
ABSTRACT 

WALSH, RACHAEL KATZ. Assessing the Impact of Density Dependence in Natural Larval 
Populations of Container Inhabiting Mosquitoes, Aedes aegypti and Aedes albopictus. (Under 
the direction of Dr. Fred Gould). 
 

Approximately 2.5 billion people in the world are at risk of infection by dengue virus 

and approximately 50 million infections occur each year. Dengue fever is cause by the 

mosquito-transmitted dengue virus that produces symptoms along a spectrum, from mild flu-

like symptoms to muscle and joint pains to the most severe form, dengue hemorrhagic fever, 

which can lead to death. The virus is transmitted by the container inhabiting mosquitoes 

Aedes aegypti and Aedes albopictus. In order to design more efficient approaches for 

controlling both the disease and the mosquitoes, it is critical to understand the factors that 

regulate larval density within water-filled containers.  

Although many studies of intra-specific competition have been conducted using 

larvae of Ae. aegypti in the laboratory, few studies have been done in the natural environment 

of Ae. aegypti, and no published studies have critically examined density dependence in 

natural containers at normal field densities. Additionally, mathematical models that predict 

Ae. aegypti populations currently lack empirically-based functions for both direct density 

dependence and delayed density dependence. I performed field experiments in Tapachula, 

Mexico, where both species of mosquitoes occur naturally, and Raleigh, North Carolina 

where Ae. albopictus naturally occurs. These experiments were conducted to assess the 

impact of direct density dependence and delayed density dependence in natural larval 

populations.  

In North Carolina, I found a significant impact of delayed density dependence on Ae. 

albopictus larval survival, larval development time and adult body size in containers with 



high larval densities. My results indicate that delayed density dependence will have negative 

impacts on the mosquito population when larval densities reach levels high enough that the 

larval food consumption rate is higher than the rate of natural food production. 

In Mexico, results from 2 rainy seasons and 1 dry season showed that direct density 

dependent factors had a significant impact on larval survival, resulting in an average 16 % 

decrease in survival from the low density treatment to the high density treatment. The daily 

probability of a fourth instar pupating was decreased by 29% in the low density treatment 

compared to the high density treatment. Adults in the low density treatment were 

significantly larger than adults in the high density treatment. I found significant impacts of 

interspecific competition with Ae. albopictus on all three parameters. When Ae. albopictus 

was present, Ae. aegypti experienced a decrease in larval survival and adult body size and an 

increase in larval development. Delayed density dependence significantly impacted 

development time and adult body size, but to a lesser degree than direct density dependence. 

The data collected from these experiments was used to test the accuracy of the current 

density dependent parameters in SkeeterBuster, an Ae. aegypti population dynamics model. 
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INTRODUCTION 

Approximately 2.5 billion people in the world are at risk of infection by dengue virus 

and approximately 50 million infections occur each year. Dengue fever is caused by the 

mosquito-transmitted dengue virus that produces symptoms along a spectrum, from mild flu-

like symptoms to muscle and joint pains to the most severe form, dengue hemorrhagic fever, 

which can lead to death (WHO 2009). The majority of cases of dengue fever are transmitted 

by Aedes aegypti, but the closely related species Aedes albopictus is a minor vector. Both of 

these species are urban mosquitoes that live in close association with humans (Scott et al. 

2000, Ponlawat and Harrington 2005) and lay their eggs in treeholes or artificial containers 

holding water such as tires, buckets, and bird baths (Hawley 1988, Morrison et al. 2004, 

2008, Richards et al. 2008). 

Since there is currently no vaccine available for dengue fever, efforts to reduce the 

disease have focused on vector control. Previous control strategies include chemical control 

using adulticides and larvicides, and source reduction. Using these strategies, successful 

control has rarely been achieved or sustained (Reiter et al. 1997). Koenraadt et al (2007) 

found a rapid recovery of adult Ae. aegypti populations after insecticide spraying consistent 

with the typical application procedures in Thailand (Gratz 1993). Ae. aegypti adults typically 

rest indoors (Scott et al. 2000) which can render them inaccessible to adulticides which are 

often sprayed from moving vehicles (Reiter 2007). Although larvicides and source reduction 

have both been shown to reduce mosquito populations (Bang and Pant 1972, Fernández et al. 

1998, Thavara et al. 2004), problems occur with community wide implementation of control 
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strategies due to insufficient management, organization, community engagement, and 

funding (reviewed by Horstick et al 2010). 

 Recent studies have looked at the possible use of genetically modified mosquitoes for 

both population reduction and population replacement strategies (James 2005, Sinkins and 

Gould 2006). Currently, there are transgenic strains of Ae. aegypti that carry a late acting 

dominant lethal gene (Phuc et al. 2007) and a female specific flightless phenotype (Fu et al. 

2010). Either of these strains could be used in a manner similar to the use of classic sterile 

insect technique to reduce populations of Ae. aegypti. Franz et al. (2006), and more recently 

Mathur et al. (2010) have genetically modified strains of Ae. aegypti that inhibit replication 

of dengue virus type 2 strains in the midgut and reduce virus titres in the salivary glands, 

both of which reduce the transmission rate of the virus. Combining these effector genes with 

a gene drive system could be used to replace native populations of mosquitoes with dengue 

refractory strains, mosquitoes that are unable to transmit the dengue virus. Potential gene 

drive systems that have been proposed include killer rescue, Medea, homing endonucleases, 

and engineered underdominance (Wade and Beeman 1994, Burt 2003, Huang et al. 2007, 

Chen et al. 2007, Gould et al. 2008).  

 In order to efficiently use any control method, an understanding of the population 

dynamics is needed. Population models of Ae. aegypti have been developed to help 

understand the dynamics that regulate population densities (Focks et al. 1993, Otero et al. 

2008, Magori et al. 2009). Legros et al (2009) and Xu et al. (2010), both using a spatially 

explicit, stochastic model, identified density dependent processes as important population 
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regulators. However, they also recognized the lack of empirical data available to accurately 

parameterize the model. 

 Density dependence can be divided into two types: direct density dependence, which 

involves immediate impacts of the current generation or cohort of individuals on each other, 

and delayed density dependence, which results in time-delayed impacts on the current 

generation or future generation of individuals or cohorts (May et al. 1974, Hassel et al. 1976, 

Turchin and Taylor 1992). 

 Some studies have found an impact of direct density dependence in manipulated 

laboratory Ae. aegypti populations (Barbosa et al. 1972, Agudelo-Silva and Spielman 1984, 

Agnew et al. 2002, Reiskind and Lounibos 2009). These studies have found a relationship 

between increased larval densities and lower amounts of food with decreased larval survival, 

increased larval development time, decreased adult body size, and decreased adult longevity. 

Although semi-field studies have found similar results (Southwood 1972, Subra and Mouchet 

1984, Macia 2006), these experiments cannot be relied upon to provide adequate data for 

parameterizing models of natural populations. All of these studies either use the addition of a 

food source (rain water, water-hay infusions, maize gruel), containers that are reflective of 

the types of artificial containers found in the field, but not used directly from a field setting, 

or arbitrarily determined larval densities that may not reflect natural larval densities (Legros 

et al. 2009).  

 The impact of delayed density dependence has been previously studied in many insect 

populations including populations of the potato aphid, Macrosiphum euphorbiae, (Alyokhin 

et al. 2005), southern pine beetle, Dendroctonus frontalis, (Friedenberg et al. 2008), forest 
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tent caterpillar, Malacosoma disstria (Cooke and Lorenzetti, 2006). However, only one study 

was found that examined the impact of delayed density dependence on a container inhabiting 

mosquito (Aspbury and Juliano 1998). Their study used small containers to produce a 

treatment of leaf litter that had been previously exploited by Ae. triseriatus larvae and a 

treatment without Ae. triseriatus larvae present. These containers were then taken to the field 

and placed in tires or treeholes and natural rain water was allowed to accumulate. Twenty-

five larvae were then placed in each treatment and allowed to pupate. They found that 

containers with leaf litter previously exploited by larvae resulted in longer larval 

development time and smaller adult size compared to containers not previously exploited by 

larvae. This study provides useful information on delayed density dependence in container 

inhabiting mosquitoes. However, it has similar problems as those seen in semi-field studies 

of direct density dependence. In this study, water was allowed to flow between treatments in 

a given tire or treehole which could carry nutrients and food between treatments, thereby 

making it hard to attribute the observed differences specifically to the treatment effect. The 

numbers of larvae used to produce the treatments and test the treatments may not have been 

chosen to reflect the natural larval densities found in the field.  

 The objective of this study was to obtain data that could be used to evaluate the 

impact of direct density-dependence and delayed density dependence in natural populations 

of Ae. aegypti and Ae. albopictus. All experiments were conducted in areas where the 

mosquitoes are endemic. By using naturally-occurring larvae at field-relevant densities we 

could more realistically assess the impact of density on larval development, larval survival, 

and adult body size. 
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Abstract 

 Although many studies of intra-specific competition have been conducted with Aedes 

aegypti in the laboratory, few studies have been conducted in natural environments and we 

have not found any published studies that examined density dependence in natural containers 

at normal field densities. Additionally, current mathematical models that predict Ae. aegypti 

population dynamics lack empirically-based functions for density-dependence. We 

performed field experiments in Tapachula, Mexico where dengue is a significant public 

health concern.  Twenty-one containers with natural food and water which already contained 

larvae were collected from local houses. Each container was divided in half and the naturally 

occurring larvae were apportioned in a manner that resulted in one side of the container (high 

density) with four times the density of the second side (low density). Larvae were counted 

and pupae were removed daily. Once adults emerged, wings were measured to estimate body 

size. Density had a significant impact on larval survival, adult body size, and the time taken 

to transition from fourth instar to pupation. An increased density, decreased larval survival 

by twenty percent and decreased wing length by an average of 0.19 mm. These results 

provide a starting point for a better understanding of density dependence in field populations 

of Ae. aegypti. 
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Introduction  

Dengue is the most important mosquito borne virus in the world today. 

Approximately fifty million people become infected each year and forty percent of the 

world’s population lives in areas of risk (World Health Organization, 2009). The virus is 

primarily transmitted by the mosquito Aedes aegypti, which lives closely associated with 

humans and preferentially, feeds on humans (Scott et al. 2000, Ponlawat and Harrington 

2005). These mosquitoes typically lay their eggs in artificial water-filled containers in and 

around peoples’ houses (Morrison et al. 2004, 2008).  

 Efforts aimed at suppressing Ae. aegypti populations have included source reduction 

(Nathan and Knudsen 1991, Fernández et al. 1998) larvicide/adulticide treatments (Bang and 

Pant 1972, Thavara et al. 2004), and in the future may also include genetic control (Fu et al. 

2010). One aspect of the population dynamics of Ae. aegypti that could impact the 

effectiveness of any of these control methods is density-dependent intraspecific larval 

competition. For example, a control method that reduces the number of eggs laid by 75% 

could result in an equivalent reduction in the number of adults in the following generation if 

there was no density dependent competition. However, studies with mosquitoes and other 

insects have shown that when density dependence is present, a 75% reduction in the number 

of eggs or larvae could even lead to production of more adults than expected when no control 

measure was used (Rajagopalan et al.1977, Washburn 1995). 

 Laboratory studies of Ae. aegpyti have shown that high densities of larvae and lower 

amounts of food decrease larval survival, increase larval development time, and decrease 

adult body size (Agudelo-Silva and Spielman 1984, Agnew et al. 2002, Arrivillaga and 
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Barrera 2004), but the utility of these laboratory studies in predicting field population 

dynamics is questionable. Although there are informative field studies of interspecific 

competition between Ae. aegypti and Ae. albopictus (Juliano 1998, Braks et al. 2004, Juliano 

et al. 2004), few studies have attempted to look at Ae. aegypti intraspecific larval competition 

in the field. One field study examined density-dependence in natural populations of Ae. 

aeygpti in Thailand (Southwood et al. 1972). The authors concluded that density-dependence 

affected mortality from egg to second instar, but does not have an impact on the mortality of 

other instars. Although these data are useful, the study only provides nine data points 

collected over nine sequential months and is not sufficient to accurately quantify the pattern 

of density dependence. Nevertheless this work has been the predominant source of data for 

population dynamics models of Ae. aegypti (Dye 1984, Phuc et al. 2007, Yakob et al. 2008).   

 Legros et al. (2009) examined a frequently used Ae. aegypti population model (Dye, 

1984), which is based on data from Southwood et al. (1972). They concluded that because 

Dye’s model assumes that there is no density-independent mortality in Southwood’s 

experimental larvae, the model was likely to have substantially overestimated the impact of 

density dependence. Legros et al. (2009) also examined other empirical studies of density 

dependence in Ae. aegypti that used semifield conditions and found none that could be used 

to evaluate naturally occurring density dependent intraspecific competition.  

 The objective of the study reported here was to obtain data that could be used to 

evaluate the impact of density-dependent intraspecific competition in a natural population of 

Ae. aegypti where dengue virus is endemic. In order to conduct a natural study, containers 

were collected from local houses with naturally occurring densities of Ae. aegypti larvae. 
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Each container was divided in half, enabling us to produce two density treatments of the 

naturally-occurring larvae within a container. By using naturally-occurring larvae at field-

relevant densities we could more realistically assess the impact of density on larval 

development, larval survival, and adult body size. Our design was not, however, completely 

natural because we moved the buckets to a central location with temperature and humidity 

similar to the original environment, but where the buckets were shielded from further input 

of debris and of rainwater that could have caused an overflow of water from the buckets. 

Materials and Methods 

Study area 

This study was conducted in Tapachula, Chiapas, Mexico, which is located in the 

Southern part of the coastal plain of the country (14°54’ N, 92°17’W’’). The city is located 

about 13km from the Guatemala border. This region typically experiences a dry season from 

December through May (average rainfall <1mm), and a rainy season from June through 

November (average 2500mm over the season) (NCDC 2011). Reliability of water access 

from city-maintained pipes varies by season as well as by location within the city and the 

small towns surrounding the city. Some areas do not have any access to piped water at all and 

rely on river, well, and rain water. The types of houses vary from those with cement walls 

and sealed roofs to others with tin walls and unsealed tin roofs. Previous surveys of water 

containers in the area found that five gallon (~20L) plastic buckets made up approximately 

29% of the total containers with immature Ae. aegypti (G. Bond et al. unpublished data).  
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General experimental procedures  

This study was conducted in 2008, between May and August, a period ranging from 

the end of the dry season through the middle of the wet season. Five gallon buckets used in 

the study were collected from houses within approximately a 25km radius from the center of 

the city. All categories of houses were surveyed for containers with Ae. aegypti larvae. Once 

positive containers were identified, they were brought back to the Centro Regional de 

Investigación en Salud Pública (CRISP) which was 0.84km from the center point of the city. 

We did not add water, food, or laboratory reared larvae to the containers. All containers were 

kept outside to simulate the natural environment of the containers as much as possible, 

although they were kept under a metal roof to prevent rainwater from changing the volume of 

water within containers.  

The number of Ae. aegypti larvae in each container were recorded daily. All larvae 

were counted and the instar of each larva was determined using a dissecting microscope. 

Larvae were returned to their original container after the instar was determined. Pupae were 

taken out of the container and put into individual water-filled plastic tubes, where they were 

allowed to emerge as adults. Emerged adults were frozen in individual dry eppendorf tubes. 

Any adults that were identified as Aedes albopictus (3% of the total adults collected), which 

are also present in the area and found in similar production containers, were not used in the 

data analysis. The right wing of each adult was measured to estimate adult body size, using 

the measurement method described by Koenraadt (2008). Wings were measured using 

QCapture Pro 6.0 software.  
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Effects of larval handling 

 This experiment was conducted first in order to determine if counting and staging 

larvae under a microscope impacted mortality or the size of emerging adults. For each of six 

positive containers, all of the original water was first extracted and put into a temporary 

container. The container was then divided in half with a vertical piece of styrofoam, fit to the 

size of the container (Figure 1). The sides and bottom of the styrofoam were sealed to the 

bucket with hot glue to ensure no passage of water between the two sides. The original water 

was then poured back into the container with equal volume on both sides within one hour of 

when it was removed. Eggs found on the sides of the container were killed by crushing them 

with a paper towel and were then wiped off of the bucket. Each bucket (N=6) was divided 

into two treatments; a control treatment and a manipulation treatment. The larvae originally 

found in a bucket were divided into two equal size groups per instar, and one group was 

placed into the water on each side of the bucket. All containers were covered with mesh to 

prevent females from laying new eggs in the containers. The same experiments were 

performed in the lab using a mixture of Brewer’s yeast and liver powder as food for the 

larvae, water from a well, and larvae were taken from a lab colony. These experiments were 

used to compare field and laboratory survival. In the manipulation treatment, larvae were 

counted and staged each day. In the control treatment, larvae were left undisturbed. For both 

treatments, as larvae pupated they were taken out of the buckets and placed in tubes as 

described above.  
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Effects of larval density  

 This experiment was designed to understand the impact of density on development, 

growth, and survival. The containers with naturally occurring larvae were obtained from 

local houses and were prepared as in the larval handling experiment described previously. 

This experiment also involved two treatments; a high density and a low density treatment. 

The naturally occurring proportion of larvae in each instar varied between buckets. 

Therefore, for each bucket the number of larvae in each instar was counted and divided into 

an approximately 4:1 ratio, high treatment:low treatment. The actual numbers of larvae in 

each instar placed in the two treatments at the beginning of the experiment are presented in 

Table 1. The partial life tables (Appendix A), indicated that there was extra hatchlings of 

larvae after the start of the experiment in some buckets. We assumed that this was due to 

unsuccessful killing of all the eggs found in the container, possibly due to some eggs being 

laid on the water surface itself (Madeira et al. 2002). To account for the extra hatching, the 

ratio between the high- and low-density sides of each bucket was determined based on the 

day when the maximum number of larvae was found (Appendix A). The adjusted ratios 

ranged from 2.7-5, with a mean ratio of 3.8 ± 0.69 (SD). Every day, larvae on each side of 

each bucket were temporally taken out to count and categorize by instars. Newly pupated 

individuals were removed daily and allowed to develop to the adult stage as described above. 

Survival was calculated based on proportion of the maximum number of larvae in each half 

of a container that pupated. Data were not used for 3 containers in which the largest number 

of larvae present did not occur within the first four days of the experiment.  
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 When collected from houses, the buckets typically contained Ae. aegypti larvae in a 

range of instars. This made typical calculations of development time to pupation highly 

variable. As an alternate measure of differences in larval development between the two 

treatments, we determined the daily probability of a fourth instar becoming a pupa (referred 

to hereafter as pupation probability).   

Statistical Analysis 

 Survival and wing length data were analyzed using paired t-tests (Sokal and Rohlf 

1995). Paired t-tests allow comparison of the two treatments in each individual container to 

each other. We chose to use this test because we assume that within each container, the food 

and water are the same for both sides of the container. This statistical comparison therefore 

enabled us to attribute any differences to the density or handling treatments in an experiment. 

All tests are two-tailed unless indicated otherwise. A sign test was also used to analyze 

development and pupation probability (Sokal and Rohlf, 1995).  

 Mean survival is reported as the actual means of each treatment from each container, 

calculated over all containers, where N is the total number of containers. Pupation probability 

is calculated as the average daily probability of transitioning from fourth instars into pupae 

for each treatment within a bucket. The differences between treatments for each of the 

buckets are then analyzed by paired t-tests. Pupation probability and wing length means 

reported are means over all containers of the means from each container, where N is the total 

number of containers. Initial larval density refers to the total number of larvae of all instars in 

the as yet divided buckets at the time of collection, divided by the water volume found in that 

bucket. We use the log transformation of the initial larval density because of the 
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multiplicative interaction expected between initial larval density and the other parameters 

measured.  

 

Results  

Effects of Larval Handling  

 The mean survival (averaged for treatment and control) in the new buckets provided 

with artificial food (0.906) was greater than the survival for the field-collected natural 

buckets (0.647) (Table 2).  

 Based on paired t-tests, we found no significant effect of larval handling on survival 

of larvae in the field-collected containers (t=0.546, df=5, p=0.61) (Table 2).  

 Larval handling did not significantly affect wing length for males (t=0.808, df=5, 

p=0.455) or females (t=0.953, df=5, p=0.384) (Table 2). Overall, we conclude that the 

counting and staging of larvae with a microscope had no effect on the larvae. 

Effects of Larval Density 

 The average survival was higher in the low-density treatment (0.632) than the high 

density treatment (0.503), this difference of 0.129 was significant (t=3.47, df=19, p=0.0099) 

(Figure 2A). Although the low density treatment had significantly higher survival on average, 

there was high variation between the containers (Figure 3B) with 12 of the 20 containers 

having a higher proportion surviving in low density treatments, 6 of the 20 containers having 

approximately equal proportion surviving in both treatments and 2 containers having a higher 

proportion surviving in the high density treatment. Although the proportion of larvae that 

survived was lower at high densities of larvae, the actual number of pupae produced by each 
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treatment was on average greater for the high density treatment (mean=14.1 pupae/bucket) 

compared with the low density treatment (mean=5.95 pupae/bucket).  

 There was a significant relationship between log of the initial larval density (at the 

time of collection from houses) and the average survival for both the low density treatment 

(R2=0.3765, df=19, p=0.004) and the high density treatment (R2=0.4268, df=19, p=0.002) 

(Figure 3A). For both treatments, containers with a higher initial larval density had a lower 

survival. In one container, survival is above 1.0 due to eggs that hatched after buckets were 

collected. There was no correlation between the initial density in a container and the degree 

to which the density manipulation treatment impacted survival (R2=0.0201, df=19, 

p=0.5514). 

 There was a significant difference in the pupation probability between the high and 

low density treatments (t=2.563, df=18, p=0.0195). On average, the low density treatments 

had a higher daily probability of pupation from fourth instar than the high density treatments 

(Table 3). In 13 of the 18 containers, larvae in the high density treatment spent more time as 

a fourth instar than larvae in the low density treatment (Supp. Table S1) and a sign test gave 

a one tailed p-value of 0.0392 for these data.   

 There was a significant difference in wing length between the density treatments for 

both males (t=2.77, df=16, p=0.009) and females (t=4.87, df=11, p<0.001). On average, the 

high density treatment produced smaller adults of both sexes (Figure 2B, C). Only 1 of the 13 

containers had smaller females (Figure 4B) and 2 of the 17 containers had smaller males 

(Figure 5B) in the low density treatment, (in some containers with low densities of larvae, no 

males/females emerged from one of the two treatments, so comparisons could not be made 
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for all containers). Overall, the high density treatment decreased female wing length by an 

average of 0.18mm and male wing length by 0.20mm.  

There was a correlation between the degree to which male and female wing lengths 

were impacted by the density treatment in each container (R2=0.7463, df=9, p=0.013). There 

was no significant relationship between the log of initial larval density in a container and the 

difference between high and low treatments in the wing length for females (R2=0.1658, 

df=12, p=0.1673) or males (R2=0.0375, df=16, p=0.4564). There was also no significant 

relationship between the log of initial larval density and the average wing lengths of females 

for both the low density treatment (R2=0.141, df=12, p=0.206) and the high density treatment 

(R2=0.0056, df=12, p=0.807) (Figure 4A). However, there was a significant relationship 

between log of initial larval density and the average male wing length for the high density 

treatment (R2=0.2404, df=16, p=0.046), but only a marginally significant relationship for the 

low density treatment (R2=0.2018, df=16, p=0.07) (Figure 5A). Females had a longer mean 

wing length than males across treatments but also had a higher variation among containers 

(Table 3).  

Discussion 

Little is known about the types of food eaten by Ae. aegypti under natural conditions. 

Previous larval competition experiments have used liver powder and yeast (Seawright et al. 

1977, Dye 1982, Arrivillaga and Barrera 2004), maize gruel (Subra and Mouchet, 1984), 

water infusions (Reiskind and Lounibos 2009) and rain water (Macia 2006). Without a better 

understanding of the food preferences and feeding behavior of Ae. aegypti larvae it is 

difficult to assess whether most of the important food types are generally found suspended in 
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the water or adhering to the sides and bottoms of natural containers. In this study, we 

circumvent this issue by using completely natural containers without the addition of artificial 

or manipulated food to avoid these potential problems.  

The field study by Southwood et al. (1972), as mentioned earlier, is the main field 

study used for modeling density dependence in Ae. aegypti. Although this study provides a 

good starting point for assessing density dependence, it is difficult to distinguish the degree 

of density dependence and density independence affecting mortality. Their methods only 

allow comparison of mortality across different containers. We are able to address these issues 

with our data because our methods allow comparisons of mortality, development, and body 

size between different densities within a container. 

 Density had an impact on survival, and adult body size. Although we were not able to 

specifically measure development time, there was an impact of density on the daily 

probability of a fourth instar pupating. Larvae in the high density treatment spent more time 

as fourth instars before pupating, or dying, as compared to larvae in the low density 

treatment. On average, the high density treatment decreased survival by 13% relative to the 

treatment with approximately four-fold lower density. Containers varied in the degree to 

which the density treatment impacted survival. This variation could not be accounted for by 

differences in the initial number of larvae, as there was no relationship between initial 

number of larvae and impact of the high density treatment on survival or adult body size. 

There was however a relationship between the log of the initial number of larvae and the 

proportion of larvae surviving to pupation in the container for both treatments. Containers 

that were found with a higher initial number of larvae had an overall lower proportion of 
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larvae surviving. If adult females could accurately assess the quality of each container before 

depositing eggs and could adjust the number of eggs in relationship to container quality, we 

would not expect an overall relationship between initial density and survival. The fact that 

the difference between survival in the high and low treatments was not affected by the initial 

overall density suggests that density has a log-linear impact on competition. 

The high larval density treatment negatively affected adult body size for both males 

and females. Adult body size is important because it has been shown that larger females lay 

more eggs (Steinwascher 1982, Briegel 1990) and larger males produce more spermatozoa 

(Ponlawat and Harrington 2007). In contrast, it has been shown that smaller females bite 

more frequently and thus may be more likely to transmit dengue (Scott et al., 2000). Because 

density had a statistically significant impact on adult body size, we wanted to assess whether 

this difference was expected to impact population growth. Briegel (1990) analyzed the 

relationship between wing length and female fecundity in the laboratory. He found that the 

cube of wing length had a linear relationship with egg production in a gonotrophic cycle. 

Using Briegel’s regression equation for females fed on human blood, Y=2.505X – 8.616, 

where X= cube of wing length (mm), we estimated the predicted number of eggs produced 

per gonotrophic cycle for females from the high and low treatments. Based on average wing 

length for each treatment, the low density treatment females were predicted to produce 36 

eggs per cycle compared to the 28 eggs per cycle expected from high density treatment 

females. If we assume an average of 4 gonotrophic cycles in a lifetime, each low density 

treatment female would produce 32 more eggs, than each high density female.  
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Mosquito control efforts could release populations from density dependence and 

change the expected amount of reduction in the population due to a specific intervention. We 

can assess the expected reduced impact of a hypothetical control method using the data on 

survival and body size from our experiment. A hypothetical adulticide, such as the sterile 

insect technique (SIT), which reduces the population egg production by 75 percent, would 

result in a situation akin to our low density treatment compared to our high density treatment.  

If we compare two populations, both starting with 100 adults, one population is reduced by 

SIT methods to 25 adults and the other population is not treated. We can predict the total 

eggs produced by each population in the next generation based on our experimental results. 

For the population that does not receive larvicide, we multiply: 

100 adults * 0.5 larval survival * 28 eggs/female * 0.5 (assuming half the population 

is female) = 700 eggs in the first gonotrophic cycle. 

For the population that receives the control method we start with 25 adults because we 

assume the control has reduced the population by 75%: 

 25 adults * 0.63 larval survival * 36 eggs/female * 0.5 (assuming half the population 

is female) = 284 eggs in the first gonotrophic cycle. 

There is a decrease in the number of eggs produced due to the adulticide treatment but the 

reduction is only 59% even though a 75% reduction was expected simply based on larval 

mortality.  

 Future experiments will be needed using the same method as used in these 

experiments but including a spectrum of ratios for the density treatments and that are 

conducted in both the dry and rainy seasons. This will give us a better understanding of the 
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impact of intraspecific competition at all densities and help us to produce equations that more 

accurately describe density-dependence in Ae. aegypti. 
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igure 1. Example of the experimental container design, showing a typical container 

ollected from the field (left) and an inside view of the styrofoam divider (right). 
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igure 2. Density experiment results. Mean proportion of larvae surviving to pupation for 

ach treatment (A). Means wing length for females (B) and males (C) for each treatment. 

ertical bars on all graphs represent standard errors. Although standard error bars overlap for 

ean survival, paired t-tests results showed significant differences between the two 
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treatments. 

 

 

 

 

 

 

 

 39



 

 

 

Figure 3. Effect of initial larval density on survival. Relationship between average survival 

for each treatment and log of initial larval density (A). Relationship between the difference in 

survival between the low and high density treatments for each container and the log of initial 

larval density (B).  
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Figure 4. Effect of initial larval density on female wing length. Relationship between average 

female wing length for each treatment and the log of initial larval density (A). Relationship 

between difference in female wing length between the low density and high density 

treatments for a given container and the log of initial larval density (B).  
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Figure 5. Effect of initial larval density on male wing length. Relationship between average 

male wing length for each treatment and the log of initial larval density (A). Relationship 

between difference in male wing length between the low density and high density treatments 

for a given container and the log of initial larval density (B). 

 

 

 

 

 

 

 

 42



 

An Experimental Field Study of Delayed Density Dependence in Natural Populations of 

edes albopictus 

.K. Walsh1, Bradley C., C.S. Apperson1, and F. Gould1,2 

ent of Entomology, North Carolina State University, Raleigh, NC 27695 

enter, National Institutes of Health, Bethesda, MD 20892 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 

R

 

1Departm

2Fogarty International C

 43



 

Abstract 

Aedes albopictus, a species shown to transmit dengue fever and chikungunya, is 

rimarily a container inhabiting mosquito. The potential for disease transmission by Ae. 

lbopictus has increased our need to improve control methods for this species. Most studies 

cus on the short term effect of a control program, but we also need to understand how the 

t density dependence and delayed density dependence in the larval stage. 

ost studies have used time series analysis to estimate the impact of delayed density 

esign to in the field to understand 

e impact of delayed density dependence in a natural population of Ae. albopictus in 

ater and 

f Ae. 

albopictus. The buckets were divided in half prior to starting the experiment so that two 

treatments could be created. In one half of each bucket, all eggs and larvae were removed on 

a daily basis. On the other side of each bucket, eggs and larvae were not removed, but pupae 

were collected daily and allowed to complete development. The length of one wing of each 

adults was measured to estimate body size. After five weeks all larvae were removed from 

both treatments and the buckets were covered with fine mesh cloth to prevent egg laying. 

Equal numbers of first instars were added to both treatments in every bucket. Pupae were 

collected daily and adults were frozen as they emerged. We found a significant impact of 

delayed density dependence on larval survival, larval development time and adult body size 

in containers with high larval densities. Our results indicate that delayed density dependence 

p

a

fo

control program will influence future populations. Two parameters we know little about are 

the impact of direc

M

dependence. This study uses a manipulative experimental d

th

Raleigh, North Carolina. Five gallon buckets placed in the field accumulated rainw

detritus, providing oviposition and larval production sites for natural populations o
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will have negative impacts on the mosquito population when larval densities are high enough 

 deplete accessible nutrients faster than the rate of natural food accumulation. 

 

to
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Introduction 

In the field of population ecology, it is known that both density independent factors

and density dependent factors can influence the dynamics and growth of a population 

(Gotelli 2001). Density dependent factors can impact populations by both first order 

feedback (direct density dependence) and second order feedback (delayed density 

dependence) (May et al. 1974, Turchin and Taylor 1992, Stenseth 1999). First order factors 

have direct impacts on the current population or generation of individuals, where

 

as second 

rder factors have delayed impacts on the current generation or on future generations of the 

opulation. 

Delayed density dependence has been shown to cause population fluctuations in 

lant-herbivore systems (Haukioja 1980, Harrison and Karban 1986, Leather et al. 1987) and 

re associated with predator-prey cycles (Bowman 2006, Hanski et al. 2001). However, there 

as been a long standing debate over the power of various methods for detecting delayed 

ensity dependence (Turchin 1990, Hunter and Price 1998, Turchin and Berryman 2000, 

olow 2001). 

Studies typically have used time series data to determine the role of delayed density 

ependence. For example, long-term data have provided evidence for delayed density 

ependence in populations of the potato aphid, Macrosiphum euphorbiae, (Alyokhin et al. 

005), southern pine beetle, Dendroctonus frontalis, (Friedenberg et al. 2008), forest tent 

aterpillar, Malacosoma disstria (Cooke and Lorenzetti, 2006), and in the cohabitating 

ommon sardine, Strangomera bentincki, and populations of the anchovy, Engraulis ringens 

edraza-Garcia and Cubillos 2008), 

o

p

p

a

h

d

S

 

d

d

2

c

c

(P
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 In the present study we tested for delayed density dependence, the impact of a current 

eneration on a future generation, in natural populations of Aedes albopictus, the Asian tiger 

osquito. Instead of using long-term data sets, we used a manipulative experimental design 

 the field. Ae. albopictus is a competent laboratory vector of at least 22 arboviruses 

eviewed in Gratz 2004) including dengue virus (DENV) and chikungunya virus (CHIKV) 

10, Vazeille et al 2010). It is established throughout the United States where 

its larv  

mpact 

ury and Juliano (1998) studied the effects of leaf litter previously exploited by 

Ae. tris all 

 container replicates of both treatments. Twenty-five newly hatched larvae 

iners 

g

m

in

(r

(Paupy et al. 20

ae develop in both naturally occurring tree holes and artificial containers such as bird

baths, tires, and buckets (Richards et al. 2008, Hawley 1988). Previous studies in the 

laboratory and semi-field conditions have shown that direct density dependence can i

larval survival, larval development, and adult body size in container inhabiting mosquitoes 

(Mori 1979, Hawley 1985, Ho et al. 1989, Lord 1998). These studies have shown that there 

are causal relationships between the density of larvae in containers and their survival, 

development time and adult size. 

Aspb

eriatus larvae on a subsequent cohort of larvae. In the laboratory, they prepared sm

containers holding leaf litter to provide two different treatments, one treatment without larvae 

and one treatment with 25 neonate larvae. All larvae were allowed to reach pupation and both 

leaf litter treatments were kept in the laboratory for 70 days. After 70 days, all small 

containers were taken to the field and placed in either a treehole or tire; each contained 

multiple small

were then placed into each small container, survival, development time, and adult size were 

compared between treatments. Aspbury and Juliano found that in treeholes, small conta
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with leaf litter previously exploited by Ae. triseriatus larvae resulted in longer larval 

development time and smaller adult size in the following cohort of larvae compared to 

treeholes that had not been previously exploited by larvae. Although this study is an 

appropriate starting point to assess the effects of a prior cohort, this study system was an 

open system in the sense of allowing the stem flow of water between treatments within each 

 

s 

ithin 

laced in the other half that had no previous larvae because 

natural

treehole. More importantly, the number of larvae and the amount of food was determined 

arbitrarily by the investigators.  Delayed density dependence in container inhabiting 

mosquitoes is expected when the natural density of larvae are removing accessible nutrients 

faster than they are replaced by liter accumulation, detritivores, and microbes with 

photosynthetic ability. Notably, we have found no published studies of mosquito species that

assesses the impact of naturally occurring larval densities on delayed density dependence, 

even in a semi-field setting. 

 Our study took advantage of the fact that in urban environments, Ae. albopictu

larvae often live in artificial containers such as 5-gallon buckets (Richards et al. 2008). We 

used buckets in the field that were experimentally divided in half to provide a method of 

testing for delayed density dependence in natural populations. We tested the fate of neonate 

larvae placed in one side of the bucket that previously had naturally occurring larvae w

it, contrasted to the fate of larvae p

ly laid eggs had been removed. We hypothesized that in comparison to the treatment 

in which eggs were removed, the treatment that had larvae in the previous cohort would 

result in longer larval development time, lower larval survival, and smaller adult body size of 

the following cohort of larvae. 
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Materials and Methods 

Study Site  

 This study took place in Raleigh, Wake County, North Carolina (city population of

356,321), in a suburban area of the city (census.gov). Seven houses within the city were 

chosen as sites for the study. The mean distance between nearest neighbor houses was 5.6 

kilometers and the farthest house was 21 kilometers from the center of the city. The s

took place from June through September, 2009 when natural populations of Ae. albopic

are prevalent.  

 

General Experimental Design  

 Five-gallon (20L) paint buckets were used as the experimental containers. Six buck

were placed outside each house for a total of 42 buckets. Prior to initiating the experi

the buckets were vertically divided in half with styrofoam insulation and all edges between 

the two sides were sealed with hot glue (see Walsh et al. Chapter 1 for photograph).

method allowed two treatments within a bucket and ensured the water, nutrients, and larvae 

could not pass between the two treatments. All buckets were carefully checked to ensure th

partition was well sealed befo

 

tudy 

tus 

ets 

ment, 

 This 

e 

re putting them outside. Buckets were checked throughout the 

from 

 

experiment and only one was found to have water passing between the treatments. Data 

that bucket were removed from the analysis.  

This experiment consisted of two sequential parts. In the first six weeks we 

manipulated the buckets to produce the two treatments, and in the following weeks we tested
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the impact of the treatments on survival, development time, and adult body size of a newly 

introduced cohort of larvae. 

 

Treatment Production 

 During the first six weeks of the experiment the two treatments were produced within 

sent” treatment (hereafter LP) and “larvae-absent” treatment 

LA  The buckets were placed at houses with 1L of rainwater seeded in each side. 

 

 

mbers of larvae found during the 5-week period were removed.  

In the LP treatment, eggs were allowed to hatch and larvae were left undisturbed 

ollected daily and placed in individual plastic tubes with 

e. 

 

 

each bucket, a “larvae-pre

(hereafter ).

The buckets were left uncovered for five weeks to allow natural rainwater and food to 

accumulate in the buckets. The natural populations of mosquitoes laid eggs in the buckets

during that time period. 

 The LA treatment was checked daily for eggs and larvae. Eggs on the sides of the 

buckets were killed and removed with a paper towel. The water was checked for any larvae,

and the small nu

 

through pupation. Pupae were c

water. When adults emerged they were frozen in individual 1.5ml eppindorf tubes. Adults 

were identified to species and the right wing was measured as an indicator of adult body siz

Wings were measured using QCapture Pro 6.0 software. 

 On the last day of week 5, all eggs were wiped and killed, and all larvae and pupae

were removed. All larvae from the LP treatment were counted as they were removed to yield

an estimate of the larval density for each bucket. The buckets were covered with a fine mesh 
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cloth to prevent new eggs from being laid. All buckets were checked every other day for one 

week for any new larvae that hatched from missed eggs. Any larvae found were removed.   

 

r 

treatments of a given bucket and the bucket was covered with 

reening to prevent further oviposition. Because the buckets did not contain the same 

hout the first 5 weeks of the experiment, each bucket had different 

umbe

e 

ing 

ed across all buckets across all sites to give 

 

number of 

e 

ere 

 

Effects of treatments 

 To test for the impact of delayed density dependence, the same numbers of first insta

larvae were placed into both 

sc

number of larvae throug

n rs of first instars released to more accurately simulate the natural larval densities found 

in each bucket in the previous period. We expected that the natural density of larvae in th

recent past would be the best predictor of future natural larval density in a given bucket.  

 The number of first instars released in a bucket was determined by first calculat

for each bucket a ratio of the number of pupae on the last day of 5 weeks to the number of 

larvae counted the same day. Ratios were averag

us an overall estimate of the ratio of pupae to larvae for any given day. We then calculated

the average daily number of pupae for the first 5 weeks for a given bucket and divided it by 

the average pupae to larvae ratio to provide a rough estimate of the average daily 

larvae for each bucket. This estimate of average daily number of larvae was used to set th

number of first instars released into both treatments of a given bucket. First instar larvae w

released in two different densities, the natural density, as calculated (referred to as 1X), and

ten times the calculated density (referred to as 10X). At each house, half of the buckets 

received larvae at each density and buckets were randomly assigned to a density. 
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 The first instar larvae used in this part of the experiment were hatched in the 

laboratory from a New Orleans, LA strain. The colony was maintained at ~28oC, ~75% RH, 

and a photoperiod of 14 h light:10 h dark, including two twilight periods (60 min each). 

Larvae in both treatments were left undisturbed through pupation. Pupae were removed daily 

and allowed to develop to adults as described previously. We then compared larval 

development time, larval survival and adult wing length between the two treatments.  

tatisti

ixed 

 

 

n 

   

S cal Analysis 

 Statistics were computed using SAS Version 9.13 (SAS Institute, Inc., Cary, NC, 

U.S.A.). To test for effects on development time, survival and wing length, we used a m

model analysis of variance (ANOVA) with main effects of density (1X and 10X), treatment

(LP and LA), and density x treatment interaction. House and bucket nested within house x 

density were considered to be random effects. Development time, larval survival and female

wing length had different variances for the two levels of density. Therefore, the response 

variables were modeled with the degrees of freedom divided by density group using the 

Kenward-Roger method (Little et al. 2006), resulting in fractional degrees of freedom. In 

order to allow comparisons between treatments within each bucket, treatment was modeled 

as a repeated statement within bucket. For pairwise comparisons, we examined differences i

least squares (LS) means of the dependent variables for the LP and LA treatments within 

each density. Any containers that had a Student residual greater than 3.5 were considered 

outliers and removed from the analysis (Ott and Longnecker 2008). 
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Development time was measured as the number of days it took for the first instar 

larvae to reach pupation. Proportion surviving was measured as the total number of larva

that reached pupation divided by the total number of larvae placed in that containe

e 

r. We 

uld 

ated 

e 

 overall significant effect of treatment (F=0.37, df=1, 26.3, p=0.547), 

, 

 

and 

 

found that many buckets had a proportion of larvae surviving higher than 1.0. This co

have resulted from unsuccessful killing of all eggs at the end of the first 5 weeks or eggs 

being laid on the surface of the water (O’Gower 1957). The extra larvae would be anticip

to have a larger impact on the 1X containers than 10X containers.  

 

Results 

Development tim

 There was no

density (F=3.25, df=1, 28.5, p=0.082), or a density by treatment interaction (F=3.65, df=1

26.3, p=0.067) on development time. However, when comparing least squares means there 

was a significant difference in development time between the LP treatment and LA treatment

in containers receiving 10X densities (t=3.09, df=19, p=0.006). On average, larvae in these 

containers developed 8% more slowely in the LP treatment compared to the LA treatment 

(Figure 1).  

 There was no significant relationship between the log of estimated larval density 

the difference in development time between the LP and LA treatments in a given container

for either level of initial density (Figure 2).  
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Survival 

 The mixed model analysis for proportion survival indicated a significant effect of log 

of estim

9) 

0X 

 ± 0.21) (t=7.57, 

f=20.6, p<0.001).  

ontainers that had higher larval densities during the first 5 weeks of the experiment 

ower proportion of larvae surviving to pupation and a larger difference in 

nt 

 a mixed model analysis, there was a significant effect of density (F=18.42, 

ated larval density (F=13.78, df=1, 19.8, p=0.001), density (F=10.62, df=1, 19.5, 

p=0.004), and a log of estimated larval density x treatment interaction (F=5.22, df=1, 19.2, 

p=0.033). The mean (± SE) proportion survival in the 10X density for LP was 0.55 (± 0.0

and for LA was 0.60 (± 0.08). For the 1X treatment the proportion surviving was 1.10 (± 

0.21) and 1.44 (± 0.27) for the LP and LA treatments, respectively. Containers receiving 1

densities (mean ± SE = 0.49 ± 0.05) had a significantly lower proportion of larvae surviving 

to pupation than containers receiving 1X densities (mean ± SE = 2.1

d

 C

had a significantly l

survival between the LP and LA treatments. Using a linear regression, there was a significa

relationship between the log of estimated larval density and the difference between the two 

treatments for proportion survival in 10X containers (R2=0.223, df=19, p=0.031), but no 

significant relationship in 1X containers (R2=0.019, df=19, p=0.567) (Figure 3). 

 

Male wing length 

 Using

df=1, 6, p=0.005), treatment (F=5.93, df=1, 48, p=0.019), and a density by treatment 

interaction (F=8.23, df=1, 48, p=0.006) on male wing length. Males from containers with a 
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1X density had significantly longer wing lengths than males from 10X density containers 

cross both treatments (t=4.29, df=6, p=0.005) (Figure 4).  

ere was a significant difference in male wing length between the LP treatment and 

e 

y 

Similar to the results of male wing length, there was no significant relationship 

 estimated larval density and the difference in female wing length between 

a

Th

the LA treatment for containers with 1X density (t=3.54, df=48, p=0.033). The average male 

wing length was larger for the LA treatment (mean=2.16) than for the LP treatment 

(mean=2.04) (Figure 4). There was no significant difference in male wing length between th

two treatments for the 10X containers (t=0.33, df=48, p=0.75). 

 No significant relationship was detected between the log of estimated larval densit

and the difference in male wing length between the two treatments for either the 10X density 

(R2=0.046, df=17, p=0.393) or 1X density (R2=0.149, df=14, p=0.155) (Figure 5).  

 

Female wing length 

 There was no significant effect of treatment (F=0.09, df=1, 29.3, p=0.767) or a 

density by treatment interaction on female wing length (F=0.01, df=1, 29.3, p=0.941) from 

the mixed model analysis. However, there was a significant effect of density on female wing 

length (F=11.61, df=1, 23, p=0.002) (Figure 6). On average, females that emerged from 

containers receiving 1X densities (mean=2.56) had longer wing lengths than those that 

emerged from containers receiving 10X densities (mean=2.36).  

 

between the log of

the LP and LA treatments for either the 10X density (R2=0.182, df=15, p=0.09) or 1X 

density(R2=0.108, df=14, p=0.232) (Figure 7). 
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Discussion 

 When comparing the results between the two densities of larvae placed in containe

we found that containers with 10X densities had an overall l

rs, 

ower proportion of larvae 

survivi

se we 

 et al. 2004) on direct density 

ts in 

ontainers receiving 10X densities. However, no significant effects of delayed density 

al were detected in containers receiving 1X densities.  

the 

st for 

ed were based on the 

to be 

resources faster than the resources accumulate in order to produce substantial delayed density 

ng to pupation and smaller wing lengths for both males and females. This suggests 

that direct density dependence factors may influence larval populations of Ae. albopictus in 

field populations. Although we cannot definitively conclude this from our data becau

specifically added a cohort of neonates, our results are in agreement with previous laboratory 

(Mori 1979) and semi-field condition studies (Lord 1998, Braks

dependence in Ae. albopictus. 

 Delayed density dependent effects were detected on larval survival to pupation when 

comparing the proportion of larvae surviving to pupation in the LP and LA treatmen

c

dependence on surviv

 Containers that experienced higher numbers of naturally occuring larvae during 

first five weeks had a stronger impact of delayed density dependence on survival as shown 

by the larger differences between the LP and LA treatments in containers that initially had 

high larval densities. These containers not only experienced higher numbers of naturally 

occurring larvae, but also had higher numbers of larvae released into the containers to te

delayed density dependence because the numbers of larvae releas

naturally occurring larvae found in each container. Our results indicate that there needs 

a larval density, which may be dependent on both previous and current cohorts, that depletes 
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dependent effects and could be the reason we did not detect delayed density dependenc

1X containers. If populations cycle in the field, 

e in 

delayed density dependence may only have 

ng the higher density points in the cycle when larvae cause a net decline in 

only 

n 

layed density dependence was detected in 10X containers 

 

pment and body 

er 

ys 

impacts duri

available nutrients for future cohorts.  

 Development time was negatively affected by delayed density dependence, but 

in 10X density containers. Consistent with our survival results, this further supports the 

hypothesis of delayed density dependence acting only when a threshold larval density is 

reached. There was no impact of delayed density dependence on female wing length. As see

with development time, delayed density dependence negatively affected male wing length, 

but only in 1X containers. These results for male wing length are inconsistent with 

development time, in which de

only. We analyzed male and female development time separately but there was no significant

effect of treatment on development time for either sex to help explain the discrepancy in 

results. 

.  One hypothesis is there is a tradeoff between the rate of larval develo

size. Larvae that develop slower may have an opportunity to grow larger because as more 

time passes, the container is gaining more food.  In the 1X containers, larvae developed fast

and this could have impacted the difference between adult body sizes. In the LP treatment, 

the amount of food may have been sufficient for the larvae to pupate as fast as the LA 

treatment, but possibly not enough food for the adult sizes to be equivalent. 

Gilpin and McClelland (1979) showed in laboratory studies that larvae starved for 40 da

were able to pupate when liver powder was added to the system. The ability to survive 
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periods of time without food (Arrivillaga and Barrera 2004) enables the regeneration of food 

to occur within containers. Both detritus and the microorganisms that feed on it, including 

bacteria, protozoa, and fungi, have been shown as an important food source for Ae. 

albopictus larvae and other container inhabiting mosquitoes (Walker et al, 1991, Merritt et a

1992, Yee et al. 2007). Larval development could therefore also be dependent on the gro

rate of microbial populations within the

l. 

wth 

 containers. However, we can not definitively test this 

ng 

 on 

 

pen flow water system between treatments and small numbers of larvae which were 

or other hypothesis with data from the current experiment. 

It is difficult to determine the power of our study in detecting delayed density 

dependence in Ae. albopictus, as has been shown in many studies in the past with other 

animal and plant taxa (Hunter and Price 1998, Turchin and Berryman 2000, Gonzalez-

Andujar et al. 2006).  Our results are similar to those found by Aspbury and Juliano (1998), 

the only other experiment assessing delayed density dependence in container breedi

mosquitoes in a field setting. Both studies found an impact of delayed density dependence

development time; however our study also detected an impact on larval survival. It is 

surprising that Aspbury and Juliano detected delayed density dependence since they used

both an o

not necessarily reflective of the natural population. Using natural larval densities, our study 

predicts that delayed density dependence will only have a substantial impact on mosquito 

populations when the natural larval density is high enough that the available resources are 

depleted by the larvae faster than it is replenished by detritivores and microbes with 

photosynthetic ability.  
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igure 1. Results for development time. Least squares mean development time (days) for 

ach treatment and density level. Vertical bars represent standard errors. 
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Figure 2. Effect of estimated larval density on development time (days). Relationship 

between the difference in development time between the LP treatment and LA treatment for 

each container and the log of estimated larval density for both 1X density containers (A) and 

10X density containers (B).  
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Figure 3. Effect of estimated larval density on proportion survival. Relationship between the 

difference in proportion survival between the LA treatment and LP treatment for each 

container and the log of estimated larval density for both 1X density containers (A) and 10X 

density containers (B).  
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Figure 4. Results for male wing length. LS mean wing length (mm) for each treatment and 

density level. Vertical bars represent standard errors. 
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Figure 5. Effect of estimated larval density on male wing length (mm). Relationship between 

the difference in male wing length between the LA treatment and LP treatment for each 

container and the log of estimated larval density for both 1X density containers (A) and 10X 

density containers (B).  
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Figure 6. Results for female wing length. LS mean wing length (mm) for each treatment and 

density level. Vertical bars represent standard errors. 
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Figure 7. Effect of estimated larval density on female wing length (mm). Relationship 

between the difference in female wing length between the LA treatment and LP treatment for 

each container and the log of estimated larval density for both 1X density containers (A) and 

10X density containers (B).  
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Abstract 

The larvae of Aedes aegypti mosquitoes develop in containers of water in and around 

ouses. In order to design more efficient approaches for controlling Ae. aegypti compared to 

e current control methods, it is critical to understand the factors that regulate larval density 

ithin water-filled containers.  Although many studies of intra-specific competition have 

een conducted using larvae of Ae. aegypti in the laboratory, few studies have been done in 

e natural environment of Ae. aegypti, and no published studies have critically examined 

ensity dependence in natural containers at normal field densities. Additionally, 

athematical models that predict Ae. aegypti populations currently lack empirically-based 

nctions for both direct density dependence and delayed density dependence. We performed 

rn. 

 determine the impact of direct density dependence and 

elayed density dependence during the dry season and rainy season. For both experiments, 

s within each container. Natural water, food, and larval densities were used to 

stimate the impacts of density dependence in a low density treatment and high density 

asons 

mpact on larval survival, 

h 

y of a fourth instar pupating was decreased by 29% in 

 density 

treatment were significantly larger than adults in the high density treatment. We found 

h

th

w

b

th

d

m

fu

field experiments in Tapachula, Mexico where dengue is a significant public health conce

Experiments were conducted to

d

containers were divided in half with a tightly fitted piece of Styrofoam, providing two 

treatment

e

treatment on larval survival, development and adult body size. Results from both se

showed that direct density dependent factors had a significant i

resulting in an average 16 % decrease in survival from the low density treatment to the hig

density treatment. The daily probabilit

the high density treatment compared to the low density treatment. Adults in the low
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significant impacts of interspecific competition with Ae. albopictus on all three parameters. 

elayed density dependence significantly impacted development time and adult body size, 

ut to a lesser degree than direct density dependence. 
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Introduction 

 Dengue virus, the most common mosquito-borne virus, is transmitted by the con

inhabiting mosquito Aedes aegypti. This mosquito that preferentially feeds on humans (S

et al. 2000, Ponlawat and Harrington 2005), lays its eggs in water-filled containers found

and around peoples’ houses (Morrison et al. 2004, 2008). Since there is currently no vacci

for dengue, efforts to reduce the disease have focused on vector control. Control methods

have included the use of insecticides (Nathan and Knudsen 1991, Fernández et al. 1998) and 

source reduction (Bang and Pant 1972, Thavara et al. 2004). Currently, the potential use of 

genetically modified mosquitoes is being investigated (Fu et al. 2010). 

Mathematical models of Ae. aegypti population dynamics can help compare the 

predicted impact of different control methods on mosquito population densities (Focks et al. 

1993, Otero et al. 2008, Magori et al. 2009). However, accurate estimates of the biological 

parameters used in the mathematical models are critica

tainer 

cott 

 in 

ne 

 

l for improving their predictions. 

egros et al (2009) found that that one important parameter set lacking sufficient empirical 

ata was on the intensity and form of density dependence in the larval populations. 

ncertainty analysis performed by Xu et al. (2010) on the SkeeterBuster model of Ae. 

egypti (Magori et al. 2009) confirmed that the current parameters related to larval density 

ependence are associated with a large portion of the uncertainty in the model in predicting 

osquito population density. Increasing the accuracy of field data on density dependence in 

rval populations could help to reduce the uncertainty in model predictions of population 

ensities and help better understand the impact of control methods. 

L

d

U

a

d

m

la

d
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 To address the issue of assessing direct density dependence in a field setting, Walsh 

t al. (Chapter 1, in press) carried out field experiments in Tapachula, Mexico. This study 

sed containers found at peoples’ houses with Ae. aegypti larvae already present. After 

ividing these containers in half with a waterproof vertical partition, the researchers 

anipulated the natural larval cohort into high density and low density treatments. Using 

ese natural larval densities, they found direct negative effects of larval density on larval 

rvival, larval development, and adult body size. Although that study provides efficient 

ethods for assessing direct density dependence in the field, more replicates with a more 

fined experimental protocol were still needed to better understand the spatial and temporal 

ariation in density-dependence.  

 of Ae. albopictus and Ae. triseriatus, both container-inhabiting mosquitoes, 

 

he dry and wet 

seasons

e

u

d

m

th

su

m

re

v

 Studies

have shown that in addition to direct effects of the density of a larval cohort on itself, larval 

density can cause delayed density effects on future cohorts in field populations (Aspbury and 

Juliano 1998, Walsh et al. (Chapter 2)). Similar to results from experiments on direct density

dependence, delayed density dependence had a negative effect on larval survival, larval 

development time, and adult body size, although this was only detected at high larval 

population densities. 

 The current study looked at the effects of direct and delayed density dependence on 

natural larval populations of Ae. aegypti in Tapachula, Mexico in both t

, thereby providing more robust data for use in predictive mathematical models. 
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Materials and Methods 

Study Site 

 Ae. aegypti and dengue virus are both endemic in Tapachula, Mexico, which

located in the Southern part of the coastal plain of the country (14°54’ N, 92°17’W’’). T

 is 

he 

city is located about 13km from the Guatemala border. This city experiences both a dry and 

rainy season throughout the year. In order to compare differences between the seasons, 

experiments were conducted during both the dry season, January- May 2010 (average rainfall 

<1 mm) and the rainy season, June-September 2010 (average 1350 mm over the season). 

Reliability of water access from city-maintained pipes varies by season as well as by location 

within the city and the small towns surrounding the city. Some areas do not have any access 

to piped water at all and rely on river, well, and rain water. The types of houses vary from 

those with cement walls and sealed roofs to others with tin walls and unsealed tin roofs.   

 

Direct density dependent experiment 

 Previous studies by Walsh et al. (Chapter 1, in press) showed that the use of 20L 

plastic buckets collected from houses was an appropriate and effective method for assessing 

density dependence in natural populations because these buckets are common larval habitats 

(G. Bond et al. unpublished data) and easy to manipulate experimentally. We collected 20L 

buckets from neighborhoods within a 10km radius from the center of the city. Only buckets 

that were found with Aedes larvae present were used for the experiments. For each positive 

container, all of the original water was first extracted and placed temporarily in another 
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container. As in previous experiments (Walsh et al. Chapter 1, in press), the container was 

then divided in half with a vertical piece of styrofoam, fit to the size of the container. The

sides and bottom of the styrofoam were sealed to the bucket with hot glue to ensure no

passage of water betw

 

 

een the two sides. The original water was then poured back into the 

ment. 

herefore, for each bucket the number of larvae in each instar was counted and divided into 

n approximately 4:1 ratio, high treatment:low treatment. All containers were covered with a 

 females from laying new eggs in the containers. In the rainy 

itional buckets were set up with a 9:1 ratio in the high and low density treatments, 

l 

each day after initiation of the experiment. Pupae were removed daily upon eclosion and put 

into individual tubes. Adults were allowed to eclose and were frozen in 1.5mL eppindorf 

tubes. Adults were identified to species and wing measurements were taken for an estimate 

of body size (Koenraadt 2008). 

 A problem encountered in Walsh et al. (Chapter 1, accepted) was additional larvae 

hatching after the start of the experiment. To prevent this problem, containers were checked 

for eggs immediately after taking out the water, each egg on the sides of the container was 

individually killed with a pencil eraser. This ensured that the egg did not fall to the bottom of 

the bucket which can occur when eggs are wiped with a paper towel, as done previously. 

container with equal volume on both sides within one hour of when it was removed. Each 

bucket was divided into two treatments; a high density treatment and a low density treat

The naturally occurring proportion of larvae in each instar varied between buckets. 

T

a

fine mesh cloth to prevent

season, add

respectively. This higher ratio was not feasible during the dry season due to the low tota

number of mosquito-positive buckets found. Larvae were determined to instar and counted 
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Interspecific competition  

 During the rainy season, a number of buckets were found to have both Ae. aegypt

and Ae. albopictus present. For the 4:1 ratio buckets in the direct density dependence 

experiments, 18 out of 28 buckets contained greater than 3% of Ae. albopictus larvae were 

removed from the analysis of intra-specific competition. Buckets removed from the analysis

of direct intra-specific competition were used to assess interspecific competition. Because the

presence of Ae. albopictus was only detected when adults emerged, the experimental 

methods for manipulating larvae were identical to those for the intra-specific competition

experiment. The statistical analysis, described below, does differ. 

 

Delayed density dependent experiment 

 To produce two treatments, 20L buckets were divided in half before the start of the

experiment. Five buckets were placed at 10 houses for a total of 50 buckets in a 

neighborhood approximately 4km from the center of the city. The same houses were used for 

both seasons, except for two houses which could not be reused in the rainy season. D

the rainy season, two new houses were chosen in close proximity to the two non-replicated 

houses in the dry season. In the dry season, buckets were seeded with 4L of piped water on 

each side due to the lack of rain. During the rainy season, buckets were allowed to fill 

naturally from the rain. In both seasons, buckets were left uncovered for the first 5 weeks of 

the experiment. This allowed natural food to accumulate and the wild population of 

mosquitoes to lay eggs in the buckets.  

i 

 

 

 

 

uring 
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 During the first five weeks of the experiment we produced the two treatments, a 

“larvae present” treatment (hereafter LP) and a “larvae absent” treatment (hereafter LA). T

LA treatment was checked daily for eggs and larvae. Eggs on the sides of the buckets were 

wiped and killed with a pencil er

he 

aser and paper towel. The water was checked for any larvae, 

 

 

oth treatments. The buckets were covered with mesh to prevent new eggs from being laid. 

f delayed density dependence, the same number of first instar 

the 

 

y first 

he 

ss all buckets to give us an 

verall rough estimate of the ratio of pupae to larvae for any given day. We then calculated 

e first 5 weeks for a given bucket and divided it by 

the average pupae to larvae ratio to estimate the average daily number of larvae for each 

and the small number of larvae found during the 5-week period were removed.  

 In the LP treatment, eggs were allowed to hatch and larvae were left undisturbed 

through pupation. Pupae were collected daily, placed in individual plastic tubes with water,

and adults were allowed to eclose. Adults were handled as described in the direct density 

dependence experiment. At the end of 5 weeks, all larvae were counted and removed from

b

 To test for effects o

larvae were placed in both treatments of a given bucket at the beginning of week 7. The 

number of larvae place in the two treatments of each bucket was determined based on 

number of larvae the bucket contained in the LP treatment during the first five weeks of the

experiment. The number of larvae in each bucket varied throughout the first 5 weeks of the 

experiment and could only be estimated based on the number of pupae found on each day. 

Therefore, the number of first instars released in a bucket in week 7 was determined b

calculating, for each bucket, the ratio of the number of pupae on the last day of week 5 to t

number of larvae counted the same day. Ratios were averaged acro

o

the average daily number of pupae for th

 82



 

bucket. This average daily number of larvae was used to set the number of first instars 

released into both treatments of a given bucket. After being placed in a bucket, la

treatments were left undisturbed through pupation. Pupae were collected daily and allowed to 

reach adulthood as described above. Larval survival, development time, and adult body size

were compared between the two treatments. 

 

Statistical Analysis 

 Survival was measured as the proportion of pupae produced to the number of total 

larvae originally in the treatment. Mean survival is reported as the actual means of ea

treatment from each container, calculate

rvae in both 

 

ch 

d over all containers, where N is the total number of 

 yet 

ation 

ally 

t 

 

d 

ber 

containers. Initial larval density refers to the total number of larvae of all instars in the as

divided buckets at the time of collection, divided by the water volume found in that bucket. 

In the direct density dependence experiments, we assessed the impact of density on 

developmental rate by calculating the daily probability of a fourth instar transitioning into a 

pupa, henceforth referred to as the pupation transition probability. Use of the pup

transition probability as a surrogate for development rate was necessary because the natur

occurring cohorts varied in the proportion found in each instar, making a simple assessment 

of full development impossible. For delayed density dependence experiments, developmen

time is calculated as the average number of days for development from a first instar larva to

pupation.  

 Pupation transition probability, development time, and wing length means reporte

are means over all containers of the means from each container, where N is the total num
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of containers. Degree of impact due to density was calculated as the difference in survival,

pupation transition probability, or wing length of the low density treatment to the high 

density treatment in a given container or the difference of the LA treatment to the LP 

treatment in a given container. 

 For the direct density dependent experiments, paired t-tests were used to compare 

survival, pupation transition probability, and wing length between the two treatments in 

individual containers. We assumed that food and water were the same between the two 

treatments in a container, therefore using a paired t-test allowed us to attribute any 

differences to the density treatments. We used a simple linear regression analysis to 

determine if there was a relationship between initial larval density and each of our measur

parameters. 

 To assess the impact of interspecific competition on survival, pupation transition 

probability, and wing length, a mixed model analysis of variance (ANOVA) was used. 

Treatment (high density vs. low density) and species (Ae. aegypti only vs. mixed species) 

were modeled as main fixed effects and there

 

ed 

 was a treatment x species interaction. To 

ompare differences between treatments within each bucket, treatment was modeled as a 

ithin bucket (for more detail on the model see Supplemental 1). In the 

ixed s  

 

c

repeated statement w

m pecies containers, average wing length was analyzed using only Ae. aegypti adults.

This allowed us to analyze the effect of Ae. albopictus on the body size of Ae. aegypti by

comparing between Ae. aegypti only containers and mixed species containers. We were not 

able to analyze Ae. albopictus wing lengths because there were only 4 containers that had Ae. 

albopictus wing length data in both the high density and low density treatments. We 
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hypothesize that Ae. albopictus will outcompete Ae. aegypti in high density treatmen

determine if Ae. albopictus was outcompeting Ae. aegypti, we compared the proportion of 

Ae. albopictus adults between the high density treatment and low density treatment in e

container using a sign test. A container with a higher proportion of Ae. albopictus in the high 

density than the low density treatment was considered a “success” of Ae. albopictus 

competition and a container with a lower proportion of Ae. albopictus in the high density 

treatment was considered a “failure”.  

 To a

ts. To 

ach 

ssess the impact of delayed density dependence on survival, development time, 

. 

 of 

ments 

as modeled as a repeated statement within bucket (For the 

 

ring the dry season we found a significant difference in survival between the 

high density treatment and the low density treatment (t=3.77, df=18, p=0.001). The high 

and wing length, a mixed model analysis of variance (ANOVA) was used. Treatment (LP vs

LA), house, and season were modeled as main effects. Bucket was modeled as a random 

effect nested within house and season. Season was nested within house in order to allow 

comparisons of each replicated house between seasons. We included interaction effects

treatment x house and treatment x season. In order to allow comparisons between treat

within each bucket, treatment w

model see Appendix B). Three containers from the survival analysis had a student residual

greater than 3.5, these were considered outliers and removed from the analysis (Ott and 

Longnecker 2008). 

 

Results 

Direct density dependence  

Survival: Du
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density treatment had a lower mean proportion survival (mean=0.57) than the low density

treatment (mean=0.78) (Table 1). Although there was variation in survival among conta

for both treatments, we found that 17 of the 19 containers had a higher proportion survivin

in the low density treatment (Figure 1A). 

 There was no statistically significant difference in survival between the high densi

treatment and low density treatment during the rainy season (t=1.13, df=9, p=0.288) (Table 

1). However, during the rainy season we had a much smaller number of containers that coul

be used to unambiguously examine intraspecific competition due to an increase in contain

with both Ae. aegypti and Ae. albopictus present. If we had a larger sample size of buckets 

with only Ae. aegypti, we feel these results would have been more consistent with the dry 

season results and findings in a previous rainy season in Tapachula that was reported 

Walsh et al. (Chapter 1, accepted). 

 For containers with larvae divided into a 9:1 ratio, there was a significant difference

in survival between the high density treatment and low density treatment in the rainy season

(t=3.72, df=10, p=0.004). The difference in survival between the two treatments was larger 

than between treatments in containers divided into a 4:1 ratio in either the dry or rain

(Table 1). All containers with a 9:1 ratio of larvae had higher survival in the low density 

treatment (mean = 0.66 ± 0.10) compar

 

iners 

g 

ty 

d 

ers 

by 

 

 

y season 

ed to the high density treatment (mean = 0.33 ± 0.08).  

 

iny 

Using a regression model, we found a significant inverse relationship between the log

of initial natural larval density in a container and the average survival of larvae in the high 

density treatment within that container for both the dry (R2=0.256, df=18, p=0.027) and ra

(R2=0.649, df=9, p=0.005) seasons (Figure 2A). There was no significant relationship 
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between log of initial larval density and the average survival of the low density treatment fo

either the dry (R2=0.159, df=18, p=0.091) or rainy season (R2=0.095, df=9, p=0.385) (Figure 

2B). We found no significant relationship between log of initial larval density and the degre

of impact of the density treatment on survival in the dry season (R2=0.067, df=18, p=0.285)

However, there was a significant relationship during the rainy season (R2=0.499, df=9, 

p=0.023) in that con

r 

e 

. 

tainers which started with a higher initial larval density had a larger 

ifference in proportion survival between the high and low treatments (Figure 1). 

 the 9:1 ratio containers, there was no significant relationship between log of initial 

treatment (Supplemental 3). However, there 

 

 1).  

a 

th the dry (t=2.25, df=18, p=0.037) and rainy 

 

e 

 

t 

d

In

larval density and the average survival for either 

was a significant relationship between log of initial larval density and the degree of impact

on survival due to the high and low density treatment (R2=0.411, df=10, p=0.034) (Figure

Development rate: We used the average daily probability of a fourth instar larva becoming 

pupa as a surrogate for development rate. Using simple paired t-test comparisons, we found a 

significant difference in the average pupation transition probability between the high 

density:low density treatments (4:1) for bo

season (t=2.57, df=9, p=0.03) (Table 1). For both seasons, the high density treatment reduced

the daily probability that a fourth instar would pupate by approximately 29% compared to th

low density treatment.  

 There was also a significant difference in the pupation transition probability between 

the high density treatment and low density treatment for containers with a 9:1 ratio of larvae

(t=3.51, df=10, p=0.006). The pupation transition probability for the high density treatmen
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was reduced by 59% compared to the low density treatment, a larger reduction compared

the containers with a 4:1 ratio of lar

 to 

vae (Table 1). 

signific

ensity 

r 

 

g length in 

males b

were not significantly different between the two seasons for females or males (Table 1). The 

 As with the survival results, there was a significant inverse relationship between the 

log of initial larval density and the average pupation transition probability for the high 

density treatment in the dry season (R2=0.294, df=18, p=0.016) and a marginally significant 

relationship in the rainy season (R2=0.366, df=9, p=0.064) (Figure 3). However, there was no 

significant relationship between log of initial larval density and the average pupation 

transition probability for the low density treatment in either season. There was also no 

ant relationship between the log of initial larval density and either treatment or the 

difference between treatments for both larval ratios in the rainy season (Supplemental 4). 

Wing Length: There was a significant difference in wing length for both females (t=5.89, 

df=9, p<0.001) and males (t=6.91, df=14, p<0.001) between the high density and low d

treatments (4:1) during the dry season (Table 1). For every container, the average wing 

length in the low density treatment was larger than the average wing length in the high 

density treatment for both females and males. On average, the high density treatment 

decreased wing length in females by 6.5% and decreased wing length in males by 7%.  

 During the rainy season, there was also a significant difference in wing length fo

both females (t=4.10, df=6, p=0.006) and males (t=4.19, df=6, p=0.006). On average, the

high density treatment decreased wing length in females by 9% and decreased win

y 9.5%. Although there was a larger decrease in wing length in the high density 

treatment during the rainy season, the average wing lengths for the high density treatments 
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average wing lengths for the low density treatment were greater in the rainy season compare

to the dry season for both females and males, resulting in a larger percent decrease between 

d 

t no 

ng length, the trend was similar to the male wing lengths with the 

 

ent (R2=0.324, df=9, p=0.086) or the 

f 

ity 

ip 

, 

the high density and low density treatments in the rainy season. 

 In containers with a 9:1 larval density, there was a significant difference in male wing 

length between the high density and low density treatments (t=3.01, df=5, p=0.03), bu

significant difference between the two treatments in female wing length (t=1.48, df=4, 

p=0.212). On average, male wing lengths were smaller in the high density treatment 

compared to the low density treatment. Although there was no statistically significant 

difference for female wi

average female wing length smaller in the high density treatment compared to the low 

density treatment (Table 1). 

For female adults in the dry season, there was no significant relationship between log

of initial larval density and average wing length for either the high density treatment 

(R2=0.073, df=9, p=0.45) or the low density treatm

degree of impact due to density treatment on wing length (R2=0.273, df=9, p=0.122) 

(Supplemental 5). In the rainy season there was a significant relationship between log o

initial larval density and both the degree of impact due to density (R2=0.701, df=6, p=0.019) 

and the average wing length in the high density treatment (R2=0.563, df=6, p=0.052) (Figure 

4). There was no significant relationship with the average wing length in the low dens

treatment (R2=0.100, df=6, p=0.489) (Figure 4). We found similar results in 9:1 ratio 

containers as the 4:1 ratio containers in the rainy season. There was a significant relationsh

between the log of initial larval density and the degree of impact due to density (R2=0.701
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df=6, p=0.02) and the average female wing length in the high density treatment (R2=0.563

df=6, p=0.052), but no significant relationship in the low density treatment (R2=0.100, df=6, 

p=0.489).  

Results for male wing length differed from those for female wing length. In dry 

season male adults, there was a significant relationship between log of initial natural d

and the average wing length for both treatments, high density (R2=0.729, df=13, p<0.00

, 

ensity 

1), 

e of 

 

ntersp

y 

(F=6.14, df=1, 26, p=0.02) and species (ie. presence absence of Ae. albopictus (F=10.43, 

low density (R2=0.541, df=13, p=0.003), and the degree of impact due to the density 

treatment on wing length (R2=0.338, df=13, p=0.03) (Figure 5). There was a negative 

relationship between the initial larval density and the average male wing length across 

treatments. There was a positive relationship between initial larval density and the degre

impact on male wing length due to the density treatment. However, in the rainy season there

was no significant relationship between log of initial density and average wing length for 

either treatment or the degree of impact due to density treatment on wing length for 4:1 larval 

ratio containers (Supplemental 6) or 9:1 larval ratio containers (Supplemental 7). 

 

I ecific Competition 

Survival: Using a sign test to compare the proportion of Ae. albopictus adults between the 

two treatments, we found that a significantly larger number of containers had a higher 

proportion of Ae. albopictus in the high density treatment compared to the low densit

treatment (p=0.015) (Figure 6).  

Using a mixed model ANOVA, there was a significant effect of density treatment 
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df=1, 26, p=0.003) on proportion survival, but no significant density treatment x specie

interaction effect (F=1.91, df

s 

=1, 26, p=0.18). Overall, the high density treatment in 

contain

rences 

es 

26, 

 26, 

 

y species on pupation transition probability (F=0.37, df=1, 26, p=0.547). Overall, 

the lsm  

6, 

 both 

ers with Ae. albopictus had a significantly lower proportion survival of combined 

species than the low density treatment. This contrasts with the lack of significant diffe

for containers mentioned earlier that only had Ae. aegypti (Figure 7).  

There was a significant difference in proportion survival between mixed speci

containers and Ae. aegypti only containers for both the high density treatment (t=3.90, df=

p<0.001) and low density treatment (t=2.26, df=26, p=0.032). Mixed species containers had 

lower average proportion survival of combined species for both treatments compared to the 

Ae. aegypti only containers (Figure 7). 

Development rate: There was a significant effect of density treatment (F=13.02, df=1,

p=0.001) and species (F=15.21, df=1, 26, p<0.001) on pupation transition probability. For 

mixed species containers, the pupation transition probability includes both species. We were

not able to separate the pupation transition probability for each species because individuals 

were not identified until adults emerged. There was no significant interaction effect of 

treatment b

ean (±SE) pupation transition probability was lower in the high density treatment

(0.118±0.01) compared to the low density treatment (0.181±0.02). There was a significant 

difference in pupation transition probability between the high density treatment in mixed 

species containers and the high density treatment in Ae. aegypti only containers (t=4.3

df=26, p<0.001) and there was also a significant difference between the low density 

treatments (t=3.05, df=26, p=0.005) (Figure 8). For both treatments, containers that had
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species present had a lower probability of a fourth instar pupating compared to containers 

with only Ae. aegypti present. 

Wing Length: The mixed model analysis for male wing length resulted in a significant effe

of treatment (F=28.16, df=1, 16, p<0.001) and species (F=4.85, df=1, 16, p=0.043), but no 

significant interaction effect (F=2.01, df=26, p=0.176). Consistent with the other p

ct 

arameters, 

ere was also a significant effect of treatment (F=20.12, df=1, 11, p<0.001) and species 

) on female wing length, but no significant interaction effect 

 

 of Ae. 

ales 

les (t=2.73, df=11, p=0.02), but there was no significant 

effect o

As men een 

house, there was no trend for one season to have an overall higher proportion survival than 

th

(F=4.96, df=1, 11, p=0.048

(F=1.24, df=1, 11, p=0.289). On average, the high density treatment produced smaller wing

lengths than the low density treatment for Ae. aegypti males and females. The presence

albopictus had a significant effect on wing size in the low density treatments for both m

(t=2.26, df=16, p=0.04) and fema

n wing length in the high density treatment for males (t=1.09, df=16, p=0.29) or 

females (t=1.27, df=11, p=0.23) (Figure 9). 

   

Delayed density dependence 

Survival: Using a mixed model ANOVA we found a significant effect of house (F=6.11, 

df=11, 54, p<0.001) and season (F=4.67, df=7, 54, p<0.001) on proportion survival. The 

average proportion survival was dependent on the house in which the buckets were located. 

tioned in the methods, season was nested within house to allow comparisons betw

the seasons at each house. Therefore, there was no overall mean for each season. Although 

there was a significant effect of season on the proportion of survival in buckets at a specific 
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the other season. Of the 7 houses replicated in both seasons, on average, 4 houses had higher

proportion survival in the dry season an

 

d 3 houses had higher proportion survival in the rainy 

7, 54, 

 

, 

 

n the 

 

e than larvae in the rainy season. The mean (± SE) 

son. 

t 

 

season. This effect is more likely due to different time points of the experiments in each 

house and not reflective of specific attributes to the dry or rainy season. Each house likely 

experiences fluctuations of larval densities and food which could impact larval survival. 

There was no significant effect of treatment (F=1.74, df=1, 54, p=0.193), treatment x house 

interaction (F=0.74, df=11, 54, p=0.694), or treatment x season interaction (F=0.36, df=

p=0.920) on proportion survival. 

Development Time: There was a significant effect of house (F=5.26, df=11, 50, p<0.001),

season (F=10.20, df=7, 50, p<0.001), and treatment (F=13.27, df=1, 50, p<0.001) on 

development time, but no significant interaction effect of treatment x season (F=0.79, df=7

50, p=0.603) or treatment x house (F=1.47, df=11, 50, p=0.171). Similar to the proportion

survival results, the number of days it took a larva to reach pupation was dependent o

house in which the bucket was located. Only 1 house had an average development time that 

was not significantly different between the two seasons, in all other houses larvae in the dry

season had a shorter development tim

daily maximum temperature was higher in the dry season (36°C ± 0.17) compared to the 

rainy season (32.6°C ± 0.24) (NCDC 2011). Higher temperatures in the dry season could 

have resulted in the shorter development time in the dry season compared to the rainy sea

On average, the lsmean (± SE) development time (days) was shorter for the LA treatmen

(13.46 ±0.65) compared to the LP treatment (16.03 ± 0.8) (Figure 10). However, this trend is
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not represented in all houses for both seasons. Although the development time was longer 

during the rainy season compared to the dry season, there was no significant difference in the

percent increase of development time due to a previous cohort of larvae between the two 

seasons (dry=16%, rainy=18%) (t=0.872, df=8, p=0.41). 

Wing Length: The mixed model ANOVA res

 

ulted in a significant effect of house (F=3.89, 

01), season (F=3.56, df=5, 34, p=0.012), and treatment (F=9.56, df=1, 34, 

, but no significant effect of treatment x season interaction 

). 

, 

 

df=11, 34, p=0.0

p=0.003) on male wing length

(F=0.93, df=5, 34, p=0.472) or treatment x house interaction (F=1.63, df=11, 34, p=0.133

There was also a significant effect of house (F=2.82, df=11, 36, p=0.009), season (F=4.54

df=6, 36, p=0.002), and treatment (F=7.81, df=1, 36, p=0.008) on female wing length. There

was no significant interaction effects of treatment x season (F=1.08, df=6, 36, p=0.391) or 

treatment x house (F=1.40, df=11, 36, p=0.217) on female wing length. For both sexes, the 

effect of season showed no general trend; 3 houses had larger male wing lengths in the dry 

season and 2 houses had larger male wing lengths in the rainy season, 3 houses had larger 

female wing lengths in the dry season and 3 houses had larger female wing lengths in the 

rainy season. However, male wing length and female wing length were correlated by house. 

The houses with larger male wing lengths in the dry season also had larger female wing 

lengths in the dry season and the same held true for houses with larger wing lengths in the 

rainy season. On average, male and female wing lengths were larger in the LA treatment 

compared to the LP treatment (Figure 10). The presence of a previous cohort of larvae 

decreased adult wing length by 4% in males and by 3.5 % in females. 
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Discussion  

Direct density dependence  

There were significant impacts of direct density dependence on larval survival, larva

development, and adult body size. Dry season containers and 9:1 larval ratio containers had

decreased larval survival due to an increase in larval density. Although larval survival was 

not statistically different between the density treatments in the 4:1 larval ratio containers 

during the rainy season, the trend was in the same direction as the dry season. On average

between the two seasons, an increase in larval density of 75% (4:1containers) decreased 

(9:1containers), there was a larger impact of density dependence and larval survival 

decreased by approximately 50%. 

 Larval development, as measured by the probability of a fourth instar to pupate, wa

significantly impacted by an increase in density in both seasons and both ratios of larvae. 

Higher densities of larvae had a lower probability of pupating compared to lower densities 

larvae. When larval densities were increased by 75%, the probability of a fourth instar 

pupating decreased by approximately 29%. Similar to larval survival, increasing the densi

even higher to 89% caused a larger decrease in pupation t

l 

 a 

 

larval survival by approximately 16%. When larval density was increased by 89% 

s 

of 

ty 

ransition probability, approximately 

59%. 

 Both male and female adult body size was significantly impacted by an increase in 

larval density. However, there was no significant difference in the average wing lengths 

between the 4:1 larval ratio containers and the 9:1 larval ratio containers. On average, an 
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increase in larval density decreased both adult males and adult females by 7%. We 

hypothesize that 9:1 containers did not have a larger decrease on adult body size because 

there may be a threshold larval size to become an adult (Gilpin and McClelland 1979, 

Chambers and Klowden 1990). It is probable that those larvae who did not reach the 

threshold size did not pupate and eventually starved to death (Arrivillaga and Barrera 2004)

 All three parameters have shown a negative impact of direct density dependence on

Ae. aegypti populations. These results are consistent with a previous study of direct density

dependence in the same area (Walsh et al. Chapter 1, in press). For each parameter measured,

there was no significant difference in the average percent decrease due to density betwee

two seasons in this study and the rainy season tested by Walsh et al. (Chapter 1, in press). 

 

Interspecific competition 

 We found a significant effect of interspecific competition betwe

.  

 

 

 

n the 

en Ae. aegypti and 

e. albopictus on larval survival, larval development, and adult body size. The presence of 

e. albopictus reduced larval survival and reduced the probability of a fourth instar pupating 

gh density treatment and low density treatment. Since there was no treatment x 

e sume the impact of Ae. albopictus on larval survival and 

develop

 

of 

A

A

in both the hi

species interaction effect, w as

ment of Ae. aegypti was equivalent in both density treatments. The presence of Ae. 

albopictus reduced adult body size in both males and females in the low density treatment, 

but there was no significant reduction in the high density treatment. Possibly, Ae. albopictus

did not have an additional effect on adult body size in the high density treatment because 
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the minimum size requirement. This supports our earlier hypothesis that a minimum larva

size is necessary for pupation. 

 Our results suggest that Ae. albopictus larvae were outcompeting Ae. aegypti larva

the high density treatment. We foun

l 

e in 

d a larger proportion of Ae. albopictus surviving to adult 

 the h

tus 

s et 

In the delayed density dependent experiments, there was a significant effect of house 

 

e was no 

ithin 

ghout 

pacte

in igh density treatment compared to the low density treatment. We can not definitively 

conclude this from our data because we did not know the initial proportions of Ae. albopic

larvae in each treatment. However, these finding are consistent with previous reports of 

interspecific competition between these two species in field studies (Juliano 1998, Brak

al. 2004, Juliano et al. 2004). 

Delayed density dependence 

 

on larval survival, development time, and wing length. The types of vegetation differed 

among all of the houses, it is possible that the differences seen in the parameters between

houses were due to different types of food or amounts of food present at each location. 

 We found a significant effect of season on survival and wing length, but ther

clear pattern of impact on the parameters. This effect was more likely due to different time 

periods and not specifically to the attributes of the dry or rainy season. Larval habitats w

a house likely experience fluctuations of food levels and densities of mosquitoes throu

time which would impact survival and wing length. However, development time was 

im d specifically by season. Development time was significantly shorter in the dry 

season compared to the rainy season. Larval development has been shown to be dependent 

 97



 

on temperature; studies have found that larvae developing in higher temperatures develop at 

a faster rate (Gilpin and McClelland 1979, Rueda et al. 1990). 

 The presence of a previous cohort of larvae had no significant impact on larval 

vious cohort of larvae did significantly impact larval development 

me an

 

 

he density dependent factors in Ae. aegypti population 

survival. However, the pre

ti d adult wing length. On average, the presence of a previous cohort increased 

development time by 17% and decreased both adult male and female wing lengths by 4%. 

Field studies on other container inhabiting mosquitoes found that previous cohorts of larvae 

negatively impacted the mosquito populations (Aspbury and Juliano 1998, Walsh et al. 

Chapter 2).  

In natural populations of Ae. aegypti, both direct and delayed density dependence 

factors are impacting the population. Although we detected delayed density dependence, the

impact on the population was not as strong as the impact of direct density dependence. 

Among the direct density dependent factors, we found an impact of both intraspecific 

competition and interspecific competition with Ae. albopictus. These studies provide strong

empirical data to paramaterize t

models. The inclusion of this data into population models is necessary to accurately predict 

the impact of control methods on mosquito population dynamics. 
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Figure 1. Direct density dependent experiment. Effect of initial larval density on proportion 

survival. Relationship between the difference in survival between the low and high density 

treatments for each container and the log of initial larval density for the dry season (A), 4:1 

containers in the rainy season (B) and 9:1 containers in the rainy season (C). 
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 Figure 2. Direct density dependence experiment. Effect of initial larval density on proportion 

survival. Relationship between average survival of the dry and rainy season for the high 

density treatment and log of initial larval density (A). Relationship between average survival 

of the dry and rainy season for the low density treatment and log of initial larval density (A).  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

igure 3. Direct density dependence experiment. Effect of initial larval density on pupation 

ansition probability. Relationship between average pupation transition probability of the dry 

nd rainy season for the high density treatment and log of initial larval density. 
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Figure 4. Direct density dependent experiment. Effect of initial larval density on female wing 

ngth in 4:1 containers in the rainy season. Relationship between average female wing 

ngth for each treatment and the log of initial larval density (A). Line represents relationship 

 the high density treatment. Relationship between difference in female wing length between 

e low density and high density treatments for a given container and the log of initial larval 

ensity (B).  

le
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Figure 5. Direct density dependent experiment. Effect of initial larval density on male wing 

length in the dry season. Relationship between average male wing length for each treatment 

and the log of initial larval density (A). Relationship between difference in male wing length 

between the low density and high density treatments for a given container and the log of 

initial larval density (B).  
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Figure 6. Interspecific competition experiment. Proportion of Ae. albopictus surviving in the 

high density treatment and low density treatment for each container. Containers ordered from 

lowest larval density to highest larval density. 
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Figure 7. Interspecific competition experiment. Mean proportion of larvae surviving to 

pupation for each treatment for both Ae. aegypti only containers and mixed species 

containers. Vertical bars on the graph represent standard errors.  
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Figure 8. Interspecific competition experiment. Mean pupation transition probability for each 

treatment for both Ae. aegypti only containers and mixed species containers. Vertical bars on 

the graph represent standard errors.  
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igure 9. Interspecific competition experiment. Mean wing length for males (A) and females 

(B) for each treatment. Vertical bars on all graphs represent standard errors.  
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Figure 10. Delayed density dependence experiments. LS means for each treatment for 

proportion survival (A), development time (B), male wing length (C), and female wing 

length (D). Vertical bars on all graphs represent standard error bars.  
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Abstract 

Mathematical models are often used to help predict and describe population dynamics 

f many species. These models can also help understand the efficiency and impact of 

ifferent control methods used on insect pest populations. SkeeterBuster is a model that 

escribes the population dynamics of Aedes aegypti, the mosquito that transmits the virus 

ausing dengue fever. This model, which incorporates stochasticity, spatial structure, and 

een shown to 

e important for population dynamics and currently produces uncertainty in the model, with 

eld data collected in Tapachula, Mexico. We found that the model predicts a weaker impact 

f density-dependence compared to the impact of density-dependence found in the field data.   

 

 

 

 

 

 

 

o

d

d

c

genetics, can predict the impact of control strategies, including transgenic strategies, on Ae. 

aegypti populations. We compare the density-dependent function, which has b

b

fi

o
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Introduction 

 Mathematical models are widely used to help understand population dynamics for a 

variety of species (Gotelli 2001). For insect populations, mathematical models can also be 

used to help improve the efficiency of control methods for both agricultural and public health 

pests (Tang and Cheke 2008, Yakob et al. 2008, Barclay and Vreysen 2011). Biologically 

specific models for this purpose currently exist for Aedes aegypti, the mosquito which 

transmits the virus causing dengue fever (Focks et al. 1993, Otero et al. 2008, Magori et al. 

2009). 

 SkeeterBuster is an Ae. aegypti model based on the model CIMSim (Focks et al. 

1993a, 1993b) with the addition of stochasticity, explicit spatial structure, and genetics 

(Magori et al. 2009). Legros et al. (2009) found that there was insufficient empirical data to 

accurately parameterize the density-dependence function of these models. Xu et al. (2010) 

confirmed that the current parameters related to larval density dependence are associated 

with a large portion of the model uncertainty in predicting mosquito population density. 

 Walsh et al. (chapter 1, 3) addressed the issue of assessing the impact of larval 

density-dependence by performing field experiments in Tapachula, Mexico. For three field 

asons they visited local houses and collected water-filled containers, which were found to 

ave Ae. aegypti larvae. These containers were divided in half using a waterproof vertical 

artition to produce two treatments, a low density treatment and high density treatment. 

sing the natural water, food, and larvae already present in the containers they compared 

rval survival, larval development time, and adult body size between the low density and 

igh density treatments. From their experiments they found that an increase in density 

se

h

p

U

la

h
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decreased larval survival and adult body size, while increasing larval development time. 

arval survival, measured as the proportion of larvae surviving to pupation, was decreased 

y approximately 20% in the high density treatment compared to the low density treatment.  

We used the field data from Walsh et al. (chapter 1, 3) to determine if the density 

ly, we 

 

l to see if the number 

f pupae produced reflected what was found in the field experiment itself.  

lated to the density 

ependence; daily food loss, daily food gain, and initial food input. In running the model for 

e model overall pupal production 

om a specific container will match that in the city.  Many of the parameters in 

es of 

characteristics for buckets are the same in Iquitos and Tapachula, Mexico. Temperature and 

rain data were used from a Tapachula, Mexico weather station. 

Step 1 

We first set out to determine the daily food gain for each container that would result 

in buckets having mosquito larval patterns that were similar to those found in Tapachula. For 

this step, the setup for the model was 153 unique houses. Each house had a variety of 

L

b

 

dependence function in SkeeterBuster matched the empirical effects of density. Basical

set up the model to have the exact number of larvae of each instar found in high and low

density treatments of specific field-buckets, and we then ran the mode

o

 

Methods 

The model has three parameters which describe food and are re

d

a specific city, the food parameters are adjusted so that th

fr

SkeeterBuster are based on data collected in Iquitos, Peru. Spatial setup and the typ

containers and their attributes were used from Iquitos for this study. However, the 
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containers including the possibility of all types of containers available in the model in 

ddition to buckets. There were 655 buckets in total for each run. The model was set so that 

ll 655 buckets had the same daily food gain for each model run, while the daily food gain in 

ll other containers was randomly assigned. The model was then run for all possible daily 

od gains from 0.50 to 16.0 in increments of 0.50. For each value of daily food gain, the 

odel was run for 465 days, but only data from day 365 to 465 were used to ensure that the 

ata were from a mosquito population that had stabilized. The model output includes the 

umbers in each instar and the amount of food present on a given day for each bucket. For 

ach value of daily food gain the model provides data for 65500 buckets (Figure 1A).  

ily 

o 

he 

, 

nd the water were divided in half that the food was also divided in half equally between the 

o treatments. The low density treatment for each bucket was tested with the model by 

a

a

a

fo

m

d

n

e

Step 2   

For each field bucket, the initial number of instars found in a bucket, before dividing 

the larvae into treatments, was the comparison point for determining the best fitting da

food gain in the model. The values of daily food gain that resulted in 4 or more matches t

the actual numbers of each instar (+/- 10% instars) for an individual bucket were used for t

next step. For each bucket that matched the initial numbers of instars from the field bucket

the output provided an amount of food present in each bucket at that point in time. These 

values were then used to determine the initial food input for each container (Figure 1B). 

Step 3  

For the next step, to replicate the field experiment methods, both the initial daily food 

input and the daily food gain were divided in half. We assume that when the field buckets 

a

tw

 120



 

starting all buckets in the model with the number of instars released into the low density 

eatment of the field buckets. The model setup included 50 replicated buckets for each initial 

od input. For this step of the model, all buckets were located in the same house without any 

ther containers present. The adult mortality was set to 1.0 to eliminate any new eggs being 

id before the buckets were complete. The model was run until all original larvae in the 

ucket had pupated or died. The daily food gain value and its corresponding initial food 

puts that best predicted the number of pupae produced in the corresponding field bucket 

as used for Procedure 4 (Figure 1C). 

tep 4 

the high density treatment for each bucket, we used the daily food gain and 

pare the impact of density dependence between the 

 

 

proportion survival closest to the low density treatment was used in the analysis. The mean 

tr

fo

o

la

b

in

w

S

To test 

initial food inputs as determined by Procedure 3. The initial number of instars was set to 

match the number of instars from the high density treatment. Similar to Procedure 3, each 

initial food input was replicated 50 times. The number of pupa predicted by the model was 

then compared to the actual number of pupa produced in the corresponding field bucket 

(Figure 1D). 

Statistical Analysis 

 A student’s t-test was used to com

field data and model predictions. The impact of density dependence was measured as the

difference in proportion survival between the low density and high density treatments. A

correlation was also used to compare the field data and model predictions. For buckets that 

had multiple possibilities for the daily food gain, the daily food gain that predicted the 

 121



 

difference in proportion survival reported is the difference of the proportion survival betw

the low density treatment and the high density treatment averaged across all buckets that 

een 

of 

f 

f 

in 

roken 

dry 

W  

r, 

 

Although the model was not able to predict the correct low density treatment survival 

 buckets, it was still possible to compare the impact of density dependence 

betwee

were analyzed in the model (N=27). 

 

Results 

 The first step in comparing the field data to the model was determining the number 

field buckets for which the model was able to predict the initial number and distribution o

larval instars. Running the model for all possible daily food gain values resulted in 30 out o

the total 47 (64%) field buckets having matches (runs of the model with each daily food ga

produced 65500 possible larval distributions over the 100 days). When the results are b

down by season, the rainy 2008 season had 12 out of 18 (68%) field bucket matches, the 

2010 season had 13 out of 19 (66%) field bucket matches, and the rainy 2010 season had 5 

out of 10 (50%) field bucket matches. 

 hen comparing the survival and density dependence between the field data and the

model, only buckets that had matches during the first step could be analyzed. The daily food 

gain was adjusted to try and match the low density treatment proportion survival. Howeve

the model was only able to predict the low density proportion survival within 5% in 9 out of

27 (33%) field buckets.  

 

for all field

n the field data and the model prediction. The mean (± SE) difference in proportion 

survival between the low density and high density treatment was significantly higher for the 
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field data (0.19 ± 0.054) compared to the model prediction difference (0.09 ± 0.10) (t=2.07, 

df=26, p=0.016) (Figure 2). There was no significant correlation between the fiel

difference in survival and the model predicted difference in survival (r=0.07) (Figure 3). 

 

Discussion 

 The model did not predict the distribution of instars in al

d data 

l of the buckets found in the 

he majority of the buckets that did not have matches in the model had an uneven 

distribu

e 

 

 

not 

he impact of density dependence in the model was significantly lower than was 

found i

lso 

field. T

tion of larval instars. Typically these buckets had one or two instars that had a much 

larger proportion of the total larvae initially found in the bucket. The model predicts the 

numbers of instars in a bucket to be more evenly distributed than is actually found in th

field.  

 The model was only able to predict the correct proportion survival for the low density

treatment in one third of the field buckets. In general, the model was not able to predict the 

low density treatment for very high survival or very low survival. Many of the buckets that

were not predicted properly had a proportion survival in the low density treatment of 1.0. 

Currently in the model, the daily nominal survival for larvae is 0.99 (Magori et al. 2009). 

Since this daily nominal survival is close to 1.0, this does not explain why the model was 

able to predict relatively close to those containers with high survival in the low density 

treatment.  

 T

n the field data. The difference in proportion survival between the low density and 

high density treatments was twice as large in the field compared to the model. There was a
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higher variation in the difference in the field data. This higher variation in the field is 

probably due to varying amounts of food present in different buckets, which is not reflected 

correctly in the model.  

 To improve the accuracy of SkeeterBuster in predicting the efficiency of control 

methods on Ae. aegypti populations, both the daily nominal survival for larvae and the 

parameters in the equation that describes density-dependence need to be adjusted. The next 

step in 

 

he 

y, 

rom 

 

. The combination of an insufficient amount of 

ula weather data and other parameter data taken from Iquitos may have had an impact 

on the m

analyzing SkeeterBuster is to determine why the model is unable to predict larval 

survival at the high values found in the field data. If the model were adjusted to better 

describe survival in the low density treatment, we may see a difference when we compare the

density-dependence between the model and the field data. Another method of analyzing t

proportion survival is to use the food fitting process for the high density treatment first 

instead of the low density treatment. This may provide different results than seen with use of 

the low density treatment as the benchmark. The second step would be to reassess the 

equations for the density-dependence function. These equations will need to be altered to 

more accurately reflect the impact of density-dependence found in the field data. Currentl

SkeeterBuster is parameterized using container data, weather data, and the spatial setup f

Iquitos, Peru. In this study, the weather data was used from Tapachula, Mexico. However, a

portion of the weather data was missing

Tapach

odel results.  
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Figure 1. Diagram of model methods. Descriptive pictorial of the 4 step procedure used to 

pare the model to the field data. Figures shaded gray represent model input 

or output. Figures shaded black represent field data. An example of the use of one field 

bucket is shown in Steps 2-4. 
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Figure 2. Impact of density-dependence. Results of the mean (N=27) difference in proportion 

survival between the low density and high density treatments for both the field data and 

m

 

 

odel predictions. Vertical bars represent the standard deviation.  



 

 

 

 

 

 

 

 

Figure 3. Comparison of field data to model prediction. Correlation between the difference in 

roportion survival between the low density and high density treatment for the field data and 

odel predictions. 

 

 

 

 

 

 

 

 

 

 

 

p

m

 

 132



 

APPENDICES 
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APPENDIX A. Supplementary information for: 

hapter 1. ASSESSING THE IMPACT OF DENSITY-DEPENDENCE IN FIELD 

OPULATIONS OF AEDES AEGYPTI 
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Container # 1

Initial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
0 8 7 27 42 3.1

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st instar#2 instar #3 instar #4 instar # pupa

0 6/29/2008 0 4 4 20 0 0 6/29/2008 0 1 1 5 0
1 6/30/2008 0 1 6 13 7 1 6/30/2008 0 1 1 6 0
2 7/1/2008 didn’t count larvae this day 0 2 7/1/2008 didn't count larvae this day 0
3 7/2/2008 0 13 1 7 10 3 7/2/2008 0 0 3 3 4
4 7/3/2008 0 2 7 6 1 4 7/3/2008 0 0 5 3 1
5 7/4/2008 0 0 5 8 1 5 7/4/2008 0 0 2 1 2
6 7/5/2008 0 0 1 10 2 6 7/5/2008 0 0 1 5 1
7 7/6/2008 didn’t count larvae this day 1 7 7/6/2008 didn't count larvae this day 0
8 7/7/2008 0 0 0 11 2 8 7/7/2008 0 0 1 2 0
9 7/8/2008 0 0 0 7 3 9 7/8/2008 0 0 0 3 1

10 7/9/2008 0 0 0 7 1 10 7/9/2008 0 0 0 3 0
11 7/10/2008 0 0 0 4 2 11 7/10/2008 0 0 0 2 1
12 7/11/2008 0 0 0 2 2 12 7/11/2008 0 0 0 1 0
13 7/12/2008 0 0 0 0 2 13 7/12/2008 0 0 0 0 1

Table A1. Partial lif es f r direct density dependence experime both treatments in each container. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

e tabl o nt for 



 

Table A1 Continued 

 

Container # 2

Initial larvae #1st instar #2 instar # ar ns otal larvae ratio
1 23 2 44 3.88889

HIGH DEN (g e LOW DENSITY(pequeno)
DAY DATE #1st instar # ar ns #4 instar # pupa DAY DATE #1st insta

3 inst #4 i tar T
0

SITY rand )
2 inst #3 i tar r#2 instar #3 instar #4 instar # pupa

0 6/27/2008 0 1 0 0 0 6/27/2008 0 5 4 0 0
1 6/28/2008 didn't count l  t y 0 1 6/28/2008 didn't count larvae this day 0
2 6/29/2008 0 29 0 2 6/29/2008 0 2 1 5 0
3 6/30/2008 didn't count l  t y 0 3 6/30/2008 didn't count larvae this day 0
4 7/1/2008 25 5 4 7/1/2008 0 0 3 4 2
5 7/2/2008 28 2 5 7/2/2008 0 0 0 5 0
6 7/3/2008 22 0 6 7/3/2008 0 0 0 5 0
7 7/4/2008 22 0 7 7/4/2008 0 0 0 3 1
8 7/5/2008 22 0 8 7/5/2008 0 0 0 2 1
9 7/6/2008 didn't count  t y 0 9 7/6/2008 didn't count larvae this day 0

10 7/7/2008 0 21 0 10 7/7/2008 0 0 0 2 0
11 7/8/2008 0 17 0 11 7/8/2008 0 0 0 2 0
12 7/9/2008 0 13 0 12 7/9/2008 0 0 0 2 0
13 7/10/2008 0 0 0 13 7/10/2008 0 0 0 2 0

14 7/11/2008 0 0 0 2 0
15 7/12/2008 0 0 0 1 0
16 7/13/2008 0 0 0 0 0

8 16
arvae his da

0 5
arvae his da

0 1 4
0 1 4
0 0 5
0 0 5
0 0 5

larvae his da
0 4
0 3
0 3
0 0
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Table A1 Continued 

Container # 7

Initial larvae #1st instar #2 in # ar  instar Total larvae ratio
1 5 11 2.66667

HIGH DEN Y(g de) LOW DENSITY(pequeno)
DAY DATE #1st instar # ar nstar #4 instar # pupa DAY DATE #1st insta

star 3 inst #4
1 4

SIT ran
2 inst #3 i r#2 instar #3 instar #4 instar # pupa

0 7/2/2008 1 3 4 0 0 7/2/2008 0 1 1 1 0
1 7/3/2008 0 5 3 0 1 7/3/2008 0 1 1 1 0
2 7/4/2008 0 4 1 3 2 7/4/2008 0 0 1 2 0
3 7/5/2008 0 0 5 0 3 7/5/2008 0 0 1 2 0
4 7/6/2008 didn't count l e t y 0 4 7/6/2008 didn't count larvae this day 0
5 008 0 0 5 0 5 7/7/2008 0 0 0 3 0
6 008 0 0 3 2 6 7/8/2008 0 0 0 1 2
7 008 0 0 2 1 7 7/9/2008 0 0 0 0 1
8 7 008 0 0 0 2 8 7/10/2008 0 0 0 0 0

0
0
0
0

arva his da
0
0
0
0

7/7/2
7/8/2
7/9/2
/10/2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table A1 Continued 

C ne 9

In ar 1st instar #2 instar #3 instar #4 instar Total larvae ratio
60 0 3 20 83 2.86486

HIGH DENSITY(grande) LOW DENSITY(pequeno)
D #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st insta

ontai r #

itial l vae #

AY DATE r#2 instar #3 instar #4 instar # pupa
0 7/4/2008 48 0 3 16 0 0 7/4/2008 12 0 0 4 0

008 0 55 2 9 13 1 7/5/2008 8 19 1 3 5
008 didn't count larvae this day 8 2 7/6/2008 didn't count larvae this day 6
008 13 11 39 41 2 3 7/7/2008 12 7 15 2 1
008 4 7 45 7 0 4 7/8/2008 7 4 16 6 0
008 2 7 36 10 0 5 7/9/2008 5 10 6 16 0

7 008 0 4 40 12 1 6 7/10/2008 0 5 12 18 0
7 008 0 1 39 13 1 7 7/11/2008 0 2 12 11 0
7 008 0 1 35 11 0 8 7/12/2008 0 0 12 20 1
7 008 didn't count larvae this day 0 9 7/13/2008 didn't count larvae this day 2
7 008 0 0 32 12 0 10 7/14/2008 0 0 12 18 0
7 008 0 0 27 11 0 11 7/15/2008 0 0 12 17 0
7 008 0 0 27 9 0 12 7/16/2008 0 0 12 15 0
7 008 didn't count larvae this day 0 13 7/17/2008 didn't count larvae this day 0
7 008 0 0 4 4 0 14 7/18/2008 0 0 10 12 0

1
2
3
4
5
6
7
8
9

10
11
12
13
14

7/5/2
7/6/2
7/7/2
7/8/2
7/9/2
/10/2
/11/2
/12/2
/13/2
/14/2
/15/2
/16/2
/17/2
/18/2
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15 7/19/2008 0 0 2 5 0 15 7/19/2008 0 0 10 10 0
16 7/20/2008 didn't count larvae this day 0 16 7/20/2008 didn't count larvae this day 0
17 7/21/2008 0 0 2 4 0 17 7/21/2008 0 0 6 5 0
18 7/22/2008 didn't count larvae this day 0 18 7/22/2008 didn't count larvae this day 0
19 7/23/2008 0 0 2 4 0 19 7/23/2008 0 5 5 0
20 7/24/2008 didn't count larvae this day 0 20 7/24/2008 didn't count larvae this day 0
21 7/25/2008 0 0 1 5 0 21 7/25/2008 0 0 5 5 0
22 7/26/2008 0 0 1 3 0 22 7/26/2008 0 0 3 6 0
23 7/27/2008 didn't count larvae this day 0 23 7/27/2008 didn't count larvae this day 0
24 7/28/2008 0 0 1 2 0 24 7/28/2008 0 0 1 6 0
25 7/29/2008 0 0 0 3 0 25 7/29/2008 0 0 1 4 0
26 7/30/2008 didn't count larvae this day 0 26 7/30/2008 didn't count larvae this day 0
27 7/31/2008 0 0 0 1 0 27 7/31/2008 0 0 2 4 0
28 8/1/2008 0 0 0 1 0 28 8/1/2008 0 0 1 3 0
29 8/2/2008 0 0 0 1 0 29 8/2/2008 0 0 1 4 0
30 8/3/2008 didn't count larvae this day 0 30 8/3/2008 didn't count larvae this day 0
31 8/4/2008 0 0 0 0 1 31 8/4/2008 0 0 1 2 0

32 8/5/2008 0 0 0 3 0
33 8/6/2008 0 0 0 3 0
34 8/7/2008 0 0 0 3 0
35 8/8/2008 0 0 0 2 0

Table A1 Continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table A1 Continued 
Container # 10

Initial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
6 0 22 16 44 2.92308

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st instar#2 instar #3 instar #4 instar # pupa

0 7/4/2008 5 0 18 13 0 0 7/4/2008 1 0 4 3 0
1 7/5/2008 4 0 15 16 0 1 7/5/2008 1 0 3 4 0
2 7/6/2008 didn't count larvae this day 1 2 7/6/2008 didn't count larvae this day 0
3 7/7/2008 0 8 15 14 0 3 7/7/2008 0 4 3 5 0
4 7/8/2008 0 7 14 17 0 4 7/8/2008 0 2 3 7 0
5 7/9/2008 0 4 17 16 1 5 7/9/2008 0 2 4 6 1
6 7/10/2008 0 3 19 14 0 6 7/10/2008 0 1 5 5 0
7 7/11/2008 0 0 8 8 0 7 7/11/2008 0 0 6 5 0
8 7/12/2008 0 0 0 1 0 8 7/12/2008 0 0 6 5 0
9 7/13/2008 0 0 0 0 0 9 7/13/2008 didn't count larvae this day 0

10 7/14/2008 0 0 2 6 0
11 7/15/2008 0 0 2 5 0
12 7/16/2008 0 0 1 4 0
13 7/17/2008 0 0 1 4 0
14 7/18/2008 0 0 0 4 0
15 7/19/2008 0 0 0 4 0
16 7/20/2008 0 0 0 4 0
17 7/21/2008 0 0 0 4 0
18 7/22/2008 didn't count larvae this day 0
19 7/23/2008 0 0 0 4 0
20 7/24/2008 didn't count larvae this day 0
21 7/25/2008 0 0 0 4 0
22 7/26/2008 0 0 0 3 0
23 7/27/2008 0 0 0 1 1
24 7/28/2008 0 0 0 1 0
25 7/29/2008 0 0 0 1 0
26 7/30/2008 0 0 0 0 0
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Table A1 Continued 
Container # 13

nitial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
1 14 17 8 40 4

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st insta

I

r#2 instar #3 instar #4 instar # pupa
0 7/8/2008 1 11 14 6 0 0 7/8/2008 0 3 3 2 0
1 7/9/2008 0 3 10 18 1 1 7/9/2008 0 1 1 3 1
2 7/10/2008 0 0 9 19 2 2 7/10/2008 0 0 1 3 1
3 7/11/2008 0 0 2 22 1 3 7/11/2008 0 0 0 4 0
4 7/12/2008 0 0 2 15 6 4 7/12/2008 0 0 0 2 2
5 7/13/2008 0 0 1 12 4 5 7/13/2008 0 0 0 1 1
6 7/14/2008 0 0 1 10 1 6 7/14/2008 0 0 0 1 0
7 7/15/2008 0 0 1 10 1 7 7/15/2008 0 0 0 1 0
8 7/16/2008 0 0 0 9 2 8 7/16/2008 0 0 0 0 0
9 7/17/2008 0 0 0 7 2

10 7/18/2008 0 0 0 7 0
11 7/19/2008 0 0 0 7 0
12 7/20/2008 0 0 0 7 0
13 7/21/2008 0 0 0 7 0
14 7/22/2008 didn't count larvae this day 0
15 7/23/2008 0 0 0 7 0
16 7/24/2008 didn't count larvae this day 0
17 7/25/2008 0 0 0 7 0
18 7/26/2008 0 0 0 7 0
19 7/27/2008 0 0 0 6 0
20 7/28/2008 0 0 0 4 0
21 7/29/2008 0 0 0 3 0
22 7/30/2008 didn't count larvae this day 0
23 7/31/2008 0 0 0 2 0
24 8/1/2008 0 0 0 1 0
25 8/2/2008 0 0 0 0 0

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 142



 

Table A1 Continued 

Container # 15

Initial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
10 16 32 19 77 2.95238

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st instar#2 instar #3 instar #4 instar # pupa

0 7/10/2008 8 12 24 15 0 0 7/10/2008 2 4 8 4 0
1 7/11/2008 2 14 13 29 0 1 7/11/2008 1 4 9 6 0
2 7/12/2008 0 17 17 26 1 2 7/12/2008 0 4 8 9 0
3 7/13/2008 didn't count larvae this day 0 3 7/13/2008 didn't count larvae this day 0
4 7/14/2008 0 3 32 27 0 4 7/14/2008 0 0 4 17 0
5 7/15/2008 0 4 30 29 0 5 7/15/2008 0 0 4 16 1
6 7/16/2008 0 2 31 28 0 6 7/16/2008 0 0 4 14 1
7 7/17/2008 0 0 33 15 0 7 7/17/2008 0 0 3 13 0
8 7/18/2008 0 0 30 23 0 8 7/18/2008 0 0 4 11 0
9 7/19/2008 0 0 31 19 0 9 7/19/2008 0 0 3 12 0

10 7/20/2008 didn't count larvae this day 0 10 7/20/2008 didn't count larvae this day 0
11 7/21/2008 0 0 28 13 0 11 7/21/2008 0 0 2 12 0
12 7/22/2008 didn't count larvae this day 0 12 7/22/2008 didn't count larvae this day 0
13 7/23/2008 0 0 23 7 0 13 7/23/2008 0 0 1 13 0
14 7/24/2008 didn't count larvae this day 0 14 7/24/2008 didn't count larvae this day 0
15 7/25/2008 0 0 18 6 0 15 7/25/2008 0 0 1 12 0
16 7/26/2008 0 0 18 5 0 16 7/26/2008 0 0 1 12 0
17 7/27/2008 didn't count larvae this day 0 17 7/27/2008 didn't count larvae this day 0
18 7/28/2008 0 0 8 10 0 18 7/28/2008 0 0 0 11 0
19 7/29/2008 0 0 8 10 0 19 7/29/2008 0 0 0 9 0
20 7/30/2008 didn't count larvae this day 0 20 7/30/2008 didn't count larvae this day 0
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1 7/31/2008 0 0 2 14 0 21 7/31/2008 0 0 0 9 0
22 8/1/2008 0 0 1 14 0 22 8/1/2008 0 0 0 8 0
23 8/2/2008 0 0 1 13 0 23 8/2/2008 0 0 0 8 0
24 8/3/2008 didn't count larvae this day 0 24 8/3/2008 didn't count larvae this day 3
25 8/4/2008 0 0 1 12 0 25 8/4/2008 0 0 0 4 0
26 8/5/2008 0 0 1 11 0 26 8/5/2008 0 0 0 4 1
27 8/6/2008 0 0 1 8 0 27 8/6/2008 0 0 0 2 0
28 8/7/2008 0 0 1 7 0 28 8/7/2008 0 0 0 1 1
29 8/8/2008 0 0 0 6 2 29 8/8/2008 0 0 0 0 0
30 8/9/2008 0 0 0 5 0
31 8/10/2008 didn't count larvae this day 0
32 8/11/2008 0 0 0 4 0
33 8/12/2008 0 0 0 4 0
34 8/13/2008 0 0 0 4 0
35 8/14/2008 0 0 0 3 0
36 8/15/2008 0 0 0 3 0
37 8/16/2008 0 0 0 3 0
38 8/17/2008 0 0 0 2 0
39 8/18/2008 0 0 0 2 0
40 8/19/2008 0 0 0 2 0
41 8/20/2008 0 0 0 2 0
42 8/21/2008 0 0 0 2 0

3 8/22/2008 0 0 0 1 0
4 8/23/2008 0 0 0 1 0

45 8/24/2008 0 0 0 1 0
6 8/25/2008 0 0 0 1 0

47 8/26/2008 0 0 0 0 0

Table A1 Continued 
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Container # 17

nitial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
1 5 22 6 34 4.66667

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st insta

Table A1 Continued 

I

r#2 instar #3 instar #4 instar # pupa
0 7/10/2008 1 4 18 5 0 0 7/10/2008 0 1 4 1 0
1 7/11/2008 0 1 4 20 2 1 7/11/2008 0 0 0 6 0
2 7/12/2008 0 0 4 18 3 2 7/12/2008 0 0 0 5 1
3 7/13/2008 0 0 3 18 2 3 7/13/2008 0 0 0 4 1
4 7/14/2008 0 0 3 10 6 4 7/14/2008 0 0 0 1 3
5 7/15/2008 0 0 3 8 2 5 7/15/2008 0 0 0 0 1
6 7/16/2008 0 0 1 10 0
7 7/17/2008 0 0 1 9 0
8 7/18/2008 0 0 1 4 2
9 7/19/2008 0 0 1 3 1

10 7/20/2008 0 0 0 3 0
0 0 0 3 0

dn't count larvae this day 0
13 7/23/2008 0 0 0 3 0
14 7/24/2008 didn't count larvae this day 0
15 7/25/2008 0 0 0 2 1
16 7/26/2008 0 0 0 2 0
17 7/27/2008 0 0 0 2 0
18 7/28/2008 0 0 0 1 1
19 7/29/2008 0 0 0 1 0
20 7/30/2008 didn't count larvae this day 0
21 7/31/2008 0 0 0 0 0

11 7/21/2008
12 7/22/2008 di

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table A1 Continued 

Container # 18

nitial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
0 44 30 0 74 4.35714

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st insta

I

r#2 instar #3 instar #4 instar # pupa
0 7/10/2008 0 36 24 0 0 0 7/10/2008 0 8 6 0 0
1 7/11/2008 0 0 39 22 0 1 7/11/2008 0 0 8 5 0
2 7/12/2008 0 0 13 46 0 2 7/12/2008 0 0 2 12 0
3 7/13/2008 0 0 10 50 0 3 7/13/2008 0 0 1 12 1
4 7/14/2008 0 0 6 50 2 4 7/14/2008 0 0 1 9 3
5 7/15/2008 0 0 4 47 6 5 7/15/2008 0 0 0 6 4
6 7/16/2008 0 0 3 46 2 6 7/16/2008 0 0 0 6 0
7 7/17/2008 0 0 3 45 0 7 7/17/2008 0 0 0 5 1
8 7/18/2008 0 0 3 42 0 8 7/18/2008 0 0 0 4 1
9 7/19/2008 0 0 3 41 0 9 7/19/2008 0 0 0 2 0

10 7/20/2008 0 0 2 33 0 10 7/20/2008 0 0 0 1 1
11 7/21/2008 0 0 2 31 0 11 7/21/2008 0 0 0 1 0
12 7/22/2008 didn't count larvae this day 0 12 7/22/2008 0 0 0 0 0
13 7/23/2008 0 0 2 26 0
14 7/24/2008 didn't count larvae this day 0
15 7/25/2008 0 0 1 24 0
16 7/26/2008 0 0 1 17 0
17 7/27/2008 0 0 1 15 0
18 7/28/2008 0 0 0 12 0
19 7/29/2008 0 0 0 10 0
20 7/30/2008 didn't count larvae this day 1
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21 7/31/2008 0 0 0 4 0
22 8/1/2008 0 0 0 3 0
23 8/2/2008 0 0 0 3 0
24 8/3/2008 0 0 0 3 0
25 8/4/2008 0 0 0 3 0
26 8/5/2008 0 0 0 3 0
27 8/6/2008 0 0 0 3 0
28 8/7/2008 0 0 0 3 0
29 8/8/2008 0 0 0 3 0
30 8/9/2008 0 0 0 3 0
31 8/10/2008 0 0 0 3 0
32 8/11/2008 0 0 0 3 0
33 8/12/2008 0 0 0 2 0
34 8/13/2008 0 0 0 2 0
35 8/14/2008 0 0 0 2 0
36 8/15/2008 0 0 0 2 0
37 8/16/2008 0 0 0 2 0
38 8/17/2008 0 0 0 1 0
39 8/18/2008 0 0 0 0 0

Table A1 Continued 
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Container # 19

Initial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
8 62 13 4 87 3.94444

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st instar#2 instar #3 instar #4 instar # pupa

0 7/11/2008 6 50 10 3 0 0 7/11/2008 2 12 3 1 0
1 7/12/2008 1 51 9 10 0 1 7/12/2008 0 14 2 2 0
2 7/13/2008 didn't count larvae this day 0 2 7/13/2008 didn't count larvae this day 0
3 7/14/2008 0 46 8 10 0 3 7/14/2008 0 0 14 4 0
4 7/15/2008 0 45 11 11 0 4 7/15/2008 0 0 12 6 0
5 7/16/2008 0 41 16 11 0 5 7/16/2008 0 0 10 6 0
6 7/17/2008 0 39 17 10 1 6 7/17/2008 0 0 11 5 0
7 7/18/2008 0 24 16 5 0 7 7/18/2008 0 0 12 5 1
8 7/19/2008 0 24 16 5 0 8 7/19/2008 0 0 13 5 0
9 7/20/2008 didn't count larvae this day 0 9 7/20/2008 didn't count larvae this day 0

10 7/21/2008 0 11 12 3 0 10 7/21/2008 0 0 12 4 0
11 7/22/2008 didn't count larvae this day 0 11 7/22/2008 didn't count larvae this day 0
12 7/23/2008 0 7 12 3 0 12 7/23/2008 0 0 9 4 0
13 7/24/2008 didn't count larvae this day 0 13 7/24/2008 didn't count larvae this day 0
14 7/25/2008 0 5 12 3 0 14 7/25/2008 0 0 8 4 0
15 7/26/2008 0 1 12 4 0 15 7/26/2008 0 0 8 4 0
16 7/27/2008 didn't count larvae this day 0 16 7/27/2008 didn't count larvae this day 0
17 7/28/2008 0 1 8 5 0 17 7/28/2008 0 0 6 4 0
18 7/29/2008 0 1 8 5 0 18 7/29/2008 0 0 5 4 0
19 7/30/2008 didn't count larvae this day 0 19 7/30/2008 didn't count larvae this day 0
20 7/31/2008 0 0 5 5 0 20 7/31/2008 0 0 3 4 0

able A1 Continued 
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Table A1 C

21 8/1/2008 0 0 4 5 0 21 8/1/2008 0 0 3 4 0
22 8/2/2008 0 0 4 5 0 22 8/2/2008 0 0 2 4 0
3 8/3/2008 didn't count larvae this day 0 23 8/3/2008 didn't count larvae this day 0

8/4/2008 0 0 2 5 0 24 8/4/2008 0 0 1 4 0
5 8/5/2008 0 0 1 6 0 25 8/5/2008 0 0 1 4 0

8/6/2008 0 0 1 6 0 26 8/6/2008 0 0 0 5 0
27 8/7/2008 0 0 0 7 0 27 8/7/2008 0 0 0 3 2
8 8/8/2008 0 0 0 6 1 28 8/8/2008 0 0 0 3 0

29 8/9/2008 0 0 0 5 1 29 8/9/2008 0 0 0 3 0
0 8/10/2008 didn't count larvae this day 1 30 8/10/2008 didn't count larvae this day 1

31 8/11/2008 0 0 0 4 0 31 8/11/2008 0 0 0 1 0
2 8/12/2008 0 0 0 3 1 32 8/12/2008 0 0 0 1 0
3 8/13/2008 0 0 0 3 0 33 8/13/2008 0 0 0 1 0
4 8/14/2008 0 0 0 2 1 34 8/14/2008 0 0 0 1 0
5 8/15/2008 0 0 0 2 0 35 8/15/2008 0 0 0 1 0
6 8/16/2008 0 0 0 1 1 36 8/16/2008 0 0 0 0 0
7 8/17/2008 0 0 0 1 0
8 8/18/2008 0 0 0 1 0
9 8/19/2008 0 0 0 1 0

40 8/20/2008 0 0 0 1 0
1 8/21/2008 0 0 0 1 0

42 8/22/2008 0 0 0 1 0
3 8/23/2008 0 0 0 1 0

44 8/24/2008 0 0 0 0 1

2
24
2
26

2

3

3
3
3
3
3
3
3
3

4

4

ontinued 
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Table A1 Continued 
Container # 20

Initial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
277 267 107 62 713 4.01418

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st instar#2 instar #3 instar #4 instar # pupa

0 7/11/2008 220 214 84 48 0 0 7/11/2008 55 53 21 12 0
1 7/12/2008 74 57 0 1 7/12/2008 18 14 0
2 7/13/2008 didn't count larvae this day 1 2 7/13/2008 didn't count larvae this day 0
3 7/14/2008 110 257 73 51 10 3 7/14/2008 0 98 9 20 3
4 7/15/2008 119 264 71 45 2 4 7/15/2008 0 73 7 19 2
5 7/16/2008 82 230 71 48 0 5 7/16/2008 0 84 10 20 0
6 7/17/2008 didn't count larvae this day 0 6 7/17/2008 didn't count larvae this day 0
7 7/18/2008 16 52 54 41 1 7 7/18/2008 0 77 10 21 0
8 7/19/2008 14 45 47 33 0 8 7/19/2008 0 78 10 19 1
9 7/20/2008 didn't count larvae this day 0 9 7/20/2008 didn't count larvae this day 0

10 7/21/2008 13 12 29 37 0 10 7/21/2008 0 69 12 17 0
11 7/22/2008 didn't count larvae this day 0 11 7/22/2008 didn't count larvae this day 0
12 7/23/2008 8 13 17 10 0 12 7/23/2008 0 43 12 17 0
13 7/24/2008 didn't count larvae this day 0 13 7/24/2008 didn't count larvae this day 0
14 7/25/2008 2 15 15 7 0 14 7/25/2008 0 49 9 14 0
15 7/26/2008 0 14 14 6 0 15 7/26/2008 0 36 11 13 0
16 7/27/2008 didn't count larvae this day 0 16 7/27/2008 didn't count larvae this day 0
17 7/28/2008 0 11 10 4 0 17 7/28/2008 0 18 9 9 0
18 7/29/2008 0 10 10 4 0 18 7/29/2008 0 15 8 7 0
19 7/30/2008 didn't count larvae this day 0 19 7/30/2008 didn't count larvae this day 0
20 7/31/2008 0 4 7 2 0 20 7/31/2008 0 6 10 4 0
21 8/1/2008 0 4 7 0 0 21 8/1/2008 0 4 8 3 0
22 8/2/2008 0 3 8 1 0 22 8/2/2008 0 2 9 4 0
23 8/3/2008 didn't count larvae this day 0 23 8/3/2008 didn't count larvae this day 0
24 8/4/2008 0 2 7 2 0 24 8/4/2008 0 2 9 2 0
25 8/5/2008 0 2 9 2 0 25 8/5/2008 0 2 9 1 0
26 8/6/2008 0 1 7 3 0 26 8/6/2008 0 2 9 1 0
27 8/7/2008 0 1 5 3 0 27 8/7/2008 0 1 7 1 0
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Table A1 Continued 

28 8/8/2008 0 0 5 3 0 28 8/8/2008 0 0 3 3 0
29 8/9/2008 0 1 6 3 0 29 8/9/2008 0 0 3 2 0
30 8/10/2008 didn't count larvae this day 0 30 8/10/2008 didn't count larvae this day 0
31 8/11/2008 0 0 4 2 0 31 8/11/2008 0 0 2 2 0
32 8/12/2008 0 0 4 2 0 32 8/12/2008 0 0 1 2 0
33 8/13/2008 0 0 4 2 0 33 8/13/2008 0 0 1 2 0
34 8/14/2008 0 0 3 3 0 34 8/14/2008 0 0 1 2 0
35 8/15/2008 0 0 2 4 0 35 8/15/2008 0 0 1 2 0
36 8/16/2008 0 0 1 5 0 36 8/16/2008 0 0 0 2 0
37 8/17/2008 0 0 1 4 0 37 8/17/2008 0 0 0 2 0
38 8/18/2008 0 0 0 4 0 38 8/18/2008 0 0 0 2 0
39 8/19/2008 0 0 0 3 0 39 8/19/2008 0 0 0 2 0
40 8/20/2008 0 0 0 3 0 40 8/20/2008 0 0 0 2 0
41 8/21/2008 0 0 0 3 0 41 8/21/2008 0 0 0 2 0
42 8/22/2008 0 0 0 3 0 42 8/22/2008 0 0 0 1 0
43 8/23/2008 0 0 0 3 0 43 8/23/2008 0 0 0 1 0
44 8/24/2008 0 0 0 3 0 44 8/24/2008 0 0 0 1 0
45 8/25/2008 0 0 0 3 0 45 8/25/2008 0 0 0 1 0
46 8/26/2008 0 0 0 3 0 46 8/26/2008 0 0 0 1 0
47 8/27/2008 0 0 0 3 0 47 8/27/2008 0 0 0 0 1
48 8/28/2008 0 0 0 3 0
49 8/29/2008 0 0 0 3 0
50 8/30/2008 0 0 0 3 0
51 8/31/2008 0 0 0 3 0
52 9/1/2008 0 0 0 3 0
53 9/2/2008 0 0 0 2 0
54 9/3/2008 0 0 0 2 0
55 9/4/2008 0 0 0 2 0
56 9/5/2008 0 0 0 0 2
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Table A1 Continued 

Container # 21

Initial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
133 202 69 63 467 3.59804

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st instar#2 instar #3 instar #4 instar # pupa

0 7/11/2008 104 160 55 48 0 0 7/11/2008 26 40 14 12 0
1 7/12/2008 37 47 3 1 7/12/2008 14 12 2
2 7/13/2008 didn't count larvae this day 2 2 7/13/2008 didn't count larvae this day 0
3 7/14/2008 71 153 63 27 6 3 7/14/2008 0 56 32 14 0
4 7/15/2008 62 144 62 35 2 4 7/15/2008 0 54 29 18 1
5 7/16/2008 39 123 55 33 1 5 7/16/2008 0 47 29 17 2
6 7/17/2008 didn't count larvae this day 0 6 7/17/2008 didn't count larvae this day 0
7 7/18/2008 3 14 14 21 0 7 7/18/2008 0 28 19 11 0
8 7/19/2008 10 8 7 15 0 8 7/19/2008 0 16 15 9 0
9 7/20/2008 didn't count larvae this day 0 9 7/20/2008 didn't count larvae this day 1

10 7/21/2008 0 2 5 13 0 10 7/21/2008 0 5 9 8 0
11 7/22/2008 didn't count larvae this day 0 11 7/22/2008 didn't count larvae this day 0
12 7/23/2008 0 1 6 9 0 12 7/23/2008 0 0 8 7 0
13 7/24/2008 didn't count larvae this day 1 13 7/24/2008 didn't count larvae this day 0
14 7/25/2008 0 0 5 4 1 14 7/25/2008 0 0 7 4 0
15 7/26/2008 0 0 3 4 0 15 7/26/2008 0 0 5 1 0
16 7/27/2008 didn't count larvae this day 0 16 7/27/2008 didn't count larvae this day 0
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17 7/28/2008 0 0 2 4 0 17 7/28/2008 0 0 3 3 0
18 7/29/2008 0 0 1 3 1 18 7/29/2008 0 0 2 1 0
19 7/30/2008 didn't count larvae this day 0 19 7/30/2008 didn't count larvae this day 0
20 7/31/2008 0 0 0 4 0 20 7/31/2008 0 0 2 1 0
21 8/1/2008 0 0 0 4 0 21 8/1/2008 0 0 2 1 0
22 8/2/2008 0 0 0 3 1 22 8/2/2008 0 0 1 1 0
23 8/3/2008 didn't count larvae this day 0 23 8/3/2008 didn't count larvae this day 0
24 8/4/2008 0 0 0 3 0 24 8/4/2008 0 0 1 1 0
25 8/5/2008 0 0 0 3 0 25 8/5/2008 0 0 1 1 0
26 8/6/2008 0 0 0 3 0 26 8/6/2008 0 0 1 1 0
27 8/7/2008 0 0 0 3 0 27 8/7/2008 0 0 0 1 0
28 8/8/2008 0 0 0 3 0 28 8/8/2008 0 0 0 1 0
29 8/9/2008 0 0 0 3 0 29 8/9/2008 0 0 0 1 0
30 8/10/2008 0 0 0 3 0 30 8/10/2008 0 0 0 1 0
31 8/11/2008 0 0 0 1 2 31 8/11/2008 0 0 0 0 0
32 8/12/2008 0 0 0 0 1

Table A1 Continued 
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Container # 22

1st instar #2 instar #3 instar #4 instar Total larvae ratio
0 14 25 20 59 3.35714

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st insta

Table A1 Continued 

#

r#2 instar #3 instar #4 instar # pupa
0 7/11/2008 0 11 20 16 0 0 7/11/2008 0 3 5 4 0
1 7/12/2008 0 1 22 24 0 1 7/12/2008 0 1 8 5 0
2 7/13/2008 didn't count larvae this day 1 2 7/13/2008 didn't count larvae this day 1
3 7/14/2008 0 0 15 18 1 3 7/14/2008 0 0 2 11 0
4 7/15/2008 0 0 13 28 1 4 7/15/2008 0 0 0 10 3
5 7/16/2008 0 0 12 30 0 5 7/16/2008 0 0 0 10 0
6 7/17/2008 0 0 6 35 1 6 7/17/2008 0 0 0 10 0
7 7/18/2008 0 0 6 31 3 7 7/18/2008 0 0 0 9 1
8 7/19/2008 0 0 5 30 2 8 7/19/2008 0 0 0 7 2
9 7/20/2008 didn't count larvae this day 0 9 7/20/2008 didn't count larvae this day 0

10 7/21/2008 0 0 2 31 2 10 7/21/2008 0 0 0 6 1
11 7/22/2008 didn't count larvae this day 0 11 7/22/2008 didn't count larvae this day 1
12 7/23/2008 0 0 2 30 0 12 7/23/2008 0 0 0 5 0
13 7/24/2008 didn't count larvae this day 1 13 7/24/2008 didn't count larvae this day 3
14 7/25/2008 0 0 1 27 1 14 7/25/2008 0 0 0 1 1
15 7/26/2008 0 0 1 27 0 15 7/26/2008 0 0 0 1 0
16 7/27/2008 didn't count larvae this day 0 16 7/27/2008 0 0 0 0 1
17 7/28/2008 0 0 0 27 0
18 7/29/2008 0 0 0 27 0
19 7/30/2008 didn't count larvae this day 1
20 7/31/2008 0 0 0 20 1
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2
22
1 8/1/2008 0 0 0 19 1

8/2/2008 0 0 0 19 0
3 8/3/2008 didn't count larvae this day 2

8/4/2008 0 0 0 15 0
5 8/5/2008 0 0 0 13 1

26 8/6/2008 0 0 0 10 1
7 8/7/2008 0 0 0 8 1

28 8/8/2008 0 0 0 7 1
9 8/9/2008 0 0 0 7 0

30 8/10/2008 0 0 0 5 1
1 8/11/2008 0 0 0 5 0

32 8/12/2008 0 0 0 5 0
3 8/13/2008 0 0 0 4 0

34 8/14/2008 0 0 0 4 0
5 8/15/2008 0 0 0 4 0

36 8/16/2008 0 0 0 4 0
7 8/17/2008 0 0 0 2 0

38 8/18/2008 0 0 0 2 0
9 8/19/2008 0 0 0 2 0

40 8/20/2008 0 0 0 1 0
1 8/21/2008 0 0 0 1 0

42 8/22/2008 0 0 0 1 0

2
24
2

2

2

3

3

3

3

3

4

able A1 Continued 
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Table A1 Continued 

Container # 25

Initial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
0 0 6 0 6 5

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st instar#2 instar #3 instar #4 instar # pupa

0 7/16/2008 0 0 5 0 0 0 7/16/2008 0 0 1 0 0
1 7/17/2008 0 0 0 5 0 1 7/17/2008 0 0 0 1 0
2 7/18/2008 0 0 0 5 0 2 7/18/2008 0 0 0 1 0
3 7/19/2008 0 0 0 5 0 3 7/19/2008 0 0 0 1 0
4 7/20/2008 0 0 0 4 1 4 7/20/2008 0 0 0 0 1
5 7/21/2008 0 0 0 3 1
6 7/22/2008 didn't count larvae this day 1
7 7/23/2008 0 0 0 1 1
8 7/24/2008 didn't count larvae this day 0
9 7/25/2008 0 0 0 0 1
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Container # 26

nitial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
2 2 24 42 70 4.23077

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st insta

I

r#2 instar #3 instar #4 instar # pupa
0 7/17/2008 2 2 19 32 0 0 7/17/2008 0 0 5 8 0
1 7/18/2008 0 2 9 35 7 1 7/18/2008 0 0 3 9 1
2 7/19/2008 0 0 4 33 4 2 7/19/2008 0 0 1 8 1
3 7/20/2008 0 0 4 31 3 3 7/20/2008 0 0 1 7 1
4 7/21/2008 0 0 4 25 2 4 7/21/2008 0 0 0 7 1
5 7/22/2008 didn't count larvae this day 1 5 7/22/2008 didn't count larvae this day 0
6 7/23/2008 0 0 5 21 0 6 7/23/2008 0 0 0 5 2
7 7/24/2008 didn't count larvae this day 1 7 7/24/2008 didn't count larvae this day 0
8 7/25/2008 0 0 3 20 0 8 7/25/2008 0 0 0 4 1
9 7/26/2008 0 0 4 19 1 9 7/26/2008 0 0 0 3 1

10 7/27/2008 didn't count larvae this day 0 10 7/27/2008 didn't count larvae this day 2
11 7/28/2008 0 0 1 15 0 11 7/28/2008 0 0 0 1 0
12 7/29/2008 0 0 1 12 0 12 7/29/2008 0 0 0 1 0
13 7/30/2008 didn't count larvae this day 0 13 7/30/2008 0 0 0 0 1
14 7/31/2008 0 0 1 10 0
15 8/1/2008 0 0 0 8 0

able A1 Continued 
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16 8/2/2008 0 0
17 8/3/2008 0 0
18 8/4/2008 0 0
19 8/5/2008 0 0
20 8/6/2008 0 0
21 8/7/2008 0 0
22 8/8/2008 0 0
23 8/9/2008 0 0
24 8/10/2008 0 0
25 8/11/2008 0 0
26 8/12/2008 0 0
27 8/13/2008 0 0
28 8/14/2008 0 0
29 8/15/2008 0 0
30 8/16/2008 0 0
31 8/17/2008 0 0
32 8/18/2008 0 0

0 8 0
0 8 0
0 7 1
0 7 0
0 7 0
0 7 0
0 7 0
0 6 0
0 6 0
0 5 0
0 4 0
0 4 0
0 4 0
0 3 0
0 2 0
0 1 0
0 0 1

Table A1 Continued 
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T

Container # 27

itial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
0 1 24 19 44 3.88889

HIGH DENSITY(grande) LOW DENSITY(pequeno)
AY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st insta

In

D r#2 instar #3 instar #4 instar # pupa
0 7/18/2008 0 1 19 15 0 0 7/18/2008 0 0 5 4 0
1 7/19/2008 0 0 3 26 6 1 7/19/2008 0 0 0 8 1
2 7/20/2008 0 0 0 26 2 2 7/20/2008 0 0 0 7 1
3 7/21/2008 0 0 0 20 6 3 7/21/2008 0 0 0 5 2
4 7/22/2008 didn't count larvae this day 8 4 7/22/2008 didn't count larvae this day 2
5 7/23/2008 0 0 0 9 2 5 7/23/2008 0 0 0 0 3
6 7/24/2008 didn't count larvae this day 5
7 7/25/2008 0 0 0 1 3
8 7/26/2008 0 0 0 0 1

able A1 Continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 159



 

T

Container # 35

nitial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
1 2 11 4 18 5

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st insta

I

r#2 instar #3 instar #4 instar # pupa
0 7/24/2008 1 2 9 3 0 0 7/24/2008 0 0 2 1 0
1 7/25/2008 0 1 4 10 0 1 7/25/2008 0 0 1 3 0
2 7/26/2008 0 0 1 12 1 2 7/26/2008 0 0 0 3 0
3 7/27/2008 0 0 1 11 1 3 7/27/2008 0 0 0 2 1
4 7/28/2008 0 0 0 7 5 4 7/28/2008 0 0 0 0 2
5 7/29/2008 0 0 0 5 2
6 7/30/2008 didn't count larvae this day 1
7 7/31/2008 0 0 0 4 0
8 8/1/2008 0 0 0 4 0
9 8/2/2008 0 0 0 4 0

10 8/3/2008 0 0 0 3 1
11 8/4/2008 0 0 0 2 1
12 8/5/2008 0 0 0 2 0
13 8/6/2008 0 0 0 2 0
14 8/7/2008 0 0 0 1 0
15 8/8/2008 0 0 0 0 1

able A1 Continued 
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Table A1 Continued 

Container # 37

Initial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
4 1 15 9 29 3.83333

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st instar#2 instar #3 instar #4 instar # pupa

0 7/24/2008 4 0 12 7 0 0 7/24/2008 0 1 3 2 0
1 7/25/2008 0 2 5 13 1 1 7/25/2008 0 0 0 0 1
2 7/26/2008 0 0 5 8 0
3 7/27/2008 didn't count larvae this day 0 larvae were dead on day 1, except 1 pupa
4 7/28/2008 0 0 1 9 0
5 7/29/2008 0 0 0 9 1
6 7/30/2008 didn't count larvae this day 1
7 7/31/2008 0 0 0 6 2
8 8/1/2008 0 0 0 4 2
9 8/2/2008 0 0 0 2 1

10 8/3/2008 0 0 0 1 1
11 8/4/2008 0 0 0 1 0
12 8/5/2008 0 0 0 0 1
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Container # 40

Initial larvae #1st instar #2 instar #3 instar #4 instar Total larvae ratio
0 1 5 4 10 4

HIGH DENSITY(grande) LOW DENSITY(pequeno)
DAY DATE #1st instar #2 instar #3 instar #4 instar # pupa DAY DATE #1st instar#2 instar #3 instar #4 instar # pupa

0 7/25/2008 0 1 4 3 0 0 7/25/2008 0 0 1 1 0
1 7/26/2008 0 0 1 7 0 1 7/26/2008 0 0 0 2 0
2 7/27/2008 0 0 0 6 1 2 7/27/2008 0 0 0 2 0
3 7/28/2008 0 0 0 2 5 3 7/28/2008 0 0 0 0 2
4 7/29/2008 0 0 0 1 1
5 7/30/2008 didn't count larvae this day 0
6 7/31/2008 0 0 0 1 0
7 8/1/2008 0 0 0 1 0
8 8/2/2008 0 0 0 1 0
9 8/3/2008 0 0 0 0 1

 

 

 

 

 

 

 

 

 

 

 

Table A1 Continued 

 

 

 

 



 

APPENDIX B. Supplementary information for: 

Chapter 3. ASSESSING THE IMPACT OF DIRECT AND DELAYED DENSITY 

DEPENDENCE IN NATURAL LARVAL POPULATIONS OF AEDES AEGYPTI 
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B1: Analysis of Variance for Data from Interspecific Competition Experiment 

 Data on survival, pupation transition probability and wing length (male and female) 

from containers with only Ae. aegypti and mixed species containers were analyzed using 

PROC MIXED (SAS 2011). Analyses were run on means of each variable from each 

individual container. The code and model statement are presented below. 

 

proc mixed data=a; 
class CONTAINER TREATMENT SPECIES; 
model PARAMETER= TREATMENT SPECIES TREATMENT*SPECIES; 
repeated TREATMENT / subject=CONTAINER type=un; 
lsmeans TREATMENT SPECIES TREATMENT*SPECIES / cl diff; 
run; 
 

 The variables and effects are coded as follows:   

PARAMETER =  mean from each container of the dependent variable (survival, pupation 

transition probability, male wing length, female wing length 

TREATMENT = two density treatments within each container (High, Low) 

SPECIES = presence or absence of Ae. albopictus in each container (Ae. aegypti only, mixed 

species) 

CONTAINER = individual containers, TREATMENT was repeated within the subject 

CONTAINER to allow direct comparisons between the treatments of each individual 

container. 
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B2: Analysis of Variance for Data from Delayed Density Dependent Experiment 

 Data on survival, development time and wing length (male and female) from the 

delayed density dependent experiment were analyzed using PROC MIXED (SAS 2011). 

Analyses were run on means of each variable from each individual c de and 

model statement are presented below. 

 

ontainer. The co

proc mixed  data=a ;  
     class SEASON HOUSE BUCKET TREATMENT; 
     model PARAMETER = HOUSE  SEASON(HOUSE) TREATMENT     
TREATMENT*HOUSE TREATMENT*SEASON(HOUSE) /outp=outmx residual; 

repeated TREATMENT / subject= BUCKET(HOUSE*SEASON)  
run; 
 

The variables and effects are coded as follows:   

PARAMETER =  mean from each container of the dependent variable (survival, 

development time, male wing length, female wing length 

TREATMENT = two treatments within each container (larvae present (LP), larvae absent 

(LA)) 

HOUSE = each individual house, 8 houses were replicated in the dry season and rainy reason 

SEASON = one of two seasons (dry season, rainy season), SEASON was nested within 

HOUSE in order to directly compare between the two seasons at each replicated house. 

However, this restricted the results to only the 8 houses that were replicated and an 

overall mean for each season was not calculated. Only means for each season in each 

house were calculated and compared. Since SEASON was nested within HOUSE it 

was not possible to analyze a HOUSE x SEASON interaction effect. 
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CONTAINER = individual containers, TREATMENT was repeated within the subject 

CONTAINER to allow direct comparisons between the treatments of each individual 

container. CONTAINER was nested within both house and season.  
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Figure B3: Results from Larval Survival of the Direct Density Dependence Experiment. 

During the rainy season, in the 9:1 ratio containers, there was no significant relationship 

between log of initial larval density and the average survival for either treatment. 
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B4: Results from Pupation Transition Probability from the Direct Density Dependent 

Experiments 

There was no significant relationship between log of initial larval density and the average 

pupation transition probability for the low density treatment in either the dry or rainy season 

(A). There was no significant relationship between the log of initial larval density and the 

degree of difference between the density treatments (either 4:1 or 9:1) in pupation transition 

probability for either season (B). We also found no significant relationship between the log 

of initial density and the average pupation transition probability for either treatment in 9:1 

ratio containers (C). 
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B5: Results from Female Wing Length of the Direct Density Dependence Experiment. 

During the dry season, there was no significant relationship between log of initial larval 

density and the average female wing length for either treatment (A) or the difference in 

average wing lengths between the two treatments for each container (B). 
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B6: Results of Male Wing Length from the Direct Density Dependence Experiments 

In the rainy season, in 4:1 containers, there was no significant relationship between log of 

initial density and average male wing length for either treatment (A) or the degree of impact 

due to density treatment on wing length for 4:1 larval ratio containers (B). 
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B7: Results of Male Wing Length from the Direct Density Dependence Experiments 

In the rainy season, in 9:1 containers there was no significant relationship between log of 

initial density and average male wing length for either treatment (A) or the degree of impact 

due to density treatment on wing length for 9:1 larval ratio containers (B). 

 

 

 

 

 

 

 

 

 

 

 

 


