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ABSTRACT 

 

 The Aedes aegypti mosquito is an important vector of several viruses that cause disease 

in humans. Due to a lack of available vaccines, disease prevention through mosquito 

surveillance and control remains the standard for limiting transmission. The studies 

encompassed in this dissertation tested the viability of incorporating measures of mosquito 

body size into models (that include weather variables) for predicting changes in a population's 

transmission potential via effects on mosquito survival and on number of dengue cases. The 

first study was a laboratory experiment which demonstrated that body size in Ae. aegypti 

increase dour model's capacity to predict age at death beyond using temperature during larval 

development and relative humidity during adulthood. The second study analyzed field-collected 

Ae. aegypti and showed that, again, measures of body size increased our capacity to predict age 

beyond simply using temperature during larval development and relative humidity during 

adulthood. In the third and final study, models including body size were used to directly predict 

variation in the number of dengue cases reported near the location where the mosquitoes were 

captured. Results showed that body size increased predictive capacity for the number of 

dengue cases beyond using temperature, water vapor pressure, and mosquito abundance 

alone.  
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CHAPTER 1. INTRODUCTION 

 

 The Aedes aegypti mosquito is an important vector of several viruses that cause disease 

in humans. These viruses include yellow fever, chikungunya, zika, and dengue [1]. The 

morbidity and mortality caused by large outbreaks have had and continue to have profound 

impacts on human society and development. About 4 billion people are at risk of contracting 

dengue worldwide, with the number of infections more than doubling every 10 years [2,3]. 

Outbreaks in addition to regular low-level transmission, also amount to a significant economic 

burden to both individuals and governments [4,5]. While there is an effective vaccine available 

for yellow fever, equally effective vaccines do not exist for chikungunya, zika, or dengue, 

making mosquito control the primary intervention against transmission [1]. Furthermore, as 

occurred with the aforementioned viruses and as is the case most recently with Mayuro virus, 

continuous urbanization brings previously enzootic mosquito-borne viruses into circulation 

[6,7], making mosquito control the most reliable and strategic focal point for preventing 

disease.  

 

Beyond the threats of new disease outbreaks resulting from increasing urbanization, 

climate change creates an emerging global public health challenge as the geographic ranges of 

vectors of disease and their associated pathogens shift [8–10] (Figure 1). Communities at 

latitudes and elevations which were previously protected from mosquito-borne disease are at 

risk of emergent transmission as temperatures rise and the frequency of extreme rainfall 

events increase [11,12]. Populations that were historically protected by their climate are at 

greater risk of suffering outbreaks with elevated morbidity and mortality due to their 

immunological naivete compared to tropical populations that have long been exposed to these 

diseases [13,14]. In fact, climate change-driven adaptive responses in mosquito populations 

have already been observed in the positive association between night-time temperatures and 

pupal abundance at mid to high latitudes and elevations, and positive associations between 

higher average temperatures and the incidence of dengue infection [15–17]. Experimental 

evidence for likely impacts of anthropogenic warming on mosquito populations include the 
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positive associations between temperature and the rate of development, expression of 

antimicrobial peptides, and dissemination rate of dengue virus following infection [18–20]. In 

addition, exposure to even relatively short periods of temperatures > 41º C alters the expression 

of heat shock proteins which impact adult fitness via increased desiccation tolerance, 

expression of immune-response genes and the availability of intra-cellular, dengue virus 

receptor-binding sites. The heat-shock protein response is likely to be responsible for some of 

the adaptive differences in life history traits and vectorial capacity within and between 

populations [18,21–23].  

 

Figure 1: Global Distribution of Dengue in 2016 

 

Source: World Health Organization [24] 

 

 Current models designed to predict dengue transmission use weather forecasts 

combined with entomological factors such as population abundance that respond to 

temperature, humidity, and rainfall inputs. These models need to be validated by data collected 

‘on the ground’ in order to account for the effects of variables not included in the model. 

However, vector surveillance typically relies upon only one indicator, abundance, to monitor for 
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changes in the population. While abundance is an important factor in the equation for 

calculating vector capacity, it is not always the transmission-limiting factor [25]. Therefore there 

is a pressing need to identify new indicators that allow us to connect weather predictions to the 

actual response by mosquito populations in a given location [26]. Strengthening our ability to 

predict disease transmission in order to allocate resources and manpower for vector control is 

increasingly important for public health departments given the changing dynamics at range 

margins.  

 

 

A. STUDY AIMS 

 

 The overarching goal of this dissertation was to test the efficacy of using measurements 

of mosquito body size as an indicator for changes in longevity/survival, and as such, it’s utility as 

an indirect indicator of changes in vector capacity. Since a mosquito must survive the 10 to 14 

day extrinsic incubation period of the virus before being capable of transmitting dengue, 

reductions in lifespan can have a large impact on disease transmission. These studies combined 

entomological and weather variables into models for predicting longevity/survival and dengue 

occurrence, tested different sources of weather data to see which was best for tracking 

mosquito physiology, as well as testing the spatial characteristics of mosquito body size and 

age. Specifically, the objectives of these studies were: 

 

Aim  1: To test whether inclusion of body size measurements, along with crowding, 

temperature and humidity data, improved the ability to predict longevity in a controlled 

laboratory experiment. To test this aim, we used structural equation models and a colony 

derived from an Ae. aegypti mosquito population living at the northern edge of their 

geographic range in Tucson, Arizona.  

Hypothesis 1a: Body size differentially influences how long an individual mosquito will 

live depending on environmental conditions, with size being negatively associated with 

age at death in the hottest temperature treatment.  

Hypothesis 1b: Body size has no effect on longevity at any temperature. 
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Aim  2: To test whether the effect of body size on longevity observed in the controlled 

laboratory experiment in Aim 1 is also evident in mosquitoes collected in the field. To test this 

aim, we used characteristics of female Ae. aegypti mosquitoes collected over three seasons 

(2013-2015), in three cities at the edge of the range of dengue transmission (Tucson, Arizona, 

USA, and Nogales and Hermosillo, Sonora, Mexico) to build structural equation models to 

predict age.  

Hypothesis 2a: Including measurements of body size in models along with weather 

variables will strengthen predictions of age in field-collected mosquitoes.  

Hypothesis 2b: Measurements of body size in models along with weather variables will 

have no effect on our ability to predict age in field-collected mosquitoes. 

 

Aim  3: To test whether similarities in body size and age form clusters in space (in Tucson, 

Arizona, USA, and Nogales and Hermosillo, Sonora, Mexico) as would be expected if these 

variables were predictive of dengue incidence. Spatial analysis was used to test this aim. In 

addition to this aim, we tested if measures of body size, female abundance, temperature and 

humidity during adulthood are associated with dengue incidence in Hermosillo, Sonora, Mexico 

in 2013 and 2014 using structural equation modeling.  

 Hypothesis 3a: Variation in body size and age will occur in clusters in Hermosillo and 

Nogales and to a lesser degree (or not at all) in Tucson, Arizona.  

Hypothesis 3b: Variation in body size and age will not occur in clusters in any city. 

Hypothesis 4a: In Hermosillo, body size will strengthen models for predicting dengue 

occurrence.  

Hypothesis 4b: Body size in Hermosillo will not strengthen models for predicting dengue 

occurrence.  

 

B. DISSERTATION FORMAT  

 

 



 11

 This dissertation consists of three chapters which describe the three manuscripts 

produced over the course of the author’s doctoral studies. The first chapter provides the 

background information that gave rise to the research questions explored in the manuscripts. 

The second chapter details how the studies were carried out, the type of data that was 

collected, and the main results obtained from each study. The final chapter provides a summary 

of the research findings, broad impacts, and future directions. The three manuscripts are 

Appendices A, B, and C. Each manuscript is a complete, stand-alone unit that includes an 

introduction, methods, results, discussion, tables, figures, and references.    
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CHAPTER 2. PRESENT STUDY 

A. OVERVIEW 

 

 The research questions pursued in this dissertation were conceived in an effort to 

describe the physiological basis for the differences in longevity found in field populations of Ae. 

aegypti occurring at the northern edge of their geographic range. A recent study by Ernst et al. 

[25] used the same field mosquito samples used in chapters 2 and 3 and sought to explain why 

two cities that are in very close geographic proximity, Hermosillo and Nogales, Sonora, Mexico, 

experience such starkly different rates of dengue incidence [27]. These cities are extremely 

interesting study sites due to their location at the northern limit of dengue transmission (Figure 

1, Appendix B). Hermosillo experiences regular season transmission and Nogales (which lies 

further north) did not have any local transmission at the start of the 3-year research study. In 

the second year of the study, Nogales saw its first locally transmitted cases of dengue, 

solidifying the value of studying these particular cities at such a dynamic range edge. Ernst et al. 

found that there was no difference in mosquito abundance, however there was a difference 

between the cities in the average age of female mosquitoes captured [25]. Female Ae. aegypti 

in Hermosillo were significantly older than females in Nogales. The study concluded that it is 

likely that the difference in infection rates at the edge of the range of dengue transmission is 

due to difference in longevity or survival of their Ae. aegypti populations.  

 

 Where age is a key factor limiting the spread of dengue, understanding the variables 

that influence longevity, survival, and hence, age, are imperative to anticipate changes in risk. 

Surveillance that can detect changes in population age-structure would be invaluable for 

preventing emergent mosquito-borne disease in communities along a dynamic range-edge. 

Further, if longevity in vector populations is a key limiting factor throughout transmission 

range-edges globally, such a surveillance tool will become increasingly valuable as 

anthropogenic warming forces range-edges to higher latitudes and elevations. Overall, the 

common focus among these studies is to test if wing length (a measure of body size) mediates 
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differences in transmission risk and if so, can measurements of body size be used for predicting 

changes in transmission risk. The characteristics of these studies are outlined below in Table 1.  

 

Table 1. Characteristics of the dissertation study “Predicting dengue transmission risk in Aedes 
aegypti populations at the edge of their geographic range” 

 

 

Study #1 used Ae. aegypti eggs collected from the field in Tucson, Arizona, to study how 

weather variables and body size affect longevity in a range-edge population in a controlled-

laboratory experiment. The field-collected eggs were reared in the laboratory on a diet (hay 

infusion, brewer’s yeast, and albumin) formulated to mimic resources that would be found in 

 Aim 1 Aim 2 Aim 3 

Study 

Size as a Proxy for 

Longevity in Aedes aegypti 

(Diptera: Culicidae) 

Mosquitoes. 

Predicting Age in Aedes 

aegypti Females to Monitor 

Changes in Transmission 

Potential. 

Body Size of Aedes aegypti 

Mosquitoes and Dengue 

Occurrence at the Edge of the 

Geographic Range of 

Transmission. 

Research area Laboratory 

Tucson, Arizona, USA 

Nogales and 

Hermosillo, Sonora, Mexico 

Hermosillo, Sonora, Mexico 

Unit of analysis Individual Individual Collection site 

Study period 35 days 2013 - 2015 2013 - 2014 

Dependent 

variable 
Age at death Age at capture Dengue incidence 

Independent 

variables 

Abiotic: 

• Temp. during 
development, 

• Relative humidity 
during adulthood. 

Biotic: 

• Larval crowding, 

• Development time, 

• Wing length. 

Abiotic: 

• Temp. during 
development, 

• Relative humidity 
during adulthood. 

Biotic: 
• Wing length. 

Abiotic: 

• Temp. during 
adulthood, 

• Relative humidity 
during adulthood, 

Biotic: 

• Wing length, 
• Female abundance. 
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breeding sites in the field over the course of 5 generations, with the 6th generation being used 

for the longevity study. Before the longevity experiment was conducted, a nutritional assay was 

done with the goal of identifying the minimum amount of food necessary to have a 100% 

emergence rate. Many laboratory studies use an abundance of unnaturally nutritious food to 

rear larvae, producing overly nourished adults that do not represent adults in the field. Overly 

nourished adults are less likely to need to make physiological tradeoffs such as between 

lifespan and reproduction. Hormone-regulated metabolic pathways respond to caloric 

restriction during development by metabolically prioritizing self-preservation vs. reproduction 

during adulthood. Insulin-like peptide signaling (IIS), nutrient signaling, and TOR hormone 

signaling pathways are known to affect reproduction and lifespan in Ae. aegypti [28–30]. 

 

 For the longevity experiment, F5 larvae were reared in 3 environmental chambers 

programmed to mimic the range in temperature recorded in the field in Tucson, 2012. Within 

each temperature treatment, larvae were reared in low (3), mid (6), or high (12) density 

containers (Figure 1, Appendix A). As female adults emerged, they were placed into cages and 

into one of three relative humidity treatments in order to account for any selective pressure on 

longevity via body size imposed by aridity (Figure 2 in Appendix A). Only one male mosquito 

was placed in each cage for 48 hours to provide limited access to mating. This was to account 

for previous literature that has shown that mating can actually increase female lifespan [29]. 

Females were blood-fed once a week and allowed to lay eggs which were then counted so that 

the effect of temperature, crowding, and body size on reproduction could be tested. As females 

died, their age at death was recorded.  

 

 Study #2 used adult Ae. aegypti females captured from 3 range-edge field populations 

to test if the variables impacting longevity observed in the laboratory experiment could be used 

to predict age. Collection sites within each city were households selected to cover a large 

portion of the city, with each household at least 1 kilometer apart. BG sentinel traps were used 

to capture females over a period of 4 days, once a month for the 3 months of the mosquito 

season. The mosquito season in the Sonoran Desert initializes with start of the monsoon rains 
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that begin in July. A HOBO remote temperature and humidity logger was also deployed at each 

site near the trap. Captured mosquitoes were collected out of the traps once a day. Females 

that were collected alive were used for analyses while dead females were counted and then 

discarded. Females that had been collected alive were dissected to determine parity status 

[31], wings were removed and measured to approximate body size [32], and the remaining 

carcass was used to measure the relative abundance of an age-dependent gene in order to 

determine chronological age [33]. These variables were used along with temperature and 

humidity from the HOBO data loggers to create a structural equation model that could predict 

age. Models were also created using weather data from NOAA in order to test if it was indeed 

better to invest in HOBOs rather than simply using NOAA data that can be found online. 

 

 Study #3 tested for spatial clustering in mosquito body size in Hermosillo before 

combining body size, female abundance, and HOBO weather data that were averaged for each 

site to create a predictive model for dengue incidence. The mosquito samples used were the 

same as those described in Study #2 with the exception that the analysis was limited because 

dengue incidence data was only available for 2013 and 2014. A structural equation model was 

created using the site-specific variables to predict dengue cases occurring within 3 differently 

sized buffer zones around each collection site. These buffer zones were at 100, 250, and 500 m. 

Models were also tested using 3 different averages for body size; The average for body size of 

only the parous females, the average for only females of the oldest age group, and the average 

for all females. Dengue incidence data was obtained from the Mexican National System of 

Epidemiological Surveillance (known by its acronym in Spanish, SINAVE).  

 

 

B. MAIN RESULTS 

 

1. Study #1: Size as a Proxy for Longevity in Aedes aegypti (Diptera: Culicidae) Mosquitoes. 

(Paper 1- APPENDIX A) 
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 188 female Ae. aegypti were reared in a range of temperature and crowding conditions 

and subsequently maintained as adults in a range of relative humidity conditions (Table 3 of 

Appendix A). Their age at death was recorded to test which variables were significantly 

associated with longevity. We found that temperature during larval development, adult body 

size, and relative humidity during adulthood predicted about 13% of the variation in age at 

death (adj r2 = 0.13, AIC = 1,118.93). Importantly, for the aim of this research, the addition of 

body size to the model nearly doubled the predictive capacity of the model (Table 5b, Appendix 

A).    

 

2. Study #2. Predicting Age in Aedes aegypti Females to Monitor Changes in Transmission 

Potential. (Paper 2- APPENDIX B) 

 

 A total of 1,545 field-collected Ae. aegypti females were used to build a predictive 

model for age (Figure 5, Appendix B). We again found that the variables of temperature during 

larval development, adult body size, and relative humidity during adulthood were significantly 

associated with age for the 3 cities sampled but described only a negligible amount of the 

variation in age (adj. r2 = 0.013, AIC = 6,847.56). When testing the model within cities, our 

ability to predict variation in age increased and was greatest in Hermosillo (adj r2 = 0.19, AIC = 

1,622.46). 

 

 In testing aspects of our methodology, we found that our trapping methods had 

produced a bias in the body size of females that were alive at collection and thus available for 

determining chronological age (Figure 2, Appendix B). Small females were more likely to die 

before collection, leaving only larger females for age analysis (t = 5.14, df = 136, p < 0.0001). In 

testing whether there is a significant advantage in using remote temperature and humidity 

loggers over more readily available NOAA data, we found that temperature averages taken 

from HOBOs were better at predicting variation in body size (HOBO data: AIC =  413.4185; 

NOAA data: AIC = 439.596). NOAA temperature averages were consistently higher than HOBO 

averages (Figure 3 of Appendix B).    
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3. Study #3. Body Size of Aedes aegypti Mosquitoes and Dengue Occurrence at the Edge of 

the Geographic Range of Transmission. (Paper 3- APPENDIX C) 

 

 We found that trends in body size occurred in spatial clusters in Hermosillo in 2013 and 

2015, as would be expected if body size were associated with dengue incidence. Using data 

averaged from collection sites across Hermosillo in 2014, we found that a model using averages 

of abundance of females, wing length, water vapor pressure and temperature was able to 

predict 64% of the variation in the incidence of dengue within a 500 meter radius around each 

(adj. r2 = 0.64, AIC = 200.78, df = 27). This model used average wing lengths from all females 

from each site. We also tested models using wing lengths averaged from only parous females 

collected at each site and from only females in the oldest age group (>15 days old) although 

average size from all females produced the best model (Table 2, Appendix B).  
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CHAPTER 3. CONCLUSIONS 

 

A. SUMMARY OF FINDINGS 

 

 These studies were designed and analyzed with the intent to characterize how weather 

dynamics at the edge of the geographic range of Ae. aegypti indirectly affect dengue 

transmission via effects on longevity and survival. Body size measurements were included in the 

studies to see if size could be a reliable proxy for changes in transmission potential.  

 

 Study #1 aimed to experimentally test whether inclusion of body size measurements 

along with crowding, temperature and humidity data, improved the ability to predict longevity 

in female Ae. aegypti. Hypothesis 1a was supported in the structural equation model which 

showed that the use of body size measurements improved the model’s capacity to predict age 

at death. However, the hypothesis had also stated that there would be a negative association 

between size and longevity. The results showed that there was actually a positive association 

between size and longevity. Additionally, age at death was significantly different among the 

temperature treatments with adult females living longer when reared in warmer conditions. 

This is interesting considering the overall positive association between size and age at death, 

yet warmer temperatures produce smaller body sizes.  

 

 These results reveal that although warmer conditions produce longer-lived females, this 

relationship is not mediated by body size. The association between body size and longevity is 

not the same across all temperature treatments and may actually be the result of the 

comparatively high investment into reproduction in females reared in the cool temperature 

treatment. By increasing investment into reproduction, a tradeoff between longevity and 

reproduction would become more likely with smaller females being less able to invest in 

longevity compared to larger females. 
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 Study #2 aimed to replicate the model tested in Study #1 using field-collected female 

Ae. aegypti. Hypothesis 2a was supported with the finding that inclusion of body size 

measurements improved models for predicting age. Size biases in the collection method used 

was also tested and showed that females that had died in the trap prior to collection were 

significantly smaller than those collected alive, potentially affecting our results. A bias in the 

body size of mosquitoes collected with the particular traps used in this study has not been 

previously reported.  

 

 In Study #3, the aim was to make the connection between body size, age, and dengue 

incidence. Hypothesis 3 was supported via the results of a spatial analysis that tested for 

clustering in body size. Similarities in body size appeared in spatial clusters in 2013 and 2015 in 

Hermosillo, as would be expected if there were an association between body size and dengue 

incidence. Hypothesis 4 was also supported by the evidence through testing a model for 

predicting dengue incidence which included temperature, relative humidity, body size, and 

female abundance per site.  

 

B. STRENGTHS AND LIMITATIONS 

 

 A strength of these studies lies in that the populations analyzed were ideal for 

expanding on research into the relationship between body size and longevity/survival.  The 

study sites occupy a latitudinal transect at the edge of the geographic range in dengue 

transmission.  Strong seasonality reduces the majority of the mosquito population and stops 

population growth every winter. As a consequence, the physiology of Ae. aegypti populations 

living in this area are significantly affected by changes in temperature as compared to 

populations occurring in the tropics. Variation in body size is strongly affected by temperature 

during larval development, therefore it is likely that temperature-induced changes in physiology 

are mediated by differences in body size, providing an opportunity for vector surveillance to 

exploit body size measurements as an indicator of changes in transmission risk. Further, the 

primary indicator of changes in transmission risk used today, abundance, is not the factor 

limiting transmission among these study sites [25]. For these reasons, the populations included 
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in these studies provided an opportunity to explore other factors limiting transmission and how 

they might be measured in a way that could be sustainably incorporated into vector 

surveillance programs.  

 

 In Study #1, some strengths of the study design include that larvae were reared with the 

minimum level of food necessary to allow for 100% adult emergence. This is very important 

because many laboratory studies use an abundance of unnaturally nutritious food to rear 

larvae, which has the risk of producing overly nourished adults that do not represent adults in 

the field. Overly nourished adults are less likely to need to make physiological tradeoffs such as 

between lifespan and reproduction. Another strength in Study #1 is that in studying the impact 

of body size on age at death, the study design accounted for different factors that produce 

variation in body size (temperature and crowding) in addition to accounting for how conditions 

during adulthood could impact survival via body size mediated differences in desiccation rates 

(relative humidity). No previous study into the relationship between body size and longevity 

takes all of these factors into account.  

 

 Some limitations include the small sample size in Study #1, particularly in the 

mosquitoes reared in the warmest temperature group which suffered an extremely high 

mortality rate. Additionally, due to an oversight in study design, the author did not account for 

“cup effect”. In many cases, multiple adult females emerged from a single treatment cup (for 

example, a high-density treatment) and all individuals were used in the study. Without having 

tested for “cup effect”, these multiple samples from a single treatment cup are considered to 

be pseudoreplicates. Another limitation was that adult females were not completely separated 

so that there would be only one per cage. This was due to the additional time it would take to 

blood-feed all cages if there were only one female per cage, however, this limited the strength 

of the analysis on the impact of temperature and crowding on reproduction. It also meant that 

reproductive output could not be included as a factor in the structural equation model. 
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 In Study #2, the author found evidence for a size-associated bias in the body size of 

females collected alive from traps. While this bias is not previously cited in the literature, it is 

likely that it could have obscured the ability to quantify the association between body size and 

age. Finally, Study #3 was limited by the use of number of dengue cases rather than dengue 

incidence (number of cases corrected for by human population abundance). Further, the 

number of dengue cases associated with each site was an average for the year, rather than 

being limited to the time period during and immediately following mosquito collections. 

 

C. FUTURE DIRECTIONS 

 

 The studies encompassed in this dissertation provide evidence that body size does 

enhance our capacity to predict age in Ae. aegypti mosquitoes beyond using temperature, 

abundance, and relative humidity alone. Although these factors predict only a small amount of 

the variation in age, it is likely that future studies that account for the limitations experienced in 

these studies may be able to predict a greater percentage of the variation. Future studies 

should also seek to incorporate body size measurements into more complex models which 

account for variation in human behavior, physical barriers that can impede mosquito 

movement, as well as the movement of people within a city. These are very important factors 

that can impact disease transmission and must be considering along with entomological factors 

in order to generate a more accurate model for dengue risk.  

 

 Considering the pressing need for better entomological indicators for surveillance, 

future studies that aim to replicate the studies in this dissertation should seek to collaborate 

with vector control departments to extract entomological data from adult mosquito trap 

collections that go beyond measures of abundance. In this way, this field of study can become 

more economically viable as well as having the potential to inform decision making in 

departments of public health and vector control.  
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ABSTRACT 

 The Aedes aegypti mosquito is the primary vector of dengue, yellow fever, 

chikungunya and Zika viruses. Infection with the dengue virus alone occurs in an 

estimated 400 million people each year. Likelihood of infection with a virus transmitted 

by Ae. aegypti is most commonly attributed to abundance of the mosquito. However, the 

Arizona-Sonora desert region has abundant Ae. aegypti in most urban areas yet local 

transmission of these arboviruses has not been reported in many of these cities. 

Previous work examined the role of differential Ae. aegypti longevity as a potential 

explanation for these discrepancies in transmission. To determine factors that were 

associated with Ae. aegypti longevity in the region, we collected eggs from ovitraps in 

Tucson, Arizona and reared them under multiple experimental conditions in the 

laboratory to examine the relative impact of temperature and crowding during 

development, body size, fecundity, and relative humidity during adulthood. Of the 

variables studied, we found that the combination of temperature during development, 

relative humidity, and body size produced the best model to explain variation in age at 

death.   
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INTRODUCTION 

 
Aedes aegypti is an anthropophilic, urban mosquito and is the primary vector of 

several viruses that cause human disease such as yellow fever, dengue fever, 

chikungunya, and Zika (CDC 2019). The most widely transmitted of these diseases is 

dengue fever. Symptoms of dengue manifest following infection with any of four viral 

serotypes (Woodring et al. 1996, Black et al. 2002). As of 2016, an estimated 50-100 

million people experience symptomatic dengue each year. However, due to the high 

rate of asymptomatic infections, the actual number of people infected is likely to be as 

much as four-times greater (CDC 2019, WHO 2019). Such widespread risk is a result of 

globalization of trade and travel that drives repeated introduction events of the vector 

and virus into communities despite efforts to suppress mosquito populations (Gubler 

2004, CDC 2019, WHO 2019). The annual economic burden resulting from dengue 

infections is estimated to range from $1-4 billion in the Americas, not including the cost 

of vector surveillance and control activities (Shepard et al. 2011). Additionally, the 

economic consequences of infection can be even more costly to individuals than 

governments. For example, in Puerto Rico, individual households shouldered most of 

the cost of dengue illness compared to the government, insurance companies, or 

employers (Halasa et al. 2012). Thus, the high morbidity and economic cost associated 

with mosquito-borne disease requires focused attention and better solutions for 

anticipating and preventing transmission.    

 

One of the major challenges for preventing mosquito-borne disease is the cost to 

maintain continuous vector control and surveillance for state and federal agencies. 
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Better tools for measuring differences in a mosquito population’s likelihood to transmit 

disease (known as vectorial capacity) may enable more meaningful evaluation of the 

efficacies of different methods of mosquito control (Achee et al. 2015). Surveillance of 

heterogeneities in vectorial capacity may allow limited resources and man-power to be 

deployed more efficiently and effectively and could improve the capacity of modeling 

efforts to predict changes in transmission risk. A current gap in mosquito surveillance is 

a lack of entomological indices to discriminate between levels of risk beyond vector 

presence/absence and abundance data. The lack of such indices is manifest as an 

over-reliance on population suppression, even though high mosquito abundance does 

not always elevate disease risk (Hono ́rio et al. 2009, Scott and Morrison 2010, 

Bowman et al. 2014, Louis et al. 2014, Ernst et al. 2016). Other factors that elevate the 

vectorial capacity of a mosquito population include increases in the frequency of human 

blood-feeding, the adult female mosquito daily survival rate, her susceptibility to 

infection, fecundity, and decreases in the length of the virus’ incubation period within the 

female mosquito (Hancock et al. 2016). Temperature and resource availability during 

development are known to impact aspects of vector competence, therefore the 

probability that a mosquito population will transmit infections in a given area varies 

across space and time (De Jung and Bochdanovits 2003, Adler et al. 2013). Given 

these facts, it is of interest to identify indices in a mosquito population’s physiological 

responses to predictable meteorological conditions that are better predictors of vectorial 

capacity.   
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The size of a mosquito has significant impacts on many of the ethno- and eco-

physiological components that affect a population’s vectorial capacity (Table 1). As a 

result, size can be a reliable proxy for the regulation of life-history strategies (Norry and 

Loeschcke 2002, Davidowitz 2016). In insect-disease systems, this suggests that 

surveillance protocols that include size measurements might enable predictions about a 

population’s response to its environment which may, in turn, enable predictions about 

vectorial capacity (Schneider et al. 2004, Araújo et al. 2012). Variation in body size in 

Ae. aegypti is associated with significantly different expression patterns of genes and 

metabolites that are associated with immunity, and reproduction, directly impacting 

vector competence (Price et al. 2015). Size can also influence longevity, survival and 

fecundity (Mogi et al. 1996, Norry and Loeschcke 2002, Davidowitz 2008, Joy et al. 

2010, Helinski and Harrington 2011). Some of the associations between fitness and 

body size are thought to be the result of physiological tradeoffs, such as the negative 

association between body size and longevity observed in Ae. aegypti (Joy et al. 2010). 

However, the nature of some of these relationships is not straight forward and 

predictable. For example, evidence suggests that susceptibility to infection is 

independent of genetic variation in body size and primarily the result of environmentally-

induced variation in body size (Schneider et al. 2007). Conflicting results also 

demonstrate the complicated relationship between size and susceptibility such as how 

resistance to infection can be higher (Yan et al. 1997), or lower in smaller females 

(Koella and Boëte 2002). In addition to altering immunity, the size of the female vector 

can impact persistence in blood feeding (Nasci 1986, 1991; Alto et al. 2008), and 

physically affects the maximal possible size of a blood meal which directly limits the 
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number of viral particles available to initiate an infection (Colless and Chellapah 1960, 

Briegel 1990, Xue et al. 1995).   

 

Variation in temperature and food availability are the most common 

environmental factors that affect a mosquito’s body size and thus their vectorial 

capacity. The most obvious impact of temperature on an ectotherm’s life history is that 

growth rates typically increase as temperature goes up, shortening the length of the 

developmental period before peaking at some local optimum (that is further regulated by 

genetics and nutrient availability) (Lee et al. 2012). Variation in development time driven 

by temperature can cause changes in adult body size and shape (Padmanabha et al. 

2011a, Mohammed and Chadee 2011). These changes in growth rate and development 

time can result in significant size-associated differences in the vectorial capacity of a 

population due to modifications in lipid metabolism (Arrese and Soulages 2010). 

Additionally, stressful developmental conditions can alter resource allocation during 

adulthood among traits such as reproduction, immunity, and lifespan via the synergistic 

regulatory roles of juvenile hormone, ecdysone-signaling, insulin/insulin growth factor 1-

signaling (IIS), and TOR signaling (Riehle et al. 1999, 2002; Arik et al. 2009, 2016; 

Clifton and Noriega 2012; Noriega 2004; Davidowitz 2016). For example, when 

resources are abundant during development, lipid reserves in emerging females are 

sufficient so as not to delay reproduction following the first blood meal. Conversely, 

females that develop in nutrient-poor conditions are more likely to need one or more 

blood-meals before generating enough lipids to enable reproduction (Briegel 1990, 

Shiao et al. 2008, Hansen et al. 2014) and are more likely to make fitness trade-offs 
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(Davidowitz 2016). As mentioned above, physiological trade-offs can have a significant 

effect on the vectorial capacity of Ae. aegypti populations. Previous studies have 

concluded that exposure to high temperature extremes are likely to be responsible for 

some of the adaptive differences in life history traits and vectorial capacity within and 

between populations (Salas-Benito et al. 2007, Benoit et al. 2010, Zhao et al. 2010, 

Muturi et al. 2012). Such temperature extremes might explain why age structure and 

transmission rates vary so significantly between Ae. aegypti populations living at the 

edge of their geographic range in the Sonoran Desert. In a recent study, the difference 

in the abundance of the oldest females coincided with the starkly contrasting dengue 

transmission rates between populations, with the longer-lived population in the city with 

the more frequent local transmission (Ernst et al. 2016).  

 

In this study, we determined whether variation in wing length (a measure of body 

size) due to variation in temperature and crowding treatments during development can 

predict adult age at death. We reared Ae. aegypti under a range of temperature and 

crowding treatments to produce a range in wing lengths. We then maintained adult 

mosquitoes under varied humidity conditions to examine associations between size and 

age at death as a function of desiccation-resistance. Due to the multiple treatment 

conditions used in the experiment, we used a path analysis to distinguish between 

direct and indirect effects of explanatory variables on age at death. At the start of this 

experiment, we hypothesized that nutrient-poor conditions during development (similar 

to those that would be experienced in the field) induce a tradeoff between size and age 

at death (Reiskind and Lounibos 2009, Adler et al. 2013) in the hottest (most stressful) 
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temperature treatment (Mourya et al. 2004, Sorensen et al. 2008, Gomez et al. 2009), 

and that wing length and age at death are negatively associated under these conditions 

(Joy et al. 2010). A preliminary nutrition assay was conducted, and a range of crowding 

groups were included in the main study to induce potential tradeoffs between 

components of fitness imposed by nutrient-poor conditions.  We also recorded the egg 

productivity of the various treatment groups to see if tradeoffs between length and age 

at death could be attributed to increased investment in reproduction. By understanding 

how weather variables and physiological trade-offs impact the relationship between size 

and the age at death of female, Ae. aegypti, we sought to gain a better understanding of 

how interactions between temperature and density-dependent population growth might 

drive heterogeneity in vectorial capacity. 
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MATERIALS AND METHODS 

 

Insect Rearing and Temperature-Treatment Scaling. Aedes aegypti eggs 

were collected in July 2015 from multiple locations in Tucson, Arizona (Supp. Table 1). 

This population is likely to be genetically closely related to the ones studied in Ernst et 

al. 2016 (Merrill et al. 2005). Field-collected eggs were hatched and reared in the 

laboratory for five generations maintained under a 14:10 photoperiod. The F5 

generation was used for the longevity experiment. Larval diets consisted of hay infusion 

(made with finely ground hay, to maximize homogeneity) incubated for approximately 

one week, at 27 ºC. A 1:1 ratio of brewer's yeast to albumin totaling 17.38 grams was 

added to the hay infusion (made with 108.6 grams of hay) one day prior to the addition 

of larvae to provide ~ 0.06 g of food per larva in the lowest density treatment. Treatment 

groups were designed to produce a range in wing size by manipulating temperature and 

resource availability (via larval competition) within each temperature treatment during 

immature development. The average temperature of each treatment group in the first 

week of development was 26.4º (Cool), 30.1º (Mid), and 35.1ºC (Hot) (Table 2). 

Meteorological data from Tucson 2012 field collections were used to guide the 

parameters of experimental protocols, although there is a discrepancy between reported 

air temperatures and actual water temperatures in the range of larval sites that can be 

found in a city. We used reported air temperatures because we would be controlling air 

temperature in the experimental protocol and not water temperature directly. 

Additionally, air temperatures are publicly available whereas water temperatures are 

not. Daily averages of temperature and diurnal temperature range in Tucson 2012 were 

calculated for three age groups (0-5, 6-14, and 15+ days old) using historical weather 
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data (NOAA 2017) averaged over an approximated seven-day larval development 

period. The initial date used to estimate the development period for each month was 

based on the dates of adult mosquito collections done for a separate study (unpublished 

data, Jeffrey Gutiérrez et al.) Temperature parameters for the longevity experiment 

were selected to include the lowest and highest average temperatures during 

development in Tucson, 2012. The diurnal temperature range (DTR) for treatments was 

based on the average DTR for the 2012 season in Tucson.  

 

Nutritional Stress Assay. To determine the appropriate concentration of food 

for the longevity experiment, a preliminary study of the impact of resource-limitation on 

larval and pupal mortality was conducted. The goal of this experiment was to 

characterize the impact of five different diet concentrations on larvae. Diet concentration 

and emergence rate (the ratio of emerged adults to larvae) were the only variables 

measured. F1 larvae used for the nutrition trials were derived from F0 eggs collected 

from three field sites, in Tucson, Arizona, U.S.A., 2015. Cups were provisioned with a 

series of food dilutions and three larvae per cup. Larvae were then reared under the 

same temperature regime within an environmental chamber (Percival: Model I36VLC8, 

USA) programmed to simulate observed temperature averages from September, 

Tucson 2012 until they emerged as adults. The minimum diet concentration able to 

produce adults with 0% pupal mortality was selected to guide the diet concentrations 

used in the longevity trial (0.02 g diet/larvae) (Supp. Table 2). By rearing larvae with a 

minimal amount of diet, we reduced the likelihood that overfeeding would prevent 

physiological tradeoffs from occurring.   
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Longevity Experiment. The F5 generation of Tucson field-collected eggs was 

used for the longevity experiment. Three temperature treatments were produced using 

environmental chambers (Percival: Model I36VLC8, USA) programmed to simulate 

observed temperature averages from July-September, Tucson 2012 (Supp. Fig. SF1). 

The environmental chambers were programmed to ramp temperatures to maintain a 

diurnal temperature range (DTR) that was equal for all treatments at ~ 7.5º C. 

Conditions in the environmental chambers differed by daily maximum temperature, daily 

minimum, and by average temperature. Lighting was programmed to a 13:11 hr 

light/dark cycle (averaged photoperiod in Tucson, July-September). Programmed 

temperature and light settings were validated after chambers were allowed to equilibrate 

(for at least 48 hours) with two temperature and humidity data loggers (HOBO Pro v2, 

Onset, USA) per treatment, recording measurements hourly. Recorded DTR, daily 

maximum, minimum, and average temperatures were confirmed before beginning 

experiments. Reported temperatures were calculated by averaging the temperatures 

from each treatment’s set of HOBOs (Table 2).  

 

Eggs were hatched together in a 78.7x15.2x22.9 cm container, provisioned with 

minimal food (0.005 grams of diet/ larvae). Twenty-four hours after hatching, larvae 

were placed into small plastic cups at densities of 3, 6, and 12 per cup, filled with 60 mL 

of distilled water and 0.168 g of the diet described above, and put into one of three 

environmental chambers (Figure 1, Supp. Table 3). Cups were rotated daily to reduce 

the likelihood of a position effect. Pupating and emerging adults were separated on a 
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daily basis and included adults emerging up to three weeks after egg hatching. Larvae 

that remained after 3 weeks of development were excluded from the study, limiting our 

results to describing longevity of only those adults that completed development within 

that time period. Given the arid climate and that the most common larvae positive 

container in Tucson, AZ are saucers under flowerpots, it is unlikely that a significant 

proportion of females in the field were able to take longer than 21 days to develop 

(Walker et al. 2018). Pupae were removed with plastic pipettes and placed in cups for 

emergence within cages in their same experimental rearing chambers and labeled with 

the duration of their developmental period. Larval diets were prepared as described 

above. 

 

Adult mosquitoes were grouped in cages and labeled according to larval 

treatments (crowding and temperature) and emergence time. Sample sizes of each 

treatment combination are described in Table 3. Adult cages were kept in a 1.8x1.8 m 

netted enclosure within a laboratory with restricted access, in one of three relative 

humidity conditions RH1 (55.4%), RH2 (54.9%), and RH3 (39.1%) (average for the first 

week) (Figure 2). Cages were rotated daily to reduce the likelihood of a cohort effect. 

Since measurements from RH1 and RH2 were very close, humidity was treated as a 

continuous variable in analyses. Humidity was manipulated by enclosing shelving units 

with plastic, maintaining pans filled with water at the bottom (of the two higher humidity 

treatments) and humidifiers set to turn on and off at regular intervals throughout the day. 

Windows in the lab were 'blacked out' in favor of programmed lighting set to provide a 
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13:11 photoperiod. Fans were directed towards the mosquito cages and programmed to 

run for intervals of 10 minutes, every three hours to encourage flight activity.  

 

All cages were provided with a water-soaked cotton ball (refreshed daily) and 

limited access to cotton balls soaked in 10% dextrose. Sugar access was limited to a 

period of 48 hours, one time, ~ five days post-emergence. One male was added to each 

cage to allow for mating. All males were removed following the first blood meal. 

Mosquitoes were allowed to membrane-feed on human blood (obtained from the Red 

Cross) until engorged, a total of two times to mimic the minimum number of blood meals 

required for transmission (Putnam and Scott 1995). Membranes used were pig intestine 

casings purchased from a local grocery store, which were thoroughly rinsed and dried. 

The intestine membranes were soaked for at least 10 minutes in distilled water before 

use and soaked again (for ~45 seconds) during feeding to ensure access to a liquid 

blood meal and delay the blood drying out. Females were allowed to become engorged 

starting at 1 wk old. Non-fed and partially-fed were separated and allowed repeated 

opportunities to feed daily, until they were visibly engorged. Blood-fed females were 

offered a second blood meal after 1 wk. Post-blood meal, 60 mL cups were filled with 

water and lined with oviposition paper and a cotton ball to provide the environment and 

substrate for egg-laying, in addition to preventing excess mortality from drowning. 

Females were allowed the opportunity to lay eggs immediately following the blood meal 

with the oviposition cups being removed on the fourth day (most females did not lay 

eggs the first day following the blood meal). Any cups with eggs were removed and 
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replaced with fresh substrate. Dead females were counted and removed from cages 

daily (with some exceptions, but not more than 48 hours), and stored until dissection.  

 

Measures. There was one replicate of the longevity experiment. All variables 

measured and used in analyses pertain to females only and are described in Table 4. 

To determine size, wings were dissected, placed on a microscope slide, and length of 

the major axis was measured as described in (Nasci 1986) and (Van Handel and Day 

1989), with the addition of taking digital images and digital measurements (Leica 

Microsystems, Stereosystem Software, Germany). When both the right and left wings 

were available, the length measurement for that set was the average of the two. 

Additional measures of wing size were taken in order to test if length of the major axis is 

sufficient to explain age at death (Supp. Fig. S2). The length of the minor axis of each 

wing was measured (the widest distance perpendicular to the major axis), and an 

approximated measure of wing area was calculated by multiplying the major and minor 

axis. Although this calculation produces an estimated area of a square wing, the aim 

was to combine the major and minor axes in a single variable to test if this would 

provide a more descriptive measure of size than one axis alone. To measure fecundity, 

eggs from each cage were counted. We could make inferences about the impact of 

differences in reproduction among treatment groups but would not be able to include 

egg number in path analyses or in any other regression analyses. 

 

Statistical Analysis. All data was analyzed using R 1.0.143 (R: A language and 

environment for statistical computing, R Foundation for Statistical Computing 2017) and 



 40

JMP (Using JMP 13, SAS Institute Inc. 2012). ANOVA and linear regression were used 

to test the impact of explanatory variables average temperature during development 

and crowding on response variables age at death and wing length. Standard deviations 

for parameters used in regression analyses are reported in Table 4.  

 

 To test direct and indirect effects of explanatory factors on wing length and age at 

death, we compared AIC values among models and used a combination of factor 

analysis and regression analysis known as multivariate path analysis or structural 

equation modeling. The supporting materials for these analyses are reported in Table 4 

and Supp. Table S4, as recommended by McDonald and Ho (2002). R was used to do 

the path analyses on average temperature during development, crowding, development 

time, wing length, relative humidity during adulthood, and age at death. 
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RESULTS 

 

 Length and age at death were log-transformed due to their non-normal 

distributions (Shapiro-Wilk test; P < 0.0001, N = 180, and P, N = 195), yet 

transformations of these variables did not normalize the distributions nor did 

transformations increase significance in regressions of length by log(age at death), 

log(length) by log(age at death), or log(length) by age at death. To test if the non-normal 

distribution of length was due to differences in variance among treatment groups, we 

used the Fligner-Killeen test of homogeneity of variances. This test is robust for use on 

non-normal datasets (Conover et al. 1981). Variance in length was not different between 

temperature treatments (test of homogeneity of variances, Fligner-Killeen, med chi-

squared = 19.043, df = 13, p-value = 0.1218) or between crowding treatments (test of 

homogeneity of variances, Fligner-Killeen, med chi-squared = 3.2485, df = 2, P = 

0.1971).  

 Since all females that emerged were used in the survival assay (as opposed to 

using only one per developmental treatment cup), we addressed the potential for 

pseudoreplication by using an ordinary nonparametric bootstrapping analysis. We 

tested regression coefficients temperature during development and wing length to see if 

there was a significant difference among treatment cups. Using a 95% confidence 

interval on 1000 bootstrap replicates, the results indicate that it is unlikely that there was 

a significant cup-associated bias. Temperature during development; B (coefficient of 

linear model) = 1.153, Bias = 0.020, Std. Error = 0.258, CI = 0.633, 1.732. Wing length; 

B = 6.189, Bias = 0.431, Std. Error = 3.896, CI = -0.243, 15.241.  
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 Temperature and Age at Death. Age at death was associated with differences 

in temperature (the categorical variable of temperature during development) in Tucson 

F5 females (ANOVA, F = 10.574, df = 195, P < 0.0001) (Figure 3, Table 4a). Females 

from the cool treatment (26.4ºC) produced females with shorter lifespans (6.9 days) 

than females from the mid treatment (30.1ºC, 10.7 days), and females from the hot 

treatment (35.1ºC) were not significantly different than the other treatments (8.5 days, 

test of comparison of means, Turkey-Kramer, P < 0.0001). Means and standard 

deviations of all explanatory factors for age at death are in Table 4. The short lifespans 

observed are the result of the majority of larvae being reared in starvation conditions.  

 

 Size and Temperature. There was a significant negative association between 

temperature during development and wing length of the major axis (Linear regression, 

RMSE = 0.123, Adjusted r2= 0.407, df = 177, P < 0.0001).  

 

 Size and Age at Death. In comparing the explanatory power of different 

measures of size, wing area was significantly correlated with age at death only in the 

cool group but had less so than when using length of the major axis (Linear regression, 

RMSE = 3.995, Adjusted r2= 0.058, df = 82, P = 0.029), while the association between 

area and age at death in the mid and hot groups were insignificant (Linear regression, 

RMSE = 6.507, Adjusted r2= -0.011, df = 87, P = 0.802, and RMSE = 5.06, Adjusted r2= 

-0.125, df = 8, P = 0.75). The length of the minor axis was not significantly associated 

with age at death in any of the temperature treatments (Linear regression, cool, RMSE 
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= 4.092, Adjusted r2= -0.0003, df = 81, P = 0.326, mid, RMSE = 6.487, Adjusted r2= -

0.005, df = 88, P = 0.446, and hot, RMSE = 5.068, Adjusted r2= -0.129, df = 8, P = 

0.777). The small sample size in the hot treatment may be obscuring observation of any 

significant association. A linear regression of wing area and age at death for all 

temperature treatments combined still found no significant association (RMSE = 5.761, 

Adjusted r2= -0.003, df = 178, P = 0.485), nor was there a significant association in 

length of the minor axis and age at death (RMSE = 5.762, Adjusted r2= -0.003, df = 178, 

P = 0.515). 

 

 The association between length and age at death was not significant within 

crowding groups (Linear regression, low, RMSE = 5.789, Adjusted r2= 0.041, df = 61, P 

< 0.062, mid, RMSE = 5.052, Adjusted r2 = 0.075, df = 35, P = 0.058, and high, RMSE = 

5.713, Adjusted r2= -0.007, df = 78, P < 0.516). Mortality in the mid temperature 

treatment appears to have two discrete clusters which may be due to a lapse in 

reporting and/or the effect of blood-feeding, since the gap between the clusters 

coincides with the timing of the first blood meal. It is possible that that blood meal 

delayed mortality in the mid group but did not have the same impact in the cool. An 

outlier was excluded from the analyses for having a wing length of less than 2 mm.  

  

 Temperature, Crowding, and Reproduction. For adult cages with eggs and 

more than one female, the number of eggs counted was divided by the number of 

females. To test if the limitations of this method (of averaging the number of eggs 

among the number of females in the cage) might be affecting our results, we also did 
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analyses with egg numbers from cages with a single female only and obtained similar 

results.  

 

 For all cages with females that laid eggs, we found that crowding did not have a 

significant effect on the average number of eggs per female (ANOVA, F = 0.0122, df = 

28, P = 0.913, Supp. Fig. S4a). Average number of eggs per female among the 

temperature during development treatments was significantly different between the cool 

and hot groups, while the mid group was not significantly different than either of the 

other groups (ANOVA, F = 3.896, df = 30, P = 0.032; Test of comparison of means, 

Turkey-Kramer, P = 0.032, Supp. Fig. S4b). This analysis was repeated on egg 

numbers counted from single female cages to see if the relationship was similar. 

Indeed, when testing egg numbers from cages with only one female, average number of 

eggs per female was significantly different between the cool and hot groups, while the 

mid group was not significantly different than either of the other groups (ANOVA, F = 

4.03, df = 20, P = 0.036). The cool treatment females laid the most eggs (52.8 

eggs/female) and the hot treatment females produced the least eggs (17.7 eggs/female) 

(ANOVA, F = 3.896, df = 28, P = 0.032).  

 

 Path Analysis. The correlation matrix of the variables used in path analysis is in 

the supplementary materials (Supp. Table 4a). The strength of models was evaluated 

by comparing r2 and AIC values (Tables 5a,b). The full model included all of the factors 

(temperature during development, wing length, and % relative humidity during 

adulthood) to account for age at death with an overall r2 of 0.13 and an AIC value of 
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1,118.93. The length of the developmental period and crowding treatment were also 

included in the path analyses, then disregarded in further analyses due to weak effects 

on age at death and higher AIC value of 1,122.61 (Figures 4a,b).  

 

 Curiously, temperature during development seemed to have an insignificant 

effect on developmental time. Upon closer examination using linear regression, it 

appears that crowding strongly influences the relationship between temperature during 

development and developmental time, so that only the low and mid crowding groups 

produced significant relationships. These results are in contrast to the findings of a 

meta-analysis of the factors influencing development rate in Ae. aegypti, which found 

that temperature is sufficient to explain variability in development rate (Couret and 

Benedict, 2014). It could be that crowding had an outsized impact on development rate 

due to the limited nutritional resources used in the experiment.  

 

 In the path analysis, although wing length also had no correlation with age at 

death, eliminating length from the model reduced the r2 to 0.07 and reduced the values 

of the regression coefficients between the factors temperature during development and 

% relative humidity for explaining age at death. Wing area was also tested in the path 

analyses as a measure of size (in place of wing length), to see which had a stronger 

association with age at death. Wing length was more strongly associated with age at 

death in the path analysis so area was not presented in the results.  
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 Multiple Regression. Using temperature during development, wing length, and 

relative humidity to describe age at death found no significant association (Multiple 

regression, RMSE = 5.766, Adjusted r2= -0.005, df = 178, P = 0.705). The data was 

then stratified to test only females from the Cool treatment, length, and relative humidity 

to describe age at death (Multiple Regression, RMSE = 4.17, Adjusted r2= -0.01, df = 

81, P = 0.902). 
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DISCUSSION 

   

 Age at death was significantly different among temperature groups with adult 

females living longer when reared in warmer conditions (Figure 3). These results are in 

agreement with observations in (Sorensen et al. 2008) and (Gomez et al. 2009) which 

showed that heat stress can have the effect of increasing longevity in Drosophila. Body 

size and longevity have been found to be positively associated in several studies (Mogi 

et al. 1996, Nasci 1986, Alto et al. 2015), however temperature can reverse the 

direction of association (Norry and Loeschcke 2002, Mourya et al. 2004). Our tests also 

found a positive association between relative humidity during adulthood and age at 

death, consistent with findings outlined in a recent literature review (Schmidt et al. 

2018).  

 

 In the full model analysis, we found a positive association between length and 

age at death (Figure 4b). This positive association could be due to the higher 

reproductive output of females reared in the cool treatment (Supp. Fig. 3b) where a 

greater investment in reproduction resulted in less resources being available for other 

aspects of fitness (i.e. longevity). One study reported that teneral lipid content and body 

size had a linear association when larvae were reared in warm temperatures, while 

rearing in cold temperatures resulted in an exponential increase in teneral lipid content 

with increasing body size (Briegel and Timmerman 2001). Such a significant 

temperature-dependent difference in lipid content between mosquitoes could explain 

why larger females are better equipped to invest in reproduction without compromising 

longevity compared to the smaller females which are investing in reproduction at the 
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expense of longevity. Differences in reproductive output have been linked to longevity of 

the adult via the hormonal regulatory pathways of TOR signaling and IIS (Arik et al. 

2015). This positive association between length and age at death is interesting 

because, overall, across all temperature treatments it seems that age at death 

increases with warmer temperatures (Figure 3). However, the overall effect of an 

increase in age at death with increasing temperature seems independent of wing length, 

so that length no longer mediates differences in age at death after a certain amount of 

warming. This study was limited by high mortality in the hottest temperature treatment 

which produced an emergence rate of only 3% (Supp. Table S3). Future studies should 

test the results of this study with greater sample sizes reared in hot conditions or, 

alternatively, in Ae. aegypti lines that have been selected for heat resistance and thus 

suffer less mortality during development.  

  

 The results substantiate our hypothesis that temperature can affect adult age at 

death, and that measurements of wing length and relative humidity during adulthood 

can increase our ability to predict age at death (Figure 4b). Although crowding was also 

associated with age at death (Figure 4a), as an explanatory factor it became 

insignificant when combined with temperature during development, wing length, and 

relative humidity during adulthood (Figure 4b). While we had hypothesized that wing 

length could predict age at death, the results show that wing length by itself cannot 

predict age at death but does increase explanatory power when combined with other 

variables. This study suggests that in the Sonoran Desert region, at the edge of Ae. 

aegypti ’s geographic range, longevity is significantly impacted by temperature during 
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development and relative humidity during adulthood. Importantly, wing length data 

increased explanatory power in the longevity model from an r2 of 0.07 (when wing length 

was not included) to 0.13 and increased explanatory power of the other factors (Figure 

4b, Supp. Fig. S4).  

  

 This information contributes to the greater study of forecasting changes in 

vectorial capacity by showing how physiological data can help interpret the effects of 

meteorological data on mosquito populations living at the edge of their geographic 

range. Weather variables are currently used to model trends in mosquito population 

abundance with the goal of being able to deliver more precise warnings of when 

disease transmission is most likely to occur (Lafaye et al. 2013, Simoes et al 2013). As 

mentioned in the introduction, in the Sonoran Desert region at the edge of the vector’s 

geographic range, overall abundance of Ae. aegypti is lower in Hermosillo, Mexico 

despite having regular dengue transmission compared to Nogales where regular 

transmission does not occur. Mosquito abundance is only one part of vectorial capacity 

and is insufficient for reliable disease forecasting. In this study, using wing length in 

addition to measures of temperature during development and relative humidity during 

adulthood increased the predictive power of variation in age at death. Future studies 

should focus on furthering our understanding of the interactions between weather and 

physiological indices of life history traits.  
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TABLES 

 

Table 1. Literature observations of the association between body size and 

components of vectorial capacity. (+) Variables were positively associated. (-) 

Variables were negatively associated. (*) A difference was observed between large and 

small females, but the nature of the association was not reported. (/) No association 

was found.  

 

 

Table 2. Average temperature (in ºC) and average relative humidity conditions 

during development and adulthood. Average temperature is reported for each 

immature developmental treatment; Average temperature and relative humidity are 

reported for adult treatment conditions. Averages for the dataset were calculated for 

each individual female according to their specific date of emergence and date of death, 

therefore, weekly averages are reported here. Average lifespans among temperature 

treatments ranged from 6.9 (cool) to 10.7 (mid) days. 

 

 

Table 3. Sample sizes of temperature and crowding treatment. Crowding treatments 

were 3, 6, and 12+ larvae per cup. 

 

 

Table 4. Factors used in analyses of the continuous response variable (age at 

death). Continuous variables were tested in path analyses with the exception of number 
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of eggs per female. The categorical versions of some of these variables were used in 

ANOVA tests. 

 

Table 5: Model Comparisons. A) Models for Length and B) Models for Age at 

Death. 
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Table 1. Literature observations of the association between body size and 

components of vectorial capacity in Ae. aegypti. 

 

 

 Blood-Feeding 

(Persistence/ 

Frequency/ 

Success) 

Blood-Meal 

Size 
Immunity Reproduction 

Lifespan/ 

Survival 

Body Size 

+, -, /, - 
Nasci 1991, 
Xue et al. 1995, 
Scott et al. 2000(b), 
Farjana and Tuno, 
2013. 

+, +, +, 
(+ & -), + 
Colless and 
Chellapah 1960, 
Klowden and Lea 
1978, 
Briegel 1990, 
Yan et al. 1997, 
Xue et al. 1995. 

+, /, /, -, * 
Koella and Boëte 
2002, 
Alto et al. 2008, 
Schneider et al. 
2007, 
Westbrook et al. 
2010, 
Price et al. 2015. 

+, +, +, +, * 
Briegel 1990, 
Tsunoda et al. 2010, 
Helinski & 
Harrington 2011, 
Farjana and Tuno, 
2013, 
Price et al. 2015. 

+, +, +, /, 
(+ & -), +, + 
Mogi et al. 1996, 
Nasci 1986, 
Yan et al. 1997, 
Scott et al. 
2000(b), 
Norry and 
Loeschcke, 2002, 
Juliano et al. 
2014, 
Alto et al. 2015. 

Nutrition 

+, +, - 
Nasci 1991, 
Xue et al. 1995, 
Farjana and Tuno, 
2013. 

+, +, +, + 
Colless and 
Chellapah 1960, 
Klowden and Lea 
1978, 
Briegel 1990, 
Xue et al. 1995. 

/, -, * 
Alto et al. 2008, 
Telang et al. 
2012, 
Price et al. 2015. 

+, +, +, * 
Briegel 1990, 
Tsunoda et al. 2010, 
Helinski and 
Harrington 2011, 
Farjana and Tuno, 
2013. 
Price et al. 2015. 

-, + 
Joy et al. 2010, 
Alto et al. 2015. 

Temperature (+ & /) 
Scott et al. 2000(a). 

 

-, +, +, - 
Mourya et al. 
2004, 
Westbrook et al. 
2010, 
Muturi et al. 2012, 
Alto and 
Bettinardi 2013. 

-, -, - 
Briegel and 
Timmerman 2001, 
Mourya et al. 2004, 
Arruda et al. 2010. 

(+ & -), +, - 
Norry and 
Loeschcke, 2002, 
Mourya et al. 
2004, 
Arruda et al. 
2010. 
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Table 2. Average temperature (in ºC) and average relative humidity conditions 

during development and adulthood.  

 

 

Treatment 
1 Week, Avg. 
Temperature 

2 Weeks, Avg. 
Temperature 

1 Week, 
Avg. % RH 

2 Weeks, 
Avg.% RH 

3 Weeks, 
Avg. % RH 

Cool 26.4 26.5 - - - 

Mid 30.1 29.6 - - - 

Hot 35.1 34.9 - - - 

RH 1 28.8 28.8 55.4 60.2 62.7 

RH 2 28 28.6 54.9 54 55.6 

RH 3 30.8 30.4 39.1 44 48.9 

 

 

Table 3. Sample sizes of temperature and crowding treatment.  

 

 

Temperature 

Treatment 
Adults Crowding (3) Crowding (6) Crowding (12+) 

Cool 94 25 24 45 

Hot 11 2 0 9 

Mid 92 40 19 33 
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Table 4. Factors used in analyses of the continuous response variable (age at 

death).  

 

 

 

 

 

  

Explanatory 

Variables 

Sample 

Size 
Mean 

Standard 

Deviation 

Standard 

Error 

Variable 

Type 
Range 

Temperature. 
 

197 / / / Categorical Cold, Mid, Hot. 

Crowding. 
 

197 / / / Categorical Low, Mid, High. 

Temperature 
During 

Development. 
197 28.52º C 2.19 0.16 Continuous 26.41 – 35.07º C. 

Crowding During 
Development. 

197 
7.63  

larvae / cup 
4.05 0.29 Continuous 

3,6, 12, 12+ 
larvae / cup. 

Development Time. 
 

197 9.8 days 2.85 0.20 Continuous 7 – 27 days. 

Wing Length 
(Major Axis). 

180 2.713 mm 0.18 0.01 Continuous 
1.701 – 3.017 

mm. 

Wing Length 
(Minor Axis). 

180 0.7633 mm 0.05 0.00 Continuous 
0.587 – 0.852 

mm. 

Wing Area 
(Major * Minor). 

180 2.077 mm2 0.24 0.02 Continuous 
1.227 – 2.533 

mm2. 
% Relative 

Humidity During 
Adulthood. 

195 51.42 % 6.11 0.44 Continuous 
41.66 – 63.85  

% RH. 

Number of Eggs 
Per Female. 

45 
46.27  

eggs / female 
24.43 1.46 Continuous 

5 – 91  
eggs / female. 
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Table 5: Model Comparisons. A) Models for Length and B) Models for Age at 
Death. 
 

 

A) 

Explanatory 

Variables 
AIC value r2 

Avg. Dev. Temp., 
Avg. %RH 

-184.58 0.381 

Avg. Dev. Temp., 
Avg. %RH, 
Dev. Time 

-186.76 0.396 

Avg. Dev. Temp.,  
Avg. %RH, 
Crowding 

-206.48 0.459 

Avg. Dev. Temp., 
Avg. %RH, 
Dev. Time, 
Crowding, 

-205.75 0.463 
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B)  

Explanatory 

Variables 
AIC value r2 

Avg. Dev. Temp., 
Avg. %RH, 
Length 

1,118.93 0.129 

Avg. Dev. Temp.,  
Avg. %RH, 
Crowding 

1,120.47 0.085 

Avg. Dev. Temp., 
Avg. %RH 

1,237.08 0.071 

Avg. Dev. Temp.,  
Avg. %RH, 
Crowding, 
Length 

1,120.47 0.132 

Avg. Dev. Temp., 
Dev. Time, 
Avg. %RH, 
Crowding,  
Length 

1,122.61 0.132 
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FIGURES 

 

 

Figure 1: Nested Treatment Conditions During Development.  

 

 

Figure 2: Nested Treatment Conditions During Adulthood.  

 

 

Figure 3: Age at Death by Average Temperature During Development. 

 

 

Figure 4: Path Analysis of Direct and Indirect Effects on Age at Death. Path 

values are standardized regression coefficients. Solid lines signify significant 

relationships, dashed lines are insignificant relationships that were dropped from the 

final analyses. *P < 0.05, **P < 0.01, ***P < 0.001 n.s. = Non-significant effect. (A) 

Shows the strength of all factors for explaining age at death in one model (AIC = 

1,122.61, r2 = 0.132). For (B), the relationships between crowding and age at death, and 

the development time and age at death were very weak and therefore not included in 

the second analysis (r2= 0.129). There was only a very small decrease in overall 

explanatory power in the reduced model and wing length became a significant 

explanatory factor for age at death after eliminating crowding and development time.  
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Figures 
 

Figure 1: Nested Treatment Conditions During Development. 
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Figure 2: Nested Treatment Conditions During Adulthood. 
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Figure 3: Age at Death by Average Temperature During Development. 
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Figure 4: Path Analysis of Direct and Indirect Effects on Age at Death. 
 
 

a)  
 
 

 
 
 
 

b)  
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SUPPLEMENTARY MATERIALS 

 
Supp. Figure 1: Range of average temperature during development in Tucson, 2012. 

 

 

Supp. Figure 2: Major and minor axes of the wing. 

 

 

Supp. Figure 3: Average number of eggs per female by temperature during development. 

 

 

Supp. Figure 4: Path analysis for age at death, excluding wing length. 
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Supp. Figure 1: Range of average temperature during development in Tucson, 2012. 

 

 
 

Supp. Figure 2: Major and minor axes of the wing. 
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Supp. Figure 3: Average number of eggs per female by temperature during development. 

 
 

 
 
 

Supp. Figure 4: Path analysis for age at death, excluding wing length. 
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Predicting Age in Aedes aegypti (Diptera: Culicidae) Females to Monitor Changes in 

Transmission Potential. 

 

Eileen H. Jeffrey Gutiérrez a; Kathleen R. Walker a; Kacey C. Ernst b; Michael A. Riehle a; and 
Goggy Davidowitz a.  
 
a Graduate Interdisciplinary Program in Entomology and Insect Science; University of Arizona; 
Tucson, Arizona, USA 
b Mel and Enid Zuckerman College of Public Health; University of Arizona; Tucson, Arizona, USA 
 

 

ABSTRACT 

 
 
Background: The Aedes aegypti mosquito is a vector of several viruses including 
dengue, chikungunya, zika, and yellow fever. Vector surveillance and control are the 
primary methods used for the control and prevention of disease transmission, however, 
there is an overreliance on measures of population abundance in surveillance programs 
as a trigger for initiating control activities. At the northern edge of Aedes aegypti’s 
geographic range, survival seems to be the factor limiting disease transmission. In this 
study, we sought to test the utility of using body size as an entomological indice to 
surveil changes in the age structure of field collected, female Aedes aegypti.   

Methods: We collected female Aedes aegypti mosquitoes using BG sentinel traps from 
sites in three cities at the northern edge of their geographic range. Collections took 
place during the three months of their active season (July, August, September) over the 
course of three years. Female wing size was measured as a proxy for body size and 
reproductive status was characterized by examining ovary tracheation. Chronological 
age was determined by measuring transcript abundance of an age-dependent gene. 
These data were then combined with weather data from the estimated larval 
development period and from adulthood (one week prior to capture). Two sources for 
weather data were tested to see which was more appropriate for evaluating impacts on 
mosquito physiology. All variables were then used to test various models for predicting 
age via structural equation modeling.   

Results: We found that there was a bias in the body size of mosquitoes collected alive 
from the BG sentinel traps that favored large females. In comparing city-specific NOAA 
weather data and site-specific data from HOBO remote temperature and humidity 
loggers, we found that HOBO data was more tightly associated with body size. We 
found that body size itself was not associated with age. Of all the variables measured, 
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we found that temperature during development, body size, and relative humidity in the 
one week prior to capture produced the strongest model for predicting age. The strength 
of models improved drastically when testing one city at a time, with Hermosillo having 
the strongest model for predicting age.  

Conclusions: For predicting variation in age, body size increased the strength of 
weather-based models. Importantly, we found that variability of the factors measured 
was greater within cities than between cities, meaning that age predictions must be 
made on a city by city basis. These results contribute to efforts to use weather forecasts 
to predict changes in the probability of disease transmission by mosquito vectors.   
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INTRODUCTION 

 

 

The Aedes aegypti mosquito is a vector of several viruses including dengue, 

chikungunya, zika, and yellow fever.  Due to its prevalence and immense economic 

burden, dengue is the most important of the arboviral diseases affecting humans [1,2]. 

The global incidence of dengue fever has been increasing dramatically, more than 

doubling every ten years, with nearly half of the world’s population at risk of infection [3]. 

Vector surveillance and control continue to be integral for preventing disease 

transmission due to the wide variety of pathogens spread by mosquitoes, the absence 

or lack of available vaccines [3], and the emerging fact that viral infections do not 

necessarily lead to lifelong immunity as had long been assumed [4–6]. It is highly likely 

that rapid warming occurring in temperate regions of the planet is affecting the 

physiology, seasonality, and geographic distribution of mosquito populations and their 

associated pathogens. Changes in disease distribution are especially problematic 

because the introduction of disease into immunologically naive populations increases 

the intensity of pathogen replication and the severity of illness and infectiousness [7]. 

For these reasons, improved surveillance and control activities that prevent disease 

transmission are greatly needed.    

 

 

Currently, vector surveillance and control activities are triggered by reports of 

high mosquito abundance. However, mosquito abundance is not always the primary 

factor limiting disease transmission in an area. There are several physiological and 

behavioral factors which regulate the likelihood that a mosquito will transmit disease, 

otherwise known as vector capacity. These factors include the mosquito’s survival rates, 

biting frequency, likelihood of encountering a human, reproductive rate, susceptibility to 

infection, and the incubation period of the pathogen [8]. A good example of where 

mosquito abundance is not the factor limiting transmission can be found in cities in the 

Sonoran Southwest. Despite abundant populations of Ae. aegypti, the frequent travel 

and trade occurring between cities with and without dengue transmission, and similar 
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human behavior and living conditions, local dengue transmission has been infrequent in 

Nogales, Sonora, Mexico and has not occurred at all in Tucson, Arizona. Both cities 

experience a significant amount of travel and trade from Hermosillo, Sonora, Mexico 

which has regular seasonal dengue transmission. A recent publication showed that Ae. 

aegypti abundance is actually higher in Nogales compared to Hermosillo [9], which begs 

the question, “what is actually limiting dengue transmission in this region?” It is of great 

public health interest to increase our understanding of how disease transmission is 

regulated in order to identify appropriate surveillance methods for that area. 

 

 

While surveilling changes in population abundance may work for anticipating 

disease risk in some areas, this is clearly not the case for the Sonoran Southwest. It is 

also unlikely that genetic differences are responsible for the varying transmission rates 

in this region. Previous sampling of Ae. aegypti that included Nogales, Hermosillo, and 

Tucson found that all three cities’ populations belong to the same genetically distinct 

sub-group, differentiating them from other populations tested in Arizona, Texas, and 

Florida [10]. This is likely the result of frequent human trade and travel between 

locations. Ernst et al. (2016) concluded that the stark difference in age structure of Ae. 

aegypti females between Nogales and Hermosillo was likely responsible for the 

differences in transmission dynamics and not larval, pupal, or adult abundance. 

Females in Hermosillo appeared to have higher survival rates than those in Nogales. 

The survival rate of a female mosquitoe is an important factor in transmission potential 

because after consuming an infected blood meal, the female must outlive the incubation 

period of the virus before being able to transmit the infection. This means that only the 

oldest subset of a given population is capable of disease transmission. Unfortunately, 

testing individual field-collected mosquitoes for age to get an idea of survival rate is a 

costly and time-consuming process. Health departments are typically functioning under 

significant financial constraints and cannot incorporate costly new methods for vector 

surveillance into their control programs. Where survival is a limiting factor regulating 

dengue transmission, it would be extremely useful to identify a simple and sustainable 

proxy for characterizing age in field populations.     
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One potential indicator for longevity in field mosquitoes is body size. Mosquitoes 

are holometabolous insects which means that their size in adulthood is determined by 

environmental conditions during larval development. Once they emerge as adults, they 

will remain the same size throughout adulthood. The size of a mosquito has significant 

impacts on many of the physiological and behavioral components that determine vector 

capacity [11]. Beyond affecting adult body size, developmental conditions are known to 

alter resource allocation during adulthood between reproduction, immunity, and lifespan 

through changes in the regulation of several biochemical pathways [12–18]. For 

example, a large, well-provisioned female mosquito is more likely to invest a greater 

proportion of her blood meals into reproduction. Conversely, a small, ill-provisioned 

female is less likely to invest as much into reproduction and more likely to allocate 

incoming resources to self-maintenance [19].  

 

 

Since mosquitoes are ectotherms, size is also determined by temperature during 

development. Warmer temperatures speed up the rate of development, reducing the 

time available for feeding, thereby producing smaller mosquitoes. The opposite is also 

true, where colder temperatures slow down the rate of development allowing more time 

for feeding and producing larger mosquitoes. As a consequence, size can be used as 

an indicator for how an insect’s life-history strategies are prioritized [18,20]. For 

example, size can play a role in modulating longevity, survival and fecundity [20–24]. If 

body size in Ae. aegypti can be linked with differential mortality in areas at risk of 

emergent dengue transmission, we could gain a valuable tool for public health 

surveillance.  

 

 

 In this study, we tested whether variation in body size, along with temperature 

and humidity data, can predict age in field-collected, adult female Ae. aegypti. The cities 

in the study were sampled over a period of three years, have robust populations of Ae. 
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aegypti, and have very different rates of local dengue transmission despite their 

geographic proximity. We also determined chronological age using a technique based 

on measuring the abundance of an age-dependent gene, SCP-1 [25]. Contrary to the 

findings of several studies that have looked for associations between mosquito body 

size and age/survival, we expected to find that the inclusion of measurements of size 

along with weather data would strengthen our ability to predict changes in transmission 

risk. Previous field studies that tested the association between longevity/survival and 

body size were based in tropical locations where temperature-mediated variation in size 

and longevity/survival would be minimal compared to locations at the edge of Ae. 

aegypti’s geographic range [26,27]. We hypothesized that range-edge populations are 

distinct in the degree to which environmental conditions impact survival/longevity and as 

a consequence, their ability to transmit disease.    
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METHODS 

 

 

Study area 

  

 Adult mosquitoes were collected from households in 3 cities over a four-day 

period, once a month. Each city had between 15 and 40 trapping sites (Fig. 1b, 1c, 1d, 

Supp. Table 1). The study cities occupy a latitudinal transect at the northern edge of the 

geographic range of Ae. aegypti (Fig. 1a). At the southern end of this transect is 

Hermosillo, Sonora, Mexico (29.0989° N, 110.9542° W); A city where the Ae. aegypti 

population has maintained local, seasonal transmission of the dengue viruses. At the 

center of the transect is Nogales, Sonora, Mexico (31.1907° N, 110.5645° W) which 

saw its first cases of local transmission in 2014, during the study period; At the northern 

end of this transect is Tucson, Arizona, USA, (32.2217° N, 110.9264° W) which has no 

documented cases of locally-acquired dengue fever before or during the study period. 

This transect of the Sonoran Desert occupies 394.2 km and a range in elevation from 

210 m (Hermosillo, Mexico) above sea level to 1,199 m (Nogales, Mexico). Collections 

were limited to the 3 months of the monsoon season, July, August, and September 

(sometimes in October), due to the significant seasonal increase in mosquito 

abundance following summer monsoon precipitation events (Supp. Table 2).  

  

Mosquito sampling and testing for bias 

 

 Biogents BG-Sentinel traps were baited with octanol and lactic acid lures and 

were either connected to a battery or to a household electric supply. BG Sentinel traps 

have been found to be about as efficient as human landing rate or backpack aspirators 

and more efficient than oviposition traps for evaluating abundance in the field [28–30]. 

BG Sentinel traps have a slight bias for host-seeking Ae. aegypti females and the 

location of the trap is a potential source of bias against nulliparous females [31]. Also, 

adult mosquito abundance is not affected by the use of insecticides indoors [32]. In 
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essence, known trapping biases would result in over-sampling of our target group of 

blood-fed females, which is preferable for public health surveillance.  

  

 Adults collected from traps were aspirated into containers and taken to the 

laboratory for analysis. Dead adult females were counted and included in abundance 

data but not included in any parity or age analyses. Live females were stored in a -80º C 

freezer until processing (N= 3,920 measures of individual size and N = 4,739 individuals 

analyzed for parity status). Since traps were only checked once a day during the 

collection periods, some mortality occurred in the field-collected females that could have 

caused a bias in the body size of the surviving females. To test if there was a size bias 

due to differential survival in the trap, dead females from Tucson (N = 60) were 

measured and compared to live females (N = 78) from the same subset of sites and 

months.  

 

Mosquito age and parity assessments 

 

 Ovaries were dissected to determine parity. Visual inspection of trachea in the 

ovaries allowed us to determine whether a female had completed a reproductive cycle, 

or not [33,34]. Tracheae that are tightly coiled are considered nulliparous, having never 

completed a reproductive cycle. Individuals with extended tracheae are considered 

parous, since once the tracheae extend to transport oxygen to developing eggs they will 

not recoil. Individuals determined to have completed a reproductive cycle, and/or had a 

visible, undigested blood meal, and/or eggs were all considered as parous. Parity 

serves as a physiological marker of age and for observing changes over time in biting 

persistence and the human/mosquito contact rate, for a given location [34–36]. 

 

 Classification of individuals into age groups was done with a genomic age-

grading technique using real-time PCR assays of an age-dependent gene, SCP-1 [25]. 

Females tested for age could be classified categorically as being either 0-5, 6-14, or 

>15 days old. A continuous measure of age was also adapted from the abundance 



 79

values of SCP (Ernst, unpublished data), and was used for testing the regression 

models.  

 

Wing measurements and weather data 

 

 Wings were removed from field-collected females and affixed onto glass 

microscope slides with a drop of water. Samples were secured onto the slides with a 

glass cover slip fixed with tape on the sides. Length was measured from the proximal to 

the distal end for each wing, as described in [37].   

 

Seven-day averages of temperature, diurnal temperature range, average daily 

maximum and minimum temperature, and percent relative humidity were estimated 

using city-specific, historical weather data from the National Oceanic and Atmospheric 

Association (NOAA) and using site-specific (sites within cities) averages from remote 

climate loggers (HOBO Pro v2, Onset). Weather averages from NOAA and the HOBOs 

were each tested against wing length to determine which data source was a better fit.  

 

Using our sample-specific age data, we also tested a new technique for 

estimating when a particular female developed. This technique involves back-casting by 

different periods of time starting from the date a sample was captured, based on the 

results of the age-dependent gene expression analyses (Supp. Table 3). Estimating the 

developmental period of individual mosquitoes in order to study the impact of 

environmental factors on adult longevity is a novel approach, considering previous 

studies typically assign the same estimated development period to all mosquitoes 

sampled [38]. 

 

A number of dates are missing HOBO data: Nogales 2013 August, Age group 1 

was generated from 6 days (missing one day of weather data). No HOBO data exists for 

Hermosillo 2015 or 2013 August and Nogales 2013 August for age groups 2 and 3, or 

July 2013 for any city. 
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Statistical Analysis.  

 

All data was analyzed on R 1.0.143 [39] and JMP [40]. ANOVA and linear 

regression were used to test the impact of the explanatory variables temperature during 

development, wing length, and relative humidity in the 1 wk prior to capture and 

temperature in the 1 wk prior to capture on the response variable, age.  

 

To test direct and indirect effects of explanatory factors on wing length and age 

at death, we used a combination of factor analysis and regression analysis known as 

multivariate path analysis or structural equation modeling. R was used to do the path 

analyses on average temperature during development, wing length, relative humidity in 

the one week prior to capture and temperature in the one week prior to capture, and 

age. The strength of the models tested were evaluated by comparing their AIC values 

which take into account indirect effects and impose a penalty for each additional 

variable used. Using AIC enables prioritization of simplicity in model selection.  
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RESULTS 

 

  

 The wing lengths of field-collected females were tested for normality and found to 

be non-normally distributed (Shapiro-Wilk test; P < 0.01, N = 138). Wing length was log 

transformed and tested again but remained non-normally distributed (Shapiro-Wilk test; 

P < 0.01, N = 138). Wing length averages and standard deviations are reported in Supp. 

Tables 4 and 5. 

 

Size bias associated with trapping method/ collection times. 

 

 A Student’s paired t-test of females that were dead vs. alive showed that smaller 

females were more likely than larger females to have perished in the traps before being 

collected, t = 5.14, df = 136, p < 0.0001 (Fig. 2). Females collected alive and used for 

parity and age testing had a mean wing length of 2.73 mm and those that were dead 

upon collection and unable to be used for further analysis had an average wing length 

of 2.47 mm.  

 

HOBO vs. NOAA weather data. 

 Linear regression analysis of average temperature during development using 

HOBO data and NOAA data showed that NOAA data overestimates the site-specific 

HOBO data (Fig. 3). Weather averages from both sources were also regressed against 

wing length to see which was more closely associated with length and by proxy, which 

is more closely associated with conditions actually experienced by larvae during 

development. HOBO data produced the strongest model for length (Table 1a). 

 

Wing length and temperature during development.  

 

 Linear regression analyses of wing length and average temperature during 

development using HOBO data showed that statistical significance improved when 

analyzing females separately by their parity status. Nulliparous females had a stronger 
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relationship between wing length and average temperature during development 

compared to parous females. Nulliparous; Adj. r2 = 0.134, RMSE = 0.298, df = 163, p < 

0.0001. Parous; Adj. r2 = 0.045, RMSE = 0.287, df = 946. All females; Adj. r2 = 0.055, 

RMSE = 0.291, df = 1,119, p < 0.0001. 

 

 Repeating the same analyses using NOAA data also showed that wing length 

and average temperature during development are more closely related in nulliparous 

females. Nulliparous; Adj. r2 = 0.116, RMSE = 0.306, df = 215, p < 0.0001. Parous; Adj. 

r2 = 0.058, RMSE = 0.285, df = 1,289. All females; Adj. r2 = 0.067, RMSE = 0.291, df = 

1,526, p < 0.0001. 

 

Wing Length and Age 

 

 We used linear regression to test whether length was associated with age and 

found no statistical significance, Adj. r2 = 0.0002, RMSE = 5.274, df = 1,545, p = 0.253. 

We then tested each city individually, which were also not significant; Hermosillo: Adj. r2 

= -0.002, RMSE = 5.317, df = 521, p = 0.949. Nogales: Adj. r2 = - 0.002, RMSE = 4.89, 

df = 374, p = 0.643. Tucson: Adj. r2 = 0.000, RMSE = 5.41, df = 648, p = 0.258.  

 

Path analysis for wing length.  

 

 A path analysis for wing length using temperature during development, 

temperature in the 1 wk prior to collection, and percent relative humidity in the 1 wk prior 

to collection showed that all three variables had a significant effect on wing length (Fig. 

4). This model for predicting length had the lowest AIC score compared to the other 

models tested (Table 1a). 

 

Path analysis for age. 

 

The set of variables used for constructing the path analysis for testing direct and 

indirect effects on age for all 3 cities was done using the set of variables that produced 
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the strongest model based on AIC scores (Table 1b). This model used HOBO weather 

averages and had an AIC of 6,847.56 using temperature during development, percent 

relative humidity in the 1 wk prior to collection, and wing length and had an r2 of 0.014 

(Fig. 5). However, using this model for each city separately proved more effective for 

predicting age (Table 2). The model for predicting age in Hermosillo was the most 

robust with an AIC of 1,622.46 and an r2 of 0.19 (Fig. 6). 
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DISCUSSION 

 

 

 In this study, we aimed to use a combination of weather variables and  

measurements of wing length to predict variation in age. We found that for the 3 cities  

sampled, the best variables for predicting age were average temperature during development, 

wing length, and average relative humidity in the 1 wk prior to capture. Although combining all 

3 cities in the model provided the greatest range in temperature and relative humidity, we 

found that replicating this model for each city individually produced stronger models for age. 

This is likely because the variation in wing length between cities was greater than the variation 

within cities. Hermosillo, the only city with regular dengue transmission, produced the 

strongest model which predicted about 13% of the variation in age. Interestingly, a similar 

study done by this study’s authors found the same results when testing models to predict age 

in a controlled laboratory setting. Temperature during development, relative humidity during 

adulthood, and wing length were the best variables (to the exclusion of crowding during 

development and temperature during adulthood) and predicted 13% of the variation in age at 

death (Jeffrey Gutiérrez, submitted manuscript).  

 

 Our modeling in the current study was limited by mortality in the traps which selected 

against smaller mosquitoes. This biased the subset of females being tested for age as only 

females that were collected alive were suitable for processing. This study is the first to 

demonstrate a size-dependent bias in adult trapping using BG Sentinel traps. In fact, a previous 

study that tested for a bias in body size in BG Sentinel traps did not find any [41].  

 

 We also tested whether using remote weather sensors at each collection site actually 

provides improved data for mosquito surveillance compared to using more readily accessible 

data such as those made available by the NOAA. We found that indeed, models using site-

specific HOBO data were stronger than those using city-specific NOAA data. This information is 

important for validating the additional cost and effort associated with monitoring weather at 

multiple sites within a city.  
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 Although we were able to predict only 13% of the variation in age using our model, it is 

important to note that using weather data and size measurements requires very little technical 

expertise, can be measured quickly, and does not require expensive equipment or materials 

compared to other methods used for characterizing age structure in field mosquitoes. These 

benefits make size measurements more likely to be taken up in surveillance protocols by health 

departments compared to other methods for determining chronological age in field-collected 

mosquitoes like characterization of gene transcription profiles [25], analysis of cuticular 

hydrocarbons using mass chromatography/mass spectrometry [42], or quantification of 

pteridine fluorescence [43]. Importantly, our results demonstrate that including measurements 

of wing length improve estimates of age over using weather data alone.  

 

 Although wing length itself is not associated with age and cannot serve as its proxy, it is 

a much needed on-the-ground entomological variable that can be collected as a part of routine 

surveillance activities to strengthen weather-based risk-prediction models. This study 

contributes to efforts to use weather forecasts to predict changes in the potential for mosquito-

borne disease transmission. As stated in the introduction, mosquito abundance is not always a 

limiting factor for disease transmission, therefore new methods for predicting changes in other 

aspects of vectorial capacity are needed. Future research should focus on improving our 

understanding of the links between weather and vector physiology.  
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TABLES 

 
 
Table 1: Comparing AIC values between models. A. Models for wing length. B. 
 Models for age. Asterisks denote the lowest AIC value. 
 
 
Table 2: Comparing AIC values between models for each city. AIC values and r2 
 improved when testing within cities. The model for Hermosillo was the most 
 robust. 
  



 92

Table 1: Comparing AIC values between models. 
 

A.                                                                     B.  

 
 
 
 
 
 
 
 
 
 
A. Models for wing length. B. Models for age. Asterisks denote the lowest AIC value. 
  

Explanatory 

Variables 

NOAA HOBO 

Avg. Dev. Temp.,  
Prev. 1wk. RH,  
Prev. 1wk Temp. 

439.596* 413.4185* 

Avg. Dev. Temp.,  
Prev. 1wk. RH. 

525.7594 415.9599 

Prev. 1wk. RH,  
Prev. 1wk Temp. 

729.2559 668.7226 

Avg. Dev. Temp.,  
Prev. 1wk. Temp. 

440.2945 421.3252 

Avg. Dev. Temp.,  
Prev. 1wk. RH,  
Prev. 1wk Temp., 
# females/site 

441.444 423.298 

Avg. Dev. Temp.,  
Prev. 1wk. RH., 
# females/site 

527.7311 427.8371 

Prev. 1wk. RH,  
Prev. 1wk Temp., 
# females/site 

566.2172 680.3344 

Avg. Dev. Temp.,  
Prev. 1wk. Temp., 
# females/site 

442.3052 433.7088 

Explanatory 

Variables 

HOBO NOAA 

Avg. Dev. Temp.,  
Prev. 1wk. RH,  
Prev. 1wk Temp. 

8,641.58 9,818.04 

Avg. Dev. Temp.,  
Prev. 1wk. RH. 

8,639.58 10,791.66 

Prev. 1wk. RH,  
Length. 

7,097.97 8,555.46 

Avg. Dev. Temp.,  
Prev. 1wk. RH,  
Length. 

6,847.56* 8,553.65 

Avg. Dev. Temp.,  
Prev. 1wk. RH,  
Length,  
# females/site. 

6,848.57 8,555.00 

Avg. Dev. Temp.,  
Prev. 1wk. RH,  
# females/site. 

8,641.21 10,793.58 

Avg. Dev. Temp.,  
Prev. 1wk. RH,  
Prev. 1wk Temp,  
# females/site. 

8,643.16 9,820.04 

Avg. Dev. Temp.,  
Prev. 1wk. RH,  
Prev. 1wk Temp,  
# females/site,  
Length. 

6,850.29 7,762.23 

Avg. Dev. Temp.,  
Prev. 1wk. RH,  
Prev. 1wk Temp.,  
Length. 

6,849.47 7,760.67* 
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Table 2: Comparing AIC values between models for each city. 
 
 

Explanatory 

Variables 
Tucson Nogales Hermosillo 

Avg. Dev. Temp.,  
Prev. 1wk. RH,  

Length. 
3,340.54 1,845.70 1,622.46* 

df 549 313 263 

Adj. R2 0.07 0.07 0.19 
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FIGURES 

 
 
Figure 1: Study cities and their collection sites. A) Study cities, Tucson, Nogales 
and Hermosillo. B) Collection sites within Tucson, Arizona. C) Collection sites within 
Nogales, Sonora, Mexico. D) Collection sites within Hermosillo, Sonora, Mexico. 

 
Figure 2: Average wing size of dead vs. alive females. Mean wing length of dead 
and alive females from four sites and three months, Tucson 2014. Comparison of 
means using ANOVA and Turkey-Kramer HSD found that they are significantly different 
with dead females being significantly smaller than those that were collected alive.  
 
Figure 3: NOAA vs. HOBO temperature averages. We compared both sources of 
data from the week prior to collection. NOAA’s one-week temperature averages are 
significantly higher than HOBO averages, making HOBO data more accurate for 
predictions regarding the physiological responses of mosquitoes to weather variability.  
 
Figure 4: Path analysis for wing length. The model for predicting wing length that had 
the lowest AIC value used HOBO data and included avg. temp. during development, 
and avg. relative humidity and temp. in the 1 wk. prior to capture.  
 
Figure 5: Path analysis for age, all cities. The model for predicting age that had the 
lowest AIC score used HOBO data and included avg. temp. during development, wing 
length, and avg. relative humidity in the 1wk prior to collection. This model had an r2 of 
0.014. 
 
Figure 6: Path analysis for age, Hermosillo only. City-specific models for age 
prediction were more robust than the model including all cities. The strongest model for 
predicting age had an r2 of 0.19 for Hermosillo.  
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Figure 1: Study cities and their collection sites. 
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Figure 2: Average wing size of dead vs. alive females. 
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Figure 3: NOAA vs. HOBO temperature averages. 
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Figure 4: Path analysis for wing length. 
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Figure 5: Path analysis for age, all cities. 
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Figure 6: Path analysis for age, Hermosillo only. 
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SUPPLEMENTARY TABLES 

 

 

Supp. Table 1: Collection site locations. 
 
Supp. Table 2: Median collection dates. 
 
Supp. Table 3: Calculated developmental periods. 
 
Supp. Table 4: Average wing lengths. 
 
Supp. Table 5: Standard deviations of wing length. 
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Supp. Table 1: Collection site locations. 
 
 

City Collection Site Latitude Longitude 

Hermosillo 1 29.08268637 -110.9556745 

Hermosillo 2 29.12871490 -110.9547237 

Hermosillo 3 29.13416320 -110.9654744 

Hermosillo 4 29.12245072 -110.9720153 

Hermosillo 5 29.09152731 -110.9815320 

Hermosillo 6 29.07245979 -110.9721396 

Hermosillo 7 29.07992685 -110.9857602 

Hermosillo 8 29.10399660 -111.0019631 

Hermosillo 9 29.10079634 -111.0141063 

Hermosillo 10 29.11775670 -111.0198957 

Hermosillo 11 29.10761671 -111.0431564 

Hermosillo 12 29.05892086 -110.9570923 

Hermosillo 13 29.03327954 -110.9511223 

Hermosillo 14 29.05154527 -110.9784334 

Hermosillo 15 29.01640000 -110.9426000 

Hermosillo 16 29.10780000 -110.9504000 

Hermosillo 17 29.14258086 -110.9596319 

Nogales 1 31.33108404 -110.9350266 

Nogales 2 31.32501188 -110.9405280 

Nogales 3 31.31455915 -110.9312902 

Nogales 4 31.29938871 -110.9324453 

Nogales 5 31.29254535 -110.9190702 

Nogales 6 31.29110934 -110.9328825 

Nogales 7 31.27021801 -110.9258818 

Nogales 8 31.30185995 -110.9015727 

Nogales 9 31.29253138 -110.9734403 

Nogales 10 31.26590555 -110.9653378 

Nogales 11 31.26032352 -110.9553957 

Nogales 12 31.28442673 -110.9634350 

Nogales 13 31.27715269 -110.9537219 

Nogales 14 31.30334091 -110.9514452 

Nogales 15 31.31134307 -110.9501639 

Tucson 2 32.26291400 -110.9312340 

Tucson 5 32.25332100 -110.9281650 

Tucson 8 32.23882200 -110.9333530 

Tucson 13 32.22964700 -110.9226210 
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Tucson 14 32.21849100 -110.9280050 

Tucson 16 32.24414100 -110.9042530 

Tucson 17 32.23904500 -110.8887900 

Tucson 19 32.22676600 -110.9013900 

Tucson 24 32.21099500 -110.9034490 

Tucson 25 32.21249600 -110.8845140 

Tucson 27 32.20269300 -110.8430220 

Tucson 28 32.23479400 -110.9901250 

Tucson 30 32.21391600 -110.9755490 

Tucson 33 32.20025200 -110.9217470 

Tucson 36 32.16427400 -110.9492770 

Tucson 39 32.14625500 -110.9503680 
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Supp. Table 2: Median collection dates. 
 

City Year 
Median Collection Date 

Round 1 Round 2 Round 3 

Tucson 2013 7/24/13 8/28/13 9/24/13 

Tucson 2014 7/30/14 9/4/14 10/1/14 

Tucson 2015 7/22/15 8/19/15 9/16/15 

Nogales 2013 7/24/13 8/21/13 9/16/13 

Nogales 2014 7/30/14 8/27/14 9/24/14 

Nogales 2015 7/29/15 8/27/15 9/24/15 

Hermosillo 2013 7/18/13 8/18/13 9/12/13 

Hermosillo 2014 8/13/14 9/10/14 10/8/14 

Hermosillo 2015 8/12/15 9/9/15 10/7/15 
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Supp. Table 3: Calculated developmental periods. 
 

City Year Collection 
Estimated Developmental Period  

Age 1 Age 2 Age 3 

Tucson 2013 Round 1  7/14/13 - 7/20/13* 7/7/13 - 7/13/13* 7/2/13 - 7/8/13* 

Tucson 2013 Round 2 8/19/13 - 8/25/13 8/12/13 - 8/18/13 8/8/13 - 8/14/13 

Tucson 2013 Round 3 9/15/13 - 9/21/13 9/8/13 - 9/14/13 9/4/13 - 9/10/13 

Tucson 2014 Round 1 7/21/14 - 7/27/14 7/14/14 - 7/20/14 7/9/14 - 7/15/14 

Tucson 2014 Round 2 8/26/14 - 9/1/14 8/19/14 - 8/25/14 8/14/14 - 8/20/14 

Tucson 2014 Round 3 9/22/14 - 9/28/14 9/15/14 - 9/21/14 9/10/14 - 9/16/14 

Tucson 2015 Round 1 7/13/15 - 7/19/15 7/6/15 - 7/12/15 7/2/15 - 7/8/15 

Tucson 2015 Round 2 8/10/15 - 8/16/15 8/3/15 - 8/9/15 7/29/15 - 8/5/15 

Tucson 2015 Round 3 9/7/15 - 9/13/15 8/31/15 - 9/6/15 8/27/15 - 9/2/15 

Nogales 2013 Round 1 7/14/13 - 7/20/13* 7/7/13 - 7/13/13* 7/2/13 - 7/8/13* 

Nogales 2013 Round 2 8/12/13 - 8/18/13** 8/5/13 - 8/11/13* 7/31/13 - 8/6/13* 

Nogales 2013 Round 3 9/7/13 - 9/13/13 8/31/13 - 9/6/13 8/26/13 - 9/1/13 

Nogales 2014 Round 1 7/21/14 - 7/27/14 7/14/14 - 7/20/14 7/9/14 - 7/15/14 

Nogales 2014 Round 2 8/18/14 - 8/24/14 8/11/14 - 8/17/14 8/6/14 - 8/12/14 

Nogales 2014 Round 3 9/15/14 - 9/21/14 9/8/14 - 9/14/14 9/3/14 - 9/9/14 

Nogales 2015 Round 1 7/20/15 -7/26/15 7/13/15 -7/19/15 7/9/15 -7/15/15 

Nogales 2015 Round 2 8/18/15 - 8/24/15 8/11/15 - 8/17/15 8/7/15 - 8/13/15 

Nogales 2015 Round 3 9/15/15 - 9/21/15 9/8/15 - 9/14/15 9/4/15 - 9/10/15 

Hermosillo 2013 Round 1 7/8/13 - 7/14/13* 7/1/13 - 7/7/13* 6/26/13 - 7/2/13* 

Hermosillo 2013 Round 2 8/9/13 - 8/15/13 8/1/13 - 8/7/13* 7/27/13 - 8/2/13* 

Hermosillo 2013 Round 3 9/3/13 - 9/9/13 8/27/13 - 9/2/13 8/23/13 - 8/29/13 

Hermosillo 2014 Round 1 8/4/14 - 8/10/14 7/28/14 - 8/3/14 7/23/14 - 7/29/14 

Hermosillo 2014 Round 2 9/1/14 - 9/7/14 8/25/14 - 8/31/14 8/19/14 - 8/26/14 

Hermosillo 2014 Round 3 9/29/14 - 10/5/14 9/22/14 - 9/28/14 9/17/14 - 9/23/14 

Hermosillo 2015 Round 1 8/2/15 - 8/9/15* 7/26/15 - 8/2/15* 7/21/15 - 7/28/15* 

Hermosillo 2015 Round 2 8/30/15 - 9/6/15* 8/23/15 - 8/30/15* 8/18/15 - 8/25/15* 

Hermosillo 2015 Round 3 9/27/15 - 10/4/15* 9/20/15 - 9/27/15* 9/15/15 - 9/22/15* 
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Supp. Table 4: Average wing lengths. 
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Supp. Table 5: Standard deviations of wing length. 
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ABSTRACT 

 

 

 The Aedes aegypti mosquito is a competent vector of several viruses such as dengue, 

chikungunya, zika, and yellow fever. While most vector surveillance efforts are focused on 

tracking changes in mosquito abundance, there are cities at the northern edge of the 

geographic range of transmission where abundance is not the factor limiting transmission. 

Evidence suggests that for cities in Northern Mexico, differences in age structure of Ae. aegypti 

populations are preventing local transmission of dengue and not differences in abundance of 

the vector. In this study, we tested if similarities in age structure and body size in Hermosillo, 

Sonora, Mexico occur in spatial clusters, as is the case with dengue incidence. We found that 

there was clustering in body size in 2 of the 3 years examined, but there was no clustering in 

age for any year. Then we built a structural equation model using body size, temperature, 

relative humidity and abundance to predict variation in dengue incidence in Hermosillo in 2013 

and 2014. We found that the model was able to predict 33% of the variation in the number of 

cases that occurred near sites where the mosquitoes were collected.      
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INTRODUCTION 

 

   

 The Aedes aegypti mosquito is the primary vector of several viruses including 

chikungunya, zika, and dengue [1]. Due to a lack of available vaccines, mosquito surveillance 

and control are currently the most effective approaches for preventing the transmission of 

these viruses [2]. Mosquito control interventions, however, are overly reliant upon measures of 

population abundance, with control activities being focused upon areas and/or times of 

elevated numbers of immatures or adults [3]. Frequently, indicators of abundance are not 

associated with dengue occurrence [4]. This reliance on a single entomological indicator 

obscures the rest of the factors that contribute to variation in transmission risk. Efforts to 

model and predict disease outbreaks are limited by a lack of entomological indices that 

describe the other components of a population’s vectorial capacity such as a female mosquito’s 

susceptibility to infection, biting frequency, and survival rate [3,5]. Characterization of indices 

that can describe variation in any of these factors would be extremely beneficial for public 

health surveillance programs in areas where mosquito abundance is not responsible for limiting 

disease transmission.  

 

 Of the components driving vectorial capacity, survival rate and/or lifespan has an 

outsized influence on transmission potential. This is because, after becoming infected, a female 

mosquito must outlive the incubation period of the virus before being able to transmit the 

infection to a host. A recent study by this paper’s authors found that survival or longevity is 

likely to be the limiting factor preventing dengue in cities at the edge of the geographic range of 

transmission, and not population size [6]. If this is the case, then research to identify ways to 

surveil spatial and temporal variation in age structure is urgently needed.  

 

 One potential indicator for variation in age is in the size of adult female Ae. aegypti. 

Vector body size has been found to impact several aspects of vectorial capacity, yet, a review of 

the literature yielded no studies that have tested the direct relationship between vector body 

size and dengue occurrence. Previous studies have looked into the relationship between vector 
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body size and dengue transmission indirectly by examining how body size affects the life history 

traits that impact vector capacity. Body size has been associated with biting frequency, 

reproductive rate, survival, infection rate [7–17]. Body size is also strongly influenced by 

temperature, crowding, and nutrition during development, all of which are factors that have 

also been found to significantly affect dengue dissemination [9,18–23]. 

 

 Due to the extent of the evidence demonstrating how size can impact transmission, 

there is great potential in using body size as an entomological indicator for changes in the risk 

of transmission. We recently found that body size measurements improved predictions of age 

in field-collected mosquitoes beyond using weather variables alone (Jeffrey Gutiérrez, 

unsubmitted manuscript). While the age structure of a vector population significantly impacts 

vectorial capacity and body size can impact survival/ longevity and hence, vectorial capacity 

indirectly, it remains unknown whether vector body size is directly associated with dengue 

occurrence. 

 

 In this study, we looked at a city that has seasonal transmission of dengue and is at the 

northernmost limit of where local dengue transmission occurs.  We hypothesized that the 

variability in age and body size would likely have a greater influence on transmission compared 

to tropical regions. Variation in body size among sites is likely to be descriptive of the 

heterogeneity in transmission potential within a city that has seasonal dengue transmission. 

Our goal was to determine the extent to which body size can be used to predict dengue cases. 

To do this, we used data from female Ae. aegypti collected over 3 years to test if there is a 

spatial similarity between body size, age and dengue cases. Cases of dengue tend to occur in 

spatial clusters, therefore we began by testing to see if there was clustering in body size and 

age in our study city. Then, we used structural equation modeling to examine the direct and 

indirect correlations among site-specific averages of body size, abundance of females, 

temperature, and relative humidity with dengue cases that occurred near the collection sites.  
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METHODS 

 

 

Study area 

  

 Adult mosquitoes were collected from households in Hermosillo, Sonora, Mexico 

(elevation of 210 m, 29.0989° N, 110.9542° W) over a four-day period, once a month. The Ae. 

aegypti population of Hermosillo has local, seasonal transmission of the dengue viruses. 

Collections were limited to the 3 months of the monsoon season, July, August, and September 

(sometimes in October), due to the significant seasonal increase in mosquito abundance 

following summer monsoon precipitation events. Hermosillo had 15 sites in 2013 and 2015 and 

40 trapping sites in 2014 (Figure 1).  

  

Mosquito sampling and biases 

 

 Biogents BG-Sentinel traps were baited with octanol and lactic acid lures and were 

either connected to a battery or to a household electric supply. BG Sentinel traps have been 

found to be about as efficient as human landing rate or backpack aspirators and more efficient 

than oviposition traps for evaluating abundance in the field [24–26]. BG Sentinel traps have a 

slight bias for host-seeking Ae. aegypti females and the location of the trap is a potential source 

of bias against nulliparous females [27]. Also, adult mosquito abundance is not affected by the 

use of insecticides indoors [28]. Given this, known trapping biases would result in over-sampling 

of our target group of blood-fed females, which is preferable for research geared for improving 

public health surveillance.  

  

 Adults collected from traps were aspirated into containers and taken to the laboratory 

for analysis. Dead adult females were counted and included in abundance data but not included 

in any subsequent parity or age analyses. Live females were stored in a -80º C freezer until 

processing. Traps were checked once a day during the collection periods, therefore some 

mortality occurred in the trap catch bags that caused a bias in the body size of the surviving 
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females. This bias in the female mosquitoes collected alive favored large body sizes (Jeffrey 

Gutierrez, unsubmitted manuscript). 

 

Parity determination 

 

 Ovaries were dissected to determine parity. Visual inspection of trachea in the ovaries 

allowed us to determine whether a female had completed a reproductive cycle, or not [29,30]. 

Tracheae that are tightly coiled are considered nulliparous, having never completed a 

reproductive cycle. Individuals with extended tracheae are considered parous, since once the 

tracheae extend to transport oxygen to developing eggs they will not recoil. Individuals 

determined to have completed a reproductive cycle, and/or had a visible, undigested blood 

meal, and/or eggs were all considered as parous. Parity serves as a physiological marker of age 

and for observing changes over time in biting persistence and the human/mosquito contact 

rate, for a given location [7,16,30]. 

 

Age analysis 

 

 Classification of individuals into age groups was done with a genomic age-grading 

technique that used real-time PCR assays of an age-dependent gene, SCP-1 [31]. Females tested 

for age could be classified categorically as being either 0-5, 6-14, or >15 days old. Females in the 

youngest age group are not considered to be vectors, those in the middle age group are 

unlikely vectors, and those in the oldest age group are the most likely to be participating in 

transmission.  

 

Wing measurements  

 

 Wings were removed from field-collected females and affixed onto glass microscope 

slides with a drop of water. Samples were secured onto the slides with a glass cover slip fixed 

with tape on the sides. Length was measured from the proximal to the distal end for each wing, 
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as described in [32].  Average wing length was calculated for all females collected at each site, 

again for only the oldest females (> 15 days old), and for only the parous females. Different 

wing length averages for each site were calculated to determine if there is any added benefit to 

determining parity or age for the purposes of predicting dengue incidence.     

 

Weather data 

 

 The weather variables used were obtained from WorldClim global climate data and are 

30-year averages of remotely sensed, site-specific satellite data from July through October. The 

coordinate system used was WGS 84 and resolution was 1 km2. The variables used were water 

vapor pressure and temperature. Using water vapor pressure rather than relative humidity 

provided the opportunity to include independent weather variables in our models. 

 

Dengue case data 

  

 The 2014 dengue case data for Hermosillo was obtained from the health ministry of the 

state of Sonora, Mexico. The number of cases that occurred within 3 differently sized buffer 

regions around each trap site were tested to determine the range at which entomological data 

might have an impact on dengue incidence. These buffer zones were of 100, 250, and 500 

meters around each mosquito trap.  

 

Statistical Analysis.  

 

 All data was analyzed on R 1.0.143 [33] and JMP [34]. We tested spatial autocorrelation 

using Moran’s I autocorrelation index in R for clustering in wing length within each year of data. 

Moran’s I tests how similar a variable is to those around it, allowing us to see if each measure of 

wing length is truly independent or if there is a spatial component to similarities in size.  
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To test direct and indirect effects of explanatory factors on dengue incidence, we used a 

combination of factor analysis and regression analysis known as multivariate path analysis or 

structural equation modeling (SEM). Model strength was evaluated by comparing their AIC 

values which take into account indirect effects and impose a penalty for each additional 

variable used. Using AIC enables prioritization of simplicity in model selection which is ideal for 

developing models for use in a public health setting with limited resources. SEMs were built 

using the site-specific variables of average wing length, average temperature in the 1 week 

prior to collection, average relative humidity in the 1 week prior to collection, and abundance 

of females to predict incidence of dengue cases. 
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RESULTS 

 

  

Clustering in wing length. 

 There was a positive autocorrelation of wing length in both 2013, (standard dev. = 

0.005, p = 0.003), and again in 2015, (standard dev. = 0.007, p = 0.002) which indicates spatial 

clustering of mosquito body size. There was no significant spatial clustering in 2014, (standard 

dev. = 0.002, p = 0.343) (Figures 2a,b). 

 

Clustering in age. 

 We found no autocorrelation in mosquito age in either 2013, (standard dev. = 0.007, p = 

0.660), or in 2015, (standard dev. = 0.008, p = 0.496). 

 

Path analysis for dengue incidence. 

 A total of 9 models were tested (Tables 1-3) using the 3 different wing length averages 

per site (average wing length of only parous, average wing length of only the oldest age group, 

and average wing length of all females) with each of the 3 dengue incidence buffer zones. The 

variables (average temperature, average water vapor pressure, average number of females per 

site, average wing length) consistently had better predictive capacity for dengue cases 

occurring within 500 meters of the mosquito collection site. In testing wing length averages of 

parous, only old, and all females per site, wing length averages for all females and parous 

females produced the strongest models for predicting cases within 500 m. All females, (AIC = 

200.78, r2 = 0.64), Parous females, (AIC = 200.40, r2 = 0.64) (Tables 2,3, Figure 3). The model 

with the least predictive capacity used average wing length of only old females and was for 

predicting cases occurring within 100 m (AIC = 91.13, r2 = 0.43).  

 

 When wing length was removed from models, predictive capacity decreased and AIC 

scores were higher than the best performing model using wing length (Table 4). 
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DISCUSSION 

  

  

 In this study, we set out to test if spatial clustering occurred in two variables that 

directly and indirectly impact vector capacity in mosquitoes. We found that clustering in wing 

length occurred in 2 of the 3 years we looked at, whereas there was no clustering in age in any 

of the study years. Clustering is a characteristic of dengue occurrence, therefore clustering in an 

entomological variable could indicate a potential association with transmission potential.  

  

 For 2014, we built structural equation models with different combinations of average 

wing length and dengue incidence using three buffer zones around the traps. We found that 

the best fitting models were those that used average wing length of all females and average 

wing length of parous females for predicting dengue incidence within 500 meters of the 

collection site. This model was able to predict 64% of the variation in dengue incidence (Table 

2). Based on these results, it appears that the more costly, skill and resource intensive methods 

of parity and chronological age determination may be unnecessary for predicting dengue 

incidence within a city. This information is valuable as it can inform vector control groups as to 

which entomological indicators should be prioritized in a resource-limited setting.  

 

 A limitation of this study is that the number of dengue cases occurring near each 

collection site were not adjusted to account for human population density in that area. Also, 

the number of dengue cases was the total for the year, and not limited to those occurring only 

during and immediately following the mosquito collection period. Future studies involving wing 

size measurements in a range-edge population with regular dengue transmission should seek to 

include size measurements into complex predictive models that include human population 

density and behavior, physical barriers for mosquitoes, approximations of the incubation period 

of the virus within the mosquito (extrinsic incubation period or EIP), susceptibility, reproduction 

that are modified by temperature and humidity data. There is also great potential for the use of 

size measurements to study the relationship between size and characteristics of transmission 

such as viral titers and duration. Body size can also be used to evaluate the impact of vector 
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control activities on mosquito physiology since wing length measurements can be descriptive of 

larval conditions that are not encompassed in temperature and humidity data, thereby enabling 

more accurate predictions about the physiological status of vectors across space and time.  
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TABLES 

 
 
Table 1: Comparison of models using average wing length of the oldest females per site. 
Averages taken from only the oldest age group (>15 days). Water vapor pressure (WVP) and 
temperature per site were from 30-year averages from July through October and used to 
represent variation among sites. Model is to predict the number of dengue cases in a certain 
radius around the trap site in 2014.  
 
 
Table 2. Comparison of models using average wing length of only parous females per site. 
Water vapor pressure (WVP) and temperature per site were from 30-year averages from July 
through October and used to represent variation among sites. Model is to predict the number 
of dengue cases in a certain radius around the trap site in 2014.  
 
 
Table 3. Comparison of models using average wing length from all females per site. Water 
vapor pressure (WVP) and temperature per site were from 30-year averages from July through 
October and used to represent variation among sites. Model is to predict the number of dengue 
cases in a 500m radius around the trap site in 2014.  
 
 
Table 4. Comparison of models not including wing length.  
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Table 1: Comparison of models using average wing length of the oldest females per site. 

 

 

Dependent 

Variable 
Independent Variables R2 AIC df 

Dengue within 
100m 

Length (oldest),  
WVP, Temp.,  

Avg. # Females per site. 
0.43 91.13 23 

Dengue within 
250m 

Length (oldest),  
WVP, Temp.,  

Avg. # Females per site. 
0.51 134.76 23 

Dengue within 
500m 

Length (oldest),  
WVP, Temp.,  

Avg. # Females per site. 
0.60 189.94 23 
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Table 2. Comparison of models using average wing length of only parous females per site.  
 
 

Dependent 

Variable 
Independent Variables R2 AIC df 

Dengue within 
100m 

Length (parous),  
WVP, Temp.,  

Avg. # Females per site. 
0.44 98.29 26 

Dengue within 
250m 

Length (parous),  
WVP, Temp.,  

Avg. # Females per site. 
0.45 149.82 26 

Dengue within 
500m 

Length (parous),  
WVP, Temp.,  

Avg. # Females per site. 
0.64 200.40 26 
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Table 3. Comparison of models using average wing length from all females per site.  
 
 

Dependent 

Variable 
Independent Variables R2 AIC df 

Dengue within 
100m 

Length (all),  
WVP, Temp.,  

Avg. # Females per site. 
0.44 98.51 26 

Dengue within 
250m 

Length (all),  
WVP, Temp.,  

Avg. # Females per site. 
0.44 150.28 26 

Dengue within 
500m 

Length (all),  
WVP, Temp.,  

Avg. # Females per site. 
0.64 200.78 27 
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Table 4. Comparison of models without including wing length. 

 
 

Dengue, 250m R2 AIC df 

Num. fems. per site,  
WVP (Satellite),  
Temp (Satellite). 

0.42 147.99 26 

WVP (Satellite),  
Temp (Satellite). 

0.19 186.83 31 
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FIGURES 

 

 

Figure 1: Collection sites in Hermosillo, 2013 and 2014. a) Collection sites in 2013. b) Collection 
 sites in 2014. 
 

 

Figure 2: Average body size at each collection site. a) Average body size by site in 2013. b) 
 Average body size by site in 2014. 
 

 

Figure 3: Path analysis using all females per site to predict dengue incidence. Wing length, 
 abundance, and dengue case data were from 2014, only.  
 

 

 

 

 

 

  



 129

Figure 1:  
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Figure 2: Average body size at each collection site.  
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Figure 3: Path analysis using average wing length of all females per site to predict dengue 

 incidence. 

 

 

 
 

 

 


