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Abstract

Dengue transmission is strongly influenced by climatic conditions that affect mosquito
population dynamics and virus circulation. In Southern Brazil, where dengue
historically occurred at low levels, recent climatic anomalies may be contributing to the
expansion of Aedes vectors and an increase in local dengue incidence. This study
investigated the spatiotemporal association between climatic variables, Aedes
mosquito infestation and dengue cases in Porto Alegre (Southern Brazil, 2018 to
2025). Entomological, surveillance and climatic data were analyzed using Moran’s |
and LISA for spatial association, Kendall correlation, polynomial regression and
LASSO to identify relevant drivers and develop predictive models of mosquito
infestation and dengue incidence. A strong spatial association between Aedes aegypti
and Aedes albopictus was observed, with persistent local clusters detected across all
years. Annual climatic variables were associated with mosquito abundance in several
districts. Overall, rainfall frequency had a stronger effect on Aedes aegypti abundance
than accumulated rainfall. Temperature and lagged infestation indices showed strong
association with both species and dengue incidence, with effects observed up to four
weeks prior. Predictive models demonstrated good agreement between observed and
predicted values, particularly within low to moderate infestation levels. Lagged
variables were consistently retained in both mosquito infestation abundance and
dengue incidence models, highlighting the importance of temporal predictors for
anticipating vector dynamics and dengue risk. This approach is generally applicable
for predicting Aedes infestation and disease incidence and emphasizes the
importance of integrating entomological and climatic surveillance data to improve
anticipation and detection of dengue risk periods and support more effective public

health interventions.
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Author summary

Dengue is a viral disease transmitted by mosquitos that affects millions of people
worldwide. Its spread is strongly influenced by climatic conditions that modulate
mosquito life cycles. In Southern Brazil, where dengue historically occurred at low
levels, recent climate variability and extreme weather events may be creating
favorable conditions for the expansion of Aedes mosquitos and local dengue activity.
In this study, we analyzed mosquito, dengue, and climatic surveil in Porto Alegre,
Brazil, from 2018 to 2025 to understand how climate influences mosquito infestation
and dengue incidence. We found that mosquito infestation and dengue cases show
clear spatial patterns across the city and are strongly influenced by temperature and
rainfall. Interestingly, the number of rainy days had a stronger effect on mosquito
abundance than the total amount of rainfall. We also observed that higher mosquito
infestation was associated with an increase in dengue cases up to four weeks later.
These findings show that combining climatic and mosquito surveillance data can help
anticipate periods of higher dengue risk and support more effective mosquito control

and public health actions.

Introduction

Dengue, one of the most important mosquito-borne diseases globally, is well
documented in tropical and subtropical areas, causing outbreaks in South America,
Southeast Asia and the Western Pacific [1,2]. However, recent events associated with
climate change, globalization and urbanization have shifted its geographic expansion

towards broader latitudes [3,4].
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Mosquito reproduction, longevity and competence for viral transmission depend
on climatic conditions [5—8]. Ae. aegypti and Ae. albopictus, the key vectors of dengue,
have a short life cycle, with full development from egg to adult within a couple of weeks
[9]. Consequently, their population can be affected both by long-term seasonal
weather fluctuations (e.g. temperature, humidity) or short-term extreme events such
as floods, heavy rains or heat waves [10,11].

Ae. aegypti was historically restricted to the African continent, whereas Ae.
albopictus to Southeast Asia. Both species have undergone major geographic
expansion over the past century, largely driven by globalization processes (e.g.
increased human mobility) and environmental changes that create new suitable
habitats [12,13]. Currently, Ae. aegypti shows a near-global distribution and is
considered the primary dengue vector in urbanized regions [14—16]. Ae. albopictus, in
turn, is recognized for its greater ecological plasticity and tolerance to a wider range
of climatic conditions, been reported in Brazil for the first time in 1986 in Rio de Janeiro
and Minas Gerais (Southeast) [17,18].

In 2024, Brazil reported near 6.5 million suspected dengue cases, representing
almost half of the cases reported in the Americas [19,20]. The virus is well-distributed
across the entire country with all four serotypes identified indicating hyperendemicity
[21,22]. The current dengue epidemiological scenario in Brazil presents a unique
challenge, as predicting local transmission relies on the complex interplay between
human, climatic and mosquito factors [23-25].

In the first 3 months of 2023, 63 municipalities detected local dengue
transmission for the first time, half of them in Southern Brazil. This region has
historically been associated with low Aedes infestation and dengue incidence, but in

recent years has witnessed both mosquito and dengue activity. Recent evidence
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99 suggests that environmental change may create suitable conditions for both mosquitos
100 and viruses, which may be facilitating emergence in Southern Brazil [22—-24].
101 Despite growing evidence linking climatic conditions to mosquito population
102 dynamics and dengue transmission, important knowledge gaps remain, particularly in
103 temperate regions where dengue has historically been limited. Understanding how
104 climatic variability influences vector infestation and disease dynamics at the local scale
105 is essential for improving surveillance and early warning systems.
106 Porto Alegre, the capital city of Rio Grande do Sul, the most Southern state in
107 Brazil, has faced extreme weather events in recent years, including temperature
108 anomalies in 2023, flooding in 2024 and heavy rains in 2025. This study investigates
109 the relationship between climatic variability, mosquito infestation and dengue
110 incidence in Porto Alegre between 2018 and 2025 through an integrated analysis of
111 entomological, epidemiological and climatic surveillance data.

112

113  Methods

114 Study region

115 Porto Alegre is one of the main Brazilian’s metropolises, located in the Southern
116  Brazil, with 1,388,794 inhabitants (2022). It covers an area of 495.39 km? with nearly
117  50% of urbanization. Climatic conditions are temperate climate with well-defined
118 seasons.

119
120 Entomological data

121 Data were obtained from MosquiTRAPs as part of the municipal surveillance

122 system in Porto Alegre. Trap installation was made in strategic locations based on
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123 local dengue cases and mosquito infestation (S1 Fig). Numbers of female Aedes
124  adults were assessed weekly and RT-PCR was performed to detect dengue virus
125 (DENV) serotypes (DENV1-4) in a bulk of adult mosquitos collected. All infestation
126  data were normalized by the number of traps installed in the same period. The DENV-
127  positive trap index was calculated as the number of traps with dengue virus detection
128 divided by the total number of traps installed per year x 100. The Mean Female Aedes
129  Index (MFAI) was calculated as the number of adult female Aedes mosquitos captured
130 per week divided by the total number of traps inspected in the same week.

131
132 Climatic data

133 The climatic data were sourced from the Copernicus Data Store [26], a
134  repository maintained by the European Centre for Medium Range Weather Forecasts
135 (ECMWEF) with daily resolution for the time zone Etc/GMT-3 and based on Porto
136  Alegre’s spatial location. Air temperature at 2 m above ground level and dew point
137  were converted to Celsius by subtracting 273.15. For each week and year, aggregated
138 values were obtained by the daily observations and subsequently calculating the

139 mean. Relative humidity was obtained using the formula:

17.625-T gew
243.04+T goy,

140  Relative humidity = 100 X *—mzr—

e243.04+T
141 Precipitation was converted to millimeters and aggregated to obtain
142 accumulated per week and year. For accumulated days with precipitation analysis,
143  1mm of rainfall was established as the threshold for rainy days.

144
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145 Viral-mosquito climatic suitability

146 To evaluate climatic conditions that promote transmission, the climate-driven
147  mosquito-viral suitability Index P was obtained from a free-to-use global synthetic
148 dataset [27]. To assess the joint effect of mosquito-viral suitability and vector
149 infestation, we created the Vector-Fitness Infestation Index as:

150 VFII = MFAI x Index P

151
152 Land cover data

153 For the assessment of land cover in the study area, data were obtained from
154 Mapbiomas Brasil [28]. Each raster was downloaded and reprojected to match the
155 coordinate reference system of the Porto Alegre municipal boundary shapefile.
156  Subsequently, the rasters were cropped and masked to the Porto Alegre study area
157  to retain only pixels within the municipality limits. The resulting rasters were converted
158 to tables containing pixel coordinates and land cover class codes for each year. Land
159 cover classes were then grouped into two broader categories: anthropic land uses
160 (urbanized areas, pasture, agriculture, rice, sugarcane, mining, and other land uses)
161  and vegetation cover (forest formation, savanna formation, grassland formation, and
162 planted forest), according to the MapBiomas classification scheme.

163 Because anthropic land use and vegetation cover changed minimally during the
164  study period, these variables were not included in the statistical analyses (S2a-b Fig).

165
166 Dengue cases

167 Dengue is a notifiable disease in Brazil and cases are reported to the Notifiable

168 Diseases Information System (SINAN) of the Brazilian Ministry of Health. Cases are
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169 initially notified based on clinical evaluation of symptoms, while a subset is confirmed
170 by laboratory diagnosis.

171 Incidence data from suspected dengue cases between 2018 and 2025 were
172  obtained from InfoDengue [29], an open Brazilian surveillance platform that integrates
173  cases from SINAN. The information of all autochthonous cases was retrieved from the
174  official Power Bl epidemiological dashboard maintained by the Municipality of Porto
175  Alegre [30].

176

177 Statistical analysis

178 Spatial autocorrelation

179 For each year, a spatial analysis of Ae. aegypti, Ae. albopictus, DENV+ traps
180 index and dengue cases was performed using Moran’s Global Index (Moran’s 1) [31]
181 and Local Indicators of Spatial Association (LISA) to assess the geographical
182 association and clustering in the study area. To perform the tests, a neighborhood
183 matrix was created using k-nearest neighbors (KNN). For each unit, the four nearest
184 neighbors were identified based on Euclidean distances between centroid
185 coordinates.

186 Positive values of Moran’s | indicate spatial clustering, whereas values close to
187  zero suggest a random spatial pattern and negative ones indicate spatial dispersion
188 in the area. Statistical significance was determined using a permutation test.

189 LISA identifies local clusters by classifying each spatial unit into High-High or Low-
190 Low, indicating areas surrounded by similar values (clusters), and High-Low or Low-
191 High indicating areas above average surrounded by areas below average (spatial
192  outliers). While Moran’s | provides a global measure of spatial correlation, LISA

193 focuses on the identification of specific locations driving spatial dependence.
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194 Correlation and Modeling

195 Kendall correlation

196 Associations between climatic variables, entomological indicators and dengue
197 incidence were evaluated using Kendall’s rank correlation coefficient (t). To explore
198 local variability in climate-entomology relationships across the area per year, Kendall
199 correlation was calculated separately for each district. For increased temporal
200 resolution, a weekly correlation was applied. Considering potential delayed effects,
201  lagged variables ranging from zero to four weeks were also included.

202
203 Polynomial regression

204 To capture the effect of rainfall frequency on mosquito infestation, 1 mm was
205 established as a rainy occurrence and 5, 10 and 30 days as distinct time-windows
206 representing short-, medium- and long-term rainfall persistence. For each
207 epidemiological week, the MFAI was compared with the rainfall frequency derived from
208 the preceding period. Polynomial regression models were then fitted from first to fourth
209 order to evaluate the non-linear relationship between variables. The optimal model
210 was selected based on the Akaike Information Criterion (AIC), with lower values
211  indicating better model fit while accounting for model complexity. Additionally, analysis
212  of variance (ANOVA) was performed to assess if increases in polynomial degree
213 resulted in a statistical improvement of performance. Second order polynomial was
214  best for a 5 and 10-day period, while a fourth-order polynomial was best for a 30-day
215  period.

216
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217 LASSO

218 To model the association between climatic variables, entomological indicators
219 and dengue incidence, Least Absolute Shrinkage and Selection Operator (LASSO)
220 regression was employed. This method introduces a penalty that shrinks less
221 informative variables to zero, reduces model complexity and mitigates
222  multicollinearity. Three LASSO models were fitted: two models to address weekly
223 mosquito infestation based on lag climatic variables and a third to evaluate the joint
224  effect of Index P, MFAI and VFII of both species on weekly log (dengue incidence +
225 1).

226 The lambda value that minimized the cross-validated error was used to penalize
227  the coefficients. A Gaussian distribution was assumed and a ten-fold cross-validation
228 was applied to train the model. Its performance was evaluated using the root mean
229 squared error (RMSE), compared to a Linear Model, and the deviance ratio over the
230 intercept-only model.

231 All analyses were conducted using R (version 4.4.1). Spatial analysis was
232 performed using the R package spdep. LASSO analysis, Kendall and polynomial
233 regression were performed with the gimnet and stats R packages, respectively.

234

235 Results

236 Porto Alegre spatio-temporal Aedes surveillance from 2018

237 to 2025

238 Across the period, around 50 districts remained under surveillance (S3a Fig).
239 1,447 distinct traps were installed, capturing 130,122 female Ae. aegypti and 4,618

240 Ae. albopictus over 375,776 inspections. Aedes represented the dominant genus

10
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241 among all mosquitos collected (S4 Fig). Weekly inspections increased in 2019,
242 reached an average of 1,400 inspections per week, decreasing during 2020 and
243 remaining stable until 2025 (Fig 1a). MFAI data indicated an increase in infestation
244  since 2021 (Fig 1b). Both absolute counting and MFAI values were significantly higher

245 for Ae. aegypti, demonstrating lower capture levels of Ae. albopictus in Porto Alegre.

Porto Alegre surveillance (Jan 2018 - Dec 2025)
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247  Fig 1. Temporal dynamics of mosquito surveillance indicators in Porto Alegre,
248 Brazil, from 2018 to 2025. (a) Weekly values for inspections, Aedes aegypti and
249  Aedes albopictus in Porto Alegre. (b) Weekly values of MFAI for both species. (c)
250 MFAI of Aedes aegypti in Autumn-Winter (upper) and Spring-Summer (lower). (d)
251  MFAI of Aedes albopictus in Autumn-Winter (upper) and Spring-Summer (lower).
252

253 For Ae. aegypti, the highest number of captured females was observed during

254  spring-summer (Fig 1c): peaking 1,951 in the epidemiological week 11 in 2023

11
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255  (March). While weeks 31 in 2021 and 2022 (July), 32 and 33 in 2022 (August) and 21
256 in 2024 (April), all in autumn-winter seasons, were the only ones with no captures.
257  On the other hand, three of the four weeks with the highest capture of Ae. albopictus
258 occurred in autumn-winter (Fig 1d): epidemiological week 13 in 2019 (March) with 119
259 females captured, followed by week 16 and 17 in 2018 (April) with 62 mosquitos
260 trapped. The highest level in the spring-summer period was observed in week 10 in
261 2024 (March), with 69 females captured.

262 The number of DENV-positive traps increased steadily after 2021, reaching 122
263 positive traps in 2025 (S3a Fig). When accounting for sampling effort, the annual
264  positivity rate, calculated as the proportion of DENV-positive traps among traps with
265 mosquito capture, remained low overall but increased over time, rising from 0.01% in
266 2018 and 0.02% in 2019 to 0.46% in 2022, 0.33% in 2023, 0.40% in 2024, and peaking
267 at 0.98% in 2025, indicating that, despite low overall detection rates, viral circulation
268 intensified over time. Pools of trapped mosquitoes were tested for serotype
269 identification, indicating cocirculation of DENV-1 and DENV-2 in 2023 and 2024 (S3b
270  Fig).

271 The spatial analysis of infestation was conducted to detect spatial
272  autocorrelation and clusters of Ae. aegypti and Ae. albopictus using the ratio of the
273 total female captures by the total traps installed per year. Spatial autocorrelation
274  peaked in 2023 for both species (S1 Table), with a marked strong correlation for Ae.
275 aegypti yearly.

276 In 2018 Ae. aegypti was concentrated in Partenon, Northwest, Central-South,
277 Northeast and Cruzeiro regions, spreading over different areas until 2025. A notable
278 clustering in the North, East and Eixo Baltazar regions in recent years was observed,

279 with its proportion reaching more than 40 mosquitos per trap (Fig 2a). Despite the

12
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280 presence of clusters in other areas across all years, Ae. albopictus seems to be
281 restricted to the South and Central-South regions, reaching up to 6 mosquitos per trap
282 in 2019 and 2024 (Fig 2b). This was consistent with the higher capture rates observed

283 for Ae. aegypti in Porto Alegre.

Aedes aegypti proportion
- 2018 - 2019 - 2020 - 2021 - 2022
P o ) | <)

. 2024
B

-
40 30 20 10 0

Aedes albopictus proportion
. 2018 = P - 2021 - 2022
) Al 2N - e

285 Fig 2. Spatiotemporal clustering of Aedes aegypti and Aedes albopictus
286 proportions in Porto Alegre, Brazil, from 2018 to 2025. (a) Spatial clustering of
287  Aedes aegypti in Porto Alegre from 2018 to 2025; Ae. aegypti proportion represents
288 the total mosquitos captured by the total traps each year. (b) Spatial clustering of
289 Aedes albopictus in Porto Alegre from 2018 to 2025; Ae. albopictus proportion
290 represents the total mosquitos captured by the total traps of each year. Red lines
291 around districts indicate high-high LISA clusters, representing high values surrounded

292 by areas with similarly high values.

13
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Climatic factors influence mosquito dynamics in Porto
Alegre

Porto Alegre has a temperate climate, with well-defined seasons, weather and climate
conditions. Each climate variable exhibited different effects across districts.
Accumulated precipitation had a spatial variance between April and June, with rainfall

ranging from 10 to 100 mm, and between September and December, reaching 200

mm in some regions (Fig 3a).
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Fig 3. Climatic variability and vector suitability indices associated with mosquito

dynamics in Porto Alegre, Brazil, from 2018 to 2025. Monthly distribution of

precipitation (mm), relative humidity (%), and mean temperature (°C) across districts.

Each point represents the mean value per district across all years; red circles indicate
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305 the mean and white diamonds the median. (D) Weekly time series of relative humidity,
306 mean temperature, and precipitation. (E) Weekly Index P derived from temperature
307 and humidity. (F) Weekly Vector Fitness Infestation Index (VFII) for both species.
308

309 For relative humidity, December was the month with the highest variance, with
310 a range from 50% to 75%, followed by January to May (Fig 3b). Mean temperature
311 showed lower spatial variability, although January, April, May, and June showed the
312  highest temperature variance within the study area (Fig 3c). Critically, the winter
313  months (June to August) showed temperature ranges below 15°C, which is considered
314  a critical biological threshold for mosquito life cycles [8].

315 In the epidemiological weeks 36 and 46 (September and November) in 2023,
316  the rainfall reached approximately 100 mm. The highest mean temperature values
317  occurred in 2022 and 2025, with nearly 30°C recorded in January and February,
318 respectively. The highest humidity levels were observed between May and July of
319  each year, reaching nearly 90% (Fig 3d).

320 Index P values indicated climatic suitability for transmission. In the study area,
321  suitable conditions for female Aedes were estimated, broadly, between October and
322 May (late spring to early autumn). Since 2023, the Index P has increased seasonally
323 (Fig 3e).

324 To further explore the effect of mosquito infestation and climate-driven
325 transmission potential, the MFAI and Index P values were combined to create the
326  Vector Fitness Infestation Index (VFIl). VFIlI showed the greatest potential from
327 September to April each year. The highest values were reported in epidemiological
328 week 6 of 2025 (February), where VFIl reached 24 and 0.59 for Ae. aegypti and Ae.

329  albopictus (respectively), followed by week 3 in 2025 (January) with 21 and 0.61 for
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330 Ae. aegypti and Ae. albopictus, respectively (Fig 3f). Although the Index P did not
331  discriminate between species, the lower infestation of Ae. albopictus resulted in much
332 lower VFIl compared to Ae. aegypti. The already reported increases in index P over
333 time became more apparent from VFIl. A linear regression analysis revealed a
334  significant positive temporal, by week trend in the VFII for Ae. aegypti (B = 0.0038, p
335 = 0.001), indicating a gradual increase in transmission potential due to climatic
336  suitability over the study period. In contrast, no significant temporal trend was
337 observed for Ae. albopictus (3 = —0.00007, p = 0.058).

338 Kendall correlation analysis revealed multiple associations between
339 background variables and mosquito species. A strong association between climatic
340 variables and Aedes infestation over the period in different districts (S2 Table). Boa
341  Vista, Jardim ltu, Jardim Leopoldina, Jardim Sabara, Vila Jardim, Trés Figueiras and
342  Mario Quintana had a strong association of accumulated precipitation with Ae. aegypti.
343  Trés Figueiras also showed a correlation with relative humidity. Partenon and Sarandi
344 had an association of relative humidity and accumulated precipitation with Ae.
345  albopictus, respectively. In Teresopolis and Gléria, both increase in relative humidity
346  and mean temperature were associated with an increase in Ae. albopictus infestation.
347 To verify the effect of lagged climatic variables on mosquito dynamics, weekly
348 values of accumulated precipitation, mean temperature and relative humidity were
349 correlated with MFAI of both species. The temperature was the only one positively
350 correlated, with a gradual increase over time. Humidity had a negative effect on the
351 infestation index, and weekly accumulated precipitation seems to barely influence the
352 mosquito presence (Table 1).

353
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Table 1. Kendall correlation of weekly lagged climate variables and MFAI. *** p

< 0.001.
Weeks
lag MFAI - Aedes aegypti MFAI - Aedes albopictus

Precipitation | Temperature | Humidity | Precipitation | Temperature | Humidity

0 -0.093*** 0.419*** -0.2158** -0.1066*** 0.4048** -0.1991***

1 -0.1245*** 0.4789*** -0.2339** -0.1106*** 0.4661*** -0.1986***

2 -0.1033*** 0.5049*** -0.2518** -0.1259*** 0.4857*** -0.2180***

3 -0.0993*** 0.5483*** -0.2681** -0.0734*** 0.5056*** -0.2323***

4 -0.094*** 0.5809*** -0.2930** -0.0852*** 0.5352*** -0.2547***

The relationship between the number of rainy days and mosquito MFAI

indicated a main effect on Ae. aegypti, peaking at approximately four days out of 5

(Fig 4a) and at approximately eight days out of 10 (Fig 4b). In a 30-day window, the

infestation suggests a non-linear pattern, with limited predictive accuracy, increasing

at 23-24 rainy days followed by a slight decline (Fig 4c). Ae. albopictus did not exhibit

an association with the number of rainy days in any of the evaluated time windows.

The low infestation levels of this species in the study area may have reduced the ability

to detect consistent environmental relationships.
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365

366 Fig 4. Nonlinear relationship between cumulative rainy days and mosquito
367 abundance (MFAI) for Aedes aegypti and Aedes albopictus. Association between
368 MFAI and the cumulative number of rainy days over 5-day (A), 10-day (B), and 30-
369 day (C) periods. Points represent mean values and error bars indicate standard errors.
370 Solid lines represent polynomial regression fits, with shaded areas indicating 95%
371  confidence intervals. Second-order polynomials provided the best fit for the 5- and 10-
372  day periods, whereas a fourth-order polynomial best described the 30-day period.

373

374 Mosquito infestation modulates dengue dynamics in Porto

375 Alegre from 2018 to 2025

376 From 2022 to 2025, the dengue incidence per 100,000 inhabitants has
377  constantly increased (S5 Fig). Notably, the epidemiological weeks 13 to 21 in 2025
378 (March to May) reached the highest incidence levels across the period.

379 The first detection of autochthonous dengue cases was reported in 2010 in

380 Jardim Carvalho (East Region). Since then, the disease has spread across the city,
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381 with diagnoses made based on clinical symptoms, and a percentage of these
382  confirmed through laboratory analysis. Between 2019 and 2025, 72,965 dengue cases
383 were reported, 51% of which were confirmed and 93% of these were classified as
384  autochthonous. In 2025, Passo das Pedras district (Eixo Baltazar region) reported the
385 highest burden of autochthonous cases, with 2,364. Followed by Rubem Berta district
386 (Eixo Baltazar region) with 2,236 cases, a weak spatial autocorrelation was detected
387 (S3 Table). In 2024, Restinga (Restinga region) and Partenon (Partenon region)
388 reported 1,171 and 1,029 autochthonous cases, respectively. Partenon also reported
389 a high number of cases, with 1,377 registered across 2023, while in 2022, Jardim
390 Carvalho registered 1,039 cases (S6a-d Fig).

391 Between 2022 and 2025, some districts exhibited localized hotspots where up
392 to 50% of inspected traps tested positive for dengue virus (S6e—h Fig). However,
393 overall positivity remained low when considering the total number of inspections,
394 indicating that viral circulation was spatially heterogeneous and concentrated in
395 specific areas rather than widespread across the city. Spatial autocorrelation of DENV-
396 positive traps increased over time, with moderate clustering observed in 2023 and
397 peaking in 2025 (S4 Table), coinciding with districts reporting the highest number of
398 autochthonous dengue cases. Additionally, Kendall correlation analysis supported a
399 positive association between Ae. aegypti infestation (MFAI) and autochthonous
400 dengue cases (S5 Table).

401 To assess the predictive potential of MFAI data for dengue incidence, Kendall
402 correlation analysis using lagged weekly MFAI values was applied to assess its
403 relationship with dengue incidence. The coefficients increased up to 4 weeks,
404 indicating a progressively stronger temporal association and suggesting a lead

405 relationship of mosquito infestation on dengue occurrence (Table 2).
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406 Table 2. Kendall correlation - Lagged MFAI and autochthonous dengue cases.

407 ** p <0.001.

Weeks lag
MFAI - Aedes aegypti MFAI - Aedes albopictus
0 0.2737*** 0.1206***
1 0.3376*** 0.322***
2 0.3911** 0.3645***
3 0.4470*** 0.4085***
4 0.4953*** 0.4479**

408
409 Modeling entomological infestation and dengue incidence

410 Predictive models were applied to evaluate the contribution of climatic and
411  entomological variables to mosquito infestation and dengue incidence. For Ae. aegypti
412 infestation, a linear model (LM) produced a cross-validated RMSE of 0.2866, whereas
413 a LASSO model achieved 0.2864. The LASSO deviance ratio was 0.52. For Ae.
414  albopictus, RMSE values were 0.00977 for the LM and 0.00975 for the LASSO model,
415  with a deviance ratio of 0.49. Although improvements in predictive error were minimal,
416 penalization reduced the magnitude of coefficients among correlated climatic variables
417 and improved model parsimony. Temperature at a three and four-week lags received
418 the largest standardized penalized coefficient for Ae. aegypti and Ae. albopictus,
419 respectively, indicating the strong contribution of temperature to model prediction
420 among retained climatic variables (S6 Table).

421 For dengue incidence, the LM model produced an RMSE of 1.003, whereas the
422 LASSO model produced an RMSE of 1.006. The deviance ratio was 0.61, indicating

423 that 61% of null deviance was explained by the penalized model. MFAI of both species
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424  and VFII of Ae. albopictus obtained the highest coefficients, reinforcing the strong
425 predictive relevance of mosquito infestation index (MFAI) (S6 Table).

426 Compared to the unpenalized linear model, LASSO produced smaller
427  coefficient magnitudes, indicating shrinkage of potentially inflated estimates due to
428 multicollinearity and improving model stability and generalizability. The model
429 demonstrated a good predictive performance for Ae. aegypti MFAI, whereas predictive
430 accuracy for Ae. albopictus was limited to lower infestation levels (Fig 5a, b). For the
431 dengue model, prediction accuracy closely matched the log-transformed incidence

432  values across the observed range (Fig 5c).

02 04 06 08

001 000 001 002 003

02

T T T T T T T T
00 05 10 15 20 0.04 0.06 0.08 0 1 2 3 4

Observed MFAI - Aedes aegypti Observed MFAI - Aedes albopicts Observed logfincidence per 100,000 inhabitants + 1)

433 A. B. C.

434 Fig 5. Predictive performance of LASSO regression models for mosquito
435 abundance and dengue incidence. LASSO plots for observed versus predicted
436 values of (a) MFAI — Aedes aegypti (RMSE = 0.2864, deviance ratio = 0.5225), (b)
437 MFAI — Aedes albopictus (RMSE = 0.0097, deviance ratio = 0.4933) and (c)
438 log(dengue incidence +1) (RMSE = 1.005, deviance ratio = 0.61. Red lines represent
439 identity (y = x).

440

441 Discussion

442 This study examines how climatic variables drive Aedes infestation and
443 influence dengue cases in Porto Alegre, Brazil. Results confirm persistent spatial
444  clustering of Ae. aegypti from 2018 to 2021, as previously reported [32] expansion into

445 new districts between 2022 and 2025 in the Northwest, North, Cruzeiro and Central-
21
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446  South regions. In 2023, the year with the strongest spatial autocorrelation (S1 Table),
447  several areas registered approximately 40 mosquitos per trap, corresponding to the
448 highest weekly infestation index observed in the study. Notably, this coincided with the
449 most pronounced expansion of dengue towards Southern Brazil.

450 Gloria, South, Central-South, Cristal and Cruzeiro emerged as critical areas for
451  Ae. albopictus infestation, with persistent clusters across all years. In the Central-
452  South, districts such as Nonoai and Teresdépolis, characterized by lower population
453 density, likely provide microhabitats and peridomestic breeding sites that favor the
454  ecological profile of this species [33,34]. In 2025, an increase in infestation was also
455 observed in the Partenon region, particularly in Vila Sdo José and Vila Jodo Pessoa,
456 areas marked by high population density, informal settlements, and substantial
457  peridomestic garbage accumulation [35]. These socioenvironmental conditions may
458 create peri-urban-like niches within densely populated settings, highlighting the
459 ecological plasticity of Ae. albopictus and its characterization as a predominantly peri-
460 urban vector capable of adapting to urban environments where suitable breeding
461  opportunities are present.

462 Annual analyses reinforced the influence of climatic variables at the district
463 level, with 3 of the most populated Porto Alegre’s districts (Mario Quintana, Partenon
464 and Sarandi), showing strong correlation of accumulated precipitation and relative
465 humidity to both Aedes species, while temperature was correlated with Ae. albopictus
466 in Teresopolis and Gloria.

467 Regarding the influence of weekly climatic variables on mosquitos, temperature
468 showed an increasingly strong association with Aedes abundance over time. The
469 mosquito traits relevant to dengue transmission peak between 23 and 34°C [36] and

470 temperature below 18°C are expected during winter in most of Southern Brazil.
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471  However, high MFAI was observed also in Autumn, revealing the maintenance of the
472 vector reproduction cycle and suggesting its adaptation to lower temperatures,
473  allowing the sustainability of disease transmission throughout the entire year [37,38].
474 Weekly relative humidity exerted a weak negative correlation, while
475 accumulated precipitation barely affected population growth. In contrast, the
476 relationship between the number of rainy days and Ae. aegypti infestation revealed a
477  positive association within 5 and 10 days. Similar results have been reported in other
478 temperate city [39], where consecutive rainy days likely maintain breeding sites
479  stability and boost aquatic development, while disruptive rainfall may flush larvae and
480 eggs from containers, reduce adult flight activity, and impair the dispersion of
481 oviposition attractants, thereby decreasing trap captures [40,41]. Taken together,
482 these results indicate that annual climatic variables reflect broader environmental
483 suitability, whereas weekly weather fluctuation may alter short-term infestation
484  dynamics.

485 Dengue local transmission relies on a complex interplay between climatic
486 variables, herd-immunity, human movements and exposure, vector and DENV
487  presence. An increase in mosquito density does not immediately translate into dengue
488 cases, as the virus must complete its extrinsic and intrinsic incubation period before
489 symptom onset. Additionally, delays in healthcare seeking system and case reporting
490 likely explain the progressive correlation observed between mosquito infestation and
491  autochthonous dengue cases [42]. Ae. aegypti and Ae. albopictus are also responsible
492  for transmission of Zika virus (ZIKV) and Chikungunya virus (CHIKV) in Porto Alegre
493 [43]. Nevertheless, CHIKV and ZIKV incidence were minimal, with sporadic cases

494  reported (S7a,b Fig). This can either be explained by insufficient introduction of those
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495 viruses to spark outbreaks, or perhaps the lower infestation of Ae. albopictus
496 determines their lower potential for transmission [43].

497 Since 2022, VFII has increased seasonally for Ae. aegypti, indicating mosquito-
498 viral capacity for disease transmission in these periods. There were observed peaks
499 in 2024, when Brazil registered more than 6 million dengue cases [44], the highest
500 number on record, and in 2025, the year with the highest incidence level in Porto
501  Alegre. Further analysis should include the joint effect of mosquito infestation and viral
502 transmission suitability on reported dengue incidence in Porto Alegre and elsewhere.
503 The application of LASSO predictive model allowed to integrate multiple
504 variables and assess its joint effect on mosquito infestation and dengue incidence,
505 reducing collinearity and shrinking variables to zero. Previous work reported its
506 performance considering only precipitation variables on Aedes abundance [45]. In this
507 study, LASSO was extended to consider weekly lagged mean temperature,
508 accumulated precipitation, and relative humidity effects on MFAI. A pattern was
509 observed in the prediction of residuals in all models: low observed values were
510 frequently overestimated, whereas high values were consistently underestimated.
511  This compression toward the mean likely reflects the combined effects of model
512 linearity and coefficient shrinkage under penalization. LASSO regression minimizes
513 overall prediction error relative to the intercept-only model, which encourages
514  stabilization around central tendencies rather than precise fitting of extreme
515 observations. Additionally, extreme infestation and incidence levels (i.e. peaks and
516  troughs) may depend on variables not included in the present modeling framework.
517  Consequently, while the selected lagged climatic and entomological predictors capture
518 the dominant temporal structure of transmission dynamics, additional factors may be

519  required to accurately reproduce extreme-magnitude events.
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520 Interestingly, the MFAI of Ae. albopictus presented a strong negative penalized
521  coefficient (S6 Table), whereas its VFII showed a positive one in the dengue incidence
522  model, although with a smaller magnitude. This may reinforce the previous result that,
523 Ae. albopictus infestation alone may be more prevalent in peri-urban contexts with
524 lower dengue transmission, while its ecological fithess under favorable climatic
525 conditions enhances its epidemiological relevance. These findings indicate the
526 importance of distinguishing between mosquito presence and climate-driven viral
527 transmission potential when modeling transmission dynamics and suggest that
528 climatic suitability enhances the epidemiological relevance of Ae. albopictus in the
529  study area.

530 Predictive models combining weekly climate and entomological indicators may
531 serve as an early-warning component for disease surveillance systems and provide a
532  powerful framework for public health planning for outbreak mitigation. Such integration
533 can support targeted mosquito control interventions, optimize resource allocation
534 across districts, and enhance preparedness during years of heightened climatic
535 suitability such as those associated with unusually warm or persistent rainfall.

536 Taken together, these findings highlight the importance of integrating climatic
537 information with routine vector surveillance to better understand and anticipate dengue
538 transmission dynamics in temperate urban settings. As dengue continues to expand
539 into regions historically considered low risk, such as southern Brazil, strengthening
540 integrated surveillance systems will be essential for improving early detection of
541  transmission risk and supporting timely public health responses in the context of

542  ongoing climatic and environmental change.
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711 Supporting information

Spatial distribution of MosquiTRAPS in Porto Alegre (2018 - 2025)

Latitude

712

713  S1Fig. Spatial location of MosquiTRAPs in Porto Alegre from 2018 to 2025. Data

714  were obtained from the latitude and longitude values of each distinct trap.

2018 2019 2020 2021 2022

-30.2

Class . Urbanized area . Pasture Agriculture . Rice . Sugarcane . Mining . Other lanc . Forest formation - Savanna formation Grassland formation . Planted forest

715

716  S2 Fig. Land cover of Porto Alegre, Southern Brazil. All the data and classes were

717  obtained from Mapbiomas Brasil. Urbanized area, Pasture, Agriculture, Rice,
33
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718  Sugarcane, Mining and Other classes are anthropic land use. Forest formation,
719  Savana formation, Grassland formation and Planted forest classes are vegetation

720 land use.
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721

722 83 Fig. MosquiTrap dengue virus surveillance in Porto Alegre. (a) Gray line
723  stands for districts under surveillance and red line for dengue positive traps per year
724  from 2018 to 2025. (b) dengue serotypes obtained from positive traps per year from

725 2018 to 2025; orange bars are referent to DENV-1 and pink ones to DENV?2.
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727 S4 Fig. Mosquito genus captured per year from 2018 to 2025. Proportion of
728 captured mosquitos was made by the ratio of total captured female of both mosquito

729  genus - Aedes and Culex - among all captures.

e

(=]

o
———

w
[=}
(=}

N
o
=]

-
o
=}

Dengue incidence per 100 000 inhabitants

A AL

Jan
2018
Jan
2019 ?
Jan
2020
Jan
2021
Jan
2022
Jan
2023
Jan
2024
Jan
2025

730

731 S5 Fig. Weekly dengue incidence per 100,000 inhabitants in Porto Alegre from

732 2018 to 2025. Data was obtained from InforDengue Brasil.

Autochthonous cases 2022 Autochthonous cases 2023 Autochthonous cases 2025
1000 800 600 400 200 250 100 70 500 250 100 80 60 400 200 2000 1500 1000 500

Traps DENV+ (%) - 2022 Traps DENV+ (%) - 2023 Traps DENV+ (%) - 2024 Traps DENV+ (%) - 2025

733 ——

35


https://doi.org/10.64898/2026.03.31.26349860
http://creativecommons.org/licenses/by/4.0/

medRXxiv preprint doi: https://doi.org/10.64898/2026.03.31.26349860; this version posted April 2, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY 4.0 International license .

734 S6 Fig. Spatial characterization of autochthonous dengue cases and DENV
735 positive traps. Autochthonous dengue cases in Porto Alegre in 2022 (a), 2023 (b),
736 2024 (c) and 2025 (d). Autochthonous cases were assessed in the same districts in
737  which positive trap analyses were performed. Proportion of dengue positive traps

738 among total traps in 2022 (e), 2023 (f), 2024 (g) and 2025 (h).
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739

740  S7 Fig. Weekly incidence of Zika virus (ZIKV) and chikungunya virus (CHIKV) in
741  Porto Alegre, Brazil, from 2018 to 2025. Weekly incidence values of zika virus
742  (ZIKV), yellow line (a), and chikungunya virus (CHIKV), blue line, in Porto Alegre from

743 2018 to 2025. Data were obtained from InfoDengue Brasil.

744  S1 Table. Moran's | of mosquito infestation per year. *** p < 0.001.

Aedes aegypti Aedes albopictus
Year

Moran’s | Z-score Moran’s | Z-score
2018 0.3717*** 6.6302 0.3717*** 4.9985

36
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2019 0.5406*** 9.4742 0.2859*** 5.4709
2020 0.5518*** 9.6615 0.3731*** 7.1281
2021 0.4699*** 8.2891 0.4220*** 8.2377
2022 0.4900*** 8.6716 0.2756*** 5.3482
2023 0.6235*** 10.91 0.4377*** 9.5235
2024 0.5585*** 9.796 0.3990*** 8.4597
2025 0.5930*** 10.399 0.3210*** 6.0158

745

746  S2 Table. Kendall correlation of climate variables and mosquito infestation per district

747 (2018 - 2025). * p < 0.05, ** p < 0.01.

District Variables T
Boa Vista Accumulated precipitation - Aedes aegypti 0.6428"
Jardim ltu Accumulated precipitation - Aedes aegypti 0.7142*
Jardim Leopoldina  accumulated precipitation - Aedes aegypti 0.7857*
Jardim Sabara Accumulated precipitation - Aedes aegypti 0.6428"
Vila Jardim Accumulated precipitation - Aedes aegypti 0.7142*
Trés Figueiras 0.7142**

Accumulated precipitation - Aedes aegypti
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Relative humidity - Aedes aegypti 0.5714™*
Mario Quintana Accumulated precipitation - Aedes aegypti 0.7857*
Partenon Relative humidity - Aedes albopictus 0.6428"
Sarandi Accumulated precipitation - Aedes 0.6428*
albopictus
Mean temperature - Aedes albopictus 0.7142*
Teresopolis
Relative humidity - Aedes albopictus 0.6428"
Mean temperature - Aedes albopictus 0.5714*
Gléria
Relative humidity - Aedes albopictus 0.6428"
748
749  S3 Table. Moran's | of dengue cases per year. ** p < 0.01.
Autochthonus cases
Year
Moran’s | Z-score
2025 0.1861* 3.4954
750
751
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752 S4 Table. Moran's | of DENV+ traps per year. ** p < 0.01, *** p < 0.001.

DENV+ traps
Year

Moran’s | Z-score
2022 0.1384*** 3.2264
2023 0.3085*** 7.4082
2024 0.1445** 2.9429
2025 0.5521*** 10.044

753

754 S5 Table. Correlation of Aedes proportion and autochthonous cases per year. **

755 p<0.01,** p<0.001.

Year Variable T

MFAI - Aedes aegypti -
2022 0.303*
Autochthonous cases

MFAI - Aedes aegypti -
2024 0.2942*
Autochthonous cases

756

757 S6 Table. LASSO coefficients for MFAI Aedes model and dengue

758 incidence model.

LASSO

Dengue incidence per 100,000
MFAI - Aedes aegypti MFAI - Aedes albopictus inhabitants

39
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Variable Coefficient Variable Coefficient Variable Coefficient
(Intercept) -3,08491 (Intercept) -0,1436 (Intercept) 0,6559
Precipitation -0,00002 Precipitation -0,00008 MFAI — Aedes 0,66421
(mm) (mm) aegypti
Temperature Temperature -
: -0,00131 A 0 VFIl - Aedes -0,04597
(°C) (°C) aegypti
Humidity (%) 0,00758 | Humidity (%)  0,00034 MPAL - Aodes 0,7273
aegypti(lag 1)
Precipitation -0.003395 Precipitation -0,00012 MFAI - Aedes 0,8393
(lag 1) (lag 1) aegypti (lag 2)
Precipitation -0,00339 Precipitation -0,00013 MFAI -'Aedes 0,6883
(lag 2) (lag 2) aegypti (lag 3)
Precipitation 10,00217 Precipitation -0,000039 MFAI - Aedes 1,2978
(lag 3) (lag 3) aegypti (lag 4)
Precipitation — _ hgoe7 | PreciPitation 4 500042 VFIl - Aedes -0,2053
(lag 4) (lag 4) aegypti (lag 1)
Temperature 0,01955 Temperature 0,0004 VFIl - Aedes -0,0458
(lag 1) (lag 1) aegypti (lag 2)
Temperature (oo, | Temperature 00 VFIl - Aedes -0,0209
(lag 2) (lag 2) aegypti (lag 4)
Temperature 0,22556 Temperature 0.0008 MFAI — Aedes -10,3946
(lag 3) (lag 3) albopictus
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Temperature 0,04078 Temperature 0,001 VFIl - Aedes 2.1105
(lag 4) (lag 4) albopictus
Humidity (lag 1)  0,00858 H“m'i'ty (ag 4 00039 MFAI - Aedes -9,055
) albopictus (lag 1)
Humidity (lag2)  0,00721 H“m";'ty (ag 4 00033 MFAI - Aedes 8,928
) albopictus (lag 2)
Humidity (lag3)  0,0086 Humidity (lag ) 50021 MFAI - Aedes -9,8462
3) albopictus (lag 3)
Humidity (lag4)  -0,0041 H“m'j'ty (tag 4 0007 MFAI - Aedes -8,7928
) albopictus (lag 4)
VFIl - Aedes 1,281
albopictus (lag 1)
VFIl - Aedes 1,294
albopictus (lag 2)
VFIl - Aedes 0,443
albopictus (lag 3)
VFIl - Aedes 1,2292
albopictus (lag 4)
IndexP -0,363
IndexP (lag 1) -0,0211
IndexP (lag 2) -0,021
IndexP (lag 3) -0,037
IndexP (lag 4) -0,0479
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