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Supplementary Results

Sensitivity analyses

We explored several methods of sensitivity analyses to examine how model predictions
change with different thermal response assumptions. Because no temperature-sensitive
vector competence or extrinsic incubation period (EIP) data were available for CHIKV or
ZIKV, we were particularly interested in the Ry model sensitivity to the thermal responses
for these traits. We explored the impact of changes in b, ¢, and PDR by calculating Ry for
all posterior parameter samples with those focal traits shifted in the following ways:
entire curves shifted £3°C and £5°C for all three traits, entire curves shifted £3°C and
+5°C for each trait individually, and curves made 3°C wider or narrower without
changing the mean for all three traits. We examined the impact of each modification on
the thermal minimum, maximum, and optimum (79, 7, and 7)) for Ry. For Ae.
albopictus, all shifts in trait thermal responses shifted 7,x by < 1°C, Ty by approximately
the amount of the trait shift (e.g., +3°C for the models with the traits shifted by +3°C),
and had little effect on 7, (Fig. J in S1 Text). Similarly, for Ae. aegypti all models shifted
Tk by < 2°C, Ty by less than or equal to the amount of the trait shift, and had little effect
on T, with the exception of the -5°C trait shift, which reduced 7,, by 5°C (Fig. K in S1
Text). These analyses indicate that the optimal and maximum temperatures for
transmission are robust to error in the vector competence and EIP thermal responses. By
contrast, the minimum temperature for transmission may be sensitive to these trait
thermal responses, so it is important to experimentally measure vector competence and
EIP, particularly at low temperatures, for each mosquito and pathogen species pair of
interest.

We also used sensitivity analyses to characterize the degree to which the temperature
response of each individual trait drives the overall temperature response of Ry (i.e., (1/
Ry)(dRo/dX) for each parameter X). For both the Ae. aegypti and the Ae. albopictus
models, we found that the parasite development rate (PDR) thermal response strongly
increased and the lifespan (If) thermal response strongly decreased the response of Ry to
temperature (Figs. L-M in S1 Text).

We were interested in which trait’s thermal response was driving the difference in
optimal temperature for Ae. aegypti versus Ae. albopictus transmission. To investigate
this, we sequentially swapped thermal responses from one model to the other (e.g.,
calculated Ry with all Ae. albopictus trait thermal responses except one from Ae. aegypti
and vice versa). Mosquito lifespan was the key driver in the difference between the two
Ro-versus-temperature models. Although the optimal temperatures for mosquito lifespan
were similar, the thermal breadth was much narrower for Ae. albopictus than for Ae.
aegypti. Ry is strongly limited by short mosquito lifespans at high temperatures, where
viral extrinsic incubation is very rapid, so expanding the thermal breadth for this trait has
a large effect on the optimum.

Uncertainty analyses

We estimated how uncertainty in the trait thermal responses contributed to uncertainty in
Ry versus temperature. First, we calculated the width of the 95% credible interval for Ry
with all parameters sampled from their posterior distributions across temperatures. Then,




we calculated the width of the 95% credible interval for Ry when each trait was sampled
from its posterior distribution individually, while the remaining parameters were fixed at
their posterior mean. We compared the width of the intervals when just one parameter
was sampled from its posterior distribution to the width when all parameters were
sampled to calculate the relative contribution of each parameter to uncertainty at each
temperature. For Ae. albopictus, mosquito lifespan (/f) contributed most to uncertainty
from 24-35°C and transmission probability (b), followed by infection probability (c),
contributed most to uncertainty from 16-24°C (Fig. N in S1 Text). For Ae. aegypti, biting
rate (@) contributed most to uncertainty from 29-35°C, transmission probability ()
contributed most to uncertainty from 13-28°C, and mosquito lifespan (/f), fecundity
(EFD), and infection probability (c) all contributed substantially to uncertainty from 13-
35°C (Fig. O in S1 Text).
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Thermal responses of Ae. albopictus and DENV traits that drive transmission (parameter
names and data sources listed in Table A in S2 Text). Informative priors based on data
from additional Aedes spp. and flavivirus studies helped to constrain uncertainty in the
model fits (see Materials and Methods; Table C in S2 Text). Points are the data. Black
solid lines are the mean model fits; red dashed lines are the 95% credible intervals.
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Plots of the probability that Ryp > 0 (GRy) versus the probability of transmission predicted
from presence/absence model PAS, for different levels of percent tourism in GDP
(TGDP) across different rows and population size (population) across different columns,
at the median value of GDP (per capita GDP = $7274). Red lines: CHIKV and ZIKV.
Blue lines: DENV. Lines are the mean model fits and shaded areas are the standard

errors. Tick marks show the data.
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Map of predicted temperature suitability for virus transmission by Ae. albopictus (A) and
Ae. aegypti (B). Color indicates the consecutive months in which temperature is
permissive for transmission (predicted Ry > 0) for Aedes spp. transmission. Red,
minimum likely range (> 97.5% probability that Ry > 0), purple, median likely range (>
50% probability that Ry > 0), teal, maximum likely range (> 2.5% probability that Ry >
0). Black line indicates the CDC Aedes spp. range estimates in the United States. Model
suitability predictions combine temperature mean and 8°C daily variation and are
informed by laboratory data (Fig. 1, Fig. A in S1 Text) and validated against field data

(Fig. 3).
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Ry versus temperature models for Ae. aegypti (black solid line) and Ae. albopictus (black
dashed line) and models based on the thermal responses listed in five previous studies:
models of DENV transmission by Ae. aegypti by Morin et al. (1) (red line), Wesolowski
et al. (2) (orange line), and Liu-Helmersson et al. (3) (gold line), a model of CHIKV
transmission by Ae. aegypti by Johansson et al. (4) (light green line), and models of
ZIKV transmission by Ae. aegypti (green line) and Ae. albopictus (blue dashed line) by
Caminade et al. (5), which are based on DENV extrinsic incubation rate data. Note that
we could not reproduce the functional forms in Caminade et al.’s Fig. S15 from the
equations in their Table 1, so we digitized the Ro(7) functions shown in Fig. S15D. We
were unable to fully reproduce the thermal response functions from Zhang et al. (6) and
their model-predicted Ry(7) relationship is not shown.
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comparison. Vertical lines indicate the critical thermal minimum and maximum, at which
both functions equal zero, and the optimal temperature, at which both functions are
maximized. Horizontal line indicates Ry = Rs° = 1, at which points their temperature

values are also equal. Right panel: monotonic relationship between Ry and R/’.
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Top, uninformative prior model of Ae. albopictus Ry versus temperature model mean
(black line) and 95% highest posterior density intervals (red dashed lines), for constant
temperatures. Bottom, histograms of the minimum, maximum, and optimum
temperatures for transmission.
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Top, uninformative prior model of Ae. aegypti Ry versus temperature model mean (black
line) and 95% highest posterior density intervals (red dashed lines), for constant
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temperatures for transmission.
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Randomized quantile residuals extracted in R using the gresid function in the package
statmod (7) for the fitted model shown in Fig. 3 of the main text. Randomized Quantile
Residuals are interpreted as standard residuals, and should be normally distributed if the
assumptions of the underlying model are appropriate for the data. Left: residuals plotted
versus the fitted value for DENV (blue) and CHIKV/ZIKYV (red). Right: QQ plot for the
quantile residuals.
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Sensitivity analysis on the Ae. albopictus Rp model at constant temperatures for vector
competence (b and c) and parasite development rate (PDR = 1/extrinsic incubation
period), in which these traits are shifted individually and together +/-3°C (left panel), or
all three are shifted +/-3°C, +/-5°C, or the curves are made 3°C narrower or wider with
the same optimum (right panel).
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Sensitivity analysis on the Ae. albopictus Ry model, showing the derivative of Ry with
respect to each parameter, divided by Ry, at each temperature. Parasite development rate
(PDR) has the largest positive effect on Ry for most of the temperature range, while
mosquito lifespan (If) has a strong negative effect at warm temperatures. Parameter
names are listed in Table A in S2 Text.
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Fig. M

Sensitivity analysis on the Ae. aegypti Rp model, showing the derivative of Ry with
respect to each parameter, divided by Ry, at each temperature. Parasite development rate
(PDR) has the largest positive effect and mosquito lifespan (If) has the largest negative
effect on Ry for most of the temperature range. Parameter names are listed in Table A in
S2 Text.
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Fig. N

Uncertainty analysis for Ae. albopictus Ro model, showing the relative width of the 95%
HPD intervals on Ry that is due to each parameter, compared to the overall uncertainty.
Each line shows the width of the 95% HPD interval on Ry when calculated using draws
from the posterior distribution of the focal parameter and the posterior means of the other
parameters, divided by the width of the 95% HPD interval on Ry when all parameters are
drawn from their posterior distribution. This illustrates the degree to which uncertainty in
Ry arises from uncertainty in the component parameters at each temperature value.
Mosquito infection probability (b) and lifespan (LF) dominate model uncertainty.
Parameters are defined in Table A in S2 Text.
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Fig. O

Uncertainty analysis for Ae. aegypti Rp model, as described in the caption for Fig. N.
Parameters are defined in Table B in S2 Text.
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