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She’s a femme fatale: low-density larval  
development produces good disease vectors
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Two hypotheses for how conditions for larval mosquitoes affect vectorial capacity make opposite predictions 
about the relationship of adult size and frequency of infection with vector-borne pathogens. Competition among lar-
vae produces small adult females. The competition-susceptibility hypothesis postulates that small females are more 
susceptible to infection and predicts frequency of infection should decrease with size. The competition-longevity 
hypothesis postulates that small females have lower longevity and lower probability of becoming competent to trans-
mit the pathogen and thus predicts frequency of infection should increase with size. We tested these hypotheses for 
Aedes aegypti in Rio de Janeiro, Brazil, during a dengue outbreak. In the laboratory, longevity increases with size, 
then decreases at the largest sizes. For field-collected females, generalised linear mixed model comparisons showed 
that a model with a linear increase of frequency of dengue with size produced the best Akaike’s information criterion 
with a correction for small sample sizes (AICc). Consensus prediction of three competing models indicated that fre-
quency of infection increases monotonically with female size, consistent with the competition-longevity hypothesis. 
Site frequency of infection was not significantly related to site mean size of females. Thus, our data indicate that 
uncrowded, low competition conditions for larvae produce the females that are most likely to be important vectors of 
dengue. More generally, ecological conditions, particularly crowding and intraspecific competition among larvae, 
are likely to affect vector-borne pathogen transmission in nature, in this case via effects on longevity of resulting 
adults. Heterogeneity among individual vectors in likelihood of infection is a generally important outcome of eco-
logical conditions impacting vectors as larvae.
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Indirect effects of biotic interactions in early life 
stages can have prominent effects on later stages of or-
ganisms with complex life cycles, such as amphibians 
and aquatic insects that have both aquatic and terrestrial 
stages (Wilbur 1980, Pechenik 2006). Effects of inter-
actions among larvae during their growth phase impact 
adult traits, including body size (Morey & Reznick 2001, 
Kweka et al. 2012), fecundity (e.g., Boggs & Freeman 
2005), longevity (e.g., Morey & Reznick 2001) and mat-
ing success (e.g., Lewis et al. 2011). These trans-stadial 
effects of interactions among larvae are broadly impor-
tant for understanding basic population ecology of com-
plex life cycles in insects and amphibians (Wilbur 1980). 
For the particular case of mosquitoes that as adults are 
vectors of important human and animal pathogens (El-
dridge & Edman 2001) these trans-stadial effects of 
larval ecology take on added importance because they 
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can impact disease transmission (Alto et al. 2005). For 
mosquito vectors of human arthropod-borne viruses 
(arboviruses) there is increasing evidence that competi-
tion, nutrition and temperature experienced during the 
larval stages can have strong effects on capacity of adult 
females to become infected with or to transmit arbovi-
ruses (Sumanochitrapon et al. 1998, Alto et al. 2005, 
2008a, Bevins 2008, Muturi & Alto 2011, Muturi et al. 
2011a, b, Alto & Lounibos 2013). These effects mean that 
ecological conditions experienced by larvae may have 
pronounced indirect effects on disease transmission be-
cause those conditions create heterogeneity among indi-
vidual vectors, helping to determine which individuals 
are the most important contributors to pathogen trans-
mission. The importance of heterogeneity among hosts, 
typically vertebrates, in pathogen transmission is now 
acknowledged (Lloyd-Smith et al. 2005, Kilpatrick et 
al. 2006, Paull et al. 2012), but sources of heterogeneity 
among individual vectors in their likelihood of patho-
gen transmission has received much less empirical and 
theoretical attention (Reiner Jr et al. 2013). Testing hy-
potheses about effects of larval ecology on such vector 
heterogeneity is the focus of this paper.

Epidemic dengue, which evolved in modern times 
from a sylvatic zoonosis to direct mosquito-human 
transmission through adaptation to peridomestic Aedes 
spp vectors (Moncayo et al. 2004), is currently the most 
prevalent arboviral disease affecting humans (Kyle & 
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Harris 2008, Bhatt et al. 2013). Larval competition in 
laboratory microcosms significantly increased the sus-
ceptibility of the vector Aedes albopictus to experimen-
tal infection with dengue virus (DENV) and potential 
transmission (Alto et al. 2008a). In both Aedes aegypti 
and Ae. albopictus, adult female body size, which co-
varies with both larval rearing temperature and compe-
tition intensity, was negatively correlated with dengue 
infection rates in laboratory studies (Alto et al. 2008b). 
Independent investigations also show that adult longev-
ity in Ae. aegypti is positively correlated with body size 
(Steinwascher 1982, Reiskind & Lounibos 2009) and 
negatively correlated with intraspecific larval competi-
tion (Reiskind & Lounibos 2009). Thus, there are poten-
tially complex and interacting effects of larval density 
and competition on an adult female’s ability to act as a 
vector. This leads to two hypotheses for how competition 
among larvae affects production of likely dengue vectors 
and ultimately dengue transmission. On the one hand, 
greater competition among larvae produces small adult 
females that are more susceptible to acquiring dengue 
infection (competition-susceptibility hypothesis). On the 
other hand greater competition among larvae produces 
small adult females with shorter adult lifespans, render-
ing them less likely to live long enough both to acquire 
the infection and to become competent to pass the in-
fection on during subsequent blood meals (competition-
longevity hypothesis). Though these hypotheses are not 
mutually exclusive, we can ask the question: which pos-
tulated effect of competition among larvae is actually 
most important in natural transmission of DENV?

In many dengue-endemic areas of the tropics, tem-
peratures experienced by larvae do not change substan-
tially during the transmission season (e.g., Aldstadt et al. 
2011), so natural variation in body size of adult vectors is 
likely to be primarily related to crowding, resource limi-
tation and competition among larvae in the aquatic envi-
ronment (e.g., Strickman & Kittayapong 2003). The two 
hypotheses for effects of competition on dengue trans-
mission thus yield two different predicted relationships 
between frequency of dengue infection and female body 
size: the competition-susceptibility hypothesis predicts 
that frequency of infection should decrease as body size 
increases; in contrast, the competition-longevity hypoth-
esis predicts that frequency of infection should increase 
as body size increases, assuming larger females have 
greater lifespan. In this report, we tested the predictions 
of these two alternative hypotheses during a dengue 
epidemic in Rio de Janeiro, Brazil. This study has two 
parts. Part one is a laboratory investigation of the effects 
of dengue infection and female size on adult longevity 
under laboratory conditions. This portion of the project 
is a reanalysis, with new methods, of data presented by 
Sylvestre et al. (2013), and tests the assumption that lon-
gevity is related to size. Part two is a test of the rela-
tionship of frequency of dengue infection to female size 
among females collected in neighbourhoods of Rio de 
Janeiro during the 2008 dengue outbreak, controlling for 
both time and location of collection.

MATERIALS AND METHODS

Dengue epidemiology in Rio de Janeiro in 2008 - 
Dengue transmission in Rio de Janeiro is strongly as-
sociated with summer (December-April), when higher 
temperatures and intense rainfall are frequent (Honório 
et al. 2009). In 2008, the city of Rio de Janeiro suffered 
one of its most severe dengue outbreaks when DENV-2 
and DENV-3 co-circulated. Between January-April 
2008, more than 155,000 cases and 110 deaths were 
reported and an incidence of 2,453.7/100,000 inhabit-
ants was observed (Teixeira et al. 2009). The epidemic 
reached its peak in March and April, with 86,036 and 
90,945 human cases reported, respectively, and had end-
ed by June (Malhão et al. 2013). 

Effect of dengue infection on Ae. aegypti survival in 
the laboratory - To estimate the effect of dengue infec-
tion on Ae. aegypti longevity and how that effect may 
vary with mosquito size, we reanalysed data reported 
by Sylvestre et al. (2013), who gave a full description of 
experimental conditions and methods. Briefly, we orally 
challenged females with DENV-2 at a viral titre of 2 x 108 
TCID50. We infected two Ae. aegypti populations: Paea 
(a population maintained as laboratory colony at Oswal-
do Cruz Institute, Rio de Janeiro, for almost 13 years) 
(Sylvestre et al. 2013) and a field population from Rio 
de Janeiro. Sylvestre et al. (2013) reported that 93.3% of 
females challenged in this way had detectable dengue in 
the head, suggesting disseminated infection. After being 
orally infected, females were maintained individually in 
plastic vials (6.5 cm height, 2.5 cm diameter) with cot-
ton soaked in a 10% sucrose solution ad libitum and an 
oviposition substrate at the bottom for egg laying. During 
the longevity study one blood meal on an anesthetised 
mouse [Oswaldo Cruz Foundation Ethical Committee for 
Animal Use (CEUA L-0007/09)] was offered to mosqui-
toes once a week. Adult female longevity was assessed 
daily. After death, wing length (axillary incision to wing 
tip, excluding fringe) (Alto et al. 2008b) was measured.

Ae. aegypti field collections - Mosquito collections 
started in March 2008 during the dengue outbreak and 
continued until June 2009. Adult Ae. aegypti were col-
lected in 23 districts that encompassed three municipali-
ties in metropolitan Region of Rio de Janeiro (Supple-
mentary data). District selection was done together with 
the Health Municipal Secretary, which directed collec-
tors to neighbourhoods in which dengue transmission 
had recently become intense. At each field-site, we ran-
domly choose 10-20 houses per day for mosquito col-
lection using backpack aspirators or BG-Sentinel traps 
(Clark et al. 1994, Maciel-de-Freitas et al. 2006). Mos-
quito collections began after explaining the objectives of 
this research project to householder and receiving their 
oral consent to use an aspirator or a mosquito trap to 
collect mosquitoes. Aspirating was performed for 15-20 
min per house, depending on the premise area, and was 
also done in the peridomestic environment. BG-Sentinel 
traps were installed inside houses and remained in the 
same house for a 24-h trapping period.
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Mosquito preparation - All mosquitoes collected in 
the field (1,586 males and 1,213 females) were brought 
to the laboratory for identification using taxonomic keys 
(Consoli & Lourenço-de-Oliveira 1994). Ae. aegypti fe-
males had their wing length measured from axillary in-
cision to wing tip excluding the fringe (Alto et al. 2008b). 
Each adult was individually labelled with its sex, date 
and district of collection. Adult females from all 23 sites 
were individually macerated in 1 mL of Leibovitz L-15 
medium (Sigma) plus antibiotics (penicillin-streptomy-
cin, 10,000 units - Invitrogen) and centrifuged (6,000 
rpm at 4°C for 30 min). Supernatant was transferred to 
an Eppendorf tube containing 100 mL of streptomycin/
fungizone and penicillin, kept in an ice bath for 1 h and 
centrifuged (3,000 rpm at 4ºC for 15 min). Supernatant 
was transferred to an Eppendorf tube containing 0.3 
mL of foetal calf serum (FCS) (Invitrogen) and frozen 
(-70ºC) (de Castro et al. 2012).

Virus isolation - Virus isolation was performed by in-
oculation into monolayers of C6/36 Ae. albopictus cells 
(Igarashi 1978) in Leibovitz L-15 medium (Sigma) sup-
plemented with 2% FCS (Invitrogen) and 0.2 mM of non-
essential amino acids (Invitrogen). Cells were incubated 
at 28ºC for five-seven days and observed for cytopathic 
effects (de Castro et al. 2012). Isolates were identified by 
indirect fluorescent antibody test (IFAT) using dengue 
serotype-specific monoclonal antibodies (Gubler et al. 
1984) and infected supernatant was clarified by centrifu-
gation and virus stocks stored in 1-mL aliquots at -70ºC.

RNA extraction and reverse transcriptase poly-
merase chain reaction (RT-PCR) - Viral RNA was ex-
tracted using QIAamp Viral RNA Mini kit (Qiagen) 
following the manufacturer’s instructions. RT-PCR for 
detecting DENV was performed as described previously 
(Lanciotti et al. 1992).

Statistical analysis - Laboratory - For the labora-
tory longevity study, time to death was analysed by a 
proportional hazards model with classification effects of 
population (field, lab) and dengue infection (yes, no) and 
continuous effects of wing length (mm) and wing length2 

(mm2) (PROC PHREG) (SAS 2011). We initially tested 
a model with all interactions of the class variables and 
wing length and wing length2. All interactions were far 
from significant (p > 0.15) and this full model yielded a 
poorer information theoretic index [Akaike’s informa-
tion criterion with a  correction  for small sample sizes 
(AICc)] (Burnham et al. 2011) than a reduced model with 
only main effects. Similarly, effects of population on 
longevity were also far from significant (p > 0.15) and a 
model with population yielded a poorer AICc; hence our 
final analysis was a reduced model including only den-
gue infection, wing length and wing length2. This same 
model also was the endpoint of using the STEPWISE 
option in PROC PHREG (SAS 2011).

Field - All dengue-positive female Ae. aegypti were 
collected from March to early June 2008, corresponding 
to epidemic period reported by the Ministry of Health 
(Malhão et al. 2013). We analysed wing lengths of female 

Ae. aegypti field collected during this epidemic period, 
testing effects of date of collection (expressed as days post 
1 March 2008) and (date of collection)2 and the random ef-
fect of site for 545 individuals from all 23 sites. We used a 
mixed model ANOVA (SAS PROC MIXED) (SAS 2011).

Thirteen sites yielded some infected Ae. aegypti fe-
males and we analysed only these sites for frequency of 
dengue infection because we could not be sure dengue 
was active at a site unless we detected it. We analysed 
the relationship between frequency of dengue infection 
and wing length (mm) and (wing length)2 across these 13 
sites. All models tested included date of collection (days 
post 1 March 2008) (date of collection)2 and the random 
effect of site for 492 individuals from these 13 positive 
sites. We used a mixed effects generalised linear model 
(PROC GLIMMIX) (SAS 2011), employing an informa-
tion theoretic approach to model comparison (Anderson 
2008) using AICc. A major advantage of this approach 
is quantification of weight of evidence (wi) for different 
models (Anderson 2008, Burnham et al. 2011). We tested 
three models that included wing length as both linear and 
quadratic terms, wing length as a linear term only and 
no wing length term. We used a binary distribution of 
the dependent variable dengue (yes, no), with a logit link 
function (SAS 2011). We used multimodel estimation 
(Anderson 2008) to estimate weighted average consen-
sus predicted probabilities of infection and their weighted 
standard errors (SE), as a function of wing length and 
date of collection based on all the models evaluated and 
weighting model contributions by wi (Anderson 2008).

For all 23 sites, including those with no dengue-
positive females, we determined mean female size (wing 
length) and proportion of females infected. We then test-
ed for a relationship across sites of proportion dengue-
infected and mean female size per site using Pearson’s 
correlation (PROC CORR) (SAS 2011).

RESULTS

Laboratory - Sizes of the 134 females used in the 
laboratory study ranged from 2.10-3.20 mm wing length, 
with a mean ± SE of 2.89 ± 0.01 mm. Infection with den-
gue significantly shortened the life of females [χ2 = 7.71, 
degrees of freedom (df) = 1, p = 0.0055], with a hazard 
ratio of control/infected of 0.560, indicating that controls 
had nearly half the hazard of death as infected individu-
als. Both wing length (χ2 = 4.06, df = 1, p = 0.0439) and 
(wing length)2 (χ2 = 4.81, df = 1, p = 0.0283) were signifi-
cantly related to the hazard of death. The linear term (± 
SE) was negative (-20.81 ± 10.30), indicating that hazard 
of death initially declines with adult size. The quadratic 
term was positive (4.09 ± 1.90), indicating that hazard 
of death increases as larger sizes are reached. Thus this 
analysis describes a hazard function of size that is sig-
nificantly concave upward. Predicted survival curves 
for infected and uninfected females of wing lengths = 
2.10, 2.70 and 3.30 mm (Fig. 1) indicated that longevity 
peaked at 2.70 mm and was actually least at 3.30 mm.

Field - Sizes of 545 field collected females ranged 
from 1.60-3.95 mm wing length, with a mean ± SE of 
2.69 ± 0.01 mm. Wing length varied significantly among 
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sites (z = 2.24, p = 0.0124), but was unrelated to date of 
collection, as a model omitting date of collection, and 
only including site yielded the best AICc.

Frequency of dengue infection was best predicted by 
a model with wing length as a linear effect (Table I) and 
this linear effect was positive (slope ± SE = 1.24 ± 0.56, 
t476 = 2.20, p = 0.0285). wi indicated that the model with 
linear + quadratic effects of wing length also had some 
support, given this data set, based on AICc [and, indeed, 
any of the other information theoretic indices reported 
by SAS Institute (2011)]. For the quadratic model, the 
linear effect of wing length was again positive (linear 
coefficient ± SE = 9.33 ± 7.33, t475 = 1.27, p = 0.2034), 
whereas the quadratic effect was negative (quadratic co-
efficient ± SE = -1.46 ± 1.32, t475 = 1.11, p = 0.2688). The 
model omitting wing length entirely was substantially 
less likely as a model generating these data (Table I). 
Predicted frequencies of dengue infection for these two 
most likely models, holding the random site effect con-
stant at the value for the Valqueire collection (Supple-
mentary data, Fig. 2A, B, Table II) show that in both 
cases predicted frequency of dengue infection increases 
from wing lengths of 2.0 mm to about 3.5 mm. At wing 
lengths from 3.5-4.0 mm the quadratic model predicts 
frequency of dengue infection declines, though never 

to the low levels observed for the smallest females (Fig. 
2B). We expected frequency of dengue infection to be 
related to day of collection and the relationship proved to 
be quadratic, with frequency first increasing to a peak in 
the middle of the epidemic, then declining (Fig. 2A, B).

Multimodel consensus prediction of frequency of 
dengue infection, based on the weighted averages of 
the three models (Table II) indicated that frequency of 
dengue infection likely increased monotonically across 
the range of wing lengths from 2.0-4.0 mm. Multimodel 
predictions, particularly at the largest wing lengths, had 
high uncertainty (Table II) due to both inherent error of 
prediction and model selection error (Anderson 2008).

Site-wide frequency of dengue infection was not sig-
nificantly correlated with mean wing length for a site 
(Fig. 3). The observed relationship was positive (Fig. 3), 
but highly variable and unlikely to be linear.

DISCUSSION

Our data support the competition-longevity hypoth-
esis and suggest that the competition-susceptibility hy-
pothesis does not account for patterns of dengue infec-
tion of these vectors in nature. However, a central point 
of this paper is that the frequency of dengue infection in 
the field may have a complex relationship to vector body 
size. Thus, it is important to determine that empirical 

Fig. 1: predicted survivorship curves for adult female Aedes aegypti in the laboratory that are not infected with dengue (A) or infected with dengue (B). 
Statistical analysis reported in the Results section. Plotted wing lengths were chosen to span the range of sizes of females included in the experiment.

TABLE I
Mixed effect generalised linear models for the relationship of wing length to frequency of dengue infection 

Model effects AICc ∆AICc Exp[-0.5(∆AICc)] wi

Wing, day, day2, site 301.87 0 1 0.5608
Wing, wing2, day, day2, site 302.47 0.60 0.7408 0.4155
Day, day2, site 308.20 6.33 0.0422 0.0237
Sum - - 1.7830 -

all considered models included linear and quadratic effects of date of collection and the random effect of site. Weight of evidence 
(wi) expresses exp[-0.5(∆AICc)] as a proportion of the sum of that column and indicates the evidence for the model (i.e., the prob-
ability that the model is the correct one). AICc: Akaike’s information criterion with a correction for small sample sizes.

jonatas.candido
Highlight
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relationship and to understand the ecological processes 
that cause heterogeneity in frequency of infection of 
vectors. Though our data refute the competition-sus-
ceptibility hypothesis, we do not reject the physiological 
mechanism underlying that hypothesis (i.e., physiologi-
cal effects of competition and body size on probability of 
dengue infection given an infectious blood meal). That 
mechanism has been demonstrated in laboratory studies 
of infection of Aedes with dengue (Alto et al. 2008a, b) 
and other viruses (Alto et al. 2005, Muturi et al. 2011a, b). 
Our data indicate, however, that the demographic effects 
of competition (longevity of adults) are more important 
in nature than these physiological effects of competition 
(susceptibility to infection). In the epidemic in Rio de 
Janeiro, we find that the demographic effect overrides 
the physiological effect.

Our reanalysis of data on laboratory longevity of Ae. 
aegypti indicates that longevity is not linearly related to 
size, but rather shows a quadratic relationship, with maxi-
mal predicted longevity at intermediate sizes (wing lengths 
of 2.7 mm) and lower longevity at smaller or larger sizes. 
Typically mosquito ecologists assume, based on some 
data (e.g., Hawley 1985, Reiskind & Lounibos 2009), that 
adult Aedes longevity is positively related to body size. 
Some field studies have failed to find a relationship (e.g., 
Scott et al. 2000, Maciel-de-Freitas et al. 2007) and others 
find evidence for non-monotonic relationships (e.g., Haw-
ley 1985). Our laboratory study of longevity had a rela-
tively limited range of female wing lengths represented 
(2.1-3.2 mm) compared to our field collected females (1.6-
4.0 mm); nevertheless this range was sufficient to show 
the nonlinear relationship of size to longevity.

TABLE II
Estimates of standard error (SE) of prediction for models of the relationship of frequency of dengue infection to wing length 

Wing
(mm) Model

Model
(wi)

Predicted frequency
 (dengue)

Conditional
SE predicted

Model selection 
uncertainty

Average predicted
frequency (dengue)

Unconditional SE
predicted

2.0 Wing, wing2 0.4155 0.078 0.062 0.001 0.112 0.335
Wing 0.5608 0.145 0.086 0.011

- 0.0237 0.275 0.116 0.055
3.0 Wing, wing2 0.4155 0.399 0.147 0.074 0.299 0.547

Wing 0.5608 0.368 0.141 0.059
- 0.0237 0.275 0.116 0.022

4.0 Wing, wing2 0.4155 0.220 0.352 0.004 0.348 0.590
Wing 0.5608 0.667 0.208 0.260

- 0.0237 0.275 0.116 0.014

all models include date and date2. For prediction, the random effect of site was held constant at the value for Valqueire (Supple-
mentary data), which had an intermediate frequency of dengue-positive females (0.1719) and date was held constant at 21 April 
(middle of the epidemic). Conditional SE includes only the uncertainty within the model. Unconditional SE includes that uncer-
tainty plus model selection uncertainty weighted by evidence (wi). For details see Anderson (2008).

Fig. 2: predicted frequencies of dengue infection among field collected female Aedes aegypti from Rio de Janeiro, Brazil. Day of collection is ex-
pressed as days since 1 March 2008. All models included a random effect for collection site (n = 13 dengue positive sites). The predicted relationships 
are shown holding site effect constant at the value for collections from Valqueire (Supplementary data, Table II). Statistical assessment of support for 
linear (A) and quadratic (B) models of frequency vs. wing length (mm) is given in Table I. Uncertainty of predicted frequencies given in Table II.
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In the field, frequency of dengue infection increas-
es with female size and the linear model was the best 
description of our field data. Even if we accepted the 
quadratic model of frequency of dengue, it yields a peak 
predicted frequency of dengue for females between 
3.0-3.5 mm wing length (relatively large females) (Fig. 
2B). Wing lengths ≥ 3.5 mm represented less than 1% 
of all females collected for this study, which indicates 
that for the vast majority of females in the field in Rio 
de Janeiro during the epidemic, frequency of dengue in-
fection increases with size for both the linear and qua-
dratic models (Fig. 2A, B). If the decline in frequency 
of dengue among this largest 1% of females is real, its 
cause remains unknown. That decline may result from 
low crowding of larvae during development, yielding 
very large, less physiologically susceptible adults, as 
observed by Alto et al. (2008a, b). Alternatively, low 
crowding may yield very large, but short-lived adults, as 
observed in our laboratory analysis.

Reduced longevity of small Ae. aegypti adults from 
crowded larval conditions was evident at adult body siz-
es at or below 2.6 mm mean wing length (Reiskind & 
Lounibos 2009), which suggests that the very small fe-
males < 2.5 mm wing length, which constituted 25% of 
our field sample, may be expected to have significantly 
reduced longevity relative to larger females. In contrast, 
based on logistic regressions, estimated physiological 
susceptibility to dengue infection and disseminated in-
fection in the laboratory decline rapidly with increas-
ing size for female Ae. aegypti across the range of wing 
lengths from 2.0-3.8 mm (Alto et al. 2008b). This wing 
length range encompasses about 99% of the field col-
lected females in our study. As we observe increased 
frequency of dengue infection across virtually all of that 
size range, we conclude that the field patterns we ob-
serve are not consistent with the competition-suscepti-
bility hypothesis and that the demographic mechanisms 
postulated in the competition-longevity hypothesis are 

most important in producing patterns of dengue infec-
tion with body size in the field.

Female Ae. aegypti clearly vary considerably in size 
in nature and this variation is related to probability of 
infection at the individual level. We found little evidence 
that inter-site variation in size, which was significant, 
was related to local frequency of dengue infection at the 
site level. Thus, individual variation does not obviously 
relate to larger-scale site-level patterns of risk of dengue. 
Whether spatial variation in dengue risk is associated 
with female body size and the ecological conditions that 
produce that size variation at smaller spatial scales (e.g., 
the urban block or the house level) remains to be tested 
It is also well established that susceptibility to dengue 
infection has a genetic component (Black et al. 2002, 
Lourenço-de-Oliveira et al. 2004, Lambrechts & Fail
loux 2012) and that body size of Ae. aegypti varies due 
to environmental factors beyond larval density and com
petition [e.g., temperature (Muturi & Alto 2011)]. Thus, 
for genetically competent populations, we expect larval 
density and other environmental factors to foster het
erogeneity in susceptibility to dengue infection among 
adult females. Whether genotypic variation in dengue 
susceptibility interacts with environmental effects re
mains to be investigated.

Beyond the present study, our results indicate that 
there are important patterns of frequency of dengue in-
fection among Ae. aegypti that are evident during an out-
break of human cases of dengue. Larger females appear 
to be the most dangerous dengue vectors during the out-
break in Rio de Janeiro. This suggests that larval condi-
tions that yield large, robust adult females are those that 
are most likely to produce the most dangerous individual 
vectors of dengue. Uncrowded aquatic habitats for lar-
vae, with ample food, thus seem likely to be sources of 
vectors that pose the greatest threat. This indicates an 
important future direction for research in vector-borne 
disease: quantifying factors creating heterogeneity of 
disease vectors. Not all individual vectors are alike in 
their likelihood of infection and disease transmission 
and approaches to limit vector-borne disease need to 
consider the ecological conditions, particularly during 
larval development for vectors with complex life cycles 
that produce the most dangerous individuals. A similar 
concept is already enshrined in general ecology of host-
pathogen interactions (Lloyd-Smith et al. 2005, Paull et 
al. 2012) where some individual hosts are considered 
“superspreaders” because of their disproportionately 
high tendency to spread the infection to other hosts. 
Similar effects are likely for insect vectors of human and 
animal disease, even though those effects may be more 
difficult to detect among the large numbers of individu-
als in vector populations. Even more important than un-
derstanding the lack of homogeneity of vectors (or hosts) 
for contributions to disease transmission is the identifi-
cation of measurable traits, such as body size, that can be 
used to identify those individuals that are the most likely 
to transmit pathogens. This can enable us to identify the 
ecological conditions that are likely to produce those 
most dangerous vectors and thus may aid in limiting the 
transmission of vector-borne disease.

Fig. 3: relationship of frequency of female Aedes aegypti infected 
with dengue [± standard error (SE), binomial formula] and mean fe-
male body size (± SE) for 23 sites in Rio de Janeiro, Brazil, and vicin-
ity during the dengue epidemic of 2008. For number of females from 
each site, see Supplementary data.
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TABLE
Site locations, numbers of females collected and infected and proportion infected  

for 23 sites sampled in Rio de Janeiro, Brazil, and vicinity in 2008

Site
Females

(n)
Dengue 
positive p(infected)

SE  
p(infected)

Degrees

S latitude W longitude

Abolição 4 0 0 0 22.88778 43.29917
Anil 14 1 0.07143 0.06883 22.95444 43.34000
Bonsucesso 6 2 0.33333 0.19245 22.86306 43.25306
Brás de Pina 4 0 0 0 22.82917 43.29889
Caju 1 0 0 0 22.88000 43.22056
Catumbi 17 4 0.23529 0.10288 22.91806 43.19694
Curicica 2 0 0 0 22.95000 43.39028
Fiocruz 2 0 0 0 22.87488 43.24544
Fundão 2 1 0.5 0.35355 22.85306 43.22583
Gávea 3 0 0 0 22.97972 43.24083
Grajaú 7 0 0 0 22.92833 43.26028
Jardim Guanabaraa 258 7 0.02713 0.01011 22.81167 43.20361
Mangueira 25 7 0.28 0.0898 22.90389 43.23694
Nova Iguaçu 14 0 0 0 22.75889 43.45083
Olaria 12 1 0.08333 0.07979 22.84667 43.27306
Ricardo de Albuquerque 19 2 0.10526 0.07041 22.83694 43.39750
Rio Comprido 5 1 0.2 0.17889 22.92750 43.20806
São Gonçalo 47 6 0.12766 0.04868 22.82694 43.05389
Taquara 5 0 0 0 22.92222 43.38806
Tubiacangaa 25 12 0.48 0.09992 22.78300 43.23300
Valqueire 64 11 0.17188 0.04716 22.88972 43.36694
Vargem Pequena 3 1 0.33333 0.27217 22.98056 43.46361
Vila Isabel 12 0 0 0 22.91556 43.24861

a: Ilha do Governador, a neighborhood in the North Zone of Rio de Janeiro; SE: standard error.


