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Most studies on the ability of insect populations to transmit
pathogens consider only constant temperatures and do not account
for realistic daily temperature fluctuations that can impact vector-
pathogen interactions. Here, we show that diurnal temperature
range (DTR) affects two important parameters underlying dengue
virus (DENV) transmission by Aedes aegypti. In two independent
experiments using different DENV serotypes, mosquitoes were less
susceptible to virus infection and died faster under larger DTR
around the same mean temperature. Large DTR (20 °C) decreased
the probability of midgut infection, but not duration of the virus
extrinsic incubation period (EIP), compared with moderate DTR
(10 °C) or constant temperature. A thermodynamic model predicted
that at mean temperatures <18 °C, DENV transmission increases as
DTR increases, whereas at mean temperatures >18 °C, larger DTR
reduces DENV transmission. The negative impact of DTR on Ae.
aegypti survival indicates that large temperature fluctuations will
reduce the probability of vector survival through EIP and expecta-
tion of infectious life. Seasonal variation in the amplitude of daily
temperature fluctuations helps to explain seasonal forcing of DENV
transmission at locations where average temperature does not
vary seasonally and mosquito abundance is not associated with
dengue incidence. Mosquitoes lived longer and were more likely
to become infected under moderate temperature fluctuations,
which is typical of the high DENV transmission season than under
large temperature fluctuations, which is typical of the low DENV
transmission season. Our findings reveal the importance of consid-
ering short-term temperature variations when studying DENV
transmission dynamics.

arbovirus | climate | vectorial capacity

ncidence, seasonal variation, and global distribution of vector-

borne diseases are known to be influenced by climate (1). What
is controversial is exactly how climatic factors—and thus climate
change—impact the intrinsic transmission intensity of most
vector-borne pathogens (1-5). Part of the problem derives from
the interplay of multiple factors, such as spatial heterogeneity (6)
or differing socioeconomic and demographic backgrounds (3, 7)
that combine with climate to influence overall transmission dy-
namics. In addition, our ability to accurately define the impact of
climatic factors on the risk of vector-borne disease is limited by
poor understanding of the mechanistic link between environ-
mental variables, such as temperature, and the vectorial capacity
of insect vector populations (1, 8-12).

Vectorial capacity captures key components of an insect’s role
in pathogen transmission, which is influenced by many environ-
mental, ecological, behavioral, and molecular factors (13).
Mathematically, it can be described by:
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where m is vector density per person, a is daily probability of a
vector biting a human host, p is daily probability of vector survival,
n is duration in days of the pathogen extrinsic incubation period
(EIP) in the vector, and b is vector competence (13). Vector
competence is defined as the intrinsic ability of a vector to become
infected and subsequently transmit a pathogen to a susceptible
host (13). In the absence of host recovery, V'is equal to the number
of new mosquito infectious bites that arise from one infected per-
son introduced into a population of entirely susceptible hosts.

Insects are small-bodied ectotherms, which makes their life
cycle duration, survival, and behavior dependent on ambient
temperature (14-16). The EIP of many vector-borne pathogens
is similarly known to be temperature sensitive (17-22). Vectorial
capacity, therefore, is influenced by environmental temperature
(1). With a few exceptions (9, 23), the vast majority of studies
examining the effects of temperature on vectorial capacity con-
sider set point temperatures representative of average conditions
(8). Likewise, mathematical models of the relationships between
climatic factors and vector-borne disease incidence most often
use averaged monthly temperature and parameter values derived
from experimental data based on constant temperatures (1). In
nature, however, mosquitoes and their pathogens do not simply
experience mean conditions, but are instead subjected to tem-
peratures that fluctuate throughout the day.

Here, we investigated whether short-term temperature fluctu-
ations could play a role in intraannual fluctuations (i.e., seasonal
forcing) of dengue virus (DENV) transmission. Our study was
motivated by observations from rural Thai villages near Mae Sot,
Tak Province where daily temperature fluctuation varies consid-
erably between low and high seasons of DENV transmission,
even though mean air temperature remains relatively constant
(Fig. 1). Dengue is endemic throughout Thailand where the four
antigenically related, but distinct virus serotypes (DENV-1, -2, -3,
and -4) cocirculate (24, 25) and are a leading cause of morbidity
(26). These RNA viruses in the genus Flavivirus are transmitted
primarily by the mosquito Aedes aegypti, a species well adapted to
the domestic, human environment (27). Because immature Ae.
aegypti in Thailand develop principally in managed water con-
tainers located in and around dwellings, they are not strongly
affected by seasonal varition in rain-filled natural development
sites (28, 29). Accordingly, standard entomological measures of
mosquito abundance (parameter m in Eq. 1) are not positively
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Fig. 1. Seasonal DTR differences associated with the intensity of natural
DENV transmission. Representative time series of daily temperature fluctua-
tions measured during the high DENV transmission season (red symbols) and
the low DENV transmission season (blue symbols) at Mae Sot, Tak Province,
Thailand. The average temperature over the entire period is 26.7 °C for the
high transmission season and 26.1 °C for the low transmission season.

associated with high and low DENV transmission seasons in
Thailand (30, 31), indicating that marked seasonal fluctuations in
DENV transmission (24, 25) are likely governed by factors other
than simple changes in vector abundance.

We evaluated experimentally the effect of diurnal temperature
range (DTR) on the potential for DENV transmission by Ae.
aegypti females under three temperature regimes defined by field
temperature profiles (Fig. 1). Each treatment had the same av-
erage temperature (26 °C), but a different amplitude of daily
variation; control (DTR = 0 °C), moderate (DTR = 10 °C), and
large (DTR = 20 °C). Moderate and large DTRs were charac-
teristic of high and low DENV transmission seasons, respectively,
at Mae Sot. We conducted two experiments, the first with three
temperature regimes using a DENV-2 isolate and a second, in-
dependent experiment in a different laboratory using a DENV-1
isolate with the constant and large DTR regimes. We examined
three components of vectorial capacity over a 32-d period fol-
lowing mosquito exposure to virus-infected blood meals (days
postinfection, dpi), namely, vector survival, EIP duration (mea-
sured by the time required for viral dissemination from the
midgut to other tissues), and vector competence (measured by the
prevalence of midgut infection and viral dissemination), which
represent parameters p, n, and b, respectively, in Eq. 1. We used
thermodynamic models to explore the implications of daily tem-
perature fluctuations for DENV transmission potential.

Results

Vector Competence and EIP. In the first experiment, rates of in-
fection and dissemination by a DENV-2 isolate were measured in
a total of 525 Ae. aegypti females (175 in each of the three tem-

Table 1. Test statistics of DTR effects on Ae. aegypti
experimental vector competence for DENV

Infection Dissemination
Source df y* Pvalue y* Pvalue
Experiment 1 1.09 0.296 6.63 0.0100
EIP 6 5.46 0.486 150 <0.0001
Experiment * EIP 6 116 0.072 241 0.0005
DTR (within experiment) 3 43.1 <0.0001 4.26 0.234
EIP * DTR (within experiment) 18 NS NS 25.5 0.112

Logistic analysis of the proportion of females with a midgut infection and
the proportion of infected females (excluding uninfected) with a dissemi-
nated infection as a function of the experiment, the extrinsic incubation
period (EIP) and the diurnal temperature range (DTR). Because the number
of temperature regimes is different in each experiment, DTR is nested in the
experiment. NS means that the effect was strongly nonsignificant and thus
removed from the final statistical model.

perature regimes). Overall, 474 females (90.3%) had a DENV-2
infected midgut. In the second experiment, rates of infection and
dissemination by a DENV-1 isolate were measured in 227 fe-
males (132 under the constant temperature regime and 95 under
the large DTR regime). Overall, 212 females (93.4%) had a
DENV-1 infected midgut. Logistic regression analysis of results
from both experiments indicated that although the proportion of
infected females did not change significantly over the 32-d time
course of the experiments, mosquito infection was significantly
influenced by the DTR regime (Table 1 and Fig. 24). Averaged
across the entire time course of the first experiment, 97.1, 94.9,
and 78.9% of females were DENV-2 infected under DTRs of
0 °C, 10 °C, and 20 °C, respectively. Averaged across the entire
time course of the second experiment, 97.0 and 88.4% of females
were DENV-1 infected under DTRs of 0 °C and 20 °C, respec-
tively. In the first experiment, separate analyses indicated that the
proportion of infected females significantly differed between
large DTR and the two other temperature regimes, but not be-
tween the moderate DTR and constant temperature regimes.
Slight variations in prevalence were observed over time (Fig. 24),
which could be due to stochastic effects (sampling error) and/or
temporal dynamics in vector-virus interplay. Nonetheless, in-
creasing DTR reduced the likelihood that a female became
infected, a necessity for virus to ultimately be transmitted from
salivary glands and a major component of vector competence
(parameter b in Eq. 1).

In the first experiment, 353 (74.5%) female mosquitoes with
infected midguts had a disseminated DENV-2 infection, as in-
dicated by detection of virus in leg tissues. In the second experi-
ment, 143 (67.5%) midgut-infected females had a disseminated
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Effects of EIP and DTR on Ae. aegypti experimental vector competence for DENV. Time course of (A) the percentage of females with a midgut in-

fection and (B) the percentage of infected (excluding uninfected) females with a disseminated infection as a function of DTR regimes in two independent
experiments (Exp1 and Exp2). Each data point represents 25 females in Exp1 and 3-28 females (mean 16) in Exp2. Lines are the logistic fits of the data. Overall,
DTR significantly influences the percentage of infected females (P < 0.0001) but not the percentage of females with a disseminated infection (P = 0.234).
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DENV-1 infection. The prevalence of disseminated infections
increased sharply during the first 2 wk following the infectious
feed and then reached a plateau (Fig. 2B). These kinetics are
consistent with an EIP of 814 d usually reported for DENV in Ae.
aegypti at 26-30 °C (27). Logistic regression revealed that the
proportion of infected females with a disseminated infection over
time did not differ between DTR regimes (Table 1). Thus, al-
though the EIP (parameter » in Eq. 1) of many mosquito-borne
viruses is sensitive to mean temperature (17-22), it did not seem,
in our experiments, to be significantly affected by DTR.

Thermodynamic Models. The lack of DTR effect on the rate of
virus dissemination from the midgut under sinusoidal tempera-
ture fluctuations is consistent with results from earlier studies on
yellow fever and eastern equine encephalitis viruses, indicating
that cyclical temperature regimes have little impact on duration
of the EIP (17, 18). This conclusion is supported by the results
from our modeling of EIP in which we used a simple tempera-
ture-dependent model (Fig. S1) based on standard enzyme ki-
netics (32). When daily temperature dynamics were described by
a simple sine function, no effect of DTR on EIP was observed
relative to estimates based on mean temperatures alone (Fig. S2).
Because the sine function is symmetrical around the mean and
our DENV growth model has a constant increase in rate per
degree, increases in growth above the mean are offset by slower
growth below the mean. Our empirical and EIP model results,
therefore, indicate that DTR does not affect EIP when temper-
ature follows strict sinusoidal variation.

Temperature in the field, however, does not strictly follow a
sine function between maximum and minimum temperatures. It
is more accurately described using a sinusoidal progression during
daytime and a decreasing exponential curve at night (Fig. S3) (33).
Using this more realistic temperature function to drive DENV
growth, our model indicates that larger DTRs will tend to shorten
EIP duration relative to equivalent constant mean temperatures
(Fig. S2). In this case, although the DENV growth model is the
same, the slight asymmetry in the temperature function between
day and night results in shorter EIP under larger DTR. The effect is

A
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modest, even at the greatest DTR. A shorter EIP (and hence
greater vectorial capacity) is, however, inconsistent with our ob-
servation that DENV transmission intensity in the field is lower
under larger DTR (Fig. 1). Thus, although such an effect of DTR on
EIP may occur in nature, we suggest that it is offset by other factors.
Results from our empirical studies indicated that rather than
affecting EIP, a more important effect is that increasing DTR
decreased the likelihood of midgut infection (Fig. 2). To investigate
this effect over a wider range of conditions, we developed a second
thermodynamic model describing the relationship between tem-
perature and vector competence (Fig. S4). This model predicts
infection and transmission probabilities using published empirical
reports (references in SI Materials and Methods) of the highest
proportion of infected and transmitting mosquitoes measured at
various constant temperatures for a variety of mosquito—flavivirus
systems. Output from this model indicates that DTR can have
a marked effect on vector competence through changes in infection
probability, with the sign of the effect dependent on mean tem-
perature (Fig. 34). Specifically, at the coolest mean temperatures,
larger DTRs increase infection probability relative to baseline
mean temperature. Conversely, at the warmest mean temper-
atures, larger DTRs reduce infection probability (Fig. 34). Al-
though we only considered a single mean temperature (26 °C) in
our experiments, model predictions correspond well with our ex-
perimental data within the range we examined. At a mean of 26 °C,
the percentage of infection is predicted to be 99, 88, and 76% under
DTRs of 0 °C, 10 °C, and 20 °C, respectively. Given that infection
probability appears to reach a maximum once mean temperatures
exceed 26 °C (Fig. S4), these results indicate that exposure to lower
temperatures during the evening, night, and early morning likely
act to reduce virus infection under large DTRs in Thailand and in
our experiments. This result applies whether using a simple sine
function or a more realistic combination of sine and exponential
functions to model daily temperature dynamics (Table S1).
Extending this approach to epidemiologically important trans-
mission events, we speculate on the basis of data from a range of
mosquito—flavivirus systems reported in the literature (references
in SI Materials and Methods) that transmission probability (typi-
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Fig. 3. Combined theoretical effects of mean temperature and DTR on Ae. aegypti vector competence for DENV. The probability (right-hand bar) that the
virus (A) infects the mosquito and (B) is subsequently transmitted across a range of mean temperatures and diurnal temperature ranges according to vector
competence models (Fig. S4) In both panels, temperature variation is described by combined sine and exponential functions (a sinusoidal progression during

daytime and a decreasing exponential curve during the night).
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cally measured by analyzing mosquito salivary secretions for
presence of virus or by exposing a susceptible animal host to
mosquito bites) exhibits a stronger nonlinear response to tem-
perature than infection probability (Fig. S4). Capturing this effect
with an appropriate thermodynamic model indicates potentially
greater effects of DTR on transmission probability than on in-
fection probability (Fig. 3). In areas with a mean temperature of
18 °C, the model predicts that the effect of DTR on transmission is
nonsignificant (Fig. 3B). In areas with means <18 °C, however, the
effect of DTR is larger: as DTR increases so does the probability
of transmission (Fig. 3B). For instance, whereas transmission
probability is estimated to be 0.11 at a constant mean temperature
of 14 °C, it shows a 2.7-fold increase with a DTR of 20 °C (Table
S1). In this case, it appears that exposure to warmer temperatures
for at least part of the day increases transmission probability
relative to the cooler mean temperatures. In contrast, at mean
temperatures >18 °C, DTR has the reverse effect; i.e., larger
DTRs decrease transmission probability (Fig. 3B). Presumably,
periodic exposure to cooler temperatures, and/or hot temper-
atures that exceed the optimum, leads to a lower transmission
probability than expected under a constant temperature model.
Thus, the predicted transmission probability of 0.95 at a constant
temperature of 26 °C is more than halved under a DTR of 20 °C
(Table S1). Although we did not measure actual transmission in
our experiments, the output from our model suggests that the
strongly nonlinear effect of temperature on transmission proba-
bility is an additional mechanism by which DTR can affect the
seasonal dynamics of DENV transmission observed in Thailand.

Survival Analysis. A total of 900 Ae. aegypti females were included
in survival analysis in the first experiment with DENV-2, of
which 244 died during the course of the experiment and 656 were
censored; i.e., were included in survival analysis up to the point
when they were removed for virus detection. Although mean
survival times were similar across DTR regimes (27.6, 27.9, and
27.3 dpi under DTRs of 0 °C, 10 °C, and 20 °C, respectively),
DTR had a statistically significant influence on overall survival
rates (log-rank test: y* = 22.8, P < 0.0001). This effect appeared
to be due to higher mortality rates of mosquitoes held under
fluctuating temperatures at the end of the experiment, most
markedly under the DTR of 20 °C from 24 dpi onward (Fig. 44).
Survival curves differed significantly both between DTRs of 0 °C
and 10 °C (x> = 5.03, P = 0.0249) and between DTRs of 20 °C
and 10 °C (x* = 7.33, P = 0.0068). Only ~30% of females under
the DTR of 20 °C survived to the end of the experiment, com-
pared with ~50 and ~70% under a DTR of 10 °C and constant
temperature, respectively.

Survival results of the first experiment were confirmed in the
second experiment with DENV-1 (Fig. 4B). From a total of 317
Ae. aegypti females, 85 died during the course of the second
experiment and 232 were censored. Mean survival times were
28.5 and 22.2 dpi under DTRs of 0 °C and 20 °C, respectively.
DTR had a statistically significant influence on survival rates
(log-rank test: * = 31.4, P < 0.0001).

Discussion

Our results support the hypothesis that the potential for DENV
transmission by Ae. aegypti is influenced by the amplitude and
pattern of daily temperature variation. This is due to a negative
effect of DTR on two important components of vectorial capac-
ity, vector competence and vector survival (parameters b and p
in Eq. 1, respectively). Vectorial capacity is influenced linearly
by variations in vector competence and exponentially by differ-
ences in survival (34, 35). Although additional research is needed
to determine whether our conclusions extend across all four
DENYV serotypes, our results were consistent in two independent
experiments conducted in different laboratories and using dif-
ferent mosquitoes and different DENV serotypes. Thus, our
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Fig. 4. Effect of DTR on experimental survival of Ae. aegypti females after
oral exposure to DENV. Kaplan-Meier analysis of survival rates following
exposure to an infectious blood meal as a function of diurnal temperature
regimes. In A, mosquitoes were exposed to a DENV-2 isolate. Survival curves
are significantly different according to log-rank tests (overall: P < 0.0001;
DTR = 0 °C vs. DTR = 10 °C: P = 0.0249; DTR = 10 °C vs. DTR = 20 °C: P =
0.0068). In B, mosquitoes were exposed to a DENV-1 isolate. Survival curves
are significantly different according to a log-rank test (P < 0.0001). Vertical
bars indicate SE.

findings did not depend on a particular set of experimental
conditions. They help to explain seasonal variation in the in-
tensity of DENV transmission in Thailand where mean tem-
perature does not significantly differ throughout the year and
there is no simple relationship between mosquito abundance and
dengue incidence (30, 31). The low DENV transmission season
occurs during months when the amplitude of DTR is large and
mosquito infection and transmission potential are relatively low.
Conversely, the high DENV transmission season corresponds to
a time of the year when DTR amplitude is comparatively low and
mosquito infection and transmission potential are elevated.

Amplitude of daily temperature fluctuations adds to the list of
factors that influence Ae. aegypti vector competence for DENV,
such as mean temperature (22), infectious virus dose (36), and
the specific combination of vector and virus genotypes (37). The
underlying mechanism for the negative impact of DTR on vector
competence is unclear, but could be due to deleterious effects of
low and/or high temperatures on key steps of the progression of
virus infection in the mosquito (20, 38). For example, extreme
temperatures experienced by mosquitoes under large DTRs may
affect the efficacy of a midgut infection barrier to virus propa-
gation, which accounts for a large portion of variation in vector
competence in natural mosquito populations (39). Short periods
of time spent at high or low temperatures under large DTRs
could adversely impact the efficacy of midgut infection by lim-
iting entry into midgut epithelial cells or initial replication in
midgut cells (13). This proposition is supported by studies in-
dicating temperature-dependent efficacy of barriers to virus
propagation in Culex tarsalis mosquitoes infected with western
equine encephalitis virus (20, 40).

We do not know whether the negative effect of DTR on
mosquito survival that we detected in our experiments would
have been observed if mosquitoes had not been exposed to virus.
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The potential for this effect merits additional investigation be-
cause decreased values of p act to reduce vectorial capacity in an
exponential fashion through both the probability that a mosquito
will become infectious (i.e., survive through n days of EIP, p” in
Eq. 1) and the number days it will survive after EIP is completed
[1/=In(p) in Eq. 1]. Daily vector survival has long been recognized
as one of the most influential parameters in transmission of
vector-borne pathogens because small changes in p have rela-
tively large effects on vectorial capacity and thus the basic re-
productive rate (Ry) of a virus (34, 35). Even slight reductions
in mosquito survival due to increased DTR, as observed in our
experiment, could lead to a noticeable drop in the extent of
DENV transmission.

Our study design does not allow us to rule out nonmutually
exclusive, alternative explanations. First, temperature profiles
obtained in Mae Sot, Thailand were measured with indoor data
loggers that may not have captured subtle temperature differ-
ences between microhabitats within human dwellings where fe-
male Ae. aegypti spend most of their time. Although we expect
that it is unlikely that such differences would dramatically reduce
the range of temperature fluctuations experienced by infected
mosquitoes in the field, further investigation is warranted to de-
termine the importance for DENV transmission of the actual
temperatures to which wild female Ae. aegypti are exposed (12).
Second, high DENV transmission in Thailand coincides with the
rainy season and low transmission is associated with the dry
season. In addition to average temperature and the pattern of
temperature fluctuations, other climatic factors such as atmo-
spheric pressure or humidity likely differ between dry and rainy
seasons and may also contribute to variation in Ae. aegypti vec-
torial capacity. Additional research is again needed to determine
the respective contribution of climatic factors other than tem-
perature. Third, although we examined several components of
vectorial capacity, we did not carry out behavioral experiments to
determine the effect of temperature fluctuations on mosquito
biting rate (parameter a in Eq. 1). Even though there is evidence
that the frequency at which Ae. aegypti imbibes blood meals is
positively associated with temperature (41), we know of no data
indicating that DTR alone can affect blood-feeding frequency
(but see ref. 9 for related data from Anopheles mosquitoes).

Our results reveal a potentially significant role, which has not
previously been considered, for environmental variability in the
dynamics of DENV transmission. Like several earlier studies (10,
12, 42), our research highlights the need for a better mechanistic
understanding of the environmental determinants of vector—
pathogen interactions. Although different in detail, our general
conclusion about the importance of DTR on vectorial capacity
for DENV is similar to conclusions from recent theoretical and
empirical studies on malaria (8, 9). We show that, as for malaria,
intensity of DENV transmission can be influenced by the specific
combination of mean and range in temperature fluctuations. In-
clusion of the range of short-term, daily temperature variation in
analyses of vector—pathogen interactions will provide insights into
environmental factors that influence pathogen transmission dy-
namics and heterogeneity in the risk of mosquito-borne disease.

Materials and Methods

Mosquitoes. The first experiment was carried out at the Wadsworth Center
Arbovirus Laboratory, Slingerlands, NY, using Ae. aegypti nine generations
after their collection from Nakhon Ratchasima Province, Thailand during
May 2006. The second experiment was carried out at the Institut Pasteur in
Paris, France, using Ae. aegypti two generations after their collection from
Kamphaeng Phet Province, Thailand during December 2009. In both
experiments larvae were reared under constant, standard conditions. Three
days before the infectious feed, adults were separated into incubators
programmed to follow different temperature regimes with the same aver-
age temperature of 26 °C. In fluctuating temperature treatments, temper-
ature followed 24-h sinusoidal cycles.
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Experimental Infections. In the first experiment, mosquitoes were orally
challenged with a low-passage DENV-2 strain isolated from a child in 1999 in
Kamphaeng Phet, Thailand. In the second experiment, mosquitoes were
orally challenged with a low-passage DENV-1 strain isolated in 2009 from
a patient in Kamphaeng Phet, Thailand. Virus was grown in Aedes albopictus
(C6/36) cells to prepare an artificial infectious blood meal to which 5- to 8-d-
old adult females were exposed through a membrane feeding system. After
feeding, fully engorged females were transferred into four to five replicate
cartons per treatment and returned to their respective incubators. In both
experiments, mortality was monitored in each carton by removing and
counting dead mosquitoes every 1-3 d.

Vector Competence. Viral infection and dissemination were monitored for
32 d after the infectious blood meal by detection of infectious DENV in
mosquito bodies and legs, respectively. The number of mosquitoes randomly
sampled at each time point was 25 per treatment in the first experiment and
3-28 (mean 16) in the second experiment. The proportion of infected bodies
and legs was determined by plaque assay on African green monkey kidney
(Vero) cells in the first experiment and by immunofluorescent assay on C6/36
cells in the second experiment. The presence of infectious virus in each
sample was determined qualitatively; i.e., either positive or negative.

Data Analysis. The proportion of mosquitoes with infected bodies (midgut
infection) and legs (disseminated infection) was analyzed with a nominal
logistic regression as a function of EIP, DTR, and their interaction. The ex-
periment was included as a covariate in the analysis. Because the number of
temperature regimes was not the same in both experiments, DTR was nested
within the experiment. EIP was considered an ordinal variable. The minimal
model was obtained by stepwise removal of strongly nonsignificant effects.
Survival distributions were analyzed using the Kaplan-Meier method for
univariate survival with censored data; i.e., mosquitoes collected for virus
detection were included in the analysis. Homogeneity of survival functions
between temperature treatments was tested with a log-rank test.

Temperature and EIP Models. The diurnal fluctuation in air temperature (T,)
was approximated using two commonly applied models (Fig. S3). The first
model was a simple sine function fitted between daily maximum and mini-
mum temperatures, as was used in the vector competence assays. The second
model was a sinusoidal progression during daytime and a decreasing expo-
nential curve during the night (12:12 h day:night cycle), which better captures
the slight asymmetries that can occur during the daily heating and cooling
phases that are not captured in a simple sine model. Under both scenarios, T,
was calculated at 30-min intervals for a wide range of mean temperature and
DTR combinations. We used an established model based on enzyme kinetics
(Fig. S1) to estimate DENV growth rate at 30-min intervals across the diurnal
cycle according to the two temperature models described above. EIP com-
pletion was defined when cumulative growth rate reached one.

Vector Competence Models. EIP describes the time required for pathogen
incubation in the vector and is usually considered separately from vector
competence, which describes intrinsic susceptibility and does not have
a temporal dimension. Because the effect of temperature on DENV infection
and transmission probabilities is not well documented, data from other
mosquito—flavivirus systems were used to model the relationship between
vector competence and temperature. We modeled both infection and
transmission probabilities using empirical reports of the highest proportion
of infected and transmitting vectors measured at various constant temper-
atures (Fig. S4). Probabilities of DENV infection and transmission were esti-
mated by averaging probabilities calculated at 30-min intervals across the
diurnal cycle according to the two temperature models described above,
over a 24-h period.

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