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December 2006 

Chair:  Cynthia C. Lord 
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 Mosquitoes of the genus Culex are considered important vectors of arboviral diseases in 

the State of Florida. I investigated the effects of age, body size and bloodmeal size on the 

fecundity of Culex nigripalpus and Culex quinquefasciatus using multiple regression models. 

 I found that in both species, body size and bloodmeal size were strong predictors of 

fecundity in uniform age populations, accounting for a large amount of the variance in fecundity 

observed.  I also quantified the direct and indirect effects of body size on fecundity of wild Culex 

nigripalpus using a path analysis. This analysis revealed that there is a strong indirect effect of 

body size on fecundity mediated by bloodmeal size. 

 In experiments incorporating the effect of age, the responses changed somewhat. In Culex 

nigripalpus, there was an interaction between age and bloodmeal size predicting fecundity, 

indicating that the response to bloodmeal is not uniform across different aged groups, but rather 

declines with age. Overall, the number of eggs produced by this species was found to decline 

with age. This is the first demonstration of an age-related fecundity decline in Culex nigripalpus. 

In Culex quinquefasciatus, the response of fecundity to body size is strong and positive in 

younger age groups, declining as the mosquitoes age.  Fecundity overall also declined with age 

in this species. 
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These results demonstrate that fecundity declines with age, and increases with bloodmeal 

size and body size. Responses to bloodmeal size and body size are modified by age. These 

results can be incorporated into population growth models of these two species, which may aid in 

better predicting risk of arboviral outbreaks. 
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CHAPTER 1 
INTRODUCTION 

Mosquitoes 

Taxonomy 

The genus Culex is a sizable genus of the Culicidae, represented in North America by 29 

species.  Florida is home to 15 species in this genus.  The two species considered in this thesis 

are Culex nigripalpus Theobald and Culex quinquefasciatus Say.  These fall in the subgenus 

Culex Linnaeus (Darsie and Ward 2004). 

The taxonomic status of Culex nigripalpus is uncontroversial, having been described by 

Fred V.  Theobald in 1901 (Knight and Pugh 1973), and undergoing no taxonomic revision since 

then, except for addressing synonymy.  

Culex quinquefasciatus on the other hand, has had quite a colorful history, and even today 

its specific status is in doubt.  At various times it has been considered a subspecies or geographic 

variant of Culex pipiens Linnaeus, a species, or some combination thereof.  For a thorough 

treatment on the history of these taxa, see Vinogradova (Vinogradova 2000).  For the purposes of 

this paper, Culex quinquefasciatus will refer to Culex quinquefasciatus in the sense of Say 1823. 

Distribution and Notes on Natural History 

Culex nigripalpus (Fig. 1-1 A) is an abundant mosquito in the Southeastern USA and 

ranges into Mexico, the Caribbean Basin and into Central and South America.  Culex 

quinquefasciatus (Fig 1-1 B) is also abundant in the Southeastern USA, but also ranges westward 

into California.  Outside the US, the range could be considered worldwide in warmer regions of 

the globe.  Both are warm weather species, and are found only in warm temperate, subtropical 

and tropical climates.  They are anautogenous species, requiring a bloodmeal to provision their 

eggs. 
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Eggs are laid together on the surface of the water in batches referred to as rafts, which have 

a characteristic structure (Figure 1-2).  In general the egg rafts of both species are broadly oval, 

range from 2-4mm in length, and are between 1-1.8mm in width, with 4-5 rows of eggs (Chadee 

and Haeger1986).  In general, all of the eggs matured in each gonotrophic cycle are laid in one 

raft, although some may be retained and resorbed (Nayar and Knight 1981).  

In terms of oviposition site selection, Culex quinquefasciatus prefers standing water bodies 

high in organic pollutants, whereas Culex nigripalpus could best be described as a floodwater 

mosquito, preferring freshly flooded grasslands and agricultural areas (Nayar 1982).  Both 

species will also oviposit in other types of habitats, especially containers.  It is unknown what 

drives habitat preferences in these species, although olfactory cues are likely to be important 

(McCall and Eaton 2001, Olagbemiro et al. 2004).  

Vector Associations 

Mosquitoes of the genus Culex are well-known vectors of arboviral and other diseases in 

humans and animals (Dow et al. 1964, Nayar 1982, van Riper III et al. 1986, Nayar et al. 1998, 

Ahid et al. 2000, Turell et al. 2001).  The first instance of incrimination of a Culex species as a 

vector of an arboviral disease of humans was in 1933, during an outbreak of viral encephalitis in 

the city of St.  Louis, Missouri (Mitchell et al. 1980).  Since that time Culex species have been 

recognized as important vectors of many serious human ailments such as Japanese Encephalitis 

in Asia (Rosen 1986), West Nile Virus (WNV) in Africa, Eurasia and the Americas (Sardelis et 

al. 2001) and St.  Louis Encephalitis (SLEV) in the Americas (Day 2001).  

The species under consideration in this work are demonstrated vectors of SLEV and WNV.  

Culex nigripalpus in particular is generally considered to be the most important vector for SLEV 

and WNV in the State of Florida (Day 2001, 2005). 
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Understanding the role a vector plays in transmission cycles of an arbovirus or other 

disease demands not only an understanding of vector competence, but also an understanding of 

the reproductive rates of the vectors.  Viral transmission intensity is related to size of the vector 

population in many arboviral transmission systems (Mitchell et al. 1980, Day 2001), and thus 

understanding factors that govern population size and increase is important to understanding the 

viral cycles. 

Age 

Age of insect vectors of disease is generally investigated because of the relationship 

between age of vector populations and the probability of disease transmission (Mitchell 1983).  

Most vector-borne diseases require a period of time following exposure of the vector to reach a 

stage where the vector is capable of transmission.  This is termed the extrinsic incubation period 

(Meyer 1989), and involves acquisition of the pathogen, propagation and development in the 

vector, and spread of the pathogen into tissues that allow it to be transmitted (e.g., salivary 

glands).  The likelihood of transmission of a disease is then influenced by the proportion of the 

vector population that may have been exposed to the disease and survived the extrinsic 

incubation period.  If the population is older, it is more likely that there are substantial numbers 

of mosquitoes who have been exposed to the agent and survived through the extrinsic incubation 

period.  

Aside from vector potential of a population, age has other population-level and individual-

level effects.  In many, if not most mosquito species investigated to date, age has been 

demonstrated to have a negative impact on fecundity (Jalil 1974, Walter and Hacker 1974, Akoh 

et al. 1992, Ferguson et al. 2003, Mahmood et al. 2004).  These studies have investigated age 

related effects on the fecundity of Culex quinquefasciatus, Culex tarsalis, Aedes triseriatus and 

Anopheles stephensi.   
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The processes by which age negatively affects life history characteristics such as fecundity 

are collectively referred to as senescence.  Senescence is a phenomenon that is common to most 

organisms (Kirkwood and Rose 1991), and is an umbrella term that encompasses many 

physiological, genetic, and behavioral changes.  The question as to why organisms undergo 

senescence has been described in evolutionary terms (Gavrilov and Gavrilova 2002).  A common 

explanation is the antagonistic pleiotropy hypothesis.  The antagonistic pleiotropy hypothesis 

states that genetic mechanisms that enable high early-life fecundity or survival may also have the 

result of lowering late life fecundity or survival.  These effects would be especially pronounced 

in organisms with a high level of per diem extrinsic mortality such as mosquitoes (Dow 1971, 

Walter and Hacker 1974, Reisen et al. 1991).  Thus, one could hypothesize pronounced effects of 

aging on reproduction in mosquitoes.  

An alternative to the antagonistic pleiotropy hypothesis is the mutation accumulation 

hypothesis (Charlesworth 2000).  This theory states that the gradual accumulation of the effects 

of deleterious mutations over the lifespan of the individual is the reason we observe senescence.  

Because these have pronounced effects only late in life, there is virtually no selection against 

them.  Note that this theory and the antagonistic pleiotropy hypothesis are not mutually 

exclusive, and in fact predict the same high rate of senescence in short-lived creatures such as 

mosquitoes.  

Others have found that host seeking and oviposition activities of Culex nigripalpus are 

inhibited during periods of low humidity and rainfall (Boike 1963, Provost 1969, Day et al. 

1989, Day et al. 1990 a).  During a drought, mosquitoes seek out sheltered locations to rest.  

During this time, the age structure of the adult mosquito population may become old-biased.  

Mortality and decreased fecundity in older population may prevent populations of these vectors 
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from recovering from such drought-induced quiescence (inactivity of mosquitoes during periods 

of low rainfall and humidity) (Shaman et al. 2003).   This would have an impact on sustained 

arboviral transmission by reducing the abundance of vectors.  If, after the amplification phase of 

the transmission cycle there are too few vectors to continue transmission, enzootic maintenance 

would be unlikely. 

Bloodmeal Size 

Several other physiological factors play a role in determining the production of eggs in 

mosquitoes.  Probably the most important factor in many species is the size of the bloodmeal 

obtained.  The relevance of this factor is easy to see when one considers that the bloodmeal is the 

main source of nutrition a female mosquito uses to provision her eggs with yolk.  The 

relationship between bloodmeal size and fecundity is usually strong, and has been established in 

various studies to follow a linear relationship (Miura and Takahashi1972, Edman and Lynn 

1975, Akoh et al. 1992, Briegel 2003, Lima et al. 2003, Fernandes and Briegel 2005).  

The linear relationship between bloodmeal size and fecundity has been questioned, as 

undoubtedly there is an asymptote at the upper end of fecundity representing the maximum 

number of ovarioles in the mosquito ovary (Miura and Takahashi1972).  Another suggested 

explanation for non-linearity in bloodmeal-fecundity regressions is that the non-linearity 

represents a diminishing returns function of increasing bloodmeal mass on fecundity gain 

(Roitberg and Gordon 2005).  Roitberg and Gordon fit a constrained, quadratic function to their 

data, but do not provide an estimate of the improvement in R2 values over a linear model.  

Bloodmeal Source 

Another factor that may be important in determining the possible fecundity of mosquitoes 

is the source of the bloodmeal.  Different hosts provide different nutritive values for feeding 

mosquitoes, and this can determine the number of eggs matured and laid following a bloodmeal 
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(Mather and DeFoliart 1983).  In Culex nigripalpus, Nayar and Sauerman (Nayar and Sauerman 

1977) showed that egg production varied with host type, but no generalizations can be made.  

The immune status of a host also may play a role in the expected fecundity return from a 

given bloodmeal.  It has been shown that fecundity from bloodmeal sources carrying parasites is 

less than that from similar, uninfected sources (Ferguson et al. 2003, Lima et al. 2003).  In 

addition, antibodies to mosquito saliva may inhibit bloodmeal digestion by female mosquitoes 

(Ramasamy et al. 1988), thereby reducing the expected fitness gain. 

Body Size and Teneral Reserves 

Body size of mosquitoes has been shown to be positively correlated with higher fecundity 

(Miura and Takahashi1972, Packer and Corbet 1989, Briegel 1990 b, 1990 a, Akoh et al. 1992, 

Bradshaw and Holzapfel 1992, Blackmore and Lord 1994, Renshaw et al. 1994, Blackmore and 

Lord 2000, Briegel and Timmermann 2001, Armbruster and Hutchinson 2002, Telang and Wells 

2004).  There are several reasons this may be the case.  Larger body size is usually the result of 

greater larval nutrition (Timmermann and Briegel 1993, Blackmore and Lord 2000, Briegel 

2003), and hence the increase in fecundity with body size indicates mobilization of teneral 

reserves for first-cycle reproduction.  Another reason body size affects fecundity is that the 

maximum number of ovarioles is generally greater in larger insects (Colless and Chellapah 1960, 

Bonduriansky and Brooks 1999).This means that the larger the body size of an individual 

mosquito, the more eggs she can mature given a bloodmeal of optimal size and quality.  The 

effect of body size on maximal number of ovarioles may only be seen in individuals who take 

the maximum quantity of blood their midguts can allow.  

 In addition, larger mosquitoes can take larger bloodmeals, and this shows up in many 

studies as a correlation between body size and bloodmeal size (Hogg et al. 1996, Lima et al. 
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2003, Fernandes and Briegel 2005).  This relationship, when present, can vary in strength 

(correlation coefficient), but is always of a positive slope.   

Multiple Factors 

Several studies have been done that investigate the effects of multiple factors on egg 

production of mosquitoes.  In general, multiple regression and MANOVA models improve 

detection of effects and predictive capability because several factors are taken into consideration 

at once.  In the literature investigating the effects of age along with other factors that affect 

fecundity, there has been no attempt to test for interactions between factors.  It could be 

hypothesized that the relationship of bloodmeal volume to fecundity, or body size to fecundity 

might change as a result of age, reflecting physiological changes associated with senescence.  

One example of these might be a change in the efficiency of bloodmeal digestion or yolk transfer 

as mosquitoes age, although this has not been reported.  Another mechanism may be the 

depletion of teneral protein reserves.  Insects store protein derived from larval nutrition as 

hexamerins (Telang et al. 2002), and these stores are generally greater in larger, better fed 

insects.  If storage protein decreases non-linearly in relation to size with age, it could show up as 

an interaction between body size and age predicting fecundity.  

Summary 

The series of experiments reported in this thesis were designed to determine the 

contributions of body size, bloodmeal size and age to the fecundity of Culex nigripalpus and 

Culex quinquefasciatus.  The results of these experiments are of interest from a practical 

standpoint because the estimates of fecundity reduction with age may be incorporated into 

models of the population dynamics of these species, which might improve predictions of 

outbreaks of arboviral diseases. 
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They are also of interest from the standpoint of improving knowledge about the ecological 

and physiological parameters governing reproductive success.  
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Figure 1-1.  A. Culex nigripalpus Theobald.  B. Culex quinquefasciatus Say.  
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Figure 1-2.  Egg raft of Culex quinquefasciatus.  These eggs are freshly laid, and have not 

darkened.  
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CHAPTER 2 
EFFECTS OF BLOODMEAL SIZE AND BODY SIZE ON FECUNDITY OF WILD Culex 

nigripalpus 

Introduction 

Culex nigripalpus Theobald is a widespread nuisance mosquito found throughout the 

Neotropics.  This mosquito is also known to breed in large numbers throughout Florida and parts 

of the Southeastern U.S.  It is a capable vector of West Nile Virus (Sardelis et al. 2001) and St.  

Louis Encephalitis Virus (Day 2001); both arboviruses are in the family Flaviviridae (Calisher 

and Karabatsos 1988).  

Due to its status as a vector of arboviruses, this species of mosquito has been studied 

intensively for many years (Nayar 1982).  Factors governing its seasonal population cycles have 

been of great interest, as vector abundance during critical periods of the year can be essential to 

the continuous transmission of pathogens (Day 2001).  Reproductive output in mosquitoes is 

known to be dependent on several factors such as body size, bloodmeal size, bloodmeal source, 

infection status and age (Edman and Lynn 1975, Akoh et al. 1992, Lima et al. 2003).  

Given that resources allocated to reproduction in anautogenous mosquitoes come from the 

bloodmeal, larval diet and to some degree sugar feeding in the adult stage (Nayar and Sauerman 

1975, Timmermann and Briegel 1999, Briegel 2003), one would predict that these factors would 

be important predictors of fecundity.  This has in fact been demonstrated in many experiments.  

Few studies have investigated the effect of these factors in wild-caught mosquitoes.  In addition, 

many of these studies have shown that there is some dependence between body size and 

bloodmeal size, yet in the creation of predictive models this dependence has not been addressed.  

If body size is responsible for an increased intake of blood, and this translates into increased 

fecundity, then larval nutrition could be regarded as having a greater contribution to lifetime 

fitness than previously imagined.  Data are needed to better quantify the resource inputs 



 

24 

important to the maintenance and growth of vector populations, and incorporate these into 

models of the population dynamics of Culex nigripalpus. 

This study was designed to demonstrate the relationship between body size, bloodmeal size 

and fecundity, and also to separate the effects of body size into direct effects, representing the 

influence of larval nutrition, and indirect effects, representing the influence of body size on 

bloodmeal size.  

Materials and Methods 

Trapping 

Host seeking females were collected in the field using two lard can traps hung 1.5 m off 

the ground at Lockwood Hammock near Vero Beach (27.57572°N, 80.43618°W).  This site is 

well known for producing large numbers of Culex nigripalpus.  The traps were baited with a live 

chicken (Production Red strain) placed within the trap in a mesh bag, allowing trapped 

mosquitoes to bloodfeed (University of Florida IUCUC # D509).  The traps were set from 6pm 

to 8am on June 1, 2006.  This timeframe takes account of the evening and morning host-seeking 

and bloodfeeding habits of this species. 

Hematin Collection and Analysis 

Bloodmeal size can be quantified by measuring the amount of hematin in the excreta 

(Briegel 1980).  Hematophagous arthropods void acid hematin as a byproduct of hemoglobin 

digestion.  It has been found that the quantity of hematin voided correlates in a linear manner 

with the amount of blood ingested (Briegel 1980, 2003).  Therefore, it is an appropriate means of 

quantifying the relative amount of blood ingested.  Other methods including near infrared 

spectrometry (Hall et al. 1990) and weighing of mosquitoes before and after a bloodmeal 

(Roitberg and Gordon 2005) were rejected as being too time-consuming, invasive, or requiring 

equipment that was unavailable.  
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Following trapping, the mosquitoes were brought to the laboratory, and 108 bloodfed 

females were selected and placed into separate 40 ml vials covered with screen.  10% sucrose 

was provided on small cotton balls, and the females were given four days to mature eggs in the 

vial.  Temperature was held constant at 27.6º C and relative humidity was 70%.  

The time required for digestion and egg development by this species has been found to be 

72 h at 30ºC, and 96 h at 24ºC (Nayar and Knight 1981), and hence four days at 27 ºC was found 

to be a good balance between maximal survival in the vials and maximal ovarian development.  

Fecal material in the vials where egg maturation took place was rinsed from the vial with 2.00 ml 

1% LiCO3.  The resulting solutions were decanted into spectrophotometric cuvettes and the 

absorbance at 387 nm was read in a spectrophotometer.  Absorbance readings were converted to 

micrograms of hematin using a standard curve previously prepared (Appendix B).  

Oviposition 

After egg maturation, gravid females were transferred into a second set of 40ml vials 

containing 4.0 ml of 10% (by volume) hay infusion in tap water for oviposition.  These vials 

were placed in a screened outdoor enclosure at approximately 5pm.  This was done to provide a 

natural twilight which has been found to induce greater oviposition rates in this species.  

Oviposition continued for three nights.  Each morning, egg rafts deposited were removed, placed 

on water under a microscope and photographed at high magnification with a digital camera.  

Photographs of the egg rafts were printed out with a standard laserjet printer and the number of 

eggs counted (method suggested by A.  Doumboya, personal communication, 2005). 

Winglengths 

Following oviposition, females were removed, killed, identified to species (Darsie 2004), 

and their wings removed for measurement.  Abdomens were dissected to count retained eggs.  

The wings were measured by photographing them adjacent to a steel pin of known length 
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(measured to the nearest thousandth of a millimeter).  The photographs were opened in 

SigmaScan (SPSS Inc.), scaled using 2-point rescaling, and measured from the alular notch to 

the distal end of R2, excluding fringe hairs. (Figure 2-1).  

Analyses 

All statistical analyses were conducted using S-Plus© 7.0 for Windows© (Insightful 

Corp.).  Fecundity was scored as the number of eggs in the egg raft plus the number of retained 

eggs, provided the retained eggs numbered fewer than 50.  If females retained greater than 50 

eggs, they were discarded in the analysis, due to difficulty in counting large numbers of retained 

eggs (eggs often burst, obscuring the slide with opaque yolk). 

The effect of bloodmeal size (measured by hematin) and body size (measured by 

winglength) on fecundity was analyzed using simple linear regressions and a multiple regression 

of these two factors plus their interaction on fecundity.  Non-significant effects and interactions 

were discarded in a stepwise fashion.  

Two additional regressions were performed in which the centered, standardized scores (Z-

scores) of bloodmeal size and body size were used as the predictors (Marquardt 1980), and the 

unstandardized fecundity as well as the standardized fecundity were used as the responses.   

To explore the notion that body size has both direct and indirect effects on fecundity, a 

path analysis was conducted on the fully standardized multiple regression.  The hypothesis was 

that the correlation between body size and bloodmeal size implies that body size has a direct 

effect on fecundity, and an indirect effect mediated by bloodmeal size.  In this path analysis, 

body size was considered an exogenous variable and bloodmeal size an endogenous variable.  

The path analysis presents a causal hypothesis about the relationship between the variables, and 
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then quantifies the effects in the hypothesis.  It does not imply that the causal hypothesis is 

correct (Darlington 1990).  

Assumptions of homoscedasticity and normality were checked graphically with plots of 

residuals versus fits and Q-Q plots of the residuals respectively.  A one sample Kolmogorov-

Smirnov Test of Composite Normality was also performed to verify normality of the residuals.  

Results  

Only one of the Culex that oviposited in the vials was not Culex nigripalpus.  This was a 

female Culex quinquefasciatus, and was not used in the analyses. 

In total, 84 female Culex nigripalpus survived and oviposited in the vials.  Of these, 23 

retained at least one egg.  Overall, egg retention was low, averaging just 1.8 eggs/female.  Two 

females retained more than 50 eggs, and these were not included in the analyses.  A summary of 

data collected on fecundity, winglength and hematin excreted can be found in Table 2-1.  

Both factors (body size and bloodmeal size) were significant in all regression analyses at 

the α=0.05 level.  Regression equations can be found in Table 2-2.  Scatterplots of the 

unstandardized simple linear regressions are shown in Figures 2-2 and 2-3.  

What is evident from the standardized regression equation is that one standard deviation in 

winglength is responsible for a greater gain in fecundity than a standard deviation in bloodmeal 

size.  With the unstandardized regression, such an interpretation is not intuitive.  The 

unstandardized regression is given because the equation can be used to predict fecundity by 

inputting normal measures of body size and bloodmeal size.   

Path Analysis 

The path analysis indicates that the total contribution of body size to fecundity can be 

decomposed into a direct effect, and an indirect effect mediated by bloodmeal size (Table 2-4, 

Fig. 2-4).  This is a quantification of a causal hypothesis, not a proof of such a hypothesis.   
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Discussion 

The mean fecundity for female Culex nigripalpus in this study was quite high (273) 

compared to the values obtained in 1975 from Tiger Hammock near Vero Beach(Edman and 

Lynn 1975) (175) and 1977 (Nayar and Sauerman 1977) (160).  There are several possibilities 

for why this difference in fecundity from previous studies was noted: 

• Greater size of bloodmeal: The mosquitoes in this study had access to a host for over 14 
h, whereas in the studies cited, the time allowed for feeding was not stated.  

• Strain differences: Perhaps the innate fecundity of the mosquitoes captured in this study 
was higher than the previous ones cited 

• Strain differences in the chicken: Perhaps the blood of the chicken used in this study had 
greater protein content.  Unfortunately the strain used in the previous studies was not 
recorded. 

• Previous bloodfeeding: These mosquitoes, being wild caught, may have fed previously 
and thus had more usable protein to mature eggs than ones raised in the laboratory. 

This is another instance of bloodmeal size being a strong predictor of fecundity in a 

mosquito.  This is easily understood, as the bloodmeal is the main source of protein for the 

development of mature oocytes (Briegel 2003).  Edman and Lynn showed that bloodmeal 

volume is positively correlated with egg maturation in Culex nigripalpus (Edman and Lynn 

1975), and many others have shown the same trend in other species of anautogenous mosquitoes 

(Colless and Chellapah 1960, Cochrane 1972, Miura and Takahashi1972, Hurd et al. 1995, Lima 

et al. 2003, Fernandes and Briegel 2005, Roitberg and Gordon 2005).  This regression simply 

provides a more precise accounting of the relationship between bloodmeal size and fecundity in 

this species.  

The multiple regression predicting fecundity from bloodmeal size and body size provides a 

better estimate of potential fecundity than does either factor alone.  This reflects the fact that 

there are two sources of protein for the development of at least the first batch of eggs in any 

autogenous mosquito: larvally-acquired protein, and protein from the bloodmeal.  Taking both 



 

29 

into consideration provides a more precise estimate of the net contribution any given female is 

likely to make to a particular egg batch. 

The path analysis of the multiple regression indicates a direct contribution of body size and 

an indirect effect mediated by bloodmeal size.  This would indicate that body size contributes to 

fecundity, probably due to the contribution of teneral reserves.  It also contributes by enabling a 

greater volume of blood, and hence protein, to be ingested during bloodfeeding.  This suggests 

that one of the most important factors determining a mosquito’s fecundity is the quality of the 

larval environment.  Higher-quality environments (meaning more nutrients available) will result 

in larger adults with greater reserves (Telang and Wells 2004), able to take larger bloodmeals, 

and producing greater numbers of eggs. This type of relationship should be evident in the wild as 

Culex nigripalpus varies in size over the year due to changes in development time brought about 

by water temperature changes (Day  et al.1990 b). 

Another way that body size might have a positive influence on fecundity is by increasing 

the maximum number of ovarioles that can be used to produce eggs.  It is known that the number 

of ovarioles in insects is influenced by size, and so larger individuals have a higher maximum 

number of eggs that can be matured each gonotrophic cycle (Fitt 1990).  This would be evident 

in mosquitoes taking a bloodmeal of maximum size and quality, where the great majority of 

follicles are provisioned with yolk.  

The total fitness effects of larval habitat quality would be greater than those analyzed in 

this experiment, as it would affect larval survival (Agnew et al. 2000, Reiskind et al. 2004).  

There is also evidence that larger adult mosquitoes live longer (Nasci 1986, Lounibos et al. 1990, 

Suzuki et al. 1993), and thus size would contribute substantially more to overall fitness than this 

analysis has shown.  
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Figure 2-1.  Example of a wing photograph used to measure winglengths of female Culex 

nigripalpus.  Arrow indicates length of measurement, from alular notch (Al) to distal 
end of wing vein R2. 

 
Table 2-1.  Summary statistics for bloodmeal size, body size and fecundity of wild Culex 

nigripalpus used in analyses. 
 Hematin excreted 

(μg) 
Winglength 

(mm) 
Fecundity Retained  

eggs 
 

Minimum   7.21 2.41 148 0  
Mean  18.30 2.95 273   1.83  
Maximum 34.57 3.46 385 40  
Std.  Dev   5.87 0.22        57.13    6.23  
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Table 2-2.  Summary of four regressions testing relationships between hematin excreted, 
winglength and fecundity.  Significance values are for the t-statistic.  F-tests for all 
models were below 0.05. 

Model Parameter Estimate Std.  
Error 

DF† T 
statistic 

P R2 

Intercept 144.93 14.35 10.10 <0.01 Hematin 
Hematin 7.00 0.75 

1,82
9.37 <0.01 

0.52

        
Intercept  -310.85 55.19 -5.63 <0.01 Winglength 
Winglength 197.71 18.63 

1,82
1061 <0.01 

0.58

        
Intercept -202.25 50.37 -4.01 <0.01 
Hematin 4.14 0.72 5.78 <0.01 

Stepwise model*, 
unstandardized 

Winglength 135.29 19.12 

2,81

7.07 <0.01 

0.70

        
Intercept 273.07 3.44 2,81 79.21 <0.01 0.70
Hematin 24.29 4.20  5.78 <0.01  

Stepwise model*, 
regressors 
standardized, response 
unstandardized 

Winglength 29.74 4.20  7.07 <0.01  

        
Intercept 0 0.603 2,81 0 1.00 0.70
Hematin 0.4251 0.0736  5.78 <0.01  

Stepwise model*, all 
parameters 
standardized Winglength 0.5205 0.0736  7.07 <0.01  
*The interaction between the predictors was not significant at the α=0.05 level, and hence was 
removed as part of a stepwise model reduction. 
† Indicates degrees of freedom for overall model F-test 
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Figure 2-2.  Scatterplot of fecundity versus unstandardized hematin for wild Culex nigripalpus.  

The line represents the least-squares linear regression. 
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Figure 2-3.  Scatterplot of fecundity versus unstandardized winglength for wild Culex 

nigripalpus.  The line represents the least-squares linear regression.  

 
 



 

34 

 
Figure 2-4.  Path diagram describing direct effects between the bloodmeal size, body size and 

fecundity. 

 

Table 2-3.  Decomposition of effects in path analysis.  Note that the direct effect of bloodmeal 
size is the portion of its contribution not attributable to body size. 

 Factor Direct 
effect 

Indirect 
effect 

Spurious 
effect 

Total 
effect 

Pearson 
Correlation 
coefficient 

Body size 0.520 0.240 0 0.761 0.761 Effects on 
Fecundity Bloodmeal 

Size 
0.425 0 0.294 0.425 0.719 

Effect on 
Bloodmeal  

Body Size 0.565 0 0 0.565 0.565 
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CHAPTER 3 
INFLUENCE OF BLOODMEAL SIZE AND BODY SIZE ON THE FECUNDITY OF 

CAPTIVE Culex quinquefasciatus 

Introduction 

Culex quinquefasciatus is a ubiquitous peridomestic mosquito in urban and rural 

environments across the tropics and subtropics.  It is a known vector of various filariases 

(Villavaso and Steelman 1970, Lowrie et al. 1989) as well as viral diseases (Mitchell et al. 1980, 

Sardelis et al. 2001) and avian malarias (van Riper III et al. 1986).  Because of its importance in 

the transmission of pathogens, considerable interest has been shown in the bionomics of this 

species.  

One measure of the fitness of individual animals is their fecundity, or reproductive output.  

Because Culex mosquitoes lay eggs in rafts, usually depositing their entire clutch at once, one 

can easily estimate the reproductive output of a mosquito by counting the number of eggs in the 

egg raft.  This is the measure is most commonly used, and relies on the assumption that most 

mosquitoes in the wild deposit only one clutch (due to high adult mortality).  

Factors known to affect the fecundity of this species include bloodmeal size and body size 

(Lima et al. 2003).  Bloodmeals provide the protein as well as some of the carbohydrate and lipid 

needed to provision a clutch of eggs (Clements 2000 a).  In anautogenous mosquitoes, bloodmeal 

size is almost always correlated positively with fecundity (Cochrane 1972, Miura and 

Takahashi1972, Edman and Lynn 1975, Mahmood et al. 2004).   

 From a theoretical standpoint, body size may correlate with fecundity via several causal 

mechanisms.  The first is that the protein reserves of larger mosquitoes are generally higher 

(Briegel 2003).  The presence of higher teneral protein reserves means that more protein may be 

diverted to egg development regardless of the size of the bloodmeal.  The second way that body 

size may be related to fecundity is that larger insects generally have larger numbers of ovarioles 
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(Fitt 1990), thus the maximum number of eggs that can be matured given an optimum bloodmeal 

is greater.  In any case, the size of adult female mosquitoes is thought to be principally the result 

of greater food resources available during larval development.  There is also evidence that 

survival and reproductive success is influenced by size of adult female mosquitoes, so the overall 

contribution of body size to lifetime fitness may be considerable (Nasci 1986, Lounibos et al. 

1990, Suzuki et al. 1993).  

Experiments have in the past considered bloodmeal size and body size separately, not 

addressing their combined contribution to fecundity of the mosquitoes.  The experiment 

described here was designed to determine the combined effect of these two factors on fecundity 

of Culex quinquefasciatus using multiple regression analysis. 

Materials and Methods 

Larval Rearing 

Larvae were reared in enameled metal pans measuring 24 x 36 x 5cm containing 

approximately 700 ml of tapwater.  Pans were set with 3 egg rafts each of colonized Culex 

quinquefasciatus, from USDA ARS Gainesville FL, established 1995 (Allan et al. 2006).  Food 

was provided daily to each pan as 20 ml of slurry containing 20 mg/ml 1:1 Brewer’s yeast/liver 

powder.  This rearing regimen was chosen in an attempt to generate a range of mosquito sizes, 

while still achieving relatively simultaneous emergence as adults. 

Pupation and Bloodfeeding 

Pupae were placed in 500 ml cups containing 100 ml of tapwater, and allowed to emerge in 

a cage measuring 33 x 33 x 33 cm.  Adults were provided with 10% sucrose solution on a cotton 

wick replaced daily.  After 7 days, the mosquitoes were offered a bloodmeal on a restrained 

chicken (University of Florida IUCUC # D509).  Mosquitoes were allowed to feed to repletion. 
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Hematin Collection and Quantification  

Bloodmeal size can be quantified by measuring the amount of hematin in the excreta.  

Hematophagous arthropods void acid hematin as a byproduct of hemoglobin digestion.  It has 

been found that the quantity of hematin voided corresponds in a linear manner with the amount 

of blood ingested (Briegel 1980, 2003).  Therefore, it is an appropriate means of quantifying the 

relative amount of blood ingested.  Other methods including near infrared spectrometry (Hall et 

al. 1990) and weighing of mosquitoes before and after a bloodmeal (Roitberg and Gordon 

2005)were rejected for this study as being too time-consuming, invasive, or requiring equipment 

that was unavailable.  

Immediately following bloodfeeding, individual mosquitoes placed in separate 40 ml vials 

2.5 cm diameter, 9.5 cm deep) covered with screen.  10% sucrose was provided on small cotton 

balls.  Following a 4 day period for egg maturation, females were transferred to separate vials 

(see below) for oviposition.  The time required digestion and egg development for this species 

has been found to be 2-3 days (Elizondo-Quiroga et al. 2006), and hence four days was found to 

be a good balance between maximal survival in the vials and maximal ovarian development.  

Fecal material in the vials where egg maturation took place was rinsed from the vial with 2.00 ml 

1% lithium carbonate.  The resulting solutions were decanted into spectrophotometric cuvettes 

and the absorbance at 387 nm was read in a spectrophotometer.  Absorbance readings were 

converted to micrograms of hematin using a standard curve previously prepared (Appendix B).  

Oviposition 

After egg maturation, gravid females were transferred into another set of 40ml vials 

containing 4.0 ml of 10% hay infusion (by volume) in tap water for oviposition.  The following 

morning, egg rafts deposited were removed, placed on water under a microscope and 

photographed at high magnification with a digital camera.  Photographs of the egg rafts were 
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printed out using a standard laserjet printer and the number of eggs counted (method suggested 

by A.  Doumboya, personal communication, 2005). 

Egg rafts were replaced in the vials and incubated at 27.1C for 36 h and hatched larvae 

were filtered onto white filter paper and counted.  Percentage hatch was calculated as the number 

of larvae hatched divided by the number of eggs multiplied by 100. 

Winglengths 

Following oviposition, females were removed, killed, and their wings excised and mounted 

on slides for measurement.  The wings on the microscope slides were photographed with a 

standard size reference (a length of steel measured with a caliper to the nearest thousandth of a 

millimeter).  The photographs were opened in SigmaScan Pro 5 (Systat Software, Inc., Point 

Richmond, CA), calibrated for size, and measured from the alular notch to the distal end of R2, 

excluding fringe hairs (Packer and Corbet 1989).  It was decided to use the distal end of R2 as a 

measurement point as it is an unambiguous standard landmark.  Other studies have used the 

distal end of the wing, or some kind of other subjective measure of the maximal distance (Packer 

and Corbet 1989, Lima et al. 2003).  While others have suggested transforming the winglengths 

thus obtained by cubing the linear measure (Briegel 1990 a), the recommendations of Siegel 

were followed here (Siegel et al. 1992), and winglengths were not transformed. 

Analyses 

All statistical analyses were conducted using S-Plus© 7.0 for Windows© (Insightful 

Corp.).  

Summary statistics were calculated for each measured parameter, including minimum, 

mean, maximum and standard deviation.  

Fecundity was scored as the number of eggs in the egg raft.  The effect of bloodmeal size 

(measured by hematin) and body size (measured by winglength) on fecundity was analyzed 
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using simple linear regressions and a multiple regression of these two factors plus their 

interaction on fecundity.  If the interaction was not significant, it was discarded in creation of a 

predictive multiple regression model.  A multiple regression of fecundity on the standardized 

values (Z-scores) of the predictors was also performed.  Z-scores were calculated by subtracting 

the mean value of a regressor from each observation, then dividing this by the standard deviation 

of the regressor.  This produces mean values of zero and standard deviations of one.  When used 

in multiple regression analysis, it allows a more standard interpretation of slope values, i.e.  It 

apportions mean changes in response due to predictor variations of one standard deviation 

(Marquardt 1980).  Doing so allows one to order the predictors in terms of influence on a 

common scale. 

Assumptions of homoschedasticity and normality were checked graphically with plots of 

residuals versus fits and Q-Q plots of the residuals respectively.  A one sample Kolmogorov-

Smirnov Test of Composite Normality was also performed to verify normality of the residuals.  

A regression analysis testing for linear dependence between the predictors in the multiple 

regression model was also performed. 

Results 

Winglength varied between 2.89 and 3.33mm with a mean of 3.10 and a standard deviation 

of 0.10 mm (Table 3-1).  Hematin voided was also variable, with a mean of 15.99µg and a 

standard deviation of 4.96 µg.  

 Significant simple linear regressions were found for each of the variables (Table 3-2).  The 

predictive power of hematin as a factor predicting fecundity was greater than that for the simple 

linear regression of winglength predicting fecundity (Table 3-2).  

The full multiple regression model predicting fecundity from both bloodmeal size and 

body size had a much better fit to the data than either factor considered alone.  The multiple 
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regression with the standardized variables as predictors indicated that for one standard deviation 

in either variable, the effect of bloodmeal was the more significant source of variation in 

fecundity.  

A regression of hematin and winglength on percentage hatch was considered, but rejected 

due to non-normality of the data and no apparent trend apparent in scatterplots of the data (data 

not shown).  

Discussion  

The amount of hematin voided by this group of mosquitoes was similar to that in a study 

conducted on a wild strain from Brazil (Lima et al. 2003).  In that study the mean hematin 

content in excreta varied from 14.60-15.80 µg (fed on human blood).  Mean fecundity for the 

Brazilian strain was also much lower, perhaps indicating that the usable protein content for a 

given quantity of hemoglobin is less in human blood than in chicken blood.  A study of Culex 

nigripalpus showed that mean number of eggs per raft was greater with chicken blood than with 

human blood (Nayar and Sauerman 1977).  Alternatively, this could indicate an innate difference 

in the fecundity of the two strains of mosquito. 

The slope of the regression of winglength on fecundity was about twice as great for this 

strain than for a Brazilian strain fed on human blood, although the mean winglength of the 

Brazilian strain was substantially greater than this population (Lima et al. 2003).  This may be 

partially the result of a slightly different winglength measurement technique.  

The combined effect of larval nutrition (represented by adult size) and bloodmeal size 

(represented by hematin) on fecundity was greater than either of the two factors alone.  In this 

case, bloodmeal was seen to be a better predictor of fecundity than adult body size, but this may 

be due to the fact that the mosquitoes raised did not vary greatly in body size.  A comparison 

with known body sizes of wild Culex quinquefasciatus was not possible.  Other studies indicate 
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that the adult body size in this species is larger (Lima et al. 2003), but these may represent strain 

differences.  

It seems likely that the major contributors to female fecundity of this species are 

bloodmeal volume, bloodmeal source and teneral reserves.  This experiment demonstrates that 

excluding sources of mortality, fitness of Culex quinquefasciatus is predicated upon bloodmeal 

size and teneral size. 
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Table 3-1.  Summary statistics for data measured in regression analyses. 
Parameter 

Statistic Hematin (µg) Winglength (mm) Fecundity (# of 
eggs) 

percentage 
hatch 

Min 5.57 2.89 76 7 
Mean 15.99 3.10 163 85 
Max 30.51 3.33 256 100 
N 71 71 71 71 
Std.  Deviation 4.96 0.10 36 20 
 
Table 3-2.  Summary of four regressions testing relationships between hematin excreted, 

winglength and fecundity.  Significance values are for the t-statistic.  F-tests for all 
models were below 0.05. 
Model Parameter Coefficient Std.  

Error 
DF† T 

statistic 
P R2 

Intercept 79.79 10.31 7.74 <0.01Hematin Hematin 5.20 0.62 1,69 8.44 <0.01 0.51

        
Intercept  -200.19 121.19 -1.65 0.10 Winglength Winglength 117.10 39.06 1,69 3.00 <0.01 0.11

        
Intercept -319.35 78.16 -4.09 <0.01
Hematin 5.319 0.53 10.09 <0.01Stepwise model*, 

unstandardized Winglength 128.10 24.92 
2,68

5.14 <0.01
0.65

        
Intercept 162.93 2.59 2,68 62.86 <0.01 0.65
Hematin 26.36 2.61  10.09 <0.01  

Stepwise model*, 
regressors standardized, 
response unstandardized Winglength 13.43 2.61  5.14 <0.01  
*The interaction between the predictors was not significant at the α=0.05 level, and hence was 
removed as part of a stepwise model reduction. 
† Indicates degrees of freedom for overall model F-test. 
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Figure 3-1.  Scatterplot of fecundity versus bloodmeal size for Culex quinquefasciatus.  Data are 

presented in unstandardized format.  Least squares regression line shown. 
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Figure 3-2.  Scatterplot of fecundity versus winglength for Culex quinquefasciatus.  Data are 

presented in unstandardized format. Least squares regression line shown. 
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CHAPTER 4 
Culex nigripalpus AGING AND FECUNDITY 

Introduction 

Culex nigripalpus is a species of mosquito distributed throughout the Neotropics and in 

large portions of the Caribbean Basin and the Southeastern United States (Nayar 1982).  It has 

been incriminated as a vector of St. Louis Encephalitis Virus (Dow et al. 1964) and West Nile 

Virus (Sardelis et al. 2001), as well as several other viral, protozoan, and helminth diseases of 

man and animals (Nayar 1982, Nayar et al. 1998).  It is believed that this species is the major 

enzootic vector of both WNV and SLE in Florida (Day 2001, Rutledge et al. 2003).  Considering 

its role in the transmission of arboviruses in Florida and other places, much attention has been 

focused on the bionomics and population dynamics of this species (Dow 1971, Nayar 1982, Day 

et al. 1990 b, Day 2001).  

Factors affecting the fecundity (egg production) of mosquitoes have been investigated for 

many years.  In general, larval nutrition, adult nutrition and age are considered important factors 

(Clements 2000 b, Briegel 2003).  A portion of the protein reserves acquired during larval 

development may be used for the provisioning of eggs (Briegel 2003). Larval nutrition is 

difficult to quantify in the field, but it has been shown that the size of an adult mosquito 

correlates well with the amount of nutrients available to the larvae (Akoh et al. 1992, Blackmore 

and Lord 1994, Agnew et al. 2000, Blackmore and Lord 2000, Armbruster and Hutchinson 

2002).  Because of this, adult size serves as a convenient proxy for teneral protein reserves.  

In addition to teneral protein reserves, anautogenous mosquitoes also use the bloodmeal as 

a source for protein used to mature eggs.  Bloodmeal size has usually been highly correlated with 

fecundity in many mosquito species studied to date, and this holds true for Culex nigripalpus 
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(Edman and Lynn 1975, Ferguson et al. 2003). Measuring both bloodmeal size and body size has 

the potential to address the contributions of two important sources of variation on fecundity. 

This effect of age on fecundity can be seen as an aspect of senescence, the umbrella term 

encompassing all deleterious effects of time on fitness of an individual.  Age has been 

demonstrated to have an effect on fecundity in Culex mosquitoes (Walter and Hacker 1974, 

Suleman and Reisen 1979, Akoh et al. 1992), but whether age modifies the response to 

bloodmeal size or body size has not been investigated.  It is conceivable that physiological 

systems mediating fecundity such as digestion or mobilization of teneral reserves are impacted 

by senescence.  

In any case, generalizing the responses of species studied so far, fecundity should increase 

with bloodmeal size and body size, and decrease with age of the mosquito.  The purpose of this 

experiment was to analyze the response of fecundity to these three factors (bloodmeal size, body 

size, and age) combined, as well as any interactions in a linear multiple regression model.   

Materials and Methods 

Larval Rearing 

Larvae were reared in enameled metal pans measuring 24 x 36 x 5cm containing 

approximately 700 ml of tapwater.  Pans were set with 3 egg rafts each from a colony of Culex 

nigripalpus.  The colony was established from a Vero Beach FL collection (Allan et al. 2006) in 

1999 (Erin Vrzal, USDA, personal communication).  Food was provided daily to each pan as 20 

ml of slurry containing 20 mg/ml 1:1 Brewer’s yeast/liver powder.  

Pupation 

Pupae were placed in 500 ml cups in a large cage measuring 57 x 57 x 57cm and sugar was 

provided to the emerging adults as 10% sucrose solution on cotton wicks, replaced daily.  Adults 

were allowed to emerge for 12 h following the emergence of the first female, whereupon the 
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cups were removed.  The final density of mosquitoes in the cage was estimated to be about 500 

females.  Immediately following the removal of the cups, the cage was placed in a separate room 

with windows, as it has been noted that successful mating in this colony is inhibited if 

mosquitoes are denied access to either sunlight or twilight (personal observation).  Following 2 

days in this separate room, the cage was returned to the controlled-environment chamber where 

temperature was maintained at 26.0±1.9°C for the duration of the experiment.  Humidity was 

88.5± 7.5% RH. Light cycle was 16:8 L:D.  

Bloodfeeding 

Beginning at 5 days post-eclosion, varying numbers of host-seeking females were removed 

from the cage and bloodfed on a restrained chicken (University of Florida IUCUC # D509).  This 

was repeated at four day intervals until 6 groups were obtained.  The oldest group was bloodfed 

at 25 days post-eclosion.  The numbers removed for bloodfeeding were adjusted upwards with 

age to anticipate higher mortality of older individuals. Mortality was severe in the oldest age 

group, with only 1 out of 66 bloodfed females surviving to oviposit, compared with 30 of 31 

females surviving to oviposit in the youngest age group.  

Termination of Study 

 The study was terminated when the combination of mortality and removal of host-

seeking females depleted the supply in the large cage.  As a result, ages from 5-25 days post-

eclosion were tested.  Age at oviposition was calculated by simply adding four days to the age at 

bloodfeeding.  

Hematin Collection and Quantification  

Bloodmeal size was quantified by measuring the amount of hematin in the excreta.  

Hematophagous arthropods void acid hematin as a byproduct of hemoglobin digestion.  It has 

been reported that the quantity of hematin voided by many mosquitoes corresponds in a linear 
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manner with the amount of blood ingested (Briegel 1980, 2003).  Therefore, hematin analysis is 

an appropriate means of quantifying the relative amount of blood ingested.  Other methods 

including near infrared spectrometry (Hall et al. 1990) or weighing of mosquitoes before and 

after a bloodmeal (Roitberg and Gordon 2005) were rejected for this study as being too time-

consuming, invasive, or requiring equipment that was unavailable.  

Immediately following bloodfeeding, individual mosquitoes were placed in separate 40 ml vials 

2.5 cm diameter, 9.5 cm deep) covered with screen.  10% sucrose solution was provided on small 

cotton balls, replaced daily.  Following a four day period for egg maturation, females were 

transferred to separate vials (see below) for oviposition.  The time required for digestion and egg 

development for this species has been found to be 72 h at 30ºC, and 96 h at 24ºC (Provost 1969, 

Nayar and Knight 1981), and hence four days at 27 ºC was found to be a good balance between 

maximal survival in the vials and maximal ovarian development.  

Fecal material in the vials where egg maturation took place was rinsed from the vial with 2.00 

ml 1% LiCO3.  The resulting solutions were decanted into spectrophotometric cuvettes and the 

absorbance at 387 nm was read using a spectrophotometer.  Absorbance readings were converted 

to micrograms of hematin using a standard curve previously prepared (Appendix B).  

Oviposition 

After egg maturation, gravid females were transferred into a second set of 40ml vials 

containing 4.0 ml of 10% (by volume) hay infusion in tap water for oviposition.  These vials 

were placed in a screened outdoor enclosure at approximately 5pm.  This was done to provide a 

natural twilight which has been found to induce greater oviposition rates in this species (personal 

observation).  If females did not oviposit on the first night, they were allowed a second night to 

oviposit.  The following morning, egg rafts deposited were removed, placed on water under a 

microscope and photographed at high magnification with a digital camera.  Photographs of the 



 

49 

egg rafts were printed out using a standard laserjet printer and the number of eggs counted 

(method suggested by A.  Doumboya, personal communication, 2005). 

Egg rafts were replaced in the vials in which they were laid and incubated at 27.1ºC for 36 

h to allow hatching (Provost 1969).  Hatched larvae were filtered onto white filter paper and 

counted.  Percentage hatch was calculated as the number of larvae hatched divided by the 

number of eggs multiplied by 100.  

Winglengths 

Wings were photographed with a digital camera adjacent to a steel pin of known size.  The 

wing photographs were opened in SigmaScan Pro 5 (Systat Software, Inc., Point Richmond, 

CA), calibrated for size using a 2-point rescaling function, and measured from the alular notch to 

the distal end of R2, excluding fringe hairs (Packer and Corbet 1989).  It was decided to use the 

distal end of R2 as a measurement point rather than the wingtip, as it is an unambiguous standard 

landmark. While others have suggested transforming the winglengths thus obtained by cubing 

the linear measure (Briegel 1990 a), the recommendations of Siegel were followed here (Siegel 

et al. 1992), thus winglengths were not transformed. 

Analyses 

All regression analyses were conducted using S-Plus© 7.0 for Windows© (Insightful 

Corp.).  ANCOVA slope estimates were tested in SAS version 9.00 for Windows.  Fecundity 

was scored as the number of eggs in the egg raft plus the number of retained eggs in the killed 

females, provided these numbered less than 50.  If females retained more than 50 eggs, they were 

discarded in the analysis, due to difficulty in counting large numbers of eggs (eggs often burst, 

obscuring the slide with opaque yolk). 

Simple linear regressions of each predictor on fecundity were performed to compare with 

published results of these predictors on fecundity.  
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A multiple linear regression was performed on standardized variables regressing fecundity 

on body size, bloodmeal size and age (Marquardt 1980). Non-significant interactions and main 

effects (if appropriate) were discarded in a stepwise fashion. Z-scores were calculated by 

subtracting the mean value of a regressor from each observation, then dividing this by the 

standard deviation of the regressor.  This produces mean values of zero and standard deviations 

of one. When used in multiple regression analysis, it allows a more standard interpretation of 

slope values (Marquardt 1980), i.e.  It apportions mean changes in response due to predictor 

variations of one standard deviation.  It also allows for more adequate assessment of model 

quality and provides better insight for stepwise model reduction.  For comparative purposes, a 

multiple regression of fecundity on the untransformed variables was also performed.  

Normality was confirmed with a Kolmogorov-Smirnov Test of Composite Normality of 

the residuals, and homoschedasticity was verified visually with a plot of residuals versus fitted 

values. 

Significant interactions with age were explored by examining scatterplots of the interacting 

variables, and generating slope estimates by ANCOVA.  The ANCOVA was set up using the 

recommendations of Huitema (Huitema 1980), and was done to illustrate the differences in slope 

of the simple regression of one variable predicting fecundity at different levels of the interacting 

variable.  The mosquitoes aged 21 days and 25 days were grouped together, because only one 

mosquito oviposited at 25 days, and thus there was no way to generate a slope estimate. 

Results 

The winglengths of female Culex nigripalpus in this experiment ranged from 2.614mm to 

3.227mm (Table 4-1).  The range was less than that of a wild cohort captured in a lard can trap 

(Chapter 2, Table 2-1), but the means were similar.  The amount of hematin was also variable, 
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but again was less so than the mosquitoes captured in the study of wild Culex nigripalpus.  

Fecundity ranged from 47-262 eggs with a mean of 171.  

Each regression tested was significant at the α=0.05 level (Table 4-2).  Simple linear 

regressions of fecundity against hematin excreted, winglength and age were all significant, with 

directions as predicted by theory.  The slope of the simple linear regression of fecundity versus 

age was -4.37, meaning that with every day of age added, mean fecundity would be expected to 

decline by 4.37 eggs.  This simple linear regression had the highest R2 of any of the three 

performed, yet even this was low compared to the multiple model.  

In the multiple regression models, there was a significant interaction between age and 

hematin after stepwise model reduction (Table 4-2).  The standardized full model provides the 

clearest picture of the relationships between the parameters, showing a negative correlation 

between age and fecundity (Figure 4-1A), and positive correlations between fecundity and both 

winglength and hematin (Figures 4.1B, C).  On the other hand, the unstandardized model shows 

a somewhat confusing result, namely that age has a positive slope, and is not a significant 

predictor.  This is largely due to the fact that models with higher-order terms (including 

interactions) suffer from scales that have origins far from the centroid of the observed data 

(Marquardt 1980).  In the case of the unstandardized multiple regression model, each coefficient 

is calculated holding every other factor at zero, which is not a value attained in this dataset.  In 

the case of the standardized model, each coefficient is calculated at the mean of each other 

variable, providing a truer approximation of mean effect.  For both qualitative and quantitative 

interpretation, the standardized regression is preferable.  The unstandardized form may be used 

as a simple predictive equation.  
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Further analysis of the significant interaction by contrasting the slopes of the fecundity 

versus hematin curves of the different age classes reveals a complex picture, where slopes for the 

hematin fecundity regression were significantly different from zero at 5, 9, and 17 days, but not 

at 13 days or the pooled values for 21-25 days (Table 4-3).  Slope estimates, regardless of 

significance, were positive until the group of mosquitoes aged 21-25 days (Figure 4-4).   

Discussion 

Age in insect vectors of disease is generally studied in order to appraise the potential of a 

population to transmit disease.  Because viral and other diseases require an extrinsic incubation 

period in the vector in order for that vector to become capable of transmission, aging populations 

are considered an important component in the disease transmission cycle.  The effect of age on 

fecundity of a vector population has been less often studied, but one may easily hypothesize 

significant epidemiological consequences to alterations in reproductive rates of vectors.  In 

certain circumstances, large numbers of insect vectors of disease need to be present over a 

transmission season in order for major outbreaks to occur (Mitchell et al. 1980, Day 2001).  

 To date there have been no published studies on the effect of age on fecundity of Culex 

nigripalpus.  The regression coefficient for the simple linear regression of age on fecundity in 

this study is therefore the first documentation of an age effect on reproduction of this species.  

The slope of the regression line (-4.374) compares well with a published study on a Vero Beach 

strain of Culex quinquefasciatus which gave a slope of -4.146 for the decrease in fecundity due 

to age (Walter and Hacker 1974).  Estimates for the rate of decrease in fecundity with age vary 

by species and strain, and thus the value reported in this thesis is only representative of the 

particular captive strain used.  It may be that wild populations or different isolated captive strains 

may respond to age in a different manner than reported here. 
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 Culex nigripalpus is hypothesized to have substantial survival during drought conditions, 

when oviposition sites are scarce (Day et al. 1990).  It is also known that activity patterns of this 

species are correlated with rainfall.  If drought conditions prevail in the field, and oviposition and 

bloodfeeding do not occur, the females that survive the drought will be older at reproduction than 

if inclement conditions had not occurred.  In this scenario, one could expect to see lower mean 

clutch sizes and hence lower population growth in an aging population when compared to a 

similar sized cohort of younger females.  

 This variability in reproductive output with age may be significant, but it can be argued 

that the effect of mortality with age would far outstrip the reduction in fecundity.  An estimate 

for the daily rate of survival for this species was made with a recapture study of F1 adults 

marked with radioactive phosphorus (Dow 1971).  The estimate arrived at in this study was 81%, 

meaning that the daily mortality rate is 19%.  This estimate may be biased due to the fitness 

consequences brought about by exposure to radiation, but it serves as a reminder that 

survivorship of wild Culex can be quite low. Notwithstanding the sizable contribution of 

mortality to overall fitness parameters, the effect of age on fecundity would still be additive to 

any population fitness reductions brought about by mortality. 

 Size of bloodmeal and size of adult female mosquitoes have often been reported as 

significant predictors of fecundity.  It has been reported that bloodmeal volume affects the first-

cycle fecundity of Culex nigripalpus if one measures this parameter by visual estimation (Edman 

and Lynn 1975), but the methods used in that study did not allow calculation of a slope for that 

relationship.  This study first confirms, then extends the precision of this finding by providing a 

means to quantify the amount of blood ingested and to analyze the relationship of this factor with 

fecundity.  Overall, the two simple regressions of winglength and hematin on fecundity were 
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significant, but when analyzed without considering the effect of age, they had relatively little 

predictive power (Table 4-2).  

 The full model for prediction of fecundity from age, body size and bloodmeal size had 

significantly greater predictive power than any of the simpler models, and fitting a model 

including the significant interaction added approximately 4% to the predictive ability of the 

equation (Data not shown).  Before considering the interaction alone, it is important to first 

discuss the relative merits of the two full models developed.  In the unstandardized model, the 

predictors are scaled in the familiar units of millimeters of winglength and micrograms of 

hematin excreted.  It would seem that using this model for analysis would be sufficient, and it is, 

providing predicting fecundity from these factors is all that is required.  If one wants to give the 

relationship more consideration, such as what a typical change in either of these parameters does 

to fecundity, the unstandardized model is no longer sufficient.  In this dataset, there are no 

deviations of a whole millimeter in winglength between any two female Culex nigripalpus.  The 

typical difference in winglength between any two randomly chosen females is only 0.13 mm 

(Table 4-1).  Using variables coded as Z-scores allows one to quickly determine what effect a 

typical (1 standard deviation) change in a predictor will have on the response.  Since all the 

predictors are Z-scores, one can compare between typical variations and estimate the relative 

importance of each predictor to changes in the response.  Failure to standardize predictors also 

has the unwelcome effect of obscuring significant effects of factors by making their partial 

slopes seem small in comparison to others.  This is only an effect of scaling, and disappears 

when factors are properly standardized (Marquardt 1980).  In addition, a regression using Z-

scores eliminates most of the “non-essential ill-conditioning” (multicollinearity) between 

predictors that cause higher order models to behave erratically (Marquardt 1980).  
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 An interaction between bloodmeal size and age has never been reported before in 

mosquitoes, nor has such a possibility been considered.  Therefore, the fact that a significant 

interaction was found is both surprising and novel.  However, the interaction was mainly due to 

the last age group considered, and due to low survival, the power for estimating the effect was 

low.  Consideration of the interaction by grouping the mosquitoes into two arbitrary categories of 

“young” and “old” demonstrates that in the older age groups, bloodmeal size has no significant 

effect on fecundity, whereas in the younger age groups, bloodmeal size was a significant 

predictor of fecundity.  Possible mechanisms underlying this interaction are difficult to 

hypothesize.  Empirically, one can describe the interaction by saying that the reproductive 

advantage conferred by a larger bloodmeal is only evident in younger mosquitoes.  As 

mosquitoes age, the advantages diminish until there is no significant relationship between size of 

bloodmeal and fecundity.  This type of interaction may only be evident in experimental settings 

such as these, where mosquitoes are denied a bloodmeal until a given age, or this result may 

generalize to aging mosquitoes regardless of their access to bloodmeals.  

A possible physiological mechanism for this change in the relationship between bloodmeal 

size and fecundity with age is an overall decline in the ability of an insect to synthesize protein as 

it ages (Levenrook 1986).  Protein enzymes are utilized in bloodmeal digestion (Clements 2000 

c) as well as in nutrient transport to maturing oocytes (Clements 2000 a).  If the efficiency of 

these systems is substantially reduced, the overall advantage of larger bloodmeals may be 

negated.  A simple failure of the physiological systems underlying bloodmeal digestion and/or 

nutrient transport would account for the observed interaction between bloodmeal size and age 

predicting fecundity.  It is interesting to note that in a study of Anopheles stephensi, Ferguson 

and colleagues (2003) noted that the positive contribution of bloodmeal to fecundity disappeared 
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if the mosquito was infected with Plasmodium chabaudi.  Perhaps the state of senescence and the 

state of Plasmodium infection both affect digestion or reserve mobilization.  

The novel finding of an interaction between bloodmeal size and age predicting fecundity 

should be investigated further.  Specifically, a study similar to this one, but utilizing a greater 

number of age classes might better pinpoint the age at which increased bloodmeal size fails to 

result in increased fecundity.  

Another area that would be interesting to pursue would be to design an experiment where 

multiple bloodmeals and ovipositions are provided and recorded.  This would be a more complex 

experiment, but it would allow for the quantification of the effect of age on total lifetime 

fecundity in an experimental setting that is similar to a situation encountered by wild populations 

of mosquitoes.  It is unlikely that wild mosquitoes living to an age of 17 days or more would not 

have had the opportunity to bloodfeed.  Allowing for early and frequent bloodfeeding 

opportunities in an experimental setting would help determine whether protein input from early 

bloodmeals would better preserve digestive efficiency in later bloodmeals.  It is at present 

unclear whether protein resources acquired from bloodmeals can be used by a mosquito for its 

own cellular maintenance and synthesis of enzymes. Mosquitoes can acquire extra-ovarian lipid 

and carbohydrate from bloodmeals, but studies on utilization of bloodmeal protein suggest that 

diversion of this resource to maternal reserves is minimal in Anophelines and non-existent in 

Culicines (Clements 2000 b).  

Conclusions 

Good prediction of first-cycle fecundity of Culex nigripalpus may be achieved by using 

bloodmeal size, body size and age as predictors, within the age range of 5 to 25 days of age.  It is 

likely that these factors are important in determining fecundity in wild populations of this species 

as well.  The contribution of bloodmeal size to fecundity declines with age of this mosquito.  
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This is a novel finding that bears closer scrutiny to determine if it holds across different age-

related nutritional regimes.  
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Table 4-1.  Summary statistics for controlled and measured parameters used in regression 
analyses. 

Parameter 
Statistic Winglength Age Hematin 

Excreted 
Fecundity

Minimum  2.61 5 1.12 47
Mean 2.86 11.8 11.63 171
Maximum 3.23 25 19.25 262
N 66 66 66 66
Standard  
Deviation 

0.13 4.96 3.98 45
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Table 4-2.  Summary of 5 regression calculations of various factors and combinations of factors 
on fecundity.   

Model Parameter Coefficient Std.  
Error 

DF† T or F P R2 

Intercept 222.48 12.72  17.4951 <0.01 
Age -4.37 0.9955  -4.3937 <0.01 

Model  39.81 1,64 19.3 <0.01 

Age 

      

0.23

Intercept -96.03 118.5271 1,64 -0.8102 0.42 
Winglength 93.27 41.3709  2.2546 0.03 

Model  43.71  5.083 0.03 

Winglength 

      

0.07

Intercept 122.86 16.1854 1,64 7.5906 <0.01 
Hematin 4.13 1.3176  3.1364 <0.01 
Model    9.837 <0.01 

Hematin 

      

0.13

Intercept -110.35 97.3730  -1.1333 0.2615
Winglength 73.45 32.1597  2.2839 0.026 

Hematin 11.15 2.9717  3.7529 <0.01 
Age 1.86 2.6099  0.7147 0.48 

Hematin*Age -0.58 0.2277  -2.5671 0.01 
Model  33.57 4,61  <0.01 

Stepwise model, 
unstandardized 

      

0.48

Intercept 171.43 4.1363  41.4451 <0.01 
Winglength 9.63 4.2148  2.2839 0.03 

Hematin 16.97 4.2325  4.0085 <0.01 
Age -24.47 4.2610  -5.7423 <0.01 

Hematin*Age -11.54 4.4951  -2.5671 0.01 

Stepwise model, 
regressors 

standardized 

Model   4,61  <0.01 

0.48

*Effects not significant at the α=0.05 level discarded 
† Indicates degrees of freedom for overall model F-test. 
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Figure 4-1.  Scatterplot with least squares regression line of the effect of age on fecundity of 
Culex nigripalpus.  
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Figure 4-2.  Scatterplot with least squares regression line of the effect of body size on fecundity 
of Culex nigripalpus.  
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Figure 4-3.  Scatterplot with least squares regression line of the effect of bloodmeal size on 
fecundity of Culex nigripalpus.  
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Figure 4-4.  Scatterplot with least squares regression lines of the effect of bloodmeal size on 
fecundity of Culex nigripalpus. Note that in the ages 21-25 days, slope estimate was 
negative, although the regression was not significant at the α=0.05 level. 
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Table 4-3.  Summary of two ANCOVA analyses describing slope of the fecundity versus 
standardized hematin curve in 5 age classes (slope at 25 days was not estimated due 
to low sample size).  Also shown are the slopes of the pooled “young” versus “old” 
mosquitoes. Note that the slope in the “old” group is not significantly different from 
zero. 

Age (Days) Slope Estimate Std.  Error n T  P
5 6.002 2.6801 13 2.24 0.0291
  
9 8.425 1.951 17 4.32 <0.01
  
13 1.672 1.766 19 0.95 0.3479
  
17 5.259 2.156 12 2.44 0.0179
  
21-25 -7.958 4.373 5 -1.83 0.0732
  
Ages 5-13 4.42 1.41 49 3.13 <0.01
  
Ages 17-25 2.89 2.36 17 1.23 0.2250
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CHAPTER 5 
SENESCENCE AND FECUNDITY OF Culex quinquefasciatus 

Introduction 

Culex quinquefasciatus Say is a cosmopolitan mosquito species found in the tropics and 

subtropics.  It is a noted vector of diseases, including filariases (Ahid et al. 2000, Lima et al. 

2003), protozoan parasites (van Riper III et al. 1986), and various arboviruses (Meyer et al. 1983, 

Sardelis et al. 2001).  Due to its status as a vector, much attention has been paid to the bionomics 

of this species.  Population density and dynamics of vectors such as this are of interest because 

they are one element affecting the probability of disease transmission (Day 2005).  Many factors 

are known to affect the growth and maintenance of populations of Culex quinquefasciatus, at the 

level of landscapes, microhabitats, and the physiology of individual mosquitoes.  This study 

focuses on some of the important predictors of reproductive output at the level of adult 

physiology, as the ultimate determinant of population success is success of individuals (Briegel 

2003). 

Like all anautogenous mosquitoes, Culex quinquefasciatus depends on a bloodmeal for the 

necessary nutrients (protein) to produce eggs.  There have been many studies detailing the 

relationships between bloodfeeding and reproductive output (Akoh et al. 1992, Hogg et al. 1996, 

Roitberg and Gordon 2005).  Studies on Culex quinquefasciatus have documented a positive 

relationship between bloodmeal size and fecundity (Akoh et al. 1992, Lima et al. 2003).  This 

indicates that the size of the bloodmeal, in part, determines the number of eggs that can be laid. 

Other factors are known to influence mosquito fecundity, including body size and teneral 

reserves of the adult females (Briegel 2003).  A portion of the protein reserves accumulated 

during the larval period can be used for nourishment of eggs, and so better larval conditions 

usually result in female mosquitoes capable of greater reproductive output.  Body size is usually 
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positively correlated with larval nutrition, so it serves as an indicator of larval habitat quality, 

and hence teneral reserves (Briegel 2003, Telang and Wells 2004).  Many studies have shown a 

positive relationship between female body size and egg production (Briegel 1990 a, 1990 b, 

Akoh et al. 1992, Lyimo and Takken 1993, Armbruster and Hutchinson 2002, Lima et al. 2003). 

Other members of this species complex, such as Culex pipiens molestus Forskal, a species 

in the same complex of species (Vinogradova 2000), derive the entire protein input for egg 

production from larval nutrition (are autogenous).  It is not unreasonable to assume that a portion 

of the protein required for egg production in the anautogneous members of this complex, such as 

Culex quinquefasciatus is also derived from the larval stage. 

A factor which is generally considered to lower reproductive output in many animal taxa is 

age.  In animals with high rates of daily mortality such as Culex  mosquitoes (Dow 1971, 

Elizondo-Quiroga et al. 2006), selection is likely to have favored high early-life reproduction, at 

the expense of late-life fitness and reproductive capacity (Kirkwood and Rose 1991).  This 

follows from a theory known as the antagonistic pleiotropy hypothesis (Williams 1957).  This 

hypothesis states that mechanisms favoring early life fecundity may have deleterious effects in 

later life.  This is especially pronounced in animals with high per diem mortality such as 

mosquitoes, since the numbers surviving to a late age are insignificant, as is the contribution of 

these individuals to population growth.  So far the physiological mechanisms underlying 

fecundity reductions with age have not been determined.  

A number of studies have examined declines in reproduction with age in mosquitoes, and 

several of these (Walter and Hacker 1974, Gomez et al. 1977, Suleman and Reisen 1979, Akoh 

et al. 1992) have detailed such declines in various strains of Culex quinquefasciatus.  Most of the 

studies just cited have not examined the role of other physiological parameters such as body size 
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and bloodmeal size, or have done so in a manner that does not include these other relevant 

factors in a global model.  Because of this, it is unclear what the relative contributions of each of 

these factors to fecundity in an aging population truly are.  The implication of this decline in 

reproductive capacity with age for the population growth rate is unclear, but it may at times be 

severe (Charlesworth 2000). 

In the interest of developing predictive models for fecundity declines with age, 

consideration of other factors such as bloodmeal size and body size may improve the robustness 

and predictive qualities of the model.  This study was designed to determine the contributions of 

age, body size and bloodmeal size to the fecundity of Culex quinquefasciatus, considered 

together in a multiple regression context. 

Materials and Methods 

Larval Rearing 

Larvae were reared in enameled metal pans measuring 24 x 36 x 5cm containing 

approximately 700 ml of tapwater.  Pans were set with 3 egg rafts each of colonized Culex 

quinquefasciatus, from USDA ARS Gainesville FL, established 1995 (Allan et al. 2006).  Food 

was provided daily to each pan as 20 ml of slurry containing 20 mg/ml 1:1 Brewer’s yeast/liver 

powder.  This rearing regimen was chosen in an attempt to generate a range of sizes, while still 

achieving relatively simultaneous emergence as adults. 

Pupation 

Pupae were placed in 500 ml cups in a large cage measuring 57 x 57 x 57cm and sugar was 

provided to the emerging adults as 10% sucrose solution on cotton wicks.  Adults were allowed 

to emerge for 12 h following the emergence of the first female, whereupon the cups were 

removed.  The final density of mosquitoes in the cage was estimated to be about 700 females.  
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Temperature was 26.8 °C for the duration of the experiment.  Relative humidity was 91.7%, and 

the light cycle was 16:8 L:D. 

Bloodfeeding 

Beginning at 5 days post-eclosion, approximately 36 host-seeking females were removed 

from the cage and bloodfed to repletion on a restrained chicken (University of Florida IUCUC # 

D509).  This was repeated at 4 day intervals until 6 groups were obtained.  The age range thus 

produced was 5-25 days post-eclosion. 

Hematin Collection and Quantification  

Bloodmeal size can be quantified by measuring the amount of hematin in the excreta.  

Hematophagous arthropods void acid hematin as a byproduct of hemoglobin digestion.  It has 

been found that the quantity of hematin voided corresponds in a linear manner with the amount 

of blood ingested (Briegel 1980, 2003).  Determination of the amount of hematin in the excreta 

thus provides an estimate of the relative amount of blood ingested.  This method is easy to 

implement on large numbers of mosquitoes and is minimally invasive.  

Immediately following bloodfeeding, individual mosquitoes placed in separate 40 ml vials 

(2.5 cm diameter, 9.5 cm deep) covered with screen.  10% sucrose was provided on small cotton 

balls.  Following a 4 day period for egg maturation, females were transferred to separate vials 

(see below) for oviposition.  The time required digestion and egg development for this species 

has been found to be 2-3 days (Elizondo-Quiroga et al. 2006), and hence four days was found to 

be a good balance between maximal survival in the vials and maximal ovarian development.  

Fecal material in the vials where egg maturation took place was rinsed from the vial with 2.00 ml 

1% LiCO3.  The resulting solutions were decanted into spectrophotometric cuvettes and the 

absorbance at 387 nm was read using a spectrophotometer.  Absorbance readings were converted 

to micrograms of hematin using a standard curve previously prepared (Appendix B).  
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Oviposition 

After egg maturation, gravid females were transferred into a second set of 40ml vials 

containing 4.0 ml of 10% (by volume) hay infusion in tap water for oviposition.  The following 

morning, egg rafts deposited were removed, placed on water under a microscope and 

photographed at high magnification with a digital camera.  Photographs of the egg rafts were 

printed out using a standard laserjet printer and the number of eggs counted (method suggested 

by A.  Doumboya, personal communication, 2005). 

Egg rafts were replaced in the vials and incubated at 27.1C for 36 h to allow hatching.  

Hatched larvae were filtered onto white filter paper and counted.  Percentage hatch was 

calculated as the number of larvae hatched divided by the number of eggs multiplied by 100.  It 

is unknown whether the handling of the egg rafts affected percentage hatch.  Delayed hatching is 

not known from subgenus Culex mosquitoes, but has been observed in the subgenus 

Melanoconion (Hair 1968).  

Winglengths 

Following oviposition, females were removed, killed, and their wings excised and mounted 

on slides for measurement.  Abdomens were dissected to count retained eggs.  The wings on the 

microscope slides were photographed with a standard size reference (a length of steel measured 

to the thousandth of a millimeter with a caliper).  The photographs were opened in SigmaScan 

Pro 5 (Systat Software, Inc., Point Richmond, CA), calibrated for size, and measured from the 

alular notch to the distal end of R2, excluding fringe hairs (Packer and Corbet 1989).  It was 

decided to use the distal end of R2 as a measurement point as it is an unambiguous standard 

landmark.  Other studies have used the distal end of the wing, or some kind of other subjective 

measure of the maximal distance (Packer and Corbet 1989, Lima et al. 2003).  While others have 

suggested transforming the winglengths thus obtained by cubing the linear measure (Briegel 
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1990 a), the recommendations of Siegel were followed here (Siegel et al. 1992), thus 

winglengths were not transformed. 

Analyses 

Regression analyses were conducted using S-Plus© 7.0 for Windows© (Insightful 2005).  

Analysis of Covariance was conducted using SAS 9.0 (SAS Institute).  Fecundity was scored as 

the number of eggs in the egg raft plus the number of retained eggs in the killed females, 

provided these numbered fewer than 50.  If females retained more than 50 eggs, they were 

discarded from the analysis, as they became difficult to count in high numbers.  Only two 

females in this study retained more than 50 eggs. 

Simple linear regressions of each predictor on fecundity were performed to compare with 

published results of these predictors on fecundity for Culex quinquefasciatus females.   

A multiple linear regression was performed on untransformed variables regressing 

fecundity on body size, bloodmeal size and age.  Non-significant interactions and main effects 

were discarded in a stepwise fashion.  Normality was checked with a Kolmogorov-Smirnov Test 

of Composite Normality, and homoscedasticity with a plot of residuals versus fitted values. 

A multiple regression of fecundity on the standardized values (Z-scores) of the predictors 

was also performed.  Z-scores were calculated by subtracting the mean value of a regressor from 

each observation, then dividing this by the standard deviation of the regressor.  This produces 

mean values of zero and standard deviations of one.  When used in multiple regression analysis, 

it allows a more standard interpretation of slope values, i.e.  It apportions mean changes in 

response due to predictor variations of one standard deviation (Marquardt 1980).  Doing so 

allows one to order the predictors in terms of influence on a common scale. 
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Significant interactions with age were explored with an ANCOVA testing for differences 

in slope of hematin or winglength on fecundity associated with the different age groups.   

A regression of arcsine square root transformed percentage hatch on age was performed, 

but every transformation of the data failed to produce normal residuals.  Further analysis of this 

relationship was conducted with a Kruskal-Wallis test (Milton 1992).  A regression of raw 

percentage hatch against age was performed to get a rough estimate of the effect of age on %age 

hatch.  

Results 

Winglength of female Culex quinquefasciatus ranged from 2.77 to 3.39 mm (Table 5-1).  

Amounts of hematin excreted and fecundity also varied. (Table 5-1).  

Significant linear regressions were found for all three factors, as well as the multiple 

regressions (Table 5-2, Figures 5-1, 5-2, 5-3).  The fit of the full multiple model was 

considerably better than for any of the one-factor linear regressions.  All individual parameters 

influenced fecundity with directions predicted by previous work, except for the unstandardized 

multiple model (Table 5-2).  The standardized multiple model indicates the expected direction of 

influence of these parameters on fecundity (hematin positive, winglength positive, age negative).  

In the formation of the multiple models, it was discovered that there was a significant 

interaction between age and body size predicting fecundity.  Analysis of this interaction by 

ANCOVA (slopes for winglength at varying levels of age) showed that in the younger age 

classes, slopes were positive and significant, (Table 5-3), but after 17 days of age, slopes were 

not significantly different from zero. For illustration, significant slopes were grouped, and slopes 

not different from zero were grouped (Fig. 5-4). 
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The Kruskall-Wallis test showed significant differences in %age hatch between the six age 

groups (Chi-square = 20.7657, df = 5, p-value = 0.0009), but an examination of the scatterplot of 

percentage hatch versus age failed to show a reliable trend with age (Figure 5-5). 

Discussion 

As expected, both bloodmeal size and body size had a positive influence on fecundity.  The 

degree of dependence on these two factors considered alone is relatively low, but taken together 

with age, a very precise model explaining most of the variance in fecundity was achieved.  Age 

was the factor that explained the greatest variance in fecundity, either as a single factor in the 

simple linear regressions, or as a factor in the standardized multiple regression model. 

The decline in fecundity with age had the greatest influence on fecundity in the 

standardized multiple model, indicating that a standard deviation in age has a greater effect than 

a standard deviation in bloodmeal size or body size.  That there is a noticeable decline in 

fecundity with age over a span of 25 days post-eclosion accords with one of the expectations of 

the antagonistic pleiotropy hypothesis of aging, namely that age-associated fitness effects are 

expected to be large in taxa experiencing high per-diem mortality (Williams 1957).  

Consideration of the two full models illustrates the potentially confusing nature of 

unstandardized factors used as predictors in multiple regression models.  The unstandardized 

form seems to qualitatively differ with respect to the expected sign (+/-) for age.  The 

explanation for this is that factors were measured on different scales (Marquardt 1980).  Each 

regression would perform identically when used as a predictive equation, but more intensive 

analysis is better accomplished by examining the model with standardized regressors.  

In the standardized model, each predictor accords with the expected direction of influence 

on fecundity: i.e.  Negative for age, positive for bloodmeal size and body size.  Since the 

predictors are considered at equivalent intervals, one can judge the relative contributions of each 
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to the overall model.  On the whole, age had the strongest influence on fecundity, followed by 

bloodmeal size and body size.  

The estimate for the decline in fecundity associated with age in the unstandardized simple 

linear regression of age on fecundity is similar to that reported for a wild Vero Beach strain of 

this species (Walter and Hacker 1974), but greater than those reported for Asian populations of 

this species (Walter and Hacker 1974, Suleman and Reisen 1979).  The influence of age on 

fecundity may also be modified by temperature and humidity, so direct comparisons between 

these studies are difficult to make, as these other studies held the animals under different 

conditions..   

It should be noted that the effect of age-related declines in fecundity are only one measure 

of the impact of age on population growth in an age-structured population.  Mosquitoes have 

high rates of daily mortality (Dow 1971, Reisen et al. 1991), and this is likely to account for a 

greater decline in fitness at the population level than changes in fecundity (Dye 1984).  

Nonetheless, the effect of these age-related fecundity declines is substantial and should be 

incorporated into the construction of models of age-structured population growth wherever 

possible (Gotelli 1998).   

The interaction between adult body size and age accounted for a portion of the variance 

and increased the R2 of the model moderately.  It also led to a more careful consideration of the 

effect of body size across the different age groups.  The effect of body size on fecundity was not 

constant: in the younger groups, it was significant and positive whereas in the older groups it had 

no significant influence.  A possible explanation would be that if mobilization of teneral protein 

reserves is interrupted as a consequence of age, or if most of these reserves have disappeared, 

then the only significant factor predicting fecundity would be bloodmeal size.  
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Briegel demonstrated with Aedes aegypti the somewhat surprising fact that larger females 

invested progressively less lipid into their yolk mass with increasing gonotrophic age, despite 

having access to sucrose from which to synthesize lipids.  This was not seen in smaller females 

(Briegel et al. 2002).  In fact, in both groups, total lipid increased with age.  Associated with this 

finding was an observation that the slope of the fecundity versus age curve was steeper for larger 

females than it was for smaller females, indicating that proportionate to their body size, larger 

females tended to produce less eggs in later ovipositions than in earlier ones.  If such a dynamic 

also exists in Culex quinquefasciatus, then this could show up as an interaction between age and 

body size predicting fecundity.  

Another possible explanation for this might be a decline in protein reserves brought about 

by the sugar-only diet of the females prior to bloodfeeding (Lang et al. 1965).  If protein reserves 

are totally exhausted, then they cannot positively influence fecundity.  If we also postulate that 

there is no or low correlation between body size and bloodmeal size, then any positive effect of 

body size on fecundity would disappear when teneral reserves are exhausted.  In this dataset, 

only 12.9% of the variance in bloodmeal size can be apportioned to differences in body size 

(data not shown). 

The relationship between teneral protein reserves and fecundity is best seen with 

autogenous mosquitoes, as protein for the first egg batch is derived entirely from teneral reserves 

(Telang and Wells 2004).  Because in this study the correlation between body size and 

bloodmeal size is low (larger females did not take significantly larger bloodmeals), there is no 

discernable advantage to being larger.  

This is the first time that an interaction between adult mosquito body size and age 

predicting fecundity has been reported, and it should stimulate further research into the 
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possibility of interactions with age in predictive models of mosquito fecundity.  Particular 

consideration should be given to generating a wide variety of sizes of mosquito, as well as 

perhaps greater diversity of age groups.  This may give a better idea of the timing of any 

interaction effects.  Other experiments should also be performed testing whether this type of 

interaction between body size and age is evident in females given multiple bloodmeals.  
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Table 5-1.  Summary statistics for factors and responses used in regression models. 
Statistic Hematin 

(µg) 
Winglength 

(mm)
Age Fecundity (# of 

eggs in raft)
Retained 

eggs 
percentage 

hatch
Min 7.47 2.77 5 43 0 1.15

Mean 16.87 3.06 12.14 151 1.27 81.47
Max 29.39 3.39 25 231 35 100

N 130 130 130 130 130 130
Std.  

Deviation 
4.04 0.11 6.98 44.17 4.58 18.58
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Table 5-2.  Summaries of five separate regression equations predicting fecundity of Culex 
quinquefasciatus fecundity from individual factors and combinations of factors.  

 
Regressors Parameter Coefficient Std.  

Error 
DF† T or F P R2 

Intercept 222.61 6.5136 34.18 <0.01
Age -5.75 0.4901 -11.72 <0.01
Model 30.24 1,128 137.40 <0.01

Age 

  

0.52 

Intercept 72.85 14.79 4.93 <0.01
Hematin 4.74 0.85 5.56 <0.01
Model  1,128 30.95 <0.01

Hematin 

  

0.19 

Intercept -123.88 102.71 -1.21   0.23
Winglength 90.31 33.49 2.70 <0.01
Model 1,128 7.27 <0.01

Winglength 

  

0.05 

Intercept -409.13  137.48 -2.98 <0.01
Hematin 3.60 0.54 6.71 <0.01
Winglength 187.03 45.59 4.10 <0.01
Age 24.20 10.79 2.24 <0.05
Winglength*Age -9.81 3.53 -2.78 <0.01
Model 4,125 85.04 <0.01

Full model, 
unstandardized 

  

0.73 

Intercept 153.50 2.02 76.13 <0.01
Hematin 14.54 2.17 6.71 <0.01
Winglength 7.56 2.18 3.47 <0.01
Age -31.90 2.04 -15.64 <0.01
Winglength*Age -5.94 2.14 -2.78 <0.01

Full model, 
standardized 

Model 4,125 85.04 <0.01

0.73 

*The predictors and interactions that were not significant at the α=0.05 level were removed as 
part of a stepwise model reduction. 
† Indicates degrees of freedom for overall model F-test. 
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Figure 5-1.  Scatterplot of fecundity versus unstandardized age at bloodfeeding for Culex 

quinquefasciatus. 
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Figure 5-2.  Scatterplot of fecundity versus unstandardized bloodmeal size for Culex 

quinquefasciatus.  
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Figure 5-3.  Scatterplot of fecundity versus unstandardized body size for Culex quinquefasciatus.  
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Figure 5-4.  Scatterplot of unstandardized winglength versus fecundity showing the response 

between ages 5- 13 days (solid line, circles) and 17-25 days (broken line, triangles). 

Table 5-3.  ANCOVA analysis describing slope of the fecundity versus winglength relationship 
for 6 Culex quinquefasciatus age classes.  Also shown are the slopes of the pooled 
“young” versus “old” mosquitoes.  Note that in both cases, after 13 days, the slopes 
are not significantly different from zero. 

Age (Days) Parameter Estimate Std.  Error n T  P
5 Winglength 151.043 41.488 27 3.64 <0.01
    
9 Winglength 115.007 45.116 32 2.55 0.0121
    
13 Winglength 175.785 36.796 32 4.78 <0.01
    
17 Winglength 10.516 48.545 24 0.22 0.8289
    
21 Winglength -109.853 103.163 11 -1.06 0.2891
    
25 Winglength 54.767 129.188 4 0.42 0.6724
    
Ages 5-13 Winglength 131.773 27.743 91 4.75 <0.01
    
Ages 17-25 Winglength -6.317 49.090 39 -0.13 0.8978
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Figure 5-5.  Scatterplot of Percentage hatch versus age for Culex quinquefasciatus.  
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CHAPTER 6 
DISCUSSION 

Fecundity is an important parameter in the overall fitness of female organisms, as 

well as males, albeit indirectly.  At the population level, the mean number of offspring 

produced by females has an effect on the growth characteristics of the population.  

Anautogenous mosquitoes, like many insects, are capable of producing a great 

number of eggs in their lifetime.  This reproductive output is predicated upon several 

factors, such as larval nutrition (Akoh et al. 1992), adult nutrient acquisition 

(bloodfeeding) (Akoh et al. 1992, Briegel 2003), and survival.  Another factor which is 

known to affect reproductive rate in many organisms is age (Akoh et al. 1992, Mahmood 

et al. 2004).  The gradual breakdown in physiological competence, and associated 

decreases in performance as an organism ages is referred to as senescence.  

The studies described in this work presented here examined the role of bloodmeal 

size, body size and age in determining the fecundity of Culex nigripalpus and Culex 

quinquefasciatus. Body size served as the proxy for larval nutrient acquisition, since the 

two factors have been found to be correlated (Akoh et al. 1992, Koella and Offenberg 

1999).  

Larval Nutrition 

The effects of mosquito larval nutrition on reproduction have been well studied in 

autogenous species.  In autogenous species, the entire protein input into the yolk of the 

eggs is of larval origin (Clements 2000 a) and no bloodfeeding is required, at least for the 

first gonotrophic cycle.  Lipid and carbohydrate may be larvally-derived, or may be 

acquired from sugar feeding.  
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Anautogenous species (species requiring blood for vitellogenesis) likewise realize 

benefits from the larval stage, both from the teneral reserves acquired (Briegel 2003), and 

also because greater larval nutrition correlates with greater adult body size, which in turn 

is correlated with a larger number of ovarioles in the ovaries (Clements 2000 c).  Larger 

mosquitoes are also able to take larger bloodmeals (though the strength of this 

relationship varies). This means that larger mosquitoes are capable of greater protein 

acquisition.  The effects of larval nutrition are seen as a simple correlation between body 

size and fecundity in the species in question (Briegel 1990 a, Akoh et al. 1992, Lyimo 

and Takken 1993, Armbruster and Hutchinson 2002, Lima et al. 2003).  

In the series of experiments reported here, there was consistently a significant 

effect of body size on fecundity, indicating that larval nutrient reserves and adult body 

size are important predictors of fecundity in Culex nigripalpus and Culex 

quinquefasciatus.  This result agrees with results obtained for many mosquito species 

(Nasci 1986, Briegel 1990 b, Akoh et al. 1992, Lyimo and Koella 1992, Lyimo and 

Takken 1993, Xue et al. 1995, Armbruster and Hutchinson 2002, Lima et al. 2003). 

Bloodmeal Size 

The size and quality of the bloodmeal is another important determinant of fecundity 

in anautogenous mosquitoes. The bloodmeal provides the only protein input for egg 

production aside from protein acquired in the larval stage.  Blood also furnishes 

substantial amounts of lipid and carbohydrate, which are used in vitellogenesis. 

In most studies to date, the size of the bloodmeal has been shown to be positively 

correlated with the number of eggs produced (Cochrane 1972, Edman and Lynn 1975, 

Clements 2000 a, Briegel 2003).  This has been shown to be the case in both Culex 

nigripalpus (Edman and Lynn 1975), and Culex quinquefasciatus (Akoh et al. 1992).  
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The results of the experiments reported herein confirm these results. They also 

provide a precise quantification of the number of eggs produced for a given amount of 

voided hematin. The strength of these relationships varied by species, and also with age. 

This provides a baseline estimate of the strength of the dependence of fecundity on 

bloodmeal size in these two species of mosquitoes, as well as how bloodmeal size 

combines with other factors to influence fecundity. This knowledge can be used to better 

understand the role of life history events (such as bloodfeeding and larval feeding) 

shaping the habits of these species.   

Age 

The process by which the health and vitality of an organism diminish with age is 

known as senescence, and it is found to varying degrees in many taxa.  What is less well 

understood are the processes which contribute to this decline in faculties as an organism 

ages.  

There are some evolutionary theories regarding the origin and maintenance of 

senescence in natural populations (Gavrilov and Gavrilova, 2002).  The major predictions 

of these theories are that short lived organisms are expected to experience the negative 

physiological consequences of aging more severely and at an earlier age than longer lived 

organisms, due to the weakness of selection against late-life fitness declines.  

The phenomenon of senescence has implications not only for the aging individual, 

but also collectively for the population as a whole, when cohorts of organisms become 

old-biased.  Senescence is a plastic trait under natural selection, and can be influenced by 

artificial selection in relatively few generations (Stearns et al. 2000 a).  This helps to 

confirm an evolutionary explanation for senescence.  
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Mosquitoes are known to have high extrinsic mortality (Dow 1971, Reisen et al. 

1991, Elizondo-Quiroga et al. 2006), and as such have likely been selected for high early-

life fecundity (an extrapolation from the theories mentioned above).  This means that 

reproductive capacity should reach its maximum shortly after the animal reaches sexual 

maturity (4 days post-eclosion for many mosquito species) and decline thereafter.  This 

has been demonstrated in several mosquito species (Jalil 1974, Walter and Hacker 1974, 

Gomez et al. 1977, Suleman and Reisen 1979, Akoh et al. 1992, Mahmood et al. 2004), 

but the rate at which fecundity declines can be specific to the species or the geographic 

strain of the species in question (Walter and Hacker 1974).  

In disease vectors such as mosquitoes, the decline in fecundity with age may have 

epidemiologic significance if it serves to decrease the abundance of vectors available for 

enzootic or epidemic disease transmission over the course of a transmission season. 

Arbovirus transmission is in part dependent, in part, on vector abundance, and if 

abundance is not sufficient, transmission is unlikely (Mitchell et al. 1980, 1983). It 

should be noted, however, that small populations of aged mosquitoes can sometimes 

sustain epidemic transmission (Day 2001). 

The experiments reported herein provide estimates as to the effect of age on the 

fecundity of Culex nigripalpus and Culex quinquefasciatus from Florida.  The 

demonstration of an age-related fecundity decline in Culex nigripalpus is the first such 

reported for this species.  

The aging experiments in this work were conducted in a manner that did not allow 

repeated bloodfeeding, rather the bloodmeals given represented the first that any female 

had in her lifetime.  It is not clear from these results whether the effects of senescence 
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might have been ameliorated had the females had access to blood on a regular basis.  

Nonetheless, the slopes of the age related fecundity declines are similar to those of other 

Culex species studied (Walter and Hacker 1974, Mahmood et al. 2004).  

Interactions 

An interesting and novel result to emerge from this work is the demonstration of 

interactions between bloodmeal size (Chapter 4), and body size (Chapter 5) with age.  

This is the first time such a phenomenon has been investigated, and bears closer 

consideration. 

In the case of the interaction between bloodmeal size and age predicting fecundity 

in Culex nigripalpus, the interaction was in large part due to the response of fecundity to 

bloodmeal size in the last two age groups (20 and 25 days old).  The sample size for 

estimating this effect was low, but the slope estimate was large and negative.  A possible 

explanation for the result is that digestive or vitellogenic processes are impaired in older 

females.   

In the case of the interaction between body size and age in Culex quinquefasciatus, 

the result was more robust due to a larger sample size.  A simple physiological 

explanation suggests itself: that teneral reserves of protein are depleted as the mosquito 

ages and thus at older ages, increased body size fails to result in increased fecundity.   

Another explanation might be offered by the finding of Briegel, working with 

Aedes aegypti: that larger females invest progressively less lipid into cogenesis as they 

age, while smaller females do not (Briegel et al. 2002). Differentiating between these two 

hypotheses could only be accomplished by careful biochemical analyses of the 

mosquitoes as they age.  
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It is unknown if this interaction effect would disappear if repeated bloodmeals had 

been made available.  If bloodfeeding had been allowed at regular intervals, perhaps 

metabolically-depleted teneral protein reserves would be replenished, although in 

general, bloodmeal protein is generally only used for egg production (Briegel 2003).  

Future Research 

The results of these experiments suggest some new avenues and techniques for 

research into factors governing fecundity in mosquitoes. 

The interaction terms discovered in Chapters 4 and 5 suggest that there may be 

some important physiological changes in blood digestion or levels of teneral reserves that 

occur in Culex mosquitoes with age.  With reference to the interaction between body size 

and age predicting fecundity in Culex quinquefasciatus, the role of teneral protein in egg 

production should be examined.  It is known that the entire protein input necessary for 

first-cycle egg production in autogenous mosquitoes, including Culex pipiens molestus 

Forskal, are derived from larval nutrition (Clements 2000 c).  It is not therefore 

unreasonable to suspect that teneral protein also contributes to reproduction in 

anautogenous species such as Culex quinquefasciatus.  If so, the depletion of such protein 

reserves in aging adult mosquitoes could be examined.  Different taxa and populations 

could then be compared in order to determine the relative contributions of teneral and 

bloodmeal-derived protein inputs used for reproduction. This would be of interest 

because it would allow a partitioning of the effects of larval and adult nutrition on 

lifetime fitness.  

With reference to the interaction between bloodmeal size and age predicting 

fecundity detected in Culex nigripalpus (Chapter 4), the functioning of digestive and 

oogenic processes should be examined in aging mosquitoes.  If these become 
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compromised in some way, then the interaction could be explained, and a mechanism of 

senescence in this species could be elucidated.  

Aging and senescence are not biologically fixed traits, but rather have been shown 

to be modified by selection (Stearns et al. 2000 b).  It is entirely reasonable to suspect 

that different species and different populations within a species have been selected for 

different lifespans.  This is perhaps one reason why the decline in fecundity with age has 

been shown to differ markedly between populations of mosquitoes (Walter and Hacker 

1974).  For this reason, life history traits such as senescence need to be examined with 

reference to a particular population.  For example, if one were to incorporate an age-

related fecundity reduction into an age-structured population growth model, one would 

need to be careful to have parameter estimates derived from the population under 

consideration.  If not, then the model and the field reality may differ greatly. 

One methodological consideration that these results suggest is that multiple factors 

should be included together in models predicting fecundity as well as experiments to 

determine factors affecting fecundity.  This allows for greater accuracy in prediction, and 

also allows some comparison of the relative importance of the factors under 

consideration.  It should also be obvious that the standardization of parameters improves 

the interpretability of regression models, especially when higher order terms or 

interactions are present.  The dangers of working with unstandardized predictors in 

regression models have been stated before (Marquardt 1980), namely that significant 

effects could be unjustifiably discarded.  

From a theoretical standpoint, it is obvious that possible interactions should be 

sought out in multiple models, and if present analyzed further.  An interaction indicates 
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that the response to one factor changes at different levels of the interacting factor.  This 

may be seen as a complication, but in reality, inclusion of significant interaction terms 

can often better describe the relationship between multiple predictors and a response. 

The results of these experiments shed some new light onto the interplay of factors 

affecting fecundity in two Culex species.  Continued investigation into the factors 

governing reproductive success of mosquitoes will provide interesting insights into the 

natural history of these fascinating and important insects.  

 



 

91 

APPENDIX A 
WING MEASUREMENT VALIDATION 

Objective 

To test and validate a method using photographs and image analysis software for precisely 

measuring mosquito winglength. 

Methods 

Ten pieces of aluminum from a soft drink can were cut to random sizes and measured to 

the nearest thousandth of a millimeter with a caliper. The pieces were numbered and 

measurements were recorded. The metal pieces were then photographed adjacent to a 6.758mm 

reference. The photographs were imported into SigmaScan (Systat Software Inc. Richmond CA) 

and calibrated using the SigmaScan 2-point recalibration function. The metal pieces were then 

measured using the SigmaScan default 2-point measurement system in the program and the 

measurements for each were stored.  

A linear regression predicting callipered measurement from the SigmaScan measurement 

was performed using S-Plus (Insightful Corp. Seattle WA).  

Results 

The linear regression was highly significant (Fig. A-1) and had an intercept near zero and a 

slope that approached one (Table A-1). The intercept was not significant, and thus cannot be 

distinguished from zero. 

Conclusion 

This method of measurement is accurate, precise and easy to use. It can easily be used to 

measure between two distinct landmarks on a mosquito wing mounted on a microscope slide 

(Fig. 2-1). 
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Figure A-1. Regression plot showing relationship between caliper measurement and SigmaScan 

measurement.  
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Table A-1. Results of linear regression analysis of callipered length against length measured in 
SigmaScan.  

Parameter Estimate Standard Error P
Intercept 0.0542 0.0693 0.4573

Slope 1.0021 0.0101 <0.0001
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APPENDIX B 
HEMATIN STANDARD CURVE 

Introduction 

Hematophagous insects void several products in their feces following a blood meal. These 

products include uric acid derived from tubal fluids (Briegel 1980, Clements 2000 d), as well as 

products of blood digestion following a bloodmeal (Clements 2000 d). One of these products is 

hematin, a degraded digestion product of hemoglobin. It was suggested by Briegel (1980) that 

quantifying the hematin content of excrement might allow one to estimate the relative size of a 

mosquito bloodmeal. The method of quantification involves reading the absorbance of the 

sample at a wavelength of 387 nm, the absorption peak for hematin. Figure B-1 illustrates a 

sample spectral scan of Culex quinquefasciatus excrement showing the absorption peak 

corresponding to the maximum for hematin. 

 Many authors have used this approach successfully to quantify bloodmeals their 

experimental animals consume (Briegel 1980, Mitchell and Briegel 1989, Briegel 1990 a, Hogg 

et al. 1996, Ferguson et al. 2003). The chief advantage of this method of bloodmeal 

quantification is that it does not involve intrusive and laborious methods of anesthetic use on 

experimental animals and weighing of animals before and after bloodfeeding. 

 

Objective 

To develop a regression model that accurately calculates the amount of hematin in 

mosquito excrement, as a means of quantifying the relative size of the bloodmeal.  

Methods 

Three stock solutions of 1.00 mg/ml porcine hematin (MP Biomedicals, Irvine CA) in 1% 

lithium carbonate were prepared using an analytical balance. From these stock solutions, 14 
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dilutions were prepared, from 0-26µg/ml at intervals of 2.00 µg/ml. The absorbance of these 

solutions at 387nm (the peak absorbance for hematin) was measured and the data recorded.  

Absorbance at 387nm was regressed on hematin concentration using a linear regression in 

S-Plus© 7.0 for Windows© (Insightful Corp.). The slope estimate for this regression was used in 

all calculations of hematin concentration used in this Thesis. 

 Results  

A regression equation was constructed to predict hematin mass from absorbance.  

Conclusion 

 This technique allows one to quantify the hematin present in a sample of excreta, thereby 

providing an indirect estimate of mosquito bloodmeal sizes.  
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Figure B-1. Example of a spectral scan of Culex quinquefasciatus excrement. Note peak 
corresponding to maximal absorbance for hematin at 387nm.  
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Figure B-2. Standard curve used for calculating amount of hematin in mosquito excreta. R2 for 
this regression was 0.9969, F=12830 on 1 and 40 degrees of freedom. N=42 

Table B-1. Results of the regression analysis for absorbance versus concentration. The slope 
estimate was used to calculate all hematin quantities in this work. 

Parameter Estimate Standard Error P
Intercept 0.0556 0.1346 0.6817

Slope 14.366 0.1268 <0.01
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APPENDIX C 
MOSQUITO WINGLENGTH VS. WEIGHT REGRESSIONS 

Introduction 

 Several studies have show that a repeatable, meaningful measure of overall size of a 

mosquito is the length of the wing (Briegel 1990 a, Nasci 1990, Siegel et al. 1992, Hogg et al. 

1996, Koella and Offenberg 1999, Armbruster and Hutchinson 2002, Lima et al. 2003). This is 

usually accomplished by measuring the wing from the alular notch to the wingtip, excluding 

fringe hairs.   

Objective 

To determine the relationships between teneral weights of  Culex quinquefasciatus and Cx. 

nigripalpus females and their winglengths. The purpose of this was to find a proxy measurement 

for female size for use in regression models predicting the fecundity of these species.  

Materials and Methods 

Larvae were reared in enameled metal pans measuring 24 x 36 x 5cm containing 

approximately 700 ml of tap water. Pans were set with 3 egg rafts each of colonized Culex 

quinquefasciatus or Culex nigripalpus.  Food was provided daily to each pan as 20 ml of slurry 

containing 20 mg/ml 1:1 Brewer’s yeast/liver powder. 

Forty-two female pupae of Culex quinquefasciatus and 43 female pupae of Culex 

nigripalpus were removed individually, and dabbed dry with a paper towel. Pupae were weighed 

on a Cahn Millibalance Model 7500 to the nearest 100th of a milligram.  Following weighing, 

pupae were placed in individual 40 mm vials with 4 ml tapwater and allowed to emerge. 

Following emergence, the mosquitoes were killed and their wings removed and adhered to a 

microscope slide with clear double-sided tape. A coverslip was placed over the wings to prevent 

damage. Wings were photographed next to standard size reference and the distance between the 
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alular notch and the end of wing vein R2 (excluding fringe setae) was measured using SigmaScan 

(Appendix 1). 

Data were entered into S-Plus and linear regressions performed predicting mass from 

winglength. 

Significant linear relationships were found between pupal mass and winglength in both 

species (Table B-1, Figs. B-1, B-2). Slopes and intercepts for both regressions were quite similar, 

with that for Culex quinquefasciatus being slightly higher. 

Table C-1. Results of two regression analyses predicting female mass from winglength. All 
regressions were significant at the α=0.05 level.  
Species  Parameter Estimate Standard 

Error
df T P R2

Intercept -4.17 1.77 -2.36 0.02Cx. 
quinquefasciatus Winglength 2.53 .56

1,40
4.54 <0.01

0.34

Intercept -4.12 .98 -4.21 <0.01Cx. nigripalpus 
Winglength 2.33 .32

1,41
7.37 <0.01

0.57

  
Conclusion  

Winglength is an adequate predictor of pupal mass in Culex quinquefasciatus and Culex 

nigripalpus. 
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Figure C-1.  Linear regression of winglength on wet mass of pupae of female Culex 

quinquefasciatus . n=42 
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Figure C-2.  Linear regression of winglength on wet mass of pupae of female Culex nigripalpus. 

N=43 
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