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Malaria transmission is strongly influenced by environmental
temperature, but the biological drivers remain poorly quantified.
Most studies analyzing malaria—temperature relations, including
those investigating malaria risk and the possible impacts of climate
change, are based solely on mean temperatures and extrapolate
from functions determined under unrealistic laboratory conditions.
Here, we present empirical evidence to show that, in addition to
mean temperatures, daily fluctuations in temperature affect para-
site infection, the rate of parasite development, and the essential
elements of mosquito biology that combine to determine malaria
transmission intensity. In general, we find that, compared with rates
at equivalent constant mean temperatures, temperature fluctua-
tion around low mean temperatures acts to speed up rate processes,
whereas fluctuation around high mean temperatures acts to slow
processes down. At the extremes (conditions representative of the
fringes of malaria transmission, where range expansions or contrac-
tions will occur), fluctuation makes transmission possible at lower
mean temperatures than currently predicted and can potentially
block transmission at higher mean temperatures. If we are to opti-
mize control efforts and develop appropriate adaptation or mitiga-
tion strategies for future climates, we need to incorporate into
predictive models the effects of daily temperature variation and
how that variation is altered by climate change.

Anopheles mosquitoes | climate change | diurnal temperature variability |
ectotherms | Plasmodium malaria

he basic reproductive number (Ry), which defines the number

of cases of a disease that arise from one case of the disease
introduced into a population of susceptible hosts, is a key epi-
demiological metric providing essential information for un-
derstanding disease risk and for targeting resources for control.
For malaria, R, is commonly described by the formula R, =
ma*bce™S/pr [note that this expression is also defined as (Ry)%
ref. 1], where m is the vector:human ratio, a vector biting fre-
quency, bc transmission coefficients defining vector competence,
p daily vector survival rate, S the extrinsic incubation or de-
velopment period of the parasite within the vector, and r the
recovery rate of the vertebrate hosts from infection. Given that
six of seven of these parameters relate in some way to mosquito
abundance, biology, or physiology and that mosquitoes are small
cold-blooded insects, it is clear that the transmission intensity of
malaria will be strongly influenced by environmental tempera-
ture (2-6). Accordingly, the dynamics and distribution of malaria
are expected to be extremely sensitive to climate change, al-
though the nature and extent of the response remains highly
controversial (7-15).

The standard relationships describing the effects of tempera-
ture on malaria parasite and mosquito life history derive largely
from laboratory studies conducted under constant temperature
conditions (e.g., ref. 2 and references therein) and tend to use
measures such as average monthly temperature to characterize
environmental conditions (2, 5, 7, 8, 14, 16). However, natural
environments are highly dynamic; diurnal temperature ranges
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(DTRs, the difference between the minimum and maximum
temperature) of 5 to >20 °C are common across many malaria
transmission settings in Africa, including highland and lowland
environments (17-19). We illustrate this further in Fig. 1, which
shows mean temperatures and DTRs for 4 mo (one illustrative of
each quarter) based on weather station data collected in Africa
since the 1960s. The temperature surfaces demonstrate that both
small (e.g., 5-10 °C) and large (e.g., 12-20 °C) DTRs occur
around cool (16-18 °C) and warm (24-26 °C) mean temperatures
within the malaria transmission range, depending on season and
location. However, despite this clear variation, there exists little
empirical understanding of the nonlinear ways in which the bi-
ology of the parasite and mosquito vector integrate with tem-
perature fluctuations (18, 20).

In a recent theoretical study, we proposed that temperature
fluctuation can substantially alter the incubation period of malaria
parasites within the mosquito and hence influence malaria trans-
mission rates (18). Specifically, using a temperature-development
model of Plasmodium falciparum, we showed that diurnal temper-
ature fluctuation around mean temperatures of <21 °C could speed
parasite development, whereas fluctuation around means >21 °C
could slow development, compared with constant temperatures.
Here, using the rodent-malaria model Plasmodium chabaudi and
the Asian malaria vector Anopheles stephensi, we confirm that not
only the incubation period of malaria parasites but all of the es-
sential mosquito and parasite parameters that determine R, are
strongly influenced by diurnal temperature fluctuations and that
the impacts of climate on malaria cannot be fully understood based
on mean conditions alone.

Results and Discussion

We first examined the development of malaria parasites within
the mosquito, considering two low (16 and 18 °C) and two higher
mean transmission temperatures (24 and 26 °C). For each
baseline temperature, mosquitoes were held either at constant
temperature (DTR of 0 °C) or a fluctuating temperature (+6 °C,
giving an intermediate DTR of 12 °C). Mosquitoes were sampled
over time, and parasite growth was quantified using a combina-
tion of microscopy and real-time quantitative PCR (qPCR) to
determine infection prevalence and intensity (components of the
transmission coefficients defining vector competence), rate of
parasite replication, time of first sporozoite release (measures
defining the extrinsic incubation period, §), and percentage of
mosquitoes with disseminated sporozoites (a further component
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Fig. 1. Mean monthly temperature and mean monthly DTR throughout Africa for January, April, July, and October. Temperature surfaces were generated by
interpolation using weather station data collected between 1960 and1990. For areas where data records were limited, such as in the Democratic Republic of
the Congo, the time period was extended to 2000. The current geographical limits of malaria transmission are illustrated by the dotted lines.

of vector competence). In pilot studies, we observed, as have
others (21-23), the extreme temperature sensitivity of the early
infection process. Therefore, we ensured in our first large-scale
experiment that all treatments started at similar infection bur-
dens (SI Materials and Methods) by maintaining infected mos-
quitoes at a constant 26 °C for the first 3 d following the
infectious blood meal.

The growth kinetics of malaria parasites exposed to diurnal
temperature fluctuation differed considerably to those kept at
equivalent constant mean temperatures (Fig. 2). At 16 °C, fluc-
tuation led to a significant increase in parasite growth rate,
resulting in more sporozoites per oocyst, at the point of sporo-
zoite release (F1 15 = 31.10, P < 0.001). Fluctuatlon also caused
a significant increase in dissemination rate (x> = 5.94, df = 1,
P = 0.02) to the extent that liberated sporozoites were observed
only under fluctuating conditions. Conversely, at 26 °C, fluctua-
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tion significantly reduced the mean number of sporozmtes/oocyst
(F125 = 5.32, P = 0.03) and reduced dissemination to zero (x* =
26.34, df = 1, P < 0.001).

Similar but slightly less marked effects were observed at 18 °C
and 24 °C. Although the number of sporozoites/oocyst was not
significantly affected by fluctuation (F;3, = 0.23, P = 0.63 for
18 °C; Fy 34 = 3.19, P = 0.08 for 24 °C), the number of mosquitoes
with disseminated sporozmtes was significantly increased by fluc-
tuation at 18 °C (y* = 23.74, df = 1, P < 0.001) and significantly
reduced by fluctuation at 24 °C (x* = 7.01, df = 1, P = 0.01).

We then extended our approach to include the effects of tem-
perature fluctuation immediately following the infectious blood
meal, selecting the intermediate temperatures of 18 and 24 °C at
which full parasite development and dissemination were shown to be
completed. With this more extended exposure, fluctuation at 24 °C
now caused a significant reduction in the number of sporozoites/
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Fig. 2. Growth rate and dissemination of P. chabaudi malaria in An. stephensi mosquitoes under constant and fluctuating temperature regimens. Mos-
quitoes were kept at either constant temperatures (dashed red lines) or temperatures with a diurnal temperature fluctuation of +6 °C (DTR = 12 °C; solid blue
lines). Baseline mean temperatures were (A) 16 °C, (B) 18 °C, (C) 24 °C, and (D) 26 °C. The number of sporozoites per oocyst (circles, Left) describes parasite
growth kinetics up to the point of first sporozoite release. Dissemination (squares, Right) describes the percentage of mosquitoes that were observed with
mature sporozoites circulating in the hemocoel. Error bars equal the SEM. Drawings of oocysts are generated by the Centers for Disease Control and Pre-
vention (http:/www.dpd.cdc.gov/dpdx/HTML/Malaria.htm).
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Fig. 3. Interaction plot of the development time and survival of the im-
mature stages of An. stephensi under constant compared with fluctuating
temperature regimens. (A) Development time (days, solid lines) and survival
(percentage, dashed lines) of mosquito immatures until they reached the
adult stage at a constant 20 °C and at a mean temperature of 20 °C but with
a diurnal temperature fluctuation of +6 °C (DTR = 12 °C). (B) Data from an
equivalent experiment at 27 °C. Results are given for three different larval
densities (l, 0.5, A, 1, and @, 2 larvae/cm?). Error bars equal the SEM.

oocyst (Fy,12 = 6.11, P = 0.03), whereas fluctuation at 18 °C caused a
significant increase (F; 2; = 19.54, P < 0.001; Table S1).

In addition, fluctuation at 24 °C led to a 3.9-fold reduction of
the average number of oocysts per midgut compared with the
constant temperature (Table S1; y* = 18.29, df = 1, P < 0.001).
No such effects were observed for the 18 °C treatments (y* =
0.20, df = 1, P = 0.66), highlighting the extreme sensitivity of
malaria parasites to high rather than low temperatures during
early sporogonic development (24).

Next, we examined effects of daily temperature dynamics on
three key mosquito life history parameters affecting vectorial ca-
pacity. The approach followed the basic methodology of com-
paring traits under cool and warm conditions, with and without
a DTR of 12 °C. First, we examined immature mosquito de-
velopment and survival (traits affecting mosquito population dy-

namics and the vector:host ratio, m), considering three larval
densities and mean temperatures of 20 °C and 27 °C. These slightly
elevated means were selected to reflect the fact that temperatures
in the aquatic breeding habitats of many anopheline vectors tend
to be warmer than ambient air temperatures (25).

Consistent with the patterns for parasite development, fluc-
tuation around the cooler temperature acted to speed mosquito
development compared with constant conditions (F 35 = 261.96;
P < 0.001), whereas fluctuation around the warmer temperature
caused a relative slowing in development rate (Fy 66 = 27.75; P <
0.001; Fig. 3). Larval density generally acted as a scaling factor
with no consistent interaction effects. Furthermore, daily fluc-
tuation increased relative survival at 20 °C (Fy e = 68.91; P <
0.001) but reduced relative survival at 27 °C (Fy 4 = 54.45; P <
0.001; Fig. 3). At the lowest larval density, fluctuation around
20 °C made the difference between 14.8% of larvae (i.e., 40 of
the original 270) surviving through to adulthood compared with
just 0.7% (i.e., 2 of 270) in the constant temperature treatment.

Second, returning to the mean temperatures of 18 °C and 24 °C,
we examined the effect of temperature fluctuation on adult sur-
vival (Fig. 4). Survival analysis revealed no effect of fluctuation on
overall cumulative survival at 18 °C (log-rank statistic = 3.18, P =
0.08). However, analysis of the first 21 d, during which an estimated
95% of mosquitoes will have died in nature (26), showed fluctu-
ation reduced initial survival (log-rank statistic = 11.96, P =
0.001). In the 24 °C treatments, fluctuation resulted in a significant
increase in survival overall (log-rank statistic = 7.80, P = 0.01).
The results confirm once again that realistic daily temperature
variation impacts a key parameter (p) determining transmission
intensity, with effects differing between warm and cool conditions.

Finally, we examined the effect of daily temperature dynamics
on the length of the gonotrophic cycle [time between blood meal
and oviposition, which is inversely related to vector biting fre-
quency (a)]. Again, fluctuation around the cool temperature
shortened the mean length of the first gonotrophic cycle from 7.4
to 6.7 d (Mann-Whitney U test, P < 0.01; Fig. 44), whereas
fluctuation around the warm temperature increased the length of
the cycle from 4.1 to 4.5 d (P = 0.02; Fig. 4B).

Overall, our results provide empirical evidence that the key
mosquito-related traits that combine to determine malaria trans-
mission intensity (i.e., parasite infection, parasite growth and de-
velopment, immature mosquito development and survival, length
of the gonotrophic cycle, and adult survival) are all sensitive to daily
variation in temperature. Given that certain of these traits affect
transmission as quadratic or exponential terms, even small changes
could have large biological significance. Consistent with recent
theoretical predictions (18), we find that, in general, fluctuation
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Fig.4. Cumulative percent survival and gonotrophic cycle length of female An. stephensi mosquitoes under constant and fluctuating temperature regimens.
(A) Survival at constant 18 °C (dashed red line) compared with survival at a mean temperature of 18 °C but with a diurnal temperature fluctuation of +6 °C
(DTR = 12 °C; closed blue line). (Inset) The percentage of mosquitoes that completed the gonotrophic cycle on a given day (on the x axis) at constant 18 °C (red
bars) compared with completion at a mean temperature of 18 °C but with a diurnal temperature fluctuation of +6 °C (DTR = 12 °C; blue bars). (B) Data from

equivalent experiments at 24 °C. Error bars equal the SEM.
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increases relative rate processes under cool conditions and slows
rate processes under warm conditions; effects that, on average, will
tend to lessen the impact of increases in mean temperature in the
real world (18).

Our experiments used a rodent malaria and one species of
mosquito, and there is clearly a need to extend investigations to
human malaria species and to other important vectors (27).
However, there is no reason to believe that the sensitivity of P.
chabaudi and An. stephensi to moderate diurnal temperature
variation is unique among malaria parasites and their mosquito
vectors. Moreover, the effects will apply whether considering
aquatic, terrestrial, indoor, or outdoor environments because all
can exhibit variable diurnal temperatures (17, 25, 28) (Fig. 1).

These findings caution against standard practice in studies esti-
mating mosquito— and/or malaria—climate relations and strengthen
arguments for greater ecological understanding of how infectious
organisms respond to the natural environment (29). We find that
neither the essential transmission parameters nor the upper or
lower temperature thresholds for transmission can be derived re-
liably from experiments conducted at constant temperatures or
from monthly, weekly, or even daily environmental means.

Despite substantial research interest and clear social and po-
litical importance, few (if any) climate change and/or malaria
transmission models have considered daily temperature dynam-
ics or how DTRs will shift in addition to means. Accordingly, the
relevance of many current policy syntheses (9, 30, 31) remain
unclear, especially when considering issues of range expansion or
contraction because, for malaria, edges of range are character-
ized by extreme temperatures and large DTRs. More broadly,
although the focus of the current study is malaria, the observed
impact of daily temperature fluctuation on basic aspects of insect
and parasite life histories suggest the need to consider the role of
temperature variation for many ectotherms (other insects,
amphibians, reptiles, etc.) and their parasites and pathogens,
both for understanding current biology and the likely impacts of
climate change (e.g., 32, 33).

Materials and Methods

Temperature Surface Maps of Africa. Minimum and maximum mean monthly
temperature surfaces were obtained from WorldClim, version 1.4 (release 3)
(http://www.worldclim.org; ref. 34). The WorldClim surfaces were created
using the thin-plate smoothing spline interpolation method in ANUSPLIN
(35). Mean monthly minimum and maximum temperature surfaces were
generated using weather station records containing at least 10 y of data
from the period 1960 t01990. For areas where recent data records were
limited, such as in the Democratic Republic of the Congo, the time period
was extended to include 1960-2000. These surfaces were imported into ESRI
ArcGIS ArcView 9.3 and used to generate mean monthly diurnal tempera-
ture ranges for Africa. Limits of malaria transmission zones were obtained

. Dietz K (1993) The estimation of the basic reproduction number for infectious
diseases. Stat Methods Med Res 2:23-41.

. Craig MH, Snow RW, Le Sueur D (1999) A climate-based distribution model of malaria
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from the Africa world and regional level maps (http://www.map.ox.ac.uk/
data; ref. 36). An image of the map was brought into ArcView 9.3 and
georeferenced. Once georeferenced, the malaria transmission limits were
digitized.

Bioassays. The effects of temperature on the various mosquito and malaria
life history traits were assessed using laboratory incubators. Incubators were
programmed to maintain either constant temperature or to fluctuate around
mean temperatures equivalent to the constant temperature treatments with
a diurnal temperature fluctuation of +6 °C (DTR = 12 °C) using a realistic
minimum-maximum temperature model (37) (Fig. S1). Relative humidity
within the incubators was maintained at 90 + 5%.

Parasite Development. Mosquitoes were allowed to feed on infectious mice
(day 0), with fully engorged mosquitoes pooled and then divided across
temperature treatments. Mosquitoes were maintained in cardboard cups on
glucose water with 25-30 mosquitoes per cup. Mosquitoes were sampled
over time by dissecting 20-25 mosquitoes from one cup per time point per
treatment. Parasite growth was quantified by scoring the number of oocysts
on the midgut and by counting the number of sporozoites per oocyst (by
gPCR). Dissemination was quantified by scoring the number of mosquitoes
with disseminated sporozoites.

Immature Mosquito Development and Survival. First-instar larvae (<24 h)
were transferred to transparent plastic cups containing 3 ¢cm of distilled
water at three different densities (0.5, 1, and 2 larvae/cm? water surface
area). Larvae and pupae were counted daily, with water and food replaced
to maintain constant food conditions per larva per day. Between 10 and
15 replicate cups were used per treatment. The day of adult mosquito
emergence was recorded.

Mosquito Survival. Mosquitoes were blood-fed, and fully engorged mos-
quitoes were divided into cardboard cups (25 mosquitoes per cup), with four
replicates per temperature treatment. Mosquitoes were maintained on
glucose water and mortality was scored daily.

Mosquito Feeding Frequency. Mosquitoes were allowed to blood feed, and fully
engorged females were placed individually in plastic 5-mL oviposition tubes and
maintained on glucose solution. Tubes (50 replicates per temperature treat-
ment) were monitored daily for eggs. The length of the gonotrophic cycle was
determined as the time between the blood feed and oviposition.

Full methods and associated references are available in the SI Materials
and Methods.
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