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C H A PT ER 9

Carry-over Effects of the Larval
Environment in Mosquito-Borne
Disease Systems
Michelle V. Evans, Philip M. Newberry, & Courtney C. Murdock3

The potential for the environment to shape mosquito dynamics is an important foundation for vector control efforts and our understanding of
mosquito-borne disease. Mosquitoes have a complex life-cycle involving multiple life-stages that
experience environments separated by both time
and space (Fig. 9.1). For example, eggs may be oviposited prior to a dry season, remain dormant during the dry season, hatch months later into an
aquatic immature stage within a confined aquatic
habitat, and eventually emerge as an adult in the
terrestrial environment. Like other organisms that
experience ontogenetic niche-shifts, mosquito
phenotypes can be shaped indirectly by the envir
onment experienced by earlier life stages, a phe
nom
enon known as carry-over effects (Harrison
et al. 2011; Benard & McCauley 2008). Carry-over
effects are found across a diversity of organisms
with complex life-cycles or life-cycles that span
multiple environments, such as migratory birds
(Norris & Taylor 2006) and amphibians (Vonesh
2005), and are common in invertebrates, like mosquitoes, that undergo complete metamorphosis.
Carry-over effects in mosquitoes can occur at multiple life-stage transitions or across gen
er
ations.
Mosquitoes that enter diapause can have significantly reduced fitness post-diapause (Bradshaw et
al. 1998) and egg quiescence can alter the larval and
adult phenotypes (Perez & Noriega 2013).
Transgenerational effects occur when the maternal

or paternal environment impacts offspring fitness
(e.g. Zirbel & Alto 2018), a well-known phenomenon in insects (Mousseau & Dingle 1991). Carryover effects of the larval en
vir
on
ment on adult
phenotypes are especially im
port
ant given the
focus on larval habitats in vector control efforts, and
are the primary focus of this chapter (Fig. 9.1).
Manifestations of carry-over effects differ by
organism, as each is influenced by specific abiotic
and biotic factors. For small ectothermic invertebrates such as mosquitoes, temperature can play
an especially important role through its effect on
metabolic processes (Angilleta et al. 2004).
Temperature generally has a unimodal relationship with metabolic processes and fitness in invertebrates, with cool temperatures slowing
metabolism and high temperatures destroying
proteins or causing mortality (Huey &
Stevenson 1979; Angilleta et al. 2004). Larvae that
take longer to develop are able to assimilate more
resources during the immature stage, and generally emerge as larger adults (Reiskind &
Zarrabi 2012). The nutritional resources of an earlier life stage have lasting effects on later phenotypes. Resource levels indirectly impact later
life-stages by controlling the growth rate of the
current life stage or by limiting future energy
stores following metamorphosis. In resource-rich
larval environments, a “silver spoon effect” can
occur, whereby individuals experience high fit-
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Figure 9.1 Life-cycle of a mosquito, from egg to larvae to pupae to adult. Environmental carry-over effects of the larval environment and the
relevant adult life history traits discussed in this chapter are labeled
Source: Eric Marty.

ness, even if the current environment is of low
quality, due to lasting effects of the high-quality
larval environment (Monaghan 2008). Species
interactions, such as competition or microbial
mutualisms, at one life-stage may also carry-over
to influence later life-stages. This could be in direct
response to an interaction such as crowding, or
indirectly through another organism's impact on
resources (Beckerman et al. 2002). Larval mosquitoes require a microbial community to develop
into adults (Coon et al. 2016a), and the microbial
community can also persist across life stages and
interact with pathogens within the mosquito vector (Carrington et al. 2018).
Carry-over effects influence disease transmission
dynamics through their effects on adult phenotypes
or life-history traits. A unifying concept to quantify
disease transmission is vectorial capacity (VC), the
number of infectious mosquito bites that arise due
to the introduction of one infectious person into a
population (Klempner et al. 2007; Smith et al. 2012).
VC is determined by mosquito and pathogen
dynamics, and can be summarized by the equation:
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VC =

ma 2bp n
-ln( p)

Mosquito density (m) is determined by fecundity
and survival rates, with a higher mosquito density
leading to a higher VC. Biting rate (a) is squared to
include the bite needed for the mosquito to become
infected and the bite needed to transmit the infection to the next host, leading to a non-linear, positive relationship with VC. Vector competence, the
probability that a mosquito feeding on an infectious
host becomes infectious, is represented by b, and is
dependent on the mosquito-pathogen combination.
A pair with a higher vector competence will have an
overall higher VC. The probability that a mosquito
will live long enough to transmit the pathogen
depends on mosquito survival rate (p) and the
extrinsic incubation period (n), the number of days
required for an ingested pathogen to reach the sal
ivary glands for a mosquito to become infectious.
An increase in mosquito survival or a decrease in
the extrinsic incubation period would increase VC.
Sensitivity analyses have found that adult survival
disproportionately affects pathogen transmission
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because it both impacts mosquito population density
through its effect on adult mortality rates and controls pathogen transmission by limiting the timeperiod a pathogen has to reach the salivary glands
and be transmitted before the mosquito dies (Brady
et al. 2015). The length of the gonotrophic cycle of a
mosquito similarly can influence the frequency of
fecundity events and the human biting rate. Carryover effects on mosquitoes can affect all of the
parameters included in calculations of VC (for a
review focused on vector competence, see Alto &
Lounibos 2013), and therefore have important consequences for disease transmission.
In this chapter, we review the prior work on
carry-over effects in mosquito systems to summar
ize current knowledge of the impacts of larval tem
pera
ture, resource levels, competition and the
microbiome on mosquito-borne disease transmission via the four mosquito life-history traits in the
VC equation. We explore past efforts at including
these effects in models of mosquito-borne diseases
and identify future directions for modelling. Finally,
we identify future research directions in the field of
carry-over effects and mosquito-borne diseases.

9.1 Overview of Carry-Over Effects
9.1.1 Temperature
Temperature is the best studied environmental factor with regards to mosquito-borne disease. Natural
variation in temperature across latitudinal and altitudinal gradients allows for statistical analyses of
disease incidence data (e.g. Pascual et al. 2006, Siraj
et al. 2014), and the development of programmable
incubators has enabled empirical work exploring
how environmental temperatures impact both larval and adult mosquitoes. Temperature at the larval
stage can influence adult phenotypes by exposing
individuals to thermal stress at low or high
extremes. Increasing temperatures also quicken the
development of larval mosquitoes, resulting in
shorter larval stages. Following classic ectothermic
theory, adult mosquito life-history traits have a unimodal relationship with temperature, although the
exact shape of this curve varies by trait and mosquito species (Mordecai et al. 2013, 2017) and may
differ with fluctuating temperatures (Carrington et
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al. 2013; Colinet et al. 2015). Most studies, however,
do not separate the carry-over effects of tempera
ture in the larval environment from the direct effects
of temperature during the adult life-stage, which
makes it difficult to infer if the effect of temperature
is due to an indirect carry-over effect or to the direct
effects of the present temperature. In addition to the
direct effects of temperature on mosquito metabolic
rates, temperature can indirectly influence mosquitoes through its effect on other trophic levels. For
example, the growth of microbial populations that
mosquitoes feed on is itself temperature dependent
(Ratkowsky et al. 1982), and changes to the density
of this resource due to temperature can cause bottom-up trophic effects on mosquito larvae.
9.1.1.1 Fecundity
Fecundity has a well-known positive relationship
with female adult body-size and mass (Lounibos et
al. 2002, Armbruster & Hutchinson 2002). This
enables studies to predict adult female fecundity
without directly measuring an oviposition event.
Although this size-fecundity relationship is
assumed to be fixed, there is variation in the magnitude and strength of this relationship across tem
pera
ture, resource availability, and genotypes
(Costanzo et al. 2018). At low temperatures near
species’ thermal minima, this relationship becomes
weaker and can disappear (Costanzo et al. 2018,
Westby & Juliano 2015). This variation in allometric
relationships is discussed later in this chapter.
Following the general rule that ectotherms are
smaller in hotter environments (Atkinson 1994),
females reared in higher temperature aquatic envir
onments are smaller than those from cooler envir
on
ments and generally have lower fecundity
(Lounibos et al. 2002, Ezeakacha & Yee 2019). In
Anopheles mosquitoes, higher larval temperatures
also decrease the probability of an oviposition
event, reducing lifetime fecundity, although this is
also highly dependent on temperatures at the adult
stage (Christiansen-Jucht et al. 2015). No studies
have directly measured the effects of acute heat or
cold stress in the larval stage on adult fecundity.
However, studies of Drosophila have found that
heat-induced expression of heat shock proteins can
depress fecundity (Sørensen et al. 1999, Silbermann
& Tatar 2000), and a similar fitness trade-off may
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exist in mosquitoes. Seasonal variations in tempera
ture often coincide with shifts in photoperiod, and
longer daylengths can result in larger (Yee et
al. 2017: Ae. albopictus) or smaller females (Costanzo
et al. 2015: Ae. albopictus & Ae. aegypti). Given that
longer daylengths often correspond with warmer
temperatures, the effect of photoperiod can potentially mediate or amplify some of the temperaturefecundity trends found in the lab when applied to
the field.
9.1.1.2 Pathogen Susceptibility
Carry-over effects of larval temperature on the susceptibility of adults to pathogens have been primarily studied in Aedes-virus systems, with a focus on
arboviruses of human health concern, such as dengue (DENV), West Nile (WNV), and chikungunya
(CHIKV) viruses. There are two primary ways by
which temperature is predicted to influence adult
susceptibility to pathogens. One is through its
impact on adult immunity, reasoning that adults
from thermally stressful larval environments will
have lower immune function. While the carry-over
effects of temperature on immunity have not been
directly studied, Murdock et al. (2012) found tem
perature to determine expression of genes relevant
for immune functioning in adults, identifying the
potential for temperature in the larval stage to
impact this via carry-over effects. The second pathway is through an indirect effect on blood meal size.
Smaller adults may have lower teneral reserves and
in response will imbibe a larger blood meal, ingesting more virus particles in the process. Most studies
do not investigate specific mechanisms, but rather
focus on the overall change in virus susceptibility in
adults from different larval rearing temperatures.
Of these studies, results are mixed, with some finding that cooler larval temperatures increase infection and dissemination (Westbrook et al. 2010: Ae.
albopictus & CHIKV, Evans et al. 2018: Ae. albopictus
& DENV, Adelman et al. 2013: Ae. aegypti & CHIKV/
YFV) and others finding that cooler temperatures
decrease susceptibility (Alto & Bettinardi 2013: Ae.
albopictus & DENV). Some of these conflicting
results may be due to differences in temperature
treatments across studies, with Westbrook et al.
(2010) including a wide range of thermal extremes.
Additionally, the genotype of the mosquito and the
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virus could alter these results, as populations are
adapted to their respective temperature regimes.
These genotype x genotype x temperature inter
actions have been observed with ambient adult
temperatures (Zouache et al. 2014, Gloria-Soria et
al. 2017) and may exist for carry-over effects due to
larval temperatures as well.
9.1.1.3 Adult Mortality
Larval temperature seems to have less of an effect
on adult mortality rates than other life-history
traits. Studies have found that the larval rearing
temperature does not impact Aedes adults’ mortality under normal, non-stressed conditions (Alto &
Bettinardi 2013; Ezeakacha & Yee 2019), however
this may be dependent on whether larval tempera
tures are constant vs. fluctuating (Westby &
Juliano 2015). The lack of carry-over effects on mortality may be due to the strong filtering effects of the
larval environment. Individuals that experience
increased mortality due to temperature may die
during the larval stage, and only those that are
more thermally tolerant survive to emergence.
Indeed, temperature has strong effects on survival
during the larval stage (Couret et al. 2014: Ae
aegypti) and the impact on mortality may be most
strongly felt during this stage. On the other hand,
Christiansen-Jucht et al. (2014) found that increases
in larval temperature increased adult mortality in
An. gambiae, but only for increases of 8°C and not
4°C. This could suggest genus-level differences in
these carry-over effects, but more study is needed to
investigate this.
9.1.1.4 Biting Rate
We know very little about how larval temperatures
impact adult biting rates. One study found that larval temperature only impacted the probability of
taking a blood meal after the third gonotrophic
cycle (Christiansen-Jucht et al. 2014: An gambiae),
suggesting that this carry-over effect may also be
mediated by the age of the adult. Scott et al. (2000)
found that wing length explained 18 per cent of the
variation in the frequency of blood meals in wildcaught Ae. aegypti, with smaller mosquitoes from
warmer environments feeding more frequently.
Similarly, smaller An. gambiae require multiple
bloodmeals to complete their gonotrophic cycle
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(Lyimo & Takken 1993). Therefore, mosquitoes
reared in warmer environments, which emerge at a
smaller size, may have a higher biting rate than
those from cooler environments. When measured
empirically, larval environmental temperature did
not influence the willingness of Ae. triseriatus mosquitoes to bloodfeed during their first gonotrophic
cycle, in spite of a significant difference in wing
length amongst temperature treatments (Westby &
Juliano 2015). However, whether this willingness to
feed when offered a first bloodmeal translates
directly to biting rate across a lifespan has yet to be
examined.

9.1.2 Nutrition
Nutrition during the larval stage can have a lasting
impact on adults by impeding or facilitating larval
development rates and by impacting the quantity of
teneral reserves. Teneral reserves are the lipids, proteins, and carbohydrates in a mosquito's body that
are available following eclosion. During the brief
teneral phase following eclosion, these reserves
serve as the primary source of energy for adults as
they undergo the final stages of maturation and
development (Briegel 2003). Naturally, these
reserves are directly impacted by the quality and
quantity of nutrients found in the larval environ
ment. The nutrition of the larval environment can
be assessed in terms of quantity, or availability, of
resources or by the quality of specific resources (e.g.
plant vs. animal based) found in the environment.
Quantity and quality of resources will likely have
differential impacts on adult fitness, as they operate
on different developmental mechanisms, and
should be considered separately.
9.1.2.1 Fecundity
As with temperature, much of the knowledge
regarding larval nutrition and adult fecundity is
based on fecundity's relationship with mosquito
body size. Generally, higher resource availability or
diet quality results in larger bodied mosquitoes that
lay more eggs, although the extent of this does differ by species (Buckner et al. 2016: Ae. aegypti & Ae.
albopictus). Further, this size-fecundity relationship
can be modulated by temperature (Buckner et
al. 2016), and may be weaker at higher levels of
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resource availability (Costanzo et al. 2018). Larval
nutrition can also impact other aspects of fecundity.
An. stephensi from low nutrition larval en
vir
on
ments not only lay fewer eggs per oviposition
event, but also are less likely to mate and have a
longer gonotrophic cycle than individuals from
high nutrition larval environments (Moller-Jacobs
et al. 2014). Over a mosquito's lifetime, these effects
can compound to result in an overall lower lifetime
fecundity than expected through an effect on egg
number only.
9.1.2.2 Pathogen Susceptibility
An individual's susceptibility to a pathogen, such
as a virus or Plasmodium, is also influenced by larval
nutrition. The availability of nutrients during mosquito development can influence an adult's innate
and adaptive immune responses. Mosquito innate
immunity consists partly of physical barriers to
infection, such as the midgut epithelial lining,
which prevents pathogens from escaping the midgut into the hemolymph (Hillyer 2016). It is
hypothesized that resource-poor larval environ
ments result in smaller mosquitoes with thinner
epithelial linings, which would increase susceptibility to infection, however, studies find mixed evidence for this in Ae. aegypti (Grimstad & Walker 1991,
Telang et al. 2012). Mosquito adaptive immune
responses include mechanisms such as phagocytosis, melanization, lysis, or RNA interference
(Hillyer 2016). Innate immune responses are higher
and more efficient in mosquitoes from higher nutrition larval environments, resulting in higher melanization rates (Suwanchaichinda & Paskewitz 1998:
An. gambiae) and fat body derived immune factors
(Telang et al. 2012: Ae. aegypti).
The mechanisms cited previously suggest that
mosquitoes from low quality larval environments
will be more susceptible to pathogen infection, however the reality is much more complex. In the
Anopheles-malaria system, higher quality diets often
result in higher infection rates, as measured by the
prevalence and intensity of oocyst formation
(Takken et al. 2013, Moller-Jacobs et al. 2014, Vantaux
et al. 2016a). In the Aedes-virus systems, higher quality diets often result in lower virus susceptibility, as
measured by virus dissemination and mosquito
infectiousness (Takahashi 1976, Grimstad &
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Haramis 1984, Paige et al. 2019), although some
studies have found no effect of larval nutrition on
infection dynamics (Jennings & Kay 1999). This difference across systems may be due to the differences
in host-pathogen ecology. Lower larval nutrition can
limit infection rates by limiting resource availability
for the parasite inside the host, while it can increase
infection rates by suppressing the hosts’ immune
system. Because infection rates tend to be lower in
adults from lower quality larval environments, the
Plasmodium-Anopheles interaction may approximate
a consumer-resource interaction within the mosquito (Costa et al. 2018), rather than a top-down control by the mosquito's immune system.
9.1.2.3 Adult Mortality

Mosquitoes from higher nutrition environments
land on hosts more frequently (Klowden et al. 1988:
Ae. aegypti, Nasci 1991: Ae. aegypti) and have a
higher bite rate (Araújo et al. 2012: An. darlingi).
However, smaller Anopheles from low quality envir
on
ments are more likely to feed multiple times
within their gonotrophic cycle (Takken et al. 1998:
An. gambiae). If the allometric relationship discussed
previously holds true, small mosquitoes from low
nutrition larval environments will likely require
multiple blood meals to complete their gonotrophic
cycles, resulting in higher bite rates.

9.1.3 Competition

The effect of larval nutrition on adult longevity has
been primarily studied in Anopheles mosquitoes. The
majority of studies find that increased larval
resources either decrease adult mortality rates or
have no effect (Aboagye-Antwi & Tripet 2010: An.
gambiae, Araújo et al. 2012: An. darlingi, Takken et
al. 2013: An. gambiae & An. Stephensi, Barreaux et
al. 2018: An. gambiae, Chandrasegaran et al. 2018: Ae.
aegypti). Moller-Jacobs et al. (2014) found mortality
was higher for malaria-infected An. stephensi during
the oocyst development stage of the parasite for
adults that were reared in low nutrition larval environments. The stress of infection may interact with
past larval environments to cause differential adult
mortality in this instance. Interestingly, AboagyeAntwi & Tripet (2010) found no evidence for a carryover effect even in the face of desiccation stress on
adults, which would be expected to increase reliance
on teneral reserves. Mosquitoes reared in low-nutrition environments may be able to offset a poor larval
environment by increased consumption of water,
nectar, and blood as adults, negating any increase in
mortality risk. Comparatively, Vantaux et al. (2016a)
found that An. coluzzi adults from low nutrition larval environments live nearly one day longer than
those from higher nutrition larval environments.
Further, this effect was magnified in Plasmodiuminfected females. In this case, a poor larval environment may have resulted in smaller adults that
require less energy than larger adults emerging from
high-quality larval environments, and so have a relatively longer lifespan.
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Interactions, such as competition, facilitation, or
predation, can also cause carry-over effects. For
species that oviposit in containers, especially, larvae
often cohabit a container with conspecifics or other
mosquito species, leading to intra- and inter-specific competition over resources. Competition can
cause resource limitation, resulting in carry-over
effects similar to those of low nutrition in the larval
environment. Notably, this would more closely represent a change to nutrition quantity than to nutrition quality. However, effects of species interactions
do not necessarily need to be resource-mediated.
For example, Moore & Fisher (1969) found that Ae.
aegypti larvae release a chemical compound referred
to as a growth retardant factor in water that can
slow development of Ae. albopictus larvae in the
same water body. Recent work provides conflicting
evidence for the existence of chemical interference
in mosquitoes (Dye 1982, Bédhomme et al. 2005;
Silberbush et al. 2014) and suggests that conventional interference and resource competition are the
primary drivers of changes in mosquito development rates due to species interactions (Dye 1984,
Roberts & Kokkinn 2010).
9.1.3.1 Fecundity
Competition impacts adult fecundity in ways similar to nutrition. Individuals emerging from habitats
with higher intra- or inter-specific densities likely
had less access to resources as larvae and may be
smaller, which is associated with lower fecundity.
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Indeed, the majority of studies find that increasing
the density of individuals results in adult females
with shorter wing-lengths (Armistead et al. 2008:
Ae. japonicus & Ae. atropalpus, Muturi et al. 2011: Ae.
aegypti & Ae. albopictus, Noden et al. 2016: Ae. albopictus, but not Ae. aegypti) and body mass
(Chandrasegaran et al. 2018: Ae. aegypti, Ezeakacha
& Yee 2019: Ae. albopictus). These results hold true
whether the increase in density is due to conspecifics or heterospecifics (Armistead et al. 2008: Ae.
japonicus & Ae. atropalpus; Paaijmans et al. 2009: An.
gambiae & An arabiensis), suggesting it is densitymediated and does not differ across intra- and interspecific competition. A study that directly measured
fecundity found a similarly negative effect of
increasing larval density on adult fecundity (Moore
& Fisher 1969: Ae. aegypti), lending support for the
findings from indirect measurements. However, a
more recent study of competition followed cohorts
of mosquitoes throughout their life and found competition to have no effect on Ae. albopictus fecundity,
but that high levels of interspecific competition did
decrease Ae. aegypti fecundity relative to low levels
of intraspecific competition (Noden et al. 2016). A
negative impact of increased competition on adult
fecundity represents a density-dependent negative
feedback on population growth and is a pathway
by which carry-over effects impact population-scale
dynamics (Hawley 1985a).
9.1.3.2 Pathogen Susceptibility
The carry-over effects of competition on pathogen
susceptibility have only been studied in the Aedesvirus systems. This may be because Aedes species
larvae are often found in containers, and competition has been studied in these mosquitoes more
than in species that inhabit natural water bodies
(but see Roux et al. 2015 for a discussion of the effect
of predation on P. falciparum in An. coluzzii). Results
on competition differ across Aedes species and virus,
with little clear trend. Increased inter-specific competition with Ae. aegypti leads to increased dissem
ination rates of dengue-2 virus and Sindbis virus in
Ae. albopictus, but inter-specific competition with
Ae. albopictus had no effect on dissemination rates of
these viruses in Ae. aegypti (Alto et al. 2005, 2008).
Similarly, Ae. triseriatus infection rates with
LaCrosse Virus increase with an increasing propor-
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tion of Ae. albopictus competitors, even if the overall
larval density remains the same (Bevins 2008). The
effect of interspecific competition on Ae. aegypti
pathogen susceptibility can be influenced by other
environmental factors, which may interact with
competition to increase pathogen susceptibility. For
example, intraspecific competition increases Sindbis
virus infection and dissemination rates at 20°C, but
decreases it at 30°C (Muturi et al. 2012). Similarly,
the presence of an insecticide can lead to a positive
effect of intra-specific competition on Sindbis virus
infection and dissemination rates (Muturi et
al. 2011). While most studies find either a positive or
null effect of competition on pathogen susceptibility, one study found that mosquitoes reared in
crowded larval environments had lower rates of
DENV2 infection and dissemination (Kang et
al. 2017). In this instance, stressful larval conditions
due to competition may “prime” the immune system, thereby decreasing susceptibility to pathogens
in the adult stage. Additionally, a study of filarial
worms in Ae. aegypti found that individuals from
high-density larval environments had lower infection prevalence of Brugia pahangi (Breaux et al. 2014).
While this may be a similar case of “priming”, it
could also mirror dynamics seen in Anophelesmalaria systems, with higher competition amongst
parasites within smaller mosquitoes originating
from high-density environments. Further study
should investigate differences in vector-pathogen
dynamics between micro- and macro-parasite
systems.
9.1.3.3 Adult Mortality
Adult mortality is generally predicted to increase
with increasing competition in the larval environ
ment, due to increased resource limitation at high
larval densities. Studies of the effects of larval
intraspecific densities on adult mortality support
this hypothesis (Reiskind & Lounibos 2009: Ae.
aegypti, Alto et al. 2012: Cx. pipiens, Breaux et
al. 2014: Ae. aegypti). A high resource environment
can mediate the positive effects of high intraspecific
densities on adult mortality, which suggests that
this effect is in fact resource-mediated (Alto et
al. 2012). There is some evidence that the relationship is non-linear, with larger adults from low species densities experiencing higher mortality rates

5/21/2020 3:34:53 PM

OUP UNCORRECTED AUTOPAGE PROOFS – <STAGE>, 21/05/20, SPi

162

P O P U L AT I O N B I O L O G Y O F V E C TO R - B O R N E D I S E A S E S

than those from intermediate densities (Hawley
1985b: Ae. sierrensis, Juliano et al. 2014: Ae. aegypti).
Large adults may require more energy than intermediate-sized adults, resulting in higher mortality
rates, however this is simple speculation. Empirical
work on energy requirements and 
models of
dynamic energy budgets (as has been done for
Schistosomiasis (Civitello et al. 2018)) are needed to
confirm this hypothesis. Adult mortality is also
highly dependent on the adult environment, which
can amplify or mediate carry-over effects. For
example, higher mortality due to competition may
be more pronounced in a low humidity adult envir
onment where mosquitoes are exposed to desiccation stress (Reiskind & Lounibos 2009).
9.1.3.4 Biting Rate
To our knowledge, no studies have directly measured the effect of larval competition on adult biting
rates in mosquitoes. Given that carry-over effects
due to competition are likely resource mediated, we
hypothesize that adult biting rates would respond
to increased larval competition similarly as they
respond to low nutrition larval environments. That
is, smaller mosquitoes from environments with
higher interspecific or intraspecific densities would
have a higher biting rate.

bolus and peritrophic membrane before pupation
(Moll et al. 2001; Moncayo et al. 2005; Duguma et
al. 2015). The initial inoculation of the mosquito larvae's midgut is predominantly from the microbial
community that the larvae emerge into (Lindh et
al. 2008; Coon et al. 2016a). However, there is overlap with the nutritional acquisition of microbes, as
many medically significant mosquito genera
(Anopheles, Aedes, and Culex) are known to feed on
microorganisms and detritus through a mix of feeding modes (Merrit et al. 1992). Some microbes are
digested or otherwise do not persist in the larval
gut, but environmental taxa do survive and contribute to the larval microbiome (Duguma et al. 2013).
Given the limitations for direct vertical transfer of
symbionts that this mechanism presents, the carryover effects of the larval microbiome are predomin
antly driven by the effects of larval health on adult
developmental success (Chouaia et al. 2012), lifespan,
and fecundity (Coon et al. 2016b). Still, vertical transmission of the microbiome can occur from parent to
offspring in the case of some endosymbionts which
can enter somatic cells and reproductive organs in the
case of the bacteria taxa Wolbachia (Dorigatti et al. 2018)
or Asaia (Mitraka et al. 2013). These vertical transmission events are of great interest for pathogen control
efforts, given the microbe's ability to block infection of
DENV in Ae. aegypti (Carrington et al. 2018).

9.1.4 Microbiome

9.1.4.1 Fecundity

Current research indicates the importance of carryover effects mediated by the mosquito microbiome.
The effects of larval inoculation with select bacterial
taxa may be most evident in the resulting impact of
larval health on adult mosquito fitness (Souza et
al. 2019), or even simply the ability to successfully
develop to the adult stage (Coon et al. 2016a, 2017,
Chapter 13 in current volume). Beyond these carryover effects from the larval stage, the midgut microbiome of adult mosquitoes does seem to impact
mosquito life history traits that influence the next
generation, like egg production (Coon et al. 2016b).
While the microbial communities of the mosquito
midgut are dynamic across life stages, there is not
ably a dramatic turnover in bacterial taxa occurring
between the larval and adult stages in the case of
field derived Anopheles (Wang et al. 2011). The
mechanism separating the direct transfer of larval
and adult microbiomes is in the expulsion of the

The pathogen Elizabethkingia meningoseptica can
spread from ovary to eggs during the gonotrophic
cycle (Akhouayri et al. 2013), and the potential
endosymbiont vector control agent Wolbachia demonstrates the potential for adult to offspring transmission. Some evidence suggests these cases of
vertical transmission can outcompete the environ
mental inoculation of the midgut in cases where
the egg tissue itself contains the symbiotic bacterial taxa (Akhouayri et al. 2013). Larval inoculation occurs predominantly through bacterial taxa
present in the larval environment (Lindh et al.
2008, Coon et al. 2016a), some of which persists to
the adult stage, possibly through some degree of
survival of the peritrophic membrane loss
(Duguma et al. 2015) or transstadially as individuals emerge from the aquatic environment (Lindh
et al. 2008). This indirect path can allow the carry
over of the larval microbial community into the
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adult stage in spite of the meconial peritrophic
membrane egestion.
9.1.4.2 Pathogen Susceptibility
The microbiome-pathogen susceptibility relationship depends highly on the mosquito host, the bacterial taxa, and the pathogen in question. While the
state of understanding the relationship between
the within-host microbiome and pathogen susceptibility in mosquitoes is developing, the endosymbiont Wolbachia already deployed in arbovirus
control efforts demonstrates the potential impacts
microbes can have on mosquito-pathogen interactions and potentially disease transmission. These
carry-over effects from inoculated larvae to adult
mosquitoes can show positive associations with
West Nile Virus in Culex (Dodson et al. 2014) and
negative relationships with dengue, chikungunya,
and avian Plasmodium gallinaceum in Aedes (Moreira
et al. 2009
Empirical work investigating Anopheles and the
rodent malaria Plasmodium berghei further shows
variable interactions resulting from different strains
of Wolbachia (Hughes et al. 2012). While this evidence may not necessarily reflect natural inter
actions that would happen beyond the rodent
model into human systems, it is suggestive of how
different microbial taxa can have divergent impacts
on pathogen susceptibility. Further, the effect of
microbial diversity on pathogen susceptibility (e.g.
blocks, does nothing, or even enhances) can depend
on prevailing environmental conditions (Murdock
et al. 2014: An stephensi & P. yoelli). The association
of mosquitoes with different microbial communities
can also result in negative associations with vectorborne pathogens, likely due to immune system
priming by bacteria or direct interference by the
bacteria with viral pathogens (Ramirez et al. 2012,
2014, Dickson et al. 2017). This has implications for
the transmission of arboviruses impacting human
health, like West Nile virus (Novakova et al. 2017),
demonstrating the need to understand the carryover of the larval microbiome into the adult
mosquito. The nature of these interactions is species-pathogen system specific, and this warrants indepth investigation to understand the breadth of
interactions between the within host microbiome,
the mosquito-pathogen interaction, and vectorborne disease transmission.
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9.1.4.3 Adult Mortality
Bacterial symbionts are generally believed to be
essential for mosquito larval development through
the creation of an anoxic environment (Coon et
al. 2017). Hypoxic signaling is the strongest candidate for pupation triggering in some species (Coon et
al. 2017). The ultimate carry-over effects of the larval
microbiome on adult fitness are known to include
pupation rates, adult size, and immune function
(Dickson et al. 2017, Souza et al. 2019). A further
effect is that some bacteria, such as some species of
Asaia and strains of Escherichia coli, increase development rates and adult survival with increased microbe
population numbers (Souza et al. 2019, Mitraka et
al. 2013). Additionally, the resident microbiome can
decrease development rates when the midgut bacterial population levels are experimentally decreased
while also resulting in smaller adults (Chouaia et
al. 2012). The primary carry-over effects in these
cases are at the popu
la
tion level, influencing the
dynamics of larval to adult mortality. Microbial communities in larvae are linked to the characteristics of
the adult vector, and the interplay of adult mosquito
pathogens and the larval microbiome has implications for understanding the disease dynamics of vector borne disease systems.
9.1.4.4 Biting Rate
Currently the relationship between the carry-over
effects of the larval microbiome and adult biting
rates is not well understood. The adult mosquito is
sensitive to the microbiome of its hosts and of
potential oviposition sites, but whether larval
microbial communities impact later feeding behavior is unknown. It can be speculated that biting
rates are indirectly influenced by carry-over effects
that alter adult traits such as body size, which may
influence female blood meal seeking as discussed
previously. Future research could investigate this
question.

9.1.5 Additional Drivers of Carry-Over Effects
In addition to temperature, resources, competition,
and the microbiome, there are many other biotic and
abiotic factors that can lead to carry-over effects in
mosquito systems. Species interactions besides competition, such as predation or parasitism, can cause
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carry-over effects. Non-consumptive, or trait-mediated, effects of predators have been well studied in
mosquitoes, and often result in carry-over effects
across life stages. Given the role of mosquito predators such as Gambusia in some vector control programs, it is especially important to understand the
non-consumptive effects of predation to predict
how vector control may impact disease transmission
in unintended ways. Predation in the larval stage
can decrease the size of adult females (van Uitregt et
al. 2012, Roux et al. 2015, Beketov & Liess 2007),
increase adult mortality (Bellamy & Alto 2018, Ower
& Juliano 2019), increase blood feeding willingness
(Ower & Juliano 2019), and decrease the prevalence
of gravid females (Roux et al. 2015). As with all
carry-over effects, the effect of predation is dependent on other aspects of the larval environment, such
as larval density of nutrient availability, and is
strongest in highly competitive or low resource
environments (Beketov & Liess 2007, Chandrasegan
et al. 2018, Ower & Juliano 2019). For mosquito species in natural water bodies, such as tree holes or
ponds, other invertebrates can facilitate larval
growth through increased leaf decomposition rates
and bacterial and fungal activity, which serves as a
resource for mosquito larvae (Pelz-Stelinski et
al. 2011). This increased resource availability could
lead to nutritionally-mediated carry-over effects, as
discussed.
Toxins in the larval environment, including pollutants and vector control agents such as larvicides,
can also lead to carry-over effects. Toxins that cause
high larval mortality, such as malathion or Bti, can
indirectly lead to carry-over effects through their
direct effects on larval densities (Muturi et al. 2011,
2010). This results in carry-over effects similar to
those driven by competition or nutrition.
Additionally, toxins can directly impact adult life
history traits through developmental mechanisms
(Naresh et al. 2013, Op de Beeck et al. 2016, Vantaux
et al. 2016b). Certain toxins have been specifically
investigated for their ability to control disease
transmission, such as metal nanoparticles. The
presence of silver nanoparticles (AgNP), which are
derived from plants, in the larval environment act
as a larvicide, and has been shown to reduce transmission of Plasmodium in vitro and in vivo in mammals (Murugan et al. 2016). Whether these
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non-lethal effects occur in the mosquito vector are
unknown (Benelli et al. 2017), and their ability to
induce transmission blocking via carry-over effects
is an avenue for further study.

9.2 Modelling carry-over effects
The inclusion of carry-over effects further complicates the modelling of mosquito-borne diseases. For
compartmental models, this may involve adding
compartments for adults that are dependent on the
larval environment from which they came. For correlative or predictive models, information on the
larval environment will need to be included as pre
dictor variables. As with models that only include
the adult environment, both types of models can be
used to predict disease risk across space or time.
Similarly, modelling can lend insight to the mechanics of the system. Compartmental models are best
suited to identify mechanisms by which the larval
environment influences disease risk by explicitly
including parameters for each mechanism influenced by the larval environment (e.g. effect of nutrition on each life history traits). Correlative models
could identify which larval environment (e.g. tem
perature vs. competition) is leading to the largest
changes in mosquito abundance or disease cases
through methods that quantify variable importance.
If the larval and adult environments are highly
correlated, it may be possible to simplify models
and not explicitly account for both environments. In
special cases, this is possible with temperature, as
air temperature may be used to estimate aquatic
temperatures. However, in heterogeneous landscapes such as cities, exogenous factors such as the
amount of impervious surface or housing types
may alter the relationship between the temperature
of larval and adult environments across space
(Cator et al. 2013, Murdock et al. 2017). Aquatic
temperatures experience smaller fluctuations in
temperature than air temperatures due to the higher
heat capacity of water, resulting in lower maximum
temperatures in the field (Kumar et al. 2018).
Changes in the daily air temperature range can alter
adult susceptibility to pathogens (Lambrechts et
al. 2011: Ae. aegypti & DENV), and the daily aquatic
temperature range may be equally important for
carry-over effects (Bradshaw 1980). Approaches
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that assume aquatic and air temperatures to be
identical, or simply offset, may over or under-estimate disease risk by misestimating larval environ
mental temperatures.
Further, resources and competition in the larval
environment may themselves be influenced by
mosquitoes, creating feedbacks that must be
accounted for. For example, in order to estimate the
equilibrium population size of a mosquito species
that experiences density-dependent population
growth due to intraspecific competition, carry-over
effects on fecundity and longevity will need to be
taken into account (e.g. Hawley 1985a). Once the
equilibrium size is reached, the equilibrium density
could then impact adult susceptibility to pathogens
and biting rates. Some empirical work (reviewed
previously) has found that the strength of densitydependence is temperature-dependent. Models
that include temperature-dependence will then
need to account for seasonal forcing as tempera
tures change throughout the season.
As a first step, theoretical modeling should begin
to include additional complexities due to carry-over
effects. While these models cannot predict disease
risk for a specific time and place, they help characterize relationships between the larval and adult
environments and mosquito-borne disease risk.
Theoretical models can also identify which changes
to the larval environment or life history traits could
have the largest impact on adult mosquito fitness.
This question could be addressed with multi-faceted empirical studies that co-vary or vary indi
vidu
al
ly (e.g. comparing a combination of
treatments of temperature, nutrition, competition,
and microbial communities), but these would be
unrealistically large experiments. Parameterized
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mechanistic models, or even comprehensive metaanalyses across larval environments, could help
pare down the number of treatments to include.
Some work has been done in this regard, using sensitivity analyses to identify the importance of adult
longevity on vectorial capacity, given its exponential term in the mathematical equation (Johnson et
al. 2015). In order to validate assumptions of theoretical models and create accurate predictive models, however, more empirical studies are needed to
parameterize carry-over effects. Several studies
have conducted literature searches to collate life
history traits from empirical work (e.g. Mordecai et
al. 2013; Shocket et al. 2019), and some of this information has begun to be organized into open access
databases such as VecTraits (https://www.vectorbyte.org/). However, given the relatively few studies that focus on carry-over effects, only the direct
effects of the current environments are included in
these studies. As more empirical work is conducted
and traits are parameterized, it will be possible to
include realistic carry-over effects in models. Doing
so will allow us to identify important carry-over
effects through sensitivity analyses, and guide
future empirical research.

9.3 Synthesis and Future Directions
9.3.1 Inferring Life-History Traits through
Allometric Relationships
Many studies use allometric relationships to estimate life history traits rather than measuring them
directly. This is especially common when measuring
fecundity, which has a close, linear relationship with
mosquito body size (Armbruster & Hutchinson

Box 9.1 Carry-over effects and the Ross-Macdonald model
Mosquito-borne diseases are often characterized by their
basic reproductive number (R0), defined as the number of secondary cases in a completely susceptible population resulting
from one infectious individual. While there are many different
derivations of R0, the majority derive from the Ross-McDonald
equation and include the life history traits discussed in this

chapter. Because traits interact in multiplicative and additive
ways and vary in their response to the larval environment, as
discussed in this chapter, it is difficult to intuit how changes
to the larval environment will impact adult R0. A potential
approach is to define traits in the R0 equation as a function of
the larval environmental temperature and parameterize these

continued
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Box 9.1 Continued
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Figure 9.2 The results of an example R0 model including the carry-over effects of larval temperature on relevant mosquito life history traits.
Panel A depicts example carry-over effects of larval temperature on fecundity (m), lifespan (l), biting rate (a), and vector competence (bc) with
data from the literature and linear regressions plotted. Panel B compares Ro resulting from models that do and do not include the carry-over
effects of larval temperatures for ambient adult temperatures of 27°C.

relationships with empirical data. As a case-study, we present
the results of this approach for Ae. albopictus and DENV
across differing larval temperatures.
We parameterized the Ross-Macdonald R0 equation
(Smith et al. 2012), where parameters that include carryover effects as described in this chapter are denoted as a
function of larval temperature, LT:
m( LT )a ( LT ) bc ( LT )l ( LT ) - l ( LT )
e
r
2

R0 =

v

Where m is the mosquito density, approximated following
Parham & Micheal (2010) as the ratio between the birth and
death rates, a is the biting rate, bc is the vector competence, l
is the adult mosquito lifespan, v is the extrinsic incubation
rate, and r is the daily rate each human recovers from infection. All parameters that are a function of carry-over effects
are parameterized from the literature for a constant adult
temperature of 27°C: m from Ezeakacha & Yee 2019, bc from
Evans et al. 2018, l from Ezeakacha & Yee 2019 (Fig. 9.2A).
To approximate biting rate, we applied the equation for Ae.
aegypti biting rate as a function of wing length from Scott et
al. (2000) to wing lengths of Ae. albopictus reported in
Westbrook et al. (2009) (Fig. 9.2A). The extrinsic incubation
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rate and the human recovery rate were held constant at values of 0.05 day-1 and 0.1 day-1, respectively. We then scaled
R0 to its maximum value, resulting in a relative value of R0. To
examine how carry-over effects potentially influence R0, we
compared this model to one parameterized for a 27°C larval
environment, matching the 27°C adult environment
(Fig. 9.2B). Code to reproduce this example is located on the
figshare repository (doi: 10.6084/m9.figshare.9487895).
This simple example demonstrates the effect of larval environmental temperature on disease transmission, decreasing R0
below the ambient adult temperature of 27°C and increasing it
above this temperature. The relationship with R0 is not linear,
particularly due to the quadratic biting rate term in the equation
corresponding to the two bites needed for a mosquito to
acquire and transmit a pathogen. These non-linearities would
be magnified as further complexity is added to this model, such
as fitting non-linear regressions to parameters and including
interactions between the adult and larval temperatures on lifehistory traits. Similar models could be constructed for all of the
larval environmental characteristics discussed here, depending
on the availability of empirical data, and could lend insight into
how multiple carry-over effects may impact disease transmission without the need for large factorial experiments.
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2002) and is time and labor intensive to measure
directly. Other traits are often compared to body size
as well, and could be inferred through a similar
method, although the relationships are not quite as
clear. Biting rates, for example, are higher in smaller
Aedes mosquitoes (Scott et al. 2000, Maciel-De-Freitas
et al. 2007), particularly for the first gonotrophic
cycle, when they may take multiple blood meals to
counteract low teneral reserves (Takken et al. 1998).
Similarly, body size is assumed to relate to the thickness of the midgut epithelial layer, which serves as a
barrier to pathogen dissemination (Telang et al. 2012).
Body size can also impact mosquito movement, with
smaller sizes allowing access to indoor hosts through
small gaps in eaves and screens that would otherwise be protected and increasing dispersal ability
(Maciel-De-Freitas et al. 2007). However, these allometric relationships are not always stable, and certain combinations of larval environments can alter
the usually positive wing length-body mass relationship behind these relationships (Costanzo et al. 2018;
Costanzo et al. 2015; Reiskind & Zarrabi 2012; Siegel
et al. 1992; Zeller & Koella 2016). This occurs as body
size is assumed to be a pre
dict
or of these traits,
regardless of how it is attained. An unexplored area
of research is examining the relative contribution of
environmental and genetic determinants of body
size, and how each alters assumed allometric relationships. Therefore, while these relationships can
drive hypotheses, it is preferable to test life history
traits directly through empirical work. If the allometric relationships do hold true regardless of the environmental driver, however, this could greatly
simplify predictions of disease risk as they could be
inferred directly from the body size of field-caught
mosquitoes.

9.3.2 Temperature Mismatch Across Life-stages
The majority of studies exploring the effects of the
environment on mosquito fitness do not separate
the effects of the larval and adult environments. In
the case of larval diet and competition, this may be
because those environments do not translate as well
to the adult stage, where the diet consists of nectar
and, in the case of females, blood, and adults are not
likely to be competing for hosts. Temperature, however, directly impacts the adult phenotype and may
amplify or reduce carry-over effects of temperature
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from the larval environment. Further, in the field,
aquatic and ambient temperatures are rarely the
same, with aquatic environments characterized by
lower temperatures with smaller daily fluctuations
than the neighboring ambient environment (Kumar
et al. 2018). This can cause a mismatch in the aquatic
and ambient environments that is rarely accounted
for in laboratory studies. In order to better understand these effects, experiments that cross the larval
and adult temperature treatments are needed to
tease apart indirect carry-over effects, direct effects
from the adult environment, and changes to adult
fitness caused by the shift in environmental tem
pera
ture from the larval to adult environment.
Unfortunately, these experiments are rare, but see
Ezeakacha and Yee (2019) for such a study in the
Aedes system. Crossed experiments can also be
expanded to explore transgenerational effects of
temperature and other characteristics of the larval
environment (e.g. Tran et al. 2018).
Laboratory studies exploring the carry-over effects
of temperature implement constant tem
pera
tures
that are maintained throughout the larval stage. In
the field, however, temperature fluctuates on a daily
and seasonal basis, particularly for container species.
These fluctuations allow for differing minima and
maxima while maintaining the same mean, which
can expose mosquitoes to temperature stressors.
Heat stress as short as ten minutes can increase a
mosquito's susceptibility to virus infection through
its effect on thermally-sensitive proteins that play a
role in RNA interference (Mourya et al. 2004). While
some studies have been conducted comparing other
mosquito life-history traits in constant and fluctuating thermal environments (Paaijmans et al. 2010;
Carrington et al. 2013), they do not separate the
effects of the larval and adult environment and do
not consider carry-over effects explicitly. Just as studies on adult mosquitoes are beginning to incorporate
more realistic thermal profiles, future studies on
carry-over effects should expand from simple constant temperature treatments.

9.3.3 Increased Focus on Mechanism
Much of the work conducted to date fails to explore
the mechanisms behind the observed carry-over
effects. Some studies have focused on changes to
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 ifferent immune mechanisms (e.g. iRNA, epithelial
d
lining) in response to the larval environment (Telang
et al. 2012), but the majority only measure the
changes in parasite prevalence or intensity rates.
Understanding how the larval environment leads to
changes in specific immune function could lead to
larval habitat management strategies that increase
refractoriness to pathogens in adults, in addition to
simply reducing the abundance of habitats. Similarly,
studies on larval nutrition use broad categories of
resources, such as high or low, rather than exploring
a gradient of resource levels or varying certain nutrients specifically. Studies that do consider nutrient
stoichiometry are relatively recent, but have found
that the per cent nitrogen and carbon in the larval
environment results in changes to adult nutrient stoichiometry, particularly for Aedes species (Yee et
al. 2015). Adult nutrient stoichiometry, in turn, may
determine adult life history traits, as has been shown
for Ae. aegypti susceptibility to and dissemination of
Zika virus (Yee et al. 2019; Paige et al. 2019). The
existence of these stoichiometrically-driven carryover effects highlights changes in water quality and
eutrophication as an otherwise understudied global
change that could have implications for mosquitoborne disease transmission.

9.3.4 Including Multiple Carry-over Effects
Future work on carry-over effects should study
them in combination with other carry-over effects of
the larval environment, as well as consider the direct
effects of the larval environment on popu
la
tion
dynamics. For example, the direct effects of temperature on the mosquito development rate may be a
much more important factor in determining mosquito population growth rate than changes in adult
fecundity resulting from changes to adult female
body size. This can be done through the use of realistically parameterized models and sensitivity analyses to identify which life-history traits have the
biggest impact on mosquito population growth or
disease transmission. Sensitivity analyses could
similarly compare the strength of carry-over effects
and direct effects of the adult environment on disease transmission. These modelling exercises can
inform empirical work by identifying which larval
environments and traits are likely to have significant

0004837064.INDD 168

Dictionary: <Dictionary>

impacts on mosquito-borne disease transmission.
The relative contribution of carry-over effects to disease transmission can also be assessed through a
combination of laboratory and field work. For example, Juliano et al. (2014) found that frequency of
DENV infection in field caught Ae. aegypti increased
with increasing female body size, in spite of lower
infection rates at higher body sizes, suggesting that
longer lifespans of larger mosquitoes may be more
important than pathogen susceptibility in determining DENV transmission in this population.

9.4 Conclusions
As with other organisms that experience ontogen
etic niche shifts, the adult fitness of mosquitoes is
impacted by the environment of previous life
stages, with consequences for life-history traits rele
vant to mosquito-borne disease transmission. Much
of this is mediated through allometric relationships
with body size or mass. In general, studies have
found that the assumed allometric relationships
hold true when the life-history traits are directly
measured, however they differ by species, and
likely population, so should be constructed at the
finest level possible. The majority of work has been
conducted in the laboratory (but see Evans et
al. 2018) or with laboratory-adapted strains, such as
the Rockefeller strain of Ae. aegypti, that no longer
resemble their wild counterparts. Experimental
designs should strive to include more en
vir
on
mental variation, including covarying en
vir
on
mental factors that cause carry-over effects, to test
hypotheses in more realistic field conditions. There
is also a clear bias toward Aedes-virus research, with
very little work exploring how species interactions
such as competition or microbial diversity impact
Anopheles species and their malaria parasites.
Several Anopheles species are becoming urbanized
and adapting to oviposit in artificial containers like
the more domesticated Aedes species (Kamdem et
al. 2012, Surendran et al. 2019), and there is a clear
need to understand how their introduction to the
aquatic container food web will impact expanding
Anopheles and existing mosquito species in containers. Future work should further explore the mech
an
isms behind carry-over effects, which would
allow us to predict the magnitude and direction of
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carry-over effects in novel environments. Most of
the past work has been conducted in a laboratory
setting, often exploring one carry-over effect at a
time. The use of realistic larval environments, via
semi-field studies, for example, is needed to ensure
that these laboratory studies translate to the field,
and to investigate any interactions between characteristics of the larval environment, such as between
temperature and larval resources.
Modeling can inform this work by identifying
which larval environments and life-history traits
are most likely to have significant impacts on adult
transmission potential. Understanding the role of
the microbiome will also inform the creation of realistic larval environments. Future research directions
should seek a better understanding of how different
pathogens interact with gut microbial communities
while also untangling the resulting effects of the larval microbiome on vector borne disease transmission. The relationship between mosquito ecology
and the surrounding environment is a foundation
for vector control programs, and the inclusion of
prior environments and their associated carry-over
effects will allow for more targeted and efficient
public health interventions to control mosquitoborne diseases.
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