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13 Abstract 

14 Adult Aedes aegypti mosquitoes are important vectors of human disease.  The size of the adult female 

15 affects her success, fitness, and ability to transmit diseases.  The size of the adults is determined during 

16 the aquatic larval stage.  Competition among larvae for food influences the size of the pupa and thus the 

17 adult.  In these experiments, the food level (mg/larva) and the density (larvae/vial) both affect 

18 intraspecific competition, which shows up as the interaction of the two factors.  Furthermore, the total 

19 food per vial affects the nature of competition among the larvae, also apparent in the interaction of 

20 food and density.  Male larvae are affected by the percent of males in the vial, but females are not.  

21 Seven biologically significant dependent variables were examined, and the data analyzed by multivariate 

22 analysis of variance to gain insight into the relationships among the variables and the effects of these 

23 factors on the larvae as they grew in small containers.  Male and female larvae compete differently from 

24 one another for the particulate yeast cells in this experiment; female larvae outcompete males through 

25 larger size and by retaining cells within their gut at low total food levels.  Under conditions of more 

26 intense competition, the pupal masses of both males and females are smaller, so the effect of 

27 competition is a reduced apparent food level.  The age at pupation is also affected by food and density.  

28 Across the twenty treatment combinations of food/larva and larvae/vial, female larvae grew as though 

29 there were six different ecological environments while male larvae grew as though there were only four 

30 different environments.  No interference competition was observed.  Eradication efforts aimed at adult 

31 populations of this mosquito may inadvertently increase the size and robustness of the next generation 

32 of larvae, resulting in a subsequent adult population increase in the second generation.  

33
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40 Introduction 

41 The Aedes aegypti mosquito is a global vector of human diseases, including Yellow Fever, Dengue and 

42 Zika.  Its impact on human health is through the bite of the adult female; the size and success of the 

43 adults are determined by environmental conditions during the larval growth phase ending at pupation 

44 [1].  Aedes aegypti larvae occur in nature in low numbers spread across multiple small containers [2-13], 

45 but see [14].The mosquito larvae react to their environmental conditions including food level 

46 (food/larva), total food (food/container), and density (larvae/container) differently depending on 

47 gender.  Notwithstanding decades of study, including research aimed at developing eradication methods 

48 for these and other mosquito species, little is known about the mechanisms by which these larvae 

49 interact and compete in the juvenile stages during which they are confined to small containers with 

50 limited food resources. Part of the effect of larval density on competition shows up as an apparent 

51 change in the food level for mosquitoes [2,6,15-27] and other organisms [28–31].  Investigation of such 

52 interactions between food level and density leads to an understanding of the processes underlying the 

53 competition among individuals [29–31].  The two sexes of A. aegypti respond differently to food level 

54 and density [2,4,15-17,19-21,32-39].  Sex differences in the joint effects of food and density suggest that 

55 males and females compete for food differently.  The experiments in this study explore the response of 

56 male and female larvae to different combinations of initial food level, density and the percent of males 
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57 in each vial.  They differ from prior experiments because seven biologically significant dependent 

58 variables were measured and analyzed in a single MANOVA, allowing insight into the relationships 

59 among the variables as well as the effects of the treatments and most importantly the interactions 

60 across the treatments.   

61  

62 Methods

63 Eggs were obtained from a colony of A. aegypti after feeding females on a mouse.  The colony had been 

64 started two generations previously with larvae and pupae collected from tires near Dade County Public 

65 Works Department (Florida).  This research was conducted according to the standard guidelines at the 

66 time (1979-1982), sanctioned by the NIH, and under the supervision of the appropriate personnel at the 

67 Florida Medical Entomology Laboratory (IFAS and the University of Florida at Gainesville).

68

69 The food x density experiment investigated the effects of food and density on mosquito larval growth at 

70 four different Food levels and five Densities.  Numbered, flat-bottomed, shell vials were filled with 20 ml 

71 distilled water containing a concentration of baker’s yeast to produce the Food level treatments. 

72 Food levels in the experiment were chosen to span the region where exploitative competition is 

73 important:  2 mg, 3 mg, 4 mg, and 5 mg of yeast per larva [17,40–47].  Two hours after eggs were 

74 immersed in distilled water, larvae were counted into the numbered shell vials to produce densities of 

75 four, five, six, seven, or eight larvae per vial.  Five replicates of the twenty density and food level 

76 treatments were initiated.  Vials were arranged in a randomized sequence, then left in a room at 

77 ambient temperatures (18° C to 33° C).  Vials were examined for pupae daily from the fourth day 

78 through the thirty-seventh day when the last larva died.  Pupae were removed from the treatment vial 
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79 by dropper, blotted on paper toweling, weighed to the nearest 0.01 mg and then identified by sex with a 

80 stereo microscope at 10 X magnification. 

81

82 The sex ratio experiment examined the effect of the percent males and food level on mosquito larval 

83 growth to understand competitive interactions between the sexes.  Treatment conditions were selected 

84 so that survival would be high; vials with less than full survivorship cannot be assigned a sex ratio, nor do 

85 they fit a food/larva category, consequently, data from those vials were discarded.  Larvae were reared 

86 at two densities, five or six larvae per vial, and at two food levels, 3 or 4 mg yeast per larva.  Forty 

87 replicates of each of the four treatments were initiated.  The two densities produced 9 possible mixed-

88 sex ratios at two food levels.  The vials were placed in an insectary at 26° C and 12/12 light/dark cycle for 

89 the first four days and overnight thereafter.  With this exception, handling was identical to the first 

90 experiment. 

91

92 The endpoint of both experiments for each individual larva was either pupation, or death.  The endpoint 

93 of each treatment vial was the last pupation or the death of the last larva.  Seven variables were 

94 calculated for each replicated vial of each treatment.  These variables were: % survival, mass and age of 

95 the Prime male at pupation, Average mass of males at pupation, mass and age of the Prime female at 

96 pupation, and Average mass of females at pupation.  In each vial, one male and one female were 

97 designated as Prime individuals; within that vial each had the greatest expectation of reproductive 

98 success for its sex [1].  The Prime individuals, through chance, inherent ability or a combination, appear 

99 to be the most successful at larval competition.  Because the relationship between pupal mass and age 

100 at pupation and adult success differed for the two sexes, the definition of the Prime individual must 

101 differ across sexes also.  The Prime male was the male with the greatest growth rate (the first male to 

102 pupate or the largest of the males pupating on the first day of pupation).  For males, an early age at 
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103 pupation may confer as large an advantage as an increased mass [1]. The Prime female was the largest 

104 female to pupate; age is not as important to the success of female, but mass is directly related to 

105 fecundity [1].    To compare the growth rates of the Prime individuals, mass and age at pupation were 

106 recorded for both sexes.  Growth rates are an important indicator of the outcome of exploitative 

107 competition among mosquito larvae and other filter feeders [31,48–53], and have been used extensively 

108 to score the outcome of intraspecific and interspecific competition among mosquito larvae 

109 [1,20,21,26,37,54-63].  

110

111 Percent survival was calculated to compare the lethal effects of competition among the various 

112 treatments and to estimate the relative importance of these lethal effects on the non-lethal changes in 

113 mass and age relationships.  Data from vials which produced pupae of only one sex were not used in the 

114 analysis and this accounts for the variation in sample size among treatments in the food x density 

115 experiment.   [S1 Table.]

116

117 The seven variables were analyzed as a multivariate data set using a two-way analysis of variance design 

118 by the program, UNCPROG MANOVA (at the Triangle Universities Computation Center), which 

119 accommodates unequal sample sizes.  See [64,65]; for a discussion of multivariate analysis of variance. 

120
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121 Results 

122 The food x density experiment

123 The data were analyzed by MANOVA.  The individual ANOVA tables were a product of the MANOVA 

124 analysis and these were used to further investigate the significant relationships among the 7 dependent 

125 variables and across the 9 significant contrasts.  

126 Multivariate analysis (MANOVA)

127 The multivariate analysis of the treatment effects and interactions across the seven biologically 

128 significant dependent variables should identify the way that competition changes as the initial density 

129 and food level vary.  For the 9 significant MANOVA contrasts, the correlations between the discriminant 

130 function scores and variables [64,65], the R squared values, and the multivariate significance levels are 

131 shown in Table 1.  The magnitude and sign of the correlations in Table 1 indicate the contribution of 

132 each univariate comparison to the significant MANOVA relationship. In the same way that the r squared 

133 values guide the selection of the most important contrasts in univariate analyses, the R squared values 

134 indicate the relative importance of the multivariate contrasts.  There are nine MANOVA contrasts with R 

135 squared values greater than 0.60; the remainder are 0.36 or lower.  These are distributed across the 

136 food level contrasts, the density contrasts and three of the interactions.  [S2 Table shows all 19 

137 individual contrasts.]

138
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139 Table 1.  Correlations between composite scores and variables with MANOVA significance levels and R 
140 squared for the 9 most significant contrasts.

Contrast (one DF for each) Survival Prime 
male mass 

at 
pupation

Prime 
male age 

at 
pupation

Average 
male 

mass at 
pupation

Prime 
female 
mass at 

pupation

Prime 
female 
age at 

pupation

Average 
female 
mass at 

pupation

MANOVA     
P<

R squared

FOOD LEVEL (mg per larva per vial)

F1: (2 mg + 3 mg) vs (4 mg + 5 mg) 0.53 0.61 0.77 0.71 0.001 0.92

F2: (2 mg + 4 mg) vs (3 mg + 5 mg) 0.59 0.28 0.69 0.69 0.64 0.001 0.86

F3: (2 mg +5 mg) vs (3 mg + 4 mg) 0.36 0.62 0.64 0.63 0.53 0.001 0.84

DENSITY (larvae per vial)

D2: 7 larvae vs 8 larvae 0.70 0.43 0.67 0.39 0.30 0.39 0.001 0.68

D3: (4 + 5 larvae) vs (7 + 8 larvae) 0.73 0.39 0.57 0.59 0.37 0.48 0.001 0.64

D4: 6 larvae vs (4 + 5 + 7 + 8 larvae) 0.76 0.33 0.75 0.57 0.52 0.001 0.60

FOOD LEVEL X DENSITY Interactions

F1 X D3 0.25 0.63 0.72 0.56 0.49 0.001 0.88

F2 X D1 0.28 0.55 0.25 0.62 0.62 0.56 0.001 0.75

F2 X D3 0.26 0.66 0.75 0.53 0.45 0.001 0.75

141

142 There are two patterns apparent from examining Table 1; there are few significant correlations for 

143 either Survival, or the Prime female age at pupation, and the correlations that are present are 

144 numerically low.  Survival and Prime female age at pupation are not affected by the treatments as much 

145 as the other dependent variables within the MANOVA. 

146 MANOVA—food level 

147 Three of the four highest R squared values are associated with the food level contrasts, F1, F2, and F3.  It 

148 is not surprising that food level is significant, but there are two patterns within these numbers that are 

149 striking.  First, food level has no correlation with the Prime female age at pupation and almost no 

150 correlation with the Prime male age at pupation or Survival.  Second, the correlations with the mass 

151 variables are all positive, so increased food per larva increases all the mass variables, with notable 
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152 differences between the two sexes.  The Prime female mass has a higher correlation to the food level 

153 treatments than the Average female mass, but the Prime male mass has a lower correlation to the food 

154 level treatment than the Average male mass.  In F1, the contrast with the highest R squared in the table 

155 (.92), and the easy-to-understand comparison between the two lower food levels and the two higher 

156 food levels, the Prime female mass correlation is 0.77, while the Average female mass correlation is 

157 0.71, and the corresponding correlations for Prime and Average male masses are 0.53 and 0.61.  

158 Increased food per larva affects the Prime female more than the Average female, and all females more 

159 than the males.  However, increased food per larva affects the Average male mass more than it does the 

160 Prime male. 

161 MANOVA—density 

162 Density has no impact on Survival; there are no significant correlations for Survival against any of the 

163 density contrasts.  Three of the density contrasts, D2, D3, and D4, have high R squared values.  D1, the 

164 comparison between 4 larvae per vial and 5 larvae per vial, is not significant in the MANOVA, so there is 

165 effectively no difference between these two density treatments.  For the three other density contrasts, 

166 the correlations are all positive; increased density increases the mass variables and to a lesser extent the 

167 age at pupation variables.  In these contrasts, the Prime male mass at pupation has the largest 

168 correlation (0.70, 0.73, 0.76, respectively) with similar scores for the Average male mass.  The 

169 correlations for the Prime female and Average female masses are lower and in some cases, much lower.  

170 Increased density has a larger effect on males than on females (for both mass and age at pupation). 

171 According to this multivariate analysis, increases in food level and density both increase the mass at 

172 pupation of mosquito larvae. Females are affected by food level more than males and males are 

173 affected by density more than females.  Increased density increases Age at pupation for males and 

174 females, but food level has almost no effect. 
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175 MANOVA—interactions 

176 Interactions between the two main treatments indicate that the observed results are higher or lower 

177 than would be expected based on the effects of the main treatments.  The interaction with the highest R 

178 squared value (0.88) is F1 X D3, where F1 is the contrast between the two lowest food levels against the 

179 two highest food levels, and D3 is the contrast between the two lowest densities against the two highest 

180 densities.  This interaction does have a correlation with survival, although it is small (0.25).  The 

181 interaction does not have a correlation with either the Prime male age at pupation or the Prime female 

182 age at pupation.  The four mass variables show large positive correlations with this interaction; the 

183 Average male mass has the highest (0.72) followed by the Prime male mass (0.63), the Prime female 

184 mass (0.56) and the Average female mass (0.49).  This interaction affects males more than females, and 

185 the Average male mass more than the Prime male mass, but Prime female mass more than Average 

186 female mass.   The four cells of this contrast represent the most extreme competition (the two lowest 

187 food levels with the two highest densities), the least extreme competition (the two highest food levels 

188 with the two lowest densities), the highest total food per vial (the two highest food levels with the two 

189 highest densities) and the lowest total food per vial (the two lowest food levels with the two lowest 

190 densities).  The significance of this interaction indicates that either competition, or total food per vial, or 

191 both influence the growth of the larvae in the microcosms.

192 The other two interactions with high R squared values (both 0.75) are F2 X D1 and F2 X D3, where F2 is 

193 [(2 mg/larva + 4 mg/larva) vs (3 mg/larva + 5 mg/larva)], D1 is the contrast between 4 larvae and 5 

194 larvae, and D3 is the contrast between the two lowest densities and the two highest densities, as 

195 before.  Both interactions have small correlations with survival (0.28 and 0.26).  Neither interaction has 

196 a correlation with Prime female age at pupation and only F2 X D1 has a small correlation with Prime 

197 male age at pupation.  However, both interactions have similar significant correlation with the four mass 

198 variables as the F1 X D3 interaction above.  For F2 X D1, the correlation for the Average male mass (0.62) 
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199 is greater than the Prime male mass (0.55) and that of the Prime female mass (0.62) is greater than that 

200 of the Average female mass (0.56).  For F2 X D3, the correlation for the Average male mass (0.75) is also 

201 greater than the Prime male mass (0.66) and that of the Prime female mass (0.53) is similarly greater 

202 than that of the Average female mass (0.45).   

203 According to the multivariate interactions, males (mass variables) are affected more by the interactions 

204 than females and the Average male is affected more than the Prime male.  However, the Prime female is 

205 affected more by the interactions that the Average female.  In the food x density experiment, the 

206 MANOVA correlations for the main food level contrasts show one pattern, the correlations for the main 

207 density contrasts show a separate pattern, and the three significant interactions show a third pattern.  

208 To understand what these significant interactions mean to the biology of Aedes aegypti, we need to 

209 examine the contrasts in the univariate analyses. 

210 MANOVA summary 

211 There are four different patterns for the seven dependent variables across the treatment contrasts.  All 

212 the mass variables have significant positive correlations with the main treatments and with the three 

213 significant interactions.  Food level and density both affect the mass of the larvae, but the significant 

214 interactions suggest that the effect of density may be through differences in the amount of food 

215 available (total food per vial) or through competitive interactions or both, so we can’t tell the magnitude 

216 of independent effects of food level and density on the growth of the larvae. 

217

218 The second pattern is for the Prime female age at pupation.  The only significant contrasts for which this 

219 variable had a correlation in the MANOVA were two associated with density.  For Prime female age at 

220 pupation, there is an independent effect of density; higher density increases the age at pupation for the 

221 Prime female, but none of the food level treatments or interactions affect it. 

222
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223 The third pattern is for the Prime male age at pupation.  It is affected by food level, density and the 

224 interactions, but it appears to be much more strongly affected by density than by either food level or 

225 the interactions.  This suggests that there is an independent effect of density on the Prime male age at 

226 pupation, and a smaller effect of food level that interacts with density at the lowest densities (D1: 4 

227 larvae vs 5 larvae).  Different factors determine the male age at pupation than those that determine the 

228 female age at pupation. 

229

230 The fourth pattern is for Survival.  This variable is affected by food level and by the interactions, but not 

231 by the main density treatment.  This suggests that part of the effect of food level on Survival is mediated 

232 by the total food per vial. 

233 Univariate analyses—ANOVAs 

234 Table 2 presents the r squared values for each dependent variable summed across each of the main 

235 treatments and all the interactions.  The last row of Table 2 shows the total r squared for each of the 

236 seven variables.  These range from 0.46 (Prime female age at pupation) to 0.94 (both Average male mass 

237 and Average female mass).  What is noteworthy here is that the variation in Prime female age at 

238 pupation is not well explained by the food level and density treatments; only 46 % of the variation in 

239 Prime female age at pupation is explained by the treatments, 54 % is due to factors not included in the 

240 experiment.  More interesting is that the variation in the four mass variables is very well explained by 

241 the experimental treatments (88 %, 94 %, 93 %, and 94 %).  Prime male age at pupation and Survival are 

242 in between these extremes (69 % and 63 %, respectively).  [S3 Table shows the Mean Square value, the 

243 significance (P value), and the r squared value for each of the 19 contrasts and each of the seven 

244 dependent variables.  This is sufficient to construct the individual ANOVAs for the dependent variables.] 
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245 Table 2.  r squared values summed across treatments and interactions for each of the 7 dependent 
246 variables.

Treatments

DF Survival Prime 
male mass 

at 
pupation

Prime male 
age at 

pupation

Average 
male mass 

at 
pupation

Prime 
female mass 
at pupation

Prime 
female age 
at pupation

Average 
female mass 
at pupation

Food Level 3 0.30 0.41 0.21 0.47 0.64 0.12 0.64

Density 4 0.00 0.16 0.21 0.12 0.06 0.20 0.08

Food Level X Density 
Interactions

12 0.33 0.31 0.27 0.35 0.23 0.14 0.22

Totals 19 0.63 0.88 0.69 0.94 0.93 0.46 0.94

Treatments

DF Survival Prime 
male mass 

at 
pupation

Prime male 
age at 

pupation

Average 
male mass 

at 
pupation

Prime 
female mass 
at pupation

Prime 
female age 
at pupation

Average 
female mass 
at pupation

Food Level 3 0.30 0.41 0.21 0.47 0.64 0.12 0.64

Density 4 0.00 0.16 0.21 0.12 0.06 0.20 0.08

Food Level X Density 
Interactions

12 0.33 0.31 0.27 0.35 0.23 0.14 0.22

Totals 19 0.63 0.88 0.69 0.94 0.93 0.46 0.94

247

248 ANOVAs—food level 

249 The treatments food level and density are expected to have significant effects on these variables based 

250 on prior experiments.  The treatment conditions were selected to produce different levels of non-lethal 

251 competition.  The MANOVA indicated that there were differences in the way that the dependent 

252 variables responded to the treatments and interactions.  We see in Table 2, that food level alone 

253 accounts for 30 % of the variation in Survival, more than 40 % of the variation in the two male mass 

254 variables and 64 % of the variation in the two female mass variables.  Females (mass variables) are much 

255 more affected by food level than are males.  While food level explains the same amount of variation in 

256 the two female mass variables (64 %), it accounts for more of the variation in Average male mass (47 %) 

257 than in the Prime male mass (41 %).  In contrast to the large effect on the female mass variables and the 
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258 male mass variables, food level accounts for only 12 % of the variation in Prime female age at pupation, 

259 and 21 % of Prime male age at pupation.   

260

261 Survival is higher at the intermediate food levels (3 mg/larva, 4 mg/larva) than at the highest (5 

262 mg/larva) or lowest (2 mg/larva) [S4 Table].  This is likely the reason for the low correlation for Survival 

263 against food level in the MANOVA.  [Contrast F3: (2 mg/larva + 5 mg/larva) vs (3 mg/ larva + 4 mg/larva) 

264 is the only significant correlation for Survival against food level in the MANOVA.] 

265

266 The Prime female mass at pupation, the Average female mass at pupation, the Prime male mass at 

267 pupation and the Average male mass at pupation all increase with increasing food/larva [S5 Table, S6 

268 Table, S7 Table, S8 Table].  The effect of Food level on these mass variables is consistent with the 

269 relationships described by the correlations in the MANOVA. 

270

271 The Prime male age at pupation is highest at the highest food/larva treatment; the other food level 

272 treatments are lower, but similar to each other [S9 Table].  The Prime female age at pupation is highest 

273 at the highest food/larva treatment and lowest at the next highest food/larva treatment (4 mg/larva) 

274 [S10 Table].  Neither of the age at pupation variables had large correlations with food level in the 

275 MANOVA. 

276

277 ANOVAs—density 

278 The next row in Table 2 shows the contribution of the density treatments to the total r squared values.  

279 The highest r squared values are for the Prime male age at pupation (21 %) and the Prime female age at 

280 pupation (20 %).  Density affects the male mass variables (16 %, 12 %) more than the female mass 

281 variables (6 %, 8 %); and affects the sexes differently.  Density explains more of the variation in the 
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282 Prime male mass than in the Average male mass, but explains more of the variation in the Average 

283 female mass than in the Prime female mass.   

284

285 Survival is unaffected by density (r squared = 0.00).  This is consistent with the zero correlation with 

286 density observed in the MANOVA result. 

287

288 The Prime male age at pupation is highest at the highest density; the lower densities are similar in age at 

289 pupation [S9 Table].  The Prime female age at pupation is also highest at the highest density; the lower 

290 densities vary, but with no obvious pattern [S10 Table].  This may be the (lack of) pattern that resulted in 

291 the low positive correlations for age at pupation with density in the MANOVA. 

292

293 Prime male mass at pupation is highest at the highest Density and similar at lower densities [S7 Table].  

294 Average male mass at pupation is highest at the lowest Density and similar at higher densities [S8 

295 Table].  Prime female mass at pupation increases from the lowest density to the second highest density, 

296 but then is lowest at the highest density [S5 Table].  Average female mass at pupation is lowest at the 

297 highest density, and the middle density (6 larvae/vial), but similar in the other density treatments [S6 

298 Table].  There is no uniform effect of density across the different mass variables.  All the mass variables 

299 had significant interactions between food level and density in the MANOVA, so the effect of density on 

300 the mass variables may be mediated by total food per vial, competition or both. 

301

302 The ANOVA reveals the effect of treatments on the individual variables, while the MANOVA reveals the 

303 relationships among the variables for each of the contrasts.  The MANOVA indicated that the density 

304 treatments affected the male mass variables more than the female mass variables.  The ANOVA 

305 reflected that result as well.   
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306

307 The MANOVA indicated that density affected Prime male mass more than Prime male age at pupation, 

308 but the ANOVA explained the Prime male age at pupation more than the Prime male mass.  The 

309 observed result for females is similar.  There is a component of the age at pupation in the ANOVA that is 

310 independent of the Density treatment correlations calculated by the MANOVA. 

311

312 ANOVAs—interactions 

313 The third row in Table 2 shows the contribution of the food level X density interactions to the r squared 

314 values.  More than half of the contribution to the Survival r squared total is due to the interactions (33 

315 %).  Interactions explain more than 30 % of the variation in the male mass variables and more than 20 % 

316 of the variation in the female mass variables.  Interactions explain more of the variation in Prime male 

317 age at pupation (27 %) than in Prime female age at pupation (14 %). 

318   

319 In Table 3 the single degree of freedom interaction contrasts with the largest r squared values are the 

320 same contrasts that were identified in the MANOVA:  F1 X D3, F2 X D1, and F2 X D3.  These three 

321 contrasts account for most of the r squared value in the overall Food level X Density interactions (Table 

322 3, last row, Totals, compared to Table 2, row labelled Food level X Density Interactions).  We know that 

323 both food level and density affect six of the seven dependent variables in this experiment (Table 2).  The 

324 interaction between food level and density is significant when the Mean Squares are higher or lower 

325 than expected due to the main effects of food level and density separately.  These patterns should help 

326 us understand the biological interactions among the larvae in the vials.  As mentioned before, these 

327 three contrasts show the effects of competition and total food per vial on the growth of the larvae in the 

328 microcosms.
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329 Table 3.  r squared values summed across the three main interactions for each of the 7 dependent 
330 variables.

Food Level X Density 
Interaction contrasts 
(single DF)

DF Survival Prime male 
mass at 

pupation

Prime male 
age at 

pupation

Average 
male mass 
at pupation

Prime female 
mass at 

pupation

Prime female 
age at 

pupation

Average 
female mass 
at pupation

F1 X D3 1 0.13 0.15 0.08 0.17 0.11 0.09 0.10

F2 X D1 1 0.07 0.05 0.04 0.05 0.06 0.06

F2 X D3 1 0.06 0.07 0.03 0.09 0.05 0.04

Totals 3 0.26 0.27 0.15 0.31 0.22 0.09 0.20

331

332 Tables 4-7 present the means and standard errors for the three interaction contrasts: F1 X D3, F2 X D1, 

333 and F2 X D3.  F1 compares the low food levels (2 mg/larva + 3 mg/larva) with the high food levels (4 

334 mg/larva + 5 mg/larva) and D3 compares the low densities (4 larvae/vial + 5 larvae/vial) with the high 

335 densities (7 larvae/vial + 8 larvae/vial).  F2 compares the low food levels (2 mg/larva + 4 mg/larva) with 

336 the high food levels (3 mg/larva + 5 mg/larva) and D1 compares 4 larvae/vial with 5 larvae/vial.    The 

337 vials with the low densities and high food levels should experience the least competition and the vials 

338 with the high densities and low food levels should experience the most competition.  The other 

339 treatments should experience levels of competition in between the extremes, and represent the vials 

340 with the least and most total food per vial.  The value of Average male mass at pupation is highest at the 

341 low density: high food levels treatment (the least competition) and lowest at the high density: low food 

342 levels combination (the most competition) and intermediate at the other combinations (intermediate 

343 levels of competition).  However, none of the other variables show this pattern.   

344

345  Another way to rank these treatments is by total food per vial (calculated by multiplying the number of 

346 larvae per vial by the food per larvae).  None of the variables line up strictly according to total food per 

347 vial, but Prime male mass at pupation, Prime male age at pupation, Prime female mass at pupation, 
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348 Prime female age at pupation, and Average female mass all reach their largest value in the vials with the 

349 most food per vial. 

350

351 Survival is affected by the food level treatments and the interactions, but not at all by the Density 

352 treatments (Table 2).  In the interaction contrasts (Table 4), Survival is highest at the low density: high 

353 food level combinations (least competition) and lowest at the low density: low food level combinations 

354 (least total food per vial).  The Survival values in the high density treatments are intermediate, but the 

355 survival is higher at the higher food level (most total food per vial).  Survival is lowest at the lowest total 

356 food per vial and increases as the total food increases. This doesn’t entirely explain the variation in 

357 Survival because the highest total food per vial is associated with a lower percent survival than the next 

358 highest (the treatments with the least competition).  This suggests that Survival is affected by both total 

359 food per vial and competition among the larvae.  In other words, at least part of the effect of density is 

360 due to the increase in total food per vial.  This doesn’t rule out a separate effect of density independent 

361 of food level in the interaction contrasts.   
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362 Table 4. Comparison of Means and (Standard Errors) for the 3 significant interactions for Survival.

Treatment Survival 
F1 X D3

Survival 
F2 X D1

Survival 
F2 X D3

Least competition Low Density—D1=(4 larvae); D3=(4 larvae + 5 larvae)
High Food Level— F1=(4 mg/larva + 5 mg/larva); 
F2=(3 mg/larva + 5 mg/larva)

1.25 (0.26) 1.32 (0.16) 1.15 
(0.24)

Least food/vial Low Density—D1=(4 larvae); D3=(4 larvae + 5 larvae)
Low Food Level— F1=(2 mg/larva + 3 mg/larva); 
F2=(2 mg/larva + 4 mg/larva)

0.91 (0.31) 0.95 (0.61) 1.01 
(0.41)

Most food/vial High Density— D1=(5 larvae); D3=(7 larvae + 8 
larvae)
High Food Level— F1=(4 mg/larva + 5 mg/larva); 
F2=(3 mg/larva + 5 mg/larva)

1.05 (0.35) 0.98 (0.16) 1.00 
(0.33)

Most competition High Density— D1=(5 larvae); D3=(7 larvae + 8 
larvae)
Low Food Level— F1=(2 mg/larva + 3 mg/larva); 
F2=(2 mg/larva + 4 mg/larva)

1.03 (0.29) 1.07 (0.34) 1.08 
(0.30)

r squared value; 
*** = P<0.001

0.13*** 0.07*** 0.06***

363

364 Table 5 compares the two Age at pupation variables.  The Prime male age at pupation is very similar 

365 across three of the four treatments (5.13 - 5.59 days), but it is much longer (5.90-6.32 days) in the 

366 treatments with the highest total food per vial.  The Prime male age at pupation does not seem to be 

367 affected by competition; the vials with the least competition and those with the most competition are 

368 similar, but the vials with intermediate levels of competition and the most food per vial take the longest 

369 to pupate.  This is not the same pattern for the Prime female age at pupation.  First, only the F1 X D3 

370 interaction contrast is significant for this variable.  Second, the Prime female takes longer than the Prime 

371 male to pupate in all treatments.  Third, the Prime female pupates earliest in the treatments with the 

372 least competition (6.90 days).  Reducing the food level at the lower densities results in later pupation, 

373 but increasing the density increases the age at pupation even further (with little difference between the 

374 food/larva levels).  Clearly males and females are responding to different external or internal conditions 

375 to trigger pupation.  Males pupate at about 5 1/2 days except when there is a lot of food in the vials; 

376 females pupate earliest in the vials with the least competition but seem to be affected by both the 
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377 density and the food level in the other treatments.  The MANOVA indicated that the two Age at 

378 pupation variables were not correlated with the four mass variables, so these significant interactions are 

379 independent of the behavior of the mass variables. 

380

381 Table 5.  Comparison of Means and (Standard Errors) for the 3 significant interactions for the Age at 
382 Pupation variables.

Treatment Prime male 
age at

Pupation 
F1 X D3

Prime male 
age at

Pupation 
F2 X D1

Prime male 
age at

Pupation 
F2 XD3

Prime 
female age
at pupation 

F1 X D3

Prime 
female age
at pupation 

F2 X D1

Prime 
female age
at pupation 

F2 X D3

Least competition Low Density—D1=(4 larvae); D3=(4 
larvae + 5 larvae)
High Food Level— F1=(4 mg/larva + 5 
mg/larva); F2=(3 mg/larva + 5 mg/larva)

5.59 (0.66) 5.55 (0.07) 5.73 (0.53) 6.90 (0.96) 7.60 (0.28) 7.88 (0.38)

Least food/vial Low Density—D1=(4 larvae); D3=(4 
larvae + 5 larvae)
Low Food Level— F1=(2 mg/larva + 3 
mg/larva); F2=(2 mg/larva + 4 mg/larva)

5.48 (0.17) 5.40 (0.14) 5.38 (0.30) 7.75 (0.54) 7.00 (1.41) 6.80 (0.91)

Most food/vial High Density— D1=(5 larvae); D3=(7 
larvae + 8 larvae)
High Food Level— F1=(4 mg/larva + 5 
mg/larva); F2=(3 mg/larva + 5 mg/larva)

6.32 (1.54) 5.90 (0.85) 6.25 (1.61) 8.43 (2.87) 8.15 (0.21) 9.68 (1.80)

Most competition High Density— D1=(5 larvae); D3=(7 
larvae + 8 larvae)
Low Food Level— F1=(2 mg/larva + 3 
mg/larva); F2=(2 mg/larva + 4 mg/larva)

5.50 (0.10) 5.35 (0.49) 5.13 (0.15) 8.38 (1.60) 6.60 (0.57) 7.13 (1.80)

r squared value; 
*** = P<0.001, 
**=P<0.01

0.08*** 0.04*** 0.03** 0.09*** ns ns

383

384 The four mass variables are examined three ways: 1) individually; 2) within sexes to compare the  Prime 

385 individual with the Average; and 3) across sexes to compare the two Primes and the two Averages.  The 

386 MANOVA showed that all four variables had significant positive correlations for each of the three 

387 interaction contrasts. 

388
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389 Table 6 presents the means and standard errors for the three significant interactions for both Prime 

390 male mass at pupation and Average male mass at pupation. For the Prime male mass at pupation the 

391 highest mass values are at the high food levels and the lowest are at the low food levels.  The lowest 

392 mass value is in the vials with the most competition, but the highest mass value is in the vials with the 

393 most food per vial, not the ones with the least competition.  For the Average male mass, the lowest 

394 value is also in the vials with the most competition, but the highest mass value is in the vials with the 

395 least competition.  Competition appears to be the main determinant of growth for the Average male. 

396 The Prime male was defined as the largest of the first males to pupate in each vial.  The mean values of 

397 the Prime male mass are larger than the mean values of the Average male mass in all treatments except 

398 for the ones with the least competition (low density: high food levels); in these treatments, the Average 

399 mass of males is greater than the Prime male mass.  This means that the Prime male pupates while 

400 there is still enough food for the remainder of the males to continue to grow and pupate at a larger size 

401 than the Prime male.  Another comparison between the Prime male mass and the Average male mass is 

402 the difference between the two values at low density and low food level (0.03 mg - 0.04 mg) compared 

403 to the two high density treatments (0.10 mg - 0.11 mg) (F1 X D3 and F2 X D3, Table 6).  The distribution 

404 of sizes among males is tighter at the lowest total food per vial   A greater difference between the size of 

405 the Prime male and the Average males at low resource levels would be an indicator of interference 

406 competition, thus no interference competition among males is evident here. 
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407 Table 6.  Comparison of Means and (Standard Errors) for the 3 significant interactions for Male Mass at 
408 Pupation.

Treatment Prime male 
mass at 

pupation 
F1 X D3

Prime male 
mass at 

pupation 
F2 X D1

Prime male 
mass at 

pupation 
F2 X D3

Average 
male mass 
at pupation 

F1 X D3

Average 
male mass 
at pupation 

F2 X D1

Average 
male mass 
at pupation 

F2 X D3

Least competition Low Density—D1=(4 larvae); D3=(4 
larvae + 5 larvae)
High Food Level— F1=(4 mg/larva + 5 
mg/larva); F2=(3 mg/larva + 5 mg/larva)

2.39 (0.15) 2.34 (0.17) 2.37 (0.17) 2.42 (0.20) 2.41 (0.28) 2.39 (0.23)

Least food/ vial Low Density—D1=(4 larvae); D3=(4 
larvae + 5 larvae)
Low Food Level— F1=(2 mg/larva + 3 
mg/larva); F2=(2 mg/larva + 4 mg/larva)

2.08 (0.21) 2.14 (0.09) 2.10 (0.23) 2.04 (0.23) 2.13 (0.08) 2.07 (0.26)

Most food/vial High Density— D1=(5 larvae); D3=(7 
larvae + 8 larvae)
High Food Level— F1=(4 mg/larva + 5 
mg/larva); F2=(3 mg/larva + 5 mg/larva)

2.49 (0.20) 2.39 (0.23) 2.43 (0.24) 2.38 (0.17) 2.37 (0.28) 2.32 (0.23)

Most competition High Density— D1=(5 larvae); D3=(7 
larvae + 8 larvae)
Low Food Level— F1=(2 mg/larva + 3 
mg/larva); F2=(2 mg/larva + 4 mg/larva)

2.05 (0.22) 2.07 (0.39) 2.11 (0.30) 1.95 (0.21) 2.01 (0.43) 2.01 (0.28)

r squared value; 
*** = P<0.001

0.15*** 0.05*** 0.07*** 0.17*** 0.05*** 0.09***

409

410 For the Prime female mass at pupation the two highest mass values are also at the high food levels and 

411 the two lowest are at the low food levels (Table 7).  For two of the contrasts the lowest mass value is in 

412 the vials with the most competition, but the highest mass value is in the vials with the most food per 

413 vial, not the ones with the least competition (F1 X D3 and F2 X D3, Table 7).  Unlike the pattern for the 

414 Average male mass, the Average female mass mirrors the Prime female mass exactly.  The interaction 

415 for both the Prime and Average female mass variables is the same as that for the Prime male (above).  

416 The Prime female is defined as the largest female to pupate so it is always larger than the Average.  

417 Comparing the values of the means of the Prime female mass and the Average female mass, the Prime 

418 female is about 0.18 mg - 0.20 mg larger than the average female except in the treatment with the low 

419 density and low food levels (0.08 mg - 0.10 mg).  These vials have the lowest levels of total food per vial 

420 in the experiment.  The relative sizes of the Prime females and the Average females are similar across 

421 treatments except at the lowest total food per vial, when the relative size difference of the two is much 
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422 smaller.  Again, an increase in the distribution of sizes at low resource levels would be an indicator of 

423 interference competition, thus no interference competition among females is apparent in these two 

424 contrasts.  The distribution of sizes among females is affected by total food per vial, or competition, or 

425 both, rather than either food level or density independently. 

426

427 Table 7.  Comparison of Means and (Standard Errors) for the 3 significant interactions for Female Mass 
428 at Pupation.

Treatment Prime 
female 
mass at 

pupation 
F1 X D3

Prime 
female 
mass at 

pupation 
F2 X D1

Prime 
female 
mass at 

pupation 
F2 X D3

Average 
female 
mass at 

pupation 
F1 X D3

Average 
female 
mass at 

pupation 
F2 X D1

Average 
female 
mass at 

pupation 
F2 X D3

Least competition Low Density—D1=(4 larvae); D3=(4 
larvae + 5 larvae)
High Food Level— F1=(4 mg/larva + 5 
mg/larva); F2=(3 mg/larva + 5 mg/larva)

3.95 (0.32) 3.72 (0.74) 3.66 (0.65) 3.75 (0.31) 3.53 (0.82) 3.48 (0.63)

Least food/vial Low Density—D1=(4 larvae); D3=(4 
larvae + 5 larvae)
Low Food Level— F1=(2 mg/larva + 3 
mg/larva); F2=(2 mg/larva + 4 mg/larva)

2.80 (0.35) 3.04 (0.76) 3.10 (0.68) 2.72 (0.25) 2.98 (0.67) 3.00 (0.57)

Most food/vial High Density— D1=(5 larvae); D3=(7 
larvae + 8 larvae)
High Food Level— F1=(4 mg/larva + 5 
mg/larva); F2=(3 mg/larva + 5 mg/larva)

4.03 (0.30) 3.59 (0.85) 3.77 (0.61) 3.85 (0.41) 3.43 (0.70) 3.58 (0.72)

Most competition High Density— D1=(5 larvae); D3=(7 
larvae + 8 larvae)
Low Food Level— F1=(2 mg/larva + 3 
mg/larva); F2=(2 mg/larva + 4 mg/larva)

2.75 (0.59) 3.16 (0.91) 3.01 (0.89) 2.55 (0.48) 3.03 (0.71) 2.83 (0.78)

r squared value; 
*** = P<0.001

0.11*** 0.06*** 0.05*** 0.10*** 0.06*** 0.04***

429

430 For the F2 X D1 contrast, the pattern is different from the other two interaction contrasts for both the 

431 Prime female and the Average female masses.  Prime female mass at pupation is greatest in the vials 

432 with the least competition (3.72 mg).  The lowest value is in the vials with the least total food (3.04 mg).  

433 The Average female mass at pupation shows the same pattern as the Prime female for this contrast.  

434 The total food in all the vials in this contrast is at the low end of the total food per vial across the entire 

435 experiment.  This contrast compares the two lowest densities (4 larvae/vial vs 5 larvae/vial), so the 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 6, 2018. ; https://doi.org/10.1101/385914doi: bioRxiv preprint 

https://doi.org/10.1101/385914
http://creativecommons.org/licenses/by/4.0/


24

436 highest total food per vial is going to be 25 mg/vial rather than 40 mg/vial (at the 8 larvae/vial density 

437 and 5 mg food per larva).  Both density and total food per vial are at the low end of the range of the 

438 entire experiment.  Within this subset of the experiment, the females in the vial with the least 

439 competition grow larger than the females with the most total food per vial, so competition appears to 

440 be more important at lower food levels and/or lower levels of total food per vial.  Furthermore, the 

441 females in the vials with the least total food are smaller than those in the vials with the most 

442 competition.  The greater total food in the vials with the most competition allows those females to grow 

443 larger than in the vials with the least total food, despite the same food/larva in both sets of vials.  The 

444 least total food per vial, which results in the smallest mass at pupation for both the Prime and Average 

445 females, also results in the smallest difference between the Prime and Average females (0.06 mg 

446 compared to 0.13 - 0.19 mg for the other treatments).  This is similar to the result for the other two 

447 interaction contrasts.  An increase in the distribution of sizes at low resource levels would be an 

448 indicator of interference competition, thus no interference competition among females is apparent even 

449 at the lowest food levels.  The distribution of sizes among females is affected by total food per vial 

450 rather than either food level or density independently. 

451

452 Summarizing the differences within each sex, the interactions reveal differences between the Prime 

453 male mass and the Average male mass with the Prime male growing largest at the highest total food per 

454 vial and smallest in the vials with the most competition.  The Average male mass is largest in the vials 

455 with the least competition and smallest in the vials with the most competition (Table 6).  For females, 

456 two of the interactions mirror the pattern of the Prime male mass for both Prime female mass and 

457 Average female mass.  The remaining interaction (F2 X D1) suggests that lower total food per vial affects 

458 the competition among females in these vials—a subset of the entire experiment (Table 7). 
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459 Comparing the two sexes at pupation (Tables 6 and 7), the Prime female mass is always greater than the 

460 Prime male mass, but the difference is larger at high food levels (1.20 mg -1.56 mg) than at low food 

461 levels (0.70 mg - 1.09 mg).  The Average female mass is similarly greater that the Average male mass, 

462 and the difference is also larger at high food levels (1.06 mg - 1.47 mg) than at low food levels (0.60 mg - 

463 01.02 mg), but the difference between the two Averages is always smaller than the difference between 

464 the two Prime masses.  This indicates that females outcompete males for food within the limits of the 

465 food x density experiment.

466

467 For the two interactions F1 X D3 and F2 X D3, the difference between the female and male masses is 

468 smallest in vials with the most competition followed by the vials with the least total food.  The 

469 difference in size of the Prime male and female is similar in the vials with the least competition and most 

470 total food, but the difference between the Averages is greater for the most total food than for the least 

471 competition.  For the interaction F2 X D1, the smallest difference between the mass of males and 

472 females is in the vials with the least food and the largest difference is in the vials with the least 

473 competition.  An increase in the distribution of sizes at low resource levels would be an indicator of 

474 interference competition, thus no interference competition between males and females is apparent. 

475

476 Effect of sex ratio and food on mosquito larval growth

477 In the sex ratio experiment, the food per larva and the larvae per vial were chosen from the middle of 

478 the values for the first experiment:  3 mg/larva or 4 mg/larva, and 5 larvae/vial or 6 larvae/vial.  The sex 

479 ratio was calculated for each vial with 100 % pupation (100 % survival).  As mentioned earlier, neither 

480 the sex ratio nor the Food level can be determined accurately if there is any mortality. 

481 For the subset of vials with 100 % pupation, the overall sex ratio was 52 % male.  As before, the mass 

482 was measured for each pupa and values were calculated for Prime male mass, Average male mass, 
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483 Prime female mass and Average female mass.  Means, standard deviations and sample sizes for the 

484 mass of the Prime male are presented in S11 Table arranged by sex ratio (% males) and by food level.  

485 The food level obviously affects the size of the Prime male.  At both food levels the mass of the Prime 

486 male appears to increase with an increase in the % males in the vial.  The regression of mass on sex ratio 

487 was significant at the lower food level (F(1,18) = 7.869, P < 0.05, r squared = .20), but not at the higher 

488 food level (F(1,12) = 3.256, NS).  At the lower food level, the mass of the Prime male increases as the 

489 percent of males increases.  None of the other three mass variables had a significant regression on sex 

490 ratio at either food level. 

491

492 Because males pupate earlier and at a smaller mass than females, an increase in percent of males is 

493 expected to correspond to a relative increase in food level.  At the lower food level, the mass of the 

494 Prime male increases as the percent of males increases; an increase in the percent of males acts as 

495 though the food level increased for the Prime male.  Since none of the other mass variables responds to 

496 sex ratio at either food level, this suggests that the Prime male outcompetes the other males for food.  

497 The Prime male mass is included in the Average male mass, so a systematic increase in the Prime male 

498 mass with no effect on the Average implies that the non-Prime males are symmetrically decreasing in 

499 size.  It also suggests that females are unaffected by competition with males, which implies that the two 

500 sexes are using the food resource differently. 

501

502 Discussion

503 Mosquito larvae filter particles indiscriminately [48,50]  .  They can filter particles from the water 

504 column, from submerged surfaces (leaves, container walls), and abrade solids (such as dead larvae or 

505 other carcasses) into ingestible particles [38,66–68].  Besides discrete particles such as the yeast cells 
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506 used in these experiments, in nature mosquito larvae may ingest gels, colloids and dissolved nutrients 

507 that contribute to their nourishment [66].  In contrast to the indiscriminate filtering, mosquito larvae 

508 actively seek out and aggregate at food rich locations, respond to organic chemicals that leach from 

509 potential food, change their feeding rate (the beating rate of the lateral palatal brushes), and alter the 

510 proportion of time spent feeding in response to hunger, food availability, and neurochemicals 

511 [38,67,68].   Many filter feeders, including some mosquito larvae, pass much of the ingested food 

512 through the gut intact [48,52,66,69]; only the most available subset of nutrients is assimilated.  Normal 

513 feeding for A. aegypti larvae results in passage through the gut in 0.5-1.0 hour [66].  When food level 

514 (mg/larva) decreases, the proportion of the total nutrients assimilated and hence the efficiency (mg 

515 larval growth/mg food ingested) can be increased by decreasing the feeding rate and retaining food 

516 within the gut for longer intervals in other filter feeders [31,52].  In a pattern analogous to tadpoles, 

517 mosquito larvae retain food when transferred into distilled water [48] suggesting that they may vary 

518 their feeding rates and efficiencies in response to the availability of food similarly.  

519

520 Other experiments show that male and female 4th instar larvae are competent to pupate at  24-36 

521 hours after they molt from the 3rd instar [70–73], but that high food levels cause them to delay 

522 pupation until they attain a maximum weight [53,70,72], and that the time to pupation and the actual 

523 size of the adult is affected by the temperature of the larval environment [25,61,70,72,74] as well as 

524 food level and density (see above), the type or quality of the food source [6,24,25,75–80] and, of course, 

525 the sex of the individual [21,37,70–72,74,81]. 

526  

527 Biochemical investigations of the triggers to pupation in 4th instar larvae reveal that during the growth 

528 period of the 4th instar, more than 75% of the larval mass is accumulated [70,71,74]  as well as most of 

529 the sexual dimorphism in mass [70,72].  Protein, sugars, and glycogen increase linearly with mass for 
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530 both sexes [70,71,81–84] while lipids increase exponentially, and faster in males than females 

531 [70,71,81].  The triggers to pupation remain obscure, but minimum size, nutritional state, multiple 

532 hormone levels, specific gene activation/deactivation, and interactions among all of these have been 

533 implicated [25,61,70–74,81,85].  Pupal size is positively related to adult size, longevity/survival, sperm 

534 production, blood meal consumption, the size and number of eggs [1,54,73,81,84–87] and inversely 

535 related to the length of the gonotrophic cycle, and susceptibility to disease [81,87–91], but see [92–97]. 

536

537 Mosquito larvae in these microcosms create a dynamic system.  Eggs were hatched by immersion and 

538 1st instar larvae were counted into vials with a large number of newly-added yeast particles.  As the 

539 larvae filter the particles and pass them through their guts, small initial differences in size and 

540 opportunity develop into larger differences in size.  Larger individuals filter more effectively than smaller 

541 ones, so larger individuals obtain more food particles than smaller ones.  However, as individuals grow, 

542 their metabolic needs increase and less of the food is used for growth as more is used to maintain the 

543 existing mass.  In isolation, each individual would follow a sigmoid growth curve determined by the 

544 initial quantity of food in the vial.  In the experimental vials, larvae compete for food particles with each 

545 other.  There are three environmental conditions that change over time: the larvae increase in size, with 

546 concomitant increases in demand for nutrients, ability to filter, and volume of gut in which to retain 

547 particles; the number of particles remains constant, so the apparent number of particles decreases; the 

548 quality of the particles decreases with each pass through the gut of a larva.  Each of these environmental 

549 conditions increases the competition among larvae as they grow.  Food particles are plentiful and of 

550 high quality for the 1st instar larvae and probably for 2nd instar larvae, but become less plentiful and of 

551 lower quality for 3rd instar larvae and even less plentiful and of even lower quality for 4th instar larvae.  

552 When food particles are abundant and their quality is high, larvae pass the particles rapidly through 

553 their guts and extract the most available nutrients.  During the third and fourth instars the larger size of 
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554 the larvae increases their demand for food, and the relative quantity and quality of the food particles 

555 decreases.  In response to this, the female larvae retain the particles in their guts for longer; this further 

556 decreases the apparent number of food particles and their quality, reinforcing the retention of food 

557 particles.  The initial conditions of the experiment probably have little effect on the growth of the first 

558 and second instar larvae, but increasing effects on the third and fourth instar larvae, influencing the age 

559 and mass at pupation.  Food level and density have been shown to affect competition among mosquito 

560 larvae already; the aim of this paper is to understand the differences in competition among male and 

561 female larvae and how that affects pupation and the adult life cycle. 

562

563 Survival in the food x density experiment is one potential measure of competition among the mosquito 

564 larvae.  In the significant interaction contrasts, Survival was highest in the vials with the least 

565 competition and lowest in the vials with the least total food, so there is an effect of competition on the 

566 survival of larvae.  However, only 63 % of the variation in Survival is explained by the treatments and 30 

567 % of that is explained by Food level alone.  The MANOVA correlation coefficients corroborate the 

568 relatively low contribution of Survival to the significance of the contrasts. 

569

570 The main treatments, food level and density, and the interactions, total food per vial and non-lethal 

571 competition, affect the mass and age at pupation; large mass and early pupation increase the fitness of 

572 the adult male mosquito, while large mass at pupation is primarily important to the fitness of the female 

573 mosquito [1].  Mass and age at pupation together describe the growth rate of the larva to the pupation 

574 endpoint. 

575

576 Differences between males and females 
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577 The MANOVA gives us insight into the relationships among the variables.  Increased food level 

578 (mg/larva) increases mass for all larvae.  Females are affected more than males, Prime females more 

579 than Average females, Average males more than Prime males.  Increased food level has no effect on 

580 Prime female age at pupation and only a small effect Prime male age at pupation.  Prime male age at 

581 pupation increases with increasing food level. 

582  

583 Also, in the MANOVA, increased density (larvae/vial) increases mass for all larvae.  Males are affected 

584 more than females, Prime males more than Average males, Prime females more than Average females.  

585 Increased density increases age at pupation for both Prime males and Prime females; Prime male age at 

586 pupation is affected more than Prime female age at pupation. 

587

588 There are three significant interactions in the MANOVA; these interactions describe how competition 

589 and total food per vial affect the interplay of the food level and density treatments.  The three main 

590 MANOVA interactions (F1 X D3, F2 X D1, and F2 X D3) affect male mass more than female mass, Average 

591 males more than Prime males, and Prime females more than Average females.  The interactions have no 

592 effect on Prime female age at pupation.  Only the F2 X D1 interaction affects Prime male age at 

593 pupation. 

594

595 The univariate r squared values for food level and for density are similar to the MANOVA correlations for 

596 the relationships between male mass and female mass.  The mean values (mg) of all four mass variables 

597 increase with increasing food level.  Density does not have the same effect on each of the four mass 

598 variables.  Prime male mass is highest at the highest density.  Average male mass is highest at the lowest 

599 density.  Prime female mass increases with density, but is lowest at the highest density.  Average female 

600 mass is also lowest at the highest density.  In the univariate analyses, food level alone accounts for more 
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601 than half of the variation in the two female mass variables and just less than half of the variation in the 

602 two male mass variables.  Density alone accounts for much less of the variation than food level in all 

603 four mass variables.  The interactions between food level and density account for more of the variation 

604 in these variables than density alone. 

605

606 The r squared values for Prime male and Prime female age at pupation are relatively higher than the 

607 corresponding MANOVA correlations for both the food level and density treatments.  There are effects 

608 of the experimental treatment on age at pupation that did not contribute to the MANOVA significance.  

609 The Prime male and female age at pupation are both highest at the highest food level.  They are also 

610 both highest at the highest density.  These are the vials with the highest total food per vial.  Increased 

611 mass at pupation is beneficial to the fitness of the adult mosquito of both sexes.  Increased age at 

612 pupation is potentially detrimental to adult males, probably less so to adult females.  Total food per vial 

613 appears to affect the larvae and some of the effect of density may be due to the total food per vial.  This 

614 should be apparent in the interactions. 

615

616 The r squared values for the interactions F1 X D3 and F2 X D3, correspond to the MANOVA correlations: 

617 they explain the variance in male mass more than female mass, Average males more than Prime males, 

618 and Prime females more than Average females.  The r squared values for the interaction F2 X D1 (low 

619 density treatments) are slightly higher for females than for males, and explain the same amount of 

620 variance in the mass of Prime females and Average females, and in the mass of Prime males and 

621 Average males.  In contrast to the MANOVA correlations, there is a significant interaction (F1 X D3) for 

622 Prime female age at pupation, and all three interactions have significant r squared values for Prime male 

623 age at pupation.  

624
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625 All three of the main interactions consist of 4 treatment combinations:  least competition, most 

626 competition, least food per vial and most food per vial (Tables 4-7).  For instance, Survival is highest in 

627 vials with the least competition and lowest in vials with the least food per vial.  Both are low density 

628 treatments.  If competition is affecting the mass at pupation, the mass should be highest in the vials 

629 with the least competition.  This is only true for the Average male mass and the Prime and Average 

630 female mass in the F2 X D1 interaction (low density).  Alternatively, competition could be causing the 

631 lowest masses to occur in the vials with the most competition.  This is the case for the Prime male and 

632 the Average male in all three interactions, and the Prime and Average females in two of the interactions 

633 (F1 X D3 and F2 X D3).  Males and females respond differently to the high and low competition 

634 treatment combinations and females respond differently in low densities (D1) than across the full range 

635 of densities (D3).  If total food per vial is important, then the lowest masses should be in the vials with 

636 the least total food; this is only true for Prime and Average females in the F2 X D1 interaction.  

637 Alternatively, the highest masses could be in the vials with the most total food.  This is true for the Prime 

638 males in all three interactions and the Prime and Average females in the F1 X D3 and F2 X D3 

639 interactions. 

640

641 Prime males, Prime females and Average females grow largest in the vials with the most total food and 

642 smallest in the vials with the most competition.  However, females at low density grow largest in vials 

643 with the least competition and smallest in vials with the least total food.  Average males grow largest in 

644 the vials with the least competition and smallest in the vials with the most competition.  Prime and 

645 Average females respond to the treatment conditions similarly to one another, but the Prime and 

646 Average males respond to the same treatment conditions differently from each other.  Competition 

647 among males differs from competition among females.  The food level and total food per vial affect 

648 competition for both sexes, but these effects are different across sexes. 
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649

650 Prime male age at pupation is greatest in the vials with the most food and least in the vials with the 

651 most competition.  This corresponds to the Prime male mass.  In the vials with the most food, the Prime 

652 male grows largest and delays pupation.  In the vials with the most competition, the Prime male is 

653 smallest and pupates earliest.  For the one significant interaction affecting the Prime female age at 

654 pupation, the greatest age at pupation is in the vials with the most food and the earliest is in the vials 

655 with the least competition, another difference between males and females. 

656

657 Age and mass at pupation together are a measure of growth rate.  For both the Prime male and the 

658 Prime female, the growth rates are highest in the vials with the least competition.  This highest growth 

659 rate for the Prime female is higher than the growth rate for the Prime male in each of these interactions.  

660 Despite taking longer to pupate, females grow faster than males in the vials with least competition.  

661 [Note that growth is expected to be a sigmoid curve in which the instantaneous growth rate increases to 

662 an inflection point and then decreases towards zero.  If the males pupate lower on the curve than 

663 females, then they could appear to have a lower growth rate than females even if they grow at the same 

664 rate.]  The slowest growth rates for males and females are in the vials with the highest densities (most 

665 competition and most food per vial).  The F2 X D1 interaction differs in that the Prime female has the 

666 lowest growth rate in the vials with the least total food. 

667

668 There are consistent differences between male and female larvae across the three main interactions.  

669 Competition among males and among females needs to be considered separately.  Furthermore, the 

670 results of the sex ratio experiment show that the percent of males in the vial affects the growth of males 

671 at low food levels, but not that of females; this supports the observation that there is a difference in the 

672 way the two sexes compete for the same food resource. 
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673

674 Competition among females 

675 The mass at pupation of females is directly related to the food level.  Food level explains 8-10 times the 

676 experimental variance that density explains and three times the variance that the three main 

677 interactions explain (Tables 2 and 3).  In contrast, age at pupation is better explained by density than by 

678 food level or the interactions, although the Prime female age at pupation is the variable least affected 

679 by the experimental conditions.  Competition is described by the interactions, so competition appears to 

680 be less important to females than the food level. 

681

682 These two experiments look at competition among females in five ways:  the interactions identify 

683 differences in 1) mass and 2) age at pupation under various levels of competition; 3) the difference 

684 between the Prime and the Average female masses indicates possible interference competition; 4) the 

685 differences in growth rate of the Prime female in the different treatment combinations is another 

686 measure of competition; and 5) the lack of effect of the percent of males on the mass of females 

687 indicates that females outcompete males. 

688 1) The mass at pupation responds differently in the F2 X D1 interaction than in the other two.  All the 

689 vials in this interaction have either 4 larvae or 5 larvae; this is the low density treatment in the F1 X D3 

690 and F2 X D3 interactions.  Because the food is added on a per larva basis, the total food levels in these 

691 vials are lower as well.  For this interaction, the largest females are in the vials with the least 

692 competition and the smallest are in the vials with the least total food (for both Prime and Average 

693 female mass at pupation).  These are the vials with 4 larvae.  In the higher density treatment, the vials 

694 with 5 larvae, the masses at the high food level are lower, but the masses at the low food level are 

695 higher, than in the vials with 4 larvae.  The addition of a larva plus an increment of food reduces the size 

696 of the females at the high food level, but increases the size of females at the low food level. 
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697 In the F1 X D3 and F2 X D3 interactions, the largest females are in the vials with the most total food and 

698 the smallest females are in those with the most competition; these are both the high density treatments 

699 (7 larvae or 8 larvae per vial).  The masses of Prime and Average females in the low density treatments 

700 (4 larvae or 5 larvae per vial) are similar to the masses observed in the F2 X D1 interaction, suggesting 

701 that the difference is due to the higher density or higher total food level in the other vials.  The masses 

702 of females in the F1 X D3 and F2 X D3 interactions are higher than that of the females in the F2 X D1 

703 interaction in the vials with the greatest total food, and lower than those in the F2 X D1 interaction in 

704 the vials with the greatest competition.  The additional larvae in the high density vials, plus the 

705 additional increments of food, increase the pupal masses of females in the high food vials and decrease 

706 the masses of females in the low food (most competition) vials.  For females, competition is affected by 

707 food level (food/larva), density (larvae/vial) and total food per vial. 

708 2) The Prime female pupates earliest in the vials with the least competition and latest in the vials with 

709 the most total food per vial.  The Prime female age at pupation is less affected by competition (or any 

710 treatment) than any other variable.  

711 3) There is no indication of interference competition based on the size distribution of females at 

712 pupation.  At the lowest total food levels this distribution is compressed rather than elongated.  In the 

713 other vials the difference between the Prime female and the Average female mass is approximately the 

714 same (0.20 mg).  Comparing the Prime females in the vials with the lowest total food to those in the 

715 vials with the most competition (equivalent food/larva) and similarly comparing the Average females in 

716 those two treatments, it appears that the tighter distribution of sizes is due to the relative increase in 

717 size of the Average females at the lower density.  Two things are likely causes: 1) the number of particles 

718 becomes limiting to the females earlier in the vials with the lowest total food and they switch to 

719 retention before they have developed the same size distribution as in the other vials, and 2) there is 

720 little or no difference in the ability of females to extract nutrients from the retained particles, so they all 
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721 grow equally well from that point.  When the females in the low total food vials switch to retention from 

722 filtering, the net effect is a more equal distribution of food among them, as compared to females in the 

723 vials with the most competition. 

724 4) The growth rate of the Prime female is greatest in the vials with the least competition.  Growth rate 

725 was approximated by dividing the mean values of the Prime female mass by the corresponding mean 

726 value of the Prime female age at pupation for each treatment combination.  No additional significance 

727 tests were applied. 

728 5) Female mass at pupation is unaffected by the percent of males in the vial (at the food levels and 

729 densities tested).  Females larvae appear to be unaffected by competition with male larvae. 

730 At low density the least competition results in the largest females and the least total food results in the 

731 smallest females.  At high density the most total food results in the largest females and the most 

732 competition results in the smallest females.  The low density treatments across all three interactions are 

733 comparable in treatment conditions and outcomes, so the high density (7 larvae or 8 larvae) is 

734 qualitatively different.  Competition among females at high density results in smaller masses at pupation 

735 despite equivalent food/larva levels.  High total food levels at high density result in larger masses at 

736 pupation despite equivalent food/larva levels.  If total food per vial were entirely responsible for these 

737 observations the addition of a larva (from 4 larvae to 5 larvae) and an increment of food (per larva) 

738 should not lower the mass at pupation of females at the high food level (more total food) and increase 

739 the mass of females at the low food level (more competition).  The 5 larvae in the vials with the most 

740 competition do better than the 4 larvae in the vials with the same food/larva, while the 5 larvae in the 

741 vials with the most food don’t do as well as the 4 larvae with the same food/larva, the vials with the 

742 least competition.  At the higher densities (7 larvae or 8 larvae), the reverse is true. The 7 or 8 larvae in 

743 the vials with the most competition do worse than the 4 or 5 larvae in vials with the same food/larva, 
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744 while 7 or 8 larvae in the vials with the most food do better that the 4 or 5 larvae in the vials with the 

745 least competition (equivalent food/larva). 

746

747 For female larvae, there are 6 environmental conditions indicated by the three main interactions: 

748 1) Vials with the least competition—These females grow fastest and pupate earliest.  This is the 

749 benchmark to compare the other treatments against. 

750 2) Vials with the least total food—These females pupate at a smaller mass than those in vials with the 

751 least competition and there is a tighter distribution of masses (smaller difference in size between the 

752 Prime and Average females) than in all the other vials.  There is no indication of interference 

753 competition; the reduced size distribution is probably due to females retaining the particles in their guts 

754 for longer periods to extract more nutrients.  In these vials, it appears that the low total food causes 

755 females to switch from filtering to retention at an earlier instar before large differences in size have 

756 developed, resulting in the compressed size distribution.  Retention supplies fewer nutrients over time 

757 than filtering particles and passing them rapidly through the gut, resulting in smaller size at pupation 

758 and a slower growth rate than in the vials with the least competition. 

759 3) Vials with the most total food (5 larvae)—These females have more total food than those in the vials 

760 with the least competition (4 larvae), but they don’t grow as fast or as large.  The addition of one more 

761 larva even with the incremental food/larva reduces the growth rate and final mass.  The larvae filter 

762 rapidly for long enough to develop the same size distribution as in the vials with the least competition, 

763 but end up approximately 0.10 mg smaller than those in the vials with the least competition.  This also 

764 suggests that filtering promotes growth better than retention. 

765 4) Vials with the most competition (5 larvae)—These females also have more total food than those in 

766 the vials with the least total food (4 larvae), and they grow larger than those females.  In this case, the 

767 incremental food/larva is more beneficial than the addition of the extra larva is detrimental.  Vials with 4 
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768 larvae get 8 mg or 16 mg of food, while the vials with 5 larvae get 10 mg or 20 mg of food.  The mean 

769 Prime and Average female masses for total food levels of 8 mg and 10 mg range from 2.50 mg to 2.52 

770 mg.  The masses for total food levels of 16 mg and 20 mg are 1.0 mg higher (40%, 3.45 mg to 3.80 mg).  

771 The largest increase is in the vials with 5 larvae and 20 mg total food.  There appears to be a change in 

772 the growth of female larvae at food levels between 16 mg and 20 mg total food per vial that results in a 

773 disproportionate increase in the mass of females.  It appears that females in vials with less food switch 

774 to retention as they perceive the number of particles decreasing and thereafter grow more slowly, while 

775 females in vials with more total food (20 mg per vial and greater) continue to filter and grow at a faster 

776 rate, and to a larger size. 

777 5) Vials with the most total food (7 larvae or 8 larvae)—These females grow larger than any other 

778 females and take longer to pupate.  All these vials have more than 20 mg of food in them.  Females in 

779 the vials with the least competition grow faster and pupate earlier, so these females delay pupation and 

780 become larger.  As mentioned earlier, larger filter feeders have an advantage over smaller ones, but as 

781 they grow in mass, each increment in mass adds less and less to that advantage.  At some point the 

782 individual will reach an equilibrium where the filtering is only sufficient to maintain its mass, not 

783 increase it.  Females in vials with the most total food may grow as fast as those in the vials with the least 

784 competition and then extend their larval growth period to increase in size at the expense of their growth 

785 rate.  For females, large adult mass is more beneficial than early age at pupation. 

786 6) Vials with the most competition (7 larvae or 8 larvae)—These females are smaller than those in any 

787 other vials.  The total food in these vials ranges from 14 mg to 32 mg (14 mg, 16 mg, 21 mg, 24 mg, 28 

788 mg, 32 mg), yet the females pupate at smaller masses than those with the least total food: 8 mg to 20 

789 mg (8 mg, 10 mg, 12 mg, 15 mg, 16 mg, 20 mg).  The total food per vial is higher and the relative food 

790 (per larva) is identical, yet the females in the higher density vials do not grow as large.  These females 

791 must switch from filtering to retaining particles later than those in the vials with the least total food, 
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792 because they do develop a size distribution that resembles the vials with the least competition and the 

793 vials with the most total food.  The additional larvae in the vials with the most competition must reduce 

794 the available particles sufficiently that the effective food level is lower than in the vials with the lowest 

795 total food. 

796

797 Summary:  The environment that the larvae experience in their vials changes over time and the larvae 

798 respond depending on the initial conditions of the vials (food level and density).  For females, food level 

799 (mg/larva) is the most important factor, but competition, total food per vial, and density also influence 

800 the mass and age at pupation.  Females in the vials with the least competition grow fastest.  They 

801 pupate at large sizes (not always the largest, but close) and earlier than in the other treatments.  These 

802 vials are the optimum environment for females within this experiment.  These females probably filter 

803 particles and pass them rapidly through their guts until they pupate.  Pupation probably occurs when 

804 the quality of the food particles is insufficient to support further growth.  In contrast, females in the vials 

805 with the least total food begin retaining food early in larval development.  They grow slowly and are 

806 among the smallest at pupation.  Pupation probably occurs when the quality of the food particles is 

807 insufficient to support further growth.  Females in vials with 5 larvae (instead of 4 larvae) don’t grow as 

808 large at the higher food levels, so the added larva reduces the apparent number of particles and causes 

809 a switch to retention before pupation.  Retention is less effective than filtering so these females are 

810 smaller than those in the vials with the least competition despite the equivalent food/larva.  However, 

811 females in vials with 5 larvae (instead of 4 larvae) grow larger in the vials with the most competition.  In 

812 this case the total food per vial is greater and the females switch to retention later than those in the 

813 vials with the least total food.  They don’t grow as large as the females in the vials with more total food, 

814 but they are larger than the ones with the least total food (despite equivalent food/larva).  At higher 

815 densities (7 or 8 larvae) the females in the vials with the most competition are even smaller at pupation 
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816 than those in vials with the least total food.  These females switch to retention later than those in the 

817 vials with the least total food; they develop a distribution of sizes similar to those in the vials with the 

818 least competition.  Once they switch to retention, the larger number of females reduces the apparent 

819 number of particles below the level of that in the vials with the least total food, and the pupae are 

820 smaller despite the equivalent food/larva.  In these vials, pupation may be triggered by low food particle 

821 quantity rather than low quality.  Again at high densities (7 or 8 larvae) the females in the vials with the 

822 most total food are even larger than those with the least competition.  These females filter and pass the 

823 food rapidly through their guts until pupation, similarly to those females in the vials with the least 

824 competition.  However, the large excess of food allows them to continue to grow, albeit at a slower 

825 pace, for more than a day after the Prime females in the corresponding vials with least competition have 

826 pupated.  It is possible that pupation is triggered by larval size rather than by diminished food quality or 

827 quantity. 

828

829 Competition among males 

830 Male larvae respond differently to the treatment conditions and interactions than female larvae.  While 

831 male pupal mass is also affected by the food level more than by density or interactions, density and 

832 interactions are relatively more important than food level as compared to females.  Food level explains 

833 only 41 % to 47 % of the variance in mass at pupation for males, compared to 64% for females.  Density 

834 explains 12 % to 16 % of the variance in mass at pupation for males compared to 6 % to 8 % for females.  

835 The three main interactions explain 27 % to 31 % of the variance for males compared to 20 % to 22 % for 

836 females (Tables 2 and 3).  These comparisons are qualitatively similar to the MANOVA results in Table 1.  

837 Since competition effects show up in the interactions, competition is relatively more significant for 

838 males than for females, and more significant for the Average males than for the Prime male.  Another 

839 difference between males and females is in the way that the Prime male and Average males respond to 
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840 the interactions.  While both Prime and Average females’ masses respond to the interaction treatment 

841 combinations in the same way, the Prime male and the Average male masses grow largest in different 

842 treatments.  The Prime male mass is largest in the treatments with the most total food per vial, similar 

843 to the female mass variables, while the Average male mass is largest in the vials with the least 

844 competition. 

845

846 These two experiments look at competition among males in 5 ways:  the interactions identify 

847 differences in 1) mass and 2) age at pupation under various levels of competition; 3) the difference 

848 between the Prime and the Average males indicates possible interference competition; 4) the 

849 differences in growth rate of the Prime male in the different treatment combinations is another 

850 measure of competition; and 5) the significant regression of the percent of males on the mass of the 

851 Prime males at the lower food level. 

852 1 & 2) The Prime male grows to the largest mass and takes the longest to pupate in the vials with the 

853 most total food.  The Prime male pupates earliest and at the smallest mass in the vials with the most 

854 competition.  These are both high density treatments.  The vials with the least competition produce 

855 Prime males that are smaller than the ones with the most total food, and they pupate earlier, however, 

856 Prime males in the vials with the least competition have the highest growth rates across all the vials.  

857 Prime males in all three interactions grow and pupate like Prime and Average females in the F1 X D3 and 

858 F2 X D3 interactions; total food per vial has a positive effect on mass at pupation and competition has a 

859 negative effect.  However, the effect of the treatments on the age at pupation is different for males and 

860 for females; males delay pupation at high total food per vial, like females, but pupate earliest in vials 

861 with the most competition, where females pupate earliest in vials with the least competition.   

862 Average males grow largest in the vials with the least competition and are smallest in the vials with the 

863 most competition.  Another feature of the vials with the least competition is that the Average male mass 
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864 is greater than the Prime male mass; the male larvae remaining in the vial after the Prime male pupates 

865 grow larger than the Prime male on the food resource that is left.  Considering that the Prime male 

866 outcompetes the other males, when the Prime male pupates, the next larger male should assume the 

867 dominant role until he pupates, followed by the next, and so on.  At least one of these males must be 

868 larger than the Prime male for the Average mass to be greater than the Prime mass.  This implies a 

869 competitive release after the Prime male pupates as well as a considerable amount of food left over. 

870 Males in the vials with the highest total food per vial take longer and grow larger than the males in the 

871 vials with least competition.  If optimizing mass against early pupation were the only criteria that male 

872 larvae use to determine when to pupate, then the Prime male mass and age at pupation should be the 

873 same here as in the vials with the least competition.  They are not; males in a high food environment 

874 delay pupation and increase further in mass. 

875 3) There is no indication of interference competition based on the size distribution of males at pupation.  

876 At the lowest total food per vial this distribution is compressed rather than elongated as it would be if 

877 the larval mosquitoes engaged in some kind of interference competition.  In vials with higher densities 

878 the difference between the Prime male and the Average male mass is approximately the same 

879 regardless of the treatment.  This smallest difference in size between the Prime male mass and the 

880 Average male mass in the vials with the lowest total food per vial may indicate an effect of total food 

881 per vial at the lower end of the range as well as at the upper end.  The Prime male in these vials is not 

882 much larger than those in the vials with the most competition and the age at pupation is also not much 

883 greater.  However, the Average male mass in these vials is relatively larger than the corresponding 

884 masses in the vials with the most competition, resulting in the tighter size distribution.  More intense 

885 competition for food due to the particle retention by the female larvae reduces the size of the Prime 

886 male, but allows the non-Prime males to continue to grow after the Prime male pupates, whereas the 

887 most intense competition affects the non-Prime males more. 
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888 4) Prime males in the vials with the least competition have the highest growth rates across all the vials.  

889 Prime males in the vials with the most competition take less time, and pupate at lower masses than 

890 those in the vials with the least competition.  They also pupate earlier and at lower masses than Prime 

891 males in the vials with the least total food per vial (the same food/larva treatments at the lower 

892 density).  The effect of increased density is to increase competition despite increasing the total food per 

893 vial and maintaining proportional food resources.  Under this competitive stress Prime males pupate 

894 earlier and at lower masses.  The growth rates are also lower, suggesting that the males are smaller not 

895 just because they pupate earlier, but because they are not able to grow as well. 

896 5) From the sex ratio experiment we know that at low food levels, the Prime male mass increases as the 

897 percent of males in the vial increases.  The Average mass does not change so the increase in mass of the 

898 Prime male is offset by the decrease in mass of the non-Prime males.  The Prime male outcompetes the 

899 other males for food (at 3 mg/larva) and the advantage of the Prime male increases as the percent of 

900 males increases. 

901

902 Because the Prime male benefits from the increased percent of males at the low food level, but none of 

903 the other mass variables are affected by the percent of males at either food level, the environment that 

904 males experience in the vials must take into consideration what the female larvae are doing.  During the 

905 early growth of the larvae, food levels are expected to appear high because the larvae are small and the 

906 quality of the food is initially at its highest.  As they grow and females switch from filtering to retention 

907 in some vials, the males will experience a reduction in the number of food particles as well.  Since the 

908 Prime male is affected by the percent of males in exactly the vials where the females are retaining food, 

909 it appears that males do not retain food but continue to filter particles and pass them rapidly through 

910 their guts even as the particle numbers decrease. 

911
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912 There are only 4 environmental conditions indicated by the three main interactions for males: 

913 1) Vials with the least competition—Prime males grow at the fastest rate and pupate at sizes close to 

914 the largest.  Average males grow even larger.  Since females in these vials also grow at the fastest rate 

915 across the experiment, it appears that the Prime male filters particles and grows to a size that allows or 

916 triggers pupation, and then the remaining males experience a net increase in food particles that allows 

917 them to grow even larger.  The Prime male is not retaining particles as females do when particle 

918 numbers or quality decreases, but it does sequester some number of particles as they pass through the 

919 gut.  It is the release of these particles at pupation that drives the non-Prime males to grow further. 

920 2) Vials with the least total food—the Prime male pupates at masses and ages that are almost as low as 

921 in the vials with the most competition.  In these vials, the females appear to be food limited and switch 

922 from filtering to retention earlier than in other vials, reducing the number of particles and the particle 

923 quality further.  These vials correspond to the conditions in the second experiment where the Prime 

924 males benefit from the increased percent of males in the vial.  The Prime male competes with the other 

925 males for particles, the numbers of which the females affect by retaining the particles in their guts.  The 

926 low total food per vial causes the females to switch to retention earlier and this causes the males to 

927 experience an even lower total food per vial.  The Prime male pupates at a size almost as small as in the 

928 vials with the most competition and almost as early.  As in the vials with the least competition, the non-

929 Prime males experience a small benefit from the additional food made available once the Prime male 

930 pupates, and they grow larger than the non-Prime males in the vials with the most competition.  While 

931 the size distribution of the female larvae is compressed because they switch to a less effective method 

932 of feeding at low food levels, the size distribution of the male larvae is compressed because they have 

933 less total food available to them due to the retention of the females.  The results of the sex ratio 

934 experiment indicate that the males are competing in a pure exploitative mode at the low food levels 

935 (where one would expect interference competition), the fewer the females present, the more available 
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936 particles and the larger the Prime male grows.  Because the size of the Average males is not affected by 

937 the percent of males, the non-Prime males decrease in size proportionately to the Prime male’s 

938 increase.  This indicates that the males are filtering even at low food levels.  If they were retaining food 

939 particles as the females appear to do, we would not see this change in the size distribution due to the 

940 percent of males in the vials. 

941 3) Vials with the most total food—in these vials, females extend their growth beyond that of females in 

942 the vials with the least competition and Prime males do the same thing (both age and mass at pupation 

943 are greater).  Prime males grow larger and pupate later in these vials than in any others across the 

944 experiment.  The females filter particles throughout their larval growth and extend that growth period 

945 for two days longer than the Prime male.  Prime males pupate between 5 and 6 days except in these 

946 vials with the most total food.  Prime females pupate between 6 and 9 days except in the vials with the 

947 highest densities.  When food particles are available and/or food quality is still high, the 4th instar larvae 

948 of both sexes delay pupation to increase further in size.  The Prime male is 0.5 mg to 1.0 mg larger than 

949 Prime males in the vials with the least competition.   

950 The Average male in the vials with the most total food are almost as large as the Average males in the 

951 vials with the least competition.  They are similar in size to the Prime males in the vials with the least 

952 competition (.03 mg larger to .05 mg smaller) indicating that males experience little competition in the 

953 vials with the most total food.  However, they do not experience the release of food particles and grow 

954 to be larger than the Prime male as in the vials with the least competition.  The most likely explanation 

955 for the difference in outcome between the Average males in the vials with the most food and the 

956 Average males in the vials with the least competition is that males are constrained or driven to pupate 

957 by a certain age so when the Prime male delays pupation it compresses the distribution of ages at 

958 pupation for the rest of the males, limiting the benefit that the additional food bestows on the non-
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959 Prime males in the vials with the most total food.  [The distribution of ages at pupation within 

960 microcosms was not analyzed in this experiment.] 

961 4) Vials with the most competition—the Prime male pupates at the earliest age and smallest mass.  The 

962 Average male mass is also smallest in these vials.  Prime and Average female masses are also smallest at 

963 the highest Density (7 or 8 larvae/vial) and close to the smallest in the 5 larvae/ vial treatment.  The total 

964 food per vial is high enough at these high densities so that the larvae filter and grow large enough to 

965 develop a size distribution similar to those in the vials with the least competition.  As they grow food 

966 particles become relatively scarcer and the females switch from filtering to retaining the particles, 

967 making them even scarcer.  The males respond to the change in the number of food particles by 

968 pupating earlier and at the smallest sizes across the experiment. 

969

970 Summary:  The environment that the larvae experience in their vials changes over time and the larvae 

971 respond depending on the initial conditions of the vials (food level and density).  For males, food level 

972 (mg/larva) is also the most important factor, but density, total food per vial and competition 

973 (interactions) are relatively more important than for females.  Male larvae are also affected by the 

974 number and behavior of female larvae.  Male larvae filter particles and pass them through their guts, 

975 extracting the most available nutrients; they do not appear to change this feeding strategy to retain 

976 particles at the expense of their growth rate, as female larvae do.  Males in the vials with the least 

977 competition grow fastest, and pupate at large sizes, especially the nonPrime males, which pupate at 

978 masses larger than the Prime male in each vial.  This indicates a release from competition for the non-

979 Prime males when the Prime male pupates.  Males in the vials with the least total food experience a 

980 reduction in food particles when the females begin retaining food and develop a similar compressed size 

981 distribution to those females.  They pupate relatively early and at a relatively small size (not the 

982 smallest, but close).  Males in the vials with the most competition pupate earlier and at smaller sizes 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted August 6, 2018. ; https://doi.org/10.1101/385914doi: bioRxiv preprint 

https://doi.org/10.1101/385914
http://creativecommons.org/licenses/by/4.0/


47

983 than in any other vials; they appear to have less food available to them than those in the vials with the 

984 least total food, despite equivalent initial food/larva.  The quality and quantity of particles is reduced by 

985 the behavior of the female larvae and this causes the males to pupate early and at a small size.  In the 

986 vials with the most total food, Prime males grow to their largest sizes and delay pupation by a day to 

987 attain that size.  Average males grow large as well, but not as large as they do in the vials with the least 

988 competition.  This is possibly because of the delay in pupation by the Prime male; there may be a time 

989 constraint on pupation that reduces the benefit from the release of competition observed in the vials 

990 with the least competition. 

991

992 Competition between males and females 

993 Female mosquito larvae grow to be larger than male larvae in similar larval environments.   Across the 

994 experiment, some Prime and Average males are larger than some Prime and Average females, but 

995 within any vial, the Prime and Average female masses at pupation are always larger than the 

996 corresponding Prime and Average male masses (Tables 4C, 4E, 4F, 4H).  Comparing the pupal masses 

997 across treatment combinations in the interactions shows a larger difference in size between females and 

998 males (Prime vs Prime, Average vs Average) in the high food/larva treatments than in the low food/larva 

999 treatments. In the F2 X D1 interaction the difference in size parallels the results of the female mass: the 

1000 largest difference is in the vials with the least competition and the smallest difference is in the vials with 

1001 the least total food.  These treatments are both at the low Density (4 larvae/vial).  The vials with 5 larvae 

1002 show intermediate differences between the females and males, with the higher Food level also having 

1003 the greater size difference.  In the F1 X D3 and F2 X D3 interactions the greatest differences in size 

1004 between the females and males are in the high Density (7 or 8 larvae) vials with the most total food, and 

1005 the smallest differences are in the high Density (7 or 8 larvae) vials with the most competition.  All these 

1006 differences reflect the mass of females; in vials where the females grow largest, the difference between 
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1007 males and females is largest, and in vials where the females are the smallest, the difference between 

1008 males and females is also smallest.  This shows up in the MANOVA and the ANOVA r squared results 

1009 (females are affected by Food level more than males).  Females vary in size according to Food level and 

1010 total food per vial with competition limiting pupal mass at high densities.  Males vary less in size than 

1011 females and they are smaller and pupate earlier.  Males also vary in size according to Food level and 

1012 total food per vial, but Density and interactions account for 50 % or more of the variance, and 

1013 competition is important at both low densities and high densities, at least for the non-Prime males.  

1014 Within the limits of these experiments, females control the availability of food; males, especially the 

1015 Prime male, escape competition by growing as rapidly as possible and pupating as the available food 

1016 decreases. 

1017

1018 In the F1 X D3 interaction, the difference between Prime females and Prime males in the vials with the 

1019 least competition is as great as that difference in the vials with the most food.  Prime males and females 

1020 grow at the fastest rate in the vials with the least competition; these vials are expected to be the 

1021 optimal conditions for the larvae within this experiment.  The large difference in size between the Prime 

1022 female and the Prime male in these vials is the result of optimal growth.  Both Prime females and Prime 

1023 males grow larger in the vials with the most food per vial, but the difference between them remains the 

1024 same.  This suggests that even at very high total Food levels there is an optimal largest size for both 

1025 males and females.  Furthermore, the incremental size between Prime females in the vials with the least 

1026 competition and those in the vials with the most food is only 0.08 mg, while the incremental size 

1027 between males in the corresponding vials is only 0.10 mg.  Prime females delay pupation for 1.53 days 

1028 to achieve this incremental growth and Prime males delay it for 0.73 days. 

1029
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1030 Again, in the F1 X D3 interaction, the difference between the Prime females and Prime males in the vials 

1031 with the least food per vial is as small as that difference in the vials with the most competition.  From 

1032 the second experiment we know that the Prime male benefits from higher percent males under the 

1033 conditions in the vials with the least food per vial and that the nonPrime males are smaller.  The 

1034 differences between the Prime females and Prime males in these two treatments are smaller than in any 

1035 other vials across all three interactions.  The sizes of the Prime female and Prime male in the vials with 

1036 the most competition is even lower than their sizes in the vials with the least total food.  This suggests 

1037 that competition in these vials has a greater deleterious effect on growth than a lower total food per 

1038 vial, which compresses the size distribution of both males and females.  In the vials with the most 

1039 competition, the size distribution is comparable to the other vials at high Density; this means that the 

1040 non-Prime males and non-Prime females are reduced in size by competition more than they are in the 

1041 vials with the least total food. 

1042

1043 If there were interference competition between males and females, the size distributions should be 

1044 larger at lower Food levels rather than smaller as observed.  Competition between males and females is 

1045 exploitative, but females control the food resource in two ways: female larvae grow larger than males 

1046 and dominate the competition for particles by filtering faster; and female larvae retain food particles 

1047 when food becomes relatively scarce so that the available particles become even scarcer.  The Prime 

1048 male pupates within 5 to 6 days after hatching except when food availability is high and it extends larval 

1049 growth to increase in size at the expense of its growth rate.  The Average male grows to a size dictated 

1050 by the initial Food level and competition.  The Prime female pupates within 6 to 8 days after hatching 

1051 except when Density is high and it extends its larvae growth.  Two of these exceptions are at the highest 

1052 Density and lowest Food levels (most competition) and two of them are at the highest densities and 

1053 highest Food level (most total food), so there are potentially different causes for the extension in larval 
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1054 growth among females.  The Average female mass at pupation reflects the growth patterns of the Prime 

1055 female. 

1056

1057 Mosquito larvae do not grow in a smooth curve; each of the 4 instars grows within the constraints of a 

1058 larval exoskeleton, which is shed at the subsequent molt (see  [58,63]).  The two observed size 

1059 distributions (compressed in the vials with the least total food, larger size distributions in the other vials) 

1060 suggest that the female larvae in the vials with the least total food switch to retention in the third instar 

1061 or earlier, while the rest of the vials do not experience the lowered food particle levels that trigger 

1062 retention until sometime in the 4th instar.  Most of the competition will then occur in the 4th instar for 

1063 both males and females.  Mosquito larvae do not display obvious secondary sex characteristics, but 

1064 there is a bimodal size dimorphism among older (4th instar) larvae and larger larvae are usually female.  

1065 By the beginning of the 4th instar at least, female mosquito larvae already have developed a 

1066 competitive advantage over the males [70,72]. 

1067

1068 Interference competition 

1069 The distribution of sizes among males and among females is another measure of competition (besides 

1070 the absolute size).  In tadpoles, low size and a large difference between the Prime and Average tadpoles 

1071 indicated that interference competition mechanisms replaced exploitative competition at low food 

1072 levels [30,31,98,99].  Rubenstein’s [100] data suggest similar interference competition among Pygmy 

1073 Sunfish in the lab experiments, but not in the field trials.   

1074

1075 There is no such pattern comparing Prime male to Average male mass, Prime female to Average female 

1076 mass, Prime female to Prime male mass, or Average female to Average male mass across the three main 

1077 interactions.  The differences between Prime male and Average male, and Prime female and Average 
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1078 female are smallest in the vials with the least food per vial; interference competition would produce a 

1079 larger difference between the Prime and Average individuals in these vials.  Differences between sexes 

1080 are also lower at the lower food levels rather than higher, so competition appears to be purely 

1081 exploitative.  However, there are differences in the patterns for males and females, suggesting that they 

1082 are competing differently for the food resource. 

1083

1084 Interference competition among A. aegypti larvae has been postulated based on “Growth Retardant 

1085 Factor (GRF)” in conditioned water[16,41,43,45,56,101], but see [47].  That water conditioned by rearing 

1086 mosquito larvae in it negatively affects the growth and/or survival of subsequent larvae is insufficient to 

1087 conclude that there is interference competition among the larvae; evidence of reduced size of the 

1088 original competitors and a larger difference between the Prime and Average pupae of each species is 

1089 necessary as well.  I did not observe interference competition in my experiments, but it is possible that 

1090 the strain of Aedes aegypti that I collected did not produce the GRF observed in other experiments (see 

1091 [47,101]). 

1092

1093 The effects of food and density

1094 Mosquito larval growth determines the size of the adult mosquito.  Microcosm experiments allow the 

1095 manipulation of external factors that influence larval growth and reveal the effects and interactions 

1096 among those factors.  In these experiments the factors were food level (mg/larva), density (larvae/vial), 

1097 and sex ratio (% males/vial), and the interactions showed the contributions of competition and total 

1098 food/vial.  There were clear differences between the responses of male and female larvae to the initial 

1099 conditions of food level and density and to competition and the total food/vial.  Females dominate 

1100 competition for food particles in these experiments, but the responses of both males and females were 

1101 more complex than prior investigations predicted. 
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1102

1103 Investigations of the larval ecology of A. aegypti have held the total food level constant and varied the 

1104 density of larvae [4,7,10,33,36,47,63,75,90,96,102-107].  Others varied food level at a constant density 

1105 of larvae [3,24,25,35,38-40,55,62,68,76,82,92,108] or varied volume and surface area while keeping the 

1106 number of individuals and food level constant [40,82].  Greenough et al. [32] varied the number of 

1107 individuals while keeping total food and volume proportional to the number of individuals.  Serpa et al. 

1108 [109] varied number of individuals but decreased both food and volume as the number of individuals 

1109 increased.  Mitchell-Foster et al. [110] and Price et al. [87] also increased density and decreased food at 

1110 the same time.  While none of these investigations contradicts the results of my experiments, none of 

1111 them can be used as direct support because their designs do not allow the possibility of an interaction 

1112 between food and density. 

1113

1114 Other investigators varied both food level and density [2,15,17-22,26,27,34,79]; these data show that 

1115 food level interacts with larval density affecting the outcome of larval growth.  Some of these prior 

1116 studies demonstrate differences between males and females [2,15,17,20,21,32,33,79], but only Wada 

1117 [15], Daugherty et al. [2], Agnew et al. [20], Bedhomme et al. [21], Kim & Muturi [79], and my own 

1118 results indicate that the effect of the interaction between food level and density differs for males and 

1119 females. 

1120

1121 Aedes aegypti larvae occur in nature in low numbers spread across multiple small containers [2-13,111], 

1122 but see [14].  There are likely to be only a small number of winners in each of these competitive arenas 

1123 and the Prime male and Prime female are proposed as good proxies for these ecological and 

1124 evolutionary winners.  Average values of pupal size and age at pupation are not the best estimates of 

1125 the outcome of competition in the containers. The mosquito larvae react to their environmental 
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1126 conditions including: food level (food/larva), total food (food/container), density (larvae/container), and 

1127 competitive interactions differently depending on gender as well as these conditions.   The outcomes 

1128 form a complex pattern over the conditions tested, which were preselected for non-lethal competition.  

1129 Based on the complexity of the observed responses to the environmental conditions, it would be unwise 

1130 to infer that these results predict the outcomes beyond the experimental design; these mosquito larvae 

1131 appear to behave in a complex and reproducible way despite the simplicity of the experimental 

1132 treatments.   

1133

1134 Other investigators have identified additional environmental conditions that affect the growth and 

1135 survival of A. aegypti as larvae:  temperature, temperature fluctuations, other food sources, pesticides, 

1136 pollutants, parasites, predators, and competitors (see above).  Furthermore, adult behavior and the 

1137 ability of A. aegypti eggs to remain quiescent despite repeated inundations [7,10,112–119] complicate 

1138 the natural history of this species and suggest that its resilience, invasiveness and association with 

1139 human habitation may be due to multiple feedback cycles that allow a small, diffuse population to 

1140 rebound repeatedly after eradication attempts. 

1141 Studies on other mosquitoes, especially those of interspecific competition among larvae of similar 

1142 species, suggest that there may be significant differences in the ecology, physiology, and behavior of 

1143 even congeneric mosquito larvae as compared to Aedes aegypti.  (Aedes albopictus —

1144 [26,34,63,67,68,75,79,89,93,94,104,106,111,112,120-145]; Aedes sierrensis—[146–153]; Aedes 

1145 triseriatus—[154-179]. 

1146

1147 Implications for vector control

1148 Aedes aegypti larvae respond to the amount of food and larval density in their containers such that low 

1149 densities of larvae will produce larger pupae of both sexes compared to higher densities at any given 
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1150 food level (mg/larva).  This suggests that vector control efforts to reduce the adult population may result 

1151 in lower numbers of larvae in subsequent generations and thus larger pupae and adults.   

1152 Larger adults may be more robust and longer lived than smaller ones and larger females may take larger 

1153 blood meals, produce more and larger eggs, [1,81,92] and possibly survive to take a second blood meal 

1154 [91].  Each subsequent blood meal is an opportunity for the transmission of Zika, Dengue, Yellow Fever 

1155 or other diseases transmissible by A. aegypti.  Adult females bite multiple times per blood meal in the 

1156 laboratory (personal observations), so a female may be able to transmit a virus from one individual to 

1157 another even during the initial blood feeding cycle.  There may be a difference in risk to human health 

1158 between a large population of small mosquitoes versus a smaller population of larger mosquitoes, but 

1159 neither option is desirable.  The best outcome of control efforts may be to remove larval habitat rather 

1160 than to attempt to control adult populations. 

1161

1162 Implications for mosquito ecology 

1163 Many investigators have asserted that Aedes aegypti larvae are food limited in their normal 

1164 environment and some investigators have observed this to be true [3,37,180–182].   Other investigators 

1165 have observed that A. aegypti larvae are not always food limited in their normal environment 

1166 [4,7,10,183,184]. 

1167

1168 Aedes aegypti exhibits a number of ecological adaptations that make it resilient in the face of an 

1169 uncertain environment.  In addition to the competitive responses of the larvae to food and density, 

1170 which consistently produce early maturing males and larger, later females, the larvae can survive 

1171 without food for long periods waiting for additional food input so as to complete four instars and pupate 

1172 (almost 25 days for a 4th instar larvae at 20 C, less for earlier instars and higher temperatures, [74]; see 

1173 also [18,75,183].  Adults can survive on sucrose, a nectar substitute, in the lab for 80-105 days 
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1174 [86,108,138,185].  Adult females require a blood meal to mature eggs.  The size of the adult female is 

1175 directly related to the size of the pupa and reflects the competitive success of the larva; large females 

1176 take larger blood meals, mature more and larger eggs, and live longer than small females 

1177 [1,4,18,23,35,58,70,81,83,84,86,104,110,129,186,187], but see [35], and may be more effective disease 

1178 vectors [88–91], but see [92–97,188] although this is likely a result of their robustness rather than a 

1179 direct result of size selection.  Larger eggs hatch into larger larvae and start their lives with an advantage 

1180 [54].  Large females may also fly further than small females, so may have more oviposition sites 

1181 (containers) available to them [86,187], but see [35].  Recaptured adult females fly as far as 200 m [35] 

1182 from their release point (but see [86] for lab flight potential >1 km); longer distance dispersal may be 

1183 primarily as eggs in containers transported by humans [118,189].  However, small females may also 

1184 mature large eggs, giving their offspring an advantage similar to that of large females [54,81].  Females 

1185 deposit their eggs individually and may use multiple containers; the criteria that female A. aegypti use to 

1186 select the containers and to allocate the number of eggs across containers includes presence of 

1187 conspecific larvae and pupae, container fill method, container size, lid, and sun exposure [8,60,113] and 

1188 the presence of other species’ larvae and pupae [118].  Another factor in the resilience of this species is 

1189 the ability of eggs to survive for some time until they are inundated, and the additional feature that not 

1190 all of the eggs hatch during the first inundation, forming a reserve egg pool in the event that the initial 

1191 hatch is unsuccessful [7,10,112–119]. 

1192

1193 Adult male A. aegypti emerge before their sisters.  This may reduce inbreeding in this species composed 

1194 of many small localized populations (spatially and temporally).  Size seems to be less important to males 

1195 than to females [1,54], but larger males produce more and better sperm (and seminal fluid proteins) and 

1196 live longer than smaller males [35,185,190], but see [191].  There doesn’t seem to be size selection at 

1197 mating for either males or females [1] suggesting that low population densities and short adult lives 
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1198 constrain the opportunities for mating and offset any advantage that size selection might confer.  

1199 Despite this, there is a clear positive feedback effect reinforcing the value of large size at every life cycle 

1200 stage. 

1201

1202 Aedes aegypti can survive for relatively long periods as eggs, starving larvae, or sugar feeding adults 

1203 while waiting for an opportunity to hatch, feed, mate, and blood feed, so as to progress to the next 

1204 stage of the life cycle.  Large size confers an advantage to eggs, larvae and adults, but since size is a 

1205 plastic response to larval conditions, it doesn’t seem to affect mating preference (but see [37] on the 

1206 heritability of size).  Timmermann & Briegel [71], and Price et al. [87] suggest that two mosquitoes of the 

1207 same size with different larval (nutritional) histories may not be equal, with differences in their internal 

1208 reserves and metabolic capacities.  The physiology of nutrient accumulation and its relationship to the 

1209 hormonal triggering of pupation have been studied, but the results seem contradictory (see above).  The 

1210 ecological evidence and the results of the current study suggest that these physiological triggers 

1211 (responses to environmental conditions) might be much more complex than currently understood.  In 

1212 the current study, the initiation of pupation appeared to be affected by food level (quantity and quality 

1213 of particles), larval density, total food/vial and competitive interactions with other larvae, as well as by 

1214 larval mass, nutritional history (inferred) and sex.  Larval competition appears to be more important to 

1215 determining pupal size and timing for males, while food level and total food/vial appear to be more 

1216 important to females.  Furthermore, these environmental factors may change the triggers for pupation 

1217 in different ways for each of the sexes.  Two other factors that may influence pupation are the 

1218 distribution of sizes within each sex (the difference between the Prime and nonPrime individuals), and 

1219 the absolute size for large females (i.e. there may be a maximum size at any set of ecological conditions: 

1220 temperature, food type, larval density, etc.).

1221
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1222 Evolution 

1223 This species has been spread globally by inadvertent human activity and has been actively eradicated for 

1224 decades.  Nevertheless, it persists in small, relatively isolated, and impermanent populations using 

1225 various water-filled containers as a larval resource and vertebrate hosts as an adult protein resource to 

1226 produce eggs.  Differences in strains have been observed [18,101,192], but de Lourdes Munoz et al. 

1227 [193] found that proximity did not result in genetic similarity along an 800 km range.  The evolutionary 

1228 implication is that this species retains its identity globally despite expected allopatric pressure to diverge 

1229 because of continued transport and reintroduction by human activity. 

1230
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