed that the
epidemic started mid-October 2006 (Jost et al., 2010) and ended
by June 2007. Rainfall data were obtained from Tropical Rainfall
Measuring Mission (TRMM) at a resolution of 25 km while land
surface temperature and NDVI data were obtained from MODIS
satellite at resolutions of 250 m. Altitude, land cover (Global land
cover data [GLC2000], FAO) and soil type (FAO’s Harmonized World
Soil Database [HWSD], 2008) were the other spatial data used as
predictors.
An RVF hazard map produced from these analyses is demonstrated in Fig. 4; it corresponds to those published by Anyamba
et al. (2009) and variables that were found to be important in this
prediction were rainfall, NDVI, soil type and altitude. The analysis
shows deﬁned ecologies (deep red) that are conducive for RVF persistence but outbreaks occur following periods of intense rainfall.
However, this prediction is based on outbreak datasets and coarse
climate data. It is therefore not suitable for determining endemic
RVF transmission risks or outbreaks that are not associated with
extreme precipitation. Moreover, predictions of El Niño are usually
associated with high uncertainty.
A further analysis of rainfall distribution going back six months
prior to the 2006/2007 RVF outbreak reveals an interesting phenomenon especially in the high risk areas where a period of
drought, lasting for at least two months, was immediately followed
by heightened precipitation for about the same period. Fig. 5 shows
a series of choropleth maps demonstrating spatial distribution of
rainfall for the last six months of 2006. The maps show monthly
rainfall anomalies estimated from the long term means from the
period: January 1998 to December 2005 (the reference period).
These results suggest that drought occurred in almost all the high
risk areas for at least 2–3 months, after which El Niño rains commenced. Such drastic change in weather patterns (from drought to
extreme rainfall) exerts a lot of strain on an ecosystem and reduces
its ability to regulate infectious diseases. Whereas these analyses
only focus on the year 2006, a review of the incidences of the past
drought, El Niño and RVF outbreaks suggest that outbreaks have
often occurred when drought is followed, within a period of one
year or so, by El Niño rains. Droughts have previously occurred in
Kenya in 1965, 1971, 1979, 1983, 1991, 1994, 1996, 1999, 2004,
2005, 2008, 2010, and 2012 while in Tanzania, they have occurred
in 1962, 1977, 1984, 1988, 1990, 1996, 2003, 2004, 2006, and 2011
(Masih et al., 2014). RVF outbreaks on the other hand occurred in
Kenya in 1951, 1956, 1961, 1966, 1971, 1976, 1981, 1986, 1991,
1996/97 and 2006/2007 (Murithi et al., 2011), and in Tanzania in
1930,1947, 1957, 1960, 1963, 1968, 1977/1978, 1989, 1997/1998
and 2006/2007 (Sindato et al., 2014).

The successive occurrence of droughts and extreme rainfall
might be critical for explosive RVF outbreaks and could explain
why outbreaks are more apparent in arid and semi-arid areas
where droughts are more frequent. Droughts contribute to RVF
transmission by reducing herd immunity through increased animal
mortality. Animals that die get replaced by naïve, highly susceptible hosts that would amplify the virus transmission processes
when ﬂoods set in and mosquitoes develop. Animals that recover
from RVF virus infection are believed to acquire life-long immunity. Endemic transmissions that occur during the wet seasons
play a critical role in maintaining acquired immunity that might be
responsible for modulating epidemics. Areas with a stable endemic
transmission are therefore expected to have fewer outbreaks compared to areas that experience frequent extreme climate events
that interrupt established vector-host-virus interactions and persistence of immunity.
How then does climate change inﬂuence these extreme events
and hence RVF? El Niño events occur randomly over time but climate change is expected to increase their frequency of occurrence
(Cai et al., 2014). The new IPCC report suggests that more frequent and intense heavy rainfall events are likely (90%) in the
mid-latitudinal areas, with wet areas being likely to get wetter.
Predictions on drought, on the other hand, are less certain (at 66%
certainty).
ii Leptospirosis and ﬂooding
Floods have been associated with outbreaks of infectious diseases such as leptospirosis and foot rot. Outbreaks of leptospirosis
associated with rainfall and ﬂooding have also been reported in
diverse areas including Nicaragua, Brazil, India, Southeast Asia,
Malaysia and the United States (Lau et al., 2010; Zavitsanou and
Babatsikou, 2008). The disease is caused by spirochetes of the
genus Leptospira spp (Levett, 2001) that have been shown to infect
more than 180 species of animals including domestic and wild animals such as cattle, pigs, horses, dogs, rats and other rodents. The
pathogen can survive in moist environments for many months and
hence ﬂood water provides an ideal condition for the survival of
the pathogen. The disease is recognised as an emerging infectious
disease that is climate-sensitive and hence climate change would
inﬂuence its occurrence and transmission.
3.2. Indirect effects
3.2.1. Biodiversity changes
Climate change can inﬂuence disease transmission by altering ecosystems’ structure and function. IPCC (2007) estimates
that 20–30% of the world’s vertebrate species are likely to be at
increasing risk of extinction from climate change impacts within
this century if the change in global mean temperature exceeds
1.5–2.5 ◦ C. This is because of the fact that temperature changes
affect species ecological niches and landscape productivity. Furthermore, extreme climate events, especially droughts, cause mass
mortalities of a range of domestic and wild animals that are less
resistant to these events, such as cattle and buffaloes. Following
the 1984–1985 and 1994–1994 droughts in East Africa, for instance,
the buffalo population declined by 48.6% and 76.1%, respectively,
and it took 8–9 and 18 years for these populations to recover
to pre-drought levels (Dublin and Ogutu, 2015). Similarly, land
use changes and other economic measures that are implemented
to mitigate the impacts of climate change such as irrigation and
infrastructural development cause environmental fragmentation
and biodiversity losses.
There are conﬂicting theories on how biodiversity changes
would inﬂuence disease risk. One theory proposes that high biodiversity decreases pathogen transmission through a “dilution
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Fig. 4. Rift Valley fever risk map for East Africa.

effect” (Ostfeld and Keesing, 2011) while the other suggest a positive association between biodiversity and disease risk especially
when broader spatial scales are considered (Wood and Lafferty,
2013). Dilution effect is thought to operate through transmission
interference and susceptible host regulation (Wood et al., 2014).
Rudolf and Antonovics (2005) have used a modelling approach
to review these two mechanisms. They conclude that an increase
in host diversity can suppress frequency-dependent transmission
mechanisms, for example vector-borne infections, but its effect
on density-dependent transmission (e.g. most directly transmitted diseases) is variable and depends on whether the biodiversity
changes are additive or substitutive. Increases in host diversity that
are additive are expected to increase pathogen transmissions while
substitutive changes, with the replacement of competent hosts
with less competent, would reduce transmissions. There are no
clear examples or case studies to use for illustration but hypothetically, increased droughts could cause a substitution of buffaloes

with a more drought resistant host in an ecosystem, which would
lead to a decline in the incidence of those diseases that buffaloes
acts as a key reservoir, such as foot and mouth disease in East
Africa. Studies are being done to investigate these processes (e.g.
the AfricanBioServices project in East Africa, EU 641918).
3.2.2. Land use changes
Land use changes, particularly the development of dams and
irrigation schemes, have substantial effect on the risk of livestock and human diseases. These two interventions are often
implemented to alleviate negative impacts of climate change and
variability on crop production, and may therefore have positive
health impacts in the shape of improved livelihoods, better nutritional status and better access to healthcare. However, the standing
water masses in these systems and the high humidity created provide conditions that are conducive for the development of a range
of vectors. These structures also cause backing-up of water in river-
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Fig. 5. Rainfall distribution in East Africa between July and December 2006 just before the RVF epidemic of 2006/2007.

ine systems creating ﬂoodplains where vectors develop. Previously,
outbreaks of RVF have occurred in dams and irrigated areas in
Egypt, Sudan, and Mauritania/Senegal (Anon, 2005). Other diseases
that would become endemic in such areas include trematodiases
(fascioliases and schistosomoses). Access to standing water masses,
high temperatures and hence humidity would also increase the
rate of development of intermediate hosts (snails) and the production of cercariae. A study conducted in irrigated lowlands in
Punjab established that the risk of fascioliasis in animals and people was high (Afshan et al., 2014). A similar observation was made
in Tanzania where the prevalences of Fasciola gigantica and paramphistomes in cattle were higher in communal areas with irrigation
compared to communal areas without irrigation and zero-grazing
areas (Nzalawahe et al., 2014).
We recently completed a longitudinal a study to compare the
risk of RVF in pastoral, riverine and irrigated areas in northeastern Kenya. Sentinel sheep and goats that had not been exposed to

RVF virus were followed for a period of 7 months, with sampling
being done at the end of every month to determine exposure status
(using a competitive ELISA test detecting both IgM and IgG). The
results illustrated in Fig. 6 show that the risk of exposure to RVF
virus was higher in irrigated and riverine areas (based on serological conversions), where infections occurred in a period when there
was no outbreak. This illustrates that irrigation supports endemic
transmission of RVF. The cumulative hazard estimates given in the
graph are however low given that the follow-up period considered
was short and covered a single cropping season. There are plans
to expand the areas under irrigation in arid and semi-arid areas in
Africa, therefore measures to control vector-borne diseases need to
be integrated with those aimed at boosting crop production.

3.2.3. Socio-cultural and behavioural changes
People react to climate change and variability, and degradation
of their ecosystems, in multiple ways depending on the type of
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Fig. 6. Cumulative hazard estimates from a longitudinal study that investigated the effect of irrigation on RVF virus transmission.

climate stimuli they are responding to, their capacity to respond,
and the resilience of an ecosystem. In pastoral areas of eastern
Africa, common measures that are often used include: migration,
changes in livelihood practices and at times violent conﬂicts over
the existing resources. These responses have variable effects on
disease prevalence. Migration for instance takes people and their
animals to new environments where they may not be acquainted
with the endemic pathogens. In Kenya for instance, unpublished
reports indicate that Maasai pastoralists lose many animals due
to East Coast fever when they migrate during droughts to higher
elevation areas (at the foot of Mount Kenya). Conﬂicts also have
an indirect effect in that they limit the delivery of animal health
services, thereby increasing vulnerability.

4. Interventions
Mitigation and adaptation measures for climate change need to
be aligned with livestock development objectives for them to be
implemented sustainably. Mitigation measures include interventions that are used to abate, moderate or reduce the amount of GHG
emissions while adaptation measures include anticipatory or reactionary measures employed to manage climate change impacts.

4.1. Mitigation measures
Analyses conducted by Steinfeld et al. (2006) and Gerber et al.
(2013) suggest that ruminants contribute signiﬁcantly to GHG
emissions. Methane and CO2 are produced from microbial fermentation of carbohydrates and amino acids in rumen and the hind
gut. These gases are mainly released during eructation. Three ways
of reducing GHG emissions from livestock have been proposed by
(Gerber et al., 2013), these include:
i increase forage digestibility to reduce GHG production from fermentation in the gut as well as from stored manure,
ii better management of manure to ensure that time for storage,
aeration and stacking is reduced and solids and liquids are separated efﬁciently. This is only possible in intensive systems where
animals are housed,
iii improve animal husbandry through improving animal genetics,
proper nutrition and herd health management. This is considered to be the most effective of the three options.

A detailed review of these interventions is beyond the scope of
this paper – more information can be found in Steinfeld et al. (2006)
and Gerber et al. (2013).
4.2. Adaptation measures
Strategies that can be used to manage climate-sensitive diseases
have been discussed by Dinesh et al. (2015). These include:
i Capacity building: There is need to develop capacity among
livestock owners, market actors and other local stakeholders
on disease recognition and reporting to allow early detection,
prompt response and management of cases whenever they
occur. Some of the diseases they would encounter are new and
hence syndromic surveillance systems supervised by veterinary
personnel should be used to improve the efﬁciency of disease
detection. The veterinary personnel should also be supported
with accurate information on disease presence, distribution,
impacts and the costs for control. Risk maps on how climate
would inﬂuence the distribution of these diseases would be
beneﬁcial in this regard.
ii No-regret options: Many responses to pests and diseases are
‘no regret’ options i.e. these are worthwhile irrespective of the
extent, severity or location of climate change. In many developing countries, these interventions are either not adequately
implemented or they are provided only after disease outbreaks
have occurred. Some of the climate-sensitive infectious diseases
co-occur in the same ecologies and hence interventions aimed
at multiple diseases, for example using multivalent vaccines or
insecticides that can control multiple vectors like mosquitoes,
ticks and tsetse ﬂies would be useful and cost effective.
iii Coordination: Pests and disease impacts are not constrained
within national boundaries, and response strategies should take
this into consideration and develop approaches to coordinate
at the regional and continental scales in response to these challenges. Livestock move across boundaries either for trade or as
part of nomadic pastoralism. Economic blocks such as the Intergovernmental Authority on Development based in Africa are
developing standard methods and procedures aimed at harmonizing the surveillance and control of these diseases.
iv Data quality and quantity: There are gaps in our current knowledge on pests and diseases, these gaps arise from a lack of data in
some cases and poor data quality or incomparable data in other
cases. Streamlining data collection efforts and increasing data
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collection efforts can allow response strategies to be science
based.
v Breeding for disease resistance: Innate resistance to parasitic diseases such as trypanosmosis and helminthosis etc. has
allowed farmers to raise animals in harsh environmental conditions since time immemorial. Such traits have developed
through continuous challenge and natural selection. Studies
are being done to identify and disseminate genes that confer
such traits to multiple areas. This would ultimately reduce our
dependence on antimicrobial products, therefore improving the
sustainability of livestock production systems.
vi Resilience of ecosystems: Healthy ecosystems are more resistant to, and recover faster from, climate-related shocks such
as extreme weather events, infectious disease outbreaks, etc.
EcoHealth approaches to infectious disease management are
therefore needed to improve resilience of production systems.
Measures that can be used to protect ecosystems include: promoting sustainable grazing management systems, protecting
water sources and biodiversity, etc.
vii Research and development: New technologies are being developed to be used for detection, response and management of
infectious diseases. Some of the speciﬁc tools that are being
developed include diagnostic kits, surveillance networks, drugs
and vaccines. Safer vaccines for RVF for example have been
developed (Warimwe et al., 2016), and subsequent studies to
determine how these vaccines can be used in the ﬁeld are being
designed. Prediction models are also being generated to guide
risk-based surveillance and prioritize interventions such as vaccination campaigns. However, linkages between climate and
health are poorly understood and so predictions generated have
a lot of uncertainties and speciﬁcation biases that can compromise their application.
5. Conclusions
This paper has reviewed multiple processes through which climate change inﬂuences the occurrence and distribution of livestock
climate-sensitive diseases. Limited studies have been conducted on
the impact of climate change on the occurrence of livestock diseases. Climate change-disease relationships are however complex
and we do not claim to have exhaustively captured them. We also
discussed the effect of each climate effect independently but in reality, they interact in various ways. Where possible, dynamic models
should be applied more to simulate how disease systems respond
to various climate cues.
We discussed direct and indirect effects of climate change,
including those that are mediated through biodiversity and land
use changes. There are scarce data, especially on indirect effects,
e.g. biodiversity changes. We hope that more studies will be implemented to generate more knowledge on these areas. Finally, we
identiﬁed various mitigation and adaptation options that can be
employed in the livestock sector. We also note that these measures can be implemented in integrated strategies to enhance their
impacts.
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