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ABSTRACT

Most statistical and mechanistic models used to predict mosquito borne disease transmission
incorporate climate drivers of disease transmission by utilizing environmental data collected at
scales that are potentially coarser than what mosquito vectors actually experience. Temperature
and relative humidity can vary greatly between indoor and outdoor environments, and can be
influenced strongly by variation in landscape features. In the Aedes albopictus system, we
conducted a proof-of-concept study in the vicinity of the University of Georgiato explore the
effects of fine-scale microclimate variation on mosquito life history and vectorial capacity (VC).
We placed Ae. albopictus larvae in artificial pots distributed across three replicate sites within
three different land uses — urban, suburban, and rural, which were characterized by high,
intermediate, and low proportions of impervious surfaces. Data loggers were placed into each
larval environment and in nearby vegetation to record daily variation in water and ambient
temperature and relative humidity. The number of adults emerging from each pot and their body
size and sex were recorded daily. We found mosquito microclimate to significantly vary across
the season as well as with land use. Urban sites were in general warmer and less humid than
suburban and rural sites, trandlating into decreased larval survival, smaller body sizes, and lower
per capita growth rates of mosqguitoes on urban sites. Dengue transmission potential was
predicted to be higher in the summer than the fall. Additionally, the effects of land use on dengue
transmission potential varied by season. Warm summers resulted in a higher predicted VC on the
cooler, rura sites, while warmer, urban sites had a higher predicted VC during the cooler fall
Season.

Keywords. Asian tiger mosquito, Aedes, vector, arbovirus, urban, climate, model, vectorial

capacity


https://doi.org/10.1101/090613

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

1. INTRODUCTION

Epidemics of dengue, chikungunya, and Zika are spreading explosively through the
Americas creating a public health crisis that places an estimated 3.9 billion people living within
120 different countries at risk. This pattern began with the growing distribution of dengue virus
(DENV) over the past 30 years, infecting an estimated 390 million people per year. More recent
invaders, chikungunya (CHIKV) and now Zikavirus (ZIKV), are rapidly following suit. CHIKV
emerged in the Americas in 2013 and has caused 1.8 million suspected cases from 44 countries

and territories (www.paho.org) to date. In 2015, outbreaks of Zikavirus (ZIKV) have spread

throughout the Americas, resulting in over 360,000 suspected cases, with likely many more
going unreported.

Temperature is one of the key environmental drivers influencing the dynamics and
distribution of these diseases'™°. Variation in temperature can profoundly impact mosquito
population dynamics™, mosquito life history traits™™*® (such as survival, fecundity, duration of
gonotrophic cycles, mosquito immune responses™?%), and measures of parasite / pathogen
fitness (prevalence, titers, and the extrinsic incubation period)™®%**, |n addition to

#21 and relative humidity® also drive

environmental temperature, variation in precipitation
vector-borne disease transmission.

Most statistical and mechanistic models used to predict mosquito borne disease
transmission incorporate climate drivers of disease transmission by utilizing environmental data
collected from general circulation weather models™?**, down-scaled weather data®, outdoor
weather stations**°, or remotely sensed land surface temperature data®™ 2. While working with

these datais methodologically tractable, mosquitoes do not experience environmental variation

at such coarse scales™®*. Temperature and relative humidity can vary greatly between indoor
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and outdoor environments*#?

, and can be influenced strongly by variation in landscape features
such as density of housing, housing material, vegetation cover, impervious surface cover, waste
heat generation, and distance to water’®?%4*%_ Thus, the microclimate a mosquito vector
experiences will be dependent upon its dispersal ability (can be < 100 m for some species™) and
the habitats it visits throughout life. In addition, many modeling efforts characterize
environmental conditions through measures of mean monthly temperature, relative humidity, and
precipitation. Yet, thereis agrowing body of theoretical and empirical work demonstrating that
daily fluctuations in temperature, and likely relative humidity, are important for both mosquito
and parasite/ pathogen traits that mediate transmission *%°>*. Thus, most studies characterizing
environmental effects on vector-borne disease transmission are challenged by capturing the
relevant metrics of environmental variation and the appropriate spatial and temporal scale.

We conducted a semi-field study examining differences in microclimate and mosquito
life history traits across a heterogeneous urban landscape to address the above concerns.
Specifically, 1) does mosquito relevant microclimate vary across an urban landscape, 2) how
does this variation affect mosquito life history traits, and 3) what are the implications of
microclimate variation for vectorial capacity? We investigated these questions in Athens-Clarke
Country, GA, focusing on the invasive Aedes albopictus (Asian tiger mosguito) system duetoits
widespread distribution throughout the state™®, aswell asits role as an important vector for
dengue, chikungunya, and Zika viruses in many parts of the world>>".

2. METHODS
2.1 Site selection
We explored microclimate variation across three levels of land use categories

characteristic of an urban landscape: urban, suburban and rural. We used an impervious surface
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93  map of Georgia generated by the Natural Resources Spatial Analysis Lab at the University of

94  Georgia (http://narsal.uga.edu/glut/data-stats/georgia-impervious-surface-trends) for Athens-

95 Clarke County, Georgia, U.S.A. to distinguish sites into these three land use categories. We

96 defined urban, suburban, and rural sites as those with impervious surface scores within the

97  following binned ranges: 55 — 100%, 5 — 50%, and 0 %, respectively. We then created a new

98  impervious surface map for Athens-Clarke County and selected three replicate sites within each

99 land use category (Figure 1). Final site selection across Athens-Clarke County was ultimately
100  constrained to sites that we could get permission to access. We did ensure that there was greater
101 than 5 miles between sites, sites were interspersed across the county, and they were of the same
102 area (30 m?, Figure 1).
103 2.2 Larval development experiment
104 Within each site, we evenly distributed (10 m apart) and staked six black flower pots
105  (Home Depot 480064-1001) in the ground at the base of vegetation (e.g. grass stands, brush,
106  trees) in full shade. Within each pot, we placed awide-mouth glass bell jar (~1 L, Walmart,
107  550797441), and added 300 mL of leaf infusion and 30 first instar Aedes albopictus larvae. Leaf
108  infusion was made aweek prior to the start of the experiment. Live oak (Quercus virginiana)
109  leaves were collected from the field and dried in an oven (50°C) for 72 hrsto ensure all water
110  had evaporated from the leaf tissue. We then infused 80 grams of dried leaf material and 3
111 gramsof al:1 yeast-albumin mixturein 20 L of deionized water for 3 days prior touse. To
112 monitor variation in larval and adult mosquito microclimate across each site, we added a data
113 logger (Monarch Instruments: RFID Temperature Track-It logger) to each jar and hung a logger
114  (Monarch Instruments: RFID Temperature and Relative Humidity Track-1t logger) in vegetation

115  near each jar (~ 3 feet above the ground). Loggers recorded instantaneous measurements of
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116  temperature and relative humidity every 10 min throughout the course of the study. Jars were
117  then screened to prevent any emerging adult mosquitoes from escaping and awire cage (8 in x 8
118 in) with plastic vinyl lining the roof was placed over top and staked into the ground to exclude
119  animalsand excess rainfall.

120 Pots were visited daily and any emerged adults were removed. We quantified the total
121 number of adults emerging per day, and recorded the sex and wing length of each emerged adult.
122 Wing length was used as a proxy of mosguito body condition because of its associations with
123 female mosquito fecundity, survival, and vector competence for arboviruses™>’. Onewing was
124  taken from each individual upon emergence, mounted on a glass microscope slide using clear
125 nail lacquer, and measured using a dissecting scope and micrometer eye piece. Measurements
126  weretaken from the tip of the wing (excluding fringe) to the distal end of thealula. This

127  experiment was conducted twice, oncein early summer (June 15-July 14, 2015) and once in the
128  fall (September 7-October 10, 2015) to estimate any effects of season on our response variables.
129 2.3 Calculating per capita mosquito population growth rates(r)

130 We used the following equation (1) to calculate per capitaintrinsic population growth

131  rates (r) for each experimental pot across all sites™,

(5% Axf (wy))
= ZxAxf(Wx)) : (1)
XAxf(wy)

132 D+(

133 inwhich N, represents the initial number of females, A, the number of adult females emerging
134  per day X, wx the mean wing length of females emerging on day x, D the delay between female
135  emergence and first oviposition, and f(wy) predicts the numbers of female offspring produced by
136  femalesof agiven wing size. Because 1% instar mosquito larvae cannot be reliably sexed, and 30

137 1% instar larvae were deposited in each experimental pot, we assumed N, to be 15 females. We


https://doi.org/10.1101/090613

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

138 also assumed D = 14.2 days for Ae. albopictus®®. We used the following linear function, f(w) = -
139 121.240 + 78.02w,, to describe the relationship between mean wing size and fecundity™.

140 2.4 Statistical analyss

141 To estimate the effects of microclimate and land use on the larval development and

142  mosquito emergence rates, we used Cox proportional hazard models (R version 3.3.0, package
143 ‘survival’) to assess how these predictors influenced probability of mosquito emergence across
144  potsin each seasonal block (summer and fall). Each model included land use (rural, suburban,
145  and urban) and the following microclimate covariates (daily temperature mean, minimum, and
146  maximumin each experimental pot and average daily relative humidity mean, minimum, and

147  maximum) as predictor variables. Additionally, to control for correlated observations, pot was
148  included as cluster variablesin the analysis. We achieved our final models by using a

149  multidirectional stepwise selection method designed to minimize Akaike Information Criterion
150  (AIC)®. All predictorsincluded in final models were checked with the PH assumption.

151  Influential observations and nonlinearity were investigated by removing one observation for each
152  covariate and observing how much the regression coefficients changed and plotting the

153  Martingale residuals against each covariate, respectively.

154 We used general linear mixed effects models (JIMP ® Pro 12.1.0) to investigate the

155  effects of seasonal block (summer and fall), land use class (rural, suburban, and urban), and the
156  interaction on metrics of larval microclimate (average daily mean, minimum, and maximum

157  temperature in each experimental pot and average daily mean, minimum, and maximum relative
158  humidity), mosquito body size upon emergence (wing size), and the per capita mosquito

159  population growth rate, r. Experimental pot was nested within site as arandom factor within

160 each model. Sex, and the interactions with seasonal block (sex x block) and land use (sex x land
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161  use), were aso included as predictorsin the model with wing size as the response variable.

162  Model fit and assumptions of normality were assessed by plotting model residuals and quantile
163  plots, and Tukey adjusted pairwise comparisons were run to compare differences across land use
164  groups.

165 2.5 Estimating the effects of season and land use on transmission potential

166 To estimate how variation in relevant microclimate across different land uses and season
167  might influence the ability of Ae. albopictusto transmit arboviruses, we used a dengue-specific
168  vectorial capacity framework. Vectorial capacity (VC) isamathematical expression (2) that

169  integrates mosquito and pathogen life history traitsthat are relevant for transmission and

170  describesthedaily rate at which future infections arise from one infected human, given that all

171  female mosquitoes feeding on that human become infected'®*%;

mabce H/EIR

172 Ve =—— (2)

173  where mrepresents vector density, a isthe daily probability of a human host being fed on by a
174  vector, EIR isthe extring c incubation rate of a pathogen, 1 isthe daily probability of adult
175  mosquito mortality, b* c is vector competence, and EIR is the extrinsic incubation rate of a

176  pathogen. The density of mosquitoes (m) was estimated with the following equation (3):

__ EFDppaMDR

177 e

: 3)

178  with mbeing comprised of the number of eggs laid per female per day (EFD), the egg to adult
179  survival probability (pea), the development rate of larvae (MDR), and adult daily probability of
180  mortality (l).

181 From our semi-field experiment, we can directly estimate the number of eggs laid per
182  female per day (EFD) by taking the number of expected eggs laid per gonotrophic cycle based

183  on body size, estimated by the linear relationship between eggs laid and wing length (y = 78.02x-
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184  121.24)*°, divided by expected lifespan (1/p) within each land use and season. From our

185  survival analyses, we can estimate the probability of egg to adult survival (pea) and the mosquito
186  development rate (MDR). The pea and MDR were estimated as the maximum percentage of
187  adult females emerging across each site and the slope of the inflection point of the cumulative
188  emergence curves, respectively. To estimate the parameters in vectorial capacity that we did not
189  directly measure in our semi-field experiment (a, b, ¢, EIR, and ) as afunction of mean daily
190 temperature (T) on our Sites and across each season, we used elther the Briere thermal equation
191  (4) useto explain asymmetric, non-linear relationships,

192 x(t) = cT(T = Ty)\/ (T, — T, 4
193  or the quadratic equation (5) used to explain symmetric relationships,

194 x(t) = c(T —T,)(T —T,), (5)
195  with Tyasthedaily minimum temperature, Tr, as the daily maximum temperature, and c as afit
196  parameter with values for these parameters taken from Mordecai et al. 2016 (under review)™.
197  Inorder to estimate potential effects of variation in diurnal temperature ranges

198  across our sites with land use and season on these parameters, we used rate summation (6)
199  defined as

200 x = [r(T@®))dt, (6)
201  whereagiven trait (x) isdefined as arate (r) that adjusts instantaneously to temperature (T),
202 whichin turnisafunction of time (t).

203 3.RESULTS

204 3.1 Theeffect of season and land use on mosquito microclimate

205 We found that the larval microclimate mosquitoes experienced significantly varied with

206  time of season and with land use (Table 1, Figure 2). We did not observe any significant
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207  interactions between seasonal block and land use, suggesting that the effects of land use on

208  mosquito microclimate were consistent across the summer and fall experiments. Dueto larval
209  datalogger failure, we were unable to track daily water temperatures across atotal of six pots
210  (n=48 pots) in the summer and one pot (n=53) in the fall; however, as the failure was equally
211 distributed across treatments, we do not believe this significantly affected our results.

212 As expected, summer temperatures were on average higher than fall temperatures, with
213 significantly higher daily mean (summer: 26.0°C; fall: 20.5°C) minimum (summer: 22.4°C; fall:
214  15.6°C), and maximum water temperatures (summer: 29.6°C; fall: 24.5°C). Additionally,

215  experimental potsin the summer were subject to lower daily mean (summer: 82.8%; fall: 92.8%)
216 and minimum relative humidity (summer: 55.9%; fall: 74.8%). We did not include maximum
217  relative humidity in our analyses because the daily maximum relative humidity across all sites
218  and seasons was close to 100%. These seasonal differencesin daily temperature and relative
219 humidity resulted in summer mosquitoes experiencing a lower diurnal temperature range

220  (summer: 7.3°C; fall: 8.9°C) and higher diurnal relative humidity range (summer: 43.0%; fall:
221 25.0%) across all sites.

222 Urban sites were on average warmer than rural sites (Figure 2). Urban sites were

223 characterized by higher daily mean temperatures (urban vs. rural, p = 0.0234; urban vs.

224  suburban, N.S.; suburban vs. rural, N.S.) and maximum temperatures (urban vs. rural, p =

225  0.0011; suburban vs. urban, N.S.; suburban vs. rural, N.S.). Interestingly, daily minimum

226  temperatures were similar across suburban and urban sites, with larvae on rural sites

227  experiencing significantly lower daily minimum temperatures (rural vs. suburban, p = 0.0123;
228  suburban vs. urban, N.S.; urban vs. rural, N.S.). Urban sites were also significantly drier. Urban

229  siteshad lower daily mean relative humidity (urban vs. suburban, p < 0.0001; urban vs. rural, p <
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230  0.0001, rural vs. suburban, N.S.) and minimum relative humidity (urban vs. suburban, p =

231 0.0023; urban vs. rural, p = 0.0007). Finally, urban sites experienced on average wider

232 fluctuationsin diurnal temperature (urban: 8.5°C; suburban: 7.9°C; rural: 8.0°C) and relative
233 humidity (urban: 36.1%; suburban: 33.2%; rural: 32.7%) ranges than suburban (p = 0.0088) and
234 rural sites(p = 0.045).

235 While the daily climate data collected by the local weather station do track the daily

236  variation in temperature and relative humidity recorded by data loggers (Figure 2), the local

237  weather station did not accurately predict daily mean, minimum, maximum, and diurnal ranges
238  of temperature and relative humidity across each land use (Figure 3). Further, the ability of the
239  local weather station to predict urban, suburban, and rural microclimate varied qualitatively

240  across seasons. For example, in the summer, local weather station data over predicted daily

241 mean (by 1.3°C — 1.8°C), maximum, (by 3.0°C —4.2°C) and diurnal temperature ranges (by

242 3.1°C —3.7°C), while under predicting variation in the daily mean (by 6.8% to 13.3%), minimum
243 (5.0% - 9.4%), and maximum relative humidity (6.4% - 8.2%) across al land uses (Figure 3). In
244  contrast, in the fall, the local weather station was better able characterize daily mean (a

245  difference of 0.3°C —0.7°C), maximum (adifference of 0.8°C — 1.2°C), and the diurnal

246  temperature range (-0.8°C to -0.4°C) across these sites. In the fall, like the summer, the local
247  weather station continued to under predict the daily mean, minimum, and maximum relative

248  humidity across urban, suburban, and rural sites. Interestingly, while the differencein relative
249  humidity recorded by the local weather station and our data loggers was minimal in the summer
250  (-1.3% - 1.2%), the local weather station in the fall marginally over estimates the relative diurnal
251 humidity range (3.7% - 7.8%) in urban, suburban, and rural sites (Figure 3).

252 3.2 Theeffect of microclimate, season, and land use on mosquito emer gence
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253 Overal, larval survival and the number of adult mosquitoes emerging were much higher
254  inthefall thanin the summer (Figure 4). Of approximately 1,620 first instar Ae. albopictus

255  placed into the field during each experiment, we had atotal of 318 females and 387 males

256  successfully emerge during the summer replicate and 569 females and 623 males emerge during
257 thefall replicate. Additionally, adults began to emerge at an earlier date in the summer (day 7)
258  thaninthefall (day 11). We found significant effects of land use on the likelihood of mosqguito
259  emergence in both the summer and fall, with a44% and 47% decrease in the likelihood of

260  mosquito emergence on urban sites relative to suburban and rural sites (which had similar

261  likelihoods of mosquito emergence) in the summer, respectively (Table 2). There also was an
262  effect of temperature and relative humidity on mosquito emergence in the summer and fall

263  experiments, but interestingly these effects differed. Mosguitoes developing in the summer

264  experienced an 18% decrease in the likelihood of emergence with each 1°C increase in the daily
265  minimum temperature and a 7% decrease with each 1% increase in daily mean relative humidity
266  (Table?2). In contrast, mosguitoes developing in the fall experienced a 28% increase in the

267  likelihood of emergence with each 1°C increase in daily maximum temperature and a 19%

268  decrease with every 1% increase in daily maximum humidity (Table 2). Together, these results
269  suggest that higher temperatures on urban sites may decrease the likelihood of mosquito

270  emergence through increased larval mortality, and that temperature variation throughout the day
271 hasqudlitatively different effects on mosquito development and emergence in the summer than
272 thefall.

273 3.3 Effects of microclimate, season, and land use on wing szeand r

274 We found significant effects of sex, season, and land use on the size of emerging adult

275  mosquitoes (Table 3, Figure 5). Overall, female mosguitoes were larger than male mosquitoes
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276 (females: 3.21 mm; males: 2.71 mm). Mosquitoes emerging in the summer were significantly
277  smaller than those emerging in the fall (summer: 2.77 mm; fall: 3.15 mm), and mosquitoes

278  developing on urban sites emerged as smaller adults (urban: 2.91 mm; suburban: 2.96 mm; rural:
279  3.01 mm) relative to rural sites (urban vs. rural, p = 0.0047; urban vs. suburban, N.S.; suburban
280 vs.rurd, N.S). Interestingly, there were significant interactions between seasonal block and

281  mosquito sex (block x sex) and land use (block x land use), suggesting the effects of season on
282  mosquito body size differs for males and females and across land use. For example, female

283  mosquitoes were aways significantly larger than male mosquitoes, however this differencein
284  body size was greater in the fall than the summer seasonal block. Further, there were no

285  gignificant effects of land use on mosguito body size in the summer seasonal block, but

286  mosquitoes emerging on urban sites were significantly smaller (urban: 3.09 mm; suburban: 3.14
287  mm; rural: 3.22 mm) than those on rural sites (urban vs. rural, p = 0.0003; urban vs. suburban,
288  N.S,; suburban vs. rural, N.S.) during the fall.

289 Integrating the daily emergence and wing size datainto equation (1), we identified

290  significant effects of seasonal block and land use on mosquito per capita population growth rates
291 (r, Table4, Figure5). Overall, the mosquito per capita growth rate was approximately two times
292 higher in the fall (0.157) than the summer (0.090). Further, the mosquito per capita growth rate
293  wason average significantly lower on urban sites (urban vs. suburban; 0.0269; urban vs. rural,
294  N.S,; suburban vs. rural, N.S.).

295 3.4 Theeffect of land use and season on ar bovirustransmission potential

296 We found mosquito transmission potential to vector dengue to vary across the summer
297  season and with land use (Figure 5). Transmission potential was higher overall in the summer

298 relativeto thefall season. Interestingly, the effects of land use on mosquito transmission
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299  potential varied depending on time of season. The mode predicts that during the hot summer,
300 Ae. albopictuson rural sites have the highest transmission potential relative to suburban and

301 urban sites. In contrast, in the cooler fall, mosquitoes on urban sites were predicted to have the
302  highest transmission potential (Figure 5). Together these results demonstrate fine-scale variation
303 intransmission potential can occur across an urban landscape, and seasonal shiftsin

304  microclimate can result in qualitatively different patterns of arbovirus transmission potential with
305 land use.

306 4. DISCUSSION

307 To date, the mgjority of studies investigating the effects of urbanization on mosquito
308  population dynamics and disease transmission have been sampling or modeling studies
309 investigating how the distribution and abundance, feeding preferences, and incidence of diseases

e+ |n contrast, there have been

310 vectored by different mosquito species vary across land u
311  ahandful of experimental studiesin the field that mechanistically link observed variation in

312  mosquito traits and metrics of disease transmission to sources of microclimate variation that exist
313  across human-modified landscapes (Anopheles spp.*®*""*, Culex pipiens®, Aedes albopictus™).
314  Our study, in combination with the previous work, demonstrates that relevant microclimate

315  variationin thefield (rather than coarser environmental manipulationsin the lab) can trandate

316  into significant heterogeneity in mosquito life history traits, and ultimately disease transmission

317  potential.

318 Across both the summer and fall, we observed urban microclimates to be significantly
319  warmer and less humid than non-urban sites, which is reflective of the urban heat island (UHI)

320 effect’. Thisisconsistent with other studies showing that urban centers can have different

77-79 80-82

321  temperature and precipitation regimes than surrounding areas. Urbanization resultsin
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322 significant modifications to the land-surface structure®, such as an increase in built surfaces and
323  useof impervious materials (that absorb solar radiation), three dimensionality of the landscape
324  (minimizing air flow), and decreases in vegetative cover (decreased shading and evaporative
325  cooling). Additionally, urban centers produce more waste heat*’. These shifts in temperature
326  associated with UHIs are also associated with changes in other weather variables, such as

327  precipitation regimes, wind speed, relative humidity, etc. al of which can impact the heat budget
328  of organismsliving in urbanized landscapes ®. Urban heat island effectsin other systems have
329 led to shiftsin organism phenology (plants)®"®, life history (e.g. insect pests, ants, fruit bats)®”
330 % and overwintering behavior (mosquitoes)”, all of which can have significant implications for
331  vector-borne disease transmission”®”. Further, because our study site (Athens, Georgia) isa
332 relatively small city, the observed effects of land use on fine-scale variation in microclimate

333  were subtle, suggesting that these effects could in fact be much larger in bigger cities. Larger
334  citiesin the United States, for example, can have mean temperatures that are on average 3°C

335  higher than non-urban areas (with the exception of drier areas)”®, and urban coresin mega-cities

336 like New Delhi, Indiacan differ by 10°C relative to surrounding non-urban areas”.

337 Despite the subtle effects of land use on mosguito microclimate, we still observed

338  noticeable effects on larval survival, adult mosquito body sizes, intrinsic population growth rates,
339 and overall transmission potential. This reinforces findings from a diversity of laboratory studies
340 on Ae. aegypti and Ae. albopictus demonstrating the effects of relatively large changes in mean

1,13,15,24,91-98

341  temperature gl 7,99-101

and diurnal temperature rang on adiversity of mosquito life
342  history traits (e.g. survival, biting rate, fecundity, larval development, vector competence, and
343  vira extrinsic incubation period). We found mosquitoes devel oping on urban sites experienced

344  lower survival in the larval environment (approximately a 45% decrease in the probability of
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345  emergence across both seasons) and emerged as smaller adults than on non-urban sites, which
346 could be due to urban sites being in general warmer than non-urban sites. Other similar studies

es®™ " on urban sites and an increase in adult

347  report increases in mosquito development tim
348  mosquito emergence’, which we did not observe. The decrease in probability of emergence
349  combined with smaller adult body size resulted in slightly lower per capita growth ratesin the

350 summer and fall on urban sites.

351 Surprisingly, different components dictating the diurnal range of temperature and relative
352  humidity were important for larval survival. Overall, in the hot summer, the probability of adult
353  mosquito emergence decreased with higher daily thermal minimums. In contrast, in the cooler
354  fall, increasesin the daily maximum temperatures corresponded to increases in the number of
355  adults emerging. Despite having higher average daily thermal maximum temperatures relative to
356  non-urban sites, mosquitoes devel oping on urban sites still experienced higher larval mortality in
357 thefall. Thissuggests other sources of variation with land use might also be important for larval

102103 5N these sites.

358  survival (biotic activity in larval environments, exposure to insecticides, etc.)
359  Relative humidity was also important for the probability of adult emergence across these sites,
360 and like temperature, different metrics of relative humidity were important across different

361  seasons. Interestingly, in both the summer and fall, increases in either the daily relative humidity
362 mean or maximum resulted in proportional decreases in the probability of adult emergence. To

363  thebest of our knowledge, thisisthefirst report of variation in relative humidity affecting the

364 likelihood of larval survival and adult emergence.

365 Variation in daily temperature and relative humidity, as well as the observed variation in
366  mosquito body size with land use and season, could have significant implications for other,

367 unmeasured mosquito traits that are important for arbovirus transmission. For example, variation
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368  inboth mean temperature and diurnal temperature range in the lab have been shown to impact
369 thedaily probability of adult survival (i), female gonotrophic cycles and biting rates (a), the
370  number of eggs females produce per day (EFD), vector competence (bc) and the extrinsic

371 incubation period (EIP) for adiversity of mosquito species and pathogens (e.g. Anopheles,

372 Culex, Aedes)™#"1012:43100.101.104105 - 1 odeling studies have linked increased precipitation and
373 relative humidity to increased disease incidence (e.g. dengue and malaria)*®**°, likely through
374  thenegative effects of low relative humidity (e.g. < 40% relative humidity) on mosquito

11 and activity™?. However unlike environmental temperature, the mechanisms of how

375  longevity
376  relative humidity effects mosquito life history in general and disease transmission have been less
377  well explored. Finally, variation in mosquito body size with land use and season could further
378  compound the effects of temperature and relative humidity variation on these traits. The

379  decreased body size of mosguitoes on urban sites could have negative implications for the daily

95,116,117

330  probability of adult survival (1)*****° and egg production , which in turn could impact the

381  number of eggs females produce per day (EFD)*°.

382 To explore how the effects of variation in daily temperature and diurnal temperature
383  range could impact arbovirus transmission, we used a temperature dependent vectorial capacity
384  equation parameterized for Ae. albopictus™ to predict how dengue transmission potential varies
385  across urban, suburban, and rural sites and with season. While the vectorial capacity formula
386 ignores some potentially important sources of variation (e.g. underlying the mosquito-human
387 interaction), it provides a framework for estimating the relative importance of key mosquito /
388  pathogen parameters and the effects of environmental variation on these parameters’**.

389 Interestingly, relative vectorial capacity was lower in the fall relative to the summer despite the

390 fact that per capita mosquito population growth rates were predicted to be higher in the fall due
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391 toincreased mosquito survival in the larval environment and larger body sizes. Thisislikely due
392  tothe negative effect of cooler temperatures on mosquito biting rate, the extrinsic incubation

393 period of dengue, and the probabilities of transmission®. We also found arbovirus transmission
394  potential to vary with land use, and the effects of land use on vectorial capacity depended on

395 time of season. These results suggest that the environmental suitability for arbovirus

396  transmission will be dependent upon the shape of the non-linear relationships mosquito and

397  pathogen traits share with temperature, the daily average habitat temperatures and their

398  proximity to the thermal optimum of this non-linear response, and how the effects of daily

399 temperature fluctuation integrate with daily mean habitat temperatures to impact trait

400 performance, and ultimately transmission potential.

401 This study captures how mosquito life history, potential population growth rates, and

402  transmission potential respond to variation in microclimate with land use and season. However,
403  there are many other factors that could vary, in addition to microclimate, with land use that could
404  impact these variables. For example, variation in quantity and quality of larval habitat, adult

405  resting habitat, access to hosts, and insecticide application with land use will aso likely influence
406 mosquito population dynamics, densities, and transmission potential®*****%, Additionally, while
407  environmental conditions shape the potential distribution and magnitude of disease vectors,

408  socio-economic and demographic factors (e.g. outdoor recreation, housing quality, etc.)

409  determinethe level of human exposure and the realized transmission risk*?'2*, For example,

410  even though transmission potential is predicted to be lower in the fall than the summer, seasonal
411 changesin human behavior may result in higher transmission risk in the fall, when cooler

412  temperatures encourage more outdoor activity.
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413 Most studies that consider the role of climate in vector-borne disease transmission use
414  climate data reported from local weather stations. Our proof of concept study demonstrates that
415  the climate conditions captured by local weather station data do not reflect the microclimates
416  mosquitoes experience, and that subtle variation in mean and diurnal ranges of temperature and
417  relative humidity can lead to appreciable variation in key mosquito / pathogen life history traits
418  that are important for transmission. Greater effort is needed to quantify the activity space

419  mosquitoes occupy and the conditions of relevant transmission environments. Thiswill not only
420  beimportant for predicting variation in transmission potential and risk across seasons,

421  geographic regions, and land uses, but also for building in realistic environmental variationin
422  future laboratory work on mosguito-pathogen interactions.

423 5. ACKNOWLEDGEMENTS

424 We thank Mark Brown and Anne Elliot for intellectual and facility support of this project
425 by providing us with Aedes albopictus for our experiments. We also thank John Drake, members
426  of the Murdock lab group, and Maria Huertas-Diaz for intellectual and personnel support of this
427  project. Thisproject wasfunded partially through the Population Biology of Infectious Diseases
428  NSF REU program, as well as the Department of Infectious Diseases and the Odum School of
429  Ecology, University of Georgia. Any opinions, findings, and conclusions or recommendations
430  expressed in this material are those of the author(s) and do not necessarily reflect the views of
431  the National Science Foundation

432  6.LITERATURE CITED

433 1 Liu-Helmersson, J., Stenlund, H., Wilder-Smith, A. & Rocklov, J. Vectoria capacity of

434 Aedes aegypiti: effects of temperature and implications for global dengue epidemic
435 potential. PLoS ONE 9 (2014).


https://doi.org/10.1101/090613

436
437
438

439
440
441

442
443
444

445
446

447
448

449
450
451

452
453
454

455
456
457

458
459

460
461
462

463
464
465

466
467

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was

10

11

12

13

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Paaijmans, K. P. et al. Influence of climate on malaria transmission depends on daily
temperature variation. Proc. Natl. Acad. ci. U. S A. 107, 15135-15139,
doi:10.1073/pnas.1006422107 (2010).

Paaijmans, K. P., Read, A. F. & Thomas, M. B. Understanding the link between malaria
risk and climate. Proc. Natl. Acad. Sci. U. S A. 106, 13844-13849,
doi:10.1073/pnas.0903423106 (2009).

Blanford, J. I. et al. Implications of temperature variation for malaria parasite
development across Africa. Scientific Reports 3, 1-11, doi: 1300 10.1038/srep01300
(2013).

Paaijmans, K. P. et al. Temperature variation makes ectotherms more sensitive to climate
change. Glob. Chan. Biol. 19, 2373-2380 (2013).

Sirg), A. S. et al. Altitudinal changes in malariaincidence in highlands of Ethiopiaand
Colombia. Science 343, 1154-1158, doi:10.1126/science.1244325 (2014).

Lambrechts, L. et al. Impact of daily temperature fluctuations on dengue virus
transmission by Aedes aegypti. Proc. Natl. Acad. Sci. U. S, A. 108, 7460-7465,
doi:10.1073/pnas.1101377108 (2011).

Ruiz-Moreno, D., Vargas, I. S., Olson, K. E. & Harrington, L. C. Modeling dynamic
introduction of Chikungunya virusin the United States. PLoS Negl. Trop. Dis. 6, €1918,
doi:10.1371/journal .pntd.0001918 (2012).

Ledesma, N. & Harrington, L. Fine-scale temperature fluctuation and modulation of
Dirofilaria immitis larval development in Aedes aegypti. Vet. Parasitol.,
doi:http://dx.doi.org/10.1016/j .vetpar.2015.02.003 (2015).

Mordecal, E. A. et al. Optimal temperature for malariatransmission is dramatically lower
than previously predicted. Ecol. Lett. 16, 22-30, doi:10.1111/ele.12015 (2013).

Beck-Johnson, L. M. et al. The effect of temperature on Anopheles mosquito population
dynamics and the potential for malaria transmission. PLoS ONE 8, €79276,
doi:10.1371/journal.pone.0079276 (2013).

Christiansen-Jucht, C., Parham, P., Saddler, A., Koella, J. & Basanez, M .-G. Temperature
during larval development and adult maintenance influences the survival of Anopheles
gambiae s.s. Parasit. Vectors 7, 489 (2014).

Ddlatte, H., Gimonneau, G., Triboire, A. & Fontenille, D. Influence of temperature on
immature development, survival, longevity, fecundity, and gonotrophic cycles of Aedes


https://doi.org/10.1101/090613

468
469

470
471
472

473
474
475

476
477
478

479
480
481

482
483
484
485

486
487
488

489
490

491
492
493

494
495
496

497
498
499

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was

14

15

16

17

18

19

20

21

22

23

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

albopictus, vector of chikungunya and dengue in the Indian Ocean. J. Med. Entomol. 46,
33-41 (2009).

Impoinvil, D. E., Cardenas, G. A., Gihture, J. |., Mbogo, C. M. & Beier, J. C. Congtant
temperature and time period effects on Anopheles gambiae egg hatching. J. Am. Mosg.
Control Assoc. 23, 124-130 (2007).

Monteiro, L. C., de Souza, J. R. & de Albuquerque, C. M. Eclosion rate, devel opment
and survivorship of Aedes albopictus (Skuse)(Diptera: Culicidae) under different water
temperatures. Neotrop. Entomol. 36, 966-971 (2007).

Lyimo, E. O., Takken, W. & Koella, J. C. Effect of rearing temperature and larval density
on larval survival, age at pupation, and adult size of Anopheles gambiae. Entomol. Exp.
Appl. 63, 265-271 (1992).

Zakharova, N. F., Losev, G. |. & Yakubovich, V. Y. The effect of density and
temperature on larval populations of the malaria vector Anopheles sacharovi. Med.
Paraztol. Parazt. Bolezni, 3-7 (1990).

Afrane, Y. A., Zhou, G. F., Lawson, B. W., Githeko, A. K. & Yan, G. Y. Effects of
microclimatic changes caused by deforestation on the survivorship and reproductive
fitness of Anopheles gambiae in Western Kenya highlands. Am. J. Trop. Med. Hyg. 74,
772-778 (2006).

Murdock, C. C., Blanford, S., Luckhart, S. & Thomas, M. B. Ambient temperature and
dietary supplementation interact to shape mosqguito vector competence for malaria. J.
Insect Physiol. 67, 37-44 (2014).

Murdock, C. C. et al. Complex effects of temperature on mosguito immune function.
Proc. Roy. Soc. B 279, 3357-3366, doi:10.1098/rspb.2012.0638 (2012).

Murdock, C. C., Moller-Jacobs, L. L. & Thomas, M. B. Complex environmental drivers
of immunity and resistance in malaria mosquitoes. Proc. Roy. Soc. B 280,
doi:10.1098/rspb.2013.2030 (2013).

Murdock, C. C., Paaijmans, K. P., Read, A. F., Cox-Foster, D. & Thomas, M. B.
Rethinking vector immunology: the role of environmental temperature in shaping
resistance. Nat. Rev. Microbiol. 10, 869-876 (2012).

Kilpatrick, A. M., Meola, M. A., Moudy, R. M. & Kramer, L. D. Temperature, viral
genetics, and the transmission of West Nile virus by Culex pipiens mosquitoes. PLoS
Pathog. 4, 1-7, doi:10.1371/journal .ppat.1000092 (2008).


https://doi.org/10.1101/090613

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

500 24 Johansson, M. A., Arana-Vizcarrondo, N., Biggerstaff, B. J. & Staples, J. E. Incubation
501 periods of yellow fever virus. Am. J. Trop. Med. Hyg. 83, 183-188,
502 doi:10.4269/gjtmh.2010.09-0782 (2010).

503 25 Bomblies, A. Modeling therole of rainfall patternsin seasonal malaria transmission.
504 Clim. Change 112, 673-685, doi:10.1007/s10584-011-0230-6 (2012).

505 26 Johansson, M. A., Dominici, F. & Glass, G. E. Local and global effects of climate on
506 dengue transmission in Puerto Rico. PLoSNegl. Trop. Dis. 3, 17 (2009).

507 27 Chowdll, G. & Sanchez, F. Climate-based descriptive models of dengue fever: the 2002
508 epidemic in Colima, Mexico. J. Environ. Health 68, 40-44, 55 (2006).

509 28 Nagao, Y. et al. Climatic and social risk factors for Aedes infestation in rural Thailand.
510 Trop. Med. Int. Health 8, 650-659 (2003).

511 29 Proestos, Y. et al. Present and future projections of habitat suitability of the Asian tiger
512 mosquito, a vector of viral pathogens, from global climate simulation. Vol. 370 (2015).

513 30 Ogden, N. H., Milka, R., Caminade, C. & Gachon, P. Recent and projected future

514 climatic suitability of North Americafor the Asian tiger mosquito Aedes albopictus.
515 Parasit. Vectors 7, 532, doi:10.1186/s13071-014-0532-4 (2014).

516 31 Rochlin, 1., Ninivaggi, D. V., Hutchinson, M. L. & Fargjollahi, A. Climate change and
517 range expansion of the Asian tiger mosquito (Aedes albopictus) in Northeastern USA:
518 Implications for public health practitioners. PLoS ONE 8, doi:e60874

519 10.1371/journal.pone.0060874 (2013).

520 32 Medley, K. A. Niche shifts during the global invasion of the Asian tiger mosquito, Aedes
521 albopictus Skuse (Culicidae), revealed by reciprocal distribution models. Glob. Ecol.
522 Biogeogr. 19, 122-133, doi:10.1111/j.1466-8238.2009.00497.x (2010).

523 33 Paaijmans, K. P. et al. Downscaling reveals diverse effects of anthropogenic climate
524 warming on the potential for local environments to support malaria transmission. Clim.
525 Change 125, 479-488 (2014).

526 34 Ryan, S. J. et al. Mapping physiological suitability limits for malariain Africa under
527 climate change. Vector. Zoon. Dis. 15, 718-725, doi:10.1089/vbz.2015.1822 (2015).

528 35 Mordecal, E. et al. Temperature determines Zika, dengue, and chikungunya transmission
529 potential in the Americas. bioRxiv 063735, doi:http://dx.doi.org/10.1101/063735 (2016).


https://doi.org/10.1101/090613

530
531
532

533
534

535
536
537
538

539
540

541
542
543

544
545
546

547
548
549

550
551
552

553
554

555
556
557

558
559

560
561
562

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was

36

37

38

39

40

41

42

45

46

a7

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Gomes, E., Capinha, C., Rocha, J. & Sousa, C. Mapping risk of malaria transmission in
mainland Portugal using a mathematical modelling approach. PLoS ONE 11, e0164788,
doi:10.1371/journal.pone.0164788 (2016).

Anand, P. Disease ecology and Japanese encephalities (JE) in Ariyalur town using optical
remote sensing data (2016).

Palaniyandi, M., Anand, P., Maniyosai, R., Mariappan, T. & Das, P. Theintegrated
remote sensing and GIS for mapping of potential vector breeding habitats, and the
Internet GIS surveillance for epidemic transmission control, and management.
Environment 7, 14-16 (2016).

Potter, K. A., Arthur Woods, H. & Pincebourde, S. Microclimatic challengesin global
change biology. Glob. Chang. Biol. 19, 2932-2939 (2013).

Pincebourde, S., Murdock, C. C., Vickers, M. & Sears, M. W. Fine-scale microclimatic
variation can shape the responses of organismsto global change in both natural and urban
environments. Integ. Comp. Biol., doi:10.1093/icb/icw016 (2016).

Cator, L. J. et al. Characterizing microclimate in urban malaria transmission settings. a
case study from Chennai, India. Malar. J. 12, 1-10, doi:84 10.1186/1475-2875-12-84
(2013).

Paaijmans, K. P, Imbahale, S. S., Thomas, M. B. & Takken, W. Relevant microclimate
for determining the development rate of malaria mosquitoes and possible impliations of
climate change. Malar. J. 9, 196 (2010).

Murdock, C. C., Sternberg, E. D. & Thomas, M. B. Malaria transmission potential could
be reduced with current and future climate change. Scientific Reports 6, 27771,
doi:10.1038/srep27771

Larsen, L. Urban climate and adaptation strategies. Front. Ecol. Environ. 13, 486-492,
doi:10.1890/150103 (2015).

Townroe, S. & Callaghan, A. British container breeding mosquitoes: the impact of
urbanisation and climate change on community composition and phenology. PLoS ONE
9, doi:e95325 10.1371/journal.pone.0095325 (2014).

Kamdem, C. et al. Anthropogenic habitat disturbance and ecological divergence between
incipient species of the malaria mosquito Anopheles gambiae. PLoS ONE 7, 22 (2012).

Afrane, Y. A, Little, T. J,, Lawson, B. W., Githeko, A. K. & Yan, G. Y. Deforestation
and vectorial capacity of Anopheles gambiae giles mosquitoesin malaria transmission,
Kenya. Emerg. Infect. Dis. 14, 1533-1538, doi:10.3201/eid1410.070781 (2008).


https://doi.org/10.1101/090613

563
564

565
566

567
568
569

570
571

572
573

574
575
576

577
578

579
580
581

582
583
584

585
586

587
588

589
590

591
592

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was

48

49

50

51

52

53

54

55

56

57

58

59

60

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Baruah, K. & Rai, R. N. Theimpact of housing structures on filarial infection. Jpn. J.
Infect. Dis. 53, 107-110 (2000).

Harrington, L. C. et al. Dispersal of the dengue vector Aedes aegypti within and between
rural communities. Am. J. Trop. Med. Hyg. 72, 209-220 (2005).

Hahn, M. B. et al. Reported distribution of Aedes (Stegomyia) aegypti and Aedes
(Stegomyia) albopictusin the United States, 1995-2016 (Diptera: Culicidae). J. Med.
Entomol ., doi:10.1093/jme/tjw072 (2016).

Chouin-Carneiro, T. et al. Differential susceptibilities of Aedes aegypti and Aedes
albopictus from the Americasto Zikavirus. PLoSNegl. Trop. Dis. 10 (2016).

Grard, G. et al. Zikavirusin Gabon (Central Africa) —2007: anew threat from Aedes
albopictus? PLoS Negl. Trop. Dis. 8, €2681, doi:10.1371/journal .pntd.0002681 (2014).

Wong, P. S, Li, M. Z., Chong, C. S,, Ng, L. C. & Tan, C. H. Aedes (Stegomyia)
albopictus (Skuse): a potential vector of Zikavirusin Singapore. PLoSNegl. Trop. Dis. 7
(2013).

Delatte, H. et al. Aedes albopictus, vector of chikungunya and dengue viruses in Reunion
Island: biology and control. Parasite 15, 3-13 (2008).

Price, D. P., Schilkey, F. D., Ulanov, A. & Hansen, I. A. Small mosquitoes, large
implications: crowding and starvation affects gene expression and nutrient accumulation
in Aedes aegypti. Paragt. Vectors 8, 015-0863 (2015).

Reiskind, M. H. & Zarrabi, A. A. Isbigger really bigger? Differential responsesto
temperature in measures of body size of the mosquito, Aedes albopictus. J. Insect
Physiol. 58, 911-917, doi:10.1016/j.jinsphys.2012.04.006 (2012).

Alto, B. W., Reiskind, M. H. & Lounibos, L. P. Size alters susceptibility of vectors to
dengue virus infection and dissemination. Am. J. Trop. Med. Hyg. 79, 688-695 (2008).

Livdahl, T. P. & Willey, M. S. Prospects for an invasion: competition between Aedes
albopictus and native Aedes triseriatus. Science 253, 189-191 (1991).

Lounibos, L. P. et al. Does temperature affect the outcome of larval competition between
Aedes aegypti and Aedes albopictus? J. Vector Ecol. 27, 86-95 (2002).

Venables, W. N. & Ripley, B. D. in Modern Applied Statistics with S. 271-300 (Springer,
2002).


https://doi.org/10.1101/090613

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

593 61 Garrett-Jones, C. & Shidrawi, G. Malaria vectorial capacity of a population of Anopheles
594 gambiae: an exercise in epidemiological entomology. Bull. World Health Organ. 40, 531
595 - 545 (1969).

596 62 Garrett-Jones, C. Prognosis for interruption of malaria transmission through assessment
597 of the mosquito's vectorial capacity. Nature 204, 1173 - 1175 (1964).

598 63 Garrett-Jones, C. & Grab, B. The assessment of insecticidal impact on the malaria
599 mosquito's vectorial capacity, from data on the proportion of parous females. Bull. World
600 Health Organ. 31, 71-86 (1964).

601 64 Fargji, A. et al. Comparative host feeding patterns of the Asian tiger mosquito, Aedes
602 albopictus, in urban and suburban Northeastern USA and implications for disease
603 transmission. PLOSNegl. Trop. Dis. 8 (2014).

604 65 Leisnham, P. T., LaDeau, S. L. & Juliano, S. A. Spatial and temporal habitat segregation

605 of mosquitoesin urban Florida. PLOSONE 9, doi:€91655 10.1371/journal.pone.0091655
606 (2014).

607 66 Leisnham, P. T. & Juliano, S. A. Spatial and temporal patterns of coexistence between
608 competing Aedes mosguitoes in urban Forida. Oecologia 160, 343-352,

609 doi:10.1007/s00442-009-1305-1 (2009).

610 67 COX, J.,, GRILLET, M. E., RAMOS, O. M., AMADOR, M. & BARRERA, R. Habitat
611 segregation of dengue vectors along an urban environmental gradient. Am. J. Trop. Med.
612 Hyg. 76, 820-826 (2007).

613 68 Richards, S. L., Ponnusamy, L., Unnasch, T. R., Hassan, H. K. & Apperson, C. S. Host-
614 feeding patterns of Aedes albopictus (Diptera: Culicidae) in relation to availability of
615 human and domestic animals in suburban landscapes of central North Carolina. J. Med.
616 Entomol. 43, 543-551, doi:10.1603/0022-2585(2006)43[543:hpoaad] 2.0.co;2 (2006).

617 69 LaDeau, S. L., Leisnham, P. T., Biehler, D. & Bodner, D. Higher mosquito production in
618 low-income neighborhoods of Baltimore and Washington, DC: understanding ecological
619 drivers and mosquito-borne disease risk in temperate cities. Int. J. Environ. Res. Public.
620 Health 10, 1505-1526 (2013).

621 70 Tsuda, Y., Suwonkerd, W., Chawprom, S., Prajakwong, S. & Takagi, M. Different spatia
622 distribution of Aedes aegypti and Aedes albopictus along an urban-rural gradient and the
623 relating environmental factors examined in three villagesin northern Thailand. J. Am.
624 Mosg. Control Assoc. 22, 222-228 (2006).


https://doi.org/10.1101/090613

625
626
627

628
629
630

631
632
633

634
635
636

637
638
639

640
641

642
643

644
645

646
647
648

649
650
651

652
653
654

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was

71

72

73

74

75

76

77

78

79

80

81

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Araujo, R. V. et al. Sdo Paulo urban heat islands have a higher incidence of dengue than
other urban areas. The Brazlian Journal of Infectious Diseases 19, 146-155,
doi:http://dx.doi.org/10.1016/].bjid.2014.10.004 (2015).

Akhtar, R., Gupta, P. T. & Srivastava, A. K. in Climate Change and Human Health
Scenario in South and Southeast Asa (ed Rais Akhtar) 99-111 (Springer International
Publishing, 2016).

Robert, M. A. et al. Modeling mosquito-borne disease spread in U.S. urbanized areas: the
case of denguein Miami. PLOSONE 11, e0161365, doi:10.1371/journal.pone.0161365
(2016).

Afrane, Y. A., Zhou, G., Lawson, B. W., Githeko, A. K. & Yan, G. Life-table analysis of
Anopheles arabiensis in western Kenya highlands: Effects of land covers on larval and
adult survivorship. Am. J. Trop. Med. Hyg. 77, 660-666 (2007).

Li, Y. et al. Urbanization increases Aedes albopictus larval habitats and accelerates
mosguito development and survivorship. PLoS Negl. Trop. Dis. 8, e3301,
doi:10.1371/journal.pntd.0003301 (2014).

Kanay, E. & Cai, M. Impact of urbanization and land-use change on climate. Nature
423, 528-531, doi:10.1038/nature01675 (2003).

Oke, T. R. The energetic basis of the urban heat island. Quart. J. Roy. Meteorol. Soc.
108, 1-24 (1982).

Arnfield, A. J. Two decades of urban climate research: areview of turbulence, exchanges
of energy and water, and the urban heat island. Inter. J. Clim. 23, 1-26 (2003).

Misdin, R., Telle, O., Daude, E., Vaguet, A. & Paul, R. E. Urban climate versus global
climate change-what makes the difference for dengue? Ann. N. Y. Acad. <ci.,
doi:10.1111/nyas.13084 (2016).

Lacke, M. C., Mote, T. L. & Shepherd, J. M. Aerosols and associated precipitation
patternsin Atlanta. Atmos. Environ. 43, 4359-4373, doi:10.1016/j.atmosenv.2009.04.022
(2009).

Shepherd, J. M., Carter, M., Manyin, M., Messen, D. & Burian, S. The impact of
urbanization on current and future coastal precipitation: a case study for Houston.
Environ. Plan. B. 37, 284-304, doi:10.1068/b34102t (2010).


https://doi.org/10.1101/090613

655
656
657

658

659
660
661

662
663
664

665
666
667

668
669

670
671

672
673

674
675
676

677
678
679

680
681
682

683
684
685

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was

82

83

85

86

87

88

89

90

91

92

93

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Niyogi, D. et al. Urban modification of thunderstorms. an observational storm
climatology and model case study for the Indianapolis urban region. J. App. Metereol.
Clim. 50, 1129-1144, doi:10.1175/2010jamc1836.1 (2011).

USGCRP (US Global Change Research Program), 2014).

Jochner, S, Alves-Eigenheer, M., Menzdl, A. & Morélato, L. P. C. Using phenology to
assess urban heat islands in tropical and temperate regions. Inter. J. Clim. 33, 3141-3151,
doi:10.1002/joc.3651 (2013).

Shustack, D. P., Rodewald, A. D. & Waite, T. A. Springtime in the city: exotic shrubs
promote earlier greenup in urban forests. Biol. Invasons 11, 1357-1371,
doi:10.1007/s10530-008-9343-x (2009).

Mimet, A. et al. Urbanisation induces early flowering: evidence from Platanus acerifolia
and Prunus cerasus. Int. J. Biometeorol. 53, 287-298, doi:10.1007/s00484-009-0214-7
(2009).

Dale, A. G. & Frank, S. D. Urban warming trumps natural enemy regulation of
herbivorous pests. Ecol. Appl. 24, 1596-1607 (2014).

Meineke, E. K., Dunn, R. R., Sexton, J. O. & Frank, S. D. Urban warming drives insect
pest abundance on street trees. PLOSONE 8, 1-7 (2013).

Angilletta, M. J., Jr. et al. Urban physiology: city ants possess high heat tolerance. PLoS
ONE 2, €258, doi:10.1371/journal .pone.0000258 (2007).

Parris, K. M. & Haz€ll, D. L. Biotic effects of climate change in urban environments: The
case of the grey-headed flying-fox (Pteropus poliocephalus) in Melbourne, Australia.
Biol. Conserv. 124, 267-276, doi:10.1016/j.biocon.2005.01.035 (2005).

Muturi, E. J., Kim, C. H., Alto, B. W., Berenbaum, M. R. & Schuler, M. A. Larva
environmental stress alters Aedes aegypti competence for Sindbis virus. Trop. Med. Int.
Health 16, 955-964, doi:10.1111/].1365-3156.2011.02796.x (2011).

Muturi, E. J. & Alto, B. W. Larval environmental temperature and insecticide exposure
alter Aedes aegypti competence for arboviruses. Vector. Zoon. Dis. 11, 1157-1163,
doi:10.1089/vbz.2010.0209 (2011).

Rueda, L., Patel, K., Axtel, R. & Stinner, R. Temperature-dependent development and
survival rates of Culex quiquefasciatus and Aedes aegypti (Diptera: Culicidae). J. Med.
Entomol. 27, doi:10.1093/jmedent/27.5.892 (1990).


https://doi.org/10.1101/090613

686
687

688
689

690
691
692

693
694
695

696
697

698
699
700

701
702
703

704
705
706

707
708
709

710
711
712

713
714
715

716
717
718

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was

94

95

96

97

98

99

100

101

102

103

104

105

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Brady, O. et al. Moddlling adult Aedes aegypti and Aedes albopictus survival at different
temperatures in laboratory and field settings. Parasit. Vectors 6, 351 (2013).

Briegel, H. & Timmermann, S. E. Aedes albopictus (Diptera: Culicidae): physiological
aspects of development and reproduction. Vol. 38 (2001).

Zouache, K. et al. Three-way interactions between mosquito population, viral strain and
temperature underlying chikungunya virus transmission potential. Proc. Biol. Sci. 281
(2014).

Alto, B. W. & Bettinardi, D. Temperature and dengue virus infection in mosguitoes:
independent effects on the immature and adult stages. Am. J. Trop. Med. Hyg. 88, 497-
505 (2013).

Chan, M. & Johansson, M. A. The incubation periods of Dengue viruses. PLoS ONE 7,
30 (2012).

Carrington, L. B., Seffert, S. N., Willits, N. H., Lambrechts, L. & Scott, T. W. Large
diurnal temperature fluctuations negatively influence Aedes aegypti (Diptera: Culicidae)
life-history traits. J. Med. Entomol. 50, 43-51 (2013).

Carrington, L. B., Armijos, M. V., Lambrechts, L. & Scott, T. W. Fluctuations at alow
mean temperature accelerate dengue virus transmission by Aedes aegypti. PLoS Negl.
Trop. Dis. 7 (2013).

Carrington, L. B., Seffert, S. N., Armijos, M. V., Lambrechts, L. & Scott, T. W.
Reduction of Aedes aegypti vector competence for dengue virus under large temperature
fluctuations. Am. J. Trop. Med. Hyg. 88, 689-697 (2013).

Marcombe, S. et al. Insecticide resistance in the dengue vector Aedes aegypti from
Martinique: distribution, mechanisms and relations with environmental factors. PLoS
ONE 7, doi:e30989 10.1371/journal.pone.0030989 (2012).

Leisnham, P. T. & Juliano, S. A. Impacts of climate, land use, and biological invasion on
the ecology of immature Aedes mosquitoes. Implications for La Crosse emergence.
EcoHealth 9, 217-228, doi:10.1007/s10393-012-0773-7 (2012).

Ciota, A., Matacchiero, A., Kilpatrick, A. M. & Kramer, L. D. The effect of temperature
on life history traits of Culex mosquitoes. J. Med. Entomol. 51, doi:10.1603/me13003
(2014).

Paaijmans, K. P., Blanford, S., Chan, B. H. K. & Thomas, M. B. Warmer temperatures
reduce the vectorial capacity of malaria mosquitoes. Biol. Lett. 8, 465-468,
doi:10.1098/rshl.2011.1075 (2012).


https://doi.org/10.1101/090613

719
720
721

722
723
724

725
726
727

728
729
730

731
732

733
734

735
736

737
738
739

740
741

742
743

744
745

746
747

748
749

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was

106

107

108

109

110

111

112

113

114

115

116

117

118

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Focks, D. A., Dani€ls, E., Haile, D. G. & Keesling, J. E. A ssmulation model of the
epidemiology of urban dengue fever: literature analysis, model development, preliminary
validation, and samples of simulation results. Am. J. Trop. Med. Hyg. 53, 489-506 (1995).

Mount, G. A., Haile, D. G. & Dani€ls, E. Smulation of management strategies for the
blacklegged tick (Acari: Ixodidae) and the Lyme disease spirochete, Borrelia
burgdorferi. J. Med. Entomol. 34, 672-683 (1997).

Hales, S., de Wet, N., Maindonald, J. & Woodward, A. Potential effect of population and
climate changes on global distribution of dengue fever: an empirical model. Lancet 360,
830-834, doi:10.1016/s0140-6736(02)09964-6 (2002).

Li, T., Yang, Z. & Wang, M. Temperature, relative humidity and sunshine may be the
effective predictors for occurrence of malariain Guangzhou, southern China, 2006—2012.
Parasit. Vectors 6, 155-155, doi:10.1186/1756-3305-6-155 (2013).

Kumar, V. et al. Forecasting malaria cases using climatic factorsin Delhi, India: atime
series analysis. Mal. Res. Treatment 2014, 6, doi:10.1155/2014/482851 (2014).

Bayoh, M. N. Sudies on the development and survival of Anopheles gambiae sensu
stricto at various temperatures and relative humidities, University of Durham, (2001).

Rowley, W. A. & Graham, C. L. The effect of temperature and relative humidity on the
flight performance of female Aedes aegypti. J. Insect Physiol. 14, 1251-1257 (1968).

Ameneshewa, B. & Service, M. The relationship between female body size and survival
rate of the malaria vector Anopheles arabiensisin Ethiopia. Med. Vet. Entomol. 10, 170 -
172 (1996).

Nasci, R. S. The size of emerging and host-seeking Aedes aegypti and the relation of size
to blood-feeding successin thefield. J. Am. Mosg. Control Assoc. 2, 61-62 (1986).

Reisen, W. K., Milby, M. M. & Bock, M. E. The effects of immature stress on selected
eventsin thelife history of Culex tarsalis. Mosg. News 44, 385-395 (1984).

Briegel, H. Fecundity, metabolism, and body size in Anopheles (Diptera, Culicidage),
vectors of malaria. J. Med. Entomol. 27, 839-850 (1990).

Briegel, H. Metabolic relationship between female body size, reserves, and fecundity of
Aedes aegypti J. Insect Physiol. 36, 165-172, doi:10.1016/0022-1910(90)90118-y (1990).

Moller-Jacobs, L., Murdock, C. & Thomas, M. Capacity of mosquitoes to transmit
malaria depends on larval environment. Parasit. Vectors 7, 593 (2014).


https://doi.org/10.1101/090613

750
751

752
753
754

755
756
757

758
759
760

761
762
763

764
765

766

767

768

769

770

771

772

773

774

775

776

777

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was

119

120

121

122

123

124

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Harrigan, R. J. et al. Economic conditions predict prevalence of West Nile virus. PLoS
ONE 5, 15437 (2010).

Dowling, Z., Ladeau, S. L., Armbruster, P., Biehler, D. & Leisnham, P. T.
Socioeconomic status affects mosquito (Diptera: Culicidae) larval habitat type
availability and infestation level. J. Med. Entomol. 50, 764-772 (2013).

Reisen, W., Meyer, R., Tempdlis, C. & Spoehel, J. Mosquito abundance and bionomicsin
residential communities in Orange and Los Angeles Counties, California. J. Med.
Entomol. 27, 356-367 (1990).

Reisen, W. K., Takahashi, R. M., Carroll, B. D. & Quiring, R. Delinquent mortgages,
neglected swimming pools, and West Nile virus, California. Emerg. Infect. Dis. 14, 1747-
1749 (2008).

Béguin, A. et al. The opposing effects of climate change and socio-economic
development on the global distribution of malaria. Glob. Environ. Change 21, 1209-1214,
doi:http://dx.doi.org/10.1016/j .gloenvcha.2011.06.001 (2011).

Gething, P. W. et al. Climate change and the global malaria recession. Nature 465, 342-
U394, doi:10.1038/nature09098 (2010).


https://doi.org/10.1101/090613

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

778 FIGURE LEGENDS

779  Figure 1 Animpervious surface map of Athens-Clarke County, Georgia, U.S. modified from the
780  Georgiaimpervious surface map produced by the Natural Resources Spatial Analysis Lab at the
781  University of Georgia. Spatial pixels (30 m?) were binned according to proportion of impervious
782  surface, with high, intermediate, and low proportion of impervious surface corresponding to

783  urban (red), suburban (blue), and rura (white) sites, respectively. From this map, we selected
784  threesites (black dots, 30 m?) from each land use class for the artificial pot experiments.

785  Figure 2 Ambient mean (solid lines), minimum (lower dotted lines), and maximum (upper

786  dotted lines) daily temperature (A) and relative humidity (B) were recorded by dataloggers

787  across the duration of both experiments on urban (red), suburban (blue), and rural (black) sites
788  and by the local weather station (green) on campus.

789  Figure 3 Differences between daily mean, minimum, and maximum values for temperature and
790 relative humidity recorded by data loggers on urban (red), suburban (blue), and rural (white) sites
791  inthe summer (A, B) and fal (C, D).

792  Figure 4 The cumulative percentage of mosguito adults emerging across urban (red), suburban
793  (blue), and rural (black) sitesin both the summer (solid lines) and fall (dashed lines).

794  Figure5 The effects of land use on mosguito body size (A), per capita mosquito growth rates
795 (B), and relative vectorial capacity, or transmission potential (C) in the summer (orange bars)
796 andfall (red bars). Error bars represent standard errors.
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Table 1 Results from mixed effects models investigating the effects of season (summer vs. fall),
land use (rural, suburban, urban), and the interaction on different daily measures of
microclimate. Experimental pot nested within site was included as a random factor.
daily mean daily mininum daily maxinum diurnal range
Factors df. F p d.f. F p d.f. F p d.f. F p
temperature
season 1 732958 <0.0001 1 6851.07 <0.0001 1 121554 <0.0001 1 69.91 <0.0001
land use 2 374 00307 2 462 00151 2 7804 0.0016 2 540 0.0076
season x land use 2 105 03592 2 304 0058 2 1320 01955 2 009 09174
relative humdty
season 1 77417 <0.0001 1 594.33 <0.0001 - - - 1 564.93 <0.0001
land use 2 5383 <0.0001 2 949 0.0003 - - - 2 470 0.0134
season x land use 2 268 00793 2 136 02726 - - - 2 249 0.0932
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816  Table 2 Final model results from a Cox proportional survival analysis estimating the effects of
817  season (summer, fall), land use (rural, suburban, urban), and microclimate variables (daily mean,
818  minimum, and maximum values of water temperature and ambient relative humidity) on the

819 likelihood of mosquito emergence.

Factors beta ebea SE z P
summer
suburban 0.0818 1.0852 0.1081 0.51 0.6095
urban -0.4206 0.6567 0.1527 -2.15 0.0313
daily minimum temperature -0.1948 0.823 0.0872 -2.13 0.0336
daily mean relative humidity -0.0693 0.9331 0.0212 -2.64 0.0082
daily minimum relative humidity 0.0367 1.0374 0.0154 16 0.1093
fall
suburban 0.105 1.1107 0.7744 1.08 0.2804
urban -0.6299 0.5326 0.0972 -2.77 0.0057
daily average temperature 0.1922 1.2119 0.1007 105 0.2932
daily minimum temperature -0.236 0.7898 0.089% -1.57 0.1173
daily maximum temperature 0.2518 1.2864 0.0769 2.25 0.0243
890 daily maximum relative humidity -0.2066 0.8134 0.0446 -2.93 0.0034
821
822
823
824
825
826
827

828


https://doi.org/10.1101/090613

bioRxiv preprint doi: https://doi.org/10.1101/090613; this version posted November 30, 2016. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

829  Table 3 Results from mixed effects model analysis with backward elimination investigating the
830  effects of sex (male, female), season (summer, fall), land use (rural, suburban, urban) and all
831  possible interactions on mosquito wing size, and the effects of season, land use and the

832 interaction on mosquito per capita growth rates (r). Experimental pot nested within site was

833 included as a random factor.

wing size r
Factors d.f. F p d.f. F p
sex 2 2670.26 <0.0001 - - -
season 1 1590.73 <0.0001 1 117.14 <0.0001
land use 2 548 0.0069 2 358 00313
season X land use 1 452 0.011 1 050 0.6077
834 sex X land use 1 18342 <0.0001 - - -
835

836
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