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Background


To evaluate the human population at risk of arboviral illnesses and improve vector and disease surveillance, it is crucial to model the probability of occurrence of impactful mosquitoes such as Aedes aegypti sensu lato (s.l.) which transmits dengue and Chikungunya etc. While majority of studies on Aedes distributions have focused on global ecological niche modelling (ENM), there is need to build local vector niche models using national data to design targeted vector surveillance and control strategies. Here, we built a spatial inventory of Aedes aegypti s.l. and applied a national-wide ENM approach to predict the probability of occurrence of Ae. aegypti s.l. across Kenya.







Methods


Occurrence data on Aedes aegypti s.l. from 2000 to 2024 were assembled from the Global Biodiversity Information Facility (GBIF), Walter Reed Biosystematics Unit’s (WRBU) VectorMap, and online literature searches. A maximum entropy approach was used to predict Ae. aegypti s.l. probability of occurrence in Kenya for 2024 at ~5 x 5 km resolution, using the occurrence data assembled and environmental covariates: population density, daytime and nighttime land surface temperature (LST), enhanced vegetation index (EVI), elevation, and land cover. Model performance was evaluated using the area under the curve (AUC) metric.







Results


A total of 291 unique locations reported positive identification of Ae. aegypti s.l. Population density, daytime and nighttime LST were the most influential predictors. The models predicted high probabilities of occurrence of Ae. aegypti s.l. along the coast, northeastern and western Kenya, and in urban centres, while lower probabilities were predicted in sparsely populated areas. The models achieved a mean AUC value of 0.732 (0.653-0.779), indicating a moderate performance.







Conclusion


The predicted distribution of Ae. aegypti s.l. can guide vector surveillance in high-risk areas and help identify populations at risk of arboviral diseases like dengue fever and Chikungunya, aiding in future outbreak preparedness.
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1 Introduction


The mosquitoes of the Aedes genera are known to transmit viruses such as dengue virus (DENV), Chikungunya virus (CHIKV), Rift Valley fever virus (RVFV), yellow fever virus (YFV) and Zika virus (ZIKV), and their global expansion with accompanying disease burden is increasing at an alarming rate (1). The main Aedes species globally are Aedes aegypti and Ae. albopictus (2, 3). Dengue fever (DF) has the highest disease burden among human arboviruses, with an estimated 100 to 390 million cases each year and approximately 10,000 deaths globally (4–6). CHIKV has expanded its geographic range to over 100 countries (7) and, as for Rift Valley fever (RVF), it has been reported in over 30 countries in Africa and the Middle East (8). Approximately 339,000 human cases of RVF have been reported in five of nine outbreaks that have occurred between 1997–2010 in Africa (9). Over 100,000 severe infections and over 50,000 deaths due to YFV were estimated in Africa and South America in 2018 (10). ZIKV infected over one million people in over 70 countries during its outbreak in 2015–2016, forcing the World Health Organization (WHO) to declare it a public health emergency of international concern (11). The changing global landscape of Aedes transmitted arboviral infections is widely thought to be linked to changing climate, urban settlement patterns, as well as human mobility and trade (12, 13).


In Kenya, the three most significant arboviral infections are DF, Chikungunya (CHIKF) and RVF (14). The first case of DF in Kenya was reported in 1982 in Malindi where the serotype DENV-2 was isolated from a tourist (15). Additional outbreaks of DF have been reported in Mandera in 2011 (16, 17), multiple outbreaks in Mombasa in 2013/2014, 2017, 2019 and 2021 (1, 16, 18–21), Wajir in 2017 (1) and Lamu in 2021 (20). For CHIKF, the first outbreak was reported in 2004 in Lamu, where over 13,000 cases were recorded (22). Other outbreaks have been reported in Mandera in 2016 (23) and Mombasa in 2004, 2018 and 2022 (22, 24). RVFV was first isolated in 1930 from sheep at Lake Naivasha farm (25) where approximately 100,000 sheep died and close to half a million calves aborted (26). In 1997–1998, a major RVF outbreak was reported in East Africa (Kenya, Somalia and Tanzania; 27) and, in 2006–2007, another RVF outbreak was reported in multiple areas across Kenya (27–29). The most recent epidemic occurred in June 2018 in Garissa, Kajiado, Kitui, Marsabit, Tana River and Wajir where the human case fatality ratio was 23% (29).


The increasing outbreaks of Aedes-borne arboviral infections in Kenya are a significant public health threat, causing mortality, disability and economic losses (30). The spatial nature of the vector distributions are a fundamental aspect of effective prevention, control and epidemic mitigation strategies. Defining disease vector distributions often employs ecological niche modelling (ENM; 31). ENM approaches are a class of prediction models that combine geo-coded data on locations/areas where the species were present and considered as absent together with the ecological characteristics of those areas to predict the probability of the vectors being observed in space and time given local environmental conditions. These models have previously been applied to the global distribution of Aedes species (12, 13, 32–46) and other arthropods including Anopheles (47–49) and Culex (50) mosquito species, tsetse flies (51), ticks (52), and sand flies (53). However, there are very few examples where these models have been applied for Aedes species at national/subnational level in Africa: Kenya (54–57), Morocco (58), Nigeria (59) and Tanzania (60). National/sub-national modelling is important to understand local ecologies using local data to tailor local vector control and surveillance strategies.


The first pillar of WHO’s Global Arbovirus Initiative (GAI) is “monitor risk and anticipate” (61) and emphasizes on a robust surveillance system to integrate historical and current data to map and identify areas at most risk with the aim towards reducing and eradicating Aedes-borne diseases. Here, we model the geographic distribution of Aedes aegypti sensu lato (s.l.) mosquito species – using the maximum entropy approach implemented in the program MaxEnt – in Kenya, to identify areas that are at high probabilities of Ae. aegypti presence that may contribute to arboviral disease outbreaks, inform future vector surveillance priority areas and targeted vector control.






2 Methods





2.1 Assembling Aedes aegypti s.l. occurrence data


Data on Aedes aegypti s.l. occurrence in Kenya (
Supplementary File 1, Supplementary Figure 1
) were extracted from two global inventories: the Global Biodiversity Information Facility (GBIF; http://www.gbif.org) and Walter Reed Biosystematics Unit’s (WRBU) VectorMap (http://www.vectormap.si.edu) and supplemented by an online literature search. The global inventories were accessed on the 14th October 2024. The data attributes of the occurrence data extracted included the location name, county, coordinates (latitude and longitude), year of collection, whether larvae or adults were sampled, the Aedes species identified and the data sources. Data that had a combination of missing location name and missing coordinates, records with missing species information and records reporting other Aedes species were excluded. Only data from field surveys undertaken from 2000 were included to match available yearly covariate extractions.


The online literature were searched in online databases including EBSCOhost (MEDLINE, Academic Science Complete and CINAHL Complete), Ovid (Embase and MEDLINE), ProQuest Dissertations and Theses Global, PubMed, Scopus, Web of Science, and Google Scholar. The searches were restricted to articles published from 2000 through to 2024. Boolean terms (OR and AND) and truncations (*) were used to improve the search. The key terms used in the database search include “Aedes” OR “Stegomyia” OR “Mosquito*” AND “Kenya”. The search results were then imported to Zotero (version 7.0.15) for de-duplication and data synthesis. Data extraction was undertaken and entered in Microsoft Excel, including (i) details on the geographical location of each sampling site, including Global Positioning System (GPS) recordings, village and county names, (ii) survey dates and duration of surveillance, (iii) Aedes species identified at each sampling site, (iv) whether larvae or adults and (v) publication source citations and sources. These were then merged with equivalent data fields from the GBIF and WRBU-VectorMap data repositories.


The literature searches identified multiple publications reporting on the same surveys and were collapsed to a single row of information per site-time indicating multiple sources. Additionally, the same or different investigators reported the same site sampled at different, but almost contiguous times (within a year) of each other across several publications, these were also collapsed to a single site entry, and surveillance periods were extended. Data from the same sites collected more than 12 months apart were included as separate entries and indicated as spatial and temporal duplicates within the database. The two open-access global repositories, GBIF and WRBU-VectorMap contained information shared across databases and those identified during the literature search. Care was taken to removed likely duplicates or replications of the same survey report.


The geographic information provided in publications and reports were of varying precision and spatial resolutions, sometimes with accompanying maps, more often without. Where information was reported by county, sub-county or broad area only, these were excluded from the database as they extended beyond a ~5 x 5 km resolution grid. Other source data were geo-coded to provide a longitude and latitude for each survey location. Among the data from the GBIF and WRBU-VectorMap repositories not identified in the literature search, we have presumed the locations were provided with Global Positioning System (GPS) coordinates at trap or larval sampling sites. Where these covered multiple sites within a single village, these were combined to the village/year of sampling. All other data were geo-coded using a variety of gazetteer and digital online resources. Decimal degrees longitude and latitude were as a default attributed using GPS coordinates when provided in the report, the village name was searched using descriptions in the report using Google Earth Pro (version 7.3.6.9796) and finally using a national gazetteer of census village names (62). After the geocoding process was completed for all combined data sources, the current county and sub-county names were added from shapefiles sourced from the County Integrated Development Plans (CIDP; https://www.devolution.go.ke/) using the “Join attributed by location” tool in Quantum Geographic Information System (QGIS) software (version 3.32.2).






2.2 Covariates selection


A suite of potential covariates to be integrated in the ENM analyses were selected from a systematic review undertaken for Aedes ecological niche modelling (63). Across 113 studies reviewed, the frequently used covariates for Aedes species modelling included rainfall, temperature, elevation/slope, vegetation indices, population density and land cover (
Table 1
; 
Figures 1
, 
2
; 63). More information on their relationship with suitability of Ae. aegypti has been detailed in 
Supplementary File 1
. Rainfall, daytime and nighttime land surface temperature (LST), elevation, enhanced vegetation index (EVI) and land cover datasets were accessed and downloaded through the Google Earth Engine (GEE) platform (https://earthengine.google.com/). Population density data was accessed from the WorldPop website (https://www.worldpop.org/). We generated distinct binary rasters for each land cover class to be considered independently in the ENM analyses where a cell value of 0 indicated the absence of the considered land cover variable and 1 its occurrence. For the analysis presented in this manuscript, the covariates were then resampled to a spatial resolution of approximately 5 x 5 km and were linked and extracted to the presence locations for the relevant start year of collection.



Table 1 | 
Covariates used and their key characteristics (see 
Supplementary Figures 2, 3
 for the panel of covariates for Kenya).





	Covariate

	Source

	Type

	Units

	Interval

	Temporal extents

	Spatial resolution






	Rainfall
	CHIRPS
	Dynamic
	Total Rainfall in mm
	Annual
	1981-Date
	0.05 decimal degrees 
(~5 x 5 km)



	Enhanced Vegetation Index (EVI)
	MODIS
	Dynamic
	–
	Annual
	2000-Date
	~250 x 250 m



	Land Surface Temperature (LST) – Day and Night
	MODIS
	Dynamic
	Kelvin
	Annual
	2000–Date
	~1 x 1 km



	Elevation
	SRTM
	Static
	Metres
	–
	2000
	~30 x 30 m



	Land cover
	MODIS
	Dynamic
	Land cover classes
	Annual
	2001-2023
	~500 x 500 m



	Population density
	WorldPop
	Dynamic
	Population per pixel
	Annual
	2000-2024
	~1 x 1 km










[image: Six-panel maps of Kenya displaying different data overlays. Panel A shows precipitation in shades of blue. Panel B illustrates the Enhanced Vegetation Index (EVI) using a green to red gradient. Panel C depicts daytime land surface temperature in vibrant red, yellow, and purple. Panel D shows nighttime land surface temperature with similar colors. Panel E represents population density in green to yellow hues. Panel F presents elevation in shades of brown and blue. Each map includes a respective color legend.]
Figure 1 | 
Maps of environmental covariates at their original resolutions for the latest years (see 
Table 1
) showing: annual total rainfall (A), annual mean enhanced vegetation index (EVI; B), annual daytime land surface temperature (LST; C); annual nighttime LST (D); population density (E), and elevation (F).




[image: Map of Kenya depicting land cover classes using various colors. Green areas denote natural vegetation, yellow for savannahs, and blue for water bodies. Red indicates built-up areas, and orange signifies croplands. The map includes a legend and a scale bar at the bottom.]
Figure 2 | 
Moderate Resolution Imaging Spectroradiometer (MODIS)-defined land cover for 2023.




For the models to produce accurate and reliable results, the covariates were tested for multicollinearity using Pearson’s correlation coefficient with a cut-off value of |0.7|. The covariates’ relative importance (RI) were then tested using the Jackknifing procedure within MaxEnt (64). RI is a percentage measure of how much the model performance drops by when the variables are randomly permuted. For highly correlated variables (>|0.7|), the covariate with the higher importance was maintained for prediction leaving a set of relatively uncorrelated variables.






2.3 Maximum Entropy (MaxEnt) analyses


Maximum entropy (MaxEnt) is a general-purpose ENM approach for making predictions and widely used in ENM analyses conducted for Aedes spp. distribution modelling (63). MaxEnt aims to estimate a target probability distribution by finding the probability distribution of maximum entropy (i.e. most spread out or closest to uniform; 64), subject to a set of constraints/rules that represent our incomplete information about the target distribution. The target/unknown probability distribution, which is denoted as 
π

 is over a finite set 
X

 (set of pixels). The distribution 
π

 assigns a non-negative probability 
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 64). The approximation of 
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 is the natural logarithm. Entropy as defined by Shannon is a measure of how much ‘choice’ is involved in the selection of an events. Thus, a distribution with higher entropy involves more choices (less constrained; 65). MaxEnt provides a logistic output that considers the species’ prevalence, which is defined as the fraction of occupied places. MaxEnt’s default prevalence value of 0.5 indicates that the species is present in half of all feasible sites.


MaxEnt software (version 3.4.4) was used for implementation of the MaxEnt model predictions (66). All MaxEnt features (linear, quadratic, hinge, produce, and threshold) were tested, and the appropriate regularization parameters (for penalising complexity) were evaluated using the Corrected Akaike Information Criterion (AICc) using the “ENMeval” R package. The features/constraints with the lowest AICc value were used in the final model. Presence data is often clustered around areas of known epidemics. Due to lack of presence records in some locations and absence data identified in the Ae. aegypti s.l. data assembled, we created a bias file using a kernel density estimation (KDE) surface created from the presence points. We generated the same number of pseudo-absence points as the presence points, and those pseudo-absence points were solely simulated within the areas of highest density of presence points to match with the sampling bias of presence points. We ran 10 MaxEnt replicate analyses, and the average prediction and standard deviation surfaces were produced.






2.4 Model evaluation


Presence and pseudo-absence points were split randomly into 10 folds for MaxEnt replicate analyses using the k-fold cross-validation technique and the area under the receiver operating characteristic curve (AUC) statistic calculated on the validation sets. AUC is a measure of how well the model differentiates suitable and non-suitable areas and ranges from 0 to 1 where a value of 0.5 indicates a random model (67), and values above 0.7 indicating reliable estimates (68). We report the final average AUC, its 95% confidence intervals (CI) and the AUC plot of sensitivity against 1 – specificity. Sensitivity is defined as the probability of a true positive while specificity is the probability of a true negative result. Essentially then, 1 – specificity returns the false positive rate. K-fold cross-validation and calculation of the AUC values were conducted with the program MaxEnt.







3 Results





3.1 Occurrence data assembled


524 records were extracted from the GBIF repository. 136 were excluded as no information existed on the survey location and 284 pre-2000 surveys were excluded (
Supplementary File 1, Supplementary Figure 2
). The remaining 388 GBIF site location data were collapsed to single site entries as they were spatial and temporal duplicates. For spatial duplicates covering multiple years of collection, these were separated to annual periods, and there was a record for each spatial duplicate for each year. The final GBIF site location data covered 30 time-site locations between 2007 and 2024. 3,388 records were extracted from the WRBU VectorMap database. Through a process of de-duplication and collapsing to single time-sites only, 85 time-site records remained sampled between 2005 and 2021 (
Supplementary File 1, Supplementary Figure 2
).


After the literature review and de-duplication, 266 records at 231 time-site locations were eventually extracted. It was possible to link 19/30 site specific entries extracted from the GBIF database to the publications identified during the online literature searches. Similarly, data extracted from the WRBU VectorMap portal were cross-referenced to the data sourced from the online literature searches. 26/85 site entries in the WRBU-VectorMap data were identified during the online literature searches (
Supplementary File 1, Supplementary Figure 2
). 221 occurrence records were identified from online literature sites which were not in both GBIF and WRBU VectorMap databases and they were combined into a single database.


The final composite database provided information of Ae. aegypti s.l. from 336 records. However, 8 records corresponded to administrative polygons and were excluded from the analyses, which led to a total of 328 occurrence records at 291 unique locations within a ~5 x 5 km grid sampled between 2000 and 2024 (
Supplementary File 1, Supplementary Figure 2
). The geographical distribution of the combined wide-area and point data between 2000 and 2024 where Ae. aegypti s.l. had been sampled is shown in 
Figure 3
.


[image: Map of Kenya showing administrative boundaries with red dots representing specific locations across the country. Blue areas indicate bodies of water. A scale in kilometers is shown at the bottom.]
Figure 3 | 
Geographic distribution of Ae. aegypti s.l. occurrence records between 2000 and 2024 (red dots), i.e. 328 unique records corresponding 291 unique locations. The waterbodies are displayed in blue and county boundaries in grey.








3.2 Covariate selection


Environmental covariates were extracted at Ae. aegypti s.l. presence locations prior to a preliminary correlation analysis. Elevation and nighttime LST showed a strong negative correlation (ρ = -0.92). Elevation was excluded from the model due to its lower RI (1.2%) compared to 3.2% RI by nighttime LST from the Jackknifing method. Built-up areas and population density — both indicators of urbanisation — were moderately correlated (ρ = 0.45; 
Figure 4
). Other covariates exhibited low correlations and were retained for the ENM analyses.


[image: Correlation matrix depicting relationships between variables such as population density, EVI, LST, various vegetation types, and environmental factors. The matrix uses color coding to indicate correlation strength and direction, ranging from -1.0 to 1.0, with sample size \( n = 328 \). Notable correlations include a strong negative correlation (-0.92) between nighttime LST and EVI, and a moderate positive correlation (0.55) between daytime and nighttime LST.]
Figure 4 | 
Pearson’s correlation coefficient matrix results for environmental covariate values extracted from Aedes aegypti s.l. occurrence points. “LST” refers to land surface temperature; “EVI” refers to “enhanced vegetation index”.








3.3 Prior analysis to select the optimal settings for final model


We tested a combination of different MaxEnt features (linear, quadratic, product, threshold and hinge) and different regularisation multipliers using the “ENMevaluate” R package to select the optimal settings to be applied to the Ae. aegypti s.l. final ecological niche models. The model with the combination of linear, quadratic and hinge features with the regularisation multiplier of one was selected as the best model as it had the lowest AICc (3237.52) followed closely by a model with hinge features only and a regularisation multiplier of one (AICc = 3245.99). The combination of linear and quadratic features with a regularisation parameter of five was the worst model (AICc = 3423. 90; 
Supplementary File 1, Supplementary Figure 3
).






3.4 Model prediction performance


The predictive performance of the ecological niche models trained for Aedes aegypti s.l. species was evaluated using the area under the receiver operating characteristic curve (AUC; 
Figure 5
). The AUC curve plots sensitivity (1 - omission rate/true positive rate) against 1 - specificity (false positivity rate). The mean AUC curve, represented by the red line, achieved AUC of 0.732 (0.653-0.779), indicating a moderate prediction model (
Figure 5
). The blue shaded area around the mean curve represents one standard deviation, measuring variability in the model’s performance. The black diagonal line represents a random prediction baseline. The high AUC value demonstrates the model’s effectiveness in distinguishing between suitable and unsuitable habitats for Aedes aegypti s.l.



[image: Receiver Operating Characteristic (ROC) curve showing sensitivity versus one minus specificity for “ae_aegypti_sl”. The mean curve, indicating the model's performance, is highlighted in red with blue shading representing one standard deviation. The Area Under Curve (AUC) is 0.732, with a diagonal line representing random prediction.]
Figure 5 | 
The receiver operator characteristic (ROC) curves used to estimate the area under the curve (AUC) measuring the predictive of the ecological niche models trained for Ae. aegypti s.l., and here averaged over ten replicate analyses (red curve). The blue area shows the area of uncertainty (+/- standard deviation).








3.5 Modelled probability of occurrence of Aedes aegypti s.l.



The highest probabilities of occurrence of Ae. aegypti s.l. were predicted along the coast, in western Kenya around Lake Victoria and areas in northeastern Kenya in Mandera and Wajir (
Figure 6
). More specifically, the highest probabilities were estimated around urban centres, with prediction probabilities ranging between 0.6 and 1. The lowest probabilities of occurrence (between 0.0 and 0.2) were estimated for the high elevation areas including Mount Kenya, Mt. Elgon, the Aberdare Forest and Mau escarpments, Mt. Marsabit, across forested areas and in areas where the population is less than 1,000 people per ~5 x 5 km grid cell including protected areas (national parks and reserves; 
Figure 6
; 
Supplementary File 1, Supplementary Figure 1
). The prediction uncertainties (standard deviation) ranged from 0 to 0.14 with the highest uncertainty values in the northeastern part of Kenya in Marsabit, Isiolo, Wajir and Mandera and the lowest values around in the protected areas in the Maasai Mara and Tsavo national parks and the high elevation areas where the lowest probabilities were predicted (
Supplementary File 1, Supplementary Figures 1, 4
).


[image: Map of Kenya showing probability of occurrence data, with color gradients from blue to red indicating low to high probability. It includes Kenya and county boundaries, water bodies, and a scale bar in kilometers.]
Figure 6 | 
Ecological niche modelling analysis for Aedes aegypti s.l. in 2024 in Kenya. High probabilities of occurrence were predicted along the coast, the northeastern central and western parts and low probabilities of occurrence predicted in sparsely populated areas (
Figure 1E
).








3.6 Covariate relative importance


Population density was the most important variable (52.7%), followed by daytime LST (40.5%) and nighttime LST (3.2%). Evergreen broadleaf land cover variable followed with a 1.9% RI. Woody savannah land cover variable had a 0.8% RI while rainfall had a 0.6% RI. Permanent wetlands and savannahs had a 0.1% RI each. Barren areas, built-up, closed shrublands, croplands, deciduous broadleaf, EVI, grasslands, mixed forest, natural vegetation, open shrublands, and water had zero RI to the model (
Table 2
).



Table 2 | 
Summary of covariate relative importance in the prediction models for Aedes aegypti s.l. “LST” refers to land surface temperature.





	Environmental covariates

	Relative importance to the ecological niche model






	Population density
	52.7% (48.0-57.3)



	Daytime LST
	40.5% (36.3-43.6)



	Nighttime LST
	3.2% (2.4-5.0)



	Evergreen broadleaf
	1.9% (0.8-2.8)



	Woody savannahs
	0.8% (0.3-1.4)



	Rainfall
	0.6% (0.3-0.9)



	Permanent wetlands
	0.1% (0-0.3)



	Savannahs
	0.1% (0-0.3)



	Barren
	0%



	Built-up
	0%



	Closed shrublands
	0%



	Croplands
	0%



	Deciduous broadleaf
	0%



	Enhanced vegetation index (EVI)
	0%



	Grasslands
	0%



	Mixed forest
	0%



	Natural vegetation
	0%



	Open shrublands
	0%



	Water
	0%







The values in brackets indicate their 95% credible intervals.








3.7 Response curves


The response curves illustrate the individual effects of each environmental covariate on predicted probabilities of occurrence/habitat suitability, thus aiding in the interpretation of the ecological preferences of a given species. For population density, there is a sharp increase in the predicted probability of occurrence with an increase in population density and maximum probability is reached when the population density is 1,000 people per ~5 x 5 km grid cell, and from there it plateaus, showing there is no difference in increase in population density and the probability of occurrence of Ae. aegypti s.l. (
Supplementary File 1, Supplementary Figure 5
).


For daytime LST, the predicted probability of occurrence increases with an increase in temperature up to 303 K (29.9°C) where the predicted probability of occurrence is 0.72 (
Supplementary File 1, Supplementary Figure 5
). There is a very slight reduction in probabilities from 0.72 up to ~0.70 at 313 K (39.9°C) where the probability of occurrence drops slightly again to 0.68 at 314 K (40.9°C) from which the probability remains at 0.68 until the maximum daytime LST (~316 K; 42.9°C). Similarly, the probability of occurrence of Ae. aegypti s.l. increased exponentially with an increase in nighttime LST up to 288 K (14.9°C) where the probability of occurrence is 0.62. There is a linear increase in probability of occurrence between 288 K (14.9°C) and 297 K (23.9°C) where the probability then increases to 0.72. The probability of occurrence then starts to fall until maximum nighttime LST of 304 K (30.9°C) where the probability of occurrence is close to 0 (
Supplementary File 1, Supplementary Figure 5
).


For rainfall, there is then a very sharp increase in probability from 0.18 at 200 mm of annual rainfall to 0.65 at ~700 mm of annual rainfall. The probability of occurrence of Ae. aegypti s.l. then reduces exponentially from 0.65 at ~700 mm of total annual rainfall to 0.46 at ~4000 mm of annual rainfall thereafter a plateau in probability until maximum rainfall (
Supplementary File 1, Supplementary Figure 5
).


The probability of occurrence of Ae. aegypti s.l. was lower in evergreen broadleaf areas (0.44) than in non-evergreen broadleaf areas (0.63). There was an almost equal probability of occurrence of Ae. aegypti in areas classified as woody (0.62) and non-woody savannah areas (0.63). In contrast, the predicted probability of occurrence was higher in permanent wetland areas than in non-permanent wetland areas (0.71 vs 0.63 respectively). For areas covered by savannah, the predicted probability of occurrence was lower (0.6) than in non-savannah areas (0.64; 
Supplementary File 1, Supplementary Figure 6
).







4 Discussion


The study assembled data on the occurrence of Aedes aegypti s.l. species in Kenya at 291 unique locations from 2000 to 2024 and predicted the probability of occurrence using the ecological niche modelling approach implemented in the program MaxEnt. Using the maximum entropy approach available in this program, we identified population density, daytime and nighttime LST as the most influential predictors of Ae. aegypti s.l. probability of occurrence and the model had a moderate predictive performance (AUC = 0.732; 0.653-0.779). The highest probabilities of occurrence for Ae. aegypti s.l. were predicted along the coast and northeastern Kenya ranging between 60% and 100% occurrence probabilities, and the lowest probabilities in high altitude and low population density areas of the country.


High prediction Aedes aegypti s.l. probabilities from the model include the northeastern, coastal and western areas of the country (
Figure 6
). It is worth mentioning that the current study predicts high probabilities in some areas in the northeastern region where no occurrence data were available (
Figure 3
), however the current environmental conditions are suitable. In the past ten years, outbreaks of DENV and CHIKV have been documented in the northeastern (1, 16, 17, 23) and coastal Kenya (16, 18, 20, 24), which is consistent with the high probabilities predicted by our ENM analyses. Furthermore, evidence from existing literature report high seroprevalences of DENV and CHIKV along the Kenyan coast corroborating with our findings. The standard deviation of the model probabilities were moderate to high in northeastern Kenya (
Supplementary File 1, Supplementary Figure 4
). The value of the variance lies in guiding future surveillance efforts to prioritise areas with high prediction uncertainties and/or sparse data coverage. It is important to note that despite high probabilities of occurrence western Kenya, no arboviral disease outbreaks have been reported there, although seroprevalence studies indicate moderate to high exposure to DENV and CHIKV (69–71).


The probability of occurrence of Ae. aegypti s.l. in Kenya was mainly driven by population density (
Table 2
; 
Figure 1E
). Population density has been identified as the most important variable for Ae. aegypti in multiple studies (54, 72–75). Aedes aegypti has been described to be involved in the urban transmission cycle of various arboviruses and this confirms the species as an urban vector (76). Four studies have identified urban variables i.e. urban building density, percent urban, built-up areas as a categorical variable (contrary to the study’s result) and distance to urban areas as the most important variables (77–80).


Daytime and nighttime LSTs have also been identified as important covariates determining the presence of Ae. aegypti s.l. (
Table 2
; 
Figures 1C, D
). From the ENM analyses, Ae. aegypti s.l. was found to be highly suitable in areas where the daytime LST is between 29.9°C and 42.9°C. For nighttime LST, Ae. aegypti s.l. probabilities rose between ~2°C and 23.9°C (
Supplementary File 1, Supplementary Figure 5
). Brady et al. (81) estimated that the optimal temperatures for Ae. aegypti survival was about 21°C but the species can survive temperatures from 0°C to 40°C though for both extremes, they survive for a very short time.


Surprisingly, rainfall was one of the least important variables for Ae. aegypti s.l. suitability in predicting occurrence (
Table 2
; 
Figure 1A
). Two studies have predicted precipitation of the driest month/quarter as the most important variable for the probability of occurrence of Ae. aegypti s.l., in Tanzania (60) and the other in China (82). However, many studies have also shown that other factors such as temperature, population, land cover and dry season duration have a more dominant impact on Ae. aegypti presence than rainfall (37, 42, 83–87). In concert with rainfall, EVI had zero RI (
Table 2
; 
Figure 1B
). This was contrary to global ecological niche modelling studies of Ae. aegypti s.l. where EVI was a dominant variable for model predictions (12% RI; 42) and (8% RI; 37).


It is notable for example that the widely cited global Ae. aegypti and Ae. albopictus predictions show almost universal high probabilities of occurrence of both species across Kenya’s landmass (42). Using global models, and globally defined covariate associations with restricted occurrence data per country (in Kenya only 42 presence locations were included – all Ae. aegypti; 42) might reduce prediction accuracies at country-level scales. Ae. albopictus has yet to be identified in Kenya (42, 88). However, with the Ae. albopictus rapid niche expansion due to factors such as increased urbanicity and human mobility, the species is a threat to future arboviral epidemics in the country (88). There is need to build national level geo-coded inventories and nationally defined ecological niche modelling to support national level vector control and disease predictions.


The present study is associated with a series of limitations that might be addressed in future work. The maximum entropy approach used in the current analysis led to ecological niche models associated with a relatively high predictive performance, but there are several caveats. First, this approach adopts an exponential model for probabilities, which is unbounded and may yield inflated predictions for environmental conditions beyond the study area’s observed range (89). Second, MaxEnt is somehow a black box, i.e. it relies on an assumption of prevalence and hence cannot perform your own spatial cross-validation and predicts many false absences (90, 91). Despite a high predictive performance, some assumptions apply, including interspecific competition between species was not considered and nor was dispersal/movement of species. However, the results of the model are a starting point to prioritize surveillance in highly probable areas. Furthermore, other covariates were not explored including access to roads, rivers and waterbodies, livestock density, within urban agricultural areas and other land use surfaces. Future work should explore these local covariates at higher resolution for improved predictions.


We have used two open access geo-coded databases to identify reported sampling of Aedes aegypti s.l. in Kenya. However, it is important to note that a formal literature search identified an additional 221 records not found in these data repositories (
Supplementary File 1, Supplementary Figure 2
). This highlights the need to constantly update mosquito species inventories to provide nationally led data platforms for future distribution modelling.


Most arboviral diseases including DF and CHIKF, are classified as neglected tropical diseases (NTDs) and are often absent from the global health agenda, resulting in limited resources and access to global funding support (92). For instance, very little is known about the epidemiology of CHIKV in Africa and in Kenya (93, 94). Most vector surveillances in Kenya are focused on Anopheles species given the persistent endemicity of malaria. However, we must also consider the potential emerging threats posed by arboviral diseases that are transmitted by these less-studied vectors and future vector surveillance should be encouraged to include Aedes and Culex species sampling.






5 Conclusion


The goal of the study was to use occurrence data together with publicly available environmental covariates to predict the probability of occurrence Ae. aegypti s.l. in Kenya given local environmental condition. This research serves as a foundation for future studies to compare various ecological niche modelling approaches. The modelling results are vital for identifying areas at risk of arboviral infections such as dengue fever and Chikungunya, predicting potential establishment zones, and enhancing vector surveillance in regions with poor entomological reporting, ultimately aiding in vector control efforts.









Data availability statement


The data analyzed in this study is subject to the following licenses/restrictions: The occurrence data is subject to further updates and it will be readily available with its own publication. Requests to access these datasets should be directed to smuchiri@kemri-wellcome.org or rsnow@kemri-wellcome.org.







Ethics statement


The manuscript presents research on animals that do not require ethical approval for their study.







Author contributions


SM: Writing – original draft, Writing – review & editing, Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Visualization. MM: Formal Analysis, Writing – review & editing. PM: Formal Analysis, Writing – review & editing. FK: Supervision, Writing – review & editing. NA: Conceptualization, Formal Analysis, Supervision, Writing – review & editing. EO: Writing – review & editing. SD: Formal Analysis, Writing – review & editing. RS: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Supervision, Writing – review & editing.







Funding


The author(s) declare financial support was received for the research and/or publication of this article. This work was supported by funding provided to RWS as part of Wellcome Trust Principal Fellowship (#212176) which also supported SKM and MMM. EAO is supported as a Wellcome Trust Senior Fellow (#224272). SKM, MMM, PM, EAO and RWS are grateful for the support of the Wellcome Trust to the Kenya Major Overseas Programme (#203077). SD acknowledges support from the Fonds National de la Recherche Scientifique (F.R.S.-FNRS, Belgium), from the Research Foundation — Flanders (Fonds voor Wetenschappelijk Onderzoek — Vlaanderen, FWO, Belgium), the Doctoral network VIVACE funded by the Marie Skłodowska-Curie Actions (MSCA) of the European Commission (grant agreement n°101167768), and from the European Union Horizon 2020 project LEAPS (grant agreement n°101094685). The funders had no role in study design, data collection, data analysis, data interpretation, or writing of the report.






Acknowledgments


We are grateful to Gillian Eastwood, Isabella Moraa Ondiba, James Mutisya, Jandouwe Villinger, John Gachoya, Martin Rono and Yvonne Ajamma for their generous assistance with Aedes aegypti species data at village level for their respective work. Many thanks to our colleagues at KEMRI-Wellcome Trust Research Programme (KWTRP) Alex Maina, Hillary Koros and Lydia Mwangi for their help in retrieving and sorting out the online literature articles for data extraction and to Martin Rono for comments on earlier drafts of the manuscript.







Conflict of interest


The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.







Generative AI statement


The author(s) declare that no Generative AI was used in the creation of this manuscript.


Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.







Supplementary material


The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fitd.2025.1641807/full#supplementary-material








References

	

 World Health Organization
. Weekly bulletin on outbreaks and other emergencies: Week 28: 8–14 July 2017 (2017). Available online at: https://www.afro.who.int/health-topics/disease-outbreaks/outbreaks-and-other-emergencies-updates?page=38 (Accessed January 6, 2025).



	

 Simmons CP, Farrar JJ, van Vinh Chau N, Wills B. Dengue. New Engl J Med. (2012) 366:1423–32. doi: 10.1056/NEJMra1110265, PMID: 22494122



	

 Leparc-Goffart I, Nougairede A, Cassadou S, Prat C, De Lamballerie X. Chikungunya in the americas. Lancet. (2014) 383:514. doi: 10.1016/S0140-6736(14)60185-9, PMID: 24506907



	

 Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, et al. The global distribution and burden of dengue. Nature. (2013) 496:504–7. doi: 10.1038/nature12060, PMID: 23563266



	

 Messina JP, Brady OJ, Golding N, Kraemer MU, Wint GW, Ray SE, et al. The current and future global distribution and population at risk of dengue. Nat Microbiol. (2019) 4:1508–15. doi: 10.1038/s41564-019-0476-8, PMID: 31182801



	

 Stanaway JD, Shepard DS, Undurraga EA, Halasa YA, Coffeng LE, Brady OJ, et al. The global burden of dengue: an analysis from the Global Burden of Disease Study 2013. Lancet Infect Dis. (2016) 16:712–23. doi: 10.1016/S1473-3099(16)00026-8, PMID: 26874619



	

 Zurbia-Flores GM, Reyes-Sandoval A, Kim YC. Chikungunya virus: priority pathogen or passing trend? Vaccines (Basel). (2023) 11:568. doi: 10.3390/vaccines11030568, PMID: 36992153



	

 Linthicum KJ, Britch SC, Anyamba A. Rift Valley fever: an emerging mosquito-borne disease. Annu Rev Entomology. (2016) 61:395–415. doi: 10.1146/annurev-ento-010715-023819, PMID: 26982443



	

 Dar O, McIntyre S, Hogarth S, Heymann D. Rift Valley fever and a new paradigm of research and development for zoonotic disease control. Emerging Infect Dis. (2013) 19:189. doi: 10.3201/eid1902.120941, PMID: 23347653



	

 Gaythorpe KA, Hamlet A, Jean K, Garkauskas Ramos D, Cibrelus L, Garske T, et al. The global burden of yellow fever. Elife. (2021) 10:e64670. doi: 10.7554/eLife.64670, PMID: 33722340



	

 World Health Organization
. Zika virus (2022). Available online at: https://www.who.int/news-room/fact-sheets/detail/zika-virus (Accessed December 9, 2024).



	

 Campbell LP, Luther C, Moo-Llanes D, Ramsey JM, Danis-Lozano R, Peterson AT. Climate change influences on global distributions of dengue and chikungunya virus vectors. Philos Trans R Soc B: Biol Sci. (2015) 370:20140135. doi: 10.1098/rstb.2014.0135, PMID: 25688023



	

 Kraemer MU, Reiner RC Jr., Brady OJ, Messina JP, Gilbert M, Pigott DM, et al. Past and future spread of the arbovirus vectors Aedes aEgypti and Aedes albopictus. Nat Microbiol. (2019) 4:854–63. doi: 10.1038/s41564-019-0376-y, PMID: 30833735



	

 Kirwa LJ, Abkallo HM, Nyamota R, Kiprono E, Muloi D, Akoko J, et al. Arboviruses in Kenya: A systematic review and meta-analysis of prevalence. Medrxiv. (2024). doi: 10.1101/2024.10.17.24315511




	

 Johnson BK, Musoke S, Ocheng D, Gichogo A, Rees PH. Dengue-2 virus in Kenya. Lancet. (1982) 2:208–9. doi: 10.1016/S0140-6736(82)91047-9, PMID: 6123900



	

 Konongoi L, Ofula V, Nyunja A, Owaka S, Koka H, Makio A, et al. Detection of dengue virus serotypes 1, 2 and 3 in selected regions of Kenya: 2011–2014. Virol J. (2016) 13:182. doi: 10.1186/s12985-016-0641-0, PMID: 27814732



	

 Obonyo M, Fidhow A, Ofula V. Investigation of laboratory confirmed Dengue outbreak in North-eastern Kenya, 2011. PloS One. (2018) 13:e0198556. doi: 10.1371/journal.pone.0198556, PMID: 29879159



	

 Ellis EM, Neatherlin JC, Delorey M, Ochieng M, Mohamed AH, Mogeni DO, et al. A household serosurvey to estimate the magnitude of a dengue outbreak in Mombasa, Kenya, 2013. PloS Negl Trop Dis. (2015) 9:e0003733. doi: 10.1371/journal.pntd.0003733, PMID: 25923210



	

 Lutomiah J, Barrera R, Makio A, Mutisya J, Koka H, Owaka S, et al. Dengue outbreak in Mombasa City, Kenya, 2013–2014: entomologic investigations. PloS Negl Trop Dis. (2016) 10:e0004981. doi: 10.1371/journal.pntd.0004981, PMID: 27783626



	

 International Federation of Red Cross and Red Crescent Societies
. Dengue fever outbreak. Kenya: International Federation of Red Cross and Red Crescent Societies (2021). Available online at: https://www.ifrc.org/media/49457.



	

 Muthanje EM, Kimita G, Nyataya J, Njue W, Mulili C, Mugweru J, et al. March 2019 dengue fever outbreak at the Kenyan south coast involving dengue virus serotype 3, genotypes III and V. PloS Global Public Health. (2022) 2:e0000122. doi: 10.1371/journal.pgph.0000122, PMID: 36962260



	

 Sergon K, Njuguna C, Kalani R, Ofula V, Onyango C, Konongoi LS, et al. Seroprevalence of Chikungunya virus (CHIKV) infection on Lamu Island, Kenya, October 2004. Am J Trop Med Hyg. (2008) 78:333–7. doi: 10.4269/ajtmh.2008.78.333, PMID: 18256441



	

 Konongoi SL, Nyunja A, Ofula V, Owaka S, Koka H, Koskei E, et al. Human and entomologic investigations of chikungunya outbreak in Mandera, Northeastern Kenya, 2016. PloS One. (2018) 13:e0205058. doi: 10.1371/journal.pone.0205058, PMID: 30308064



	

 Lutomiah J, Mulwa F, Mutisya J, Koskei E, Langat S, Nyunja A, et al. Probable contribution of Culex quinquefasciatus mosquitoes to the circulation of chikungunya virus during an outbreak in Mombasa County, Kenya, 2017–2018. Parasites Vectors. (2021) 14:138. doi: 10.1186/s13071-021-04632-6, PMID: 33673872



	

 Daubney R, Hudson J. Enzootic hepatitis or Rift Valley fever. An un-described virus disease of sheep, cattle and man from East Africa. J Pathol Bacteriology. (1931) 34:545–79. doi: 10.1002/path.1700340418




	

 Weiss K. Rift Valley fever-A review. Bull epizootic Dis Afr. (1957) 5:431–58.



	

 Sang R, Kioko E, Lutomiah J, Warigia M, Ochieng C, O’Guinn M, et al. Rift Valley fever virus epidemic in Kenya, 2006/2007: the entomologic investigations. Am J Trop Med Hygiene. (2010) 83:28–37. doi: 10.4269/ajtmh.2010.09-0319, PMID: 20682903



	

 Nguku PM, Sharif SK, Mutonga D, Amwayi S, Omolo J, Mohammed O, et al. An investigation of a major outbreak of Rift Valley fever in Kenya: 2006–2007. Am J Trop Med Hygiene. (2010) 83:05. doi: 10.4269/ajtmh.2010.09-0288, PMID: 20682900



	

 World Health Organization
. Rift Valley fever. Kenya: World Health Organization. (2018). Available online at: https://www.who.int/emergencies/disease-outbreak-news/item/18-june-2018-rift-valley-fever-Kenya-en.



	

 World Health Organization
. Surveillance and control of arboviral diseases in the WHO African region: assessment of country capacities. Geneva: World Health Organization (2022).



	

 Farashi A, Alizadeh-Noughani M. Basic introduction to species distribution modelling. In: Ecosystem and Species Habitat Modeling for Conservation and Restoration. Singapore: Springer (2023). p. 21–40.



	

 Alaniz AJ, Bacigalupo A, Cattan PE. Spatial quantification of the world population potentially exposed to Zika virus. Int J Epidemiol. (2017) 46:966–75. doi: 10.1093/ije/dyw366, PMID: 28338754



	

 Alaniz AJ, Carvajal MA, Bacigalupo A, Cattan PE. Global spatial assessment of Aedes aEgypti and Culex quinquefasciatus: a scenario of Zika virus exposure. Epidemiol Infection. (2019) 147:e52. doi: 10.1017/S0950268818003102, PMID: 30474578



	

 Capinha C, Rocha J, Sousa CA. Macroclimate determines the global range limit of Aedes aEgypti. EcoHealth. (2014) 11:420–8. doi: 10.1007/s10393-014-0918-y, PMID: 24643859



	

 Carlson CJ, Dougherty ER, Getz W. An ecological assessment of the pandemic threat of Zika virus. PloS Negl Trop Dis. (2016) 10:e0004968. doi: 10.1371/journal.pntd.0004968, PMID: 27564232



	

 Castaño-Quintero S, Escobar-Luján J, Osorio-Olvera L, Peterson AT, Chiappa-Carrara X, Martínez-Meyer E, et al. Supraspecific units in correlative niche modeling improves the prediction of geographic potential of biological invasions. PeerJ. (2020) 8:e10454. doi: 10.7717/peerj.10454, PMID: 33391868



	

 Dickens BL, Sun H, Jit M, Cook AR, Carrasco LR. Determining environmental and anthropogenic factors which explain the global distribution of Aedes aEgypti and Ae. albopictus. BMJ Global Health. (2018) 3:e000801. doi: 10.1136/bmjgh-2018-000801, PMID: 30233829



	

 Ding F, Fu J, Jiang D, Hao M, Lin G. Mapping the spatial distribution of Aedes aEgypti and Aedes albopictus. Acta Tropica. (2018) 178:155–62. doi: 10.1016/j.actatropica.2017.11.020, PMID: 29191515



	

 Gardner L, Sarkar S. A global airport-based risk model for the spread of dengue infection via the air transport network. PloS One. (2013) 8:e72129. doi: 10.1371/journal.pone.0072129, PMID: 24009672



	

 Kamal M, Kenawy MA, Rady MH, Khaled AS, Samy AM. Mapping the global potential distributions of two arboviral vectors Aedes aEgypti and Ae. albopictus under changing climate. PloS One. (2018) 13:e0210122. doi: 10.1371/journal.pone.0210122, PMID: 30596764



	

 Khormi HM, Kumar L. Climate change and the potential global distribution of Aedes aEgypti: spatial modelling using geographical information system and CLIMEX. Geospatial Health. (2014) 8:405–15. doi: 10.4081/gh.2014.29, PMID: 24893017



	

 Kraemer MU, Sinka ME, Duda KA, Mylne AQ, Shearer FM, Barker CM, et al. The global distribution of the arbovirus vectors Aedes aEgypti and Ae. albopictus. Elife. (2015) 4:e08347. doi: 10.7554/eLife.08347, PMID: 26126267



	

 Laporta GZ, Potter AM, Oliveira JF, Bourke BP, Pecor DB, Linton Y-M. Global distribution of Aedes aEgypti and Aedes albopictus in a climate change scenario of regional rivalry. Insects. (2023) 14:49. doi: 10.3390/insects14010049, PMID: 36661976



	

 Obenauer J. The increasing risk of vector-borne diseases: Mapping the effects of climate change and human population density on future Aedes aEgypti habitats. Johnson City, Tennessee, US: ProQuest Dissertations & Theses: East Tennessee State University (2017).



	

 Rogers DJ. Dengue: recent past and future threats. Philos Trans R Soc London Ser B Biol Sci. (2015) 370:20130562. doi: 10.1098/rstb.2013.0562, PMID: 25688021



	

 Santos J, Meneses BM. An integrated approach for the assessment of the Aedes aEgypti and Aedes albopictus global spatial distribution, and determination of the zones susceptible to the development of Zika virus. Acta Tropica. (2017) 168:80–90. doi: 10.1016/j.actatropica.2017.01.015, PMID: 28111132



	

 Sinka ME, Bangs MJ, Manguin S, Coetzee M, Mbogo CM, Hemingway J, et al. The dominant Anopheles vectors of human malaria in Africa, Europe and the Middle East: occurrence data, distribution maps and bionomic précis. Parasites Vectors. (2010) 3:117. doi: 10.1186/1756-3305-3-117, PMID: 21129198



	

 Sinka ME, Pironon S, Massey NC, Longbottom J, Hemingway J, Moyes CL, et al. A new malaria vector in Africa: Predicting the expansion range of Anopheles stephensi and identifying the urban populations at risk. Proc Natl Acad Sci United States America. (2020) 117:24900–8. doi: 10.1073/pnas.2003976117, PMID: 32929020



	

 Wiebe A, Longbottom J, Gleave K, Shearer FM, Sinka ME, Massey NC, et al. Geographical distributions of African malaria vector sibling species and evidence for insecticide resistance. Malaria J. (2017) 16:85. doi: 10.1186/s12936-017-1734-y, PMID: 28219387



	

 Samy AM, Elaagip AH, Kenawy MA, Ayres CFJ, Peterson AT, Soliman DE. Climate change influences on the global potential distribution of the mosquito culex quinquefasciatus, vector of West Nile virus and lymphatic filariasis. PloS One. (2016) 11:e0163863. doi: 10.1371/journal.pone.0163863, PMID: 27695107



	

 Gachoki S, Groen T, Vrieling A, Okal M, Skidmore A, Masiga D. Satellite-based modelling of potential tsetse (Glossina pallidipes) breeding and foraging sites using teneral and non-teneral fly occurrence data. Parasites Vectors. (2021) 14:506. doi: 10.1186/s13071-021-05017-5, PMID: 34583766



	

 Noll M, Wall R, Makepeace BL, Newbury H, Adaszek L, Bødker R, et al. Predicting the distribution of Ixodes ricinus and Dermacentor reticulatus in Europe: a comparison of climate niche modelling approaches. Parasit Vectors. (2023) 16:384. doi: 10.1186/s13071-023-05959-y, PMID: 37880680



	

 Koch LK, Kochmann J, Klimpel S, Cunze S. Modeling the climatic suitability of leishmaniasis vector species in Europe. Sci Rep. (2017) 7:13325. doi: 10.1038/s41598-017-13822-1, PMID: 29042642



	

 Attaway DF, Jacobsen KH, Falconer A, Manca G, Bennett LR, Waters NM. Mosquito habitat and dengue risk potential in Kenya: alternative methods to traditional risk mapping techniques. Geospatial Health. (2014) 9:119–30. doi: 10.4081/gh.2014.10, PMID: 25545930



	

 Mosomtai G, Evander M, Mundia C, Sandström P, Ahlm C, Hassan OA, et al. Datasets for mapping pastoralist movement patterns and risk zones of Rift Valley fever occurrence. Data Brief. (2018) 16:762–70. doi: 10.1016/j.dib.2017.11.097, PMID: 29276743



	

 Mweya CN, Kimera SI, Kija JB, Mboera LEG. Predicting distribution of Aedes aEgypti and Culex pipiens complex, potential vectors of Rift Valley fever virus in relation to disease epidemics in East Africa. Infection Ecol Epidemiol. (2013) 3:21748. doi: 10.3402/iee.v3i0.21748, PMID: 24137533



	

 Uusitalo R, Siljander M, Culverwell CL, Mutai NC, Forbes KM, Vapalahti O, et al. Predictive mapping of mosquito distribution based on environmental and anthropogenic factors in Taita Hills, Kenya. Int J Appl Earth Observation Geoinformation. (2019) 76:84–92. doi: 10.1016/j.jag.2018.11.004




	

 Abdelkrim O, Samia B, Said Z, Souad L. Modeling and mapping the habitat suitability and the potential distribution of Arboviruses vectors in Morocco. Parasite. (2021) 28:37. doi: 10.1051/parasite/2021030, PMID: 33861197



	

 Omar K, Thabet HS, TagEldin RA, Asadu CC, Chukwuekezie OC, Ochu JC, et al. Ecological niche modeling for predicting the potential geographical distribution of Aedes species (Diptera: Culicidae): A case study of Enugu State, Nigeria. Parasite Epidemiol Control. (2021) 15:e00225. doi: 10.1016/j.parepi.2021.e00225, PMID: 34646952



	

 Mweya CN, Kimera SI, Stanley G, Misinzo G, Mboera LEG. Climate change influences potential distribution of infected aedes aEgypti co-occurrence with dengue epidemics risk areas in Tanzania. PloS One. (2016) 11:e0162649. doi: 10.1371/journal.pone.0162649, PMID: 27681327



	

 World Health Organization
. Global arbovirus initiative: Preparing for the next pandemic tackling mosquito-borne viruses with epidemic and pandemic potential. Geneva: World Health Organization (2024). Available online at: https://www.who.int/publications/i/item/9789240088948.



	

 Kenya National Bureau of Statistics
. The 2009 Kenya population and housing census (2010). Available online at: https://www.knbs.or.ke/reports/Kenya-census-2009/ (Accessed November 10, 2024).



	

 Lippi CA, Mundis SJ, Sippy R, Flenniken JM, Chaudhary A, Hecht G, et al. Trends in mosquito species distribution modeling: insights for vector surveillance and disease control. Parasites Vectors. (2023) 16:302. doi: 10.1186/s13071-023-05912-z, PMID: 37641089



	

 Phillips SJ, Anderson RP, Schapire RE. Maximum entropy modeling of species geographic distributions. Ecol Model. (2006) 190:231–59. doi: 10.1016/j.ecolmodel.2005.03.026




	

 Shannon CE. A mathematical theory of communication. Bell System Tech J. (1948) 27:379–423. doi: 10.1002/j.1538-7305.1948.tb01338.x




	

 Phillips SJ, Dudík M, Schapire RE. Maxent software for modeling species niches and distributions(2025). Available online at: http://biodiversityinformatics.amnh.org/open_source/maxent/. (Accessed March 10, 2025).



	

 Heikkinen RK, Luoto M, Araújo MB, Virkkala R, Thuiller W, Sykes MT. Methods and uncertainties in bioclimatic envelope modelling under climate change. Prog Phys Geogr. (2006) 30:751–77. doi: 10.1177/0309133306071957




	

 Drew C, Wiersma Y, Huettmann F. 
Predictive Species and Habitat Modeling in Landscape Ecology: Concepts and Applications
. New York, NY: Springer (2011) p. 139–59.



	

 Awando JA, Ongus JR, Ouma C, Mwau M. Seroprevalence of anti-dengue virus 2 serocomplex antibodies in out-patients with fever visiting selected hospitals in rural parts of western Kenya in 2010-2011: a cross sectional study. Pan Afr Med J. (2014) 16:73. doi: 10.11604/pamj.2013.16.73.2891




	

 Khan A, Bisanzio D, Mutuku F, Ndenga B, Grossi-Soyster EN, Jembe Z, et al. Spatiotemporal overlapping of dengue, chikungunya, and malaria infections in children in Kenya. BMC Infect Dis. (2023) 23:183. doi: 10.1186/s12879-023-08157-4, PMID: 36991340



	

 Grossi-Soyster EN, Cook EA, de Glanville WA, Thomas LF, Krystosik AR, Lee J, et al. Serological and spatial analysis of alphavirus and flavivirus prevalence and risk factors in a rural community in western Kenya. PloS Negl Trop Dis. (2017) 11:e0005998. doi: 10.1371/journal.pntd.0005998, PMID: 29040262



	

 Ducheyne E, Tran Minh NN, Haddad N, Bryssinckx W, Buliva E, Simard F, et al. Current and future distribution of Aedes aEgypti and Aedes albopictus (Diptera: Culicidae) in WHO Eastern Mediterranean Region. Int J Health Geographics. (2018) 17:4. doi: 10.1186/s12942-018-0125-0, PMID: 29444675



	

 Fatima SH, Atif S, Rasheed SB, Zaidi F, Hussain E. Species Distribution Modelling of Aedes aEgypti in two dengue-endemic regions of Pakistan. Trop Med Int Health. (2016) 21:427–36. doi: 10.1111/tmi.12664, PMID: 26729239



	

 Holeva-Eklund WM, Young SJ, Will J, Busser N, Townsend J, Hepp CM. Species distribution modeling of Aedes aEgypti in Maricopa County, Arizona from 2014 to 2020. Front Environ Sci. (2022) 10:1001190. doi: 10.3389/fenvs.2022.1001190




	

 Nurjanah S, Atmowidi T, Hadi UK, Solihin DD, Priawandiputra W, Santoso B, et al. Distribution modelling of Aedes aEgypti in three dengue-endemic areas in Sumatera, Indonesia. Trop Biomedicine. (2022) 39:373–83. doi: 10.47665/tb.39.3.007, PMID: 36214434



	

 Diallo D, Sall AA, Buenemann M, Chen R, Faye O, Diagne CT, et al. Landscape ecology of sylvatic chikungunya virus and mosquito vectors in southeastern Senegal. PloS Negl Trop Dis. (2012) 6:e1649. doi: 10.1371/journal.pntd.0001649, PMID: 22720097



	

 Cardo MV, Vezzani D, Rubio A, Carbajo AE. Integrating demographic and meteorological data in urban ecology: a case study of container-breeding mosquitoes in temperate Argentina. Area. (2014) 46:18–26. doi: 10.1111/area.12071




	

 Espinosa M, Weinberg D, Rotela CH, Polop F, Abril M, Scavuzzo CM. Temporal dynamics and spatial patterns of Aedes aEgypti breeding sites, in the context of a dengue control program in Tartagal (Salta province, Argentina). PloS Negl Trop Dis. (2016) 10:e0004621. doi: 10.1371/journal.pntd.0004621, PMID: 27223693



	

 Espinosa MO, Polop F, Rotela CH, Abril M, Scavuzzo CM. Spatial pattern evolution of Aedes aEgypti breeding sites in an Argentinean city without a dengue vector control programme. Geospatial Health. (2016) 11:471. doi: 10.4081/gh.2016.471, PMID: 27903056



	

 Romero D, Olivero J, Real R, Guerrero JC. Applying fuzzy logic to assess the biogeographical risk of dengue in South America. Parasit Vectors. (2019) 12:428. doi: 10.1186/s13071-019-3691-5, PMID: 31488198



	

 Brady OJ, Johansson MA, Guerra CA, Bhatt S, Golding N, Pigott DM, et al. Modelling adult Aedes aEgypti and Aedes albopictus survival at different temperatures in laboratory and field settings. Parasites Vectors. (2013) 6:351. doi: 10.1186/1756-3305-6-351, PMID: 24330720



	

 Liu B, Ma J, Jiao Z, Gao X, Xiao J, Wang H. Risk assessment for the Rift Valley fever occurrence in China: Special concern in south-west border areas. Transboundary Emerging Dis. (2021) 68:445–57. doi: 10.1111/tbed.13695, PMID: 32568445



	

 Hussain SSA, Dhiman RC. Distribution expansion of dengue vectors and climate change in India. GeoHealth. (2022) 6:e2021GH000477. doi: 10.1029/2021GH000477, PMID: 35769847



	

 Johnson TL, Haque U, Monaghan AJ, Eisen L, Hahn MB, Hayden MH, et al. Modeling the environmental suitability for Aedes (Stegomyia) aEgypti and Aedes (Stegomyia) albopictus (Diptera: Culicidae) in the contiguous United States. J Med Entomology. (2017) 54:1605–14. doi: 10.1093/jme/tjx163, PMID: 29029153



	

 Khan SU, Ogden NH, Fazil AA, Gachon PH, Dueymes GU, Greer AL, et al. Current and Projected Distributions of Aedes aEgypti and Ae. albopictus in Canada and the US. Environ Health Perspect. (2020) 128:057007. doi: 10.1289/EHP5899, PMID: 32441995



	

 Santos JM, Capinha C, Rocha J, Sousa CA. The current and future distribution of the yellow fever mosquito (Aedes aEgypti) on Madeira Island. PloS Negl Trop Dis. (2022) 16:e0010715. doi: 10.1371/journal.pntd.0010715, PMID: 36094951



	

 Valdez LD, Sibona GJ, Condat CA. Impact of rainfall on Aedes aEgypti populations. Ecol Model. (2018) 385:96–105. doi: 10.1016/j.ecolmodel.2018.07.003




	

 Longbottom J, Walekhwa AW, Mwingira V, Kijanga O, Mramba F, Lord JS. Aedes albopictus invasion across Africa: the time is now for cross-country collaboration and control. Lancet Global Health. (2023) 11:e623–8. doi: 10.1016/S2214-109X(23)00046-3, PMID: 36841255



	

 Syfert MM, Smith MJ, Coomes DA. The effects of sampling bias and model complexity on the predictive performance of MaxEnt species distribution models. PloS One. (2013) 8:e55158. doi: 10.1371/journal.pone.0055158, PMID: 23457462



	

 Merow C, Smith MJ, Silander JA Jr. A practical guide to MaxEnt for modeling species’ distributions: what it does, and why inputs and settings matter. Ecography. (2013) 36:1058–69. doi: 10.1111/j.1600-0587.2013.07872.x




	

 Yackulic CB, Chandler R, Zipkin EF, Royle JA, Nichols JD, Campbell Grant EH, et al. Presence-only modelling using MaxEnt: when can we trust the inferences? Methods Ecol Evol. (2013) 4:236–43. doi: 10.1111/2041-210x.12004




	

 World Health Organization
. Neglected tropical diseases (2025). Available online at: https://www.who.int/news-room/questions-and-answers/item/neglected-tropical-diseases (Accessed January 31, 2025).



	

 Nyamwaya DK, Otiende M, Omuoyo DO, Githinji G, Karanja HK, Gitonga JN, et al. Endemic chikungunya fever in Kenyan children: a prospective cohort study. BMC Infect Dis. (2021) 21:186. doi: 10.1186/s12879-021-05875-5, PMID: 33602147



	

 Nyamwaya DK, Thumbi SM, Bejon P, Warimwe GM, Mokaya J. The global burden of Chikungunya fever among children: A systematic literature review and meta-analysis. PloS Global Public Health. (2022) 2:e0000914. doi: 10.1371/journal.pgph.0000914, PMID: 36962807











Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.




Copyright © 2025 Muchiri, Musau, Mwaniki, Kirimi, Agutu, Okiro, Dellicour and Snow. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OEBPS/Images/fitd-06-1641807-g002.jpg
Landcover Classes

I Evergreen Broadleaf Forest Grasslands
Decidious Broadleaf Forest Permanent Wetlands
B Mixed Forest M croplands N
[ Closed Shrublands ! Built-up Areas A
Open Shrublands I Natural Vegetation
Woody Savannahs Barren Land 0 50 100 200 300 400
Savannahs Bl Waterbodies

Kilometers





OEBPS/Images/cover.jpg
‘ frontiers | Frontiers in Tropical Diseases

Predicting the ecological niches
of Aedes aegypti s.I. using
maximum entropy in Kenya





OEBPS/Images/fitd-06-1641807-g004.jpg
Population density-| 0.02 | -0.03 | -0.17 | -0.03 | -0.12 | 045 | -0.04 | 004 | 0 | -0.03 | -0.04 | 0.06 | -0.03 | -0.39
EVI-| 0.12 | 0.34 | -0.03 | 0.02 | 0.28 0.14 | 013 | -0.11 | 0.17 | 0.12 -0.23
Nighttime LST'. -021 | 012 | 01 | 008 | 0.05 | -026 | -0.22 | 0.13 | -0.06 | -0.05
Daytime LST-| -0.38 | -0.42 | 0.13 | -0.08 | 0.05 | 0.13 | -0.2 | -0.26 | 0.19 | -0.12 | -0.08
Savannahs-| 0.08 0 | -024|-005| -02 |-0.16 | -0.14 | -0.04 | -0.03 | -0.03
Woody savannahs-| 0.02 | 0.06 | -0.05 | -0.01 | -0.04 | -0.04 | -0.03 | -0.01 | -0.01
Open shrublands-| -0.06 | -0.15 | -0.05 | -0.01 | -0.04 | -0.04 | -0.03 | -0.01
Evergreen broadleaf-| 0.17 | -0.01 | -0.07 | -0.02 | -0.06 | -0.05 | -0.04
Natural vegetation-| 0.28 | 042 @ -0.26 | -0.06 | -0.22 | -0.18
Built-up-| -0.03 | -0.14 | -0.3 | -0.07 | -0.25
Croplands-| -0.13 | 0.07 | -0.36 | -0.08
Wetlands-| -0.07 | 0.06 | -0.1
Grasslands-| -0.13 | -0.26
Rainfall-| 0.19
N N o % o Q o 5 ro ro e & & AI\
& & \,bob \,bob \,,,oé & @‘o° i \,bob & & 0\? 0\?’ <
& & 8 F K @ g L P *F & &
< & S S & ¢ & N &
<) R N & X S » &8
£ & &P MRS
é& Q}Q OQ $O

sample sizes:
n=328
correlation:
Pearson

N
B 0.5

' -0‘5
-1.0





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fitd-06-1641807-g006.jpg
|:| Kenya boundary

County boundary

E Waterbody
Probability of occurrence

0 1 0 50 100 200 300 400

Kilometers





OEBPS/Images/fitd-06-1641807-g003.jpg





OEBPS/Images/fitd-06-1641807-g001.jpg
Precipitation
4048.48

21.80 Kilometers 284.47

LST Night
1304.29

Elevation

l 5,054
. -34

271.77 0





OEBPS/Images/fitd-06-1641807-g005.jpg
Average Sensitivity vs. 1 - Specificity for ae_aegypti_sl
T i ; T T L T T D A |

Mean (AUC=0.732) ®

1.0 Mean +/- one stddev ®
Random Prediction ®

09

08r

e
by
T

ty (1 - Omission Rate)
o o
o o
v -

1 L L 1 L 1 L 1 L L L

0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 08 09 1.0
1 - Specificity (Fractional Predicted Area)






