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The monitoring of mosquito populations within an arbovirus surveillance program relies 

on a good understanding of the processes that drive the dynamics of the population.  The main 

goals of this study were to help improve our understanding of the causes of variation in the age 

structure of mosquitoes and study the factors that affect our ability to estimate and interpret 

mosquito infection rates in the field.  The mosquito Culex nigripalpus is one of the most 

important vectors of arboviruses in Florida.  The results of a field and a modeling study that 

investigated environmental causes of variation in the age structure of Cx. nigripalpus are 

presented here.  Age structure is of epidemiological importance because only a subset of 

mosquitoes will be capable of transmitting virus and this depends on an interaction between 

physiological and calendar age.  The field study results supported that dry periods followed by 

heavy rains could cause important increases in the proportion of parous females that could be 

potentially infected and looking for a bloodmeal.  In contrast, the proportion of parous females 

declines 7-14 days after heavy rains due to the emergence of young mosquitoes.  The modeling 

study suggested that mosquito behavior, weather, and landscape complexity are all important 

factors that introduce variability in the chronological age distribution of unfed parous females.  
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There was more variability in age and older ages became more common, when weather 

conditions were dry or cool, when mosquitoes were assumed to be less efficient in finding 

resources, and when the landscape was more complex.  Environmental changes have the 

potential to modify Cx. nigripalpus age structure, but more research is needed on how mosquito 

behavior affects age distribution.  Biological factors such as daily mosquito survival and virus 

titer variation in mosquitoes introduce errors in estimates of infection and hinder their use as 

surveillance indicators.  Methodological aspects such as sample size and type of viral assay also 

introduce biases that result in frequent underestimation of the true arboviral infection rate in a 

mosquito population.  Age variability in mosquitoes has environmental and behavioral causes 

which deserve further study. 
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CHAPTER 1 
GENERAL INTRODUCTION 

The State of Florida has a considerable network of agencies dedicated to mosquito control 

and to the surveillance of mosquito-borne arboviruses (Florida Department of Health 2009).  

There are at least three mosquito-borne arboviruses that can cause human and animal disease in 

Florida:   St. Louis encephalitis virus, eastern equine encephalitis virus, and West Nile virus 

(Rutledge 2004).  The surveillance of these arboviruses in the state is conducted in an integrated 

program that includes monitoring of arboviral seroconversions in sentinel chickens, weather 

patterns, mosquito abundance, mosquito population age structure, and the incidence of human 

and animal disease (Florida Department of Health 2009). 

The surveillance of arboviral diseases is based on an understanding of the factors that 

interact to create conditions that increase the risk of arbovirus transmission to humans and 

domestic animals.  The primary objective of a surveillance program is to predict when and where 

arbovirus transmission is likely to occur at epidemic levels and then use this information for the 

implementation of prevention and control activities (Florida Department of Health 2009).  In 

Florida, extensive studies of the St. Louis encephalitis outbreak of 1990 have led to a good 

understanding of environmental and biological factors that can increase arbovirus transmission 

(Day and Curtis 1999, Shaman et al. 2003, Shaman et al. 2004, Day and Shaman 2008). 

The present work addressed topics that are relevant to mosquito surveillance.  The goals of 

this work were to (a) study the external causes of variation in the age structure of mosquito 

populations and (b) provide insights into how biological factors (such as mosquito survival and 

the variability of virus titers in mosquitoes of different ages) interact with methodological 

aspects which affect our ability to estimate mosquito infection rates in the field. 
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Variation in mosquito age is epidemiologically important because older mosquitoes are 

more likely to have completed the virus extrinsic incubation period (time from acquiring the 

virus to become infectious) rendering them capable of viral transmission.  The chronological age 

of an adult mosquito is the length of time since emergence from the last immature stage (Lehane 

1985).  The physiological age of an adult female mosquito is the number of gonotrophic cycles 

(time from bloodfeeding to egg lying) it has undergone (Detinova 1962).  The chronological age 

and the number of gonotrophic cycles are difficult to determine in field collected mosquitoes.  

Therefore, the proportion of mosquitoes that have completed at least one gonotrophic cycle 

(proportion parous) is used as a proxy for mosquito age calculations. 

Chapters 2, 3, and 4 of this dissertation report the results of studies on the age structure of 

Culex nigripalpus populations in Florida.  This mosquito has been identified as the main vector 

of St. Louis encephalitis and West Nile viruses in Florida, and a bridge vector of eastern equine 

encephalitis virus (Florida Department of Health 2009).  A review of the literature (Chapter 2) 

was conducted to highlight relevant aspects of the biology of Cx. nigripalpus and the importance 

of mosquito age and population age structure in arbovirus epidemiology.  A review of methods 

used to determine mosquito age and of modeling approaches for studying age structure are also 

included.   

A field and a modeling study of the age structure of Cx. nigripalpus were conducted.  The 

goal of the field study (Chapter 3) was to examine if environmental factors such as water table 

depth, drought index, rainfall, and temperature could help explain the observed variation in the 

proportion of parous Cx. nigripalpus in the field study.  Multivariate regression model to forecast 

changes in Cx. nigripalpus relative abundance and in the proportion of parous females were 

developed using field data. 
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The goal of the modeling study (Chapter 4) was to improve our understanding of the 

mechanisms behind variation in the chronological age structure of Cx. nigripalpus field 

populations.  An individual-based model was used to simulate the dispersal and foraging 

behavior of individual mosquitoes in heterogeneous environments.   Factors such as changes in 

relative humidity conditions and oviposition site availability were studied as possible causes of 

variation in the age distribution of unfed parous 1 and unfed parous 2 mosquitoes in the 

simulated populations. 

Chapter 5 is a theoretical study addressing how certain biological factors, such as mosquito 

survival and the variability of virus titers in mosquitoes of different ages, can affect the 

estimation of the proportion of mosquitoes in a population that are infected with a virus.  These 

biological factors, together with methodological limitations, often introduce biases in our 

estimates of infection rates in mosquito populations.  This may lead to an underestimation of the 

true infection rate in a mosquito population, reducing the applicability of estimated infection 

rates in surveillance. 

The final Chapter 6, is a discussion of how new knowledge of the causes of mosquito age 

variability, and the sources of error in the estimation of virus infection rates, can contribute to the 

surveillance of arboviral diseases.  Possible directions for future studies are also suggested. 
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CHAPTER 2 
Culex nigripalpus AND MOSQUITO AGE STRUCTURE:  REVIEW OF THE LITERATURE 

AND PROBLEM STATEMENT 

Culex nigripalpus Taxonomy and Distribution  

Culex nigripalpus Theobald is a Neotropical mosquito species.  It belongs to the insect 

order Diptera, the family Culicidae, subfamily Culicinae, genus Culex, subgenus Culex, and 

species nigripalpus (Darsie and Ward 2005). 

In the United States this species has been found in the southeastern states and Texas.  It has 

been recorded in the following countries:  Mexico, Guatemala, Belize, El Salvador, Honduras, 

Nicaragua, Costa Rica, Panama, Colombia, Venezuela, Guiana, Ecuador, Brazil, and Paraguay.  

In the Caribbean it has been recorded in the Greater and Lesser Antilles, the Bahamas, and 

Trinidad (Provost 1969, Nayar 1982).   

Culex nigripalpus in Florida 

Biology 

Culex nigripalpus is an abundant mosquito in Florida.  It is present throughout the year but 

its populations have a defined seasonality in the state.  Reproduction is low from January to 

March and the populations slowly build from April to June.  Rapid population increases typically 

occur with the onset of rainfall from July to October followed by a gradual decline from 

November to December (Provost 1969, Nayar 1982, Day and Curtis 1994).   

Culex nigripalpus is known for the opportunistic nature of its oviposition behavior.  The 

immature stages of this species have been found in numerous types of natural and artificial 

aquatic habitats, from lakes, grassy pools and ditches to artificial containers (Provost 1969, 

Nayar 1982).  During the rainy season in south Florida, this species often oviposits in the furrows 

and ditches of citrus groves, which provide a large-scale aquatic habitat thereby contributing to a 

rapid population increase during the summer and fall (Day and Curtis 1994).   
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The mean fecundity on a single reproductive cycle of Cx. nigripalpus females from 

laboratory colonies was estimated at 160 eggs (Nayar and Sauerman 1977) and 175 eggs in a 

different study (Edman and Lynn 1975).  Field caught females that were later fed and reared in 

the laboratory produced a higher mean fecundity of 273 eggs with a standard deviation of 57.13 

eggs (McCann 2006). 

The eggs of this species do not undergo quiescence or diapause and hatch immediately 

upon completing embryogenesis.  The time to egg hatch decreases as temperature increases, with 

times ranging from 122 to 126 hours at 15°C, down to 18 to 20 hours at 35°C (Nayar 1982). 

The duration of the immature stages of Cx. nigripalpus has been studied using Florida 

strains of this species.  Under laboratory conditions, it has been observed that it takes longer for 

these mosquitoes to complete the time from egg hatch to adult emergence when temperatures are 

low and larval crowding is high.  Even when larvae are crowded, increases in temperature and in 

food supply can reduce the time from egg hatch to adult emergence (Nayar 1968a).  For instance, 

at 27°C the time from egg hatch to adult emergence was 192 hours with 75 larvae per pan.  

When the temperature was increased to 32°C the time decreased to 177 hours.  When the food 

was doubled the emergence time was 149 hours (Nayar 1968a). 

The longevity of this species in nature is determined by physiological and environmental 

factors (Provost 1969).  In the laboratory, newly emerged females that were not offered 

carbohydrate nutritional resources survived until 80-90% of their glycogen reserves had been 

depleted, which occurred after 3 to 4 days (Nayar 1968b).  Female mosquito life span increased 

when nectar nourishment was provided (Provost 1969).  In a laboratory study, 50% of unmated 

Cx. nigripalpus females (kept at 27°C with unlimited sugar) survived 65 days (Nayar and 

Sauerman 1973).  More recent studies of first generation (F1) Culex nigripalpus in the laboratory 
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showed that mortality increased with temperature and decelerated at older ages.  Mosquitoes 

maintained at 35°C lived up to 20 days while mosquitoes maintained at 15°C lived up to 140 

days (Lord and LeFevre, unpublished data).  The physiological basis of aging in mosquitoes is 

not yet known (Styer et al. 2006).  Mosquito lifespan is also affected by hazards associated with 

daily events including:  oviposition, host defensiveness, bloodfeeding, searching flights, 

predation, rainfall, humidity, and the quality of resting sites (Provost 1969, Day and Edman 

1984, Day and Curtis 1994, Charlwood 2003). 

Adult Cx. nigripalpus have been described as “woodland mosquitoes” because they tend to 

fly and rest in densely vegetated areas like hardwood hammocks or swamps where relative 

humidity remains high (Bidlingmayer 1971).  The mosquitoes rest close to the ground or in the 

leaf litter where rain and dew accumulate, keeping the microhabitat saturated during the day.  

They will go into deeper concealment if the conditions are dry and hot during the day (Provost 

1969, Day and Curtis 1994).  Culex nigripalpus does commute into other areas in search of blood 

meals or oviposition sites and adults can be found flying in most environments including fields, 

agricultural sites, housing developments, trailer parks, and pine forests (Bidlingmayer and Hem 

1981).  Culex nigripalpus numbers dramatically increase in these open areas when rainfall and 

rising humidity make conditions more suitable for flight (Day and Carlson 1985, Day and Curtis 

1994).   

Preferred mosquito resting sites might be those that provide the greatest amount of shade 

and are not necessarily closer to vertebrate hosts (Service 1971).  In California, Culex tarsalis 

females congregated at specific landscape features including citrus orchards and elevated patches 

of vegetation.  These resting sites were not necessarily associated with large concentrations of 

potential vertebrate hosts such as avian roosting sites or human dwellings (Lothrop and Reisen 
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2001).  Although this has not been studied in the field, evidence suggests that Cx. nigripalpus 

might not rest and bloodfeed in the same locations (Day and Curtis 1994).   

Culex nigripalpus is an opportunistic feeder and will take blood from any available 

vertebrate host.  Birds and mammals are usually preferred, but frogs, snakes, or turtles can also 

serve as hosts (Provost 1969, Nayar 1982, Day and Curtis 1994).  During the winter and spring 

in Florida, host selection favors birds, but with the onset of summer rainfalls (May-June) the 

proportion of mosquitoes that feeds on mammals increases (Edman and Taylor 1968, Edman 

1974).  The decrease in avian feeding is not associated with a decrease in the abundance of birds.  

One possible cause of this shift is a seasonal change in the availability of habitats into which 

mosquitoes can fly.  During the rainy season, an increasing number of mosquitoes fly into open 

grassy habitats where mammalian hosts such as cattle, horses, and rabbits are found (Edman 

1974). 

Culex nigripalpus is active during the night, with activity (flight) peaks during the evening 

twilight period up to 3 hours after sunset and just before sunrise (Provost 1969, Nayar and 

Sauerman 1973, Day and Curtis 1994).  Lunar illumination has a noticeable effect on the number 

of this species collected using truck, animal baited and suction traps, with more collected during 

the full moon than during the new moon (Bidlingmayer 1974).  The collections in open spaces 

are more affected by moonlight than collections under the forest canopy (Bidlingmayer 1971).  

Visual cues appear to be very important during navigation in flight and this species seems to be 

attracted to the presence of masses of vegetation:  more mosquitoes can be collected in forested 

areas than in open areas (Bidlingmayer and Hem 1980, 1981). 

A reduction in the number of Cx. nigripalpus collected has been observed when the 

temperature falls below 17-18°C (Bidlingmayer 1971, 1974).  As with other mosquito species, 
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trap collections of this species decrease with increasing wind velocity.  However, it is not known 

if the species could minimize wind effects by modifying the height at which it flies 

(Bidlingmayer 1974).  Numbers of Culex nigripalpus in traps have shown a positive relationship 

with day-to-day changes in relative humidity during days without rainfall (Dow and Gerrish 

1970).  Other studies have shown that these positive responses to humidity are best observed 

when using a New Jersey light-trap (Bidlingmayer 1974).  Wind tunnel laboratory experiments 

have also demonstrated that Cx. nigripalpus females prefer to oviposit at high humidity above 

90%, with reduced oviposition as humidity declines (Day et al. 1990). 

A laboratory study of the flight performance of Florida mosquito species showed that Cx. 

nigripalpus mosquitoes are strong-flyers (Nayar and Sauerman 1973).  In flight mill studies, Cx. 

nigripalpus flew at an approximate speed of 1000 m/h and, unlike other species, its flight speed 

was fairly consistent throughout the duration of each trial (4.5 h long).  This speed was 

maintained by some mosquitoes in subsequent weekly trials for up to 7 weeks.  Culex 

nigripalpus flew from 3 to 5 km during the first hour of a trial (Nayar and Sauerman 1973).   

The total area that a given mosquito will fly while looking for a specific resource is 

unknown, but in a mark-release-recapture study, the majority of Cx. nigripalpus mosquitoes that 

were released (82.4%) were recaptured within a 0.4 km radius from the release site (Nayar 

1982).  Weather conditions, wind direction and speed, the availability of nutritional sources, 

resting places and oviposition sites, will determine the extent to which a brood of mosquitoes 

will disperse after emergence (Nayar 1982).  There is field evidence suggesting that Cx. 

nigripalpus mosquitoes will disperse away from prime resting or oviposition sites during the 

summer and fall months and might not return during their life span (Day and Curtis 1994).  The 
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causes of this behavior are unknown but it can be speculated that mosquitoes disperse to exploit 

blood sources and oviposition sites in other areas.  

Culex nigripalpus mosquitoes respond positively to humidity and rainfall, and 

consequentially the populations grow during the summer and fall seasons in southern Florida.  

Laboratory experiments showed that this species is a strong flyer with long dispersal potential, 

and a long lifespan in comparison to other local species. 

Culex nigripalpus Population Structure and its Relation to Rainfall 

Culex nigripalpus abundance and the feeding and parity status of individual females were 

studied in Indian River County, Florida.  Periodical collections of resting mosquitoes were made 

in a cabbage palm-southern live oak hammock during the years 1985, 1986 and 1987 (Day et al. 

1990).  Mosquitoes were rare during the dry season, but abundant during the wet season (July 

through December).  During the rainy season, green (recently emerged) nulliparous mosquitoes 

were more commonly collected after an increase in the number of parous females.  This was 

reflected in a time series analysis where the abundance of green nulliparous was positively 

associated with the abundance of parous mosquitoes in the previous days.  The abundance of 

gravid Cx. nigripalpus peaked during dry periods between rainfall events.  A time series analysis 

confirmed the trend showing a negative correlation between gravid female abundance and daily 

rainfall 0-7 days prior to the day of collection (Day et al. 1990).  Previous laboratory studies 

showed that gravid Cx. nigripalpus females can retain eggs for long periods of time until 

oviposition sites become available (Day and Edman 1988).  Bloodfed females were more 

abundant in the hammock during 1985, the year when populations were highest.  The number of 

recently bloodfed females was positively associated with rainfall, presumably because increased 

rainfall and humidity produce conditions that favor host-seeking flights.  Thus, more mosquitoes 

had taken a bloodmeal prior to the aspirator collection (Day and Curtis 1989). 
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Rainfall affects the population structure of Cx. nigripalpus populations with respect to 

physiological status.  We could expect that the conditions of humidity and the availability of 

oviposition sites created by rainfall influence the time required by a female mosquito to complete 

a gonotrophic cycle (the time from taking a bloodmeal to laying eggs).  Environmental 

conditions could have an impact on the number and duration of these cycles.  

Culex nigripalpus as a Disease Vector 

After a St. Louis encephalitis virus (SLEV) epidemic started in Pinellas County, Florida in 

August 1962, mosquito surveillance studies incriminated Cx. nigripalpus as the primary 

epidemic vector.  This was due to its high abundance and relatively high overall infection rate 

during the epidemic:  1.06 infected mosquitoes per 1000 (Chamberlain et al. 1964, Dow et al. 

1964, Taylor et al. 1969).  Subsequent laboratory studies demonstrated the competence of this 

species to acquire and transmit SLEV (Sudia and Chamberlain 1964).  Similarly, during the 1990 

SLE epidemic in Indian River County, Florida, emergency mosquito collections estimated an 

infection rate during the epidemic of 1.1 infected mosquitoes per 1000 (Shroyer 1991).  Culex 

nigripalpus has also been recently identified as a vector of West Nile virus (WNV) in Florida 

(Blackmore et al. 2003, Rutledge et al. 2003, Vitek et al. 2008).   

Other viruses, including eastern equine encephalitis virus (EEEV) and Tensaw virus, have 

been isolated from Florida populations of Cx. nigripalpus (Taylor et al. 1968).  In addition to 

viruses, Florida Cx. nigripalpus have been found infected with Plasmodium hermani (wild 

turkey malaria), dog heartworm Dirofilaria immitis, and an avian poxvirus (Nayar 1982). 

Culex nigripalpus is a capable arbovirus vector in Florida due to its opportunistic blood-

feeding behavior and its ability to forage in diverse habitats (Day and Edman 1988). This species 

could maintain virus circulation among wildlife, domestic animals, and humans.  The association 

between Cx. nigripalpus and resident wild birds is of particular significance given that resident 
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passerine birds are the most important avian amplification hosts of SLE virus due to their 

competence and abundance (Day 2001, Shaman et al. 2003). 

The shift in Cx. nigripalpus feeding behavior to mammals during the summer and fall 

(Edman and Taylor 1968) might also significantly contribute to an increased risk of transmission 

of arboviruses such as SLEV, WNV, and EEEV in Florida.  Shifts in host feeding behavior are 

considered an important factor contributing to arbovirus epidemics in North America.  For Culex 

pipiens, a reduction in the proportion of mosquitoes feeding on birds, and an increase in the 

proportion of mosquitoes feeding on humans, coincides with an increase in the number of WNV 

human infections (Kilpatrick et al. 2005).   

Culex nigripalpus is also capable of retaining eggs for long periods until suitable 

oviposition sites become available (Day and Edman 1988).  This behavior and the species’ 

longevity could allow viruses to complete their extrinsic incubation periods and be transmitted to 

susceptible hosts before the mosquito’s death. 

Rainfall-Driven Population Dynamics of Culex nigripalpus in Florida and its Relation to 
Arbovirus Epidemics 

Florida Cx. nigripalpus populations have marked abundance cycles that are strongly 

correlated with seasonal changes such as temperature and rainfall (Provost 1969, Day et al. 1990, 

Shaman et al. 2003).  Rainfall has a strong effect on host feeding behavior, oviposition behavior, 

longevity, and population size of Cx. nigripalpus mosquitoes.  Temperature affects mosquito 

longevity, behavior, and the time for virus incubation.  All of those factors are important for 

virus transmission and therefore seasonal population dynamics of the vector species are crucial 

to understand epizootic and epidemic events.   

Culex nigripalpus abundance is associated with the expansion of aquatic habitats due to 

rainfall (Provost 1969, Shaman and Day 2005).  Heavy rainfall events of ≥50 mm within 3 days 
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have been found to correlate positively with increases in the abundance of Cx. nigripalpus 5-8 

days and 12-15 days after later (Day and Curtis 1993).  This amount of rainfall is the minimum 

necessary to produce temporary larval habitats that will last at least 7 days, allowing mosquitoes 

to complete their immature life cycle (Day et al. 1990).  As mentioned before, rainfall also 

increases near-surface humidity enhancing flight activity and host-seeking behavior, 

consequentially accelerating the reproductive cycle of the mosquito and increasing its abundance 

(Dow and Gerrish 1970, Day and Curtis 1989, Day et al. 1990, Shaman and Day 2005). 

Hydrological models have recently shown that high transmission rates of SLEV and WNV 

in south-central Florida are more likely to take place after a spring drought followed by constant 

summer rainfall (Shaman and Day 2005).  During droughts, especially those that occur during 

the Florida avian nesting season (April-June), Cx. nigripalpus populations become restricted to 

hammock habitats where many species of birds nest.  This overlap of vectors and avian 

amplification hosts makes an ideal environment for rapid epizootic amplification of arboviruses 

(Shaman et al. 2002a, 2003, 2005, Shaman 2007).  When the drought ends, usually in June, 

infected mosquitoes disperse and initiate secondary transmission foci away from the original 

amplification sites (Shaman and Day 2005).   

The 1990 Indian River County, Florida SLE epidemic provides evidence for the weather 

mediated mosquito-bird dynamics previously described.  It is believed that different bird species 

likely played dissimilar roles prior to the epidemic.  Their distribution in the landscape made 

them differentially available to Cx. nigripalpus for feeding.  Nesting northern cardinals 

(Cardinalis cardinalis) and blue jays (Cyanocitta cristata) were abundant within hammocks and 

were likely the avian species that initiated the amplification of SLEV during the epidemic.  

When wetter conditions allowed Cx. nigripalpus to disperse to the areas surrounding the 
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hammocks, they fed upon a population of susceptible mourning doves (Zenaida macroura) and 

common grackles (Quiscalus quiscula) that were nesting primarily in open habitats and were 

likely secondary amplification hosts (Shaman et al. 2003). 

Studies of mosquitoes in California have suggested that their populations will expand 

when conditions are favorable for dispersal and oviposition, but will contract into refuges (such 

as densely vegetated hammock habitats) during unfavorable conditions (Reisen et al. 1995).  

Rainfall patterns during the summer and fall months in south-central Florida determine the 

periodicity of the “expansion and contraction” cycles of Cx. nigripalpus populations.  During 

wet years, rainfall events are continuous and mosquito populations remain elevated and 

widespread because oviposition sites are abundant and available throughout the mosquito 

reproductive season (Day and Curtis 1989, 1994; Day et al. 1990).  During wet years, Cx. 

nigripalpus females can oviposit as soon as 4 days after a bloodmeal.  If oviposition sites are 

available these females can oviposit and seek a second bloodmeal in less than a week.  This 

means that during wet years when oviposition sites abound, female mosquitoes can go through 

up to three gonotrophic cycles during the 10-14 day virus extrinsic incubation period (Day 1997) 

required for a mosquito to become infective.  It is unlikely that many female mosquitoes can 

survive this rapid-fire reproductive schedule due to increased stress associated with flight, 

predator avoidance, and the location of suitable daytime resting sites and oviposition sites.  Many 

females will die before the virus extrinsic incubation period is complete and before they are 

capable of transmitting the virus.  Therefore higher mosquito abundance during wet years will 

not necessary yield higher arboviral transmission rates (Day and Curtis 1994).  

When rainfall events are intermittent, oviposition sites may persist long enough for the 

emergence of one mosquito brood, but dry up before newly gravid females can oviposit, forcing 
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them to wait for the next rainfall event.  If the dry period lasts between 10-20 days the viral 

incubation could be completed by females during a single gonotrophic cycle.  Intermittent epic 

rainfall events will synchronize Cx. nigripalpus oviposition, blood feeding, and virus 

transmission (Day et al. 1990, Day and Curtis 1994).   

Mosquito Age, Survival, and Population Age Structure: Epidemiological Relevance 

The chronological age of an adult female mosquito is the amount of time since adult 

eclosion (Lehane 1985).  The physiological age of an adult female mosquito is the number of 

gonotrophic cycles it has undergone (Detinova 1962).  A gonotrophic cycle is the time period 

between a bloodmeal and oviposition (Clements 2000).  Physiological age does not correspond 

to chronological age (Klowden and Lea 1980).  For instance by this definition, a three week old 

nulliparous mosquito would be categorized as “physiologically young” by this definition, while a 

1 week old parous mosquito will be “physiologically old.”  In spite of this, the determination of 

physiological age is the most widely used methodology to age adult female mosquitoes collected 

in the field, given that chronological age is difficult to establish with certainty (methods are 

explained in the next section). 

Measuring the age of insects is important to estimate rates of population increase, to 

understand age-dependent changes in behavior, to estimate the proportion of potential insect 

vectors that have completed the extrinsic incubation period of a pathogen, and to estimate the 

expected mean duration of the infective life of the insect (Lehane 1985, Milby and Reisen 1989, 

Hayes and Wall 1999).   

In the case of mosquitoes, the estimation of physiological age remains the most widely 

used method to study the age structure of populations and to estimate mosquito survival.  

Survival is an important parameter that influences vectorial capacity because it determines the 

duration of the infective life of a mosquito.  Vectorial capacity is defined as the daily rate at 
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which future infections arise from a currently infective case (Dye 1986, Milby and Reisen 1989).  

The expression and term vectorial capacity were developed for malaria epidemiology by Garrett-

Jones (1964), based on the work of Ronald Ross and George Macdonald (Dye 1986) and it can 

be expressed as follows:  

 
,  (2-1) 

where C is the vectorial capacity, m is the number of female mosquitoes per person, a is the daily 

biting rate of female mosquitoes on humans, b is the fraction of infectious females, p is the daily 

survival rate of female mosquitoes, and n is the time in days from acquiring the parasite until the 

parasite reaches the salivary glands and the mosquito is capable of transmission.  This time 

period (n) is known as the extrinsic incubation period.   

The duration of the gonotrophic cycle can impact the magnitude of the vectorial capacity in 

a multiplicative way.  The daily biting rate a can be expressed as the ratio between the proportion 

of bloodmeals taken on humans also known as the Human Blood Index (HBI), and the duration 

of the gonotrophic cycle g (Lardeux et al. 2008): 

 .   (2-2) 

Thus C can be rewritten as: 

⁄
 

. (2-3) 

The value of C decreases by the square of the length of the gonotrophic cycle.  The 

vectorial capacity is related to the basic reproductive number, R0, which is the expected number 

of people that will become infected after one generation of the parasite by a single infectious 

person introduced to a susceptible population (see review by Smith et al. 2007).  The R0 includes 

both host and vector factors and is expressed as follows: 
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 , (2-4) 

where C is the vectorial capacity, t is the probability that a human becomes infected from a bite 

by an infectious mosquito, u is the probability that a mosquito becomes infected from a bite on 

an infected human, and 1/r is the time necessary to clear an infection (Smith et al. 2007). 

Gordon-Smith (1987) provided modifications to the expression of the basic reproductive 

number for mosquito-borne arboviruses and called it the “reproduction rate of the infection” (R).  

An important consideration about arboviruses such as SLEV, WNV, and EEEV is that these 

viruses infect various species of vertebrate host.  However, only a few species serve as reservoirs 

for the long-term maintenance of the virus and these are known as maintenance hosts (Edman 

2004).  The “reproduction rate of the infection” (R) is defined as the average number of 

vertebrate maintenance hosts infected by mosquitoes that became infected on a single vertebrate 

maintenance host (Gordon-Smith 1987).  The R takes into consideration the fraction of meals 

taken exclusively on maintenance hosts by mosquitoes: 

 
 

, (2-5) 

where m is the average daily number of mosquitoes per vertebrate maintenance hosts, a is the 

average daily biting rate of mosquitoes on vertebrate maintenance hosts, h is the average 

proportion of mosquitoes biting vertebrate maintenance hosts, sm is the proportion of mosquitoes 

susceptible to infection, v is the average duration in days of infective viremia in vertebrate 

maintenance hosts, sv is the proportion of vertebrate maintenance hosts susceptible to infection, p 

is the mosquito daily survivorship, and n is the time that it takes a mosquito to become 

infectious.   

The parameters a and p in Equations 2-1 and 2-4, are both related to mosquito age.  The 

daily biting rate (a) could be estimated as the inverse of the average number of days between 



 

32 

bloodmeals, which is the duration of one gonotrophic cycle.  Mosquito survival p is usually 

estimated from the proportion of parous females in the population (as it will be explained below), 

which is the proportion of females that have completed at least one gonotrophic cycle. 

The vectorial capacity is highly sensitive to the mosquito daily survival rate p (Garrett-

Jones 1964).  The term pn/-ln(p) has been called the “longevity factor” because it summarizes the 

aspects of vector survival (reviewed by Dye 1986, 1994).  This factor increases exponentially as 

p increases, thus a high increase in the magnitude of C occurs at the highest values of p (Table 2-

1).  This indicates that reductions in mosquito survival have an important impact in reducing the 

daily infection rates of a pathogen. 

The physiological age structure of a mosquito population can be defined as the frequency 

of female mosquitoes at different physiological stages.  A physiological stage is defined by the 

number of reproductive cycles completed by the female: a nulliparous females have completed 

no cycles, a parous 1 female has completed one cycle, etc. (Detinova 1968).  On the other hand, 

chronological age structure could be defined as the frequency distribution of age groups (e.g.,   

0-2 days old, >2-5 days old, etc.) in the population. 

Age structure has epidemiological significance.  The risk of pathogen or parasite 

transmission increases as the mosquito population increases and becomes widespread.  However, 

this must be accompanied with an increase in the number of females that have lived long enough 

to become infective (Detinova 1968, Day 2001, Eldridge 2004).  Age structure is also important 

for practical applications.  Reductions in the proportion of parous mosquitoes can provide some 

indication if the older mosquitoes in the population were successfully targeted during insecticide 

applications (Bown et al. 1991).  Similarly, the presence of parous mosquitoes in insecticide 

treated areas can indicate areas that were not covered by insecticide treatments or avoidance of 
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the treated areas by mosquitoes (Detinova 1968).  Recently developed mosquito control methods 

aim to change the age structure of the mosquito population with the introduction of some strains 

of the bacteria Wolbachia that can shorten the life span of individual mosquitoes (Cook et al. 

2008).  A better understanding of age structure and improved methods for age determination are 

necessary to evaluate the success of such novel mosquito control strategies.  Wolbachia infected 

mosquitoes are also being considered as transgenic drivers for the introduction of genes that 

block parasite transmission.  Modeling studies have suggested that mosquito age structure in the 

field should dictate the number and the stage at which the Wolbachia transgenic mosquitoes 

should be released to improve the probability of a successful introduction (Rasgon and Scott 

2004). 

Methods to Measure Adult Female Mosquito Age 

The majority of techniques to measure the age of adult insects rely on the study of 

physiological changes in the body (fat bodies, reproductive organs), observation of wear in the 

cuticle, or observation of cuticular growth bands (Lehane 1985, Hayes and Wall 1999).  

Biochemical techniques such as measurement of the accumulation of pteridines in the head 

capsule (Lehane 1985, Hayes and Wall 1999), the temporal changes in the concentration of 

cuticular hydrocarbons (Desena et al. 1999), and more recently, changes in the expression of 

certain age dependent genes have also been used to quantify the physiological age of mosquitoes 

(Cook et al. 2006).  After age grading the insects, different models and assumptions exist to 

estimate survival rates for a particular population.  The following is a review of some of the 

techniques used to age adult female mosquitoes and to calculate their survival rates.  These 

methodologies have been helpful to parameterize mathematical models of mosquito population 

dynamics and pathogen transmission, to understand mosquito population structure in the field, 

and to monitor the success of vector control campaigns (Lehane 1985, Hayes and Wall 1999). 
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Detinova (1962) offers a review of methods to determine the physiological age of female 

Anopheles mosquitoes in a monograph that is considered a classical reference on the subject.  

Among the many methods available, the most widely used are based on the observation of the 

irreversible changes that occur to the ovaries after the completion of a gonotrophic cycle 

(Detinova 1962, Lehane 1985, Hayes and Wall 1999).  The method developed by Povolodova 

(1949, cited by Detinova 1962) observes the stretching of the ovariole sheath resulting from egg 

growth which subsequently leaves behind dilatations in the sheath after the egg is shed.  These 

dilatations are permanent and can be counted, and there is some correlation between the number 

of ovarian cycles completed and the number of dilatations (Detinova 1962, Lehane 1985, Hayes 

and Wall 1999).  However, variation in the numbers of dilatations is introduced due to other 

factors, such as follicle degeneration and egg resorption making the method unreliable for 

physiological age determination (Nayar and Knight 1981, Lehane 1985, Hugo et al. 2008). 

Another method is the observation of changes in the tracheal system of the ovaries, which 

can be used to classify female mosquitoes as nulliparous or parous.   In nulliparous females, the 

tracheoles that supply the ovaries with oxygen are tightly coiled (skeins), but they become 

distended after the first batch of eggs is developed (Detinova 1962, Lehane 1985).  This method 

has the disadvantage that some ovaries can show an intermediate status with coiled and uncoiled 

tracheoles found in the same ovary making the classification difficult and subject to biases 

introduced by the examiner (Hugo et al. 2008). 

Other recent methods have been developed to estimate chronological age, such as the 

analysis of proportional changes of two or more cuticular hydrocarbons in the legs of a mosquito 

as it ages.  The relative abundances of hydrocarbons are modeled as a function of mosquito age 

to produce age predictive models (Desena et al. 1999).  Laboratory studies of this technique 
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(Desena et al. 1999) as well as field validation studies (Gerade et al. 2004), have shown that the 

age of Aedes aegypti females can be predicted only up to 12-15 calendar days.  The age of 

mosquitoes older than 15 days cannot yet be determined with this method as hydrocarbon 

contents are less variable.  This prediction threshold can vary with the mosquito species under 

study and some species, like Aedes vigilax, do not show any relationship between hydrocarbons 

and age (Hugo et al. 2008). 

The use of gene-transcript abundance profiles to estimate mosquito chronological age was 

possible after identification of genes that show age-dependent expression in Ae. aegypti (Cook et 

al. 2006).  These genes are not influenced by the mosquitoes’ digestive status, reproductive 

status, or environmental conditions.  Information collected from eight Ae. aegypti genes showed 

a strong relationship between transcriptional profiles and age with 87.03% of the variance 

explained by age and with age estimates from blind samples falling within ±5 days of the actual 

age.  The performance of this method was an improvement from cuticular hydrocarbons whose 

quantitative profiles had only 68.97% of their variance explained by age and estimates from 

blind samples falling within ±10 days of actual age (Cook et al. 2006). 

Nelson (1966) compared two methods (Povolodova’s sheath dilatation presence/absence 

and Detinova’s tracheal coiling presence/absence) to determine parity status of Cx. tarsalis.  The 

study did not attempt to determine the number of gonotrophic cycles, citing that it had previously 

been determined that the number of sheath dilatations in Cx. tarsalis did not correspond to the 

number of oviposition events. The study showed that both methods allowed a good identification 

of nulliparous and parous mosquitoes (96-99% correct classification), although there was an 

advantage in using dilatation when there was yolk deposition in the ovarioles that obscured the 

tracheal coiling. 



 

36 

Nayar and Knight (1981) compared the Povolodova and the Detinova methods to study 

their reliability to verify the nulliparous status of recently emerged Cx. nigripalpus mosquitoes.  

They observed that within 4 days of emergence there were no dilatations in the ovariaole, but 

after one week, 50% of colony reared nulliparous females had developed one dilatation in the 

ovariole, and that the number of dilatations in nulliparous mosquitoes increased with time.  

When they compared both methods in the same mosquitoes using one ovary for each method, 

they found that they provided similar results within a 4 day period after emergence, but the 

Detinova method provided more reliable results beyond that period.   

Hugo et al. (2008) compared various methods to determine physiological age in Ae. vigilax 

and Cx. annulirostris.  Among the methods used were the Detinova method for ovarian tracheal 

coiling and the Povolodova method for the number of dilatations in the sheath (up to 3 

dilatations).  For Ae. vigilax more than 80% of females were correctly classified into the 

nulliparous and parous categories by the Detinova method.  A large percentage of samples was 

classified as indeterminate (more than 30%), and some could not be classified at all (8%) due to 

residues that obscured the tracheoles.  The use of the Povolodova method was more difficult and 

time consuming and only about 58% of the samples were correctly classified in the categories 

nulliparous, parous 1, parous 2, and parous 3 (Hugo et al. 2008).  Culex annulirostris was only 

evaluated using the Povolodova method.  As with Ae. vigilax, this method was found time 

consuming and only a small percentage of ovarioles could be detached intact for observation.  

Almost all ovarioles from nulliparous females lacked sheath dilatations.  Only 40% of the 

ovarioles from parous 1 females showed 1 dilatation (the rest showed from 0 to 3 dilatations), 

29% of ovariaoles from parous 2 females showed 2 dilatations, and 16% of ovarioles from 
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parous 3 females showed 3 dilatations.  The method was considered extremely difficult to 

implement and with low discriminatory value. 

Ovary dissections to differentiate between parous and nulliparous stages remains the more 

practical and inexpensive method to estimate the physiological age of mosquitoes.  The Detinova 

method has been found to have a good classification rate for Culex mosquitoes (Nelson 1966, 

Nayar and Knight 1981, Reisen et al. 1986).  Until the newly developed methods to determine 

chronological age (cuticular hydrocarbons, age-specific gene expression) become more refined 

and less costly (Hugo et al. 2008), ovary dissections will continue to be used for coarse 

determinations of mosquitoes’ physiological age. 

Methods to Estimate Survival Rates 

The survival rate is an important parameter of mosquito populations that can give an 

indication of the expected duration of the infective life of mosquitoes.  Survival rates can be 

estimated based on mosquito age or by direct measurements of the proportion of mosquitoes in a 

cohort that survive over successive days.  

Methods based on age determination 

The survival rate can be calculated from the estimates of the proportion of parous females 

in a population at a particular location and time.  If the survival rate (p) is assumed to be constant 

(not age dependent), survival can be calculated as the gth root of the parous proportion, where g 

is the length of the gonotrophic cycle (Davidson 1954): 

.  (2-6) 

Prior knowledge of the duration of the gonotrophic cycle is necessary.  This method 

assumes a stationary age structure for the population (birth or immigration rates equal to death or 

emigration rates), accurate identification of the nulliparous versus parous individuals, equal 
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probability of sampling all physiological age groups in the population, transition between age 

groups occurs synchronously, the time between age groups is relatively constant and can be 

determined (Milby and Reisen 1989), and that g is constant over the relative time period and 

between individuals. 

Survival rates can also be estimated from the analysis of daily collections of mosquitoes 

classified as nulliparous or parous (Birley and Rajagopalan 1981, Holmes and Birley 1987, Lord 

and Baylis 1999).  The number of parous females at time t (Pt) is the product of the total number 

of mosquitoes alive in the previous gonotrophic cycle (Tt-g, where g is the length of the 

gonotrophic cycle), multiplied by the proportion that survived the cycle (S) (Holmes and Birley 

1987): 

 , (2-7) 

, (2-8) 

where Nt is the number of parous females at time t.  S can be estimated by regression of Pt on Tt-g 

(Lord and Baylis 1999).  Assumptions of the model include equal probability of sampling all 

physiological age groups in the population, a constant survival rate, minimal loss of individuals 

due to emigration, and little variation in the length of the gonotrophic cycle between individuals 

(Lord and Baylis 1999).  Simulation models were used to determine that the accuracy of the 

survival rate estimate is high for time series of 10-100 days and that sampling biases for different 

age groups reduce the accuracy of the estimate (Lord and Baylis 1999). 

Clements and Paterson (1981) presented a tabular method to calculate the mortality rate at 

different physiological ages estimated using the Povolodova method.  However, given the 

inaccuracies of the Povolodova method, the calculation of survival rates at different 

physiological age groups is probably unreliable.  Clements and Paterson (1981) calculated the 
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mortality rate (µ) for an intermediate physiological age group (parous “1.5” for instance), as the 

difference between the logarithm of the number of individuals of the previous age group (parous 

1) minus the logarithm of the number of individuals in the next age group (parous 2): 

. ln ln . (2-9) 

Methods independent of age determination 

One field based method to estimate mosquito survival that does not depend on age 

estimation uses the mark, release, and recapture of individual mosquitoes in a cohort.  Survival is 

estimated using the number of recaptures on successive days.  If the daily survival rate (p) is 

assumed to be constant, the number of marked mosquitoes recaptured on each day (mt) is a 

function of the number of released mosquitoes (M0), recapture rate (r) and time since release (t) 

(Milby and Reisen 1989):  

. (2-10) 

The daily survival rate can be calculated with a least squares regression of the logarithm of 

the previous function: 

ln ln ln .  (2-11) 

Assumptions of this method include that the marking does not affect survival and behavior 

of the mosquitoes, the mark is visible throughout the mosquito’s lifetime, the mosquitoes have 

the same likelihood of being sampled on each day of their life, and that loss of individuals due to 

emigration is minimal (Milby and Reisen 1989). 

All methods for survival rate estimation rely on assumptions which are perhaps difficult to 

meet, such as stationary age structure and minimal emigration.  The method chosen should be 

selected based on the biology of the species under study.  For a species like Cx. nigripalpus, 

known for its dispersal behavior, mark-release-recapture methods have proven challenging (Day 
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and Carlson 1994).  Yet methods based on daily collections, which assume minimal emigration, 

might not be appropriate.  Parity rates can be practically estimated for Culex mosquitoes using 

the Detinova method.  Therefore the Davidson (1954) method to estimate survival could be 

applied.  However, little is known about the variation of the duration of the gonotrophic cycle 

under different conditions or if the age structure is stationary.  If the age structure is not 

stationary we cannot assume that individuals in different age groups have the same probability of 

being sampled in consecutive days.  This would make our estimates of survival not comparable 

from time to time.  Variations over time on the duration of gonotrophic cycles could contribute 

to non-stationary age structure, thus we need more information on the conditions that would 

introduce more variability in the duration of mosquito gonotrophic cycles.  In spite of these 

difficulties, the method based on parity proportions could provide an insight into the survival 

rates for this species. 

Factors Affecting Physiological and Chronological Age Structure in Mosquitoes 

Physiological age structure could be primarily influenced by the time it takes for female 

mosquitoes to complete a gonotrophic cycle, by their daily survival, and by the timing of 

emergence of new individuals (Detinova 1968).  Similarly, chronological age structure could be 

influenced by mosquito survival and variations in the emergence of larval cohorts. 

Some environmental factors have been found to be correlated with temporal variations in 

physiological age structure for some mosquito species.  Changes in parity rates of female Culex 

tarsalis were correlated positively with temperature (Reisen et al. 1983).  A negative correlation 

between parity and rainfall was observed for Anopheles stephensi, and a negative correlation 

between parity and temperature was found for Culex tritaeniorhynchus (Reisen et al. 1986).  

Weather conditions could be associated with favorable (or unfavorable) conditions for mosquito 

flight, which might influence the proportion of females ovipositing and becoming parous.  For 



 

41 

example, warmer temperatures could stimulate flight in gravid females while cooler temperatures 

can reduce mosquito activity.  This could result in less gravid females ovipositing and becoming 

parous during periods of cool temperatures. 

Mosquito daily survival can decrease with increasing mosquito age.  A laboratory study of 

Ae. aegypti (Styer et al. 2006) found that mosquitoes 10 days or older have higher mortality than 

younger mosquitoes, but mortality decelerates for the oldest individuals (age range studied was 0 

to ~60 days).  The mortality of Cx. nigripalpus also shows a deceleration at older ages, with the 

rate being dependent on temperature: mosquitoes reared at 35°C lived up to 20 days while 

mosquitoes reared at 15°C lived up to 140 days (Lord and LeFevre, unpublished data).   

Activities will expose the mosquito to different mortality hazards (Provost 1969, Day and 

Edman 1984, Day and Curtis 1994, Charlwood 2003).  Increases in daily mortality will 

decreased the lifespan of mosquitoes and affect the chronological age structure of the population.  

It could also affect the physiological age structure by decreasing the proportion of females that 

complete reproductive cycles.  Host-seeking mosquitoes are exposed to predators, weather 

hazards (wind and rain), and host defensive behavior.  Similarly, gravid mosquitoes may have a 

higher mortality rate than resting mosquitoes due to the risks posed by search flight and 

oviposition.  Resting mosquitoes also face such hazards as predators and desiccation (Charlwood 

2003).  If the frequency of activity (flying, biting, and oviposition) of the mosquitoes is 

increased, their exposure to hazards might also increase.  The duration of the gonotrophic cycle 

will determine how often mosquitoes would need to be active, and the heterogeneous distribution 

of resources probably dictates how long it would take mosquitoes to find a bloodmeal or 

oviposit. 
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One of the best known factors that affects the duration of the gonotrophic cycle is 

temperature.  This is because blood digestion rate and the time for egg development are both 

influenced by temperature (Clements 2000).  The mean length of the gonotrophic cycle of 

Anopheles albimanus was shown to be significantly shorter for mosquitoes reared at 30°C (2.88 

d) versus 24°C (3.68 d) (Rua et al. 2005).  The mean duration of the gonotrophic cycle for Aedes 

albopictus was also temperature dependent, with significant reductions in length from 20°C (8.1 

d), to 25°C (4.5 d), and to 30°C (3.5 d), and an increase at 35°C (4.4 d) (Delatte et al 2009).  The 

non-linear relationship could be due to a negative impact of higher temperatures on egg 

development.  In a field study in Kenya (Afrane et al. 2005), the duration of the first and second 

gonotrophic cycle of Anopheles gambiae was studied using caged, bloodfed mosquitoes placed 

inside houses of a highland village in a forested area and compared to mosquitoes placed inside 

houses of a lowland village of a deforested area.  The temperatures were monitored inside the 

houses and it was determined that microclimatic differences affected the duration of the 

gonotrophic cycle.  Higher temperatures were observed indoors in the deforested areas (1.8°C 

higher in the dry season and 1.2°C higher in the rainy season) than in the forested areas.  These 

differences led to gonotrophic cycles that were between 1-1.5 days shorter in the deforested areas 

(Afrane et al. 2005). 

Environmental factors such as temperature influence mosquito survival and the duration of 

the gonotrophic cycle.  Less is known about how the distribution of resources in space and their 

abundance affects the time to complete a gonotrophic cycle, the time needed to search for a 

vertebrate host, or an oviposition site.  There is little information on how efficient mosquitoes are 

in searching for these resources.  
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Mosquitoes will become active and try to find resources only under certain environmental 

conditions.  In the case of Cx. nigripalpus, flight activity, blood feeding and oviposition are 

stimulated by high relative humidity ≥ 90% (Dow and Gerrish 1970, Day and Curtis 1989, Day 

et al. 1990).  Flight activity decreases in temperatures below 17-18°C (Bidlingmayer 1974).  

Culex nigripalpus collections have been found to decrease by 23% for each 0.1 mps increase in 

wind velocity, and they increase by 1.6-1.8% above new moon catches as the moon illumination 

progresses to full moon in a 14 day period (Bidlingmayer 1985). 

When the conditions are favorable for mosquito flight, mosquitoes locate resources with a 

combination of visual and chemical cues (Allan et al. 1987, Day 2005).  Some mosquito species 

use vegetation patterns for flight orientation (Bidlingmayer and Hem 1980, 1981).  Vertebrate 

host odor plumes (CO2 and other chemicals such as lactic acid), host movement, size, 

temperature, and color are all important for host location (Day 2005).  Light reflectance over the 

water surface, chemical and organic composition of the water, and size and shape of artificial 

containers have been found as relevant factors for oviposition site identification and selection for 

certain mosquito species (O’Meara et al. 1989, Allan et al. 2005, Day 2005).  We do not know 

much about the functional relationship between resource abundance and the rates at which 

mosquitoes find resources in the field. 

With respect to mosquito feeding success, laboratory studies have found that some 

mosquito species can experience high mortality and low feeding success depending on the 

vertebrate host species on which they try to feed.  Experiments where a single host was exposed 

to mosquitoes in a cage showed that vertebrate hosts can potentially inflict high mortality on 

mosquitoes (Day and Edman 1984).  Among four vertebrate hosts used in a study (Mus 

musculus, Peromyscus maniculatus, hamster, and domestic chicken), hamsters generally inflicted 
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less mortality when left unrestrained in the cages with the mosquitoes.  The recovery rates of 

mosquitoes ranged from 0% (100% mortality for Anopheles stephensi in trials with unrestrained 

M. musculus and P. maniculatus) to 93% (7% mortality for Culex quinquefasciatus mosquitoes 

exposed to unrestrained hamsters).  When testing Cx. nigripalpus using unrestrained vertebrate 

hosts, the recovery rates ranged from 30-70%, but feeding was only achieved on chickens by 

20% of the surviving mosquitoes.  Mosquito biting persistence can decline as hosts become 

defensive, as was observed for Aedes triseriatus biting a human hand (Walker and Edman 1985). 

In a different study, a negative relationship was observed between mosquito density and 

feeding success:  the percentage of Cx. nigripalpus females feeding on avian species decreased 

as the number of mosquitoes in the cage increased (Edman et al. 1972).  Some avian species 

showed a more aggressive defensive behavior (white ibis and cattle egret) allowing only ~50% 

of mosquitoes to feed at the lowest mosquito densities (25 mosquitoes/cage with <80% 

mosquitoes recovered) while the less defensive avian species (black crowned night heron and 

green heron) allowed ~90% of mosquitoes to feed at the lowest densities (25 mosquitoes/cage 

with >90% mosquitoes recovered).  Bloodfeeding success declined steadily as mosquito density 

increased (Edman et al. 1972).  

In summary, the time to complete a gonotrophic cycle is not only a function of 

temperature. The availability of resources and the rate at which mosquitoes find and use those 

resources, will affect the duration of the gonotrophic cycle.  Additionally, mosquitoes have to 

survive the hazards in their environment.  The interrelations between mortality (age dependent 

and age independent), resource search behavior, and environmental variability have rarely been 

explored.  The interaction among those factors could affect the proportion of females completing 

gonotrophic cycles and the time that it takes to complete each cycle.  A field study (Chapter 3) 
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was conducted to determine if variation in rainfall patterns influences the proportion of parous 

Cx. nigripalpus in the population.  If rainfall influences the age structure, this could support that 

changes in resource availability (such as oviposition sites) and the effects of humidity on 

mosquito activity, affects how many females are completing gonotrophic cycles.  In addition, a 

modeling study (Chapter 4) addressed how mortality, search behavior, and environmental 

conditions could affect the age structure (chronological and physiological) of a simulated Cx. 

nigripalpus population. 

Modeling Population Age Structure 

The reproductive status of a population, birth and death rates, and the persistence of the 

population in the future are influenced by the ages of the individuals that compose the 

populations (Yazdani and Agarwal 1997).  There are various approaches to the study of age 

structure.  Life table studies emphasize the discovery of the patterns of growth, survival, death, 

and movement of organisms.  On the other hand, population dynamics study the causes of these 

patterns (environmental, biological) (Price 1997).  Following is a review of some population 

dynamics modeling approaches that incorporate age structure using insect examples with 

emphasis on mosquitoes.  Models are a simplification of the real systems they are attempting to 

represent and their structure depends on the questions of interest about the system.  In the 

following review, we emphasize how models can be used to study dynamic changes in 

populations, taking age structure into consideration. 

Leslie Matrix Population Models 

Leslie matrix population models are often used to include the effects of age structure to 

study the growth and age distribution of a population over time (Caswell 2001).  Leslie matrix 

population models use discrete time steps and discrete age classes, as opposed to continuous time 

and age.  Age classes are defined using the same width as the projection time step.  Projections 
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of the number of individuals in each age class (ni) are made on the basis of the probability that an 

individual on age class i survives to age class i+1 (Pi), and the per capita fertility of each age 

class (Fi) (Caswell 2001).  The following is the simplest form of the model for a population with 

three age classes (Caswell 2001): 

1  0 0
0 0

. (2-12) 

There are many modifications to the Leslie matrix model; one of the most important ones 

is the use of stages instead of discrete classes of calendar age.  For arthropods, the use of stage-

age models is common, given that it allows the incorporation of temperature effects into the 

probabilities of transition from one stage of development to the next.  For example, a stage-age 

model of the cabbage root fly in Europe (Söndgerath and Müller-Pietralla 1996) divided the 

population into four developmental stages (egg, larva, pupa, and adult), and for each of these 

stages an age structure was assumed.  Each stage had up to 120 age classes depending on the 

temperature.  A similar stage-age model exists for the citrus rust mite in Florida (Yang et al. 

1997).  Both the cabbage root fly and the citrus mite models, predicted the temperature 

dependent population growth of the organisms fairly well, and their use for pest management 

was suggested. 

 A model of the population dynamics of the mosquito Ae. aegypti used an approach similar 

to a matrix model called “dynamic life table” simulation (Focks et al. 1993).  This model used 

information on weather and aquatic habitats to simulate the population dynamics of container 

inhabiting mosquitoes.  The model divided the population into stages (egg, larva, pupa and 

adult).  The transition to the next stage was defined by a threshold of cumulative developmental 

units, which were a function of temperature (in the case of larvae, the transition to the pupal 
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stage was also a function of weight).  In this model, daily survival rates were calculated based on 

functions for each stage of development, and the fecundity of the females was a function of body 

weight (Focks et al. 1993).   The Ae. aegypti model provided predictions of the changes in 

immature mosquito abundance with relatively good agreement between observed and predicted 

data.   

Matrix models such as the one for Ae. aegypti provide a framework to study changes in the 

number of individuals in pre-specified age or stage classes.  However, they do not allow for the 

investigation of changes in age structure that might arise due to individual differences in 

behavior as a response to environmental changes.  Also, individual variability in chronological 

age cannot be taken in consideration. 

Age Structure in Continuous Time Models 

The population dynamics of insects can be modeled using compartmental models of 

differential equations that describe the changes in the numbers of individuals in each 

developmental stage (egg, larva, pupa, and adult) in continuous time.  Adult stages are usually 

not compartmentalized further in terms of age, but for some model applications the adult stage is 

structured in different compartments related to status (i.e., feeding status, infection status, etc.).   

A recent differential equation model of the dynamics of malaria mosquito vectors, 

incorporated developmental stage compartments and structured the female adult population on 

the basis of infection with the malaria parasite (susceptible, exposed, and infectious) (Hancock 

and Godfray 2007).  A lumped-age class technique was used and a single differential equation 

was used to describe the dynamics of the immature stages.  For the adult stage, the number of 

susceptible females was a function of the number of eggs laid in a previous time and the 

probability that those eggs survived the three immature stages; susceptible mosquitoes were lost 

due to density independent mortality and to infection with the malaria parasite.  Female 
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mosquitoes in the exposed class were lost due to density independent mortality and maturation 

into the infectious class at a fixed rate.  Mosquitoes in the infectious class were lost only due to 

density independent mortality (Hancock and Godfray 2007).  This model incorporated dynamics 

of both immature and adult mosquito stages, with the intention to use the model to study the 

effects of integrated control strategies against larvae and adults of malaria vectors.  Authors’ 

acknowledged that the weaknesses of the model are that it considers constant demographic 

parameters within a stage, and that it is not possible to categorize adult mosquitoes according to 

their physiological stage within a gonotrophic cycle.  More details in the adult mosquito stages 

could make this model more useful because some control interventions target adult mosquitoes at 

specific stages (e.g., impregnated bednets target host-seeking females). 

In a different model of malaria transmission, the adult female population was also 

structured into susceptible and infected classes with new female mosquitoes being recruited at a 

fixed rate (Smith et al. 2004).  Another model had a fixed emergence rate of females and divided 

the adult population into fed and unfed susceptible, latent, and infectious classes (Le Menach et 

al. 2005).  Both of these models were spatially structured and the change in the number of 

females in each class was modeled for different patches in the simulated environment.  Mosquito 

gains and losses were defined by birth into the susceptible class, deaths, migration, and in the 

case of the second model, the duration of the resting period before oviposition (transition from 

fed to unfed).  These two models (Smith et al. 2004, Le Menach et al. 2005) studied how the 

behavior of adult females, depending on their physiological stage, affected the distribution of 

human malaria cases over space.  These models used constant demographic parameters and thus, 

did not consider all the individual variability that could exist in age and infectious status.  This 

variability could definitely affect transmission rates. 
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Although the age structure of the adult mosquito population is acknowledged as an 

important factor for disease transmission, models in continuous time rarely incorporate detailed 

descriptions of adult chronological or physiological age.  This would require keeping track of the 

age of each individual in the population or at least following the age of different cohorts. 

Individual-Based Models 

Individual-based models (IBMs) are simulation models based on the assumption that the 

dynamics of an ecosystem, community or population, emerge from the variability among 

individuals and their interactions with other individuals of the same species, different species, 

and with their environment (DeAngelis and Mooij 2005, Grimm and Railsback 2005). 

Individual-based models are unlike other models in the sense that instead of dealing with 

populations that have different birth and death rates at different stage-age classes, they deal with 

individuals whose growth, reproduction, and survival depends on their behavior and their 

interactions with their internal and external environment, as modified by their age or state 

(Grimm and Railsback 2005).  

In order to design an IBM, a higher level pattern from the population or community (such 

as migration or population dynamics) is usually chosen, and the functions, processes, and entities 

that are believed to cause the pattern are then included in the model.  DeAngelis and Mooij 

(2005) provide a review of variation among individuals that can generate higher level patterns.  

They classify the types of individual variations in:   (a) spatial processes and movement, (b) life 

cycle and development, (c) phenotypic variability, plasticity and behavior, (d) differences in 

experience and learning, and (e) genetic variability and evolution (DeAngelis and Mooij 2005).  

These causes of variation would be differentially addressed in a model, depending on the 

particular patterns under study.  For example, if a model is to address migration or dispersal of 

organisms through space, it needs to take into consideration individual movement behavior 
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depending on age or status.  If the objective of the model is to address predator-prey interactions, 

adaptive defensive or avoidance behaviors might need to be explicitly represented in the model. 

Grimm and Railsback (2005) and Grimm et al. (2006) indicate that IBMs have lacked a 

common language like calculus in classical models, which could allow scientists to communicate 

and compare the concepts exposed in their models.  They proposed a standard protocol and a 

series of concepts to describe IBMs, and they advocate the adoption of this framework to help in 

the design, development, description, classification and evaluation of IBMs.  Here, the main 

conceptual framework will be briefly discussed; for a description of the protocol consult Grimm 

et al. (2006). 

The conceptual framework for IBMs includes 10 concepts that the model could potentially 

address.  These concepts are (Grimm and Railsback 2005, Grimm et al. 2006): 

• Emergence:   description of what particular system pattern emerges from individual traits.   

• Adaptation:   this refers to the description of how individuals respond to changes in their 
internal (growth, change of status) and external environment.  These adaptive traits could 
directly or indirectly influence the fitness of individuals. 

• Fitness:   fitness-seeking traits could be modeled explicitly or implicitly.  If explicit (the 
individuals adaptive behavior has a direct impact on fitness), the model requires each 
individual to “know” how the environment and decisions made affect its own fitness. 

• Prediction:   if fitness is explicit in the model, this requires simulating how individuals 
predict how the choices available to them affect a measure of their fitness.   

• Sensing:   this concept refers to the amount and quality of knowledge that an individual 
will have about its surroundings.  Sensing information includes both information from the 
internal (energy reserves, disease status) and external environments (knowledge of 
habitats of high predation risk, resource availability, distance to resources, etc.).  The way 
sensing is represented in the model will have an impact on the decisions made by 
individuals and on the emergence of higher level patterns. 

• Interaction:  the model could represent individuals interacting directly (information is 
exchanged among individuals affecting their decisions) or indirectly, through the effects 
of indirect competition for resources.   
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• Stochasticity:  this refers to the use of random numbers and probabilities to represent 
certain processes in the IBM.  Stochasticity can be introduced into the input variables 
(weather) or into the individual’s behavior (making a decision with certain probability).   

• Scheduling:  description of the time step (discrete, continuous, a combination) and how 
the processes are updated (synchronously, asynchronously). 

• Collectives:  collectives refer to aggregations of individuals.  In some models, modeling 
the behavior of collectives (like fish schools) takes the place of individuals. 

• Observation:  definition of the model outcomes that will be used to test IBMs and 
compare among model outputs. 

Individual-based models are widely used tools to explore the emergence of population 

characteristics under environmental heterogeneity (Breckling et al. 2005, Breckling et al. 2006).  

These types of models are used to study individual dispersal behavior in fragmented landscapes 

and its effects on colonization probabilities and spatial distribution (Vuilleumier and Metzger 

2006), and population persistence over time (Popp et al. 2007, Eldred and Nott 2008).  Other 

examples of emergent population characteristics studied include age structure (Charles et al. 

2008), and body size and mass distribution (Holker and Breckling 2005, Charles et al. 2008).  

Some of these models incorporate changes in the environment over time, such as prey mobility 

in predator-prey models (McCauley et al. 1993) or the effects of the timing of pesticide 

applications on the density and dispersal of pests (Parry et al. 2006). 

Individual-based models with spatial components (spatially explicit IBMs or SEIBM) have 

been recently used to study the emergence of characteristics relating to disease transmission by 

mosquitoes.  The effects of heterogeneous spatial distribution of resources in the likelihood of 

viral amplification in a mosquito-bird-arbovirus system (Shaman 2007) and the impact of 

oviposition site reduction on the population dynamics of An. gambiae and malaria transmission 

(Gu and Novak 2009) have been studied using SEIBMs.  In these models the female mosquito 

population was subdivided by physiological stage (host-seeking, bloodfed, and gravid) and 



 

52 

infection status.  Mosquito dispersal behavior was an important component of both models.  In 

the first model mosquitoes moved in a grid and made the decision to move to a different cell with 

a certain probability based on detecting an oviposition site or host within their sensory range (9 

grid cells) (Shaman 2007).  In the second model the spatial configuration represented a typical 

village in Africa with oviposition sites surrounding the houses, and the female flight behavior 

involved two parameters, the sensory range and the maximal flight length (Gu and Novak 2009).  

These model structures allowed for the consideration of mosquito behavior at different 

physiological stages within the gonotrophic cycle and its consequences in arbovirus 

amplification (Shaman 2007) and malaria prevalence (Gu and Novak 2009).  The challenging 

aspects of these models are the sensitivity analyses, given that they include a large number of 

parameters including not only the biology of the organism, but its behavior and its environment. 

For the purposes of the modeling study in this Dissertation, IBMs appear as a good option 

to study the changes in age structure in a mosquito population over time in a heterogeneous 

space.  Both the Leslie Matrix models and compartmental differential equation models can be 

used to study population dynamics over space and time.  However, IBMs provide a framework in 

which the chronological and physiological age of each individual adult female could be traced.  

Variability in the chronological age structure of the population would not only be a result of 

mortality and fecundity rates, but a result of individual variation in mortality.  The physiological 

age structure of the population would be influenced by the resources available for females in the 

environment to complete their gonotrophic cycles. 

Problem Statement 

The changes in abundance of Cx. nigripalpus in south Florida are largely driven by 

changes in relative humidity and the availability of oviposition sites associated with rainfall.  

More information is needed on how these environmental changes affect the physiological and 



 

53 

chronological age structure of the populations of this mosquito.  Changes in parity rates in other 

species have been found to be associated with temperature and rainfall (Reisen et al. 1983, 

Reisen et al. 1986).  The abundance of gravid Culex nigripalpus mosquitoes has been found to be 

negatively associated with daily rainfall 0-7 days prior to the day of collection (Day et al. 1990).  

Thus it could be expected that the age structure of this species is affected by environmental 

conditions, particularly rainfall and increases in humidity.  It is important to understand the 

changes in age structure of a mosquito vector population because age structure is a determinant 

of the size of the infective population (Detinova 1968). 

There has been recent interest in understanding the effects of “heterogeneities” on the risk 

of pathogen or parasite transmission by mosquitoes.  These heterogeneities could include patchy 

distribution of resources such as hosts and oviposition sites (Smith et al. 2004, LeMenach et al. 

2005) and the effects of differential biting preferences by mosquitoes (Kelly and Thompson 

2000).  Modeling studies have shown that these environmental heterogeneities could have an 

impact on the spatial distribution of older, potentially infectious mosquitoes (Smith et al. 2004, 

LeMenach et al. 2005). 

The overall goal of this part of the study was to gain knowledge of the effects that 

environmental heterogeneity could have on the physiological and chronological age structure of 

the Cx. nigripalpus population.  Here, environmental heterogeneity refers to variations in both 

the availability of oviposition sites and hosts over space and time and variation in humidity 

conditions, both due partly to rainfall patterns.  Variations in the female mosquito efficiency in 

locating resources in a heterogeneous environment were also considered. 

Culex nigripalpus in Florida is a mosquito vector of St. Louis encephalitis and West Nile 

viruses, and a bridge vector for eastern equine encephalitis virus (Florida Department of Health 
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2009), and a better understanding of the environmental factors that affect the age structure of its 

populations could help in surveillance programs.  There is evidence supporting that certain 

environmental conditions can increase the probability of arbovirus epidemics in Florida where 

Cx. nigripalpus is most likely the primary vector implicated (Day 2001, Shaman and Day 2005, 

Day and Shaman 2008).   Drought conditions in late spring, wet events in early summer, drought 

in late summer, and wet events in the fall increase the likelihood of epidemics (Day and Shaman 

2008).   The probability of human arbovirus infections in south Florida increases with drought 

conditions 4 months prior and wetting conditions one and half months prior to the onset of the 

human cases (Shaman et al. 2004). 

The results from this study can complement that evidence and can help to improve our 

knowledge of one of the mechanisms behind epizootics and epidemics:  the aging of the 

mosquito population.  A field study was conducted in Indian River County, Florida.  The goal 

was to study examine if environmental factors such as water table depth, rainfall, and 

temperature, among others, could help explain the variation in physiological age structure of Cx. 

nigripalpus populations observed in the field.  The physiological age structure was approximated 

by the proportion of parous mosquitoes and a multivariate statistical regression model was 

developed to predict changes in this proportion.  Models to explain changes in total mosquito 

relative abundance and nulliparous mosquito relative abundance using environmental variables 

were also developed.  Multivariate models to examine the relationships between Cx. nigripalpus 

abundance and parity and environmental factors were not previously available. 

Given that it is difficult to determine the chronological age of mosquitoes collected in the 

field, an IBM was used to study how changing environments could introduce variations in the 

chronological age structure of mosquito populations.  Individual-based models were selected 



 

55 

because they allowed tracking the chronological age and parity status of individual mosquitoes.  

The model simulated the mosquitoes’ searching behavior for hosts and oviposition sites in 

hypothetical landscapes.  These landscapes had heterogeneous distributions of water sources that 

changed with weather.  Weather changes also affected relative humidity. 

The first objective of the modeling experiment was to determine if spatial and temporal 

variation in resource availability (oviposition sites) and humidity conditions could have an 

impact on the chronological age of parous females, the percentage of parous females, and on the 

size and spatial spread of the population.  The second objective was to determine how variations 

in the efficiency of mosquitoes to find resources could impact the age structure, size, and spatial 

spread of the population.   

More information is needed regarding Cx. nigripalpus movement patterns, searching 

behavior, and other behavioral aspects relevant to the problem at hand.  However, the 

information available on the biology of the species was used to design a model that included 

hypothesized functions describing dispersal activity and the probability that mosquitoes will find 

host or oviposition sites as a function of resource density. 
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Table 2-1.  Vectorial capacity (Equation 2-1) at different values of p with all other parameters 
held constant (m = 1000, a = 0.1, b = 0.25, n = 12). 

ma2b p pn C 

2.50 0.90 2.68 6.70 

2.50 0.80 0.31 0.77 

2.50 0.70 0.04 0.10 

2.50 0.60 4.24 x10-3 0.01 

2.50 0.50 3.52 x10-4 8.81 x10-4 
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CHAPTER 3 
RELATIVE ABUNDANCE AND PHYSIOLOGICAL AGE STRUCTURE OF Culex 

nigripalpus AS A FUNCTION OF ENVIRONMENTAL VARIABLES 

Introduction 

The abundance and age structure of adult females in a mosquito population are important 

parameters for the epidemiological surveillance of mosquito-borne diseases (Dye 1986, Moore et 

al. 1993, Eldridge 2004).  This is because the size of the infectious mosquito population is often 

related to mosquito abundance and age structure.  The risk of pathogen or parasite transmission 

increases as mosquitoes increase in numbers and disperse, but this must be accompanied by an 

increase in the number of females that have survived long enough to become infective (Detinova 

1968, Day 2001, Eldridge 2004). 

The relative abundance of mosquitoes is influenced by intrinsic population characteristics 

(e.g., birth and death rates) and by external biological factors (e.g., predation, competition), but it 

is also influenced by environmental factors such as precipitation and temperature (Eldridge 

2004).  The relationship between the age structure of a mosquito population and environmental 

factors has been studied less than the effects of the environment on relative abundance. 

Traps or backpack aspirators are commonly used to collect mosquitoes and to obtain a 

measure of their relative abundance, expressed as the number of mosquitoes collected per trap 

night or mosquitoes per unit area.  Traps vary in their efficacy for different species and most are 

designed to target particular physiological stages (Moore et al. 1993).  For example, light traps 

collect all female physiological stages and male mosquitoes.  Traps baited with carbon dioxide 

sample the unfed host-seeking female mosquitoes and gravid traps collect females that have 

digested a bloodmeal and hold eggs (California Department of Public Health 2009).  Backpack 

aspirators can be used to collect adult mosquitoes in their resting places: female mosquitoes of 
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all physiological stages (green or recently emerged, unfed, bloodfed, and gravid) and males 

(Moore et al. 1993). 

The environmental factors which are major drivers of the changes in the relative 

abundance of a mosquito population depend on the mosquito species and its biology.  For 

example, tidal patterns have been found to be important to explain the dynamics of salt marsh 

mosquitoes such as Aedes sollicitans in the northeastern United States (Shone et al. 2006) and 

Aedes vigilax in northern Australia (Yang et al. 2008).  The water content of the snow in the 

Sierra Nevada is a good predictor of river runoff, which is directly related to the relative 

abundance of Culex tarsalis during the summer months in Kern County, California (Wegbreit 

and Reisen 2000).  

The age of an adult female mosquito can be defined in two ways.  Chronological age is the 

time since adult eclosion, and physiological age is the number gonotrophic cycles a female has 

completed.  The gonotrophic cycle is the time elapsed from taking a bloodmeal to oviposition 

(Clements 2000).  The chronological age structure can be defined as the frequency distribution of 

groups of ages (e.g., 0-2 d, >2-5 d, etc.) in the population.  Physiological age structure can be 

defined as the proportion of female mosquitoes that are at different physiological stages 

(nulliparous, parous 1, etc.) in the population (Detinova 1968). 

The chronological age of female mosquitoes can be approximated using chemical (Gerade 

et al. 2004) or gene transcription methods (Cook et al. 2006), but these methods are expensive 

and need further calibration (Hugo et al. 2008).  The physiological age of female mosquitoes can 

be determined by observing changes in the ovaries that occur after oviposition.  The Detinova 

method is a practical way to determine parity status.  It is based on the observation of changes in 

the tracheal system of the mosquito ovaries.  Nulliparous mosquitoes show tightly coiled 
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tracheoles (skeins), but after laying the first batch of eggs the tracheoles become distended.  

Thus, parous mosquitoes usually lack coiled tracheoles (Detinova 1962).  The Detinova method 

has been successfully used to determine the physiological age of Culex mosquitoes (Nelson 

1966, Reisen et al. 1983, Reisen et al. 1986) and other genera such as Anopheles (Reisen et al. 

1986, Atieli 2007) and Aedes (Hugo et al. 2008).  The Detinova method can only separate 

between nulliparous and parous mosquitoes so it only provides an approximation for age 

structure. 

The physiological age structure of females in a mosquito population is partly determined 

by the time it takes for the mosquitoes to complete a gonotrophic cycle, by their daily survival 

(Detinova 1968), and by the times of nulliparous mosquito emergence.  The time to complete a 

gonotrophic cycle is influenced by complex interactions among factors such as mosquito 

searching behavior for hosts and oviposition sites, host preferences, host abundance, and host 

defensive behavior.  Environmental inputs such as availability of oviposition sites, rainfall, 

temperature, and relative humidity also affect the duration of the gonotrophic cycle because they 

could induce mortality (e.g., mortality resulting from rainfall or changes in temperature) or affect 

mosquito activity.  While searching, mosquitoes might be exposed to predators or, when 

attempting to feed, to the host defensive behavior (Charlwood 2003).  Daily survival is also 

influenced by mosquito age (Styer et al. 2006, Lord and LeFevre unpublished data). 

Previous studies have found that environmental factors can help explain temporal 

variations in physiological age structure for some mosquito species.  Changes in parity rates of 

female Cx. tarsalis collected in resting boxes in Kern County, California, correlated positively 

with the air temperature (Reisen et al. 1983).  The relationship between monthly averages of the 

proportion of parous females and monthly averages of rainfall and temperature was studied for 
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three mosquito species in Pakistan (Reisen et al. 1986).  No relationships were found for 

Anopheles culicifacies, a negative correlation between parity and rainfall was observed for 

Anopheles stephensi, and a negative correlation between parity and temperature was found for 

Culex tritaeniorhynchus.  The authors did not speculate on the causes of these relationships, but 

weather conditions could be associated with favorable (or unfavorable) conditions for mosquito 

flight and oviposition thus influencing the proportion of females completing gonotrophic cycles. 

Culex nigripalpus is a vector of various pathogens and parasites in Florida (Nayar 1982), 

where it was implicated as the main vector of St. Louis encephalitis virus (SLEV) in various 

epidemics (Day 2001).  It has been identified as a vector of West Nile virus (WNV) (Blackmore 

et al. 2003), and a bridge vector for eastern equine encephalitis virus (EEEV) (Florida 

Department of Health 2009).  In southern Florida, changes in the abundance of Cx. nigripalpus 

are probably associated with changes in the ground water levels due to rainfall leading to the 

expansion of aquatic habitats (Provost 1969, Shaman and Day 2005).  Rainfall events of ≥50 mm 

within 3 days have been found to be correlated positively with increases in the abundance of Cx. 

nigripalpus (Day and Curtis 1993).  It has been speculated that this amount of rainfall is the 

minimum necessary to provide temporary larval habitats that will last at least 7 d, allowing 

mosquitoes to complete their immature stages during the summer and fall months when 

temperatures are warm (Day et al. 1990).  Increases in the number of mosquitoes collected with 

aspirators 5-8 days and 12-15 days after heavy rain were observed in Indian River County, 

Florida (Day and Curtis 1993).  The authors considered that the first mosquito emergence was 

related to eggs deposited by gravid females during the rainfall event, and to the adults emerging 

from these eggs 5-8 days later.  The second abundance peak could have been due to females that 
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bloodfed during the rainfall event, laid eggs 3-4 days later, and to the adults emerging from these 

eggs 12-15 days after the rainfall event (Day and Curtis 1993).   

In the case of Cx. nigripalpus, a species whose dynamics are linked to rainfall patterns, 

parity rates could be influenced by changes in oviposition site availability.  The proportion of 

parous females at time t (Pt) could be viewed as function of the proportion of unfed (both parous 

and nulliparous) females at a previous time t-g (Ut-g) that took a bloodmeal, developed eggs, laid 

eggs, and survived to time t:  Pt = Ut-g*S, where S is the probability of survival through a 

gonotrophic cycle.  Thus the proportion of females that completes a gonotrophic cycle could be 

some function of the number of suitable water sources.  However, this relationship should be 

modified by weather conditions that could either facilitate or impede searching flights to find 

hosts to take bloodmeals and aquatic habitats for oviposition. 

It is known that increases in temperature, relative humidity and rainfall stimulate Cx. 

nigripalpus to bloodfeed and oviposit (Dow and Gerrish 1970, Bidlingmayer 1974, Day and 

Curtis 1989, Day et al. 1990).  Culex nigripalpus activity is also affected by moon illumination 

and wind speed.  Bidlingmayer (1964, 1974) extensively studied the effects of moon illumination 

on mosquito trap collections in Florida.  He reported that for some local species, including Cx. 

nigripalpus, larger collections were obtained with truck traps, baited traps, and suction traps 

during twilight and whenever the full or quarter moon was visible.  This was not true for light 

traps, which yielded reduced collections during full moon nights (Bidlingmayer 1974).  This was 

probably due to weakened attractiveness of the artificial light when moon illumination was 

strong.  Bidlingmayer (1974) considered that truck traps were the most appropriate traps to 

detect changes in mosquito activity due to moon illumination.  Culex nigripalpus mosquitoes are 

attracted to tall vegetation and it is believed that their navigation improves when moon light is 
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present (Bidlingmayer and Hem 1980, 1981) because moon illumination provides a better 

contrast between vegetated areas an open fields.  Bidlingmayer (1974) also reported smaller 

collections when wind velocities increased to 1-2 miles per hour compared to collections made at 

<1 mph.  However, he acknowledged that his collections were made at 1.25 m above ground, and 

it is unknown if wind could modify the behavior of mosquitoes that could fly closer to the 

ground under higher wind velocities. 

In the present study, the changes in the relative abundance and physiological age structure 

of populations of the mosquito Cx. nigripalpus were studied at three sites in Indian River 

County, Florida.  The goal was to study examine if environmental factors such as water table 

depth, rainfall, and temperature, drought index, moon illumination, and wind, could help explain 

the variation in physiological age structure of Cx. nigripalpus populations observed in the field.  

The physiological age structure was approximated by the proportion of parous mosquitoes and a 

multivariate statistical regression model was developed to predict changes of this proportion.  

Models to explain changes in total mosquito relative abundance and nulliparous mosquito 

relative abundance using environmental variables were also developed.  Multivariate models to 

examine the relationships between Cx. nigripalpus abundance and parity with environmental 

factors were not previously available. 

Models of the relationships between environmental variables and mosquito relative 

abundance can be simple linear regressions which consider the relationships with each 

environmental variable separately (examples can be found in Shaman et al. 2002b and Wegbreit 

and Reisen 2000).  When many variables are considered at once, there is always the question of 

what variables to include in the model.  Two of the variable selection techniques that have been 

used in the past for models of mosquito abundance include multivariate linear regression with 
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backward elimination of variables (DeGaetano 2005), and generalized linear models with a 

priori selection of explanatory variables based on cross-correlation analysis (Shone et al. 2006). 

Burnham and Anderson (1998) stated that when there are many possible explanatory 

variables, the selection of a model with a certain combination of variables using hypothesis 

testing (only significant variables are included in the model) can lead to over fitted models with 

spurious correlations.  Models built in this manner can also be unstable, meaning that they would 

probably vary considerably if another sample of the same process was used.  According to 

Burnham and Anderson (1998) data analysis for observational studies like the one conducted 

here should be viewed as a problem of model selection and parameter estimation, and that 

hypothesis testing should be reserved for formal experiments in which the effects of treatments, 

controls, and random assignments over the mean can be hypothesized a priori.  They propose the 

use of the Akaike Information Criteria (AIC) and model weights for model selection.  The use of 

AIC and model weights for model selection is detailed in the materials and methods section. 

Here we build multivariate statistical linear models to predict changes in relative 

abundance and parity rates in Cx. nigripalpus, using different combinations of eleven 

explanatory environmental variables that describe weather conditions, collection site, and moon 

illumination.  We use the AIC and model weights to select the model that could best predict the 

changes in relative abundance and parity rates of Cx. nigripalpus populations observed in the 

field.  This type of predictive model could be important in epidemiological assessments to 

predict changes in the size of the infectious mosquito population which is related to increases in 

the proportion of parous females. 
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Materials and Methods 

Collection Sites 

Mosquitoes were collected at three sites in Indian River County, Florida (Figure 3-1) from 

June to November, 2007 and from June to October, 2008.  A description of the land uses in an 

area of 5.7 km2 centered on each collection site is included.  An aerial image from the free 

software Google Earth 4.3 (http://earth.google.com ) dated December 2005 and knowledge of the 

areas provided support for the descriptions. 

The “Park Site” was located in Charles Park in downtown Vero Beach (27.627802°,-

80.409773°), 2 km west of US Highway 1 (US-1).  The park is open daily from 7 am to 10 am 

and is heavily used by local residents for recreational activities and exercise.  It has typical 

southern Florida vegetation with pine trees (Pinus sp.), oaks (Quercus sp.) and cabbage palms 

(Sabal palmetto) and is surrounded by a small wooded area with a lush understory and 

residential neighborhoods (Figure 3-2, Figure 3-3).  The Park Site had an area of 0.04 km2 which 

corresponded to 0.70% of the selected 5.7 km2 area.  Other land uses included the local high 

school and commercial buildings which occupied 22.81% of the area and residences which made 

up the other 76.49%.  A survey of potential oviposition sites was not conducted as part of this 

study but according to information in O’Meara et al. (2003), natural and artificial containers, 

storm water drainage, and retention swales might be potential oviposition sites for Cx. 

nigripalpus in the area. 

The “Yard Site” was located in the yard of a private residence in western Vero Beach, 5.6 

km west of US-1 (27.602463°,-80.438260°).  It is a suburban environment with houses 

intermixed with open land with vegetation that includes oaks (Quercus sp.), grasses, and invasive 

plants such as the Brazilian pepper (Schinus terebinthifolius) (Figure 3-4, Figure 3-5).  The Yard 

Site had an area of 0.003 km2 which corresponded to 0.05% of the 5.7 km2 surrounding area.  

http://earth.google.com/�
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Other land uses in the surrounding area included large grassy fields with scattered or no trees 

(14.91%) and residences (85.04%).  Potential oviposition sites in this area could include natural 

and artificial containers, storm water drainage, and retention swales (O’Meara et al. 2003).  

There were many gated residential communities with water retention ponds within the area 

surrounding the Yard Site but it is unclear if these could function as aquatic habitats for this 

species given that they might be treated to prevent mosquito reproduction. 

The “Groves Site” was located in an open field with multiple cypress domes (Taxodium 

sp.) surrounded by citrus groves, 25 km west of US-1 (27.605853°,-80.632225°) (Figure 3-6, 

Figure 3-7).  The oviposition sites in these areas might include natural containers, ponds with 

emergent vegetation, and drainage and irrigation furrows in the citrus groves (O’Meara et al. 

2003).  The Groves Site was located in an open field with cypress domes that had an area of 0.64 

km2, 11.23% of the 5.7km2 surrounding area; the remainder was occupied by citrus groves 

(88.77%). 

These three sites lay on an east to west gradient across Indian River County that 

encompasses typical landscape features of the area. 

Mosquito Collections 

Mosquitoes were collected using lard can traps baited with carbon dioxide.  A recent study 

in south Florida collected predominantly Cx. nigripalpus with this type of trap baited with 

chickens, with more than 95% of the specimens belonging to this species (Vitek et al. 2008).  

Four traps were placed at each site.  The traps were suspended by string on a double-hooked 

garden pole of ~1.80 m in height.  A 1 gallon cooler filled with dry ice was hung on the opposite 

hook from the trap and a hose dispensed the carbon dioxide into the trap (Figure 3-8).  Traps 

were placed at irregular distances on each site but were at least 5 meters apart, usually hidden 

behind trees (Figure 3-2 B, Figure 3-4 B, and Figure 3-6 B).  This was done to prevent possible 
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disturbances from pedestrians especially at the Park and Yard Sites.  At the Groves Site, traps 

were placed 10 meters outside from the one of the edges of a cypress dome. 

Traps were set 0.5 to1 hour before sunset to guarantee that the dry ice would last 

throughout the night.  They next morning they were picked up between 7 and 8 am, following 

sunrise, when most Cx. nigripalpus activity had ceased.  Depending on the month, sunrise was 

between 6:30 and 7:30 am.  The collection dates were selected according to the moon phases.  

The moon phases were classified on the basis of the fraction of moon illuminated (FMI) 

published by the Astronomical Applications Department of the U.S. Naval Observatory 

(http://aa.usno.navy.mil/data/docs/MoonFraction.php ).  Information on the FMI for each night 

of the years 2007 and 2008 was used to plan collections on the nights before, during, and after a 

full moon (FMI = 1), the new moon (FMI = 0), and the first and last quarter moon (FMI ~ 0.5).  

The only exceptions were the first three collecting nights of 2007 that were made during June 10-

12 (FMI of 0.31, 0.21, and 0.12, respectively).  Collections were made during three consecutive 

nights (before, during, and after the moon phase) by placing traps at a different site each night.  

The order in which the sites were sampled on each three-night collecting period was randomly 

chosen.  Mosquitoes were collected around moon phases because previous studies reported that 

moon illumination can have an important effect on the size of Cx. nigripalpus collections 

(Bidlingmayer 1974).  There were a total of 126 collection nights (21 per site per year), with one 

additional night for the Park Site in 2008. 

Mosquitoes were transported from the collection sites to the laboratory where they were 

anesthetized using triethylamine.  They were removed from the traps, placed in labeled vials, and 

stored at -80°C for later identification and counting. 

http://aa.usno.navy.mil/data/docs/MoonFraction.php�
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Mosquito Identification 

Mosquito samples were sorted to species and counted to determine the abundance of each.  

Species determinations were made with the aid of the adult female mosquito identification key 

by Darsie and Ward (2005).  A sample of up to 100 Cx. nigripalpus mosquitoes from each trap 

was kept after sorting and stored at -80°C for parity determination.   

Parity Determinations 

Nulliparous and parous Cx. nigripalpus female mosquitoes were classified by examining 

the condition of the tracheal system of the ovaries (Detinova 1962).  Dissections were conducted 

following a technique similar to Atieli (2007), dissecting only those females with visibly empty 

abdomens.  Briefly, a mosquito and a drop of distilled water were placed on a microscope slide.  

Using a stereoscope, the abdomen was removed from the rest of the body with a pair of forceps 

and placed in the drop distilled water.  The 7th and 8th abdominal segments were removed by 

pulling them with forceps.  The ovaries were isolated from other tissues and transferred to 

another slide with a drop of distilled water and were allowed to air dry.  After drying, the ovaries 

were observed under 200X magnification using a compound microscope.  Nulliparous specimens 

had tightly coiled tracheoles (Figure 3-9 A and C), while parous specimens had loose or 

distended tracheoles (Figure 3-9 B and D).  Ovaries were classified as indeterminate when the 

parity status was unclear showing both coiled and distended trachea (Figure 3-9 E).  

Additionally, some ovaries did not preserve correctly making tracheoles difficult to visualize 

under the microscope.  These were classified as undetermined (Figure 3-9 F).  

A minimum of 10 mosquitoes per trap was dissected for a total of 40 per site per night.    

After scoring some samples it was determined that many of the ovaries in the sample had 

tracheoles that were difficult to visualize (possibly due to bad preservation), and additional 
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mosquitoes from that trap were dissected.  This resulted in variable numbers of mosquitoes 

dissected per site per night.  Five collection nights had less than 40 mosquitoes to dissect.   

Parity data for the first three weeks of collecting in 2007 are not available.  This is because 

parity determination was initially attempted using a 40X dissecting microscope.  That proved to 

be unsuccessful for examining the tracheal coiling.  Thus, no samples were available for parity 

evaluation with the 200X compound microscope.  An average of 44.85±7.13 mosquitoes per site 

per night were dissected for collections from 2007 and an average of 38.32±5.68 for 2008.    

Data Analysis 

The two response variables of interest defined for each site where the average number of 

Cx. nigripalpus females collected per trap night (relative abundance) and the estimated 

proportion of parous mosquitoes per night (physiological age structure) of this species.  The 

proportion of parous mosquitoes was calculated over the total number of mosquitoes dissected.  

An alternative was to calculate the proportion over the total number of mosquitoes that were 

clearly classified as either parous or nulliparous.  Both alternatives were explored and provided 

very similar results.  Only the results for former are presented here.  Only proportions obtained 

from collection dates for which 20 or more parous females were dissected per site were included 

in the analysis. 

Environmental variables and the collection site were used as explanatory variables in 

generalized linear models (GLM) to predict relative abundance and parity of Cx. nigripalpus in 

Indian River County.  All models were fitted in the statistical package R 2.7.0 (R Development 

Core Team 2008).  The explanatory variables used were:  daily total precipitation (mm), daily 

minimum temperature (°C), daily Keetch Byram Drought Index (KBDI), daily modeled water 

table depth (MWTD), daily average wind speed (kph), the FMI, and collection site. 
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The environmental variables used here were selected on the basis that they can influence 

the availability of oviposition sites (rainfall, water table depth, location), they can be indicators 

of conditions at which mosquitoes are active and flying during a particular night (temperature, 

drought, moon illumination, wind), or they can influence the developmental time of immature 

mosquitoes (temperature).  The time from egg hatch to adult eclosion in Cx. nigripalpus is 

reduced as temperature increases (Nayar 1982).  Culex nigripalpus females prefer to oviposit 

under high relative humidity ≥ 90% (Day et al. 1990); their flight activity decreases when 

temperatures are below 17-18°C (Bidlingmayer 1974) and increases when relative humidity is 

high (Dow and Gerrish 1970).  Bloodfeeding increases following heavy rainfall events (Day and 

Curtis 1989).   

The KBDI is a measurement that indicates moisture deficiency in the soil and duff layers 

resulting from the net effect of evotranspiration and precipitation.  It gives an indication of the 

flammability of organic material in the ground and is used in forestry to monitor the risk of 

wildfires (Keetch and Byram 1968).  The KBDI was used here as an indicator of humidity 

changes that can greatly affect Cx. nigripalpus behavior:  dry conditions can decrease mosquito 

activity and reduce the number of mosquitoes that search for hosts or oviposition sites.  The 

KBDI measures values from 0 to 800; high KBDI values correspond to dry conditions. 

Modeled water table depth (MWTD) was used here as an indicator of ground water 

accumulations which are related to the creation of potential Cx. nigripalpus oviposition habitats.  

Modeled water table depth data are obtained by modeling surface wetness as a function of 

precipitation, temperature, topography, soil properties, vegetation, and prior wetness conditions 

(Shaman et al. 2002b).  Modeled water table depth data have been used to develop predictive 

models of mosquito abundance (Shaman et al. 2002b), and a water table depth model developed 
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for peninsular Florida is currently being used for real time forecasting of the risk arbovirus 

epidemics (Day and Shaman 2008).  The MWTD tracks values between ~ -1.6 to 0 meters and is 

an indicator of the depth of the water table below the ground surface. 

Wind was included as an explanatory variable because increases in wind speed are 

associated with decreases in the size of mosquito collections (Bidlingmayer 1974).  Moon phase 

also has an important effect in the size of Cx. nigripalpus collections.  This was observed in 

previous studies using suction, truck, and baited traps (Bidlingmayer 1964, 1974) and it was of 

interest to evaluate if moon phase could help predict the collections made with stationary CO2 

baited lard can traps. 

The daily total precipitation, minimum temperature, and average wind speed data for Vero 

Beach, FL were obtained from the National Climatological Data Center, National Environmental 

Satellite, Data and Information Service, from the National Oceanic and Atmospheric 

Administration.  Files (ASCII format) containing information on the daily weather data for the 

Vero Beach Municipal Airport Station (Figure 3-1) for the months from May to November 2007 

and from May to October 2008 were downloaded from http://www.ncdc.noaa.gov/oa/ncdc.html .  

The data for FMI were obtained from the Astronomical Applications Department of the U.S. 

Naval Observatory website (see above).  Mr. Gregory Ross, from the Florida Medical 

Entomology Laboratory, provided the daily KBDI for 9 reporting sites and the MWTD from 4 

reporting sites located west of Vero Beach (Figure 3-1 and Figure 3-10).  Data for the KBDI 

reporting sites were made available to him by the Division of Forestry, Florida Department of 

Agriculture and Consumer Services (http://www.fl-dif.con/fire_weather/information/kbdi.html ).  

The MWTD data were generated at FMEL using a previously developed algorithm (Shaman 

2002b).  Additional information about model development and implementation can be found at 

http://www.ncdc.noaa.gov/oa/ncdc.html�
http://www.fl-dif.con/fire_weather/information/kbdi.html�
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http://mosquito.ifas.ufl.edu/MWTD_Risk_Model.htm  and in Day and Shaman (2008).  The 

daily KBDI data from the 9 reporting sites and the daily MWTD data for the 4 reporting sites 

were averaged to obtain a single daily value to use in the analysis. 

Previous studies have shown that temporal changes in mosquito abundance can be 

explained by lagged meteorological data (Day et al. 1990, Shaman et al. 2002b, Shone et al. 

2006).  For this study, the mean values for daily precipitation 0-6 days (prcp06) and 7-14 days 

(prcp14) prior to the collection night were calculated and tested as explanatory variables.  These 

time intervals were selected based on our understanding of Cx. nigripalpus ecology during the 

summer months:  the development of an egg to the adult stage takes about 10 days at 27°C and 

about 7 days at 32°C (Nayar 1982).  If it takes between 7-10 days for mosquitoes to emerge, 

rainfall events 7-14 days and 0-6 days before the collection could encompass one or two 

generations of mosquitoes that would become active, take bloodmeals, and oviposit thus 

affecting the size of the catch during summer trap collections.   

The following variables were also averaged over the periods 0-6 days and 7-14 days prior 

to collections:  mean daily minimum temperature (tmin06, tmin714), mean daily KBDI (kbdi06, 

kbdi714), and mean MWTD (mwtd06, mwtd714).  The FMI (moon) and the daily average wind 

speed (wind) on the day of the collection were also tested as explanatory variables.  Precipitation 

data were missing for 11 dates in 2007 and 21 dates in 2008, mostly on non consecutive days.  

Averages were calculated over five or six days instead of seven in those cases.  There were also a 

few missing observations in the KBDI data set for 2008. 

Model selection using the Akaike Information Criteria (AIC) 

The AIC was derived by the mathematician Hirotugu Akaike and is an approximation of 

the Kullback-Liebler (KL) distance.  The KL distance measures the amount of information that is 

lost when a model is used to represent the full reality that generated the observed data or the “full 

http://mosquito.ifas.ufl.edu/MWTD_Risk_Model.htm�
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truth” (f), for which the number of parameters is unknown but it could encompass a large number 

of them (Burnham and Anderson 1998).  The calculation of the KL distance requires knowledge 

of f, thus it cannot be used for model selection.  Akaike demonstrated that the relative expected 

KL distance can be approximated by the actual log-likelihood of a model given the data.  A 

model is defined as a set of parameter values (θ).  He also showed that the log-likelihood is a 

biased estimator of the relative expected KL distance by a factor approximately equal to the 

number of the estimable parameters (K) in the model (Burnham and Anderson 1998).  Akaike 

then proposed an approximately unbiased estimator of the relative expected KL distance: 

 2 ln | 2 , (3-1) 

where L(θ|Y) is the likelihood of the model (θ) given the data set (Y).  The AIC can be viewed as 

an estimator of the relative distance between the fitted model and the unknown true mechanism 

that generated the observed data (Burnham and Anderson 1998).   

By estimating and comparing the likelihood of various different models (θi) given the data 

one could evaluate the relative support of the data for each model.  It would not be possible to 

evaluate a model without comparing its ability to represent the data versus other models (Hobbs 

and Hilborn 2006).  The model that yields the smallest AIC should be considered “closest” to the 

reality that generated the data (Burnham and Anderson 1998).  However, uncertainty arises when 

there are small differences in the AIC values among the candidate models.  A measure of model 

selection uncertainty is provided by the Akaike weights (wi), which can be interpreted as the 

“probability” that a particular model i is selected as the best model after many repetitions of the 

model selection exercise (Hobbs and Hilborn 2006).  The values of the weights range from 0 to 

1.  The weights can be calculated as follows: 

∆

∑ ∆
, (3-2) 
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where Δi is the difference between the smallest AIC from all models and the AIC for model i.  

The expression exp(-½Δi) is an estimate of the relative likelihood of the model (given the 

parameter values θi fitted with the data).  Σexp(-½Δr) is the summation of the Δi values for the 

total number (R) of models under consideration. 

When there is not a single model that emerges as the best among the candidates (defined 

by the smallest AIC and highest weight closer to 1), model selection uncertainty can be 

introduced to parameter estimation through model averaging (Burnham and Anderson 1998).  

The number of models to average can be selected based on certain criteria.  One could select a 

set of models whose weights are larger or equal to a certain probability defined as the confidence 

set.  Hobbs and Hilborn (2006) recommend selecting the models with weights ≥0.05 for the 

confidence set.  The level 0.05 is arbitrary but is necessary to have a cut off point for decision 

making.  With this threshold the models in the confidence set could be interpreted as those 

models that would be selected at least 5 out of 100 times if the model selection exercise is 

repeated many times.  Model averaging should be conducted over the models in these sets and 

not over all candidate models (Hobbs and Hilborn 2006). 

The parameter estimates and their respective standard errors are averaged across all models 

where a parameter is included.  Parameters estimates are averaged by multiplying the parameter 

estimate θi for model i by a rescaled wi based only on the models containing the parameter of 

interest, and then summed over all the models (R) that contain that parameter: 

∑ .  (3-3) 

The standard error of the parameters is recalculated using the following equation: 

∑ |  , (3-4) 
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where var(θi|Mi) is the variance of the parameter estimate of model i and the sum is over all the 

models (R) that contain that parameter. 

Model selection of a GLM for the prediction of the average number of Culex nigripalpus 
females collected per trap night 

A global model for the prediction of the average number of Cx. nigripalpus females per 

trap night was set up as a linear model that included eleven explanatory variables as fixed 

effects.  The response variable was the square root of the average number of Cx. nigripalpus 

females collected per trap night.  The response variable was square root transformed to assure 

positive predicted values and to stabilize the variance.  The global model was as follows: 

    

  

 , (3-5) 

where sqrt(mosquitoes per trap night) is assumed to be normally distributed.  The collection site 

is a categorical variable that affects the value of the intercept. 

The multi-model inference package MuMIn v.0.12.2 for R (R Development Core Team 

2008) was used to fit candidate models, conduct model selection, and model averaging.  The 

dredge function in MuMIn fits all the possible models from all combinations of the explanatory 

variables in the global model, without including interactions.  In this case the candidate models 

included all possible models from the combinations that can be constructed by taking 1, 2, 3, 4, 

5, 6, 7, 8, 9, or 10 variables at a time and the full model.  This totaled 2048 candidate models.  

The dredge function calculates the following fit measures for each model:  number of parameters 

(K), Deviance, AIC, AICc (which is a correction of the AIC for small samples), difference 

between the smallest AIC and the model AICi (Δi), and the Akaike weight for each model (wi).  

Because the sample size here was small (ratio between the sample size including all data and the 
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number of parameters was usually <40, Burnham and Anderson 1998) the AICc was used to 

calculate Δi and wi. 

The global model (Equation 3-5) was used as input for the dredge function in MuMIn.  

Based on the output it was possible to determine if there was support for a single best model 

(largest weight) or if there was model uncertainty (no clear best model).  If there was no support 

for a single best model, and uncertainty was high, model averaging was to be conducted over a 

confidence set including those models with weights equal to or above 0.01.  This value is smaller 

than the 0.05 recommended by Hobbs and Hilborn (2006) to build confidence sets but if 

uncertainty was high it was considered important to evaluate parameters averaged across a large 

set of models.  The model.avg function in MuMIn was used to average over all models in this 

confidence set and to estimate parameter values (β) and their confidence intervals.  The results 

from the averaged model were compared to the results from the single model with the highest 

weight value. 

The goal of this analysis was to build a linear function to generate predicted values of the 

average number of mosquitoes collected per trap night by using the AICc to select the best 

model.  Given that hypothesis testing was not conducted to select variables to include in the 

model, the possible effects of multicollinearity in the standard errors of parameters were not 

relevant to generate the model with the best expected predictive capability.  The predicted values 

obtained were squared to back transform to the original scale. 

Model selection of a GLM for prediction of the estimated proportion of parous females 

The MuMIn package v.0.12.2 for R (R Development Core Team 2008) was also used to 

conduct model selection and averaging for the physiological age structure model.  The global 

model was a generalized linear model including 11 explanatory variables as fixed effects and the 

proportion of parous females as the response variable: 
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 , (3-6) 

where the proportion parous has a binomial distribution and the collection site is a categorical 

variable that affects the value of the intercept. 

A generalized linear model with a binomial distribution for the response variable was used 

in this case because it was known a priori that the response variable consisted of proportions.  

When variables are bounded as in a proportion (for example, when x out of y animals have a 

certain condition) their predicted values should follow the same distribution.  If a normal 

distribution for continuous variables is used to predict proportions, the predicted values might 

fall outside of the expected range (Agresti 1996).  When the response variable takes values 

between 0 and 1 a logit link function (f(z)=log(z/(1-z)) is appropriate to provide the relationship 

between the linear predictor and the mean of the distribution function (Agresti 1996).  Thus, a 

logit link was used here. 

The global model was input into the dredge function of MuMIn to obtain model weights 

(wi).  If there was no support for a single model, all models with weights equal to or higher than 

0.01 were to be selected as a confidence set.  The function model.avg was then be used to obtain 

parameter estimates (β) and their variance using model averaging over that set.  The predictions 

from parameter estimates obtained through averaging were to be compared to the predictions 

from the single model with highest weight. 

Model selection of a GLM for prediction of the estimated average number of nulliparous 
Culex nigripalpus females collected per trap night 

The number of empty nulliparous mosquitoes in a population might be more directly 

related to recent weather due to their dependence on freshly flooded oviposition sites.  

http://en.wikipedia.org/wiki/Expected_value�
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Nulliparous Cx. nigripalpus females emerge from an oviposition site 7-14 days after oviposition 

depending on the conditions of temperature, food availability, crowding, etc. (Nayar 1982).  For 

each collection site, the average number of nulliparous Cx. nigripalpus collected per trap night 

was estimated here by multiplying the proportion of nulliparous mosquitoes (1-proportion 

parous) by the total number of mosquitoes collected in the traps and dividing by the number of 

traps.  A model to predict changes in the number of nulliparous mosquitoes was fitted in the 

same way as the two previous models.  The same eleven explanatory variables were used in the 

global model and the MuMIn package v.0.12.2 for R (R Development Core Team 2008) was also 

used to conduct model selection and averaging.  It was decided to use nulliparous numbers, and 

not only proportions, to determine if the model could explain the magnitude of emergences of 

new mosquitoes into the population. 

Adequacy of linear model and goodness of fit 

Burnham and Anderson (1998) recommend checking the fit of the global model and if the 

fit is acceptable, all the candidate models are probably also acceptable to describe the data. 

Graphical analysis was used to evaluate the linearity of the relationship between response 

and explanatory variables and the possible presence of serial correlation over time.   Plots of the 

observed versus predicted values, predicted values versus Pearson residuals, and time (days) 

versus Pearson residuals were generated for global models and visually evaluated for patterns.  

When linearity is appropriate, points are symmetrically distributed around a diagonal line in the 

observed versus predicted values plots and symmetrically distributed around a horizontal line in 

the predicted values versus Pearson residuals plots.  Patterns in the plots of time versus Pearson 

residuals would indicate if there is a time effect or serial correlations among observations that 

should be included in the model structure (Zuur et al. 2009).  In addition to the graphical analysis 

a Tukey’s Test for Nonadditivity or Curvature was performed using the residual.plots function of 
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the alr3 v.1.1.8 package for R (R Development Core Team 2008).  A simple measure of 

goodness of fit called the explained deviance (Zuur et al. 2009) was used to give a description of 

the percentage of variation in the response variable explained by the model.  Values closer to 

100% indicate more explained variance.  The explained deviance is calculated as follows: 

  
 

  100. (3-7) 

Results 

Mosquito Collections and Weather 

A total of 210,095 mosquitoes was collected during this study.  Of these, 124,728 

(59.37%) were collected during 2007 (Table 3-1).  Culex nigripalpus was consistently the most 

abundant species collected (65.51%).  Culex nigripalpus constituted 98.84% of the mosquitoes 

collected at the Park Site and 92.40% of the mosquitoes collected at the Yard Site, but only 

45.70% of the mosquitoes collected at the Groves Site.  At the Groves Site, Psorophora 

columbiae was also collected in high numbers while Mansonia titillans and Mansonia dyari were 

also relatively abundant.   

The number of Cx. nigripalpus collected per date and site are shown in Table 3-2 (2007) 

and Table 3-3 (2008).  A total of 2,422 mosquitoes collected in 2007 were dissected for parity 

determination.  Of those dissected 1,899 (78.41%) were in good condition and had clearly 

identifiable ovaries for parity determination (Table 3-2).  A total of 2,177 mosquitoes were 

dissected for 2008 and 2,051 (94.21%) of those had unambiguous ovaries for parity 

determinations (Table 3-3).  The higher proportion of mosquitoes with indeterminate parity 

status in 2007 was due mostly to ovaries with tracheal coiling that were difficult to observe, 

likely as a result of poor preservation (Figure 3-9 E).  It was common during 2007 to find the 

mosquitoes wet and in poor condition.  Many were dead and maybe already decomposing when 
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they were frozen.  The rainfall frequency during 2008 was reduced compared with 2007 and this 

may have contributed to a lower proportion of ovaries with partially decomposing. 

The year 2007 had frequent rainfall events of 50 mm or more within 3 days, between July 

and August and in late September (Figure 3-11 B).  Those periods of frequent rainfall produced 

two clear periods of low KBDI (Figure 3-11 C).  The year 2008 had an exceptional period of 

more than 100 mm of rain in 3 days in August (Figure 3-12 B).  This period coincided with a 

clear period of low KBDI in August (Figure 3-12 C).  Both years showed increased daily average 

wind speeds from August to November and clear declines in the daily minimum temperatures 

starting in October (Figure 3-11A and D, Figure 3-12 A and D). 

Model Results 

A total of 2048 models that included all possible combinations of explanatory variables 

(excluding interactions) were fitted and compared using the MuMIn package for R to select the 

model that could best predict the average number of mosquitoes collected per trap night (column 

Average per trap in Tables 3-2 and 3-3).  However, model weights did not support a single 

model as the best among the candidates.  The highest weight observed was only 0.05 and a total 

of 23 models had weights equal to or above 0.01 (Table 3-4); models with weight 0.01 are only 

five times less likely to be selected as the best model than models with weight equal to 0.05.  The 

variables kbdi06, tmin06, and collection site were always included in these 23 models.  Wind, 

prcp06, tmin714 were only included in 3 of those 23 models, prcp714 was in 4/23 models, kbdi714 

was in 7/23 models, mwtd74 was in 11/23 models, moon was in 13/23 models, and mwtd06 was in 

14/23 models. 

The 23 models with weights equal or above 0.01 (Table 3-4) were selected as the 

confidence set, and model averaging was applied over them to obtain parameter estimates.  The 

averaged parameters for a predictive linear model for Cx. nigripalpus relative abundance are 
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shown in Table 3-5.  The predicted abundance values obtained from the averaged linear model 

showed good agreement with the observed abundance values (Figure 3-13).  The averaged model 

predicted the times when changes in mosquito relative abundance occurred.  However, the 

magnitude of rapid increases was poorly predicted especially for the year 2007.  The first peak of 

abundance in 2007 was not predicted by the averaged model. 

The predictions from the averaged model were compared to the predictions obtained from 

the single model with weight 0.05.  The variables in the single model were kbdi06, mwtd06, 

tmin06, moon and collection site and the parameters estimates are in Table 3-5.  The predictions 

from the single model are nearly identical to those from the averaged model (Figure 3-14) which 

suggests that the variables in that single model can explain much of the variation in the observed 

Cx. nigripalpus relative abundance. 

It is possible that the variables absent from the single model were redundant.  The variable 

prcp06 was highly correlated with mwtd06 (Table 3-5).  The variables kbdi714, mwtd714, and 

tmin714 were highly correlated with kbdi06, mwtd06, and tmin06, respectively (Table 3-5).  Some 

of these variables can be expected to be correlated since they were derived from others, for 

instance the KBDI and the MWTD are calculated using information on rainfall and temperature, 

among others.  The variable wind was probably excluded from the model due to its lack of 

explanatory power.  The variables moon and collection site were always included in the models 

with best predictive ability.  The variable collection site is a categorical variable that affected the 

value of the intercept by taking different values, depending on the site.   

The default value of the intercept corresponded to the intercept for the Groves Site (the 

program R uses an alphabetical order to report results).  The differences between the Park Site 

and Groves Site intercept values and between the Yard Site and Groves Site intercept values 
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(Table 3-5) show that given the magnitude and sign of the difference between intercepts the 

Groves Site produced slightly larger collections than the other two sites.  . 

Another 2048 models were fitted to select the best predictive model for changes in the 

proportion parous Cx. nigripalpus females (column Proportion parous in Tables 3-2 and 3-3).  

Similarly, there was no support for a single best model among the candidates and a total of 28 

models had weights of 0.01 or more (Table 3-7).  The variables moon, wind, prcp06, and prcp714 

were included in all of the 28 models.  The variables tmin06 and mwtd714 were also common and 

were in 25 and 23 of the models, respectively.  The kbdi714 was in 7/28 models, kbdi06 was in 

10/28 models, mwtd06 was in 13/28 models, tmin714 was in 17/28 models, and collection site was 

in 18/28 models.  Model averaging was applied over the 28 models with weights of 0.01 or more 

and their predictions compared to the predictions obtained from the single model with weight of 

0.09.  Similar to what was observed with the model of mosquito abundance, the predictions from 

the averaged and the single model were nearly identical.  Given these observations, only the 

parameter estimates (Table 3-7) and the predictions from the single model for parity (Figure 3-

15) are shown.  Predicted values from the single model with the highest weight show moderate 

agreement with the observed proportion parous values (Figure 3-15) and the magnitude of 

increments in the proportion parous was not always well explained.  For example, the times 

when parity reached above 0.5 were underestimated by the model. The times at which the 

proportion of parous mosquitoes declined were usually well predicted.   For example, the times 

when the proportion parous fell to zero in 2008 were accurately predicted in the Park and Yard 

sites.  The variables that appear to influence reductions in parity were prcp714, tmin714, and 

mwtd714.  Increases in rainfall and temperature and decreases in the water table depth the second 
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week before collections reduced parity.  Parity changes in the Groves Site were generally poorly 

predicted. 

Model selection for the prediction of changes in the average number of nulliparous females 

proceeded similarly to the previous two models.  From the 2048 candidate models only 25 had 

weights equal to or above 0.01 (Table 3-8).  Collection site and tmin06 were included in all 25 of 

those models.  Kbdi06 was in 24/25 models while moon and prcp714 were in 23/25 models.  Other 

variables were less frequent with wind, prcp06, and tmin714 in 5/25 models; mwtd06 and mwtd714 

in 7/25 models; and kbdi714 in 8/25 models.  Model parameters were obtained by averaging 

across the 25 models with higher weights and the predictions were compared to the results from 

the single model with the highest weight.  As before, the results were very similar and only the 

parameter estimates (Table 3-5) and the predictions from the single model (Figure 3-16) are 

shown.  Observed and predicted values of the average number of nulliparous mosquitoes per trap 

night (Figure 3-16) show good agreement for the year 2008.  However, the predictions of the 

number of nulliparous females for 2007 were less accurate, especially during the emergence peak 

early that year. 

Linearity and Goodness of Fit 

Graphical analysis of the residuals from the full models revealed that the observed and 

predicted values were linearly related.  No strong patterns were observed when residuals were 

plotted against predicted values (Figure 3-17), indicating that linear models were appropriate.  

Thus, it was not necessary to include non-linear relationships.  Additionally, there were no 

patterns observed between residuals and time, suggesting that including serial correlations might 

not improve model fit.  Linearity was also supported by the non-additivity test which indicated 

lack of curvature for the relative abundance (T = -0.98, p = 0.33), parity (T = 1.48, p = 0.14), and 

nulliparous relative abundance (T = -0.04, p = 0.96) global models.   
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The explained deviance for the global models was 61.11% for the relative abundance 

model, 45.33% for the parity model, and 56.85% for the nulliparous relative abundance model.  

This is an indicator of how much of the response variable variation was explained by the model.  

The explained deviance was calculated also for the single model with highest weight and the 

results were very similar:  60.26% for the relative abundance model, 44.67% for the parity 

model, and 56.01% for the nulliparous relative abundance model.  These results support that the 

simplest models have a similar predictive ability to the global model. 

Discussion 

The results of this study support previous observations that Cx. nigripalpus relative 

abundance is influenced by the environmental conditions on the days preceding mosquito 

collections.  This is likely due to the effects of environmental factors on mosquito activity, 

foraging behavior, oviposition behavior, and developmental rates.  This study shows that we can 

make approximate predictions about the times when changes in Cx. nigripalpus abundance and 

physiological age structure can take place, using multiple regression models.  According to the 

Florida Department of Health (2009) guidelines for mosquito surveillance, it is very important to 

know when changes in the mosquito population size and structure could happen because this 

determines changes in the risk of arbovirus transmission.  

The flight activity, bloodfeeding, and oviposition of Cx. nigripalpus are stimulated by high 

relative humidity ≥ 90% (Dow and Gerrish 1970, Day and Curtis 1989, Day et al. 1990).  Flight 

activity decreases when temperatures are below 17-18°C (Bidlingmayer 1974).  The time from 

egg hatch to adult eclosion is reduced as temperature increases (Nayar 1982).  Moon phase and 

wind speed have been described to affect the size of the Cx. nigripalpus collections made with 

various types of traps in Indian River County, Florida (Bidlingmayer 1964, 1974).   
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Changes in mosquito abundance detected with traps are a consequence of the effects of 

prior environmental conditions over gravid female oviposition and immature development.  

These factors impact the timing of nulliparous emergences.  The number of mosquitoes collected 

in traps can also be influenced by environmental effects on the activity of mosquitoes.  If 

conditions are favorable, more individuals can be expected to leave resting sites and become 

active.  Trap collections cannot discriminate between these two possible causes of changes and 

therefore give us an indication of changes in both mosquito activity and population size. 

Using the parameter values of the predictive model of Cx. nigripalpus relative abundance 

with the highest Akaike weight (Relative abundance single model in Table 3-8) we can explore 

how environmental variables explained some of the variation in the field data.  Due to model 

uncertainty, we know that other variables might be supported by another data set.  However, the 

effects of these variables on Cx. nigripalpus relative abundance agree with our knowledge on the 

biology of the species. 

The variables included in the model were the minimum temperature, modeled water table 

depth, and the drought index (KBDI), all averaged over the 0-6 day period before collections.  

Other variables included were moon illumination and collection site.  A positive parameter 

estimate for tmin06 indicates that increases in the minimum temperature positively impacted 

mosquito collections.  Warmer temperatures possibly stimulated flight during the night of 

collection and accelerated immature development during the days prior to the collection. 

The variable mwtd06 indicates the depth of the water table under the surface and it takes 

negative values.  Here it was observed that as the mwtd06 decreased and became more negative, 

there was a reduction in the predicted number of mosquitoes.  This agrees with Cx. nigripalpus 

biology because it suggests that reductions in ground water availability negatively impacted the 
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size of mosquito collections.  This could be due to both fewer newly emerged mosquitoes and 

reductions in adult mosquito activity due to dry conditions indicated by negative values of 

mwtd06. 

A negative association between mosquito abundance and the kbdi06 was suggested by the 

negative sign of its parameter estimate.  Increases in the value of the KBDI indicate drought.  

This result then supports that fewer mosquitoes were collected during dry conditions. 

In this study, the moon effect was considered quantitatively as the fraction of moon 

illuminated (FMI = 0 for new moon, FMI ~ 0.5 for quarters, and FMI = 1 for full moon).  A 

negative association with relative abundance was suggested from the negative sign of the moon 

illumination parameter estimate.  Fewer mosquitoes were collected with lard can traps as the 

FMI increased.  This pattern was different from previous studies which reported that moon phase 

had an effect on the number of Cx. nigripalpus collected with truck, suction, and animal baited 

traps (Bidlingmayer 1964, 1974).  These studies reported larger collections during the full moon 

and quarters than during the new moon (Bidlingmayer 1964, 1974).  Animal traps were less 

sensitive than the truck and suction traps to detect differences in mosquito activity due to moon 

phase (Bidlingmayer 1974).  Light baited traps provided different results than suction traps and 

did not accurately reflect mosquito activity under different moon conditions (Bidlingmayer 

1964).  The differences between previous studies and our study might due to sampling biases.  

Only the unfed host-seeking females of the population were being targeted with the lard can 

traps unlike with suction and truck traps that target all flying mosquitoes.  It is not known if 

unfed host-seeking mosquitoes have different behavioral responses to moon illumination than 

mosquitoes searching for an oviposition site or a sugar meal.  However, Bidlingmayer (1985) did 
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consider moon illumination as an important factor that can change the physiological (feeding 

status) composition of the flying population. 

Another factor that could have affected the size of the catch under different moon 

illumination is the trap color.  Bidlingmayer (1985) mentions that suction traps painted black 

collected larger numbers of mosquitoes than gray or transparent traps.  Mosquitoes are attracted 

to visible objects of certain size that contrast with the background.  The lard can traps used here 

were white.  During fully illuminated nights this might have reduced the visual attractiveness of 

the trap leading to smaller collections.  But careful studies would need to be conducted to test the 

effect of trap color on Cx. nigripalpus collections.  The effects of artificial lights (street lights) on 

trap collections could also be investigated to determine if they introduce biases and differences 

between sites. 

The collection site was also a predictor in the simplest model.  Its parameter estimates 

suggest that higher collections were commonly obtained in the Groves Site than at the other two 

sites (this site had a larger intercept).  In another study of Cx. nigripalpus in Palm Beach County, 

Florida (Morales-Downing 1994), populations were sampled at four sites for one year (April 

1991-March 1992).  Large mosquito collections were made year round in a site that had 

permanent standing water and lush vegetation.  At the other three sites (scrub, mangrove, and 

citrus grove) mosquitoes were collected in low numbers or not at all during the dry months, but 

abundance increased during the wet months.  These observations suggest the existence of 

reservoir locations where mosquitoes persist year round and in which mosquito production might 

not be as dependent on rainfall.  It is important to consider multiple sites when studying the 

dynamics of this species. 
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The variables included in the relative abundance predictive model agree with what would 

be expected based on the biology of Cx. nigripalpus.  However, some of the variation (~40%) in 

the observed average number of mosquitoes per trap night was not explained by the model.  

Visual agreement between observed and predicted values was best for the year 2008.  The year 

2008 was characterized by an extraordinarily wet period during the month of August (280 mm of 

rain in 3 days) due to Tropical Storm Fay (Figure 3-12 B).  This was preceded by months with 

only isolated episodes of heavy rain (only two rainfall events ≥50 mm within 3 days were 

registered in 100 days).  The relatively dry conditions followed by a wet period could have 

synchronized the population abundance in all three sites during 2008 (Figure 3-13).  The year 

2007 had relatively high and frequent rain during July and early August, and between late 

September and early October (Figure 3-11 B).  More frequent rainfalls could have interacted 

with the topography of each site to produce more variation in the number and permanence of 

oviposition sites, reducing the dependability on rainfall and, as a consequence, the predictability 

of mosquito abundance based on rainfall.  Also, if rainfall events occurred when conditions were 

already humid and favorable for mosquito flight and reproduction, a marked change in 

abundance might have not been induced by rainfall.  However, it was expected that groundwater 

accumulation (indicated by the MWTD) could account for mosquito emergences not directly 

related to rainfall events. 

Predictability could have also been affected by sampling biases.  As was mentioned before, 

the type of trap used in this study (a stationary CO2 baited lard can trap) attracts only unfed host-

seeking females and does not target other flying mosquitoes or those that are resting.  The traps 

were positioned at a height of ~1.8 m above the ground, and recent studies have shown that trap 

height can also influence the size of the collections of certain Culex species.  When CDC 
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miniature light traps baited with CO2 were used to collect mosquitoes, there were no differences 

in the size of the catches of Culex restuans and Culex pipiens pipiens between traps located 1 m 

above the ground and traps placed 6-7 m above ground (Drummond et al. 2006).  However with 

lard can traps (chicken or sparrow used as bait), there were differences in the size of the catch of 

Cx. restuans between ground and canopy traps although not for Cx. p. pipiens (Darbro and 

Harrington 2006).  We do not know what the effect of trap height could be in the collections of 

Cx. nigripalpus, or if including data from collections made at different heights might help 

provide more accurate predictions of changes in mosquito abundance as a function of 

environmental variables. 

We did not account for endogenous population factors in this model, but future models 

could attempt to consider population feedbacks to help explain the magnitude of the abundance 

peaks for Cx. nigripalpus.  The use of longer time series that include the winter and spring might 

be necessary to build models that include endogenous factors because the size of spring 

populations might partially determine the abundance during the summer.  A recent study used 

Gompertz dynamical feedback models to predict changes in the monthly relative abundance of 

the salt marsh mosquito Ae. vigilax from northern Australia (Yang et al. 2008).  Gompertz 

models describe a negative relationship between population growth rate and mosquito density.  

The AIC was used to select the best predictive model.  The selected final model included 

stochastic exogenous variables as correlates (frequency of high tides, two month prior rainfall 

and relative humidity) that altered the relative rate at which mosquitoes responded to their own 

density. 

Our results suggest that the changes in Cx. nigripalpus relative abundance in Indian River 

County, Florida can be partially explained by environmental factors.  A model selection 
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approach based on the AIC (Burnham and Anderson 1998) was used here to find the model (set 

of parameters) with the best ability to predict changes in mosquito relative abundance.  After 

considering 2048 linear models as candidates, there was no support for a single best predictive 

model.  However, further analysis supported that the single model with the highest Akaike 

weight had good predictive ability explaining ~60% of the observed variation. 

Many statistical approaches have been used to study the relationships between 

environmental variables and mosquito relative abundance.  Some of the approaches used in the 

past include simple linear regression (Shaman et al. 2002b, Wegbreit and Reisen 2000), 

multivariate linear regression with backward elimination of variables (DeGaetano 2005), and 

generalized linear models (Poisson errors) with a priori selection of explanatory variables based 

on cross-correlation analysis (Shone et al. 2006).  When building models to explain mosquito 

abundance some authors average weekly mosquito collection data into a monthly estimate of 

abundance and they lag the explanatory variables by 1 month (DeGaetano 2005).  Other authors 

use daily mosquito collections data and average the explanatory variables over a period of days 

before the collection date (Shaman et al. 2002b, Shone et al. 2006), similar to the approach 

presented here.  It is common to build separate models for different collection sites, years, or 

even months.  Data transformations are usually applied to the data, however there is almost never 

mention of checking for the assumptions of normality and homoscedasticity of residuals (for 

example, Wegbreit and Reisen 2000, Shaman et al. 2002b, and DeGaetano 2005used linear 

regression but did not report on checking these assumptions).  Other aspects that should be 

checked are the existence of overdispersion (Shone et al. 2006 used GLM with Poisson 

distributions for error terms but did not report checking for overdispersion),  and independence 

of errors (Wegbreit and Reisen 2000, Shaman et al. 2002b, DeGaetano 2005, and Shone et al. 
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2006 did not report checking for violations to this assumption).  Checking for such assumptions 

is very important when the model building process relies on hypothesis testing to select the 

explanatory variables in the final model, meaning that only those variables that are significant 

are included.  It is known that the lack of fit and violations of model assumptions can affect the 

variance of the parameter estimates.  These can make confidence intervals too wide or too 

narrow and inference is not recommended under those conditions (Zuur et al. 2009).  Even 

though the parameter estimates obtained can be used in a predictive model, if the model 

assumptions (linearity, normality and homoscedasticity of residuals) are not met, significance 

tests for the parameters cannot be trusted.   

The model selection approach followed here (AIC and model weights) provided an 

objective way to select the variables included in the predictive model.  Our intention was to 

avoid over fitted and/or unstable models, which are some of the pitfalls of using hypothesis 

testing to build a model from a large number of possible explanatory variables (Burnhan and 

Anderson 1998).  The approach used here is not data dredging in the sense of systematically 

including and removing variables from the model in order to obtain a final model with all the 

statistically significant variables.  However it is data dredging in the sense that all possible 

models were fitted, therefore it should be considered as an exploratory approach.  The multiple 

regression model obtained revealed the environmental variables that could be used to predict 

changes in Cx. nigripalpus abundance.  Since parameter estimation and not hypothesis testing 

was the focus in the approach followed here, we did not check for multicollinearity effects 

among explanatory variables, and did not report on normality and homoscedasticity of the 

residuals.  However, we evaluated the adequacy of using a linear model and the goodness of fit.  
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If linearity would not have been supported, quadratic terms or other non-linear expression would 

have been necessary to relate explanatory and response variables.   

More information may be needed to build a model that better approximates the truth 

behind the data.  New data sets could help in the evaluation of the predictive abilities of the 

simplest model selected here.  The results of this study can provide important insights to improve 

planning of future field studies.  For example, the effects of moon phase should always be taken 

into consideration when planning collections of Culex nigripalpus.  Taking longer series of 

mosquito collection data and perhaps using information from different types of traps could help 

in the development of improved models.  Another factor that could be considered in the future to 

improve the explanatory ability of the model is using weather variables measured at the 

collection sites.  Given the effects observed for collection site, considering fitting different 

models for the data by site would be important.  It is possible that environmental variables have 

different effects depending on the site.  Interactions among environmental factors could also be 

explored. 

In addition to the prediction of changes in Cx. nigripalpus relative abundance we were 

interested in predicting changes in the physiological age structure of the population.  

Physiological age structure was approximated as the proportion of parous females or parity.  The 

parity of other mosquito species has been shown to be affected by weather factors such as 

temperature and precipitation (Reisen et. al. 1983, Reisen et al. 1986).  Here we provide evidence 

supporting that the changes in the estimated proportion of parous Cx. nigripalpus females can be 

partially explained by environmental changes that impact the availability of oviposition sites and 

mosquito activity, such as precipitation and temperature.  There was considerable model 
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uncertainty but the single model with highest weight explained some of the variability in parity 

(~45%).   

The proportion of parous females observed in the field stayed mostly between 0.10-0.40. 

During the year 2007 a low of 0.02 (Park Site) and a peak of 0.50 (Yard Site) were observed, and 

during 2008 lows of 0.00 (Park Site, Yard Site) and peaks of 0.55 (Park Site) and 0.60 (Yard 

Site) were recorded.  The model did not predict values above 0.37 for 2007 or 0.46 for 2008, thus 

the highest peaks of parity were underestimated.  The model did predict the times when parity 

dropped to zero in 2008 (which coincided with an increase in mosquito abundance after the 

passing of Tropical Storm Fay in August).  Times when parity was low (<0.20) in the Park and 

Yard Sites were better predicted than times when parity increased above 0.40.  The changes in 

parity predicted for the Groves Sites followed a very different profile than what was observed in 

the field (Figure 3-15). 

The variables in the simplest parity model were collection site, moon, mwtd714, prcp06, 

prcp714, tmin06, tmin714, and wind.  Collection site was important to predict parity.  This is 

probably due to the different patterns observed for the Groves Site where the peaks in parity 

were never as high as for the other two sites.  The average minimum temperature in the 0-6 days 

prior to collection positively impacted parity.  This is perhaps a result of warmer temperatures 

stimulating mosquito oviposition activity.  There was a positive association between parity and 

the average precipitation 0-6 days before collections.  Humid conditions probably stimulated 

unfed mosquitoes to bloodfeed and later oviposit, increasing the number of parous females in the 

population just prior to collections.  It is interesting that modeled water table depth averaged over 

the 0-6 days before collection was not included in the model selected to explain parity changes.  

This would have been expected considering that water availability could affect the proportion of 
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gravid females that oviposit.  Precipitation and water table depth 0-6 days prior to collection are 

negatively correlated (r = -0.66, as precipitation increases the depth of water under the surface 

decreases) and they may provide similar explanatory power to the model.   

The parity model seems better able to predict the times at which the proportion of parous 

females in the population is low (<0.20) than when it is high (≥0.50).  Decreases in parity 

occurred with increases in prcp714 and tmin714.  Wet and warm conditions in the period of 7-14 

days before collections, together with rainfall, positively impacted the emergences of new 

mosquitoes and consequentially reduced the proportion of parous females in the following days.  

The model for the number of nulliparous mosquitoes (discussed below) also included prcp714 as 

an important variable explaining mosquito emergences, supporting that increases in nulliparous 

mosquitoes reduce the proportion of parous females. 

Decreases in parity also occurred when ground water availability was low in the 7-14 days 

prior to collections (reductions in mwtd714) and when the temperature and rainfall were low in 

the 0-6 days prior to collections (decreases in tmin06 and prcp06).  These factors most likely 

decreased mosquito oviposition activity. 

It has been suggested in previous studies that wind could have an effect on the number of 

mosquitoes caught (Bidlingmayer 1974, 1985) but not on the parity rates.  However this variable 

was included in the parity predictive model.  Bidlingmayer (1974) reported effects of moon 

phase in the number of mosquitoes collected but not in the proportion of parous females.  In the 

present study, the lowest values of parity (<0.10) were only observed during new moon, and the 

highest values of parity (>0.50) were only observed during full moon nights.  Higher parity rates 

were observed during days of higher average winds.  Given the observational nature of our 

study, it is difficult to determine how moon and wind could affect the proportion of parous 
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females collected.  However, it is possible to say that both wind and moon phase are variables 

that need to be considered in Cx. nigripalpus population dynamics studies.  The effects of moon 

illumination and wind on the behavior of Cx. nigripalpus at different physiological stages require 

further studies. 

During 2008, Tropical Storm Fay passed through the study area between August 19th and 

20th.  The storm was preceded by ~16 days without any heavy rainfall events (≥50 mm within 3 

days).  This can be considered a long dry period (Day et al. 1990).  The year had been dry in 

general and in the 100 days prior to the storm only two heavy rainfall events were registered.  In 

the days immediately after the storm, parity rates increased to ≥0.50 in the Park and Yard Sites 

(23rdand 22nd of August, respectively), although not in the Groves Site (the parity stayed low at 

0.08).  In the next collection date parous females were not collected and the proportion parous 

dropped to 0.00 by August 30th and September 1st in the Park and Yard Sites respectively.  This 

is presumably due to a large emergence of nulliparous females.  Also in 2008, in late September 

and early October, there was another peak of parity of more than 0.50 in the Park and Yard Sites.  

However, by this time the temperatures were cooler, which perhaps prevented a large 

synchronized mosquito emergence.  These observations agree with previous studies that had 

demonstrated that wet conditions preceded by drier conditions could first synchronize 

oviposition and later the emergence of nulliparous mosquitoes (Day et al. 1990).  

The parity model did not explain all of the variation observed in the field.  It is important 

to remember that parity in this study was estimated only for the unfed fraction of the mosquito 

population inherently biasing the estimates which could have an effect on the associations with 

explanatory variables in the model.  Our estimate of the proportion of parous females in the 

population (Parous/Total) was the ratio between the number of parous unfed mosquitoes at time t 
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(Put) over the total unfed mosquitoes dissected, both parous and nulliparous (Put/(Put+Nut)).  

Mosquitoes that were bloodfed or gravid at time t were not collected or included in the estimate.  

Whenever Put>Nut, the estimate of the proportion parous will be higher than 0.50.  In this study 

we observed that more often Put<Nut, which suggests regular introductions of new mosquitoes.  

Perhaps only long periods of unfavorable conditions could reduce the rate of new introductions 

to a degree that would eventually allow the fraction of unfed nulliparous mosquitoes in the 

population to fall below the fraction of unfed parous mosquitoes. 

There is evidence that during prolonged dry periods, an unknown proportion of gravid Cx. 

nigripalpus females hold their eggs waiting for rainfall to disperse and oviposit (Day and Edman 

1988).  It is unknown what proportion of females oviposits in aquatic habitats that persist after 

rainfall or other types that are less dependent on rainfall.  If this occurs, new mosquitoes might 

be added to the population in a staggered manner, not synchronized by wet events.  This could 

introduce variability in the parity rates and might reduce the predictability of parity as a function 

of environmental variables in models such as the one presented here.  We can speculate that the 

existence of aquatic habitats that persist for more than 7 days after rainfall events of ≥50 mm 

within 3 days (such as temporary ponds), allows the continuous production of new mosquitoes in 

this landscape during drier periods, but there are no data supporting this assumption.  The 

existence of these sites, and their potential relative importance in mosquito production, should be 

investigated. 

Developing models to predict changes in the age structure of mosquito populations is 

important to improve surveillance given that an aging mosquito population, in concurrence with 

other types of indicators, can signal conditions of high risk for arbovirus transmission (Day 

2001).  The model presented here provides some evidence of environmental influences on 
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physiological age structure of Cx. nigripalpus populations, and it encourages the development of 

improved models and models for other vector species. 

A predictive model for the average number of nulliparous mosquitoes per trap night was 

developed here.  We considered that the abundance of these mosquitoes, having recently 

emerged from the available oviposition sites, could be better predicted by recent weather 

conditions.  Periods of large increases in nulliparous mosquitoes could be expected to be more or 

less coincident with periods of low parity.  This is due to the dilution effect of having a large 

number of nulliparous mosquitoes in the population.  The model selection approach used here 

supported a model including the drought index and minimum temperature (averaged for the 

period of 0-6 days prior to collection), average precipitation 7-14 days prior to collection, moon 

illumination and the collection site as explanatory variables.  This model approximated times of 

large emergences of nulliparous females, but the magnitude and exact timing of the increases 

was not always well described.  Similar to the model for relative abundance, better predictions 

were obtained for the year 2008 than for the year 2007.  Regardless, the associations with the 

explanatory variables agree with the biology of Cx. nigripalpus.  Negative effects of increased 

dryness on nulliparous mosquitoes’ relative abundance and positive effects of precipitation and 

minimum temperature were observed.  Similar to the model for the relative abundance, increased 

moon illumination had a negative impact on the abundance of nulliparous females.  The 

variables prcp714 and tmin714 had a positive effect on the number of nulliparous mosquitoes, and 

this could be related to the emergence of a new generation of mosquitoes after approximately 

one week of immature development. 

It is important to reiterate that the predictions made by the models can be consequence of 

both changes in population size and mosquito activity levels.  The relative abundance model 
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included the variables kbdi06 and tmin06.  These variables were frequent in the confidence set 

(models with weights ≥ 0.01).  Variables averaged 7-14 days prior were less frequent in the 

confidence set of relative abundance models.  This result suggests that the relative abundance 

model is perhaps explaining changes in mosquito activity in the days prior to collections.  The 

model for parity and nulliparous abundance consistently includes the variables averaged 7-14 

days prior in their confidence sets (especially prcp714), together with variables averaged in the 0-

6 prior periods.  This suggests explanation of the emergence of nulliparous females 7-14 days 

after oviposition by the model, together with mosquito activity. 

The models presented here provided good predictions of the changes in Cx. nigripalpus 

abundance and parity for populations in a landscape in Indian River County, Florida.  Our 

models support that variation in the relative abundance of mosquitoes is influenced by factors 

such as rainfall, water table depth, dryness, temperature, and moon illumination.  Not all the 

variation in the observed abundance was explained by the model.  Improved models could be 

developed from new data gathered for longer time periods including winter and spring that could 

allow a better exploration of how endogenous factors regulate the mosquito populations.  

Mosquito collections are labor intensive but perhaps making collections using other types of 

traps and combining the information could help obtain relative abundance measures that would 

better represent the effects of environmental variables on the populations.  It is also important to 

consider the moon phases in planning collections, because this affects the size of Cx. nigripalpus 

catches. 

Even though the predictions of the proportion of parous females with the model presented 

here did not completely explain what was observed in the field, models like this can still 

contribute to the monitoring of changes in the age structure.  Wet and warm conditions 7-14 days 
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prior to collections can lead to increases in nulliparous mosquitoes and consequentially to a 

reduction of the proportion of parous females.  Also, dry periods followed by heavy rains could 

signal important increases in the proportion of unfed parous females that could be potentially 

infectious and looking for a bloodmeal.  More investigation is needed about how water sources 

remaining days after rainfall, or other permanent oviposition sites, are used by Cx. nigripalpus 

throughout the summer and fall season.  This could help explain parity fluctuations especially 

during long dry periods.   

Changes in the proportions of parous females are influenced by environmental factors.  

However, the chronological age distribution of these females is unknown.  It also is difficult to 

predict the proportion of females that has completed the extrinsic incubation of a virus.  Given 

that it is not possible to determine the chronological age of females in the field, modeling studies 

like the one presented in the following chapter could be used to explore the possible mechanisms 

behind changes in chronological age structure.   
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Table 3-1.  Species of mosquitoes and total number of mosquitoes collected during 2007 and 
2008. 

  2007   2008    

Species Park 
Site 

Yard 
Site 

Groves 
Site 

Park 
Site 

Yard 
Site 

Groves 
Site Total 

Frequent 
Species 
(%) 

Aedes aegypti 2 1  3   6  
Aedes albopictus 4 9  1 4  18  
Aedes triseriatus   1    1  
Aedes vexans 2 18 382   50 452  
Anopheles crucians   10    10  
Anopheles quadrimaculatus      2 2  
Coquillettidia perturbans   11   13 24  
Culex erraticus 1 4 2 4 21 29 61  
Culex nigripalpus 24428 22433 34554 19429 13248 23534 137626 65.51 
Culex quinquefasciatus  11  1   12  
Culex salinarius   189   43 232  
Mansonia dyari   750  3 1645 2398 1.14 
Mansonia titillans 2 13 8595 4 17 6200 14831 7.06 
Ochlerotatus atlanticus/ 
tormentor 

6  124 11  88 229  

Ochlerotatus infirmatus 52 205 128 241 73 301 1000  
Ochlerotatus sollicitans  2 1   1 4  
Ochlerotatus taeniorhynchus 2 10  28 26 1 67  
Psorophora ciliata 1 33 380  2 208 624  
Psorophora columbiae 43 2001 30290 65 471 19567 52437 24.96 
Psorophora ferox 14 6 1 26 3 2 52  
Psorophora howardii   7 1  1 9  
Total 24557 24746 75425 19814 13868 51685 210095  
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Table 3-2.  Culex nigripalpus collected in the year 2007 and numbers of mosquitoes dissected for 
parity determination. 

Site Date Total Average 
per trap 

StDev 
among 
traps 

Dissected Parous 
(C ) 

Proportion 
parous 
(C/A+B) 

     
Scored 
(A) 

Undetermined 
(B)   

Park Site 10-Jun 2* 0.67 1.15 -¥ - - - 
24-Jun 54 13.50 8.19 - - - - 
2-Jul 167 41.75 25.24 - - - - 
8-Jul 966 241.50 286.80 30 2 7 0.22 
14-Jul 4033 1008.25 403.74 34 2 4 0.11 
21-Jul 459+ 229.50 33.23 34 6 7 0.18 
31-Jul 1413 353.25 179.69 36 0 7 0.19 
6-Aug 1961 490.25 135.29 31 9 4 0.10 
12-Aug 5247 1311.75 448.43 33 15 1 0.02 
22-Aug 755 188.75 106.05 36 11 6 0.13 
28-Aug 1399 349.75 112.57 46 3 16 0.33 
3-Sep 303 75.75 58.85 26 19 12 0.27 
12-Sep 1051 262.75 101.00 38 10 8 0.17 
27-Sep 573 143.25 69.34 46 2 23 0.48 
3-Oct 513 128.25 101.77 27 24 9 0.18 
12-Oct 1010 252.50 86.85 24 28 5 0.10 
19-Oct 1092 273.00 107.72 45 11 8 0.14 
25-Oct 2493 623.25 453.79 39 10 18 0.37 
1-Nov 823 205.75 285.44 35 5 12 0.30 
10-Nov 90 22.50 8.85 29 20 7 0.14 
16-Nov 24 6.00 8.12 19 2 6 0.29 

Yard Site 11-Jun 15 3.75 6.24 - - - - 
22-Jun 10 2.50 1.73 - - - - 
29-Jun 0 0.00 0.00 - - - - 
9-Jul 792 198.00 228.60 30 3 4 0.12 
15-Jul 4151 1037.75 922.73 31 9 8 0.20 
22-Jul - - - 34 6 10 0.25 
29-Jul 1303 325.75 372.43 30 10 6 0.15 
7-Aug 2251 562.75 568.73 33 7 3 0.08 
11-Aug 2107 526.75 256.43 35 14 4 0.08 
21-Aug 974 243.50 217.58 47 1 5 0.10 
27-Aug 201 50.25 31.88 45 3 26 0.54 
4-Sep 536 134.00 110.20 35 14 13 0.27 
11-Sep 109 27.25 25.41 31 12 8 0.19 
24-Sep 419 104.75 68.36 35 11 18 0.39 
5-Oct 2822 705.50 604.31 35 15 15 0.30 
11-Oct 152 38.00 33.36 33 8 9 0.22 
21-Oct 2941 735.25 676.42 39 16 19 0.35 
24-Oct 1462 365.50 223.45 42 7 15 0.31 
31-Oct 1901 475.25 716.59 43 5 11 0.23 
9-Nov 198 49.50 46.06 32 28 7 0.12 
17-Nov 89 22.25 19.65 32 2 9 0.26 
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Table 3-2.  Continued 

Site Date Total Average 
per trap 

StDev 
among 
traps 

Dissected Parous 
(C ) 

Proportion 
parous 
(C/A+B) 

     
Scored 
(A) 

Undetermined 
(B)   

Groves Site 
12-Jun 198 49.50 14.89 - - - - 
23-Jun 1018 254.50 182.28 - - - - 
30-Jun 1003 250.75 112.82 - - - - 
7-Jul 1759 439.75 248.64 23 7 6 0.20 
13-Jul 2989 747.25 380.53 26 12 5 0.13 
23-Jul 2288 572.00 240.08 37 3 8 0.20 
30-Jul 943 235.75 99.14 35 3 13 0.34 
8-Aug 2888 722.00 251.67 36 10 6 0.13 
13-Aug 3880 970.00 424.85 35 13 3 0.06 
20-Aug 2223 555.75 116.99 47 1 20 0.42 
29-Aug 983 245.75 52.54 45 3 18 0.38 
2-Sep 945 236.25 64.19 41 3 18 0.41 
13-Sep 1842 460.50 135.31 38 7 15 0.33 
26-Sep 1124 281.00 46.89 31 18 7 0.14 
4-Oct 3307 826.75 437.28 30 16 6 0.13 
13-Oct 1219 304.75 75.64 28 28 7 0.13 
18-Oct 1956 489.00 303.27 40 12 4 0.08 
26-Oct 2770 692.50 275.95 41 7 20 0.42 
2-Nov 285 71.25 44.84 38 9 11 0.23 
11-Nov 334 83.50 75.60 32 18 6 0.12 
18-Nov 600 150.00 73.12 46 3 12 0.24 

*Total, mean, and standard deviation over three traps for this date.  ¥Missing data are 

represented with hyphens.  + Total, mean, and standard deviation over two traps for this date. 
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Table 3-3.  Culex nigripalpus collected in the year 2008 and numbers of mosquitoes dissected for 
parity determination. 

Site Date Total Average 
per trap 

StDev 
among 
traps 

Dissected Parous 
(C ) 

Proportion 
parous 
(C/A+B) 

     
Scored 
(A) 

Undetermined 
(B)   

Park Site 3-Jun 56 14.00 5.60 32 9 9 0.22 
10-Jun 11 2.75 2.22 9 1 3 0.30 
17-Jun 6 1.50 1.73 6 0 2 0.33 
25-Jun 106 26.50 2.52 36 4 4 0.10 
1-Jul 11 2.75 2.75 6 2 1 0.13 
11-Jul 66 16.50 10.28 36 6 4 0.10 
17-Jul 425 106.25 23.10 39 1 14 0.35 
23-Jul 734 183.50 24.84 39 0 4 0.10 
31-Jul 510 127.50 107.48 39 1 5 0.13 
8-Aug 1895 473.75 269.37 37 3 8 0.20 
15-Aug 1559 389.75 329.72 38 2 6 0.15 
23-Aug 1320 330.00 149.25 39 1 20 0.50 
30-Aug 2147 536.75 353.13 39 1 0 0.00 
6-Sep 2350 587.50 330.90 36 5 9 0.22 
16-Sep 2696 674.00 416.44 36 3 9 0.23 
21-Sep 1632 408.00 397.61 40 0 13 0.33 
29-Sep 380 95.00 27.77 40 0 17 0.43 
6-Oct 794 198.50 86.92 39 1 22 0.55 
15-Oct 1061 265.25 68.83 40 0 12 0.30 
22-Oct 1244 311.00 203.28 40 0 9 0.23 
27-Oct 426 106.50 51.12 39 1 11 0.28 

Yard Site 5-Jun 20 5.00 4.69 15 5 5 0.25 
9-Jun 1 0.25 0.50 1 0 0 0.00 
18-Jun 24 6.00 9.52 21 2 5 0.22 
27-Jun 20 5.00 7.57 15 3 2 0.11 
3-Jul 0 0.00 0.00 0 0 0 0.00 
10-Jul 19 4.75 8.85 17 1 4 0.22 
18-Jul 197 49.25 34.20 39 1 16 0.40 
25-Jul 526 131.50 59.63 40 0 8 0.20 
2-Aug 994 248.50 109.31 38 2 12 0.30 
10-Aug 1048 262.00 280.05 38 2 6 0.15 
16-Aug 449 112.25 72.89 37 3 8 0.20 
22-Aug 1146 286.50 286.57 36 4 20 0.50 
1-Sep 4693 1173.25 1568.53 33 7 0 0.00 
7-Sep 1526 381.50 283.39 35 5 12 0.30 
15-Sep 542 135.50 136.85 38 2 5 0.13 
22-Sep 774 193.50 141.17 40 0 12 0.30 
30-Sep 25 6.25 5.32 24 0 11 0.46 
7-Oct 422 105.50 73.00 39 1 24 0.60 
13-Oct 277 69.25 72.50 39 1 18 0.45 
21-Oct 545 136.25 88.73 39 1 1 0.03 
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Table 3-3.  Continued 

Site Date Total Average 
per trap 

StDev 
among 
traps 

Dissected Parous 
(C ) 

Proportion 
parous 
(C/A+B) 

     
Scored 
(A) 

Undetermined 
(B)   

Groves Site 2-Jun 252 63.00 31.49 37 3 3 0.08 
11-Jun 128 32.00 21.83 40 2 14 0.33 
19-Jun 330 82.50 35.49 37 3 4 0.10 
26-Jun 278 69.50 57.91 38 2 8 0.20 
2-Jul 64 16.00 15.21 37 1 4 0.11 
7-Sep 503 125.75 109.74 40 1 6 0.15 
20-Jul 734 183.50 83.84 39 1 6 0.15 
24-Jul 774 193.50 121.78 39 1 5 0.13 
1-Aug 681 170.25 76.39 39 1 7 0.18 
7-Aug 1210 302.50 160.91 38 2 14 0.35 
17-Aug 1038 259.50 189.87 37 3 5 0.13 
24-Aug 3383 845.75 569.27 36 4 3 0.08 
31-Aug 7429 1857.25 2429.54 38 2 1 0.03 
8-Sep 612 153.00 95.09 39 1 7 0.18 
17-Sep 1959 489.75 178.32 36 4 7 0.18 
23-Sep 1364 341.00 235.23 38 2 10 0.25 
1-Oct 789 197.25 134.24 37 3 12 0.30 
8-Oct 1058 264.50 55.81 38 2 11 0.28 
14-Oct 792 198.00 104.88 40 0 14 0.35 
20-Oct 156 39.00 34.73 30 1 7 0.18 
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Table 3-4.  Model selection results for a predictive model on the average number of mosquitoes collected per trap night.  The 23 
models (out of 2048) with weights ≥0.01 are shown. 

Model Intercept wind kbdi06 kbdi714 moon mwtd06 mwtd714 prcp06 prcp714 tmin06 tmin714 site* K Deviance AICc Δ Weight
1 8.12 -0.04 -2.69 3.60 1.07 1 8 3731.18 786.03 0.00 0.05 
2 7.91 -0.04 -2.72 3.50 1.09 1 8 3738.31 786.27 0.23 0.04 
3 9.48 -0.04 3.64 0.97 1 7 3834.58 787.11 1.07 0.03 
4 9.26 -0.04 3.52 0.99 1 7 3844.50 787.43 1.39 0.03 
5 7.77 -0.03 -0.01 -2.58 3.33 1.09 1 9 3705.80 787.52 1.49 0.02 
6 5.87 -0.04 -2.65 3.49 0.99 0.15 1 9 3722.62 788.08 2.05 0.02 
7 9.07 -0.05 -0.04 -2.62 3.74 1.06 1 9 3725.26 788.17 2.13 0.02 
8 9.01 -0.03 -0.01 3.32 0.99 1 8 3800.22 788.29 2.26 0.02 
9 8.14 -0.04 -2.70 2.49 1.13 1.08 1 9 3729.25 788.30 2.27 0.02 
10 7.86 -0.04 -2.86 3.49 0.03 1.08 1 9 3729.41 788.31 2.27 0.02 
11 8.02 -0.04 -2.61 3.53 0.01 1.07 1 9 3730.11 788.33 2.29 0.02 
12 7.58 -0.04 -3.7×10-3 -2.66 3.25 1.10 1 9 3730.48 788.34 2.31 0.02 
13 8.14 -0.04 -2.68 3.61 -2.9×10-3 1.07 1 9 3731.12 788.36 2.33 0.02 
14 7.75 -0.04 -2.56 3.39 0.03 1.08 1 9 3733.86 788.45 2.42 0.02 
15 6.29 -0.04 -2.70 3.39 1.03 0.11 1 9 3734.14 788.46 2.43 0.02 
16 8.61 -0.04 -0.04 -2.67 3.59 1.09 1 9 3734.77 788.48 2.45 0.01 
17 8.94 -0.04 3.39 0.05 0.95 1 8 3819.05 788.90 2.86 0.01 
18 8.70 -0.04 3.28 0.06 0.96 1 8 3819.60 788.92 2.88 0.01 
19 10.80 -0.07 -0.04 3.84 0.95 1 8 3821.82 788.99 2.95 0.01 
20 6.83 -0.04 3.51 0.87 0.18 1 8 3822.87 789.02 2.99 0.01 
21 9.60 -0.04 3.72 -0.02 0.98 1 8 3830.54 789.27 3.23 0.01 
22 8.78 -0.04 -4.8×10-3 3.20 1.00 1 8 3830.91 789.28 3.24 0.01 
23 9.49 -0.04 2.76 0.90 0.97 1 8 3833.36 789.36 3.32 0.01 

*The number 1 under the variable site is not a parameter estimate but an indication that the effects of site are included in that 

particular model.  
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Table 3-5.  Parameter estimates and their confidence intervals for the predictive models.  CI = confidence interval, LL = lower limit 
and UL = upper limit.  The three Single models in this table correspond to Model 1 on Tables 3-4 (Relative abundance), 3-
6 (Parity), and 3-7 (Nulliparous relative abundance), respectively. 

 
Relative abundance 
Averaged model 

Relative abundance 
Single model 

Parity 
Single model 

Nulliparous relative abundance 
Single model 

CI  CI CI CI 
Parameter Value LL UL Value LL UL Value LL UL Value LL UL 
Groves Site Intercept 8.28 -3.72 20.30 8.12 -3.19 19.44 -1.27 -2.17 -0.37 1.20 -9.06 11.46 
Park Site Intercept – 
Groves Site Intercept -2.93 -5.41 -0.45 -2.92 -5.36 -0.48 0.17 -4.10×10-3 0.35 -2.06 -4.50 0.37 

Yard Site Intercept – 
Groves Site Intercept -5.05 -7.56 -2.54 -5.05 -7.52 -2.58 0.20 0.03 0.38 -3.77 -6.23 -1.30 

kbdi06 -0.04 -0.05 -0.03 -0.04 -0.05 -0.03  -0.03 -0.04 -0.02 
kbdi714 -8.90×10-4 -5.02×10-3 3.26×10-3      
Moon -1.75 -5.23 1.73 -2.69 -5.63 0.25 0.39 0.17 0.61 -3.61 -6.64 -0.59 
mwtd06 2.09 -2.15 6.34 3.60 1.23 5.96   
mwtd714 1.42 -2.48 5.32    0.34 0.16 0.51  
prcp06 6.40×10-4 -0.01 0.01    0.01 0.01 0.02  
prcp714 4.56×10-3 -0.02 0.03    -0.06 -0.08 -0.05 0.17 0.04 0.31 
tmin06 1.04 0.55 1.52 1.07 0.62 1.53 0.06 0.01 0.10 0.98 0.54 1.42 
tmin714 0.02 -0.08 0.11    -0.05 -0.09 -0.01  
Wind 5.00×10-3 -0.04 0.03    0.03 0.01 0.04  
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Table 3-6.  Simple correlations among environmental variables.  The highest values of coefficients of correlation (> |0.50|) are shown 
in bold. 

 mwtd714 mwtd06 kbdi714 kbdi06 tmin714 tmin06 prcp06 prcp714 moon 
mwtd714          
mwtd06 -0.98         
kbdi714 0.17 -0.05        
kbdi06 -0.15 0.03 -0.92       
tmin714 -0.18 0.12 -0.17 0.24      
tmin06 0.11 -0.07 0.16 -0.15 -0.60     
prcp06 0.59 -0.66 -0.44 0.47 0.07 -0.11    
prcp714 0.22 -0.31 -0.43 0.53 0.12 -0.24 0.43   
moon -0.16 0.14 -0.14 0.12 0.09 -0.29 -0.11 0.27  
Wind -0.02 -0.02 -0.09 0.10 0.06 0.08 0.00 -0.10 -0.13 
 



 

 

107 

Table 3-7.  Model selection results for a predictive model of the proportion of parous mosquitoes.  The 28 models (out of 2048) with 
weights ≥0.01 are shown. 

Model Intercept wind kbdi06 kbdi714 moon mwtd06 mwtd714 prcp06 prcp714 tmin06 tmin714 site* K Deviance AICc Δ Weight
1 -1.27 0.03 0.39 0.34 0.01 -0.06 0.06 -0.05 1 10 248.87 663.13 0.00 0.09 
2 -1.32 0.03 0.37 -0.66 0.95 0.02 -0.06 0.06 -0.05 1 11 247.46 664.19 1.06 0.05 
3 -1.22 0.03 0.39 0.34 0.01 -0.06 0.05 -0.04 8 254.89 664.35 1.22 0.05 
4 -1.51 0.03 4.00×10-4 0.39 0.31 0.02 -0.06 0.06 -0.04 1 11 247.89 664.63 1.50 0.04 
5 -1.31 0.03 0.40 0.33 0.01 -0.06 0.05 -0.04 1 10 250.76 665.02 1.89 0.03 
6 -1.28 0.03 0.37 -0.72 1.01 0.02 -0.06 0.06 -0.05 9 253.18 665.02 1.89 0.03 
7 -1.40 0.03 2.00×10-4 0.38 0.34 0.01 -0.06 0.06 -0.04 1 11 248.31 665.05 1.92 0.03 
8 -1.62 0.03 4.00×10-4 0.37 -0.74 1.00 0.02 -0.06 0.06 -0.04 1 12 246.13 665.39 2.26 0.03 
9 -1.89 0.03 0.41 0.29 0.02 -0.06 0.03 1 9 254.04 665.88 2.74 0.02 
10 -1.48 0.03 3.00×10-4 0.36 -0.72 1.01 0.02 -0.06 0.06 -0.05 1 12 246.65 665.92 2.79 0.02 
11 -1.43 0.03 3.00×10-4 0.39 0.32 0.02 -0.06 0.05 -0.04 9 254.18 666.02 2.88 0.02 
12 -2.16 0.03 5.00×10-4 0.41 0.27 0.02 -0.06 0.03 1 10 251.88 666.14 3.01 0.02 
13 -1.33 0.03 0.48 0.30 0.02 -0.06 1 8 256.73 666.19 3.06 0.02 
14 -1.54 0.03 4.00×10-4 0.36 -0.79 1.06 0.02 -0.06 0.06 -0.04 10 252.13 666.39 3.26 0.02 
15 -1.32 0.03 2.00×10-4 0.39 0.34 0.01 -0.06 0.05 -0.04 9 254.58 666.42 3.29 0.02 
16 -1.26 0.03 0.40 0.33 0.01 -0.06 0.05 -0.04 8 256.96 666.42 3.29 0.02 
17 -1.80 0.03 0.41 0.30 0.02 -0.06 0.03 7 259.31 666.44 3.31 0.02 
18 -1.56 0.03 4.00×10-4 0.40 0.30 0.01 -0.06 0.05 -0.04 1 11 249.78 666.52 3.38 0.02 
19 -1.40 0.03 2.00×10-4 0.36 -0.77 1.06 0.02 -0.06 0.06 -0.04 10 252.65 666.91 3.78 0.01 
20 -1.60 0.03 8.00×10-4 4.00×10-4 0.41 0.28 0.02 -0.06 0.05 -0.04 1 12 247.66 666.93 3.79 0.01 
21 -1.22 0.03 0.48 0.31 0.02 -0.06 6 262.19 667.03 3.89 0.01 
22 -1.49 0.03 4.00×10-4 0.48 0.28 0.02 -0.06 1 9 255.20 667.03 3.90 0.01 
23 -1.42 0.03 2.00×10-4 0.39 0.33 0.01 -0.06 0.05 -0.04 1 11 250.34 667.08 3.95 0.01 
24 -2.03 0.03 5.00×10-4 0.41 0.28 0.02 -0.06 0.03 8 257.62 667.08 3.95 0.01 
25 -2.03 0.03 3.00×10-4 0.40 0.30 0.01 -0.06 0.03 1 10 252.87 667.13 4.00 0.01 
26 -1.89 0.03 0.42 0.29 0.01 -0.06 0.03 1 9 255.39 667.22 4.09 0.01 
27 -2.28 0.03 6.00×10-4 0.39 -0.65 0.87 0.02 -0.05 0.03 1 11 250.50 667.24 4.11 0.01 
28 -1.96 0.03 0.40 -0.52 0.77 0.02 -0.06 0.03 1 10 253.15 667.41 4.28 0.01 

*The number 1 under the variable site is not a parameter estimate but an indication that the effects of site are included in that 

particular model. 
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Table 3-8.  Model selection results for a predictive model on the average number of nulliparous mosquitoes collected per trap night.  
The 25 models (out of 2048) with weights ≥0.01 are shown. 

Model Intercept wind kbdi06 kbdi714 moon mwtd06 mwtd714 prcp06 prcp714 tmin06 tmin714 site* K Deviance AICc Δ Weight 
1 1.20 -0.03 -3.61 0.17 0.98 1 8 2870.13 678.18 0.00 0.08 
2 3.25 -0.03 -3.71 1.24 0.15 0.97 1 9 2841.79 679.49 1.31 0.04 
3 1.18 -0.02 -0.01 -3.29 0.19 0.98 1 9 2844.14 679.58 1.40 0.04 
4 3.16 -0.03 -3.72 1.17 0.15 0.97 1 9 2846.46 679.67 1.49 0.04 
5 -1.13 -0.03 -3.53 0.18 0.87 0.18 1 9 2858.65 680.13 1.95 0.03 
6 1.92 -0.05 -0.03 -3.51 0.18 0.97 1 9 2864.38 680.35 2.17 0.03 
7 1.22 -0.03 -3.58 -0.01 0.17 0.99 1 9 2869.35 680.54 2.35 0.02 
8 4.60 -0.07 -0.03 -3.56 1.40 0.16 0.95 1 10 2829.36 681.45 3.27 0.01 
9 2.78 -0.03 0.21 0.82 1 7 3025.55 681.54 3.36 0.01 
10 2.62 -0.02 -0.01 -3.44 0.86 0.17 0.97 1 10 2832.69 681.58 3.40 0.01 
11 2.62 -0.02 0.00 -3.47 0.87 0.17 0.97 1 10 2833.43 681.61 3.42 0.01 
12 4.57 -0.07 -0.03 -3.57 1.37 0.16 0.94 1 10 2833.83 681.62 3.44 0.01 
13 1.07 -0.02 -0.01 -3.31 0.05 0.19 0.97 1 10 2834.68 681.65 3.47 0.01 
14 -0.75 -0.02 -0.01 -3.25 0.19 0.89 0.15 1 10 2836.39 681.72 3.54 0.01 
15 1.50 -0.03 -3.64 1.11 0.16 0.90 0.12 1 10 2837.10 681.75 3.56 0.01 
16 4.62 -0.03 -4.54 2.08 1.05 1 8 2966.98 681.77 3.58 0.01 
17 2.54 -0.02 -0.01 0.23 0.84 1 8 2967.31 681.78 3.60 0.01 
18 1.83 -0.04 -0.02 -0.01 -3.20 0.19 0.97 1 10 2839.35 681.83 3.65 0.01 
19 1.20 -0.03 -3.64 1.06 0.16 0.88 0.14 1 10 2840.11 681.86 3.68 0.01 
20 3.14 -0.03 -3.69 -0.78 1.96 0.16 0.97 1 10 2840.99 681.89 3.71 0.01 
21 3.26 -0.03 -3.67 1.24 -0.01 0.15 0.97 1 10 2841.07 681.90 3.71 0.01 
22 -0.69 -0.02 -3.02 0.13 0.23 0.96 1 9 2906.97 681.94 3.76 0.01 
23 3.38 -0.03 -3.63 1.28 -0.02 0.15 0.97 1 10 2842.60 681.96 3.77 0.01 
24 4.41 -0.03 -4.56 1.98 1.07 1 8 2972.94 681.98 3.80 0.01 
25 -0.41 -0.05 -0.03 -3.42 0.19 0.86 0.18 1 10 2852.87 682.35 4.16 0.01 

*The number 1 under the variable site is not a parameter estimate but an indication that the effects of site are included in that 

particular model. 
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Figure 3-1. Collection sites in Indian River County, Florida.  The star marks the location of the Vero Beach Municipal Airport where a 
weather station is located and from which environmental data was obtained.  The square marks the area west of I-95 for 
which MWTD and KBDI data were obtained and is detailed in Figure 3-10.  (Florida map taken from Shaman and Day 
2005) 
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Figure 3-2.  Geographical overview of the Park Site.  (A) The Park Site in downtown Vero Beach.  (B) Trap locations in the Park Site 
are shown here with yellow and red circles. 
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Figure 3-3.  Details of the Park Site.  (A) Pine trees and cabbage palm in the Park Site.  (B) Ditches and residences surround the Park 
Site. 
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Figure 3-4.  Geographical overview of the Yard Site.  (A) The Yard Site located in western Vero Beach.  (B)  Trap location in the 
Yard Site are shown here with yellow and red circles. 
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Figure 3-5.  Details of the Yard Site.  (A) The Yard Site located in a typical residential area of Vero Beach.  (B) Canals and ditches 
that flood when it rains are common around the Yard Site. 
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Figure 3-6.  Geographical overview of the Groves Site.  (A) The Groves Site located 25 km to the west of downtown Vero Beach.  (B) 
Trap location in the Groves Site are shown here with yellow and red circles. 
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Figure 3-7.  Details of the Groves Site.  (A) The Groves Site is an open field with cypress domes.  (B)  Water canals and citrus groves 
surround the site. 
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Figure 3-8.  The lard can trap.  (A) Lard can trap in the Park Site (B) and in the Groves Site. 
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Figure 3-9. The classification of ovaries in Culex nigripalpus females based on the status of the tracheal coiling.  (A) Nulliparous 
ovary.  (B) Parous ovary.  (C) Detail of nulliparous ovary showing coiled tracheoles.  (D) Detail of parous ovary showing 
distended tracheoles.  (E) Detail of indeterminate ovary due to bad preservation.  No fine tracheoles are visible.  (F) Detail 
of indeterminate with no clear coiling status; both distended and coiled tracheoles are visible. 
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Figure 3-10.  Location of the reporting sites from which the KBDI and MWTD data were 
obtained.
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Figure 3-11. Weather conditions 2007:  (A) daily minimum temperature, (B) daily precipitation, (C) daily KBDI, and (D) daily 
average wind speed.  
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Figure 3-12. Weather conditions 2008:  (A) daily minimum temperature, (B) daily precipitation, (C) daily KBDI, and (D) daily 
average wind speed. 
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Figure 3-13.  Observed (solid black line) and predicted (solid red line) average number of mosquitoes per trap night.  Predicted values 
were obtained using a linear model with the parameters shown in Table 3-5 (relative abundance model).  Dashed lines are 
standard errors around the observed values.  Note differences in the scale among panels.  

A
ve

ra
ge

 m
os

qu
ito

es
 p

er
 tr

ap
 n

ig
ht

 



 

 

122 

 

Figure 3-14.  Comparison of the average and the single models for the average number of mosquitoes per trap night.  (A)  Predicted 
values from the average model and (B) predicted values from the single model. 
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Figure 3-15.  Observed (solid black line) and predicted (solid red line) estimated proportion of parous females per site per night.  
Predicted values were obtained using a linear model with the parameters shown in Table 4-7 (parity model).  Dashed lines 
are the standard error around the observed proportion. 
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Figure 3-16.  Observed (solid black line) and predicted (solid red line) estimated number of nulliparous mosquitoes collected per trap 
night.  Predicted values were obtained using a linear model with the parameters shown in Table 4-7 (nulliparous relative 
abundance model).  Note differences in the scale among panels. 
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Figure 3-17.  Graphical evaluation of residuals to evaluate the adequacy of the linear model.  
The predicted values for parity in middle plots have been back-transformed 
(BckT) to the original scale. 
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CHAPTER 4 
A SPATIALLY EXPLICIT INDIVIDUAL-BASED MODEL TO STUDY THE EMERGENCE 

OF AGE STRUCTURE IN Culex nigripalpus POPULATIONS  

Introduction 

The mosquito Culex nigripalpus is a vector of various pathogens and parasites in Florida 

(Nayar 1982), but most importantly it has been implicated as the main vector of St. Louis 

encephalitis virus (SLEV) in various epidemics in the state (Day 2001).  This mosquito has also 

been identified as a vector of West Nile (WNV) virus in Florida and a bridge vector of eastern 

equine encephalitis virus (EEEV) (Blackmore et al. 2003, Florida Department of Health 2009).  

The population dynamics of Cx. nigripalpus in southern Florida are driven by rainfall.  During 

the summer and fall months rainfall creates abundant oviposition sites in ditches and furrows that 

are favored by this species, contributing to rapid population increases (Day and Curtis 1994).  

The increases in humidity and temperature during the rainy season also create favorable 

conditions for enhanced Cx. nigripalpus activity and dispersal (Bidlingmayer 1974, Day et al. 

1990, Dow and Gerrish 1970).  Culex nigripalpus has been described as a woodland mosquito 

that prefers to fly and rest in wooded areas with dense understory (Bidlingmayer 1971).  

However, this species is known to commute to open areas (fields, agricultural sites, residential 

areas, etc.) during periods of high humidity when conditions are favorable for dispersal and 

oviposition (Bidlingmayer and Hem 1981, Day and Carlson 1985, Day and Curtis 1994).  This 

phenomenon is associated with a shift in host utilization by Cx. nigripalpus.  During the winter 

and spring host selection favors birds. However, with the onset of rainfall an increasing number 

of mosquitoes fly into open grassy habitats where mammalian hosts such as cattle, horses, and 

rabbits are found, so the proportion of mosquitoes that feed on mammals increases (Edman and 

Taylor 1968, Edman 1974). 
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Recent studies using the modeling of past hydrological conditions have shown that high 

transmission rates of SLEV and WNV in south-central Florida are more likely to take place after 

a spring drought followed by constant summer rainfall (Shaman and Day 2005).  During 

droughts Cx. nigripalpus populations may become restricted to hammock habitats where many 

species of birds nest (Shaman et al. 2003).  This overlap of vectors and avian amplification hosts 

makes an ideal environment for rapid epizootic amplification of arboviruses (Shaman et al. 

2002a, 2003, 2005).  When the drought ends, usually in May or June, potentially infected 

mosquitoes disperse and initiate secondary transmission foci away from the original 

amplification sites (Shaman and Day 2005). 

Environmental changes associated with rainfall (relative humidity and oviposition site 

availability) interact with the dispersal behavior and population size of Cx. nigripalpus to create 

the conditions favorable for virus amplification and transmission.  Together with population 

increase and spatial expansion, a change in the population age structure is also necessary to 

increase the risk of pathogen or parasite transmission.  Specifically, there needs to be an increase 

in the number of females that live long enough to complete the extrinsic incubation period to 

become infective (Detinova 1968, Day 2001, Eldridge 2004). 

The age structure of Cx. nigripalpus is probably affected by environmental changes such 

as the onset of rainfall and increases in humidity.  Previous studies have shown that the number 

of gravid females of this species increases during dry periods in between rainfall events and is 

negatively correlated to daily rainfall 0-7 days prior to the day of collection (Day et al. 1990) and 

that the number of bloodfed mosquitoes is positively associated with rainfall (Day and Curtis 

1989).  Thus changes in humidity and oviposition site availability have an impact on the 

composition of the population.   
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Here we explore how the heterogeneous distribution of resources (oviposition sites, hosts) 

over space, changes in humidity and oviposition site availability over time, and simple 

representations of mosquito behavior (dispersal and foraging) act together to affect the age 

structure, size, and spatial spread of a simulated Cx. nigripalpus population.  We assume that the 

effectiveness of mosquitoes at locating resources in heterogeneous environments partially 

determines the time it will take them to complete a gonotrophic cycle. 

Dispersal and Foraging in Heterogeneous Environments 

The dispersal of insect vectors can be motivated by reproductive needs (mating), or by the 

need to find oviposition sites or hosts.  Dispersal can also be passive when the vector is 

associated with a dispersing host.  Dispersal of vectors will influence which hosts come in 

contact with the vectors and the variation in the risk of infection over space (Lord 2004). 

Here we are interested in local scale dispersal motivated by physiological needs of 

mosquitoes (bloodfeeding and oviposition site seeking) in a heterogeneous or patchy 

environment.  This parallels the study of foraging behavior of parasitoids searching for hosts, or 

predators searching for prey.  An important concept in foraging behavior models is the searching 

efficiency, which is the probability of encounter with a host or prey individual per unit time 

(Rogers and Hassel 1974).  As the density of parasitoids increases they interact more closely and 

this can negatively impact each others’ efficiency; this known as interference (Rogers and Hassel 

1974, Cronin and Strong 1993).  The heterogeneous distribution of hosts in space interacts with 

the foraging strategy of the parasitoid to determine the fraction of hosts that are parasitized and 

the success of the parasitoid (Vos and Hemerik 2003, Bommarco et al. 2007, Spataro and 

Bernstein 2007).  In some systems, host parasitism is a positive function of host density, but in 

other systems it can be an inverse function or even independent of host density (Hassel and 

Wilson 1997).  In spatially explicit modeling studies of host-parasitoid systems, different 
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hypotheses on how parasitoids allocate the time to search for hosts have been studied.  Some of 

those hypotheses include:  1) the parasitoid leaves the patch (spatial unit where it searches) until 

it has attacked a fixed number of hosts, 2) the parasitoid searches for hosts in a patch during a 

fixed amount of time, or 3) the parasitoid will only leave the patch after a given period of time 

without finding hosts (Spataro and Bernstein 2007).  These hypotheses will yield different results 

in the number of hosts attacked depending on the spatial distribution of hosts (i.e., uniform, 

random, aggregated) (Spataro and Bernstein 2007).  Spatial considerations in models of host-

parasitoid systems allow studying the impact that foraging behavior, the spatial arrangements of 

hosts, and the quality and connectivity of habitats have in host and parasitoid abundance (Cronin 

and Reeves 2005).  A recent review on the subject indicates that one of the difficulties in 

studying these systems in spatially explicit models is the limited information on host and 

parasitoid dispersal behavior (Cronin and Reeves 2005). 

In the case of mosquito foraging, the probability of encountering hosts and obtaining a 

bloodmeal is probably modified by factors such as the type of habitat where the mosquitoes 

search (for example, canopy versus understory), their host feeding preferences, probing behavior, 

and defensive behavior of the host (Edman et al. 1985).  There is evidence that increased 

mosquito density negatively affects the feeding success of a mosquito because hosts usually 

become more defensive (Edman et al. 1972) which could be considered as interference.  

However, there is a lack of information on how the density of hosts influences the probability of 

encountering a host.  A previous modeling study assumed that the probability of mosquitoes 

finding a host is an increasing function of host density (Shaman 2007). 

Foraging of bloodfeeding insects has been studied theoretically using the evolutionary 

perspective that these insects look to maximize their feeding and reproductive success by 
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choosing the least defensive hosts.  A simple model (Kelly and Thompson 2000) assumed that 

the blood gain of the insect will increase as the feeding success on a particular host species 

increases.  Blood gain declines with increasing vector biting density at a rate determined by a 

constant representing interference by the host (Kelly and Thompson 2000).  When more than one 

type of defensive host and variations in the interference parameters were introduced, biting 

became heterogeneous, and the host with lowest interference received a higher proportion of 

bites.  The results suggest that interference values associated to susceptible or non susceptible 

hosts have implications for disease transmission (Kelly and Thompson 2000). 

Another foraging model assumed that mosquitoes make decisions about taking blood 

meals, resting, laying eggs, or taking sugar meals in a way that maximizes lifetime reproductive 

success (Ma and Roitberg 2008).  The model follows the energy transfers in the mosquito as it 

takes sugar, a bloodmeal, or develops eggs and it was based on the biology of the malaria vector 

Anopheles gambiae.  Mosquitoes moved within a patchy environment in which they could only 

take bloodmeals “inside” and oviposit “outside,” in order to simulate movement in and out of 

human dwellings.  Sugar was available both “inside” and “outside” (where there were no blood 

sources).  When the probability of finding sugar inside was fixed to 1, the probabilities of finding 

sugar outside and blood inside interacted to affect mosquito fitness.  High probabilities of finding 

sugar outside enhanced the mosquito’s longevity, fecundity, and the number of gonotrophic 

cycles when the probability of finding a blood host inside was low.  But when the probability of 

finding sugar outside was low, a high probability of finding blood inside did not increase 

mosquito fitness.  Finding sugar outside was critical to improve mosquito fitness because it was 

the only source of energy available after emergence or after oviposition. 



 

131 

Other modeling studies have addressed the impact that mosquito dispersal behavior in 

heterogeneous environments and feeding success have on parasite transmission, but without 

incorporating fitness factors.  Models suggest that when larval habitats are aggregated and 

humans are homogeneously distributed in the environment, An. gambiae biting rates peak around 

larval habitats at the time when uninfected “younger” mosquitoes emerge.  However the 

proportion of infectious mosquitoes peaks wherever “older” mosquitoes are found, usually away 

from larval habitats in their search for hosts and when population density is lower.  When hosts 

are heterogeneously distributed and larval habitats are homogenous throughout the habitat, the 

host searching efficiency determines the aggregation of mosquitoes.  If host density is low and 

unfed mosquitoes are not efficient in encountering them, they will move quickly through and 

will tend to aggregate where host density is highest.  As a consequence, the proportion of “older” 

infectious mosquitoes could be highest at intermediate and high host densities (Smith et al. 

2004).  In a different An. gambiae model where the adult population was further structured into 

fed and unfed individuals, hosts were homogeneous over the landscape but water sources were 

patchy and further classified as productive and non productive (Le Menach et al. 2005).  It was 

observed that unfed infectious mosquitoes (“older”) congregated around water sources because 

after oviposition the water source was the starting point in the search for a bloodmeal.  This 

aggregation occurred regardless of the water source suitability for larval development.  

Consequently, areas of high Entomological Inoculation Rates (the number of bites by infectious 

mosquitoes per person per day) appeared around water sources.  This patchiness could be 

especially relevant during the dry season when oviposition sites are more aggregated around 

human households (Le Menach et al. 2005). 
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A recent spatially explicit individual-based model (SEIBM) explored mosquito foraging 

behavior in a heterogeneous environment and the effects that this had on the likelihood of virus 

amplification in a mosquito-bird arbovirus system (Shaman 2007).  The adult mosquito 

population was subdivided into host-seeking, fed, and gravid classes.  The probability of finding 

hosts and taking a bloodmeal was a function of host density, and mosquitoes always found 

oviposition sites when present in a patch with water sources.  Different spatial configurations of 

resources in a grid were used in this model because the hypothesis was that virus amplification 

would be more likely if avian roosts (a source of blood for female mosquitoes) and mosquito 

oviposition sites shared the same location.  The results of the simulation found support for an 

increased likelihood of amplification (defined as >95% of birds having been infected and 

recovered during the run) when there was an oviposition site in the same location as the roost 

where virus was introduced.   

Another SEIBM explored the impact of oviposition site reduction on the population 

dynamics of An. gambiae (Gu and Novak 2009).  The spatial configuration represented a typical 

village in Africa with oviposition sites surrounding the houses.  The adult female mosquitoes 

were categorized as newly emerged, host-seeking, and gravid.  Mosquitoes moved between 

adjacent cells until they found the resources needed or until a maximum flight distance was 

reached.  Mosquito abundance and malaria prevalence increased with mosquito flight distance (3 

ranges tested) because resource finding was better with increasing flight distance. 

These modeling studies considered the interactions among mosquito dispersal behavior in 

search for bloodmeals and oviposition sites and the heterogeneity in resource availability (hosts 

and oviposition sites).  These interactions can affect individual mosquito fitness and their success 
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at finding a host and taking a bloodmeal and can impact characteristics such as disease 

transmission rates. 

Even though the age structure of adult mosquito populations has been recognized as a very 

important factor in the risk of parasite transmission (Detinova 1968, Day 2001), it is rarely 

incorporated in models.  Adult populations are usually structured into infected or uninfected 

categories and/or subdivided according to feeding status (unfed or fed) because this dictates 

behavioral changes within the model.  Additional subdivision due to chronological age or 

physiological age could provide more detail in the proportion of infected mosquitoes that 

become infectious over time.  Including information on the physiological age (parity stage) could 

help introduce changes in fecundity or behaviors that might arise in aging mosquitoes.  The level 

of detail will depend on the purposes of the model. 

An Individual-Based Model for Culex nigripalpus 

In most of the models mentioned above there was some representation of dispersal, the 

probability of taking a bloodmeal, and also the probability of laying eggs.  In this study we want 

to focus on similar aspects of the biology of Cx. nigripalpus and develop a model to explore how 

dispersal and foraging behavior in heterogeneous environments, impact the age structure of the 

population. 

Individual-based models (IBMs) are simulation models based on the fundamental 

assumption that the dynamics of an ecosystem, community, or population emerge from the 

variability among individuals and their interactions with other individuals of the same species, 

different species, and with the environment (DeAngelis and Mooij 2005, Grimm and Railsback 

2005).  IBMs simulate individuals whose growth, reproduction, and survival depend on their 

behavior and their interactions with their internal and external environment as modified by their 

age or state (Grimm and Railsback 2005).  
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A SEIBM is used here as a simulation framework to study the age structure of a mosquito 

population that emerges as a result of individual mosquito dispersal and foraging behavior under 

variable environmental conditions.  The model tracks the chronological age and parity stage of 

female mosquitoes and their physiological status (unfed, fed, gravid).  The model incorporates 

enhanced dispersal of mosquitoes after increases in relative humidity.  Mosquito mortality (age 

dependent and age independent) is also considered because it is an important factor influencing 

the population’s chronological and physiological age structure.  Increases in mosquito density 

that negatively influence the probability of a mosquito taking a bloodmeal are included and can 

be seen as a representation of interference. 

One of the goals of the model was to understand the causes of changes in the age structure 

of host-seeking mosquitoes that emerges within a population under variable environmental 

conditions.  These mosquitoes were the host-seeking females that had completed their first and 

second gonotrophic cycles (unfed parous 1 and 2).  Additionally, the impact that variations in the 

probability at which mosquitoes find resources (hosts or oviposition sites) have on the age of 

unfed parous 1 and parous 2 mosquitoes was studied.  There is little information on the 

efficiency at which mosquitoes find resources.  Therefore, it was important to explore the 

sensitivity of the model to changes in those probabilities.  The impact of environmental changes 

and mosquito searching efficiency on the size and the spatial spread of the population, the 

physiological age structure, and the proportion of unfed parous 1 females above 12.5 days of age 

(older potentially infectious females) were also studied. 

Materials and Methods 

The ODD Protocol 

Grimm et al. (2006) proposed a standard protocol to describe IBMs.  They named this 

protocol “ODD” which stands for “Overview,” “Design concepts,”and “Details”.  This protocol 
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will be adopted here to describe the Cx. nigripalpus IBM.  The section “Details” contains all the 

information on model initialization, inputs, and the submodels of the biological processes 

simulated. 

Overview 

Statement of model purpose 

The model simulates the individual dispersal behavior of adult female mosquitoes 

searching for hosts and oviposition sites.  Sugar seeking activities are not explicitly considered 

and it was assumed that sugar was available and not a limiting factor.  These mosquitoes move 

within a hypothetical landscape (grid) with three attributes:  vegetation, hosts, and oviposition 

sites.  Humidity conditions and oviposition site availability change over time in a discrete 

pattern.  The purpose of the model is to simulate individual mosquito behavior in a changing 

environment and study the age structure that emerges in the mosquito population.  The spatial 

spread of the population over the landscape and the population size were also studied. 

State variables and scales 

The model has three entities represented:  individual female adult mosquitoes, immature 

mosquitoes, and the simulated landscape where the adult mosquitoes carry on their activities.  

Individual female mosquitoes have the following state variables:  location in the grid (x, y 

coordinates of the cell), chronological age (hours), physiological stage (nulliparous, parous 1, 

parous 2, etc.), feeding status (unfed, bloodfed), and if bloodfed, hours of oocyte development 

since the bloodmeal.  An immature mosquito is a category comprising from the egg stage until 

adult eclosion.  Immature mosquitoes have two attributes:  time of development in hours and 

location in the grid. 

The simulated landscape is a grid of cells.  Each cell has an (x, y) coordinate in the grid.  

Additionally each cell has the following state variables:  (a) vegetation quality (4-woodland with 
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dense understory, 3-woodland, 2-open with scattered trees and some bushy vegetation, and 1-

open grass or urbanized).  (b) Percentage of cell area covered with oviposition sites that could be 

either permanent or rainfall dependent (seasonal).  (c) Total number of vertebrate hosts in the 

cell.  The landscape is a 50 cell by 50 cell grid.  Given the difficulties in determining the flight 

range of a mosquito such as Cx. nigripalpus the dimensions of the grid cannot be directly 

extrapolated to an area in a real landscape.  Two different landscapes were considered and are 

described below in the Input section.   

The time step is 1 hour.  It is assumed that mosquitoes will search for resources 

(oviposition site or host) within one cell during one time step.  If they do not find the resources 

they need they move to a different cell.  The models simulate conditions during the summer and 

fall in southern Florida and each run comprises a total of 4320 hours (6 months x 30 days x 24 

hours/day). 

Process overview and scheduling 

The model simulates hourly activities of mosquitoes for a period corresponding to the 

summer-fall months.  After initialization (see below) the model starts at day one of the month of 

June and proceeds for 30 days at hourly time steps.  It continues for another 5 months in the 

same manner.  The model follows the life cycle of individual mosquitoes (Figure 4-1).  Within 

each time step certain conditions are evaluated and, when necessary, actions are executed:   

• If immature development is complete (240 hours) adults are added to the population. 

• Newly emerged mosquitoes rest for 48 hours before searching for their first bloodmeal. 

• The probability of flight initiation for host-seeking or oviposition seeking of a mosquito 
is a function of current environmental conditions (temperature, relative humidity, moon 
illumination). 

• Mosquitoes that do not fly at the present time step rest in their current cell. 

• Bloodfed mosquitoes rest until they become gravid (72 hours). 
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• The probability of mortality for each mosquito depending on their age and activity status 
(flying or resting) is calculated.   

o If mosquitoes survive they complete the appropriate activities according to 
physiological status. 

• Unfed mosquitoes search for hosts in their current cells.  They find them with a 
probability that is a function of host density.   

o If the unfed mosquitoes find a host, the probability of taking a bloodmeal will be a 
function of the total number of empty mosquitoes that have found a host in the 
same cell during the same time step. 

o If the mosquitoes do not find a host they disperse to a different cell.   

• Bloodfed mosquitoes that have rested for 72 hours become gravid.  They will search for 
oviposition sites in their current cell.  They find oviposition sites with a probability that is 
a function of the area of the cell covered with water. 

o If the mosquitoes do not find oviposition sites they disperse to a different cell.   

• Mosquitoes disperse to any of the eight neighboring cells.  The probability of moving 
into a neighboring cell is a function of its number of hosts (or oviposition sites) and 
vegetation type.  As humidity increases, the probabilities to disperse to cells with 
vegetation type 1 and 2 (open areas) increases.  In nature, increased dispersal of Cx. 
nigripalpus to open habitat occurs when conditions are humid after rainfall. 

Design Concepts 

• Emergence:  changes in the chronological and physiological age structure of the 
population emerge from individual mosquito foraging behavior and mortality. 

• Sensing:  Individuals are assumed to “know” their own age, physiological status, and 
location during a time step. They also know the conditions of their eight neighbor cells in 
order to select what cell to move to. 

• Stochasticity:  stochasticity arises from the use of probability distributions to make 
decisions on mortality, initiation of flight, host finding, oviposition site finding, taking a 
bloodmeal and dispersal. 

• Interaction:  mosquitoes interact indirectly when taking a bloodmeal.  The total number 
of mosquitoes in the cell that have encountered a host influences the probability that an 
individual mosquito will take a bloodmeal. 

• Observation:  the response variables of interest are the average chronological age of 
unfed parous 1 and parous 2 females and the changes in the proportion parous females 
over time.  The number of occupied cells during the run (spatial spread) and population 
size are also of interest. 
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Details 

Initialization 

Each run started with a 90 day run under dry conditions (see Input section) with daily 

average temperatures for the month of May (see Input below), and the mosquitoes in the model 

were assumed to have gone through a spring drought prior to entering the month of June.  The 

initial population for this 90 day run was composed of 1,500 unfed (48 h old) females and 500 

eggs (0 h old) that were placed in the cells with 2 permanent oviposition sites in the primary 

patch of the landscape (the Input section has a description of this patch).  Another 504 recently 

bloodfed females (72 h old) and 504 gravid females (120 h old) were placed in six cells within 

the primary patch (84 bloodfed and 84 gravid on each cell).  This initial distribution of the 

population was selected after reviewing data on the physiological stage structure from Cx. 

nigripalpus collected during the month of May of 1985 by J. Day, in which unfed mosquitoes 

constituted 60% of the population, and bloodfed and gravid mosquitoes each constituted 20% of 

the population.  The initialization produced different initial population sizes at the beginning of 

each simulation depending on the landscape and the behavioral traits of the mosquitoes (Table 4-

1). 

Input 

Two different landscape grids and two simulated weather patterns were tested in 

combination to study their effects on the age structure, size, and the spatial spread of the 

mosquito population. 

Description of the landscapes.  Landscapes were designed to observe the dispersal of 

mosquitoes from a central area into the rest of the landscape during the summer-fall season.  The 

initial mosquito population that went through a 90 day initialization period under dry conditions 

was located in the primary patch at the center of the landscape.  This patch had hosts, permanent 
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oviposition sites, and woodland vegetation (types 3 and 4).  Mosquitoes were able to disperse 

from this primary patch to search for resources at any time, but their likelihood of leaving the 

cells of vegetation types 3 or 4 in the primary patch and moving to cells with vegetation types 1 

or 2 (open vegetation) that surrounded the primary patch, increased when humidity increased.   

Two landscapes named “favorable” (Figure 4-2) and “unfavorable” (Figure 4-3) were used 

for the simulations.  Both landscapes were grids of 50 x 50 cells, and had three layers of 

information:  number of hosts per cell, vegetation type for each cell, and percent area of the cell 

covered with water suitable for oviposition.  The two landscapes had a primary patch in the 

center that had the same structure in both, but differed in the composition and arrangement of 

resources outside the primary patch.   

The “primary patch” (3 x 35 cells) had cells with vegetation types 3 and 4 (it was a wooded 

patch).  Two cells in the primary patch contained permanent oviposition sites and two other cells 

contained seasonal oviposition sites.  Arranged around the oviposition sites were cells containing 

2 or 3 hosts, and in between oviposition sites there were 2 cells with 4 hosts each.  These 

arrangements of hosts are not based on any known distribution of hosts and were designed in a 

way to provide connectivity for mosquito dispersal between the elements within the primary 

patch. 

The favorable landscape was so named because it had more of the resources needed by 

mosquitoes than the unfavorable landscape.  The mosquitoes would have to travel less to 

encounter these resources, although the model was stochastic and there was always a probability 

that they would not find them.  Following is a description of the resources available in each 

landscape, outside the primary patch.  A complete set of figures with the landscape attributes can 

be found in Appendix, Figures A-1 to A-8. 
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The favorable landscape (Figure 4-2): 

• Fourteen secondary wooded patches (5 x 7 cells each) contained four oviposition sites 
each.  Six of those patches had two permanent and two seasonal oviposition sites.  The 
remaining eight secondary patches had four seasonal oviposition sites.   

• Oviposition sites:  12 permanent and 44 seasonal. 

• Hosts were located inside and outside the secondary patches.  Inside the secondary patches 
there were three cells with 4 hosts each.   

• Hosts outside the secondary patches were located in every other cell.  There were 
alternating rows of cells with 2 hosts in every other cell and 1 host in every other cell.  
This produced a total of 1681 hosts in this landscape. 

The unfavorable landscape (Figure 4-3): 

• Six secondary wooded patches (5 x 7 cells each) contained four seasonal oviposition sites 
each. 

• Oviposition sites:  24 seasonal. 

• Hosts were located inside and outside the secondary patches.  Inside the secondary patches 
there were three cells with 4 hosts each.   

• Hosts outside the secondary patches were located in alternating rows of cells with 2 hosts 
every other cell and 1 host every other cell, followed by two rows with no hosts.  This 
produced a total of 984 hosts in this landscape. 

These landscapes were designed to provide contrasting conditions of connectivity and 

suitable places for reproduction by mosquitoes.  The motivation came from other studies of 

insect dispersal (ground beetles) in fragmented landscapes (Söndgerath and Schröder 2002, 

Benjamin et al. 2008).  The cells with hosts and oviposition sites are never contiguous in the 

landscapes.  There is at least one cell without resources placed in between.  Field observations 

suggest that Cx. nigripalpus mosquitoes do not stay in the same area where they rested the night 

before (Day and Curtis 1994).  Thus, the intention of placing hosts in every other cell is to 

increase the chances of dispersing to other cells.   
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The landscapes have reflective boundaries and the mosquitoes do not leave or disappear 

from the simulated landscape through the borders.  When they reach a boundary they can only 

choose to go back to the 5 neighboring cells, or move to 3 neighboring cells when in a corner.  

Reflective boundaries were also used by Smith et al. (2004). 

Description of the simulated weather patterns.  Simulated weather patterns induced 

changes in (a) the pattern of hourly relative humidity conditions and (b) the number (and area) of 

the oviposition sites available.  Two weather patterns (W1 and W2) were created by alternating 

dry, average and wet conditions and are described in Table 4-2 and illustrated in Figure 4-4.   

The weather patterns W1 and W2 are based on a subjective interpretation of the possible 

changes in oviposition site availability that could have occurred in the simulated landscapes 

following the rainfall patterns in Indian River County, Florida in 2007 and 2008 (Figure 3-11, 

Figure 3-12).  These years and this location were chosen for reference given that a field study 

was conducted here that explored the changes of physiological age structure as a function of 

weather (Chapter 3).  The year 2007 (Figure 3-11) had a rainfall event above 50 mm in June.  

Also, multiple rainfall events of ~50 mm/day spanned from July to mid August.  From mid 

August through September rainfall was scarce and isolated.  Heavy rainfall was observed again 

in early October.  To mimic this rainfall pattern, the W1 pattern was designed to have alternating 

wet and average conditions during June, most of July and half of August, followed by a long 

period of dry conditions in September and a short period of wet and average weather for October 

(Table 4-2, Figure 4-4 A).  The year 2008 (Figure 3-12) had a dry start but heavy rains were 

observed in mid July and then in August due to a tropical storm.  A dry period in September was 

followed by isolated heavy rains in early October and early November.  Weather pattern W2 thus 



 

142 

had a dry June but alternating wet and average conditions from mid July to the end of August, 

and isolated wet events during early October and November (Table 4-2, Figure 4-4 B). 

For this modeling exercise, it was of interest to determine if age structure differences 

would emerge under different simulated weather patterns.  Multiple weather patterns could have 

been designed with different sequences of the weather types.  The ones used here were only two 

of a large collection of possibilities, thus they can be considered as “random effects.”  Rainfall 

occurs throughout the year in Indian River County but there are seasonal increases during the 

summer and fall.  Data of the monthly average precipitation (25 year average) from the Vero 

Beach Airport weather station, Indian River County, show how the rainy season in this region 

expands from June to October:  January, 62.73 mm of rain; February, 60.70 mm; March, 92.71 

mm; April, 74.16 mm; May, 79.50 mm; June, 150.11 mm; July, 148.59 mm; August, 163.57 

mm; September, 197.86 mm; October, 159.76 mm; November, 74.42 mm; and December, 49.78 

mm (National Climatic Data Center 2009).  There is much year-to-year variation in the monthly 

precipitation during the rainy season, and monthly precipitation can fall to ~1 inch or be as high 

as 23 inches in some months. 

The specific changes that occur in the landscape (oviposition sites) and with the humidity 

pattern when the conditions change between dry, average, and wet are detailed in Table 4-3.  The 

discrete changes from dry to average and from average to wet introduced new oviposition sites 

by making the seasonal sites available, they also increased the area of permanent oviposition 

sites (Table 4-3).  The discrete changes from average to dry weather (or from wet to dry) reduced 

the area of permanent oviposition sites to that of the dry weather pattern, and eliminated all 

seasonal oviposition sites immediately.  This resulted in immature mortality since all the 

immature mosquitoes present in seasonal oviposition sites died when these sites disappeared.  
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Seasonal oviposition sites usually lasted 15 days or more, with the exception of those that 

appeared during early October and November in W2 when they lasted only 5 days (Figure 4-4 

B).  The area of the cell covered by water in the oviposition sites takes values of 0, 5 and 10%. 

The simulated relative humidity conditions used in the model are changed hourly and are 

based on hourly averages of relative humidity for the Vero Beach area (Indian River, Florida) for 

the months of May to November.  Hourly weather data for the Vero Beach Municipal Airport 

Weather Station was available for the years 2002 to 2004 from the National Climatological Data 

Center, National Environmental Satellite, Data and Information Service, from the National 

Oceanic and Atmospheric Administration (http://www.ncdc.noaa.gov/oa/ncdc.html ).  

Information from those three years was used to calculate hourly minimum, hourly average, and 

hourly maximum relative humidity for each month in the summer and fall season (Appendix, 

Table A-1).  The hourly minimums were used as input in the model when the conditions were 

dry; the hourly averages were used when the conditions were average, and the hourly maximums 

were used when the conditions were wet (Table 4-3). 

Other inputs:  daily changes in temperature and moon illumination.  Hourly changes 

in temperature were calculated as the hourly average temperature from hourly data for the years 

2002 to 2004 from Vero Beach, Florida, also obtained from the from the National Climatological 

Data Center (Appendix, Table A-1).  The daily values for the fraction of moon illuminated were 

introduced with the following function, created for this model based on a 30 day cycle of moon 

illumination changes (i.e., full moon every ~30 days):   

 0.5 sin 2 1.85 0.5, (4-1) 

where day takes values from 1-30. 

http://www.ncdc.noaa.gov/oa/ncdc.html�
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Submodels 

Immature development.  The temperature dependent development of each mosquito from 

egg to pupal eclosion was not modeled explicitly.  A recent study estimated that Cx. nigripalpus 

can lay on average 273±57 eggs (McCann 2006).  Here we assumed that each simulated female 

laid 200 eggs per oviposition. Ten percent of those eggs survived to the adult stage, with a 50:50 

sex ratio.  Thus 10 females were added to the new generation per oviposition, after completion of 

immature development.  This was based on field data from other species that suggests high 

mortality rates for immature mosquitoes.  This mortality can reach 98-100% in the presence of 

parasites or in oviposition sites located in agricultural fields (Campos and Sy 2002, Mwangangi 

et al. 2006).  The mortality in temporary pools for Culex annulirostris in Australia was 65.2% in 

temporary pools, but rose to 95.8% and 98% in flooded grasslands and semi permanent pools 

where larger predators (fish) were present (Mottram and Kettle 1997). 

The time from egg laying to adult emergence was fixed at 240 hours.  This was an 

approximation of the time of immature development for Cx. nigripalpus at 27°C under low larval 

crowding:  48 h from egg laying to egg hatching and 192 h from egg hatching to adult eclosion 

(Nayar 1982).  As was mentioned before, immatures present in seasonal aquatic habitats died 

without completing their development to adults when those seasonal habitats disappeared during 

dry conditions. 

Flight initiation.  For simplicity, each day of the simulation was subdivided into 12 night 

hours and 12 day hours and this did not change over the season.  Therefore the seasonal changes 

in the length of the night period were not considered, although we acknowledge that this 

potentially has an impact on the time that it would take a female mosquito to find resources.  

During the day hours, mosquitoes were not active and rested in the cell where they were last 

active.  During the night hours, the probability that a mosquito will fly during a time step 
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occurred with a probability that was a function of the hourly temperature, hourly relative 

humidity, and moon phase.  Bidlingmayer (1964, 1974) did not observe mosquito activity below 

12°C in Indian River County, Florida and observed reduced activity below 17-18°C.  

Bidlingmayer (1985) considered that a sigmoidal curve could represent mosquito flight activity 

as a function of temperature but he did not provide parameters.  Here, a sigmoidal function that 

produced values from 0 to 1, and a probability of flight of 0.50 at 18°C, was used to calculate the 

probability that a mosquito will initiate flight as a function of hourly temperature (pT):   

. (4-2) 

The flight activity of Cx. nigripalpus increases with relative humidity (Dow and Gerrish 

1970), but there is no published function to describe this relationship.  Thus similarly to 

temperature, a sigmoidal relationship between probability of mosquito flight and relative 

humidity was assumed here.  The following function, which produced values from 0 to 1 and 

probabilities of flight of 0.50 at 66% relative humidity, was used to calculate the probability that 

a mosquito will initiate flight as a function of hourly relative humidity (pRH): 

.  . . (4-3) 

Bidlingmayer (1964, 1974) found that Cx. nigripalpus activity was influenced by moon 

illumination in a similar fashion as Ochlerotatus taeniorhynchus, with both mosquitoes being 

more likely to fly during the full or quarter moon phases, than during the new moon 

(Bidlingmayer 1964, 1974).  The hourly probabilities of flight during different moon phases (pM) 

used here are shown in Table 4-4; these follow the descriptions by Bidlingmayer (1964, 1974) of 

mosquito flight activity using suction traps (see Figure 1 in Bidlingmayer 1964).  The probability 

of adult flight for a particular night hour was calculated as pflight=pT*pRH*pM.  A random 

probability (prand1) that the mosquito would fly in that time step was generated, if prand1≤pflight the 
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mosquito was active during that hour.  Otherwise the mosquito would rest in its current cell until 

the next time step. 

Resting.  If the mosquito had recently emerged from the immature stage, it rested in its 

cell for 48 hours before becoming active (McHugh 1990).  If the mosquito had recently taken a 

bloodmeal, it rested in its cell for 72 hours during oocyte development, and it became gravid 

afterwards (Nayar 1968b).  The resting time was updated at each hourly time step. 

Adult mortality.  The hourly probability of mortality was calculated as a function of 

mosquito age and activity status.  Lord and LeFevre (unpublished data) studied the temperature 

and age dependent mortality of Cx. nigripalpus under laboratory and semi-field conditions and 

determined that a Gompertz function described age dependent mortality at all temperatures.  The 

hourly age dependent mortality component is expressed with the following Gompertz function 

(mosquito age in hours): 

.  .
. (4-4) 

The parameters of the function are higher than the ones obtained in laboratory conditions 

in order to account for possible differences when mosquitoes have to survive under variable field 

conditions.  The age independent mortality component was an hourly probability of mortality 

dependent on mosquito activity status.  The probability of mortality was assumed higher for 

flying mosquitoes than for resting mosquitoes because it is believed that active mosquitoes face 

higher risks such as predation or of being killed by the host.  Resting mosquitoes had an hourly 

probability of mortality of prest = 0.005.  Gravid mosquitoes and unfed host-seeking mosquitoes 

that became active (flyers) during a time step had an hourly probability of mortality of pfly = 

0.015.  The hourly probability of mortality was pmortality=page+prest or pmortality=page+pfly, depending 

on activity status.  These parameters were selected during preliminary assessments of the model 
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in which the cohort of mosquitoes in the initial population was followed, and they produced a 

daily survival range between 76-80%.  This is close (although slightly lower) to some estimates 

of survival for Culex mosquitoes during the summer months (Chandra et al. 1996, McHugh 

1999).  No effects of hourly temperature or humidity were considered in the mortality parameters 

to keep the focus on age and activity dependent mortality, and given that there is no data that 

describes these effects on the hourly scale.  These effects are probably very important in nature.  

Possible seasonal changes in mortality due to changes in temperature and humidity are not 

represented in this model.  A random probability (prand2) that the mosquito will die in that time 

step was generated, if prand2 ≤ pmortality the mosquito died and was removed from the population.  

The mosquitoes that survived continued to other activities. 

Host searching.  Unfed mosquitoes search for hosts in their current cell.  The probability 

of finding a host was a function of the number of hosts in the cell, and it was calculated as: 

0.9 tanh ). (4-5) 

This formula was taken from Shaman (2007).  It was selected because it provides 

probabilities of finding hosts of exactly zero when there are no hosts present, and increases 

gradually as the number of hosts in the cell increases.  The asymptote of the function is specified 

at 0.9 to indicate that there is always a small probability that the mosquito will miss a host in the 

cell.  There is no data available on this relationship and, due to this uncertainty, the model 

outcomes were evaluated for their sensitivity to changes in this probability function.  A random 

probability (prand3) that the mosquito will find a host in the time step was generated; if prand3 ≤ 

phost the mosquito found the host and could attempt to bloodfeed.  If the mosquito did not find a 

host, it stayed in the cell until the next time step. 
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Taking a bloodmeal.  Unfed mosquitoes that found a host attempted to take a bloodmeal.  

The probability of Cx. nigripalpus taking a successful bloodmeal decreases as the number of 

unfed mosquitoes per host increases, and the shape of this decreasing function probably varies 

with the host species (Edman et al. 1972).  The probability of taking a bloodmeal in the present 

model was given by: 

.
.  

  
.  (4-6) 

The parameters in this function were chosen after preliminary evaluations when it was 

observed that this density dependent component was necessary to regulate population increases.  

This function is a representation of the negative effect that increases in the number of Cx. 

nigripalpus attempting to feed on a vertebrate host have in the probability of taking a bloodmeal.  

The function assumes homogeneous distribution of unfed mosquitoes over hosts, and provides a 

probability of 1 of a mosquito taking a bloodmeal when there was 1 mosquito per host, and of 

0.5 when there were ~7 mosquitoes per host.   

A random probability (prand4) that the mosquito will take a bloodmeal in the time step was 

generated; if prand4 ≤ pmeal the mosquito took a bloodmeal.  If the mosquito did not take a 

bloodmeal, it moved to a neighboring cell. 

Oviposition site searching.  Gravid mosquitoes, those that had rested for 72 hours after a 

bloodmeal, searched for oviposition sites in their current cell.  The probability of finding an 

oviposition site was a function of the area of the cell covered in water, and it was calculated as: 

0.9 tanh ). (4-7) 

The shape of this relationship is the same as the one chosen for host searching, and it 

provides probabilities of exactly zero for finding oviposition sites when there is no water present.  

The probability increases as the area of the water source in the cell increases.  The asymptote of 
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the function is specified at 0.9 to indicate that there is always a small probability that the 

mosquito will miss the oviposition site in the cell.  There are no data available on this 

relationship and therefore, the model outcomes were evaluated for their sensitivity to changes to 

this probability function. 

A random probability (prand5) that the mosquito will find an oviposition site in the time step 

was generated, if prand5 ≤ poviposition the mosquito found the oviposition site and became empty and 

host-seeking again.  The physiological status of the mosquito was also updated (i.e., from 

nulliparous to parous 1, or from parous 1 to parous 2, etc.). 

Dispersal.  When the mosquitoes did not take a bloodmeal or did not oviposit in their 

current cell during a time step, they moved to another cell to search for resources.  The 

mosquitoes dispersed to any of the 8 neighboring cells around their current cell.  The selection of 

which cell to move to was made based on a multinomial probability distribution where each cell 

received a probability based on “attractiveness scores”.  The scores were a function of the 

vegetation type in the cell and the number of hosts if the mosquito was unfed, or the presence of 

oviposition sites if the mosquito was gravid. 

Research on Cx. nigripalpus in south central Florida has provided evidence that this 

species prefers to rest and fly in wooded areas (Bidlingmayer 1971).  When environmental 

conditions of low humidity prevail, Cx. nigripalpus mostly restricts its activities to humid and 

vegetated areas, but increases in relative humidity make areas with open or no vegetation more 

accessible for the mosquitoes (Day and Curtis 1994). 

A humidity dependent function was used to calculate an “attractiveness score” for the cells 

in the landscape depending on their vegetation type (Score1 for vegetation type 1, Score2 for 
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vegetation type 2, etc.).  The scores were in a scale from 1 to 10 and were calculated with the 

following equations: 

.  , (4-8) 

2 .  , (4-9) 

5 .  , (4-10) 

5 .  . (4-11) 

These equations provided scores for the cells representing open grass or urbanized areas 

(1) and open areas with scattered vegetation (2) that increased as humidity increased.  On the 

other hand, the scores for cells with woodland (3) and densely wooded with understory (4) 

decreased as humidity increased (Figure 4-5).  This pattern signifies that as humidity increases, 

cells of different type qualities become very similar in attractiveness to the mosquito. 

The attractiveness scores based on hosts or oviposition sites were a simple function of the 

number of hosts or the cell area covered by oviposition sites.  If the mosquitoes were gravid, 

only information from oviposition sites was considered to calculate the score.  If mosquitoes 

were unfed and host-seeking, only information from hosts was considered.  For example, if there 

were 4 hosts in a cell, the cell received a score of 4.  Similarly, if there was 10% of the cell 

covered in water, the cell received a score of 10.  If there were no hosts or oviposition sites in a 

cell, it received a score of zero. 

After the absolute scores were obtained, relative scores for vegetation and relative scores 

for resources were calculated separately by dividing the individual score for the cell over the 

total sum of the scores for the eight neighboring cells.  A probability for each cell was calculated 

by adding the relative scores from vegetation plus the relative scores from hosts (or oviposition 
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sites, depending on the mosquito status) and dividing them by two.  The final multinomial 

probability distribution had a total of 8 probability values (1 per neighboring cell) adding up to 1.  

The function rmultinom available in R 2.7.0 (R Development Core Team 2008), which is a 

generator of multinomial distributed random number vectors, was used to select the cell to which 

the mosquito was to move.  This function generated a vector of length 8, with a single value of 1 

assigned to the cell that was chosen based on its probability (the rest of cells received a value of 

zero).  This corresponds to a typical multinomial experiment of placing a single object in one of 

eight boxes with different probabilities. 

The procedure used here to select cells was developed in preliminary studies.  Other 

procedures were tested, specifically one where the absolute scores for cells of vegetation type 3 

and 4 were kept constant (at 8 and 10, respectively).  However, in this way the multinomial 

probabilities obtained always allowed the cells with higher vegetation to have the highest 

probabilities to be chosen, overriding the presence of hosts or oviposition sites.  We believed that 

if the mosquito has a physiological need this is not what would be expected, thus a methodology 

where absolute scores based on vegetation became similar as humidity increased provided the 

most logical representation of the biological process that was being simulated. 

An example is presented next to explain the process of cell selection and to highlight the 

differences that arise in cell selection with changes in relative humidity.  If a host-seeking 

mosquito is located in the central cell (dark gray) of the grid presented in Figure 4-6, it can move 

to any of the 8 neighboring cells (light gray).  Two of those cells have hosts.  With 70% relative 

humidity there is a 0.47 probability (multinomial probability column) that the mosquito will 

move to the cell with vegetation type 4 and 1 host, and a 0.26 probability that it will move to the 

cell with vegetation type 1 and 1 host.  When relative humidity is 90%, there is an increase in the 
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probability to move to the cell with type 1 vegetation and a decrease in the probability to move to 

the cell with type 4 vegetation, giving them 0.30 and 0.35 probabilities, respectively.  This 

change in humidity makes it almost equally likely that the mosquito will move to the cell with 

vegetation type 1 than to the cell with vegetation type 4.  Unfed mosquitoes do not always move 

to the cell with hosts, this stochastic “behavior” is introduced to simulate conditions from the 

natural environment that could delay the completion of a gonotrophic cycle.  The rmultinom 

function was run 100 times with each of the two multinomial probability distributions obtained.  

The results show that the cell with 1 host and vegetation 4 was chosen 53/100 times at 70%  

relative humidity, but only 31/100 times at 90%, and the cell with vegetation 1 was chosen 

33/100 times. 

Simulation Experiments 

The model was implemented in R 2.7.0 (R Development Core Team 2008).  For each of 

the two landscapes (favorable and unfavorable), 10 simulation runs were conducted with each 

weather pattern (W1 and W2).  Each combination of landscape and weather pattern 

(favorable:W1, favorable:W2, unfavorable:W1, and unfavorable:W2) was called a treatment.  

The goal was to study how the interaction of landscape and weather pattern affected the size, 

spatial spread, and age structure (both chronological and physiological) that emerged in the 

mosquito population.  The outputs of the simulations were compared qualitatively between 

treatments with the following summary measures: 

• Total mosquito production (MPtotal):  to summarize the population size, the total number 
of adult females that emerged during the 180 days on each simulation was calculated. 

• Average spatial spread for the entire simulation run (SStotal):  the spatial spread was 
defined as the percentage of cells in the landscape occupied by at least one mosquito. 
This percentage changed daily.  The average spatial spread throughout an entire 
simulation run was calculated as the average of the 180 daily spatial spread 
measurements to compare between treatments. 
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• Maximum percentage of parous mosquitoes per month (PPmonth):  physiological age 
structure was defined as the percentage of parous mosquitoes in the population.  This 
percentage also changed daily, and its maximum value on each of the six months of the 
simulation was used as a summary to compare between runs and treatments.  This was 
considered better than an average because it also allowed observing if parity increased or 
decreased over time as the simulation progressed. 

• Average over a month of the daily average age of parous 1 and parous 2 unfed females 
(AAmonth):  parous mosquitoes that are unfed are epidemiologically important because 
they have taken a bloodmeal and could have been exposed to a virus.  Depending on their 
age and other factors (such as type of virus, temperature, and extrinsic incubation of the 
virus), they could be ready to transmit the virus in the next bite.  The average age in days 
of these mosquitoes was calculated daily.  The daily average age was used as input to 
obtain a measure of average age for each of the six months of a simulation run.  The 
AAmonth was used to compare age structure between treatments.   

• Average over a month of the standard deviations around the daily average age of parous 1 
and parous 2 unfed females (SDmonth):  the standard deviations around the daily average 
age were also averaged per month.  These values were used as indicators of variations 
around the chronological age, between treatments.   

• Average over a month of the proportion of parous 1 females over 12.5 days of age 
(PP1month):  older females are epidemiologically important because they could be ready 
to transmit a virus.  The incubation period of St. Louis encephalitis virus in Cx. 
nigripalpus is between 10-14 days (Day 1997).  Considering that the average age of 
empty nulliparous mosquitoes was around 2.5 days in the simulations, the daily 
proportion of parous 1 females over 12.5 days of age (2.5 days to take first bite plus a 
minimum of 10 days of incubation) is an indication of the fraction of the population 
capable of transmission.  The daily values of the proportion of unfed parous 1 females 
over 12.5 days were calculated.  These 30 daily values were averaged to obtain a monthly 
average.  This was done for each month within a simulation run.  Month-to-month 
patterns were used to compare between treatments. 

Sensitivity Analysis 

The sensitivity of the results to changes in the probability of finding a host or an 

oviposition site (Equation 4-5 and Equation 4-7) was evaluated.  These probabilities are 

important because they affect how frequently the mosquito will move to a different cell and the 

time it will take the mosquito to complete the gonotrophic cycle.  Two other parameterizations 

for the probability of finding hosts in the landscape were created by varying the value of the 

parameter that determines the rate at which the probability of finding a host increases with host 
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density (denominator to the number of hosts) by one unit.  These functions were called “High” 

probability and “Low” probability of finding hosts: 

High:  0.9 tanh ), (4-12) 

Low:  0.9 tanh ). (4-13) 

Equation 4-5 was considered the “Medium” probability function of finding hosts (function 

in which the denominator for host was 4).  Two other parameterizations for the probability of 

finding oviposition sites in the landscape were created in a similar way by varying the value of 

the denominator by 2 units.  These functions were called “High” probability and “Low” 

probability of finding oviposition sites: 

High:  0.9 tanh ), (4-14) 

Low:  0.9 tanh ). (4-15) 

Equation 4-7 was considered the “Medium” probability function of finding oviposition 

sites (function in which the denominator for area was 12). 

These probability functions were used as sets in the simulations.  They will be referred to 

as a set of “resource finding efficiency” conditions, and they will be abbreviated H for high, M 

for medium, and L for low.  There were 9 possible sets of resource finding efficiency, and each 

was given a short name by combining the abbreviations of their names placing the probability of 

finding hosts first.  For example, the term HM will refer to a set where there was a high 

probability of finding hosts and a medium probability of finding oviposition sites.   

The sensitivity of MPtotal, SStotal, PPmonth, AAmonth, SDmonth and PP1month to changes in 

resource finding efficiency was studied. 
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Results 

Simulation Experiments 

The results of the simulations using the medium probability of finding hosts and medium 

probability of finding oviposition sites (MM resource finding efficiency conditions, Equations 4-

5 and 4-7) are presented with details on daily changes in population characteristics (size, spatial 

spread, parity, chronological age).  Also, qualitative comparisons among the four treatments 

(unfavorable:W1, unfavorable:W2, favorable:W1, and favorable:W2) were made using the 

summary measures MPtotal, SStotal, PPmonth, AAmonth, SDmonth and PP1month.  The MM resource 

finding efficiency conditions were considered the baseline for later comparisons with the 

sensitivity analysis. 

Population size and spatial spread with MM resource finding efficiency 

Description of daily changes.  The results of the daily changes in the number of 

mosquitoes (population size, Figure 4-7) and percentage of cells occupied by mosquitoes (spatial 

spread, Figure 4-8) for each of the ten simulations per treatment with MM showed a cyclical 

pattern over time.  The peaks of population size likely correspond to periods of emergence of 

new mosquitoes.  These cycles were consistent among simulations within the same treatment.  

However, the pattern broke down for the simulations in which the number of mosquitoes 

declined over time.   

It was noted that some of the populations within a treatment tended to increase in size and 

spread spatially after prolonged periods of wet or average conditions (days 31-70 for W1, and 

days 46-90 for W2, indicated by blue boxes in Figures 4-7 and 4-8).  However other populations 

declined in size, and in the favorable landscape some went extinct (Table 4-5).  As will be 

discussed later, the behavior of mosquitoes and population size during periods of wet or average 

conditions were critical for population persistence. 
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The two landscapes, favorable and unfavorable, produced different results in the spatial 

spread of mosquitoes.  The percentage of cells occupied by one or more mosquitoes at a given 

day in the unfavorable landscape never exceeded 20% and more commonly was between 5-12% 

under both weather patterns (Figure 4-8 A and B).  Since the primary patch contained 105 cells 

(4.2% of the landscape) cell occupancy above 4% indicates mosquitoes spread outside the 

primary patch in their search for resources.  The cell occupancy in the favorable landscape 

reached up to 30% (Figure 4-8 C and D).  This landscape, with its higher abundance of hosts and 

secondary permanent oviposition sites, allowed in some cases the broader spatial expansion of 

the population.  However in other cases extinctions were observed. 

Comparisons among treatments using summary measures.  There were no definite 

differences in total mosquito production (MPtotal) (Figure 4-9 A) among treatments with the MM 

resource finding efficiency.  There were overlaps among treatments and considerable variation 

within each treatment.  The smallest MPtotal values (~8000 mosquitoes) emerged in the 

favorable:W2 treatment and the highest (~90000) in the unfavorable:W1 treatment (Figure 4-9 

A).   

The average spatial spread for the entire run (SStotal) had a narrower range in the 

unfavorable landscapes than in the favorable landscapes (Figure 4-9 B).  Variation was greater in 

the favorable landscape (Figure 4-9 B). 

The populations in the favorable landscape with the lowest values of MPtotal and SStotal 

went extinct before the end of the 180 days of the simulation (Table 4-5).  The extinctions of 

some of the populations observed in the favorable landscape, after the relatively long periods of 

wet or average conditions, suggest that medium probabilities of resource finding efficiency 

(MM) sometimes resulted in a very small proportion of the population finding resources.  As will 
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be presented later in the sensitivity analysis results, no extinctions in the favorable landscape 

occurred when the resource finding efficiencies were HH, HM, MH, or LH and only three 

extinctions were observed under HL (Table 4-6).  This suggests that when the probabilities of 

finding hosts and/or oviposition sites increased, mosquito populations tended to successfully 

persist in the favorable landscape. 

Physiological age structure:  percentage of parous females with MM resource finding 
efficiency 

Description of daily changes.  The percentage of parous females in the population was 

calculated for each day of a simulation.  The percentage of parous females also showed a cyclical 

pattern over time in each treatment (Figure 4-10), with reductions in parity likely corresponding 

to the times of emergence of new mosquitoes.   

The cyclical pattern broke down considerably in the favorable:W2 treatment (Figure 4-10 

D) after the prolonged period of wet or average conditions, with some populations reaching 

100% parous females late in the season.  These were the populations that declined in size with 

populations composed mostly of older parous mosquitoes late in the season. 

In the favorable:W1 treatment (Figure 4-10 C) there was considerable variation among 

runs, and parity reached 60% for some of the simulated populations.   

In the unfavorable:W1 and unfavorable:W2 treatments, the percentage of parous females 

usually did not exceed 40% and results were very consistent among runs within a treatment.   

Comparisons among treatments using summary measures.  There were differences 

among treatments in the patterns of parity over time.  The maximum percentage parous females 

for each month (PPmonth) stayed below 40% and slightly declined over time in the unfavorable 

landscape treatments (Figure 4-11).  In the favorable:W1 treatment the PPmontly  reached up to 

60% for some of the simulations early in the season.  In the favorable:W2 treatment increased 
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parity was observed for some of the simulations late in the season.  The populations in the 

simulations that increased in percentage of parous females later in the season were those that 

declined in size. 

There was a noticeable increase in the PPmonth from June to July in the favorable:W1 

treatment.  Days 31-60 in July had wet or average conditions (Table 4-2) and it is likely that 

more gravid females oviposited due to increased availability of oviposition sites.  However, no 

increases in PPmonth were observed in the favorable:W2 treatment with the onset of wet or 

average conditions during July and August (days 46 to 60 in July, and days 61-90 in August had 

wet or average conditions for W2, Table 4-2).   

Chronological age structure:  the age of unfed parous 1 and parous 2 females with MM 
resource finding efficiency 

Daily changes.  The average age of unfed parous 1 and parous 2 females was calculated 

for each day of the simulation.  These simulations allow us to provide a first theoretical 

description of how the chronological age distribution of host-seeking females in a mosquito 

population, might appear in heterogeneous environments.  Here we observed three levels of 

variation in age:  the variation within a day, from day-to-day, and among simulation runs within 

a treatment. 

The daily average age of unfed parous 1 females showed more variation among runs within 

a treatment in the favorable:W1 and favorable:W2 treatments than in the unfavorable:W1 and 

unfavorable:W2 treatments (Figure 4-12).  This indicates that the favorable landscape introduces 

more variation in age.  Overall, the daily average age of unfed parous 1 females was mostly 

between 6 and 10 days with a marked increase in average age by November (Figure 4-12).  

However, there were several peaks in average ages over 10 days for some simulations in the 

favorable landscape (Figure 4-12 C and D).   
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The daily average age of unfed parous 2 females was very variable among runs in both 

landscapes (Figure 4-13).  There were no clear differences in the patterns among treatments and 

the daily average age of unfed parous 2 females fluctuated between 9 and 17 days and increased 

over time (Figure 4-13). 

We examined an individual simulation run from each treatment to consider variation in the 

age structure within a day.  The runs considered are shown in Figures 4-7, 4-8, 4-10, 4-12, and 4-

13 (black lines).  The age structures of these four individual populations (1 per treatment) are 

detailed in Figures 4-14 and 4-15.  By considering individual populations we can examine that 

each day had a different distribution of ages for the unfed parous 1 and parous 2 mosquitoes.   

The standard deviation around the average age for the unfed parous 1 females ranged 

between:  0.61-4.93 days for the unfavorable:W1 treatment, 0.32-4.07 days for the 

unfavorable:W2 treatment, 0.61-4.41 days for the favorable:W1 treatment, and 0.44-5.58 for the 

favorable:W2 treatment. 

The standard deviation around the average age for the unfed parous 2 females was wider 

and ranged between:  0-5.54 days for the unfavorable:W1 treatment, 0-9.28 days for the 

unfavorable:W2 treatment, 0-5.89 days for the favorable:W1 treatment, and 0-6.84 for the 

favorable:W2 treatment. 

This daily variation in age is very important because it means that from day to day there 

can be shifts toward older age in the distribution and a fraction of those parous host-seeking 

females could be old enough to vector a pathogen. 

There were times of average older ages that lasted for various days for the population in 

the favorable:W1 treatment (Figure 4-14 C).  For example, there were five consecutive days in 

August and seven consecutive days in September when the average age was ≥9 days (~2.5 day 
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standard deviation) (Figure 4-14 C).  The whole month of November showed a very noticeable 

shift towards older ages.  These shifts to older ages could be influenced by dry conditions 

because the months of August, September, and November all had prolonged periods of dry 

conditions.  Shifts toward older ages also occurred during wet or average weather conditions, but 

they weren’t as large in magnitude as during dry periods nor did they last for more than two 

days.  Dry conditions reduced mosquito activity (less likely to initiate flight when humidity 

conditions were dry) which increased the time to take a bloodmeal or to find an oviposition site. 

Similar shifts towards older ages were observed between June to July and from October to 

November for favorable:W2 (Figure 4-14 D).  These periods also corresponded with times of dry 

conditions. 

Shifts to older ages occurred in the unfavorable landscape populations early in the season 

and in November (Figure 4-14 A and B).  The unfavorable:W2 treatment showed an unexpected 

pattern with large day to day variations early in the season. 

Fewer females completed the second gonotrophic cycle and therefore there were days 

without females in this group (Figure 4-15).  There was much variability in all treatments in the 

age of unfed parous 2 females and some age increases during dry conditions in the favorable 

landscape and during November. 

Simulated temperatures in November were cooler based on daily average temperatures at 

that time of the year in Indian River County, FL.  This, in combination with dry conditions, 

resulted in much reduced mosquito activity in the simulations.  As a consequence, the time it 

took the mosquitoes to complete gonotrophic cycles was increased:  how quickly they took a 

bloodmeal and the time it took them to find an oviposition sites.   
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Comparisons among treatments using summary measures.  After describing in detail 

the age structure of individual populations (day-to-day variation and within day variation), we 

compared treatments considering all simulation runs using monthly summaries of the daily 

average age of unfed parous females (AAmonth) and the standard deviation around the average age 

(SDmonth) (Figures 4-16 and 4-17). 

The AAmonth for unfed parous 1 females showed different patterns among treatments 

(Figure 4-16 A).  Landscape had an important effect.  In the unfavorable landscape AAmonth were 

usually below 8 days from June to October and above 8 days in November (Figure 4-16 A).  The 

value 8 days was used as a reference because the overall average age for parous 1 females for 

many of the runs was ~8 days.  But in the favorable landscape the AAmonth were more variable 

from month to month and the pattern depended on the weather (Figure 4-16 A).  For the 

favorable:W1 treatment, average ages tended to be ≥ 8 days, except for July when average ages 

were ≤ 8 days, and there was a noticeable increase in average age in November.  For the 

favorable:W2 treatment, average ages decreased from ≥ 8 days in June to <8 days in August, and 

went back to ≥8 days from September to November.  Interestingly, the months when AAmonth 

decreased, July in W1 and August in W2, their entire duration was characterized by wet or 

average conditions, and this suggests that increased humidity and oviposition site availability 

contributed to a shift towards younger ages in the unfed parous 1 females. 

The SDmonth was between 1.5 and 2 days in the unfavorable landscape (Figure 4-16 B), and 

this was very consistent among runs.  However, in the favorable landscape the values of SDmonth 

decreased over time in a few runs.  Single runs with SDmonth values close to zero in November in 

the favorable:W1 treatment, and October and November in the favorable:W2 treatment were 

observed.  This was probably due to reductions in the number of unfed parous 1 females 
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(populations in decline) with all of these females being around the same age (thus the reduced 

variability around the average age). 

The AAmonth and SDmonth values for unfed parous 2 mosquitoes (Figure 4-17) showed more 

variability among runs than in parous 1 mosquitoes.  There was considerable overlap in the range 

of AAmonth from month to month in all treatments (Figure 4-17 A).  The AAmonth showed a range 

of values from 12-14 days for all treatments from June to October, increasing during November.  

The favorable:W2 landscape showed more variability among runs. 

There was considerable variability among runs in the SDmonth values for unfed parous 2 

females (Figure 4-17 B).  This was probably due to the large day to day changes in the number of 

parous 2 females over time in each simulation run.  When the cohorts of unfed parous 2 females 

were small and females were of similar ages, there was less variability around the average age.  

Proportion of unfed parous 1 females over 12.5 days old (PP1month).  There were no 

clear differences in the PP1month patterns among treatments (Figure 4-18), but it was evident that 

the conditions in the favorable landscape introduced more variability among runs.  The PP1month 

was usually ≤ 0.15 which suggests that in the simulated populations, less than 15% of the unfed 

host-seeking parous 1 females live long enough to potentially transmit arboviruses.  The highest 

values of PP1month occurred during the months of September to November. 

Simulation experiments results summary 

The results for the simulations using the MM pair of probability functions supported that: 

• There was wide variation in total mosquito production (MPtotal) and no clear differences 
between treatments.  

• Landscape type had an effect in the spatial spread of mosquitoes.  The unfavorable 
landscape produced a narrow range of average spatial spreads (SStotal), usually below 
12%.  A wider range of spatial spread (5-20%) was observed in the favorable landscape. 

• Extinctions occurred in the favorable landscape.  Mosquitoes dispersed farther in the 
favorable landscapes (during wet or average periods).  However due to the stochastic 
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nature of the model, the females in some of the simulations did not find resources and the 
populations declined. 

• The percentage of parous females in the unfavorable landscape was always under 40%.  
In the favorable landscape there was more variation among runs and higher percentages 
of parous females (60-100%) occurred in some of the simulations, especially late in the 
season and in those populations with low production of new mosquitoes. 

• Simulations provided a first description of how the chronological age structure for 
mosquito populations might look under heterogeneous environmental conditions. 

• Chronological age was very variable from day to day, within a day, and among each 
simulation run.  More variability among runs was observed under the favorable 
landscape.  During some simulations, unfed parous 1 females in the favorable landscape 
were older than those in the unfavorable landscape in the months with mostly dry 
conditions.  

• The proportion of unfed parous 1 females over the age of 12.5 days was lower than 15% 
through most of the season, with higher rates observed in some simulation runs late in the 
season (September to November). 

• Overall, more variability among runs was observed in the outcomes for the favorable 
landscape. 

Sensitivity Analysis 

The sensitivity analysis results showed that changes in the simulated efficiency of 

mosquitoes to find resources and their interaction with landscape characteristics largely affected 

simulation outcomes.  The outcomes with different resource finding efficiency conditions will be 

discussed using the summary measures MPtotal, SStotal, PPmonth, AAmonth, SDmonth and PP1month. 

Population size and spatial spread 

The total mosquito production (MPtotal) and spatial spread (SStotal) were very sensitive to 

changes in the probabilities of finding hosts and oviposition sites.  When the resource finding 

efficiency was medium for host-seekers and low for oviposition seekers (ML), low for host-

seekers and medium for oviposition seekers (LM), or low for both (LL), very low numbers of 

new mosquitoes were produced and populations went extinct (Table 4-6, Figure 4-19 B).  After 

initialization these populations started the simulation with the lowest initial population sizes 
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(<500 individuals on average, Table 4-1), and they persisted with very low numbers before going 

extinct between July and August with LL, and between July and September with ML and LM (a 

few populations went extinct in early October under ML).  Only the results obtained under the 

other six pairs of resource finding efficiencies will be discussed further. 

In contrast to the results with LL, ML, and LM conditions, the highest values of MPtotal 

emerged for populations in the favorable landscapes when mosquitoes had a high probability of 

finding hosts and oviposition sites (HH) (Figure 4-19 A).  With HH conditions, more mosquitoes 

were produced in the favorable landscapes than in the unfavorable landscapes, regardless of the 

weather pattern.  The mosquito production was also relatively high when the MH and HM 

resource finding efficiency conditions were used; however the differences in production between 

landscapes were less noticeable (Figure 4-19 A).  There were slight differences due to weather 

patterns with MH but not as much with HM.  When the resource finding efficiency conditions 

were MM, LH, or HL, mosquito production was greatly reduced.  There was no noticeable effect 

of treatments on mosquito production, except in LH under the favorable landscape for some 

simulations (Figure 4-19 B).   

The average spatial spread for the entire run (SStotal) (Figure 4-20) was higher in the 

favorable landscape than in unfavorable landscape with the LH, MH, HH, and HM resource 

finding efficiencies, but not with MM and HL.   

A high probability of finding oviposition sites by individual mosquitoes interacted with the 

landscape to produce differences in population size and spatial spread.  Notice how the HH, MH, 

and to a lower degree LH show differences in mosquito production (Figure 4-19 A) and spatial 

spread (Figure 4-20).  When the probability of finding oviposition sites was medium but 

accompanied by a high probability of finding hosts (HM) differences in spatial spread between 
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landscapes appeared (Figure 4-20), but there was overlap in mosquito production (Figure 4-19 

A).  The efficiency with which mosquitoes found oviposition sites was a critical factor for 

differences in population size and spread of the simulated populations appeared in the favorable 

and unfavorable landscapes.  However, high probability of finding oviposition sites needed to be 

accompanied with medium or high probability of finding hosts for populations to noticeably 

increase in size. 

Physiological age structure 

The changes over time in the maximum percentage of parous females per month (PPmonth) 

were also sensitive to variations in resource finding efficiency (Figures 4-21 and 4-22).  Within 

all treatments, lower resource finding efficiency increased variation among simulation runs.  

With LH, MM, and HL, the monthly outcomes were more variable among runs (these conditions 

also produced lower population sizes and spread).  With MH, HH, and HM, maximum parity 

values per month were very consistent among runs, meaning each of the ten repetitions produced 

very similar results. 

Lower resource finding efficiencies (LH, HL, and MM) introduced more stochasticity in 

the proportion of females in the population that became parous, which resulted in more 

population size variation and sometimes population decline.  Declining populations were 

composed of mostly parous females and showed higher parity rates. 

The proportion of parous females in the populations with increased resource finding 

efficiency (HH, MH, and HM) mostly remained below 40% for all treatments.  This was due to 

the constant production of new nulliparous mosquitoes which constituted the majority of 

individuals in the populations. 

A peak of increased parity and subsequent slow decline was noticeable under all foraging 

probability conditions in July in the favorable:W1 treatment (Figure 4-22 A).  July was a month 
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with wet or average conditions under W1.  Thus, parity increased when more oviposition sites 

became available.  No clear peaks in parity were observed under favorable:W2 during the wet or 

average months (July and August) (Figure 4-22 B) or in the unfavorable landscapes. 

This result indicates that changes in parity could occur under different circumstances:  

increases due to the onset of wet or average conditions that allow more gravid females to 

oviposit, increases in the proportion of parous females when few new mosquitoes are added to 

the population, and decreases in parity when there is a high rate of reproduction and new 

mosquitoes are constantly being added to the population 

Chronological age structure 

The sensitivity of the population age structure to the variation in resource finding 

efficiency is shown in Figures 4-23 to 4-30.  Considering the average ages of parous females 

(monthly average of the daily averages, AAmonth) and the variation in age (monthly average of 

the daily standard deviations, SDmonth), there were two notable results.  In both unfed parous 1 

and parous 2 females, there was more variation between simulations when lower probabilities of 

finding hosts and oviposition sites were used.  The HH, HM, and MH conditions produced 

outcomes that were more consistent than the LH, HL, and MM conditions. 

The increased variability observed under the LH, HL, and MM pairs, was enhanced in the 

favorable landscapes for both unfed parous 1 (Figures 4-25 and 4-26) and parous 2 females 

(Figure 4-29 and 4-30).  Thus, the combination of low resource finding efficiency combined with 

a more complex landscape structure, resulted in more variations in the time taken to complete 

gonotrophic cycles. 

The AAmonth was consistently higher during the month of November with all treatments 

and resource finding efficiency conditions for both unfed parous 1 and parous 2 females.  Also, 

the AAmonth for the months of July for W1 and August for W2 tended to have lower values than 
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the previous and following months.  These months had wet or average conditions (Table 4-2), 

suggesting that average chronological ages during wetter months tended to be lower than during 

drier months. 

The variation among runs introduced by the LH, HL, and MM conditions was also evident 

in the proportion of parous 1 females over 12.5 days of age (PP1month) (Figures 4-31 and 4-32).  

The variation under the low resource efficiency conditions was enhanced in the favorable 

landscapes where the highest proportions were observed late in the season (Figure 4-32).  The 

values of PP1month ranged from 0 to 0.15 with LH, HL and MM, but were usually below 0.05 

(except for November) with HH, HM, and MH.  Increases in resource finding efficiency lead to 

decreases in PP1month. 

Sensitivity analysis results summary 

The results of the sensitivity analysis indicated that: 

• When mosquitoes became more efficient and had an increased probability of finding 
resources (HH, MH, and HM), populations increased dramatically in size and spatial 
spread.   

• Reduced probabilities of finding resources (HL, LH, and MM) combined with more 
complex landscape structure (favorable landscape), introduced more variability in the age 
structure of populations.  This variation generated higher values of percentage parity, 
wider ranges of chronological age in the parous groups, and more variability in the 
proportion of unfed parous 1 females over 12.5 days of age. 

• The effects of weather patterns were more evident in the favorable landscape, where the 
average chronological ages during wetter months tended to be lower than during drier or 
cooler months.  These effects were enhanced with HL, LH, and MM conditions. 

Discussion 

An individual-based model was used to simulate the dispersal behavior of the mosquito 

Cx. nigripalpus in hypothetical heterogeneous landscapes.  The model emphasized the effects of 

environmental inputs in adult mosquito activity and dispersal because Cx. nigripalpus is 

considered a highly dispersive mosquito (Day and Curtis 1994) with great flight potential (Nayar 
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and Sauerman 1973).  The spread of Cx. nigripalpus to open areas during the rainy season is a 

well described phenomenon (Bidlingmayer 1971, Day and Curtis 1994).  This was represented in 

the model as increases in the likelihood of mosquitoes to move into open areas when relative 

humidity was higher.  Increased dispersal raises the question of how efficient these mosquitoes 

are at finding resources.  The model incorporated simplified representations of mosquito 

foraging and used functions to calculate the probability that a mosquito will find a host or find an 

oviposition site.  The host number and distribution was held constant, but the availability of 

oviposition sites changed over time in discrete ways. 

The main goal of the simulation model was to study the age structure of the simulated 

populations, with emphasis on the chronological age structure within parity cycles.  The daily 

average age of unfed parous 1 and parous 2 mosquitoes was of interest because these groups 

include mosquitoes that could potentially transmit disease pathogens.  We observed that the 

chronological age structure had two levels of variation:  within a day and between days.  Age 

variability was affected by environmental inputs.  Shifts of the average ages to “older” ages 

occurred mostly during dry conditions and during the cooler month of November, especially in 

the favorable landscape (Figure 4-14 C and D).  The sensitivity analysis later highlighted that 

low resource finding efficiency in the favorable landscape was also an important cause of shifts 

to older ages in the chronological age of unfed parous females.  A shift to older ages in the 

mosquito population is considered a risk factor for increased transmission of viruses by 

mosquitoes (Detinova 1968, Day 2001). 

Environmental factors affected the chronological age structure by introducing delays in the 

time to take a bloodmeal or to oviposit, because when dry conditions or temperatures were cooler 

there was a lower probability of mosquitoes becoming active.  Also, there were fewer oviposition 
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sites available.  Times to find resources were further delayed for less efficient mosquitoes.  

These mosquitoes probably moved through more cells (more time steps) even if hosts or 

oviposition sites were present because they were less likely to find them in their current cell.  

Some mosquitoes eventually found resources after a random number of time steps and this added 

more variability to the ages of unfed parous mosquitoes.  Lower efficiency also resulted in fewer 

unfed mosquitoes finding hosts and taking bloodmeals or fewer gravid mosquitoes laying eggs.  

Many “inefficient” mosquitoes probably died before completing reproductive cycles.  Low 

efficiency negatively impacted population size and spatial spread. 

What factors in real populations could contribute to mosquitoes being less efficient at 

finding resources? We can speculate that host species, host abundance, host defensive behavior, 

the spatial distribution of hosts, individual mosquito variation in sensory abilities, or the need to 

find a new oviposition site to avoid predators or larval crowding, are all factors that could 

interfere with the time that it takes for mosquitoes to take meals or oviposit.  The function of the 

probability of finding hosts and oviposition sites used here could be a representation of a wide 

variety of phenomena.   

It is known that increases in Cx. nigripalpus density irritate hosts and this reduces the 

probability of a mosquito taking a bloodmeal (Edman et al. 1972).  Host species differ in their 

defensive reactions and some of them could inflict high mortality to mosquitoes (Edman et al. 

1972, Day and Edman 1984).  Kelly and Thompson (2000) defined host defensiveness as the 

probability of a single mosquito taking a bloodmeal from a host, and the interference as the rate 

at which this probability declines as the number of mosquitoes increases.  Each host species 

probably has particular defensiveness and interference values (Kelly and Thompson 2000) that 

could be estimated in experiments of feeding success under different density conditions (such as 
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the experiment by Edman et al. 1972).  We did not consider different host species in this model, 

and we represented interference with a function that decreased the probability of taking a 

bloodmeal with increased mosquito density per host.  It is also possible that when populations of 

other mosquito species are increasing, interspecies competition for blood sources might influence 

the time it takes a Cx. nigripalpus to take a bloodmeal.  The feeding success of mosquitoes is the 

result of many interacting factors.   

Host distribution over space could also impact the success of mosquitoes taking a 

bloodmeal.  In other biological systems such as host-parasitoid interactions, the spatial 

distribution of the hosts is a factor that affects the attack efficiency and reproductive success of 

individual parasitoids.  Parasitoids have evolved diverse foraging strategies adapted to different 

host distributions (e.g., aggregated versus uniform), even within the same species, in order to 

maximize their fitness (Vos and Hemerick 2003, Bommarco et al. 2007, Spataro and Bernstein 

2007).  In our model, hosts were placed in uniform patterns throughout the landscape and they 

were constant and immobile.  Future models could consider including spatio-temporal changes in 

the number and distribution of hosts and study if this affects mosquito population characteristics. 

There is need for more information about individual Cx. nigripalpus behavior when 

selecting oviposition sites.  A modeling study of the oviposition behavior of the mosquito 

Culiseta longiareolata predicted that mosquitoes should always avoid using water sources with 

predators to increase their fitness (Spencer et al. 2002).  A companion laboratory study 

determined that when given the choice, mosquitoes avoided water sources with predators 83% of 

the time (Spencer et al. 2002).  Although avoidance behavior was not perfect, this raises 

questions about the time mosquitoes spend searching for the best oviposition sites to increase 

their fitness and how good they are at detecting predators in oviposition sites.  Other information 
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that female mosquitoes might use to select oviposition sites could be larval crowding.  This could 

be important in order to minimize competition and maximize resources for their offspring. 

We conclude that the resource finding efficiency of mosquitoes was a key factor affecting 

the variability in the chronological age structure of the simulated mosquito populations.  This 

factor has been considered important in other models.  For example, a spatially explicit model 

found that the probability of host detection by An. gambiae was an important parameter that 

determined the aggregation of mosquitoes over space when hosts were heterogeneously 

distributed (Smith et al. 2004).  In another model, increases in the probability of finding sugar 

sources in areas where blood sources were not available positively affected the fitness of An. 

gambiae (Ma and Roitberg 2008).   

In addition to its impact on age structure, our results also indicate that the efficiency of 

mosquitoes to find resources can have important impacts on population size and spread.  Low 

efficiency usually resulted in smaller populations with lower spatial spread, but as mosquitoes 

became more efficient a higher absolute number of females completed the gonotrophic cycles 

(especially the first one) and large populations emerged.   

When the HH, HM and MH resource finding efficiency conditions were simulated in the 

model, large and widespread mosquito populations emerged.  Larger populations with an older 

age structure are usually considered to be riskier in terms of diseases transmission (Detinova 

1968, Day 2001).  In the large simulated populations, there was always a small fraction (<5%) of 

unfed parous 1 mosquitoes above 12.5 days of age.  This fraction was likely to increase during 

dry conditions and/or cool weather, because mosquito activity is reduced, delaying the time to 

take bloodmeals or oviposit. 
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When the mosquitoes were assumed to have higher efficiencies in finding resources (HH, 

HM, and MH), clear differences in population size and spread were observed between favorable 

and unfavorable landscapes.  It was expected that larger and more widespread populations would 

arise in favorable landscapes because they have more permanent and seasonal oviposition sites.  

However the results showed that this depended on the resource finding efficiency of mosquitoes 

especially on a higher probability of finding oviposition sites.  In contrast, the discrete weather 

patterns used did not appear to have a strong effect on the total mosquito production and average 

spatial spread of the populations within the same type of landscape.  The weather patterns did 

influence the times at which rapid population growth and dispersal occurred.  There were 

prolonged wet or average periods between days 31 and 70 in W1 and days 46-90 in W2, and it 

was during those periods that populations experienced rapid expansions in size and over space. 

When lower efficiency of finding hosts and/or oviposition sites was simulated, the 

populations were smaller, there was more variability among the outcomes of each simulation 

run, and there were also many runs where the population went extinct.  In the simulations using 

the MM resource finding efficiency, some of the populations with smaller sizes after 

initialization were the ones that did not persist until the end of the 180 days of a simulation 

(Table 4-5).  The small populations that produced fewer mosquitoes before the onset of the 

prolonged dry periods were the ones that declined or did not persist. 

Both environmental variability and mosquito behavior were important factors influencing 

chronological age structure, but in this particular model the physiological age structure 

(percentage of parous females) appeared less responsive to changes in the environment and more 

a function of population size.  Physiological age structure tended to vary cyclically at the 

beginning of simulations, with peaks every 16-20 days (the approximate times that females took 
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to complete the first gonotrophic cycle, 6-10 days, plus the 10 days of immature development).  

This cyclic pattern changed in some populations after they either declined or increased 

considerably in size.  When populations declined, the percentage of parous females tended to 

increase over time because fewer new mosquitoes were being produced and the majority of 

females were parous.  However when populations were increasing, several cohorts of mosquitoes 

were reproducing at asynchronous times producing large numbers of new mosquitoes, and the 

percentage of parous females tended to decrease over time.  Therefore changes in the percentage 

of parous females are not directly associated with changes in weather in this model. 

The field study in Chapter 3 supported that the proportion of parous females in the 

population increased noticeably during rainy periods preceded by long dry periods.  This could 

be large numbers of gravid females that accumulate during dry conditions and oviposit in aquatic 

habitats that appear after heavy rainfall (Day et al. 1990).  Laboratory experiments have shown 

that fewer Cx. nigripalpus females oviposit in low humidity:  an average of 3.1 females (in 

groups of 100) oviposited when relative humidity was between 50-70%, versus 57.4 females at 

>90% relative humidity (Day et al. 1990).  Culex nigripalpus gravid females can hold their eggs 

for long periods until oviposition sites become available (Day and Edman 1988).  This 

information supports that weather changes can influence the number and proportion of parous 

mosquitoes in the population.   

The individual-based model simulations produced an increase in the absolute number of 

gravid mosquitoes during dry periods, especially in the favorable landscapes (see Figure 4-33 for 

examples).  The number of gravid females did not stay elevated throughout dry periods.  It 

declined due to both mosquito mortality and because the simulated gravid females oviposited in 

the permanent oviposition sites.  Perhaps more information is needed about Cx. nigripalpus 
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preferences between permanent and flooded oviposition sites during the summer and fall months.  

Both types of oviposition sites were represented in the model.  In the field, an example of a 

permanent oviposition site used by Cx. nigripalpus could be a pond with emergent vegetation, 

while seasonally flooded oviposition sites can include storm water drainage and retention swales 

(O’Meara et al. 2003).  Results of the field study in Chapter 3 suggested that changes in Cx. 

nigripalpus parity over time could not be fully explained by weather changes, and it was 

suggested that perhaps oviposition sites that are not completely dependent on rainfall play a role 

in population changes.  These aspects of behavioral responses of Cx. nigripalpus to different 

qualities of oviposition sites need to be studied further to improve the representations of 

mosquito oviposition behavior in models and might help better explain changes in parity in the 

populations. 

This individual-based model had other parameters that could have also affected the 

outcomes observed.  The time for a female to become gravid was fixed at 3 days and this had an 

impact on the duration of a gonotrophic cycle.  In reality this parameter is temperature dependent 

(Clements 2000).  Shorter egg development times in warmer temperature could have allowed 

females to complete the cycles faster.  Temperature dependencies were also not considered in 

immature development or mortality, primarily to avoid too much complexity in the model and to 

focus on the effects of environmental inputs on adult mosquito dispersal.  Considering 

temperature dependent rates of development and mortality in immatures could have impacted the 

rate at which new mosquitoes were added to the population. 

The mortality rates used here were selected because they produced ~80% daily survival 

when a cohort was followed.  Mosquito survival in the field during the summer months for 

another Culex species (Culex quinquefasciatus) was estimated at 81% (Chandra et al. 1996).  If 
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reductions in daily mortality were introduced in the model, females could potentially live longer 

and complete more gonotrophic cycles affecting the age distribution of unfed parous groups and 

also population size. 

In spite of its many simplifications, this model provided interesting insights into the factors 

(other than temperature) that could affect the chronological age distribution of unfed parous 

females.  It illustrated how variable the age structure of a mosquito population can be due to the 

interactions between mosquito behavior and environmental heterogeneity.  The results suggest 

that changes in the environment (like long dry periods between rainfalls) could introduce more 

variability in the age structure, especially in very heterogeneous landscapes (like the favorable 

landscape) that could result in a shift of the daily average age towards older ages.  If the 

mosquitoes are efficient in finding resources populations will increase in size and spread even 

under variable environments.  There is a hypothesis about Cx. nigripalpus which indicates that 

when dry periods last between 10-20 days the viral incubation could be completed by females 

during a single gonotrophic cycle (Day et al. 1990, Day and Curtis 1994).  Our observations with 

this simple model give support to this hypothesis because we did find shifts to older ages during 

dry and/or cool periods that lasted more than 10 days.   

It would be difficult to test predictions like this in the field, especially because we do not 

have practical ways to determine the chronological age of a field collected mosquito.  Extensive 

studies of the environmental factors that drive St. Louis encephalitis epidemics in Florida using 

hydrological modeling have identified weather patterns in epidemic years.  Culex nigripalpus is 

the main vector of this virus in the state.  Epidemic years have a particular profile of changes in 

the water table depth which includes alternating drought and wet periods (Day and Shaman 

2008):  drought in late spring, wet event in early summer, drought in late summer, wet event in 
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the fall.   Based on observations from our individual-based model we can propose that these 

environmental changes can indeed shift the age of mosquito populations towards older ages 

during dry conditions and this could favor epidemics.  The mechanisms behind the shift could 

involve reduced mosquito activity which increases the time it takes some females to take a 

bloodmeal or find oviposition sites (e.g., when temperature or humidity, or both, are low).  Or 

the shift could be due to factors that reduce the efficiency of mosquitoes to find and utilize 

resources (e.g. aggregation of hosts, reduced number of oviposition sites, etc.).  We have data 

available supporting the effects low humidity, moon illumination, wind, and temperature on Cx. 

nigripalpus activity.  More research is needed on behavioral factors.  Laboratory studies on Cx. 

nigripalpus feeding behavior using different compositions and density of hosts could be carried 

out to determine how this affects the time to take a bloodmeal.  Studies on Cx. nigripalpus 

preferences for oviposition between fresh and old oviposition sites could also be performed to 

determine if changes in the composition of available water sources could affect the time to 

oviposition.  The age distribution of unfed parous Cx. nigripalpus females is a very important 

population characteristic that depends not only on environmental factors but possibly also on 

behavioral aspects of mosquitoes. 

Discussion Summary 

Previous studies had shown that a large proportion of older Cx. nigripalpus parous females 

could be expected in the population after long dry periods followed by rainfall.  This is due to 

accumulation of gravid females that retain eggs and finally oviposit when aquatic habitats 

become available.  However, we did not have a description of the chronological age structure of 

Cx. nigripalpus females under such changing environmental conditions.  The results of this 

model provide a theoretical representation of the chronological age structure of unfed parous 

females and present possible causes for its variability.  The results suggest that certain 
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environmental conditions in heterogeneous landscapes can cause shifts to “older” chronological 

ages that can last for various consecutive days.  These environmental conditions are low 

humidity, fewer oviposition sites, and cooler temperatures.  Even though this result might seem 

intuitive, we previously did not have a description of the distribution of chronological ages of 

unfed parous females under changing environments.  The effects on age structure of individual 

variations in the mosquitoes’ ability to detect resources were also explored.  We observed that 

these individual variations had an important impact on model outcomes.  Mosquito behavior 

interacted with resource abundance and distribution (hosts and aquatic habitats) to impact 

chronological age structure.  This suggests that changes in host composition and abundance in a 

landscape, for example, could also influence the age structure of a mosquito population in a 

similar way as changes in weather could.  If the mosquitoes are less efficient acquiring 

bloodmeals, it will take them longer to complete gonotrophic cycles and the average age of 

parous females could increase.   The model presented here assumed that females did not have 

preferences for different types of oviposition sites (permanent versus flooded).  More 

information on Cx. nigripalpus oviposition behavior would be necessary to improve the model.  

The results from this model illustrate how environmental factors other than temperature can 

induce changes in the chronological age structure of females which is associated with the 

occurrence of infectious mosquitoes in the population.   
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Table 4-1.  Mosquito population sizes after initialization under different resource finding 
efficiency conditions for the two landscapes.  The resource finding efficiency conditions 
correspond to the probability (high, medium, or low) of finding hosts or oviposition sites, 
depending on the mosquito physiological status, during a time step.  (See sensitivity analysis 
section). 

Favorable Landscape Unfavorable Landscape 
Resource finding efficiency 
conditions 
(Host:  Oviposition sites) 

Initial population 
size 

Standard 
deviation 

Initial population 
size 

Standard 
deviation 

High:High (HH) 1595.30 174.65 1627.20 316.36 
High:Low (HL) 751.60 148.67 748.15 150.25 
High:Medium (HM) 1032.15 244.36 1097.65 213.40 
Low:High (LH) 678.15 115.74 617.90 116.50 
Low:Low (LL) 243.95 85.61 234.80 55.59 
Low:Medium (LM) 452.20 110.42 458.15 138.73 
Medium:High (MH) 1180.70 182.08 1062.50 206.68 
Medium:Low (ML) 410.65 108.32 476.05 92.66 
Medium:Medium (MM) 657.90 157.94 715.75 127.21 
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Table 4-2.  Weather conditions by month for weather patterns W1 and W2.  
Weather pattern 

W1 W2 

Month Dates Days 
Continuous scale Conditions Dates Days 

Continuous scale Conditions 

June 1-5 1-5 Wet 1-30 1-30 Dry 
6-10 6-10 Average 

11-30 11-30 Dry 
July 1-5 31-35 Wet 1-15 31-45 Dry 

6-10 36-40 Average 16-20 46-50 Wet 
11-15 41-45 Wet 21-30 51-60 Average 
16-20 46-50 Average 
21-25 51-55 Dry 
26-30 56-60 Wet 

August 1-10 61-70 Average 1-5 61-65 Wet 
11-30 71-90 Dry 6-15 66-75 Average 

  16-25 76-85 Wet 
  26-30 86-90 Average 

September 1-30 91-120 Dry 1-30 91-120 Dry 
October 1-5 121-125 Wet 1-5 121-125 Wet 

6-10 126-130 Average 6-30 126-130 Dry 
11-30 131-150 Dry 

November 1-30 151-180 Dry 1-5 131-135 Wet 
  6-30 136-130 Dry 
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Table 4-3. Description of the relative humidity and oviposition site availability in the landscapes 
for each simulated weather condition. 

Weather conditions   Favorable Landscape Unfavorable Landscape 
Dry Oviposition 

sites 
 14 oviposition sites 

 
2 oviposition sites 

Primary patch 2 permanent:  10% of 
their area with water. 
 

2 permanent:  10% of their area 
with water. 

Secondary  
patches 

12 permanent:  5% of 
their area with water. 

None with water. 

Relative 
Humidity Hourly minimum relative humidity 

Average Oviposition 
sites 

 60 oviposition sites 
 

28 oviposition sites 

Primary patch 2 permanent:  10% of 
their area with water. 
 2 seasonal:  5% of their 
area with water. 
 

2 permanent:  10% of their area 
with water. 
 2 seasonal:  5% of their area 
with water. 

Secondary  
patches 

12 permanent:  5% of 
their area with water. 
44 seasonal:  5% of their 
area with water. 

24 seasonal:  5% of their area 
with water. 
 

Relative 
Humidity Hourly average relative humidity 

Wet Oviposition 
sites 

 60 oviposition sites 
 

28 oviposition sites 

Primary patch 2 permanent:  10% of 
their area with water. 
 2 seasonal:  10% of their 
area with water. 
 

2 permanent:  10% of their area 
with water. 
 2 seasonal:  10% of their area 
with water. 

Secondary  
patches 

12 permanent:  10% of 
their area with water. 
44 seasonal:  10% of their 
area with water. 

24 seasonal:  10% of their area 
with water. 
 

Relative 
Humidity Hourly maximum relative humidity 
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Table 4-4.  Probabilities of flight initiation during the night hours as a function of the fraction of 
the moon illuminated. 

Fraction of moon illuminated 

 0.9-1 0-0.1 0.1-0.9 
(day > 15) 

0.1-0.9 
(day < 15) 

Night hours Full moon New moon First quarter Last quarter 
18 0.98 0.98 0.84 0.98 
19 0.98 0.83 0.84 0.71 
20 0.98 0.56 0.84 0.42 
21 0.98 0.49 0.91 0.35 
22 0.98 0.42 0.98 0.28 
23 0.98 0.42 0.84 0.28 
24 0.98 0.42 0.70 0.28 
1 0.98 0.35 0.58 0.35 
2 0.98 0.28 0.42 0.42 
3 0.98 0.14 0.28 0.70 
4 0.98 0.14 0.28 0.56 
5 0.42 0.70 0.70 0.84 

 

Table 4-5.  Total mosquito production and average spatial spread for each of the 10 runs with the 
MM foraging probability functions.  Runs that went extinct are in bold numbers. 

Total Mosquito Production Average Spatial Spread 
Favorable Unfavorable Favorable Unfavorable 

Run W1 W2 W1 W2 W1 W2 W1 W2 
1 60416 9919 29631 20850 18.59 5.51 6.58 5.33 
2 21624 21283 34775 66432 8.40 8.53 7.49 10.22 
3 64402 68280 69931 24433 19.29 20.06 10.16 5.63 
4 31611 33851 66482 29817 11.75 12.32 10.25 6.64 
5 11002 11111 73773 33080 5.03 5.66 11.29 6.70 
6 23561 8484 90949 58522 9.20 4.71 12.09 9.32 
7 37543 13691 64954 65951 13.71 6.18 9.81 9.95 
8 55279 59072 66257 52410 17.92 18.64 9.62 8.95 
9 42930 15860 51357 49840 14.84 7.17 8.79 9.08 
10 14487 10240 32759 45285 6.54 5.23 6.97 8.58 
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Table 4-6. Numbers of extinctions (out of 10 runs) observed under different resource finding 
efficiency conditions. 

Favorable Landscape Unfavorable Landscape 
Resource finding efficiency 
(Hosts:  Oviposition sites) W1 W2 W1 W2 
High:High (HH) 0 0 0 0 
High:Medium (HM) 0 0 0 0 
High:Low (HL) 1 2 0 0 
Medium:High (MH) 0 0 0 0 
Medium:Medium (MM) 2 6 0 0 
Medium:Low (ML) 10 10 10 10 
Low:High (LH) 0 0 1 3 
Low:Medium (LM) 10 10 10 10 
Low:Low (LL) 10 10 10 10 
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Figure 4-1. Simplified life cycle of an individual Culex nigripalpus used in the modeling study.  A mosquito can die at any stage of its 
life (not shown for simplicity).  The dashed line illustrates that the mosquito can potentially complete multiple gonotrophic 
cycles in its lifetime (parous 1, parous 2, parous 3, etc.).   

 



 

 

184 

 
 

Figure 4-2. The favorable landscape.  The primary patch is in the center with 2 permanent oviposition sites (dark gray) and 2 seasonal 
oviposition sites (light gray).  Six of the fourteen secondary patches have 2 permanent oviposition sites each, the rest are 
seasonal.  The bold numbers mark the cells where vegetation is type 3 or 4.  The numbers indicate the number of hosts in 

the cell.
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Figure 4-3. The unfavorable landscape.  The primary patch is in the center with 2 permanent oviposition sites (dark gray) and 2 
seasonal oviposition sites (light gray).  The six secondary patches have seasonal oviposition sites.  The bold numbers mark 
the cells where vegetation is type 3 or 4.  The numbers indicate the number of hosts in the cell. 
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Figure 4-4.  Discrete changes in the area available for oviposition for each treatment.   These plots show the schedule of changes 
between wet, average and dry weather types on pattern W1 (A) and W2 (B), and how these changes affect the percentage 
of area in a landscape that can be used for oviposition. 
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Figure 4-5.  Changes in the “attractiveness scores” of cells on the basis of their vegetation type as a function of relative humidity.  As 
conditions become more humid, the “attractiveness score” for cells without vegetation or open with scattered vegetation 
(types 1 and 2) becomes more similar to that of cells with wooded areas or wooded areas with understory (types 3 and 4). 
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Figure 4-6.  Example of the process to select a cell during mosquito dispersal on the basis of vegetation type and number of hosts.  As 
the humidity conditions in the landscape change, the probabilities of selecting cells with different qualities also change.  A 
host-seeking mosquito is in the dark gray cell and has to choose one of the light gray cells to move to.  When humidity is 
70% it will have a higher probability of moving to the cell with one host and vegetation 4 (p = 0.47).  When humidity is 
90% it will have almost equal probability of moving to either of the cells with one host but with different vegetation (p = 
0.35 for cell with vegetation 4, p = 0.30 for cell with vegetation 1). 
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Figure 4-7.  Daily changes in the size of the mosquito population (number of females) for each 
treatment.  Each line represents one simulation using the MM resource finding 
efficiency for the (A) unfavorable:W1, (B) unfavorable:W2, (C) favorable:W1, and 
(D) favorable:W2 treatments .  The blue boxes indicate the times when the conditions 
in the landscape were wet or average.  The age structure of the highlighted (black 
line) populations is presented in more detail in Figures 4-13 and 4-14. 
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Figure 4-8.  Daily changes in the spatial spread of the mosquito population (percent of cells 
occupied) for each treatment.  Each line represents one simulation using the MM 
resource finding efficiency for the (A) unfavorable:W1, (B) unfavorable:W2, (C) 
favorable:W1, and (D) favorable:W2 treatments.  The blue boxes indicate the times 
when the conditions in the landscape were wet or average.  Black line is as in Figure 
4-7. 

 



 

 

191 

            

Figure 4-9.  Differences in mosquito production and spatial spread among the treatments with the MM resource finding efficiency.  
(A) Total mosquito production (MPtotal) and (B) average spatial spread (SStotal) for 10 simulations in each treatment.  The 
letter F denotes favorable landscapes and the letter U denotes unfavorable landscapes. 

 



 

192 

 

Figure 4-10.  Daily changes in the percentage of parous females of the mosquito population for 
each treatment.  Each line represents one simulation using the MM resource finding 
efficiency for the (A) unfavorable:W1, (B) unfavorable:W2, (C) favorable:W1, and 
(D) favorable:W2 treatments.  The blue boxes indicate the times when the conditions 
in the landscape were wet or average.  Black line is as in Figure 4-7. 
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Figure 4-11.  Maximum percentage of parous females per month (PPmonth) in each treatment.  Each triangle represents one of ten 
simulations with the MM resource finding efficiency. 
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Figure 4-12.  Daily changes in the average age in days of unfed parous 1 females (days) for each 

treatment.  Each line represents one simulation using the MM resource finding 
efficiency for the (A) unfavorable:W1, (B) unfavorable:W2, (C) favorable:W1, and 
(D) favorable:W2 treatments.  The blue boxes indicate the times when the conditions 
in the landscape were wet or average.  Black line is as in Figure 4-7.   
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Figure 4-13.  Daily changes in the average age in days of unfed parous 2 females (days) for each 

treatment.  Each line represents one simulation using the MM resource finding 
efficiency for the (A) unfavorable:W1, (B) unfavorable:W2, (C) favorable:W1, and 
(D) favorable:W2 treatments.  The blue boxes indicate the times when the conditions 
in the landscape were wet or average.  Black line is as in Figure 4-7.   
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Figure 4-14.  Daily changes in average age of unfed parous 1 females for one population per treatment with the MM resource finding 
efficiency.  The gray bars represent one standard deviation around the average age.  (A) unfavorable:W1, (B) 
unfavorable:W2, (C) favorable:W1, and (D) favorable:W2 treatments. 
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Figure 4-15.  Daily changes in average age of unfed parous 2 females for one population per treatment with the MM resource finding 
efficiency.  The gray bars represent one standard deviation around the average age.  (A) unfavorable:W1, (B) 
unfavorable:W2, (C) favorable:W1, and (D) favorable:W2 treatments.  
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Figure 4-16.  Differences in age structure of unfed parous 1 females among treatments with the MM resource finding efficiency.  (A) 
Averages per month of the daily average age (AAmonth) and (B) averages per month of the daily standard deviation around 
the mean age (SDmonth).  Each dot represents one of 10 simulations for each treatment.  The line in plot (A) is provided for 
reference to compare among panels.  Runs in which populations went extinct before month 10 or month 11 did not have 
values of AAmonth or SDmonth; therefore there are less than 10 points for those months. 
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Figure 4-17.  Differences in age structure of unfed parous 2 females among treatments with the MM resource finding efficiency.  (A) 
Averages per month of the daily average age (AAmonth) and (B) averages per month of the daily standard deviation around 
the mean age (SDmonth).  Each dot represents one of 10 simulations for each treatment.  The line in plot (A) is provided for 
reference to compare among panels.  Runs in which populations went extinct before month 10 or month 11 did not have 
values of AAmonth or SDmonth; therefore there are less than 10 points for those months. 
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Figure 4-18.  Averages per month of the proportion of parous 1 females over the age of 12.5 days (PP1month) for each treatment with 
the MM resource finding efficiency.  Each triangle represents one of ten simulations. 

 



 

 

201 

         

Figure 4-19.  Sensitivity of the total mosquito production (MPtotal) to changes in the resource finding efficiency.  (A) The six resource 
finding efficiency conditions (LH, MH, MM, HH, HL, and HM) where populations persisted for one or more runs per 
treatment. (B) Three resource finding efficiency conditions where populations went extinct for all treatments. Notice the 
differences in scales.  The first letter in the resource finding efficiency label denotes the probability of finding hosts and the 
second the probability of finding oviposition sites (i.e., LH is low probability of finding hosts and high probability finding 
oviposition sites).  The abbreviations in the x axis denote the treatments, the letter F corresponds to favorable landscapes 
and the letter U to unfavorable landscapes.   
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Figure 4-20.  Sensitivity of the average spatial spread (SStotal) to changes in the resource finding efficiency.  The letter F denotes 
favorable landscapes and the letter U denotes unfavorable landscapes in the x axis label.  The first letter in the resource 
finding efficiency label denotes the probability of finding hosts and the second the probability of finding oviposition sites. 
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Figure 4-21.  Sensitivity of the maximum percentage of parous females per month (PPmonth) to changes in the resource finding 
efficiency.  (A) Unfavorable:W1 and (B) unfavorable:W2 treatments. 
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Figure 4-22.  Sensitivity of the maximum percentage of parous females per month (PPmonth) to changes in the resource finding 
efficiency.  (A) Favorable:W1 and (B) favorable:W2 treatments. 



 

 

205 

         

Figure 4-23.  Sensitivity of the age structures of parous 1 females to changes in resource finding efficiency in the unfavorable:W1 
treatment.  (A) Averages per month of the daily average age (AAmonth) and (B) averages per month of the daily standard 
deviation around the mean age (SDmonth). 
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Figure 4-24.  Sensitivity of the age structures of parous 1 females to changes in resource finding efficiency in the unfavorable:W2 
treatment.  (A) Averages per month of the daily average age (AAmonth) and (B) averages per month of the daily standard 
deviation around the mean age (SDmonth). 
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Figure 4-25.  Sensitivity of the age structures of parous 1 females to changes in resource finding efficiency in the favorable:W1 
treatment.  (A) Averages per month of the daily average age (AAmonth) and (B) averages per month of the daily standard 
deviation around the mean age (SDmonth). 
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Figure 4-26.  Sensitivity of the age structures of parous 1 females to changes in resource finding efficiency in the favorable:W2 
treatment.  (A) Averages per month of the daily average age (AAmonth) and (B) averages per month of the daily standard 
deviation around the mean age (SDmonth). 
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Figure 4-27.  Sensitivity of the age structures of parous 2 females to changes in resource finding efficiency in the unfavorable:W1 
treatment.  (A) Averages per month of the daily average age (AAmonth) and (B) averages per month of the daily standard 
deviation around the mean age (SDmonth). 
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Figure 4-28.  Sensitivity of the age structures of parous 2 females to changes in resource finding efficiency in the unfavorable:W2 
treatment.  (A) Averages per month of the daily average age (AAmonth) and (B) averages per month of the daily standard 
deviation around the mean age (SDmonth). 
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Figure 4-29.  Sensitivity of the age structures of parous 2 females to changes in resource finding efficiency in the favorable:W1 
treatment.  (A) Averages per month of the daily average age (AAmonth) and (B) averages per month of the daily standard 
deviation around the mean age (SDmonth). 
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Figure 4-30.  Sensitivity of the age structures of parous 2 females to changes in resource finding efficiency in the favorable:W2 
treatment.  (A) Averages per month of the daily average age (AAmonth) and (B) averages per month of the daily standard 
deviation around the mean age (SDmonth). 
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Figure 4-31.  Sensitivity of the monthly average of the proportion of parous 1 females over 12.5 days of age (PP1month) to changes in 
resource finding efficiency in the unfavorable landscape. 
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Figure 4-32.  Sensitivity of the monthly average of the proportion of parous 1 females over 12.5 days of age (PP1month) to changes in 
resource finding efficiency in the favorable landscape. 
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Figure 4-33.  Changes over time in the absolute number of gravid females in four simulated populations in the favorable landscape. 
(A) Population in the favorable landscape, W1 weather pattern, medium:medium (MM) resource finding efficiency.  (B) 
Favorable landscape, W1 weather pattern, high:high (HH)  resource finding efficiency.  (C) Favorable landscape, W2 
weather pattern, MM resource finding efficiency.  (D) Favorable landscape, W2 weather pattern, HH resource finding 
efficiency.   
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CHAPTER 5 
SOURCES OF ERROR IN THE ESTIMATION OF ARBOVIRUS INFECTION RATES IN 

MOSQUITOES 

Introduction 

There are about 100 arboviruses that can infect humans causing considerable morbidity 

and mortality and another 40 that can infect livestock with important economic impacts 

(Eldridge et al. 2004).  The prevalence of viral infection in field collected mosquitoes is a 

common surveillance indicator that is used to assess the risk of transmission of viruses such as 

West Nile virus (WNV) or western equine encephalomyelitis virus (WEEV) to humans and 

domestic animals.  Other surveillance indicators of risk include sentinel animal seroconversions 

and animal or human infection data (Moore et al. 1993)  

When uninfected mosquitoes acquire virus from a vertebrate host they go through a latent 

phase known as the extrinsic incubation period (EIP), which is the time that it takes the virus to 

disseminate into mosquito organs including the salivary glands from which transmission to 

subsequent vertebrate hosts occurs (Kyle and Harris 2008).  The duration of the EIP varies 

among mosquito species, individual mosquitoes, and virus species, and is modulated by external 

factors such as temperature.  In this study we refer to those mosquitoes that have the ability to 

transmit virus as infectious.  Uninfected, latent, and infectious mosquitoes can all potentially be 

found in a sample of mosquitoes collected for arboviral surveillance.  Ideally we would use that 

sample to estimate the proportion of mosquitoes in the population that are infectious since this 

measure would be more directly related to risk of arbovirus transmission. This would involve 

individual mosquito testing for virus dissemination to the salivary glands or actual transmission 

(e.g., salivation into a capillary tube).  However, there is no practical way to do this with large 

numbers of field-collected mosquitoes and, so, the proportion of infected mosquitoes, or 

“infection rate” (Chiang and Reeves 1962) is estimated as a substitute (Figure 5-1).  
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It is assumed that when the mosquito infection rate increases, the risk of arbovirus 

transmission also increases (Chiang and Reeves 1962).  This assumption relies on the proportion 

of infected mosquitoes being a good approximation of the proportion of infectious mosquitoes.  

It also requires reliable estimates of the proportion of infected mosquitoes in the population. 

However, there are many factors that could invalidate this assumption.  Climate variation could 

introduce unpredictability into how many latent mosquitoes survive to become infectious and the 

reliability of estimated infection rates can be compromised by biases (discussed below) 

introduced during mosquito collecting and virus testing. 

Temperature is one of the best studied factors affecting the EIP and the rate of virus 

dissemination in a mosquito, thus directly influencing the proportion of latent mosquitoes that 

become infectious.  Laboratory studies have shown that approximately 40% of Culex pipiens 

mosquitoes infected with WNV will develop a disseminated infection after fifteen days of 

incubation at 20°C, but this fraction increases to almost 90% at 30°C (Dohm et al. 2002).  In the 

case of Culex pipiens quinquefasciatus and WNV, 33% of infected mosquitoes will develop 

disseminated infections after thirteen days of incubation at 25°C, and 81% will have 

disseminated infections after thirteen days at 30°C (Richards et al. 2007).  Dissemination is 

necessary for viral transmission, and some studies report that 90% of Cx. pipiens mosquitoes 

with disseminated WNV infections transmit the virus by bite (Turell et al. 2000, Turell et al. 

2001). 

Another example of temperature modulating transmission is WEEV vectored by Culex 

tarsalis.  In a laboratory experiment, 30% of mosquitoes were capable of transmitting virus to 

chickens after six days of incubation at 32°C, but the proportion decreased to 20% after twelve 

days.  At 25°C, only 4% of mosquitoes were capable of transmission after six days, but the 
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fraction increased to 35% after twelve days (Kramer et al. 1983).  A different experiment found 

that approximately 70% of the infected Cx. tarsalis transmitted virus orally to capillary tubes 

seven days post-infection at 30°C, and after twelve days this fraction had dropped to ~12%.  At 

20°C about 25% of mosquitoes were transmitting virus after seven days, but the percentage 

increased to ~60% after twelve days (Reisen et al. 1993).  Possible explanations for a reduction 

in transmission over time at 30-32°C include the ability of some Cx. tarsalis females to modulate 

viral dissemination from the mesenteron to the salivary glands or a decrease in the secretory 

function of the salivary glands due to cell pathology (Kramer et al. 1983, Reisen et al. 1993).  

Dissemination responses to changes in temperature are non-linear for WEEV in Cx. tarsalis. 

Clearly, temperature is a critical factor that modifies the response of mosquitoes to the virus, and 

this induced variation reduces our capacity to predict the relationship between the proportion of 

infected and infectious mosquitoes. 

In the field, mosquitoes endure daily changes in temperature and variations of the 

microclimatic conditions in their resting sites during non-active periods (Meyer et al. 1990).  

This temperature variability will cause a population of mosquitoes to contain infected individuals 

of different ages to be at various stages in the development of a disseminated infection. 

Consequently, mosquito samples taken on consecutive days could yield similar estimated 

infection rates, but the infectiousness rate could be different from one day to the next. 

Ideally, to estimate the proportion of infected mosquitoes in a population we would take a 

large sample of mosquitoes using an unbiased trapping method such that all individuals are 

equally likely to be collected. The mosquitoes would be tested individually for the presence of 

the virus with an assay that can detect the specific virus every time and at any concentration. 
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Those ideal conditions are usually not met and surveillance methods introduce biases that affect 

the reliability of the estimated infection rates. 

Trapping methods often introduce biases since they target a particular physiological stage 

of the adult mosquito population (host-seeking females, gravid females, resting adults) or they 

attract some mosquito species more than others (Moore et al. 1993).  Sampling techniques will 

also affect the sample size obtained, both in absolute numbers of mosquitoes and in the 

proportion of the population.  Because not all mosquitoes are equally likely to be captured, 

sampling introduces a bias that affects the relationship between the actual population infection 

prevalence and the estimated infection rate.  Is important to remember that in some cases a 

collecting bias towards a particular mosquito stage in the population, like gravid females is 

desirable in order to increase the chances of detecting virus presence in the mosquito population. 

Other biases are introduced by the virus detection process. Individual testing of mosquitoes 

in most cases is not feasible for logistic and financial reasons; thus, a cost-effective alternative to 

individual testing is to aggregate mosquitoes in groups or pools and test those for virus (Chiang 

and Reeves 1962, Cowling et al. 1999).  There are many assays that can be used to detect virus in 

mosquito pools including plaque assays in Vero cell culture, TaqMan assays (RT-PCR), 

VecTest, ELISAs, or immunoassays.  These assays differ in their power to discriminate among 

viruses and in their ability to detect the virus particles or plaque forming units (PFU) at different 

concentrations (Ryan et al. 2003, Chiles et al. 2004). 

The quantity of virus in a mosquito pool affects the outcome of the different assays 

because each assay has a threshold concentration below which virus usually cannot be detected.  

The quantity of virus in the mosquitoes themselves is affected by time since infection (related to 

their age) and temperature.  The mean body titer of Cx. tarsalis females infected with WNV held 
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at temperatures between 22-30°C was significantly higher than the titer in those females held at 

temperatures between 14-18°C (Reisen et al. 2006).  In another study with Cx. tarsalis and 

WEEV, body titers after incubation at 15°C ranged between 102.8 and 108.7 PFU/body (mean 

106.0) for mosquitoes that did not transmit virus into a capillary tube (latent), and between 105 

and 108.1 PFU/body (mean 106.9) for those mosquitoes that did transmit the virus (infectious). At 

30°C the titers ranged between 102.7 and 107.5 PFU/body (mean 105.6) for latent mosquitoes, and 

between 104.1 and 107.7 PFU/body (mean 106.4) for infectious mosquitoes (Reisen et al. 1993).  

Statistical tests comparing those means were not reported by the authors.  Virus titer distributions 

for other mosquito-virus systems in the field or in the laboratory are largely unknown.  Failure to 

detect virus can occur when the infected mosquitoes (or mosquito) present in a pool have low 

virus titers, and the assay used needs a high concentration of virus particles to produce a positive 

result. 

After mosquito pool assaying, the information on the number of mosquitoes collected in 

the sample, the number of pools that tested positive for virus, and the number of mosquitoes in 

each individual pool are used to calculate the estimated infection rate.  There are various ways to 

conduct this calculation but the two most commonly reported are the Minimum Infection Rate 

(MIR) and the Maximum Likelihood Estimator (MLE) of the proportion of infected mosquitoes. 

The MIR is the ratio of the number of positive pools to the total number of mosquitoes in the 

sample.  It is by definition the minimum infection proportion and it assumes that only one 

infected individual is present in a positive pool (Gu et al. 2003).  The MLE is the value of the 

proportion of infected mosquitoes P that maximizes the likelihood of n pools of size m to be 

virus positive, where P is the parameter for a binomial distribution (Chiang and Reeves 1962, 

Walter et al. 1980, Gu et al. 2004).  The MIR is considered appropriate to use when infections in 
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the mosquito population are at low levels, but during periods of high transmission it will largely 

underestimate mosquito infections, and so the use of the MLE coupled with variable size pooling 

is recommended (Gu et al. 2004, Gu et al. 2008).  A field study comparing the MIR and MLE 

estimated infection rates (pool size = 5) with the infection rates calculated from individual 

mosquitoes, did not find major differences among the values generated (Condotta et al. 2004), 

however this pool size is rather small for arbovirus surveillance and the lack of a difference 

might not have much relevance for field studies.  The MLE has the advantage that there are 

algorithms available that consider variations in pool size (Gu et al. 2004). 

The MIR is perhaps the most often reported measure of virus activity among the mosquito 

population in the United Sates.  Using MIR reports, the seasonal activity among mosquitoes has 

been well characterized for many viruses, more recently for WNV.  In the states of Florida 

(Butler 2004), California (Kramer 2005) and Virginia (Gaines 2007), WNV isolates from 

mosquitoes increase during the months of July through September and start declining in October.  

Virus infections in humans, domestic animals and sentinel animals mostly occur during the well 

characterized transmission season, but it is not unusual to observe virus activity among 

mosquitoes but no human infections.  For example, Anderson et al. (2006) reported a peak of 

WNV MIR of 7.1 among Culex pipiens mosquitoes from Faifield County, Connecticut during 

2004 but no human cases.  The next year the peak MIR for Cx. pipiens was 83.9 and there were 

six human cases.  On the other hand the lack of detection of virus among mosquitoes is not 

necessarily an indication of absence of viral activity (Georgia Department of Community Health 

2009).  Also, the magnitude of the MIR might not always been an indication of the expected 

number of human cases in different areas.  In East Baton Rouge Parish, Louisiana the peak MIR 

detected in Culex quinquefasciatus mosquitoes during 2002 was 8 and there were a total of 49 
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WNV human infection cases (Gleiser et al. 2007).  In the City of Davis, California WNV 

mosquito surveillance during 2006 revealed a peak MIR of 45 for Cx. tarsalis that year, but only 

15 human infection cases were reported (Nielsen et al. 2008).  Due to the non linear relationship 

between the MIR and the risk of virus transmission, surveillance programs in different states 

have adopted thresholds of virus activity above which reactions from authorities and mosquito 

control are necessary.  For example, in Arizona an MIR of 4 or above for WNV from weekly 

Culex mosquito pools is considered a high level of viral activity and human cases are expected to 

occur (Frank 2004).  In California a MIR of 5 or above for WNV, also from weekly Culex 

mosquito pools, is an indicator of increased risk of transmission and could lead to emergency 

planning or to the declaration of an epidemic if other risk factors have also increased 

concurrently (California Department of Public Health 2009).  Mosquito arbovirus assaying has 

some drawbacks that can hinder its use in regular surveillance, such as the low proportion of 

infected mosquitoes in the population especially during interepidemic periods, the possible 

detection of virus in mosquitoes when the virus is not alive (using PCR methods), and our 

inability to easily separate infected and infectious mosquitoes (Day et al. 2003). 

In this study we asses some of the factors that affect the assumption that changes in the 

magnitude of the estimated infection rate among mosquitoes (i.e., MIR or MLE) are associated 

with changes in the risk of transmission of arboviruses to humans and animals.  We examined 

two basic questions that arise from this assumption:  does the proportion of infectious 

mosquitoes change with the proportion of infected mosquitoes, and can we obtain reliable 

estimates of infection that reflect changes in the proportion of infected mosquitoes in the 

population?  We used a model to examine how incubation temperature, mosquito survival, 

mosquito species and virus species, influence the relationship between the proportion of infected 
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and infectious mosquitoes (Model I, Figure 5-1).  Additionally, we used numerical simulations to 

examine how the process of mosquito sampling, pooling, and virus testing, affect the relationship 

between the proportion of infected mosquitoes in the population and the proportions estimated 

from field samples (Model II, Figure 5-1).  The variability in titer distributions that could arise 

from having mosquitoes of different chronological ages in the population at various stages of 

virus dissemination was considered. 

The results of our study are a reminder of why changes in infection rates are not always 

associated with changes in risk of transmission and that this can be due to both biological and 

methodological factors.  They also indicate that our estimated infection rates usually 

underestimate the population prevalence of infection, that they might not be direct indicators of 

increases in transmission risk, and that they should always be used in conjunction with other 

indicators and variables when making an evaluation of virus transmission risk.  Integrated 

approaches toward mosquito surveillance using infection rate in conjunction with other 

indicators of risk are necessary to assess changes in the risk of arbovirus transmission and to 

determine the actual need for public health alerts. 

Methods and Results 

Model I:  Relationship between Mosquito Infection and Infectiousness 

This model follows a cohort of mosquitoes that became infected with a virus during the 

first bloodmeal, and calculates the proportion of those infected mosquitoes that become 

infectious at different times t as a result of virus dissemination.  Data on arbovirus dissemination 

in mosquitoes from two different and well documented mosquito-virus systems were obtained 

from the literature and were used as parameters in this model:  Cx. tarsalis-WEEV and Cx. p. 

quinquefasciatus-WNV. Two constant incubation temperatures of 20ºC and 30ºC were 

considered.  
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Following previous similar models (Reisen et al. 1983, Gordon-Smith 1987), the 

proportion of surviving mosquitoes in a cohort that are infectious at time t (INSt), was calculated 

as: 

, (5-1) 

where p is the daily survival rate of the mosquitoes and pt is the proportion of mosquitoes 

surviving after t days, INFt is the proportion of mosquitoes at time t that carry the virus, and Dt-t1 

is the percentage of infected mosquitoes that show dissemination after t-t1 days of incubation 

under a particular temperature.  Here, t1 is the time (in days) of the first and only infectious 

bloodmeal.  Dissemination was used here as an approximation for infectiousness for the Cx. p. 

quinquefasciatus-WNV system (Dohm et al. 2002, Richards et al. 2007).  Data on WEEV 

transmission by Cx. tarsalis in the laboratory were available (Kramer et al. 1983, Reisen et al. 

1993). 

A single value for the proportion of infected mosquitoes (INFt) was considered for the 

present model.  It was assumed that 1% of the surviving mosquitoes in the cohort became 

infected with the virus during the first bloodmeal at time t1. This is a combination of the 

proportion of blood meals taken on infectious hosts and the probability of infection after an 

infectious meal.  Infection rates in cohorts of mosquitoes in the laboratory do not tend to 

decrease with time at fixed temperatures (Dohm et al. 2002, Reisen et al. 1993).  Thus, the 

proportion of infected mosquitoes was kept constant at 1% of the surviving mosquitoes at 

subsequent times.  The term INFt included latent and infectious mosquitoes as dissemination 

progressed over time.  

The time of mosquito emergence was t0.  The model followed the proportion of infected 

and infectious mosquitoes in a cohort during four gonotrophic cycles.  A gonotrophic cycle was 
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considered as the time required for a mosquito to take a bloodmeal, go through oogenesis and lay 

eggs.  We assumed that the mosquitoes can take a bloodmeal immediately after oviposition and 

that they all took the bloodmeal at the same time.  We calculated INSt at the end of each of 5 

gonotrophic cycles because they marked the times of a potential bloodmeal, thus the times of 

potential transmission of the virus from the mosquito to a vertebrate host.  The times t at which 

INSt was calculated were:  t1 = time of the first bloodmeal and the only bloodmeal when 

mosquitoes became infected, t2-5 = times of the second, third, fourth and fifth blood meals. 

Estimates of the minimum duration of the gonotrophic cycle for Cx. tarsalis and Cx. p. 

quinquefasciatus are shown in Table 1.  It has been observed for other mosquito species that 

increases in temperature reduce the duration of the gonotrophic cycle.  In a laboratory study 

conducted on Anopheles albimanus, the duration of the gonotrophic cycle was significantly 

reduced from 88.4 h (81.8-94.9) at 24°C, to 69.1 h (64.6-73.6) at 30°C (Rua et al. 2005).  This 

indicates that an increase of 6°C would reduce the gonotrophic cycle of this mosquito by an 

average of 19.3 h.  The field calculations of longer lived Cx. p. quinquefasciatus during the 

winter in Calcutta (Table 5-1) and the information from An. albimanus, support our assumption 

that the gonotrophic cycle length should decrease about 1 d from 20°C to 30°C.  In this study we 

consider a gonotrophic cycle of 5 d at 20°C and 4 days at 30°C, for both species.  Time from 

emergence to the first bloodmeal is about 2 d for Cx. tarsalis and Cx. p. quinquefasciatus 

(McHugh 1999, Elizondo-Quiroga et al. 2006).  A previous modeling study with Cx. tarsalis 

used a value of 2.5 d from emergence to the first blood meal to represent variations in their 

calculations (2-3 d) (Reisen et al. 1983).  Here we consider that at 30°C blood meals were taken 

at 2.5 (first), 6.5, 10.5, 14.5, and 18.5 days of age.  Adjusting for a longer lifespan at lower 
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temperatures we consider that at 20°C the first bloodmeal was taken at 3.5 days of age and the 

subsequent meals were taken at 8.5, 13.5, 18.5, and 23.5 days. 

Two daily survival rates were used in the model.  A survival rate of p = 0.85 was used for 

the 30°C temperature for both mosquito species, and p = 0.90 was used for the 20°C temperature.  

The possible effects of age and infection status on mosquito survival were not considered here.  

Estimates of survival rates for Cx. tarsalis and Cx. p. quinquefasciatus are shown in Table 5-1.  

In Calcutta, India, higher survival rates were observed for Cx. p. quinquefasciatus during the 

winter months than for the summer months (Chandra et al. 1996).  Higher survival rates at cooler 

temperatures have also been observed for Cx. tarsalis in the laboratory (Reisen 1995).  These 

observations support the selection of p = 0.90 for the 20°C temperature. 

Rates of dissemination previously reported in the literature for WNV in Cx. pipiens 

complex mosquitoes and for WEEV in Cx. tarsalis, studied under constant temperature 

conditions, are presented in Figure 5-2. Those dissemination rates were the bases for estimating 

Dt-t1 at different times in the model.  Given that for all mosquitoes the infectious bloodmeal was 

the first one, t1 was equal to 3.5 d at 20°C, and 2.5 d at 30°C. The Dt-t1 values for the all time 

steps are shown in Figure 5-2. 

The model was implemented using Microsoft Excel (Microsoft Corporation 2007).  The 

mosquito-virus systems selected to illustrate different patterns of dissemination over time are 

only two among many types in these systems, and simplifications such as constant survival rates, 

fixed temperatures, and equating dissemination to infectiousness are acknowledged.  However, 

this model illustrates the variation of patterns that can arise in the relationship between infection 

and infectiousness and, therefore has broader implications. 
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Results for Model I 

The results of this model illustrate differences in viral dissemination in a cohort of 

mosquitoes at two different temperatures (Figure 5-3).  At 20°C, WEEV in Cx. tarsalis starts 

disseminating faster than WNV in Cx. p. quinquefasciatus.  In the cohort, the highest proportion 

of surviving Cx. tarsalis mosquitoes that became infectious occurred 10 d after the infectious 

bloodmeal (t = 13.5 d).  After that, the proportion of infectious mosquitoes decreased due to both 

mosquito mortality and a decline in WEEV dissemination.  The highest proportion of surviving 

Cx. p. quinquefasciatus that became infectious at 20°C occurred 20 d after initial exposure with 

the virus (t = 23.5 d). Under these conditions, the peak of infectiousness of Cx. tarsalis with 

WEEV would be by the third bloodmeal, while for WVN in Cx. p. quinquefasciatus it would be 

by the fifth bloodmeal, a point not likely to be reached by mosquitoes in nature.  

At 30°C dissemination progressed faster for both viruses, and Cx. tarsalis infectiousness 

with WEEV peaked by the second bloodmeal (t = 6.5 d). Infectiousness for Cx. p. 

quinquefasciatus with WNV increased steadily until all surviving mosquitoes became capable of 

virus transmission by the fourth bloodmeal.  

Considering both temperature regimens, the peak of the proportion of surviving 

mosquitoes that were infected occurred during the first bloodmeal, but the peaks in the 

proportion of surviving mosquitoes that were infectious occurred days after, thus the peaks of 

infection and infectiousness do not coincide.  Thus, variability in dissemination over time causes 

the proportion of infectious mosquitoes to not be a constant fraction of the number of infected 

mosquitoes, even under these simplified conditions. 
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Model II:  Relationship between Population Infection Prevalence and Estimated Infection 
Rate 

The process of estimating infection rates using samples taken from a mosquito population 

was modeled using numerical simulations.  The simulations consisted of sampling a hypothetical 

population of mosquitoes with a known infection rate, and randomly grouping the sampled 

individuals into pools and, finally, simulating viral assays with different abilities to detect virus 

(Figure 5-4). Variations were introduced on sample size (200, 2000), pool size (20, 50) and in the 

ability of the assay to detect the virus (low, high). All the simulations were conducted using R 

software 2.7.0 (R Development Core Team 2008). 

Hypothetical mosquito populations consisted of 100,000 individuals.  Each population had 

two attributes:  proportion of infected mosquitoes and a distribution of virus titers among 

infected mosquitoes.  Four different proportions of infected mosquitoes in the population were 

considered:  1/1000, 5/1000, 10/1000, or 15/1000.  Two virus titer distributions were used. 

Distribution 1 had titers between 101.5 and 104 PFU/body, and Distribution 2 included titers 

between 102 and 106 PFU/body.  These patterns approximate those observed in Cx. pipiens 4-30 

days post-infection with WNV at 18-20°C (Distribution 1) and at 26-30°C (Distribution 2) 

(Dohm et al. 2002).  Titers were assigned randomly to each infected mosquito in the population 

using a uniform distribution.  By randomly assigning titers we were assuming that mosquitoes of 

different ages and at any point in the virus extrinsic incubation period could be collected at any 

particular time.  The two distributions overlap, but this has also been observed in Cx. tarsalis 

infected with WEEV and WNV (Reisen et al. 1993, Reisen et al. 2006).  Our goal was to 

determine how these titer distributions interact with the virus detection ability of the assays to 

influence the resulting value of the estimated infection rate.   
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Simple random sample sizes of 200 and 2000 were drawn with replacement so each 

repeated sample was taken from the original population.  A total of 1000 samples of each size 

were taken from each hypothetical population.  It was assumed that only females were sampled 

and that they were all equally likely to be collected regardless of their age, gonotrophic status or 

feeding status (empty, bloodfed).  These sample sizes were selected to represent small and large 

values that could be common during surveillance.  The probability of the sample containing 

infected mosquitoes increases asymptotically for small and large samples as the proportion of 

infected mosquitoes in the population increases. 

Each sample was divided into groups or pools, as is usually done in surveillance studies to 

screen large numbers of mosquitoes, and each pool was tested for the presence of virus.  Two 

pool sizes were considered, 20 and 50 mosquitoes.  Each sample of 200 mosquitoes was divided 

into 4 pools of 50, or 10 pools of 20.  Each sample of 2000 mosquitoes was divided into 40 pools 

of 50, or 100 pools of 20.  The mosquitoes were randomly assigned to each pool. 

Each simulated pool was individually evaluated for the presence of virus.  Plaque forming 

units of virus were assumed to be individual discrete units, and if more than one infected 

mosquito was present in the pool their titers were summed.  The total PFUs in the pool was then 

divided by 2.5 to generate a PFU/mL concentration for each pool, to simulate typical 

homogenization and extraction methods (using 2.5 mL of diluent as for VecTest) (Ryan et al. 

2003).  

Two viral assays with different virus detection ability were simulated.  The first one was 

an assay that could only detect virus at concentrations equal to or greater than 103.8 PFU/mL. 

This was called the “low detection ability” assay.  The second one was an assay that detected 

virus at concentrations equal to or greater than 102.5 PFU/mL.  This was called the “high 
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detection ability” assay.  The concentration threshold for the low detection ability assay is based 

on reports that WNV in a pool can be detected up to a minimum concentration of 103.8 PFU/mL 

with VecTest (Ryan et al. 2003), or 103.7 PFU/mL with RT-PCR (Hadfield et al. 2001).  The 

threshold for the high detection ability assay was selected based on reports that both VecTest and 

RT-PCR can detect virus in pools of 50 Cx. tarsalis containing only one infected female which 

had been inoculated with 100 PFU of virus and held at 28°C for 3 d.14 Culex tarsalis females 

that were infected with WNV by feeding on infected birds developed virus titers close to 102.5 

PFU/mL, 2 to 3 d post infection (Reisen et al. 2006).  This suggests that WNV could be detected 

at lower levels than other studies have reported, and we used 102.5 PFU/mL as a conservative 

threshold.  The low detection ability assay will often require two infected mosquitoes in a pool 

using Distribution 2 (only one if titer is 104.2 PFU/mL or higher) to detect virus, and will always 

require three or more mosquitoes using Distribution 1.  

Once the results for all the pools from a given sample were obtained, the estimated 

infection rate was calculated for that sample using the Maximum Likelihood Estimator (MLE) 

(Chiang and Reeves 1962).  The MLE was calculated using PoolInfRate 3.0 from the Division of 

Vector-Borne Infectious Diseases of the Centers for Disease Control and Prevention available at 

www.cdc.gov/ncidod/dvbid/westnile/software.htm.  The MLE expresses the number of infected 

mosquitoes per 1000 in the population.  When all pools are positive, PoolInfRate will not 

calculate the MLE. Theoretically in that case, the estimate of the proportion of infected 

mosquitoes in the population would be 1 (100% infected). 

For each of the 8 populations studied (4 infection prevalence values x 2 titer distributions), 

a total of 8 estimated infection rate (MLE) frequency distributions was obtained with each of the 

sampling and testing procedures (2 sample sizes * 2 pool sizes * 2 virus testing schemes).  Each 
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frequency distribution has a particular number of possible MLE outcomes determined by sample 

size.  For example, a sample of 200 can be divided into 4 pools of 50 while a sample of 2000 

mosquitoes can be divided into 40 pools of 50.  When one has 4 pools, and 0, 1, 2, or 3 of the 

pools are virus positive, the only possible MLE outcomes (as calculated with PoolInfRate 3.0) in 

those cases are 0, 4.93, 11.35, and 20.20 infected mosquitoes per 1000, respectively.  

To explore which sample sizes, pool sizes, or virus detection assays were more likely to 

produce estimated infection rates close to the true population infection rate, their MLE frequency 

distributions were compared using descriptive statistics (within population comparisons).  The 

median, the minimum and maximum values, and the percentage of samples that produced 

estimates under the population infection rate (percentage of underestimation), were calculated for 

each frequency distribution.  Even MLE values of 0.01 infected mosquitoes per thousand below 

the population infection rate were considered underestimates. 

To determine if the MLE distributions were different between populations, pairwise 

comparisons of the distributions were conducted using a Kolmogorov-Smirnov test (between 

population comparisons).  The pairwise comparisons tested differences between MLE frequency 

distributions for populations with 1/1000 infected mosquitoes versus MLE frequency 

distributions for population with 5/1000 infected mosquitoes.  It follows that the other 

comparisons were between 1/1000 versus 10/1000, 1/1000 versus 15/1000, 5/1000 versus 

10/1000, 5/1000 versus 15/1000, and 10/1000 versus 15/1000.   

A Bonferroni correction for multiple comparisons was applied and the overall probability 

to test the null hypothesis of equal distributions was 0.05/6=0.0083.  Comparisons were made 

between distributions that were generated with the same sample size, pool size, and virus 

detection method.  This was necessary because those factors determine the number of outcomes 



 

232 

in the distribution, and for the Kolmogorov-Smirnov test one needs the same number of 

outcomes in both groups being compared. 

Results for Model II 

Frequency distributions with a total of 1000 MLE values were obtained after simulated 

sampling, pooling, and testing of mosquitoes from hypothetical populations.  A total of 8 

frequency distributions were obtained for each population (Figure 5-5).  

The descriptive statistics for the within population comparisons of the frequency 

distributions are shown in Tables 5-2 and 5-3.  When hypothetical populations followed viral 

titer Distribution 1 (101.5-104 PFU/mosquito body), the median MLE values fell well below the 

population infection rate that they were attempting to estimate (Figure 5-6 A and 5-6 B) and 

underestimation was always above 80% (Table 5-2).  When simulated tests with low virus 

detection ability were used with samples from a population with titer Distribution 1, virus 

detection failed in a large number of positive samples and most MLE had values of zero (Table 

5-2).  For example, we knew that 17.4% of the 1000 samples of size 200 taken for the population 

with infection rate 1/1000 and Distribution 1 contained at least one infected mosquito.  However, 

none of those samples produced positive pools after the simulation with the low detection ability 

assay and the MLE values were all zero. 

When hypothetical populations had a viral titer Distribution 2 (102-106 PFU/mosquito 

body) median estimated infection rates (MLE) were relatively closer to the population infection 

rate, especially when a test with high viral detection ability was simulated (Table 5-3 and Figure 

5-6 C,5- 6 D).  However, underestimation remained the rule.  The frequency distributions with 

median MLE closer to the true value were obtained when population infection rates were 5/1000, 

and the high viral detection ability test was simulated.   Sample sizes of 2000 tended to produce 
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frequency distributions with median MLEs that increased with the population values, especially 

when combined with high viral detection ability tests (Figure 5-6 D). 

These results suggest that viral titer interacts with the ability of the test to detect virus, 

affecting the distribution of MLE outcomes:  lower titers are largely undetected by assays with 

low ability to detect virus.  Also, simulated large sample sizes and assays with high detection 

ability produced median MLE values that best approximated the population infection rate in the 

hypothetical populations (Figure 5-6 D).  The two pool sizes produced almost identical MLE 

frequency distributions, thus the impact of pool size in these simulations was minimal.  

Kolmorogov-Smirnov pairwise comparisons tested if the MLE frequency distributions 

were significantly different as the population infection rates increased (between population 

comparisons).  Significant differences in the MLE frequency distributions were detected only 

between populations with infection prevalence of 1/1000 and 10/1000, and between 1/1000 and 

15/1000, but only when the frequency distributions came from samples size 2000 and when the 

populations had titer Distribution 2 (Table 5-4).   Thus estimated infection rates only reflected 

changes in the actual population infection when the difference in prevalence was 10 times larger 

or more, and when titers in mosquitoes were high and large samples were taken. 

Discussion 

The results of this study suggest that estimated infection rates are more likely to reflect 

changes in infection prevalence in the mosquito population only when the sampling and virus 

testing are conducted in the best available conditions (i.e. large samples paired with assays that 

can detect virus at low concentrations).  But even under those conditions, infection estimates 

from samples are highly likely to underestimate the infection rate in the mosquito population.  

More importantly, these estimated infection rates are not straightforward indicators of changes in 

the risk of arbovirus transmission.  This is due to the variation among mosquitoes to complete 
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the EIP and disseminate virus as a consequence of temperature, the time elapsed after initial 

infection, and the particular mosquito and virus species.  For example, consider the cohort in 

Model I.  If mosquitoes in the cohort were sampled shortly after the initial bloodmeal and tested 

under the best available conditions, the estimate of infection prevalence would be around 1%, the 

hypothetical population value.  However, the risk of transmission at this point is null since there 

has not been any virus dissemination.  On the other hand, if the surviving mosquitoes were 

sampled around the time of the second or third bloodmeal, the proportion of infectious 

mosquitoes would be greater, but there would not be an associated significant increase in the 

estimated infection rate (still at 1%).  Thus when similar estimated infection rates are obtained 

from mosquito samples taken at different times or places, these estimates may not carry the same 

information about risk of virus transmission.  In a larger context, if similar values of estimates of 

infection are obtained for the same mosquito-virus system at different time periods, these might 

not be equivalent due to variation introduced by differences in mosquito survival and 

environmental temperature over time.  Similar infection rates estimated for two different 

mosquito-virus systems would also be not comparable because of the variations in the rate of 

virus dissemination associated with the biology of the system. 

Model I is restricted to a single cohort of mosquitoes, but a population would be composed 

of numerous cohorts of mosquitoes at different ages.  New mosquitoes are added to populations 

either constantly or in sporadic recruitments.  The frequency at which these new mosquitoes 

acquire new infections or if they remain uninfected, would impact the relationship between 

infection and infectiousness and future studies should address these additional issues.  

In order to have a more direct measure of infectiousness, field collected mosquitoes could 

be tested individually in the laboratory for virus dissemination to the salivary glands. Also, traps 
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baited with susceptible hosts could be placed in the field in order to capture biting mosquitoes, 

test them for virus, and later test the host for infection. In that way, one would have an estimate 

of mosquito infection paired with a measure of transmission (Rutledge et al. 2003, Vitek et al. 

2008).  However, these methods are seldom feasible, practical, or affordable for long term 

surveillance programs.  

Thus, estimated infection rates are necessary, and there is a large body of research dealing 

with ways to increase the reliability of our estimates of infection (Chiang and Reeves 1962, 

Walter et al. 1980, Abel et al. 1999, Cowling et al. 1999, Gu et al. 2003, Gu and Novak 2004, Gu 

et al. 2004, Katholi and Unnasch 2006, Gu et al. 2008).  One common recommendation is to take 

large samples of mosquitoes (Gu and Novak 2004, Katholi and Unnasch 2006), because 

infection is a rare event and a large sample increases the probability of collecting an infected 

mosquito, improving the accuracy of the estimated infection rate.  In the laboratory, grouping 

mosquitoes in small pools is recommended to minimize the random error of the estimated 

infection rate, because small pools approach individual mosquito testing (Chiang and Reeves 

1962, Abel et al. 1999, Katholi and Unnasch 2006).  However, smaller pools would make the 

testing less cost-effective (Cowling et al. 1999), and may be beyond the reasonable limits of 

public health infrastructures in many areas.  The limits of pool size would not only be 

determined by budget and facilities but also by the maximum pool size recommended for a 

particular assay on the basis of its chemistry (Chiang and Reeves 1962, Katholi and Unnasch 

2006).  Results from our numerical simulations point to the ability of an assay to detect virus, 

together with the sample size, as very important factors affecting the reliability of the estimates 

of infection.  When viral titers in the population were low (Distribution 1) or the population 

infection rate was low (1/1000), the viral assay with low virus detection ability (meaning it 
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needed relatively high concentrations of virus to produce a positive result) frequently 

underestimated (or failed to detect) the population infection prevalence.  Therefore, using assays 

with the highest known detection ability is recommended.  As ideal conditions to estimate 

infection rates (large samples, small pools, and assays high ability to detect virus) are difficult to 

achieve, it is of utmost importance to understand how biases accumulate throughout the 

estimation process and to be aware of them when making assessments or decisions about 

transmission risk based on infection rates. 

One of the most important goals when monitoring infection rates is to detect changes that 

could be related to increased risk of arbovirus transmission to animals and humans.  In order to 

determine if changes are unusual, it is necessary to calculate a baseline infection rate (Shroyer 

1991).  Increases in infection rates could occur prior to or during outbreaks due to virus 

amplification events when biological and environmental factors are ideal for large numbers of 

mosquitoes to transmit virus to a large population of susceptible amplification hosts (Day 2001).  

Infection rates could also change after viremic hosts are introduced into an area (Broom et al. 

1995).  The reliability of the methods that we use to estimate infection rates, and the range of the 

baseline information that we have, will determine our capacity to identify unusual changes in 

virus activity.  

However, in addition to baseline estimated infection rate data, information on other 

mosquito population parameters and climate variables is necessary to determine if unusual 

arboviral transmission is occurring.  Monitoring changes in the abundance of parous females, 

changes in the relative abundance of the total mosquito population, temperature, and rainfall 

patterns are necessary indicators that should be used in conjunction with estimated infection rates 

in assessing risk (Moore et al. 1993).  These should also be investigated for extended periods to 
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determine baseline patterns during transmission season and then compare these values to periods 

of epizootic and epidemic transmission.   

The use of multiple criteria for the assessment of the risk of arbovirus transmission is in 

use in states like California and Florida, for example.  Surveillance programs have a series of 

criteria to determine the level of risk of mosquito-borne arbovirus transmission and have defined 

the appropriate responses according to the assessed level of risk (California Department of 

Public Health 2009, Florida Department of Health 2009).  Data on factors such as weather 

conditions, vector abundance, mosquito infection rates, sentinel chicken seroconversion, dead 

bird detection and human cases is contrasted to historical data to determine the level of risk (e.g., 

normal season versus emergency) and the actions that need to be taken (public announcements, 

mosquito control, etc.) (California Department of Public Health 2009, Florida Department of 

Health 2009). 

We acknowledge that the risk of transmission is not only a function of the proportion of 

infectious mosquitoes in a population, but also a function of their abundance and biting 

preferences.  Recently, new measures of risk assessment have been proposed and could be more 

useful when comparing the risk in different areas or seasons, or the risk arising from different 

mosquito species. These are (a) the density of infected mosquitoes, resulting from the product of 

mosquito abundance and the estimated infection prevalence (Ezenwa et al. 2006, Gu et al. 2008), 

(b) the probability that a mosquito species will infect a mammal (Kilpatrick et al. 2005), 

calculated as the product of abundance, proportion of blood meals taken from mammals, the 

estimated infection rate, and the fraction of infected mosquitoes that will subsequently transmit 

virus by bite, and (c) the vector index, which considers multiple species and is calculated as the 

summation of the product of the average number of mosquitoes of each species per trap, times 
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the proportion of infected mosquitoes on each species (Gujral et al. 2007) .  Even though some of 

these indicators of risk need more parameters and consequently need to meet more assumptions, 

they might be better than infection rates alone given that they consider more complexities of the 

systems under surveillance.  The calculation of the parameters for these risk estimates for 

different species and for different geographical areas is necessary.  If used for surveillance, 

indicators of risk should not be aggregated over broad areas or long periods of time in order to 

account for the spatio-temporal heterogeneity in virus transmission (Gu et al. 2008). 

In addition to the factors examined here, there are many others that may influence the 

relationships between infection rates and risk of transmission.  For example, the risk of 

transmission of a particular virus can change when multiple mosquito vector species are 

considered together.  Virus strains could also vary in their dissemination rates under different 

temperatures (Kilpatrick et al. 2008), adding another level of complexity to the relationship.  In 

this study, we did not examine other environmental factors such as larval rearing conditions that 

can affect the susceptibility of mosquitoes to become infected and/or infectious (Alto et al. 

2005). 

In our second model we simulated two viral titer distributions and we found that they were 

very important to determine the bias of the MLE (low viral titers resulted in large 

underestimation).  However, empirical data on the distribution of viral titers in field collected 

mosquitoes is limited.  One study documented coarse variations in titers among different virus 

and mosquito species over space and time, and suggested that monitoring high titers of virus in 

mosquitoes in the field could help to identify species with higher vector competence, and to 

observe the effects of temperature in the progression of the virus amplification cycle (Nasci and 

Mitchell 1996).  In our study we assumed that viral titers can be summed when more than one 
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infected mosquito is present in a pool, but it is necessary to investigate how having multiple 

positive mosquitoes in a pool determines virus concentration.  We did not consider other factors 

that could introduce biases and error in estimation, such as trapping biases and the false positive 

detection of virus. 

In Florida, field experiments using sentinel chickens to estimate the rate of virus 

transmission by Culex nigripalpus showed that transmission is low in relation to estimated 

infection rates (Rutledge et al. 2003, Vitek et al. 2008), and many factors that we studied here 

were considered to explain this occurrence.  These field studies support that the incorporation of 

information on the mosquito population (age structure, abundance and estimated infection rate), 

virus (strain, species-specific dissemination rates) and the environment (temperature) are 

necessary to make assessments of the risk of virus transmission. 

The results from our simplified models remind us that estimates of mosquito infection 

prevalence may not be directly related to the risk of transmission of arboviruses to animals and 

humans.  The general assumption that increases in infection rates indicates increases in the risk 

of arbovirus transmission might not be reliable as supported by field data.  It is important to 

remember that (a) there are biases that sampling and virus testing methods introduce in our 

estimates which will cause them to generally underestimate the population infection rate; (b) 

similar estimated infection rates across locations, time, and for different mosquito and virus 

species, might not indicate similar risk of arbovirus transmission due to variations in 

dissemination rates; (c) arbovirus baseline data are necessary to define unusual changes in 

transmission activity; and (d) the use of other surveillance indicators in conjunction with 

estimated infection rates is necessary to fully assess the risk of arboviral transmission. 
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Table 5-1. Duration of the gonotrophic cycle and daily survival rates obtained from the literature for Cx. tarsalis and Cx. p. 
quinquefasciatus. 

Species Minimum duration 
of gonotrophic cycle 

Daily survival rate 
(p) Location of collection Reference 

Cx. tarsalis 4 d 0.87 

Bakersfield, Kern County, CA:  May and August.  
Average temperatures for Bakersfield are 22°C(May), 
29°C (August) (Country Studies US 2003) 
 

Reisen et al. (1983) 

 5 d 0.84 

Sheridan, Placer County, CA:  July.  Average 
temperatures for Yuba City (30 km NW of Sheridan) is 
25°C (July) (Country Studies US 2003) 
 

McHugh (1999) 

Cx. p. quinquefasciatus 6 d 0.91 

Calcutta, India:  winter months.  Winter temperatures 
in Calcutta range between 12 and 27°C. (Kolkata UK 
2008) 
 

Chandra et al. 
(1996) 

 4 d 0.81 

Calcutta, India:  summer months.  Summer 
temperatures in Calcutta range between 24 and 38°C. 
(Kolkata UK 2008) 
 

Chandra et al. 
(1996) 

 2-3 d 0.87-0.88 Monterrey, Mexico:  June.  Mean annual temperature 
in Monterrey is 28°C. 

Elizondo-Quiroga 
et al. (2006) 
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Table 5-2.  Results of Model I for mosquito populations with viral titer distribution 1 (101.5-104 PFU/mosquito).  Median MLE, 
minimum and maximum values (Min-Max), and percentage of underestimates (MLE values under the population infection 
rate) for 32 frequency distributions.  

   
Low virus detection ability 
(≥103.8 PFU/mL) 

High virus detection ability 
(≥102.5 PFU/mL) 

Population 
Infection rate 
 

Sample size Pool size Median 
MLE Min-Max %Underestimate Median 

MLE Min-Max %Underestimate

1/1000 200 20 0 0 100 0.00 0-10.51 99.80 
50 0 0 100 0.00 0-11.35 99.90 

2000 20 0 0 100 0.50 0-2.03 82.60 
50 0 0 100 0.50 0-2.08 82.30 

5/1000 200 20 0 0 100 0.00 0-16.68 91.90 
50 0 0 100 0.00 0-20.20 92.80 

2000 20 0 0-0.50 100 2.03 0-6.90 98.50 
50 0 0-0.50 100 2.08 0-7.71 97.80 

10/1000 200 20 0 0-4.99 100 4.99 0-23.67 81.50 
50 0 0-4.93 100 4.93 0-20.20 83.20 

2000 20 0 0-0.50 100 4.14 0-10.43 99.80 
50 0 0-0.50 100 4.39 0-10 99.90 

15/1000 200 20 0 0 100 4.99 0-31.77 97.30 
50 0 0-4.93 100 4.93 0-20.20* 98.00 

2000 20 0 0-0.50 100 4.14 0.5-9.23 100.00 
50 0 0-0.50 100 4.39 0.5-10.83 100.00 

*2 of the samples produced all positive pools and were excluded because MLE cannot be calculated with all positive pools. 
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Table 5-3.  Results of Model I for mosquito populations with viral titer distribution 2 (102-106 PFU/mosquito).  Median MLE, 
minimum and maximum values (Min-Max), and percentage of underestimates (MLE values under the population infection 
rate) for 32 frequency distributions. 

   
Low virus detection ability 
(≥103.8 PFU/mL) 

High virus detection ability 
(≥102.5 PFU/mL) 

Population  
Infection rate 
 

Sample size Pool size Median 
MLE 

Range 
Min-Max %Underestimate Median  

MLE 
Range 
Min-Max %Underestimate 

1/1000 200 20 0.00 0-4.99 92.30 0.00 0-10.51 85.30 
50 0.00 0-4.93 92.30 0.00 0-11.35 85.30 

2000 20 0.50 0-2.03 80.00 0.50 0-3.60 52.50 
50 0.50 0-2.08 80.10 0.50 0-3.79 53.20 

5/1000 200 20 0.00 0-23.67 92.60 4.99 0-31.77 80.70 
50 0.00 0-20.20* 93.30 4.93 0-20.20* 85.50 

2000 20 2.03 0-6.34 98.80 4.14 1-11.04 75.30 
50 2.08 0-7 97.30 3.79 1.01-10.83 70.90 

10/1000 200 20 4.99 0-23.67 80.80 4.99 0-31.77 58.80 
50 4.93 0-20.20 82.60  4.93 0-20.20* 62.30 

2000 20 4.14 0.50-9.23 100.00 7.47 2.03-16.20 86.10 
50 4.39 0.50-9.21 100.00 7.71 2.08-14.51 78.40 

15/1000 200 20 4.99 0-41.38 86.10 10.51 0-53.20 63.70 
50 4.93 0-20.20* 91.90 11.35 0-20.20* 75.20 

2000 20 6.90 2.03-14.20 100.00 10.50 4.68-21.94 88.90 
50 7.00 1.54-14.51 100.00 11.69 4.39-24.86 83.20 

*Some samples (<5%) produced all positive pools and were excluded because MLE cannot be calculated with all positive pools. 
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Table 5-4.  Results of the Kolmogorov-Smirnov test comparing MLE frequency distributions 
from Model II.  Significant differences existed among the distributions obtained for 
populations with infection rate 1/1000, and populations with infection rate 10/1000 or 
15/1000.  Bonferroni correction was applied (alpha = 0.05/6). 

1/1000 vs. 10/1000 1/1000 vs. 15/1000
Ability to detect virus Pool size D p D p 

Sample size 2000 - 
viral titer distribution 2 

Low 20 0.46 8.10x10-4 0.51 1.20x10-4 
50 0.33 0.07 (NS) 0.47 3.00x10-3 

High 20 0.32 0.04 (NS) 0.46 8.10x10-4 
50 0.40 0.02 (NS) 0.43 7.00x10-3 

NS = no significant difference. 
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Figure 5-1. Relationships studied with Model I and Model II.  The direct estimation of the proportion of infected mosquitoes that are 
infectious is not practical; instead the proportion of infected mosquitoes is estimated and used to assess risk. For this 
estimation to be useful in the assessment of risk it is important to understand the relationships between infected and 
infectious mosquitoes, and between the population infection rate and its estimate. 

Model II:
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Figure 5-2. Dissemination of virus in mosquitoes at different temperatures.  Each panel shows two dissemination curves with values 
taken from the literature (references cited in parenthesis in legends), and a third curve of values that were estimated and 
used as parameters (D) for Model I.  (A and B) West Nile virus dissemination in Culex pipiens and Culex pipiens 
quinquefasciatus.  (C and D) Western equine encephalomyelitis virus dissemination in Culex tarsalis.  For the Cx. tarsalis-
WEEV system, percentages correspond to oral transmission and not dissemination, and the values were approximated from 
figures in the original publications. 
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Figure 5-3. Relationship between infection and infectiousness, modified by incubation time and temperature on two mosquito-virus 
systems studied with Model I. The number of mosquitoes in the cohort declines over time (daily survival rate p = 0.90 at 
20°C, p = 0.85 at 30°C), and 1% of the surviving mosquitoes acquire virus during the first blood meal. The proportion of 
infectious mosquitoes in the cohort changes as dissemination occurs. Simulated dissemination for WEEV in Culex tarsalis 
shows a different pattern than simulated dissemination for WNV in Culex pipiens quinquefasciatus at both temperatures. 
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Figure 5-4. Design for the simulations of Model II to study the relationship between proportion of infected mosquitoes in a population 
and the infection rate. 
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Figure 5-5.  Results of Model II for the population with 15 infected mosquitoes per 1000 and virus titer distribution 2.  Each of the 
eight frequency distributions has 1000 MLE values.  Notice how the majority of outcomes fell below the population 
infection rate (dashed vertical line) that they attempt to estimate. Descriptive statistics for these distributions can be found 
in Table 4. 
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Figure 5-6. Median outcomes of the estimated infection rates (MLE) resulting from Model II. 
The median outcomes (MLE) of the frequency distributions (see Tables 5-2 and 5-3) 
were obtained after simulated sampling and testing of mosquitoes coming from 
hypothetical populations with increasing infection prevalence (1, 5, 10, and 15 
infected mosquitoes per 1000). Plots A and B correspond to median MLE outcomes 
for populations with viral titer Distribution 1.  Note that the estimation usually did not 
differ between using different pool sizes, so the lines are sometimes superimposed. 
Plots C and D correspond to median MLE outcomes for populations with viral titer 
Distribution 2. A gray solid line indicating the perfect agreement between population 
prevalence and estimated infection rate is included for comparison purposes. 
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CHAPTER 6 
GENERAL DISCUSSION 

The monitoring of mosquito populations is an important component of some arbovirus 

surveillance programs in Florida.  Mosquito populations are primarily monitored for increases in 

abundance.  Besides abundance, changes in the proportion of parous females in the population 

can be tracked by examining the parity status of field collected mosquitoes (Moore et al. 1993).  

The proportion of parous females is important because it is an approximation of the fraction of 

“older” females in the population that have completed at least one gonotrophic cycle.  These 

females could be potentially infectious if they were previously exposed to a virus during a 

bloodmeal.  Mosquitoes can also be tested for virus presence to obtain an estimate of the 

proportion of mosquitoes that have come into contact with viruses in the past (Rutledge 2004).  

Surveillance activities can benefit from new information about the causes of changes in 

mosquito population size and in the proportion of parous females.  If estimates of the proportion 

of infected mosquitoes are obtained from mosquito samples, it is also important to know how 

reliable these estimates are when using them for surveillance.  The results from the present work 

can contribute to an understanding of the external causes of variation in mosquito population size 

and age structure.  The results can also help to identify some of the biological and 

methodological factors that can influence the reliability of estimates of infection obtained from 

samples of field collected mosquitoes.  

Culex nigripalpus is one of the most important vectors of arboviruses in Florida.  The 

population dynamics of this mosquito are closely linked to environmental conditions.  For 

example, Cx. nigripalpus population size increases with rainfall (Provost 1969, Nayar 1982, Day 

and Curtis 1994), and temperature, relative humidity, moon phase and wind affect Cx. 

nigripalpus activity (Bidlingmayer 1974, 1985).  In Chapter 3, data from a field study conducted 
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in Indian River County, Florida, were used to develop the first multivariate regression model for 

the prediction of changes in Cx. nigripalpus relative abundance.  Variables not previously 

evaluated for their associations with Cx. nigripalpus abundance such as the Keetch Byram 

Drought Index (KBDI) and daily modeled water table depth (MWTD) were included in model 

development.  A multivariate regression model was also developed to predict changes in the 

proportion of parous Cx. nigripalpus females.  There were no previous models exploring the 

relationships between Cx. nigripalpus parity and environmental variables, but univariate models 

for other species had shown that temperature and rainfall can be associated with parity changes 

in Culex mosquitoes (Reisen et al. 1983, 1986).  A model to predict the abundance of nulliparous 

females was also developed.  

The model for mosquito relative abundance explained 60% of the variability observed in 

the field and supported associations between mosquito relative abundance and the minimum 

temperature, MWTD, and KDBI, all averaged across the 0-6 days prior to collection.  Moon 

illumination and collection site were also explanatory variables in the model.  Models to forecast 

the times of highest mosquito abundance such as the one presented in Chapter 3, can 

complement empirical knowledge of mosquito activity and can help improve planning of control 

activities such as adulticiding.  The Florida Department of Health (2009) guidebook for 

arbovirus surveillance states that “the number of mosquitoes collected is not as important as the 

day-to-day changes in the number collected”.  Models such as the one presented here for the 

prediction of changes in the number of nulliparous females, could help make predictions of 

approximate dates when the population size could dramatically change in the near future. 

The associations found in the model between Cx. nigripalpus abundance, MWTD and 

KBDI support other arbovirus surveillance activities in Florida.  These indicators (MWTD and 
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KBDI) are already in use for the monitoring of the weather events that can favor arbovirus 

epidemics in the state (Day and Shaman 2008).  It was observed here that decreases in the 

MWTD and increases in the KBDI have a negative impact on mosquito abundance.  Both of 

these variables are indicators of oviposition site availability and humidity conditions.  

Hydrological models have been used to model the water table depth profiles of years during 

which St. Louis encephalitis epidemics have occurred in Florida (Day and Shaman 2008).  These 

years were characterized by a particular pattern of changes in the water table depth:  drought in 

late spring, wet event in early summer, drought in late summer, and wet event in the fall (Day 

and Shaman 2008).  Based on our model results, we can expect Cx. nigripalpus populations to 

increase in size during the early summer and in the fall of epidemic years, and to decrease during 

the spring and late summer.   

The proportion of parous females in the population was estimated from dissected field-

collected Cx. nigripalpus females using the Detinova tracheolar distension method (Detinova 

1962).  The effects of environmental variables on the proportion of parous females were assessed 

with a generalized multiple linear regression model.  The model explained about 45% of the 

variation observed in the field.  The model provided good predictions of the times when parity 

decreased, most likely as a consequence of large emergences of young mosquitoes 7-14 days 

after increases in precipitation and temperature.  Other causes of decreases in parity suggested by 

the parameters in the model were reductions in temperature and rainfall in the 0-6 days prior to 

collections and low ground water availability 7-14 days prior. 

The results of the parity model also supported previous studies indicating that prolonged 

dry periods (no heavy rainfall of ≥50 mm within 3 days lasting for 10-20 days, Day et al. 1990) 

followed by rainfalls can cause a dramatic increase in the proportion of parous females.  This is 
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followed by declines in parity when large numbers of new mosquitoes emerge.  Dramatic 

increases in parity indicate times when a large number of mosquitoes simultaneously become 

host-seeking.  Some of these mosquitoes might be old enough to transmit pathogens if they were 

previously infected.  Here we observed for the year 2008 that after more than 10 days without 

heavy rainfall, the proportion of parous females (gravid females that oviposited) increased to 

more than 50% with the arrival of heavy rain.  This increase in parity was predicted by the 

model.   

Monitoring changes in the number of gravid females provides valuable information to 

study changes in the structure of the population, but requires specialized collection techniques 

(aspirator collections).  Monitoring changes in parity coupled with weather information can 

provide similar predictions and can be done with unfed mosquitoes captured in traps regularly 

used to monitor changes in mosquito abundance.  The scoring of mosquitoes’ parity status with 

the Detinova method is also easily implemented and provides good results for Culex mosquitoes. 

The models did not fully explain the changes in population size and parity in Cx. 

nigripalpus.  Many factors could have contributed to this including biases in population size 

estimates due to the type of trap used for collections, or not considering other biological factors, 

such as population feedbacks, in the model.  Mosquito production and oviposition in aquatic 

habitats that are less dependent on rainfall was considered as a possible cause of variation that 

was not explained by the model.  The preferences of mosquitoes for different types of 

oviposition sites (containers, ditches, lakes, grassy pools, etc.) or for permanent versus temporary 

sites (based on their dependence on rainfall) should be studied further.  If mosquitoes are capable 

of discriminating among types of oviposition sites, maybe this has an effect on population 

changes.  Preferences for temporary sites after rainfall evidently contributes to synchronized 
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emergence of mosquitoes.  But the abundance and location of sites where mosquitoes oviposit 

during drier periods could help explain spatial variability in mosquito production, population 

size, and the changes in parity proportions that are not directly related to increases in rainfall. 

Culex nigripalpus is a highly dispersive mosquito that will leave secluded wooded areas to 

search for resources in open areas when relative humidity is high (Day and Curtis 1994).  The 

flight activity of this mosquito is affected not only by relative humidity, but also by temperature, 

moon illumination and wind (Bidlingmayer 1985, Day and Curtis 1989, Day and Edman 1988, 

Day et al. 1990, this work).  As shown in the field study in Chapter 3, the proportion of parous 

females (an approximation of age structure) can be influenced by external factors such as 

rainfall, ground water availability and temperature.   

We speculated that those environmental factors that could modify flight activity could also 

affect the times required by a mosquito to find a bloodmeal or an oviposition site, therefore 

affecting parity rates and age structure.  Additionally, the individual efficiency of a mosquito to 

find resources (probability of finding a host, taking a bloodmeal, or finding an oviposition site) 

could affect the time a mosquito spends searching.  We hypothesized that these external factors 

can partially determine the age distribution of mosquitoes that have completed gonotrophic 

cycles.  Other factors that affect age structure include mosquito daily survival and environmental 

temperature.  Temperature affects survival rates, the time required for immature development, 

and the time that it takes for eggs to develop in the mosquito after a bloodmeal (Clements 2000).  

The effects of changes in survival rates or temperature on the age structure of females were not 

explored in this study in detail in order to focus on the effects that mosquito behavior and 

resource availability have on the amount of time required to take a bloodmeal or to lay eggs, and 

subsequently on mosquito age. 
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In Chapter 4, an individual-based model was designed to simulate the dispersal and 

searching behavior of adult Cx. nigripalpus females.  Heterogeneous environments that changed 

in space and time were also simulated.  We examined the effects of mosquito searching behavior, 

landscape structure, and weather changes on the age distribution of unfed parous females.  The 

chronological age of unfed parous females was expressed as the time in days since adult 

eclosion.  The chronological age distribution of parous females is important because these 

females have taken at least one bloodmeal and could have become infected with virus.  The 

proportion of older parous females is an index of the potentially infectious mosquitoes in the 

population that are searching for a bloodmeal and could infect a susceptible host. 

There are no measures of the chronological age distributions of mosquitoes in the field.  

The results of this modeling study provided a theoretical description of the chronological age 

distribution of parous mosquitoes and its variability within a day and from day-to-day.  The 

study also provided information on some of the possible causes of age structure variation.   

It was observed that the average age of unfed parous mosquitoes in the population can shift 

towards younger or older ages depending on simulated environmental events and mosquito 

behaviors.  The two factors in this model that introduced more variability in the age structure of 

the unfed parous mosquitoes were:  (1) reductions in the efficiency of individual mosquitoes in 

finding resources (reduced probabilities of finding hosts and oviposition sites) and (2) simulated 

weather changes when mosquitoes were in the more complex landscape. 

Mosquito resource finding efficiency was defined by the probability of finding hosts (high, 

medium or low) and the probability of finding oviposition sites (high, medium or low).  

“Inefficient” mosquitoes were those with low:low, low:medium, medium:low, medium:medium, 

low:high, or high:low probabilities of finding hosts and oviposition sites, respectively.  
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“Efficient” mosquitoes were those with high:high, high:medium or medium:high resource 

finding probabilities. 

Inefficient mosquitoes moving within variable environments resulted in a wider range of 

ages for unfed parous females, indicating more variability in the time required to take a 

bloodmeal and/or find oviposition sites.  Inefficient mosquitoes completed fewer gonotrophic 

cycles than efficient mosquitoes.  This negatively affected the size and spatial spread of the 

population and frequently led to population declines and extinctions. 

In contrast, more efficient mosquitoes resulted in more mosquitoes completing at least the 

first gonotrophic cycle leading to population growth, spatial spread of the population, and less 

variability in the age ranges of unfed parous mosquitoes. 

When the favorable landscape was used for simulations the age distribution of unfed 

parous mosquitoes showed changes in response to simulated weather.  Months that had wet or 

average conditions caused a reduction in the average age of females, regardless of the searching 

efficiency of mosquitoes.  This suggested that during a wet or average month, mosquitoes 

required less time to find hosts or oviposition sites because mosquitoes were more active and 

more oviposition sites were available.  The model also showed that during periods of dry 

conditions or lower temperatures (when mosquito activity was reduced), shifts of the age 

structure to older ages occurred.  Reduced mosquito activity probably increased the time to take 

a bloodmeal or oviposit.   

The model results suggest that mosquito resource searching behavior and environmental 

changes (reductions in humidity and temperature, variation in the number and distribution of 

oviposition sites) are two important sources of variability in population age structure, population 

size and spatial spread.  Other possible sources of variability include mosquito survival, 



 

257 

fecundity, and temperature effects on development.  Those were not explored in the model and 

were held constant. 

The regularity of older ages of Cx. nigripalpus females during dry conditions observed in 

the model supports previous observations that dry periods (no heavy rainfall ≥50 mm in 3 days) 

lasting between 10-20 days could induce gravid females to hold their eggs until new oviposition 

sites become available (Day et al. 1990).  Gravid females that do not oviposit in 10 or more days 

could complete the viral incubation of a virus (10-14 days) during a single gonotrophic cycle 

(Day et al. 1990, Day and Curtis 1994).  In the model, gravid females accumulated for a few 

consecutive days during dry conditions because they became less active and did not oviposit.  

However gravid female numbers declined due to mortality and the presence of permanent 

oviposition sites.  This highlights the need for more research on the role of permanent and 

temporary (rainfall dependent) oviposition sites, on Cx. nigripalpus population dynamics and to 

examine the preferences of gravid Cx. nigripalpus females for different types of oviposition 

sites.  Field studies could be conducted to determine if Cx. nigripalpus females have differential 

preferences for “fresh” oviposition sites that appear after rainfall versus old oviposition sites.  

Oviposition sites in the field could be followed over time and their colonization status could be 

monitored and the physical and biological properties of the oviposition site examined. 

More research is necessary on mosquito resource searching behavior.  Little is presently 

known regarding how host or oviposition site abundance and distribution over space affect 

mosquito searching efficiency.  The effects of different host species and their relative abundance 

on the probability of mosquitoes taking a bloodmeal are also not known.  This could be very 

important because feeding patterns of Cx. nigripalpus change from mostly a host preference for 

birds during the spring season, to increased feeding on mammals during the summer and fall 
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months (Edman and Taylor 1968).  More laboratory experiments could be conducted to study the 

effect of host species and relative abundance on the time required to take a bloodmeal.  Hosts of 

different species could be placed together in the same cage to be offered to mosquitoes and the 

time to take a bloodmeal could be observed.  These experiments could be carried out at various 

mosquito densities.  Given that the fitness of field mosquitoes is difficult to determine, models 

that explore strategies to increase fitness in heterogeneous environments could be a first step 

towards better understanding mosquito resource searching behavior. 

In order to improve simulations of the mosquito environments in models, studies on the 

abundance and spatial distribution of hosts and oviposition sites in the field could be conducted.  

Simplified representations of the distribution and abundance of hosts and oviposition sites have 

been used in previous models that consider the effects of mosquito dispersal on parasite 

transmission (Smith et al. 2004, Le Menach et al. 2005, Gu and Novak 2009).  Host and 

oviposition site distribution, and mosquito searching behavior, have been found to be very 

important factors that determine the distribution of infectious mosquitoes (Smith et al. 2004, Le 

Menach et al. 2005) and the prevalence of infection among hosts (Smith et al. 2004, Le Menach 

et al. 2005, Gu and Novak 2009).  Another model evaluated the effects of host and oviposition 

site spatial distributions on the likelihood of arbovirus amplification, and found that when hosts 

and water sources were in close proximity the probability of infection in amplification hosts 

(such as birds) increased considerably (Shaman 2007). 

The use of heterogeneous environments in the present model was also motivated by 

models on the dispersal and reproductive behavior of ground beetles in agricultural landscapes 

(Söndgerath and Shröder 2002, Benjamin et al. 2008).  These models addressed the importance 

of spatial connectivity and the fecundity of beetles in different habitats on the viability of ground 
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beetle populations and their spatial spread.  These models predicted that the existence of 

“stepping stone” habitats where beetles can successfully reproduce, highly favors population 

spread, especially for those species with limited dispersal capability.  The Cx. nigripalpus model 

presented here suggested that the spatial distribution of oviposition sites can affect the expansion 

of mosquito populations.  However, the impact of oviposition site availability on the expansion 

of mosquito populations appeared to be dependent on mosquito resource finding efficiency.  

Culex nigripalpus preferences for oviposition sites, the spatial distribution of oviposition sites, 

and immature mosquito survival on different qualities of oviposition sites, probably have an 

influence on the spatial expansion of the mosquito population. 

The field and modeling study conducted here on Cx. nigripalpus age structure supported 

that age variability can arise from environmental changes that affect mosquito activity, the 

landscape structure and mosquito resource finding efficiency.  Variability in mosquito age can 

also impact our capabilities of monitoring virus infection in the field.  The study in Chapter 5 

dealt with some of the biological and methodological sources of error in the estimation of 

arbovirus infection using samples of field caught mosquitoes.  

Mosquito populations at a particular time may have a proportion of individuals infected 

with virus.  These include mosquitoes that have come in contact with the virus but are not ready 

to transmit, and those “older” mosquitoes that have undergone the extrinsic incubation period 

and can transmit virus.  The true proportion of infected mosquitoes probably varies from day-to-

day as a consequence of changes in the mosquito population due to mortality, aging, and changes 

in the environmental conditions. 

The true proportion of infected mosquitoes in the population can be estimated by sampling 

mosquitoes in the field and testing them for virus.  Examples of such estimates commonly 
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reported in the literature include the Maximum Likelihood Estimate (MLE) and the Minimum 

Infection Rate (MIR). 

Surveillance for virus in field mosquitoes has several drawbacks, such as low virus 

detection during inter-epidemic periods, the possible detection of virus in mosquitoes when the 

virus is not alive (using PCR methods), and our inability to easily separate infected and 

infectious mosquitoes (Day et al. 2003, Rutledge 2004). 

If virus testing of field collected mosquitoes is used regardless of these drawbacks, it is 

important to understand the sources of error that can impact the value of virus infection 

estimates.  Here we explored some of those sources of error that can undermine the assumption 

that increases in the value of estimated infection rates in mosquitoes are associated with 

increases in arbovirus transmission to humans and animals (Chiang and Reeves 1962). 

A simple model was developed which illustrated how infected mosquitoes become 

infectious over time, at a rate determined by mosquito survival, temperature, and the type of 

virus and mosquito (Chapter 5, Model I).  The model showed that the number of infectious 

mosquitoes is not simply a constant proportion of the infected mosquitoes, but this proportion 

changes over time as dissemination progresses.  The pattern of changes depends on the mosquito 

and virus species involved.  The model results imply that infection rates in different mosquito 

species and with different viruses are not directly comparable because dissemination occurs 

differently among species.  Similar infection rates estimated from different locations and at 

different dates may not be an indication of similar proportions of infectious mosquitoes in the 

population.   

As viruses disseminate in the mosquitoes, factors such as time since the exposure to the 

virus and temperature, introduce variability in the virus titers among individual mosquitoes (see 
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Reisen et al. 1993 for an example of titer variation in infected and infectious mosquitoes as a 

function of temperature).  We used a numerical simulation model (Chapter 5, Model II) to 

evaluate how the true proportion of infected mosquitoes in the population and the distribution of 

their virus titers in mosquitoes, interacts with methodological aspects of mosquito assaying to 

introduce biases in estimates of infection (MLE).  Assuming random sampling of the host-

seeking population, the model results suggested that the sample size of mosquitoes and the 

ability of the biochemical assay to detect virus at low concentrations, will strongly affect the 

relationship between the true proportion of infected mosquitoes in the population and the 

estimated infection rate (MLE).  Even when large mosquito samples and tests that can detect 

virus at low concentrations are used, estimates of infections are highly likely to underestimate 

the true proportion of infected mosquitoes in the population.  Low levels of viral titers in the 

mosquitoes introduce even larger biases to the estimated infection rates. 

Estimated infection rates in mosquitoes have been observed to increase during the 

arbovirus transmission season.  For instance, the MIR of mosquitoes with West Nile virus in the 

states of Florida (Butler 2004), California (Kramer 2005) and Virginia (Gaines 2007), increases 

during the months of July through September and declines in October.  However, the model 

results show that the magnitude of the estimated infection rates cannot be directly correlated with 

the proportion of infectious mosquitoes in the field nor with the true infection rate in the 

population, because underestimation is common.  Therefore, estimates of infection rate appear as 

indicators of virus presence in mosquitoes.  However, when estimates are used for surveillance, 

they need to be used in conjunction with other indicators of risk (such as weather, sentinel 

chicken seroconversions), and long term data need to be examined in order to determine periods 

of atypical virus activity. 
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This work has produced new information towards understanding the causes of variability 

in the age structure of mosquito populations resulting from environmental heterogeneity, 

mosquito searching efficiency.  It also provided more information on the biological and 

methodological sources of biases of estimates of infection rates including viral titer distributions 

in the field, sample size, and assay thresholds for virus detection.  It provides information that 

can be used for the interpretation of surveillance activities and highlights the importance of 

understanding changes in population age structure.  This work also generates questions for 

further research, especially regarding the possible impact of mosquito foraging behavior in 

heterogeneous environments on population size, spatial spread, and age structure. 
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APPENDIX 
INPUTS FOR THE Culex nigripalpus SPATIALLY EXPLICIT INDIVIDUAL BASED 

MODEL 
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Table A-1.  Relative humidity and temperature inputs for the Culex nigripalpus SEIBM.  Values are based on weather data from Vero 
Beach Airport weather station for the years 2000-2002. 

Hour 
1 2   3    4    5    6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

Hourly 
minimum 
relative 
humidity 
(%) 

May 74.22 76.13 76.90 77.56 78.04 78.20 73.71 64.34 59.94 54.82 51.94 51.37 50.14 51.20 52.79 54.81 57.05 62.73 68.37 71.93 73.53 71.84 72.27 73.93 

Jun 86.31 87.28 87.64 88.67 88.90 88.77 81.94 72.44 65.40 60.78 56.78 56.03 56.92 58.13 60.30 62.34 64.31 68.01 72.78 76.42 78.57 81.47 83.20 84.85 

Jul 87.54 89.48 90.67 91.94 92.92 92.35 86.76 76.13 69.05 61.91 57.59 56.68 57.93 58.18 61.00 62.50 65.93 68.95 74.29 78.37 80.19 80.98 83.57 84.96 

Aug 85.50 86.52 87.84 88.05 88.96 89.38 86.54 75.91 68.94 63.51 59.03 58.87 59.64 60.81 61.16 64.26 65.76 70.31 75.08 78.57 79.82 82.38 83.50 84.62 

Sep 81.52 82.86 83.72 84.34 84.58 84.68 83.49 75.52 70.79 66.08 62.16 61.15 61.27 61.94 63.06 64.69 67.59 72.23 77.28 77.34 78.15 78.95 80.52 81.08 

Oct 77.93 78.41 79.47 79.78 79.98 78.85 78.05 71.76 63.49 58.04 55.08 54.02 53.74 52.75 54.05 56.50 60.57 66.21 68.47 69.54 70.89 72.59 73.22 74.93 

Nov 70.08 71.13 72.55 71.75 72.18 73.98 73.80 69.71 60.98 53.48 50.13 48.63 48.69 49.31 49.53 51.92 55.83 62.80 64.95 65.66 67.21 68.43 69.07 70.45 

Hourly 
average 
relative 
humidity 
(%) 

May 86.17 87.82 88.91 89.71 90.13 90.53 86.23 76.25 69.67 65.21 62.73 61.83 61.43 62.78 64.76 66.68 68.38 73.25 77.61 80.79 82.28 83.07 83.59 85.44 

Jun 91.87 92.86 93.31 94.27 94.61 94.03 89.37 81.17 74.49 69.61 66.76 67.49 67.81 69.15 72.23 74.07 75.57 78.39 82.07 84.81 86.69 88.24 89.57 90.72 

Jul 92.88 93.88 94.81 95.37 96.02 95.67 92.00 83.45 76.26 70.16 66.60 66.80 68.50 68.73 70.80 72.87 74.30 77.29 81.48 85.03 86.75 88.12 89.67 90.73 

Aug 90.91 91.48 92.27 92.63 92.98 93.30 91.26 82.36 75.30 70.08 67.01 67.52 69.82 71.73 72.36 74.29 75.65 78.63 82.91 85.37 86.42 88.38 89.47 89.92 

Sep 89.25 89.93 90.90 91.38 91.71 91.96 90.77 83.69 77.55 72.77 70.24 68.75 69.33 69.82 71.63 73.79 76.13 79.97 83.79 84.53 85.63 86.33 87.64 88.12 

Oct 87.18 87.89 88.65 89.26 89.46 89.14 88.54 82.53 72.69 66.61 63.74 62.19 62.54 63.09 63.96 65.75 69.06 73.94 76.82 77.96 79.73 81.51 82.87 84.89 

Nov 82.92 83.79 84.49 84.73 84.90 86.01 86.06 82.17 72.91 65.58 62.13 60.27 60.51 60.84 62.11 62.55 66.55 72.54 75.67 76.93 78.47 80.03 80.89 82.48 

Hourly 
maximum 
relative 
humidity 
(%) 

May 98.13 99.50 100.00 100.00 100.00 100.00 98.76 88.17 79.40 75.59 73.52 72.28 72.72 74.37 76.73 78.55 79.70 83.77 86.86 89.66 91.04 94.29 94.92 96.95 

Jun 97.43 98.43 98.98 99.86 100.00 99.29 96.79 89.89 83.58 78.43 76.75 78.96 78.70 80.16 84.17 85.79 86.83 88.77 91.35 93.20 94.81 95.02 95.93 96.60 

Jul 98.23 98.29 98.94 98.80 99.13 99.00 97.24 90.77 83.48 78.41 75.62 76.93 79.07 79.28 80.59 83.24 82.67 85.64 88.67 91.70 93.31 95.26 95.76 96.50 

Aug 96.32 96.44 96.70 97.21 97.00 97.23 95.98 88.80 81.67 76.64 74.99 76.16 79.99 82.65 83.56 84.33 85.53 86.96 90.75 92.17 93.02 94.39 95.43 95.23 

Sep 96.98 97.00 98.09 98.42 98.85 99.25 98.06 91.85 84.32 79.45 78.33 76.34 77.38 77.70 80.20 82.89 84.66 87.70 90.30 91.72 93.11 93.71 94.77 95.16 

Oct 96.43 97.38 97.82 98.74 98.95 99.43 99.03 93.29 81.89 75.18 72.41 70.37 71.34 73.42 73.86 75.00 77.56 81.67 85.16 86.38 88.57 90.42 92.52 94.86 

Nov 95.76 96.45 96.43 97.70 97.61 98.04 98.31 94.63 84.84 77.67 74.12 71.91 72.33 72.37 74.70 73.18 77.27 82.28 86.39 88.20 89.74 91.64 92.71 94.52 

Average 
temperature 
(°C) 

May 23.11 22.64 22.23 21.94 21.71 21.56 23.52 25.66 26.91 27.84 28.55 28.93 29.06 28.82 28.41 27.98 27.45 26.47 25.43 24.82 24.53 24.12 23.82 23.32 

Jun 24.20 23.85 23.64 23.34 23.24 23.42 25.32 27.15 28.43 29.37 29.91 29.97 30.04 29.79 28.89 28.42 27.80 27.15 26.43 25.81 25.34 25.04 24.69 24.42 

Jul 24.47 24.15 23.79 23.52 23.38 23.39 25.27 27.20 28.69 29.79 30.44 30.65 30.46 30.14 29.75 29.24 28.75 28.06 27.22 26.44 25.98 25.60 25.28 24.95 

Aug 24.51 24.30 24.15 24.02 23.91 23.75 24.96 27.24 28.68 29.71 30.37 30.34 29.81 29.38 29.15 28.65 28.10 27.45 26.64 26.07 25.76 25.36 25.11 24.83 

Sep 25.31 25.01 24.74 24.63 24.46 24.41 25.08 26.87 28.07 28.97 29.49 29.93 29.79 29.55 29.14 28.65 28.07 27.22 26.53 26.38 26.16 26.02 25.77 25.60 

Oct 22.43 22.25 22.01 21.87 21.70 21.61 21.88 24.25 26.42 27.52 28.11 28.45 28.47 28.32 28.00 27.46 26.71 25.53 24.77 24.44 24.13 23.67 23.30 22.82 

Nov 19.05 18.73 18.52 18.26 18.15 17.82 17.78 19.46 22.10 23.90 24.76 25.35 25.46 25.33 24.93 24.58 23.55 22.08 21.24 20.82 20.48 19.97 19.58 19.20 
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Figure A-1.  Vegetation types per cell for the favorable landscape. 
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Figure A-2.  Vegetation types per cell for the unfavorable landscape.  
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Figure A-3.  Percentage of the cell’s area with water for oviposition under dry conditions for the favorable landscape. 
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Figure A-4.  Percentage of the cell’s area with water for oviposition under dry conditions for the unfavorable landscape. 
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Figure A-5.  Percentage of the cell’s area with water for oviposition under average conditions for the favorable landscape. 
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Figure A-6.  Percentage of the cell’s area with water for oviposition under average conditions for the unfavorable landscape. 
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Figure A-7.  Percentage of the cell’s area with water for oviposition under wet conditions for the favorable landscape. 
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Figure A-8.  Percentage of the cell’s area with water for oviposition under wet conditions for the unfavorable landscape. 
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