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Abstract: Background
Phlebotomine sandflies are the vectors of leishmaniasis. The sand fly abundance
tends to be influenced by context-specific climatic and non-climatic factors. Thus, we
aimed to understand how these factors drive sand fly density in ten sentinel sites
across Sri Lanka.
Methodology/Principal Findings
We analysed monthly collections of sand flies and climate data from ten sentinel sites
representing all geo-climatic zones across Sri Lanka, over 24 months. Site-specific
non-climate data was also recorded. The influence of climate and non-climate drivers
on  sand fly abundance in each site was calculated using distributed lag non-linear
models and machine learning, We found that climate plays a major role on sandfly
abundance compared to non-climate factors. Increase in rainfall and relative humidity
at real time, and ambient temperature and soil temperature with a 2-month lag were
associated with a statistically significant increase in  sand fly density. The maximum
relative risk (RR)  was 3.76 (95% CI: 1.58-8.96) for rainfall at 120 mm/month, 2.14
(95% CI: 1.04-4.38) for relative humidity at 82%, 2.81 (95% CI: 1.09-7.35) both at real
time. For ambient temperature  at 34.5°C, and 11.6 (95%CI; 4.38-30.76) for soil
temperature  at 31.5oC; latter 2 variables with a 2-month lag period.   A similar delayed
association was also seen with the rise of soil temperature and evaporation rates. The
real-time increase in ambient temperature, sunshine hours, and evaporation rate,
however, reduced sand fly burden homogeneously in all  study settings.  The high
density of chena and coconut cultivation, together with low density of dense forests,
homesteads, and low human footprint values, positively influenced sandfly densities.
 
Conclusions/Significance
The findings would enhance understanding of   the dynamic influence of environment
on sand flies and leishmaniasis spread, laying a foundation  for  for forecasting of sand
fly burden and targeted site-specific interventions for mitigating the growing burden of
leishmaniasis, particularly in an era of climate change.
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Abstract 32 

Background 33 

Phlebotomine sandflies are the vectors of leishmaniasis. The sand fly abundance 34 

tends to be influenced by context-specific climatic and non-climatic factors. Thus, we 35 

aimed to understand how these factors drive sand fly density in ten sentinel sites across 36 

Sri Lanka.  37 

Methodology/Principal Findings 38 

We analysed monthly collections of sand flies and climate data from ten sentinel sites 39 

representing all geo-climatic zones across Sri Lanka, over 24 months. Site-specific non-40 

climate data was also recorded. The influence of climate and non-climate drivers on  41 

sand fly abundance in each site was calculated using distributed lag non-linear models 42 

and machine learning, We found that climate plays a major role on sandfly abundance 43 

compared to non-climate factors. Increase in rainfall and relative humidity at real time, 44 

and ambient temperature and soil temperature with a 2-month lag were associated with 45 

a statistically significant increase in  sand fly density. The maximum relative risk (RR)  46 

was 3.76 (95% CI: 1.58-8.96) for rainfall at 120 mm/month, 2.14 (95% CI: 1.04-4.38) for 47 

relative humidity at 82%, 2.81 (95% CI: 1.09-7.35) both at real time. For ambient 48 

temperature  at 34.5°C, and 11.6 (95%CI; 4.38-30.76) for soil temperature  at 31.5oC; 49 

latter 2 variables with a 2-month lag period.   A similar delayed association was also 50 

seen with the rise of soil temperature and evaporation rates. The real-time increase in 51 

ambient temperature, sunshine hours, and evaporation rate, however, reduced sand fly 52 

burden homogeneously in all  study settings.  The high density of chena and coconut 53 
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cultivation, together with low density of dense forests, homesteads, and low human 54 

footprint values, positively influenced sandfly densities. 55 

 56 

Conclusions/Significance 57 

The findings would enhance understanding of   the dynamic influence of 58 

environment on sand flies and leishmaniasis spread, laying a foundation  for  for 59 

forecasting of sand fly burden and targeted site-specific interventions for mitigating the 60 

growing burden of leishmaniasis, particularly in an era of climate change.  61 
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Author Summary 63 

Leishmaniasis, a public health problem in the tropics is transmitted by sand flies. Both 64 

climatic and non-climatic factors may affect sand flies. Thus, we aimed to understand 65 

how these factors influence sand fly density in 10 field sites across Sri Lanka with 66 

varying eco-climatic conditions.  67 

Monthly collections of sand flies over 24 months were analysed, and the influence of 68 

climate and non-climate divers on the sand fly burden was calculated. We found that 69 

climate plays a major role on sandfly abundance compared to non-climate factors. An 70 

increase in rainfall and relative humidity were associated with a prominent increase in 71 

sand fly density. Similar effects were seen with the rise of ambient and soil temperature 72 

and evaporation rates, albeit with a 2-month lag period. The increase in ambient 73 

temperature, sunshine hours, and evaporation rate in the real-time, however, uniformly 74 

reduced sand fly burden.  A high chena and coconut cultivation densities, along with 75 

sparse forests, homesteads, and reduced human footprint indices, positively influenced 76 

sandfly densities. 77 

The findings promote a better understanding of the changing climatic and environmental 78 

influence on sand fly vectors and leishmaniasis spread, providing a foundation for the 79 

development of targeted interventions for sand fly and disease control.  80 

 81 

 82 
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 86 

Introduction 87 

The subfamily Phlebotomine (sand flies) includes as many as 800 species[1]. Sand 88 

flies are small (2 to 3mm in size) hairy hematophagous insects that live in warm tropical 89 

and sub-tropical regions between 50oN and 40oS [2].  Sand flies can transmit several 90 

bacterial, viral, and parasitic diseases, including leishmaniasis [3]. Leishmaniases are a 91 

group of diseases caused by more than 20 Leishmania species of parasites transmitted 92 

through the bites of infected female phlebotomine sand flies [1]. More than 90 sand fly 93 

vectors are known to transmit the parasite. The type of resultant disease in leishmaniases 94 

depends on the causative Leishmania species, in large part with clinical manifestations 95 

ranging from self-limiting cutaneous lesions to life-threatening visceral disease [1]. The 96 

clinical outcome depends on the fine interplay between parasite, vector, and host factors, 97 

mainly with the involvement of the immune system [4]. Accordingly, the disease has three 98 

main forms; visceral (VL), the most serious form; mucocutaneous (MCL), the most 99 

disabling and cutaneous (CL), the most common [1]. It is estimated that between 0.7 to 1 100 

million new cases of cutaneous leishmaniasis occur annually, ranking it third among 101 

neglected tropical diseases [5]. Although the disease is endemic in approximately a 102 

hundred tropical and sub-tropical countries, over 85% of new cases are concentrated in 103 

ten countries: Afghanistan, Algeria, Brazil, Colombia, Iraq, Libya, Pakistan, Peru, the 104 

Syrian Arab Republic and Tunisia [1]. The disease is associated with poverty, poor living 105 

conditions, and environmental changes such as deforestation, dam construction, 106 

irrigation schemes, and urbanization [6–8]. 107 
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Leishmaniasis is a climate-sensitive disease since the Phlebotomus vectors are 108 

thermophilic, requiring warm temperatures for survival. The developmental stages of 109 

these vectors include eggs, larvae, pupae, and adults. The immature stages do not 110 

require standing water to complete the life cycle. The hatching of eggs is highly dependent 111 

on temperature, with first instar larvae emerging 12 to 19 days after oviposition, pupae in 112 

25 to 59 days, and adults in 35 to 69 days [9]. Laboratory studies have shown that extreme 113 

temperatures below 15°C and above 32°C have a negative impact on the fecundity and 114 

longevity of these flies [10]. The influence of weather variables such as rainfall, relative 115 

humidity, soil water stress, evaporation rate, wind speed and El Nino Southern Oscillation 116 

on the transmission of leishmaniasis had been evaluated in the past across different 117 

endemic settings, but the reported associations are inconsistent [11–16]. This 118 

heterogeneity could be largely due to the type of data and methods used in the analysis, 119 

the location-specific influences of the climate on vector bionomics of the sand fly species 120 

and the transmission dynamics of the respective disease entities.  121 

Leishmaniasis has become a significant public health issue in Sri Lanka. In 122 

contrast to the declining disease trends observed in other Southeast Asian countries, Sri 123 

Lanka has been experiencing a steady increase in case numbers of leishmaniasis with 124 

an exponential rise in 2018 [17]. Almost all the leishmaniasis clinical cases in Sri Lanka 125 

are CL caused by Leishmania donovani [18]. The parasite is probably transmitted through 126 

the species Phlebotomus argentipes glaucus, which demonstrates zoophilic behavior 127 

compared to other related species in India [19,20]. The continuous upsurge of disease 128 

transmission in the country warrants urgent attention to design effective control 129 

interventions that might enable meeting equivalent elimination targets as established for 130 
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VL in the region. These targets involve reducing the incidence to less than one case per 131 

10,000 population [21,22]; the targets specified by the WHO roadmap for neglected 132 

tropical diseases 2021-2030 [23]. Climate change and related environmental and socio-133 

economic impacts may catalyze the transmission dynamics in future, further aggravating 134 

the existing disease burden. Within this context, it is important to understand the intricate 135 

relationship between climate, environmental factors, and sand fly densities to face the 136 

growing burden of sand fly-borne diseases. The current study describes the distribution 137 

of the sand fly species in different geographic zones related to disease hotspots, and  the 138 

influence of local weather and non-climate factors on the sand fly abundance in Sri Lanka 139 

that are relevant and applicable for the planning of successful interventions for control of 140 

leishmaniasis in any endemic country.  141 

 142 

Methods 143 

Study areas meteorological and Georeferenced land-use data 144 

Sri Lanka is an island with an area of 65,525 km2 located between latitudes 5055’ 145 

and 9051’N and longitudes 79041 and 81053’E. The country is divided into four climatic 146 

zones based predominantly on the rainfall, viz. wet zone, intermediate zone, dry zone, 147 

and semi-arid zone. The wet zone, located in the southwest part of the island and central 148 

hills, receives the maximum rainfall in the country with an annual average of over 149 

2500mm. The maximum rainfall occurs during the southwest (SW) monsoon from May to 150 

September and the northeast (NE) monsoon from November to January. The dry zone 151 

covers most parts of the country and receives an annual rainfall between 1200 and 152 

1900mm during the NE monsoon with little or no rain for the rest of the year. An 153 



intermediate zone  situated  between wet and dry zones in the island receives an average 154 

annual rainfall of 1500-2500mm, whereas the semi-arid zones situated within the dry zone 155 

of the country receive an average annual rainfall of 800-1200mm [24,25]. The country is 156 

divided into 25 districts for administrative purposes, and they are nested within 9 157 

provinces. Nine sentinel sites were strategically chosen to conduct sand fly collections, 158 

aiming to closely represent each province and encompass all climate zones. An additional 159 

sentinel site, Delft, situated on Delft Island in the Palk Strait, was chosen from the 160 

Northern province. The location of the sentinel site within each province was based on 161 

the case records of each Medical Officer of Health (MOH) area during the year 2017 as 162 

maintained at the Epidemiology Unit, Ministry of Health and also in consultation with the 163 

respective Public Health Officials. A perimeter of 5km from the sentinel site was used to 164 

study topological factors such as vegetation cover and land use patterns, including water 165 

bodies. We also considered the human pressure on the study settings as quantified by 166 

the Human Footprint Index (HFI). The ten sentinel sites represented all climate zones of 167 

Sri Lanka and were named as per the township that they belonged to, viz.  Delft Island, 168 

Welioya, Thalawa, Mahaoya, Peradeniya, Ambanpola, Kataragama, Mamadala, 169 

Mirigama and Dickwella (Table 1).  170 

 171 
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 173 

 174 

 175 
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Table 1. Characteristics of the sentinel sites.  177 

Province District 

Township and  

GPS coordinate of site 

Altitude 

category# 

Climatic 

zone## 

CL cases 

reported* 

North-western Kurunegala 
Ambanpola 

80.2463E/7.89703N 
Lowland Intermediate Yes 

Southern Matara 

Dickwella 

80.7015E/5.97627N 

 

Coastal Wet zone Yes 

Northern 

 

 

Jaffna 

 

 

Delft island 

79.4314E/9.31090N 
Coastal 

Dry zone 

 

Rare 

 

Northern Mullaitivu 
Welioya 

80.8110E/8.98232N 
Coastal Dry zone Rare 

Southern  Hambantota 
Mamadala 

80.9667E/6.17158N 
Lowland Dry Zone Yes 

Uva Monaragala 
Kataragama 

81.3132E/6.42649N 
Lowland Dry zone Rare 

Eastern Ampara 
Mahaoya 

81.3234E/7.48443N 
Lowland Dry zone Rare 

Western Gampaha 
Mirigama 

80.0967E/7.22750N 
Lowland Wet zone Rare 

Central Kandy 
Peradeniya 

80.6007E/7.26643N 
Highland Wet zone Rare 

North Central Anuradhapura 
Thalawa 

80.3400E/8.19928N 
Lowland Dry zone Yes 

#Altitude category: Costal: Surrounds the island with elevation of about 30 m above sea 178 

level; Lowland: 30 to 1000m above sea level; Highland: mountainous areas with an 179 

elevation of 1000 to 2500 m above sea level. 180 

##Climatic zone: Arbitrary division of the island based on annual rainfall 181 

*The CL cases were considered rare if the annual case incidence was less than 10 cases 182 

per 100,000 population in 2017 as per patient data maintained at the Epidemiology Unit, 183 

Ministry of Health. 184 

 185 

Sand fly collection 186 
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The adult sand flies were collected from March 2018 to February 2020 in ten 187 

sentinel sites over twenty-four months. Each site was equipped with UV LED CDC light 188 

traps (LT) a product of BioQuip, USA (S1 Fig 1A) and cattle-baited net traps (CBNT) (S1 189 

Fig 1B). The CBNTs used were 10 x 10 feet in size and a single animal was placed within 190 

the trap and kept overnight. Sand fly samples were collected using a manual aspirator at 191 

10 pm and 4 am. The trapping was conducted for two consecutive days per month using 192 

ten LTs and one CBNT per night. However, in Delft Island, sand fly collections were done 193 

only twice a year due to logistical constraints.  The CBNT was placed in a constant place 194 

while the ten LTs were placed in 20 houses in rotation within a radius of 500m to CBNT. 195 

A minimum distance of about 50m was maintained between CBNT and LTs. The distance 196 

between the houses ranged from 10m to  200m depending on the area. The S1 Fig 2 197 

shows the placement of CBNT and LTs in the Kataragama sentinel site.  The same 198 

methodology was in all sites including the Delft Island. However,  the data from Delft 199 

collections were used only for the descriptive analysis and excluded from the time series 200 

analysis due to less frequent sampling. Another exception was Peradeniya, where the 201 

trapping was done monthly with predominant use of LTs, due to the difficulties in obtaining 202 

cattle for CBNTs (only two CBNT cycles were completed). The collected sand flies were 203 

preserved in absolute ethanol and transported to the laboratory for further analysis. 204 

Species identification of collected sand flies was done based on morphological features 205 

using standard keys [26]. Forty-eight cattle-baited trap nights and 960 light trap nights 206 

were used across the country to collect P. argentipes during the study period. Monthly 207 

total (LT total and CBNT total) and average (LT average and CBNT average) P. 208 



argentipes sand fly densities were calculated using the insect collections in ten LTs and 209 

one CBNT for each site respectively.  210 

Climate data 211 

Monthly mean rainfall, ambient temperature (minimum and maximum), relative 212 

humidity, wind speed, soil temperature (measured at 08:30 and 15:30 hours at 5cm and 213 

10cm depth), evaporation and sunshine hours data from March 2018 to February 2020 214 

were obtained from the Meteorological Department of Sri Lanka. The meteorological 215 

stations located closest to the sampling sites were selected based on GPS coordinates. 216 

We further utilized the remotely sensed climate data downloaded from the ERA5-Land 217 

hourly data repository accessible from the Copernicus Climate Change Service Climate 218 

Data Store [27]. Remotely sensed climate data for rainfall, temperature, wind speed and 219 

soil temperature within a 5km buffer around the geolocations of the surveillance sites 220 

were used to supplement the ground level monitoring data where necessary. The ERA 221 

datasets (ERA5 and ERA-Interim) do not directly archive Relative Humidity (RH). 222 

Therefore, RH was derived from near-surface temperature and dew point temperature 223 

based on the Bolton formula [28]. Nevertheless, information on sunshine hours was only 224 

accessible for five study locations (Embilipitiya, Thalawa, Ambanpola, Kataragama, and 225 

Dickwella). The S1 Fig 3 shows the month specific variability of climate variables 226 

averaged across all study settings.  227 

 228 

Non-climate contextual information in study settings 229 

Location-specific characteristics, which could further modify the relationship 230 

between weather variability and sand fly density, were obtained for the 5km buffer area 231 
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around the surveillance sites.  Geo-referenced land-use data was obtained from the Sri 232 

Lanka Survey Department [29]. The land-use data was clipped and extracted from the 233 

5km buffer around the sentinel site using ArcGIS software. The area of each land-use 234 

type was derived using a geometry calculator. The land use values were exported as a 235 

database file, which was opened through the Excel application, and the spread of equal 236 

land-use categories were totalled using the PivotTable in the Excel application. Land use 237 

variables included land areas of paddy fields, dense forests, coconut cultivars, chena 238 

cultivars, marshy lands, scrubs lands, rocks, reservoirs, streams, water bodies, 239 

cemeteries and homesteads. In addition to these variables, we utilized the human 240 

footprint index (HFI), which integrates eight key indicators at a fine spatial resolution (30 241 

arcsec), including built environments, population density, electric infrastructure, crop and 242 

pasture lands, roads, railways, and navigable waterways to quantify anthropogenic 243 

pressures across nine surveillance sites. The HFI is a dimensionless index calculated as 244 

a continuous scale of increasing human pressure from 0 to 50 where more than 12 is 245 

considered to be areas with intense human pressure [30]. Furthermore, the HFI provides 246 

spatially explicit and temporarily inter-comparable measures of human interaction with 247 

the environment and local natural systems. We utilized the most updated HFI maps 248 

available, which were generated up to 2019 using a machine-learning method based on 249 

the original HFI dataset accessible from 2000 to 2013 [31]. We extracted the average HFI 250 

for each study year for a buffer of 5km at each surveillance site. The distribution of these 251 

variables among each surveillance site is given in the S1 Table 1.  252 

 253 

Leishmaniasis incidence  254 



Leishmaniasis is included in the list of notifiable diseases in Sri Lanka and 255 

subjected to mandatory notification to the national integrated communicable disease 256 

surveillance system in the country. The number of leishmaniasis cases from March 2017 257 

to February 2020 and the annual average incidence rates of leishmaniasis per 100,000 258 

population by each district were obtained from the Epidemiology Unit, Ministry of Health 259 

of Sri Lanka [17]. 260 

 261 

Statistical analysis 262 

Here we used a combination of two analytical approaches. Firstly, we utilized 263 

distributed lag non-linear models (DLNMs) [32] in a two-staged hierarchical meta-264 

analytical framework [33] to assess the delayed (lagged) association between climate 265 

variables and sand fly densities across all sentinel sites in Sri Lanka. Secondly, we 266 

employed XGBoost, an ensemble decision tree method, to ascertain how these lagged 267 

climate variables, along with context-specific non-climate variables, contribute to sand fly 268 

densities across study settings [34]. One of the notable advantages of XGBoost over 269 

other machine learning algorithms is its capability to adjust for features with minimal data 270 

pre-processing and feature engineering requirements. Furthermore, it effectively handles 271 

highly nonlinear, correlated, and interactive covariates which cannot be implemented 272 

withing the DLNM framework alone. 273 

 274 

Evaluating the lagged influence of climate variables on sand fly densities 275 

The DLNMs implemented in the R package dlnm (version number 2.4.6) use the 276 

concept of creating flexible cross-basis function estimators to capture simultaneously the 277 
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delayed and non-linear dependencies of the exposure and outcome data [35]. In the first 278 

stage, the exposure-lag-response association for each study setting were flexibly 279 

estimated using ground level and remotely sensed weather data. A quasi-Poisson time 280 

series regression model was used to account for the over-dispersion of data and the 281 

influence of time-varying confounders. The common formula for the first stage sentinel 282 

site-specific models for weather variables and sand fly density indices is given as  283 

 284 

VI i~ quasiPoisson(μt) 285 

 286 

E(VIti) = βi+f(Weathreti,vardf,lagdf) + s(Tti,timedf) 287 

 288 

Where E(VIti) was the expected value for each sand fly density measurements (LT 289 

average, LT total and CBNT average) obtained by LTs and CBNTs in each month (t) in 290 

each surveillance setting (i). β was the intercept, and f (Weathreti,vardf,lagdf) was the 291 

cross-basis function for each weather variable (rainfall, maximum, minimum and mean 292 

temperature, soil temperature, relative humidity, sunshine hours etc. respectively, in each 293 

model). The vardf and lagdf were the corresponding degrees of freedom set for weather 294 

variables. s (Tti,timedf) was the smooth function of time with the degrees of freedom used 295 

to account for the time-varying confounders on the outcome. We used lag up to three 296 

months considering the lifecycle of sandfly vectors to capture all biologically plausible 297 

associations between climate variables and sand fly densities.  298 

In the second stage, the surveillance site-specific exposure-response associations were 299 

meta-analysed to obtain joint estimates for the country accounting for within and in-300 



between surveillance site-level variability. The model output was given as a relative risk 301 

(RR) estimate calculated for the full range of exposure values with reference to a risk at 302 

a predetermined central reference. We used a multivariate extension to the Cochrane Q-303 

test of heterogeneity to assess the statistical significance of the heterogeneity of the 304 

estimates at each study setting and it was further quantified by using I2 statistics [36].  305 

The models were evaluated using the quasi-Akaike information criterion (q-AIC) [37]. q-306 

AIC values derived during the model building and selection procedure for each sandfly 307 

density measurement are given in the S1 Table 2. The lowest q-AIC values observed for 308 

LT average indicate the better model fit compared to CBNT and LT monthly total for all 309 

weather parameters. Therefore, we selected sand fly densities obtained using LT for our 310 

primary analysis and the results were compared with CBNT where relevant. Definition of 311 

the cross-basis functions with respect to different knot positioning for the best-fit models 312 

are reported in the S1 Table 3. We used mvmeta package (version number 1.0.3) for the 313 

second stage multi-variate meta-analysis [33,38]. The divisional heterogeneity of each 314 

climate variable is presented in the S1 Table 4. 315 

 316 

Evaluating the relative contribution of climate and non-climate variables on sand 317 

fly densities 318 

XGBoost, that uses gradient boosting, has a comparative advantage over other 319 

tree-boosting methods in terms of its versatility, scalability, speed, and optimization to 320 

solve complex problems [35]. Recent advancements in machine-learning have led to the 321 

development of explanatory frameworks for interpreting the model outputs. These are 322 

often referred to as explainable AI (XAI).  We coupled the XGBoost output with the XAI 323 



post-processed model interpretation framework, Shapley Additive Explanation (SHAP), 324 

which allows us to rank the features of the model (climate and non-climate variables in 325 

the present setting) in their order of contribution [39]. SHAP determines the importance 326 

of the feature by comparing a model's predictions with and without a specific feature, 327 

considering all possible feature combinations for each observation. The ranking of 328 

features is based on their individual contributions for each observation and then averaged 329 

across all observations.  330 

All lagged climate variables identified using the DLNM approach described above, along 331 

with non-climate variables given in the S1 Table 1, were incorporated in the XGBoost 332 

model. First, we trained the model using XGboost gradient-boosted tree regression 333 

algorithm using all 23 variables. To maximize the model’s performance, we used a 334 

random search algorithm to tune hyperparameters. Specifically, we tuned max_depth, 335 

which defines the maximum depth of a tree, eta, step size shrinkage parameter to prevent 336 

overfitting, subsample, a subsample ratio of the training instances, colsample_bytree, a 337 

subsample ratio of columns for each tree, and min_child_weight, a minimum number of 338 

instances needed to be in each tree node. Details regarding the hyperparameter settings 339 

and final optimal parameters can be found in S1 Table 5. We also used the 5-fold cross-340 

validation to ensure the model is not an overfit to the data. The model’s performance was 341 

assessed using R-squared values. The model fit was further validated using Adj-R 342 

squared and RMSE metrics through a secondary analysis involving random partitioning 343 

of the data into training (80%) and test (20%) sets. We then applied SHAP on the best-fit 344 

model to rank the features in the order of their contribution. SHAP values for each variable 345 

were computed to evaluate their positive and negative impacts on sand fly vector 346 
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densities and presented in a global feature importance bar diagram and local explanation 347 

summary plots. All analytical steps were implemented within the R statistical environment 348 

(version 4.1.0) [40].  349 

 350 

 351 

Results 352 

Sand fly species composition and sex ratio 353 

P. argentipes was the predominant sand fly species captured, accounting for 354 

38,594 sand flies (female: male ratio = 4,246:34,348), (Table 2). The remaining sand flies 355 

(n=333; <1%) belonged to the genus Sergentomyia (data not shown). The female-to-male 356 

ratio in the total P.argentipes sand fly collection was approximately 1:8.2, indicating that 357 

there were approximately eight times more males than females in the collection.  The 358 

female-to-male ratio of P. argentipes varied depending on the trap type, with a ratio of 359 

1:9.9 in the cattle-baited traps and 1:1.8 in the light traps. 360 

 361 

Table 2: The total of P. argentipes recorded monthly using different collection 362 

methods and annual average density of P. argentipes in sentinel sites from March 363 

2018 Feb 2020. 364 

 365 

Surveillance Site CBNT LT Total Annual average density of 

P.argentipes sandflies 
Ambanpola (NW) 4619 358 4977 2488.5 

Dickwella (SP) 7720 353 8073 4036.5 

Delft (NP) 1917 29 1946* 5838* 

Mamadala (SP) 8704 387 9091 4545.5 

Kataragama (UP) 3825 305 4130 2065.0 



Mahaoya (EP) 1859 226 2085 1042.5 

Mirigama (WP) 3016 171 3187 1593.5 

Peradeniya (CP) 72 166 238** 515** 

Talawa (NC) 2473 236 2709 1354.5 

Welioya (NP) 1691 467 2158 1079 

TOTAL 

35896 

(♀=3290) 

♀:♂= 1:9.9 

2698 

(♀=956) 

♀:♂= 1:1.8 

38594 

(♀=4,246) 

♀:♂= 1:8.2 

 

*Based on 4 collections during the period  366 
 ** 2 CBNT and 24 LT cycles collections 367 
 368 

Spatial dynamics 369 

The spatial densities of P. argentipes captured were highly heterogeneous and 370 

variable. Based on the density the sites were arbitrarily classified into High >2500, Mid 371 

1500-2500 and Low <1500 zones. Mamadala, Delft Island and Dickwella were within the 372 

high sand fly density zone, whereas Kataragama, Mirigama and Ambanpola were in mid 373 

sand fly density zone, and Thalawa, Welioya, Peradeniya and Mahaoya were within the 374 

low sand fly zone (Table 2). The sand fly densities positively correlated with the 375 

leishmaniasis incidence in these areas with a tendency for high disease burden areas to 376 

record high sand fly densities (Fig 1) though this pattern was not consistent in all districts 377 

with the Spearman’s rank correlation coefficient being 0.57,  (p-value > 0.088). 378 

 379 
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 380 

 381 

Fig 1. Sand fly burden by sentinel site and annual average leishmaniasis incidence 382 

rate (per 1000 population) by district from 2018 to 2020 in Sri Lanka. The blue shaded 383 

areas indicate the case burden and the red shaded circles show the geographical 384 

distribution and the cumulative number of sand flies collected at each sentinel site for the 385 

study period. Black solid lines in the map represent the boundaries of administrative 386 

districts. Source of the base file: https://data.humdata.org/dataset/sri-lanka-387 

administrative-levels-0-4-boundaries 388 

 389 
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Exposure-lag-response associations between weather variables and 390 

leishmaniasis vector indices  391 

The overall pooled results of the two staged hierarchical meta-analysis using 392 

DLNM approach suggested that rainfall, ambient temperature, soil temperature measured 393 

at 10cm depth at 8.30 am, sunshine hours, mean relative humidity, wind speed and 394 

evaporation were associated with leishmaniasis vector activity (as measured by the UV 395 

LED CDC traps) at different lag dimensions across all study settings. The exposure-396 

response curves of these climate variables with the corresponding statistically significant 397 

lags are given in Fig 2 and Fig 3. The full spectrum of the associations (lag 0 to lag 3) of 398 

each climate variable are given in the S1 Fig 4 to Fig 10. 399 

 400 

 401 



 402 
Fig 2. Relative risk (RR) of leishmaniasis vector activity (measured by UV LED CDC 403 

traps) by rainfall (A), ambient temperature (maximum temperature) (B), average 404 

relative humidity (C), sunshine hours (D), evaporation (E) and wind speed (F) at a 405 

lag of 0 months. The exposure-response functions at lag of 0 month were predicted from 406 



the pooled exposure-response function obtained from the meta-analysis for all 407 

surveillance sites in Sri Lanka, 2018–20. Shaded areas are 95% CIs. Relative risks were 408 

calculated with reference to the risk at a rainfall value of 0 mm per month, maximum 409 

temperature of 29.30C, average relative humidity of 72.25, average evaporation of 3.3mm 410 

and wind speed of kmh-1. The most important lags for each exposure variable were 411 

selected for presentation. The full spectrum of exposure-lag response associations is 412 

given in S1, Fig 4 to Fig 10.  413 

 414 

 415 
Fig 3. Relative risk (RR) of leishmaniasis vector activity (measured by UV LED CDC 416 

traps) by ambient temperature (maximum) (panel A) and soil temperature measured 417 

at 8.30 am at 10cm below the surface and evaporation (panel B) at the lag of 2 418 

months. The exposure-response functions at each lag were predicted from the pooled 419 

exposure-response function obtained from the meta-analysis for all surveillance sites in 420 

Sri Lanka, 2018–20. Shaded areas are 95% CIs. Relative risks were calculated with 421 



reference to the risk at a soil temperature of 260C. The full spectrum of the associations 422 

is given in S1, Fig 5 and Fig 9. 423 

 424 

 425 

Relative contribution of climate and non-climate variables on sand fly densities 426 

Fig 4 ranks the twenty predictor variables (climate and non-climate) based on their 427 

SHAP values in descending order. These values elucidate the significance of each 428 

variable in influencing sand fly densities, as measured by the light trap (LT per trap) 429 

across all surveillance sites. The global feature importance plot illustrates the relative 430 

contribution of each feature, while the local explanation summary demonstrates how 431 

these features impact sand fly density across the entire spectrum of values.  432 

 433 

 434 

 435 



 436 

Fig 4. SHAP feature importance plot for sand fly densities measured by light traps. 437 

The panel A (Global Feature of Importance) bar chart presents the percentage 438 

contribution of mean SHAP values estimated for each feature. The panel B (Local 439 

Explanation Summary) is a set of beeswarm plots showing feature impact on the model 440 

output in their full range of values. The purple color indicates a higher value of 441 

corresponding variables and the yellow color indicates a lower value. The dot’s position 442 

on the x-axis shows the impact that feature on the model’s prediction of sand fly densities. 443 

SHAP dependency plot for each variable with better visual effect is given in the S1 Figs 444 

11 and 12. 445 

 446 

Climate variables appeared to be relatively more important for the sand fly 447 

densities when compared to the non-climate variables.  Rainfall showed the highest 448 

contribution, followed by maximum temperature lag 2, sunshine hours lag 0, maximum 449 

temperature lag 0, soil temperature lag 2, wind speed lag 0, relative humidity lag 0 and 450 

evaporation lag 0. Out of the non-climate contextual factors, chena cultivation and dense 451 

forest were relatively important compared to other non-climate variables.  452 

 453 

Rainfall 454 

When pooled across all the sentinel sites, the rainfall appeared to be associated 455 

with the risk of increasing sand fly density measured by UV LED CDC trap at lag of 0 (Fig 456 

2 panel A). As shown in the S1 Fig 4, when the lags are increasing, the exposure-457 

response associations become less obvious. With reference to the risk at a rainfall value 458 

of 0, the increase in rainfall was associated with the statistically significant increase in the 459 
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RR of sand fly density throughout its range of values. The maximum RR of 3.76 with a 460 

95% CI of 1.58 to 8.96 was observed at the rainfall of 120 mm per month. Thereafter, the 461 

RR was observed to slightly decrease with increasing rainfall up to the extreme rainfall 462 

value of 524mm per month (RR of 2.83 with 95% CI of 1.12 to 7.14). However, a 463 

statistically significant Q test of heterogeneity (p-value 0.003) revealed a substantial 464 

variation in the exposure-response association among surveillance sites, with an I statistic 465 

of 49%. The local explanation summary (Fig 4, panel B) and SHAP dependence plots (S1 466 

Fig 11) demonstrate that increasing rainfall values predominantly positively influence 467 

sand fly densities.  468 

 469 

Ambient Temperature 470 

At the lag of 0 months, the increase in ambient temperature (maximum 471 

temperature) appeared to reduce the RR of sand fly density (Fig 2 panel B). With 472 

reference to the lowest temperature value in the range (29.3oC), the sand fly activity 473 

appeared to be reduced by each unit increase in the temperature. The associations were 474 

statistically significant between 30.6 oC to 32 oC and the minimum relative risk observed 475 

at the temperature value of 34.5 oC was 0.12 (95%CI; 0.01 to 1.3). Conversely, the 476 

increasing maximum temperature at a lag of 2 months increased the RR of sand fly 477 

density and was more influential compared to the lag 0 effect (Fig 3 panel A and Fig 4). 478 

The highest RR observed was 2.81(95% CI; 1.09 to 7.35) at 34.5 oC. The temperature-479 

sand fly density association was homogeneous across all surveillance sites (S1 Table 4).  480 

 481 

Relative humidity 482 



With reference to the minimum RH value of 72.25, the relative risk of vector activity 483 

appeared to increase with the increase in RH up to 82 (2.14; 95% CI = 1.04 to 4.38) at 484 

the lag of 0 months Fig 2 panel C. The RR however, Q test was statistically significant (p-485 

value 0.012) with I2 of 49.6% indicating substantial heterogeneity among surveillance 486 

sites.  The SHAP dependency plot (S1 Fig 11) illustrates that increasing RH elevates the 487 

RR, with extreme values tending to decrease it.  488 

 489 

Sunshine hours 490 

Increasing sunshine hours appeared to reduce the RR of sand fly densities at a lag of 0 491 

months. The maximum relative risk observed (2.93; 95% CI = 1.43 to 6.0) was at 5 hours 492 

of sunshine per day (Fig 2 panel D). When the daily average sunshine hours further 493 

increased, the relative risk of vector activity also appeared to decrease. A similar pattern 494 

was observed at a lag of 1 month. The association was not statistically significant, with a 495 

further increase in lags (S1 Fig 7) The observation was homogeneous across all the 496 

settings as suggested by the non-significant Q test (2.77, p-value = 0.950). Our analysis 497 

was limited to five surveillance sites (Embilipitiya, Thalawa, Ambanpola, Katharagama 498 

and Dikwella) due to the limited availability of ground and remote sensing data on 499 

sunshine hours.  500 

 501 

Wind speed 502 

An increase in wind speed appeared to increase the risk of vector activity at the lag of 0 503 

months (Fig, 2F). However, the associations were not statistically significant up to a lag 504 

of 3 months (S1 Fig, 8). The associations appeared to be homogeneous across sites 505 



(S1 Table 4). The SHAP dependency plot (S1 Fig 11) illustrates that the extreme values 506 

of wind speed have a negative influence on sand fly densities.  507 

 508 

Soil temperature 509 

Increasing soil temperature with a lag of 2 months and measured at 8.30 am at 10cm 510 

below the surface was associated with increasing relative risk of sand fly densities (Fig 3 511 

panel B). The risk of vector activity started to increase at a lag of 1 month and reached 512 

its maximum at the 2-month lag period before reducing at the lag of 3 months (S1 Fig 9)   513 

At a lag of 2 months, the relative risk of sand fly density peaked at 11.6 (95% CI: 4.38 to 514 

30.76) when the soil temperature reached its maximum value of 31.5°C. Similar to the 515 

ambient temperature the relative risk of sand fly activity decreased with increasing soil 516 

temperature at a lag of 0 months. With reference to the risk estimated at 260C, the 517 

lowest relative risk was observed to be 0.12 (95%CI; 0.03 to 0.40) at a soil temperature 518 

value of 310C. At a lag of 0 months, the observed reduction in the risk of vector activity 519 

was homogeneous across study settings as suggested by the non-significant Q test. 520 

The heterogeneity was statistically significant at a lag of 2 months (S1 Table 4). 521 

 522 

Evaporation 523 

With reference to the evaporation value of 3.25 (which was the median evaporation value 524 

observed when averaged across all the settings) the risk of sand fly density appeared to 525 

decrease with increasing evaporation at a lag of 0 months when the evaporation value 526 

exceeded 3.6 (S1 Fig 10). The minimum relative risk observed (0.56; 95% CI = 0.92 to 527 

0.34) was at an evaporation value of 4.8. An opposite pattern was observed at a lag of 2 528 



months where the RR appeared to increase with increasing evaporation (S1 Fig10). The 529 

association was not statistically significant with a further increase in lag periods. The 530 

observation was homogeneous across all the settings as suggested by the Q test (S1 531 

Table 3, p-value = 0.339). Evaporation appeared to be the least influential climate variable 532 

based on the SHAP ranking (Fig 4). 533 

 534 

Non-climate contextual variables 535 

The high land area of chena cultivation, low land areas of dense forests and high land 536 

areas of coconut cultivation emerged as important non-climatic factors influencing sand 537 

fly densities across the surveillance sites. Moreover, other cultivars, marshy lands and 538 

paddy fields in comparatively large land areas exhibited a positive influence on sand fly 539 

densities. Conversely, a high density of homesteads and high values of the human 540 

footprint index were associated with decreased sand fly densities. Additionally, large land 541 

areas with streams were found to have a diminishing effect on sand fly density (Fig 4 and 542 

S1 Fig 12). 543 

 544 

Discussion 545 

The aim of the study was to describe the distribution of the sand fly species in different 546 

geographic zones related to disease hotspots, and quantify the effect of climatic and non-547 

climate variables on sand fly vector abundance in selected sentinel sites that represent 548 

the varying geographical and climatic zones in Sri Lanka. The temporal variability of sand 549 

fly densities was investigated over a period of 24 months through a uniform trap 550 

placement across the surveillance sites. Concurrent weather variables viz. monthly 551 
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average rainfall, ambient temperature, relative humidity, wind speed, soil temperature, 552 

evaporation and sunshine hours and non-climate contextual information collected in 553 

proximity to the surveillance site were used to quantify their location specific influence on 554 

the sand fly densities. Using a combination of statistical modeling and a machine learning 555 

approach we were able to identify climate and non-climate drivers of sand fly vector 556 

abundance and their relative importance across Sri Lanka.  557 

The high attractiveness of sand flies to cattle as demonstrated by high counts in CBNTs 558 

may be attributed to their preference for animal blood, which is enhanced by its greater 559 

body size and CO2/odour output, and the availability of the cattle for a sustained and 560 

successful blood feed [41,42]. The densities of sand flies appeared to differ based on the 561 

climatic zone in which the sentinel sites were located. Among the study sites, 562 

Kataragama, Mamadala, and Dickwella (dry climatic zone) exhibited higher densities of 563 

P. argentipes. In contrast, Ambanpola and Mahaoya (intermediate zone) and Welioya (in 564 

the dry zone) had lower sand fly collections. Previous studies conducted in Sri Lanka 565 

have also reported P. argentipes as the predominant species of sand flies [43–45]. 566 

However, the current study demonstrates, for the first time, the widespread presence of 567 

P. argentipes across the country, including Delft Island. The sex ratio of sand flies 568 

collected in this study was significantly biased towards males in the genus Phlebotomus. 569 

This is a known phenomenon where male flies are attracted in large numbers to traps 570 

containing female flies [46]. 571 

A positive but not statistically significant correlation was observed between sand fly 572 

density and the incidence of leishmaniasis cases recorded from 2018 to 2020. However, 573 

this finding may not be surprising since leishmaniasis is a chronic disease, and the 574 



manifestation of symptoms typically occurs months or even years after exposure. 575 

Additionally, there are multiple factors affecting the transmission of infection, with vector 576 

abundance being one among many such variables [47].  577 

Our analysis revealed that climate conditions conducive to sand fly activity are 578 

characterised by a combination of moderate rainfall, low sunshine hours, low ambient 579 

temperatures, high relative humidity, and low evaporation rates. The combination of 580 

above climatic factors creates an environment that supports  increasing sand fly activity 581 

in real-time and further modified by various non-climatic factors [48]. We noticed a minor 582 

decrease in the relative risk (RR) of sandfly activities during periods of extreme rainfall. 583 

However, this observation was not consistent across all surveillance sites. Once 584 

averaged across all nine study settings, the increasing ambient and soil temperature at 585 

real-time (lag zero) negatively correlated with the sand fly activity reducing the relative 586 

risk below one. Similarly, laboratory experimental studies have found that increasing 587 

temperatures more than 320C was associated with higher mortality rates (around 72%) of 588 

adult sand flies [10].  However, the ambient temperature (maximum) and soil temperature 589 

at a lag of two months exhibited a statistically significant association with an increased 590 

risk of sand fly vector activity. Remarkably, the ambient temperature with a lag of two 591 

months emerged as a highly influential factor, second only to rainfall in its impact on sand 592 

fly densities. The studies have found that complete egg to adult development of the sand 593 

fly species was temperature-dependent and ranged from 27.89 (+/- 1.88) days at 32oC to 594 

246.43 (+/- 13.83) at 18oC [49]. This time lag between oviposition and emergence of 595 

adults correlates with the observed time lag of two months found between the soil 596 

temperature and sand fly abundance in all Sri Lankan study settings, which might be well 597 



within the favourable range for egg hatching and larval development. Therefore, it would 598 

be reasonable to extrapolate that the exposure to the optimal soil temperatures two 599 

months ago may have produced a large number of adults that were attracted to the light 600 

traps at the time of surveillance. Increasing mean RH up to 82 during the same month of 601 

surveillance may have created a suitable environment for the sand flies to be active. The 602 

negative effect of the evaporation and the higher RR observed for the low number of 603 

sunshine hours at lag zero signify the relative inactivity of the sand flies during extremely 604 

dry conditions with a low RH. Among the factors investigated, wind speed is likely to have 605 

the potential to influence the dynamic behaviour of sand flies, particularly in terms of gene 606 

flow between populations without geographical barriers. The gene flow can facilitate the 607 

transfer of genes that promote sand fly survival, such as insecticide resistance genes 608 

[45], which can have negative implications for vector control programs. Although wind 609 

speed emerged as one of the influential climate variables, with extremely high values 610 

having a negative influence observed in the machine learning approach, our study did not 611 

identify a biologically plausible lagged relationship between sand fly density and wind 612 

speed. 613 

Among the non-climate variables measured within a five-kilometre radius from the 614 

surveillance sites, cultivation lands have emerged as significant factors influencing sand 615 

fly vector densities. Notably, chena cultivation, coconut cultivars, and to some extent, 616 

paddy cultivars appeared to play important roles. Alongside other cultivars categorized 617 

under broader cultivation lands, these agricultural areas are primarily situated in the dry 618 

and intermediate zones of the country. The presence of a low volume of dense forests 619 

and streams also suggests conditions typical of the dry zone, potentially contributing to 620 



the higher influence on sand fly vector densities observed at the lower end of their range. 621 

However, non-agricultural marshy lands, commonly found in the wet and intermediate 622 

zones, were also found to have a positive effect. Furthermore, agricultural areas in the 623 

dry and intermediate zones in the country typically exhibit lower population densities and 624 

reduced human activity compared to urban or residential areas. In our study, we observed 625 

that a low number of homesteads and lower values of the Human Footprint Index (HFI) 626 

positively influenced sand fly densities. This phenomenon can be attributed to the 627 

favourable breeding and resting conditions for sand flies in these less disturbed 628 

environments. The lower population density and reduced human activity in agricultural 629 

lands may contribute to the proliferation of sand fly populations, ultimately resulting in 630 

higher densities observed in these areas. Agricultural practices may create suitable 631 

breeding grounds due to the associated high prevalence of rodents, livestock shelters 632 

and irrigation canals [48,50]. A positive and favourable interaction of the weather 633 

variables in the dry zone may be more conducive for the sand fly vectors to thrive and 634 

transmit the Leishmania parasites.  635 

The sand fly vector burden varied in relation to selected climatic variables, either at real-636 

time or with a time lag. The findings may be utilized in forecasting vector burden (thus the 637 

risk of disease transmission) based on climatic data to facilitate the planning of effective 638 

control strategies against leishmaniasis in endemic countries. Further research 639 

endeavours aimed at assessing the impact of environmental factors, including wind 640 

speed, may provide valuable insights to aid the combat of  future public health challenges, 641 

particularly those associated with climate change and for the development of location-642 

specific strategic plans for disease control. 643 



 644 

Limitations 645 

The data on sunshine hours was limited to five surveillance sites. Furthermore, the 646 

density of sand flies in Delft Island was monitored only bi-annually due to logistical 647 

constraints and was analysed against the climatic data recorded off the Jaffna peninsula 648 

(40 km away from Delft), which has the nearest meteorological station, which is also a 649 

limitation of this study. The boundary knots of the cross-basis matrices were positioned 650 

at the average values of the maximum and minimum values of all division-specific climate 651 

variables. This approach aimed to obtain a meaningful estimate for the second-stage 652 

meta-analysis. However, it led to limitations in exposure range by excluding extreme 653 

values of the respective variables observed in certain surveillance settings. As a result, 654 

the parameter estimates were constrained and unable to capture the full range of 655 

exposure in real-world situations. This limitation does not apply to the XGBoost approach, 656 

thereby complementing the interpretation constraints of the DLNM approach by capturing 657 

the full exposure range. The estimated relative risk values are likely to be context-658 

dependent and may have limitations in terms of generalizability. However, the lagged 659 

effect is believed to have universal applicability due to its association with the biologically 660 

plausible temporal dynamics of sand fly vector life cycles. 661 

  662 

Implications of the findings for vector control, disease control, climate change 663 

and meeting WHO 2030 targets for NTDs  664 

The findings are significant in forecasting vector abundance and designing effective 665 

strategies to curtail leishmaniasis transmission in a given setting during an era of 666 



escalating concern over climate change. This study while adding to the evidence linking 667 

leishmaniasis incidence with changes in environmental factors, provides novel 668 

information on the likely effect of selected environmental factors on developing sand fly 669 

stages in the soil, with the resultant lag effect observed on adult sand fly abundance. This 670 

observation may be used in establishing an early disease warning system for local 671 

populations to aid control, which may also be used as a model for other endemic 672 

countries. Favourable climatic conditions in terms of temperature, rainfall and humidity 673 

experienced by the local sand fly population are likely to promote leishmaniasis 674 

transmission. A temperature range between 29.9 and 33.0 oC, a humidity level up to 82% 675 

and the presence of moderate rainfall (up to 120mm per month) were optimal parameters 676 

for the development and longevity of sand flies, increasing the risk of transmission of 677 

leishmaniasis. Furthermore, the results presented here suggest that the state of 678 

vegetation may also play a role in establishing favourable environmental conditions for 679 

leishmaniasis across Sri Lanka. Overall, these findings demand a regionally-coordinated 680 

strategic plan to address the apparent threat of increasing risk of leishmaniasis, 681 

particularly in the face of changing climatic factors and to test the potential use of vector 682 

abundance forecasting in planning vector control for better impact. Such an effort may 683 

increase the chance of achieving the WHO 2030 targets for effective control and 684 

elimination of NTDs in the region.  685 

 686 

Conclusions 687 

The sand fly abundance correlates with environmental parameters such as rainfall, soil 688 

temperature, ambient temperature, relative humidity, evaporation rate and sunshine 689 



hours either at real-time or with a time lag. The findings can be used for forecasting of 690 

sand fly densities and the design of effective strategies for leishmaniasis transmission 691 

accordingly in a given setting. Combining these environmental findings with 692 

epidemiological and demographic data and robust surveillance systems will be  essential 693 

to further enhance our ability to predict disease outbreaks. This holistic approach, 694 

incorporating a comprehensive understanding of the environmental factors and the 695 

ecology of leishmaniasis, will refine existing approaches and develop more accurate 696 

disease outbreak predictions to enable effective infection prevention and control. 697 
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 924 
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 926 

Figure legends 927 

Fig 1 Leishmaniasis annual average incidence rate. 928 

Leishmaniasis annual average incidence rate 2018-2020 (per 1000 population) by 929 

districts and locations of sand fly surveillance sites in Sri Lanka. Black solid lines in the 930 

map represent the boundaries of administrative districts. Green shaded circles indicate 931 

the location of long-term sand fly surveillance sites. Source of the base file: 932 

https://data.humdata.org/dataset/sri-lanka-administrative-levels-0-4-boundaries. 933 

 934 

 935 

 936 

 937 

 938 

Fig 2 Relative risk (RR) of leishmaniasis vector activity. 939 

Relative risk (RR) of leishmaniasis vector activity (measured by UV LED CDC traps) by 940 

rainfall (a), ambient temperature (maximum temperature) (b), average relative humidity 941 

(c), sunshine hours (d), evaporation (e) and wind speed (f) at a lag of 0 months. The 942 

exposure-response functions at lag of 0 month were predicted from the pooled 943 

exposure-response function obtained from the meta-analysis for all surveillance sites in 944 

Sri Lanka, 2018–20. Shaded areas are 95% CIs. Relative risks were calculated with 945 

reference to the risk at a rainfall value of 0 mm per month, maximum temperature of 946 

29.30C, average relative humidity of 72.25, average evaporation of 3.3mm and wind 947 

speed of kmh-1. The most important lags for each exposure variable were selected for 948 

presentation. The full spectrum of exposure-lag response associations is given in the 949 

appendix (pp 7–14).  950 

https://data.humdata.org/dataset/sri-lanka-administrative-levels-0-4-boundaries


 951 

Fig 3 Relative risk (RR) of leishmaniasis vector activity by soil temperature. 952 

Relative risk (RR) of leishmaniasis vector activity (measured by UV LED CDC traps) by 953 

soil temperature measured at 8.30 am at 10cm below the surface (panel a) and 954 

evaporation (panel b) at the lag of 2 months. The exposure-response functions at each 955 

lag were predicted from the pooled exposure-response function obtained from the meta-956 

analysis for all surveillance sites in Sri Lanka, 2018–20. Shaded areas are 95% CIs. 957 

Relative risks were calculated with reference to the risk at a soil temperature of 260C. 958 

The full spectrum of the associations is given in supplementary figures (S13-S14). 959 
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