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~ 110 million Africans live in areas at risk of epidemic malaria

Estimated 110 000 deaths each year (Africa Malaria Report)

Areas at risk of epidemic malaria
From Grover-Kopec et al, Mal. J. 2005

Highland malaria and climate change

From Shanks et al. EID 2005
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 drug resistance

 more frequent exposure of non-

immune populations 

 emergence of HIV/AIDS 

 land-use change

 climate change

Highland malaria and climate change

 Long-term trends in malaria cases in highland regions can be the result of many other factors.  It is a 

challenge to adjudicate trends to particular underlying causes.

 Among alternative factors, drug resistance has been proposed as the main driver of decadal increases 
in incidence (Shanks et al., EID 2005). 

 Others have argued that socio-economic development is a more powerful ‘force’ than climate change
and that the effect of climate change is negligible by comparison (e.g. Gething et al., Nature 2010).    

This argument has been made with global maps that lack the spatial resolution to properly interpolate 
limited survey data in highland regions with  rapidly changing elevation (and therefore temperature). 
(Bouma et al., Trends in Parasitology 2011)
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Data: CRU  TS2.0 Tyndall Centre for 

Climate Change Research

Pascual, Ahumada, Chaves, Rodo, 
Bouma (PNAS, 2006) 

Kericho (Kenya) Kabale (Uganda)

Gikongoro (Rwanda) Muhanga (Burundi)

Outline for today

• Coupled human-mosquito model of malaria transmission

• Application to climate change and epidemic malaria in an E. African highland

evidence for an effect of warming on malaria in recent decades

• Continuous vs. discontinuous transitions under environmental change

possibility of alternative steady-states under super-infection

• Drug resistance vs. climate change

• Empirical evidence for an effect of climate change from spatio-temporal data
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Epidemic malaria in a Kenyan highland

Missing: 

Tea estates (Brooke 
Bond Farms, Kericho, 
altitude: 1780-2225 m) 

Two local 
meteorological 
stations
1780m

1780m
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Model by Ross and 
McDonald (1916-1957)

 proportion of the human 
population infected 

 proportion of the female 
mosquito population infected
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Ross-McDonald model:
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treatment recovery

Loss of 
immunity

infection

• Larvae

• Adults in three 
classes: 

uninfected

exposed

infectious

Coupled mosquito-human transmission model 
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Superinfection: mean duration of infection (1/r)

Infectious mosquitoes per human

Infectious mosquitoes per human 
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For different biting rates 

For different basic recovery rates ro

Dietz , Molineaux and Thomas (Bull. WHO, 1974)

Aron and May (1982)
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Mosquito sub-model: 
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Gamma distributed ‘incubation’ time 
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Temperature

Rainfall

• larva development (T)

• Plasmodium 
development (T)

• Adult and larval survival 
(T, R)

• Gonotrophic Cycle (biting 
rate , T)

• Carrying capacity (R) 

Model fitted to the observed cases from 

1970 to 1985 by max. likelihood with a 
genetic algorithm

Alonso, Bouma and Pascual, Proc. R. Soc. London B 2011  

Numerical simulations of the model (a) with and (b) without the trend in temperature.

Alonso D et al. Proc. R. Soc. B 2011;278:1661-1669

©2011 by The Royal Society
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Histograms of predicted cases at the seasonal peaks for the model (a) with and (b) without 

the trend in temperatures.

Alonso D et al. Proc. R. Soc. B 2011;278:1661-1669

©2011 by The Royal Society
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• Evidence for an effect of warmer temperatures on highland 
malaria in this region from the 1970s to the 1990s.   (Warmer 
temperatures can explain  a significant increase relative to the no-
trend scenario) 

• However, the temperature trend cannot explain in the model the 
full extend of the increase :   this is consistent with other factors such 
as land-use change and drug resistance also playing a role

Artzy et al.  (PloS One 2010): synergy between drug 
resistance and climate change

• Influence of  (decreasing or increasing) trends on the dynamics of 
the disease are not sufficiently understood in the models themselves  
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Alonso, Dobson and Pascual, in prep. 

A continuous or discontinuous response?

A critical transition that depends on including super-infection in the model
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Equilibrium points: a semi-analytical approach

1)   Solve for  the equilibrium number of infectious mosquitoes, W*,  as a function 
of  the eq. number of infectious  humans y* 

2) Solve for y* as a function of W*
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Equilibrium points: a semi-analytical approach
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•

Synergy between increase transmission due to climate change and 
the evolution of drug resistance? 

Photograph / SAMANTHA APPLETON
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Confirmed monthly cases before major interventions of last decade

Taking advantage of high-resolution spatio-temporal data and climate variability 
to address climate change

Siraj, Santos et al., Science 2014

1990-20051993-2005

Clusters of similar temporal dynamics in the malaria data reflect variation in elevation 

159 kebeles

124 municipalities
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The spatial distribution of the disease expands upwards in warmer years

Ethiopia 

Colombia

From spatio-temporal  data 
and interannual variation 

2400 cases 
/degree C

From longer temporal 
trend 2166 cases   

/ degree C 

Is interannual variation consistent with the long-term trend?
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Changes in number of cases given a 
spatial expansion 

Altitude
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We built the PDF of the cases
In the elevation gradient for
Every year (Y1, Y2....Fn)

Changes in number of cases given a 
spatial expansion 
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For both pdfs we compute the 
respective fractions above that 
altitude and call these f1 and f2

We transform the fractions into cases:

C2=Cases above alt_c in year 2= f2*total cases in year 2

C1= Cases above alt_c in year 1= f1* total cases in year 1
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Is the long term trend consistent with the altitudinal expansion?

From movement 
in altitudinal 
distribution 

~1980 cases/degree 
C

From fit linear 
trend 

~2166 cases   
/degree C 

Some conclusions

We provided evidence for an upward expansion of malaria’s 
elevation distribution  in warmer years. 

This implies that climate change will, without mitigation, result in an 
increase of the malaria burden in the densely populated highlands 
of Africa and South America.

 For Ethiopia, we estimated  a potential addition of 4.9 to 6.1 million 
cases to the annual national burden from the 1970s to the mid 
2000s (Bouma and Pascual, 2014, in press in Butler et al. eds.)

Similar trends in P. falciparum and P. vivax malaria are not 
consistent with drug resistance driving these patterns.  
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“Predictions of an 
intensification of malaria in a 
warmer world , based on 
extrapolated empirical 
relationships or biological 
mechanisms, must be set 
against a context of a century 
of warming that has seen 
marked global declines in the 
disease and a substantial 
weakening of the global 
correlations between malaria 
endemicity and climate “

Editorial commentary, Nature 2010

But climate change will imply higher control efforts in these regions. 
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ETHIOPIA

Gething et al., Nature 2010

Nature 2002

Malaria’s
burden Poverty
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Bonds M H et al. Proc. R. Soc. B 2010

Poverty trap formed by the ecology of infectious diseases:

Yael Artzy
UM > U. of Amsterdam

Mauricio 
Santos 
Vega
UM
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